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Glaucoma is the leading cause of irreversible blindness. Primary open-angle glaucoma (POAG) is 
the most common form globally and has been linked to mitochondrial dysfunction and energy 
deficiency. Plasma was used to investigate the energy metabolomic profiles of patients with 
POAG and controls, and to determine the metabolite flux within the core interconnected energy 
pathways. Targeted liquid chromatography-mass spectrometry (LC-MS) was used to analyze plasma 
energy metabolism in POAG patients and controls. Differential metabolite expression analysis, 
correlation analysis, and pathway flux analysis were then conducted to elucidate the metabolic 
alterations and the mechanisms underlying POAG. Our findings reveal elevated levels of D-Glucose-
6-phosphate(G6P), 6-Phosphogluconic acid(6PGA), Adenosine diphosphate(ADP), Adenosine 
monophosphate(AMP), Adenosine triphosphate(ATP), Guanosine diphosphate(GDP), Inosine 
monophosphate(IMP), Phosphoenolpyruvic acid(PEP), Phosphorylethanolamine(pEtN), and uridine 
diphosphate N-acetylglucosamine(UDP-GlcNAc) in POAG patients. Conversely, POAG patients 
showed reduced ratios of ATP/ADP, Glycerol-3-phosphate(G3P)/ Dihydroxyacetone phosphate(DHAP), 
1,3-Bisphosphoglyceric acid(BPG)/DHAP, PYR/PEP, Fumarate/Succinate, Arginine/ASA, and Citrulline/
Ornithine. These findings collectively suggest disrupted flux in glycolysis, the TCA cycle, urea cycle, 
and tyrosine metabolism, offering new insights into POAG mechanisms and potential therapeutic 
strategies targeting energy metabolic pathways.

Primary open-angle glaucoma (POAG) is the most common form of glaucoma, accounting for approximately 
74% of glaucoma cases globally1. POAG is characterized by the progressive degeneration of retinal ganglion 
cells and optic nerve damage, a process that occurs insidiously and results in irreversible vision loss. This 
silent progression poses significant challenges for early detection. Clinically, POAG is often linked to elevated 
intraocular pressure (IOP), and current treatment strategies predominantly aim at reducing IOP. However, 
advances in diagnostic methods have revealed a multifactorial basis for POAG, implicating vascular, genetic, 
anatomical, and immune factors in disease development2. Additionally, omics approaches—transcriptomics, 
proteomics, and metabolomics—have been utilized to elucidate the complex pathogenesis of POAG, yielding 
insights into associated pathways and potential biomarkers for POAG diagnosis3–6,43.

As a downstream readout of all omics processes, metabolomics offers unique biomarkers that can provide 
insights into disease progression and the pathophysiology of POAG at the final stages of molecular regulation. 
Previous studies have identified distinct metabolomic profiles in the aqueous humor and plasma of POAG 
patients6,42, utilizing both targeted and untargeted approaches. These studies have suggested potential pathological 
mechanisms involving amino acid metabolism6–8, phospholipid metabolism9,10, glucose metabolism11–13 and 
mitochondrial and energy-related dysfunctions7,14.

Energy metabolism, or central carbon metabolism, encompasses processes that generate adenosine 
triphosphate (ATP) from nutrients through aerobic and anaerobic respiration, supporting essential cellular 
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functions. This metabolic network includes glycolysis, the tricarboxylic acid (TCA) cycle, and the pentose 
phosphate pathway, and others. Recent studies have examined central carbon metabolism in primary angle-
closure glaucoma (PACG) patients, focusing on metabolite biomarkers and their correlations with the gut 
microbiome15. Quantifying energy metabolism not only provides insight into cellular energy management but 
also allows for the investigation of metabolite flux within these interconnected pathways16–18.

Although mitochondrial dysfunction and energy metabolism disruptions have been observed in 
glaucoma, including altered mitochondrial substrates, gene mutations, and structural abnormalities7,12,19–21, a 
comprehensive energy metabolomics analysis in POAG has yet to be undertaken to illustrate the alterations 
in the energy metabolism landscape. In this study, we assessed plasma energy metabolism in 25 participants 
using targeted liquid chromatography-mass spectrometry (LC-MS). By examining correlations and flux among 
plasma metabolites, we aim to elucidate potential pathogenic roles of altered energy metabolism in POAG.

Results
Clinical characteristics of the participants in POAG and control groups
Twenty-five participants were recruited for this study, including 10 POAG patients and 15 cataract controls. 
The basic information for each group is shown in Table  1. There were no statistical differences between the 
two groups in age(p = 0.06), gender(p = 1.0), IOP(p = 0.11), BCVA(p = 0.82), AL(p = 0.27) ACD(p = 0.23) and 
CCT(p = 0.94). POAG group has significantly higher cup/disc ratio(C/D) than control group.

Differentially expressed metabolites in targeted energy metabolomic analysis
Plasma energy metabolomics was conducted to uncover metabolic discrepancies between POAG patients and 
controls. A total of 57 metabolites were targeted, with 42 detected across most samples. Figure 1A provides an 
overview heatmap of all detected metabolites, and Fig.  1B presents averaged metabolite expression between 
the groups. To define the discriminatory metabolomic profile between POAG and control groups, a supervised 
ortho-PLS-DA (Orthogonal Partial Least Squares - Discriminant Analysis) model was applied, effectively 
separating the groups (Fig. 2A). Despite a limited sample size, this model explained most variance (R²=0.717) 
and demonstrated robust leave-one-out cross-validation quality (Q²=0.32) (Fig. 2B and C).

To identify key metabolites, variable importance in projection (VIP) scores were derived from the ortho-
PLS-DA model, as shown in Fig. 3A & Figure S1. Eighteen metabolites exhibited VIP scores exceeding 1, with 12 
upregulated and 6 downregulated in POAG. Further analysis of fold change (FC) and p-values of all metabolites 
is presented in Fig.  3B, identifying 11 upregulated and 2 downregulated differentially expressed metabolites 
(DEMs) in POAG (FC > 1.2, p < 0.05). For validation, significance analysis of metabolites (SAM, which uses 
permutation-based testing with a modified rank statistic, focusing on false discovery rate (FDR) control to identify 
significant metabolites) and empirical Bayesian analysis of metabolites (EBAM, which is particularly effective for 
small sample sizes and addressing variance instability) were employed, confirming DEMs (Fig. 3C and D). SAM 
identified 13 DEMs with FDR < 0.05, and EBAM revealed 11 upregulated and 3 downregulated DEMs in POAG 
(FDR < 0.05). A Venn diagram illustrated overlap among the identified DEMs, resulting in a core set of 10 DEMs 
common to all methods and a comprehensive set of 21 DEMs (Fig. 3E). Notably, the core set included D-Glucose-
6-phosphate (G6P), 6-Phosphogluconic acid (6PGA), ADP, AMP, ATP, GDP, IMP, Phosphoenolpyruvic acid 
(PEP), Phosphorylethanolamine (pEtN), and UDP-GlcNAc, with the remaining DEMs providing additional 
biological insights (Glycerol-3-phosphate (G3P), BPG, Argininosuccinic acid (ASA), Succinic acid, D-Glucose-
1-phosphate, D-Glutamine, L-Arginine, L-Citrulline, Fructose-1,6-bisphosphate, D-Ribulose-5-phosphate and 
Phenyllactate). By selecting the comprehensive set DEMs for OPLSDA for adjustment, the new model yields a 
better prediction capability Q² = 0.419 (as shown in Figure S2).

Ctrl
N = 15

POAG
N = 10 P value

Age (y) 69.7±8.5 59.8±16.4 0.06*

Gender (Female%) 40 42 1.0†

BMI 25.01±6.06 24.79±1.36 0.93*

IOP (mmHg) 16.4±1.6 24.5±10.6 0.11*

BCVA (logMAR) 1.6±1.2 1.4±1.2 0.82*

C/D 0.37(0.35,0.4) 0.85(0.8,0.9) 0.01‡

AL (mm) 22.9±1.1 23.8±1.3 0.27*

ACD (mm) 3.06±0.58 2.7±0.4 0.23*

CCT (µm) 526±16.3 527.0±34.4 0.94‡

Table 1.  Demographic data of enrolled POAG and control subjects. Continuous variables were presented as 
mean ± standard or median range according to the normality of the data. Categorical variables were presented 
as proportion. Statistical test: *: Welch’s t-test; †: Fisher’s exact test; ‡: Wilcoxon‐Mann Whitney test. AL: axial 
length; ACD: anterior chamber depth; BCVA: best corrected visual acuity; CCT: central corneal thickness; 
IOP: intraocular pressure.
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Correlation and flux of the energy metabolism related metabolites
In addition to the expression of DEMs, metabolite correlations are also critically important for understanding 
changes in energy metabolism. The correlation heatmap is shown in Fig. 4A, revealing a central, highly correlated 
core of metabolites in the purine and glycolysis pathways, as well as phosphorylated compounds. This core 
exhibited positive correlations with glycolysis and TCA cycle metabolites and negative correlations with urea 
cycle and phenylalanine metabolism metabolites, including downstream glycolysis products (e.g., G3P, BPG). 
Representative metabolite correlations are illustrated in Fig. 4B. Additionally, debiased sparse partial correlation 
(DSPC) network analysis was conducted via MetaboAnalyst 6.0 to condition on all other metabolites (Fig. 4C). 
DSPC, particularly suitable for smaller samples and high-dimensional data, revealed distinct correlations such as 
a positive association between D-Glutamine and inosine. Significant negative correlations, such as L-Citrulline/
Lysine, L-Cystine/Inosine, and Ornithine/L-Glutamate were also observed and may need further investigation.

To assess pathway disruptions, the average metabolite expression along the pathway were shown in Fig. 5A. 
Analysis revealed three flux breakpoints: at G3P and BPG, phenyllactate-tyrosine, and within the urea cycle. 
To illustrate the flux disruption, 28 metabolite fluxes were calculated and visualized as a heatmap in Fig. 5B as 
previous reported22(fluxes were estimated as the ratio between two metabolites), with t-scores and significant 
changes highlighted in Fig. 5C. The POAG group exhibited lower ratios of R5P/6PGA, AMP/IMP, ATP/ADP, 
BPG/DHAP, G3P/DHAP, PYR/PEP, Fumarate/Succinate, Arginine/ASA, and Citrulline/Ornithine compared to 
controls, indicating metabolic bottlenecks and a potential energy deficiency in POAG.

Discussion
This study provides a comprehensive analysis of the plasma energy metabolism profile in POAG patients, 
identifying significant differences in metabolite expression, correlations, and pathway fluxes compared to 
controls. Our findings reveal several critical metabolic flux breakpoints in the pathways of glycolysis, the TCA 
cycle, and the urea cycle. Notably, dysregulation was observed in the production of BPG, ATP, G3P, PYR, 
fumarate, arginine, and citrulline, shedding light on potential mechanisms of POAG pathophysiology at the 
metabolic level.

The differential metabolites identified in this study were consistently selected using multiple criteria, 
including fold change, p-value, VIP scores, SAM, and EBAM, which strengthens confidence in their biological 
relevance. Notably, several core metabolites (such as D-glucose-6-phosphate, ADP, ATP, phosphoenolpyruvate, 

Fig. 1.  The expression profile of the energy metabolism in POAG and control subjects. (A) The heatmap of the 
detected metabolites. (B) The illustration of upregulated(red) and downregulated(blue) metabolites.
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AMP, and succinic acid) exhibited both high predictive (t-VIP) and orthogonal (o-VIP) scores in the OPLS 
model. These metabolites are tightly connected in central energy metabolism pathways such as glycolysis, TCA 
cycle, and nucleotide metabolism, suggesting a tightly coordinated metabolic shift in POAG. While high t-VIP 
scores highlight their importance in group separation, elevated o-VIP values may reflect biological heterogeneity 
due to limited sample size or systematic variation unrelated to the disease classification. This orthogonal 
variance could arise from latent metabolic subtypes, adaptive metabolic rewiring, or early-stage compensatory 
mechanisms. Importantly, the strong correlations and clustering patterns observed among these metabolites 
support a coherent biological signal rather than technical artifacts. These findings underscore the metabolic 
complexity underlying POAG and highlight the need for integrative interpretation of multivariate modeling 
outputs in biomarker discovery.

In regulated biochemical networks, reaction fluxes are as informative as metabolite concentrations, 
particularly within well-characterized metabolic pathways. We observed elevated concentrations of several 
metabolites upstream in glycolysis and purine metabolism, while decreased levels appeared midstream in 
glycolysis and the urea cycle (Fig. 5A). These findings suggest a production-uptake imbalance and impaired 
metabolic conversion or clearance, leading to a bottleneck effect in these pathways. A buildup of intermediates 
indicates the presence of a bottleneck, where certain enzymes in glycolysis or purine metabolism may be 
inhibited, potentially due to genetic mutations, post-translational modifications, or external inhibitors. Flux 
analysis confirmed this hypothesis, revealing markedly decreased fluxes in glycolysis, the TCA cycle, and the 
urea cycle (Fig. 5C). Mitochondrial defects, such as Complex I dysfunction, have been consistently reported 
in glaucoma (including lymphoblasts, TM cells, and RGCs), leading to diminished ATP production, increased 
ROS, and oxidative damage in RGCs and trabecular meshwork23.

Similar disruptions in energy metabolism have been reported in glaucoma animal models. RGCs are 
particularly active in metabolism and vulnerable to energy insufficiency24. For example, elevated glucose and G6P 
in retinal ganglion cells (RGCs) of DBA2J mice and BN rats under high IOP conditions coincide with findings 
in the tears and plasma of POAG patients12,13,25. These accumulations, often associated with poor outcomes 
in brain injury and neurodegenerative diseases26,27, may reflect mitochondrial remodeling and reduced cristae 
density28. This aligns with our findings that G6P levels are highly elevated.

The accumulation of purine metabolites such as ATP and ADP also point to an increased energy demand 
in POAG, likely exceeding ATP generation capacity by mitochondria, which is common under oxidative stress, 
hypoxia, or mitochondrial dysfunction conditions. Despite the elevations in FBP, 6PGA, R5P, AMP, ADP and 
ATP, reduced flux ratios involving ATP and NAD (e.g., FBP/G6P, 6PGA/G6P) further imply high ATP demand 
and mitochondrial dysfunction in glaucoma patients. Feedback mechanisms regulate energy metabolism by 
sensing metabolic changes and adjusting enzyme activity. Elevated energy demand further amplifies disruptions 
in metabolic and energy supply pathways. Interestingly, key metabolites supporting energy homeostasis, 
including BPG, arginine, citrulline and G3P were also disrupted in POAG patients. For example, The 2,3-BPG 

Fig. 2.  The pattern of the energy metabolism profile in POAG and control groups. (A) The orthoPLS-DA score 
plot of POAG patients and controls. (B) The validation of orthoPLS-DA model. (C) Permutation test with 1000 
permutations.
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pathway is critical in supporting the balance of ATP generation for metabolism and hemoglobin’s oxygenation/
deoxygenation status by enhancing hemoglobin deoxygenation29.

Decreased ratios of urea cycle metabolites in POAG patients, such as citrulline/ornithine and arginine/ASA, 
suggest a disruption in ATP-dependent urea cycle and impaired nitrogen disposal in POAG. This disruption may 
contribute to increased IOP and inflammation. Additionally, this arginine deficiency is suggested to be the result 
of a decreased arginine uptake and an impaired arginine de novo synthesis from citrulline, in combination with 
an enhanced arginine catabolism by the upregulation of arginase and the inflammatory nitric oxide synthase 
(iNOS) in the immune response30, thus leading to chronic inflammation30.

G3P, a key intermediate at the intersection of several metabolic pathways, has gained interest as a critical 
regulator of cellular energy31,32. In the current study, reduced G3P/DHAP ratio in POAG was observed, 
which could inhibit the Glycerol-3-phosphate shuttle, potentially reducing mitochondrial efficiency and ATP 
production. Furthermore, as G3P initiates the glycerolipid/free fatty acid (GL/FFA) cycle, which is essential 
for energy homeostasis. Reduced G3P could increase the reliance on fatty acid oxidation for energy, often seen 
during periods of fasting, chronic stress, or metabolic dysfunction31,33. Altered lipid metabolism, including 
dysregulated fatty acid profiles and lipid peroxidation, can contribute to cellular injury and RGC apoptosis34.

Elevated pEtN which is critical for cell division, membrane integrity, and mitochondrial respiratory function35 
was also observed in POAG. The accumulation of pEtN has been observed in senescence cells32 and frail older 
adult36. pEtN has also been proposed to inhibit mitochondrial activity through competition with succinate at 
complex II (or succinate dehydrogenase) of the mitochondrial respiratory chain37. Consequently, elevated pEtN 
levels in POAG in the present study might suggest mitochondrial dysfunction and chronic inflammation.

A notable finding in POAG was the accumulation of phosphoenolpyruvate (PEP) and the low PYR/PEP ratio. 
Pyruvate kinase activity regulates PEP-to-PYR conversion, a rate-limiting step that generates ATP and fuels the 
TCA cycle, enabling further ATP synthesis. Decreased conversion may lead to energy imbalances. Pyruvate 
(PYR) can be derived from various carbon sources and amino acids, and its supplementation has been shown to 
protect against neurodegeneration in animal models of glaucoma12. Moreover, PEP can convert to oxaloacetate, 
and its accumulation could create bottlenecks in the TCA cycle. Genetic mutations or pharmacological inhibition 
affecting enzymes like PCK2 may contribute to this imbalance38,39.

Fig. 3.  Differentially expressed metabolites in POAG and control groups. (A) The DEMs with VIP score>1. 
Red means high in POAG and blue means low in POAG. (B) The DEMs with fold changes >1.2 and p 
value<0.05 in volcano plot. (C) The DEMs with FDR<0.05 in SAM plot. (D) The DEMs with FDR<0.05 in 
EBAM plot (DEMs are shown in green dots). (E) The Venn map showing the overlapped DEMs by the above 
four methods.

 

Scientific Reports |        (2025) 15:34212 5| https://doi.org/10.1038/s41598-025-15836-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Another interesting finding is the reduced fumarate/succinate ratio in the TCA cycle in POAG patients, 
suggesting succinate dehydrogenase (SDH) dysfunction and possible disruption in mitochondrial Complex II 
activity40,41. This fumarate impairment may also be a downstream effect of disrupted tyrosine catabolism. Since 
fumarate can be produced from tyrosine, a precursor for neurotransmitters, its dysregulation could significantly 
impact neurotransmission.

In conclusion, the energy metabolism profile in the plasma of POAG patients in the present study suggest 
mitochondrial dysfunction, hypoxia and metabolic flux disruptions as potential contributors to POAG 
pathology. These findings underscore the need for larger multi-center studies to extend the observations so as to 
unveil the puzzle of the energy metabolism mechanism underlying POAG as we realize that we have limitations 
as the sample size in the present study is small so that the results may not be able to generalize to all. Besides, 
metabolomics can be very sensitive, which may be affected by patients’ systematic status and particularly diet. 
Although we set up very strict exclusion criteria to exclude patients with systematical diseases and collect all 
the plasma in fixed time range, there might still be some variances. Nevertheless, these findings enhance the 
current understanding of energy metabolism in POAG and provide valuable insights into the energy metabolic 
landscape of POAG as well as potential therapeutic strategies in the future.

Fig. 4.  The correlations of the energy metabolism metabolites. (A) The paired correlation matrix heatmap. 
(B) The correlation for specific metabolites (e.g. G6P, G3P and L-Arginine). (C) Debiased Sparse Partial 
Correlation (DSPC) Network. Metabolites are represented as nodes, and the edges depict the partial correlation 
of DSPC between two metabolites after conditioning on all other metabolites. The red lines show positive 
correlations, while blue lines show negative correlations between metabolites.
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Methods
Ethics statement
This study was reviewed and approved by the Ethics Committee of the Eye & ENT Hospital of Fudan University 
(Shanghai, China) and conducted in accordance with the tenets of the Declaration of Helsinki. All participants 
provided written informed consent before enrollment in the research.

Study participants
Individuals were recruited from the Department of Ophthalmology in Eye & ENT Hospital of Fudan University. 
In metabolic phenotyping, there is currently no available approach for the estimation of sample size. Therefore, 
the sample size in the present study was estimated based on previous studies6,44. POAG was diagnosed by 
experienced ophthalmologists with the same criteria. The diagnostic criteria were: (1) intraocular pressure > 21 
mmHg, (2) glaucomatous optic nerve damage with progressive optic disc cupping45, (3) open iridocorneal angles 
determined by gonioscope examination. Patients with isolated ocular hypertension, normal tension glaucoma, 
secondary glaucoma, previous glaucoma surgery including laser surgery, other ocular diseases, and systemic 
diseases including diabetes, renal diseases, cardiac disease and immune diseases have been excluded from our 
study. No previous intraocular surgery including cataract surgery was performed in the patients recruited in 
our study. Patients with POAG underwent ancillary tests including fundus photography, visual field testing 
(Humphrey field analyzer, SITA full-threshold programs 30 − 2; Carl Zeiss Meditec, Dublin, CA), retinal never 
fiber layer thickness, and ganglion cell complex evaluation using spectral-domain optical coherence tomography 
(Avanti RTVue-XR, Optovue, CA). Controls were sex- and age-matched individuals undergoing cataract surgery 
at the same department of ophthalmology. The inclusion criteria for the control group were age-related cataract 
with no ocular conditions except for cataract. The exclusion criteria were family history of glaucoma, ocular 
hypertension, retinal disorders and any ocular surgery. All the patients recruited in the study were above 40 
years old.

Sample collection
The blood was collected in the fixed time range (8am-12pm) one day prior to the surgery when patients were 
admitted to the hospital. Each participant provided a single blood sample during this time window to ensure 
consistency in circadian-related variations. Blood samples from participants were collected in heparin tubes at 
least six hours after the last meal. The tubes were immediately transported on ice and immediately processed for 
centrifugation for 10 min at 3000 g at 4 °C. Then the supernatant was collected and immediately stored at − 80 °C 
until metabolomic analysis.

Targeted metabolomics detection
The preparation of samples, extract analysis, metabolite identification and quantification were performed in 
MetWare Biotechnology Co., Ltd. following their standard procedures. Briefly, samples were thawed on ice and 
vortexed for 30 s to mix homogeneously, centrifuged at 3000 r/min for 5  min at 4  °C. 50 µL of the sample 
was transferred to a centrifuge tube, and mixed with 250 µL of 20% acetonitrile methanol, vortexed for 3 min, 
centrifuged at 11,304 g for 10 min at 4 °C. Take 250 µL of supernatant into a new centrifuge tube and placed in 

Fig. 5.  The alteration of the energy metabolism pathway in POAG. (A) Illustration of the energy metabolism 
pathway. Red: upregulated DEM (core set) in POAG compared to controls; Orange/Cyan: Up-/downregulated 
metabolites of interest from the comprehensive DEMs set that did not meet strict statistical significance 
thresholds. Gray labels: undetected. (B) The heatmap of the fluxes in selected metabolite-pairs. (e.g. ATP/ADP 
ratio) (C) Corresponding t-statistics of these fluxes. Asterisks (*) indicate |t-score| > 2.
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−20 °C refrigerator for 30 min, centrifuged at 11,304 g for 10 min at 4 °C. After centrifugation, transfer 180 µL 
of supernatant for further LC-MS analysis.

The sample extracts were analyzed using an LC-ESI-MS/MS system (UPLC, ExionLC AD; MS, QTRAP® 
6500 + System). The analytical conditions were as follows, HPLC: column, ACQUITY UPLC BEH Amide 
(i.d.2.1 × 100 mm, 1.7 μm); solvent system, water 10mM Ammonium acetate and 0.3% Ammonium hydroxide 
(A), acetonitrile with 90% ACN/water(V/V)(B); The gradient was started at 95% B (0–1.2 min), decreased to 70% 
B (8 min),50% B (9–11 min), finally ramped back to 95% B (11.1–15 min); flow rate, 0.4 mL/min; temperature, 
40 °C; injection volume: 2 µL.

Linear ion trap (LIT) and triple quadrupole (QQQ) scans were acquired on a triple quadrupole-linear ion 
trap mass spectrometer (QTRAP), equipped with an ESI Turbo Ion-Spray interface, operating in positive and 
negative ion mode and controlled by Analyst 1.6 software (Sciex).

The ESI source operation parameters were as follows: ion source, turbo spray; source temperature 550 °C; ion 
spray voltage (IS) 5500 V(Positive), −4500 V(Negative); curtain gas (CUR) were set at 35.0 psi; DP and CE for 
individual MRM transitions was done with further DP and CE optimization. A specific set of MRM transitions 
were monitored for each period according to the energy metabolism eluted within this period. Pooled standards 
solution was used as the QC, and instrument stability was assessed by overlaying the TICs from repeated QC 
runs. Standards were used to confirm the identity of metabolites based on the self-built target standard database 
MWDB (metware database) by widely target UPLC-MS/MS platform of Metware Biotechnology Co., Ltd. 
Analysis of mass spectrometric data was conducted based on the Metware database (MWDB) and the analysis of 
raw mass spectrometry data was processed using Analyst 1.6.3 software (AB Sciex). Identification was achieved 
based on standard compounds and their characteristic ion pairs (Q1/Q3) along with retention times (RT) in 
accordance with Level 1 identification criteria of the Metabolomics Standards Initiative (MSI)1. Quality criteria 
in this study include: R2 > 0.99, accuracy 80–120%, retention time shift < 0.1 min, precision (CV%) < 30% as well 
as S/N ratio > 10.

Data processing and statistical analysis
Univariate analysis of clinical quantitative data was performed with parametric test (Welch’s t-test) or 
nonparametric test (Wilcoxon-Mann Whitney test) according to the normality assessed by Shapiro Wilk’s 
test. Analysis of clinical qualitative gender data was performed with Fisher’s exact test. p < 0.05 was considered 
statistically significant. The statistics univariate analyses of DEMs was processed with non-parametric rank test. 
Orthogonal Partial Least Squares-Discriminant Analysis(orthoPLS-DA), non-parametric Significance Analysis 
of Metabolites(SAM) with Delta = 1.25, non-parametric Empirical Bayesian Analysis of Metabolites(EBAM) 
with Delta = 0.95 and Spearman correlation analysis was conducted using MetaboAnalyst v6.0 (www.
metaboanalyst.ca46. The data were processed by log transformation and auto scaling. The Debiased Sparse Partial 
Correlation (DSPC) network analysis with raw p-cutoff < 0.1 was conducted using MetaboAnalyst v6.0. The 
Flux(ratio) analysis was done with python 3. t-score was calculated for each flux. t-score > 2 (equals to p < 0.05) 
was considered significant.

Data availability
The raw data of metabolomics in all participants has been deposited at Mendeley Data (data.mendeley.com/
datasets/tybzw7zsng/1). All other supporting data are included in the manuscript and files.
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