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Background: As one of the most frequent complications of type 2 diabetes mellitus (T2DM), diabetic peripheral neuropathy (DPN) 
shows a profound impact on 50% of patients with symptoms of neuropathic pain, numbness and other paresthesia. No valid serum 
biomarkers for the prediction of DPN have been identified in the clinic so far. This study is to investigate the potential serum 
biomarkers for DPN firstly based on 1H-Nuclear Magnetic Resonance (1H-NMR)-based metabolomics technique.
Methods: Thirty-six patients enrolled in this study were divided into two groups: 18 T2DM patients without DPN (T2DM group) and 
18 T2DM patients with DPN (DPN group). Serum metabolites were measured via 1H-NMR spectroscopy. Bioinformatic approaches 
including principal component analysis (PCA), orthogonal partial least squares-discriminant analysis (OPLS-DA), independent sample 
t-test, Fisher’s test, Pearson and Spearman correlation analysis, Stepwise multiple linear regression analysis and receiver operating 
characteristic (ROC) curve analysis were used to identify the potential altered serum biomarkers.
Results: A total of 20 metabolites were obtained and further analyzed. Formate was identified as the only potential biomarker that 
decreased in the DPN group with statistical significance after multiple comparisons (p<0.05). Formate also displayed a negative 
relationship with some elevated clinical markers in DPN. ROC curve analysis showed a good discriminative ability for formate in 
DPN with an area under the curve (AUC) value of 0.981.
Conclusion: Formate could be considered a potential serum metabolic biomarker for DPN. The reduced level of formate in DPN may 
be associated with mitochondrial dysfunction and gut microbiota alteration. Monitoring the level of serum formate would be an 
important strategy for the early diagnosis of DPN and a supplement of formate may be a promising treatment for DPN in the future.
Keywords: diabetic peripheral neuropathy, type 2 diabetes mellitus, 1H-NMR, metabolomics, formate, uric acid

Introduction
The prevalence of type 2 diabetes mellitus (T2DM), a long-term metabolic disease, has kept increasing worldwide in 
recent years.1 It is estimated that the global diabetes prevalence was 9% (463 million) in 2019, 10.5% (536.6 million) in 
2021 and will rise to 12.2% (783.2 million) in 2045, most of which is T2DM.2 It is reported that approximately 50% of 
patients with T2DM would be accompanied by diabetic peripheral neuropathy (DPN), one of the most frequent chronic 
complications of diabetes mellitus.3,4 DPN is characterized by neuropathic pain, numbness, and sensory abnormality on 
symmetrical, bilateral distal limbs, which not only increases the risks of foot ulceration and even lower-limb amputation 
but also results in a substantial effect on the patient’s health and a heavy financial burden.5
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Up to now, the potential pathogenic mechanisms of DPN have not yet been completely elucidated, which limits the 
further exploration of useful prevention and treatment strategies for DPN.6,7 Although nerve conduction is often used as 
a standard diagnostic tool for DPN, it is time-consuming, costly, and somewhat difficult to clinically diagnose. Therefore, 
the current diagnosis of DPN is exclusive and is diagnosed mainly in combination with clinical symptoms, the clinical 
evaluation scales and electromyography.5 About half of such patients are asymptomatic with occult nerve damage, and 
there are no serum markers allowing for early screening. Irreversible nerve damage has already occurred when confirmed 
DPN based on current diagnostic method. Although studies have proposed new diagnostic methods, they have not been 
widely applied clinically.8

As a metabolic disease, DPN was revealed in some studies that the occurrence of it may be related to the imbalance of 
metabolic pathways caused by hyperglycemia, lipid metabolism disorders and insulin abnormalities, which thereby leads 
to a series of oxidative stress (OS), inflammatory reaction, mitochondrial dysfunction and nerve cell damage, especially 
OS playing a pivotal role due to mitochondrial dysfunction.9 But, there is no effective treatment for DPN, emphasizing 
early glycaemic control combined with exercise and a healthy diet to prevent and delay disease progression.8

Recently, metabolomics has rapidly and widely developed into a useful technique to quantitatively analyze multi
component mixtures of biological samples, which provides important information for understanding the composition and 
function of biochemical networks.10,11 Del Coco et al identified a metabolic serum signature associated with T2DM 
stages by the 1H-NMR-based metabolomics technique.12 Meanwhile, Rawat et al reported that 1H-NMR metabolomics 
may be promising for differentiating and predicting diabetes and its complications on their onset or progression by 
determining the altered levels of the metabolites in serum.13

However, there were no studies focused on the metabolomic alteration of DPN and no serum metabolic biomarkers 
had been identified for DPN.14 The progress in metabolomics technology may be conducive to revealing novel 
biomarkers of DPN and be possible for a better understanding of the pathogenic mechanisms. Hence, it would be greatly 
valuable if simple and practical serum markers are available for predicting and monitoring DPN in clinical applications. 
In this study, serum samples were collected to identify potentially valuable metabolite markers of DPN and associated 
metabolic pathways by the 1H-NMR metabolomics technique.

Methods
Participants and Design
A total of 36 patients were consecutively enrolled from June 2021 to January 2022 in the United Center of Endocrine and 
Pain in Shanghai Tenth People’s Hospital. All recruited patients were diagnosed with T2DM based on the American 
Diabetes Association criteria in 201915 and the age were 18–80 years old. Patients were excluded by the following 
conditions: heart diseases; history of the cerebral infarction; malignant tumors; liver or renal dysfunction; acute 
complications of diabetes and other endocrine diseases; arteriovenous vascular diseases; cervical and lumbar spine 
lesions; and other diseases affecting peripheral nerve function.

According to DPN inclusion criteria, they were divided into two groups, the T2DM group (n=18) and the DPN group 
(n=18). DPN group inclusion criteria:5 (1) common clinical symptoms, such as pain, numbness, and paresthesia at the 
end of limbs; (2) the physical examination score of Michigan Neuropathy Screening Instrument (MNSI)16 is more than 
five and the score of Toronto Clinical Scoring system (TCSS) is no less than six;17 (3) electromyography suggests 
multiple peripheral neuropathies.18

Clinical Data and Biochemical Indexes Collection
Patients’ basic information and blood biochemical indexes were collected as follows: gender, age, diabetes duration, 
drugs use, body mass index (BMI), systolic blood pressure (SBP), diastolic blood pressure (DBP), fasting blood glucose 
(FBG), fasting C-peptide (FCP), glycated hemoglobin A1c (HbA1c), brain natriuretic peptide (BNP), albumin (ALB), 
alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), serum creatinine (Scr), 
blood urea nitrogen (BUN), uric acid (UA), glomerular filtration rate (GFR), cystatin C (Cys-C), triglyceride (TG), high- 
density lipoprotein (HDL), low-density lipoprotein (LDL), total bilirubin (TBil), total bile acid (TBA), urinary 

https://doi.org/10.2147/DMSO.S428933                                                                                                                                                                                                                               

DovePress                                                                                                                                

Diabetes, Metabolic Syndrome and Obesity 2023:16 3148

Xu et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


microalbumin (UMA), 1.25-hydroxy vitamin D (1,25-(OH)2D3), parathyroid hormone (PTH), free triiodothyronine 
(FT3), free thyroxine (FT4), triiodothyronine (TT3), thyroxine (TT4), thyroid stimulating hormone (TSH) and neuron- 
specific enolase (NSE).

Sample Collection and Processing
Targeted metabolomics was applied via a 1H-NMR metabolomics platform, which could measure the concentra
tions of metabolites and the detailed methods were depicted previously.19,20 Blood samples were collected and 
clotted for 30 min at room temperature. Then, the samples were centrifuged at 3000 rpm for 10min at 4°C to make 
the sera separated and stored at −80°C until the 1H-NMR analysis. Serum samples were unfrozen at room 
temperature before the 1H-NMR analysis. 200μL serum was added with 800μL prechilled methanol and 20μL 
ethylenediaminetetraacetic acid (EDTA, 0.1M), after which got evenly, the new samples were centrifuged 
(12,000×g, 4°C) for 10 min and the supernatants were collected. The extraction was repeated twice and three 
supernatants were combined. The new samples were then lyophilized with liquid nitrogen after the removal of 
methanol in a vacuum for testing. 600μL phosphate buffer (0.15 M, K2HPO4-NaH2PO4, pH 7.40) containing 80% 
D2O (v/v) and trimethylsilyl propionate (TSP) was titrated into the numbered EP sample tube containing the dried 
extract and then centrifuged (16,000×g, 4°C) for 10 min. 550μL supernatant was transferred into a 5 mm NMR 
tube for 1H-NMR analysis.

The one-dimensional 1H NMR spectra were obtained by using the first increment of the gradient-selected NOESY 
pulse sequence (NOESYGPPR1D) at 298 K on a Bruker Advance III 600 MHz NMR spectrometer (600.13 MHz for 
proton frequency) which is equipped with a quaternary cryogenic inverse probe (Bruker Biospin, Germany). Sixty-four 
transients were collected into 32-k data points with a spectral width of 20 ppm for each sample. The completely relaxed 
NMR spectra were acquired when the total relaxation delay time was 26s.

To obtain the quantification of metabolites, the software package TOPSPIN (V3.6.0, Bruker Biospin, Germany) was 
used to process all the acquired NMR spectra. For 1H-NMR spectra, the exponential window function was used before 
the Fourier transformation with a line broadening factor of 1 Hz and zero padding to 128 k. The phase and baseline of all 
spectra were then corrected automatically and manually with the chemical shift referenced to TSP (δ 0.00). The absolute 
concentration of the metabolites was finally calculated with the known concentration of TSP.

Statistical Analysis
Categorical variables were presented as proportions and analyzed by using Fisher's exact test. Normally distributed and 
continuous variables were expressed as means±standard deviations and were analyzed by using an independent sample 
t-test. Differences were considered statistically significant if the p value was less than 0.05.

A heat map based on z-score was used to distinguish the difference in metabolites between the two groups 
preliminarily. For further identification of significant variables between the two groups, principal component analysis 
(PCA) and orthogonal partial least squares-discriminant analysis (OPLS-DA) were performed. The stability of the 
OPLS-DA model was assessed by cross-validation and permutation test (R2Y: fitness of model, Q2: predictive 
capability). Metabolites with variable importance in projection (VIP) values >1.0 in the OPLS-DA model were 
thought to be different between the DPN group and the T2DM group. Detailed data were shown as means±SD and 
a p-value of <0.05 determined via independent sample t-test was applied as the standard for statistical significance 
between two groups. Benjamini & Hochberg method was used to correct the p values of independent sample t-test for 
metabolites involving multiple sampling, showing as q values. Pearson and Spearman correlation analysis and 
stepwise multiple linear regression analysis were also applied. Finally, the Binary logistic regression analysis and 
receiver operating characteristic (ROC) curves were used to assess the diagnostic capability of metabolites for 
confirming DPN, and area under the curve (AUC) values were calculated as a rigorous validation of the prediction 
accuracy.21

All statistical analyses were performed using SPSS software (version 25.0), GraphPad Prism 9 software and the 
Metware Cloud platform.
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Results
Clinical Features and Basic Information
The enrolled 36 patients were well matched in BMI and basic information (Table 1). DPN group had higher levels of 
HbA1c (p=0.003), UA (p=0.023), Cys-C (p=0.001), TSH (p=0.002) and NSE (p=0.026), and lower level of ALB 
(p=0.002) compared with T2DM group. There was no significant difference between the two groups in other clinical 
parameters and the use of drugs (Table 2).

Metabolomics Analysis of Serum Samples
In the study, 36 serum samples were examined by 1H-NMR spectroscopy and twenty metabolites were obtained: formate, 
hypoxanthine, histidine, phenylalanine, tyrosine, glucose, lactate, creatine, citrate, glutamine, acetate, alanine, valine, 
isoleucine, leucine, 3-hydroxybutyrate, tryptophan, inosine, Ca2+ and Mg2+. The representative 1H-NMR comparison 

Table 1 Clinical Characteristics Between DPN Group and T2DM Group

Variable T2DM (n=18) DPN (n=18) P value

Female (%) 44.44 38.89 >0.999

Age(years) 57.44±9.31 62.00±11.96 0.211
Diabetes duration(years) 12.78±5.75 14.11±5.99 0.500

BMI (kg/m²) 25.35±2.57 25.11±3.53 0.816

FBG (mmol/L) 7.38±1.63 8.11±2.21 0.271
HbA1c (%) 7.99±1.06 9.68±1.94 0.003

Hypertension (%) 50.00 55.56 >0.999

SBP (mmHg) 139.22±7.46 141.22±7.89 0.440
DBP (mmHg) 77.33±5.98 79.67±7.36 0.304

BNP (pg/mL) 22.23±8.53 26.78±12.10 0.201

ALB (g/L) 40.95±4.41 36.81±3.07 0.002
TBil (μmol/L 10.46±2.67 10.32±2.34 0.864

TBA (μmol/L) 4.28±2.00 4.21±2.08 0.910

ALT (U/L) 16.37±6.51 15.36±4.45 0.590
AST (U/L) 15.85±5.19 15.58±4.23 0.864

ALP (U/L) 60.97±13.78 68.72±13.72 0.100

BUN (mmol/L) 5.24±0.94 5.58±1.24 0.354
Scr (μmol/L) 61.44±9.23 66.61±8.65 0.092

GFR (mL/min/1.73m²) 98.24±4.93 96.64±4.79 0.330

UA (mmol/L) 307.3±44.63 361.2±83.53 0.023
Cys-C (mg/L) 0.84±0.14 1.09±0.26 0.001

TG (mmol/L) 1.47±0.66 1.41±0.71 0.803

HDL (mmol) 1.11±0.38 1.30±0.20 0.058
LDL (mmol/L) 2.33±0.70 2.61±0.84 0.283

UMA (mg/24h) 9.18±6.78 12.71±6.14 0.111

1,25-(OH)2D3(ng/mL) 17.48±3.51 16.59±2.73 0.403
PTH (pg/mL) 27.02±8.95 22.86±7.33 0.136

FT3 (pmol/L) 4.80±0.49 4.59±0.36 0.147
FT4 (pmol/L) 16.10±1.47 16.03±1.60 0.892

TT3 (pmol/L) 1.49±0.32 1.41±0.24 0.365

TT4 (pmol/L) 91.78±19.31 94.87±17.71 0.620
TSH (mIU/L) 1.41±0.44 2.20±0.89 0.002

FCP (ng/mL) 1.77±0.47 1.67±0.56 0.560

NSE (ng/mL) 10.77±1.63 12.13±1.85 0.026

Notes: Data are presented as mean ± standard deviation for normally distributed and continuous. 
Variables, count (percentage) for categorical variables. Compare baseline characteristics between 
the T2DM group and DPN group using independent sample t-test for continuous variables, and 
fisher’s exact test for categorical variables.
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spectrum between the two groups was shown in Figure 1. The heat map revealed a robust difference in the relative 
concentration of formate in the two groups, while other metabolites showed no clear difference (Figure 2). After being 
transformed via zero-centered, the data was analyzed by PCA and OPLS-DA analysis between T2DM and DPN groups. 
The PCA model analysis (Figure 3a) showed an overall understanding of the serum metabolite distribution of two 
groups. The DPN group was almost separated from the T2DM group in the OPLS-DA model (Figure 3b), indicating 

Table 2 The Use of Drugs in T2DM Group and DPN 
Group

Drugs T2DM DPN P-value

Metformin, n (%) 12(66.67) 13(72.22) >0.999

Acarbose, n (%) 4(22.22) 5(27.78) >0.999

Dapagliflozin, n (%) 7(38.89) 4(22.22) 0.471
Glimepiride, n (%) 2(11.11) 1(5.56) >0.999

Repaglinide, n (%) 1(5.56) 4(22.22) 0.338

Sitagliptin, n (%) 8(44.44) 5(27.78) 0.489
Pioglitazone, n (%) 3(16.67) 5(27.78) 0.691

Insulin, n (%) 11(61.11) 12(66.67) >0.999
Amlodipine, n (%) 4(22.22) 5(27.78) >0.999

Benazepril, n (%) 1(5.56) 2(11.11) >0.999

Valsartan, n (%) 5(27.78) 6(33.33) >0.999

Notes: Data are presented as count (percentage) for categorical variables 
and fisher’s exact test was used for categorical variables.

Figure 1 Representative 600-MHz 1H nuclear magnetic resonance spectrum (δ0.0~8.75,) of the T2DM group (blue) and DPN group (purple). All peaks were referenced to 
the resonance of TSP at 0 ppm. Free EDTA signals in all samples indicated that all Ca2+ and Mg2+ were chelated. Ca-EDTA, Mg-EDTA were EDTA complexes.
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a good model adaptation. The OPLS-DA score plot indicated that the significance threshold for metabolite difference 
between the two groups was 8.01%. The intra-group difference threshold for metabolites in the two groups was 34.3% 
and mainly clarified by variation among these individuals. Permutation plots were then used for validation of the results, 
and the model quality parameters were Q2=0.658, R2X=0.523 and R2Y=0.826 (Figure 3c). The OPLS-DA model 
displayed a significant differentiation (R2Y=0.826), which showed relatively strong stability and reliability. The predic
tion rate was more than 0.50 (Q2=0.658), which further proved the higher prediction accuracy of the OPLS-DA model.

On the basis of OPLS-DA model, at the threshold of VIP score >1, three metabolites including formate 
(VIP=3.2218), creatine (VIP=1.5719) and lactate (VIP=1.3193) were significantly different between the two groups 
(Table 3). Formate (p<0.001) and creatine (p=0.014) showed a statistical significance via independent sample t-test. After 
Benjamini & Hochberg adjustment, only formate was found to decrease significantly in DPN (q value <0.001).

Pearson and Spearman correlation analysis indicated that the serum formate level was negatively associated with Cys- 
c (r=−0.564, p<0.001), HbA1c (r=−0.357, p=0.032), TSH (r=−0.422, p=0.010), HDL (r=−0.383, p=0.021), DPN (r= 
−0.814, p<0.001) and positively correlated with ALB (r=0.365, p=0.029), PTH (r=0.331, p=0.049) (Table 4). Serum 
metabolites and other clinical indicators were taken as independent variables and the presence or absence of DPN was 
taken as a dependent variable. The results in Table 5 and Table 6 based on stepwise multiple linear regression analysis 
showed the formula: DPN=−9.417×formate+0.064×HbA1c+1.306 (adjusted R² = 0.689).

According to the above results, we hypothesized that the level of serum formate might be distinguished as a potential 
biomarker for the prediction of DPN. To further characterize the predictive probability of formate, ROC curve analysis 
was conducted. We found the formate had highest AUC values in a heat map designed to illustrate the discriminatory 
capability of all metabolites based on AUC (Figure 4a). The ROC curves of formate was plotted and the value of AUC 
was 0.981 (Figure 4b).

Discussion
With the increasing prevalence of T2DM, the number of patients with DPN will be also expected to increase. T2DM is 
a metabolic disorder disease characterized by chronic hyperglycemia with alterations in protein, carbohydrate, and lipid 
metabolism. DPN represents one of the critical topics of interest as it makes up a serious clinical problem. Although the 

Figure 2 A heat map revealed the relative concentrations of twenty metabolites between the T2DM group and DPN group. The different colors were corresponding to 
different values in the right palette (0–100%).
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Figure 3 Principal components analysis (PCA) score plot (a) and OPLS-DA scores plot (b) indicated discrimination of the metabolites between the T2DM group and DPN 
group. Permutation test plot verified the OPLS-DA model (c): Q2 (cum)=0.658, R2X (cum)=0.523, R2Y (cum)=0.826. The abscissa of the model verification permutation 
test plot represents the accuracy of the model, the ordinate represents the frequency of the accuracy of 200 models in the 200 permutation tests, and the arrows indicate 
the location of the accuracy of this OPLS-DA model. R2X and R2Y respectively indicate the explanatory rate of the built model to the X and Y matrices, Q2 represents the 
predictive ability of the model. The closer the values of R2 and Q2 to 1, the better the model.

Diabetes, Metabolic Syndrome and Obesity 2023:16                                                                          https://doi.org/10.2147/DMSO.S428933                                                                                                                                                                                                                       

DovePress                                                                                                                       
3153

Dovepress                                                                                                                                                               Xu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Table 4 Correlation Between Formate and 
Other Clinical Characteristics

Formate

R value P value

BNP −0.175 0.306
Age 0.261 0.124

Duration −0.133 0.438

BMI 0.179 0.295
ALB 0.365 0.029

UA −0.267 0.115

Cys-c −0.564 <0.001
HbA1c −0.357 0.032

1–25(OH)2D3 0.006 0.972

PTH 0.331 0.049
TSH −0.422 0.010

FBG 0.011 0.951

FCP 0.155 0.367
NSE −0.296 0.079

TBil −0.058 0.731

TG 0.174 0.310
HDL −0.383 0.021

DPN −0.814 <0.001

Notes: Pearson correlation analysis was used to indi
cate the relationship between formate and biochemical 
indexes while Spearman correlation analysis was used 
to indicate the relationship between formate and DPN.

Table 3 Twenty Serum Metabolites Concentration and VIP Scores Between the T2DM Group and 
DPN Group

Metabolites (μmol/g) T2DM (n=18) DPN (n=18) VIP Score P value Q Value

Formate 0.1775±0.0268 0.1140±0.0191 3.2218 <0.001 <0.001

Hypoxanthine 0.0743±0.0305 0.0839±0.0322 0.7405 0.365 0.662

Histidine 0.0688±0.0155 0.0697±0.0121 0.0397 0.862 0.973
Phenylalanine 0.0805±0.0221 0.0897±0.0299 0.4876 0.303 0.604

Tyrosine 0.0674±0.0135 0.0672±0.0267 0.0321 0.975 0.973

Glucose 6.3320±1.3424 6.7461±0.8703 0.6374 0.280 0.604
Lactate 5.4616±1.2861 6.3698±1.9338 1.3193 0.108 0.539

Creatine 0.1025±0.0186 0.0874±0.0162 1.5719 0.014 0.140
Citrate 0.1298±0.0341 0.1223±0.0402 0.2549 0.551 0.687

Glutamine 0.6328±0.1161 0.6557±0.1061 0.3682 0.540 0.687

Acetate 0.1047±0.0362 0.0957±0.0381 0.3952 0.474 0.677
Alanine 0.5151±0.1708 0.5171±0.1623 0.0010 0.972 0.973

Valine 0.3330±0.0656 0.3079±0.0622 0.7094 0.248 0.604

Isoleucine 0.1706±0.0395 0.1574±0.0344 0.7523 0.292 0.604
Leucine 0.1600±0.0327 0.1519±0.0347 0.4902 0.474 0.677

3-Hydroxybutyrate 0.2553±0.0684 0.2278±0.0513 0.7610 0.182 0.604

Tryptophan 0.0537±0.0123 0.0491±0.0120 0.9177 0.259 0.604
Inosine 0.0151±0.0043 0.0150±0.0032 0.0945 0.938 0.973

Ca2+ 1.0747±0.1558 1.1191±0.2089 0.4073 0.475 0.677

Mg2+ 0.3242±0.0939 0.3782±0.0910 0.9755 0.089 0.539

Notes: Data presented are given in μmol/g (mean ± SD). P values were derived from independent sample t-test and then 
corrected via the Benjamini & Hochberg method for multiple sampling (Q values). VIP represents variable importance in 
projection, VIP scores were obtained from the OPLS-DA model.
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pathophysiology is still incomplete, several previous studies have demonstrated that some serum indicators were 
associated with DPN, such as HbA1c, UA, Cys-C, NSE, ALB, and TSH.22–27 In this study, the levels of serum 
HbA1c, UA, TSH, Cys-C and NSE increased, and the level of serum ALB decreased in the DPN group, which were 
consistent with previous studies above.

Metabolomic analysis, as a rapidly emerging technology, has developed into an important means for the identification 
of metabolites from biochemical pathways that are changed on account of disease or therapeutic intervention. There were 
some studies involving metabolomics in diabetes,13,28,29 but the characteristics of serum metabolites in DPN were rarely 
explored. Reviewing the literatures, we were the first to explore the serum metabolites of DPN via 1H-NMR metabo
lomics technology. In this study, only formate among the twenty metabolites obtained showed a significant difference, 
whose level was obviously lower in the DPN group than that in the T2DM group. There is a significant amount of 

Table 5 Stepwise Multiple Linear Regression Analysis of DPN and Serum 
Indexes

β Standardized  
Coefficients

95% CI P value

Formate −9.417 −0.735 (−12.051, −6.782) <0.001

HbA1c 0.064 0.223 (0.005, 0.123) 0.034
Constant 1.306 0 (0.549, 2.063) 0.001

Figure 4 The heat map showed diagnostic ability of each metabolite with AUC values (a). The different colors were corresponding to different AUC values in the right 
palette. Formate showed the highest AUC value in all the metabolites for the diagnosis of DPN (b).

Table 6 The Coefficients and Constant of Predictive Formula 
Based on Stepwise Multiple Regression Analysis

Step R R² Adjusted R² Independent 
Variables

1 0.814 0.663 0.653 Formate
2 0.840 0.706 0.689 Formate, HbA1c

Abbreviations: R, correlation coefficient; R2, coefficient of determination.
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formate released into the blood, although the origin of the formate remains unconfirmed. Previous studies revealed that 
formate was likely to be the endogenous metabolic production of amino acids in mitochondria, such as serine occupying 
50%, glycine and methionine, along with choline and methanol. The in vitro evidence reported that serine as a main 
potential source was catabolized to glycine and formate with the energy generation in mitochondria.30 One ADP 
molecule is phosphorylated to form ATP via reverse mitochondrial 10-CHO-THF synthetase with per formate molecule 
released from cells and this process may involving creatine (Figure 5). Although formate levels are notably decreased in 
obese and cancer individuals,31,32 BMI and the use of drug had no statistical difference between two groups (p>0.05) and 
patients had no history of cancer in our study, which eliminated the factors of obese, drugs and cancer resulting in the 
reduced formate levels in DPN.

Recently, the significance of formate in intermediary metabolism and its role in some diseases have been identified 
and explored. Formate, as a one-carbon (1C) molecule, is a mediator of metabolic interactions among mammalian 
organisms, whole-body metabolism, diet, and microbiome metabolism. Mitochondria, the site of producing intracellular 
oxygen-free radicals as well as the main target of oxygen-free radicals are important organelles maintaining the 
intracellular energy homeostasis and function. Mitochondrial dysfunction is thought as the trigger of neuronal damage 
in the pathogenesis of DPN, which may contribute to the deficiency of adenosine triphosphate (ATP) and then lead to 
reactive oxygen specimen generation and neuronal apoptosis.5,33 Gundu et al revealed that improvement of mitochondrial 
function could relieve rats allodynia and other behavioral defects associated with DPN.34 Bao et al also revealed that 
mitochondrial respiratory chain damage could reduce the production of formate from serine in 1C metabolism and 
mitochondrion.35 A recent study found that serine decreased in mice with DPN and supplementation of it could slow the 

Figure 5 Potential mechanisms of formate in the development of DPN. Dysfunction of mitochondria might decrease the production of formate (black arrows) and then limit 
the electron supplement in uric acid metabolism (Orange arrows). Gut anaerobic bacteria (black arrows) and creatine (blue arrows) could also produce a certain proportion 
of formate.
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progression of DPN.36 In the article, related genes were also changed in the pathway of serine to formate, thus providing 
cogent evidence for our results.

In recent years, gut microbiota has been playing an important role in many diseases, which also participated the 
progression of T2DM and peripheral neuropathy by the varieties of axis. Wang et al demonstrated that the abundance of 
Bacteroides, one of the anaerobic bacteria in the intestinal flora of DPN was significantly reduced, which also decreased 
obviously in the context of neuropathic pain.37,38 The formate generated from the fermentation of anaerobic bacteria in 
the gut, accounting for the remaining 50%, can enter the circulation, adding to the endogenous pool of formate or being 
used as a substrate for the growth of other bacteria with aerobic metabolism.39 Thus, gut dysbiosis may alter bacterial 
fermentation-produced serum formate levels and impact 1C metabolism.40 DPN involves autonomic neuropathy to 
a certain extent and a review41 summarized that autonomic nerve dysfunction was correlated with gut microbiome, 
involving byproducts of bacterial fermentation including butyrate, which has been proved with huge benefits to body.42 

Formate was first found decreased in DPN involving the significant role of intestinal flora, contributing to the research of 
more function of formate. Creatine can be metabolized to methylamine by the gut microbiome (Figure 5), which is 
a potential exogenous source of formate. In consideration of the decreased level of creatine in the DPN group, the 
supplementation of creatine may contribute to the increase of serum formate. Recently, creatine is also explored in a few 
neurodegenerative diseases due to its beneficial effect on preventing apoptosis and diminishing OS, whose potential 
metabolism may relate to the antioxidant effects via reducing the formation of reactive oxygen species in neurodegen
erative disease.43 Poortmans et al reported levels of urine methylamine increased by 90%, while formate increased by 
13% when subjects consumed 21g of creatine/day for 14 days.44 The supplement of 1C sources, including formate and 
creatine, may help restore 1C metabolism,45 which possibly benefits the process of purine synthesis.

Although differentiated neurons do not proliferate, the axon regeneration and growth of new axons require de novo 
purine synthesis.46 Formate and uric acid (UA) participate in the synthesis and catabolism of purine as a precursor of 
purine synthesis and a product, respectively. Two-third of UA is excreted via the renal excretion pathway, and the 
remaining one-third UA excretion is degraded via the human gut microbiota.47,48 When UA is secreted into the intestine 
lumen, the degrading activity is rapidly mediated by components of the intestinal microbiota such as Escherichia coli, 
Clostridium and Pseudomonas bacteria.49 UA metabolism disorders are accompanied by increasing levels of OS and 
mitochondrial impairment, where UA could induce OS response in the mitochondria, exacerbating mitochondrial 
dysfunction. Previous studies have proposed that UA is also a marker of OS, and hyperuricemia-induced OS may be 
involved in the development of DPN.

Iwadate et al found that formate may act as an electron donor for a new metabolic pathway of UA degradation in gut 
microbiota,50 so the decreased formate level may contribute to the excretion disorder of UA. Thus, we speculated that the 
UA degradation decreased due to the insufficiency of formate providing an electron and our study showed reduced levels 
of formate along with the higher levels of UA in the DPN group (p<0.05). The high concentrations of UA may induce OS 
in hepatocyte mitochondria, increasing ROS production and ultimately resulting in mitochondrial damage,51 which may 
be a vicious cycle and further lower the level of formate (Figure 5). Our results provided a mechanistic hypothesis that 
the decreased formate and increased UA involving mitochondrial dysfunction and intestinal flora dysbiosis play an 
important role in DPN. These data indicated that formate supplementation should be explored as a therapeutic option in 
neurological disorders characterized by low levels of circulating urate.

Taken together, for the first time, the decreased levels of formate were found accompanied by the increased levels of 
uric acid in DPN group. Mitochondria plays an important role in the synthesis of formate and creatine. The interaction of 
these two molecules (Figure 5) would get trapped in a vicious circle when mitochondria function is damaged. UA 
degrade with an increase in the demand of formate as 1C units via gut microbiome. The reduced formate level may lead 
to the high concentrations of UA, which would induce OS response and aggravate mitochondrial dysfunctions. The 
increased UA level, the reduced formate and creatine levels, and OS response and mitochondrial dysfunctions may get 
trapped in vicious circle, which would aggravate neurological damage. Whether formate decreases in early stage of DPN, 
it deserves further research based on different diabetic neuropathy stages, such as previous studies.52 At the same time, 
the interference of diabetes nephropathy should be excluded, which is a systemic metabolic disease affecting the 
excretion of metabolites.53
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Conclusion
In summary, this study offers a new insight that the serum level of formate could be a potential key serum metabolic 
biomarker in the occurrence and progression of DPN. Due to the development of metabolomics, the detection of serum 
formate is not difficult. Therefore, monitoring the level of serum formate would benefit the prediction of DPN. The 
reduced level of formate in DPN may be associated with mitochondrial dysfunction and intestinal microbiota. There is 
a potentially correlative mechanism between formate and uric acid. The supplement of formate and creatine may be 
a potentially effective treatment in the prevention and alleviation of DPN. However, there are some limitations in our 
study. Firstly, the number of samples is small, lacking causality, and more patients need to be enrolled to confirm our 
findings. Secondly, patients without symptoms, especially those with nerve conduction dysfunction confirmed by 
electromyogram were excluded. Thirdly, although the strict criteria were set to exclude possible influencing factors as 
much as possible, there might be other factors unknown interfering with the study results. A great deal of additional work 
remains to be done in future. Further animal experiments are under-designed to explore the specific pathways and 
mechanisms. Whether formate decreases in early stage of DPN, it deserves further research based on different diabetic 
neuropathy stages. More samples are required to validate the above hypothesis and address whether supplementation of 
them would improve the progression of peripheral neuropathy.
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