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ABSTRACT: Hyperuricemic nephropathy (HN), characterized by renal inflammation and fibrosis, has an increased
risk of progression to end-stage renal disease, with therapeutic drugs currently insufficient. This study aimed to
investigate the effects and mechanisms of triterpenoids of Cyclocarya paliurus leaves (CPT) on HN in vivo and in
vitro. The HN rat model was established through gavage of adenine (150 mg/kg) and ethambutol (250 mg/kg) over
three weeks. Concurrently, CPT (150 mg/kg) was administrated orally. The levels of uric acid (UA), creatinine, and
urea nitrogen in plasma and urine were measured. Hematoxylin-eosin and Masson’s trichrome staining were
performed on kidney tissues. The chemical composition of CPT was identified via HPLC-Q-TOF-MS/MS, and its
targets for HN were screened through network pharmacology and molecular docking, cellular thermal shift assay
(CETSA), surface plasmon resonance (SPR), and dual-luciferase reporter assay. Plasma metabolomics and renal
proteomics were conducted to elucidate the mechanisms of CPT in mitigating HN. The renal expression of protein
related to inflammation, fibrosis, and UA excretion in HN rats or UA-treated HK-2 cells was detected. CPT
significantly reduced plasma UA levels and attenuated renal inflammation, fibrosis, and pathological alterations in HN
rats. CPT promoted UA excretion and improved purine metabolism by downregulating the expressions of urate
transporter 1 and glucose transporter 9 and upregulating the expression of organic anion transporter 1. Furthermore,
CPT suppressed the inter interleukin-6 (IL-6)/signal transducer and activator of transcription 3 (STAT3)/suppressors
of cytokine signaling 3 (SOCS3) signaling pathway, decreased epithelial-mesenchymal transition, and reduced the
levels of presenilin-associated rhomboid-like protein and cysteine and glycine-rich protein 2 (CSRP2) in both HN rats
and UA-stimulated HK-2 cells. CETSA and SPR showed that CPT and cypaliuruside B (a seco-triterpenoid isolated
from CPT) directly bind to STAT3. Moreover, STAT3 directly binds to the CSRP2 promoter, enhancing its
transcriptional activity. These results indicated that CPT alleviated HN by regulating renal UA transporters and
inhibiting STAT3, which supports the potential application of CPT in treating hyperuricemia and related kidney
diseases.
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1. Introduction

Hyperuricemia is characterized by abnormally elevated blood uric acid (UA) levels, primarily resulting
from disorders in purine metabolism caused by either overproduction or reduced excretion of UAI! 2],
Prolonged hyperuricemia not only leads to gout and kidney disease but is also closely associated with
diabetes, hyperlipidemia, hypertension, and cardiovascular diseasel®. Hyperuricemia nephropathy (HN),
also known as gouty nephropathy or UA nephropathy, refers to renal injury caused by hyperuricemia,
characterized by renal inflammation, glomerular damage, and tubular interstitial fibrosis. Hyperuricemia
contributes to HN through mechanisms such as renal inflammation, epithelial-mesenchymal transition
(EMT), oxidative stress, endothelial dysfunction, and activation of the renin-angiotensin system!> . The
overall prevalence in China increased from 8.4% in 2009 to 14% in 2018, with higher rates observed in
Europe, Africa, America, Japan, and Mexicol® ). More than 15% of patients with hyperuricemia have stage
3 or more severe chronic kidney disease, which is significantly higher than 3% of the population with
normal UA levels!'”. Furthermore, the risk of end-stage kidney disease in male and female patients with
hyperuricemia is elevated by 4 times and 9 times, respectively!®.. However, there is still a lack of specific
therapeutic drugs for HN!'!, Current UA-lowering medications are ineffective in controlling the progression
of HN and can lead to many serious adverse reactions, including hypersensitivity reactions, gastrointestinal

disturbances, and hepatorenal damage!'?),

Therefore, it is essential to explore drugs that possess both
hypouricemic and renoprotective effects to treat HN.

UA, the ultimate product of purine metabolism in humans, is primarily generated in the liver through
various enzyme-catalyzed reactions and then excreted via the kidneys or intestines. Many urate transporters
are distributed in renal tubules, including reabsorption transporters such as urate transporter 1 (URAT1) and
glucose transporter 9 (GLUTY), as well as excretion transporters such as organic anion transporter 1
(OAT1), organic anion transporter 3 (OAT3), and ATP-binding cassette efflux transporter G2 (ABCG2)].
Hyperuricemia can lead to renal inflammation and oxidative stress through multiple mechanisms including
the JAK/STAT3, TGF-B1/SMAD3, and PI3K/AKT pathways, thereby contributing to the development and
progression of HN!!, The signal transducer and activator of transcription 3 (STAT3) is a cytoplasmic
transcription factor. It undergoes dimerization and subsequent nuclear translocation to modulate gene
expression after its phosphorylation at tyrosine residue 70531, STAT3 is instrumental in the development of
renal fibrosis and chronic kidney disease. The STAT3 inhibitor S3I-201 has been shown to significantly
attenuate renal fibrosis in HN mouse models!'¥. Furthermore, a range of natural products, including
Fuling-Zexie formula, Simiao San, Qinling liquid, fucoidan, apigenin, fisetin, astilbin, and berberrubine,
have demonstrated efficacy in ameliorating HN through inhibition of the STAT3 signaling pathway!!*2!,
EMT significantly promotes HN, contributing to the augmented fibroblast population in renal fibrosis and
leading to increased production of extracellular matrix components such as collagen I and fibronectin!'”- 22!,
Traditional Chinese medicine and natural products are a rich source for the discovery of new drugs for

treating HN™ "' Cyclocarya paliurus (Batal.) Iljinskaja, also known as “sweet tea tree”, a medicinal and
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edible species endemic to China, belongs to the genus Cyclocarya within the Juglandaceae family?> 24, C.
paliurus leaves contain multiple bioactive components like triterpenoids, flavonoids, and polysaccharides,
which can be used to improve metabolic diseases®*). Therefore, C. paliurus leaves are widely utilized as
vegetables, tea beverages, and functional food additives, contributing to the alleviation of conditions such as

23-26 Recent research highlights that the aqueous extracts of C.

diabetes, hyperlipidemia, and fatiguel
paliurus leaves can effectively lower blood UA levels by inhibiting the activity of xanthine oxidase (XOD, a
key enzyme in the production of UA) and regulating the expression of renal urate transporters. Meanwhile,
these extracts mitigate kidney inflammation and fibrosis induced by hyperuricemial>’?°!. The triterpenoids
are one of the characteristic active components found in C. paliurus leaves, which exhibit activities such as
anti-cancer, anti-inflammatory, antioxidant, hypoglycemic, antibacterial, and lipid-regulating effects*?!.
More than 160 triterpenoids have been isolated and identified from C. paliurus, which can be structurally
divided into 3,4-seco-dammarane, dammarane, oleanane, and other types!?® 3% 3!l Recent studies indicate
that the triterpenoids of C. paliurus leaves (CPT) improve renal damage, insulin resistance, and
non-alcoholic fatty liver disease (NAFLD) by modulating the ROCK, AMPK/mTOR, TLR4/NF-kB/NLRP3,
PI3K/Akt/GSK3B, or Rho-Kinase signaling pathways!*?-*%]. However, there are no reports on the effects and
mechanisms of CPT on HN.

This research investigated the chemical composition of CPT utilizing HPLC-Q-TOF-MS/MS.
Subsequently, the impact of CPT on HN was evaluated in both an HN rat model and HK-2 cells, which were
induced by adenine combined with ethambutol and UA, respectively!® 22, The mechanisms by which CPT
improves HN were explored through the integration of network pharmacology, plasma untargeted

metabolomics, and renal label-free proteomics.

2. Materials and methods
2.1 Chemicals and materials

The urine protein detection kit was acquired from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). Enzyme-linked immunosorbent assay (ELISA) kits to measure rat TNF-o, IL-6, and TGF-B1 were
sourced from Cusabio Technology Co., Ltd (Wuhan, China). Primary antibodies including GLUT9
(67530-1-1g), STAT3 (60199-1-Ig), SOCS3 (66797-1-1g), E-cadherin (60335-1-Ig), Vimentin (60330-1-Ig),
PARL (26679-1-AP), and CSRP2 (10892-2-AP) were obtained from Proteintech (Wuhan, China).
Additionally, the IL-6 (NBP2-78132SS) antibody was procured from Novus Biologicals (Shanghai, China),
the COL1A1 (E8I9Z) antibody from Cell Signaling Technology (Shanghai, China), and the p-STAT3
(ab76315) antibody from Abcam (Shanghai, China). Human STAT3 protein (HY-P701098), S31-201
(HY-15146, a STAT3 inhibitor), and colivelin (HY-P1061, a STAT3 agonist) were purchased from
MedChemExpress (Shanghai, China). The plasmids, such as STAT3-pc DNA-3.1 MYC, empty plasmid 3.1
MYC, pGL3-basic (containing the CSRP2 promoter sequence), and pRL-TK were procured from HanYi

Biosciences Inc (Guangzhou, China). HK-2 cells were procured from Pricella (Wuhan, China), and fetal



R.. Gui et al. / Food Science and Human Wellness 16 (2027)

bovine serum was supplied by VivaCell (Shanghai, China). Other reagents in this investigation conformed to

those in the previous report (28],
2.2 CPT preparation and composition analysis

CPT was prepared as described in our preceding study!?®l. The constituent analysis of CPT was
conducted using HPLC-Q-TOF-MS/MS. The HPLC-MS system comprised 1290 Infinity II liquid
chromatographs, an electrospray ionization source, and 6545 Q-TOF mass spectrometers. CPT was prepared
at a concentration of 1 mg/mL in methanol, followed by centrifugation at 13000 g for 10 minutes to obtain
the supernatant. Chromatographic separation was achieved on a Phenomenex Luna Omega column (100 A,
1.6 um, 100 mm x 2.1 mm), maintaining the column temperature at 30°C, with an injection volume of 8 pL.
and a detection wavelength of 210 nm. The mobile phase consisted of 0.1% formic acid in water (A) and
acetonitrile (B), following a gradient: 0-10 min, 60%-100% B; 10-15 min, 100% B; 15-16 min, 100%-60%
B; 16-20 min, 60% B. The flow rate was set at 0.2 mL/min. ESI was performed in positive ion mode with a
primary and secondary mass range of 100-1500 Da and 50-1500 Da, respectively. Additional parameters
included a gas temperature of 350°C, gas flow of 11 L/min, sheath gas temperature of 350°C, sheath gas
flow of 10 L/min, nebulizer pressure of 35 psi, the capillary voltage of 3500 V, nozzle voltage of 500 V, and
collision voltages of 20, 40, 60, and 80 V. The identification of composition in CPT was based on molecular

weight and characteristic fragmentation patterns.
2.3 Animals experiments

The HN rat experiments were previously detailed and depicted in Fig. 2A?%]. Male Sprague-Dawley
rats (weight 200-220 g) were obtained from Hunan Slack Jingda Laboratory Animal Co., Ltd (Changsha,
China, license number: SCXK (Xiang) 2019-0004). All animal experiments adhered to the Regulations of
Experimental Animal Administration as approved by the Ethics Committee of the Institute of Chinese
Medicine, Hunan Academy of Chinese Medicine. The rats were allocated into 4 groups (n = 6 per group):
control group (Con), model group (Mod), benzbromarone group (Ben, 8.8 mg/kg), and CPT group (CPT,
150 mg/kg). The chosen dosage for CPT was based on the preliminary experimental results and literature

33, 34

reports! 1. The HN rat model was induced through oral administration of adenine (150 mg/kg) and

ethambutol (250 mg/kg) over 3 weeks. The interval between the modeling and oral administration is 5 h.

A
One week Three week Plasma
. . e —— Urine
Adaptive feeding Group 9:00 am 2:00 pm Liver
Kidne
Con 0.5% CMC-Na 0.5% CMC-Na y
250 mg/kg ethambutol "
Mod 150 mgikg adenine 0.5% GMC-Na
Ben 250 mg/kg ethambutol 8.8 mglkg
150 mg/kg adenine benzbromarone
CPT 250 mg/kg ethambutol 150 mg/kg CPT

150 mg/kg adenine




R.. Gui et al. / Food Science and Human Wellness 16 (2027)

)

3004 125 -

-3
i
=
o
o
1

PCr (pumol/L)
(%] -
? &
|

X3
o
i

FEUA (%)
e

Con Mod Ben CPT Con Mod Ben CPT Con Mod Ben CPT

Fig. 2 CPT reduced PUA and improved renal function in HN rats. (A) The HN rats experimental procedure. (B) Body
weight. (C) Plasma uric acid. (D) Plasma creatinine. (E) Plasma urea nitrogen. (F) Urine protein. (G) Fractional excretion of
uric acid. Data are expressed as mean = SD (n = 6). P < 0.01, #*P < 0.001 vs. the Con group; P < 0.05, P < 0.01, ™*P
< 0.001 vs. the Mod group. CPT: triterpenoids of cyclocarya paliurus leaves; PUA: plasma uric acid.

2.4 Plasma and urine biochemical analyses

The plasma levels of uric acid (PUA), creatinine (PCr), and urea nitrogen (BUN), along with the urine
levels of uric acid (UUA), creatinine (UCr), and protein (UP), were measured by the respective Kkits.
Subsequently, the fractional excretion of uric acid (FEUA) was calculated using the formula: FEUA (%) =
[(UUA x PCr) / (PUA x UCr)] x 100%!28].

2.5 Histopathological and immunohistochemistry analyses

The procedure for hematoxylin-eosin (HE), Masson’s trichrome (MTS), and immunohistochemical
(IHC) staining of renal tissues has been delineated in previous work!?®!. The picro sirius red (PSR) staining
of renal sections was performed to detect the collagen fibers. The stained sections were observed using
optical microscopy at 200 x magnification. For semi-quantitative assessments, five fields were randomly
selected. The extent of renal fibrosis in MTS-stained sections was quantified using the formula: kidney
fibrosis area (%) = positive area/tissue area. Additionally, the Average Integrated Optical Density (AIOD)
for IHC-stained sections was determined by the following calculation: AIOD = integrated optical
density/tissue area. Measurements of the positive area, tissue areas, and integrated optical densities were

conducted using ImageJ software.
2.6 Plasma metabolomics and kidney proteomics

The methodology for the plasma non-targeted metabolomics and label-free kidney proteomics adhered
to the protocols delineated in a previous study?®l. Differentially expressed proteins (DEPs) were filtered

using the following criteria: fold change (FC) > 1.2 or < 0.83, and P-value < 0.05.
2.7 Network pharmacological analysis and molecular docking

The network pharmacological analysis was performed according to the reported literatures!®”> 3], The
human  targets of CPT  were  predicted by the  SwissTargetPrediction  database
(http://swisstargetprediction.ch/). = The  HN  targets were  aggregated from  GeneCards
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(https://www.genecards.org/), HERB (http://herb.ac.cn), DisGeNET (https://www.disgenet.org/), and
OMIM (https://www.omim.org/) databases using “hyperuricemia nephropathy”, “urate nephropathy”, and
“uric acid nephropathy” terms. The intersecting targets were obtained through a Venn diagram, which were
considered as targets for CPT treatment of HN. These intersecting targets were subsequently input into the
String (https://cn.string-db.org/) database to construct a protein-protein interaction (PPI) network, where the
top 20 targets with high degree value were considered as core targets. Further analysis employed Cytoscape
3.9.1 to develop a compound-target network. Functional enrichment analysis was conducted using the David
(https://david.ncifcrf.gov/) database for GO and KEGG analysis. Molecular docking procedures were carried
out with Autodock Vina. The structure of targets (STAT3: 6NJS; IL-2: 1M49; CASP1: IRWM; EGFR:
I1XKK; REN: 2BKS) was obtained from the PDB (https://www.rcsb.org/) database. Compound energy

minimization was computed via the MMFF94 force field, with PyMol used for result visualization.
2.8 Cell culture and treatment

HK-2 cells were cultured under standard conditions in DMEM/F12 medium supplemented with 10%
fetal bovine serum, maintained at 37°C and 5% COz. UA-induced HK-2 cell experiments were performed

22391 HK-2 cells were plated in 96-well plates at a

following previous reports with some modifications!
density of 1 x 10* per well and subjected to varied concentrations of UA or CPT for 24 or 48 h. The viability
of cells was assessed using the Cell Counting Kit-8 (CCK-8), where, after a 2 h incubation period with the
CCK-8 solution, the absorbance was measured at 450 nm. For western blot analysis, HK-2 cells were seeded
into 6-well plates at a density of 2 x 10° cells/well. Following 12 h of serum starvation, cells were treated
with 0.6 mg/mL UA with or without CPT for 48 h. Protein lysates were then harvested for western blot

analysis.
2.9 Cellular thermal shift assay and surface plasmon resonance

Cellular thermal shift assay (CETSA) and surface plasmon resonance (SPR) were used to detect the
interaction between samples and STAT3. HK-2 cells were harvested, and the protein supernatant was
separated by centrifugation (10000 g, 10 min, 4°C) after three freeze-thaw cycles. The supernatant was
divided into control and experimental groups treated with DMSO, CPT (50 pg/mL), or cypaliuruside B
(CYB, 20 pmol/L, isolated from CPT; the 'H and '*C NMR data were shown in Figs. SI and S2) for 2h at
4°C, respectively. The samples were subjected to thermal stress at temperatures ranging between 40°C and
65°C for 4 min. After centrifugation, supernatants were collected for analysis via electrophoresis and
Western blotting. SPR was performed in a Biacore 8K instrument (GE Healthcare, USA). STAT3 protein
(50 pg/mL) was immobilized onto a CMS5 Sensor Chip (Cytiva, USA) using amine coupling procedures,
achieving approximately 11845 RU. Phosphate-buffered saline (PBS) containing 1% DMSO served as the
running buffer during immobilization. Following immobilization, the CYB solution was prepared by
diluting the stock solution with PBS containing 5% DMSO. Five concentrations of the CYB solution were

injected sequentially at a flow rate of 30 pulL/min, with the binding phase lasting for 150 s at 25°C.
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Experimental data were collected and analyzed using Biacore Insight software (Cytiva, USA) to fit an

appropriate binding model and determine the equilibrium dissociation constant.
2.10 ELISA and western blot analyses

Kidney tissues (50 mg) were homogenized in 500 pL of phosphate-buffered saline at 4°C. The
supernatant was collected following centrifugation at 10000 g for 10 minutes at 4°C. Levels of rat TNF-a,
IL-6, and TGF-B1 in the supernatant were quantified using ELISA kits. For Western blot analysis, the
procedure mirrored that previously described®®. Membranes were incubated with primary antibodies
overnight at 4°C, diluted as follows: GAPDH, 1:50000; URATI, 1:2000; OATI, 1:1000; GLUT9, 1:5000;
IL-6, 1:2000; COLIA1, 1:1000; a-SMA, 1:20000; vimentin, 1:20000; e-cadherin, 1:5000; STAT3, 1:2000;
p-STAT3, 1:10000; SOCS3, 1:5000; PARL, 1:1000; CSRP2, 1:2000.

2.11 Dual-Luciferase Reporter Assay
The STAT3 binding sites in the CSRP2 and PARL promoter regions (the 2000 bp promoter sequences

upstream of the translation initiation sites) were predicted with the JASPAR database
(https://jaspar.elixir.no/). The dual-luciferase reporter assay was employed to validate the binding between
STAT3 and the CSRP2 promoter. pRL-TK, STAT3-OE, and pGL3-Basic (containing the CSRP2 promoter
sequence) were cotransfected into HEK-293T cells with DNA transfection reagent (Neofect biotech Co.,Ltd.
Beijing, China). The luciferase activity was detected 24 hours post-transfection with the corresponding kit

(Yeasen Biotechnology Co., Ltd., Shanghai, China).
2.12 Statistical analysis

Data are presented as the mean + standard deviation. Statistical analyses were conducted using SPSS
software (version 27.0). Group differences were assessed for statistical significance using one-way ANOVA
followed by the LSD test (when the variances were uniform) or the Dunnett T3 test (when the variances

were not uniform). The value of P < 0.05 was considered statistically significant.

3. Results
3.1 Phytochemical analysis of CPT

The mass fragment ion of pterocaryoside A, pterocaryoside B, cyclocarioside P, cyclocarioside D,
cyclocarioside F, cyclocarioside I, and cyclocarioside Z9, isolated from C. paliurus leaves by our research
group, revealed that 3,4-seco-dammarane triterpenoids generated specific fragment ions (Fig. S3). For
example (Figs. 1A and B), the [M+Na]" at m/z 673.43 for cyclocarioside D produced [M+Na-Qui]" and
[Qui+Na]" ions at m/z 509.36 and 187.06 through glycosidic bond cleavage, respectively. Further
fragmentation of the m/z 509.36 ion yielded ions at m/z 477.33 and 395.25, following the neutral loss of
CH3OH and C7Hi140. Additionally, the total ion chromatogram for CPT is illustrated in Fig. 1C. By
correlating these fragmentation patterns with those of standard or previously reported compounds, a total

number of 34 triterpenoids were identified from CPT, including nineteen 3,4-seco-dammarane triterpenoids,
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twelve dammarane triterpenoids, two oleanane triterpenoids, and one nor-dammarane triterpenoid (Fig. 1D

and Table S1). Notably, the total triterpenoid content of CPT was quantified at 78.33%!%%,
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Fig. 1 Chemical composition analysis of CPT by HPLC-ESI-Q-TOF-MS/MS. (A) The MS/MS spectrum of cyclocarioside
D. (B) The speculative fragmentation pathway of cyclocarioside D. (C) Total ion chromatograms of CPT in positive ion
mode. (D) Structures of the triterpenoids identified from CPT. CPT: triterpenoids of cyclocarya paliurus leaves.

3.2 CPT reduced PUA levels and improved renal function in HN rats

Administration of 150 mg/kg adenine and 250 mg/kg ethambutol for three weeks led to a reduction in

body weight and elevated levels of PUA, PCr, BUN, and UP in the Mod group compared to the Con group

(Figs. 2B-G). These results confirm the successful establishment of the HN rat model. As anticipated, CPT
mitigated weight loss associated with HN and decreased levels of PUA, BUN, and UP, slightly reduced PCr
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levels, and enhanced FEUA. Conversely, benzbromarone markedly reduced PUA and BUN levels,
augmented UP content, and increased FEUA, without affecting body weight.

3.3 CPT ameliorated renal inflammation and fibrosis in HN rats

Hyperuricemia can lead to urate deposition in the kidneys, subsequently causing renal inflammation
and tubulointerstitial fibrosis!!”. As depicted in Figs. 3A and B, in the Mod group, TNF-a and IL-6 levels in
the kidneys were higher compared to the Con group. Remarkably, both CPT and benzbromarone effectively
decreased TNF-a and IL-6 levels in HN rats. Additionally, CPT significantly lowered TGF-B1 level (Fig.
3C). HE staining revealed that the kidneys in the Mod group exhibited severe pathological changes,
including renal tubular atrophy, narrowing of tubular lumens, epithelial degeneration, tubular dilation, urate
crystal deposition with surrounding multinucleated giant cells, and lymphocyte infiltration (Fig. 3D).
Notably, CPT ameliorated these lesions to varying degrees. Conversely, benzbromarone only mitigated urate
crystal deposition. MTS and PSR staining (Figs. 3D and E) and western blot analyses (Figs. 3F-H) indicated
a significant increase in collagen deposition and the expression of fibrosis markers, such as a-SMA and
COL1AL, in the kidneys of HN rats. CPT significantly reduced renal collagen deposition and decreased the
levels of 0-SMA and COL1A1 in HN rats, whereas benzbromarone had no effect on these fibrosis markers.
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Fig. 3 CPT ameliorated renal inflammation and fibrosis in HN rats. (A-C) Kidney TNF-a, IL-6, and TGF-. (D) The HE,
MTS, and PSR staining of kidney tissues (magnification x 200, scale bar 50 um). The red arrow represents dotted
infiltration of interstitial lymphocytes; the black arrow represents renal tubules atrophy and luminal stenosis; the blue arrow
represents renal tubular epithelial cell degeneration; the yellow arrow represents the dilated renal tubules; the green arrow
represents urate crystal deposition with multinucleated giant cells around. (E) Kidney fibrosis area. (F) Western blot
analysis of a-SMA and COL1A1. (G and H) Quantification of a-SMA and COL1A1. Data are expressed as mean £ SD (n =
6). ¥ P < 0.001 vs. the Con group; P < 0.05, P < 0.01, "P < 0.001 vs. the Mod group. CPT: triterpenoids of cyclocarya
paliurus leaves; HE: hematoxylin-eosin staining; MTS: masson’s trichrome staining; PSR: picro sirius red staining.

3.4 CPT restored purine metabolism in HN rats

The PCA score plots in both positive and negative modes distinctly separated the plasma metabolic
profiles of the Mod, Con, and CPT groups, demonstrating that CPT rectified the metabolic imbalances
caused by HN (Figs. 4A and B). Subsequently, based on the differential metabolite criteria: VIP (variable
importance in the projection of OPLS-DA) > 1 and P < 0.05, CPT reversed 36 metabolites (Fig. 4C, and
Table S2). These metabolites were associated with various metabolic processes, including arginine
biosynthesis, purine metabolism, and riboflavin metabolism, as indicated by KEGG analysis (Fig. 4D).
Disordered purine metabolism is a pivotal characteristic and underlying cause of HN (Fig. 4E). After being
given adenine and ethambutol, the levels of adenine, inosine, hypoxanthine, guanine, deoxyguanosine, UA,
and allantoin related to purine metabolism in the plasma of HN rats were significantly increased.
Simultaneously, CPT decreased the levels of adenine, inosine, hypoxanthine, uric acid, and allantoin,

indicating that CPT inhibited overactivated purine metabolism in HN rats.
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Fig. 4 The plasma non-targeted metabolomics analysis. (A and B) PCA score plots of positive and negative modes. (C)
Heatmap of reversed metabolites. (D) KEGG analysis of reversed metabolites. (E) Purine metabolism. The red arrow
indicates the metabolite level was increased in the Mod group. The blue box represents the metabolite level was reversed by
CPT. CPT: triterpenoids of cyclocarya paliurus leaves.

3.5 CPT regulated renal urate transporters in HN rats

The generation and excretion of UA maintain the level of UA in the body (Fig. 4E). The hepatic XOD
activity and expression in the Mod group were significantly increased compared to the Con group, while
CPT and benzbromarone did not affect hepatic XOD activity and expression (Figs. SA and B). On the other
hand, CPT may promote urate excretion through the kidney (Fig. 2G). Western blot analysis showed that the
renal URATI and GLUT9 levels were upregulated, while the OATI level was downregulated in the HN
rats. Treatment with CPT and benzbromarone resulted in the downregulation of renal URAT1 and GLUT9
levels, with CPT uniquely inducing the upregulation of OATI levels (Figs. 5C-F). Immunohistochemical

results corroborated those of the western blot analysis (Figs. 5G-J).
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Fig. 5 CPT regulated renal urate transporters in HN rats. (A and B) Hepatic XOD activity and content. (C) Western blot
analysis of renal URATI1, GLUTY, and OATI1. (D-F) Quantitative analysis results of western blot analysis in (C). (G)
Immunohistochemistry analysis of renal URAT1, GLUT9, and OAT1. (H-J) AIOD quantification of renal URATI,
GLUTY, and OAT]1. Data are expressed as mean = SD (n = 6). “P < 0.05, #P < 0.01, #*P < 0.001 vs. the Con group; ‘P <
0.05,"P < 0.01, ™" P < 0.001 vs. the Mod group. CPT: triterpenoids of cyclocarya paliurus leaves; HN: hyperuricemic
nephropathy.

3.6 CPT downregulated renal PARL and CSRP2 in HN rats

Label-free proteomics was utilized to unveil additional mechanisms of CPT in mitigating HN.
Compared with the Con group, a total of 418 proteins were upregulated and 783 proteins were
downregulated in the Mod group (Fig. 6A). Compared with the Mod group, CPT downregulated 185
proteins and upregulated 138 proteins (Fig. 6B). After taking the intersection, CPT reversed the expression
of 35 proteins in HN rats (Fig. 6C and Table S3). These reversed proteins were associated with the
regulation of cell adhesion, ER calcium ion concentration reduction, mitochondrial calcium ion
concentration elevation, and cytoskeleton organization (Fig. S4). PARL and CSRP2 are closely related to
renal injury and fibrosis. Proteomics and western blot analyses showed that CPT downregulated the elevated

levels of PARL and CSRP2 caused by HN (Figs. 6D-H).
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Fig. 6 The kidney label-free proteomics analysis. (A) Volcano plot of Con vs Mod. (B) Volcano plot of Mod vs CPT. (C)
Heatmap of reversed proteins. (D and E) Quantification of PARL and CSRP2 from proteomics (n = 3). (F) Western blot
analysis of renal PARL and CSRP2. (G and H) Quantification of western blot analysis in (F, n = 6). Data are expressed as
mean + SD. P < 0.05, #P < 0.01, **P < 0.001 vs. the Con group; "P < 0.05, P < 0.01, "™"P < 0.001 vs. the Mod group.
CPT: triterpenoids of cyclocarya paliurus leaves.

3.7 Network pharmacology and molecular docking analysis

Network pharmacology analysis was conducted to investigate the mechanism of CPT in improving
nephropathy induced by hyperuricemia. A total of 496 targets for CPT were acquired, and 1681 therapeutic
targets of HN were collected from public databases after deduplication (Fig. 7A). An intersection of 168
targets was found between the predicted CPT targets and the therapeutic HN targets (Fig. 7A). GO and
KEGG enrichment analyses have revealed that these intersecting targets are implicated in numerous
pathways, such as PI3K-Akt, MAPK, and TNF-a pathways (Fig. S5). The PPI network analysis, considering
the degree value and the triterpenoids' associations through topological assessments, highlighted STATS3,
renin (REN), IL-2, caspase-1 (CASP1), and epidermal growth factor receptor (EGFR) as primary targets
(Figs. 7B and C). Specifically, 22 triterpenoids in CPT, comprising fifteen 3,4-seco-dammarane and seven
dammarane triterpenoids, were targeting STAT3 (Fig. 7D). Molecular docking revealed that these
triterpenoids exhibited strong binding to STAT3 (binding energy < -5 kcal/mol). For example, compound 6
(dammarane) established six hydrogen bonds with four STAT3 residues (Fig. 7E, SER-636, ARG-609,
SER-611, and SER-613, binding energy = -8.414 kcal/mol). In comparison, compound 19
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(3,4-seco-dammarane) formed four hydrogen bonds with three residues (Fig. 7F, ARG-609, GLU-594, and
GLU-612, binding energy = -6.630 kcal/mol). Moreover, additional triterpenoids demonstrated favorable
interactions with REN, IL-2, CASP1, and EGFR (Fig. S6), proposing that IL-6/STAT3 and its related
pathways could be crucial for CPT against HN.
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Fig. 7 Network pharmacological and molecular docking analyses. (A) The Venn diagram between predicted targets for CPT
with HN therapeutic targets. (B) The core targets of CPT in treating HN. (C) The triterpenoids-targets interaction network.
(D) The binding energy between triterpenoids with STAT3 (PDB: 6NJS). (E) The visualization of compound 6 with
STATS3. (F) The visualization of compound 19 with STAT3. CPT: triterpenoids of cyclocarya paliurus leaves; HN:
hyperuricemic nephropathy.

3.8 CPT inhibited renal EMT and IL-6/STAT3/SOCS3 signaling pathway in HN rats

Given the observed lack of substantial improvement in renal injury with benzbromarone treatment,
subsequent investigations focused exclusively on the mechanisms by which CPT ameliorates HN. a-SMA is
upregulated during EMT and can serve as a biomarker for renal fibrosis!!”. Moreover, IL-6 exacerbates

renal inflammation and tissue damage by activating the STAT3 signaling pathway!'>!"). As shown in Figs.
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8A-C, the renal expression of E-cadherin was downregulated, whereas vimentin was upregulated in the Mod
group compared to the Con group. Notably, the administration of CPT reversed the expression of E-cadherin
and vimentin. Additionally, increases in IL-6, p-STAT3, SOCS3, and the p-STAT3/STAT3 ratio were noted
in the HN rats. Crucially, the CPT treatment reduced the renal levels of IL-6, p-STAT3, STAT3, SOCS3,

and the p-STAT3/STATS3 ratio in comparison to the Mod group (Figs. 8D-H).
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Fig. 8 CPT inhibited renal EMT and IL-6/STAT3/SOCS3 signaling pathway in HN rats. (A) Western blot analysis of renal
E-cadherin, vimentin, p-STAT3, STAT3, SOCS3, and IL-6. (B-H) Quantitative analysis results of western blot analysis in
(A). Data are expressed as mean = SD (n = 6). P < 0.01, #P < 0.001 vs. the Con group; P < 0.05, P < 0.01, *"P <
0.001 vs. the Mod group. CPT: triterpenoids of cyclocarya paliurus leaves; HN: hyperuricemic nephropathy.

3.9 CPT inhibited the dysfunction of HK-2 cells induced by UA through binding with STAT3

UA-induced HK-2 cells model is a commonly used in vitro HN model?> **1. CCK-8 assay results
revealed that UA significantly reduced HK-2 cell viability to less than 90% at a concentration of 0.6 mg/mL
over 48 h, thus, HK-2 cells were induced by 0.6 mg/mL UA for 48 h to construct an in vitro HN model (Fig.
9A). Moreover, CPT exhibited no adverse effects on HK-2 cell activity at concentrations up to 25 pg/mL
(Fig. 9B). After UA stimulation, the expression of IL-6, p-STAT3, SOCS3, a-SMA, and the ratio of
p-STAT3 to STAT3 in HK-2 cells increased, while the expression of E-cadherin significantly decreased,
indicating that UA activated the IL-6/STAT3/SOCS3 signaling pathway and promoted EMT. Similar to in
vivo results, CPT reversed the expression of IL-6, SOCS3, a-SMA, and vimentin, and reduced the ratio of
p-STAT3 to STAT3 in UA-induced HK-2 cells (Figs. 9C-E). CPT eliminated the elevated levels of PARL
and CSRP2 in UA-induced HK-2 cells (Figs. 9C-E). CETSA showed that CPT increased the thermal
stability of STATS3, further confirming that components within CPT could bind to STAT3 (Fig. 10A).
Additionally, CETSA demonstrated that cypaliuruside B (a seco-triterpenoid isolated from CPT, Fig. 10B)
binds to STAT3 (Fig. 10C). Furthermore, SPR analysis revealed that CYB binds to STAT3 with moderate
affinity, exhibiting a dissociation constant (Kp) of 7.32 umol/L (Fig. 10D). At concentrations that did not
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affect cell viability (Fig. S7), S3I-201 (25 pumol/L, a STAT3 inhibitor) significantly inhibited the
UA-induced expression of p-STAT3, STAT3, a-SMA, and CSRP2 in HK-2 cells, but had no effect on
PARL. In contrast, both CPT (25 pg/mL) and CYB (20 umol/L) significantly inhibited the expression of
p-STAT3, a-SMA, CSRP2, and PARL in the UA-induced HK-2 cell model (Figs. 10E-J). The inhibitory
effects of CPT and CYB on a-SMA and CSRP2 were attenuated after administration of Colivelin (5 umol/L,
a STAT3 agonist) (Figs. 11A-F). Therefore, CPT and CYB ameliorated UA-induced HK-2 cell injury by
inhibiting STAT3. Concurrently, a potential association was observed between STAT3 and CSRP2.
JASPAR prediction analysis indicated that STAT3 binds to the CSRP2 promoter, while its binding affinity
for the PARL promoter was relatively weak (Fig. 11G). Then, dual-luciferase reporter assays confirmed the
ability of STAT3 to bind to the CSRP2 promoter, as in co-transfection assays, the overexpression of STAT3

strengthened the activity of the CSRP2 promoter (Fig. 11H).
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Fig. 9 CPT inhibited the dysfunction of HK-2 cells induced by UA. (A) Effect of UA on HK-2 cell viability. (B) Effect of
CPT on HK-2 cell viability. (C) Western blot analysis of p-STAT3, SOCS3, IL-6, STAT3, PARL, CSRP2, E-cadherin,
vimentin, and a-SMA in UA-induced HK-2 cells. (D) Quantification of IL-6, SOCS3, p-STAT3, STAT3, and the ratio of
p-STAT3 to STAT3. (E) Quantification of a-SMA, vimentin, E-cadherin, PARL, and CSRP2. Data are expressed as mean +
SD (n=3).*P < 0.05, #P < 0.01, " P < 0.001 vs. the Con group; “P < 0.05, “*P < 0.01, ™" P < 0.001 vs. the Mod group.
CPT: triterpenoids of cyclocarya paliurus leaves; UA: uric acid.
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Fig. 10 CPT and CYB bind with STAT3. (A) CETSA analysis to verify CPT binding to STAT3 (n = 3). (B) The structure of
CYB. (C) CETSA analysis to verify CYB binding to STAT3 (n = 3). (D) SPR analysis to verify CYB binding to STATS3.
(E) Western blot analysis of p-STAT3, STAT3, a-SMA, PARL, and CSRP2 in UA-induced HK-2 cells affected by S31-201
(25 pmol/L), CYB (20 umol/L), and CPT (25 pg/mL) (F-J) Quantification of p-STAT3, STAT3, a-SMA, PARL, and
CSRP2 (n = 4). Data are expressed as mean = SD. P < 0.05, P < 0.001 vs. the Con group; "P < 0.05, P < 0.01, ™"P <
0.001 vs. the Mod group. CPT: triterpenoids of cyclocarya paliurus leaves; CYB: cypaliuruside B.
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Fig. 11 STAT3 activation attenuated the effects of CPT and CYB in HK-2 cells induced by UA. (A) Western blot analysis
of p-STAT3, STAT3, a-SMA, PARL, and CSRP2 in UA-induced HK-2 cells affected by colivelin (5 pmol/L) with CYB
(20 umol/L) or CPT (25 pg/mL). (B-F) Quantification of STAT3, p-STAT3, CSRP2, PARL, and a-SMA. Data are
expressed as mean = SD (n = 3). (G) Prediction of STAT3-binding sites in the CSRP2 and PARL promoter regions. (H)
Dual-luciferase reporter assay analyzing the interaction between STAT3 with CSRP2 (n = 4). Data are expressed as mean +
SD. *P < 0.05, P < 0.01, ™" P < 0.001; ns: non-significant. CPT: triterpenoids of cyclocarya paliurus leaves; CYB:
cypaliuruside B.
4. Discussion
HN has an increased risk of progression to end-stage renal disease, with therapeutic drugs currently
insufficient. Triterpenoids, characteristic active compounds found in C. paliurus, exhibit notable efficacy in
ameliorating glycolipid metabolic disorders such as diabetic nephropathy and NAFLD[*?3%], The effects and
mechanisms of CPT on HN have yet to be reported. This study demonstrated that CPT significantly reduced
PUA levels and alleviated renal inflammation and fibrosis in HN rats. Subsequently, plasma non-targeted
metabolomics and renal urate transporters assays indicated that CPT improved purine metabolism by
modulating the expression of renal urate transporters. Network pharmacology, molecular docking, renal
proteomics, dual-luciferase reporter assay, and SPR suggested that CPT mitigated renal inflammation and
fibrosis by inhibiting the renal STAT3 signaling pathway and downregulating the expression of
presenilin-associated rhomboid-like protein (PARL).
The triterpenoids isolated from C. paliurus mainly include 3,4-seco-dammarane, dammarane, oleanane,

and other types. Dammarane triterpenoids primarily occur as disaccharide glycosides, whereas
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3,4-seco-dammarane triterpenoids are mainly monoglycosides, featuring a cleavage between C-3 and C-4.
Typically, the C-3 undergoes oxidation to form carboxyl groups (either free or esterified), with double bonds
emerging between C-4 and C-23. Consequently, this may lead to distinctive mass spectrometry
characteristic ions for dammarane and 3,4-seco-dammarane triterpenoids!?® 3% 3!, Jiang et al. documented
that pterocaryoside B produced a fragment ion at m/z 371.19 in negative ion mode!*”). Similarly, in this
study, mass spectrometry fragment analysis indicated that 3,4-seco-dammarane triterpenoids generated a
fragment ion at m/z 395.25 in positive ion mode. Consequently, the fragment ion at m/z 395.25, retaining the
structure of the parent nucleus, could serve as a distinctive fragment ion for 3,4-seco-dammarane
triterpenoids, aiding in the identification of components. Derived from the fragment ion and precise
molecular weight, nineteen 3,4-seco-dammarane triterpenoids, twelve dammarane triterpenoids, two
oleanane triterpenoids, and one nor-dammarane triterpenoid, have been identified in CPT, potentially
serving as crucial components for mitigating HN.

Hyperuricemia enhances the expression of inflammatory factors, including IL-1p3, TNF-a, and IL-6,
which contribute to renal inflammation and fibrosis. Therefore, treating HN requires reducing UA levels and
preventing renal injury!!!. The total extract of C. paliurus leaves has been shown to lower serum UA and
mitigate renal inflammation in hyperuricemia mice, with likely mechanisms involving the suppression of
XOD and adenosine deaminase (ADA), modulation of renal urate transporters, and hindrance of the
NLRP3/IL-1B signaling pathway!?” 21 Despite these findings, the therapeutic constituents of the C. paliurus
leaves for hyperuricemia require further elucidation. Zhu et al. have reported that flavonoid glycosides
inhibit XOD activity and inflammation in MSU-induced THP-1 cells?”!. Moreover, the raw polysaccharides
derived from the C. paliurus leaves have shown XOD inhibitory effects*!!. In the present study, CPT not only
curtailed weight loss due to HN but also reduced the levels of PUA, BUN, and UP. Concurrently, CPT
alleviated renal fibrosis and lesions, underscored by diminished inflammatory and fibrosis markers. Plasma
differential metabolites affected by CPT corresponded with those altered by the aqueous extract of C.
paliurus leaves?8). These outcomes indicate that CPT is one of the effective components in C. paliurus
leaves for alleviating HN.

Renal excretion of urate is essential for maintaining UA homeostasis. A variety of urate transporters,
responsible for both secretion and reabsorption, are located on the renal tubular epithelial cellst.
Specifically, URAT]I is situated on the apical membrane of these cells and facilitates the reabsorption of
urate from the urine back into the cells. Urate is then transferred to the tissue fluid via GLUT9, which is
found on the basolateral membrane, ultimately leading to reabsorption into the bloodstream!*!. Uricosuric
agents like benzbromarone enhance urate excretion by inhibiting the action of URAT1 and GLUT9, thereby
decreasing serum UA levels!!”). OAT]1, expressed on the basolateral membrane of renal tubular epithelial
cells, mediates the transport of urate into these cells through an exchange with dicarboxylates. Urate is then
excreted into the urine via other secretory transporters!!l. Upregulated reabsorption and downregulated

secretion transporters both contribute to HN. Modulating urate transporters or inhibiting uric acid production
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is an effective strategy for improving purine metabolism!*?!. Cyclocarya paliurus triterpenoids showed weak
XOD inhibition®®, However, the present study showed that CPT could increase the expression of renal
OATI1 and lower the expression of renal URATI1 and GLUT9 to promote urate excretion, indicating that
CPT promotes renal urate excretion by enhancing the expression of renal OAT1 and reducing the expression
of renal URATI and GLUT9 to improve purine metabolism.

Renal fibrosis, marked by the excessive accumulation of extracellular matrix (ECM), emerges as a
primary pathological change and mechanism underlying HN, closely associated with serum UA levels!!”- 1],
EMT represents an initial critical phase in renal fibrosis, where renal tubular cells lose their epithelial
characteristics (evidenced by reduced E-cadherin expression) and transform into mesenchymal phenotype
(demonstrated by increased 0-SMA and vimentin expression)!?2). STAT3, extensively presented in kidney
tissues, orchestrates cell proliferation and differentiation, immune modulation, and inflammatory response.
STATS3 can be activated through phosphorylation at Y705 by upstream regulators like 1L-6, TGF-B1, and
EGFR. Then STAT3 forms heterodimers or homodimers that migrate to the nucleus, directing the

17,43

transcription of pivotal genes implicated in EMT and renal fibrosis!!”*}]. The expression of Suppressors of

cytokine signaling 3 (SOCS3), a negative feedback regulator of STAT3, escalates in response to STAT3

15, 18,20, 211 "UA directly triggers the STAT3 pathway in various cells, including HK-2,

hyperactivation!
TCMK-1, and NRK-52E cells, enhancing ECM deposition, EMT, and autophagy!!® !% 22 391 This study
leverages network pharmacology and molecular docking, identifying STAT3 as the core target for CPT in
mitigating HN. Moreover, CPT attenuates the activation of STAT3 pathways and inhibits EMT in both HN
rats and UA-stimulated HK-2 cells. More importantly, both CETSA and SPR results demonstrate that CPT
directly binds to STAT3. These insights underscore the potential of CPT to ameliorate HN by targeting
STAT3. In contrast to modulating upstream regulators of STAT3, such as JAK2 and MAPK, this study
demonstrates that CPT and CYB directly target STAT3 and ameliorate hypertensive nephropathy (HN) by
regulating its downstream effector, CSRP2!!421],

Myofibroblasts are the main cells producing ECM, and the expression of smooth muscle cell (SMC)
genes (including actin, cell adhesion molecules, and collagen) is a marker of myofibroblast activation.
CSRP2 promotes SMC genes expression via the MRTF/SRF signaling pathway**. Additionally, CSRP2
modulates the expression of a-SMA and the activity of SMC genes in cardiomyocytes!*”). CSRP2 exhibits
high expression levels in vascular smooth muscle cells and is upregulated during the initial activation phase
of hepatic stellate cells through the TGF-B/ALKS5/Smad signaling pathway*®). Moreover, hypoxia
suppresses the expression of HLF4 through the TGF-1/ROCK signaling pathway, thereby increasing
CSRP2 expression and exacerbating pulmonary vascular fibrosis. Conversely, CSRP2 knockout has been
shown to diminish ECM production!”). This study indicates that CSRP2 is a downstream gene of STAT3,
supported by modulators (S31-201 and colivelin) and dual-luciferase reporter assays, pending further

investigation into its pathophysiological role in HN. PARL is instrumental in regulating the degradation of

PINK1 and PGAMS, impacting mitochondrial autophagy that relies on the PINK1/Parkin pathway!*8l. The
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HN mice induced by a high fructose diet exhibit suppression of PINK/Parkin signaling, leading to
mitochondrial autophagy disorders and exacerbating renal fibrosis*!. S31-201 exhibited minimal effect on
PARL expression in UA-induced HK-2 cells, while CPT significantly inhibited the expression of both
CSRP2 and PARL. This suggests that CPT may ameliorate HN by regulating PARL and its associated

pathways through other mechanisms, warranting further investigation.

5. Conclusion

In summary, this study demonstrated that CPT mitigated HN through dual hypouricemic and
renoprotective effects in an HN rat model. Integrated proteomics, network pharmacology, and experimental
validation indicated that CPT alleviated HN by modulating the expression of renal urate transporters and
suppressing the STAT3 signaling pathway. This research supports the potential of CPT as a therapeutic

agent for HN and hyperuricemia-related diseases.
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