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Purpose: Metabolic characterization of primary angiitis of the central nervous system (PACNS) is crucial for understanding the 
disease pathogenesis and progression mechanisms, but it has not been reported in patients. This study aimed to explore changes in the 
plasma metabolome during the active and remission phases of PACNS and identify potential biomarkers.
Methods: We collected plasma samples from 35 patients with PACNS during the active and remission phases and 22 samples from patients 
with non-inflammatory disease as controls. Liquid and gas chromatography-mass spectrometry were used to analyze 63 plasma samples 
from 57 patients metabolically. Meanwhile, we cross-validated the metabolomics results with brain tissue transcriptomic data from 
comprehensive gene expression databases, enhancing the reliability of our conclusions.
Results: A total of 3,233 metabolites were identified. Enrichment analysis showed significant changes in lactate/amino acid/glycerol– 
pyruvic–tricarboxylic acid, glycerophospholipid/sphingolipid-membrane metabolism, lysine/tryptophan-essential amino acid metabolism, 
and uracil metabolism pathways during the active phase of PACNS. These findings were confirmed in both the remission phase of PACNS 
patients and the transcriptomic samples. Meanwhile, metabolic abnormalities in patients with PACNS were observed with benzoxazole, 
sesquiterpenoid, and octyl-phenolic products, and enrichment of environmental pollutants and their estrogen-like effects. Twelve metabo
lites, including D-Ribose, 13s-HPODE, and C16 Sphinganine, showed potential diagnostic and therapeutic evaluation value.
Conclusion: Our study identified potential biomarkers and metabolic characteristics of PACNS using integrated metabolomics and 
transcriptomics approaches. These findings highlight the importance of understanding PACNS from a metabolic perspective and guide 
future diagnostic and therapeutic strategies.
Keywords: metabolomics, neuroinflammatory disease, PACNS, transcriptomics, disease biomarkers

Introduction
Primary angiitis of the central nervous system (PACNS) is an idiopathic central vasculitis that mainly affects small to 
medium-sized vessels of the brain, spinal cord, and meninges.1–3 The global incidence rate is currently unknown, but the 
Mayo Clinic estimates an annual incidence rate of approximately 2.4 per million in Caucasian Americans.4 Despite its 
clinical rarity, PACNS is characterized by frequent relapses and high disability rates, severely affecting the quality of life 
of patients and increasing the socioeconomic burden.

Recently, substantial progress has been made in exploring the mechanisms underlying PACNS development using 
transcriptomics and proteomics. The heterogeneity of PACNS has been identified in different pathological subtypes, and 
the critical role of complement activation in its pathogenesis has been highlighted.5,6 Autoimmunity is considered the core 
mechanism driving PACNS, but the generation of immune responses and their role in causing neurological damage remains 
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unclear. In addition, the nonspecific clinical manifestations and neuroimaging make the diagnosis of PACNS challenging.7 

Although brain tissue biopsy is the gold standard for diagnosing PACNS, the mild neurological symptoms in the early stages 
of the disease and symptom relief after initial treatment led to low patient acceptance of the procedure. Additionally, 
pathologic biopsies can show false negatives.7,8

Therefore, to better understand the pathogenesis of PACNS, and improve diagnostic accuracy, it has become urgent to 
improve existing methods or incorporate new approaches. Blood, as a routine biological diagnostic specimen, is easily 
accessible through puncture sampling. Metabolites are intermediate or final products produced by organisms during 
metabolic processes, and they participate in various physiological and biochemical processes.9 Patients with PACNS 
exhibit characteristic metabolic changes in their blood that could be used for disease metabolic characterization, enabling 
earlier diagnosis than that using brain tissue biopsy, thereby avoiding invasive procedures. Regrettably, no studies have 
been reported on the metabolic characteristics of patients with PACNS. Relevant metabolic research has mainly focused 
on systemic vasculitis and remains in its early stages.10–12

Therefore, in this study, we conducted a comprehensive metabolomic analysis using liquid chromatography-mass 
spectrometry (LC-MS) and gas chromatography-mass spectrometry (GC-MS) to explore the unique metabolic changes 
during the active and remission phases of PACNS and identify potential diagnostic biomarkers. Additionally, considering 
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that changes in the expression of upstream genes may lead to alterations at the metabolic level, we cross-validated the 
metabolic results with transcriptomic data from public databases to enhance the reliability of our conclusions.

Materials and Methods
Study Patients
This study included two different dimensional cohorts: plasma (Cohort 1) and brain tissue (Cohort 2) of patients with 
PACNS or non-inflammatory disease (control). In Cohort 1, we collected plasma samples at two-time points from 23 
patients with PACNS confirmed by pathological biopsy and 12 patients with PACNS confirmed using angiography. The 
time points were before treatment initiation (active phase, V1) and during stable treatment (remission phase, V2). 
However, because of the rarity of PACNS, delayed diagnosis, and high recurrence rate, matching plasma samples from 
V1 and V2 time points was challenging. We evaluated 41 plasma samples from 35 patients with PACNS, consisting of 26 
and 15 from V1 and V2, respectively. Among the 35 patients with PACNS, 10 had matched samples from the V1 and V2 
stages. Additionally, we collected 22 plasma samples as controls (V3). In Cohort 2, we utilized transcriptomic informa
tion of brain tissues from five patients with PACNS and four control patients from the publicly available Gene Expression 
Omnibus database (GSE213907) (Graphical Abstract A-B).6 Details of the demographics of the patients with PACNS 
(V1 and V2) and controls (V3) are provided in Supplementary Table S1. Clinical characteristics of Cohort 2 have been 
described in the original literature.

The inclusion criteria for the participants were as follows: all patients with PACNS in Cohort 1 were over 18 years old 
and met the diagnostic criteria proposed by Calabrese and Mallek in 1988 and Hellmann in 2009.1,13 Patients had plasma 
specimens from stage V1 or V2 and were excluded if the specimen was missing. Additionally, all patients underwent 
comprehensive examinations, including serologic panels for autoantibodies and MRI, to rule out infection, tumors, 
systemic vasculitis, and other diseases involving the central nervous system during hospitalization. Biopsy specimens 
needed to present with transmural cell infiltration (Graphical Abstract C). “Untreated” participants were defined as those 
who received no steroids or immunosuppressive therapy at V1. “Stable period” was defined as no recurrence or 
worsening of neurological symptoms within 6 months before or after V2 and no evidence of new lesions on neuroima
ging. Patients with non-inflammatory diseases in Cohort 1 were mainly patients with angiographically confirmed venous 
sinus stenosis and healthy individuals.

Sample Collection and Preparation
Blood was collected from patients in the early morning after admission, typically in a fasting state. Plasma samples were 
immediately centrifuged (1200 ×g, 4°C, 10 min) within 30 min of collection to avoid hemolysis, and only non-hemolyzed 
samples were subsequently analyzed. Samples were then stored at −80°C and thawed on ice on the day of analysis. Detailed 
information on sample preparation for dual-platform metabolomics is provided in Supplementary Data S1.1, while informa
tion on major reagents and instruments is listed in Supplementary Data S1.2 and S1.3.

Data Collection and Metabolite Identification
Experiments were conducted using Waters ACQUITY ultra-high-performance LC (UPLC) I-Class plus/Thermo quadru
pole-electrostatic (QE) UPLC–tandem mass spectrometry (MS/MS) and Agilent 7890B-5977A GC–MS systems. Full- 
spectrum metabolomics with MS-DIAL qualitative software was used for qualitative and relative quantitative analysis of 
raw data, followed by standardized preprocessing. Compound identification was based on multiple dimensions including 
retention time, exact mass, MS/MS fragmentation, and isotope distribution using databases such as The Human 
Metabolome Database (HMDB), Lipidmaps (v2.3), METLIN database, and LuMet-Animal3.0 local database. Detailed 
information on data collection and metabolite identification is provided in Supplementary Data S1.4.

Data Quality Control and Differential Metabolite Identification
The protocol used for processing metabolomics data is described in Supplementary Data S1.5. The Variable Important in 
Projection (VIP) was used to assess the impact strength and interpretability of metabolite expression patterns on sample 
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classification. Unsupervised principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA), volcano 
plots, and heat maps were employed for qualitative and quantitative data analysis and visualization to understand inter-group 
metabolic differences and identify differentially expressed metabolites. The selection criteria were P-value < 0.05 and VIP > 1.

Data Quality Control and Differential Gene Identification
The gene count data for each sample in the transcriptome were normalized using DESeq2 software (Base Mean values 
were used to estimate gene expression). Differential expression was assessed using the negative binomial distribution 
test, with a significance threshold of P-value < 0.05 and | log2(fold change (FC)) | ≥ 1.

Statistical Analysis
Continuous variables are expressed as mean ± standard deviation or median (range), while categorical variables are 
shown as frequency and percentage. To compare continuous variables between groups, either analysis of variance or the 
Wilcoxon rank-sum test was applied, and the Pearson chi-square test was used for categorical variables. The Kyoto 
Encyclopedia of Genes and Genomes (KEGG) database was used to annotate differential metabolites and identify 
relevant metabolic pathways. Using the R package Mfuzz, fuzzy clustering analysis was performed. Subject operating 
characteristic curves (ROC) were used to assess the diagnostic value of metabolites for PACNS. Graphs were generated 
using GraphPad Prism software 8(GraphPad Software, San Diego, CA, USA).

Results
Inter-Group Metabolomics Product Identification and Quality Assessment
Internal standards and quality control samples were used to ensure that the metabolic profiling results were stable and 
reliable. In total, 3233 metabolites were detected, and representative LC-MS and GC–MS chromatograms are provided in 
Supplementary Figure S1. We identified distinct plasma metabolic profiles among patients in the V1 and V2 phases of 
PACNS and those in the V3. Compared to V3 patients, V1 patients showed significant differences in 231 metabolites 
(106 upregulated and 125 downregulated). Upon reaching the V2 phase, 178 metabolites showed changes compared to 
levels in the V1 phase, with 72 upregulated and 106 downregulated. Additionally, compared to V3, in the V2 phase, 207 
metabolites showed changes, consisting of 99 upregulated and 108 downregulated metabolites (Figure 1A). Venn 
diagram analysis revealed that 112 (V1 vs V3 and V2 vs V1) and 110 (V1 vs V3 and V2 vs V3) metabolites were 
shared between the groups, respectively (Figure 1B).

PLS-DA demonstrated significant discrimination among the three groups with good quality parameters and predictive 
ability (Figure 1C). This observation highlighted that the metabolic changes were more pronounced among the V1 vs V3 
and V2 vs V3 groups than they were between V1 and V2. Orthogonal PLS-DA and unsupervised PCA results are 
provided in Supplementary Figures S2 and S3. To validate the effectiveness of the model, permutation testing of 
supervised methods was conducted using n = 200 permutations (Supplementary Figure S4).

KEGG Enrichment of Differentially Expressed Metabolites
Compared to those in V3, the top 10 upregulated KEGG metabolic pathways with the smallest P-value in V1 were 
primarily enriched in energy (including citrate cycle, glyoxylate, and dicarboxylate) metabolism. In addition, amino acid 
(including pyruvate, arginine biosynthesis, glutamate, butanoate, D-amino acids, lysine degradation, and isoleucine) and 
glycerophospholipid metabolism pathways were also primarily enriched. Downregulated metabolites were mainly 
enriched in linoleic acid, glycerophospholipids, tryptophan, galactose, and glycosylphosphatidylinositol (GPI)-anchor 
biosynthesis pathways.

Analysis of metabolites in V2 revealed that the metabolic pathways of the citrate cycle, butanoate, D-amino acids, 
lysine degradation, isoleucine, and glycerophospholipid, which were upregulated in V1, were downregulated in V2. In 
contrast, arginine and glutamate metabolism pathways were more significantly upregulated in V2 than they were in V1. 
Furthermore, pathways associated with downregulated linoleic acid, glycerophospholipids, and GPI-anchor biosynthesis 
in V1 were significantly upregulated in V2 (Figure 2A–D).
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Product Identification and KEGG Enrichment of Differentially Expressed Genes
In Cohort 2, we evaluated brain tissue transcriptomic information from five patients with PACNS and four control patients, 
and 844 differentially expressed genes were detected, with 741 upregulated and 103 and downregulated genes. To further 
explore the relationship between genes and metabolism, we compared these differentially expressed genes with the genes in 
the top 10 KEGG metabolic pathways mentioned above, identifying potential regulatory genes. Ultimately, our analysis 
revealed 15 differentially expressed genes enriched in the KEGG metabolic pathways mentioned above; these genes were 
lactate dehydrogenase D (LDHD), phosphoenolpyruvate carboxykinase 1 (PCK1), alanine–glyoxylate aminotransferase 
(AGXT), alcohol dehydrogenase 6 (class V) (ADH6), ADH4, phospholipase A2 group IIA (PLA2G2A), PLA2G4E, 
carboxyl ester lipase (CEL), monoacylglycerol O-acyltransferase 3 (MOGAT3), delta 4-desaturase, sphingolipid 2 
(DEGS2), indoleamine 2,3-dioxygenase 1 (IDO1), aldehyde dehydrogenase 8 family member A1 (ALDH8A1), tryptophan 
hydroxylase 1 (TPH1), dopa decarboxylase (DDC), and estrogen receptor beta (ESR2) (Figure 2E and F).

Integration of Differentially Expressed Metabolites and Genes Reveals Unique 
Metabolic Processes During the Active Phase in Patients with PACNS
Lactate/Amino Acid/Glycerol–Pyruvate–Tricarboxylic Acid (TCA) Pathway
As shown in Figure 3A–D, compared to V3 patients, V1 patients exhibited significant increases in pyruvate, fumarate, 
and malate levels, whereas citrate levels decreased markedly, indicating enhanced TCA pathway activity. The TCA cycle 
serves as a key node linking lactate, amino acid, and glycerophosphate metabolism. Integrated transcriptomic analysis 

Figure 1 Inter-group metabolomics product identification and quality assessment. (A) Heatmap illustrating inter-group differences in metabolites; p-values were calculated 
using t-test or Wilcoxon test with selection criteria of P < 0.05 and VIP > 1. Red and blue dots represent upregulated and downregulated metabolites, respectively. (B) Venn 
diagram depicting inter-group differential metabolites. (C) Partial least squares discriminant analysis (PLS-DA) results of inter-group LC–MS and GC–MS data; blue, Orange, 
and green dots correspond to V1, V2, and V3 groups, respectively.
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revealed increased mRNA expression of LDHD, PCK1, AGXT, ADH6, and ADH4, which are related to pyruvate 
metabolism. This finding suggests that pyruvate originating from lactate, amino acid, and glycerol metabolism may act as 
a critical regulatory factor that enhances the TCA cycle pathway in patients with PACNS. LDHD catalyzed the 

Figure 2 KEGG enrichment of differentially expressed metabolites and genes. (A and B) Bubble plot. Top 10 upregulated and downregulated KEGG metabolic pathways 
between V1 vs V3. (C and D) Bubble plot. Top 10 upregulated and downregulated KEGG metabolic pathways between V2 vs V1. The larger the bubble, the more differential 
metabolites are included in the pathway. The enrichment p-value changes with the bubble color from blue to red; (E and F) The differential genes obtained from Cohort 2 
were compared with the genes in the top 10 KEGG metabolic pathways mentioned above, identifying potential regulatory genes. The KEGG chord diagram illustrates the 
enriched pathways of these genes.
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bidirectional conversion of pyruvate and D-lactate (forward in glycolysis and backward in gluconeogenesis), as shown in 
Figure 3E, with significantly lower D-lactate levels in V1 than in V3 group. This was indicative of inhibited glycolysis, 
corroborated by the regulation of PCK1 as a rate-limiting enzyme in gluconeogenesis.

Amino acids can undergo gluconeogenic transformation to pyruvate, contributing to the TCA cycle. Integrated transcrip
tomic analysis revealed that increased AGXT mRNA expression facilitated the transamination between L-serine and pyruvate, 
thereby contributing to gluconeogenesis in L-serine metabolism. As depicted in Figure 3F–H, compared to V3 patients, V1 
patients showed decreased levels of the essential amino acid isoleucine and increased non-essential amino acids L-serine and 
L-glutamine, indicating an enhancement of amino acid gluconeogenesis pathways. Glycerophosphate and dihydroxyacetone 
phosphate can undergo enzymatic interconversion, serving as chemical intermediates in glycolytic and/or gluconeogenic 
pathways. As shown in Figure 3I and J, compared to V3 patients, V1 patients exhibited significant increases in glycerol 
3-phosphate and dihydroxyacetone phosphate levels. Additionally, the levels of D-ribose and N-acetyl-D-glucosamine as 
energy-regulatory substances were significantly increased in V1 patients (Figure 3K and L).

Glycerophospholipid/Sphingolipid–Membrane Metabolism Pathway
In patients with PACNS, increased mRNA levels of PLA2G2A, PLA2G4E, CEL, MOGAT3, and DEGS2 primarily regulate 
phospholipid metabolism in biological membranes, catalyzing the release of free fatty acids (such as the essential fatty acid 
linoleic acid) and lysophospholipid. Compared to V3 patients, V1 patients showed significant alterations in various 
glycerophospholipids (mainly phosphatidylethanolamines and phosphatidylcholines), with notable increases in lysopho
spholipid levels (Figure 4A–D). Additionally, compared to V3 patients, V1 patients exhibited significantly elevated levels 
of sphingosine-1-phosphate (S1P) and significant decreases in its metabolites such as O-phosphoethanolamine and the linoleic 
acid metabolite 13-HPODE (Figure 4E–G). The changes observed in these metabolites may reflect the dynamic disruption and 
repair of biological membranes in patients with PACNS.

Figure 3 The specific biological processes of PACNS. (A–L) Changes in metabolites of lactate/amino acid/ glycerol - pyruvate -TCA pathway among V1, V2, and V3 groups. 
Non-paired t-test or Wilcoxon test calculation, with significance indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Lysine/Tryptophan-Essential Amino Acid Metabolic Pathway
We observed significant and opposite changes in levels of various intermediate metabolites that are involved in lysine and 
tryptophan metabolism. As shown in Figure 4H–J, compared to in V3 patients, the levels of intermediate metabolites of 
lysine (cadaverine, pipecolic acid, and aminoadipic acid) significantly increased in V1 patients. Of these, cadaverine and 
pipecolic acid mainly originate from the bacterial enzymatic metabolism of lysine in the gut, whereas aminocaproic acid 
inhibits tryptophan metabolite production.14 Correspondingly, compared to V3 patients, the levels of tryptophan 
metabolites serotonin, melatonin, and skatole were reduced in V1 patients (Figure 4K–M). Meanwhile, transcriptomic 
analysis revealed a significant increase in the mRNA levels associated with serotonin and melatonin synthesis (TPH1 and 
DDC) and metabolism (IDO1) (Figure 2E).

Figure 4 The specific biological processes of PACNS. (A–G) Changes in metabolites of glycerophospholipid/sphingolipid-biofilm metabolic pathway among V1, V2, and V3 
groups of patients with PACNS; (H–M) Changes in metabolites of lysine/tryptophan-essential amino acid metabolic pathway among the three groups; (N–P) Changes in 
metabolites of uracil metabolism pathway among the three groups. Non-paired t-test or Wilcoxon test calculation, with significance indicated as follows: *P < 0.05, **P < 
0.01, ***P < 0.001, ****P < 0.0001.
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Uracil Metabolism Pathway
We found that the uracil synthesis pathway was enhanced in patients with PACNS (Figure 4N–P). Compared to those in 
V3 patients, uracil levels were significantly elevated in V1 patients, whereas levels of the synthesized substances, orotate 
and barbituric acid, were significantly reduced.

Biological Markers for the PACNS Acute and Remission Phases
To better differentiate patients with PACNS from those with non-inflammatory diseases, and considering the changes in metabolites 
during the acute and remission phases, we cross-compared V1 vs V3, V2 vs V1, and V2 vs V3. This process identified 222 
differential metabolites, including 40 that were common across different groups, indicating that 182 significantly different 
metabolites overlapped. We used fuzzy clustering analysis to categorize these 182 metabolites into six clusters, illustrating their 
differential change trends (Figure 5A). Subsequently, we analyzed metabolites with inter-group ROC curve area ≥ 0.95.

Figure 5 Different expression patterns of metabolites in plasma during different stages of PACNS. (A) Fuzzy clustering analysis of 182 metabolites, illustrating their 
differential change trends. (B) Heatmap analysis showing the 33 metabolites involved in KEGG enrichment.
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In the V1 vs V3 group, 58 metabolites met this criterion, including D-ribose, 13s-HPODE, melatonin, uracil, orotic 
acid, and barbituric acid, which was evaluated in the KEGG enrichment analysis. Moreover, 20 and 13 metabolites met 
the criterion in the V2 vs V1 and V2 vs V3 group comparisons, respectively, with 27 metabolites in common with the 58 
metabolites in the V1 vs V3 group. Ultimately, we analyzed 33 metabolites, which included the six metabolites that were 
identified in the KEGG enrichment analysis and the 27 metabolites that were shared among different groups (Figure 5B).

Abnormal Metabolism of Benzoxazole, Sesquiterpenes, and Octyl-Phenolic Products
Six metabolites showing significantly higher abundances in both V1 and V2 than they did in V3 could be grouped into 
Cluster 1. Furthermore, no significant difference was observed in abundance between V1 and V2. Among the metabo
lites, changes in etiracetam and 2-hydroxypropyl methacrylamide, metabolites of the anti-epileptic drug levetiracetam 
and its nano-encapsulated particles, were highly correlated, which further validates the reliability of results obtained from 
our metabolomics analysis. Additionally, two benzisoxazole metabolites, 1.2-benzisoxazole and 2-aminobenzoxazole, 
and exogenous beta-eudesmol and 4-tert-octylphenol, showed abnormalities in patients with PACNS. As shown in 
Figure 2F, the transcriptional activity of the hepatic enzyme system is enhanced in patients with PACNS, with UGT2B7 
playing a crucial role in detoxifying 4-tert-octylphenol.15

Enrichment and Estrogen-Like Effects of Environmental Pollutants
Five metabolites showing the highest abundance in V1 could be classified into Clusters 2 and 3, and their abundance 
gradually decreased in V2 and V3. Furthermore, Cluster 2 primarily consisted of environmental pollutants, including 
tetraethylene glycol, 4-hydroxybenzoic acid, 2-methyl-1-pyrroline, and 2.5-furan dicarboxylic acid. Among them, 
4-hydroxybenzoic acid exhibits estrogenic effects in vivo.16 In addition, we discovered that in Cluster 1, the estrogen- 
like chemical 4-tert-octylphenol, widely used as a plasticizer and surfactant, showed significantly elevated levels in 
patients with PACNS.17 The transcriptomic data revealed a significant upregulation of estrogen receptors (ESR2) in 
patients with PACNS (Figure 2F).

Downregulation of Multiple Metabolites
We identified 21 metabolites, which were grouped into Clusters 3–6 and showed significantly decreased abundance in V1 
and gradually increasing abundance in V2 and V3. This included the five KEGG-enriched metabolites: D-ribose, 13s- 
HPODE, melatonin, orotic acid, and barbituric acid. Among the additional 16 metabolites, we observed decreased levels 
of fatty acids (such as 9-tridecynoic acid, 7-oxo-11-dodecenoic acid, and 17-home[9z]) and sphinganines (such as C16 
sphinganine), which are related to energy metabolism and biomembrane components.

Combined KEGG Enrichment Analysis Identified Potential Markers for PACNS
Based on the six metabolic pathways previously identified, we selected 12 known metabolites from 33 metabolites as 
potential biomarkers for PACNS. The area under the ROC curve for these metabolites was all >0.95, with P < 0.05, 
balancing both diagnostic accuracy and therapeutic effectiveness. These selected markers included 2-aminobenzoxazole, 
1.2-benzisoxazole, beta-eudesmol, and 4-tert-octylphenol as abnormal metabolites; D-ribose from the lactate/amino acid/ 
glycerol–pyruvic acid–TCA pathway; 13s-HPODE and C16 sphinganine from the glycerophospholipid and sphingolipid- 
biomembrane pathways; melatonin from the lysine and tryptophan-essential amino acid pathways; uracil, orotic acid, and 
barbituric acid from the pyrimidine metabolism pathway; and 4-hydroxybenzoic acid from the estrogen pathway 
(Figure 6A–L).

Discussion
This study, to the best of our knowledge, provides a novel comprehensive metabolic characterization of patients with 
PACNS, which is crucial for understanding the onset and progression of the disease. Our findings indicate significant 
alterations in lactate/amino acid/glycerol–pyruvic–TCA cycle, glycerophospholipid/sphingolipid-membrane metabolism, 
arginine/tryptophan-essential amino acid metabolism, and uracil metabolism pathways during the active phases in these 
patients. Additionally, we observed metabolic abnormalities of benzoxazoles, sesquiterpenes, and octyl-phenolic and 
enrichment of environmental pollutants and their estrogenic effects in patients with PACNS. Twelve potential biological 
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markers with diagnostic and therapeutic evaluation value were identified, covering the identified altered metabolic 
pathways.

In patients with PACNS, inflammatory cell infiltration into small vessel walls disrupts the normal blood–brain barrier 
structure, increasing permeability and providing critical conditions for the exchange of metabolic products between 
inflammatory tissue and the local blood environment.18 Enhanced pathways, including the TCA cycle, amino acids, 
phospholipids, and uracil metabolism, may reflect increased energy and metabolic demands during the active phases of 
PACNS. Stroke-like ischemic manifestations and lymphocyte proliferation may contribute to the increased demand for 
energy and metabolic activities during the active disease phase to maintain inflammatory responses and tissue repair.19,20 

As the disease enters a stable phase, inflammation subsides and tissue repair diminishes, leading to overall restoration of 
the identified altered metabolic pathways to a non-inflammatory disease state.

Enhancement of the TCA cycle metabolic pathway also occurs in other diseases. Patients with anti-neutrophil 
cytoplasmic antibody-associated vasculitis, acute ischemic stroke, and glioma primarily rely on glycolysis.19,21 

However, in our study, we found that patients with PACNS mainly depend on gluconeogenesis as their primary energy 
supply pathway, which is possibly related to lesion location and the subacute course. The brain has the highest energy 
demand of all organs, and neurons preferentially derive energy from glucose; however, the brain tissue lacks glycogen 
stores. Under prolonged chronic inflammatory stimulation, PACNS forms a predominantly gluconeogenic energy supply 
system.

Figure 6 Diagnostic and therapeutic assessment value of 12 plasma metabolites analyzed by area under the ROC curve (A–L). Blue, red, and green colours represent V1 vs 
V3, V2 vs V3, and V1 vs V2, respectively.
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Amino acids involved in various gluconeogenic pathways also play important roles in protein synthesis and immune 
regulation. For example, isoleucine is an essential amino acid that may attenuate inflammatory mediator release and 
regulate oxidative stress, thereby alleviating inflammatory responses.22 Our study shows a significant decrease in 
isoleucine levels in patients with PACNS, possibly attributed to inadequate exogenous supplementation and increased 
endogenous consumption. Furthermore, D-ribose and N-acetyl-D-glucosamine, two energy regulators, play important 
roles in maintaining cellular energy levels and regulating cellular responses to hormones such as insulin.23,24

Phospholipids, which are major components of the cell membrane, are divided into glycerophospholipids and sphingo
lipids and play unique and complex roles in inflammatory signaling. Attacks by free radical-mediated glycerophospholipid 
produce platelet-activating factor-like lipids, exerting acute inflammatory and delayed immune-suppressive effects.25 

Sphingosine-1-phosphate, a bioactive metabolite of sphingolipids, plays a crucial role in regulating the movement of 
lymphocytes from the thymus or secondary lymphoid organs into circulation.26,27 Moreover, low levels of sphingosine- 
1-phosphate in blood promote endothelial inflammation, damage the endothelial barrier, and affect vascular genesis.28 In our 
study, patients with PACNS showed decreased glycerophospholipids and increased sphingosine-1-phosphate levels, which 
may play a critical role in blood–brain barrier repair, inflammation suppression, and vascular genesis.

Previous studies have shown that a decrease in tryptophan levels may lead to the progression of Kawasaki disease 
symptoms, and supplementation with tryptophan has been demonstrated to be beneficial.11,29 Additionally, tryptophan is 
a precursor of serotonin and melatonin and plays a role in regulating the release of inflammatory mediators. At the same 
time, IDO1 is involved in the aforementioned synthesis pathways and is considered a target gene for regulating excessive 
immune responses in human autoimmune diseases.30 Similarly, our study revealed elevated IDO1 mRNA levels and 
a deficiency in tryptophan and its metabolites in patients with PACNS; however, its therapeutic efficacy under these 
conditions needs further validation. Conversely, another essential amino acid, lysine, and its metabolites showed 
significantly increased levels in patients with PACNS, including cadaverine, which is harmful to the human body. 
Among them, aminoadipic acid has been shown to inhibit the protective tryptophan metabolite, kynurenic acid, in brain 
tissue slices.14 This finding may help explain the increased mRNA expression levels of the rate-limiting enzymes IDO1 
and ALDH8A1 in the canine uric acid metabolic pathway as observed in the transcriptomics analysis. In contrast, no 
significant differences were found in canine uric acid levels in the metabolomics analysis.

The serum of patients with active anti-neutrophil cytoplasmic antibody-associated vasculitis and glioma have been shown 
to present elevated levels of metabolites involved in nucleotide synthesis, similar to our findings.31,32 We observed an increase 
in uracil levels in patients with PACNS. However, unlike that in glioma, the intermediate orotic acid in its synthesis pathway 
showed an opposite trend.33 Previous studies have shown that excessive orotic acid feeding is associated with tumor 
formation.34,35 The decreased orotic acid levels in PACNS may be a potential biomarker that can help in distinguishing it 
from glioma. Finally, benzoxazole and sesquiterpene compounds may play a role in inhibiting proliferation and immune 
responses.36,37 4-hydroxybenzoic acid and 4-tert-octylphenol may significantly upregulate estrogen receptors through estro
gen-like effects.16,17 These findings reveal that environmental factors may play a role in the pathogenesis of PACNS.38

In summary, in this study we used a multidimensional approach combining plasma metabolomics and brain tissue 
transcriptomics to identify the potential biomarkers and metabolic characteristics of PACNS for the first time, filling a gap 
in this field. However, the study has some limitations that are worth mentioning. First, although samples were collected for 6 
years, the low incidence rate of PACNS resulted in a limited sample size for biomarker screening. Additionally, external 
validation is lacking for the applicability of the biomarkers for clinical diagnosis. We are currently continuing sample 
collection and plan to expand the sample size in future studies to further validate our findings.

Conclusion
By integrating metabolomics and transcriptomics data, we successfully identified significant metabolic changes between 
PACNS patients and non-inflammatory disease controls, pinpointed highly accurate biomarkers, and explored potential 
disease mechanisms. These findings highlight the importance of understanding PACNS from a metabolic perspective and 
provide valuable guidance for future diagnostic and therapeutic strategies.
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