
<

= =

α β

α β < <

< < <

<

± ± <

± ± <

β = − <

journal homepage: www.elsevier.com/locate/ynbdi 

mailto:hirokim@hirosaki-u.ac.jp
www.sciencedirect.com/science/journal/09699961
https://www.elsevier.com/locate/ynbdi
https://doi.org/10.1016/j.nbd.2022.105839
https://doi.org/10.1016/j.nbd.2022.105839
https://doi.org/10.1016/j.nbd.2022.105839
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nbd.2022.105839&domain=pdf
http://creativecommons.org/licenses/by/4.0/


δ 

′

¨

ø

–

– ≥
≥

<

= × − ×
− ×

≥
≥

≥

δ 



Neurobiology of Disease 173 (2022) 105839

3

the extensor digitorum brevis was concurrently used for the evaluation 
in approximately half of the randomly selected participants. This stim-
ulation can evoke a local pricking sensation. In instances where the 
keratinized layer of the skin was too thick and likely to interrupt the 
electronic stimulation, the electrode was moved to a location with less 
keratinization on the same foot. The participants were instructed to push 
the button as quickly as possible only when they felt a sensation. The 
electrical stimulation intensity started from 0.4 mA, which can be easily 
sensed by subjects who have normal pain sensation, and decreased 
stepwise by 0.05 mA until the participants reported a pricking sensation. 
The current intensity is directly proportional to the intensity of stimu-
lation. PINT scores were defined as the minimum intensity at which the 
participants felt a pricking sensation in more than two trials. Therefore, 
PINT can evaluate the degree of hypoalgesia in response to electrical 
pain stimulation. A total of 20 well-trained staff members were involved 
in the measurement of PINT. For all subjects, the median PINT score was 
0.10 mA, and the average PINT score for all subjects was 0.11 ± 0.09 mA 
with a 95% confidence interval from 0.11 to 0.12. The 95th percentile 
was 0.12 mA. Therefore, the subjects showing PINT scores of 0.15 mA or 
more were categorized as high-PINT subjects in this study. 

2.5. Sample collection and DNA extraction 

Faecal samples were collected from each subject in commercial 
containers 3 days before the health check (TechnoSuruga Laboratory 
Co., Ltd., Shizuoka, Japan) and suspended in guanidine thiocyanate 
solution [100 mM Tris–HCl (pH 8.0), 40 mM Tris–EDTA (pH 8.0), 4 M 
guanidine thiocyanate and 0.001% bromothymol blue] (Iino et al., 
2019). Faecal samples were stored at 4 ◦C until the DNA was extracted as 
reported previously (Kawada et al., 2019). GTC buffer solutions con-
taining faecal samples (800 μL of faeces) were added to tubes filled with 
zirconium beads. The tubes were then mixed at room temperature for 2 
min at a speed of 5 m/s using a FastPrep 24 Instrument (MP Biomedicals, 
Santa Ana, CA, USA) (Iino et al., 2019). After cooling, the samples were 
centrifuged at 2350 ×g for 1 min. The DNA was then extracted from the 
bead-treated suspension using an automatic nucleic acid extractor 
(Precision System Science, Chiba, Japan). A MagDEA DNA 200 (GC) 
reagent kit (Precision System Science) was used for automatic nucleic 
acid extraction. The final concentration of each DNA sample was 
adjusted to 10 ng/μL. We completed the extraction of all sample DNA 
within 4 months (Iino et al., 2019). According to the methods described 
in previous reports, tongue plaque samples were also obtained by 
brushing the dorsal surface of the tongue 4–5 times with a swab on the 
morning of the survey before breakfast and tooth brushing after over-
night fasting (Sato et al., 2020). Saliva is an aggregate of bacterial flora 
exfoliated from various parts of the oral cavity that can reflect the state 
of the bacterial flora in the whole oral cavity (Segata et al., 2012). Since 
the composition of the bacterial flora of saliva is known to be closer to 
that of the dorsum of the tongue coating, tongue plaque samples on the 
dorsal surface can represent the bacterial flora of the entire oral cavity 
(Yamanaka et al., 2012). Furthermore, tongue plaque samples on the 
dorsal surface have less fluctuation than other parts of the oral cavity 
(Zhou et al., 2013). 

The swab head was then placed in a collection tube containing 4 M 
guanidium thiocyanate, 100 mM Tris-HCl (pH 8.0), 40 mM EDTA and 
0.001% bromothymol blue. The samples were mixed with zirconia 
beads using a FastPrep 24 instrument (MP Biomedicals, Santa Ana, 
California, USA). DNA was extracted from the bead-treated suspensions 
using an automatic nucleic acid extractor and MagDEA DNA 200 (GC) 
(Precision System Science). 

2.6. Next-generation sequence analysis and 16S rDNA-based taxonomic 
analysis 

Next-generation sequence analysis was performed following the 
protocol of Ozato et al. (Ozato et al., 2019). Universal primer sets were 

used to amplify the V3–V4 region of the prokaryotic 16S rRNA gene, as 
described previously (Takahashi et al., 2014). The polymerase chain 
reaction (PCR) mixture and conditions were as described previously 
(Takahashi et al., 2014). To check the size of the amplified fragments, 
2.0-μL aliquots of the PCR mixtures were electrophoresed on 1.0% 
agarose gels. The amplified fragments were purified using PCR Cleanup 
Filter Plates (Merck Millipore, Burlington, MA, USA). The purified PCR 
fragments were quantified by real-time quantitative PCR (q-PCR) using 
the methods described by Takahashi et al. (Takahashi et al., 2014). 
Illumina paired-end sequencing was performed using the 2 × 300 cycle 
paired-end method on the MiSeqTM system (Illumina, San Diego, CA, 
USA). The multiplexed paired-end reads from the Illumina MiSeq system 
were processed as follows. The adaptor sequences and low-quality bases 
(threshold = 20) were trimmed at the 3′-end of the reads by Cutadapt 
(version: 1.13). Reads containing N bases and shorter than 150 bases 
were discarded. The paired-end reads above the filter threshold were 
merged to form a single read called a “merged read”. Merged reads 
shorter than 370 or longer than 470 were excluded by the fastq_mer-
gepairs subcommand of VSEARCH (version: 2.4.3). Merged reads with 
more than one expected sequencing error were also excluded. After 
removing chimaera reads detected by the uchime_denovo subcommand 
of VSEARCH, the remaining merged reads were clustered at a sequence 
identity ≥97%. The taxa of the identified clusters were predicted by 
applying the database of microbiota named the Ribosomal Database 
Project (http://rdp.cme.msu.edu/) based on their representative reads. 
The results with a confidence value below 0.8 were treated as unclas-
sified. In this study, Ruminococcus means a genus that belongs to 
Ruminococcaceae, and Ruminococcus2 means a genus that belongs to 
Lachnospiraceae. The proportion of each genus of the gut microbiota is a 
composition ratio obtained by dividing the number of read counts of 
each genus by the total number of read counts. We compared the relative 
abundance of various intestinal bacteria in the gut microbiota and oral 
bacteria in the oral microbiota between SFN and non-SFN participants. 
The relative abundance is presented as the percentage composition of 
reads for each bacterium relative to the total number of reads. We 
investigated the whole gut and oral microbiota, and in the correlation 
analysis, microbiota with a relative abundance >1% were evaluated. 
These microbiota can influence the clinical pathogenesis of SFN. 

2.7. Statistical analysis 

Statistical analyses of the clinical data were performed using JMP 
ver. 12.1 (SAS Institute, Cary, NC) and R software (R Foundation for 
Statistical Computing, version R-3.4.3). The values of clinical measures 
are expressed as the means ± standard deviations. Normal distribution 
was evaluated by the Shapiro–Wilk normality test and Kolmogor-
ov–Smirnov normality test. All kinds of bacterial abundance and PINT 
scores were not distributed normally. The statistical significance of the 
difference in values between two groups (parametric or nonparametric) 
and case–control associations among groups (nonparametric) was 
assessed by one-way analysis of variance (ANOVA) with post hoc tests 
and χ2 tests and Wilcoxon rank sum test, respectively. Correlations be-
tween PINT scores and clinical parameters were assessed by linear 
regression analyses, and the correlations were further assessed using 
multiple logistic regression analysis. Values were adjusted for factors 
associated with PINT scores using univariate regression analysis and 
accounting for potentially cofounding variables for SFN, as reported in a 
previous study (Itabashi et al., 2019; Kudoh et al., 2020; Osonoi et al., 
2020). In addition, α-diversity was evaluated using the Shannon index 
and Chao1 index, and β-diversity was evaluated by principal coordinate 
analysis and statistically analysed using permutation multivariate 
analysis of variance. To match some clinical baseline characteristics of 
low-PINT and high-PINT cases, the propensity score was estimated by 
fitting a logistic regression model. One-to-one matching was performed 
using the nearest neighbour match on the propensity score with a 
calliper width set to 0.20 times the standard deviation of the propensity 
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score. A value of p < 0.05 was regarded as statistically significant. 

2.8. Data availability 

Anonymized data not published within this article will be made 
available by request for any qualified investigator. 

3. Results 

3.1. Subject demographics 

Out of 1056 volunteers from the Iwaki Study 2018, one thousand one 
subjects (419 men, 582 women), including overt diabetic subjects, were 
finally examined in this study (Fig. 1). The participants were further 
divided into 789 glucose tolerable subjects (327 men, 462 women) and 
212 glucose intolerable subjects (92 men, 120 women). Each group was 
divided into the low-PINT group and the high-PINT group based on PINT 
levels (0.15 mA) as follows: (1) glucose tolerance, low PINT (n = 580): 
PINT <0.15 mA, (2) glucose tolerance, high PINT (n = 209): PINT 
≥0.15 mA, (3) glucose intolerance, low PINT (n = 138): PINT <0.15 mA, 
and (4) glucose intolerance, high PINT (n = 74): PINT ≥0.15 mA. The 

clinical profiles of the men and women participants are shown in 
Table 1. The mean age was 52.2 ± 15.2 years for men and 53.2 ± 15.7 
years for women. The frequency of subjective symptoms was compara-
ble between men and women. PINT scores were significantly greater in 
men than women (0.12 ± 0.09 mA vs. 0.10 ± 0.09 mA, p < 0.01). 
However, the gap was 0.02 mA, and both scores were <0.15 mA, which 
was regarded as a clinically insignificant difference. 

3.2. Subject demographics based on diabetic states 

The clinical profiles of subjects based on diabetic status are shown in 
Table 2. The mean age was significantly higher in the diabetic group 
(DM) than in the nondiabetic group (nDM) (62.27 ± 12.98 years vs. 
50.56 ± 2.68 years, p < 0.01). HbA1c levels were significantly higher in 
IFG subjects than in nDM subjects (6.12 ± 0.14% vs. 5.55 ± 0.23%, p <
0.01). HbA1c in the DM group was further increased compared with that 
in the IFG group (7.19 ± 1.14% vs. 6.12 ± 0.14%, p < 0.01). Intake of 
water, protein and carbohydrate was significantly increased in DM 
compared to nDM (1906.2 ± 626.2 g vs. 1683.1 ± 0.10 g, p < 0.01, 77.5 
± 27.9 g vs. 69.7 ± 25.0 g, p < 0.05, and 261.5 ± 95.9 g vs. 241.2 ±
82.2 g, p < 0.05, respectively). The main components of T2D treatment 

Fig. 1. Flow chart of subject selection. 
Seven hundred eighty-nine normoglycemic participants (327 males, 462 females), 137 impaired fasting glucose participants (53 males, 84 females) and 75 type 2 
diabetic participants (39 males, 36 females) were finally examined out of 1056 volunteers from the Iwaki Study 2018 in this study. PINT, pain threshold from 
intraepidermal electrical stimulation; IFG, impaired fasting glucose. 
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were dietary therapy (53.3%), oral antidiabetic agents (36.7%), 
including metformin (16.0%), dipeptydyl peptidase4 (DPP4) inhibitor 
(30.7%), sodium-glucose co-transporter2 (SGLT2) inhibitor (8.0%) and 
insulin (10.7%). A total of 25.3% of subjects were treated with multiple 
types of agents, including insulin. PINT scores of IFG were significantly 
higher than those of nDM (0.12 ± 0.11 mA vs. 0.11 ± 0.08 mA, p <
0.05). The PINT scores of DM were greater than those of IFG (0.15 ±
0.13 mA vs. 0.12 ± 0.11 mA, p < 0.05). 

3.3. Subject demographics based on PINT scores 

Age; metabolic syndrome-related parameters, such as BMI, waist and 
hip circumference; sBP; Tg; diabetes-related parameters, such as FBG, 
HbA1c, and c-peptide; and renal failure-related parameters, such as BUN 
and Cr, were significantly higher in high-PINT subjects than in low-PINT 
subjects (Table 3). PINT scores were significantly increased in high-PINT 
subjects compared with low-PINT subjects (0.22 ± 0.10 mA vs. 0.07 ±
0.02 mA, p < 0.001). 

3.4. Oral bacterial floor and peripheral pain sensation 

In the oral bacterial floor, no microbial structural differences were 
observed in the principal coordinate analysis between low-PINT and 
high-PINT participants (Fig. 2A). After the exclusion of subjects with 
diabetes and IFG, no significant differences in microbial structure were 
noted between low-PINT and high-PINT participants (Fig. 2A). No sig-
nificant differences in the Shannon index (p = 0.22) or the Chao1 index 
(p = 0.91) were observed between low-PINT and high-PINT subjects 

(Fig. 2B), even after the exclusion of subjects with diabetes and IFG 
(Shannon index, p = 0.10; Chao1 index, p = 0.83) (Fig. 2C). A total of 
283 genera were identified in the oral microbiota. In total, 14 genera 
had a relative abundance of >1%. There was no significant difference in 
the relative abundance of those genera between low-PINT and high- 
PINT participants regardless of the presence of diabetes and IFG 

Table 1 
Clinical profiles of the participants of IWAKI study.   

Men Women P 

Numbers 419 582 – 
Age (yrs) 52.20 ± 15.21 53.19 ± 15.65 0.311 
Height (cm) 169.34 ± 6.57 156.57 ± 6.16 <0.001 
Body weight (kg) 68.87 ± 11.07 54.55 ± 9.16 <0.001 
BMI (kg/m2) 23.98 ± 3.30 22.26 ± 3.56 <0.001 
Fat (%) 23.73 ± 0.18 22.03 ± 0.15 <0.001 
Abd. circumference (cm) 88.62 ± 9.35 81.75 ± 9.66 <0.001 
Waist circumference (cm) 83.87 ± 9.24 73.61 ± 9.14 <0.001 
Hip circumference (cm) 95.14 ± 6.00 92.46 ± 6.46 <0.001 
FBG (mg/dL) 97.6 ± 17.1 92.7 ± 13.0 <0.001 
HbA1c (%) 5.78 ± 0.70 5.74 ± 0.51 0.352 
C-peptide (ng/mL) 1.6 ± 0.7 1.4 ± 0.5 <0.001 
Cr (mg/dL) 0.81 ± 0.46 0.59 ± 0.28 <0.001 
BUN (mg/dL) 14.73 ± 3.94 13.70 ± 4.20 <0.001 
e-GFR 84.42 ± 17.24 87.44 ± 17.48 0.006 
sBP (mmHg) 128.6 ± 17.8 122.5 ± 18.2 <0.001 
dBP (mmHg) 81.9 ± 12.1 76.4 ± 11.3 <0.001 
Tc (mg/dL) 201.36 ± 32.59 204.21 ± 35.46 0.188 
Tg (mg/dL) 120.31 ± 88.72 80.83 ± 42.10 <0.001 
HDL-c (mg/dL) 59.39 ± 16.37 70.10 ± 16.84 <0.001 
LDL-c (mg/dL) 118.28 ± 28.46 116.59 ± 30.42 0.367 
Uric acid (mg/dL) 6.04 ± 1.25 4.41 ± 0.99 <0.0001 
Hs-CRP (mg/dL) 0.08 ± 0.11 0.06 ± 0.10 0.030 
Water intake (g/day) 1978.9 ± 589.1 1524.0 ± 484.3 <0.001 
Protein intake (g/day) 76.4 ± 26.6 61.7 ± 25.2 <0.001 
Lipid intake (g/day) 56.7 ± 20.6 52.3 ± 18.0.5 0.001 
Carbohydrate intake (g/day) 277.7 ± 88.0 219.6 ± 68.3 <0.001 
Hypertension: n (%) 29.36 (123/419) 21.82 (127/582) 0.330 
Dyslipidemia: n (%) 12.65 (53/419) 13.57 (79/582) >0.999 
Alcohol habit: n (%) 68.97 (289/419) 29.55 (172/582) <0.001 
Smoking habit: n (%) 27.21 (114/419) 8.25 (48/582) 0.001 
Subjective symptoms: n (%) 1.19 (5/419) 1.03 (6/582) >0.999 
PINT scores (mA) 0.12 ± 0.09 0.10 ± 0.09 0.001 

BMI, body mass index; Abd. Circumference, abdominal circumference; FBG, 
fasting plasma glucose; Cr, creatinine; e-GFR, estimated glomerular filtration 
rates; sBP, systolic blood pressure; dBP, diastolic blood pressure; Tc, total 
cholesterol; Tg, triglyceride; HDL-c, high-density lipoprotein cholesterol; LDL-c, 
low-density lipoprotein cholesterol; Hs-CRP, high sensitivity C-reactive protein; 
PINT, pain threshold from intraepidermal electrical stimulation. 

Table 2 
Clinical profiles of the subjects divided by diabetic states.   

nDM IFG DM 

Numbers (male/female) 789 (328/461) 137 (53/84) 75 (39/36) 
Age (yrs) 50.56 ± 2.68 60.39 ±

12.13* 
62.27 ± 12.98* 

Height (cm) 162.27 ± 8.92 160.15 ± 8.12† 161.01 ± 9.82 
Body weight (kg) 59.44 ± 11.96 63.86 ±

12.32* 
65.66 ± 12.75* 

BMI (kg/m2) 22.45 ± 3.29 24.79 ± 3.67* 25.26 ± 4.09* 
Abd. circumference (cm) 83.09 ± 9.55 89.46 ± 9.75* 91.48 ± 10.77* 
Waist circumference (cm) 76.32 ± 10.01 82.78 ± 9.96* 85.29 ± 10.28* 
Hip circumference (cm) 92.96 ± 6.21 95.77 ± 6.18* 95.95 ± 7.30* 
FBG (mg/dL) 90.49 ± 8.50 100.94 ±

8.90* 
127.85 ±
28.86*‡

HbA1c (%) 5.55 ± 0.23 6.12 ± 0.14* 7.19 ± 1.14*‡

C-peptide (ng/mL) 1.34 ± 0.52 1.77 ± 0.77* 1.89 ± 0.97* 
Cr (mg/dL) 0.67 ± 0.15 0.67 ± 0.19 0.89 ± 1.25*‡

BUN (mg/dL) 13.64 ± 3.76 15.68 ± 4.31* 16.51 ± 5.78* 
e-GFR 87.46 ± 16.83 82.49 ± 16.83 79.88 ± 22.28†§

sBP (mmHg) 122.70 ±
17.42 

132.04 ±
18.47* 

136.46 ±
18.24* 

dBP (mmHg) 77.93 ± 11.94 81.57 ± 11.88§ 81.11 ± 11.16# 

Tc (mg/dL) 201.09 ±
35.34 

209.34 ±
30.05# 

202.21 ± 28.78 

Tg (mg/dL) 90.52 ± 62.06 119.86 ±
86.66* 

125.05 ±
76.89* 

HDL-c (mg/dL) 66.91 ± 17.25 62.66 ± 18.15† 57.78 ± 15.71* 
** 

LDL-c (mg/dL) 116.06 ±
30.09 

123.10 ±
27.21†

119.85 ± 27.70 

Uric acid (mg/dL) 5.01 ± 1.31 5.39 ± 1.56# 5.31 ± 1.44 
Hs-CRP (mg/dL) 0.06 ± 0.10 0.08 ± 0.10# 0.12 ± 0.14*§

Water intake (g/day) 1683.1 ± 0.10 1774.3 ±
549.6 

1906.2 ± 626.2†

Protein intake (g/day) 69.72 ± 25.02 77.13 ± 29.76† 77.18 ± 27.93# 

Lipid intake (g/day) 55.49 ± 19.14 56.7 ± 20.40 55.87 ± 21.91 
Carbohydrate intake (g/ 

day) 
241.22 ±
82.23 

248.26 ±
72.39 

261.54 ±
95.88# 

Diabetic therapy    
Dietary therapy   53.33% (40/75) 
Metformin   16.00% (12/75) 
DPP4 inhibitor   30.67% (23/75) 
SGLT2 inhibitor   8.00% (6/75) 
Other oral agents   14.67% (11/75) 
Insulin   10.67% (8/75) 
2 or more agents   25.33% (19/75) 
Hypertension: n (%) 18.76 (148/ 

789) 
48.18 (66/ 
137)* 

48.00 (36/75)* 

Dyslipidemia: n (%) 9.00 (71/789) 23.36 (32/ 
137)†

38.67 (29/75)* 
** 

Alcohol habit: n (%) 47.40 (374/ 
789) 

41.61 (57/ 
137) 

40.00 (30/75) 

Smoking habit: n (%) 15.72 (124/ 
789) 

18.18 (23/ 
137) 

20.00 (15/75) 

Subjective symptoms: n 
(%) 

1.01 (8/789) 1.40 (2/143) 1.33 (1/75) 

PINT scores (mA) 0.11 ± 0.08 0.12 ± 0.11# 0.15 ± 0.13* ** 

nDM, non-diabetic subjects; IFG, impaired fasting glucose subjects; DM, type 2 
diabetic subjects; BMI, body mass index; Abd. Circumference, abdominal 
circumference; FBG, fasting plasma glucose; Cr, creatinine; e-GFR, estimated 
glomerular filtration rates; sBP, systolic blood pressure; dBP, diastolic blood 
pressure; Tc, total cholesterol; Tg, triglyceride; HDL-c, high-density lipoprotein 
cholesterol; LDL-c, low-density lipoprotein cholesterol; Hs-CRP, high sensitivity 
C-reactive protein; DPP4, dipeptidyl peptidase4; SGLT2, sodium-glucose co- 
transporter2; PINT, pain threshold from intraepidermal electrical stimulation. 
*p < 0.001 vs nDM, †p < 0.01 vs nDM, ‡p < 0.001 vs IFG, §p<0.01 vs IFG, #p <
0.05 vs nDM, **p < 0.05 vs IFG. 
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the abundance of Bacteroides and Faecalibacterium was significantly 
decreased, whereas that of Escherichia-Shigella, Lachnoclostridium, Blau-
tia, Megasphaera and Ruminococcus torques was increased. Although the 
influences of diabetes should be taken into account, our results may 
reveal the initial changes in gut microbiota in SFN, including DPN, 
because SFN is assumed to be an initial manifestation of DPN. These 
results suggest that the composition of the gut microbiota can drastically 
change as SFN progresses to large fibre neuropathy. Regarding treat-
ment, the composition of the gut microbiota may be more easily fixed in 
the early stage of neuropathies. 

Our previous report showed that serum LBP levels are increased in 
prediabetes and diabetes patients and are positively correlated with the 
pain threshold evaluated by PINT (Kudoh et al., 2020). LBP can reflect 
the level of lipopolysaccharide (LPS), which is a cell-associated glyco-
lipid that comprises the outer leaflet of the outer membrane of Gram- 
negative bacteria. We expected that the population of Gram-negative 
bacilli might be increased in participants with high PINT scores, and 
we elucidated that the population of Bacteroides, a Gram-negative 
bacilli, in the gut was significantly decreased in high-PINT partici-
pants compared with low-PINT participants in this study. On the other 
hand, because a proportional amount of bacteria was used instead of the 
absolute number in this study, the absolute effects of low Bacteroides 
abundance on PINT are still unclear. Considering the slight difference in 
Bacteroides abundance and bacterial composition, the clinical signifi-
cance of gut microbiota changes may be limited to PINT abnormalities. 

A couple of study found that Bacteroide abundance increased on a 
carbohydrate-restricted low-calorie diet for one year and a diet con-
taining a minimum of 35% fat for 2 years (Ley et al., 2006; Haro et al., 
2017). In our study, the amounts of water and protein intake, but not 
carbohydrate and fat, were correlated with Bacteroides abundance in 
univariate analysis, while none of them was correlated in multivariate 
analysis. This may be ascribed to the difference in ethnicity and the 
methods used to evaluate nutritional intake. On the other hand, age was 
also disproportionally correlated with the abundance of Bacteroides even 
in multivariate analysis in this study. The abundance of Bacteroides in 
the context of ageing is inconsistent in the literature. Early in-
vestigations regarding the gut microbiome and ageing reported an 
increased dominance of Bacteroides in older persons relative to healthy 
younger controls (Claesson et al., 2011; Zwielehner et al., 2009), 
whereas Wilmanski T et al. reported that the abundance of Bacteroides 
was significantly depleted in healthy ageing subjects (Wilmanski et al., 
2021). Intriguingly, retaining a high proportion of Bacteroides even in 
older age implies decreased survival in a 4-year follow-up. These find-
ings may suggest that the presence of both healthy and less-healthy 

elderly individuals may influence the bacterial abundance in early in-
vestigations. Our results also can reflect the healthy conditions of our 
participants. Because the participants in our study are volunteers in a 
health promotion study and not participants in an ordinary health 
check-up, the study participants could be healthier than the general 
population. 

Various studies have shown that antidiabetic agents, including 
metformin, α-glucosidase inhibitors, glucagon-like peptide-1 receptor 
agonists, DPP4 inhibitors and SGLT2 inhibitors, can affect the compo-
sition and function of gut microbiota (Forslund et al., 2015; Liu et al., 
2022). This finding suggests that antidiabetic therapy may influence the 
PINT score by modulating the composition of the gut microbiota. Our 
data showed that DPP4 inhibitors were the most often used (30.7%), but 
the effects of DPP4 inhibitors on gut bacterial composition, particularly 
on Bacteroides, have not been consistent. Liao et al. demonstrated that 
DDP4 inhibitors improved glucose metabolism by increasing the abun-
dance of gut Bacteroidetes and substantially reversing the changes in the 
gut microbiota induced by a high-fat diet (HFD) (Liao et al., 2019). In 
another report, sitagliptin treatment decreased the phylum Bacter-
oidetes, while it increased Firmicutes and Tenericutes, resulting in a partial 
correction of the dysbiosis of microbiota in HFD-fed rats with T2D. (Yan 
et al., 2016). It is difficult to evaluate the effects of diabetic therapy on 
bacterial composition and PINT in this study, because there was not a 
sufficient number of diabetic precipitants due to the nature of the IWAKI 
study. Future studies including a sufficient number of diabetic subjects 
are required to explore the association. 

Regarding the correlation between diabetes and oral microbiota, 
previous studies report diabetic state-induced alterations in the oral 
microbiome, such as increased Capnocytophaga (Mashimo et al., 1983), 
P. gingivalis and Tannerella forsythia (Campus et al., 2005; da Cruz et al., 
2008) and increased Capnocytophaga, Pseudomonas, Bergeyella, Sphin-
gomonas, Corynebacterium, Propionibacterium, and Neisseria in hyper-
glycaemic individuals (Ganesan et al., 2017). In contrast, diabetes 
reduces Porphyromonas, Filifactor, Eubacterium, Synergistetes, Tannerella, 
and Treponema genera (Casarin et al., 2013). A recent comprehensive 
analysis suggested that oral bacterial diversity was reduced or un-
changed in the diabetic state compared to the normal state (Ganesan 
et al., 2017; de Groot et al., 2017). Thus, previous human studies have 
not revealed consistent changes in microbial composition in diabetes. 
Despite the various reasons for these inconsistent results, such as the 
difference in methods and subject populations, these inconsistencies 
may indicate that the change in oral microbiota minimally contributes to 
the pathogenesis of diabetes. Furthermore, reports regarding the asso-
ciation between the alteration of oral microbiota and onset of DPN or 

Table 4 
Mean relative abundance of oral microbiota with 1% occurrence in the whole population (percentage of the total bacterial reads) between Low-PINT and High-PINT 
subjects.   

All subjects Excluding glucose intolerable subjects 

Genus (>1%) low-PINT (n =
746) 

high-PINT (n =
291) 

Wilcoxon rank sum 
test 

low-PINT (n =
602) 

high-PINT (n =
291) 

Wilcoxon rank sum 
test 

Unclassified 2.8 ± 1.9 2.7 ± 2.1 0.242 2.8 ± 1.9 2.7 ± 2.1 0.339 
Actinomyces 7.0 ± 3.7 7.2 ± 3.9 0.842 7.1 ± 3.6 7.2 ± 4.0 0.943 
Atopobium 2.2 ± 2.1 2.2 ± 1.9 0.326 2.1 ± 2.1 2.1 ± 1.9 0.570 
Fusobacterium 2.2 ± 1.7 2.4 ± 1.8 0.255 2.3 ± 1.7 2.5 ± 1.8 0.075 
Gemella 1.1 ± 1.1 1.2 ± 0.9 0.103 1.1 ± 0.9 1.2 ± 0.9 0.076 
Granulicatella 1.5 ± 1.0 1.5 ± 1.0 0.798 1.5 ± 1.0 1.5 ± 1.1 0.974 
Haemophilus 5.1 ± 4.6 5.1 ± 4.7 0.534 5.5 ± 4.8 5. 1 ± 4.6 0.172 
Neisseria 8.1 ± 7.7 8.0 ± 7.6 0.834 8.3 ± 7.7 8.1 ± 7.7 0.653 
Prevotella 15.3 ± 7.9 15.2 ± 8.4 0.727 15.1 ± 7.8 15.1 ± 8.6 0.810 
Porphyromonas 2.4 ± 2.7 2.4 ± 2.6 0.908 2.5 ± 2.7 2.6 ± 2.7 0.755 
Rothia 5.7 ± 6.0 6.2 ± 6.2 0.280 5.5 ± 5.6 5.8 ± 6.0 0.621 
Saccharibacteria_genera_incertae_sedis 7.6 ± 6.4 6.9 ± 5.9 0.261 7.5 ± 6.2 7.0 ± 5.8 0.551 
SR1_genera_incertae_sedis 1.1 ± 3.1 0.8 ± 2.0 0.540 1.2 ± 3.3 1.0 ± 2.3 0.299 
Streptococcus 21.3 ± 9.0 21.7 ± 9.9 0.681 21.1 ± 8.6 21.5 ± 10.4 0.836 
Veillonella 9.0 ± 4.0 9.0 ± 3.8 0.977 9.0 ± 4.0 8.7 ± 3.9 0.467 

PINT, pain threshold from intraepidermal electrical stimulation. 
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