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Abstract
Background

To explore the effects of surgical tophi removal on local synovial tissue and systemic serum metabolic
networks in patients with advanced gout, and to clarify the related metabolic changes and inflammatory
mechanisms.

Methods

Liquid chromatography-mass spectrometry (LC-MS) was used to detect and compare metabolic
alterations in synovial tissue and serum from gout patients before and after surgical tophi resection.
Gene expression levels of ALOX15, PLA2G3, TNFa, and NF-kB1 were determined by using RT-gPCR and
their protein expression levels were detected by Western blotting (WB).

Results

Compared with healthy controls, gout patients showed significant metabolic dysregulation in synovial
tissue. Furthermore, we also found that significant metabolic dysregulation in serum preoperatively
compared with the control group, while the serum exhibited a shift toward healthier metabolic pathways
in postoperative. Notably, we identified several key differential metabolites and pathways, with linoleic
acid metabolism and glycerophospholipid metabolism showing the most pronounced improvements.
The levels of various lipid metabolites associated with inflammation and cell membrane stability were
restored to near-normal in the serum. Mechanistic investigation demonstrated that surgery significantly
downregulated the expression of pro-inflammatory genes such as PLA2G3, TNFa, and NF-kB1 in the
serum.

Conclusions

The synovial tissue and serum metabolism of patients with gout stones are severely disordered.
However, Surgical removal of tophi systemically improves serum metabolic dysregulation in gout
patients, which may be mediated by restoring abnormal lipid metabolism and inhibiting serum
inflammatory responses.

1. Introduction

Gouty arthritis is a metabolic rheumatic disorder characterized by purine metabolism dysregulation,

leading to hyperuricemia and deposition of monosodium urate (MSU) crystals in synovial and

periarticular tissues. These crystals trigger innate immune responses and acute inflammation [1].

Clinical manifestations include severe peripheral joint synovitis and intense pain. Although inflammatory
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episodes are usually self-limiting, recurrent attacks can cause joint damage, deformity, and
subcutaneous tophi [2-4]. Global gout prevalence ranges from 0.1% to 10%, higher in developed
countries [5]. Recently, increased high-purine diet consumption and altered physical activity have driven
epidemiological shifts, including earlier onset and geographic expansion from coastal to inland regions
[6]. In China, the age-standardized prevalence reached 8.1% in 2019 (12.3% in males, 3.9% in females),
with a consistent upward trend from 1990 to 2019, approaching Western levels [7]. In traditional
medicine, this shift is linked to spleen dysfunction and dampness accumulation [8].

Tophi, a severe complication of advanced gout, develop in 12-35% of patients (some reports up to
52.56%) [9, 10]. They infiltrate tendons, ligaments, and nerves, causing bone erosion, tendon rupture, and
structural destruction [11, 12]. Enlarging tophi, especially in extremities, can lead to skin ulceration and
impaired joint mobility, reducing quality of life [13]. Gout patients also exhibit systemic metabolic
dysregulation (lipid, amino acid, energy metabolism) [14, 15], which drives uric acid overproduction and
chronic inflammation, contributing to tissue damage and tophus formation. For tophaceous disease,
conventional pharmacotherapy often fails to eliminate deposited urate crystals or reverse metabolic
disturbances [16, 17]. Thus, surgical intervention is a superior strategy for tophi removal, offering shorter
treatment duration and significant symptom relief.

Surgical indications for tophaceous gout address mechanical complications: joint impairment,
nerve/soft tissue compression, and ulcerated or non-healing lesions. Established criteria include: 1)
functional deficits from joint deformity or restricted mobility; 2) local complications (skin ulceration,
sinus tracts, neurovascular compression); and 3) persistent disease burden (massive tophi or refractory
hyperuricemia despite optimal therapy). Beyond mechanical obstacles, tophi act as dynamic urate
reservoirs perpetuating systemic metabolic disturbance. Early surgical excision upon tophus formation
may reduce total body urate pool, relieve renal burden, and prevent joint destruction [18]. Yen et al. [19]
reported that pre-complication surgery significantly shortens hospital stay. Wang et al. [20] successfully
treated refractory ulcers using vacuum sealing drainage combined with autologous platelet-rich gel,
promoting wound healing. However, the systemic and local metabolic consequences of tophi removal,
and the molecular mechanisms underlying its therapeutic effects, remain largely unexplored.

In this study, we used untargeted metabolomics to investigate metabolic changes in synovial tissue and
serum from gout patients before and after tophi removal surgery. Our findings show that surgery
significantly reversed gout-associated metabolic disorders, particularly improving linoleic acid and
glycerophospholipid metabolism in serum. These results indicate that tophi excision not only relieves
mechanical compression but also systemically corrects metabolic imbalances via key lipid pathways,
revealing a metabolic therapeutic value beyond mechanical debridement and providing a novel
molecular rationale for managing tophaceous gout.

2. Materials and Methods
Sample collection and preparation
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This study was approved by the Ethics Committee of The People’s Hospital of Suzhou New District
(Approval No. 2023 - 123), and all participants gave written informed consent. Gout patients met the
2015 ACR/EULAR classification criteria (score = 8) [21]. Surgical candidates underwent preoperative
dual-energy CT and physical examination for target localization. Operative specimens were divided into:
(1) Tophus group (OG, n = 15), with characteristic trilaminar histopathology; (2) Control group (CG, n =9),
consisting of synovial specimens from patients with chronic ligament or meniscus injuries during
arthroscopic repair. Tophi and synovium were dissected intraoperatively and stored in MACS Tissue
Storage Solution (Miltenyi Biotec). Additionally, fasting morning venous blood was collected from
healthy controls (n = 12) and tophus patients (n = 17) before and after surgery.

Liquid sample extraction

Frozen samples (- 80°C) were thawed on ice and vortexed for 10 s. A 50-pL aliquot was mixed with 300
uL extraction solution (acetonitrile:methanol = 1:4, v/v) containing internal standards, vortexed for 3 min,
and centrifuged at 12,000 rpm for 10 min (4°C). A 200-pL supernatant was kept at - 20°C for 30 min,
then centrifuged again at 12,000 rpm for 3 min (4°C). Finally, 180 pL of supernatant was used for LC-MS
analysis.

HPLC conditions

Two Liquid Chromatography—Mass Spectrometry (LC/MS) methods were used. For positive ion mode,
samples were eluted from a T3 column (Waters ACQUITY Premier HSS T3, 1.8 um, 2.1x100 mm) with
mobile phase A (0.1% formic acid in water) and B (0.1% formic acid in acetonitrile). Gradient: 5-20% B in
1 min, t0 99% in 2 min, hold 1.5 min, back to 5% in 0.1 min, hold 1.4 min. Column temperature 40°C, flow
rate 0.4 mL/min, injection volume 4 pL. Negative ion mode used the same gradient.

HPLC-MS conditions (QE)

MS analysis used electrospray ionization in positive and negative modes, full scan (m/z 75-1000) at
35,000 resolutions. Settings: ion spray voltage 3.5 kV (positive) or 3.2 kV (negative); sheath gas 30 Arb,
aux gas 5; ion transfer tube 320°C, vaporizer 300°C; collision energy 30, 40, 50 V; intensity threshold
1.00E + 06 cps; Top N = 10; exclusion duration 3 s.

Data processing and metabolomics analysis

Unsupervised principal component analysis (PCA) was performed in R (prcomp function) with unit
variance scaling. Hierarchical cluster analysis (HCA) and Pearson correlation coefficients (PCC) were
computed using R package Complex Heatmap. For two-group comparison, differential metabolites were
defined by VIP > 1 (from Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) and
Student’s t-test p < 0.05. OPLS-DA, including score and permutation plots (200 permutations), was
performed using R package MetaboAnalystR, with log2 transformation and mean centering. Metabolites
were annotated using Kyoto Encyclopedia of Genes and Genomes (KEGG) compound and pathway
databases.
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Total protein extraction

Synovial tissue was ground to powder and lysed in 1 mL ice-cold RIPA buffer containing T mM PMSF and
protease inhibitor cocktail. After incubation on ice for 30—60 min with occasional vortexing, the lysate
was centrifuged at 12,000xg for 10 min at 4°C. The supernatant (total protein) was collected, and protein
concentration was determined using a BCA assay kit (Solarbio, China) with BSA as standard. Extracts
were stored at - 80°C.

Western blot assay

Protein samples were mixed with loading buffer (10:1), heated at 95°C for 10 min, separated by SDS-
PAGE, and transferred to PVDF membranes. Membranes were blocked and incubated with primary
antibody in blocking buffer (5% skim milk in TBST) for 3 h at 25°C with gentle shaking. After three TBST
washes (10 min each), membranes were incubated with HRP-conjugated secondary antibody (1:5000 in
TBST) for 2 h at 25°C, then washed three times. Proteins were visualized using an ECL detection kit
(Cwbio, China) and imaged with an ultrasensitive multifunctional imager (UVItec, UK).

RNA extraction and cDNA synthesis

Total RNA was extracted from synovial tissue (= 30 mg) using a Total RNA Extraction Kit (Omega Bio-
Tek) with TRIzol. After homogenization in 1 mL TRIzol and incubation at - 20°C for 5 min, 200 pL
chloroform was added, shaken vigorously for 30 s, and centrifuged at 12,000xg for 10 min at 4°C. The
aqueous phase was transferred to a new tube, and RNA was precipitated with ice-cold isopropanol,
washed twice with 75% ethanol, air-dried, and dissolved in 30 L RNase-free water. First-strand cDNA
was synthesized using the TaKaRa PrimeScript™ RT reagent Kit with gDNA Eraser, following the
manufacturer’s protocol (37°C for 15 min, 85°C for 5 s). cDNA was stored at - 20°C.

Reverse Transcription quantitative real-time Polymerase Chain Reaction (RT-qPCR) analysis

RT-qPCR was performed on an Applied Biosystems instrument using a 10-yL reaction mixture containing
5 pL PerfectStart® Green qPCR SuperMix, 1 pL diluted cDNA, 0.1 pL each of forward and reverse primer
(10 mM), and 3.6 pL ddH,0. Relative gene expression was calculated using the 2 - AACt method [22]
and normalized to GAPDH. Primer sequences are listed in Supplemental Table 1.

Statistical analysis

Statistical analyses were carried out using SPSS 26.0 and GraphPad Prism 9. Measurement data
conforming to normal distribution were expressed as mean + standard deviation (SD). Comparisons
between two groups with normal distribution adopted independent samples t-test. One-way ANOVA with
Tukey post-hoc test or Kruskal-Wallis H test was used for multi-group comparisons. Categorical
variables were compared by Chi-square test or Fisher’s exact test. P < 0.05 indicated statistically
significant difference.
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3. Results
3.1. Patient characteristics

The clinical characteristics of recruited gout patients were documented and analyzed. These
characteristics included age, body mass index (BMI), uric acid and creatinine levels, cholesterin levels,
triglyceride levels, blood glucose levels. Other comorbidities were also documented. A summary of
patient characteristics is shown in Table 1. In total, the study recruited 17 tophi patients and 12 healthy
controls. Participants were age- and sex-matched. It's important to note that the creatinine levels are
higher in patients with gout than in normal subjects, reflecting the fact that gout can impair kidney
function. What's more, UA, were all significantly higher in OG patients than in HC patients. It is
demonstrated that poor uric acid control is a crucial factor in tophus formation. Besides, there were
differences in the hypertension rates, and diabetes rates in the OG patients vs. the NG patients (Table 1).

Table 1

Patient characteristics
Variable 0G NG P
Age,y 52.65+16.61 54.5+15.68
BMI, kg/m2 27.69+3.79 25.78£2.85
UA, umol/L 469.12+91.57 325.17+62.92 <0.01
Cr, umol/L 114.61+34.95 77.05+9.95 =0.01
Cholesterin, mmol/L 4.70+0.99 422 +0.68
Triglycericle, mmol/L 2.60 £ 1.41 1.85+0.84
Blood glucose, mmol/L  5.88+1.92 5.71+0.06
Comorbidities
Hypertension 10(58.82%) 3(25%)
Diabates 2(11.76%) 0

3.2. Gout patients effectively reshape the metabolic
landscape of the synovial tissue

To investigate local metabolic changes in gout, we performed untargeted metabolomics on synovial
tissue from gout patients after surgery (OG) and from patients with chronic ligament/meniscus injuries
(CG). High data reliability was confirmed by QC sample correlation (Fig. 1A). Identified metabolites fell
into 12 major categories, including heterocyclic compounds, benzene derivatives, and organic acids
(Fig. 1B). Principal component analysis (PCA) showed clear separation between OG and CG groups
within the 95% confidence interval (Fig. 1C), indicating a significant alteration of the synovial metabolic
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profile in gout. Unsupervised hierarchical clustering confirmed distinct segregation between groups
(Fig. 1D). Volcano plot analysis revealed 134 significantly differential metabolites (P < 0.05, fold change
> 2.0), with 45 downregulated and 89 upregulated (Fig. 1E). The top 10 altered metabolites are shown in
Fig. T1F. Collectively, these results demonstrate that gout substantially reshapes the synovial tissue
metabolic landscape.

A: Correlation analysis on QC samples showing credibility of metabolomics data. B: Category analysis of
all metabolites identified in metabolomics profiles of synovial tissue. C: Principal component analysis
(PCA) plots of metabolic compositions of synovial tissue of gout patients after (OG) surgery and the
chronic ligament injuries or meniscus injuries patients during arthroscopic repair surgeries (CG). Ellipses
show 95% confidence intervals. The samples with different treatments were shown in different colour.
The PCA plots are constructed using top 2 principal components (PC1 and PC2). D: Unsupervised
hierarchical clustering displays the separation in metabolic composition CG and OG samples. The
correlation value between each sample is calculated using Pearson algorithm. The higher correlation
relationship between samples is shown in red. E: Volcano plots of differential metabolites in OG vs. CG
comparison. Each plot represented a metabolite, and the up-regulated metabolites (Log2.0 Foldchange
>1.0; P <0.05) were labelled red, whereas the down-regulated metabolites were shown in green. The
number of differential metabolites of each comparison are shown in the figure panel. F: Top 10
differential metabolites in OG vs. CG comparison. The top 10 metabolites are identified based on
foldchange.

3.3. Differential metabolites and related metabolic
pathways in synovial tissue of gout patients

To further validate identified metabolites and explore their biological relevance, we constructed an
Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) model based on metabolites from
the CG and OG groups. The score plot showed clear separation between groups (Fig. 2A), and
permutation testing confirmed model reliability (Fig. 2B). Differential metabolites (DEMs) were identified
using a VIP threshold > 1.0. A scatter plot of the top 30 DEMs highlighted key metabolites, including
valeric acid, uric acid, dioleoyl phosphatidylcholine, and linoleic acid (Fig. 2C), implicating fatty acid and
purine metabolism in tophaceous gout. KEGG pathway enrichment analysis revealed significant
enrichment of several metabolic pathways (Fig. 2D), notably those linked to inflammation and membrane
remodeling, such as linoleic acid, arachidonic acid, and glycerophospholipid metabolism.

To unravel interrelationships among DEMs, we visualized them by category, expression level, and
correlation pattern (Fig. 2E). Organic acids, fatty acids (FAs), and amino acid derivatives were the most
abundant metabolite classes, revealing complex synergistic and antagonistic interactions. Heatmap
analysis showed that lipid-related metabolites (e.g., fatty acids and glycerophospholipids) and organic
acids underwent the most pronounced changes after tophi removal (Fig. 2F). In the CG vs. 0G
comparison, most FAs were upregulated, whereas glycerophospholipids and amino acids were
significantly down-regulated. Notably, levels of 1-3-phenyllactic acid, dioleoylphosphatidylcholine, 1-
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stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine, triamterene, and 1,4-dimethylphenanthrene
were markedly elevated in the OG group (Fig. 2G). Together, these findings provide strong evidence that
gout induces extensive metabolic reprogramming in synovial tissue.

A: OPLS-DA scatter plots derived from metabolic profiles of CG vs. OG comparison. The OPLS-DA model
was validated using a permutation test that was randomly permitted 1000 times with the first
component extracts. B: Permutation test of the OPLS-DA model for CG vs. OG comparison. C: Scatter
plot displays the top 30 differential metabolites from CG vs. OG comparison. The differential metabolites
were identified using VIP > 1.0 from OPLS-DA model. D: KEGG pathway enrichment analysis on
differential metabolites from CG vs. OG comparison. Each plot in the diagram represents a metabolic
pathway, and the abscissa coordinate and the plot size represent the metabolite number of related
pathway. The vertical coordinate and plot colour represent the P-value [- In(P-value)] of enrichment
analysis. E: Correlation analysis on all differential metabolites from CG vs. OG comparison. All
differential metabolites involved in a complex correlation network. F: Heat maps display the relative
changes in contents of differential metabolites in CG vs. OG comparison. The up- and down-regulated
metabolites were shown in red and green, respectively. The scale represents the normalized peak area of
metabolite in each biological replicates. G: Box plots display the contents of hub metabolites in CG and
OG samples.

3.4. Surgery effectively reshapes the serum metabolic
landscape

To assess the systemic metabolic impact of surgery, we analyzed serum metabolites from postoperative
(Postop), preoperative (Preop), and control groups. PCA showed that principal component 1 (PC1)
explained 36.3% of total variance, primarily separating Postop from Preop/Control; PC2 explained 16.8%,
distinguishing Postop from Control (Fig. 3A). This pattern suggests that surgery reduces the metabolic
gap between gout patients and controls. Identified serum metabolites fell into nine categories, with
benzene derivatives (17.14%), heterocyclic compounds (15.11%), organic acids (12.96%), and amino
acids (10.66%) being the most abundant; notably, glycerophospholipids (GP) accounted for 7.15%

(Fig. 3B).

OPLS-DA with VIP > 1.0 identified DEMs. A scatter plot of the top 30 DEMs highlighted metabolites
including hydroxyminaline, fluorobenzoylpropionic acid, and artemisyl propionste, implicating fatty acid
metabolism in postoperative recovery (Fig. 3C). Volcano plot analysis (P < 0.05, fold change > 2.0)
showed 215 DEMs in Preop vs. Control (61 down, 154 up), confirming significant gout-related metabolic
alterations (Fig. 3D). Strikingly, Postop vs. Preop revealed 315 DEMs (239 down, 76 up), indicating that
surgery markedly reversed these alterations. Furthermore, Postop vs. Control showed only 108 DEMs (63
down, 45 up), demonstrating that surgery substantially normalized the serum metabolic profile toward
control levels (Fig. 3D). Together, these findings indicate that tophi removal effectively restores systemic
metabolism in gout patients.
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A: Principal component analysis (PCA) plots of metabolic compositions of serum from normal (Control),
postoperation (Postop) and preoperation (Preop) groups. Ellipses show 95% confidence intervals. The
samples with different treatments were shown in different color. The PCA plots are constructed using
top 2 principal components (PC1 and PC2). B: Category analysis of all metabolites identified in
metabolomics profiles of serum from all groups. C: Scatter plot displays the top 30 differential
metabolites among Control, Postop and Preop groups. The differential metabolites were identified using
VIP > 1.0 from PLS-DA model. D: Volcano plots of differential metabolites in Preop vs. Control (left),
Postop vs. Preop (medium) and Postop vs. Control (right) comparisons. Each plot represented a
metabolite, and the up-regulated metabolites (Log2.0 Foldchange > 1.0; P < 0.05) were labeled by red,
whereas the down-regulated metabolites were shown in green. The number of differential metabolites of
each comparison are shown in the figure panel.

3.5. Surgery improves gout associated metabolic pathways
in serum

To further evaluate systemic metabolic changes after surgery, we performed OPLS-DA on serum from
three pairwise comparisons: Preop vs. Control, Postop vs. Preop, and Postop vs. Control. Score plots
showed clear separation along the first predictive component for each comparison (Fig. 4A). The
explained variance was 39.1% for Preop vs. Control and 36.5% for Postop vs. Preop, indicating
substantial differences. Notably, it dropped to 26.3% for Postop vs. Control, suggesting a marked
reduction in metabolic disparity following surgery (Fig. 4A).

KEGG enrichment analysis revealed distinct pathway alterations (Fig. 4B). Preop vs. Control was
enriched in drug metabolism-cytochrome P450, branched-chain amino acid biosynthesis, and aminoacyl-
tRNA biosynthesis, highlighting disturbed amino acid metabolism in gout serum. Postop vs. Preop
showed enrichment in glycerophospholipid metabolism, glycerolipid metabolism, and purine
metabolism, indicating that tophi removal reshapes serum metabolic profiles. Postop vs. Control was
enriched in vitamin B6 metabolism, taurine/hypotaurine metabolism, and drug metabolism pathways.

Heatmaps displayed relative changes in metabolite contents (Fig. 4C). In Preop vs. Control, benzenes,
alcohols/amines, organic acids, and heterocyclic compounds were upregulated, reflecting metabolic
disturbances in gout. In Postop vs. Preop, the most pronounced changes involved aldehydes/ketones,
carbohydrates, glycerophospholipids (GP), and benzenes, confirming that surgery reshapes the serum
profile. In Postop vs. Control, the most significant differences were observed for GA, FA,
aldehydes/ketones, and heterocyclic compounds (Fig. 4C). Collectively, these findings demonstrate that
surgical removal of tophi restores key metabolic pathways in gout patients.

A: OPLS-DA scatter plots derived from metabolic profiles about Preog vs. Control (left), Postog vs. Preog
(medium) and Postog vs. Control (right) comparisons. B: KEGG pathway enrichment analysis on
differential metabolites from Preog vs. Control (left), Postog vs. Preog (medium) and Postog vs. Control
(right) comparisons. Each plot in the diagram represents a metabolic pathway, and the abscissa
coordinate and the plot size represent the metabolite number of related pathway. The vertical coordinate
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and plot color represent the P-value [- In(P-value)] of enrichment analysis. C: Heat maps display the
relative changes in contents of differential metabolites in Preog vs. Control (left), Postog vs. Preog
(medium) and Postog vs. Control (right) comparisons. The up- and down-regulated metabolites were
shown in red and green, respectively. The scale represents the normalized peak area of metabolite in
each biological replicates.

3.6. Improvement of linoleic acid and glycerophospholipid
metabolisms for improving gout

To delineate the serum metabolites changes by surgical intervention in tophi patients, we conducted an
Upset plots analysis of the differential metabolites from two key comparisons: Preop vs. Control and
Postop vs. Preop. The 154 up- and 61 down-regulated metabolites from the Preop vs. Control
comparison were combined as Set A (Fig. 5A), while the 76 up- and 239 down-regulated metabolites
from the Postop vs. Preop were designated as Set A (Fig. 5A). This identified 37 hub DEMs from both the
Postop vs. Preop and Preop vs. Control comparisons, highlighted in red (Fig. 5A). KEGG analysis of these
hub metabolites identified linoleic acid metabolism and glycerophospholipid metabolism as the primary
pathways concurrently associated with gout pathogenesis and surgical intervention (Fig. 5B). Venn
diagram analysis revealed 47 overlapping metabolites between synovial tissue and serum. Enrichment
analysis confirmed tophi resection significantly influenced 9 metabolic pathways, with linoleic acid and
glycerophospholipid metabolism being most prominent (Fig. 5C), further supporting the amelioration of
linoleic acid and glycerophospholipid metabolism facilitates the elimination of tophi. A heatmap of the
hub metabolites abundance across the Control, Preop, and Postop groups was generated (Fig. 5D). The
results indicated that organic acids, fatty acids (FA), and heterocyclic compounds constituted the three
most abundant classes of differential metabolites (Fig. 5D), implying that surgical tophi removal
instigates comprehensive metabolic reprogramming encompassing energy and lipid metabolism.
Together, these findings demonstrate that surgery alleviates gout through systemic reprogramming of
key metabolic pathways, particularly linoleic acid and glycerophospholipid metabolism.

A: Upset plots identified the hub differential metabolites associated with gout pathogenesis and surgery
treatment in serum. The hub metabolites were labeled in red. B: Scatter plot displays the KEGG pathway
enrichment results based on hub metabolites associated with gout pathogenesis and surgery treatment
in serum. The various color levels displayed different levels of significance of terms from low (blue) to
high (red). C: Venn diagram identified the overlapped pathways identified in synovial tissue and serum.
The disorders of nine pathways were improved by surgery-removed tophi. D: Heat map showing the
relative contents of hub metabolites associated with gout pathogenesis and surgery treatment in
Control, Postog and Preog groups. The high and low levels of metabolites are shown in red and green,
respectively. Scale bar represents the normalized peak areas of related metabolites in each biological
replicate.

3.7. Surgery reduces the expression of inflammation-
related genes in serum of gout patients
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To investigate molecular mechanisms, we analyzed the expression of genes associated with key
metabolic pathways. RT-gPCR analysis revealed that in the linoleic acid metabolism pathway, the
expression of the gene ALOX15, which is associated with inflammation removal, was significantly up-
regulated in Postop compared with Preop (Fig. 6A). Conversely, the expression of PLA2G3 in the
glycerophospholipid metabolism pathway was significantly downregulated in Postop compared with
Preop (Fig. 6C), indicating that surgery alleviates serum inflammation and promotes tissue repair.
Moreover, pro-inflammatory factors TNFa and NF-kB1 were also significantly down-regulated expression
in Postop compared with Preop (Fig. 6B, D). These results demonstrate that surgery markedly reduces
the inflammatory response in serum. Subsequently, we examined the protein accumulation of
inflammation-related genes in serum before and after surgery. The results showed that protein
accumulation of PLA2G3, TNFq, and NF-kB1 in serum were significantly higher in Postop than that those
of Preop, whereas ALOX15 protein accumulation was significantly lower before surgery than after
surgery (Fig. 6E-H). These findings further support that surgery reduces the expression of inflammation-
related genes in serum.

A-D: RT-gPCR assay detected the expression of ALOX15, PLA2G3, TNFa and NF-kB1 genes in serum of
post-operation (Postop) and pre-operation (Preop). The GAPDH gene was used as an internal reference.
Values are mean + SD of three independent biological replicates. Asterisks represent significant
differences (*P < 0.05, Student’s t test). E-H: The protein accumulations of ALOX15, PLA2G3, TNFa and
NF-kB1 in serum of Postop and Preop were detected by western blotting. Actin (Act) as an internal
control indicates equal loading.

4. Discussion

Tophi are not merely local destructive lesions but also drivers of systemic metabolic dysregulation in
gout [23, 24]. In this study, integrated metabolomic analyses of synovial tissue and serum demonstrate
that surgical tophi removal reshapes both local and systemic metabolic networks. Our findings indicate
that surgery not only eliminates the physical insult of urate crystals but also reverses gout-associated
pathological states at the metabolic level, primarily through modulation of lipid metabolism pathways,
notably linoleic acid and glycerophospholipid metabolism.

Gout is a common metabolic disease triggered by hyperuricemia and characterized by monosodium
urate (MSU) crystal deposition [25]. Poorly controlled acute gout progresses to tophaceous disease [26],
for which surgery remains a mainstay [10]. Beyond simple excision, modern surgical management
incorporates tissue repair techniques—such as vacuum sealing drainage (VSD) and platelet-rich gel—to
restore anatomical and metabolic homeostasis [20]. In chronic gout, persistent MSU deposition
maintains synovial tissue in a chronically activated metabolic state. Our PCA and volcano plot analyses
revealed a distinct synovial metabolic landscape in gout patients after tophi removal. KEGG and
heatmap analyses further identified linoleic acid and glycerophospholipid metabolism as the most
significantly altered pathways. These results suggest that gout induces extensive metabolic
reprogramming in synovial tissue, and that tophi removal can fundamentally reverse serum metabolic
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profiles, particularly within these two lipid pathways. Collectively, our findings establish a novel
mechanistic link between surgery and the regulation of linoleic acid/glycerophospholipid metabolism.

Linoleic acid, an essential polyunsaturated fatty acid, reduces the risk of chronic cardiovascular and
malignant diseases [27, 28]. Its metabolites can exert proatherogenic and anti-inflammatory effects via
endothelial activation [29-31] and modulate oxidative stress and inflammatory responses [32]. For
instance, linoleic acid activates PI3K/Akt and p38 MAPK/ERK1/2 signaling, leading to NF-kB activation
and expression of inflammatory mediators such as VCAM-1 [27, 28]. Kim et al. [33] showed that linoleic
acid regulates inflammatory mediator release in activated mast cells. Meanwhile, glycerophospholipids
are major cell membrane constituents; their dysregulation compromises membrane integrity, fluidity, and
signal transduction. We propose that surgical tophi removal eliminates persistent MSU-driven
inflammation, thereby breaking a vicious cycle of metabolic dysregulation and allowing these pathways
to normalize. Supporting this, RT-qPCR revealed that post-surgery expression of inflammation-related
genes—including PLA2G4A, NF-kB1, and TNFa—was significantly down-regulated, whereas ALOX15
expression was markedly up-regulated compared to controls. This shift indicates that surgery reduces
systemic inflammatory burden, likely by resetting lipid mediator profiles.

A deeper interpretation emerges tophi function as metabolic “reservoirs” that continuously fuel both
local synovitis and systemic metabolic disturbances. Their surgical removal not only relieves mechanical
compression but also disrupts a positive feedback loop among MSU deposition, chronic inflammation,
and lipid dysmetabolism. The coordinated restoration of linoleic acid and glycerophospholipid
metabolism suggest a common upstream regulatory node possibly involving PPARs or AMPK—that
warrants future investigation. From a clinical perspective, our findings imply that early surgical
intervention, before irreversible joint or metabolic damage occurs, might offer dual benefits: anatomical
salvage and systemic metabolic correction. This adds a novel therapeutic rationale for considering
surgery not merely as a last resort but as a disease-modifying strategy in selected tophaceous gout
patients.

5. Conclusions

We propose a mechanistic model: as a persistent inflammatory nidus, tophi continuously disrupt lipid
metabolic homeostasis in synovial tissue and serum, prominently affecting linoleic acid and
glycerophospholipid metabolism. Surgical removal of this nidus alleviates these disruptions. These
findings deepen our understanding of the metabolic benefits of surgery in gout and provide potential
targets for the future adjuvant therapies aimed at modulating these specific pathways.

Abbreviations

BMI body mass index

CG Control group
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DEMs Differential metabolites

GP glycerophospholipids

HCA Hierarchical cluster analysis

KEGG Kyoto Encyclopaedias of Genes and Genomes
LC—MS Liquid Chromatography—Mass Spectrometry
MSU monosodium urate
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OPLS-DA Orthogonal Partial Least Squares Discriminant Analysis
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PCC Pearson correlation coefficients

VSD vacuum sealing drainage
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Figure 1

Metabolic landscape of synovial tissue from gout patients after surgery for removing tophi

A: Correlation analysis on QC samples showing credibility of metabolomics data. B: Category analysis of
all metabolites identified in metabolomics profiles of synovial tissue. C: Principal component analysis
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(PCA) plots of metabolic compositions of synovial tissue of gout patients after (OG) surgery and the
chronic ligament injuries or meniscus injuries patients during arthroscopic repair surgeries (CG). Ellipses
show 95% confidence intervals. The samples with different treatments were shown in different colour.
The PCA plots are constructed using top 2 principal components (PC1 and PC2). D: Unsupervised
hierarchical clustering displays the separation in metabolic composition CG and OG samples. The
correlation value between each sample is calculated using Pearson algorithm. The higher correlation
relationship between samples is shown in red. E: Volcano plots of differential metabolites in OG vs. CG
comparison. Each plot represented a metabolite, and the up-regulated metabolites (Log2.0 Foldchange >
1.0; P < 0.05) were labelled red, whereas the down-regulated metabolites were shown in green. The
number of differential metabolites of each comparison are shown in the figure panel. F: Top 10
differential metabolites in OG vs. CG comparison. The top 10 metabolites are identified based on
foldchange.
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Figure 2

Gout patients cause metabolic disorders related to gout in synovial tissue

A: OPLS-DA scatter plots derived from metabolic profiles of CG vs. OG comparison. The OPLS-DA model
was validated using a permutation test that was randomly permitted 1000 times with the first
component extracts. B: Permutation test of the OPLS-DA model for CG vs. OG comparison. C: Scatter
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plot displays the top 30 differential metabolites from CG vs. OG comparison. The differential metabolites
were identified using VIP > 1.0 from OPLS-DA model. D: KEGG pathway enrichment analysis on
differential metabolites from CG vs. OG comparison. Each plot in the diagram represents a metabolic
pathway, and the abscissa coordinate and the plot size represent the metabolite number of related
pathway. The vertical coordinate and plot colour represent the P-value [-In(P-value)] of enrichment
analysis. E: Correlation analysis on all differential metabolites from CG vs. OG comparison. All
differential metabolites involved in a complex correlation network. F: Heat maps display the relative
changes in contents of differential metabolites in CG vs. OG comparison. The up- and down-regulated
metabolites were shown in red and green, respectively. The scale represents the normalized peak area of
metabolite in each biological replicates. G: Box plots display the contents of hub metabolites in CG and
OG samples.
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Figure 3

Metabolic landscape of serum from gout patients before and after surgery for removing tophi

A: Principal component analysis (PCA) plots of metabolic compositions of serum from normal (Control),
postoperation (Postop) and preoperation (Preop) groups. Ellipses show 95% confidence intervals. The
samples with different treatments were shown in different color. The PCA plots are constructed using
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top 2 principal components (PC1 and PC2). B: Category analysis of all metabolites identified in
metabolomics profiles of serum from all groups. C: Scatter plot displays the top 30 differential
metabolites among Control, Postop and Preop groups. The differential metabolites were identified using
VIP > 1.0 from PLS-DA model. D: Volcano plots of differential metabolites in Preop vs. Control (left),
Postop vs. Preop (medium) and Postop vs. Control (right) comparisons. Each plot represented a
metabolite, and the up-regulated metabolites (Log2.0 Foldchange > 1.0; P < 0.05) were labeled by red,
whereas the down-regulated metabolites were shown in green. The number of differential metabolites of
each comparison are shown in the figure panel.
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Figure 4

Surgery to remove tophi improved gout-associated metabolic disorders in patient serum
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A: OPLS-DA scatter plots derived from metabolic profiles about Preog vs. Control (left), Postog vs. Preog
(medium) and Postog vs. Control (right) comparisons. B: KEGG pathway enrichment analysis on
differential metabolites from Preog vs. Control (left), Postog vs. Preog (medium) and Postog vs. Control
(right) comparisons. Each plot in the diagram represents a metabolic pathway, and the abscissa
coordinate and the plot size represent the metabolite number of related pathway. The vertical coordinate
and plot color represent the P-value [-In(P-value)] of enrichment analysis. C: Heat maps display the
relative changes in contents of differential metabolites in Preog vs. Control (left), Postog vs. Preog
(medium) and Postog vs. Control (right) comparisons. The up- and down-regulated metabolites were
shown in red and green, respectively. The scale represents the normalized peak area of metabolite in
each biological replicates.
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Figure 5

Improvement of linoleic and glycerophospholipid metabolisms involved in mechanisms by surgery for
improving gout

A: Upset plots identified the hub differential metabolites associated with gout pathogenesis and surgery
treatment in serum. The hub metabolites were labeled in red. B: Scatter plot displays the KEGG pathway
enrichment results based on hub metabolites associated with gout pathogenesis and surgery treatment
in serum. The various color levels displayed different levels of significance of terms from low (blue) to
high (red). C: Venn diagram identified the overlapped pathways identified in synovial tissue and serum.
The disorders of nine pathways were improved by surgery-removed tophi. D: Heat map showing the
relative contents of hub metabolites associated with gout pathogenesis and surgery treatment in
Control, Postog and Preog groups. The high and low levels of metabolites are shown in red and green,
respectively. Scale bar represents the normalized peak areas of related metabolites in each biological

replicate.
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Figure 6

The expression of inflammation-related genes in serum of Postop and Preop

A-D: RT-gPCR assay detected the expression of ALOX15, PLA2G3, TNFa and NF-kB1 genes in serum of
post-operation (Postop) and pre-operation (Preop). The GAPDH gene was used as an internal reference.
Values are mean * SD of three independent biological replicates. Asterisks represent significant
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differences (*P < 0.05, Student’s t test). E-H: The protein accumulations of ALOX15, PLA2G3, TNFa and
NF-kB1 in serum of Postop and Preop were detected by western blotting. Actin (Act) as an internal
control indicates equal loading.
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