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Purpose: Serum uric acid (SUA) is primarily produced through the hydrolysis of purines in the liver, with its excretion largely 
handled by the kidneys. Urate transporter 1 (URAT1) inhibitors are known to enhance uric acid elimination via the kidneys, but they 
also increase the risk of kidney stone formation. Currently, xanthine oxidase (XO) inhibitors are the predominant uric-lowering 
medications on the market.
Methods: In this study, we utilized single-cell RNA sequencing, spatial metabolomics, plasma metabolomics, flow cytometry to 
explore the effects of Tigulixostat on uric acid level and hyperuricemic nephropathy (HN) in Uox-KO mouse model.
Results: In this study, we discovered that Tigulixostat (LC350189) more effectively reduced SUA levels and resulted in better renal 
outcomes compared to allopurinol, without inducing liver injury in urate oxidase knockout (Uox-KO) mice. Mechanistically, we found 
that Tigulixostat improved HN by promoting M2 macrophage polarization.
Conclusion: These findings suggest Tigulixostat as a promising therapeutic option for managing hyperuricemia and related kidney 
conditions.
Keywords: hyperuricemic nephropathy, Uox-KO, tigulixostat, Single-cell RNA sequencing, macrophage

Introduction
Urate is the final metabolite in purine metabolism, with xanthine oxidase (XO) playing a crucial role in the production of 
uric acid by converting hypoxanthine to xanthine and subsequently to uric acid.1,2 Elevated serum uric acid (SUA) levels 
can result from various factors, including excessive consumption of seafood, red meat, organ meats, alcohol, or fructose- 
rich beverages, all of which accelerate nucleotide breakdown and urate production.3,4 Hyperuricemia (HUA) is 
a significant risk factor for gout, as it leads to the deposition of monosodium urate in the joints.5,6 HUA is also closely 
associated with chronic kidney disease (CKD)7 and has been linked to an increased risk of mortality from diabetes and 
cardiovascular disease (CVD).8

Numerous studies suggest that lifelong urate-lowering therapy (ULT) is essential for managing gout and refractory 
HUA. Allopurinol and febuxostat, both XO inhibitors, are currently the first-line agents in ULT.9 Allopurinol is 
a hypoxanthine analogue that binds to and inhibits xanthine oxidase.10 Febuxostat, which is metabolized by the liver, 
is less likely to impair kidney function; however, it has been associated with acute liver injury and an increased risk of 
death from CVD.11,12 Additionally, lower solubility of febuxostat in water compared to allopurinol,13 makes the later the 
preferred reference drug in mouse model experiments. Although a study indicated that low-dose benzbromarone has 
advantages over low-dose febuxostat in ULT,14 benzbromarone has been removed from the FDA’s shelves due to its side 
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effects. The risk of renal stones remains a significant challenge with URAT1 inhibitors.15 Tigulixostat, a novel XO 
inhibitor, has shown promise, with a 2015 double-blind clinical trial demonstrating that a 200 mg dose of Tigulixostat 
can reduce SUA levels as effectively as 80 mg of febuxostat.16 Another clinical trial further confirmed the efficacy and 
safety of utilizing Tigulixostat in ULT.17 HN is a chronic kidney disease characterized by dysfunction of uric acid 
metabolism, which may progress to renal tubulointerstitial fibrosis and glomerular sclerosis if not effectively alleviated.18 

Despite prior research on blocking the TGF-β pathway to mitigate kidney damage, elevated uric acid levels remain 
unabated.19 Macrophages (Macro) polarization has been found to influence gout and chronic kidney disease by regulating 
inflammation,20,21 leading us to wonder whether M1 to M2 polarization could alleviate HN. In our study using a Uox-KO 
mouse model, Tigulixostat not only demonstrated excellent SUA reduction but also showed a notable therapeutic effect 
on HN.

Materials and Methods
Animals
Male Uox-KO mice (Strain NO. T011801) and male wild-type (WT) C57BL/6J mice were obtained from 
GemPharmatech (Nanjing, China). To create the Uox-KO model, exons 2–4 of the mouse Uox gene were knocked out 
in the C57BL/6J background. This model is highly suitable for screening and evaluating hyperuricemia (HUA) 
treatments due to its propensity for uric acid accumulation.22 Mice were housed two per cage, maintained on a 12- 
hour light-dark cycle, and given unrestricted access to standard chow and water. Blood biochemical markers, including 
serum uric acid (SUA) and creatinine, were measured starting from the fifth week to confirm the model’s construction. 
The WT mice served as the control group (WT group). The Uox-KO mice without any specific treatment were designated 
as the disease control group (Uox-KO group). Uox-KO mice receiving 10 mg/kg allopurinol daily by oral gavage were 
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categorized as the drug treatment control group (All group).23 Drawing from prior research on dose and the conversion of 
the surface area of the human and mouse bodies,17 another set of Uox-KO mice were treated with 20 mg/kg Tigulixostat 
daily by oral gavage during the same period, forming another drug treatment control group (Tig group). All mice were 
euthanized at 11 weeks of age using carbon dioxide. These experiments were conducted with the approval of the 
Institutional Animal Care and Use Committee of GemPharmatech (Nanjing, China).

Immunohistochemistry
Kidney tissues from mice across four groups were prepared for histopathological analysis. The tissues were first placed in 
embedding cassettes and fixed through immersion in 10% neutral-buffered formalin. Following standard processing, the 
tissues were embedded in paraffin for further histological examination. Sections of approximately 4-μm thickness were 
sliced and subjected to staining with hematoxylin and eosin (H&E), Masson’s trichrome, and periodic acid Schiff (PAS) 
to highlight pathological alterations in the kidney. These tissue sections were then assessed using an Olympus optical 
pathology scanning system.

Transmission Electron Microscope
Initially, either cell pellets or tissue samples were fixed using a 2.5% solution of glutaraldehyde (provided by Wuhan 
Servicebio Biological Technology Co., China) at 4°C for 2 to 4 hours. After fixation, the samples were encapsulated in 
1% agarose gel, followed by a post-fixation in 1% osmium tetroxide (OsO4). The samples were then dehydrated using 
a series of ethanol concentrations and subsequently embedded in 812 resin (SPI Supplies, USA). Thin sections ranging 
from 60 to 80 nm were cut and stained with 2% uranyl acetate. The prepared samples were examined and imaged using 
a transmission electron microscope (TEM) from Hitachi, Japan.

Multicytokine Assay
Plasma was homogenized, and the supernatant from each group was gathered for a multicytokine analysis. The cytokine 
concentrations were determined using a Luminex 200 system (Luminex), employing a set of 31 mouse cytokines (LX- 
MultiDTM-31), following the manufacturer’s guidelines.24

Single-Cell RNA Sequencing
Single-cell 3’ gene expression profiles were obtained using a Chromium Next GEM Single Cell 3ʹ Kit v3.1 (10x 
Genomics, 1000268) and a Chromium Next GEM Chip G Single Cell Kit (10x Genomics, 1000120). Cell suspensions 
were introduced into the single-cell controller to form single-cell gel beads. Following cell capture, lysis occurred to 
release RNA, which was then barcoded during reverse transcription. Subsequently, the resulting libraries were sequenced 
on a NovaSeq6000 system (Illumina, San Diego, CA, USA).25 The quality data of scRNA-seq was showed in Table S1.

scRNA-Seq Clustering and Annotation of Cell Types
The raw reads were mapped to the mouse reference genome (refdata-gex-mm10-2020-A) using CellRanger count 
(v7.0.0) with default parameters, the digital expression matrix was extracted from the “filtered_feature_bc_matrix” 
folder outputted by the CellRanger count pipeline. The R package Seurat (v4.1.1) was performed to identify different 
clusters and signature genes. In brief, after removing genes expressed in fewer than 3 cells, cells with unique feature 
counts ranging from 300 to 97.5% percentile and less than 25% mitochondrial expression were selected for further 
analysis. We normalized raw data using NormalizeData function and extracted highly variable genes using 
FindVariableFeatures function, then data integration was performed by canonical correlation analysis using 
SelectIntegrationFeatures, FindIntegrationAnchors and IntegrateData functions. The normalized data underwent linear 
transformation and principal component analysis based on highly variable genes using functions ScaleData and RunPCA. 
The cell count before and after filtering of scRNA-seq in each group was showed in Figure S1.
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scRNA-Seq Clustering and Annotation of Cell Types
For principal component analysis (PCA), the 3000 genes with the highest variability were selected. Cluster analysis was 
then conducted on the 30 most significant principal components using the FindNeighbors and FindClusters functions, 
with the parameter set to “resolution=0.3”. Clusters were visualized using both Uniform Manifold Approximation and 
Projection (UMAP) and t-Distributed Stochastic Neighbor Embedding (t-SNE) by RunTSNE and RunUMAP functions 
separately. Marker genes for each cluster, cell type and subgroup were identified by the Seurat FindMarkers function that 
used the Wilcoxon rank-sum test to contrast gene expression of cells from certain cluster, cell type or subgroup to that of 
others. Cell types were then annotated by their specific patterns of gene expression, and cell clusters were annotated 
using published information on marker genes.

LC-MS/MS Analysis
The analyses were conducted using a UHPLC system (1290 Infinity LC, Agilent Technologies) connected to a QTRAP 
MS (6500+, Sciex). Analytes were separated on both HILIC and C18 columns (Waters UPLC BEH Amide and BEH 
C18, respectively, both 2.1 mm × 100 mm, 1.7µm). For the HILIC separation, the column was maintained at 35°C with 
an injection volume of 2µL. The mobile phases consisted of Mobile phase A: 90% H2O with 2 mm ammonium formate 
and 10% acetonitrile, and Mobile phase B: 0.4% formic acid in acetonitrile. A gradient program was set (85% B at 
0–1 min, 80% B at 3–4 min, 70% B at 6 min, 50% B at 10–15.5 min, back to 85% B at 15.6–23 min) with a flow rate of 
300 μL/min. For RPLC separation, the column temperature was 40°C and the injection volume was 2 μL, using Mobile 
phase A: 5 mm ammonium acetate in water and Mobile phase B: 99.5% acetonitrile. The gradient (5% B at 0 min, 60% 
B at 5 min, 100% B at 11–13 min, and 5% B at 13.1–16 min) was implemented at a flow rate of 400 μL/min. Throughout 
the analysis, samples were kept at 4°C. The 6500+ QTRAP was operated in both positive and negative switch modes. 
The ESI source conditions in positive mode included: Source temperature at 580°C, Ion Source Gas1 (GS1) at 45, Ion 
Source Gas2 (GS2) at 60, Curtain Gas (CUR) at 35, and IonSpray Voltage (IS) at +4500 V. In negative mode, the 
conditions were similar with an IonSpray Voltage (IS) of −4500 V. The MRM method was applied for quantitative data 
acquisition in mass spectrometry, with MRM ion pairs detailed in the attached file. Pooled quality control (QC) samples 
were included in the sequence to assess the stability and reproducibility of the system.

Mass Spectrometry Imaging
Metabolites in the samples were visualized using a timsTOF fleX MALDI 2 (Bruker) equipped with a 10 kHz smartbeam 
3D laser. The MALDI2 mass spectrometry imaging (MSI) was conducted in positive-ion mode with a full-scan range 
of m/z 50–1500. The analysis featured a spatial resolution of 50 µm. The laser operated at a frequency of 10,000 hz, 
utilizing 62% of its energy capacity, and delivered 100 laser shots per 50-µm pixel.

Polychromatic Flow Cytometry
After the cell surface was stained, 1 mL of stain buffer was added to rinse the cells once. Next, 250 µL of Fixation/ 
Permeabilization solution was added, and the cells were incubated at 4°C for 25 minutes. The volume was then brought 
up to 1 mL with stain buffer working solution, followed by centrifugation and discarding of the supernatant. The cells 
were washed twice with 1 mL of 1×Perm/Wash Buffer each time, and subsequently resuspended in 200 µL for 
intracellular staining. The cells were incubated at 4°C for 30 minutes. Afterwards, 1 mL of stain buffer was added to 
wash the cells, followed by a 5-minute centrifugation. The cells were then resuspended in 400 µL and analyzed by flow 
cytometry within 3 hours.

Statistical Analysis
Label-free quantification (LFQ) intensities underwent preprocessing before being analyzed. Proteins not detected in any 
of the samples were excluded. Missing data within the LFQ intensity dataset were imputed. The ggplot2 package (version 
3.3.5) in R facilitated both PCA and the creation of volcano plots, whereas the pheatmap package (version 1.0.12) was 
utilized to examine correlations among samples and to generate heatmaps. Proteins were classified as differentially 
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expressed based on criteria of Log2FC ≥0.5, Log2FC ≤-0.5, and a p-value (Wilcoxon rank-sum test) of 0.05. Gene 
Ontology (GO) and pathway analyses were conducted using the R package clusterProfiler (version 4.44). Protein-protein 
interactions were explored using the STRING database and visualized using graph (version 2.0.5), and protein domains 
were predicted and depicted using ggplot2 (version 3.3.5).

Results
Tigulixostat Effectively Reduced Serum Uric Acid and Relieved HN
Tigulixostat effectively reduced serum uric acid levels and alleviated HN. Initially, we successfully employed CRISPR/ 
Cas9 technology alongside existing research to develop a Uox-KO mouse model by deleting exons 2 to 4 of the Uox gene.22 

The mice were divided into four groups: Control, Uox-KO, Uox-KO+Allopurinol, and Uox-KO+Tigulixostat. We assessed 
the impact of Tigulixostat in urate-lowering therapy (ULT) and HN using various methods including blood and urine tests, 
immunohistochemistry, electron microscopy, multicytokine assays, single-cell RNA sequencing, plasma metabolomics 
(PM), and spatial dynamic metabolomics (SDM) (Figure 1A and B). The molecular structures of Allopurinol and 
Tigulixostat are shown in Figure 1C and D, respectively. Liver and kidney samples collected from the four groups at 
11 weeks of age were analyzed for subsequent studies (Figure 1E). The kidney of the Uox-KO group became significantly 
whiter because of uric acid deposition. Notably, the kidney color in the Tigulixostat group was closer to that of the Control 
group, suggesting better kidney function compared to the Allopurinol group. Both the allopurinol and tigulixostat groups 
showed a reduction in SUA by the second week of treatment (Figure 1F and Table S2), with a statistically significant 
difference observed by the fourth week, highlighting specific uric acid-lowering effects of Tigulixostat. A significant 
increase in serum creatinine (CREA) levels was observed in the Uox-KO group, while the Tigulixostat group maintained 
stable levels (Figure 1G). In separate blood urea nitrogen (BUN) tests, which reflect kidney function, there was a notable 
improvement in the Tigulixostat group, outperforming the Allopurinol group (Figure 1H). There were no significant 
changes in serum alanine transaminase (ALT) and fasting blood glucose levels in the Tigulixostat group, indicating a low 
risk of liver damage and blood glucose elevation (Figure 1I and Figure S2A). At nine weeks, the Tigulixostat group had 
lower urine microalbumin (mALB) levels, an early indicator of kidney injury (Figure 1J). The urine uric acid levels were 
significantly reduced in both drug groups compared to the Uox-KO group, suggesting that uric acid excretion was not the 
primary ULT mechanism (Figure 1K). Furthermore, the Tigulixostat group showed a decreased urine albumin-creatinine 
ratio relative to the Allopurinol group (Figure 1L and Figure S2B), indicating potentially better efficacy in managing HN.

Immunohistochemistry provided a more direct observation of Tigulixostat’s effects on HN. H&E staining Epithelial cells 
of the renal tubules shed and flow into the lumen in Uox-KO group (Figure 2A). In Masson staining we could found renal 
interstitial edema was accompanied by inflammatory cell infiltration (Figure 2B). PAS staining indicated renal tubules 
atrophied and the glomerular capsule wall thickened (Figure 2C). These pathological changes were alleviated in the 
Tigulixostat group. TEM revealed that in the Uox-KO group, glomerular capillary loops were poorly formed, and there 
was visible vacuolar degeneration of glomerular visceral epithelial cells, diffuse fusion of podocyte foot processes, and 
proliferation of mesangial cells. These pathological changes were substantially alleviated in the Tigulixostat group 
(Figure 2D). Plasma multicytokine assays showed that pro-inflammatory factors were significantly elevated in the Uox-KO 
group compared to the Control group, whereas the Tigulixostat group exhibited a significant reduction (Figure 2E). 
Furthermore, the regulatory and inhibitory inflammatory factors such as interleukin-10 (IL-10) were increased in the 
Tigulixostat group (Figure 2F and G), indicating an inhibitory effect on the inflammatory response by Tigulixostat.

Tigulixostat Promoted Macro M2 Polarization in Uox-KO Mouse
To investigate the effects of Tigulixostat on kidney and liver function in HN, we performed single-cell RNA sequencing 
(scRNA-seq) on samples from the Control group, Uox-KO group, and Tigulixostat group. After completing data quality 
control (Figure S3AS3C), we identified 19 distinct clusters within the kidney samples across the three groups (Figure 
S3D and S2E). These kidney tissues were subsequently categorized into 13 cell types based on marker gene expression 
(Figure 3A and Figure S3F). We analyzed the proportions of immune and non-immune cells (Figure 3B and C), finding 
that Macro were prevalent in all three groups, while T lymphocytes (T lymph) were reduced in the Tigulixostat group 
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Figure 1 Tigulixostat effectively reduced serum uric acid and relieved hyperuricemic nephropathy in Uox-KO mouse model. (A) Overview of the research design. (B) Implementation 
of CRISPR/Cas9 technology in the Uox-KO mouse model. (C) Chemical structure of Allopurinol. (D) Chemical structure of Tigulixostat. (E) Images of liver and kidney samples from 
four experimental groups: Control, Uox-KO, Uox-KO + Allopurinol, and Uox-KO + Tigulixostat. (F) Serum Uric Acid (SUA) levels measured in the four groups at ages 5, 7, and 
9 weeks. (G) Serum creatinine (CREA) levels in the four groups at ages 7 and 9 weeks. (H) Blood Urea Nitrogen (BUN) levels in the four groups at ages 5, 7, and 9 weeks. (I) Serum 
Alanine Transaminase (ALT) levels in the four groups at ages 5, 7, and 9 weeks. (J) Urine microalbumin (mALB) levels in the four groups at the age of 9 weeks. (K) Urine uric acid levels in 
the four groups at the age of 9 weeks. (L) Urine creatinine levels in the four groups at the age of 9 weeks. n=5 in each group. Values are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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compared to the Uox-KO group. Among non-immune cells, endothelial cells (Endo) and mesangial cells (Mes) were 
most prevalent, showing significant changes in the Tigulixostat group, suggesting their potential role in disease 
remission. A Pearson correlation plot indicated a close relationship between Macro and stromal cells (Strom) 
(Figure 3D). We documented the genes that increased or decreased in the Tigulixostat group compared to the Uox-KO 
group for each cell type (Figure 3E and F), and created volcano plots for the top 10 (Figure 3G and H). We found that 
inflammatory-related genes such as C-X-C motif chemokine ligand 10 (Cxcl10) in T lymphocytes, interleukin 1 beta (Il- 

Figure 2 Renal pathology and multicytokine changes in Uox-KO mouse model of hyperuricemia induced by Tigulixostat. (A) Hematoxylin and eosin (H&E) stained sections from 
the Control group, Uox-KO group, and Uox-KO + Tigulixostat group, red arrows showed epithelial cells of the renal tubules shed and flow into the lumen. (B) Masson’s trichrome 
stained sections from the same three groups, red arrows revealed renal interstitial edema was accompanied by inflammatory cell infiltration. (C) Periodic acid-Schiff (PAS) stained 
sections from these groups, red arrows indicated renal tubules atrophied and the glomerular capsule wall thickened. (D) Transmission electron microscopy (TEM) images from the 
three groups. (E) Levels of cytokines that promote inflammation across the three groups. (F) Levels of cytokines that regulate inflammation in the three groups. (G) Levels of 
cytokines that inhibit inflammation in each of the three groups. n=3 in each group. Values are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3 Single-cell RNA sequencing analysis in kidney of Uox-KO mouse model treated by Tigulixostat. (A) Unsupervised clustering identified 13 distinct cell types visualized in 
a UMAP from the Control group, Uox-KO group, and Uox-KO + Tigulixostat group. (B) The proportion of immune cell types across the three groups. (C) The proportion of non- 
immune cell types across the three groups. (D) Pearson correlation plot of 13 cell types in scRNA-seq. (E) Trends in gene expression, showing increases and decreases within each 
immune cell type. (F) Trends in gene expression, showing increases and decreases within each non-immune cell type. (G) Volcano map in the TOP 10 increasing and decreasing genes in 
each immune cell. (H) Volcano map in the TOP 10 increasing and decreasing genes in each non-immune cell. (I) Bubble map illustrating pathways associated with downregulated genes in 
immune cells. (J) Bubble map illustrating pathways associated with upregulated genes in immune cells. (K) Bubble map depicting pathways associated with downregulated genes in non- 
immune cells. (L) Bubble map depicting pathways associated with upregulated genes in non-immune cells.
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1β) in dendritic cells (DC) and Macro, and C-X-C motif chemokine ligand 2 (Cxcl2) in neutrophils showed significant 
decline. Pathway analysis was performed for elevated and decreased genes (Figure 3I–L). Interestingly, downregulated 
genes in both immune and non-immune cells were enriched in pathways associated with ribosomes, highlighting the 
ribosome as a key organelle in disease remission. Additionally, the cytokine-cytokine receptor interaction pathway and 
the chemokine signaling pathway were highlighted in the bubble diagram for immune cells, indicating the role of 
inflammatory factors in regulating disease progression.

Following this, we categorized Macro into five subclusters (Figure 4A) and identified specific markers for each using 
UMAP (Figure 4B). The bar chart of proportions (Figure 4C) revealed that subcluster 0 was predominant across all three 
groups, with its highest representation in the Uox-KO group. Although its proportion decreased in the Tigulixostat group, 
it remained significantly higher than in the Control group. A Pearson correlation plot (Figure 4D) indicated close 
relationships between subclusters 2 and 4, and between subclusters 1 and 3. We then visualized the Macro data for the 
three groups in a pseudo-time analysis (Figure 4E), showing that the Control group’s expression primarily clustered to 
the right of node 2, while the Uox-KO group’s expression was mostly to the left of node 1. Notably, subclusters 0 and 1 
were more prevalent to the right of node 2, suggesting proximity to the state of the Control group. In contrast, subclusters 
2 and 4 were more common to the left of node 1, closer to the disease group. In contrast, subclusters 2 and 4 were more 
common to the left of node 1, closer to the disease group (Figure 4F–G). This analysis will serve as a basis for detailed 
future examination of each subcluster. We also explored the M1 and M2 polarization trends in Macro using flow 
cytometry (Figure 4H and I). The CD86 antigen (Cd86) was identified as a marker of M1 polarization, appearing in the 
Q3 quadrant, whereas the CD206 antigen (Cd206) marked M2 polarization, located in the Q1 quadrant. The Tigulixostat 
group demonstrated a shift from M1 to M2 polarization compared to the Uox-KO group, typically indicative of an 
inhibited inflammatory response. Additionally, when integrating Macro data into the immune26 we observed elevated 
interleukin-10 (Il-10) expression and a notable absence of pro-inflammatory cytokines (Figure 4J). We also We also 
created a bubble map highlighting the intercellular molecular interactions, where secreted phosphoprotein 1 (Spp1) and 
syndecan 4 (Sdc4) were identified as key intercellular genes (Figure 4K). Further, preliminary subcluster analysis of 
T lymphocytes in kidney showed that the control group, Uox-KO group and Tigulixostat group were all divided into 5 
subclusters (Figure S4A and S4C). Obviously, the proportion of subcluster 1 decreased significantly in Uox-KO group, 
and increased in Tigulixostat group (Figure S4B). Pearson correlation analysis showed that subcluster 0 and 3 were 
closely related, while subcluster 1 and 4 were connected (Figure S4D). This was also verified in the pseudo-time 
trajectory analysis (Figure S4E–S4G). It revealed an increase in interleukin-4 (Il-4), another anti-inflammatory marker, in 
the Tigulixostat group (Figure S4H). Bubble plot illustrated molecular interactions between T lymphocytes and other cell 
types (Figure S4I).

We extended our scRNA-seq analysis to include Kupffer cells (Kup) in liver tissues, setting the stage for further 
investigations into inter-organ crosstalk between the liver and kidney, and the interactions between Macro in both organs. 
Unsupervised clustering showed 18 different clusters in UMAP (Figure S5A). The histogram showed the cell count for 
each cluster (Figure S5B). The correlation diagram showed the connection of different clusters (Figure S5C). The violin 
diagram showed the expression of marker genes for each cell type divided (Figure S5D).

The mouse livers in the three experimental groups were divided into nine different cell types (Figure S6A). We 
compared the proportion of immune and non-immune cells separately (Figure S6B and S6C). We found that the 
proportion of Kup cells decreased in the Uox-KO group and increased after Tigulixostat application. The Pearson 
correlation plot showed that Kup and DC were highly correlated Tigulixostat (Figure S6D). According to the molecular 
ladder diagram of each cell type, the molecular expression of Kup was generally decreased, while that of newly generated 
T lymph was generally increased (Figure S6E and S6F). The volcano map gives us a potential target molecule for digging 
into specific cells (Figure S6G and S6H). From the pathway bubble map, it can be seen that immune cells mainly focus 
on amino acid metabolism, which provided a basis for us to explore the potential mechanism in the future (Figure S6I– 
S6L). The immune dictionary found that Il-4 in the liver was lower than before, which may suggest that Tigulixostat has 
an effect on liver inflammation (Figure S6M).

To investigate the impact of Tigulixostat on mouse metabolism, we conducted an LC-MS/MS PM analysis and 
mapped metabolite pathways related to energy and purine metabolism, based on their expression levels (Figure 5A and 
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Figure 4 Tigulixostat promoted macrophage M2 polarization in kidney. (A) Five subclusters of Macro identified in UMAP from the Control group, Uox-KO group, and 
Uox-KO + Tigulixostat group. (B) Identification of marker genes for each Macro subcluster in UMAP. (C) Distribution of Macro subclusters within the three groups. 
(D) Pearson correlation plot for the five Macro subclusters. (E) Combined pseudo-time trajectory analysis for the three groups. (F) Combined pseudo-time 
trajectory analysis for the five Macro subclusters. (G) Pseudo-time trajectory analysis for each individual Macro subcluster. (H) Flow cytometry analysis of renal 
Macro typing in the Uox-KO group. (I) Flow cytometry analysis of renal Macro typing in the Uox-KO + Tigulixostat group. (J) Immune dictionary analysis comparing 
the Uox-KO + Tigulixostat group with the Uox-KO group. (K) Bubble plot illustrating molecular interactions between Macro and other cell types.
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Table S3). The data were presented as z-scores and graphical representation of the pathways. Our findings indicated 
a significant reduction in glycolysis in the Tigulixostat group, suggesting that altered glycolysis could be a mechanism by 
which Tigulixostat can effectively contribute to ULT and the mitigation of HN. More specifically, we observed 
a decreasing trend followed by stabilization in the levels of uric acid, xanthine, and adenine in the Tigulixostat group, 
which indicated that Tigulixostat had a stable decreasing effect on SUA. Additionally, liver SM provided a more direct 
insight into potential influence of Tigulixostat on purine metabolism within the liver (Figure 5B).

Discussion
Hyperuricemia, a chronic metabolic disorder, negatively impacts various organs, including the brain, cardiovascular 
system, and lungs.27 Emerging evidence increasingly supports HUA as a danger signal for chronic kidney disease. HUA 
leads to kidney injury through renal inflammation, endothelial dysfunction, and activation of the renin-angiotensin 
system.28 XO inhibitors remain the preferred first-line ULT drug in choice. While previous reviews have highlighted 

Figure 5 Effects of Tigulixostat on plasma metabolomics and liver spatial metabolomics in Uox-KO mouse model. (A) Variations in metabolite levels within the energy and 
purine metabolism pathways across the Control group, Uox-KO group, and Uox-KO + Tigulixostat group. (B) Spatial metabolomics mapping of the purine metabolism 
pathway in the liver across the three groups.
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the benefits of Tigulixostat over other XO inhibitors, they have primarily focused on its effects on uric acid levels. This 
study is the first to confirm that Tigulixostat consistently lowers uric acid levels without the common side effects 
typically observed in the Uox-KO mouse model of hyperuricemia. Through analyses involving blood, urine, immuno-
histochemistry, and electron microscopy, we observed that Tigulixostat provided superior renal protection and alleviated 
HN. In terms of mechanism, we found that Tigulixostat can inhibit the inflammatory response by promoting M2 Macro 
polarization, particularly important given the significant inflammatory responses triggered by high uric acid levels.29,30 

Uric acid has been found to induce inflammation by binding to toll-like receptors.31 At the same time, uric acid also 
activates the NLR family, pyrin domain containing 3(NLRP3), which leads to the division of pro-inflammatory 
cytokines, especially IL-1β and interleukin-18 (IL-18). These cytokines can recruit additional immune cells, especially 
neutrophil and Macro, and amplify the pro-inflammatory cascade.32 Additionally, our metabolite pathway mapping 
indicated that the inhibition of glycolysis process after administering the drug may also be a potential mechanism of 
action.33 Although previous studies19,34 have focused on reducing fibrosis in HN, they did not demonstrate a direct 
reduction in uric acid levels. Tigulixostat not only consistently can lower serum uric acid but also ameliorate kidney 
pathology and reduce urinary microalbumin by inhibiting the inflammatory response, thereby making it an ideal targeted 
drug worth further promotion.

Due to budget constraints, this study did not perform experiments with multiple drug concentration gradients to 
further investigate the effects of different dosages on uric acid levels and HN. Additionally, the potential risk of sudden 
death in mice from oral drug administration limited the duration of the experiment. Due to the limited trial period, several 
potential side effects of using Tigulixostat such as impacts on heart function have not been thoroughly observed. In order 
to optimize uric acid metabolism and relieve HN, we will keep investigating the precise mechanism of Tigulixostat and 
other ULT medications.
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