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Kaempferol attenuates hyperuricemia combined
with gouty arthritis via urate transporters
and NLRP3/NF-kB pathway modulation

Yan Huang,1,3 Cantao Li,1,3 Wenjing Xu,1 Fenfen Li,1 Ying Hua,1 Changyu Xu,1 Chenxi Wu,1 Yihuan Wang,1

Xiaoxi Zhang,2 and Daozong Xia1,4,*
SUMMARY

Hyperuricemia (HUA), caused by purine disorders, can lead to gouty arthritis (GA). Kaempferol (KPF), a
natural flavonoid, has anti-inflammatory properties, though its mechanism in treating HUA combined
with GA remains unclear. This study used a mouse model of HUA combined with GA and in vitro models
with HK-2 and THP-1 cells to explore KPF’s effects. Cells were treated with KPF or inhibitors of ABCG2,
ROS, NLRP3 inflammasome, and nuclear factor kB (NF-kB) pathway. Quantitative assays measured uric
acid (UA), creatinine, oxidative stress biomarkers, and pro-inflammatory cytokines. Histopathological an-
alyses showed KPF improved renal and joint inflammation caused by HUA and GA. KPF alleviated oxida-
tive stress, reduced pro-inflammatory cytokines, and regulated UA levels through themodulation of urate
transporters, NLRP3 inflammasome, and NF-kB pathway. KPF’s actions, partly mediated by ROS reduc-
tion, suggest it is a promising candidate for treating HUA combined with GA.

INTRODUCTION

Hyperuricemia (HUA) is a major predisposing factor for gout.1 With the continuous improvement of people’s living conditions, the intakes of

high-protein, high-fructose, and high-purine foods have increased. This has led to a rising incidence of HUA and its complication, gouty

arthritis (GA), in the population. Furthermore, there is a discernible trend toward a decreasing age of onset for these conditions. NOD-

like receptor protein 3 (NLRP3) inflammasome plays a crucial role in the pathogenesis of inflammation. The activation of it is widely believed

to occur through two sequential steps, referred to as priming and assembly. The priming step is triggered by pattern recognition receptors

such as Toll-like receptors (TLRs), which activates the signaling pathway mediated by nuclear factor kB (NF-kB).2,3 In the activation step,

various stimuli, such as extracellular ATP, mitochondrial DNA, and pathogen-related components, trigger the assembly of NLRP3 inflamma-

some complexes. This leads to generation of cleaved-caspase-1 (c-caspase-1) after the recruitment and activation of caspase-1, which cleaves

pro-interleukin-1b (IL-1b) and pro-interleukin-18 (IL-18) to generate their mature forms. The releases of mature IL-1b and IL-18 trigger inflam-

matory responses.4–6 Several studies have demonstrated that regulating NLRP3 inflammasome activation is a promising strategy for the

treatment of HUA and GA. For instance, phloretin was shown to attenuate HUA-induced chronic renal dysfunction via inhibiting NLRP3 in-

flammasome activation.7 In addition, gallic acid was reported to suppress GA by inhibiting NLRP3 inflammasome activation and pyroptosis.8

Thus, inhibiting inflammation through regulating NLRP3 inflammasome serves as a potential strategy for the treatment of HUA and GA.

Currently, two primary types of animal models for gout have been recognized consisting of HUA models and GA models. HUA models

have been established through the oral administration of a mixture of adenine and potassium oxonate (PO) or through a combination of peri-

toneal injection of PO and intragastric administration of hypoxanthine.7,9 GAmodels, on the other hand, have been successfully established in

previous studies by injecting with monosodium urate (MSU) crystals into ankle joints.10,11 However, given that HUA and GA often occur simul-

taneously in patients, the development of a combined animal model for these conditions is currently lacking.

Themajority of clinical therapeutic drugs currently available for the treatment of HUA andGA exhibit significant side effects. Allopurinol, a

prototypical xanthine oxidase (XOD) inhibitor, is effective in only a fraction of patients with HUA and is associated with the risk of renal toxicity

and hypersensitivity reactions.12 Colchicine (Col), commonly prescribed to relieve GA symptoms, may have a stimulating effect on the gastro-

intestinal tract, leading to gastrointestinal bleeding.13,14 Benzbromarone (Ben), used for treating both HUA andGA, is prescribedwith caution

due to its hepatotoxicity.15 Therefore, there is an urgent need to identify a safe and effective approach for preventing and treating the com-

bined manifestation of HUA and GA.
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Figure 1. Effects of KPF on ankle swelling and inflammatory infiltration in mice

(A) Representative photographs of ankle joint swelling in mice 24 h after MSU injection. Scale bar, 1,000 mm.

(B) The tendency of swelling index in mice 24 h after MSU injection (n = 10 per group). The swelling index was subjected to calculations as described in the STAR

Methods, and for data relating to swelling index, see Table S1.

(C) Representative H&E staining showing in ankle joints (the arrows indicate the infiltrating inflammatory cells). Scale bar, 100 mm.
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Figure 1. Continued

(D) Histopathological score of ankle joints (n = 3 per group). The inflammatory infiltration of ankle joint was analyzed as described in the STAR Methods.

(E–G) The levels of IL-1b, IL-6, and TNF-a in ankle joints (n = 6 per group). Data for (D–G) are represented as mean G SEM. One-way ANOVA followed by

Dunnett’s multiple comparisons test for (D–G). ##p < 0.01 versus control group. **p < 0.01 versus model group. IL-1b, interlukin-1b; IL-6, interlukin-6; TNF-a,

tumor necrosis factor alpha; MSU, monosodium urate; KPF, kaempferol; Col, colchicine; Ben, benzbromarone.
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In recent years, natural-products-based drugs have been considered a promising therapeutic strategy for preventing and treating inflam-

matory diseases. Among the various plant constituents in natural products, flavonoids, which are present inmany herbal medicines and plant-

based foods, are considered themost active compounds.16 Kaempferol (KPF) is a widely occurring dietary bioflavonoid found in various fruits,

vegetables, Chinese herbalmedicines, and other natural plants, which has a range of pharmacological benefits including antioxidant and anti-

inflammatory properties.17–19 In particular, KPF has been found to exhibit reversible competitive inhibition of XOD activity, making it a poten-

tially useful biological agent for treatingHUA.20 Therefore, this study attempted to investigate the protective effects of KPF onHUA combined

with GA and reveal its underlying mechanism, in order to provide a basis for the development and application of KPF.

RESULTS
KPF alleviated ankle joint swelling and suppressed inflammatory infiltrations in mice

Initially, the most intuitive observation was that the degree of ankle joint swelling changed significantly under different interventions. Marked

ankle joint swelling could be seen 2 h after MSU injection compared to control group, reaching the maximum at 6 h (Figure 1B; Table S1).

Encouragingly, as shown in Figure 1A, after KPF treatment, the gouty symptoms were relieved, indicating that KPF could alleviate ankle joint

swelling. Moreover, histological analysis of ankle joints showed that compared to control group, abundant inflammatory cell infiltrations were

observed inmodel group. KPF treatment resulted in a significant reduction in the influx of inflammatory cells (Figure 1C). Themean ankle joint

score of the mice in model group was significantly higher than that in control group (p < 0.01). After KPF administration, the mean scores of

ankle joints in different groups were significantly decreased (p < 0.01), suggesting the reduced inflammatory infiltration caused by GA (Fig-

ure 1D). SinceMSU has been reported to induce the expressions of inflammatory cytokines (IL-1b, IL-6, and tumor necrosis factor alpha [TNF-

a]), leading to the aggravation of inflammatory reaction,21,22 we further investigated the levels of IL-1b, IL-6 and TNF-a in ankle joints. As

shown in Figures 1E–1G, significantly elevated levels of IL-1b, IL-6, and TNF-a were found after MSU injection compared to that of control

group (p< 0.01). KPF treatment significantly reversed the elevations of IL-1b, IL-6, and TNF-a compared tomodel group in a dose-dependent

manner (p < 0.01). All data showed that KPF could reduce the inflammatory cell infiltrations and inhibited cytokine productions in ankle joints.

KPF promoted UA excretion and reduced hepatic XOD activity in mice

As shown in Figures 2A and 2B, there were significant reductions in the levels of urine uric acid (UA) and creatinine (CRE) in model groupwhen

compared to those in control group (p < 0.01). Administration with KPF at 25, 50, and 100 mg/kg effectively increased the levels of urine UA

and CRE compared to those of model group in a dose-dependent manner (p < 0.01). However, the levels of serum UA as well as indicators of

renal function involving serum CRE and blood urea nitrogen (BUN) changed in the opposite direction (Figures 2C–2E). GFR is one of the

important indexes to evaluate renal function. As shown in Figure 2F, GFR in model group was dramatically lower than that in control group

(p< 0.01), whereas KPF treatment increasedGFR significantly compared tomodel group (p< 0.01). In addition, the key enzymeXOD is closely

related to the production of UA.23,24 Hepatic XOD activity (Figure 2G) in mice of model group was evidently higher than that in control group

(p < 0.01), whereas administration with KPF decreased hepatic XOD activity compared to mice in model group (p < 0.01).

KPF prevented renal dysfunction and alleviated histopathological changes in mice

Histological analysis through hematoxylin and eosin (H&E) staining provided insights into the renal tissuemorphology. In control group, kidney

tissues displayed a normal histological appearance. In contrast, model group exhibited distinct histological alterations characteristic of renal

injury, including inconspicuous boundary between adjacent proximal tubule cells, glomerular atrophy, and tubular swelling. Remarkably, treat-

ment with KPF effectively mitigated these histological changes (Figure 3A). As shown in Figure 3B, the mean kidney score of model group was

significantly higher than that of control group (p < 0.01), suggesting that mice in model group appeared kidney injury. Meanwhile, the mean

scores of kidneys in different KPF administration groups were significantly lower than those of model group (p < 0.01), indicating the improved

renal tissue damage caused by HUA. Additionally, as shown in Figure 3C, it was not difficult to find an obvious production of IL-1b in model

group in comparison to control group (p< 0.01). Nevertheless, KPF treatment could dose-dependently inhibit the production of IL-1b (p< 0.01).

The level of malondialdehyde (MDA), an oxidative stress marker, and the activities of antioxidative enzymes including superoxide dismut-

ase (SOD), glutathione (GSH), and glutathione peroxidase (GSH-Px) were also measured (Figures 3D–3G). Compared with control group,

obviously decreased activities of SOD, GSH, and GSH-Px and an increased level of MDA were observed in model group (p < 0.01). However,

we observed that KPF reversed the reduction of SOD, GSH, and GSH-Px activities and the elevation of MDA level, especially for high-dose

KPF treatment (100 mg/kg). These data demonstrated that KPF alleviated kidney oxidative stress.

KPF mitigated inflammatory injuries via downregulating NLRP3 inflammasome and NF-kB pathway in ankle joints of mice

In model group, the protein expressions of NLRP3, caspase-1, c-caspase-1 ASC, p-IKKa/IKKa, p-p65/p65, and p-IkBa/IkBa exhibited signif-

icant increases in comparison to control group (Figure 4). Following the administration of KPF, noticeable reductions in the protein
iScience 27, 111186, November 15, 2024 3



Figure 2. Effects of KPF on UA excretion and hepatic XOD activity in mice

(A–G) The results of urine UA, urine CRE, serum UA, serum CRE, BUN, GFR, and hepatic XOD activity in HUA combined with GA mice administered with various

doses of KPF (20, 50, and 100 mg/kg) (n = 6 per group). Data for (A–G) are represented as mean G SEM. One-way ANOVA followed by Dunnett’s multiple

comparisons test for (A–G). ##p < 0.01 versus control group. **p < 0.01 versus model group. HUA, hyperuricemia; GA, gouty arthritis; UA, uric acid; CRE,

creatinine; BUN, blood urea nitrogen; XOD, xanthine oxidase; GFR, glomerular filtration rate. KPF, kaempferol; Col, colchicine; Ben, benzbromarone.
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expressions of these aforementioned markers were observed when compared to model group. These evidences suggested that KPF

possessed capabilities of alleviating inflammatory injuries of ankle joint through downregulating NLRP3 inflammasome and NF-kB pathway.
KPF regulated renal urate transporters, NLRP3 inflammasome, and NF-kB pathway in kidneys of mice

Renal-urate-transport-associated protein expressions were quantitatively detected by western blotting. As depicted in Figures 5A and 5B,

model group exhibited a noteworthy down-regulation in the protein expressions of ABCG2, OCT2, and OAT1 compared to control group.

Conversely, the protein expression of GLUT9 in model group was significantly up-regulated relative to control group. Remarkably, KPF treat-

ment effectively mitigated these abnormal protein expressions, restoring levels of ABCG2, OAT1, OCT2, and GLUT9 in kidneys.

Furthermore, as mentioned earlier, KPF exhibited the capacity to reduce the level of inflammatory cytokine IL-1b in kidneys (Figure 3C).

Notably, IL-1b represents one of the downstream products of NLRP3 and NF-kB inflammatory pathway.25 Building upon these observations,

our investigation extended to explore the impact of KPF on NLRP3 inflammasome and NF-kB pathway. As shown in Figures 5C–5F, the pro-

tein expressions of NLRP3, ASC, p-IKKa/IKKa, p-p65/p65, and p-IkBa/IkBa exhibited significant increases in kidneys of model group

compared to control group. KPF treatment resulted in reductions in those protein expressions, suggesting the ability of KPF to suppress

the activation of NLRP3 inflammasome and NF-kB pathway, thereby ameliorating kidney inflammation.
4 iScience 27, 111186, November 15, 2024



Figure 3. Effects of KPF on kidney inflammation and oxidative stress in mice

(A) Representative H&E staining in kidneys. Scale bar, 50 mm.

(B) Histopathological score of kidneys (n = 3 per group). The injury index of kidney was analyzed as described in the STAR Methods.

(C) The level of IL-1b in kidneys (n = 6 per group).

(D–G) The level of MDA and the activities of antioxidative enzymes including SOD, GSH, and GSH-Px in HUA combined with GA mice administered with various

doses of KPF (20, 50, and 100 mg/kg) (n = 6 per group). Data for (B–G) are represented as mean G SEM. One-way ANOVA followed by Dunnett’s multiple

comparisons test for (B–G). ##p < 0.01 versus control group. *p < 0.05, **p < 0.01 versus model group. HUA, hyperuricemia; GA, gouty arthritis; IL-1b,

interlukin-1b; MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione; GSH-Px, glutathione peroxidase; KPF, kaempferol; Col, colchicine;

Ben, benzbromarone.
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KPF improved MSU-induced damage in HK-2 cells and reduced LPS+MSU-induced inflammatory response in THP-1 cells

To elucidate the effects and underlyingmechanism of KPF in reducing UA and exerting anti-inflammatory actions, in vitro investigations were

conducted using HK-2 and THP-1 cells. According to the dosage screening by cell counting kit-8 (CCK-8), concentrations of 5 mM, 10 mM, and

20 mM of KPF were selected as the experimental concentrations for subsequent assays involving HK-2 and THP-1 cells (Figures S1A–S1D).

As observed in Figures 6A–6D, MDA level in MSU group exhibited a significant increase compared to control group (p < 0.01); conversely,

SOD, GSH, and GSH-Px activities showed marked decreases in MSU group (p < 0.01), indicating that excessive UA induced damage to HK-2

cells and triggered oxidative stress. Following KPF treatment, MDA level significantly decreased (p < 0.01), and the activities of SOD, GSH,

and GSH-Px remarkably increased when compared to MSU group (p < 0.01). The release of lactate dehydrogenase (LDH) is regarded as an

important indicator of cell membrane integrity. Compared to control group, MSU stimulated HK-2 cells to release LDH (Figure 6E). After KPF

treatment, a significant decrease in the level of LDH was observed (p < 0.01).

Additionally, Figures 6F–6H demonstrated notable elevations in the levels of inflammatory cytokines (IL-1b, IL-6, and TNF-a) in THP-1 cells

after stimulation with LPS+MSU (p < 0.01). Encouragingly, KPF treatment resulted in significant reductions in IL-1b, IL-6, and TNF-a

levels (p < 0.01).
KPF elevated ABCG2 in HK-2 cells and inhibited NLRP3 inflammasome and NF-kB pathway in THP-1 cells

Studies found that ABCG2 gene mutation exerts the greatest influence on human serum UA level by affecting its protein expression and the

efficiency of UA transport.26 Interventions were conducted in HK-2 cells using Ko143, recognized as one of the most effective functional in-

hibitors of ABCG2. As illustrated in Figures 7A and 7B, the observed upregulation of ABCG2 protein expression in response to the combined

treatment with KPF and Ko143 suggested a potential role for these interventions in modulating the ABCG2 transporter. Results portrayed in

Figures 7C–7F clearly demonstrated the suppressive effects of KPF, as well as inhibitors targetingNLRP3 inflammasome (MCC950) andNF-kB
iScience 27, 111186, November 15, 2024 5



Figure 4. Effects of KPF on the protein expressions of NLRP3 inflammasome and NF-kB pathway in ankle joints

(A and B) Western blotting for NLRP3, caspase-1, c-caspase-1, and ASC and their quantification analysis (n = 3 per group). b-actin was used for internal

normalization.

(C and D) Western blotting for p-IKKa, IKKa, p-p65, p65, p-IkBa, and IkBa and their quantification analysis (n = 3 per group). b-actin was used for internal

normalization. Data for (B and D) are represented as mean G SEM. One-way ANOVA followed by Dunnett’s multiple comparisons test for (B and D).
##p < 0.01 versus control group. *p < 0.05, **p < 0.01 versus model group. NLRP3, NOD-like receptor protein 3; c-caspase-1, cleaved-caspase-1; NF-kB,

nuclear factor-kappa B; KPF, kaempferol; Col, colchicine; Ben, benzbromarone.
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pathway (QNZ), on the expressions of key proteins involved in the signaling cascade, composing of NLRP3, caspase-1, c-caspase-1, ASC, p-

IKKa, p-p65, and p-IkBa (p < 0.01).
KPF reduced the production of ROS to inhibit NLRP3 inflammasome and elevate ABCG2

The production of reactive oxygen species (ROS) is a critical second signal for the activation of NLRP3 inflammasome.27 As shown in

Figures 8A–8C, LPS+MSU stimulation led to a substantial increase in the production of ROS in THP-1 cells (p < 0.01). Treatments with

both KPF and N-acetylcysteine (NAC) independently reduced the ROS generation. Moreover, the concomitant treatment with KPF and

NAC resulted in a further diminution of ROS level. Accordingly, ROS stimulated by LPS+MSU significantly increased the protein expressions

of NLRP3, c-caspase-1, and ASC compared with control group (p< 0.01). Both KPF andNAC treatment reversed this trend, and the combined

treatment of the two further enhanced the effect against the expressions of these proteins (Figures 8D and 8E).

In HK-2 cells, stimulation with MSU significantly increased ROS production (p < 0.01). Treatment with either KPF or NAC alone effectively

reduced ROS levels. Furthermore, the combined treatment with both KPF and NAC resulted in an even greater reduction in ROS levels

(Figures 8F and 8G). The protein expression of ABCG2, a transporter responsible for the excretion of UA from the bloodstream into the urine,

was notably decreased by MSU stimulation (Figures 8H and 8I). NAC, a radical scavenging accelerator, increased the expression of ABCG2,

mirroring the effect of KPF. The combined use of NAC and KPF amplified this increase, demonstrating a more potent effect.
DISCUSSION

UA is a weak acid, and its ionized form presenting in the body is urate at physiologic pH.28 The pathological threshold of HUA is defined as

6.8 mg/dL (the in vitro solubility limit of MSU).29 When the level of serum UA is higher than the normal threshold, MSU crystal deposition be-

gins to occur in tissues. Particularly, when the deposition of MSU crystal occurs in articular cartilage, synovial sacs, and other tissues, it will

cause inflammation with concomitant swelling and pain, the process of which is called GA. It can be said that HUA is the most important

risk factor for GA. The clinical picture of gout is divided into four stages: asymptomatic HUA, acuteGA, intercritical period, and chronic topha-

ceous gout.28 Several studies disclosed that MSU deposited in a proportion of asymptomatic HUA patients.30,31 There are many separate

animal models that have been widely developed to investigate the causal mechanisms for HUA or gout but do not yet reliably and
6 iScience 27, 111186, November 15, 2024



Figure 5. Effects of KPF on the protein expressions of renal urate transporters, NLRP3 inflammasome, and NF-kB pathway in kidneys

(A and B) Western blotting for ABCG2, OCT2, OAT1, and GLUT9 and their quantification analysis (n = 3 per group). b-actin was used for internal normalization.

(C and D) Western blotting for NLRP3, c-caspase-1, and ASC and their quantification analysis (n = 3 per group). b-actin was used for internal normalization.

(E and F) Western blotting for p-IKKa, IKKa, p-p65, p65, p-IkBa, and IkBa and their quantification analysis (n = 3 per group). b-actin was used for internal

normalization. Data for (B, D, and F) are represented as mean G SEM. One-way ANOVA followed by Dunnett’s multiple comparisons test for (B, D, and F).
##p < 0.01 versus control group. *p < 0.05, **p < 0.01 versus model group. ABCG2, ATP-binding cassette transporter G2; OCT2, organic cation transporter

2; OAT1, organic anion transporter 1; GLUT9, glucose transporter 9; NLRP3, NOD-like receptor protein 3; c-caspase-1, cleaved-caspase-1; NF-kB, nuclear

factor kB ; KPF, kaempferol; Col, colchicine; Ben, benzbromarone.
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simultaneously simulate HUA and its complication GA that occurs in humans. For protection, it is necessary to prevent UA from the formation

of MSU crystal, which is effective in the treatment of gout. A combined HUA and GA animal model will be in line with the population in the

transition stage from asymptomatic HUA to acute GA in clinical practice, which is a relatively practical applicationmodel. Therefore, this com-

bined model possesses obvious research value and significance.

In present study, we successfully induced amousemodel of combined HUA andGA by combination of intraperitoneal injection of PO and

xanthine, as well as intra-articular injection ofMSU crystals.10,11,32,33 As our data indicated, following KPF treatment, the photographs andH&E

staining of ankle joints demonstrated similar changes that KPF significantly alleviated MSU-induced joint inflammation (ankle swelling and

inflammatory cell infiltrations), mitigating symptoms of GA in mice. KPF could increase the excretion of UA and CRE in the kidney, as well

as cause the levels of serum UA, CRE, and BUN tend to normal. Moreover, KPF improved kidney inflammation and showed a potential pro-

tective effect on renal injury by suppressing oxidative stress through activating the SOD, GSH, and GSH-Px and reducing MDA. In short, the

remarkable improvement in biochemical parameters and histopathologic changes were observed after KPF treatment, indicating the urate-

lowering and anti-inflammatory effects of KPF.

KPF could effectively lower UA level and might reduce UA production by inhibiting the activity of XOD. This inhibition could be attrib-

uted to the direct interaction between KPF and XOD, impeding its catalytic capacity in UA generation.20 The transport and excretion of UA
iScience 27, 111186, November 15, 2024 7



Figure 6. Effects of KPF on oxidative stress biomarkers and LDH in HK-2 cells and inflammatory cytokines in THP-1 cells

(A–D) The level of MDA and the activities of antioxidative enzymes including SOD, GSH, and GSH-Px in MSU-stimulated HK-2 cells administered with various

doses of KPF (5, 10, and 20 mM) (n = 3 per group).

(E) The release rate of LDH inMSU-stimulated HK-2 cells administered with various doses of KPF (5, 10, and 20 mM) (n= 6 per group). The concentrations of KPF on

HK-2 cells were selected using CCK-8, as shown in Figures S1A and S1B.
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Figure 6. Continued

(F–H) The levels of IL-1b (n= 3 per group), IL-6 (n = 4 per group), and TNF-a (n= 4 per group) in LPS+MSU-stimulated THP-1 cells administered with various doses

of KPF (5, 10, and 20 mM). The concentrations of KPF on THP-1 cells were selected using CCK-8, as shown in Figures S1C and S1D. Data for (A–H) are represented

as meanG SEM. One-way ANOVA followed by Dunnett’s multiple comparisons test for (A–H). ##p < 0.01 versus control group. *p < 0.05, **p < 0.01 versus MSU/

LPS+MSU group. MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione; GSH-Px, glutathione peroxidase; LDH, lactate dehydrogenase; IL-1b,

interlukin-1b; IL-6, interlukin-6; TNF-a, tumor necrosis factor-a; LPS, lipopolysaccharides; MSU, monosodium urate; KPF, kaempferol; Col, colchicine; Ben,

benzbromarone.
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are complicated procedures that are related with various renal transporters, including GLUT9, ABCG2, OAT1, OCT2, and so on.34,35 Ac-

cording to previous studies, empagliflozin treatment was attributed to UA excretion promotion through up-regulating ABCG2 expression

in KK-Ay mice with HUA.9 Similarly, saponins induced the decrease of serum UA and increase of the excretion of urine UA through up-

regulating the GLUT9 expression and down-regulating the OAT1 expression in chronic HUA rats.36 Astaxanthin also promoted UA excre-

tion by down-regulating the protein expressions of GLUT9, as well as up-regulating the protein expressions of OAT1 and ABCG2.37

Consistent with previous findings, we found that KPF could effectively reverse the abnormal protein expressions of GLUT9, ABCG2,

OAT1, and OCT2 in kidneys of mice. These results suggested that KPF might modulate urate transporters involved in UA metabolism

and excretion.

Further molecular mechanisms in vitro revealed KPF’s regulatory effects on UA metabolism pathways. ABCG2 is expressed in several or-

gans critical for UA excretion, including the kidney and the intestine. In the kidney, ABCG2 is beneficial to excrete UA into urine, whereas in the

intestine, it contributes to the excretion of UA into the gut for removal via the feces. This dual role enhances its influence on overall urate

homeostasis.38,39 Numerous genome-wide association studies have identified variants in the ABCG2 gene that are strongly associated

with HUA and the risk of gout.40,41 The findings from HK-2 cells demonstrated that the use of the ABCG2 inhibitor Ko143 effectively sup-

pressed the function of ABCG2, thereby reducing the transport capacity of UA. This suggested that in the presence of Ko143, ABCG2

was unable to excrete UA normally, leading to an accumulation of UA within the cells. Subsequently, when Ko143 and KPF were applied

to the cells together, KPF was able to increase the transport of UA and counteract the inhibitory effect of Ko143 on ABCG2. This further un-

derscored that KPF regulated the urate transporters by activating or enhancing the function of ABCG2. KPF reportedly inhibited cancer cell

growth by antagonizing estrogen receptor a and g activities, and research suggested that the combination of estrogen and estrogen receptor

a enhanced ABCG2 expression, indicating the potential role of estrogen receptor a on UA generation through ABCG2.42,43 Based on the

evidence mentioned earlier, it seems that KPF is likely to possess the ability to suppress the production of UA through estrogen receptor

a regulating ABCG2. However, no research has been performed to verify this assumption.

Dysregulation of renal transporters can lead to excessive accumulation of UA in the body, which may activate inflammation. NLRP3 inter-

acts with the bridging molecule ASC to increase the expression of caspase-1, which plays an important role in maturing IL-1b and IL-18 ex-

pressions.44 NLRP3 inflammasome activation triggers inflammatory responses of kidney and joint along with the up-regulations of IL-1b and

IL-18.45,46 Moreover, NF-kB is produced by homologous or heterodimerization of Rel family proteins, mainly in the form of p50 and p65 sub-

units. Under normal conditions, NF-kB in the cytoplasm remains inactive and binds to the inhibitory protein IkB. Once stimulated, IkB kinase

(IKK) is involved in the phosphorylation of IkBa, which then mediates the phosphorylation of NF-kB/p65.47 The potential anti-inflammatory

action of KPF may be exerted through direct or indirect influence on NLRP3 inflammasome and NF-kB pathway. KPF may directly inhibit

the activity of key proteins in these pathways, such as NLRP3, caspase-1, c-caspase-1, ASC, p-IKKa, p-p65, and p-IkBa, thereby suppressing

the inflammatory responses. Additionally, KPF might exert its anti-inflammatory effects by inhibiting signals that trigger the activation of

NLRP3 inflammasome and NF-kB pathway, such as oxidative stress and pro-inflammatory cytokines. It is noteworthy that NLRP3 inflamma-

some and NF-kB pathways are interconnected in many respects.48,49 MCC950, acting as a selective inhibitor of NLRP3 inflammasome,

impeded the activation or perpetuation of its activated state, while not directly meddling with the priming process of NLRP3 inflammasome.50

A study indicated that MCC950 might indirectly influence the priming phase of NLRP3 inflammasome via interaction and subsequent inhibi-

tion of the NF-kB/p65 molecule.51 Given that NF-kB/p65 serves as a critical upstream signaling intermediary for NLRP3 inflammasome tran-

scription, its inhibition could affect the expression level of NLRP3 inflammasome. We also conducted further investigations in vitro. Initially,

KPF was found to reduce the expressions of protein associated with NLRP3 inflammasome or NF-kB pathway, but the bonding effect of

NLRP3 inflammasome and NF-kB pathway inhibitors (MCC950 and QNZ) was comparable to that when combined with KPF intervention.

This suggested that the anti-inflammatory action of KPF did not entirely depend onNLRP3 inflammasome orNF-kB pathway. Previous studies

also have shown that mitogen-activated protein kinase (MAPK0, TLR4, and AR/NOX2 signaling pathways are involved in the antioxidant or

anti-inflammatory process of KPF.52,53 Interestingly, Ben, as a uricosuric agent rather than an anti-inflammatory, exerted an inhibitory action on

NLRP3 inflammasome activation in this study. This could be attributed to the fact that Ben enhanced UA excretion and subsequently reduced

the concentration of UA in the blood. This reduction potentially led to a decrease in MSU deposition, which in turn indirectly mitigated the

activation of NLRP3 inflammasome.54

ROS functions as a secondmessenger to drive inflammasome activation and has been recognized as an important mechanism for the acti-

vation of NLRP3 inflammasome.55 ROS can promote the activation of the inflammasome by oxidizing andmodifying NLRP3 and other inflam-

masome components. For example, ROS can oxidize ASC, causing it to form ASC specks and bind to NLRP3, thus stimulating the assembly

and activation of the inflammasome.56 NAC, a potent ROS inhibitor, primarily replenishes intracellular GSH, a key antioxidant that neutralizes

ROS to reduce cellular oxidative stress.57 In this research, KPF was found to decrease ROS production, thereby inhibiting NLRP3 inflamma-

some. KPF’s antioxidant effects may stem from its phenolic hydroxyl groups that trap ROS and prevent oxidative damage.58,59 When
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Figure 7. Effects of KPF on the protein expressions of ABCG2 in HK-2 cells and NLRP3 inflammasome and NF-kB pathway in THP-1 cells

(A and B) Western blotting for ABCG2 in HK-2 cells and its quantification analysis (n = 3 per group). b-actin was used for internal normalization.

(C and D) Western blotting for NLRP3, caspase-1, c-caspase-1, and ASC in THP-1 cells and their quantification analysis (n = 3 per group). b-actin was used for

internal normalization.

(E and F) Western blotting for p-IKKa, IKKa, p-p65, p65, p-IkBa, and IkBa in THP-1 cells and their quantification analysis (n = 3 per group). b-actin was used for

internal normalization. Data for (B, D, and F) are represented asmeanG SEM.One-way ANOVA followed byDunnett’s multiple comparisons test for (B, D, and F).
##p < 0.01 versus control group. *p < 0.05, **p < 0.01 versus MSU/LPS+MSU group, aap < 0.01 versus KPF+Ko143 group. ABCG2, ATP-binding cassette

transporter G2; NLRP3, NOD-like receptor protein 3; c-caspase-1, cleaved-caspase-1; NF-kB, nuclear factor kB; Ko143, ABCG2 inhibitor; MCC950, NLRP3

inflammasome inhibitor; QNZ, NF-kB pathway inhibitor; LPS, lipopolysaccharides; MSU, monosodium urate; KPF, kaempferol; Col, colchicine; Ben,

benzbromarone.
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combined, KPF and NAC synergistically combated ROS at different levels, enhancing the overall antioxidant effect. Additionally, ROS could

potentially inflict direct damage to cellular structures through oxidative stress, including proteins and DNA. This could potentially inhibit the

transcription and translation processes of ABCG2.60 In this study, we investigated whether KPF can elevate ABCG2 expression by regulating

ROS. Similar to the effects of NAC, the expression of ABCG2 was upregulated by KPF decreasing ROS production. The effect of ABCG2 on

ROS production has also been previously reported. Inhibition of ABCG2 could increase intracellular ROS generation.61,62

In summary, KPF effectively ameliorated inflammation and reversed the abnormal expressions of renal transporter, leading to an increased

excretion of UA. Our study demonstrated that KPF managed anti-inflammatory and urate-lowering effects through regulation of ROS-medi-

ated renal transporters, NLRP3 inflammasome, andNF-kB pathway, highlighting its potential as a therapeutic agent for the treatment of HUA

combined with GA.
10 iScience 27, 111186, November 15, 2024



Figure 8. Effects of KPF on inhibiting NLRP3 inflammasome and elevating ABCG2 via the regulation of ROS

(A) CLSM images of THP-1 cells stained with DCFH-DA (green) for intracellular ROS detection. Scale bar, 50 mm.

(B and C) Flow cytometry detection of ROS production in THP-1 cells and their mean fluorescence intensity analysis (n = 3 per group).

(D and E) Western blotting for NLRP3, c-caspase-1, ASC in THP-1 cells and their quantification analysis (n = 3 per group). b-actin was used for internal

normalization.

(F and G) Flow cytometry detection of ROS production in HK-2 cells and their mean fluorescence intensity analysis (n = 3 per group).

(H and I) Western blotting for ABCG2 in HK-2 cells and its quantification analysis. b-actin was used for internal normalization. Data for (C, E, G, and I) are

represented as mean G SEM. One-way ANOVA followed by Dunnett’s multiple comparisons test for (C, E, G, and I). ##p < 0.01 versus control group.

*p < 0.05, **p < 0.01 versus MSU/LPS+MSU group. CLSM, confocal laser scanning microscopy; DCFH-DA, 20 ,70-dichlorodihydrofluorescein diacetate; NLRP3,

NOD-like receptor protein 3; c-caspase-1, cleaved-caspase-1; ABCG2, ATP-binding cassette transporter G2; NAC, N-acetylcysteine; LPS, lipopolysaccharides;

MSU, monosodium urate; KPF, kaempferol.
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Limitations of the study

The limitation of the study in translating to human health comes from the differences between purine metabolism in humans and rodents.

Rodents possess uricase enzymes, which catalyze the decomposition of UA, a capability that is absent in humans.63 While rodents are often

used as experimental models to study diseases related to purine metabolism, some of the findings may not be directly applicable to humans

because of these differences. Moreover, when the serum UA level in the human body persistently surpasses the normal threshold, it leads to

the deposition of MSU crystal in tissues such as the articular cartilage and synovial capsule, thereby initiating the development of GA. In mice,

we establishedGAmodel by the injection of exogenousMSU crystal, which differs from the actual process of a GA flare in humans. Neverthe-

less, the lack of suitable in vitro cell model to simulate HUA combinedwith GA necessitates the segregation of our in vitro studies into distinct

urate-lowering and anti-inflammatory models.
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Potassium oxonate Sigma-Aldrich Cat# 2207-75-2
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Monosodium urate Sigma-Aldrich Cat# 1198-77-2

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich Cat# P1585

Lipopolysaccharides (LPS) Sigma-Aldrich Cat# L4391

Ko143 Med Chem Express Cat# HY-10010

MCC950 Med Chem Express Cat# HY-12815

QNZ Med Chem Express Cat# HY-13812

NAC Med Chem Express Cat# HY-B0215

RIPA lysis buffer CW Bio Technology Cat# CW2333

Protease inhibitor cocktail CW Bio Technology Cat# CW2200

Phosphatase inhibitor cocktail CW Bio Technology Cat# CW2383

Critical commercial assays

Bicinchoninic Acid (BCA) Kit Beyotime BioTechnology Cat# P0011

ROS Assay Kit Beyotime BioTechnology Cat# S0033

LDH Cytotoxicity Assay Kit Beyotime BioTechnology Cat# C0017
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XOD Assay Kit NJJCBIO Cat# A002-1-1

CRE Assay Kit NJJCBIO Cat# C011-2-1

BUN Assay Kit NJJCBIO Cat# C013-2-1

MDA Assay Kit NJJCBIO Cat# A003-1-2

SOD Assay Kit NJJCBIO Cat# A001-1-2

GSH Assay Kit NJJCBIO Cat# A006-2-1
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Mouse IL-6 ELISA Kit Boster Bio Technology Cat# EK0411

Human IL-6 ELISA Kit Boster Bio Technology Cat# EK0410

Experimental models: Cell lines

THP-1 Shanghai Cell Bank Cat# TCHu57

HK-2 Shanghai Cell Bank Cat# GNHu47

Experimental models: Organisms/strains

C57BL/6 mice Shanghai SLAC ANIMAL N/A

Software and algorithms

ImageJ NIH https://imagej.net/software/imagej/

GraphPad Prism (version 8.0.2) GraphPad Software https://www.graphpad.com/

Adobe Illustrator Adobe https://www.adobe.com/

FlowJo (version 10.6.2) BD Biosciences https://www.flowjo.com/

ll
OPEN ACCESS

iScience
Article
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Male C57BL/6mice, aged 6–8 weeks and weighting about 20 g, were purchased from Shanghai SLAC Laboratory Animals Co., Ltd. Mice were

housed under standard laboratory conditions (12-h light/dark cycle, temperature of 22 G 2�C, humidity of 50 G 5%) and had free access to

food and water at Zhejiang Chinese Medical University Laboratory Animal Research Center (Permit Number: SYXK 2018–0012). All experi-

mental procedures followed the Guide for the Care and Use of Laboratory Animals of China and was approved by Animal Ethical andWelfare

Committee of Zhejiang Chinese Medical University (Ethical Approval Number: 20180813–01). Mice were acclimatized for 7 days prior to the

experiments.

Cell culture

Human renal tubular epithelial cells (HK-2) and human myeloid leukemia mononuclear cells (THP-1) were obtained from the Shanghai Cell

Bank of the Chinese Academy of Sciences (Shanghai, China). HK-2 cells were cultivated in Dulbecco’s Modified Eagle Medium/Nutrient

Mixture F-12 (DMEM/F-12), while THP-1 cells were cultivated in Roswell Park Memorial Institute (RPMI) 1640 medium. The medium was sup-

plemented with 10% fetal bovine serum (FBS), and 1% penicillin and streptomycin. The cell cultures were maintained in a humidified atmo-

sphere with 5% CO2 at 37
�C. HK-2 cells were allowed to grow in the culture medium for 24 h, while THP-1 cells were differentiated into mac-

rophages during a 48 h incubation with PMA at a concentration of 50 ng/mL, in preparation for subsequent experimental procedures.

METHOD DETAILS

Establishment and treatment of a model combined HUA and GA

Micewere randomly divided into seven groups: control group,model group, three different concentrations of FPF groups (25, 50 and 100mg/

kg,Col group (1mg/kg) andBengroup (10mg/kg). KPFgroups,Col groupandBengroupwere treatedwith the corresponding concentrations

of KPF (purity R95%), Col and Ben by intragastric administration, and control group and model group were administrated with the same

amount of normal saline solution once per day for 14 days. Throughout this experimental period, all mice, excluding those in control group,
iScience 27, 111186, November 15, 2024 17
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were intraperitoneally injected with PO and xanthine suspension (280 mg/kg), while control group received an equivalent volume of normal

saline solution.On the13th day, 25mLMSUsuspension (50mg/mL)was injected intobilateral ankle joints ofmice, occurring1 h after intragastric

administration, except for control group.Control group received an equivalent volumeof normal saline solutionduring the same time frame.64

Measurement of ankle joint swelling

A reference line, positioned at 0.5 cm above the ankle, was consistently marked with a non-fading marker to serve as a standardized point of

reference for the measurement of toe volume. The toe volume was assessed prior to model establishment, as well as at specific time points

post-establishment (2, 4, 6, 20, and 24 h) employing a toe volume measuring device.10,11 The obtained data was subjected to calculations as

per the formula outlined below. It’s noteworthy that themeasurements were conducted by an investigator whowas blinded to the assignment

of treatments.

Swelling index =
Vafter injection � Vbefore injection

Vbefore injection
3 100%

Serum, urine and liver biochemical analysis

At the end of treatment, six mice from each group were placed in individual metabolic cages for 24 h to facilitate the collection of urine spec-

imens. Subsequently, these urine samples were subjected to centrifugation at 3000 rpm for 10 min at 4�C. Blood samples were obtained and

allowed to incubate at room temperature for 1 h before undergoing centrifugation at 3500 rpm for 15 min at 4�C, which effectively separated

serum from other components. Liver tissues were homogenized in normal saline solution to create a 10% (w/v) homogenate, followed by

centrifugation at 3000 rpm for 10 min at 4�C to extract supernatant. BUN and CRE concentrations in serum and urine, as well as hepatic

XOD activity were measured according to manufacturer’s instructions. Serum and urine uric acid (UA) concentrations were determined em-

ploying the phosphotungstic acid method.65 Glomerular filtration rate (GFR) was estimated by calculating CRE clearance, which was done by

using 24 h urine volume and CRE concentrations in both serum and urine via the following formula.66,67

GFR =
urine CRE3V24 h

14403 serum CRE

Measurement of oxidative stress biomarkers in mice

Kidney tissues were homogenized to prepare a 10% (w/v) homogenate, and then centrifuged to obtain the supernatant. Subsequent assess-

ments of MDA, SOD, GSH and GSH-Px level were detected by using commercial detection kits.

Measurement of inflammatory cytokines in mice

Ankle tissues were meticulously isolated from surrounding fur andmuscle, and a 10% (w/v) homogenate of the tissue is prepared. In addition,

a 10% (w/v) homogenate of kidney tissue is prepared. The suspensionwas subjected to centrifugation at 12000 rpmat 4�C for 10min, resulting

in the acquisition of the supernatant. ELISA was applied to ascertain the concentrations of articular IL-1b, IL-6, and TNF-a, as well as renal IL-

1b. The procedures were carried out according to the manufacturer’s protocols.

Histopathological examination

Both ankle and kidney tissues underwent a rigorous preservation process utilizing 4% paraformaldehyde at room temperature for 24 h. For

ankle tissues, subsequent to fixation, they underwent a decalcification procedure involving ethylenediaminetetraacetic acid (EDTA).

Following these preparatory steps, kidney and ankle tissues were embedded in paraffin and subsequently sliced into sections measuring

4 mm in thickness. These sections of tissuewere stainedwith H&E for observation. Histopathological score was used to analyze the injury index

of kidney and the inflammatory infiltration of ankle joint according to the standard.68,69

Cell viability assay

For cell experiments, KPF (purityR98%) was solubilized in dimethyl sulfoxide (DMSO) and prepared to the required concentrations using cell

culture medium. These solutions were filtered through a 0.22 mm filter membrane. HK-2 cells and THP-1 cells were separately seeded into

96-well plates at the density of 53 103 cells/well and cultured in medium containing various concentrations KPF. Cell viability was measured

after 24 h culture using CCK-8 cell proliferation assay kit. Subsequently, HK-2 cells were pre-protected with different concentrations of KPF

and Ben (0.4 mM) for 2 h and then stimulated withMSU (400 mM) for 22 h. Similarly, THP-1 cells were stimulatedwith LPS (1 mg/mL) for 24 h, then

pre-protected with different concentrations of KPF andCol (0.1 mM) for 2 h, and finally stimulated withMSU (500 mM) for 22 h. Cell viability was

determined by CCK-8 assay kit.

Determination of oxidative stress biomarkers and LDH in HK-2 cells

HK-2 cells were initially seeded in 6-well plates at the density of 23 105 cells/well. They were exposed to different concentrations of KPF and

Ben for 2 h and then stimulated with MSU. After an additional 22 h, the cell precipitates were collected for analysis. The levels of key bio-

markers, including MDA, SOD, GSH and GSH-Px in HK-2 cells were quantified using specialized assay kits.
18 iScience 27, 111186, November 15, 2024
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HK-2 cells were seeded in 96-well plates at the density of 53 103 cells/well. After being exposed to KPF and Ben, followed by stimulation

with MSU, the supernatant from HK-2 was collected and used to detected the level of LDH to reflect lysis of HK-2 in accordance to manufac-

turer’s instructions.
Determination of inflammatory cytokines in THP-1 cells

THP-1 cells were seeded in 12-well plates at the density of 33 105 cells/well. Subsequent to the stimulation with LPS, the cells were exposed to

KPF at varying concentrations and Col for 2 h. The cells were exposed to MSU for an additional 22 h. The culture supernatants were carefully

collected, and the quantifications of IL-1b, IL-6 and TNF-a levels weremeasured using ELISA kits according to themanufacturer’s instructions.
Observation and determination of ROS production

THP-1 cells were pretreated with ROS inhibitor NAC (5 mM) for 30 min before stimulation with MSU and then incubated with DCFH-DA

(1000:1) prepared in serum-free medium for 20 min.70 The fluorescent images of the cells were observed and recorded using confocal laser

scanning microscopy (CLSM). Subsequently, ROS production of cells was detected using flow cytometry after being collected and washed.

HK-2 cells were pretreated with or without NAC at a final concentration of 4mM for 2 h, and the cells were treated with or without KPF for 2

h.71,72 Following this, the cells were exposed toMSU for 22 h and incubatedwithDCFH-DA. Then the cells were collected andwashed, and the

production of ROS was detected by flow cytometry.
Western blotting

HK-2 cells were initially cultured in 6-well plates at the density of 23 105 cells/well, and were subsequently treated with KPF and Ko143 (1 mM)

for 2 h.73 Likewise, HK-2 cells were treated with NAC. Following the treatment, the cells were stimulated with MSU for an additional 22 h. Sub-

sequently, the cells were collected.

THP-1 cells were cultured in 6-well plates at the density of 13 106 cells/well. After LPS stimulation, these cells were treated simultaneously

with KPF, MCC950 (1 mM) and QNZ (10 nM) for 2 h, following which MSU was introduced to induce stimulation for 22 h.74,75 Likewise, THP-1

cells were treated with NAC, followed by stimulation with MSU. The cells were then collected.

Proteins were extracted from tissues and cells using RIPA buffer containing 1% phosphatase inhibitor and protease inhibitor, and concen-

trations of total proteins were determined by using a BCA Protein Assay Kit. Proteins were denatured by being heated in a metal bath for

10 min at 100�C. Equal aliquots of proteins were separated on SDS-PAGE and transferred onto polyvinylidene fluoride membranes, followed

by blocking with 5% (w/v) non-fat milk dissolved in TBST for 1 h at room temperature. The membranes were incubated with the primary an-

tibodies over night at 4�C and secondary antibodies for 1 h at room temperature. Protein bands on the membranes were visualized through

enhanced chemiluminescence reagents. The densitometric analysis of the bands was quantified using ImageJ software tools.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data are represented as mean G SEM. One-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparisons test is used to

evaluate the differences across multiple groups. ImageJ software is used to perform analysis for western blotting results. FlowJo (version

10.6.2) software is used to analyze the flow cytometry data. GraphPad Prism (version 8.0.2) software is used to draw column graphs and

perform all statistical analysis. The statistical details and number of samples for each experiment is noted in the figure legends. p < 0.05 is

considered to represent statistical significance.
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