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Abstract
Purpose  Diabetic peripheral neuropathy (DPN) is one of the most common complications of type 2 diabetes mellitus 
(T2DM). In recent years, it has been reported that the progression of DPN is associated with altered gut microbiota and 
serum metabolites. However, the alterations of the gut microbiota and interaction with metabolites are not well understood 
in DPN patients. Therefore, we compared the gut microbiota and fecal and serum metabolic profiles of DPN and compre-
hensively analyzed the potential mechanisms of DPN.
Methods  A total of 50 patients were divided into two groups: T2DM group without DPN (T2DM group) and T2DM group 
with DPN (DPN group). Fecal and serum samples of all patients were collected, and serum metabolites were determined by 
1H-Nuclear Magnetic Resonance (1H-NMR)-based metabolomics technique. The profile of gut microbiota was determined 
by 16S rRNA sequencing. Liquid chromatography-mass spectrometry (LC–MS) was used to detect fecal metabolites. The 
changes of gut microbiota, fecal and serum metabolites were compared and correlation analysis was conducted among them 
and clinical indicators, such as visual analogue scale (VAS) score, Toronto Clinical Scoring System (TCSS) score and elec-
tromyography indicators.
Results  Bacteria at the genus level in 8 and the species level in 13, and 28 fecal metabolites, and 5 serum metabolites were 
significantly altered in DPN patients. In particular, genus Faecalibacterium, species Collinsella_aerofaciens, fecal glyco-
cholic acid and serum formate were significantly reduced in DPN, while genus Megamonas, fecal maleamic acid and serum 
uric acid (UA) were enriched. These changes are related to bile acid metabolism, amino acid metabolism, and mitochondrial 
dysfunction, as well as significantly correlated with VAS score, TCSS score and electromyography indicators.
Conclusion  This study discovered the abnormal gut microbiota in DPN patients, with alterations in fecal and serum metabo-
lism. It is speculated that the gut microbiota may lead to metabolic imbalance, accelerating the DPN progression. Multi-
omics analysis was used to identify the possible mechanism of the gut microbiota-metabolism-mitochondrial axis in the 
progression of DPN, which may provide a potential therapeutic target for the diagnosis and treatment of DPN.

Keywords  Type 2 diabetic peripheral neuropathy · Gut microbiota · Fecal metabolism · Serum metabolism · Correlation 
analysis
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Introduction

Diabetic peripheral neuropathy (DPN) is a progressive 
disease occurring in almost 50% of individuals with type 
1 or type 2 diabetes mellitus (T2DM) [1]. It is estimated 
that there will be 783 million people suffering from diabetes 
mellitus by the year 2045, 90% of which are T2DM [2]. As 
the most prevalent complication of T2DM, DPN presents 
with a variety of symptoms such as pain (burning, stinging, 
or shooting aching), numbness, and other paresthesias. It is 
widely known that the pain and paresthesia associated with 
DPN are severe contributors to diminished quality of life, 
which has brought about an obvious rise in the costs of treat-
ment and rehabilitation, forging a crucial public health bur-
den [3, 4]. Up to now, the pathogenesis of DPN is unclear, 
making it difficult to give an early diagnosis for DPN, which 
results in two-thirds of patients having undiagnosed DPN 
and failing to receive timely treatment, reflecting the urgent 
need for effective strategies for early detection of DPN by 
physicians [5].

In recent years, the composition of the gut microbiome 
has been demonstrated tightly linked with human health and 
involved in the development of neuropathic pain. Metabolic 
profiling and detection of gut microbiota are becoming valu-
able methods for the identification and treatment of various 
diseases. A few studies discovered that gut microbiota disor-
der, such as Escherichia/Shigella, Desulfovibrio and Lacto-
coccus may promote the development of DPN [6–8] and are 
associated with childhood stunting and irritable bowel syn-
drome [9, 10]. Metabonomics analysis, a rapidly emerging 
technology, has also developed into an effective technique 
to quantitatively assess multicomponent mixtures of bio-
logical samples, identifying metabolites from biochemical 
pathways that are altered by disease or therapeutic interven-
tion [11]. The changes in serum metabolites of DPN have 
been studied in animal experiments in recent years [12–14]. 
However, serum metabolomics has hardly been applied to 
DPN patients, and the current mouse models of DPN mainly 
focus on type 1 diabetes mellitus [15], while the majority of 
DPN patients are T2DM.

The human gut microbiota can produce a variety of 
molecules, some of which enter the bloodstream and affect 
health. Dekkers et al. found that the gut microbiota could 
explain up to 46% of the variation in individual plasma 
metabolites [16]. Intestinal microbes are actively involved 
in metabolic processes, and metabolites may play a key role 
in mediating the interaction between the intestinal microbi-
ome and its host, thus providing a basic perspective for the 
occurrence and development of related diseases.

Vascular and metabolic factors are the most important 
during the progress of DPN based on previous viewpoints 
[17]. As a metabolically associated neuropathy, we speculate 

that the interaction of gut microbiota with fecal metabolites 
and serum metabolites is involved in the development of 
DPN, and the gut microbiota may induce the occurrence 
and progression of DPN through metabolic pathways. At 
present, there is a lack of studies on the possible correla-
tion between serum metabolites, gut microbiota, and fecal 
metabolites in patients with DPN.

Therefore, we compared the gut microbiota and serum 
and fecal metabolome profiles of DPN patients with T2DM 
controls to comprehensively analyze the potential patho-
genetic pathways and mechanisms of DPN. The possible 
influencing factors were matched, including gender, age, 
medication, BMI, alcohol consumption, smoking, antibiotic 
and probiotic use.

Methods

Participants and design

A total of 58 patients were consecutively enrolled from July 
2022 to June 2023 in the United Center of Endocrine and 
Pain in Shanghai Tenth People’s Hospital, among whom, 
8 patients failed to provide stool. Finally, 50 patients were 
analyzed for our study. All recruited patients were diag-
nosed with T2DM based on the American Diabetes Asso-
ciation criteria in 2019 [18]. Patients were excluded by the 
following conditions: history of cerebral infraction; heart 
diseases; liver or renal dysfunction; malignant tumors; gas-
trointestinal diseases; acute complications of diabetes and 
other endocrine diseases; arteriovenous vascular diseases; 
cervical and lumbar spine lesions; other diseases affecting 
peripheral nerve function, such as carpal tunnel syndrome, 
guillain barre syndrome and hypothyroid peripheral neu-
ropathy; receiving probiotics or antibiotics within the past 
3 months; tuberculosis, viral hepatitis, and other infectious 
diseases; history of alcohol consumption and smoking.

DPN group inclusion criteria: (1) main clinical symp-
toms, such as numbness, pain, or other paresthesia at the 
end of limbs; (2) the score of Toronto Clinical Scoring sys-
tem (TCSS) is no less than six [19] and the score of Michi-
gan Neuropathy Screening Instrument (MNSI) is more than 
five [20]; (3) electromyography suggests multiple periph-
eral neuropathies [21]. According to DPN inclusion criteria, 
the 50 patients were divided into T2DM group (n = 25) and 
DPN group (n = 25).
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Clinical data and biochemical indexes 
collection

Patients’ demographic characteristics and blood biochemi-
cal indexes were included ed as follows: age, gender, body 
mass index (BMI), visual analogue scale (VAS) score, 
Toronto Clinical Scoring System (TCSS) score, systolic 
blood pressure(SBP), diastolic blood pressure (DBP), drugs 
use, diabetes duration, glycated hemoglobin A1c (HbA1c), 
fasting blood glucose (FBG), albumin (ALB), brain natri-
uretic peptide (BNP), total bilirubin (TBil), total bile acid 
(TBA), aspartate aminotransferase (AST), alanine amino-
transferase (ALT), glomerular filtration rate (GFR), alka-
line phosphatase (ALP), serum creatinine (Scr), blood urea 
nitrogen (BUN), uric acid (UA), urinary microalbumin 
(UMA), triglyceride (TG), high-density lipoprotein (HDL), 
low-density lipoprotein (LDL), 1,25-hydroxy vitamin D 
(1,25-(OH)2D3), parathyroid hormone (PTH), free triiodo-
thyronine (FT3), thyroid stimulating hormone (TSH), free 
thyroxine (FT4), fasting C-peptide (FCP), fasting insu-
lin (FINS), cystatin C (Cys-C) and neuron-specific eno-
lase (NSE). A kit (Hangzhou Baichen Medical Equipment 
Limited Company) provided by Shanghai Tenth People’s 
Hospital was applied to obtain amino acids, which could 
detect multiple amino acids simultaneously via LC–MS 
[22]. Electromyography indicators: common peroneal nerve 
F wave latency (CPNFL), common peroneal nerve motor 
amplitude (CPNMA), common peroneal nerve motor con-
duction velocity (CPNMCV), common peroneal nerve 
motor latency (CPNML), median nerve F wave latency 
(MNFL), median nerve motor amplitude (MNMA), median 
nerve motor conduction velocity (MNMCV), median nerve 
motor latency (MNML), median nerve sensory ampli-
tude (MNSA), median nerve sensory conduction velocity 
(MNSCV), median nerve sensory latency (MNSL), super-
ficial peroneal nerve sensory amplitude (SPNSA), superfi-
cial peroneal nerve sensory conduction velocity (SPNSCV), 
superficial peroneal nerve sensory latency (SPNSL), ulnar 
nerve F wave latency (UNFL), ulnar nerve motor ampli-
tude (UNMA), ulnar nerve motor conduction velocity 
(UNMCV), ulnar nerve motor latency (UNML), ulnar nerve 
sensory amplitude (UNSA), ulnar nerve sensory conduction 
velocity (UNSCV), ulnar nerve sensory latency (UNSL).

16S rRNA sequencing for gut microbiota

We used a sterile spatula to scrape the surface of the stool, 
then replaced with a new sterile spatula to pick up a small 
amount of the internal stool (1  g) which was placed in a 
fecal collection bottle and immediately stored at − 80 °C.

16S rRNA sequencing was applied for measuring gut 
microbiota and total DNA was extracted from stool samples 
according to the instructions of the E.Z.N.A.® Soil DNA 
Kit (Omega Bio-tek, Norcross, GA, USA) [23, 24]. 1% 
agarose gel electrophoresis and NanoDrop 2000 (Thermo 
Fisher, USA) were used to detect the quality and concen-
tration of DNA. The primer pair of 338 F (5’-​A​C​T​C​C​T​A​
C​G​G​G​A​G​G​C​A​G​C​A​G-3’) and 806R (5'-GGACTACH-
VGGGTWTCTAAT-3’) was used to perform PCR amplifi-
cation on the 16S V3–V4 region using the GeneAmp&reg 
PCR System 9700 and TransStart Fastpfu DNA Polymerase 
(TransGen AP221-02). The process was repeated twice and 
the combined products were recycled on a 2% agarose gel. 
The products were further purified via AxyPrep DNA Gel 
Extraction Kit (Axygen Biosciences, Union City, CA, USA) 
and measured and quantified by QuantiFluor™-STblue flu-
orescence quantification system (Promega company). We 
used the NEXTFLEX Rapid DNA-Seq Kit to make Library 
Preparation for next-generation sequencing via the Miseq 
PE300 platform (Illumina company). Fastp software was 
used for performing quality control of the original sequenc-
ing sequence and Flash software for merging. After chime-
ras were removed, the OTUs with sequence similarity ≥ 97% 
were clustered using Uparse software (version 7.0.1090 ​h​t​t​p​
:​/​/​d​r​i​v​e​5​.​c​o​m​/​u​p​a​r​s​e​/​​​​​)​. All representative reads were anno-
tated based on the SILVA database (version 138) using the 
RDP classifier (confidence threshold of 0.7).

Liquid chromatography-mass spectrometry 
(LC–MS) for fecal metabolites

Fecal metabolites were obtained by LC–MS untargeted 
metabolomics, and the detailed method is as follows [25]: 
Approximately 50 mg of stool sample was taken into a 1.5 ml 
centrifuge tube and 400 μl of extraction solution (methanol: 
acetonitrile = 1:1) was added in. After 30 s of thorough mix-
ing, extraction was performed for 30 min (5  °C, 40 kHz) 
under low-temperature ultrasonication. Samples were left at 
−20 °C for 30 min, and then centrifuged at 4 °C, 13,000 g 
for 15 min, and the supernatant was pipetted dry with nitro-
gen. Each sample was then reconstituted with 120  μl of 
reconstituted solution (water: acetonitrile = 1:1), extracted 
under low-temperature sonication for 5 min, and then cen-
trifuged for 5 min (as above). The pipetted supernatant was 
filled into a vial with an inner cannula and then analyzed on 
the machine. At the same time, all sample metabolites were 
mixed in equal volumes to prepare quality control samples. 
To verify the reproducibility of the analytical process, 1 
QC sample was inserted after every 10 assay samples. The 
instrument platform applied for this analysis was an ultra-
efficient liquid chromatography-tandem time-of-flight mass 
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propionate (TSP) and 80% D2O (v/v) was titrated into the 
numbered EP sample tube containing the dried extract and 
then centrifuged for 10 min (16,000 × g, 4℃). The 550 μl of 
supernatant was finally transferred to a 5 mm NMR tube for 
further 1H-NMR analysis.

We obtained the one-dimensional 1H-NMR spectra 
adopting the first increment of the gradient-selected NOESY 
pulse sequence (NOESYGPPR1D: recycle delay-G1-900-
T1-900-TM-G2-900-acquisition) at 298  K on a Bruker 
Advance III 600 MHz NMR spectrometer (600.13 MHz for 
proton frequency) equipped with a quaternary cryogenic 
inverse probe (Bruker Biospin, Germany). In total, 64 tran-
sients were collected into 32 k data points with a spectral 
width of 20 ppm for each sample and the total relaxation 
delay time was 26 s.

Before the Fourier transformation with a line broadening 
factor of 1 Hz and zero-filled to 128 k, an exponential win-
dow function was employed to get the 1H-NMR spectra. For 
metabolite quantifications, the TOPSPIN software package 
(V3.6.0, Bruker Biospin, Germany) was applied to process 
all the acquired NMR spectra. The phase and baseline of 
all spectra were then automatically and manually corrected 
with the chemical shift referenced to TSP (δ 0.00). Finally, 
the absolute concentration of the metabolites was calculated 
using the known concentration of TSP.

Statistical analysis

Categorical variables were presented as proportions and 
analyzed by using the Chi-square test. Normally distributed 
and continuous variables were expressed as means ± stan-
dard deviations and were analyzed by using an independent 
sample t-test. Nonnormally distributed variables were ana-
lyzed by the Wilcoxon rank sum test. Differences were con-
sidered statistically significant if the p-value was less than 
0.05.

Correlation analysis was conducted by Spearman analy-
sis on the the Metware Cloud Platform ​(​​​h​t​t​p​s​:​/​/​c​l​o​u​d​.​m​e​t​w​
a​r​e​.​c​n​​​​​)​. All statistical analyses were performed using SPSS 
software (version 25.0), GraphPad Prism software (version 
9.0, USA) and Majorbio Cloud Platform ​(​​​h​t​t​p​s​:​/​/​c​l​o​u​d​.​m​a​j​
o​r​b​i​o​.​c​o​m​​​​​)​.​​

Results

Clinical characteristics of T2DM and DPN patients

A total of 50 T2DM patients (25 with DPN and 25 without 
DPN) were enrolled in our study. Detailed characteristics 
were presented in Table 1, showing that the DPN group had 
higher levels of HbA1c (p < 0.001) and UA (p = 0.002) and 

spectrometry system (UPLC-TripleTOF, AB SCIEX com-
pany). The Progenesis QI metabolomics processing soft-
ware was used to import raw LC–MS data, and then through 
baseline filtering, peak identification, peak alignment, inte-
gration, and retention time correction operations to obtain a 
data matrix of retention mass-to-charge ratio, peak intensity 
and time. The 80% rule was applied to remove the missing 
values from the data matrix and the vacancy values were 
filled in with the minimum value in the original matrix.

The variables of the QC samples, whose relative standard 
deviation was greater than 30% were removed to obtain a 
data matrix that could be analyzed next which was loga-
rithmic processed via log10. Finally, the mass spectrometry 
information was matched with the Metlin database ​(​​​h​t​t​p​s​
:​/​/​m​e​t​l​i​n​.​s​c​r​i​p​p​s​.​e​d​u​/​​​​​) and the public metabolic database 
HMDB (http://www.hmdb.ca/). The pre-processed data 
were uploaded using the Majorbio Cloud platform ​(​​​h​t​t​p​s​:​/​/​c​
l​o​u​d​.​m​a​j​o​r​b​i​o​.​c​o​m​​​​​) for data analysis. Principal component 
analysis (PCA) and orthogonal partial least squares discrim-
inant analysis (OPLS-DA) were performed based on the R 
software package ropls (Version 1.6.2). Metabolites with 
P < 0.05 and VIP > 1, obtained by the OPLS-DA model were 
considered to be significantly different. Pathways involving 
differential metabolites were annotated through the KEGG 
pathway database. Because one fecal sample of DPN was 
excluded, whose signal was too low to be detected, 24 sam-
ples of DPN and 25 of T2DM were finally used to measure 
metabolites.

1H-NMR analysis for serum samples

Intravenous blood collection was carried out by profes-
sional nurses in strict accordance with standard aseptic 
procedures. Blood samples were collected and allowed to 
clot for 30 min at room temperature, which were then cen-
trifuged at 3000 rpm for 10 min at 4℃ to get the sera and 
stored at − 80 °C until the 1H-NMR analysis.

Targeted metabolomics was performed using a 1H-NMR 
metabolomics platform capable of measuring metabolite 
concentrations, and the detailed methods were described in 
our previous study [11, 26]. Serum samples were thawed 
at ambient temperature for 1H-NMR analysis. 200  μl of 
serum was added to 20 μl of ethylenediaminetetraacetic acid 
(EDTA, 0.1  M) and 800  μl of pre-cooled methanol, after 
which became homogenized, it was centrifuged for 10 min 
(12,000 × g, 4℃). Then the supernatant was collected and 
the extraction was repeated twice. Three supernatants were 
finally pooled and the new samples were then lyophilized 
with liquid nitrogen for testing after the methanol had been 
removed under vacuum. 600 μl of phosphate buffer (0.15 M, 
K2HPO4-NaH2PO4, pH 7.40) containing trimethylsilyl 
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a lower level of ALB (p < 0.001). Electromyography indi-
cators were significantly different between the two groups 
and DPN group had high VAS and TCSS scores (p < 0.001) 
(Table S1). Differences in other clinical parameters, anthro-
pometric characteristics as well as drug use between the two 
groups were not statistically significant (Tables 1, 2).

Gut microbiome alteration in DPN patients

The Rank-Abundance curves declined steadily suggesting 
that the sequencing data were sufficient for covering all 
the bacterial species in the community (Fig. 1A). The flat-
tening of Pan and Core curves indicated that the samples 
were adequate for this sequencing (Fig. 1B, C). There were 
no significant differences in gut bacterial species diversity 
between T2DM and DPN patients reflected from Ace, Chao, 
Shannon and Simpson indices based on alpha diversity 
analysis (Fig. 1D, E, F, G). 732 OTUs were identified in the 
T2DM group and 798 OTUs in the DPN group, of which 
629 OTUs were recognized to be common between the two 
groups (Fig. 1H). According to the partial least squares dis-
criminant analysis (PLS-DA) (Fig. 1I), samples from differ-
ent groups were largely separated.

We observed considerable differences in the gut microbial 
profiles roughly between the DPN and T2DM groups from 
the phylum to species level. At the phylum level (Fig. 2A), 
Firmicutes was the most predominant bacterial phylum of 
the two groups and Fusobacteria increased while Actino-
bacteria and Proteobacteria decreased in DPN group. At 
the family level (Fig. 2B), the relative abundances of Bifido-
bacteriaceae, Prevotellaceae and Enterobacteriaceae were 
enriched in the T2DM group, whereas Bacteroidaceae and 
Fusobacteriaceae were more abundant in the DPN group. 
At the genus level (Fig. 2C), the relative abundance of Fae-
calibacterium was enriched in the T2DM group, whereas 
Megamonas was more abundant in the DPN group. At the 
species level (Fig. 2D), Bifidobacterium and Faecalibacte-
rium significantly decreased, but Megamonas increased in 
the DPN group.

We used LDA Effect Size (LEfSe) analysis to create 
a cladogram to reveal the distinction in taxa abundance 
between DPN and T2DM groups (Fig. 3A). We found sig-
nificant differences in 21 OTUs (LDA > 3), in which genus 
Faecalibacterium, species Bifidobacterium and Collin-
sella_aerofaciens were more abundant in the T2DM group, 
contrarily, while genus Megamonas was significantly more 
abundant in the DPN group (all LDA scores (log10) > 3.8) 
(Fig. 3B).

Table 1  Clinical characteristics of the DPN Group and T2DM Group
Variable T2DM

(n=25)
DPN
(n=25)

P value

Female, n (%) 12（48.00） 10 (40.00) 0.569
Age (years) 59.76 ± 6.00 62.84 ± 11.53 0.244
Diabetes duration (years) 11.48 ± 5.90 14.60 ± 7.43 0.107
BMI (kg/m2) 25.38 ± 2.47 24.86 ± 3.42 0.544
FBG (mmol/L) 7.47 ± 2.078 7.93 ± 2.14 0.450
HbA1c (%) 8.19 ± 1.13 9.86 ± 1.77 < 0.001
Hypertension, n (%) 12 (48.00) 14 (56.00) 0.571
SBP (mmHg) 138.88 ± 8.27 140.36 ± 8.40 0.533
DBP (mmHg) 79.96 ± 7.79 81.60 ± 7.91 0.504
BNP (pg/mL) 23.13 ± 7.54 25.62 ± 11.42 0.368
ALB (g/L) 40.16 ± 1.85 37.38 ± 2.00 < 0.001
TBil (μmol/L) 12.28 ± 5.80 11.18 ± 3.43 0.422
TBA (μmol/L) 4.08 ± 1.86 3.83 ± 1.89 0.637
ALT (U/L) 19.28 ± 9.73 15.64 ± 4.27 0.096
AST (U/L) 17.04 ± 6.44 16.02 ± 4.75 0.527
BUN (mmol/L) 5.53 ± 1.18 5.72 ± 1.32 0.606
Scr (μmol/L) 61.28 ± 9.28 63.60 ± 11.26 0.430
GFR (mL/min/1.73m2) 100.02 ± 7.76 97.99 ± 6.27 0.315
UA (mmol/L) 302.96 ± 46.72 360.88 ± 75.07 0.002
TG (mmol/L) 1.61 ± 0.90 1.40 ± 0.71 0.365
HDL (mmol) 1.07 ± 0.33 1.23 ± 0.24 0.058
LDL (mmol/L) 2.39 ± 0.73 2.49 ± 0.84 0.643
UMA (mg/24h) 9.43 ± 5.92 11.16 ± 6.24 0.320
1,25-(OH)2D3 (ng/mL) 17.65 ± 3.81 16.99 ± 4.38 0.572
PTH (pg/mL) 29.62 ± 10.33 25.35 ± 9.32 0.131
FT3 (pmol/L) 4.77 ± 0.47 4.55 ± 0.36 0.070
FT4 (pmol/L) 16.24 ± 1.63 16.01 ± 1.57 0.611
TSH (mIU/L) 1.52 ± 0.46 1.74 ± 0.55 0.123
FCP (ng/mL) 1.93 ± 0.69 1.71 ± 0.78 0.294
FINS (mU/L) 9.29 ± 4.60 8.25 ± 5.79 0.485
Cys-C (mg/L） 0.95 ± 0.15 1.00 ± 0.16 0.270
NSE (ng/mL) 11.47 ± 2.52 12.92 ± 2.78 0.059
Normally distributed and continuous data are presented as mean 
± standard deviation. Categorical variables are expressed as count 
(percentage). Independent sample t-test was used for continuous vari-
ables and Chi-square test for categorical variables

Table 2  The use of drugs in T2DM group and DPN group
Drugs T2DM DPN P-value
Metformin, n (%)  18 (72.0) 19 (76.0)  0.747
Acarbose, n (%) 7 (28.0) 6 (24.0) 0.747
Dapagliflozin, n (%) 6 (24.0) 6 (24.0) > 0.999
Glimepiride, n (%) 2 (8.0) 3 (12.0) > 0.999
Repaglinide, n (%) 1 (4.0) 4 (16.0) 0.346
Sitagliptin, n (%) 10 (40.0) 6 (24.0) 0.225
Pioglitazone, n (%) 3 (12.0) 6 (24.0) 0.462
Insulin, n (%) 13 (52.0) 16 (64.0)  0.390
Amlodipine, n (%) 5 (20.0) 8 (32.0) 0.333
Benazepril, n (%) 1 (4.0) 2 (8.0) > 0.999
Valsartan, n (%) 7 (28.0) 7 (28.0) > 0.999
Categorical variables were analyzed by Chi-square test and expressed 
as count (percentage)
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Fig.  1  Identification of gut microbiota using various analysis. (A) 
Rank-Abundance curves of T2DM and DPN declined steadily sug-
gesting that the sequencing data were sufficient for covering all the 
bacterial species in the community. The flattening of (B) Pan curve 
and (C) Core curve indicated that the samples were adequate for 
this sequencing. The gut microbiota species diversity was analyzed 

by using (D) Ace, (E) Chao, (F) Shannon and (G) Simpson indices 
based on alpha diversity analysis. (H) Venn diagram showed the OTUs 
between T2DM and DPN groups. (I) PLS-DA scores plot on species 
level indicated discrimination of the gut microbiota between T2DM 
and DPN
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Fig. 2  Composition of the gut microbiota in DPN and T2DM. Comparative analysis determined the change in gut microbiota at the (A) Phylum, 
(B) family, (C) Genus and (D) species levels
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lactate, Mg2+, Ca2+, creatine, citrate, glutamine, acetate, ala-
nine, 3-hydroxybutyrate, valine, isoleucine and leucine. The 
DPN group was clearly separated from the T2DM group 
in the OPLS-DA model (Fig.  5B) and detailed data were 
presented in Table S2. Formate (p < 0.0001) and creatine 
(p < 0.01) decreased while lactate (p < 0.0001) increased in 
the DPN group compared with the T2DM group (Fig. 5C, 
D, E). Twenty amino acids were obtained using a kit which 
could detect multiple amino acids simultaneously via LC–
MS (Table S3), showing that serum arginine was signifi-
cantly lower in DPN group (Fig S1).

Correlation of serum metabolites, gut 
bacteria and fecal metabolites with clinical 
indicators

Spearman correlation analysis method was used to analyze 
the relevant relationship between the statistically different 
gut bacteria, fecal metabolites, serum metabolites and clini-
cal indicators. All analysis involved fecal metabolites were 
49 samples.

Lactate was positively correlated with VAS, TCSS and 
SPNSL, and negatively correlated with SPNSA, SPNSCV, 
CPNMCV and ALB. UA was positively correlated with 
VAS, TCSS and MNSL, and negatively correlated with 
ALB and UNMCV. Formate and arginine were negatively 
correlated with VAS, TCSS, HbA1c and nerve latency, 
and positively correlated with nerve conduction velocity 

Fecal metabolic profiles in T2DM and DPN

Because one fecal sample of DPN was excluded, whose 
signal was too low to be detected, 24 samples of DPN and 
25 of T2DM were finally used to measure metabolites. The 
DPN group was almost separated from the T2DM group 
in the OPLS-DA model (Fig.  4A), showing that the fecal 
metabolites might differ between the two groups. The vali-
dation model indicated that the quality parameters were 
Q2 = 0.3766, and R2 = 0.9079 (Fig.  4B), indicating a good 
model adaptation. The volcano plot demonstrated 277 dif-
ferential metabolites between the two groups (Fig. 4C), of 
which 78 metabolites increased in the DPN group, while 199 
metabolites decreased. There were 28 metabolites, such as 
Maleamic acid, Glycocholic acid and Alkaloid A (VIP > 2.5 
and p < 0.05, Fig.  4D) significantly different between the 
two groups, mainly involving the pathways of cholesterol 
metabolism, primary and secondary bile acid biosynthesis, 
histidine metabolism, lysine degradation, arginine and tryp-
tophan metabolism based on KEGG analysis (Fig. 4E, F).

Metabolomics analysis of serum samples

The representative 1H-NMR attribution spectrums of the two 
groups were shown in Fig. 5A. 20 serum metabolites were 
successfully identified: formate, inosine, hypoxanthine, 
tryptophan, phenylalanine, tyrosine, histidine, glucose, 

Fig. 3  (A) LEfSe multilevel species difference discriminant analysis for gut bacteria. (B) Histogram of the LDA scores (LDA > 3) computed for 
differentially abundant bacterial taxa between DPN group and T2DM group
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Fig.  4  Comparative metabolomics analysis determined the change 
in fecal metabolites in DPN group from T2DM group. (A) OPLS-
DA model showed that the fecal metabolites significantly differed 
between the two groups. (B) The validation model showed that the 
quality parameters were Q2 = 0.3766 and R2 = 0.9079, indicating a 
good model adaptation. (C) Volcano plot showed the number of dys-

regulated fecal metabolites of DPN group compared to T2DM group. 
(D) Heat map showed the expression profile and VIP values (based on 
OPLS-DA model) of fecal metabolites between the two groups. (E) 
KEGG enrichment scatter plot and (F) KEGG pathway differential 
abundance score plot showed the alteration in biological processes and 
metabolisms in DPN patients
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HbA1c, and positively correlated with CPNMA, CPNMCV 
and UNSA (Fig. 6C).

Correlation between gut bacteria and fecal 
metabolites

Collinsella_aerofaciens was positively correlated with 
N-Lauroyl Leucine, Benzoyl L-arginine methyl ester, 
N-malonyltryptophan and 2-Hydroxyquinoline. Faeca-
libacterium was positively correlated with N-Lauroyl Leu-
cine. Megamonas was positively correlated with N-Lauroyl 
Leucine and N-malonyltryptophan (Fig. 7A).

Correlation between serum metabolites and 
fecal metabolites

Lactate was negatively correlated with Malonylcarnitine, 
16β-OH-Dhea sulfate, Nanaomycin, N-Lauroyl Leucine 
and N-malonyltryptophan, and positively correlated with 
maleamic acid and imidazolelactic acid. Formate was 
positively correlated with Malonylcarnitine, 2-Hydroxy-
quinoline, 5-Aminopentanoic acid, nanaomycin, Alkaloid 

and amplitude (Fig. 6A). Megamonas was negatively cor-
related with CPNML and VAS, and positively correlated 
with CPNMA. Tyzzerella-3 was negatively correlated with 
MNML and MNFL, and positively correlated with ALB, 
CPNMCV, SPNSCV, MNMCV and MNSCV. Collinsella_
aerofaciens was positively correlated with UNMCV and 
UNSA, while Faecalibacterium was positively correlated 
with UNSA (Fig. 6B). Maleamic acid was positively cor-
related with VAS and negatively correlated with SPNSA, 
SPNSCV and MNMCV. Imidazolelactic acid was positively 
correlated with VAS and negatively correlated with SPNSA 
and SPNSCV. Glycocholic acid was positively correlated 
with SPNSA and SPNSCV. Malonylcarnitine was nega-
tively correlated with TCSS and positively correlated with 
ALB. Alkaloid A was negatively correlated with TCSS and 
HbA1c and positively correlated with SPNSA and CPNMA. 
Naoxamycin was negatively correlated with TCSS and pos-
itively correlated with CPNMA and ALB.5-aminopentanoic 
acid was negatively correlated with TCSS and UNML and 
positively correlated with SPNSA and CPNMA. Benzoyl 
L-arginine methyl ester was negatively correlated with VAS, 
TCSS and HbA1c, and positively correlated with SPNSA, 
CPNMA, CPNMCV, UNSA and MNSA. N-Lauroyl Leu-
cine was negatively correlated with SPNSL, CPNML and 

Fig. 5  Serum metabolomic analysis of T2DM and DPN groups. (A) 
Representative 600-MHz 1H-NMR spectrum (δ 0.8 ~ 5.4, δ 6.2 ~ 8.5), 
with all peaks based on TSP resonance at 0 ppm. The free EDTA signal 
in the samples indicates that all Ca2+ and Mg2+ are chelated. Dotted 
insets were vertically expended 50 times. Ca-EDTA, Mg-EDTA are 

EDTA complexes. (B) OPLS-DA score plot of serum metabolites for 
T2DM and DPN groups. Histogram showed the comparison of for-
mate (C), creatine (D) and lactate (E) between T2DM group and DPN 
group. **p < 0.01, **** p < 0.0001
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Fig. 6  Correlation of (A) serum metabolites with clinical indicators, (B) gut bacteria with clinical indicators and (C) fecal metabolites with clinical 
indicators. *p < 0.05, **p < 0.01, *** p < 0.001
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DPN patients could be alleviated and neurological function 
be improved [7]. However, as a kind of metabolic associated 
neuropathy, whether the active substances produced by gut 
microbiota are involved in the pathogenesis of DPN has not 
been reported. In this study, a novel exploration of an inte-
grated multi-omics analysis of gut microbiota, metabolome, 
and clinical indicators was performed in DPN and T2DM 
groups. Multiple associations between the gut microbiota, 
fecal and serum metabolites were detected, and the domi-
nant microbial species and metabolic functions in patients 
with DPN were identified. Interestingly, Collinsella aero-
faciens and Faecalibacterium were associated with formate 
and bile acid metabolism, which may exacerbate mitochon-
drial dysfunction and oxidative stress, thereby accelerating 
the progression of DPN.

The network diagram (Fig. 7D) showed that the largest 
contribution of serum metabolites was formate, which is a 
mediator of interactions between mammalian organisms, 
systemic metabolism, diet, and microbiome metabolism. 
Formate levels were significantly decreased in cancer and 
obese individuals [27, 28], while BMI was not statisti-
cally different between the two groups (P > 0.05), and the 
recruited subjects had no history of cancer, which elimi-
nated the related influencing factors. In recent years, studies 
have shown that the formate produced by intestinal anaero-
bic fermentation can enter the cycle, accounting for almost 
50% [29]. In our study, formate was found to be reduced in 
DPN patients for the first time, involving the role of Fae-
calibacterium and Collinsella_aerofaciens. As one of the 
most abundant anaerobes in human intestinal flora, Fae-
calibacterium has anti-inflammatory properties and plays 
an important role in human health [30], which was found 
to be reduced in patients with chronic pain and fibromy-
algia [31, 32]. Lactate increased in our study, which could 
be produced by streptococcaceae  [33] (increased in DPN 
from Fig. 2B). When lactate increased, the pH value would 
decrease, thus changing the gut microbiota composition, 
including Faecalibacterium decreased [34]. Formate is one 
of the end products of glucose fermentation by Faecalibac-
terium[35], and the addition of this bacterium to the diet for 
mice improved glucose intolerance and insulin resistance 
index [36]. Zaharia OP et al. found a higher prevalence of 
DPN in the patients with severe insulin deficiency and resis-
tance [37]. We found that both Faecalibacterium and serum 
formate were reduced, and formate was strongly positively 
correlated with EMG nerve conduction velocity and ampli-
tude and negatively correlated with latency, suggesting that 
Faecalibacterium may contribute to the development of 
DPN and formate may mediate in the process. Collinsella 
aerofaciens, positively correlated with formate in our study, 
is a kind of anaerobic bacteria of actinomycetes and could 
generate formate via fermentation in the process of glucose 

A, Benzoyl L-arginine methyl ester and N-Lauroyl Leu-
cine, and negatively correlated with N-Ω-acetylhistamine. 
Arginine was positively correlated with Benzoyl L-arginine 
methyl ester (Fig. 7B).

Correlation between gut bacteria and serum 
metabolites

Tyzzerella-3 was positively correlated with formate and 
negatively correlated with lactate. Faecalibacterium was 
positively correlated with creatine and negatively correlated 
with lactate and UA. Collinsella_aerofaciens was positively 
correlated with formate and negatively correlated with lac-
tate. Megamonas was positively correlated with arginine 
and formate (Fig. 7C).

The association network among the gut 
microbiota, metabolites and clinical 
indicators

The network diagram was obtained by multi-group correla-
tion analysis, with the conditions of r ≥ 0.4 and P ≤ 0.01. It 
was notable that the serum metabolites formate, arginine, 
lactate and species Collinsella_aerofaciens were identified 
as major contributors to this integrated network, implying 
that they may play a key role in the progression of DPN 
(Fig. 7D).

Discussion

More and more studies have shown that bacteria can directly 
activate nociceptors through their products and bioactive 
substances [6], so metabolite changes associated with the gut 
microbiota are considered a possible mechanism by which 
microbes affect host health, which making it a very promis-
ing strategy to evaluate DPN by combining microbiome and 
metabolome. Yang J et al. reported that gut microbiota dys-
biosis was a key factor in the pathophysiology of DPN and 
through flora transplantation, the neuropathic symptoms of 

Fig.  7  Correlation between (A) gut bacteria and fecal metabolites, 
(B) serum metabolites and fecal metabolites, and (C) gut bacteria and 
serum metabolites. (D) The association network among the gut micro-
biota, fecal metabolites and serum metabolites (spearman correlation 
analysis, r ≥ 0.4, P ≤ 0.01). It was performed using the Metware Cloud, 
an online platform for data analysis (https://cloud.metware.cn). Gut 
microbiota was marked with boxes (blue), serum metabolites with 
triangles (yellow), and fecal metabolites with circles (green). A red 
connecting line indicated a positive correlation between two nodes, 
while a blue connecting line indicated a negative correlation. *p < 0.05, 
**p < 0.01, *** p < 0.001
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ROS [51]. Bile acids decline in neurodegenerative diseases 
such as Alzheimer's and Parkinson's disease, thus losing 
this protective effect [52]. In this study, Collinsella aerofa-
ciens and Faecalibacterium significantly decreased in DPN, 
involving the regulation of bile acid and reducing its pro-
duction, which may promote the occurrence and develop-
ment of DPN to a certain extent. Nanaomycin, produced by 
actinomycetes, had a positive correlation with Collinsella_
aerofaciens in our study and could reduce mitochondrial 
damage and ROS generation [53, which may contribute to 
the reduction of formate when mitochondrial dysfunction 
occurs, thus exacerbating DPN progression.

With this study, we provided a unique resource for future 
exploration of DPN. Preliminary research on the relationship 
between the gut microbiota and fecal and serum metabolism 
in DPN patients will help identify potential biomarkers and 
targets, further providing information for the microbiome 
study of the potential metabolic function of the gut micro-
biota. DPN is a multifactorial disease caused by complex 
interactions triggered by metabolic imbalances associated 
with diabetes. Our study mainly found that Collinsella aero-
faciens and Faecalibacterium were involved in formate and 
bile acid metabolism, which may promote the occurrence 
and development of DPN. Therefore, personalized therapies 
based on the microbiome and metabolome are expected to 
improve the treatment effect of DPN patients and future 
research on the role of gut microbiota and metabolomics in 
DPN may pave the way for the development of more tar-
geted and effective treatments.

However, there were some limitations in our study. First, 
there was no healthy individuals, and the sample size was 
relatively small, and the results lacked clear causality, so 
more clinical patients should be recruited to verify these 
findings. Second, asymptomatic patients (EMG suggests 
multiple peripheral neuropathies) and single symptomatic 
patients (EMG suggests normal) were excluded, and these 
patients should be included in future studies. Third, although 
strict criteria were set to exclude possible influencing fac-
tors, there were still other unknown factors interfering with 
the results of the study. Fourth, all the subjects were from 
Shanghai, the central city in the southeast coast of China, 
with similar climatic characteristics, dietary patterns and 
lifestyle. The results of this study may only reflect the situ-
ation of DPN in the region and are not representative. Fifth, 
specific molecular mechanistic studies of the role of the gut 
microbiota in the development of DPN were lacking.

metabolism [38], which also contributed to the reduction of 
serum formate.

High level of UA is commonly due to decreased extra-
renal urate excretion, one-third of UA excretion is degraded 
by the human intestinal microbiota [39]. When UA is 
secreted into the intestinal lumen, components of the intes-
tinal microbiota (e.g., Escherichia coli, Clostridium and 
Pseudomonas bacteria) rapidly mediate degradation activ-
ity, however, we did not find differences among the three 
bacteria. Iwadate et al. reported that formate could act as an 
electron donor for the UA degradation pathway in intestinal 
microbiota [40], therefore, the decrease in serum formate 
in our study may lead to impaired excretion of UA, which 
could induce mitochondrial oxidative stress and aggravate 
mitochondrial dysfunction [41]. Previous studies have also 
shown that formate may be an endogenous metabolite of 
amino acids in mitochondria, such as serine, glycine and 
methionine [42]. Systemic serine deficiency has also been 
reported as risk factors for DPN [43], but serine, glycine and 
methionine were not significantly reduced in DPN patients 
in our study (Fig S1). It is quietly possible that mitochondrial 
damage leads to the reduction of serum formate in DPN. 
Mitochondria, the key organelles for maintaining intracel-
lular energy homeostasis and function, are the sites produc-
ing intracellular oxygen free radicals and the main target of 
them. Mitochondrial dysfunction is thought to be a trigger 
for neuronal damage in the pathogenesis of DPN, leading 
to ROS generation and neuronal apoptosis [44]. Islet Trans-
plantation could protect neuronal function involving brain 
metabolism, preventing diabetic complications occurrence, 
indicating that metabolic homeostasis was significant in dia-
betic complications [45]. Bao et al. found that mitochon-
drial respiratory chain injury can reduce 1 C metabolism and 
formate production from serine in mitochondria [46].

As a consequence, our results suggested a mechanistic 
hypothesis that formate reduction caused by Faecalibacte-
rium and Collinsella_aerofaciens leaded to high level of UA 
which induced mitochondrial dysfunction, further resulting 
in the reduction of formate, thereby forming a vicious cir-
cle in the onset and progression of DPN. These data sug-
gested that formate supplementation would be explored as a 
treatment option for DPN characterized by high serum UA 
levels.

HbKEGG pathway analysis of fecal metabolites revealed 
alterations in the bile acid pathway in DPN, while Collin-
sella aerofaciens and Faecalibacterium were positively 
correlated with secondary bile acids [47]. Bile acid homeo-
stasis is tightly controlled by the complex interactions of 
gut microbiome, and increases insulin sensitivity through 
mitochondrial activation [48], regulating systemic glucose 
homeostasis [49, 50]. Bile acids have the effect of inhibit-
ing mitochondrial apoptosis and reducing the generation of 
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