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diabetes However, the effect of habitual dietary intake on gut dysbiosis in Japanese patients with
type 2 diabetes mellitus has not yet been explicated. This study investigated whether
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patients with type 2 diabetes mellitus.

Materials and Methods: In this cross-sectional study, 97 patients with type 2 diabetes
mellitus and 97 healthy individuals were matched by age and sex, and then, fecal samples
were obtained. Next-generation sequencing of the 16S ribosomal ribonucleic acid gene
was carried out, and functional profiles for the gut microbiota were analyzed. We selected
the top 30 gut microbial genera and top 20 functional profiles for the gut microbiota
specified by the weighted average difference method. The association between gut
microbial genera or functional profiles and habitual dietary intake was investigated by
Spearman’s rank correlation coefficient, and then, clustering analysis was carried out to
clarify the impact of habitual dietary intake.

Results: The Actinobacteria phylum was highly abundant in patients with type 2 dia-
betes mellitus, whereas the Bacteroidetes phylum was less abundant. Diabetic-type gut
microbes, specifically Bacteroides and Bifidobacterium, were altered by sucrose intake at the
genus level. Furthermore, sucrose intake was associated with glycolysis/gluconeogenesis in
the diabetic-type functional profiles of the gut microbiota.

Conclusions: The gut microbiota and functional profiles for the gut microbiota in
patients with type 2 diabetes mellitus were significantly different from those in healthy
individuals. Furthermore, we showed that sucrose intake was closely associated with these
differences.
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INTRODUCTION The microbiota characteristics of patients with type 2 dia-

Patients with type 2 diabetes mellitus are increasing worldwide.
Accumulating evidence suggests that the gut microbiota has a
close relationship with the development of diseases, including
type 2 diabetes mellitus' . In fact, previous studies showed a
difference between the gut microbiota of patients with type 2
diabetes mellitus and that of healthy individuals, such as the
genera Roseburia, Clostridium, Prevotella, Bacteroides and Fae-
calibacterium™>®’.
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betes mellitus varied between countries®”. In addition, the gut
microbiota characteristics of healthy individuals also showed
different composition among the country and race®. To investi-
gate differences between the gut microbiota of type 2 diabetes
mellitus and that of healthy individuals, one should consider
not only the race or country, but also sex and age, because the
gut microbiota is affected by the host’s age and sex’. It has also
been reported that the functional profile of gut microbiota is an
important factor in disease development'®. A recent study
showed that glycolysis/gluconeogenesis, which is a components
of metabolism, is altered in patients with type 2 diabetes

1623

J Diabetes Investig Vol. 11 No. 6 November 2020

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and

reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.


https://orcid.org/0000-0002-8794-0550
https://orcid.org/0000-0002-8794-0550
https://orcid.org/0000-0002-8651-4445
https://orcid.org/0000-0002-8651-4445
https://orcid.org/0000-0002-0656-8938
https://orcid.org/0000-0002-0656-8938
https://orcid.org/0000-0003-0903-1797
https://orcid.org/0000-0003-0903-1797
mailto:
http://creativecommons.org/licenses/by-nc/4.0/

ORIGINAL ARTICLE
Hashimoto et al.

mellitus''. However, little is known about the differences
between gut microbiota of Japanese patients with type 2 dia-
betes mellitus and that of healthy individuals'*.

Furthermore, the functional profile, especially metabolism,
including carbohydrate metabolism and energy metabolism, dif-
fers from individuals of other countries®. Previous studies
showed that the diet of Japanese people, including patients with
type 2 diabetes, differed from the diet of other countries'>'.
Thus, there is a possibility that the gut microbiota response to
diet of Japanese people differs from that of people from other
countries. In contrast, in recent years, continuous Westerniza-
tion of diet has occurred in Japan'>'>. However, no studies to
date have investigated whether a habitual dietary intake affects
the gut microbiota or the functional profiles of the gut micro-
biota in Japanese patients with type 2 diabetes mellitus.

In the current study, we compared the gut microbiota of
Japanese patients with type 2 diabetes mellitus with that of age-
and sex-matched healthy individuals, and investigated differ-
ences in the functional profiles of gut microbiota within
patients with type 2 diabetes mellitus. Furthermore, we investi-
gated the impact of dietary habits on these gut dysbiosis, and
change in functional profiles for gut microbiota of type 2 dia-
betes mellitus patients.

METHODS
Study population and data collection
The ethics committee of the Kyoto Prefectural University of
Medicine (no. ERB-C-534 and no. RBMR-E-466-5) approved
this study, and we carried it out in accordance with the Decla-
ration of Helsinki. Written informed consent was obtained
from the participants before enrollment. A total of 554 individ-
uals (109 individuals without diabetes and 445 patients with
diabetes) were enrolled from November 2016 to December
2017. For the current study, 109 healthy individuals and 109
patients with type 2 diabetes mellitus were selected, and
matched by age and sex. A lack of data on gut microbiota due
to the absence of a fecal sample was an exclusion criterion.

Bodyweight, height and body mass index (BMI) data were
collected for all participants. The participants were then sur-
veyed with respect to type of medication for diabetes, hyperten-
sion, dyslipidemia, proton pump inhibitor usage and antibiotic
usage within the preceding 3 months. Individuals who took
antibiotics within 3 months before the study were excluded.
Diagnosis of type 2 diabetes mellitus was based on the Report
of the Expert Committee on the Diagnosis and Classification of
Diabetes Mellitus'®. Information on the duration of diabetes,
family history of diabetes, bodyweight at 20 years-of-age and
maximum bodyweight were obtained from the patients with
type 2 diabetes mellitus. Based on a questionnaire, patients
were divided into non-, past- or current smokers. Patients who
carried out any kind of sport at least once a week were defined
as regular exercisers'”.

Blood samples for analyses, including fasting plasma glucose,
hemoglobin Alc, C-peptide and creatine levels, were obtained

http://wileyonlinelibrary.com/journal/jdi

from the patients with type 2 diabetes mellitus. Glomerular fil-
tration rate was calculated using the Japanese Society of

Nephrology  equation:  estimated  glomerular filtration
rate = 194 x creatine "** x age %%’ (mL/min/1.73 m?)

(x0.739, if patient is female)'®. Insulin resistance was calculated
as 20 / (fasting C-peptide [ng/mL] x fasting plasma glucose
[mg/dL])lg. Insulin secretion capacity was evaluated based on
the C-peptide immunoreactivity index and secretory units of
islets in transplantation index”’. Early morning spot urine sam-
ples were used for urinary albumin and creatinine levels. A
mean value for urinary albumin excretion was determined from
three urine collections. Diagnosis of neuropathy was defined by
the diagnostic criteria of the Diagnostic Neuropathy Study
Group®'. Retinopathy was graded as follows: no diabetic
retinopathy, simple diabetic retinopathy, pre-proliferative dia-
betic retinopathy or proliferative diabetic retinopathy®*. Missing
clinical data were dealt with using multiple imputation in SPSS
ver 25.0 (SPSS Inc., Chicago, IL, USA) repeated 10 times to
account for the variability associated with unknown values.

The data regarding habitual dietary intake were obtained
from patients with type 2 diabetes mellitus using a brief-type
self-administered diet history questionnaire”. The brief-type
self-administered diet history questionnaire has been described
in detail previously**,

Sampling, DNA extraction, sequencing and data analysis

Fecal sample collection and the analyses of gut bacterial com-
position were carried out as previously described'"*>*°. Briefly,
fecal samples were collected into a guanidine thiocyanate solu-
tion (feces collection kit; Techno Suruga Lab, Shizuoka, Japan).
Genomic deoxyribonucleic acid (DNA) was isolated using the
Nucleospin Microbial DNA kit (Macherey-Nagel, Diiren, Ger-
many), as per the manufacturer’s instructions. The extracted
DNA was then distilled by the Agencourt AMPure XP (Beck-
man Coulter, Brea, CA, USA).

DNA was analyzed by 16S ribosomal ribonucleic acid
(rRNA) metagenomic sequencing using the MiSeq platform
(Nlumina, San Diego, CA, USA) at the Biomedical Center at
Takara Bio (Shiga, Japan). Two-step polymerase chain reaction
was used for the purified DNA samples to obtain sequence
libraries. The first polymerase chain reaction was carried out to
amplify, and used a 16S (V3-V4) metagenomic library con-
struction kit for next-generation sequencing (Takara Bio Inc.,
Kusatsu, Japan) with primer pairs 341F (5'-TCGTCGGCAGC
GTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGC
AG-3) and 806R (5-GTCTCGTGGGCTCGGAGATGTGTA
TAAGAGACAGGGACTACHVGGGTWTCTAAT-3')  corre-
sponding to the V3-V4 region of the 16S rRNA gene. The sec-
ond polymerase chain reaction was carried out to add the
index sequences for the Illumina sequencer with a barcode
sequence using the Nextera XT index kit (Illumina). The pre-
pared libraries were subjected to sequencing of 250 paired-end
bases using the MiSeq Reagent v3 kit and the MiSeq (Illumina)
at the Biomedical Center at Takara Bio.
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Generation of the amplicon sequence variant (ASV) table,
including quality filtering and chimeric variant filtering was car-
ried out using the DADA2 plugin of Quantitative Insights Into
Microbial Ecology 2 (QIIME2) version 2019.4”. The taxonomy
of each ASV was assigned by the Sklearn classifier algorithm
against Greengenes database version 13_8 (99% OTU dataset).
Overall, 6,902 ASVs were obtained. Prediction of the functional
profiles from the 16S rRNA dataset was carried out using Phy-
logenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt2) version 2.1.4 software®. The
16S rRNA gene amplicons were functionally annotated and
mapped onto networks in the Kyoto Encyclopedia of Genes
and Genomes database (release 70.0), and functional profiles of
the gut microbiota were predicted. We calculated a Nearest
Sequenced Taxon Index and excluded five ASV, because of
Nearest Sequenced Taxon Index >2.

Statistical analysis

The differences of diversity of gut microbiota by o-diversity
indices, including the observed species, the phylogenetic diver-
sity whole tree, the Chao 1 index (ASV richness estimation)
and the Shannon index (ASV evenness estimation), between
the groups were evaluated by paired t-test. The B-diversity was
determined by the UniFrac metric to evaluate distances
between the samples and visualized by the PCoA plots, and
diversity was evaluated by permutational multivariate analysis
of variance (PERMANOVA).

The relative abundance of the phyla in the groups was evalu-
ated by paired t-tests using JMP version 13.2 software (SAS
Institute Inc., Cary, NC, USA). Furthermore, the relative abun-
dance of the bacterial genera between the groups was evaluated
by the weighted average differences (WAD) method using
Tinn-Rgui version 1.19.4.7 and R version 136>, and by paired
t-tests using JMP. In this WAD method, genera were ranked
by comprehensively assessing higher expression, higher weight
and fold change. WAD was found to be an effective type of
transcriptome analysis. The relative abundance of functional
profiles for the gut microbiota in the groups were evaluated by
the WAD method and by paired #-tests.

The top 30 gut microbial genera and top 20 functional pro-
files for the gut microbiota in the Japanese patients with type 2
diabetes mellitus were determined using the WAD algorithm
using R. Because dysbiosis of gut microbiota involved in meta-
bolic syndrome was reported to differ by sex™, we carried out
sensitivity analysis according to sex by the genera levels. Corre-
lations between the abundance of bacterial genera or functional
profiles for the gut microbiota and habitual dietary intake or
anthropometric and metabolic parameters, were analyzed using
Spearman’s correlation coefficient. Hierarchical clustering”' was
carried out to investigate the association between habitual diet-
ary essential nutrient intake, including carbohydrate, animal
protein, vegetable protein, fat, animal fat, vegetable fat, polyun-
saturated fat, monounsaturated fat, saturated fat, soluble dietary
fiber, insoluble dietary fiber, salt, sucrose and fatty acid intake,
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and the diabetic type of gut microbiota or functional profiles
for the gut microbiota. Furthermore, multiple regression analy-
ses were carried out to check the effects of sucrose intake on
genus Bacteroides and genus Bifidobacterium, which were the
top two genera that change in type 2 diabetes mellitus, adjust-
ing for sex, age, duration of diabetes, BMI, hemoglobin Alc,
exercise, smoking and energy intake.

RESULTS

Study design and study participants

Overall, 218 patients (109 healthy individuals and 109 patients
with type 2 diabetes mellitus) were enrolled in the study.
Among them, six healthy individuals and six patients with
type 2 diabetes mellitus did not submit fecal samples, and thus,
we excluded the 12 matched pairs. Hence, 194 participants (97
individuals without diabetes and 97 patients with type 2 dia-
betes mellitus) were included (Figure S1). Both groups included
41 men and 56 women, with an average age of 66 £ 13 years
(all data are expressed as the mean * standard deviation). The
average BMI of individuals with type 2 diabetes mellitus was
higher than that of healthy individuals (24.8 44 vs
215+ 34 kg/mz, P <0.001, by paired t-test). The clinical
characteristics of patients with type 2 diabetes mellitus are sum-
marized in Table S1.

Gut dysbiosis in Japanese patients with type 2 diabetes
mellitus

No o-diversity indices were statistically significantly different
between healthy individuals and patients with type 2 diabetes
mellitus (the number of observed species, 206.14 £ 73.80 vs
215.10 + 85.55, respectively, P = 0.421; the Chao 1 index,
206.55 + 73.92 vs 21542 + 85.63, respectively, P = 0.427; phy-
logenetic diversity whole tree, 1641 =51 vs 16.96 £ 5.5,
respectively, P = 0.446; and the Shannon index, 5.76 £ 0.71 vs
5.67 + 0.82, respectively, P = 0.404, all by paired t-test). The
differences of overall structure of the gut microbiota in healthy
individuals and those in patients with type 2 diabetes mellitus
were then evaluated using B-diversity indices. According to the
principal coordinate analysis plots, no difference was detected
in the microbial structure between patients with type 2 diabetes
mellitus and healthy individuals using unweighted metrics (PEr-
MANOVA, P = 0.218). In contrast, a microbial structural differ-
ence between patients with type 2 diabetes mellitus and healthy
individuals was shown using weighted metrics (PERMANOVA,
P < 0.0001; Figure 1).

At the phylum level, the abundance of Actinobacteria in
patients with type 2 diabetes mellitus was higher than in
healthy individuals, whereas the abundance of Bacteroidetes in
patients with type 2 diabetes mellitus was lower than those of
healthy individuals (Figure S2). The top 30 gut microbial gen-
era in the Japanese patients with type 2 diabetes mellitus were
determined by the WAD algorithm, and the genera were
ranked from top to bottom, as shown in Figure 2. The abun-
dance of the genus Bacteroides in patients with type 2 diabetes

© 2020 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd
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Figure 1 | Gut microbiota structure for patients with type 2 diabetes mellitus differed significantly from healthy individuals. Differences in gut
microbiota structure were evaluated by principal coordinate analysis plots using the data from the operational taxonomic unit. In the principal
coordinate analysis plots, red circles represent patients with type 2 diabetes mellitus, and blue circles represent healthy individuals. (a) The distances
of gut microbiota structure were calculated using unweighted UniFrac. No differences in the microbial structure between patients with type 2
diabetes mellitus and healthy individuals (Permanova, P = 0.218) was apparent. (b) The distances of gut microbiota structure were calculated using
weighted UniFrac. The calculated distance between patients with type 2 diabetes mellitus and healthy individuals was significantly different
(PerviaNOVA, P < 0,0001), suggesting that the balance of the gut microbiota structure was different in patients with type 2 diabetes mellitus. PCT,
principal component 1; PC2, principal component 2; PC3, principal component 3.

mellitus was lower than that in healthy individuals, whereas the
abundance of the genus Bifidobacterium in patients with type 2
diabetes mellitus was higher than that in healthy individuals. In
addition, we also carried out subanalysis by sex, and the results
are shown in Figure S3. The top two genera were genus Bac-
teroides and genus Bifidobacterium, which were the same as the
whole analysis.

The top 20 functional profiles for gut microbiota in Japanese
patients with type 2 diabetes mellitus were determined by the
WAD algorithm, and functional profiles for gut microbiota
were ranked from top to bottom, as shown in Figure 3. The
citrate cycle (tricarboxylic acid cycle) was less prevalent in
patients with type 2 diabetes mellitus than in healthy individu-
als. In contrast, glycolysis/gluconeogenesis was more prevalent
in patients with type 2 diabetes mellitus than in healthy indi-
viduals.

Association between habitual dietary intake, including sucrose
intake, and gut dysbiosis in Japanese patients with type 2
diabetes mellitus

Correlations between habitual dietary essential nutrient intake
and the genera abundance or the functional profiles for the gut
microbiota are shown in Figure 4, Table S2, Figure 5 and
Table S3. Interestingly, sucrose intake was negatively associated

with Bacteroides (r = —0.23, P = 0.031) and Parabacteroides
(r = -0.24, P = 0.027), and positively associated with Bifidobac-
terium (r = 0.33, P = 0.002) (Figure 4; Table S2; Figure S4). In
addition, sucrose intake was positively associated with glycoly-
sis/gluconeogenesis (r = 0.38, P < 0.0001) and lysine biosynthe-
sis (r = 0.25, P = 0.019; Figure 5; Table S3).

The results of the multiple regression analyses are shown in
Table 1. Sucrose intake was associated with decreasing genus
Bacteroides (B = —0.30, P = 0.015) and increasing genus Bifi-
dobacterium (p = 0.44, P < 0.001).

The association between fatty acids and genera abundance or
functional profiles for the gut microbiota is shown in Figure S5,
Table S4, Figure S6 and Table S5. Medium-chain fatty acids,
such as caprylic acid, capric acid and lauric acid, were positively
associated with an abundance of Streptococcus, and negatively
associated with an abundance of Ruminococcus and Parabac-
teroides. In addition, medium-chain fatty acids were negatively
associated with citrate cycle (tricarboxylic acid cycle), and were
positively associated with glycolysis/gluconeogenesis.

The interrelationships between the other clinical characteris-
tics and the gut microbiota or the functional profiles for the
gut microbiota are shown in Figures S7 and S8. Age, duration
of diabetes, and use of a-glucosidase inhibitors were associated
with the abundance of a specific genera and functional profiles.
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Figure 2 | Dominant gut microbial genera in Japanese patients with type 2 diabetes mellitus (T2DM). The influence of genera for unique gut
microbiota in Japanese patients with type 2 diabetes mellitus was assessed by the weighted average differences method, and the assessed
influence of the genera was ranked from top to bottom. The top 30 gut microbial genera are shown, and differences between these gut microbial
genera were evaluated by paired t-tests. Left, histograms show the mean proportion of the relative abundance of genera (mean + standard
deviation); right, 95% confidence interval (Cl) of the differences in the mean proportion and P-value by paired t-test is shown.

DISCUSSION

In the current study, we investigated specific gut microbiota
and their functional profiles for Japanese patients with type 2
diabetes mellitus. Importantly, we showed that the gut dysbiosis
or change of gut functional microbial profiles associated with
diabetes were closely related to dietary intake, especially habit-
ual sucrose intake.

It is well known that the gut microbiota plays an important
role in type 2 diabetes mellitus®”. A whole-genome-based shot-
gun metagenomics study previously reported that certain func-
tional profiles of the gut microbiota are associated with
inflammatory diseases and autoimmune diseases'®. However,
few studies have shown that the functional profiles of the gut
microbiota in Japanese patients with type 2 diabetes mellitus
are different from those of healthy Japanese individuals''.

In the current study, unweighted UniFrac metrics in patients
with type 2 diabetes mellitus compared with those of healthy
individuals were not statistically different. Conversely, weighted
UniFrac metrics in the patients with type 2 diabetes mellitus
compared with those of healthy individuals were statistically
different. Various studies have reported that microbiota quan-
tity and composition might be influenced by environmental
factors. For example, it has been reported that the microbiota
composition of vaginally delivered infants compared with those
born by cesarean section differed””. Also, the quantity of micro-
biota could be changed by habitual dietary intake. In fact, high
salt consumption has been shown to reduce intestinal survival
of Lactobacillus spp>. These observations suggested that differ-
ences found in Japanese patients with type 2 diabetes mellitus
compared with healthy Japanese individuals might be due to

© 2020 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd
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Figure 3 | Change in metabolism profiles for the gut microbiota in Japanese patients with type 2 diabetes mellitus (T2DM). The degree of
impairment in the gut microbial metabolism profile for Japanese patients with type 2 diabetes mellitus was assessed by the weighted average
differences method, and the degree was ranked from top to bottom. The top 20 metabolism profiles for gut microbiota in the Japanese patients
with type 2 diabetes mellitus are shown, and the difference of these gut microbiota profiles was evaluated by paired t-tests. Left, histograms show
the mean proportion of the relative abundance of metabolism profiles of gut microbiota (mean + standard deviation); right, 95% confidence
interval (Cl) of the differences in the mean proportion and P-value by paired t-test is shown.

environmental factors, including habitual dietary intake. In fact,
the diet of Japanese people, including patients with type 2 dia-
betes, differed from the diet of the people from other coun-
tries'>14, However, in recent years, continuous Westernization
of diet has occurred in Japan'>".

In the present study, we found that reduction of genus Bac-
teroides®* " and increases of genus Bifidobacterium® > were
the predominant changes found in Japanese patients with
type 2 diabetes mellitus, and sucrose intake, which is a one
the characteristics of the Western diet*, was correlated with
these changes. In this the present, sucrose intake was associ-
ated with Bacteroides or Bifidobacterium after adjusting for
several risk factors, including BMI. It was reported that not
all sucrose is absorbed in the small intestine, and some reach
the colon’. In addition, the sucrose intake tended to be
increased in Japanese patients with type 2 diabetes mellitus;
thus, there is a possibility that not all sucrose is digested and
absorbed in the small intestine, and some reaches the colon. A
recent study showed that sucrose intake reduced Bacteroides
levels by inhibiting the expression of the BT3172 gene, which
is essential for Bacteroides®’. It was reported that decreasing
genus Bacteroides is associated with insulin resistance™”, due to

the reduction of branched chain amino acids* and short-chain
fatty acids®. It is controversial that the relative abundance of
Bifidobacterium in Japanese patients with type 2 diabetes melli-
tus is increasing or decreasing'>>*’. The study, which showed
an increase of Bifidobacterium in Japanese patients with type 2
diabetes mellitus, showed that there is an association between
the use of a-glucosidase inhibitors and an increase of Bifi-
dobacterium™. In fact, the use of o-glucosidase inhibitors was
associated with an increase of Bifidobacterium in the present
study. Previous studies showed that some Bifidobacterium spe-
cies possessed a fructose transporter associated with a highly
active fructose metabolism in the intestinal tract and the pro-
duction of acetic acid*. Furthermore, Bifidobacterium possesses
a bifid shunt, which could efficiently produce adenosine
triphosphate from glucose™. Sucrose is composed of glucose
and fructose molecules; therefore, it is possible that Bifidobac-
terium was proliferated, by digesting sucrose. Bifidobacterium
mainly exists in the colon. However, some Bifidobacterium
exists in the duodenum™. Thus, there is a possibility that these
Bifidobacterium that exist in the duodenum use sucrose. It
has been reported that increased levels of Bifidobacterium leads
to enhanced insulin signaling and reduced inflammation in
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Figure 4 | Cluster analysis for the association between habitual dietary intake and the relative quantity of the gut microbial genera for Japanese
patients with type 2 diabetes mellitus. The effect of essential habitual dietary intake, including carbohydrates, animal protein, vegetable protein, fat,
animal fat, vegetable fat, saturated fat, polyunsaturated fat, monounsaturated fat, soluble dietary fiber, insoluble dietary fiber, salt and sucrose or
fatty acid intake, on diabetes-specific gut microbial genera was investigated by Spearman’s correlation coefficient. Furthermore, hierarchical
clustering was carried out to investigate the impact of habitual dietary essential nutrient intake on the diabetic type of gut microbiota. The habitual
dietary essential nutrient intake is shown along the y-axis, and the top 30 genera associated with Japanese patients with type 2 diabetes mellitus
are shown along the x-axis. Blue font denotes genera with reduced abundance in patients with type 2 diabetes mellitus. Red font denotes genera
with elevated abundance in patients with type 2 diabetes mellitus. (@) Hierarchical clustering. Red shows a positive association between essential
habitual dietary intake and diabetes specific gut microbial genera (Spearman’s correlation coefficient). Blue shows a negative association between
essential habitual dietary intake and diabetes specific gut microbial genera (Spearman’s correlation coefficient). (b) P-values (Spearman’s correlation

coefficient). Red indicates a P-value <0.05.

the adipose tissue, and improves the translocation of glucose
transporter-4 and insulin-stimulated glucose uptake>, in
which dietary sucrose intake might be associated with insulin
sensitivity.

A previous study showed that glycolysis/gluconeogenesis is
associated with the degradation of carbohydrates into short-
chain fatty acids*®, and is prevalent in patients with type 2 dia-
betes mellitus. In addition, we showed that sucrose intake was
associated with the functional profiles. Hence, it is possible that
sucrose intake leads to altered short-chain fatty acid profiles in
the gut, and that the source of carbohydrate was important for
development of type 2 diabetes mellitus. In addition, other
functional profile pathways, including other glycan degradation
and biotin metabolism, of patients with type 2 diabetes differ
from healthy individuals. Other glycan degradation included N-
glycans Dbiosynthesis. It has been reported that N-glycans
biosynthesis is associated with diabetes through a link to an
asparagine residue of a polypeptide chain and O-GIcNAc**™.

Furthermore, biotin metabolism is also associated with diabetes
through regulation of pancreatic cells’’. In contrast, the patho-
genesis of diabetes is really complicated, and thus, there is a
possibility that there are important habitual dietary intakes
other than sucrose intake. However, the association between
these pathways and type 2 diabetes mellitus was still unknown,
and further studies are required to clarify the role of these
pathways in type 2 diabetes mellitus.

Furthermore, we showed that intake of medium-chain fatty
acids, which have been reported as exerting an anti-inflamma-
tory effect’”, was associated with the impairment of the gut
microbiota or the functional profiles of the gut microbiota.
Whereas the mechanism(s) underpinning the relationship
between the medium-chain fatty acids and impairment of the
gut microbiota or the functional profiles of the gut microbiota
in patients with type 2 diabetes mellitus remain unknown.
There is a possibility that this is a unique feature of the gut
microbiota within the Japanese population®. Thus, further
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Figure 5 | Cluster analysis for the association between habitual dietary intake and the metabolism profiles for the gut microbiota of Japanese
patients with type 2 diabetes mellitus. The effects of essential habitual dietary intake, including carbohydrate, animal protein, vegetable protein, fat,
animal fat, vegetable fat, saturated fat, polyunsaturated fat, monounsaturated fat, soluble dietary fiber, insoluble dietary fiber, salt and sucrose or
fatty acid intake, on gut microbiota metabolism profiles of Japanese patients with type 2 diabetes mellitus was investigated by Spearman’s
correlation coefficient. Furthermore, hierarchical clustering was carried out to investigate the impact of habitual dietary essential nutrient intake on
gut microbiota metabolism profiles of Japanese patients with type 2 diabetes mellitus. The habitual dietary essential nutrient intake is shown along
the y-axis, and the top 20 metabolism profiles of Japanese patients with type 2 diabetes mellitus annotated using the Kyoto Encyclopedia of
Genes and Genomes orthology are shown along the x-axis. Blue font denotes metabolism profiles less prevalent in Japanese patients with type 2
diabetes mellitus than in healthy individuals. Red font denotes metabolism profiles more prevalent in Japanese patients with type 2 diabetes
mellitus than in healthy individuals. (a) Hierarchical clustering. Red shows a positive association between essential habitual dietary intake and
metabolism profiles of gut microbiota (Spearman’s correlation coefficient). Blue shows a negative association between essential habitual dietary
intake and the metabolism profiles of gut microbiota (Spearman’s correlation coefficient). (b) P-values (Spearman’s correlation coefficient). Red
indicates a P-value <0.05.

Table 1 | Association between sucrose intake and Bacteroides or Bifidobacterium

Bacteroides Bifidobacterium

B P p P
Age (years) -0.05 0649 -037 0.001
Men -003 0.808 -013 0218
Duration of diabetes -021 0075 0.15 0.175
Exercise 01 0297 -003 0716
Smoking 013 0241 -0 0.288
BMI (kg/mz) 0.005 0967 003 0.788
Hemoglobin Alc (%) 0.16 0.142 0.16 0.108
Total energy intake (kcal/ideal bodyweight) 0.09 0469 -024 0.040
Sucrose intake (g/day) -030 0015 044 <0.001

Exercise status was defined as non-regular exerciser (=0) or regular exerciser (=1); smoking status was defined as non-smoker (=0) or smoker (=1).
BMI, body mass index;
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studies need to clarify whether the effect of the medium-chain
fatty acids might differ in other populations.

The current study had several limitations. First, this was a
cross-sectional study. Hence, a causal relationship between the
gut dysbiosis or function profiles for the gut microbiota and
diabetes was unknown. In addition, there is a possibility that
hypoglycemic drugs, including metformin and o-glucosidase
inhibitors, have changed the microbiota composition. Second,
although we predicted the function of gut microbiota by 16S
rRNA metagenomic sequencing, we did not obtain accurate
data for the functioning of gut microbiota. In addition, the
pathobionts in type 2 diabetes mellitus, such as Clostridium
ramosum in type 2 diabetes mellitus through upregulation of
small intestinal glucose and fat transporters™, are important.
Therefore, further studies, such as metabolome analysis, are
required in order to understand the pathobionts of gut micro-
biota in type 2 diabetes mellitus. Third, we only analyzed data
for the dietary habits from type 2 diabetes mellitus patients, as
diet was part of their detailed background information. There-
fore, we have not been able to rigorously assess the effects of
dietary habits on gut bacteria in healthy Japanese individuals.
Fourth, there is a possibility that the sample size of the present
study was not large enough. However, previous studies carried
out this analysis with approximately <100 participants*®°, thus,
the sample size of the present study might not be too small to
evaluate. Finally, the universality of the findings of the study
(e.g., relationship to other races) is unknown.

In conclusion, the presented data showed that the gut micro-
biota and functional profiles for the gut microbiota in patients
with type 2 diabetes mellitus were significantly different from
those in healthy individuals. Furthermore, we showed that
habitual dietary intake, particularly sucrose intake, was closely
associated with these differences. Although further studies are
still required, there is a possibility that reducing sucrose intake
could help prevent the onset of type 2 diabetes mellitus
through prevention of gut dysbiosis in Japanese individuals.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article.

Figure S1 | Inclusion and exclusion flow chart.

Figure S2 | Comparative analysis of the taxonomic composition of the microbial community on the phylum level between Japa-
nese patients with type 2 diabetes mellitus and healthy Japanese individuals.

Figure S3 | Dominant gut microbial genera in Japanese men and women with type 2 diabetes mellitus.

Figure $4 | The association between sucrose intake and genera Bacteroides and genera Bifidobacterium.

Figure S5 | Cluster analysis for the association between habitual dietary free fatty acid intake and the relative quantity of the gut
microbial genera of Japanese patients with type 2 diabetes mellitus.

Figure S6 | Cluster analysis for the association between habitual dietary free fatty acid intake and the metabolism profile for the
gut microbiota of Japanese patients with type 2 diabetes mellitus.

Figure S7 | The association between clinical characteristics of patients with type 2 diabetes mellitus and gut microbial genera.
Figure S8 | The association between clinical characteristics of patients with type 2 diabetes mellitus and metabolism profile with
gut microbiota.

Table S1 | Characteristics of study participants with type 2 diabetes.

Table S2 | Correlation between habitual dietary intake and the relative quantity of gut microbial genera of Japanese patients with
type 2 diabetes.

Table S3 | Correlation between habitual dietary intake and metabolism profiles of gut microbiota of Japanese patients with type 2
diabetes.
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