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ARTICLE INFO ABSTRACT
Keywords: Objective: Blood-stasis syndrome (BSS), an important syndrome in Type 2 diabetes mellitus
Type 2 diabetes mellitus (T2DM) (T2DM), is associated with the pathophysiological mechanisms underlying diabetic vascular

Blood-stasis syndrome (BSS)

: complications. However, BSS has not been fully characterized as of yet. Due to the strong cor-
Untargeted metabolomics

Pseudotargeted lipidomics relation between BSS and vasculopathy, we hypothesized that the metabolic characteristics of BSS

Glycerophospholipids (GPs) in T2DM (T2DM BSS) are highly specific. By combining untargeted metabolomics and pseudo-

Fatty acyls (FAs) targeted lipidomics approaches, this study aimed to comprehensively elucidate the metabolic
traits of T2DM BSS, thereby providing novel insights into the vascular complications of diabetes
and establishing a foundation for precision medicine.
Methods: The survey was conducted in Haidian District of Beijing from October 2021 to November
2021, and data collection was completed in January 2022. Liquid chromatography-mass spec-
trometry (LC-MS) based untargeted metabolomics and liquid chromatography-tandem mass
spectrometry (LC-MS/MS) based pseudotargeted lipidomics were performed to detect metabolites
and lipids. Multivariate, univariate, and pathway analyses were utilized to investigate metabolic
changes. The unique metabolites of BSS were obtained by inter-group comparisons and screening.
Receiver operating characteristic (ROC) curve analysis was performed to evaluate the diagnostic
accuracy of metabolites.
Results: A total of 1189 participants completed the survey, of which 120 participants were
recruited in this study and further divided into a discovery cohort (n = 90) and a validation
cohort (n = 30). Among these, 21 participants were selected for psuedotargeted lipidomics
analysis. 81 metabolites, mainly involving glycerophospholipids, were identified as unique me-
tabolites of T2DM BSS, while fatty acyls (FAs) were identified as unique lipids. T2DM BSS was
associated with significant dysregulation in glycerophospholipid metabolism and choline meta-
bolism within cancer pathways as major metabolic disturbances. Furthermore, analyses of both
the discovery and validation cohorts, indicated that LysoPC (20:5(5Z,8Z,11Z,14Z,17Z)/0:0) and
LysoPC (15:0) had the greatest impact on distinguishing BSS.
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Conclusion: Altered levels of glycerophospholipids and FAs have been associated with T2DM BSS.
These results provide valuable mechanistic insights linked with the development of BSS in T2DM
subjects.

1. Introduction

Type 2 diabetes mellitus (T2DM), a classical metabolic disease, is a multifaceted and chronic illness primarily driven by insulin
resistance as the main underlying pathophysiological mechanism [1]. Of particular concern is the coexistence of T2DM with vascular
complications [2], such as atherosclerotic cardiovascular disease (ASCVD), which significantly affects the patients’ quality of life and
mortality rates and shows an exceptionally high incidence. However, the mechanisms underlying these complications remain largely
unexplored.

The theory of Yin-Yang and Five-Element is the philosophical foundation for Traditional Chinese Medicine (TCM) to understand the
nature of diseases [3]. Different diseases, organs and individuals have different Yin, Yang and Five-Elements attributes. These attri-
butes determine the clinical characteristics of patients. Based on the classification of the characteristics, syndrome differentiation is
generated. TCM syndrome represents the generalization of disease conditions. Personalized therapeutic methods are selected on the
basis of syndrome differentiation (Bian Zheng Lun Zhi) [4]. Blood-stasis syndrome (BSS), which is characterized by impaired blood
flow or stagnation, is one of the most prevalent TCM syndromes in metabolic diseases [5]. In TCM theory, metabolic disorder has been
suggested to produce pathological substances, which constitute a pivotal factor in the etiology of BSS. Endothelial dysfunction is an
early marker of ASCVD and has also been reported in BSS [6,7]. Moreover, BSS is associated with inflammation response [8], dys-
lipidemia, abnormal coagulation function, and fibrinolysis [9]. However, these pathologic changes have not been found in other TCM
syndromes of T2DM. Consequently, among all TCM syndromes, BSS shows the closest relationship with the occurrence of ASCVD (also
including other vascular complications) and vasculopathy. We hypothesize that specific metabolic changes may play a key role in this
pathological process.

Metabolomics has gained widespread recognition as a highly sensitive method for molecular-level evaluation of the phenotype,
positioning it at the forefront of biomarker and mechanistic evaluations of pathophysiological processes. It is particularly useful for
identifying distinct biological characteristics among different subtypes, thereby advancing precision medicine [10]. Moreover,
metabolomics has been extensively employed in research on T2DM [11] and TCM syndrome differentiation [12]. The untargeted
metabolomics approach allows comprehensive coverage, facilitating extensive detection of substances in preliminary investigations
and effectively characterizing the principal metabolic features of individuals.

As an emerging analytical method, pseudotargeted lipidomics integrates untargeted and targeted analyses and allows high-
coverage and high-performance quantitative lipid analysis [13]. Moreover, it has been successfully employed in the discovery of
differentially expressed serum lipids associated with diabetes [14]. Drawing from a thorough review of the literature and databases
such as Lipid MAPS and LipidBlast, this study employs a high-throughput quantitative lipidomics method based on high-performance
liquid chromatography-triple quadrupole mass spectrometry (HPLC-TQMS) for analysis of T2DM BSS. In this approach, quantitative
analysis is enhanced using 74 isotope internal standards, offering exceptional sensitivity, stability, and reliability. This approach is
especially suitable for serum sample analysis, enabling comprehensive lipid profiling in T2DM BSS.

Utilizing metabolomics and pseudotargeted lipidomics as the primary methodology, this study aimed to achieve several objectives:
(1) to provide a comprehensive overview of the general metabolic characteristics of T2DM BSS; (2) to investigate the specific me-
tabolites of T2DM BSS, using patients with non-blood-stasis syndrome (nBSS) and Healthy control (HC) as control groups; and (3) to
provide a basis for future metabolite screening by combining the ROC curves of discovery cohort and validation cohorts as well as the
MS/MS spectra of metabolites and initially screening the metabolites that differentiated T2DM BSS from the other two groups. These
results allowed an initial exploration of BSS in T2DM from a microscopic perspective and identified the specific metabolites of BSS in
T2DM from the perspective of combining disease and syndrome, thus providing a basis and reference for the future objective
development of TCM syndrome differentiation.

2. Materials and methods
2.1. Clinical cohort

From October 2021 to November 2021, a total of 1189 residents in the Haidian district of Beijing were surveyed, and data collection
was completed in January 2022. Ultimately 120 participants who met the inclusion and exclusion criteria were recruited, including 30
T2DM blood-stasis syndrome patients (BSS), 60 of T2DM non-blood-stasis syndrome patients (nBSS) and 30 of healthy control par-
ticipants (HC). It is worth noting that according to the population proportion, there were more nBSS cases than BSS cases. Moreover,
the differences in symptoms and metabolism within the nBSS group may be greater. To characterize the metabolic features of nBSS as
comprehensively as possible, we expanded the sample size for this group. They were randomly divided into the discovery cohort (a
total of 90, including 20 BSS, 50 nBSS, and 20 HC) and the validation cohort (a total of 30, including 10 BSS, 10 nBSS, and 10 HC), and
their blood samples were collected for metabolic study. 21 of the above participants were selected for the psuedotargeted lipidomics
(including 7 BSS, 7 nBSS, and 7 HC).

The diagnosis of T2DM was based on Guideline for the prevention and treatment of type 2 diabetes mellitus in China (2020 edition) [15]
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and the BSS in T2DM diagnosis was based on Guiding Principle of Clinical Research on New Drugs of Traditional Chinese Medicine [5].
Participants were eligible if they had independent clinical diagnosis of Blood-stasis syndrome in T2DM (Table 1) by three senior TCM
chief physicians who assessed the patients separately, and a patient is only included in the study when diagnosed with BSS by all three
doctors. The exclusion criteria were as follows: age<40 or >85 years, acute complications including diabetic ketoacidosis,
cardio-cerebral vascular diseases, severe liver and kidney dysfunction, hematological system diseases, malignancy or other terminal
illness, major neuropsychiatric disorders, alcohol abuse and drug dependence, pregnant and lactating women, unable to cooperate in
completing the collection of medical history and TCM syndrome sheets, have participated in other drug clinical trials within 3 months,
incomplete information. Healthy individuals without diabetes, cardiovascular disease, stroke, hyperlipidemia, and other medical
histories with complete data were screened as the HC group. The study followed the ethical principles of human medical research in the
Declaration of Helsinki.

The research protocol was approved by the Ethics Committee of Xiyuan Hospital, China Academy of Chinese Medical Sciences (No.
2021XLA001-1), and written informed consent was obtained from each subject.

2.2. Sample collection and clinical measures

The researchers collected information of demographic, clinical and TCM information.

A 5 mL fasting morning blood sample was collected from the median cubital vein and placed in a precooling EDTA (Ethylene
diamine tetraacetic acid) anticoagulation tube. Blood samples were centrifuged at 1530g at 4 °C for 10 min after blood collection. The
separated plasma samples were put into liquid nitrogen and transferred to —80 °C before further use. No repeated freezing and thawing
occurred before sample processing to avoid potential degradation risks of metabolites. Measurements of body mass index (BMI),
systolic blood pressure (SBP), and diastolic blood pressure (DBP) were recorded. Fasting blood glucose (FPG), Glycosylated hemo-
globin (HbA1c), Homocysteine (Hcy), Triglyceride (TG), Total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and High-
density lipoprotein cholesterol (HDL-C) were measured immediately.

2.3. Sample preparation

100 pL of serum sample was added to a 1.5 mL Eppendorf tube with 20 pL of L-2-chlorophenylalanine (0.6 mg/mL) dissolved in
methanol as internal standard, and the tube was vortexed for 10s. Subsequently, 300 pL of an ice-cold mixture of methanol and
acetonitrile (2/1, vol/vol) was added, the mixtures were vortexed for 1 min, and the whole samples were extracted by ultrasonic for 10
min in an ice-water bath, stored at —20 °C for 30 min. The extract was centrifuged at 4 °C(15620g) for 10min. 200 pL of supernatant in
a Liquid chromatography-mass spectrometry (LC-MS) glass vial was dried in a freeze concentration centrifugal dryer. 300 pL mixture
of methanol and water (1/4, vol/vol) was added to each sample, samples vortexed for 30s, extracted by ultrasonic for 3 min in an ice-
water bath, then placed at —20 °C for 2h. Samples were centrifuged at 4 °C (15620g) for 10 min. The supernatants(150 pL) from each
tube were collected using crystal syringes, filtered through 0.22 pm microfilters, and transferred to LC vials. The vials were stored at
—80 °C until LC-MS analysis.

Lipids were extracted from 100 pL serum using 300 pL chloroform: methanol (2:1, v/v) contained known amounts of isotope-
labeled internal mix standards, vortex for 30s and ultrasonic extraction for 10min, then holding 30min at —20 °C and transfer
chloroform layers about 200 pL into a centrifuge tube after centrifugation 10min at 15620g and 4 °C. The residue was reextracted at
the same condition above. Then combine the chloroform layers and lyophilize in a centrifugal vacuum evaporator at 4 °C. Finally,

Table 1
Inclusion criteria, exclusion criteria and diagnostic criteria for BSS.
Inclusion Criteria Meeting the diagnostic criteria for T2DM and BSS, Signing of the informed consent form.
Exclusion Criteria Age <40 or > 85 years, acute complications including diabetic ketoacidosis, cardio-cerebral vascular diseases, severe liver and kidney

dysfunction, hematological system diseases, malignancy or other terminal illness, major neuropsychiatric disorders, alcohol abuse and
drug dependence, pregnant and lactating women, unable to cooperate in completing the collection of medical history and TCM
syndrome sheets, have participated in other drug clinical trials within 3 months, incomplete information.

Diagnostic criteria for Primary symptoms: Pain in the chest

BSS

Pain in the hypochondrium
Pain in the fixed part
Pricking pain
Numbness of limbs
Nocturnal pain
Secondary symptoms: Xeroderma
Dark purple lip
Facial ecchymosis
Amnesia and palpitation
Vexation and insomnia
Tongue and pulse: Dark purple or dark red tongue or with petechia or ecchymosis, sublingual vein cyanosis; wiry, sunken, or
unsmooth pulse
Patients who have at least two of the primary symptoms or three of the secondary symptoms can be diagnosed as showing
blood-stasis syndrome
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samples were reconstituted in isopropanol: methanol (1:1, v/v) vortex for 30s, ultrasonic extraction for 3min and centrifuge for 10min
at 15620g and 4 °C and stored at —20 °C prior to LC-MS analysis.

2.4. Liquid chromatography-mass spectrometry based untargeted metabolomics

Quality-control (QC) samples were prepared by mixing aliquots of all samples to be a pooled sample. ACQUITY UPLC I-Class system
(Waters Corporation, Milford, USA) coupled with VION IMS QTOF Mass spectrometer (Waters Corporation, Milford, USA) was used to
analyze the metabolic profiling in both ESI positive and ESI negative ion modes. An ACQUITY UPLC HSS T3 column (1.8 pm, 2.1 x 100
mm) was employed in both positive and negative modes. Water and acetonitrile/Methanol 2/3(v/v), both containing 0.1 % formic acid
were used as mobile phases A and B, respectively. Linear gradient: Omin, 1%B; 1min, 30%B; 2.5min, 60 % B; 6.5min, 90 % B; 8.5min,
100 % B; 10.7min, 100%B; 10.8min, 1 % B and 13min, 1 % B. The flow rate was 0.35 mL/min and column temperature was 45 °C. All
the samples were kept at 4 °C during the analysis. The injection volume was 1 pL.

2.5. Liquid chromatography-tandem mass spectrometry based pseudotargeted lipidomics

The LC system utilized an ExionLC™ System comprising a binary high-pressure mixing gradient pump with a degasser, a ther-
mostated autosampler, and a column oven. The MS was QTRAP® 6500+ (Sciex, USA) equipped with an IonDrive™ Turbo V source.
Optimization conditions were as follows: autosampler temperature set at 10 °C, sample injection volume of 5 pL. Eluents were 0.1 %
formic acid and 10 mM ammonium formate in 6:4 acetonitrile/water (eluent A) and 1:9 acetonitrile/methanol with 0.1 % formic acid
and 10 mM ammonium formate (eluent B). Flow rate was 0.35 mL/min. A 20-min elution gradient with a UPLC HSS T3 column was
performed: 0 % B initially for 1.5 min, linearly changed to 55 % B at 5 min, 60 % B at 10 min, 70 % at 13 min, 90 % at 15 min, increased
to 100 % in the next 1 min and maintained for 2 min. Then recovered initial conditions for 2 min for column conditioning. The MS
method was in negative/positive-ion mode with time-scheduled MRM. Source condition: curtain gas 35 psi, CAD medium, IS -4500V/
+5500V, Gasl and Gas2 40 psi and 45 psi respectively. 15 kinds of glycerophospholipids, glycerolipids, and sphingolipids isotope-
labeled internal mix standards were from Avanti Polar Lipids. Palmitic acid-16,16,16-d3, Stearic acid-18,18,18-d3, and different
Acyl carnitine-d3 were from Sigma-Aldrich. HPLC grade organic solvents and water for sample and mobile phase preparations were
from Fisher Scientific. All stock solutions were stored at —20 °C.

2.6. Data processing

The original LC-MS data were processed by Progenesis QI V2.3 software for baseline filtering, peak identification, integration,
retention time correction, peak alignment, and normalization. Parameters of 5 ppm precursor tolerance, 10 ppm product tolerance,
and 5 % production threshold were applied. Compound identification was based on M/z, secondary fragments, and isotopic distri-
bution using HMDB, Lipidmaps (V2.3), Metlin, EMDB, PMDB, and self-built databases for qualitative analysis. Extracted data were
further processed by removing peaks with missing values in >50 % of groups, replacing zeros with half the minimum value, and
screening according to qualitative results. Compounds with scores <36 were removed. A data matrix from positive and negative ion
data was combined and imported into R version 4.2.2 for OPLS-DA to distinguish group-differentiating metabolites. 7-fold cross-
validation [16] and 200 Response Permutation Testing (RPT) were used to evaluate the quality of the model. Variable Importance
of Projection (VIP) values from the OPLS-DA model ranked variable contributions. The metabolic pathway enrichment analysis was

Cross-sectional survey in Beijing Demographic, clinical and TCM
(n=1189) information

|

Syndrome differentiation by three Screening study population igia SETADN
senior TCM chief physicians (n=120)
Discovery cohort Validation cohort Psuedotargeted Selected from discovery

(nzgo) (n=30) lipidomics and validation cohort
BSS(n=20) BSS(n=10) BSS(n=7)

nBSS(n=50) nBSS(n=10) nBSS(n=7)

HC(n=20) HC(n=10) HC(n=7)

Unique metabolites of BSS in T2DM Narrow the screening range of Lipids and
(most were Lipids and lipid-like molecule) lipid-like molecule

KEGG pathway analysis

!

Metabolites with high AUC Validate AUC of Metabolites

Fig. 1. The flowchart of the strategy of the study.
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evaluated via MetaboAnalyst (www.metaboanalyst.ca) using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
(https://www.kegg.jp/). The venn diagram was produced by Sangerbox 3.0 (http://sangerbox.com/). The R statistical package was
used to generate receiver operating characteristics (ROC) curves and area under the curve (AUC).

2.7. Statistical analysis

Comparisons were performed with T-test, Wilcoxon-Mann-Whitney, and one-way ANOVA as appropriate. Non-parametric tests
were used for comparing ordinal or non-HC variables. A two-tailed Student’s T-test was further used to verify whether the metabolites
of difference between groups were significant. Unique metabolites were selected with VIP >1.0. Significance was defined as P < 0.05.

3. Results
3.1. Demographic and clinical characteristics of patients

The workflow of the study is illustrated in Fig. 1. The general clinical characteristics of BSS, nBSS, and HC are presented in Table 2.
There were no significant differences in age, gender, BMI, waistline, DBP, TG, TC HDL-C, LDL-C between BSS, nBSS, and HC. T2DM
groups (BSS and nBSS) showed higher SBP, FPG, and HbA1lc than HC. Meanwhile, BSS had significantly higher levels of Hcy.

3.2. Untargeted metabolomics analysis of serum samples

3.2.1. Metabolic profiles of BSS group, nBSS group, and HC group

To identify the serum metabolome features of BSS and nBSS, untargeted metabolome profiles were generated on 90 fasting serum
samples by LC-MS, the representative BSS, nBSS, and HC are shown in Supplementary Figs. SIA and S1B. There were differences in
metabolite profiles in the positive and negative ion modes in the three groups.

3.2.2. Multivariate statistical analysis of metabolites in BSS, nBSS, and HC groups

All the QC samples clustered closely, verifying the reliability of the present study, and verifying the reliability of the present study
without overfitting the model (Supplementary Figs. S1C and S1D). It was demonstrated the three groups were visually distinguished in
the 3-dimensional spatial distribution (Fig. 2A,B,2C), indicating that the metabolism pattern was changed among the three groups. The
results of R?X, R%Y, R* and Q? indicated that the prediction model is not over-fitted.

Table 2
General clinical characteristics of the BSS, nBSS, and HC groups.
Covariate BSS(n = 20) Discovery cohort(n = HC(n = 20) P value BSS(n = 10) Validation cohort(n = HC(n = 10) P value
90) 30)
nBSS(n = 50) nBSS(n = 10)
Age(years) 63.20 + 8.24 65.94 + 5.22 64.2 £ 6.20 0.2 71.6 +£ 11.68 65.2 £7.91 73.3 £7.99 0.14
male,n (%) 9(45) 25 (50) 10 (50) 0.93 5(50) 5(50) 5(50) 1
BMI (kg/mz) 24.75 + 3.94 24.99 + 3.46 24.31 + 0.76 23.80 + 2.54 23.47 + 3.76 22.34 + 0.57
3.19 3.13
Waistline(cm) 90.2 £ 12.32 86.36 + 10.90 86.95 + 0.39 88.20 + 9.38 86.9 +£9.78 63.00 + 0.04
7.98 4.94
SBP (mmHg) 137.65 + 142.94 + 22.62 123.75 + < 153.90 + 135.00 £+ 11.96 123.1 + <
11.87 8.64 0.01*# 22.05 11.27 0.01*#
DBP (mmHg) 83.95 + 9.68 81.22 +10.83 80.20 + 0.45 83.3 +£ 12.67 76.60 + 9.92 80.00 + 0.34
7.30 6.24
FPG (mmol/L) 8.06 £ 2.58 7.88 £ 3.10 4.81 £ 1.50 < 8.08 + 2.98 7.91 £ 2.94 5.28 + 1.07 <
0.01*# 0.03*#
HbA1c(%) 7.24 £1.98 6.70 £ 1.36 5.34 +£1.32 < 6.13 +£ 1.03 7.32+1.31 5.20 + 0.39 <
0.01%# 0.01*#
TG (mmol/L) 1.58 + 0.66 1.56 + 0.81 1.35+0.71 0.54 1.32+£0.84 1,71 £ 0.88 1.36 + 0.82 0.53
TC (mmol/L) 3.94 £ 0.98 4.39 £1.07 4.42 +1.02 0.22 4.24 +1.07 4.23 +£1.12 4.95 + 2.00 0.46
LDL-C(mmol/ 2.16 £ 0.66 2.40 £ 0.94 2.45 £ 0.75 0.49 2.37 £0.81 2.27 £1.15 2.23 £ 0.44 0.94
L)
HDL-C(mmol/ 1.25 + 0.27 1.39 + 0.30 1.41 £ 0.31 0.16 1.42 £ 0.34 1.22 £ 0.29 1.62 + 0.58 0.13
L)
Hcy(pmol/L) 22.21 + 13.95 + 5.15 14.01 + <0.01* 22.27 £ 11.85 + 3.21 12.55 + <0.05*
10.69 3.85 $ 14.29 3.08 $

BSS, blood-stasis syndrome; nBSS, non-blood-stasis syndrome; HC, healthy control; BMI body mass index, SBP systolic blood pressure, DBP diastolic
blood pressure, FPG fasting blood-glucose, HbAlc glycosylated hemoglobin, TG triglyceride, TC total cholesterol, LDL-C low-density lipoprotein,
HDL-C high-density lipoprotein, Hcy homocysteine. *P < 0.05 BSS vs. HC. #P < 0.05 nBSS vs. HC. $P < 0.05 BSS vs. nBSS.
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Fig. 2. The 3-dimensional orthogonal projection to latent structure-discriminant analysis (3D OPLS-DA) score plots and differential metabolites. (A)
BSS vs. HC. (B) nBSS vs. HC. (C) BSS vs. nBSS. (D) Bar chart illustrating the number of differential metabolites between groups. (E) Overlaps of
differential metabolites of BSS vs. HC and nBSS vs. HC.

3.2.3. Unique metabolites of T2DM BSS

Based on the significant changes in the comparisons among the three groups, multivariate and univariate statistical significance
criteria were applied to determine differential metabolites (VIP >1, P value < 0.05), and ultimately, 765 differential metabolites were
found (Fig. 2D). To visualize the relationship between samples and the different metabolite expressions in groups, hierarchical
clustering of all significantly different metabolite expressions was performed, heatmaps were used to show the expression of me-
tabolites in different groups, and volcano plots were used to show the up- and down-regulated of metabolites. In the comparison
between the BSS and HC, 436 differential metabolites were identified, including 226 positive ions and 210 negative ions
(Supplementary Fig. S2A). In the comparison between the nBSS and HC, 584 differential metabolites were identified, including 360
positive ions and 224 negative ions (Supplementary Fig. S2B). In the comparison between the BSS and nBSS, 333 differential me-
tabolites were identified, including 210 positive ions and 123 negative ions (Supplementary Fig. S2C).

To identify unique metabolites of T2DM BSS, it is necessary to exclude metabolites that may be commonly associated with T2DM.
The differential metabolites between BSS and HC (A) encompassed T2DM-related and BSS-related metabolites. Similarly, the differ-
ential metabolites between nBSS and HC (B) included T2DM-related and nBSS-related metabolites. Therefore, A-(ANB) represented the
exclusive set of metabolites specific to BSS, and the Venn diagram was used to visualize the above process (Fig. 2E). Initially, a total of
181 metabolites were identified, and for more precise screening, we set the exclusion criteria VIP >1.5, P value < 0.05, finally 81
metabolites were selected (Supplementary Table S1). Meanwhile, to distinguish BSS and nBSS in T2DM patients, the differential
metabolites between the two groups were also selected (VIP >1.5, P value < 0.05), eventually we screened out 2 metabolites that could
be used to distinguish BSS and nBSS (Supplementary Table S2). The MS/MS spectra of all the above metabolites are shown in Sup-
plementary File 3. Heatmap (Fig. 3A) showed the relative intensity distribution of the unique metabolites of 3 groups, the above
metabolites belonged to Glycerophospholipids, Fatty Acyls, Carboxylic acids and derivatives, Diazines, Lactones, Organooxygen
compounds, Phenol ethers, Phenols Polyketides, Prenol lipid, Pyridines and derivatives, Sphingolipids, Steroids and steroid de-
rivatives, Thiol. Glycerophospholipids and Fatty Acyls were the most abundant class. The Pearson correlation coefficient was
employed to investigate the association between unique metabolites of BSS using a heatmap, wherein positive correlations were
depicted in red and negative correlations in blue. A majority of the metabolites exhibited positive associations (Supplementary
Fig. S2D).
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3.2.4. Pathway enrichment of unique metabolites in T2DM BSS

A functional pathway analysis was performed to identify the metabolic pathways that were disrupted in BSS patients. Based on
Metaboanalyst enrichment analysis, the top 20 enriched pathways (Fig. 3B) were revealed and 9 of them had p < 0.05 (Fig. 3C),
including choline metabolism in cancer, glycerophospholipid metabolism (Supplementary Fig. 5), Cocaine addiction, Amphetamine
addiction, Alcoholism, Steroid hormone biosynthesis, Prolactin signaling pathway, Dopaminergic synapse and Shigellosis.

3.2.5. Analysis of the diagnostic Power of unique metabolites

To determine whether the metabolite modules can be regarded as identification biomarkers for distinguishing BSS from HC and
nBSS, ROC curves were constructed to classify differences, and receiver operating characteristic (ROC) curves were used to test the 81
metabolites and metabolites with the highest AUC were screened out. The results showed that LysoPC (20:5(5Z,8Z,117,147,177)/0:0)
had the greatest impact to distinguish BSS and HC (P = 0.0288) (Fig. 4A,C) and LysoPC (15:0) had the greatest impact to distinguish
BSS and nBSS (P = 0.0126) (Fig. 4B and D).
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3.2.6. Validation of diagnostic Power of unique metabolites

To reduce the bias caused by samples, we enrolled another independent validation cohort that met the same inclusion and exclusion
criteria as the discovery phase, general characteristics of the validation cohort are shown in Table 1. Consistent with the results of the
discovery cohort, LysoPC (20:5(5Z,8Z,11Z,14Z,17Z)/0:0) had the greatest impact on distinguishing BSS and HC (Fig. 4E), LysoPC
(15:0) had the greatest impact to distinguish BSS and nBSS (Fig. 4F) in validation cohort, and the trend of the above metabolites was
the same as discovery cohort.
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Fig. 4. Diagnostic value of selected metabolites. (A) Box plots of LysoPC (20:5(5Z,8Z,11Z,14Z,17Z)/0:0) (B) Box plots of LysoPC (15:0). (C) ROC of
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3.3. Pseudotargeted lipidomics analysis of serum samples

Untargeted metabolomics revealed that most of the differential metabolites of BSS were Lipids and lipid-like molecules, so 21
serum samples were selected for pseudotargeted lipidomics Analysis. Pseudotargeted lipidomics profiles of the representative BSS,
nBSS, and HC are shown in Supplementary Fig. S3. All the QC samples clustered closely, verifying the reliability of the present study
without overfitting of the model (Supplementary Figs. S4A and S4B).

Pseudotargeted lipidomics was also employed to identify metabolites that distinguish BSS, nBSS and HC groups. The metabolic
profile differences between the groups in the discovery cohort were visualized using OPLS-DA (Fig. 5A,B,5C), it was demonstrated the
three groups were visually distinguished, and the results of R?X, R%Y, R? and Q? indicated that the prediction model is not over-fitted.
Volcano plots were used to show the difference of metabolites in 3 groups (Supplementary Fig. S4C).

In the comparison between BSS and HC, a total of 8 lipids were identified; in the comparison between nBSS and HC, a total of 24
lipids were identified; and in the comparison between BSS and nBSS, a total of 7 lipids were identified (Fig. 5D,E,5F). Z-score plots are
shown in Fig. 6A,B,6C. The top 5 lipids with the highest VIP value for each comparison are listed in Table 3. Glycerolipids and
Glycerophospholipids were the most abundant class and mainly included phosphatidylcholine (PC), diacylglycerol (DAG), and tri-
acylglycerol (TAG).
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To identify distinctive lipids of T2DM BSS, it is necessary to exclude lipids that may be commonly associated with T2DM. Using the
same approach as untargeted metabolomics used in 3.2.3, distinctive lipids of T2DM BSS were also identified (Fig. 6D). The findings
revealed that FA (18:2) and FA (20:1) were distinctive lipids observed in T2DM BSS patients, exhibiting upregulation (Fig. 6E,F).

4. Discussion

T2DM is a metabolic disorder disease, and the cardiovascular endothelial cell injury caused by the abnormal metabolic state may
lead to diabetic vascular diseases. Among all TCM syndromes of T2DM, only BSS shows a strong association with vascular injury. At
present, diagnosis is based on macroscopic information, The microcosmic metabolism of BSS in T2DM (T2DM BSS) is not clear enough,
making precise syndrome differentiation and targeted treatment a significant challenge. This study employed a combination of
untargeted metabolomics and pseudotargeted lipidomics to delineate the general metabolic and lipid profiles of T2DM BSS. Due to the
advantages of comprehensiveness, sensitivity, excellent reproducibility, and wide application of LC-MS, we selected it as the research
method. Consistent clinical baseline statuses were used for screening and comparison across all populations, as illustrated in Fig. 1.

We confirmed that patients with T2DM BSS exhibited significantly distinct metabolite profiles in comparison with the nBSS and HC
groups (Fig. 2). This was confirmed by the significant expression differences between the three groups of metabolites in Fig. 3A. The
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Table 3
Differential lipids identified by Pseudotargeted Lipidomics.
Group Metabolite VIP P-value FC Class Ion mode KEGG
DAG (18:1/18:2) 8.29 0.0061 2.34 Glycerolipids pos -
DAG (18:2/18:2) 6.39 0.0100 2.37 Glycerolipids pos C00165
BSS vs HC FA (18:2) 5.08 0.0290 1.48 Fatty acyls neg -
TAG52:4(16:0) 5.08 0.027 1.59 Glycerolipids Pos -
FA(20:1) 1.46 0.01 1.23 Fatty acyls neg -
DAG (18:1/18:2) 6.34 0.0001 1.86 Glycerolipids pos -
TAG52:3(16:0) 5.35 0.0054 1.48 Glycerolipids pos -
nBSS vs HC TAG52:4(16:0) 5.08 0.0058 1.55 Glycerolipids pos -
DAG (18:1/18:1) 4.90 0.007 2.36 Glycerolipids pos -
TAG50:2(16:0) 4.69 0.039 1.87 Glycerolipids pos -
PC (18:2/18:2) 6.85 0.0468 1.73 Glycerophospholipids neg C00157
TAG52:4(20:4) 1.45 0.0355 0.39 Glycerolipids pos -
BSS vs nBSS CE (16:1) 1.35 0.0401 0.32 Sterol Lipids pos -
PI (16:0/18:2) 1.34 0.0453 1.43 Glycerophospholipids neg C00626
PC (18:2/18:3) 1.34 0.0024 3.17 Glycerophospholipids neg C00157

BSS, blood-stasis syndrome; nBSS, non-blood-stasis syndrome; HC, healthy control.

alterations in the metabolome reflected biochemical changes related to blood stasis. Notably, lipids and lipid-like molecules consti-
tuted the largest groups of differentially expressed metabolites, accounting for 49 types (60.5 %) between BSS and HC, and 94 types
(61.4 %) between BSS and nBSS, which is consistent with previous reports [17] (Supplementary Table S1). Pseudotargeted lipidomics
results further indicated that lipid disorders were the primary form of dysregulation observed in T2DM BSS (Table 3). Lipids are known
to be the most diverse class of small molecule compounds in eukaryotic organisms, serving structural roles while participating in
cellular transport, energy storage, and cellular signaling [18]. Moreover, dysfunction of lipid metabolism is closely linked to
inflammation and oxidative stress, both of which play crucial roles in the initiation and progression of atherosclerosis [19]. Plasma
lipids have been implicated in the development of diabetic complications such as cardiovascular disease and nephropathy; further-
more, local dysregulation of lipid metabolism has been shown to contribute to rapid progression of kidney disease [20]. A prospective
study revealed that plasma lipid species could enhance the prediction accuracy for cardiovascular events among individuals with
diabetes mellitus [21].

Consistent with previous reports [22], our study identified significant alterations in glycerophospholipids, including phosphati-
dylcholines (PCs), phosphatidylethanolamines (PEs), lysophosphatidylcholine (LPCs), and lysophosphatidylethanolamine (LPEs), in
T2DM BSS (Supplementary Table S1). In addition, we observed that LysoPC (20:5(5Z,87,11Z,14Z,177)/0:0) and LysoPC (15:0)
showed the strongest ability to distinguish BSS, and this result was verified in the validation cohort (Fig. 4). Alterations in phospholipid
concentration indicate alterations in cell membrane composition and permeability, which can influence normal cellular physiological
functions [23]. Glycerophospholipids, as the primary lipid constituents of cell membranes that directly influence cellular physiological
functions, serve as crucial biological indicators for assessing lipid metabolism disorders [24]. As a novel class of inflammatory lipids,
glycerophospholipids play important roles in atherosclerosis, diabetes, cancer, inflammation, and blood lipid disorders [25]. Recent
studies have reported notable differences in glycerophospholipids among TCM syndromes [26]. Moreover, studies have shown that
herbs regulated glycerophospholipid metabolism to prevent and alleviate blood stasis, alleviating cold - stagnation and blood-stasis
primary dysmenorrhea and protecting renal function in diabetic mice [27]. Our findings also revealed significant downregulation
of PCs, PEs, LPCs, and LPEs in patients with T2DM BSS. To our knowledge, PCs and PEs account for more than 50 % of the composition
of glycerophospholipid; changes in the PC/PE molar ratio affect energy production; and their content has been implicated in metabolic
disorders [28]. Recent studies have shown that PCs and PEs are negatively correlated with AS severity and myocardial markers [29],
and significantly decreased levels of LPCs may be associated with decreased cognitive speed and obesity [30]. These observations
suggest that patients with T2DM BSS may face greater disruptions in energy production, leading to increased membrane or cellular
damage. This could potentially result in a higher incidence of complications, especially cardiovascular diseases, than in other T2DM
patients.

Marked disorders of FAs and sphingolipids were observed in patients with T2DM BSS (Supplementary Table S1). Furthermore, a
pseudotargeted lipidomics approach exclusively showed upregulated levels of FA (18:2) and FA (20:1) lipids (Fig. 6E,F). Sphingolipids
serve as crucial signaling molecules involved in various cellular functions and play significant roles as regulators and mediators of
inflammatory responses [31]. Among sphingolipids, SM(d18:2/24:0) was found to be upregulated in T2DM BSS. Sphingomyelin (SM)
is the second most abundant phospholipid component and the major sphingolipid in high-density lipoprotein (HDL) [32], and can be
used to distinguish patients with diabetic nephropathy from healthy individuals [33]. Furthermore, fatty acid and sphingosine are
constituents of ceramides, which are signaling molecules involved in the regulation of inflammation and insulin resistance related to
obesity [34]. Diabetes, inflammation and obesity are associated with an increased incidence of atherothrombotic events [35].
Simultaneously, ceramides target specific enzymes that produce lipotoxic molecules, and according to the lipotoxicity hypothesis,
oversupply of lipids to tissues not suited for fat storage leads to the accumulation of fat-derived molecules that impairs tissue function,
thus causing damage to the cardiovascular and renal systems [36]. Ceramides have been of interest in studies on the development of
diabetic complications because they are involved in the pathological processes of inflammation and lipotoxicity. Since they are
regarded as potential early metabolic markers of progression to diabetes, ceramides have been associated with the risk of incident
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major cardiovascular events [37]. In summary, the pronounced disorders of FAs and sphingolipids in patients with T2DM BSS indicate
underlying pathological changes linked to inflammation and lipotoxicity. This may provide a basis for understanding the stronger
connection between T2DM BSS and diabetic vascular complications, owing to more specific vascular impairment.

In the present study, in comparison with HC, patients with T2DM BSS showed significantly higher L-isoleucine (Supplementary
Table S1), and higher homocysteine levels (Table 2). L-isoleucine belongs to the branched-chain amino acid, and decreased L-serine
levels and increased levels of branched-chain amino acids are the most frequent alterations in plasma amino acid concentrations in
T2DM; these alterations have been shown to lead to decreased synthesis of phospholipids, impaired homocysteine disposal, and
increased levels of aromatic amino acids [38], which may explain the changing trends of phospholipids and homocysteine in the
current study. Other studies have concluded that L-isoleucine is involved in maintaining immunity and regulating the inflammatory
response [39]. Our results confirmed that increased L-isoleucine levels were accompanied by increased levels of Hcy in BSS, which was
consistent with our expectations. The L-isoleucine disorders suggested that inflammation potentially contributes to the pathological
mechanisms underlying T2DM BSS again.

The results of KEGG pathway analysis (Fig. 3B,C) indicated that the downregulation of phosphatidylcholine (PtdCho) and 1-acyl-
glycerophosphocholine (1-acyl-GPC) primarily leads to dysregulation in glycerophospholipid metabolism and choline metabolism in
cancer. The upregulation of pregnanediol and dehydroepiandrosterone contributes to disturbances in steroid hormone biosynthesis,
while the downregulation of L-DOPA affects multiple pathways, including those related to cocaine addiction, amphetamine addiction,
alcoholism, dopaminergic synapse, prolactin signaling pathway, and shigellosis. PtdCho, which was downregulated in BSS, is the most
abundant phospholipid in mammalian cell membranes. In a catabolic pathway, PtdCho is broken down to 1-acyl-GPC and GPC, which
is subsequently converted to free choline, thus completing the choline cycle [40]. Activated choline metabolism is characterized by
increased levels of phosphocholine (PC), glycerophosphocholine (GPC) and total choline-containing compounds (tCho), which is a
hallmark of carcinogenesis and tumor progression [41], while increased glycolytic activity is another metabolic features of cancer cells
[42]. Steroid hormones play an essential role in regulating water and salt balance, metabolism and stress response, and in initiating
and maintaining sexual differentiation and reproduction, and measurement of individual steroids levels has been routinely employed
for the diagnosis of endocrine conditions [43]. The observed alterations in metabolic pathways indicate the altered physiological
function in patients with T2DM BSS.

Based on a large sample population, with nBSS and HC as control groups, we excluded differential metabolites that may be common
in T2DM. We discovered that glycerophospholipids were the main constituents of the core metabolites in T2DM BSS, while FA (18:2)
and FA (20:1) were identified as differential lipids. Furthermore, our findings revealed significant dysregulation in glycer-
ophospholipid metabolism and choline metabolism within cancer pathways as major metabolic disturbances associated with T2DM
BSS. These metabolic changes are believed to contribute to inflammation, oxidative stress, and lipotoxicity which could potentially
lead to the vascular damage-related pathological mechanisms of T2DM BSS. Furthermore, analyses of both the discovery and vali-
dation cohorts revealed LysoPC(20:5(5Z,8Z,11Z,147,17Z)/0:0) as a potential biomarker for distinguishing between individuals with
BSS and HC; whereas LysoPC (15:0) showed promise for distinguishing between individuals with BSS and nBSS.

This study had several limitations that require consideration. First, the study population was recruited on the basis of stringent
exclusion criteria and diagnostic guidelines. Consequently, our final sample consisted of only 120 individuals out of the 1189 residents
screened, which limited the breadth of our data. Additionally, the study was subject to geographical constraints, which potentially
influenced the broader applicability of our findings. Moreover, while pseudotargeted lipidomics was effectively utilized to investigate
the lipid metabolism characteristics of T2DM BSS, due to financial constraints, the small sample size restricted further in-depth data
analysis. Lastly, this study primarily focused on the metabolic profile of T2DM BSS. Future studies should, therefore, focus on a more
targeted analysis of metabolites to enhance the precision of the results.

5. Conclusion

In conclusion, our results suggest that glycerophospholipids and FAs are associated with T2DM BSS. The presence of inflammation,
oxidative stress, and lipotoxicity underlying these metabolic disorders may contribute to vascular damage, thereby explaining the close
relationship between T2DM BSS and diabetic vascular complications. Additionally, LPCs have the greatest impact on distinguishing
BSS. These results provide valuable mechanistic insights linked with the development of BSS in T2DM subjects.
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