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ABSTRACT
Elderly patients with type 2 diabetes mellitus (T2DM) exhibit considerable periodontitis frequency, which
causes tooth loss and poor quality of life. To investigate the impact of periodontitis on gut microbiota, we used
16S rRNA amplicon sequencing to characterize the composition and structure of gut microbiota among elderly
patients with T2DM and periodontitis (T2DM_P), elderly patients with T2DM alone (T2DM_NP), and healthy
volunteers. We identified 34 key gut microbiota markers that distinguished participants with different
periodontal conditions and investigated their connections to other gut bacteria, as well as their clinical
correlates. The most striking differences in co-occurrence networks between the T2DM_P and T2DM_NP groups
comprised interactions involving dominant genera in the oral cavity (i.e., Streptococcus and Veillonella). Of the
34 identified key gut microbiota markers that distinguished participants with different periodontal conditions,
25 taxa were correlated with duration of diabetes, dry mouth or the peripheral levels of pro-inflammatory
cytokines (e.g., tumor necrosis factor-α, interferon-γ, prostaglandin E2, interleukin-17, and interleukin-6) and
metabolic parameters (e.g., hemoglobin A1c), respectively. Our findings suggest that gut microbial shifts driven
by periodontitis may contribute to systemic inflammation and metabolic dysfunction during the progression of
T2DM.

INTRODUCTION
The number of elderly individuals with type 2 diabetes
mellitus (T2DM) has dramatically increased worldwide
in the past few decades [1]. Periodontitis is a common
oral complication of T2DM among elderly individuals,
such that it affects more than half of patients with
T2DM [2]. There is considerable evidence regarding the
substantial influence of periodontitis in malnutrition,
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disability, and reduced quality of life in older adults;
however, the underlying mechanisms remain poorly
understood [3]. Growing interest in the complex
interaction between oral and gut bacteria has resulted in
the identification of appreciable numbers of oral taxa in
the gut microbiota of adults regardless of periodontal
status [4]. In animal models and patients with
periodontal diseases, several specific oral bacteria
associated with periodontitis can also alter the
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composition of the microbiota in the colon, thereby
causing intestinal dysbiosis [4–7]. Some chronic
diseases associated with periodontal disease have also
been linked with gut dysbiosis [8]. The oral cavity could
serve as a reservoir for intestinal pathobionts and
contribute to the pathogenesis of diseases, including
rheumatoid arthritis, atherosclerosis, liver cirrhosis, and
colon cancer [9, 10]. In addition to infected periodontal
tissues, recent studies have suggested that the intestine
may serve as an important site of host immune
modulation that enhances systemic inflammation via
enhancements of multiple pro-inflammatory molecules
involved in systemic inflammation and exacerbation of
bone loss; include prostaglandin (PG)E2, interleukin
(IL)-1β, and IL-6 [4, 5, 10, 11]. These findings of the
prior studies suggest involvement of gut microbiota in
the mechanisms by which periodontitis may induce and
maintain a chronic state of inflammation at sites distant
from the oral cavity.
There is considerable evidence to suggest that the gut
microbiota modulates inflammatory processes and
participates in the pathogenesis of T2DM and insulin
resistance; it might also participate in treatments for
affected patients. Specific alterations in gut microbiota
could cause elderly individuals to become more
susceptible to T2DM-related health problems [12, 13].
To the best of our knowledge, there has been little direct
evidence has shown that this shift is driven by
periodontitis. Although there have been some studies
regarding gut microbial dysbiosis in elderly individuals
with T2DM, these studies typically did not investigate
the variables associated with periodontal status [12].
In this study, we investigated the complex influences
of periodontitis on the development of T2DM in
elderly individuals, including the underlying
mechanisms associated with gut microbiota and
systemic inflammation. Specifically, we used novel
bioinformatics analysis combined with high-fidelity
16S rRNA gene amplicon sequencing technology to
characterize the gut microbiota of patients with T2DM
and periodontitis, compared with patients with T2DM
alone and healthy volunteers in a parallel observational
case-control study. We implemented a systematic
approach to adjust for potential confounders.
Furthermore, using the random forest algorithm, we
identified key gut microbiota markers that
distinguished participants with different periodontal
conditions. Their relationships with various disease
indexes, use of medications, and peripheral risk
markers were analyzed by using Spearman correlation
analysis. We expect that our findings will aid in
systematic elucidation of the relationship between gut
microbiota composition and inflammatory status in
patients with periodontitis.
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RESULTS
Gut dysbiosis
periodontitis

in

patients

with

T2DM

and

We analyzed fecal samples from 78 participants aged ≥
65 years and evaluated the influence of periodontitis on
gut microbiota of elderly patients with T2DM. The
clinical characteristics and pathological indexes of
participants are summarized in Table 1. There were no
significant differences among groups in terms of age,
sex, or BMI. All 78 DNA samples were analyzed for
16S rRNA gene amplification and products were
sequenced. OTU accumulation boxplots were plotted to
confirm that the sample size was adequate for
comparative analysis (Figure 1A). The α-diversity
indexes (Shannon and Simpson) did not significantly
differ among the three groups (Supplementary Table 1).
The environmental factors collected for analysis of βdiversity included basic clinical characteristics in this
study. We focused on the major digestive tract
complications that might exhibit associations with gut
microbiota, including dry mouth and gastrointestinal
(GI) symptoms (e.g., abdominal pain, abdominal
bloating
or
distension,
nausea/vomiting,
gastroesophageal reflux, dysphagia, diarrhea, and
constipation). Metadata were collected regarding 15
potential confounders, such as age, sex, BMI, duration
of T2DM, hypertension, and GI symptoms, as well as
use of medications (e.g., acarbose, metformin, aspirin,
statins, calcium channel blockers, angiotensin receptor
blockers, and pioglitazone). Eleven of the 17 variables
exhibited collinearity (variance inflation factor > 2) and
were therefore excluded (Supplementary Table 2). The
number of remaining natural teeth, CPI score, and five
other variables were used as environmental variables for
PERMANOVA assessment. After adjustment for
confounders, periodontal condition explained 6.6% of
the variation in Bray–Curtis dissimilarity, 5.9% of the
variation in unweighted UniFrac distance, and 2.3% of
the variation in weighted UniFrac distance (Figure 1B,
P < 0.05, PERMANOVA, Supplementary Table 3).
The dominant phyla among participants were
Firmicutes, Bacteroidetes, and Proteobacteria (Figure
1C). BugBase algorithm-based prediction suggested that
the T2DM_P group exhibited preferential enrichment of
gram-positive taxa, compared with the healthy
volunteers (Figure 1D). Predicted microbiota functions
were determined by KEGG pathway analysis (Figure
1E, Supplementary Table 4). Pathways associated with
cytotoxicity that were predicted to be upregulated in the
T2DM_P group included the HlyD family secretion
protein, UDP-N-acetylglucosamine acyltransferase, and
chorismate mutase (Kruskal-Wallis test P < 0.05).
Pathways predicted to be downregulated in the
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Table 1. Clinical characteristics of participants.
Controls

T2DM_NP

T2DM_ P

(n = 29)

(n = 21)

(n = 28)

Female

37.93% (11)

33.33% (7)

39.29% (11)

Male

62.07% (18)

67.78% (14)

60.71% (17)

Age (year)

75.83±7.04

76.85±7.89

75.18±5.85

BMI

25.06±0.63

25.22±0.67

24.89±0.76

0

3.67±2.72

3.64±2.95***

41.38% (12)

57.14% (12)

60.71% (17)

Number of teeth

25.10±2.43

24.38±4.22

14.82±1.59***###

Mean pocket depth (mm)

2.91±0.43

3.01±0.40

6.48±0.59***###

Bleeding on probing (%)

0% (0)

0% (0)

75% (21) ***###

Clinical attachment level (mm)

2.59±0.50

2.76±0.44

4.89±0.59***###

CPI

0.31±0.47

0.48±0.51

4.00±0***###

Dry mouth

55.17% (16)

76.19% (16)

75% (21)

GI symptoms

34.28±3.07

41.95±9.90

41.00±9.27*

0% (0)

19.05% (4)

17.86% (5) *

Acarbose

0% (0)

23.81% (5)

21.43% (6) *

Pioglitazone

0% (0)

14.29% (3)

11.00% (3)

Metformin

0% (0)

9.52% (2)

7.14% (2)

CCBs

27.59% (8)

38.10% (8)

50.00% (14)

ARBs

13.79% (4)

19.05% (4)

39.29% (11) *

Cholesterol-lowering drugs (%)

Statins

13.79% (4)

19.05% (4)

17.86% (5)

Antithrombotic agents (%)

Aspirin

6.90% (4)

42.86% (9)

28.57% (8)

Sex

Duration of diabetes (year)
Hypertension (%)
Periodontal index

Digestive tract symptoms

Medicine and therapeutic interventions
Insulin treatment (%)
Hypogylcemic agents (%)

Hypotensive agents (%)

Abbreviations: T2DM_P: patients with type 2 diabetes mellitus and periodontitis; T2DM_NP: patients with type 2 diabetes
mellitus alone (no periodontitis); BMI: body mass index; CPI: Community Periodontal Index; GI: gastrointestinal; CCBs:
calcium channel blockers; ARBs: angiotensin receptor blockers.
Continuous variables are presented as mean ± SD. Significant differences between T2DM_NP and T2DM_P groups are
indicated by #P < 0.05, ## P < 0.01, and ### P < 0.001. Significant differences between healthy volunteers and both groups of
patients with T2DM are indicated by *P < 0.05, **P < 0.01, and ***P < 0.001.

T2DM_P group included carbamate kinase, threonine
dehydratase, NADH-quinone oxidoreductase subunit E,
and acetolactate synthase I/II/III large subunit (KruskalWallis test P < 0.05).
Disturbance in gut flora interaction driven by
periodontitis
To infer potential interactions among gut bacterial
community members, we constructed co-occurrence
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networks of bacterial genera, based on correlations of
their relative abundances (Figure 2). Overall, the cooccurrence network of the T2DM_P group exhibited
greater complexity with distinct components and
topographies, compared with other groups (Figure
2A). The co-occurrence network of the T2DM_P
group was characterized by two unique modules
separate from the core module (one comprised
Prevotella, Bacteroides, and Alloprevotella, and the
other comprised Streptococcus and Veillonella).
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Specifically, the co-occurrence networks of the
T2DM_P and T2DM_NP groups contained 72 and 82
edges, respectively; the co-occurrence network of the
control group contained 104 edges (Figure 2B).
Despite the presence of some overlapping edges, many
edges were specific to each group. Notably,
correlations between Romboutsia and Turicibacter,
and between Streptococcus and Veillonella, were
present in all three groups. Connections containing
Butyricimonas, Odoribacter, Oscillibacter, and
Eubacterium showed high frequencies of cooccurrence in samples from patients with T2DM,
suggesting they were universally associated with
T2DM. In addition, the T2DM_P group had more co-

exclusion relationships in the bacterial community; in
particular,
antagonistic
relationships
between
Alloprevotella and Methanobrevibacter, as well as
between Bilophila and Actinoplanes, were only
observed in the T2DM_P group. We then computed
different bacterial network characteristics (i.e., degree,
closeness, and betweenness) of shared nodes among
bacterial networks to approximate the structural
importance of individual bacterial taxa within each
respective network (Figure 2C). In terms of the
closeness centrality of shared nodes among bacterial
networks, several genera appeared to have important
effects in the T2DM_P network, including Alistipes,
Bilophila,
Butyricimonas,
Faecalibacterium,

Figure 1. Differences in gut microbiota profile among three groups. (A) OTU accumulation boxplot to show that the number of
samples is adequate. (B) Principal Co-ordinates Analysis (PCoA) plot of weighted UniFrac distances. (C) Fecal microbiota composition at the
phylum level among the three groups. (D) BugBase algorithm predicted that microbiota phenotypes of the T2DM_P group significantly
differed from healthy volunteers in terms of gram-positive bacteria. (E) Heatmap of PICRUSt analysis shows significant KEGG pathways among
the three groups.
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Parabacteroides,
Streptococcus,
Odoribacter, and Pseudomonas.

Veillonella,

Identification of key gut microbiota taxa
associated with periodontitis by random forest and
LEfSe
To identify key gut microbiota markers that
distinguished participants with different periodontal
conditions, we performed fivefold cross-validation
analysis using a random forest model (Figure 3A).
We created a ROC curve to measure the accuracies at
which the relative abundances of key gut microbiota
related to periodontitis were able to classify
two groups of samples (Figure 3B, 3C). The top 34
OTU markers identified by random forest analysis
were able to distinguish the T2DM_P group from
healthy volunteers with an area under the ROC
curve of 0.82 (95% confidence interval: 74.0%–
96.0%); they could distinguish the T2DM_P group
from the T2DM_NP group with an area under the

ROC of 0.64 (95% confidence interval: 52.2%–
87.7%). In addition, we performed LEfSe analysis to
confirm the composition of significant differences
between groups at various taxonomic levels,
especially the Faecalibacterium genus, for which
significance was confirmed by the Wilcoxon ranksum test (Figure 3D, 3E). However, because of high
inter-individual variabilities, only seven taxa
exhibited significant differences in relative abundance
between groups after FDR adjustment (KruskalWallis test, adjusted for age, sex, and use of acarbose;
FDR-corrected P < 0.05, Supplementary Table 5).
Overall, we found that the abundance of the genus
Prevotella was significantly elevated in the T2DM_P
group, while the abundance of the genus
Faecalibacterium was significantly depleted. At the
species level, significantly altered abundances of
Prevotella copri and Faecalibacterium prausnitzii
(the only species thus far defined in the
Faecalibacterium genus) were observed in the
T2DM_P group.

Figure 2. Co-occurrence networks of gut microbiota in different groups. (A) Co-occurrence network analysis of bacterial genera with
correlation coefficient >0.6 or <-0.6 in each group. Each network node indicates a bacterial genus. Circle size increases with relative
abundance. Circle colors correspond to biomarkers characteristic of the groups in this study; other bacterial genera are shown in gray. Edge
widths represents correlation values supporting this connection. Edge colors show positive (red) and negative (blue) correlations,
respectively. (B) Numbers of unique and shared edges in three co-occurrence networks. (C) Centralities (rank of closeness) and discrepancies
of nodes in different groups.
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Clinical correlates of key gut microbiota markers
associated with periodontitis
Clinical factors associated with T2DM might shape the
gut microbiota through long-term effects on the
ecological balance between the host and the normal
microbiota, including GI symptoms and a variety of
medications that are used to treat T2DM. We performed
forward selection analysis and redundancy analysis to
evaluate the relationships between these features and
the relative abundances of gut microbiota at the genus
level (Figure 4A). The results indicated that the number
of teeth, CPI, age, sex, and acarbose use exhibited
greater power as driving factors; metformin use, statin
use, pioglitazone use, and abdominal discomfort
exhibited weaker impact. Only the number of teeth and
CPI had significant effects (P = 0.003 and P = 0.02,

respectively, Supplementary Table 6). Subsequently, we
explored the correlation between the key gut microbiota
markers identified above and clinical characteristics,
including various disease indexes and use of
medications (Figure 4B, Supplementary Tables 7, 8).
The duration of diabetes was positively correlated with
the relative abundances of Sutterella and Dialister and
negatively correlated with the relative abundance of
Blautia. The CPI score was positively correlated with
the relative abundances of Haemophilus, Veillonella,
Streptococcus, and Aggregatibacter; the number of
teeth was positively correlated with the relative
abundances of Faecalibacterium, Oxalobacter, and
Eisenbergiella and negatively correlated with the
relative abundances of Prevotella, Aggregatibacter, and
Streptococcus. Dry mouth, another oral complication of
T2DM linked to periodontitis, was positively correlated

Figure 3. Microbial biomarkers between healthy volunteers and patients with diabetes and periodontitis or diabetes alone.
(A) Microbial markers of the T2DM_P group were identified with random forest models. The 34 OTU markers were selected by random forest
models as optimal markers to distinguish among groups. (B, C) AUCs were 85.84% (95% CI, 76.3%-95.3%) between T2DM_P and control
cohorts (B), and 78.83% (95% CI, 65.4%-92.3%) between T2DM_P and T2DM_NP cohorts (C). (D) Linear discriminant analysis (LDA) revealed
differentially abundant taxa as biomarkers using the Kruskal-Wallis test (P < 0.05) with LDA score > 2.0. (E) The Wilcoxon rank-sum test was
used for comparisons of relative abundances at the genus level in different groups.
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with the relative abundance of Dialister and negatively
correlated with the relative abundance of Coprobacillus.
Furthermore, we found that GI symptoms was
positively correlated with the relative abundances of
Flavonifractor, Parabacteroides, Sutterella, and
Bacteroides. Notably, the relative abundances of
Flavonifractor and Bacteroides were also positively
correlated with acarbose use. In addition, the relative
abundance of Eisenbergiella was significantly
negatively correlated with hypertension and calcium
channel blocker use.
We also investigated the influences of periodontitis on
metabolic and inflammatory profiles. The abundances
of periodontitis-associated gut microbiota taxa (e.g.,
Prevotella,
Faecalibacterium,
Haemophilus,
Veillonella,
Streptococcus,
Aggregatibacter,
Oxalobacter, and Eisenbergiella) also exhibited
significant correlations with the blood levels of proinflammatory cytokines (e.g., PGE2, IFN-γ, IL-17, IL-6,
and TNF-α) and plasma metabolic parameters (e.g.,
HbA1c, fasting blood glucose [FBG], total cholesterol
[TCHO], high-density lipoprotein cholesterol [HDL-c],

and low-density lipoprotein cholesterol [LDL-c]).
Specifically, the T2DM_P group exhibited a
significantly elevated Hemoglobin A1c (HbA1c) level,
compared with the T2DM_NP group (P = 0.009, Figure
5A); there were no significant differences in other
serum metabolic parameters between the T2DM_P and
T2DM_NP groups (Figure 5B). Adverse systemic
inflammation was observed in the T2DM_P group,
compared with the T2DM_NP group. Several
inflammatory factors were significantly elevated in the
T2DM_P group, including serum levels of tumor
necrosis factor α (TNF-α) and Prostaglandin E2 (PGE2)
(P = 0.030 and P = 0.036, respectively; Figure 5C and
5D). In addition, bone loss was more serious in the
T2DM_P group, as indicated by higher levels of bone
alkaline phosphatase and osteocalcin (Figure 5E).
Circos plot analysis revealed correlations between
clinical characteristics and peripheral risk factors.
Correlations were observed between CPI and peripheral
concentrations of both PGE2 and HbA1c; a significant
correlation was also observed between IL-22 and
duration of diabetes. Figure 5G shows a heatmap of the
correlation coefficients between circulating metabolic

Figure 4. The clinical correlates of gut microbiota at genus level. (A) Redundancy analysis (RDA) plot of bacterial diversity and seven
non-collinear variables. (B) Correlation between the gut microbial biomarkers and multiple clinical parameters.
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markers and key gut microbiota taxa, as well as between
circulating inflammatory markers and key gut
microbiota taxa (Supplementary Table 9, 10). The
relative abundance of Faecalibacterium was
significantly negatively correlated with serum levels of

PGE2 and interferon-γ (IFN-γ), whereas the relative
abundance of Prevotella was significantly positively
correlated with plasma low-density lipoprotein level.
Serum levels of PGE2 and IL-6 were negatively
correlated with relative abundance of Eisenbergiella

Figure 5. Relationships of periodontal condition, altered gut microbiota, and peripheral risk markers in elderly individuals.
Levels of HbA1c (A), FBG and lipids (B), cytokines (C), eicosanoids (D), and bone metabolic markers (E) in T2DM_P, T2DM_NP, and healthy
volunteer groups (shown as mean +/- SD). Statistics were calculated by Student's t-test. Significant differences between groups are indicated
by *P < 0.05, **P < 0.01, and ***P < 0.001. (F) Circos plot shows significant correlation values for comparisons between plasma risk factors
and clinical characteristics in all participants with correlation coefficient > 0.3 or < -0.3. Colors correspond to the direction of correlation;
warm shades denote positive relationships and cool tones denote negative correlations. (G) Heatmap depicts correlations between gut
microbial biomarkers and peripheral risk markers. Non-parametric Spearman correlation coefficients were calculated between each of 34 gut
microbial biomarkers and peripheral risk markers. Colors range from blue (negative correlation) to red (positive correlation). Significant
relationships are indicated by +P < 0.05, ++P < 0.01, and +++P < 0.001.
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and positively correlated with the relative abundance of
Aggregatibacter. Additionally, a positive association
was observed between the relative abundance of
Veillonella and IL-17, while a negative association
was observed between the relative abundance of Dorea
and IFN-γ; these findings suggested probable
contributions to systemic inflammatory responses in
periodontitis.

DISCUSSION
In the present study, we identified key characteristics of
gut microbial dysbiosis driven by periodontal
complications among elderly patients with T2DM. The
results of PERMANOVA community and redundancy
analysis indicated that the number of remaining natural
teeth and CPI score were the main factors that drove the
separation in gut microbiota. Their reversible effects on
gut microbiota were more pronounced than the known
effects of other influential factors including age, sex and
acarbose use [14]. We consistently observed
unfavorable metabolic and inflammatory profiles
among patients in the T2DM_P group, compared with
healthy volunteers or patients in the T2DM_NP group.
Our findings showed that altered gut microbiota in
patients with T2DM were linked to their periodontal
conditions and correlated with several risk factors for
advanced T2DM and bone loss.
Here, we identified the 34 most-discriminatory genera
associated with periodontitis by fivefold crossvalidation using a random forest model and LEfSe. Of
the 34 genera, 13 included species that are natural
members of the human oral biofilm community (e.g.,
Streptococcus, Fusobacterium, Veillonella, Dialister,
Haemophilus, Aggregatibacter, Prevotella, Gemmiger,
Cloacibacillus,
Odoribacter,
Howardella,
Eubacterium, and Bacteroides) [15–17]. The oral
bacteria swallowed with food and saliva generally
interact with gut microbiota. Given the competitive
and cooperative relationships among microbial groups,
the effects of periodontitis could presumably span
across distant communities along the digestive tract.
Here, we found that the most striking differences in
co-occurrence networks between the T2DM_P and
T2DM_NP groups comprised interactions involving
dominant genera in the oral cavity (i.e., Streptococcus
and Veillonella); sequences of DNA from these
bacteria have also been identified in atherosclerotic
plaques [8]. Our findings are consistent with the
findings of recent studies, in which oral bacteria were
shown to travel into the colon [10]. In addition to
periodontal pathogens, other members of the oral
microbiota are reportedly involved in the development
of systemic diseases associated with intestinal
dysbiosis.
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In this study, we found that the relative abundance of P.
copri was significantly enriched in the T2DM_P group
after adjustments for age, sex, and acarbose use,
compared with the other two groups. Prior studies in
humans and animals have shown strong relationships
between P. copri and chronic inflammatory diseases,
such as rheumatoid arthritis and colitis [4, 18–20]. The
significantly elevated abundance of P. copri in the
T2DM_P group is consistent with previously reported
findings in Brazilian patients with T2DM [19]. In
contrast, patients in the T2DM_P group showed a more
pronounced reduction of the abundance of the antiinflammatory species F. prausnitzii, compared with
both healthy controls and patients in the T2DM_NP
group. F. prausnitzii has been shown to enhance insulin
sensitivity and inhibit gastric emptying by stimulation
of GLP-1 secretion [4]. Previous experimental and
clinical studies have suggested the possible involvement
of the beneficial butyrate-producing bacteria F.
prausnitzii in the pathogeneses of both T2DM and
frailty [13, 21, 22].
Recent data suggested a plausible mechanism for
systemic chronic inflammatory status and insulin
resistance involving microbial dysbiosis, with resulting
modulation of the innate immune response to endotoxin
challenge [23]. Notably, the predicted microbiota
functions determined by KEGG pathway analysis
indicated that a range of pathways associated with
cytotoxicity were highly likely to be induced in the
T2DM_P group. These pathways include the HlyD
family secretion protein pathway, which is presumed to
play a role in the secretion of substrates (e.g., cytotoxin
VacA from Helicobacter pylori and pertactin from
Bordetella
pertussis),
and
the
UDP-Nacetylglucosamine acyltransferase pathway, which is
associated with endotoxin biosynthesis (e.g., lipid A and
lipopolysaccharide) [24]. These observations support a
potential mechanism linking periodontitis and gut
dysbiosis in which chronic oral ingestion of high doses
of periodontopathic microorganisms (including dead
bacteria from the oral cavity) may stimulate several
pathogens in the gut and upregulate bacterial virulence
genes; this chronic stimulation and upregulation may
lead to endotoxemia and subsequent metabolic disorders
[8]. The continuous infusion of lipopolysaccharide
from Porphyromonas gingivalis and associated
periodontal dysbiosis has been shown to induce a
chronic low-grade systemic inflammation leading to the
insulin resistance in mice fed a high-fat diet [25].
Furthermore, a clinical study demonstrated the potential
for oral hygiene control habits to improve glycemic
control and oral malodor in patients with T2DM [26].
Consistent with this hypothesis, the present study
showed that circulating levels of pro-inflammatory
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mediators (i.e., PGE2 and TNF-α) were higher in the
T2DM_P group than in the T2DM_NP group in this
study. Of particular interest was PGE2, which reportedly
exhibited significant upregulation in gingival tissue and
gingival fluid from patients with periodontitis [27]. In
this study, we found that the serum level of PGE2 was
positively correlated with the relative abundance of
Aggregatibacter and negatively correlated with the
relative abundances of Blautia, Eisenbergiella, and
Faecalibacterium. Notably, elevated production of
PGE2, TNF-α, and IL-6, following stimulation with
lipopolysaccharide
from
Aggregatibacter
actinomycetemcomitans, has been observed in IL-1
receptor antagonist-deficient mice [28].
Previous studies in animal models and humans have
identified specific alterations in gut microbiota
community structure in association with the presence of
T2DM [29]. However, most studies have regarded
T2DM as a single predictor and have neglected a wide
range of variables and complications in elderly patients
that might influence gut microbiota. In this study, we
focused on periodontal conditions and utilized a
systematic approach to control for potential
confounders, including age, sex, comorbidities, and use
of medications. The results highlight a need to consider
periodontal status as a potential confounding factor in
studies linking gut microbiota differences to T2DM.
Significant differences at the genus level were difficult
to detect because many genera exhibited very low
abundances; moreover, there were considerable
interindividual differences in gut microbiota
composition among elderly individuals, particularly in
patients with T2DM whose exhibited complex clinical
conditions. Thus, in addition to widely used approaches
for the identification of taxonomic differences among
groups, we performed fivefold cross-validation using a
random forest model to identify key gut microbiota
taxa that could distinguish patients according to
periodontal status. Our systematic approach is likely to
be useful for other researchers who are investigating
variations in the gut microbiota during aging and their
associations with disease. The results of this study
highlight a need to consider periodontal status as a
potential confounding factor in studies linking gut
microbiota differences to T2DM.

gastrointestinal symptoms was excluded. Notably, the
Prevotella genus showed significant associations with
periodontal disease in both young and older adults. The
association of the Prevotella genus with diabetes has
been observed across generations and body sites [18].
Some species of Prevotella exhibit distinct pathobiontic
properties [30]. Our data also showed that most
identified OTUs belong to Prevotella copri. Taken all
together, our data support the hypothesis that gut
microbial shifts driven by periodontitis contribute to
systemic inflammation and metabolic dysfunction
which may in turn accelerate the progression of T2DM.
The underlying mechanism behind this association
deserves further attention through experimental
modeling and larger longitudinal clinical investigations.
The limitations of the current study were as follows.
First, limited long-term diet information was available
for the elderly patients in this study; thus, individual
nutritional statuses were not considered. Second, our
finding that periodontitis was related to gut bacterial
composition must be interpreted with caution, because
our dataset was limited by considerable interindividual
variability in gut microbiota among participants.
However, by using various bioinformatics algorithms,
we were able to detect signature bacteria with
discriminative importance that persisted after rigorous
statistical testing and adjustment. Further analyses are
required to yield further insights regarding the
mechanism by which the combined effects of microbe–
microbe and host–microbe interactions drive gut
microbiota differentiation in elderly patients with
chronic oral infections.
In conclusion, our findings are expected to aid in
systemic elucidation of the relationship between gut
microbiota composition and inflammatory status in
patients with periodontitis, and in identifying the
probable roles of these periodontitis-associated gut
bacteria in T2DM pathogenesis. Our observations
extend the current knowledge regarding periodontitisrelated alterations in gut microbiota of elderly patients
with T2DM.

MATERIALS AND METHODS
Study design and participants

Talita et al. [4] also investigated the relationship
between periodontitis and gut dysbiosis in a parallel
observational case-control study. They found that
individuals with periodontal diseases exhibited a less
diverse gut microbiome, characterized by an enhanced
Firmicutes/Bacteroidetes ratio. This finding differs from
our results, presumably because their analysis was
based on a young population, excluding patients with
history of
metabolic
disease
or abnormal
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Ethics approval for the study was obtained from the
ethics board of the First Affiliated Hospital, School of
Medicine, Zhejiang University (IRB no. 2014-114).
Written informed consent and questionnaire responses
were obtained from all participants in this study.
Patients with T2DM, with or without periodontitis, were
enrolled in the study by their physicians. Patients
provided fecal and blood samples if they fulfilled the
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following criteria: (1) age ≥ 65 years with body mass
index (BMI) of 17–38; (2) no antibiotic use in the 12
weeks prior to enrollment. Patients were included in the
T2DM_P group if they exhibited periodontitis (e.g.,
chronic
periodontitis,
aggressive
periodontitis,
gingivitis, periodontal abscess, or combined
periodontic-endodontic lesions). Patients were included
in the T2DM_NP group if they did not exhibit
periodontitis. The exclusion criteria for this study were:
(1) presence of acute illness (e.g., upper tract respiratory
infections, pneumonitis, or enterocolitis); (2) presence
of any other organ-specific diseases (e.g., intestinal
diseases, pancreatic diseases, tumor recurrence, heart
failure, renal failure, stroke, and/or peripheral artery
disease); (3) presence of severe T2DM complications
(e.g., stroke, retinopathy, and nephropathy); and (4)
consumption of alcohol, tobacco, Chinese herbal
medicine, and/or recreational drugs. We reviewed the
medical records of 49 patients aged ≥ 65 years with
T2DM (28 with periodontitis and 21 without
periodontitis) and the records of 29 age- and sexmatched healthy volunteers from the same community.
All healthy volunteers were within the normal ranges
upon physical examination; had no history of smoking
or alcohol abuse; had no airway infection, runny nose,
sputum production, or other systemic disease; and had
not received antibiotics, probiotics, or prebiotics in the
month before enrollment. At each clinic visit,
participants described their use of medications,
including acarbose, metformin, aspirin, statins, calcium
channel blockers, angiotensin receptor blockers, and
pioglitazone.
Periodontal evaluation was performed promptly by
trained dentists and the severity of periodontitis was
assessed by simple World Health Organization
Community Periodontal Index (CPI) codes [29]. A
detailed medical and dental history was taken for each
participant, followed by an oral examination that
included a periodontal examination. The CPI was
scored on a scale of 0 to 4, as follows: 0 = healthy
periodontal tissue (no bleeding, calculus, or pocket
depth ≥ 3.5 mm); 1 = bleeding in periodontal tissue
(bleeding on probing, but no calculus or pocket depth ≥
3.5 mm); 2 = supragingival or subgingival calculus; 3 =
3.5–5.5-mm-deep periodontal pockets; and 4 = ≥ 5.5mm-deep periodontal pockets.
The Diabetes Bowel Symptom Questionnaire was used
to assess the severity of GI symptoms (Supplementary
Table 11). Details of the questionnaire have been
described previously [31]. The questionnaire consisted
of parts A and B, which contained detailed information
regarding seven symptoms/symptom complexes
occurring within the prior 3 months: abdominal pain;
abdominal bloating or distension; nausea/vomiting;
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gastroesophageal reflux; dysphagia; diarrhea; and
constipation. Thirty-two questions were designed to
examine the presence and severity of abdominal
pain/discomfort (Part A) and upper GI symptoms (Part
B). Higher scores indicated higher frequency or severity
of symptoms.
Laboratory evaluations of plasma biochemical
profile and inflammatory markers
Venous blood samples were taken for measurement of
standard hematological and clinical chemistry variables.
Plasma biochemical profiles were assessed in all
participants using standard in-hospital methods,
including HbA1c, FBG, TG, TCHO, HDL-c, LDL-c,
VLDL-c, BALP, and OC. The plasma concentrations of
TNF-α, IL-6, IFN-γ, IL-17, IL-22, IL-25, and PGE2
were measured by enzyme-linked immunosorbent assay
kits (4A Biotech Co., Beijing, China). All assays were
conducted in duplicate and in accordance with the
manufacturer’s instructions. Biochemical indexes were
measured by the hospital central diagnostic laboratory.
16S rRNA gene tag sequencing
Fecal samples (250 mg, wet weight) were immediately
stored at −80° C until DNA extraction. The protocols
for fecal bacterial DNA extraction, V3–V4
amplification, and sequencing were performed as
described in our previous study [32]. Briefly, total fecal
bacterial DNA was isolated using the Qiagen Mini Kit
(Qiagen, Hilden, Germany), and molecular sizes were
estimated by means of agarose gel electrophoresis. V3
and V4 regions were amplified by polymerase chain
reaction using the following primer pair: 338F, 5’barcode-ACTCCTACGGGAGGCAGCA-3’ and 806R,
5’-GGACTACHVGGGTWTCTAAT-3’. Polymerase
chain reaction amplification was then performed as
described in our previous study [33]. DNA libraries
were constructed using kits provided by Illumina Inc.
(San Diego, CA, USA), in accordance with the
manufacturer’s instructions; DNA sequencing was
performed using the Illumina MiSeq 2000 platform.
Sequence data have been deposited under NCBI
BioProject accession number PRJNA655208.
Quality-filtered sequences were clustered into unique
sequences and sorted in order of decreasing abundance
to identify representative sequences using UPARSE
[34]. Sequences were grouped into operational
taxonomic units (OTUs) using the clustering program
VSEARCH [35]. The phylogenetic affiliation of each
16S rRNA gene sequence was analyzed using RDP
Classifier (http://rdp.cme.msu.edu/) against the Silva
(SSU132) 16S rRNA database, with a confidence
threshold of 70%. 16S rDNA V3-V4 region amplicon
sequencing generated 5,154,465 high-quality reads,
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with an average of 69,915 reads (range: 52,536–89,360)
per sample.
Bioinformatics and statistical analysis
OTUs were grouped at different levels of taxonomy
classification (from phylum to species) following the
Bayesian approach with a 97% cutoff value. OTU-based
α-diversity was estimated by calculating the following
indexes: Chao1, observed OTUs, Simpson, and
Shannon. Differences in these indexes among the three
groups were analyzed by using Kruskal–Wallis tests. βdiversity was estimated by computing the Bray–Curtis
dissimilarity, weighted UniFrac distance, and
unweighted UniFrac distance; it was visualized using
principal coordinate analysis, and the results were
plotted using the WGCNA, stats, and ggplot2 packages
in R software (Version 3.4.4, http://www.Rproject.org/). To probe the microbial metabolism and
predict metagenome functional content from marker
genes, PICRUSt analysis was performed to explore
differences in KEGG pathways among groups [36].
The variables were tested for collinearity with the CPI
using variance inflation factor in the HH package in R.
To ensure that the choice of the metric did not affect the
results, the distances were calculated using three
metrics: unweighted UniFrac distance, weighted
UniFrac distance, and Bray–Curtis dissimilarity.
Constrained ordination redundancy analysis was
implemented in the vegan package in R, in accordance
with previously described methods [37]. The
significance of environmental variables was checked by
forward selection using the ordistep function in the
vegan package, with 99,999 permutations. A rarefied
OTU table was used for all three metrics. UniFrac
distances were calculated in QIIME 1.9.1 and Bray–
Curtis dissimilarity was calculated in the vegan package
in R. Permutational MANOVA (PERMANOVA) was
performed on the UniFrac distances and Bray–Curtis
dissimilarity using the adonis function in the vegan
package in R, with 99,999 permutations. To test for
confounding, adjusted PERMANOVA was conducted
with T2DM_P and seven covariates in the model; the
marginal effects were tested in accordance with
previously described methods [38].

adonis(dis~P_status
+
Age
+
Sex
+
Abdominal_discomfort + Acarbose + Pioglitazone +
Metformin + Statin, group, permutations = 99999)
Differences were tested at species, genus, family, order,
class, and phylum levels. Taxa present in <10% of
samples were removed; thus, 83 species, 113 genera, 45
families, 30 orders, 20 classes, and 12 phyla were
included. Taxon abundances were compared between
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T2DM_P and controls, as well as between T2DM_P
and T2DM_NP. Linear discriminant analysis effect size
(LEfSe, http://huttenhower.sph.harvard.edu/lefse/) was
used to characterize microorganismal features that
distinguished gut microbiota specific to the T2DM_P
group at multiple taxonomic levels, grade biomarkers
according to statistical significance, and visualize the
results in bar charts. Community analysis and
differential abundance of OTUs were performed using
the Statistical Analysis of Metagenomic Profiles
software. Both analyses incorporated false-discovery
rate (FDR) correction for multiple testing (FDR<0.05).
To test for potential confounding, significant taxa were
retested with adjustment for covariates, using a
generalized linear model with negative binomial
distribution and controlling for zero-inflation as
appropriate, in the glmmADMB package in R:
Taxon~P-status Age+ Sex + Acarbose use
As previously described [39], identification of signature
bacteria was performed by fivefold cross-validation
analysis on a random forest model (R 3.4.1,
randomForest 4.6–12 package) and receiver operating
characteristic (ROC) curves were constructed using the
pROC package.
The co-occurrence networks of gut microbiota were
visualized using the igraph package in R. Closeness and
eigenvector of the nodes were calculated to measure
node centralities in each network, as described
previously [18]. Genera with relative abundance >
0.05% were subjected to Spearman correlation analyses
of their occurrence patterns. The bacterial correlations
in samples from each group were computed based on
the respective abundances of individual genera. Only
strong correlations (P < 0.05 after FDR correction,
correlation coefficient > 0.6) were visualized in this
analysis. The microbiota networks of these three groups
were compared; the numbers of edges were counted and
centralities of nodes were determined in each cobacterial occurrence network to quantify these
differences.
Categorical variables were analyzed using the Chisquare or Fisher’s exact test. Continuous variables were
compared using the Wilcoxon rank-sum test.
Categorical variables were compared using Fisher’s
exact test. The correlations of signature bacteria
(identified by the random forest algorithm) with various
clinical parameters (e.g., combined disease, metabolic
profile, and inflammatory profile) were assessed using
Spearman correlation analysis in R. Correlations were
identified by Spearman’s rank correlation coefficient
(significance thresholds were P < 0.05). Statistical
analyses were performed using IBM SPSS Statistics for
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Windows V.20.0 (IBM Corp., Armonk, NY, USA).
GraphPad Prism V.6.0 (GraphPad Software Inc., San
Diego, CA, USA) and R were used for various analyses
and preparation of graphs.
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SUPPLEMENTARY MATERIALS
Supplementary Tables
Supplementary Table 1. α-Diversity indexes of gut microbiota among participants.
P-value
Controls
(n=29)
vs
T2DM_P
(n=28)

P-value
T2DM_NP
(n=21)
vs
T2DM_P
(n=28)

P-value
Controls (n=29)
vs
T2DM_NP
(n=21)
vs
T2DM_P (n=28)

Controls
(n = 29)

T2DM_ NP
(n = 21)

T2DM_ P
(n = 28)

P-value
Controls
(n=29)
vs
T2DM_NP
(n=21)

397.45±164.07

381.29±136.96

402.64±75.82

0.83

0.69

0.28

0.64

482.82±162.87

472.42±136.60

504.50±75.58

0.94

0.25

0.15

0.63

Shannon

3.73±1.08

3.76±0.75

3.57±0.75

0.88

0.33

0.35

0.89

Simpson

0.08±0.07

0.06±0.03

0.09±0.07

0.55

0.36

0.14

0.70

Observed
OTUs
Chao1

Abbreviations: T2DM_P: patients with type 2 diabetes mellitus and periodontitis; T2DM_NP: patients with type 2 diabetes
mellitus alone (no periodontitis); OTUs: operational taxonomic units; ACE: abundance-based coverage estimator.
P-values were calculated with Kruskal–Wallis tests.

Supplementary Table 2. Variance inflation factor analyses of variables associated with microbiota (Figure1B).
Variables

VIF

Number of teeth

5.03

CPI

4.92

T2DM status

3.09

Age

1.48

Sex

1.27

BMI

1.63

Dry mouth

2.59

Duration of diabetes

12.89

Hypertension

9.30

GI symptoms

2.15

Acarbose

1.48

Metformin

1.61

Aspirin

2.16

Statins

1.66

Calcium channel blockers

7.27

Angiotensin receptor blockers

2.71

Pioglitazone

1.73

Abbreviations: CPI: Community Periodontal Index; T2DM: type 2 diabetes mellitus; GI: gastrointestinal.
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Supplementary Table 3. Permutational multivariate analysis of variance, with or without confounder adjustment
(Figure1B).
Bray-curtis

Unweighted Unifrac

Weighted Unifrac

4E-3

4E-3

0.03

4E-3

4E-3

0.03

Age

0.54

0.29

0.10

Sex

0.93

0.87

0.29

GI symptoms

0.20

0.19

0.25

Acarbose

0.01

0.01

0.61

Pioglitazone

0.97

0.99

0.93

Metformin

0.76

0.84

0.66

Statins

0.45

0.58

0.37

T2DM_NP (n = 21)
vs.
T2DM_P (n = 28)

6E-3

0.01

6E-4

Age

0.54

0.51

0.07

Sex

0.56

0.50

0.33

GI symptoms

0.17

0.13

0.77

Acarbose

0.05

0.04

0.03

Pioglitazone

0.91

0.96

0.93

Metformin

0.60

0.66

0.39

Statins

0.55

0.76

0.11

(A) without confounder adjustment
Controls (n = 29)
vs.
T2DM_NP (n = 21)
vs.
T2DM_P (n = 28)
(B) All subjects
Controls (n = 29)
vs.
T2DM_NP (n = 21)
vs.
T2DM_P (n = 28)

(C) Within T2DM subjects

Abbreviations: T2DM_P: patients with type 2 diabetes mellitus and periodontitis; T2DM_NP: patients with type 2 diabetes
mellitus alone (no periodontitis).

www.aging-us.com

25972

AGING

Supplementary Table 4. Details on PICRUSt prediction (Figure 1E).
KEGG_Description

KEGG

Eta-squared

P-value

Corrected P-value

NADH dehydrogenase I subunit F [EC:1.6.5.3]; NADHquinone oxidoreductase subunit F [EC:1.6.5.3]

g4033

0.278

1.20E-06

9.97E-05

acetyl-CoA carboxylase biotin carboxyl carrier protein

g6191

0.259

5.10E-06

2.12E-04

NADH-quinone oxidoreductase subunit E [EC:1.6.5.3]; NADH
dehydrogenase I subunit E [EC:1.6.5.3]

g4034

0.281

1.10E-05

3.03E-04

DNA-directed RNA polymerase subunit omega [EC:2.7.7.6]

g1676

0.193

2.39E-05

4.96E-04

threonine dehydratase [EC:4.3.1.19]

g2801

0.251

2.86E-05

4.75E-04

peptide/nickel transport system ATP-binding protein

g5254

0.144

3.51E-05

4.85E-04

acetolactate synthase I/II/III large subunit [EC:2.2.1.6]

g3654

0.232

4.09E-05

4.85E-04

putative endonuclease

g1179

0.163

5.13E-05

5.33E-04

cob(I)alamin adenosyltransferase [EC:2.5.1.17]

g5815

0.249

5.25E-05

4.84E-04

peptide/nickel transport system substrate-binding protein

g5257

0.164

5.68E-05

4.71E-04

peptide/nickel transport system permease protein

g5255

0.151

9.13E-05

6.89E-04

myo-inositol-1-phosphate synthase [EC:5.5.1.4]

g4460

0.191

1.13E-04

7.83E-04

pyrophosphate--fructose-6-phosphate 1-phosphotransferase
[EC:2.7.1.90]

g1538

0.211

1.15E-04

7.36E-04

rod shape-determining protein MreD

g4647

0.131

1.88E-04

1.12E-03

dipeptidyl-peptidase III [EC:3.4.14.4]

g2471

0.18

2.53E-04

1.40E-03

dipeptidyl-peptidase 4 [EC:3.4.14.5]

g2476

0.188

2.62E-04

1.36E-03

type II pantothenate kinase [EC:2.7.1.33]

g786

0.222

2.74E-04

1.34E-03

putative endopeptidase [EC:3.4.24.-]

g6607

0.206

2.87E-04

1.32E-03

phosphotransferase system, enzyme I, PtsI [EC:2.7.3.9]

g943

0.173

2.89E-04

1.26E-03

DNA polymerase III subunit epsilon [EC:2.7.7.7]

g4232

0.195

3.10E-04

1.28E-03

7-cyano-7-deazaguanine reductase [EC:1.7.1.13]

g1148

0.162

7.13E-04

2.82E-03

chorismate mutase [EC:5.4.99.5]

g4136

0.157

7.17E-04

2.71E-03

lysozyme

g2842

0.229

7.51E-04

2.71E-03

D-alanyl-D-alanine dipeptidase [EC:3.4.13.22];D-alanyl-Dalanine dipeptidase [EC:3.4.13.-]

g2444

0.184

9.03E-04

3.12E-03

peptidyl-dipeptidase Dcp [EC:3.4.15.5]

g5103

0.168

9.07E-04

3.01E-03

phosphate butyryltransferase [EC:2.3.1.19]

g1485

0.151

9.97E-04

3.18E-03

mannose-1-phosphate guanylyltransferase [EC:2.7.7.22]

g6780

0.136

1.63E-03

5.01E-03

pyruvate carboxylase subunit B [EC:6.4.1.1]

g1706

0.129

1.76E-03

5.22E-03

Lrp/AsnC family transcriptional regulator, regulator for asnA,
asnC and gidA

g4669

0.171

2.45E-03

7.01E-03

hypothetical protein

g3162

0.17

2.49E-03

6.90E-03

curved DNA-binding protein

g5998

0.106

2.55E-03

6.84E-03

GDP-L-fucose synthase [EC:1.1.1.271]

g1238

0.094

2.69E-03

6.98E-03

2-amino-4-hydroxy-6-hydroxymethyldihydropteridine
pyrophosphokinase [EC:2.7.6.3];2-amino-4-hydroxy-6hydroxymethyldihydropteridine diphosphokinase [EC:2.7.6.3]

g6519

0.136

2.78E-03

6.99E-03

manganese transport protein

g6034

0.167

3.26E-03

7.95E-03
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carbamate kinase [EC:2.7.2.2]

g2715

0.123

3.58E-03

8.49E-03

PhnP protein

g6107

0.113

3.69E-03

8.51E-03

UDP-N-acetylglucosamine acyltransferase [EC:2.3.1.129]

g1040

0.144

4.97E-03

1.10E-02

topoisomerase IV subunit B [EC:5.99.1.-]

g156

0.133

5.23E-03

1.10E-02

topoisomerase IV subunit A [EC:5.99.1.-]

g4626

0.134

5.23E-03

1.10E-02

starvation-inducible DNA-binding protein

g5676

0.132

5.31E-03

1.10E-02

arylsulfatase [EC:3.1.6.1]

g3556

0.089

5.39E-03

1.10E-02

replicative DNA helicase [EC:3.6.4.12];replicative DNA
helicase [EC:3.6.1.-]

g499

0.153

5.96E-03

1.20E-02

aspartate aminotransferase [EC:2.6.1.1]

g604

0.096

6.37E-03

1.20E-02

carboxyl-terminal processing protease [EC:3.4.21.102]

g5632

0.068

8.02E-03

1.50E-02

Fe-S cluster assembly protein SufB

g5827

0.079

1.00E-02

1.90E-02

type II restriction enzyme [EC:3.1.21.4]

g6230

0.053

1.10E-02

2.00E-02

levanase [EC:3.2.1.65]

g2700

0.07

1.10E-02

1.90E-02

cell division protein FtsA

g4371

0.117

1.10E-02

2.00E-02

L-asparaginase [EC:3.5.1.1]

g2597

0.075

1.20E-02

2.00E-02

rod shape determining protein RodA

g3761

0.059

1.50E-02

2.00E-02

HlyD family secretion protein

g4321

0.09

1.50E-02

2.50E-02

monovalent cation:H+ antiporter-2, CPA2 family

g3393

0.086

1.60E-02

2.40E-02

1,4-dihydroxy-2-naphthoate octaprenyltransferase
[EC:2.5.1.74];1,4-dihydroxy-2-naphthoate
octaprenyltransferase [EC:2.5.1.74 2.5.1.-];1,4-dihydroxy-2naphthoate octaprenyltransferase [EC:2.5.1.-]

g2953

0.086

1.70E-02

2.50E-02

aminoacylhistidine dipeptidase [EC:3.4.13.3];dipeptidase D
[EC:3.4.13.-]

g2475

0.068

2.10E-02

2.60E-02

N-carbamoylputrescine amidase [EC:3.5.1.53]

g6715

0.114

2.20E-02

2.60E-02

GMP synthase (glutamine-hydrolysing) [EC:6.3.5.2]

g4870

0.11

2.40E-02

3.10E-02

ATP-dependent DNA helicase RecQ [EC:3.6.1.-];ATPdependent DNA helicase RecQ [EC:3.6.4.12]

g3699

0.06

2.80E-02

3.20E-02

2',3'-cyclic-nucleotide 2'-phosphodiesterase [EC:3.1.4.16]

g3247

0.082

2.80E-02

3.50E-02

phosphate:Na+ symporter;phosphate:Na+ symporter, PNaS
family

g6033

0.083

3.90E-02

4.00E-02
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Supplementary Table 5: Mean relative abundances of bacterial operational taxonomic units among groups
(Figure 3).
Controls

T2DM_NP

T2DM_P

(n=29)

(n=21)

(n=28)

P-value

P-value

Controls (n=29)

T2DM_NP (n=21)

vs

vs

T2DM_P (n=28)

T2DM_P (n=28)

Mean

SD

Mean

SD

Mean

SD

T.text

Adjusted
GLMa

Prevotella copri

0.0619

0.061

0.1008

0.1510

0.2071

0.1925

< 0.001 FDR

< 0.001

Blautia wexlerae

0.0024

0.0029

0.0011

0.0007

0.0011

0.0006

0.022

Faecalibacterium
prausnitzii

0.0772

0.0813

0.0757

0.0432

0.0504

0.0273

Coprococcus
eutactus

0.0045

0.0057

0.0026

0.0023

0.0053

Flavonifractor
plautii

0.0019

0.0028

0.0008

0.0005

Prevotella

0.0711

0.0636

0.1076

Blautia

0.0024

0.0029

Faecalibacterium

0.0772

0.0813

Prevotellaceae

0.0752

Fusobacteriaceae
Ruminococcaceae

T.text

Adjusted
GLMa

Speices
0.037
FDR

0.043

0.012

-

-

0.028

0.008

0.044

0.007

0.0060

0.036

0.021

-

0.022

0.0012

0.0007

0.039

0.036

-

0.017

0.1589

0.2174

0.1955

< 0.001 FDR

< 0.001

0.0011

0.0007

0.0011

0.0006

0.022

0.012

-

-

0.0757

0.0432

0.0505

0.0273

0.028

0.008

0.044

0.007

0.0645

0.1129

0.1578

0.2278

0.2061

< 0.001 FDR

< 0.001

0.0271

0.0540

0.0143

0.0367

0.0049

0.0064

0.036

0.1607

0.1090

0.1592

0.0850

0.1123

0.0645

0.2822

0.0978

0.3803

0.1600

0.4355

0.1328

Genus
0.032
FDR

0.043

Family
0.034
FDR

0.041

0.033

-

-

0.046

0.037

0.043

0.023

< 0.001 FDR

< 0.001

-

-

Order
Bacteroidales

0.014

FDR

Clostridiales

0.3522

0.1496

0.3402

0.1077

0.2657

0.1045

0.031

0.021

0.016

Fusobacteriales

0.0271

0.0540

0.0143

0.0367

0.0049

0.0064

0.036

0.033

-

-

0.2822

0.0978

0.4115

0.1400

0.4121

0.1546

< 0.001 FDR

< 0.001

-

-

Bacteroidetes

0.2822

0.0978

0.3803

0.16

0.4355

0.1328

< 0.001 FDR

< 0.001

-

-

Fusobacteria

0.0271

0.054

0.0143

0.0367

0.0049

0.0064

0.036

0.033

-

-

Class
Bacteroidia
Phylum

Mean relative abundances are shown as percentage values.
a
Adjusted GLM : significance adjusted for age, sex, and acarbose use, tested using GLM.
FDR < 0.05.
Abbreviations: T2DM_P, patients with type 2 diabetes mellitus and periodontitis; T2DM_NP, patients with type 2 diabetes
mellitus alone (no periodontitis); SD, standard deviation; GLM, generalized linear model.
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Supplementary Table 6. Forward selection analyses of variables associated with microbiota (Figure 4A).
Variables

AIC

F

P

Number of teeth

-99.19

3.49

3E-3

CPI

-98.00

2.28

0.02

Acarbose

-97.32

1.60

0.09

Age

-97.04

1.32

0.19

Sex

-96.75

1.03

0.40

GI symptoms

-96.63

0.91

0.50

Statins

-96.62

0.90

0.51

Metformin

-96.31

0.60

0.84

Pioglitazone

-96.17

0.46

0.97

Abbreviations: AIC, Akaike information criterion; CPI, Community Periodontal Index.

Supplementary Table 7. Details on the clinical correlates of gut microbiota at genus level (Figure 4B).
TG TCHO HDL-c LDL-c VLDL-c PGE2 LXA4 LTB4 TNFα IL-6 IFN-γ IL-17 IL-22 BALP

Spearman's P

HbAlc FBG

Age

0.640 0.835 0.694 0.442

0.158

0.695

0.219

0.918 0.822 0.286 0.565 0.630 0.850 0.274 0.336 0.756 0.943

Sex

0.663 0.448 0.366 0.004

0.002

0.476

0.806

0.085 0.282 0.524 0.535 0.573 0.344 0.608 0.802 0.022 0.072

Hypertension

0.002 0.142 0.874 0.544

0.034

0.403

0.792

0.235 0.753 0.889 0.758 0.747 0.515 0.889 0.770 0.684 0.585

Duration of diabetes 0.000 0.000 0.001 0.388

0.121

0.413

0.044

0.053 0.313 0.724 0.012 0.878 0.595 0.016 0.005 0.029 0.048

CPI

0.000 0.000 0.048 0.558

0.333

0.983

0.552

0.000 0.836 0.678 0.010 0.029 0.009 0.047 0.016 0.001 0.008

Number of teeth

0.000 0.000 0.024 0.888

0.038

0.796

0.109

0.003 0.873 0.976 0.128 0.073 0.409 0.303 0.015 0.028 0.085

Dry mouth

0.599 0.718 0.610 0.902

0.140

0.510

0.917

0.030 0.601 0.155 0.297 0.047 0.110 0.018 0.309 0.677 0.436

GI symptoms

0.005 0.021 0.007 0.664

0.438

0.442

0.165

0.673 0.725 0.883 0.089 0.153 0.464 0.797 0.239 0.263 0.188
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Supplementary Table 8. Details on the clinical correlates of gut microbiota at genus level (Figure 4B).
HbAlc FBG

Age

-0.054 0.024 -0.045 0.088

0.162 -0.045

-0.141

0.012 -0.026 0.122 0.066 -0.055 0.022 0.126 -0.110 -0.036 -0.008

Sex

0.050 -0.087 0.104 -0.319 -0.339 -0.082

0.028

0.196 -0.123 0.073 -0.071 0.065 0.109 0.059 0.029 -0.260 -0.205

Hypertension

0.345 0.168 0.018 -0.070 -0.241 0.096

0.030

0.136 -0.036 -0.016 0.035 0.037 0.075 -0.016 0.034 0.047 0.063

Duration of diabetes 0.698 0.719 0.373 0.099 -0.177 0.094

0.229

0.220 -0.116 -0.041 0.283 0.018 0.061 0.271 0.318 0.247 0.224

CPI

0.592 0.401 0.225 0.067 -0.111 -0.002

0.068

0.409 0.024 0.048 0.288 0.248 0.292 0.226 0.273 0.368 0.300

Number of teeth

-0.556 -0.466 -0.255 -0.016 0.235

-0.183 -0.332 -0.018 0.004 -0.174 -0.204 -0.095 -0.118 -0.274 -0.249 -0.197

Dry mouth

-0.060 -0.042 0.059 0.014 -0.169 0.076

0.012

-0.246 -0.060 -0.163 -0.120 -0.226 -0.182 -0.268 0.117 -0.048 -0.089

GI symptoms

0.313 0.262 0.301 0.050 -0.089 0.088

0.159

0.048 -0.041 -0.017 0.194 -0.164 0.084 -0.030 0.135 0.128 0.151
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Supplementary Table 9. Details on the relationships of altered gut microbiota and peripheral risk markers in elderly
individuals (Figure 5G).
TG

TCHO HDL-c LDL-c VLDL-c PGE2 LXA4 LTB4 TNFα IL-6 IFN-γ IL-17 IL-22 BALP

Spearman's r

HbAlc FBG

Blautia

-0.156 -0.255 -0.137 -0.073

0.133

Cloacibacillus

-0.140 -0.072 0.029

0.138

-0.035

0.129

0.177

Eisenbergiella

-0.168 -0.077 -0.158 -0.114

0.263

-0.269

-0.127 -0.296 -0.124 -0.057 0.187 -0.257 0.033 0.088 -0.077 -0.009 -0.038

Pseudobutyrivibrio 0.125 -0.044 -0.181 -0.003

0.001

-0.014

-0.063 -0.049 -0.014 -0.101 0.053 0.020 0.009 -0.063 -0.041 0.085 0.055

-0.094

OC

-0.067 -0.270 0.083 0.025 -0.148 -0.038 -0.043 -0.076 -0.207 -0.040 -0.027
-0.142 0.167 -0.136 0.295 -0.247 0.054 -0.125 0.239 -0.041 -0.028

Coprobacillus

0.035 -0.098 -0.035 -0.226 -0.125 -0.221

-0.122

0.043 -0.131 -0.014 0.201 -0.086 0.054 0.128 -0.032 0.005 -0.032

Faecalibacterium

-0.031 -0.109 -0.097 -0.013

-0.077

0.063

-0.320 0.004 -0.106 -0.036 -0.044 -0.275 0.048 -0.205 -0.204 -0.197

Anaerobiospirillum -0.166 -0.132 0.031 -0.108 -0.090 -0.070

0.076

-0.163 0.065 -0.131 -0.085 -0.297 -0.109 -0.141 0.148 0.106 0.136

0.018

-0.193 0.086 0.129 0.162 -0.057 -0.023 0.032 0.067 0.145 0.165

0.052

Christensenella

-0.240 -0.228 -0.113 0.119

Acholeplasma

-0.039 0.071 -0.004 -0.129 -0.073 -0.030

-0.027 -0.129 0.199 -0.154 0.081 -0.205 0.238 -0.166 -0.015 -0.107 -0.079

Eubacterium

-0.080 -0.115 -0.159 -0.117

0.066

-0.173

-0.047 -0.147 0.133 -0.099 0.193 -0.137 -0.150 -0.030 0.067 -0.188 -0.207

Flavonifractor

-0.037 -0.161 -0.126 0.098

0.255

-0.059

-0.084 -0.034 -0.136 -0.039 0.173 -0.055 0.042 0.069 0.075 0.101 0.080

Odoribacter

-0.209 -0.155 -0.188 -0.021 -0.096

0.017

0.097

-0.183 0.130 -0.019 0.105 -0.116 -0.031 0.101 0.147 -0.189 -0.132

Oxalobacter

-0.273 -0.333 -0.361 -0.121

0.251

-0.108

-0.151

0.057 -0.059 -0.023 -0.098 -0.112 -0.089 -0.105 -0.073 0.045 0.074

0.167

0.213

0.111

-0.167 0.014 0.116 0.007 -0.229 0.125 0.056 0.030 -0.083 -0.054

Anaerofilum

-0.045 -0.158 -0.252 -0.008 -0.015

0.030

-0.083 -0.193 0.037 0.037 -0.170 0.139 -0.046 0.200 -0.146 -0.176 -0.146

Fusobacterium

-0.186 -0.215 0.109

0.057

0.112

0.067 -0.011 0.083 0.091 -0.175 -0.021 -0.042 0.063 -0.024 -0.012

Collinsella

0.187

0.102 0.268 -0.103 -0.082 -0.118

0.030

-0.129 -0.076 -0.069 0.267 -0.126 -0.038 0.092 0.288 -0.121 -0.105

Parabacteroides

0.062

0.011 0.116 -0.058

0.081

-0.141

-0.004

0.026 -0.184 -0.038 0.243 -0.142 0.083 0.085 0.119 -0.099 -0.081

Alistipes

-0.070 -0.002 -0.161 0.045

0.154

-0.051

0.003

-0.208 0.065 -0.146 0.178 -0.194 0.092 0.079 0.037 -0.009 0.002

Haemophilus

0.245

0.119 0.050

0.021

-0.122

0.080

0.090

-0.039 0.010 -0.054 -0.104 0.008 0.126 0.133 0.097 0.063 0.058

Gemmiger

0.045

0.075 -0.085 -0.016

0.036

-0.023

0.018

-0.188 0.031 -0.112 -0.128 -0.020 0.025 0.075 -0.015 -0.012 -0.022

Paraprevotella

-0.035 -0.004 0.102

0.041

0.124

0.217

-0.007 0.073 -0.078 0.058 -0.319 0.143 -0.092 0.159 -0.045 -0.063

Holdemanella

0.196

0.083 -0.006 -0.174 -0.240 -0.013

-0.034 -0.039 -0.014 -0.086 0.033 0.060 0.008 0.139 0.128 -0.226 -0.201

Prevotella

0.205

0.086 0.036

0.136

-0.110

0.225

0.139

0.112 0.200 -0.035 -0.156 0.112 -0.024 -0.059 0.200 -0.022 -0.004

Aggregatibacter

0.268

0.179 0.078

0.145

-0.029

0.106

0.125

0.240 -0.126 -0.034 -0.140 0.234 -0.050 -0.023 -0.004 0.038 0.038

Sutterella

0.231

0.336 0.119

0.153

-0.134

0.222

0.034

0.094 0.086 -0.182 0.138 -0.046 0.181 0.076 0.234 0.095 0.103

Unassigned

0.094

0.226 0.036

0.020

0.092

-0.170

0.056

-0.077 0.074 0.075 0.277 0.016 0.024 0.201 0.227 0.001 -0.084

Dialister

0.199

0.326 0.096 -0.026 -0.072 -0.148

0.066

0.079 0.172 -0.068 0.248 -0.003 0.024 0.075 0.119 0.210 0.173

Howardella

0.114

0.027 -0.035 -0.107 -0.152

0.003

0.030

0.129 0.177 -0.098 0.051 0.157 -0.168 -0.114 0.151 -0.032 -0.015

Streptococcus

0.176

0.038 -0.089 -0.015 -0.044

0.018

0.016

0.137 -0.008 0.093 -0.136 0.136 0.167 0.093 0.039 0.116 0.081

Alloprevotella

0.140

0.060 -0.096 -0.201 -0.098 -0.106

-0.155

0.119 0.040 0.003 0.056 0.035 0.032 0.027 0.094 0.171 0.144

Bacteroides

-0.034 0.037 0.068 -0.004

0.087

-0.158

0.026

-0.074 -0.056 0.080 0.133 -0.176 0.183 0.114 0.025 0.108 0.061

Veillonella

0.275

-0.064

0.059

0.049

0.115 -0.055 -0.053 -0.154 0.203 0.212 0.251 -0.008 0.125 0.073

Dorea

0.150 -0.005 0.054

-0.019

0.148

0.116

0.055 0.063 -0.072 -0.018 0.082 -0.225 -0.020 0.069 0.027 0.058

Clostridium_XlVa -0.182 -0.164 0.003
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0.301

0.226

0.200

0.193 -0.025 0.071
0.142

0.211

0.205

-0.066
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Supplementary Table 10. Details on the relationships of altered gut microbiota and peripheral risk markers in elderly
individuals (Figure 5G).
TG

TCHO HDL-c LDL-c VLDL-c PGE2 LXA4 LTB4 TNFα IL-6 IFN-γ IL-17 IL-22 BALP

Spearman's P

HbAlc FBG

OC

Blautia

0.173 0.024 0.232 0.527

0.244

0.413

0.559

0.017 0.467 0.829 0.197 0.739 0.707 0.510 0.068 0.726 0.811

Cloacibacillus

0.221 0.528 0.804 0.227

0.764

0.261

0.120

0.214 0.144 0.236 0.009 0.029 0.637 0.275 0.035 0.725 0.805

Eisenbergiella

0.143 0.502 0.168 0.320

0.020

0.017

0.270

0.008 0.279 0.622 0.100 0.023 0.774 0.445 0.500 0.937 0.743

Pseudobutyrivibrio 0.276 0.705 0.113 0.979

0.994

0.901

0.581

0.668 0.900 0.379 0.643 0.863 0.938 0.586 0.720 0.462 0.630

Coprobacillus

0.759 0.393 0.762 0.047

0.276

0.052

0.287

0.708 0.254 0.901 0.078 0.452 0.638 0.266 0.782 0.964 0.780

Faecalibacterium

0.787 0.341 0.398 0.911

0.651

0.505

0.585

0.004 0.972 0.354 0.756 0.703 0.015 0.674 0.071 0.073 0.084

Anaerobiospirillum 0.147 0.248 0.785 0.346

0.431

0.541

0.508

0.154 0.572 0.254 0.457 0.008 0.344 0.217 0.197 0.357 0.237

Christensenella

0.035 0.045 0.326 0.298

0.064

0.567

0.874

0.091 0.455 0.261 0.155 0.619 0.844 0.783 0.560 0.205 0.148

Acholeplasma

0.736 0.539 0.974 0.260

0.528

0.796

0.811

0.259 0.081 0.179 0.482 0.072 0.036 0.146 0.894 0.351 0.493

Eubacterium

0.486 0.315 0.165 0.309

0.566

0.130

0.680

0.199 0.244 0.390 0.090 0.231 0.189 0.793 0.557 0.100 0.069

Flavonifractor

0.746 0.160 0.272 0.394

0.025

0.611

0.465

0.771 0.236 0.734 0.130 0.632 0.717 0.550 0.515 0.380 0.485

Odoribacter

0.067 0.174 0.099 0.852

0.402

0.880

0.400

0.108 0.257 0.871 0.360 0.313 0.789 0.378 0.200 0.097 0.250

Oxalobacter

0.016 0.003 0.001 0.292

0.027

0.348

0.188

0.618 0.605 0.843 0.393 0.329 0.438 0.360 0.527 0.697 0.518

Clostridium_XlVa

0.111 0.150 0.979 0.007

0.144

0.061

0.332

0.145 0.906 0.311 0.949 0.044 0.275 0.626 0.792 0.470 0.640

Anaerofilum

0.695 0.168 0.026 0.944

0.897

0.794

0.468

0.090 0.748 0.750 0.136 0.224 0.692 0.079 0.203 0.122 0.202

Fusobacterium

0.103 0.059 0.341 0.047

0.072

0.620

0.329

0.559 0.924 0.471 0.430 0.126 0.857 0.718 0.582 0.836 0.917

Collinsella

0.102 0.372 0.018 0.368

0.473

0.303

0.792

0.259 0.511 0.550 0.018 0.271 0.744 0.423 0.011 0.291 0.360

Parabacteroides

0.591 0.923 0.312 0.614

0.480

0.219

0.974

0.819 0.108 0.741 0.032 0.214 0.471 0.460 0.299 0.388 0.479

Alistipes

0.540 0.987 0.159 0.696

0.177

0.655

0.976

0.068 0.573 0.201 0.118 0.089 0.424 0.491 0.749 0.936 0.985

Haemophilus

0.030 0.299 0.667 0.854

0.289

0.486

0.434

0.736 0.928 0.636 0.365 0.948 0.272 0.246 0.399 0.583 0.612

Gemmiger

0.697 0.512 0.458 0.892

0.753

0.845

0.873

0.100 0.789 0.329 0.263 0.862 0.828 0.516 0.893 0.919 0.846

Paraprevotella

0.758 0.976 0.373 0.079

0.722

0.279

0.057

0.952 0.523 0.498 0.615 0.004 0.213 0.423 0.165 0.696 0.584

Holdemanella

0.085 0.468 0.960 0.128

0.034

0.913

0.769

0.735 0.906 0.456 0.772 0.602 0.946 0.226 0.263 0.046 0.077

Prevotella

0.071 0.452 0.756 0.235

0.338

0.048

0.224

0.328 0.079 0.760 0.173 0.329 0.836 0.610 0.080 0.845 0.975

Aggregatibacter

0.018 0.116 0.500 0.206

0.800

0.355

0.275

0.035 0.272 0.766 0.222 0.040 0.663 0.840 0.969 0.741 0.740

Sutterella

0.042 0.003 0.300 0.180

0.241

0.051

0.765

0.412 0.456 0.111 0.227 0.688 0.113 0.506 0.039 0.409 0.369

Unassigned

0.413 0.047 0.752 0.862

0.423

0.137

0.628

0.503 0.518 0.515 0.014 0.886 0.838 0.077 0.046 0.991 0.467

Dialister

0.080 0.004 0.403 0.824

0.531

0.197

0.567

0.493 0.133 0.556 0.029 0.977 0.836 0.512 0.301 0.065 0.130

Howardella

0.319 0.812 0.761 0.351

0.184

0.978

0.797

0.261 0.120 0.391 0.657 0.171 0.140 0.322 0.188 0.780 0.893

Streptococcus

0.124 0.743 0.439 0.900

0.701

0.875

0.888

0.231 0.947 0.420 0.234 0.237 0.145 0.417 0.732 0.313 0.482

Alloprevotella

0.222 0.601 0.403 0.078

0.394

0.355

0.175

0.299 0.726 0.977 0.629 0.761 0.782 0.813 0.415 0.134 0.207

Bacteroides

0.769 0.748 0.553 0.973

0.451

0.166

0.820

0.517 0.627 0.485 0.247 0.122 0.110 0.322 0.828 0.347 0.596

Veillonella

0.015 0.090 0.831 0.537

0.577

0.607

0.669

0.317 0.632 0.645 0.179 0.075 0.062 0.027 0.944 0.274 0.524

Dorea

0.189 0.967 0.641 0.216

0.868

0.196

0.311

0.632 0.582 0.533 0.878 0.473 0.047 0.863 0.550 0.817 0.614
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Supplementary Table 11. Diabetes bowel symptom questionnaire.
Part A
DO YOU HAVE:
1.
Abdominal pain
2.
Pain better with bowel action
3.
Pain after meals
4.
Pain before meals
5.
Pain better with milk
6.
Hard stools
7.
Loose stools
8.
Faecal urgency
9.
Straining
10. Incomplete evacuation
11. Flatus incontinence
12. Amount of Abdominal pain
13. Pain woke from sleep
DO YOU HAVE:
14. More than 3 bowel actions per day
15. Less than 3 bowel actions per week
16. Manual assistance with defecation
17. Anal blockage
18. Amount of faecal incontinence
19. Manual assistance with defecation
20. Amount of faecal incontinence
21. Change in bowel habit
22. Abdominal or bowel disease
23. GI surgery
Part B
DO YOU HAVE:
24. Acid regurgitation
25. Dysphagia
26. Early satiety
27. Vomiting
28. Persistence of food in stomach
29. Abdominal bloating
30. Abdominal distension
31. Loss of appetite
32. Nausea
33. Retching
34. Heartburn
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HOW SERIOUS (1-5 points):
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
HOW OFTEN (0-6 points):
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
HOW SERIOUS (1-5 points):
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
_________________________
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