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Xanthine oxidoreductase 
inhibition ameliorates high 
glucose‑induced glomerular 
endothelial injury by activating 
AMPK through the purine salvage 
pathway
Keum‑Jin Yang 1, Hwajin Park 2, Yoon‑Kyung Chang 2, Cheol Whee Park 2, Suk Young Kim 2 & 
Yu Ah Hong 2*

Xanthine oxidoreductase (XOR) contributes to reactive oxygen species production. We investigated 
the cytoprotective mechanisms of XOR inhibition against high glucose (HG)-induced glomerular 
endothelial injury, which involves activation of the AMP-activated protein kinase (AMPK). Human 
glomerular endothelial cells (GECs) exposed to HG were subjected to febuxostat treatment for 48 h 
and the expressions of AMPK and its associated signaling pathways were evaluated. HG-treated 
GECs were increased xanthine oxidase/xanthine dehydrogenase levels and decreased intracellular 
AMP/ATP ratio, and these effects were reversed by febuxostat treatment. Febuxostat enhanced 
the phosphorylation of AMPK, the activation of peroxisome proliferator-activated receptor (PPAR)-
gamma coactivator (PGC)-1α and PPAR-α and suppressed the phosphorylation of forkhead box 
O (FoxO)3a in HG-treated GECs. Febuxostat also decreased nicotinamide adenine dinucleotide 
phosphate oxidase (Nox)1, Nox2, and Nox4 expressions; enhanced superoxide dismutase activity; 
and decreased malondialdehyde levels in HG-treated GECs. The knockdown of AMPK inhibited 
PGC-1α–FoxO3a signaling and negated the antioxidant effects of febuxostat in HG-treated GECs. 
Despite febuxostat administration, the knockdown of hypoxanthine phosphoribosyl transferase 1 
(HPRT1) also inhibited AMPK–PGC-1α–FoxO3a in HG-treated GECs. XOR inhibition alleviates oxidative 
stress by activating AMPK–PGC-1α–FoxO3a signaling through the HPRT1-dependent purine salvage 
pathway in GECs exposed to HG conditions.
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Diabetic kidney disease (DKD) is a major long-term severe microvascular complication of diabetes mellitus 
and the current leading cause of end-stage kidney disease1. Sustained exposure to hyperglycemia stimulates 
excessive production of reactive oxygen species (ROS) in the kidneys, which can lead to the development and 
progression of DKD. In addition to hyperglycemia, multifactorial pathophysiological abnormalities, such as 
hemodynamic mediators, metabolic disturbances, inflammation, and fibrosis, are involved in the pathogenesis of 
DKD2. Although the underlying molecular mechanisms of DKD are complex and not fully elucidated, an imbal-
ance between the generation of ROS and antioxidant defense mechanisms plays a pivotal role in the development 
and progression of DKD3. Oxidative stress derived from excessive ROS via several endogenous pathways and 
potential interplay between ROS sources could lead to endothelial dysfunction caused by glomerular endothelial 
cell (GEC) injury, which has been suggested to contribute to the early pathogenesis of DKD4.

Uric acid is the ultimate oxidation product resulting from the metabolic breakdown of purine nucleotides5. 
Xanthine oxidoreductase (XOR), comprising xanthine dehydrogenase (XDH) and xanthine oxidase (XO), 
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regulates the pivotal rate-limiting process in the degradation of adenosine triphosphate (ATP) and purines. 
This enzymatic activity involves the oxidative hydroxylation of hypoxanthine/xanthine to xanthine/uric acid, 
leading to the generation of ROS6. High glucose environment could induce XOR-derived ROS in GECs, and 
lead to the disruption of glomerular endothelial permeability and homeostasis in the kidney7,8. Previous study 
suggested that XOR-derived ROS may contribute to the pathogenesis of DKD by intensifying oxidative stress 
and the inflammatory response via activation of the nuclear factor-κB (NF-κB) pathway9. Clinical studies have 
also proposed a significant association between elevated XOR activity and poor glycemic control10,11. Moreover, 
high XOR activity is independently correlated with vascular endothelial dysfunction in patients with diabetes 
mellitus12. Therefore, XOR inhibition may play a more promising role in preventing DKD by reducing ROS 
production and oxidative stress rather than simply controlling uric acid levels.

Adenosine monophosphate (AMP)-activated protein kinase (AMPK) is a key regulator of cellular metabo-
lism involved in the activation of energy-producing pathways while inhibiting energy-consuming pathways in 
response to cellular stress13,14. Our previous study demonstrated that XOR inhibition hinders contrast-induced 
acute kidney injury (AKI) by ameliorating oxidative stress through the activation of AMPK and its downstream 
signaling pathway15. However, we did not reveal the precise mechanism of AMPK activation by XOR inhibi-
tion in that previous experiment. This study aimed to elucidate the cytoprotective effects of XOR inhibition 
on GEC injury and the precise mechanism of AMPK activation associated with the purine salvage pathway by 
XOR inhibition using an in vitro model of DKD involving high glucose (HG)-treated human GECs. In addition, 
another aim of this study is to investigate whether febuxostat, a potent and selective XOR inhibitor, has a benefi-
cial role in mitigating GEC injury through this novel mechanism and could suggest its potential as a therapeutic 
candidate for preventing GEC injury in DKD.

Methods
Study design for in vitro experiments
Primary human GECs (Cell Systems, Kirkland, WA, USA) were grown and passaged in Angio–Proteome medium 
supplemented with 10% fetal bovine serum, 50 U/mL penicillin, and 50 μg/mL streptomycin. GECs were cul-
tured under normal glucose conditions (low glucose: LG, 5.6 mmol/L glucose + 27.5 mmol/L mannitol) or HG 
conditions (33 mmol/L glucose) for 48 h. Febuxostat was obtained from SK Chemical (Sungnam, Gyeonggi-do, 
Republic of Korea) and dissolved in dimethyl sulfoxide. The GECs were divided into four groups: the LG group 
(LG), the LG group treated with febuxostat (LG + Feb), the HG group, and the HG group treated with febuxostat 
(HG + Feb). The treatment dose of febuxostat was determined to be 0.25 μM, a dose that increases cell viability 
in HG-treated GECs and activates AMPK based on the results of previous study15.

Silencer siRNAs targeting AMPKα1 or AMPKα2 (Thermo Fisher Scientific, Pleasanton, CA, USA) or a siRNA 
control (Bioneer, Daejeon, Republic of Korea) were transfected using Lipofectamine RNAiMax reagent (Thermo 
Fisher Scientific) following the manufacturer’s instructions to evaluate the direct effect of AMPK activation on 
XOR inhibition. The GECs were transfected with 10 nM AMPKα1 and 5 nM AMPKα2 siRNAs with transfection 
reagent for 24 h in Opti-MEM (Thermo Fisher Scientific). After transfection, GECs were treated with febuxostat 
in HG media to investigate the direct effects of AMPK downregulation.

To assess the direct effect of hypoxanthine phosphoribosyltransferase 1 (HPRT1) inhibition on AMPK acti-
vation, 10 nM silencer siRNAs targeting HPRT1 (Thermo Fisher Scientific) or a control siRNA (Bioneer) was 
transfected for 24 h as described above. After transfection, GECs were treated with febuxostat in HG medium 
to investigate the direct effects of HPRT1 inhibition.

MTT assay
Cell viability was assessed after 48 h of exposure to LG or HG media supplemented with febuxostat by the MTT 
(3-[4,5-dimethyl(thiazol-2-yl)-3,5-dipheryl] tetradium bromide) assay (EZ-Cytox; Daeil Lab Service, Cheong-
won, Chungcheongbuk-do, Republic of Korea). The optical density (OD) of the samples was determined at 
450 nm with a microplate reader (Bio-Rad Laboratories, Hercules, CA, USA).

Immunoblot analyses
To analyze the changes in the expression of AMPK and its downstream signaling pathway by febuxostat treatment 
in HG-treated GECs, immunoblot analysis was performed using the following primary antibodies: total AMPK, 
phospho-Thr172 AMPK (Cell Signaling Technology, Danvers, MA, USA), peroxisome proliferator–activated 
receptor (PPAR)-gamma coactivator (PGC)-1α (Boster Biological Technology, Pleasanton, CA, USA), PPAR-α 
(Lifespan Biosciences, Seattle, WA, USA), total-FoxO1, phospho-Ser256 FoxO1, total FoxO3a, phospho-Ser253 
FoxO3a (Novus Biologicals, Centennial, CO, USA), nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase (Nox)1 and Nox4 (Lifespan Biosciences), Nox2 (BD Biosciences, San Jose, CA, USA), and HPRT1 
(Thermo Fisher Scientific).

Equal aliquots of proteins extracted from GECs were electrophoresed on sodium dodecyl sulfate–polyacryla-
mide gels and electroblotted onto a nitrocellulose membrane (Millipore, Bedford, MA, USA). After blocking with 
ProNA Phospho-Block solution (TransLab, Daejeon, Republic of Korea) and hybridizing with primary antibod-
ies, the membranes were incubated with a secondary antibody conjugated with horseradish peroxidase (Cell 
Signaling Technology). The immunoblot bands were visualized using a chemiluminescent detector (Amersham 
Pharmacia Biotech, London, UK) and the ChemiDoc™ XRS + system (Bio-Rad Laboratories). Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) (Cell Signaling Technology) was used as an internal loading control.
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Measurement of oxidative stress and intracellular ROS
The lipid peroxidation of malondialdehyde (MDA) was assessed using the OxiSelect TBARS assay kit (Cell 
Biolabs Inc., San Diego, CA, USA) according to the manufacturer’s protocols. The OD of each protein sample at 
540 nm was measured with a microplate reader (Bio-Rad Laboratories). Intracellular ROS production was meas-
ured by the nonfluorescent cell-permeating compound 2′-7′-dichlorofluorescein diacetate (DCF-DA) (Thermo 
Fisher Scientific). After 30 min of exposure to 10 μM DCF-DA, green fluorescence was visualized by fluorescence 
microscopy (Eclipse TE300; Nikon, Tokyo, Japan). The intensity of DCF-DA fluorescence was quantified using 
ImageJ software (U.S. National Institutes of Health, Bethesda, MD, USA).

Measurement of purine metabolite concentrations
Hypoxanthine is metabolized into xanthine, which is metabolized into uric acid by XOR. These intracellular 
metabolites were quantified using a xanthine/hypoxanthine assay kit (Abcam, Cambridge, UK). Following the 
protocols, a reaction mixture of samples and standards was incubated for 30 min, and we measured the OD at 
570 nm using a microplate reader (Bio-Rad Laboratories).

An AMP colorimetric assay kit and ATP colorimetric assay (BioVision Inc., Milpitas, CA, USA) was used to 
calculate the ratio of intracellular AMP to ATP, a key regulator of AMPK phosphorylation and purine metabo-
lism, according to the manufacturer’s protocols. The OD of samples for intracellular AMP and ATP levels were 
measured at 570 nm with a microplate reader (Bio-Rad Laboratories). The intracellular AMP/ATP ratio was 
normalized to that of LG as a control.

Enzyme immunoassay
XOR enzyme levels were double-checked using an XDH/XO enzyme-linked immunosorbent assay kit (Lifespan 
Biosciences). The enzyme levels of samples were measured at 450 nm and then compared to an OD standard 
curve generated using known antigen concentrations. The activity of superoxide dismutase (SOD) was assessed 
using an SOD activity assay kit (Abnova, Taipei City, Taiwan) in accordance with the manufacturer’s instructions. 
After incubation at 37 °C for 20 min, the color of the solution mixture with each sample and blank was measured 
at 450 nm using a microplate reader (Bio-Rad Laboratories). The SOD activity of the samples was determined 
using the equation provided in the manufacturer’s instructions.

Statistical analysis
At least three independent experiments were performed for each analysis, and the results were presented as the 
mean ± standard deviation. Statistical significance between groups was assessed through analysis of variance, 
followed by the Tukey multiple comparison test (SPSS version 20.0, IBM Corp., Armonk, NY, USA). A level of 
p < 0.05 was considered to indicate statistically significance.

Results
XOR inhibition significantly increases cell survival in HG‑treated GECs
First, human GECs were treated with 0.1, 1, or 10 μM febuxostat for 48 h under both LG and HG conditions to 
decide the proper concentration for cytoprotection against the HG environment of febuxostat in GECs (Fig. 1A). 
Compared with those in the LG control group, the cell viability in the HG group substantially decreased by up 
to 60%. Febuxostat treatment did not alter cell survival under LG conditions, while cell survival increased after 
febuxostat treatment in a dose-dependent manner in HG environment. When the concentration of febuxostat 
exceeded 0.1 μM, the posttreatment cell viability significantly increased in GECs treated with HG medium 
(p < 0.01).

XOR inhibition affects the purine salvage pathway and increases the AMP/ATP ratio in 
HG‑treated GECs
The changes in XOR levels and the ratio of intracellular ATP to AMP induced by febuxostat treatment in HG-
treated GECs were evaluated to investigate the mechanism by which XOR inhibition activates AMPK. XOR 
levels was not altered under LG conditions, but an increase in XOR levels was detected in the HG environment 
(p < 0.001, Fig. 1B). As expected, febuxostat significantly inhibited XOR levels in HG-treated GECs (p < 0.001, 
Fig. 1B). Xanthine/hypoxanthine levels were significantly increased in HG-treated GECs, and febuxostat treat-
ment significantly suppressed xanthine/hypoxanthine levels in HG-treated GECs (p < 0.05, Fig. 1C).

XOR catalyzes the final two hydroxylation steps in purine degradation metabolism, activating the salvage 
pathway of purine base recycling to form purine nucleotides17,28. HG increased the intracellular AMP and ATP 
concentrations and decreased the intracellular AMP/ATP ratio (Fig. 1D–F), and febuxostat-mediated inhibi-
tion of XOR further increased the intracellular AMP concentration in HG-treated GECs (Fig. 1D). The ratio 
of intracellular AMP/ATP was increased by febuxostat treatment in both LG-treated and HG-treated GECs 
(p < 0.001, Fig. 1F).
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XOR inhibition increases AMPK phosphorylation and activates its downstream pathway in 
HG‑treated GECs
Next, the effects of XOR inhibition on HG-induced GEC injury via the activation of AMPK and its downstream 
pathway were evaluated in HG-treated GECs. While HG conditions significantly reduced the phospho-Thr172/
total-AMPK ratio, febuxostat treatment effectively restored the phosphorylation of AMPK in HG-treated GECs 
(p < 0.01; Fig. 2A, B). HG conditions also suppressed PGC-1α and PPAR-α expression, but febuxostat treatment 
restored these expressions in HG-treated GECs (p < 0.001 and p < 0.01, respectively; Fig. 2A, C, D). Although 

Figure 1.   The effect of febuxostat treatment on cell viability, XDH/XO levels, xanthine/hypoxanthine levels, 
and AMP/ATP ratios in cultured human GECs treated with LG or HG medium. (A) Changes in cell viability 
measured by MTT assay in HG-treated GECs following dose-dependent febuxostat treatment. *p < 0.05 
compared to LG medium, † p < 0.05 compared to HG medium. (B) XDH/XO levels, (C) xanthine/hypoxanthine 
levels, (D) intracellular AMP, (E) intracellular ATP, and (F) intracellular AMP/ATP ratio. *p < 0.05, **p < 0.01, 
***p < 0.001 compared to other groups.

Figure 2.   The effects of febuxostat treatment on AMPK, PGC-1α, PPAR-α, and FoxOs expressions in cultured 
human GECs treated with LG or HG medium. (A) Representative immunoblot images of AMPK, PGC-1α, 
PPAR-α, FoxO1, and FoxO3a. Results of quantitative analyses of the following are also shown: (B) phospho-
Thr172 AMPK/total AMPK, (C) PGC-1α/GAPDH, (D) PPAR-α/GAPDH, (E) phospho-Ser256 FoxO1/total 
FoxO1, and (F) phospho-Ser253 FoxO3a/total FoxO3a. *p < 0.05, **p < 0.01, ***p < 0.001compared to other 
groups. Original blots are presented in Supplementary Fig. 1.
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there were no notable differences in the expression of phospho-Ser256/total FoxO1 among the experimental 
groups (Fig. 2A, E), the expression of phospho-Ser253/total FoxO3a increased under HG conditions and signifi-
cantly decreased after febuxostat treatment (p < 0.05, Fig. 2A, F).

XOR inhibition ameliorates oxidative stress by inhibiting NADPH oxidases and enhancing 
SOD in HG‑treated GECs
Oxidative stress in the HG environment is associated with increased NADPH oxidase and reduced activity of 
antioxidant enzymes in DKD16. The expressions of Nox1, Nox2, and Nox4 were substantially increased under 
HG conditions and significantly reduced by febuxostat treatment in HG-treated GECs (p < 0.001, p < 0.05, and 
p < 0.001, respectively; Fig. 3A–D). In addition, SOD activity was significantly lower in HG-treated GECs than in 
LG-treated GECs, and febuxostat treatment substantially enhanced SOD activity in HG-treated GECs (p < 0.01, 
Fig. 3E). The level of MDA, a useful biomarker for lipid peroxidation and oxidative stress, was markedly higher 
in HG-treated GECs than in LG-treated GECs, and febuxostat significantly reduced the MDA level (p < 0.05, 
Fig. 3F). These findings suggest that excess oxidative stress induced by the HG environment was alleviated by 
XOR inhibition.

XOR inhibition ameliorates oxidative stress via AMPK‑dependent signaling through the purine 
salvage pathway in HG‑treated GECs
To investigate whether XOR inhibition affects HG-induced GEC injury via AMPK-dependent signaling, further 
experiments on the knockdown of AMPK were conducted using siRNAs targeting AMPKα1 and AMPKα2 in LG- 
or HG-treated GECs. Despite the administration of febuxostat, the phosphorylation of AMPK in GECs treated 
with HG and transfected with siRNAs targeting AMPKα1 and AMPKα2 was substantially inhibited compared 
to that in HG-treated GECs transfected with control siRNA (p < 0.01, Fig. 4A, B). Consistent with the changes 
in phospho-Thr172/total-AMPK levels, the expression of PGC-1α was markedly suppressed in HG-treated GECs 
transfected with siRNAs targeting AMPKα1 and AMPKα2 compared to that in the siRNA control group despite 
febuxostat treatment (p < 0.01, Fig. 4A, C). In contrast, the phosphorylation of FoxO3a was further increased in 
GECs treated with HG and siRNAs targeting AMPKα1 and AMPKα2 compared to those in the siRNA control 
group despite febuxostat treatment (p < 0.05, Fig. 4A, D). HG exposure led to an increase in the number of DCF-
DA–positive cells, and febuxostat treatment notably reduced the intracellular ROS levels in HG-treated GECs, as 
assessed by DCF-DA. The antioxidant effects of febuxostat treatment were eliminated by treatment with siRNAs 
targeting AMPKα1 and AMPKα2 in HG-treated GECs (p < 0.01; Fig. 4A, E).

The changes in the expression of AMPK and its related downstream pathway induced by febuxostat treatment 
in HG-treated GECs transfected with siRNAs targeting HPRT1 were measured to confirm that the activation of 
AMPK by XOR inhibition is associated with the HPRT1-dependent purine salvage pathway. The phosphorylation 
of AMPK and PGC-1α was significantly lower in HG-treated GECs transfected with siRNAs targeting HPRT1 
than in GECs in the siRNA control group despite febuxostat treatment (p < 0.001 and p < 0.001, Fig. 5A–C). On 
the other hand, the phosphorylation of FoxO3a was significantly higher in HG-treated GECs transfected with 
siRNAs targeting HPRT1 than that in the siRNA control group despite febuxostat treatment (p < 0.05; Fig. 5A, D).

Figure 3.   The effects of febuxostat treatment on Nox1, Nox2, and Nox4 expressions and changes in oxidative 
stress markers in cultured human GECs treated with LG or HG medium. (A) Representative immunoblot 
images of Nox1, Nox2, and Nox4. Results of quantitative analyses of the following are also shown: (B) Nox1/
GAPDH, (C) Nox2/GAPDH, (D) Nox4/GAPDH, (E) SOD activities, and (F) MDA levels. *p < 0.05, **p < 0.01, 
***p < 0.001 compared to other groups. Original blots are presented in Supplementary Fig. 2.
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Discussion
This study demonstrated that XOR inhibition has a cytoprotective effect against HG-induced GEC injury by 
activating AMPK through the purine salvage pathway. Elevated XOR levels were observed in HG-induced GEC 
injury, correlated with a reduction in AMPK phosphorylation. These alterations resulted in the inhibition of 
PGC-1α and PPAR-α, subsequently leading to phosphorylation of FoxO3a and activation of Noxs, thereby 
increasing oxidative stress. Febuxostat treatment ameliorated HG-induced endothelial cell injury by activating 

Figure 4.   The effects of AMPKα1 or AMPKα2 siRNA knockdown on AMPK, PGC-1α, and FoxO3a 
expressions and ROS generation in HG-treated human GECs with or without febuxostat treatment. (A) 
Representative immunoblot images of AMPK, PGC-1α, and FoxO3a. Results of quantitative analyses of the 
following are also shown: (B) phospho-Thr172 AMPK/total AMPK, (C) PGC-1α/GAPDH, (D) phospho-Ser253 
FoxO3a/total FoxO3a, and (E) intracellular ROS measured by DCF-DA assay. *p < 0.05, **p < 0.01, ***p < 0.001 
compared to other groups. Original blots are presented in Supplementary Fig. 3.

Figure 5.   The effects of HPRT1 siRNA knockdown on AMPK, PGC-1α, and FoxO3a expressions in HG-treated 
human GECs with or without febuxostat treatment. (A) Representative immunoblot images of AMPK, PGC-1α, 
and FoxO3a. Results of quantitative analyses of the following are also shown: (B) phospho-Thr172 AMPK/total 
AMPK, (C) PGC-1α/GAPDH, and (D) phospho-Ser253 FoxO3a/total FoxO3a. *p < 0.05, **p < 0.01, ***p < 0.001 
compared to other groups. Original blots are presented in Supplementary Fig. 4.



7

Vol.:(0123456789)

Scientific Reports |        (2024) 14:11167  | https://doi.org/10.1038/s41598-024-61436-1

www.nature.com/scientificreports/

AMPK phosphorylation and increasing the intracellular AMP/ATP ratio. These effects activate PGC-1α, dephos-
phorylate FoxO3a, and suppress Noxs, ultimately leading to the reversal of renal oxidative stress. These find-
ings suggest that XOR inhibition improves oxidative stress against HG-induced GEC injury by activating the 
AMPK–PGC-1α–FoxO3a pathway through the purine salvage pathway.

Several previous studies have demonstrated that reducing the concentrations of purine metabolites, such 
as uric acid and XO, alleviates oxidative stress by activating AMPK15,17–20. Uric acid–induced oxidative stress 
stimulates insulin resistance, and AMPK activation by metformin treatment reduces uric acid–induced insulin 
resistance in skeletal muscle cells18. Kim et al.19 also revealed that febuxostat treatment suppressed endoplasmic 
reticulum stress by increasing AMPK activation in tunicamycin-treated proximal tubular cells and in a uni-
lateral ureteral obstruction mouse model. Our previous study demonstrated that contrast-induced oxidative 
stress significantly deteriorated kidney function and increased XOR, while febuxostat ameliorated AKI by up-
regulating AMPK phosphorylation15. In the present study, we investigated the effects of XOR inhibition on the 
AMPK-dependent signaling pathway in HG-GEC injury. The protective effects of febuxostat on HG-induced 
intracellular ROS were attenuated by AMPK-α1/2 siRNA. To the best of our knowledge, this study is the first 
to confirm the beneficial role of XOR inhibition through AMPK activation in GEC injury associated with HG-
induced oxidative stress.

AMPK is the master regulator of cellular energy homeostasis, restoring energy balance during metabolic stress 
by balancing the intracellular AMP/ATP ratio21. Under energy-depleted conditions, the intracellular AMP level 
increases, while the ATP level decreases, leading to an increase in the AMP/ATP ratio and activation of AMPK 
to restore the cellular ATP level through downregulation of anabolic pathways and upregulation of catabolic 
pathways22. In energy-excess states, such as HG, AMPK activation is reduced to stimulate protein synthesis, cell 
growth, and storage22. Interestingly, recent studies have shown that XOR inhibition prevents AKI by restoring 
intracellular ATP levels in model of renal ischemia–reperfusion injury23,24. Some experiments have also shown 
that febuxostat significantly increases intracellular AMP levels in models of niacin-induced cell injury or oxonic 
acid–induced renal tubular injury25,26. In the present study, the intracellular AMP/ATP ratio decreased under 
HG conditions, and febuxostat-induced XOR inhibition mainly stimulated the intracellular AMP levels and 
ultimately activated AMPK by increasing the intracellular AMP/ATP ratio. However, our results do not suggest 
a direct recovery of intracellular ATP levels by XOR inhibition in HG-treated GECs. These discrepancies can be 
explained by interstudy differences in experimental design, including exposure time to stimuli and treatment 
duration, as well as in disease models such as DKD or ischemia–reperfusion injury.

Purine nucleotides are involved in various cellular functions, including energy storage and transportation, 
participation in signaling pathways, and serving as both nucleic acid precursors and cofactors in numerous 
metabolic reactions27. In purine catabolism, XOR plays an important role in generating irreversible byprod-
ucts, such as xanthine and uric acid, that block the purine salvage pathway28. Therefore, XOR inhibition can 
reduce the production of XOR-derived ROS by promoting the reuse of hypoxanthine and ATP production 
through the purine salvage pathway28. HPRT plays a vital role as an enzyme in the purine salvage pathway, and 
Lesch–Nyhan disease, an inherited metabolic disorder disrupting the recycling of ATP, is caused by mutations 
in the HPRT1 gene29. A recent study demonstrated that XOR inhibition by febuxostat facilitates the conversion 
from hypoxanthine to inosine monophosphate by HPRT, and the beneficial effect of febuxostat was canceled by 
silencing the HPRT1 gene in cultured renal tubular cells23. The present study also revealed that the activation 
of AMPK–PGC-1α–FoxO3a signaling by febuxostat treatment was abolished by the knockdown of HPRT1 
using HPRT1 siRNA. This finding suggested that XOR inhibition increases the activation of AMPK through the 
HPRT1-dependent purine salvage pathway.

In the present study, we focused on the relationships among AMPK, PGC-1α, Noxs (Nox1, Nox2, and Nox4), 
and FoxOs as components of the cellular response to oxidative stress in DKD. PGC-1α acts as the master tran-
scriptional regulator, participating in mitochondrial biogenesis, oxidative phosphorylation, carbohydrate and 
lipid metabolism, and the detoxification of ROS30. AMPK can directly interact with and activate PGC-1α, and 
the activation of AMPK promotes PGC-1α–dependent antioxidant responses31,32. PGC-1α also regulates FoxOs 
activity in various systems, especially gluconeogenesis and cellular antioxidant defense30,33. Among the FoxO 
family members, FoxO3a is a direct target of PGC-1α and physically interacts with PGC-1α to regulate anti-
oxidant gene expression34. In addition, AMPK can directly regulate FoxO3a, and the AMPK–FoxO3a signaling 
pathway activates antioxidant enzymes, including thioredoxin, peroxiredoxin, SOD2, and catalase, which can 
reduce ROS production35. AMPK also plays a crucial role in regulating the Nox system, and several experimental 
studies have highlighted that AMPK activation also reduces oxidative stress by suppressing Nox-derived ROS—in 
particular, Nox4-derived ROS—to protect against kidney injury36–38. Our study confirmed that the AMPK acti-
vation induced by XOR inhibition significantly upregulated PGC-1α and FoxO3a and suppressed Nox1, Nox2, 
and Nox4. Furthermore, the knockdown of AMPK offset the activation of PGC-1α and FoxO3a and the attenu-
ation of ROS production in HG-induced GECs. These findings indicate that the protective mechanism of XOR 
inhibition is facilitated by activating AMPK and its downstream pathway, which are linked to the antioxidant 
defense mechanism in HG-induced glomerular endothelial injury.

Although this study clearly demonstrated the cytoprotective effect of XOR inhibition and the underlying 
mechanism of AMPK activation using genetically knockdown cells, the lack of evidence using in vivo experi-
ments is a limitation of the study. To finally confirm the therapeutic role of XOR inhibition in DKD, further 
well-designed in vivo experiments and clinical trials may be needed to explore whether febuxostat acts on the 
renoprotective effects of reducing ROS through these signaling pathways. Figure 6 shows a schematic repre-
sentation of the suggested molecular mechanism underlying the cytoprotective effects of XOR inhibition on 
HG-induced endothelial cell injury.
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Conclusions
XOR inhibition protects against HG-induced GEC injury through the upregulation of AMPK–PGC-1α–FoxO3a 
signaling via the HPRT1-dependent purine salvage pathway. These findings highlight that the inhibition of XOR 
via AMPK activation protects GECs from HG-derived ROS and may be a therapeutic target for preventing the 
progression of DKD.

Data availability
The datasets generated and analyzed in the current study are available from the corresponding author upon 
reasonable request.
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