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Abstract

Objective: This study aimed to identify the active fraction of Polyporus umbellatus extract (PUE) for the treatment of hyperuricemia
(HUA) and elucidate the associated mechanism of action. Methods: HUA was induced in mice using hypoxanthine and potassium
oxonate. Serum uric acid (UA), urinary UA, creatinine (CRE), blood urea nitrogen (BUN), xanthine oxidase (XOD) activity, inflamma-
tory cytokines (Interleukin-6 (IL-6), Tumor necrosis factor-α (TNF-α)), and renal urate transporters (Uric acid transporter 1 (URAT1),
Organic anion transporter 1 (OAT1)) were subsequently measured. The active fraction was identified by bioactivity-guided fractionation
using D101 macroporous resin chromatography. Two major compounds were isolated and evaluated for anti-inflammatory (nitric ox-
ide (NO) production, cytokine mRNA expression) and antioxidant (Malondialdehyde (MDA), Superoxide dismutase (SOD)) activities
in monosodium urate (MSU)-induced RAW264.7 macrophages. Results: PUE significantly ameliorated hyperuricemia in HUA mice,
reducing serum UA, CRE, BUN, and renal URAT1 expression; increasing urinary UA excretion and OAT1 expression; inhibiting XOD
activity; attenuating renal inflammation and histopathological damage. The 95% ethanol eluate was identified as the most active frac-
tion and yielded ergosterol (A) and 5α,8α-epidioxy-(22E,24R)-ergosta-6,22-dien-3β-ol (B). Both compounds suppressed MSU-induced
NO release, proinflammatory cytokine expression, and oxidative stress. Conclusion: The 95% ethanol eluate of P. umbellatus exerts
anti-hyperuricemic effects through multiple mechanisms, possibly related to XOD inhibition, anti-inflammatory activity, antioxidant
protection, and regulation of renal uric acid transport proteins. Ergosterol derivatives are proposed as the potential active components in
this extract.
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1. Introduction
Hyperuricemia (HUA) is a widespread metabolic dis-

turbance characterized by abnormally high serum uric acid
(UA) concentrations, with a steadily rising prevalence
across populations worldwide [1]. Long-standing HUA
confers increased susceptibility to nephropathy, cardiovas-
cular events, and attendant clinical sequelae [2]. HUA
can also cause gouty arthritis. Current anti-gout drugs, in-
cluding xanthine oxidase (XOD) inhibitors and uricosuric
agents, have adverse effects such as hepatic or renal tox-
icity and allergic reactions [3]. Therefore, exploration of
safer and more effective therapeutic alternatives from tra-
ditional medicine holds substantial clinical significance.

P. umbellatus (Pers.) Fries, indigenous to China and
utilized in traditional medicine, is a widespread sclerotial
mushroom with therapeutic applications [4]. The dried
sclerotium of P. umbellatus, known as Zhuling, has tradi-
tionally been used as a diuretic and dampness-eliminating
agent. Modern pharmacological studies have demonstrated

its diuretic, immunomodulatory, and antitumor activities
[5,6]. However, systematic evaluation of P. umbellatus in
the treatment of hyperuricemia, including its pharmacody-
namicmaterial basis and underlyingmolecular mechanisms
remains lacking.

The current work was undertaken to: (i) exam-
ine whether PUE exerts hypouricemic, nephroprotective
and anti-inflammatory activities in a chemically-induced
murine model of HUA; (ii) identify the active frac-
tion against HUA through bioactivity-guided fractiona-
tion; (iii) isolate and characterize the principal chem-
ical constituents from the active fraction; and (iv) in-
vestigate the anti-inflammatory, antioxidant of the iso-
lated compounds in monosodium urate (MSU)-stimulated
RAW264.7 macrophages. This comprehensive approach
aims to provide scientific evidence supporting the develop-
ment and clinical application of P. umbellatus for the treat-
ment of HUA.
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2. Materials and Methods
2.1 Materials and Reagents

The dried sclerotia of P. umbellatus were bought from
Bozhou Traditional Chinese Medicine Market (Bozhou,
China), identified by Associate Professor Bao Shuyun from
the College of Pharmacy of Wannan Medical University.
A reference specimen (No. 20230612) was permanently
maintained in themedicinal chemistry repository at the Col-
lege of Pharmacy.

Experimental animals comprised male Kunming mice
(SPF grade, 6–8 weeks) and ranging 20–24 g, were sup-
plied by Henan Skbes Biotechnology Co., Ltd. (Henan,
China). Prior ethical authorization was obtained from the
Wannan Medical College Ethics Committee (Approval No.
WNMC-AWE-2023476) for all animal studies, which were
carried out adhering to rigorous protocols ensuring humane
treatment and proper utilization of laboratory animals. The
study was carried out in accordance with the ARRIVE
guidelines and Laboratory animal-Guideline for ethical re-
view of animal welfare (GB/T 358922018, China).

Hypoxanthine and potassium oxonate were got from
Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). The reference compounds benzbromarone and
colchicine were obtained from Changzhou Kangpu Phar-
maceutical Co., Ltd. (Changzhou, China) and Xishuang-
banna Pharmaceutical Co., Ltd. (Xishuangbanna, China),
respectively. Commercial assay kits for uric acid, creati-
nine, blood urea nitrogen, and XOD activity were obtained
from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). ELISA kits for OAT1, URAT1, TNF-α, and IL-
6 were purchased from Suzhou Calvin Biotechnology Co.,
Ltd. (Suzhou, China) and Wuhan ABclonal Biotechnology
Co., Ltd. (Wuhan, China).

The 13C NMR spectra and ESI-MS were recorded on
an AM-400 spectrometer (Bruker, Germany) and a Thermo
Scientific QE plus mass spectrometer (Thermo Fisher Sci-
entific, Waltham, MA, USA), respectively. Their operating
parameters can be found in the Supplementary Material.

2.2 Preparation of Polyporus umbellatus Extract (PUE)
For PUE preparation, 4400 g of dried sclerotia were

extracted twice with 10 volumes of 95% ethanol (v/w) un-
der reflux for 2 h each time. Pooled filtrates from the twin
extractions were vacuum-concentrated and lyophilized, fur-
nishing the crude PUE (508 g).

2.3 Fractionation of PUE by Macroporous Resin
Chromatography

PUE (60 g) was dissolved in 95% ethanol and sub-
jected to column chromatography using a D101 macrop-
orous resin column. Elution was performed stepwise with
distilled water followed by 30%, 70%, and 95% aqueous
ethanol. The resulting four eluates were individually con-
centrated in vacuo and subjected to freeze-drying (each
component weighing separately 0.6 g, 16 g, 35 g), resulting

in four distinct powdered fractions for subsequent evalua-
tion.

2.4 Animal Experimental Design
2.4.1 PUE Dose-Response Study

Following a 7-day environmental adaptation period,
60 male Kunming mice were allocated by randomization
into six experimental cohorts (n = 10 animals per cohort):
control, model, benzbromarone (7.5 mg/kg), PUE low-
dose (105 mg/kg), PUE medium-dose (210 mg/kg), and
PUE high-dose (420 mg/kg) groups. The dosage for the
treatment group was calculated based on the weight of the
freeze-dried extract relative to the original medicinal mate-
rial. HUAwas induced by intragastric administration of hy-
poxanthine (500 mg/kg) combined with intraperitoneal in-
jection of potassium oxonate (250 mg/kg) daily for 14 days
[7]. The interval between administration of the inducers and
the test compounds was 1 h. Control mice received normal
saline, while other groups received respective treatments.

2.4.2 Ethanol eluate Dose-Response Study
The 70 mice assigned to the evaluation of fraction ef-

ficacy were distributed across seven cohorts (n = 10 each):
control, model, benzbromarone (7.5 mg/kg), 70% ethanol
fraction at 29 and 115 mg/kg, and 95% ethanol fraction at
61 and 243 mg/kg.

2.5 Sample Collection and Biochemical Analysis
The main procedures were modified slightly from an

earlier study [8]. After dosing, mice were immediately
transferred to individual metabolic cages for the collection
of urine specimens over a 24-h period. These were initially
clarified by centrifugation (2000 rpm, 10 min), with the re-
sulting supernatants immediately aliquoted and preserved
at –80 °C pending quantification of UA. At the end of the
experiment, mice were euthanized by intraperitoneal injec-
tion of sodium pentobarbital (50 mg/mL) at a dose of 150
mg/kg. Blood was then collected via retro-orbital puncture
and allowed to clot at 4 °C for 4 h. Serum was isolated by
centrifugation at 3500 rpm for 15 min.

Left kidney tissues were homogenized for Western
blot and Real-time Quantitative Polymerase Chain Reac-
tion (qPCR) analyses. Right kidneys were fixed in 4%
paraformaldehyde for 7 days for histopathological exami-
nation. Serum and liver XOD activities were determined as
described previously [9] using commercial assay kits.

2.6 Histopathological Examination
The histopathological assessment was conducted as

described earlier [10]. Standard tissue processing was ap-
plied to kidney specimens, encompassing fixation, graded
ethanol dehydration, and paraffin embedding. From these
blocks, 4-μm serial sections were generated via rotary mi-
crotomy and subsequently processed for H&E staining to
visualize tissue architecture. Morphological changes were
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Table 1. Primer sequences for qRT-PCR.
Gene Forward primer Reverse primer

TNF-α ACCCTCACACTCAGATCATCTTC TGGTGGTTTGCTACGACGT
IL-6 CCAGTTGCCTTCTTGGGACT CTGGTCTGTTGTGGGTGGTA
URAT1 CGCTTCCGACAACCTCAATG CTTCTGCGCCCAAACCTATCT
OAT1 CACCTGCTAATGCCAACCTC CCATTGTGCGGGAAAGGAAA
GAPDH GAAGGTCGGTGTGAACGGAT CCCATTTGATGTTAGCGGGAT

evaluated by light microscopy at 400× magnification fol-
lowing standard tissue processing.

2.7 Quantitative Real-Time PCR (qRT-PCR)

The experimental method was carried out with refer-
ence to the literature [11]. RAW264.7 cells were seeded in a
6-well culture plate at a density of 4 × 106 cells. Total RNA
was isolated from snap-frozen renal cortex samples (50–
100mg) employing 1mL of TRIzolTM Reagent (Invitrogen,
Thermo Fisher Scientific, USA; Cat. No. 15596026). The
tissue was homogenized, left on ice for 10 min, then mixed
with 200 μL of chloroform, vortexed vigorously for 15 s,
and incubated on ice for an additional 5 min. After centrifu-
gation at 12,000 ×g for 15 min at 4 °C, the upper aqueous
layer was collected, and RNA was precipitated by adding
an equal volume of isopropanol and keeping the mixture at
–20 °C for 30min. The resultant pellet was rinsed with 75%
ethanol and resuspended in 20 μL of DEPC-treated water.
Purity and concentration were assessed with a NanoDropTM
One Spectrophotometer (Thermo Fisher Scientific), accept-
ing A260/A280 ratios between 1.8 and 2.1. For cDNA
synthesis, the PrimeScriptTM RT Reagent Kit with gDNA
Eraser (Perfect Real Time) (Takara Bio Inc., China; Cat.
No. RR047A) was used in a 20-μL reaction containing 1
μg of total RNA (≤8 μL), 1× RT Master Mix, 1 μL RT En-
zyme Mix I, and 1 μL gDNA Eraser. The thermal profile
on a T100 Thermal Cycler (Bio-Rad) comprised gDNA re-
moval at 42 °C for 2 min, reverse transcription at 37 °C
for 15 min, and termination at 85 °C for 5 s. The resulting
cDNA was diluted 1:5 with nuclease-free water and stored
at –20 °C. Real-time PCR was carried out with TB Green®
Premix Ex TaqTM II (Tli RNaseH Plus) (Takara Bio; Cat.
No. RR820A) supplemented with 50× ROXReference Dye
II, using a QuantStudioTM 5 system (Applied Biosystems).
Each 20-μL reaction contained 10 μL of 2× Master Mix,
0.8 μL each of forward and reverse primers (10 μM stock,
final 0.4 μM), 0.4 μL of 50× ROX dye, 2 μL of the 5-fold
diluted cDNA, and 6 μL of water. The amplification proto-
col started with 95 °C for 30 s (one cycle), then 40 cycles
of 95 °C for 5 s and 60 °C for 30 s (fluorescence reading),
followed by a melting curve analysis from 60 °C to 95 °C
with 0.5 °C steps every 5 s. Primers targeting the genes
of interest (listed in Table 1) were obtained from Sangon
Biotech Co., Ltd. (Shanghai, China), and GAPDH served
as the endogenous control. Relative transcript levels were
determined via the 2−ΔΔCt method.

2.8 Western Blot Analysis
Immunoblotting was performed following established

protocols [12,13]. Renal cortical tissues were homoge-
nized in chilled RIPA buffer (Beyotime, Shanghai, China,
#P0013B) containing 1 mM PMSF (Beyotime, #ST506)
and a phosphatase inhibitor cocktail (Applygen, #P1081).
After centrifugation, supernatants were collected and pro-
tein content determined using the BCA assay (Beyotime,
#P0012) per the supplier’s instructions. Equal amounts
(40 μg per lane) of protein extracts were resolved on 10%
SDS-polyacrylamide gels at 120 V for 90 min with running
buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3).
Separated proteins were then transferred onto PVDF mem-
branes (0.45 μm, Merck Millipore, Darmstadt, Germany,
#ISEQ00010) via a semi-dry blotting apparatus (Bio-Rad
Trans-Blot Turbo, Hercules, CA, USA) set at 25 V for 30
min, using transfer buffer (25 mM Tris, 192 mM glycine,
20% methanol, pH 8.3). To block non-specific binding,
membranes were incubated for 1 h at ambient temperature
with 5% (w/v) non-fat dry milk (Beyotime, #P0216) dis-
solved in TBST (20 mM Tris-HCl, 150 mM NaCl, 0.1%
Tween-20, pH 7.6), under mild agitation. Next, blots were
probed overnight at 4 °C (16 h) with primary antibodies:
rabbit anti-URAT1 (1:1000, Affinity, #DF12340), rabbit
anti-OAT1 (1:1000, Affinity, #DF6633), and rabbit anti-
GAPDH (1:5000, Affinity, China, #AF7021) as the loading
reference. Following three TBST washes (10 min each),
the membranes were exposed to HRP-conjugated goat anti-
rabbit IgG (1:5000, Affinity, #S0001) for 1 h at room
temperature. Signal development used the ECL Plus sub-
strate (Beyotime, #P0018S), and chemiluminescent images
were acquiredwith the ChemiDocXRS+ system (Bio-Rad).
Densitometric quantification of band intensities was per-
formed with ImageJ (v1.53, NIH, Bethesda, MD, USA),
and each target protein signal was normalized to the cor-
responding GAPDH level.

2.9 Isolation of Major Compounds From the Active
Fraction

Silica gel chromatographic separation of the 95%
ethanol fraction (1.8 g) was performed by gradient elution
with petroleum ether–EtOAc (20:1 → 4:1). This yielded
three fractions, of which fraction 2 was crystallized to ob-
tain compound A (160.8 mg), while fraction 3 was purified
by semi-preparative HPLC (acetonitrile:water, 90:10, v/v)
to obtain compound B (60.1 mg).
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Fig. 1. Effects of PUE on renal function and uric acid metabolism in hyperuricemic mice. (A) Kidney index. (B) Serum uric acid.
(C) Urinary uric acid. (D) Serum urea nitrogen. (E) Serum creatinine levels. (F) Urine creatinine levels. ## p < 0.01, * p < 0.05, ** p <
0.01. PUE, Polyporus umbellatus extract.

2.10 Molecular Docking Studies
Compounds A and B were docked to XOD (PDB:

1FIQ), URAT1 (homology model), and OAT1 (PDB:
6Q6C) using AutoDockVina (v1.2.7, The Scripps Research
Institute, USA). Proteins were prepared in AutoDockTools,
ligands optimized with MM2 minimization. Grid box (60
× 60 × 60 Å) centered on active sites. Lamarckian Genetic
Algorithm: 150 population, 2.5 × 106 evaluations, 100 runs.
Binding energies (kcal/mol) and interaction residues were
analyzed in PyMOL 2.5 (Schrödinger Inc., New York, NY,
USA) [14].

2.11 Cell Culture and MSU-Induced Inflammation Model
Murine RAW264.7 macrophages were obtained from

Procell Life Science & Technology (Wuhan, China) and
maintained in DMEM supplemented with 10% FBS, 100
IU/mL penicillin G, and 100 μg/mL streptomycin sulfate.
The cells were verified by STR typing and were found to
be free of mycoplasma. Adhering to previously published
methodologies [15], cells were incubated at 37 °C in a hu-
midified 5% CO2 atmosphere. For functional assays, cells
were plated at 1 × 105 cells per well in 6-well dishes and al-
lowed to attach for 16–18 h. Before pharmacological stimu-
lation, the cells were kept in serum-free conditions (DMEM
without FBS) for 12 h. Inflammatory conditions were sub-

sequently established by exposure to MSU crystals for 24 h
at 150 μg/mL.

2.12 Cell Viability Assay
The MTT assay was used to measure cell metabolic

activity according to previously described methods [16,17].
The experimental protocol entailed seeding cells into 96-
well microplates at 1 × 104 cells per well. After treat-
ment, cells were incubated withMTTworking solution (0.5
mg/mL, diluted from a 5mg/mL stock) for 4 h at 37 °C. Sub-
sequently, the formazan crystals formed were dissolved in
DMSO for measurement. Optical density was determined
spectrophotometrically at 490 nm or 550 nm using an auto-
mated microplate spectrophotometer.

2.13 Determination of Nitric Oxide (NO), MDA and SOD
Levels

RAW264.7 cells were pretreated with MSU (150
μg/mL) for 24 h, followed by treatment with compounds
A (100, 300 μg/mL) or B (5, 15 μg/mL) for 24 h. The su-
pernatant was collected for NO measurement. Cells were
lysed, and the lysates were analyzed for MDA content and
SOD activity using commercial assay kits as described pre-
viously [18,19].
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Fig. 2. Effects of PUE on xanthine oxidase activity and renal histopathology in hyperuricemic mice. (A) Renal histopathological
scores. (B) Serum xanthine oxidase activity. (C) Hepatic xanthine oxidase activity. Representative H&E staining images (400× magnifi-
cation): control, model, benzbromarone, PUE low-dose, PUE medium-dose, and PUE high-dose. Red arrow, renal tubule; black arrow,
glomerulus; black circle, space between renal capsule and renal tubule. Scale bar = 100 μm. ## p < 0.01, * p < 0.05, ** p < 0.01. BEN,
benzbromarone.

2.14 Statistical Analysis

All statistical analyses were performed with SPSS
Statistics software (version 20.0, IBM Corp., Armonk, NY,
USA). Quantitative data are expressed as the mean ± SD
(n = 10). A two-tailed independent samples t-test was em-
ployed for dichotomous comparisons. One-way ANOVA
was used for comparison of three or more groups, fol-
lowed by post-hoc tests. Fisher’s least significant differ-
ence (LSD) test was applied if the variance was homoge-
neous (as confirmed by Levene’s test), while Dunnett’s T3
procedure was used for heterogeneous variances. Statisti-
cal differences are indicated as compared with the control
group (# p < 0.05, ## p < 0.01) and the model (* p < 0.05, **
p < 0.01).

3. Results
3.1 Effects of Polyporus umbellatus Extract on
Hyperuricemia and Renal Function in Mice

The effects of PUE on renal function and UA
metabolism are presented in Fig. 1. HUA mice exhib-

ited significantly elevated renal index, serum UA, creati-
nine (CRE), and blood urea nitrogen (BUN) levels, with
reduced urinary UA excretion (p < 0.01), thus confirming
successful establishment of themodel. Treatment with PUE
ameliorated these abnormalities in a dose-dependent man-
ner: medium and high doses significantly reduced the renal
index (p < 0.05 and p < 0.01), while all doses lowered serum
UA and increased urinary UA excretion (p < 0.05 or p <
0.01). Notably, the positive control benzbromarone failed
to improve the renal index despite lowering serum UA.

3.2 Effects of PUE on XOD Activity and Renal
Histopathology in HUA Mice

PUE significantly inhibited XOD activity in both the
serum and liver (p < 0.01, Fig. 2B,C). Histopathological ex-
amination revealed severe glomerular enlargement, tubular
vacuolization, and inflammatory infiltration in HUA mice
(Fig. 2, Model). These pathological lesions were obvi-
ously alleviated in both the benzbromarone (BEN) group
and high-dose PUE group (Fig. 2, BEN and High). Quan-
titative assessment of renal histopathological scores further
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Fig. 3. Effects of PUE on inflammatory cytokines and renal urate transporters in hyperuricemic mice. (A) IL-6 levels. (B) IL-6
mRNA level. (C) TNF-α levels. (D) TNF-α mRNA expression. (E) URAT1 mRNA level. (F) OAT1 mRNA level. (G) Representative
Western blot of URAT1, OAT1, and GAPDH. (H) Quantification of URAT1 protein. (I) Quantification of OAT1 protein. ## p < 0.01, * p
< 0.05, ** p < 0.01.

confirmed that PUE treatment significantly reduced kidney
damage in a dose-dependent manner (p < 0.01, Fig. 2A).

3.3 Effects of PUE on Inflammatory Cytokines and Urate
Transporters in Kidney Tissues

PUE significantly attenuated renal inflammation, re-
ducing IL-6 and TNF-α expression at both protein and
mRNA levels (p < 0.05 or p < 0.01, Fig. 3A–D). Further-
more, PUE modulated the expression of renal urate trans-
porter, downregulating URAT1 and upregulating OAT1 at
both the transcriptional and translational levels (p < 0.01,
Fig. 3E–I).

3.4 Bioactivity-Guided Fractionation and Identification of
the Active Fraction

To identify the active fraction of PUE, the extract
was fractionated by D101 macroporous resin column chro-
matography. HPLC chromatograms of the ethanol extract
and the fractions are shown in Fig. 4A. The 95% ethanol
eluate demonstrated superior anti-HUA activity, signifi-
cantly reducing the renal index, urinary uric acid, BUN, and
CRE (p < 0.05 or p < 0.01, Fig. 4B–E). In contrast, the 70%
ethanol eluate showed only marginal effects.

3.5 Comparison of the 70% and 95% Ethanol Eluates on
XOD, Histopathology, and Inflammation

The 95% ethanol eluate significantly inhibited XOD
activity in both the serum and liver at both doses (p < 0.01,

Fig. 5F,G), whereas the 70% ethanol eluate only reduced
liver XOD at the high dose (p < 0.05). Histopathological re-
sults showed that the 95% ethanol eluate markedly amelio-
rated renal damage, whereas the 70% ethanol eluate showed
little improvement (Fig. 5, 95%-L and 95%-H vs. 70%-L
and 70%-H). Quantitative assessment of renal histopatho-
logical scores further confirmed that the 95% ethanol eluate
significantly reduced kidney damage in a dose-dependent
manner (p < 0.01, Fig. 5A). The 95% ethanol eluate also
significantly decreased both the protein levels and mRNA
expression levels of IL-6 and TNF-α (p < 0.05 or p < 0.01,
Fig. 5B–E).

3.6 Effects of the Active Fractions on Renal Urate
Transporters

The modulation of renal urate transporters by the 70%
and 95% ethanol eluates was assessed by qRT-PCR and
Western blot (Fig. 6). HUA mice showed significantly in-
creased expression of URAT1mRNA and protein (p < 0.01)
and decreased expression of OAT1 mRNA and protein (p <
0.01) compared to controls.

The 95% ethanol eluate at both low and high doses
significantly downregulated URAT1 mRNA (Fig. 6A) and
protein (Fig. 6D), and upregulated OAT1 mRNA (Fig. 6B)
and protein (Fig. 6E) (p < 0.01). The 70% ethanol eluate
reduced URAT1 mRNA at both doses (p < 0.05 or p < 0.01)
and URAT1 protein at high dose (p < 0.01), but increased
OAT1 mRNA and protein only at the high dose (p < 0.05).
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Fig. 4. Bioactivity-guided fractionation of Polyporus umbellatus extract (PUE) by D101 macroporous resin chromatography and
evaluation of the eluates on renal function in hyperuricemic mice. (A) HPLC chromatograms of the ethanol extract and the fractions.
(B) Kidney coefficients. (C) Urinary uric acid (UAC) levels. (D) Blood urea nitrogen (BUN) levels. (E) Creatinine (CRE) levels. ## p <
0.01, *p < 0.05, **p < 0.01.

Representative Western blots are shown in Fig. 6C. These
data demonstrate that the 95% ethanol eluate more effec-
tively modulates urate transporters to promote the excretion
of UA.

3.7 Identification of the Compounds

Two major compounds were isolated from the 95%
ethanol eluate and identified. Their chemical structures are
presented in Fig. 7A. Their HPLC chromatograms could be
found in the Supplementary Material.

CompoundA:White crystals. ESI-MS (m/s): 395[M–
H]–. Compound B:White powder. ESI- MS (m/s): 427[M–
H]–. Their 13C-NMR spectrum data are shown in Table 2.

3.8 Chemical Structures of Isolated Compounds and Their
Cytotoxicity in RAW264.7 Cells

The cytotoxicity of MSU and the compounds on
RAW264.7 macrophages was evaluated by MTT assay
(Fig. 7B–F). As shown in Fig. 7B, MSU at concentrations
below 200 μg/mL had no significant cytotoxicity; therefore,
150 μg/mL MSU was selected for subsequent experiments.
Compound A was non-toxic up to 300 μg/mL (Fig. 7C),
and compound B was non-toxic up to 15 μg/mL (Fig. 7D)
in normal RAW264.7 cells. In MSU-induced cells (Fig.
7E,F), compound A remained non-toxic up to 300 μg/mL,

and compound B up to 15 μg/mL. Based on these results,
concentrations of 100 and 300 μg/mL for compound A and
5 and 15 μg/mL for compound B were chosen for further
studies.

Compound B exhibited stronger binding affinities
than A to all three targets: XOD (–8.4 vs –7.2 kcal/mol),
TNF (–9.73 vs –9.5 kcal/mol), and IL-6 (–8.92 vs –8.3
kcal/mol). CompoundB formed hydrogen bondswithXOD
catalytic residues (Arg233, Glu23) and π–π stacking with
IL-6 Phe37/40. The enhanced polar interactions explain its
superior activity (Fig. 7G).

3.9 Anti-Inflammatory, Antioxidant, and
Transporter-Modulating Effects of Compounds A and B in
MSU-Induced RAW264.7 Cells

In MSU-stimulated RAW264.7 macrophages, both
compounds suppressed NO release and the expression of
pro-inflammatory cytokines (IL-6, TNF-α, IL-1β) in a dose-
dependent manner (p < 0.05 or p < 0.01, Fig. 8A–D). Both
compounds reduced MDA levels and increased SOD activ-
ity (p < 0.05 or p < 0.01, Fig. 8E,F).

4. Discussion
UA is the final product of purine metabolism in hu-

mans, and the imbalance between its production and excre-
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Fig. 5. Effects of 70% and 95% ethanol eluates on xanthine oxidase activity, renal histopathology, and inflammatory cytokines
in hyperuricemic mice. (A) Renal histopathological scores. (B) IL-6 levels. (C) IL-6 mRNA levels. (D) TNF-α levels. (E) TNF-α
mRNA level. (F) Serum xanthine oxidase activity. (G) Hepatic xanthine oxidase activity. Representative H&E staining images (400×
magnification): control, model, BEN, 70% ethanol fraction low-dose, 70% ethanol fraction high-dose, 95% ethanol fraction low-dose,
and 95% ethanolfraction high-dose. Red arrow, renal tubule; black arrow, glomerulus; black circle, space between renal capsule and
renal tubule. Scale bar = 100 μm. ## p < 0.01, * p < 0.05, ** p < 0.01.

Table 2. The 13C-NMR (100 MHz) data of the two compounds in CDCl3.
Position Compound A (δ C) Compound B (δ C) Position Compound A (δ C) Compound B (δ C)

1 38.2 34.7 15 23.2 23.4
2 28.4 30.1 16 28.5 28.6
3 70.7 66.4 17 56.0 56.2
4 39.3 39.3 18 12.3 12.9
5 139.9 82.2 19 16.6 18.2
6 119.8 135.4 20 40.6 39.7
7 116.3 130.7 21 21.2 20.9
8 141.5 79.4 22 135.8 135.2
9 46.4 51.7 23 132.3 132.3
10 37.1 37.0 24 43.1 42.8
11 21.1 20.6 25 33.4 33.1
12 33.2 36.9 26 20.3 19.6
13 43.0 44.6 27 19.8 20
14 54.7 51.1 28 17.7 17.6

tion is the core pathogenesis of HUA and gout [20]. In the
present study, successful establishment of the HUA mouse
model was confirmed by significantly elevated serum UA
and reduced urinary UA levels compared to the control
group.

PUE demonstrated a significant uric acid-lowering ef-
fect in a dose-dependent manner, as evidenced by decreased
serum UA and increased urinary UA levels, suggesting en-
hanced UA excretion. Additionally, PUE inhibited XOD
activity, thereby reducing de novo UA synthesis. XOD-
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Fig. 6. Effects of 70% and 95% ethanol eluates on renal urate transporter expression in hyperuricemic mice. (A) URAT1 mRNA
expression. (B)OAT1mRNA expression. (C) RepresentativeWestern blot of URAT1, OAT1, and GAPDH. (D) Quantification of URAT1
protein. (E) Quantification of OAT1 protein. ## p < 0.01, * p < 0.05, ** p < 0.01.

mediated generation of reactive oxygen species (ROS) con-
tributes to the activation of inflammatory signaling and re-
nal oxidative damage [21,22], suggesting that XOD inhibi-
tion by PUE may confer dual benefits.

The kidney plays a pivotal role in UA homeosta-
sis, with URAT1 and OAT1 serving as critical mem-
brane transporters [23]. URAT1 facilitates UA reabsorp-
tion [24], while OAT1 promotes UA secretion into tubular
fluid [25,26]. Our findings demonstrate that PUE signifi-
cantly downregulates URAT1 expression while upregulat-
ing OAT1 expression, thereby promoting the net excretion

of UA. This finding is consistent with reports on Smilax
china L., which demonstrated the anti- hyperuricemia ef-
fect in animal models [27].

Importantly, PUE exhibited nephroprotective prop-
erties, as evidenced by reduced serum creatinine and
blood urea nitrogen levels, as well as ameliorating renal
histopathological changes. The nephroprotective effects of
PUE may involve mechanisms analogous to those reported
for betaine supplementation, which protects against high-
fructose-induced renal injury through modulation of oxida-
tive stress and inflammatory pathways [28].
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Fig. 7. Chemical structures, cytotoxicity of compounds A and B in RAW264.7 macrophages and molecular docking poses. (A)
Chemical structures of the two compounds. (B) Cell viability of RAW264.7 cells treated with MSU. (C) Cell viability of RAW264.7 cells
treated with compound A. (D) Cell viability of RAW264.7 cells treated with compound B. (E) Cell viability of MSU-induced RAW264.7
cells treated with compound A. (F) Cell viability of MSU-induced RAW264.7 cells treated with compound B. (G) Molecular docking
poses of compounds A and B with xanthine oxidase (PDB: 1FIQ), TNF (PDB: 1TNF), and IL-6 (PDB: 1ALU). ** p < 0.01. MSU,
monosodium urate; PDB, Protein Data Bank.

Persistent HUA represents a significant risk factor not
only for chronic kidney disease but also for cardiovascu-
lar diseases, hypertension, and related complications [29],
highlighting the clinical importance of strategies for reduc-
ing uric acid levels.

PUE significantly attenuated renal inflammation by
suppressing pro-inflammatory cytokine production. In-
flammatory cytokines, including TNF-α and IL-6, play cru-
cial roles in hyperuricemia and related concurrent kidney
diseases [30,31]. Elevated IL-6 levels have been shown to
predict kidney disease progression in diabetic nephropathy
and other renal conditions [32], highlighting the clinical rel-
evance of IL-6 suppression in HUA management.

Bioactivity-guided fractionation identified the 95%
ethanol eluate as the most potent fraction, exhibiting supe-
rior anti-hypouricemic, nephroprotective, XOD inhibitory,
and anti-inflammatory activities compared to the 70%

ethanol eluate. Chemical investigation of this active frac-
tion led to the isolation of two ergosterol derivatives.

Molecular docking revealed that the 5α,8α-epidioxy
bridge of compound B conferred superior binding to XOD,
URAT1, and OAT1 compared to ergosterol (compound A).
The enhanced hydrogen bond network and π-π stacking
interactions correlate with the potent XOD inhibition and
transporter modulation observed experimentally. These
two main compounds isolated from the 95% ethanol elu-
ate act as potential uric acid-lowering active molecules, and
their effects are related to the inhibition of XOD activity and
the increase in transporter expression.

The in vitro experiments in the current study were
designed to further verify the anti-inflammatory effects of
these two compounds. Acute gouty arthritis is triggered
by MSU crystal deposition in joints, inducing inflamma-
tory cytokine production [33]. Both compounds A and B
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Fig. 8. Effects of compounds A and B on inflammatory mediators and oxidative stress markers in MSU-induced RAW264.7
macrophages. (A) Nitric oxide (NO) concentration in cell culture supernatant. (B–D) Relative mRNA expression of pro-inflammatory
cytokines IL-6, TNF-α, and IL-1β, respectively. (E) SOD Content. (F) MDA levels. ## p < 0.01, * p < 0.05, ** p < 0.01. SOD, superoxide
dismutase; MDA, malondialdehyde.

effectively suppressed MSU-induced macrophage activa-
tion, thereby reducing NO release and pro-inflammatory
cytokine expression (IL-6, TNF-α, IL-1β), and amelio-
rating oxidative stress. Research on traditional Chinese
medicine compounds for treating the gouty arthritis has
demonstrated multiple mechanisms, including suppression
of the NLRP3/ASC/Caspase-1 axis [34] and the regulation
of pyroptosis pathways [35]. The anti-inflammatory action
of ergosterol derivatives observed here suggests potential
for alleviating acute gouty arthritis through the suppression
of macrophage activation.

It has been reported that expression of the UA secre-
tion and transport protein ABCG2 increased when HUA
mice were treated with ergosterol, while expression of the
UA reabsorption and transport protein GLUT9 significantly
decreased, thereby reducing the accumulation of UA [36].
The two main active components in the 95% ethanol eluate
of P. umbellatus are both ergosterol substances, with simi-
lar structures and binding ability to their corresponding tar-
gets. The similar molecular docking binding energies and
similar binding modes of the two compounds also provide
supportive evidence. Therefore, we propose that these two
ergosterol derivatives are the potential molecules of P. um-
bellatus in the treatment of HUA.

5. Limitations
This study initially identified the active fraction of P.

umbellatus in the treatment of hyperuricemia, and hypoth-
esized that the possible effective components might be er-
gosterol derivatives. It is necessary to further confirm the
effects of the active ingredients through in vivo and in vitro
experiments and clarify their specific mechanisms.

Given that the active fraction reduces uric acid while
also having anti-inflammatory effects, more in-depth re-
search should be conducted on gouty arthritis caused by
high uric acid levels in the later stage of hyperuricemia.

6. Conclusion
Polyporus umbellatus ethanol extract, particularly the

95% ethanol fraction containing ergosterol derivatives, may
exert anti-hyperuricemia and its associated complications
through multiple pathways: inhibition of uric acid syn-
thesis (XOD inhibition), promotion of uric acid excretion
(URAT1 downregulation and OAT1 upregulation), anti-
inflammatory activity, and antioxidant protection. These
findings support the potential clinical application of P. um-
bellatus against hyperuricemia.
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