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ABSTRACT KEYWORDS
Objectives: Chronic kidney disease (CKD) is a global public health concern, Ligustroflavone; CKD; GSK3;
characterized by a gradual decline in kidney function, with death of renal tubular ~ NRF2; GPX4; fibrosis;
epithelial cells (RTECs) as a key pathological mechanism. This study investigated the antioxidant; ferroptosis
protective effect of ligustroflavone in CKD and its potential molecular mechanisms.

Methods: /n vivo, the unilateral ureteral obstruction (UUO) and folic acid-induced

nephropathy (FAN) mouse models were employed to assess the effects of

ligustroflavone. In vitro, RTECs were treated with erastin. Western blotting, qRT-PCR,

immunofluorescence (IF), and immunohistochemistry (IHC) were performed to detect

renal tubular injury both in vivo and in vitro.

Results: In vivo, ligustroflavone treatment significantly improved renal tubular damage

and interstitial fibrosis in mice. Furthermore, our results demonstrated that

ligustroflavone alleviated ferroptosis of RTECs by inhibiting GSK3@ activity and

reducing lipid peroxidation in mice. In vitro, ligustroflavone treatment inhibited

erastin-induced ferroptosis in RTECs. In addition, ligustroflavone inhibited activation of

myofibroblasts induced by ferroptosis of RTECs. Mechanistically, ligustroflavone

exerted it's protect effects through the GSK33/NRF2 pathway by inhibiting GSK3( and

activating NRF2, thereby promoting GPX4 expression and suppressing ferroptosis.

Conclusions: In summary, ligustroflavone inhibits ferroptosis in RTECs and confers

protection in CKD. These findings suggest that ligustroflavone holds promise as a

potential therapeutic agent for CKD.

Background

Chronic kidney disease (CKD) affects at least 10% of the global population. It is characterized by a gradual
decline in kidney function that eventually progresses to uremia and is associated with an increased risk of
cardiovascular disease [1,2]. Between 1990 and 2017, the global prevalence of CKD rose by 29.3%, while
the number of patients receiving dialysis increased by 43.1% and kidney transplants rose by 10.7% [3].
With the rising incidence and mortality rates, treatment costs for CKD patients continue to grow, thereby
intensifying the socioeconomic burden. Consequently, there is an urgent need to slow CKD progression
and to identify potential therapeutic targets [4]. Fibrosis is a hallmark of CKD and contributes to pathological
changes in renal tissue, of renal cells, and inflammatory cell infiltration, ultimately resulting in loss of renal
function. Injury and death of RTEC play a central role in CKD progression. Several repair mechanisms, includ-
ing transformation and dedifferentiation, can trigger the conversion of TEC into mesenchymal cells [5].
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There is growing evidence that ferroptosis, a form of programmed cell death driven by iron-dependent
lipid peroxidation, is associated with renal tubular degeneration [6-8]. Consequently, ferroptosis has become
a major research focus. In RTECs, ferroptosis is linked to mitochondrial dysfunction, excessive accumulation
of reactive oxygen species (ROS) [9], and depletion of glutathione (GSH), making it a promising target for CKD
intervention. Studies have demonstrated that in a CKD mouse model with 5/6 nephrectomy, cisplatin exacer-
bates kidney injury by inducing ferroptosis, whereas the ferroptosis inhibitor deferoxamine (DFO) exhibits
anti-fibrotic effects[10]. In RTECs, ferroptosis can be triggered by environmental stressors such as ische-
mia-reperfusion and toxins, which disrupt the oxidant-antioxidant balance and lead to a lethal accumulation
of lipid ROS [11,12]. Nuclear factor erythroid 2-related factor 2 (NRF2) exerts antioxidant effects by inhibiting
lipid-derived reactive oxygen species through multiple pathways. Activation of NRF2 has been reported to
inhibit ferroptosis in RTECs [13]. NRF2 induces the synthesis of glutathione synthase and upregulates anti-
oxidant enzymes such as heme oxygenase-1 (HO-1) and NAD (P) H quinone dehydrogenase 1 [NQO1],
thereby eliminating ROS and maintaining redox balance[12,14]. Glycogen synthase kinase 3 (GSK-3f) is a
serine/threonine kinase that participates in numerous key cellular signaling pathways and regulates essential
biological processes[15]. GSK3[B has been shown to play a critical role in neurodegenerative diseases [16,17].
A key feature of these disorders is that GSK3 participates in cellular responses to oxidative stress, in part
through its interaction with NRF2 [18,19]. Specifically, phosphorylation of NRF2 by GSK3@ promotes its
removal from the nucleus, thereby attenuating NRF2-mediated transcription [20].

The GSK3B-NRF2 is a key pathway regulating cellular redox homeostasis. In this pathway, activated GSK3[3
promotes ubiquitination and subsequent degradation of NRF2, whereas inhibition of GSK3 facilitates NRF2
activation, thereby inducing the upregulation of antioxidant genes to counteract oxidative stress [21,22].
Although the interaction between GSK3[ and NRF2 has been well established, whether this dual regulatory
mechanism influences CKD progression and therapeutic approaches remain to be clarified.

Ligustroflavone (LIG), a flavonoid compound extracted from Ligustrum lucidum [23,24], exhibits multiple
biological and pharmacological activities. It has been reported to possess anti-inflammatory, antioxidant,
and anti-fibrotic properties [25,26]. The fruit of Ligustrum lucidum (Fructus Ligustri Lucidi, FLL) is a commonly
used traditional herbal medicine for treating endocrine and kidney diseases and for strengthening bones
[27,28]. Clinical studies have further shown that FLL can mitigate liver and neural injury by modulating oxi-
dative stress-related pathways [26,29]. In this study, we investigated the potential anti-fibrotic and anti-
inflammatory effects of ligustroflavone in CKD and explored its underlying mechanisms.

Methods
Animal breeding, ligustroflavone treatment, and construction of CKD mouse models

Male C57BL/6J mice (8 weeks old, approximately 25 g) were purchased from the Experimental Animal Center of
Nanjing Medical University. All animals were housed under controlled laboratory conditions with free access to
food and water. The UUO model was established using standard surgical procedures to induce CKD [30]. After a
minimum 7-day acclimatization period, mice were randomly divided into four groups (n = 6 per group): sham-
operation group, UUO group, LIG + sham group, and LIG + UUO group. In the UUO group, mice underwent
unilateral ureter ligation to induce CKD. Ligustroflavone (Purity: 99.9%; T3802, Targetmol, china) was adminis-
tered at 30 mg/kg body weight by daily intragastric gavage, following previously reported protocols [26]. Mice
received either vehicle (10% DMSO+40% PEG300 + 5% Tween-80 + 45% saline, v/v) or a 30 mg/kg ligustrofla-
vone (dissolved in vehicle) solution once daily for 7 days after surgery. In folic acid-induced nephropathy (FAN)
mouse model, mice were randomly divided into four groups (n=6 per group): Vehicle group, Vehicle + FAN
group, LIG group, and LIG + FAN group. In the FAN group, mice were intraperitoneal (i.p) injection with
250 mg/kg folic acid (F7876, Sigma-Aldrich, USA) dissolved in 0.3 M sodium bicarbonate (vehicle) as previously
described [31]. Control animals received equal volume of vehicle (i.p). Mice were sacrificed after 15 days of FA
administration. At the end of the experiment, blood collection from inferior vena cava under anesthesia, then
the mice were euthanized through cervical dislocation and kidney tissues were collected and preserved for
subsequent analyses. Only male mice were used in this study, as estrogen can influence fibrosis development.
All animal procedures were performed in accordance with the guidelines of the Animal Ethics Committee of
Nanjing Medical University (approval number: IACUC 2310025-2).
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Cell culture

MPTCs (CRL-3361, ATCC, USA) and NRK-49F fibroblasts (CRL-1570, ATCC, USA) were obtained from the Amer-
ican Type Culture Collection (ATCC, Virginia, USA). MPTCs were cultured in DMEM/F-12 medium (11320033,
Gibco, USA) supplemented with 10% fetal bovine serum (FBS), 100 pg/mL streptomycin, and 100 pg/mL peni-
cillin, at 37 °C, in a humidified incubator with 5% CO,. To evaluate the effects of ligustroflavone, MPTCs were
exposed to different concentrations of ligustroflavone for 24 h. For ferroptosis induction, MPTCs were pre-
treated with 20 uM ligustroflavone for 1 h, followed by exposure to erastin (10 uM, 571203-78-6, MCE,
China) for 24 h. The culture supernatant from MPTCs treated with ligustroflavone and erastin was subsequently
applied to NRK-49F cells for co-culture experiments. For gene silencing, mouse GSK3[3 CRISPR/Cas9 plasmids
(sequence provided in Supplementary Table 1) were purchased from Tsingke Biotechnology (Nanjing, China).
MPTCs were transfected with either an empty vector or GSK3B-knockout plasmids using Lipofectamine 2000
(11668030, Thermo Fisher Scientific, USA). Cells were harvested for subsequent analyses.

Quantitative real-time reverse transcription polymerase chain reaction (QRT-PCR) and Western
blotting (WB)

Total RNA was extracted from cells or kidney tissues using TRIzol reagent (9108, Takara, Japan). cDNA was syn-
thesized using reverse transcription reagents (2641A, Takara, Japan). qRT-PCR was performed on an ABI system
(QuantStudio 3, Applied Biosystems, California, USA) using SYBR Green dye (Q311-02, vazyme, China). Relative
mMRNA expression was calculated using the cycle threshold value (ACt) method, normalized to housekeeping
genes. Primer sequences are listed in Supplementary Table 1. For Western blotting, kidney tissue, MPTCs, and
NRK-49F cells were lysed in RIPA buffer (P0013B, Beyotime, china) supplemented with protease inhibitors
(11697498001, Roche, Indianapolis, USA). Equal volumes of protein samples were subjected to SDS-PAGE
and transferred to membranes for immunoblotting. Protein bands were visualized using an enhanced chemi-
luminescence (ECL) system (Bio-Rad, California) and quantified with ImageJ software (National Institutes of
Health, USA). Primary and secondary antibodies are listed in Supplementary Table 2.

Sirius Red and PAS (Periodic acid Schiff) staining

Kidney tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned into 4-micron-thick
sections using a microtome. Following deparaffinization and rehydration, sections were stained with Sirius
Red (RS1220, G-CLONE, china) or PAS (G1281, Solarbio, china). Fibrotic areas in the renal cortex were assessed
in a double-blind manner using Sirius Red staining [32]. Images were acquired using an Olympus microscope
(BX51, Tokyo, Japan) at 200x magnification. The renal injury scores (0-4) were analyzed and valued based on
the percentage of the histological damage to the renal tissue, characterized by cast formation, tubular cell
lysis, dilation, and loss of brush border as described in previous studies [33,34]: 0, no abnormalities; 1+, <
25%; 2+, 25-50%; 3+, 50-75%; and 4+, >75%.

Immunofluorescence (IF) staining

NRK-49F cells were seeded on coverslips, fixed with 10% formaldehyde, and subjected to immunofluores-
cence staining. Mouse kidney tissues were fixed in formaldehyde and dehydrated. After permeabilization
with 0.5% Triton X-100 (ST1723, beyotime, China), nonspecific binding was blocked with FBS. Samples
were then incubated sequentially with primary and secondary antibodies. Fluorescence images were cap-
tured using a fluorescence microscope (Carl Zeiss, Oberkochen, Germany). Antibodies are listed in Sup-
plementary Table 3.

Immunohistochemical (IHC) staining

Kidney tissue samples were sectioned at 4 um thickness, deparaffinized, and incubated in citrate buffer for
antigen retrieval. Endogenous peroxidase activity was blocked with H,0,, followed by blocking with bovine
serum albumin (ST2249, beyotime, China). Sections were then incubated with primary and secondary antibodies
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(listed in Supplementary Table 3). Immunohistochemical images were captured using a microscope (Olympus
Corporation, Tokyo, Japan). Positive staining areas were semi-quantitatively analyzed using ImageJ software.

TUNEL and cell viability assays (TUNEL, CCK-8, LDH, and EdU)

Apoptotic cells in kidney tissue sections were detected using the BrightGreen TUNEL kit (A112-01/02/03,
Vazyme, China) according to the manufacturer’s instructions. Briefly, the TdT solution was applied to the sec-
tions, and apoptotic cells were visualized with a fluorescence microscope (Carl Zeiss, Oberkochen, Germany).
For each sample, at least five random fields were imaged at 200x magnification under dark-field conditions,
and the number of TUNEL-positive cells was quantified.

Cell viability was measured using the CCK8 kit (C0037, Beyotime, China). CCK-8 reagent was added to cul-
tured MPTCs and incubated in an incubator for 1-4 h, after which absorbance was measured. Cytotoxicity
was further evaluated by quantifying lactate dehydrogenase (LDH) release in the culture medium using a
biochemical analyzer (Hitachi, Tokyo, Japan).

Proliferation of NRK-49F was assessed with the EdU kit (C0071S, Beyotime, China) according to the man-
ufacturer’s protocol. Briefly, the EdU solution was added to cell cultures to incorporate into newly syn-
thesized DNA. Cells were then stained with Apollo Green fluorescent dye to label proliferating cells and
counterstained with Hoechst for nuclear visualization. Images were acquired using a fluorescence micro-
scope, and fibroblast proliferation was expressed as the percentage of EdU-positive cells.

Determination of lipid peroxidation

Lipid peroxidation was evaluated using the BODIPY-C11 fluorescent probe (D3861, Thermo Fisher, Massa-
chusetts, USA), which detects lipid peroxidation in living cells. MPTCs were seeded in confocal culture
dishes and co-cultured with Erastin and/or ligustroflavone, then stained with BODIPY-C11. Fluorescence
at different wavelengths was recorded using a laser confocal microscope. To further assess ferroptosis, glu-
tathione (GSH), glutathione disulfide (GSSG), and malondialdehyde (MDA) levels were quantified, as these
are markers of lipid peroxidation. The GSH/GSSG ratio was determined using a commercial kit (S0053, Beyo-
time, China). MDA levels in kidney tissues and MPTCs samples were measured using a Beyotime kit (501315,
Beyotime, China). Absorbance values for GSH/GSSG and MDA were analyzed with a microplate reader
(Thermo Multiskan FC, Thermofisher, USA).

Determination of iron content

Intracellular and tissue Fe** levels were measured with an iron assay kit (BC5410, solarbio Biotechnology,
China) according to the manufacturer’s instructions. Absorbance was read at 520 nm using a microplate
reader, and iron levels were expressed as umol/mg protein.

Cellular thermal shift assay (CETSA)

To detect the possible direct binding of ligustroflavone to GSK3[3, CETSA assay was performed as previously
described [35]. Briefly, mPTCs were treated with 20 uM ligustroflavone or vehicle (DMSO) for 4 h and then
suspended in PBS. The suspension was divided into six aliquots (about 10° cells/aliquot) and heated indivi-
dually at different temperatures (42, 44, 46, 48, 50, and 52 °C) for 3 min. Next, the cells were lysed using three
freeze—thaw cycles (a protease inhibitor was added). Finally, western blot was performed to detect GSK3b
protein levels in the supernatants.

Statistical analysis

All data are expressed as the mean + standard deviation (SD). Normalcy was evaluated for all data sets gen-
erated in this study using the unpaired Student’s t-test, one-way or two-way ANOVA using GraphPad Prism
6.0 (GraphPad Software, California, USA) and the specific statistical test employed to compare paired or
grouped data is added to the figure legend. A p-value < 0.05 was considered statistically significant.
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Results
Ligustroflavone reduces renal tubular injury and renal fibrosis in UUO mice

Compared with the sham-operated group, PAS staining revealed that kidneys from UUO mice exhibited
marked structural abnormalities, including tubular lumen dilation and brush border detachment (Figure
1(A)). In contrast, ligustroflavone-treated mice displayed significantly lesser tubular and interstitial injury
than untreated UUO mice. Extracellular matrix deposition was evaluated using Sirius Red staining to
assess renal fibrosis. Collagen accumulation in the renal interstitium was markedly increased in UUO mice,
indicating severe fibrosis. However, ligustroflavone treatment significantly reduced matrix deposition
(Figure 1(B)). Immunofluorescence analysis of COL1A1 (collagen type | alpha 1) showed negative staining
in both sham ligustroflavone-treated groups. In UUO mice, COL1A1 expression was strongly upregulated,
whereas ligustroflavone administration significantly suppressed its expression (Figure 1(C)). Similarly, the
expression of fibronectin and a-SMA proteins was markedly elevated in UUO renal tissues compared with
controls. Ligustroflavone treatment effectively inhibited the upregulation of these fibrosis-related proteins
(Figure 1(D)). Additionally, there was no obvious renal, liver, or heart damage after daily gavage with
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Figure 1. Ligustroflavone improves renal interstitial fibrosis in UUO mice. (A) PAS staining of kidney tissues and tubular
injury index; magnification, 400x; scale bar, 20 um (B) Sirius Red staining of kidney tissues with semi-quantitative analysis
by Imagel. (C) IHC staining of collagen | with semi-quantitative analysis by Imagel. (D) Western blot analysis of fibronectin
and a-SMA expression in kidney tissues with corresponding densitometric quantification. Data are presented as mean % S.D.
(n=6). ****P <0.0001, ***P < 0-001, **P < 0-01. (One-way ANOVA).
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ligustroflavone for 21 days, compared with control group, suggesting no visible toxic effects of ligustrofla-
vone in the mice (Supplementary Figure 1). Together, these findings indicate that ligustroflavone attenuates
renal tubular injury and fibrosis induced by UUO.

Ligustroflavone improves the inflammation and death of RTECs caused by ureteral obstruction

Inflammatory responses and RTECs death are important mechanisms of early CKD injury. TUNEL staining
revealed a marked increase in RTECs apoptosis in UUO kidneys compared with sham-operated controls,
whereas ligustroflavone administration significantly reduced RTECs death (Figure 2(A)).

Western blot analysis (Figure 2(B)) further demonstrated that ligustroflavone treatment reversed the UUO-
induced upregulation of KIM-1 and NGAL, established markers of renal tubular injury.

Inflammation is a hallmark of tubular damage in CKD, characterized by infiltration of immune cells and
production of proinflammatory cytokines. IHC staining showed that F4/80-positive macrophages were sig-
nificantly increased in UUO kidneys compared with sham controls. Ligustroflavone treatment markedly
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Figure 2. Ligustroflavone attenuates inflammation and death of RTECs caused by UUO. (A) TUNEL staining of renal tissues
(magnification 400x; scale bar, 20 pm; green: TUNEL; blue: DAPI). Semi-quantitative analysis of TUNEL-positive cells is
shown. (B) Western blot analysis of KIM-1 and NGAL protein expression in renal tissues. Band densities were quantified
using Imagel, with statistical results shown to the right. (C) IHC staining of F4/80 in renal tissues (magnification, 400x;
scale bar, 20 pym), Semi-quantitative analysis by ImageJ is shown to the right. (D) Expression of IL1f, IL6, TNFa, and
MCP1 genes in renal tissues measured by qRT-PCR. Data are presented as mean + SD (n=6). ****P < 0-0001, ***P <
0-001, **P < 0-01,*P < 0-05 (one-way ANOVA for A, B, C, two-way ANOVA for D).
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reduced macrophage infiltration (Figure 2(C)). Consistent with these findings, qRT-PCR analysis demon-
strated that ligustroflavone significantly decreased expression of pro-inflammatory cytokines, including
IL1B, IL6, TNFa, and MCP1, in UUO kidneys (Figure 2(D)). Together, these results indicate that ligustroflavone
protects RTECs from UUO-induced apoptosis and suppresses inflammatory cell infiltration and cytokine
production.

Ligustroflavone activated the GSK3B/NRF2 pathway

Previous studies have shown that ligustroflavone has antioxidant properties [29], but its precise mechanism
of action remains unclear. To explore the molecular mechanism underlying its protective effects in CKD, we
predicted potential ligustroflavone targets using SwisstargetPrediction software. Candidate targets were
further analyzed by molecular docking with AutoDock (version 4.2.6). Docking results indicated that ligus-
troflavone could directly bind to GSK3[3, which mediates NRF2 phosphorylation and degradation (Figure
3(A,B)). A CCK-8 assay demonstrated that ligustroflavone (10-200 pumol/l) had no cytotoxic effects on
MPTCs compared with vehicle. However, at 200 umol/l, ligustroflavone significantly reduced MPTC viability

Targets Docking score based on free
(receptor) energy of binding (kcal/mol)
GSK3B -7.557
TNFa -4.557
AKR1B1 -2.33
C Vehicle LIG(20 uM)
42 44 46 48 50 52 42 44 4648 5052 (° C) D venicte Li20 M) E venice LIG

o [ SR |1ox "2 SR
= FEEEEE
GAPDH Ih--m '36 kDa Misks

HO-1

= LIG (20 uM)

28 kDa

pabiejug

Relative GSK3p protein levels

F Vehicle Sham Vehicle UUO LIG Sham LIG UUO Vehicle Sham Vehicle UUO LIG Sham LIG UUO

pabaejug
pabiejug
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Figure 3. Ligustroflavone acting on the GSK3B/NRF2 pathway. (A, B) Predicted interaction between ligustroflavone and
GSK3p using target prediction and molecular docking software. (C) Cellular thermal shift assay (CETSA) of GSK3b with or
without ligustroflavone (20 umol/L) in mPTCs, band densities were quantified using ImageJ, the below image is the stat-
istical results. (D) Western blot analysis of phosphorylated GSK3f (p-GSK3B). NRF2, and HO-1 in MPTCs with or without
ligustroflavone (20 pM) pretreatment. (E) Immunofluorescence analysis of NRF2 nuclear localization in MPTCs treated
with ligustroflavone (20 pmol/L). Quantification was performed using Imagel. (F) Immunofluorescence analysis of p-
GSK3B nuclear co-localization. (G) Immunofluorescence analysis of NRF2 and Lotus tetragonolobus lectin (LTL) co-localiz-
ation in renal tissues after 7 days of intragastric ligustroflavone (30 mg/kg) treatment with or without UUO. Data are pre-
sented as mean £ SD (n =6). ****P < 0-0001, ***P < 0-001, **P < 0-01. (One-way ANOVA).
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relative to lower concentrations (Supplementary Figure 1A). Additionally, CETSA assay was used to analyze
the direct binding of ligustroflavone to GSK3b. The results showed that ligustroflavone treatment induced a
right shift in the thermal melting curve of GSK3b (Figure 3(C)). When MPTCs were treated with ligustrofla-
vone (20 uM) for 24 h, phosphorylation of GSK3p at Tyr216 was significantly reduced, indicating GSK3p inhi-
bition. Concurrently, NRF2 and HO-1 expression levels were upregulated (Figure 3(D) & Supplementary
Figure 2C), with the mRNA levels of GSK3{3 were not affect (Supplementary Figure 2B). Inmunofluorescence
analysis further confirmed that ligustroflavone enhanced NRF2 nuclear localization (Figure 3(E) & Sup-
plementary Figure 2D). In vivo, oral administration of ligustroflavone (30 mg/kg) for 7 days effectively inhib-
ited GSK3B activity in renal tissues (Figure 3(F) & Supplementary Figure 2E). Fluorescence imaging
demonstrated co-localization of Lotus tetragonolobus lectin (LTL, a marker of proximal tubules) with
NRF2 following treatment (Figure 3(G) & Supplementary Figure 2F). However, the mRNA levels of GSK3b
were not affect after ligustroflavone treatment (Supplementary Figure 2G). Collectively, these results indicate
that ligustroflavone suppresses GSK3{ activity and promotes NRF2 activation in renal tubules.

Ligustroflavone prevents ferroptosis in renal tubular interstitium caused by UUO

NRF2 plays a critical role in GPX4-dependent ferroptosis [36,37]. Therefore, we investigated whether ligus-
troflavone protects against ferroptosis by regulating the NRF2/GPX4 axis. Chelatable Fe** content in
kidney tissues was first measured. Compared with control mice, Fe** levels were significantly elevated in
UUO kidneys, whereas ligustroflavone treatment reduced Fe** accumulation (Figure 4(A)). UUO also
decreased the GSH/GSSG ratio in kidney tissues, while ligustroflavone treatment significantly restored this
ratio (Figure 4(B)). Similarly, ligustroflavone reduced UUO-induced increase in MDA levels (Figure 4(Q)).
Long-chain acyl-CoA synthetase 4 (ACSL4) is a key driver of ferroptosis, whereas prostaglandin-endoperoxide
synthase 2 (PTGS2) is considered a downstream marker of lipid peroxidation and inflammation. qRT-PCR
revealed that ACSL4 and PTGS2 mRNA expression was significantly increased in UUO kidneys compared
with controls (Figure 4(D)). Western blot analysis demonstrated that ligustroflavone reduced UUO-
induced p-GSK3B expression while upregulating NRF2 and GPX4 protein levels (Figure 4(E)). To assess
lipid peroxidation, 4-hydroxynonenal (4-HNE), a major end-product of lipid peroxidation and biomarker of
oxidative stress, was examined by IHC. UUO markedly increased 4-HNE expression, whereas ligustroflavone
treatment restored normal levels (Figure 4(F)).

Finally, mitochondrial ultrastructure was evaluated by transmission electron microscopy (TEM). Control
kidneys displayed normal mitochondria, whereas UUO kidneys exhibited severe structural damage, includ-
ing cristae disintegration, atrophy, and membrane rupture. Remarkably, ligustroflavone treatment alleviated
mitochondrial injury (Figure 4(G)).

Ligustroflavone prevents ferroptosis in MPTCs via the GSK3f pathway

Erastin is a widely used inducer of ferroptosis[38]. Cell viability assays showed that ligustroflavone attenuated
Erastin-induced cytotoxicity in MPTCs in a concentration-dependent manner, with maximal protective
effects observed at 20 uM (Figure 5(A)).

At this concentration, ligustroflavone reduced Erastin-induced lactate dehydrogenase (LDH) release and
MDA accumulation (Figure 5(B and Q)). Erastin also decreased the GSH/GSSG ratio in MPTCs, whereas ligus-
troflavone treatment restored this ratio (Figure 5(D)). BODIPY-C11 staining was used to assess lipid peroxi-
dation. Erastin caused a shift in the BODIPY-C11 fluorescence from red (reduced state) to green (oxidized
state). Ligustroflavone treatment reversed this shift, restoring predominantly red fluorescence, consistent
with reduced lipid peroxidation (Figure 5(E)).

To determine whether the protective effect of ligustroflavone against ferroptosis is mediated by GSK3,
GSK3p was silenced in MPTCs (Figure 5(F)). Ligustroflavone improved cell viability in Erastin-treated MPTCs in
the negative control (NC) group. However, in the GSK3B knockout (KO) group, ligustroflavone failed to
rescue cell viability (Figure 5(G)). These findings indicate that ligustroflavone exerts its anti-ferroptotic
effects in MPTCs through activation of the GSK33 pathway.

To evaluate whether ligustroflavone affects renal myofibroblast activation, NRK-49F cells were cultured
with supernatants from MPTCs pretreated with Erastin (10 uM) and/or ligustroflavone (20 uM). EdU assays
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Figure 4. Ligustroflavone prevents ferroptosis in UUO mice. (A) Iron (Fe**) content in kidney tissues was measured by an
assay kit. (B) qRT-PCR analysis of IL1B, IL6, TNFa and MCP-1 mRNA expression in renal tissues. GSH/GSSG ratio was also
measured by gRT-PCR in UUO mice with or without ligustroflavone treatment. (C) MDA levels are measured by an assay
kit. (D) gRT-PCR analysis of ACSL4 and PTGS2 expression in UUO kidneys with or without ligustroflavone treatment. (E)
Western blot analysis of p-GSK3B. NRF2, and GPX4 protein expression in UUO kidneys. Band densities were quantified
using ImageJ, with statistical results shown to the right. (F) IHC staining of 4-HNE in renal tissues. (G) TEM images of mito-
chondrial morphology in renal tissues, the red arrow indicated the damaged mitochondria characterized by fracture and
absence of mitochondrial cristae (Scale bar, 1 um). Data are presented as mean £ SD (n=6). ****P < 0-0001, ***P <
0-001, **P < 0-01. ns: not significant, (two-way ANOVA for D, one-way ANOVA for other cases).

revealed that supernatant from Erasin-treated MPTCs promoted NRK-49F proliferation, whereas supernatant
from MPTCs co-treated with ligustroflavone and Erastin significantly reduced EdU-positive cells. (Figure 6(A)).
Immunofluorescence staining demonstrated that Erastin increased a-SMA expression in NRK-49F cells, while
ligustroflavone treatment attenuated this increase (Figure 6(B)). These findings suggest that ligustroflavone
inhibits NRK-49F activation by suppressing ferroptosis in MPTCs.
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Figure 5. Ligustroflavone prevents ferroptosis in MPTCs via the GSK3[ pathway. (A) CCK8 assay of MPTC viability. (B) LDH
release in MPTCs was measured by a biochemical analyzer. (C) MDA levels in MPTCs were measured by an assay kit. (D) GSH/
GSSG ratio in MPTCs by assay kit. (E) Immunofluorescence staining of MPTCs with BODIPY-C11 probe (scale bar, 10 uym;
green: oxidized lipids; red: reduced lipids; blue: Hoechst). Semi-quantitative ImageJ analysis shown below. (F) Western
blot analysis of GSK3B protein expression in MPTCs. Band densities were quantified by Image) with statistical results
shown below. (G) Cell viability was measured by CCK-8 assay, compared between control and GSK3f knockout models.
Data are presented as mean = SD (n=6). ****P < 0-0001, ***P < 0-001,*P < 0-05, ns: no statistical difference (one-way
ANOVA).

ligustroflavone attenuated progression of CKD in a FAN mouse model

Folic acid-induced nephropathy (FAN) mouse model is another stable and well-established model used to
investigate the pathogenesis of CKD. We found that ligustroflavone greatly mitigated collagens deposition
around renal tubules caused by FAN (Figure 7(A)). Ligustroflavone substantially reduced the expression of
fibronectin and a-SMA, which were strongly induced in the FAN group (Figure 7(B)). This observation
proved that ligustroflavone decreased kidney fibrosis and ameliorated ferroptosis-associated injury in
FAN-induced CKD.

Discussion

CKD is characterized by an extremely complex pathological process in which multiple harmful factors impair
renal structure and function. Persistent chronic inflammation initiates fibrosis, activates renal interstitial cells,
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expression in NRK-49F cells. Semi-quantitative ImageJ analysis shown below. (scale bar, 20 um). Data are presented as
mean + SD (n =6). ****P < 0-0001, **P < 0-01 ns: no statistical difference (one-way ANOVA).

promotes the expression of fibrosis-related cytokines, and increases extracellular matrix (ECM) deposition,
including fibrin and collagen, ultimately leading to renal fibrosis [39]. Because no effective strategy currently
exists to reverse or halt CKD progression, the development of novel targeted therapies is urgently needed. In
this study, using both cell and animal models, we investigated the renoprotective effects against ferroptosis
in CKD, representing the first report of its role in this context.

Ligustri Lucidi Fructus(LLF), derived from the dried mature fruits of Ligustrum lucidum Ait (Oleaceae), is a
widely used traditional Chinese medicinal material [40]. Ligustroflavone, a characteristic flavonoid isolated
from LLF, is one of its key bioactive ingredients. Previous studies have demonstrated that ligustroflavone
possesses antioxidant [41], anti-tumor [42], and anti-osteoporosis properties [43]. Additional pharmacologi-
cal activities include anti-inflammatory [23] and anti-complement effects [24]. Moreover, ligustroflavone acts
as an antagonist of the calcium-sensing receptor, a mechanism that contributes to its anti-osteoporosis
effects in diabetes [41]. It has also been shown to reduce necroptosis in rat brains following ischemic
stroke by targeting the RIPK1/RIPK3/MLKL pathway [25].

Our findings expand on these pharmacological properties by demonstrating that ligustroflavone protects
against kidney injury. In the CKD mouse model induced by UUO and FAN, ligustroflavone treatment reduced
expression of fibrosis markers, including collagen la1, fibronectin, and a-SMA, and decreased tubular
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Figure 7. Ligustroflavone improves renal interstitial fibrosis in FAN mice. (A) Sirius Red staining of kidney tissues with semi-
quantitative analysis by Imagel. (B) Western blot analysis of fibronectin and a-SMA expression in kidney tissues with corre-
sponding densitometric quantification. Data are presented as mean £ S.D. (n = 6). ****P < 0.0001, ***P < 0-001, **P < 0-01.
(One-way ANOVA).

apoptosis (TUNEL staining), tubular injury markers (KIM-1 and NGAL), and macrophage infiltration (F4/80).
Ligustroflavone also reduced ECM deposition, lipid peroxidation, and interstitial inflammation. Collectively,
these results suggest that ligustroflavone is a promising therapeutic candidate for CKD.

Previous studies have demonstrated that ligustroflavone has antioxidant effects [29], but its precise mol-
ecular mechanisms remain unclear. To investigate potential mechanisms, we used AutoDock to identify
small molecules with stable binding affinity for ligustroflavone. Computational screening predicted that
ligustroflavone could bind stably to GSK3(, potentially triggering downstream biological effects. Notably,
GSK3B mediates ubiquitination and degradation of NRF2. Following ligustroflavone treatment, phosphoryl-
ation of GSK3B at Tyr216 decreased, indicating inhibition of GSK3( activity, whereas NRF2 and HO-1
expression levels increased. Ligustroflavone also promoted Nrf2 stabilization and nuclear translocation.
These findings suggest that the GSK3B/NRF2/HO-1 pathway is an important mechanism through which
ligustroflavone exerts its protective effects.

Progressive CKD is a multifactorial disease with complex pathogenesis involving mitochondrial dysfunc-
tion, oxidative stress, chronic inflammation, apoptosis, necrosis, and fibrosis, all of which represent potential
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Figure 8. Schematic diagram of our study. Overview of the role and mechanism of ligustroflavone in CKD.

therapeutic targets [4,5]. Recent studies indicate that ferroptosis contributes to several pathogenic processes
underlying progressive CKD [44,45]. As noted earlier, NRF2 plays a critical role in GPX4-dependent ferroptosis
[36,37]. Accumulating evidence suggests that inhibiting ferroptosis and associated oxidative stress is crucial
for alleviating kidney injury. Indeed, in the UUO mouse model, ferroptosis contributes to pathological RTECs
death [46]. In our study, ligustroflavone treatment reduced ferroptosis-related alterations, including
increased chelatable Fe**, reduced GSSG/GSH ratio, elevated MDA levels, and upregulation of ACSL4 and
PTGS2. Furthermore, ligustroflavone suppressed P-GSK3f and increased NRF2 and GPX4 expression, while
also reducing 4-HNE levels. Together, these findings indicate that ligustroflavone mitigates ferroptosis in
UUO kidneys. Ferroptosis is a regulated, iron-dependent form of cell death that occurs when lipid peroxides
accumulate and core antioxidant defenses fail [7]. Consistent with this, our in vitro experiments demon-
strated that ligustroflavone restored MPTC viability following Erastin treatment, reduced LDH release and
MDA accumulation, and inhibited NRK-49F activation. Taken together, these results suggest that ligustrofla-
vone improves CKD outcomes by inhibiting ferroptosis in renal tubular epithelial cells.

GSK3p is widely expressed in the kidney, with its highest enrichment and functional importance in renal
tubular epithelial cells (particularly proximal tubules), followed by podocytes and mesangial cells in the glo-
meruli[47]. Previous studies have reported that GSK3[3 may represent an effective therapeutic target for pre-
venting TEC fibrosis and mitigating renal fibrosis [48]. TDZD-8 (a known GSK3b inhibitor) treatment had been
found could reduce renal injury and fibrosis in CKD animal models [22]. However, there without GSK3b
inhibitors have been used in clinical treatment of CKD. In this study, we demonstrated that ligustroflavone
may act as a possible inhibitor of GSK3b to reduce renal injury and fibrosis. Ligustroflavone with clinical
translational prospects as it is derived from known plant drugs.

A key question is whether ligustroflavone inhibits ferroptosis in tubular cells induced by Erastin via GSK3f3
activation. In our experiments, ligustroflavone treatment restored the GSH/GSSG ratio and reduced lipid per-
oxidation, as measured by BODIPY-C11 staining, consistent with ferroptosis inhibition. Molecular docking
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further suggested that ligustroflavone directly binds to GSK3{, promoting NRF2 nuclear translocation and
enhancing expression of downstream target genes. Interestingly, ligustroflavone treatment also increased
GPX4 protein levels in UUO kidneys. These findings support the hypothesis that ligustroflavone exerts its
renoprotective effect by modulating the GSK3B/NRF2 signaling axis, thereby suppressing lipid peroxidation,
oxygen metabolism, and alleviating ferroptosis in CKD. However, our study has limitations. We did not
confirm a direct physical interaction between ligustroflavone and GSK3, although our data suggest that
ligustroflavone prevents NRF2 degradation mediated by GSK33-dependent ubiquitination. Additional exper-
imental evidence is required to validate the interaction between ligustroflavone and GSK3f and determine
whether ligustroflavone may also act through protective pathways in the kidney.

Conclusion

In summary, our findings suggest that ligustroflavone protects against UUO and FAN-induced CKD by inhi-
biting ferroptosis and reducing lipid peroxidation via regulation of the GSK3[3/NRF2 pathway (Figure 8). This
study confirms both the efficacy and molecular mechanisms of ligustroflavone in renal injury at cellular and
animal levels and highlights its potential as a promising therapeutic agent for CKD.
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