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Chronic inflammation caused by gut dysbiosis is associated with the pathophysiology of metabolic disease.
Synbiotics are useful for ameliorating gut dysbiosis; however, it remains unclear what types of bacteria act as
key markers for synbiotic-driven improvement of chronic inflammation. Here, we performed a post hoc analysis
of a 24-week randomized controlled study using synbiotics to investigate the association between gut microbiota
and inflammatory markers. We characterized the responders who showed lower interleukin-6 (IL-6) levels in
response to synbiotic supplementation among 86 obese patients with type 2 diabetes mellitus. In our baseline
analysis, the relative abundances of Bifidobacterium adolescentis and Alistipes onderdonkii correlated positively
with IL-6, lipopolysaccharide binding protein (LBP), and high-sensitivity C-reactive protein (Hs-CRP) levels.
The relative abundance of Eubacterium rectale correlated positively with LBP and Hs-CRP levels, and that of
Bacteroides thetaiotaomicron correlated positively with LBP levels. Based on our responder analysis, patients with
higher body mass indices (over 30 kg/m? on average), low abundances of Bacteroides caccae and Parabacteroides
merdae at baseline and 24 weeks, and minimal changes in the relative abundance of E. rectale and Shannon index
from baseline showed decreased IL-6 levels compared with baseline. However, glycemic control in responders was
unchanged. In conclusion, we identified four bacterial species (B. adolescentis, A. onderdonkii, E. rectale, and B.
thetaiotaomicron) related to chronic inflammation and predictive markers (B. caccae, P merdae, and severity of
obesity) in responders to synbiotic supplementation among obese patients with type 2 diabetes.

Key words: diabetes mellitus, chronic inflammation, gut microbiota, synbiotic, obesity

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a complex metabolic
disease. Multiple factors, including genetics, lifestyle, diet,
and aging, contribute to either the onset or progression of this
disease, if not both [1]. Among these factors, diet is an important
environmental factor affecting the gut microbiota, and diet-
induced changes in microbial composition are involved in human

physiology and disease processes [2]. We previously demonstrated
that obese patients with T2DM had chronic inflammatory states
accompanied by gut dysbiosis and bacterial translocation [3].
Therefore, the gut microbiota is a new therapeutic target for
treating chronic inflammation in T2DM.

To date, probiotics, prebiotics, and synbiotics (the combination
of one or more probiotics and prebiotics) have been reported to be
useful for inhibiting bacterial translocation [4] and improving the
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intestinal environment in metabolic disease [5] and other diseases
[6]. Therefore, we previously performed a 24-week randomized
controlled study to investigate the effects of daily intake of a
synbiotic comprising Lacticaseibacillus paracasei (previously
known as Lactobacillus casei) strain Shirota YIT 9029,
Bifidobacterium breve strain Yakult YIT 12272, and galacto-
oligosaccharides on chronic inflammation and gut microbiota in
86 obese patients with T2DM [7]. This synbiotic did not reduce
plasma interleukin-6 (IL-6) levels as the primary outcome,
although numerous bacterial species that showed significant
changes in response to synbiotic supplementation were identified
by using 16S rRNA amplicon gene analysis [7].

The presence of responders and non-responders to diet and
probiotics in relation to cholesterol metabolism and insulin
sensitivity has already been reported in obese individuals [&]
and T2DM [9]. However, little is known about the clinical
characteristics of responders with improvement of chronic
inflammation in response to synbiotic supplementation among
obese patients with T2DM. Therefore, it is important to identify
clinical or microbial biomarkers for predicting responders
to synbiotic supplementation in order to pave the way for
personalized nutrition.

Recently, the associations between specific bacterial species
and inflammation have been reported in some diseases, such
as inflammatory bowel diseases [10] and autoimmune diseases
[11]. However, bacterial species relating to inflammatory
markers, such as IL-6, high-sensitivity C-reactive protein (Hs-
CRP), and lipopolysaccharide binding protein (LBP), have yet
to be investigated in obese patients with T2DM. Based on this
background information, we performed a post hoc analysis of
a randomized controlled study using synbiotics to investigate
gut microbiota related to chronic inflammation. We also sought
to identify clinical and microbial markers among responders to
synbiotic supplementation in obese patients with T2DM.

MATERIALS AND METHODS

Study participants

In this post hoc analysis, inclusion and exclusion criteria
were applied as previously described [7]. Briefly, the main
inclusion criteria were 1) age >30 but <80 years, 2) HbAlc
(National Glycohemoglobin Standardization Program, NGSP)
>6.0 but <9.0%, and 3) body mass index (BMI) >25.0 kg/m>.
The exclusion criteria were 1) serious kidney disease (serum
creatinine level >1.5 mg/dL and/or hemodialysis), 2) serious liver
disease excluding fatty liver, and 3) inflammatory bowel disease.
A total of 86 patients with T2DM who met the requirements of
the above inclusion and exclusion criteria were recruited into the
interventional study examined [7]. As we aimed to perform the
analysis by having as many subjects as possible, the baseline data
of these subjects (n=86) before synbiotic supplementation were
used to investigate correlations between baseline inflammatory
markers (Hs-CRP, LBP, and IL-6) and relative abundances of the
gut microbiota obtained by 16S rRNA gene sequencing. Next, we
selected the change in IL-6 as an index of responders to synbiotic
supplementation because it was the primary outcome in the
synbiotic interventional study [7], and we divided the synbiotic
recipients (n=44) into responders (n=23) and non-responders
(n=21) depending on whether or not they displayed a decrease in
IL-6 from baseline to 24 weeks after synbiotic supplementation.

As the synbiotic intervention, the following agents were
administered orally: 3.0 g dry powder containing at least 3x10%
living L. paracasei strain Shirota YIT 9029, 3x108 living B. breve
strain Yakult YIT 12272, and 7.5 g galacto-oligosaccharides
(GOS) per day (product name: Yakult Super Synbiotics LBG-P,
Yakult Honsha Co., Ltd., Tokyo, Japan). Patients were instructed
to take the synbiotic twice a day (2.0 g dry powder and 5.0 g GOS
at breakfast and 1.0 g dry powder and 2.5 g GOS at dinner). The
synbiotic recipients consumed the aforementioned doses every
day for 24 weeks. The protocol of the post hoc analysis was
approved by the Human Ethics Committee of Juntendo University
(approval number: H21-0041). Written informed consent was
not obtained from each participant, as this was a retrospective
study. Additionally, participants were given the opportunity to opt
out of the study (https://www.gcprec.juntendo.ac.jp/kenkyu/6/
detail/3357).

Analysis of the gut microbiota and inflammatory markers

We used previously described methods to perform a gut
microbiota analysis using 16S rRNA gene sequencing [7].
Sequences generated from the MiSeq platform were analyzed
using the open-source software package Quantitative Insights
Into Microbial Ecology 2 (QIIME2; 2020.2) [12], and the
SILVA138 database (https://www.arb-silva.de/) was used to
annotate taxonomic information. Alpha diversities represented as
the number of observed operational taxonomic units (OTUs), the
Shannon index, and phylogenetic diversity (PD) were estimated
for 5,000 randomly selected sequences to account for differences
in sampling effort between the samples. Lastly, biochemical
assays for HbAlc, lipids, fecal organic acids, and inflammatory
markers (Hs-CRP, LBP, and IL-6) were performed as described
previously [7]. These data were reanalyzed for the present post
hoc analysis.

Statistical analysis

All data are presented as the mean =+ standard deviation (SD),
and they were analyzed using StatFlex ver. 7 (Artech Co., Osaka,
Japan). Comparisons of the groups of responders and non-
responders were analyzed by Student’s #-test. The relationships
between microbiota and inflammatory markers were investigated
by Pearson’s correlation coefficient analysis. p<0.05 was
considered statistically significant.

RESULTS

Clinical characteristics of the study participants at baseline

Table 1 shows the clinical characteristics of the study
participants at baseline. The average age of the study participants
was 58.5 = 11.1 years, and 21 participants were women. The
average BMI was 29.3 + 4.1 kg/m?, and only nine patients were
not taking any medications. The medications of the participants
during the 24-week study period are presented in Supplementary
Table 1. A DPP-4 inhibitor or SGLT?2 inhibitor was added to the
medications taken by each of the non-responders and responders,
respectively.

Correlations between gut microbiota and inflammatory markers

At baseline, the relative abundances of seven bacteria phyla
and 33 bacterial families assigned based on the SILVA database
showed no significant correlations with inflammatory markers
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Table 1. Clinical characteristics of the study participants at baseline

n
Sex (male/female)
Age (years)
BMI (kg/m?)
HbAlc (%)
C-peptide (ng/mL)
T-CHO (mg/dL)
HDL-C (mg/dL)
TG (mg/dL)
eGFR (mL/min/1.73m?)
Hs-CRP (ng/mL)
IL-6 (pg/mL)
LBP (pug/mL)
Medication for diabetes
No medication
Insulin only or with oral therapy
Oral therapy only
SU
Metformin
Thiazolidine
DPP-4 inhibitor
Glinide
SGLT?2 inhibitor
GLP-1 receptor agonist

86
65/21
585+11.1

293+4.1
73+0.8
24+13
192.6 £41.0
50.1+10.0
183.8 £274.5
77.7+20.7
2,157.3 £4,530.9
25+1.7
6.0+3.5

9 (10.5)
28 (32.6)

8(9.3)
55 (64.0)
12 (14.0)
42 (48.8)

6 (7.0)
42 (48.8)
10 (11.6)

Data are expressed as mean + SD.

Numbers in parentheses are percentages (%).

BMI: Body mass index; T-CHO: Total cholesterol; HDL-C: high-density lipo-
protein cholesterol; TG: triglycerides; eGFR: estimated glomerular filtration
rate; Hs-CRP: high-sensitivity C-reactive protein; IL-6: interleukin-6; LBP:
lipopolysaccharide-binding protein; SU: sulfonylurea; DPP-4: dipeptidyl
peptidase-4; SGLT2: sodium-dependent glucose cotransporter-2; GLP-1:

glucagon-like peptide-1.

(Fig. 1). However, among 37 bacterial species (Fig. 2), we found
that the relative abundance of Bifidobacterium adolescentis was
positively associated with IL-6 (r=0.336, p<0.01, Supplementary
Fig. 1A), LBP (r=0.281, p<0.01, Supplementary Fig. 1B), and
Hs-CRP levels (r=0.263, p<0.05, Supplementary Fig. 1C).
Moreover, the relative abundance of Alistipes onderdonkii
correlated positively with IL-6 (r=0.230, p<0.05, Supplementary
Fig. 2A), LBP (r=0.404, p<0.01, Supplementary Fig. 2B), and
Hs-CRP levels (r=0.578, p<0.01, Supplementary Fig. 2C).
The relative abundance of Eubacterium rectale also correlated
positively with LBP (r=0.226, p<0.05, Supplementary Fig. 3A)
and Hs-CRP levels (r=0.256, p<0.05, Supplementary Fig. 3B),
while the abundance of Bacteroides thetaiotaomicron correlated
positively with LBP levels (r=0.234, p<0.05, Supplementary
Fig. 3C).

Clinical characteristics of the non-responders and responders

BMI and plasma IL-6 levels at baseline were significantly
higher in patients that were responders compared with non-
responders, and BMI at 24 weeks in responders was also higher
than in non-responders (Table 2). Plasma IL-6 levels in responders
showed a significant negative change from baseline compared
with non-responders, and the change in plasma LBP levels in
responders was significantly smaller than in non-responders.
There were no significant differences between the two groups for
the other parameters measured, including HbAlc.

Relative abundances of bacterial phyla and families in the non-
responders and responders

Supplementary Table 3 shows the relative abundances of
different bacterial families in the responders and non-responders.
At baseline, the relative abundance of Monoglobaceae in
responders was significantly lower than that of non-responders, and
it increased from baseline compared with that in non-responders.
The changes in the relative abundances of Bifidobacteriaceae and
Lachnospiraceae in responders were significantly smaller than
those in non-responders. As shown by Supplementary Table 2,
there were no significant differences in the relative abundances of
bacterial phyla between the two groups.

Relative abundances of bacterial species in the non-responders
and responders

At both baseline and 24 weeks, the relative abundances of
Bacteroides caccae and Parabacteroides merdae in responders
were significantly lower than in non-responders. At 24 weeks,
the relative abundance of Collinsella aerofaciens in responders
was significantly higher than in non-responders. In addition,
the relative abundance of E. rectale in responders showed a
significant positive change from baseline compared with non-
responders (Table 3).
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Microbial diversity and fecal organic acids in the non-
responders and responders

The Shannon index showed a significant positive change from
baseline in responders compared with non-responders. However,

there were no significant differences in the other indices between
the two groups (Table 4). Furthermore, fecal organic acids levels
showed no significant changes in comparisons between the two
groups (Supplementary Table 4).

Phylum Family

IL-6 Hs-CRP LBP

Actinobacteriota

Bacteroidota

Desulfobacterota
Firmicutes

Fusobacteriota

Proteobacteria

Verrucomicrobiota

Actinobacteriota Bifidobacteriaceae
Coriobacteriaceae

Eggerthellaceae

Bacteroidota Bacteroidaceae
Barnesiellaceae
Marinifilaceae
Muribaculaceae
Prevotellaceae
Rikenellaceae

Tannerellaceae

Desulfobacterota Desulfovibrionaceae

Firmicutes Acidaminococcaceae
Anaerovoracaceae
Bacillaceae
Butyricicoccaceae
Christensenellaceae
Clostridiaceae
Erysipelatoclostridiaceae
Erysipelotrichaceae
Lachnospiraceae
Lactobacillaceae
Monoglobaceae
Oscillospiraceae
Peptostreptococcaceae
Ruminococcaceae
Selenomonadaceae
Streptococcaceae

Veillonellaceae

Fusobacteriota Fusobacteriaceae

Proteobacteria Enterobacteriaceae
Succinivibrionaceae

Sutterellaceae

Verrucomicrobiota Akkermansiaceae

L B
[ I 1
-0.212 0 0.223

(minimum) (maximum)
r value

Fig. 1. Heat map of Pearson correlation coefficients between inflammatory markers and relative abundances of gut microbiota from the phylum to
family levels. These relative abundances show no significant correlations with inflammatory markers.
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Phylum Family

Species

Actinobacteriota Bifidobacteriaceae

Bifidobacterium pseudocatenulatum
Bifidobacterium kashiwanohense

Bifidobacterium adolescentis

**0.281

Coriobacteriaceae

Collinsella aerofaciens

Bacteroidota Bacteroidaceae

Bacteroides vulgatus
Bacteroides uniformis
Bacteroides thetaiotaomicron
Bacteroides stercoris
Bacteroides plebeius
Bacteroides massiliensis
Bacteroides eggerthii
Bacteroides dorei
Bacteroides coprophilus
Bacteroides coprocola
Bacteroides cellulosilyticus

Bacteroides caccae

Marinifilaceae

Odoribacter splanchnicus

Prevotellaceae

Prevotella stercorea
Prevotella copri

Rikenellaceae

Alistipes onderdonkii

*P <0.05, ** P <0.01

Tannerellaceae Parabacteroides merdae
Firmicutes Acidaminococcaceae Phascolarctobacterium faecium
Erysipelotrichaceae Chlamydia trachomatis
Lachnospiraceae Eubacterium hallii
Eubacterium rectale *0.256 | *0.226
Anaerostipes hadrus
Dorea formicigenerans
Roseburia inulinivorans
Lactobacillaceae Lactobacillus salivarius
Lactobacillus mucosae
Ruminococcaceae Faecalibacterium prausnitzii ->
Ruminococcus bicirculans
Selenomonadaceae Megamonas funiformis
Veillonellaceae Megasphaera elsdenii
Veillonella ratti
Fusobacteriota Fusobacteriaceae Fusobacterium mortiferum
Verrucomicrobiota  Akkermansiaceae Akkermansia muciniphila |
I |

I | 1
—0.196 0 0.578
(minimum) (maximum)
r value

Fig. 2. Heat map of Pearson correlation coefficients between inflammatory markers and relative abundances of gut microbial species. Red and blue
columns indicate positive and negative correlations, respectively. Correlation coefficients are visualized by color gradient (blue, minimum < r <
maximum, red). Columns with asterisks shows significant correlations (*p<0.05; **p<0.01).

DISCUSSION

This is the first study to investigate associations between
inflammatory markers and specific bacterial species and bacterial
markers in responders to synbiotic supplementation among obese
patients with T2DM. Based on analysis of baseline data, we found
that the relative abundances of B. adolescentis, A. onderdonkii,
E. rectale, and B. thetaiotaomicron correlated positively with
plasma inflammatory markers.

Genus Bifidobacterium is a predominant bacterium in
the human gut and contains more than 50 species, including
several subspecies [13]. However, the details of the functional
roles of these species in humans remain unclear. To date, some
Bifidobacterium species have been reported to reduce intestinal
endotoxin levels in mice [14] and have anti-inflammatory effects
due to inhibition of lipopolysaccharide-induced nuclear factor-kB
activation in vitro [15]. Furthermore, a previous report showed

that B. adolescentis supplementation ameliorates visceral fat
accumulation and insulin sensitivity in an experimental model
of metabolic syndrome [16]. Since some beneficial effects of
Bifidobacterium species on anti-inflammation have been reported,
as described above, B. adolescentis may be involved in improving
chronic inflammation by regulating intestinal barrier function and
anti-inflammatory effects.

Genus Alistipes is a relatively new bacterial genus that
comprises 13 species isolated primarily from human samples [17].
As shown by Table 3, the relative abundance of A. onderdonkii
in feces is low compared with Bifidobacterium. Previous reports
indicated that genus Alistipes is involved in liver fibrosis [17]
and colorectal cancer in I1-10—/— mice [18]. In particular, A.
onderdonkii tended to be reduced in non-alcoholic fatty liver
disease (NAFLD) patients with advanced fibrosis [19]. Although
there have been no reports regarding the roles of this species
in T2DM, chronic inflammation activation is a characteristic
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Table 2. Clinical parameters before and after synbiotic supplementation in the non-responders and responders

Baseline 24 weeks change
n (male/female) Non-responders 21 (15/6)
Responders 23 (16/7)
Age (years) Non-responders 59.8+8.9
Responders 62.2+13.1
BMI (kg/m?) Non-responders 28.1+2.2 27.8+2.0 -0.25+0.79
Responders 30.8 £ 5.5% 31.0 + 5.6* 0.16 £ 0.56
HbAlc (%) Non-responders 73+0.7 73+0.6 0.0+£0.6
Responders 7.4+0.8 7.8+13 04+09
C-peptide (ng/mL) Non-responders 2.0+1.1 1.9+1.2 -0.1+0.6
Responders 26+1.2 2.8+1.6 03=+1.1
T-CHO (mg/dL) Non-responders 195.7+£31.8 190.3 +£29.7 —5.4+23.5
Responders 182.3+£35.5 188.8 £34.2 6.4+26.8
HDL-C (mg/dL) Non-responders 52.7+10.2 50.8+9.6 -19+6.4
Responders 49.0+9.0 49.1+9.6 0.1+4.4
TG (mg/dL) Non-responders 146.2 £ 85.2 185.2+150.4 39.0£104.7
Responders 1373+ 57.5 1783 £117.1 40.9 + 87.1
eGFR (mL/min/1.73m?)  Non-responders 75.1+18.4 75.4+23.7 0.3+8.7
Responders 81.1+26.4 83.6+24.3 2.5+12.3
Hs-CRP (ng/mL) Non-responders 1,780.8 +4,393.3 1,407.4+1,755.8 —373.4+3,816.8
Responders 2,983.8+6,728.4 1,772.0+2,146.4 —1,211.8+6,736.1
IL-6 (pg/mL) Non-responders 1.8+£09 2.7+£1.0 09+0.7
Responders 3.5+2.5%* 23+14 —1.3+£1.8%*
LBP (pg/mL) Non-responders 54+23 8.8+2.9 34+28
Responders 73+53 79+29 0.6 +4.8*%

Data are expressed as mean + SD. Change is expressed as the value measured at 24 weeks minus the baseline value.

*p<005, **p<0.01 vs. Non-responders.

BMI: Body mass index; T-CHO: Total cholesterol; HDL-C: high-density lipoprotein cholesterol; TG: triglycerides;
eGFR: estimated glomerular filtration rate; Hs-CRP: high-sensitivity C-reactive protein; IL-6: interleukin-6; LBP:

lipopolysaccharide-binding protein.

of NAFLD [20], which is highly prevalent in T2DM [21].
Therefore, A. onderdonkii, which showed significant correlations
with inflammatory markers, may play an important role in either
the onset or progression of NAFLD in T2DM, if not both the
onset and progression.

Genus Eubacterium, which is assigned to the phylum
Firmicutes, is a part of the core human gut microbiota and
is phylogenetically diverse [22]. E. rectale, one of the most
extensively studied Eubacterium species, was first isolated from
the feces of healthy Japanese-Hawaiian males and was identified
as a major butyrate producer [23]. To date, this species has been
reported to be negatively correlated with IL-6 and IL-1f levels,
and the E. rectale relatives group has been reported to be correlated
with IL-6 and IL-8 in the elderly [24], while the abundance of E.
rectale and relatives has been reported to be correlated negatively
with IL-1p, NLR family pyrin domain containing 3, and CXC
motif chemokine ligand 2 in cognitively impaired elderly [25].
In addition, E. rectale was reported to be among the gut bacteria
that were positively associated with lower postprandial glycemic
response [26]. Based on these findings, E. rectale may be linked
to the pathophysiology of T2DM via various mechanisms.

B. thetaiotaomicron exhibited a considerable increase in obese
patients following a weight-loss intervention [27]. Experimentally,
B. thetaiotaomicron administration protected mice against
adiposity [27]. In addition, B. thetaiotaomicron modulates the
intestinal mucus barrier by modifying goblet cells and mucin
glycosylation in rats [28]. As a positive correlation was found

between the relative abundance of B. thetaiotaomicron and the
LBP level in the present study, this species is also considered to
be involved in chronic inflammation by regulating mucus barrier
function (i.e., goblet cell differentiation, expression of mucus-
related genes, and the ratio of sialylated to sulfated mucins).

In our responder analysis, we found that diabetes patients
with higher BMIs (over 30 kg/m? on average) and IL-6 levels
at baseline showed a significant reduction in IL-6 by the end
of the study, suggesting that severe obesity is a clinical factor
that predicts responders to synbiotics. Furthermore, as shown
by the BMI data in Table 2, responders with higher BMIs (over
30 kg/m? on average) had higher levels of IL-6. Therefore, the
patients with higher BMIs might have had more severe chronic
inflammation, suggesting that the patients with higher levels
of chronic inflammation at baseline were more sensitive to
synbiotic supplementation. The relative abundance of E. rectale
in responders was stable compared with non-responders. Since
E. rectale has some antidiabetic effects, as discussed above, the
increase in feces in response to synbiotics may be a biological
marker for responders. The relative abundances of two bacterial
species, B. caccae and P. merdae, in responders were significantly
lower at both baseline and 24 weeks; however, their abundances
did not significantly change over time. Although the functional
roles of P. merdae in chronic inflammation remain unclear,
TonB-linked outer membrane protein (OmpW) produced by B.
caccae is known to be associated with perinuclear anti-neutrophil
cytoplasmic antibodies, and the anti-OmpW immunoglobulin A
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Table 3. Relative abundances at the species level before and after synbiotic supplementation in the non-responders and responders
. . Relative abundance (%) Change (%)
Phylum Family Species -
Baseline 24 weeks 24 weeks
Actinobacteriota  Bifidobacteriaceae Bifidobacterium pseudocatenulatum Non-responders 1319 6.5+8.5 52+74
Responders 2.8+6.8 42+43 1.3+5.7
Bifidobacterium kashiwanohense Non-responders  0.01 +0.03 0.01 £0.05 0.00 £ 0.02
Responders 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Bifidobacterium adolescentis Non-responders 23+£35 7.1+£9.2 48+72
Responders 43+64 7.6+8.1 34+7.6
Coriobacteriaceae Collinsella aerofaciens Non-responders  0.38 +0.40 0.46 £ 0.48 0.09 £0.29
Responders 0.78 +£0.93 0.97+£0.64* 0.19+0.76
Bacteroidota Bacteroidaceae Bacteroides vulgatus Non-responders  0.11 £ 0.40 0.06 +£020 —-0.05+0.21
Responders 0.65+1.53 044+124 —0.23+0.49
Bacteroides uniformis Non-responders 29+28 1.9+2.0 -1.0+24
Responders 25431 22+34 -04+2.0
Bacteroides thetaiotaomicron Non-responders  0.47 +0.52 0.49 +0.80 0.02 £ 0.67
Responders 0.58 £ 0.57 0.35+048 —-0.22+0.40
Bacteroides stercoris Non-responders 2.0+4.0 1.8+3.6 -0.3+0.9
Responders 1.9+32 19+34 -0.1+£2.6
Bacteroides plebeius Non-responders 1.6+3.8 22+48 0.6+2.6
Responders 3.0£7.7 23+5.1 -0.9+4.5
Bacteroides massiliensis Non-responders  1.00 +2.80 040141 —0.59+1.47
Responders 0.66 + 1.36 0.67+1.57 -0.03+0.70
Bacteroides eggerthii Non-responders  0.67 + 1.53 044+£1.06 —0.23+0.61
Responders 0.09 £0.38 0.02+0.06 —0.07+0.35
Bacteroides dorei Non-responders 0.7+1.9 09+2.7 02+0.8
Responders 1.9+4.4 1.5+33 -04+1.8
Bacteroides coprophilus Non-responders ~ 0.18 £ 0.58 0.09+3.2 -0.09 £ 0.36
Responders 0.82+£2.80 0.37+1.59 -0.49+2.54
Bacteroides coprocola Non-responders ~ 0.58 +2.32 0.69 + 3.01 0.11+0.72
Responders 0.14 £0.51 0.03+0.08 —0.12+0.49
Bacteroides cellulosilyticus Non-responders  0.15+0.32 0.08+£0.21 —0.08 £0.28
Responders 0.08 £0.19 0.13£0.41 0.06 £0.24
Bacteroides caccae Non-responders  0.68 + 0.81 0.78 £ 1.12 0.10 £ 0.59
Responders 0.24+0.38* 0.25+0.44* 0.01+£0.43
Marinifilaceae Odoribacter splanchnicus Non-responders ~ 0.16 £ 0.14 0.13+0.16 —0.03+0.12
Responders 0.13+0.16 0.11+0.13 —-0.02+0.17
Prevotellaceae Prevotella stercorea Non-responders  0.75 +2.30 0.20+0.50 —0.55+1.94
Responders 0.35+1.34 0.35+1.01 0.02+1.10
Prevotella copri Non-responders 0.6+2.3 04+13 -02+1.1
Responders 1.1£29 1.0£1.9 02+2.1
Rikenellaceae Alistipes onderdonkii Non-responders ~ 0.25 +0.52 0.12+0.28 —0.12+0.45
Responders 0.11+0.26 0.15+0.27 0.05 +0.21
Tannerellaceae Parabacteroides merdae Non-responders ~ 1.41 £ 1.60 1.29+1.22 —0.11+1.45
Responders 0.55+0.68* 0.50+£0.61* 0.03+0.52
Firmicutes Acidaminococcaceae  Phascolarctobacterium faecium Non-responders  0.30 + 0.48 0.18+0.38 —0.12+0.38
Responders 0.29+0.54 0.34 £0.67 0.03£0.41
Erysipelotrichaceae  Chlamydia trachomatis Non-responders ~ 0.16 +0.72 0.22 +1.01 0.06 +0.29
Responders 0.00 +0.00 0.00 +0.00 0.00 +0.00
Lachnospiraceae Eubacterium hallii Non-responders 0.8+1.2 0.5+£0.7 -0.3+0.7
Responders 0.6+ 1.0 0.4+0.6 -0.2+0.6
Eubacterium rectale Non-responders 34+44 20+£33 -14+33
Responders 2.1+£3.8 2.5+43 03+£1.6*%
Anaerostipes hadrus Non-responders 1.7+2.1 1.0£1.3 -0.7+2.1
Responders 1.5+2.0 1.9+2.7 03+1.3
Dorea formicigenerans Non-responders  0.19 +0.21 0.20+0.23 0.01+0.23
Responders 0.13+£0.17 0.12+0.11 —-0.01+0.14
Roseburia inulinivorans Non-responders  0.51 +0.84 0.21+0.39 -0.30+0.57
Responders 0.19+0.34 0.14+0.23 -0.05+0.22

Change is expressed as the difference between the value measured at 24 weeks and the baseline value.
*p<0.05 vs. Non-responders.
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Table 3. Continued

. . Relative abundance (%) Change (%)
Phylum Family Species -
Baseline 24 weeks 24 weeks
Firmicutes Lactobacillaceae Lactobacillus salivarius Non-responders  0.04 +0.15 0.08 £0.24 0.03+0.11
(now Ligilactobacillus salivarius) Responders 0.30+0.85 020+0.80 —0.12+0.43
Lactobacillus mucosae Non-responders  0.04 +£0.18 0.13+0.40 0.09+0.25
(now Limosilactobacillus mucosae)  Responders 0.36 +£0.76 045+1.17 0.08 £ 1.00
Ruminococcaceae Faecalibacterium prausnitzii Non-responders  0.35 +0.59 0.25+038 —0.11+0.52
Responders 0.35+0.55 0.31+048 —0.05+0.53
Ruminococcus bicirculans Non-responders ~ 0.67 + 1.27 0.94 +1.90 0.26 = 1.00
Responders 0.42+1.03 0.52+0.92 0.08 £0.57
Selenomonadaceae ~ Megamonas funiformis Non-responders ~ 0.56 +1.19 0.56 = 1.57 0.00 + 1.27
Responders 0.64 £2.20 0.18+0.48 —-0.49+1.96
Veillonellaceae Megasphaera elsdenii Non-responders ~ 0.08 +0.20 0.15+0.33 0.07 £0.23
Responders 0.13 +0.44 0.18 £ 0.68 0.14+0.54
Veillonella ratti Non-responders  0.48 +1.01 0.74+£2.03 0.26 £ 1.51
Responders 0.06 +0.27 0.06 +0.30 0.01+£0.03
Fusobacteriota Fusobacteriaceae Fusobacterium mortiferum Non-responders ~ 0.93 £2.51 038+1.51 —0.55+1.42
Responders 0.19+0.88 0.01+0.03 —0.18+0.90
Verrucomicrobiota Akkermansiaceae Akkermansia muciniphila Non-responders  0.29 + 0.88 0.03+0.08 —0.26+0.86
Responders 0.13+0.45 0.16 £0.52 0.03+0.71

Change is expressed as the difference between the value measured at 24 weeks and the baseline value.

*p<0.05 vs. Non-responders.

Table 4. Microbial diversity before and after synbiotic supplementation in the non-responders and responders

Measured values Change
Baseline 24 weeks 24 weeks
Phylogenic diversity ~ Non-responders 264+5.3 253+5.5 -1.0+2.7
Responders 26.8+7.2 27.0+6.5 02+34
Observed OTU Non-responders 220.7+61.4 209.7£65.8 -11.0+45.7
Responders 225.8+70.5 225.6+61.6 0.9+40.3
Shannon index Non-responders 6.12 £ 0.60 5.82+0.62 —0.30+0.39
Responders 6.06 +0.75 6.10 = 0.66 0.06 £ 0.57*

Change is expressed as the difference between the value measured at 24 weeks and the baseline value. *p<0.05 vs.
Non-responders. OTU: observed operational taxonomic unit.

levels were found to be elevated in inflammatory bowel disease
[29]. Furthermore, B. caccae is enriched in clinical gout [30].
Therefore, the low relative abundances of B. caccae and P.
merdae may be microbial markers for responders to synbiotic
supplementation.

The Shannon index accounts for both abundance and evenness
of bacterial species, and a higher value is indicative of greater
a-diversity, which is known to be lower in obese children
[31]. Interestingly, in the present study, the index was stable in
responders throughout the study compared with non-responders,
suggesting that a stable a-diversity might play some possible
roles for responders to synbiotic supplementation.

The present study has several limitations. First, we were unable
to confirm a causal relationship between inflammatory markers
and the gut microbiota because our study used a retrospective
design. Second, the number of participants used in the responder
analysis was small. Third, the differences in the daily diets
between the responders and non-responders were not evaluated
even though they may affect the gut microbiota. Therefore, a
large-scale study with a dietary intake assessment is necessary
in the future. Finally, species-level identification in this study

was based on sequence information for the 16S rRNA gene V1-2
region obtained by MiSeq. Therefore, evaluation by quantitative
PCR using species-specific primers is necessary in the future.

In conclusion, we identified the specific bacterial species
related to inflammatory markers in obese patients with T2DM.
Furthermore, the severity of obesity and presence of two bacterial
species (B. caccae and P. merdae) may be predictive markers for
responders to synbiotic supplementation.
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