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Abstract

The co-occurrence of hyperuricemia and gouty arthritis is common in patients, yet a suitable animal
model for this condition is lacking. In present study, a mice model combined hyperuricemia and gouty
arthritis was established. Kaempferol, a flavonoid compound with anti-inflammatory and urate-lowering
properties, was administered to mice in different dosages (25, 50, and 100 mg/kg). The levels of uric acid,
creatinine, blood urea nitrogen and xanthine oxidase activity were measured, then kidney and joint ankle
tissues were examined for pathological changes. The expressions of renal transporters, oxidative stress
and inflammatory cytokines were detected. Furthermore, the anti-inflammatory mechanism of kaempferol
was verified from NOD-like receptor protein 3 (NLRP3) inflammasome and nuclear factor kappa B (NF-kB)
pathway. The results of histological analyses showed that kaempferol ameliorated the glomerular and
renal tubular lesions and ankle arthritis inflammatory infiltration caused by hyperuricemia combined with
gouty arthritis. Additionally, treatment with kaempferol effectively alleviated oxidative stress and
decreased the levels of pro-inflammatory cytokines. The research confirmed that kidney and joint
inflammation in hyperuricemia combined with gouty arthritis mice were alleviated by kaempferol via
suppressing NLRP3 inflammasome and NF-kB pathway.

INTRODUCTION

Hyperuricemia is a metabolic disease caused by a disorder of purine metabolism and an imbalance of
uric acid (UA) formation and secretion, which is often accompanied by elevated the levels of pro-
inflammatory factors and oxidative stress [1,2]. It is a major predisposing factor for gout and attacks
more likely to occur in those with high serum UA [3]. With the continuous improvement of people's living
conditions, the intake of high-protein, high-fructose, and high-purine foods have increased. This has led to
a rising incidence of hyperuricemia and its complication, gouty arthritis, in the population. The age of
disease onset is also tending to be younger. 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 kappa B (NF-kB) [4,5]. In the activation step, various stimuli, such as extracellular ATP,
mitochondrial DNA, and pathogen-related components, trigger the assembly of NLRP3 inflammasome
complexes. This leads to the recruitment and activation of Caspase-1, which cleaves pro-interleukin (IL-
1B) and pro-IL-18 to generate their mature forms. The release of mature IL-1B and IL-18 triggers
inflammatory responses [6—8]. Several studies have demonstrated that regulating NLRP3 inflammasome
activation is a promising strategy for the treatment of hyperuricemia and gouty arthritis. For instance,
phloretin was shown to attenuate hyperuricemia-induced chronic renal dysfunction via inhibiting NLRP3
inflammasome activation [9]. In addition, gallic acid was reported to suppress gouty arthritis by inhibiting
NLRP3 inflammasome activation and pyroptosis [10]. Thus, inhibiting inflammation through regulating
NLRP3 inflammasome serves as a potential strategy for the treatment of hyperuricemia and gouty
arthritis.
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Currently, two primary types of animal models for gout are recognized: hyperuricemia models and gouty
arthritis models. Hyperuricemia models have been established through the oral administration of a
mixture of adenine and potassium oxonate (P0O), or through a combination of peritoneal injection of PO
and intragastric administration of hypoxanthine [9,11]. Gouty arthritis models, on the other hand, have
been successfully established in previous studies by injecting with monosodium urate (MSU) into ankle
joints [12,13]. However, given that hyperuricemia and gouty arthritis often occur simultaneously in
patients, the development of a combined animal model for these conditions is currently lacking.

The majority of clinical therapeutic drugs currently available for the treatment of hyperuricemia and gouty
arthritis exhibit significant side-effects. Allopurinol, a prototypical xanthine oxidase (XOD) inhibitor, is
effective in only a fraction of patients with hyperuricemia, and is associated with the risk of renal toxicity
and hypersensitivity reactions [14]. Colchicine, commonly prescribed to relieve gouty arthritis symptoms,
may have a stimulating effect on the gastrointestinal tract, leading to gastrointestinal bleeding [15,16].
Benzbromarone, used for treating both hyperuricemia and gouty arthritis, is prescribed with caution due
to its hepatotoxicity [17]. Therefore, there is an urgent need to identify a safe and effective approach for
preventing and treating the combined manifestation of hyperuricemia and gouty arthritis.

In recent years, natural products-based drugs have been considered a novel therapeutic strategy for
preventing and treating inflammatory diseases. Among the various plant constituents in natural products,
flavonoids, which are present in many herbal medicines and plant-based foods, are considered the most
active compounds [18]. Kaempferol is a widely occurring dietary bioflavonoid found in various fruits,
vegetables, Chinese herbal medicines and other natural plants, which has a range of pharmacological
benefits, including antioxidant and anti-inflammatory properties [19-21]. In particular, kaempferol has
been found to exhibit reversible competitive inhibition of XOD activity, making it a potentially useful
biological agent for treating hyperuricemia [22].

Taken together, we wonder if kaempferol was capable of protecting against hyperuricemia and the
subsequent gouty arthritis. In present study, a mice model combined hyperuricemia and gouty arthritis
was established. Serum, urine and liver biochemical analysis, as well as articular and renal histological
assessment, were then performed to evaluate treating hyperuricemia and anti-gout arthritis effects of
kaempferol. Additionally, superoxide dismutase (SOD), glutathione (GSH) and glutathione peroxidase
(GSH-Px) activities, malondialdehyde (MDA) level, and the levels of inflammatory factors IL-1B, IL-6 and
tumor necrosis factor (TNF)-a were also determined. To further explore the mechanisms, the effect of
kaempferol on renal transporters, NLRP3 inflammasome and NF-«kB pathway were investigated through
Western blotting analysis.

MATERIALS DNA METHODS
Materials and reagents
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Kaempferol (purity >95%, Lot: J09GS153993) was purchased from Shanghai yuanye Biotechnology Co.,
Ltd. (Shanghai, China). Colchicine tablets (Lot: 20210202) were purchased from PIDI Pharmaceutical Co.,
Ltd. (Guangdong, China). Benzbromarone tablets (Lot: 0062008023) were purchased from HEC
Pharmaceutical Co., Ltd. (Yichang, China). PO (Lot: STBH8632), xanthine (Lot: SLBM5210V) and MSU
(Lot: BC8R7559) were purchased from Sigma-Aldrich (St. Louis, MO, US). XOD (Lot: 20211104), creatinine
(CRE, Lot: 20211102), blood urea nitrogen (BUN, Lot: 20211102), SOD (Lot: 20211103), GSH (Lot:
20211102), GSH-Px (Lot: 20211103) and MDA (Lot: 20211104) texting kits were provided by Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). IL-1B (Lot: 1161759622) and TNF-a (Lot:
241171031026) ELISA kits were purchased from Boster Biological Technology Co., Ltd. (Wuhan, China).
IL-6 ELISA kit (Lot: MM-0163M1) was purchased from MEIMIAN (Shanghai, China). Bicinchoninic Acid
(BCA) Protein Assay Kit was purchased from Beyotime Institute of Biotechnology (Shanghai, China).
Primary antibodies against NLRP3 (Lot: 5), ASC (Lot: 2), Caspase-1 (Lot: 4), p-IKKa (Lot: 21), IKKa (Lot: 5),
p-p65 (Lot: 17), p65 (Lot: 16), p-IkBa (Lot: 18), IkBa (Lot: 11), ATP-binding cassette transporter G2
(ABCG2, Lot: 2), B-actin (Lot: 18) and anti-rabbit IgG HRP-linked antibodies (Lot: 29) were supplied by Cell
Signaling Technology (Boston, MA, USA). Primary antibodies against organic anion transporter 1 (OAT1,
Lot: GR3202420-5) and organic anion transporters 2 (OCT2, Lot: GR153338-2) were produced by Abcam
(Cambridge, MA, USA). Primary antibodies against glucose transporter 9 (GLUT9, Lot: 67530-1-IG) was
purchased from Proteintech (Wuhan, China). Goat anti-mouse IgG HRP-conjugated secondary antibody
(Lot: L3032) was purchased from Signaling Antibody (College Park, MD, USA).

Animals

Male C57BL/6 mice (6-week-old) weighting about 20 g, were purchased from Shanghai SLAC Laboratory
Animals Co., Ltd., and housed at Zhejiang Chinese Medical University Laboratory Animal Research Center
(Permit Number: SYXK 2018-0012). All experimental procedures followed the Guide for the Care and Use

of Laboratory Animals (National Institutes of Health (NIH), Bethesda, MD, United States) and approved by
Animal Ethical and Welfare Committee of Zhejiang Chinese Medical University (Ethical Approval Number:
20180813-01).

Establishment of a model combined hyperuricemia and
gouty arthritis

Mice were randomly divided into seven groups: control group, model group, three different concentrations
of kaempferol groups (25, 50 and 100 mg/kg), and two positive control groups administrated with
colchicine (1 mg/kg) and benzbromarone (10 mg/kg). Hyperuricemia model was induced by
intraperitoneal injection of PO and xanthine both at the concentration of 280 mg/kg. Mice in control
group were intraperitoneally injected with the same amount of saline solution. In other groups, mice were
established with hyperuricemia model and treated with colchicine, benzbromarone and kaempferol by
intragastric administration once per day for 14 days. On day 13, mice were intra-articular injected with 25
pL (1.25 mg) MSU suspension into bilateral ankle joints 1 h after intragastric administration except that
in control group. Mice in control group were injected with the same amount of saline solution at the same
time. Individual urine samples were collected using metabolism cages on the last day of the study. Then
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all mice were sacrificed. Blood samples were collected and incubated at 37°C for 1 h and then centrifuged
at 3,500 rpm for 15 min at 4°C to separate serum. Liver, kidney and ankle tissues were also collected and
stored at - 80°C for further measurements.

Measurement of ankle joint swelling

A horizontal line was drawn at 0.5 cm on the ankle of with a fadeless marker as a unified standard for
measuring the volume of toes before injection. The toe volume was measured before and 2, 4, 6, 20 and
24 h after model establishment with a toe volume measuring device [12,13]. The obtained data were
calculated according to the following formula. The process of measurements was conducted by an
experimenter blind to treatment allocation.

Vafter injection - Vbefore injection

Swelling index (%) = x 100%

Vbefore injection

Serum, urine and liver biochemical analysis

Liver tissues were mixed with normal saline to prepare 10% (w/v) homogenate and centrifuged at 3,000
rpm for 10 min at 4°C to separate supernatant. BUN and CRE concentrations in serum and urine, as well
as hepatic XOD activity were measured according to manufacturer instructions. The UA concentrations in
serum and urine were measured using the phosphotungstic acid method [23]. 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 [24,25].

_urine CRE x V24 h
GFR = 1440 x serum CRE

Antioxidant activity

Kidney tissues were mixed with normal saline to prepare 10% (w/v) homogenate and centrifuged at 3,000
rpm for 10 min at 4°C to separate supernatant. Activities of SOD, GSH, GSH-Px and MDA level were
detected by using commercial detection kits.

ELISA assay

Ankle and kidney tissues were mixed with normal saline to prepare 10% (w/v) homogenate and
centrifuged at 3,000 rpm for 10 min at 4°C to separate supernatant. ELISA was employed to determine
the concentrations of articular IL-1pB, IL-6 and TNF-a and renal IL-1B, and measurements were carried out
according to the manufacturer’s protocols.

Histopathological examination

Ankle and kidney tissues were both fixed using 4% paraformaldehyde at room temperature for 24 h (ankle
tissues were decalcified in ethylenediaminetetraacetic acid (EDTA) after fixation). Then kidney and ankle
tissues were embedded in paraffin, and subsequently were cut into 4 um sections. Both tissue sections
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were stained with Hematoxylin and eosin (H&E) for histopathological examination according to the
standard protocol.

Western blotting

Proteins were extracted from ankle and kidney tissues using RIPA buffer containing 1% phosphatase
inhibitor and protease inhibitor, and concentrations were determined by using a BCA Protein Assay Kit.
Proteins were denatured by heating in a metal bath for 10 min. Then equal aliquots of proteins were
separated on 10% SDS-PAGE, and transferred onto polyvinylidene fluoride (PVDF) membranes, followed
by blocking with 5% (w/v) non-fat milk dissolved in TBST for 1 h at room temperature. The membranes
were then incubated with the primary antibodies over night at 4°C and secondary antibodies for 1 h at
room temperature. Protein bands on the membranes were visualized through enhanced
chemiluminescence (ECL) reagents. The densitometric analysis of the bands was quantified using Image
J software tools.

Statistical analysis

Statistical analysis was performed using a GraphPad Prism 8.0. One-way analysis of variance (ANOVA)
followed by Dunnett’'s multiple comparisons test was used to evaluate the differences across multiple
groups. All data were expressed as mean + SEM and p< 0.05 was considered to represent statistical
significance.

RESULTS
Kaempferol alleviated ankle joint swelling in mice

To investigate the effects of kaempferol, the degree of ankle joint swelling was measured and observed.
Marked ankle joint swelling could be seen 2 h after MSU injection compared to control group, reaching
the maximum at 6 h (Fig. 1B, Table 1). As shown in Fig. 1A, after kaempferol treatment, the gouty
symptoms were relieved, indicating kaempferol could alleviated ankle joint swelling.
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Table 1
Measurement of swelling index of mice ankle joints (%)

Group Dose 2h 4h 6h 20 h 24 h
Control — 23.92 + 34.58 + 3141+ 20.09 + 16.93 +
0.41 0.71 1.12 0.93 0.82
Model 50 30.27 + 55.90 + 64.71+ 53.19 + 47.61+
mg/mL 9 20# 1.73%## 0.66%# 0.95## 1.11##
Kaempferol 25 27.60 48.01 58.74 + 4413+ 35.68+
mg/kg 2.93 1.55™ 1.16™ 1.72* 1.51™
50 26.95 + 42.69 + 52.76 + 39.36 + 20.87 +
mg/kg 1.19 0.81™ 1.05™ 1.88™ 0.81"
100 25.53 + 44.06 + 53.25+ 35.00 + 29.56 +
mg/kg 0.93 2.08™ 1.25™ 2.59™ 2.53"
Colchicine Tmg/kg 26.36+ 43.54 4962+ 3235+ 2588+
1.08 0.32" 1.37" 1.82™ 1.25™
Benzbromarone 10 29.86 + 4698 + 53.58 £ 3410+ 30.35+
mg/kg 0.95 0.87™ 1.07" 0.77" 1.24™

Data are shown as mean + SEM (n = 10). #p<0.05, #p<0.01 vs. control group. “p<0.01 vs. model group.

Kaempferol suppressed inflammatory cell infiltration and
inhibited cytokine productions in mice ankle joints

Histological analyses of mice ankle joints showed that fewer inflammatory cell infiltration in control
group, while abundant inflammatory cell infiltration in model group. Kaempferol treatment resulted in a
significant reduction in the influx of inflammatory cells. (Fig. 2A). Since MSU has been reported to induce
the expressions of pro-inflammatory cytokines (IL-1B, IL-6, and TNF-a), leading to the aggravation of
inflammatory reaction [26,27], we further investigated the levels of articular IL-1B, IL-6 and TNF-a in mice.
As shown in Fig. 2B-D, significantly elevated the levels of IL-1B, IL-6 and TNF-a were found after MSU
injection compared to that of control group (p<0.01). Kaempferol treatment significantly reversed the
elevations of IL-1B, IL-6 and TNF-a compared to model group (p<0.01). All data showed that kaempferol
could reduce the inflammatory cell infiltration and inhibited cytokine productions in mice ankle joints.

Kaempferol promoted UA excretion and reduced hepatic
XOD activity in mice

As shown in Fig. 3A, B, there were significant reduction in the level of urine UA and CRE in model group
when comparing to those in control group (p<0.01). Administration with kaempferol at 25, 50 and 100
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mg/kg both effectively increased the levels of urine UA and CRE compared to those of model group (p<
0.01). However, the levels of serum UA as well as indicators of renal function involving serum CRE and
BUN changed in the opposite direction (Fig. 3C-E). GFR is one of the important indexes to evaluate renal
function. As shown in Fig. 3F, GFR in model group was dramatically lower than that in control group (p<
0.01), while kaempferol treatment increased GFR significantly (p<0.01). In addition, the key enzyme XOD
is closely related to the production of UA [28,29]. Hepatic XOD activity in model mice was evidently higher
than that in control mice (p<0.01), while administration with kaempferol decreased hepatic XOD activity
compared to model mice (p<0.01).

Kaempferol modulated renal urate transport-associated
proteins in mice

The expressions of renal urate transport-associated proteins were quantitatively detected by Western
blotting. Results in Fig. 4 showed that the protein expressions of ABCG2, OCT2 and OAT1 in model group
were significantly down-regulated compared to control group, while the protein expression of GLUT9 in
model group was significantly up-regulated compared to control group. Kaempferol could effectively
reverse the abnormal protein expressions of ABCG2, OAT1, OCT2 and GLUT9 in kidneys.

Kaempferol alleviated renal oxidative stress in mice

The activities of antioxidative enzymes including SOD, GSH and GSH-Px and the level of MDA, an
oxidative stress marker, were also measured (Fig. 5A-D). Compared with control group, obviously
decreased activities of SOD, GSH and GSH-Px and an increased the level of MDA were observed in model
group (p<0.01). However, we observed that kaempferol reversed the reduction of SOD, GSH and GSH-Px
activities and the elevation of MDA level, especially for high-dose kaempferol treatment (100 mg/kg).
These data demonstrated that kaempferol alleviated kidney oxidative stress.

Kaempferol improved histopathological changes and
inhibited cytokine production in kidneys of mice

H&E-staining showed that kidney tissue morphology was normal in control mice, while model mice
exhibited several characterized histologic alterations of renal injury, including inconspicuous boundary
between adjacent proximal tubule cells, glomerular atrophy and tubular swelling. However, treatment with
kaempferol could reverse the above effects (Fig. 6A). Additionally, as shown in Fig. 6B, it not difficult to
find an obvious production of IL-1 in model mice in comparison to control group (p<0.01). Nevertheless,
kaempferol treatment could dose-dependently inhibited the production of IL-1B (p<0.01).

Kaempferol suppressed activation of NLRP3
inflammasome and NF-kB pathway in ankle joints

In order to further confirm the mechanisms of kaempferol in mice ankle joints, NLRP3 inflammasome and
NF-kB pathway associated proteins were conducted (Fig. 7A, B). NLRP3, Caspase-1, ASC, p-IKKa/IKKa, p-
p65/p65 and p-lkBa/IkBa protein expressions in model mice were significantly increased in comparison
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to control group. After kaempferol administration, the protein expressions of those were decreased
compared to model group.

Kaempferol improved kidney inflammation by suppressing
NLRP3 inflammasome activation in mice

As mentioned above, kaempferol had ability to reduce the level of inflammatory cytokine IL-13 in kidneys
(Fig. 6B), and IL-1B is one of the downstream products of NLRP3 inflammatory pathway [30]. Depending
on these foundations, we further investigated the effect of kaempferol on NLRP3 inflammasome. As
shown in Fig. 8, the protein expressions of NLRP3 and ASC were significantly increased in kidneys of
model group compared to control group. Kaempferol treatment reduced the protein expressions of NLRP3
and ASC, suggesting that kaempferol suppressed the activation of NLRP3 inflammasome to improve
kidney inflammation.

DISCUSSION

UA is a weak acid and its ionized form present in the body is urate at physiologic pH [31]. The
pathological threshold of hyperuricemia is defined as 6.8 mg/dL (the in vitro solubility limit of MSU)
[1,32]. When the level of serum UA is higher than the normal threshold, MSU crystals deposition begins to
occur in tissues. Nevertheless, when the deposition of MSU crystals occurs in articular cartilage, synovial
sacs and other tissues, it will cause inflammation with concomitant swelling and pain, which is called
gouty arthritis. It can be said that hyperuricemia is the most important risk factor for gouty arthritis. The
clinical picture of gout is divided into four stages: asymptomatic hyperuricemia, acute gouty arthritis,
intercritical period, and chronic tophaceous gout [31]. Several studies disclosed MSU deposits in a
proportion of asymptomatic hyperuricemia patients [33,34]. There are many separate animal models
have been widely developed to investigate the causal mechanisms for hyperuricemia or gout but do not
yet reliably and simultaneously simulate hyperuricemia and its complication gouty arthritis that occurs in
humans. For protection, it is necessary to prevent UA from the formation of MSU crystals, which is
effective in the treatment of gout. A combined hyperuricemia and gouty arthritis animal model will be in
line with the population in the transition stage from asymptomatic hyperuricemia to acute gouty arthritis
in clinical practice, which is a relatively new application model. Therefore, this combined model has more
obvious research value and significance. In present study, marked ankle joint swelling and abundant
inflammatory cell infiltration could be seen in ankle joint of model group. We also observed significant
elevation of serum UA, CRE and BUN levels and reduction of urine UA and CRE levels in model mice. As
our data indicated, we successfully induced a model combined hyperuricemia and gouty arthritis in mice
by combination of intraperitoneal injection of PO and xanthine and intra-articular injection of MSU
crystals [12,13,35,36].

Following kaempferol treatment, the photographs and H&E-staining of mice ankle joints demonstrated
similar changes that kaempferol significantly alleviated MSU crystals-induced joint inflammation (ankle
swelling and inflammatory cell infiltration), controlling the onset of gouty arthritis in mice. Also,
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kaempferol could also increase the excretion of UA and CRE in the kidney, which might ameliorate
hyperuricemia and renal dysfunction, as well as caused the levels of serum UA, CRE and BUN tend to
normal. Higher XOD activity can lead to excessive synthesis of UA [37,38]. Besides, treatment with
kaempferol could significantly inhibit hepatic XOD activity, suggesting that the effect of kaempferol on
reducing UA production might be due to the inhibition of XOD activity. Moreover, kaempferol showed a
potential protective 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 kaempferol treatment, indicating the urate-lowering and
decreasing inflammatory responses effects of kaempferol.

The transport and excretion of UA are complicated procedures which are related with various renal
transporters, including GLUT9, ABCG2, OAT1, OCT2 and so on [39,40]. Specifically speaking, GLUT9 is
expressed on basolateral membranes and is capable of transporting UA from renal tubules into the
circulation [9]. ABCG2 is a high-capacity urate exporter and the reduced extra-renal UA excretion resulting
from ABCG2 dysfunctional variants is a common cause of hyperuricemia [41,42]. OAT1 mediates urate
secretion from the blood into the tubular lumen [42,43]. Elevated expression of OAT1 has been observed
to promote the excretion of UA into urine, thereby leading to a decrease in the concentration of UA in
serum. A decrease in the expression or malfunction of OAT1 has been shown to significantly elevate the
likelihood of developing hyperuricemia [44,45]. Besides, OCT2 that exists on the basolateral membrane of
renal tubules, plays the pivotal roles in absorption, distribution and excretion of hydrophilic organic
cations [46]. According to previous studies, empagliflozin treatment was attributed to UA excretion
promotion through up-regulating ABCG2 expression in KK-Ay mice with hyperuricemia [11]. Similarly,
saponins induced the decrease of serum UA and increase the excretion of urine UA through up-regulating
the GLUT9 expression level and down-regulating the OAT1 expression level in chronic hyperuricemia rats
[47]. Astaxanthin also promoted UA excretion by down-regulating the protein expressions of GLUT9, as
well as up-regulating the protein expressions of OAT1 and ABCG2 [48]. Consistent with previous findings,
we found that kaempferol could effectively reverse the abnormal protein expressions of GLUT9, ABCG2,
OAT1 and OCT2 in kidneys of mice. In brief, the anti-hyperuricemia effect, at least in part, is achieved by
regulating renal transporter expressions [49—51]. Dysregulation of renal transporters can lead to
excessive accumulation of UA in the body, which may activate inflammation.

As for inflammation, it is characterized by coordinated activation of various signaling pathways. NLRP3
interacts with the bridging molecule ASC to increase the expression of Caspase-1, which plays an
important role in maturing IL-1B and IL-18 expressions [52]. The NLRP3 inflammasome activation triggers
kidney and joint inflammatory response along with the up-regulation of IL-1B and IL-18 [53,54]. Moreover,
NF-kB is produced by homologous or heterodimerization of Rel family proteins, mainly in the form of p50
and p65 subunits. 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 [55]. In this study, the levels of inflammatory cytokines
in model group were significantly higher than those in control group, and NLRP3 inflammasome and NF-

kB pathway were activated, as evidenced by the up-regulated protein expressions of NLRP3, Caspase-1,
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ASC, p-IKKa/IKKa, p-p65/p65 and p-IkBa/IkBa. However, kaempferol treatment significantly reversed the
elevations of inflammatory cytokines. Notably, different dosages of kaempferol could reduce the
expression of the above proteins to varying degrees, which indicated that kaempferol might exert anti-
inflammatory effects, including reducing inflammatory cytokine release and inflammatory cell infiltration
into the lesion site, mediated by the suppression of NLRP3 inflammasome and NF-kB pathways. Previous
studies also have shown that MAPK, TLR4 and AR/NOX2 signaling pathways are involved in the
antioxidant or anti-inflammatory process of kaempferol [56,57]. Overall, the findings suggest that
kaempferol possesses anti-inflammatory effects, potentially mediated through multiple signaling
pathways.

It cannot be ignored that the development potential of dietary flavonoids might be limited due to their low
solubility, absorption, and rapid metabolism. To address these limitations, various strategies have been
developed to deliver poorly water-soluble flavonoids, including the use of an absorption enhancer,
structural transformation (e.g., prodrugs, glycosylation), and pharmaceutical technologies (e.g., carrier
complexes, cocrystals). Nanotechnology has shown promise in enhancing the bioavailability and
systemic absorption of certain chemical compounds. It has been reported that kaempferol can be
encapsulated using a coating of nanoparticles of poly (lactic acid-co-glycolic acid) and polyethylene
oxide-poly propylene oxide-polyethylene oxide, which was effective in reducing cancer cell viability as
compared to alone kaempferol [58]. In the study of Ilk, kaempferol was loaded into lecithin/chitosan
nanoparticles to make antifungal activity more effective compared to pure kaempferol [59]. Moreover,
kaempferol loaded chitosan nanoparticles enhanced the anti-quorum sensing activity [60]. However,
whether the anti-inflammatory effects of kaempferol could be enhanced by these approaches remains to
be studied.

CONCLUSION

Our research findings provide evidence that the administration of kaempferol demonstrates urate-
lowering and anti-inflammatory effects in a combined hyperuricemia and gouty arthritis mice model.
Kaempferol effectively ameliorated inflammation in the kidneys and ankles of mice by reducing
inflammatory cell infiltration and decreasing the production of inflammatory cytokines. Furthermore,
kaempferol reversed the abnormal expression of renal transporters, leading to an increased excretion of
UA. In conclusion, our study demonstrates that kaempferol exerts anti-inflammatory effects in mice with
hyperuricemia and gouty arthritis through the inhibition of NLRP3 inflammasome and NF-kB pathway,
highlighting its potential as a therapeutic agent for the treatment of these conditions.
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Figure 1

Effect of kaempferol on ankle joint swelling in mice: (A) Representative photographs of ankle joint
swelling in mice 24 h after MSU injection; (B) The tendency of swelling index.

Page 18/25



B 00— e

2
1
g

L Ll
A .

(pg/ml.)

Articular [L-f} level

0o

i T
MsU -
PO (280 myikg)
Kanthine {280 mgkg)
Kaempferal (mgkg)
Colehicine {| mgskg) - - - - - +
Bensbromarone (10 mgfka) - - - - - = +

LI I
+ + o - '.“.

H

i

2D+ -+ 'H‘E!
Ry

B+ o+ +
=
=
R

C 250 .

Anticular I1L-6 level

MsU -
PO (280 myike)
Kanthine (280 meke)
Kaempferol (meskg) - - 25 50 100
Colchicine (1 mgikgy
Renzbromarone (10 mgfkg) - - - - - - +

+ o+ +
+

+ =+

+ o+ -

[ e
Co -

£
1
&

£l

g

Articular TNF-u level
(pg/mL)
—_— 12
g =z
1 L
|
- 4

MsuU -

PO (280 mpike)

Kanthine {280 mgkg)
Kacmplerol (mgikg) - - 25
Colchicine (1 mgikg)
Bengbromuarene (10 mgke) - - -

+ + +
|
v &+ o+
-§+++-
Lo+ 4+
+ + +

'
+

Figure 2

Representative H&E-staining showing in mice ankle joints (A). The arrows indicate the infiltrating
inflammatory cells; Effect of kaempferol on the levels of IL-IB (B), IL-6 (C) and TNF-a (D) in mice ankle
joints. Data are shown as mean + SEM (n=6). **p < 0.01 vs. control group. **p < 0.01 vs. model group.
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Figure 3

Effect of kaempferol on urine UA concentration (A), urine CRE concentration (B), serum UA concentration
(C), serum CRE concentration (D), BUN concentration (E), glomerular filtration rate (F) and hepatic XOD
activity (G) in mice. Data are shown as mean * SEM (n=6). #*p < 0.01 vs. control group. “p < 0.01 vs.
model group.
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Figure 4

Effect of kaempferol on the expressions of renal urate transport-associated proteins in mice. Data are
shown as mean + SEM (n=3). #p < 0.01 vs. control group. “p< 0.05, “p < 0.01 vs. model group.
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Figure 5

Effect of kaempferol on SOD activity (A), GSH activity (B), GSH-Px activity (C) and MDA level (D) in mice

kidneys. Data are shown as mean + SEM (n=6). #*p < 0.01 vs. control group. “p < 0.05, “p < 0.01 vs.
model group.
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Figure 6

Representative H&E-staining in mice kidneys (A); Effect of kaempferol on the level of renal IL-IB (B). Data
are shown as mean + SEM (n=6). #p < 0.01 vs. control group. “p < 0.01 vs. model group.
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Figure 7

Effect of kaempferol on the protein expressions of NLRP3 inflammasome and NF-kB pathway in mice
ankle joints: (A) The protein expressions of NLRP3 inflammasome components; (B) Related protein

expressions of NF-kB pathway. Data are shown as mean + SEM (n=3). #*p < 0.01 vs. control group. *p <
0.05, "p < 0.01 vs. model group.
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Effect of kaempferol on the protein expressions of NLRP3 inflammasome in mice kidneys. Data are
shown as mean + SEM (n=3). #p < 0.01 vs. control group. “p < 0.05, “p < 0.01 vs. model group.
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