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Abstract: Objectives: Renal interstitial fibrosis (RIF) represents the final pathway in most progressive renal dis-
eases. Curculigoside (CCQG), derived from Curculigo Pilosa, affects oxidative stress and inflammation. However, the
effects of CCG on RIF remain unclear. This study explored the nephroprotective role of CCG in regulating oxidative
stress through the nuclear factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) pathway. Methods:
Bioinformatic analysis was employed to identify the targets of CCG, elucidate the underlying pathways, and analyze
molecular docking results. C57BL/6 mouse models of unilateral ureteral obstruction (UUO) were established to
validate the results. Morphologic changes were assessed by pathologic examination, and the expression of proteins
associated with renal ferroptosis and fibrosis was analyzed by western blotting. Additionally, the levels of glutathi-
one (GSH), malondialdehyde (MDA), superoxide dismutase (SOD), and iron were measured. Results: In total, 3,532
differentially expressed genes (DEGs) were identified, comprising 2,290 upregulated and 1,242 downregulated
genes. We retrieved 484 ferroptosis-related genes from the ferroptosis regulators (FerrDb) database, identifying
143 DEGs after intersecting with those from the Gene Expression Omnibus Series 217654 dataset (GSE217654).
The key identified genes included nicotinamide adenine dinucleotide oxidase 4 (NOX4), activating transcription fac-
tor 3 (ATF3), mitogen-activated protein kinase 14 (MAPK14), tissue inhibitor metalloproteinase 1 (TIMP1), and early
growth response 1 (EGR1). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses
indicated that these genes were enriched in oxidative signaling pathways. The results exhibited the docking activity
of CCG with related targets. CCG significantly alleviated histopathologic damage, reduced MDA and iron levels, and
increased GSH and SOD levels. Protein analysis indicated that CCG alleviated fibrosis and enhanced the protein
expression of antioxidants in UUO kidney tissues. CCG activated the Nrf2/HO-1 pathway and reduced UUO-induced
ferroptosis. Conclusions: CCG may improve renal fibrosis and mitigate ferroptosis by activating the Nrf2/HO-1 signal-
ing pathway.
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Introduction brane, increased protein filtration, and kidney

shrinkage [4]. However, there is no specific

Chronic kidney disease (CKD) constitutes a
growing global public health challenge, charac-
terized by an increasing incidence [1]. Renal
interstitial fibrosis (RIF) is characterized by
excessive deposition of extracellular matrix
(ECM) in the renal interstitium [2]. RIF common-
ly affects glomerular podocytes, which are criti-
cal for remodeling the glomerular basement
membrane (GBM) and forming filtration slits
between the interdigitating foot processes [3].
These changes result in podocyte detachment
from the GBM, damage to the fissure mem-

treatment for renal interstitial fibrosis in CKD,
and dialysis has limitations in addressing fibro-
sis-related renal damage [5, 6]. Therefore, the
molecular regulatory mechanisms underlying
renal fibrosis should be explored, and suitable
treatments should be investigated [7].

Studies have identified a correlation between
ferroptosis and renal interstitial fibrosis; how-
ever, the exact role of ferroptosis in this context
remains unclear [8]. Ferroptosis is an iron-
dependent mechanism characterized by thicker
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lipid bilayer membranes and reduced cell con-
nectivity, leading to cell detachment [9]. Fer-
roptosis involves complex regulatory mecha-
nisms, including antioxidants, lipids, and iron
metabolism pathways [10]. Glutathione (GSH)
and glutathione peroxidase 4 (GPX4) are crucial
for lipid repair, exhibiting strong antioxidant
properties [11]. In case of GPX4 insufficiency,
superoxide accumulation leads to ferroptosis
[12]. To date, no chemical or natural drugs have
shown a definitive effect on renal fibrosis;
therefore, it is necessary to explore alternative
treatments.

Active ingredients in traditional Chinese medi-
cine (TCM) are commonly used to treat diseas-
es [13]. CCG, a traditional Chinese medicinal
plant, has demonstrated anti-inflammatory and
antioxidant properties in various diseases,
including osteoporosis, idiopathic pulmonary
fibrosis, and ulcerative colitis [14-16]. Despite
numerous studies demonstrating the pharma-
cologic benefits of CCG in combating oxidative
stress, studies regarding its efficacy in treating
CKD remain inconclusive. Due to its extensive
computational capabilities, bioinformatics has
recently enabled the analysis of disease mech-
anisms from various aspects [17]. It challenges
the traditional paradigm of “one disease-one
target-one drug”, elucidates the mechanisms
underlying complex diseases, and can be effec-
tively employed in conjunction with molecular
docking techniques [18]. Therefore, identifying
natural products based on bioinformatics and
molecular docking provides novel insight into
drug development.

Nrf2, a redox-sensitive transcription factor, pro-
tects against oxidative damage [19]. The Nrf2/
ARE signaling pathway significantly enhances
the expression of the downstream protein HO-1
[20]. Evidence suggests that HO-1 is a pivotal
protein for ferroptosis [21]. However, the poten-
tial relationship between CCG, Nrf2/HO-1, and
RIF warrants further investigation.

In this study, C57BL6 mice were chosen to
establish in vivo models of UUO, with CCG as
the intervention. The results demonstrated that
CCG improved renal interstitial fibrosis by miti-
gating oxidative stress. Bioinformatics and
molecular docking indicated that CCG acted
through the Nrf2/HO-1 signaling pathway.
These results suggest that CCG significantly
protects against renal fibrosis, offering a valu-
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able foundation for further clinical research on
the treatment of CKD.

Materials and methods

Targeted genes, data processing, and data
sources

The gene expression profile of renal interstitial
fibrosis was obtained from the GEO database
(https://www.ncbi.nlm.nih.gov/geo/) with GSE
number GSE217654. After log transformation
and normalization, a differential analysis was
conducted using the limma package of R. Gene
annotation information from GPL28457 was
used to convert probe IDs to gene symbols.
Data on ferroptosis-related genes, encompass-
ing drivers, markers, and suppressor genes,
were obtained from the FerrDb database
(http://www.zhounan.org/ferrdb/legacy/). Vol-
cano plots and heatmaps were created utilizing
the ggplot2 and heatmap packages, respec-
tively. Venn diagrams were constructed using
the Venn Diagram package. All analyses were
conducted using R software (version 4.4.4).
The Random Forest SRC package of R was
used for machine learning to screen genes and
identify the most predictive combination of fer-
roptosis-fibrosis markers. After z-score normal-
ization of gene expression data, they were visu-
alized using PheatMap.

Bioconcentration analysis

Biological enrichment analysis is crucial to
understanding how CCG affects renal intersti-
tial fibrosis. This included Gene Ontology (GO)
functional enrichment and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrich-
ment using the clusterProfiler package of R.
Correlations between genes linked to ferropto-
sis and differentially expressed genes (DEGS)
were analyzed using the STRING database. The
ClusterProfiler package was used for KEGG
mapper enrichment analysis. Ggplot2 was used
for data visualization to reveal the key pathway
intersections of those five genes. Results with
p-values of less than 0.05 were visualized using
the ggplot2 package.

Molecular docking

The keyword “curculigoside” was used to
retrieve its small molecular structure file from
the PubChem database. Three-dimensional
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structures of Acyl-COA synthetase long-chain
family member 4 (ACSL4), GPX4, and solute
carrier family 7 member 11 (SLC7A11/xCT)
were obtained from the Protein Data Bank
(PDB). The protein files underwent preprocess-
ing utilizing Python Molecular Viewer (PyMOL)
software. Flexible docking was employed to
account for the side-chain flexibility of key resi-
dues in the binding pocket. During the docking
process, rotatable bonds were allowed for both
the ligand and the receptor. Docking calcula-
tions and validations involving the small mole-
cule CCG and proteins were conducted using
Autodock 1.5.7 software, resulting in multiple
docking outcomes that were subsequently
viewed and analyzed using PyMOL.

Reagents

As a lyophilized product, CCG (HY-NO705) was
provided by MCE (China). ML385 (HY-100523)
and ferrostatin-1 (HY-100579) were purchased
from MCE (China), and transforming growth
factor-f1 (TGF-B1) (10804-HNAC) was pur-
chased from Sino Biological (China). Fetal
bovine serum (FBS, PB180438) was purchased
from Pricella (China). SOD (A001-1-2), GSH
(A0O06-1-1), MDA (A003-1-2), and iron assays
(A0O39-2-1) were purchased from Jiancheng
Bioengineering Institute (China).

Animals

Animal experiments were conducted after
obtaining the approval of the Ethics Committee
at the First Affiliated Hospital of Harbin Medical
University, China (Approval No. 2023069).
Forty-eight male C57BL/6 mice, aged 8 weeks
and weighing no more than 20 g (Liaoning
Changsheng Company, China), were housed
indoors, with a controlled 24-hour light cycle,
and continuous access to a standard diet and
fresh water.

Experimental protocol

Forty-eight mice were randomly allocated to
eight distinct groups: Sham, UUO, UUO+ 1.25
mg/kg CCG; UUO+ 2.5 mg/kg CCG; UUO+ 5
mg/kg CCG; UUO+ 30 mg/kg ML385 (Nrf2
inhibitor); UUO+ 5 mg/kg CCG+ 30 mg/kg
ML385; UUO+ 5 mg/kg Fer-1 (ferrostatin-1).
Mice were anesthetized with 1% amobarbital
sodium and then subjected to UUO by ligating
the left ureter. All treatment groups received
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drugs three hours before modeling by gavage,
while ML385 and Fer-1 were administered
intraperitoneally. CCG and Fer-1 were adminis-
tered for 2 weeks, while treatment with ML385
was continued for 1 week. The mice were euth-
anized after the intervention. The renal tissues
were isolated and weighed. A portion of the kid-
ney tissue was fixed in 10% formalin for histo-
pathologic and immunohistochemical staining,
while the remaining tissues were frozen at
-80°C for further analysis.

Histopathologic analysis

The kidney tissues were examined by staining
3-um slices with Masson’s trichrome and
hematoxylin-eosin (H&E). After deparaffinizing
and hydrating, the slides were rinsed with dis-
tiled water. Subsequently, the cells were
exposed to 3% hydrogen peroxide at room tem-
perature for 10 min. Subsequently, they were
incubated in 10% goat serum for 30 min. The
slides were then incubated overnight at 4°C
with antibodies against the following proteins:
GPX4 (1:100, CY6959, Abways), ACSL4 (1:500,
66617-1-lg, Proteintech), Nrf2 (1:100, CY5136,
Abways), and recombinant solute carrier family
7/member 11 (SLC7A11/xCT) (1:100, Affinity).
Next, following the initial incubation, the sam-
ples were incubated with a secondary antibody
conjugated with peroxidase (RS0002, diluted
1:100, Immunoway) for one hour. After 30
minutes of diaminobenzidine (DAB) develop-
ment and counterstaining with hematoxylin,
the tissues stained immunohistochemically
were ready for further processing. The sections
were analyzed using a digital slide scanner
(3DHistech Ltd.), and Image) software was
used to quantify the positive staining areas.

Western blotting

Kidney tissue proteins were extracted using a
radioimmunoprecipitation assay buffer (RIPA)
kit (Beyotime, China). Protein samples (40 pg)
were separated on 7.5% and 10% SDS-PAGE
gels, and then transferred to polyvinylidene
fluoride (PVDF) membranes (Roche, USA).
After a 1.5-hour incubation at room tempera-
ture, the membranes were blocked with 5%
non-fat milk. Primary antibodies against B-actin
(YM8010, 1:1000, Immunoway), Nrf2 (16396-
1-AP, 1:5000, Proteintech), xCT (CY7046,
1:1000, Abways), GPX4 (CY6959, 1:500,
Abways), ACSL4 (66617-1-1g, 1:3000, Abways),
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HO-1 (10701-1-AP, 1:3000, Proteintech), colla-
gen type | (66761-1-1g, 1:2000, Proteintech),
and fibronectin (66042-1-Ig, 1:2000, Protein-
tech) were then applied. Subsequently, the
PVDF membranes were incubated with peroxi-
dase-conjugated secondary antibodies (RS23-
910, RS23920, Immunoway) for one hour at
ambient temperature. Image) software was
used to quantify band intensity.

Measurement of SOD, GSH, and MDA levels
and iron analysis

The hydroxylamine technique was used to
determine superoxide dismutase (SOD) levels.
A spectrophotometric method was employed to
determine GSH concentrations. The thiobarbi-
turic acid method was employed to measure
MDA levels. A standard curve was used to
determine the level of oxidative stress and pro-
tein content in each sample. Renal tissues from
each group were cut into 10-milligram pieces,
rinsed with ice-cold phosphate-buffered saline
(PBS), and homogenized using the A039-2-1
iron assay kit (Jiancheng Bioengineering
Institute, China) to measure iron levels in kid-
ney tissues.

Statistical analysis

Statistical analyses were conducted using
GraphPad Prism version 10.0. Data were pre-
sented as mean * standard deviation (SD).
One-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test was employed for com-
parisons. The T-test was used for analyzing box-
plots. The correlation between genes was cal-
culated using Spearman correlation analysis to
form Co-expression heatmaps. A P-value of
less than 0.05 was considered significant.

Results

Ferroptosis-related DEGs and PPI network
analysis of ferroptosis-related DEGs

GSE217654 was obtained from the GEO query
to obtain the expression profile data related to
RIF. The dataset GSE217654 comprised three
UUO samples and five control samples obtained
by integrating two distinct transcriptional data
profiles. In total, 3,532 DEGs related to tubu-
lointerstitial lesions were identified, and 484
ferroptosis-related genes were obtained from
the FerrDb database. We identified 143 ferrop-
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tosis-related DEGs by intersecting these DEGs
with those from GSE217654 (Figure 1A). There
were 2,290 upregulated and 1,242 downregu-
lated genes (Figure 1B and 1C). The 143 fer-
roptosis-related DEGs are presented in a Venn
diagram and table (Figure 1D; Table 1). By inte-
grating the results from CytoHubba algorithms,
we identified five key genes, including NOX4,
ATF3, MAPK14, TIMP1, and EGR1 (Figure 1E;
Table 2). Notably, five hub genes, including
MAPK14, ATF3, NOX4, TIMP1, and EGR1, were
annotated as ferroptosis drivers (Table 1).
MAPK14 and NOX4 were upregulated in the
control group, while downregulated in the UUO
group; the expression of ATF3, TIMP1, and
EGR1 showed an opposite pattern (Figure 2).

Bioinformatic analysis of core ferroptosis regu-
lators in RIF

To delineate the pro-ferroptotic or anti-ferrop-
totic roles of the identified genes, we analyzed
their classification using FerrDb. NOX4 is highly
expressed in the kidney [22, 23]. NOX4 has
been suggested to contribute to renal fibrosis
in ischemia/reperfusion-induced acute kidney
injury (AKI) [8]. NOX4 was downregulated in
the UUO group in the GSE217654 dataset
(P<0.001). Pearson analysis indicated that it
was negatively correlated with GPX4 (P<0.05),
XCT (P<0.05) and ACSL4 (P<0.01) (Figure 3A,
3G). ATF3 was initially identified both before
and after renal ischemia and reperfusion [24].
Additionally, ATF3 upregulation was found to
exacerbate ferroptosis [25]. ATF3 was upregu-
lated in the UUO group of the GSE217654 data-
set compared to the control group (P<0.001). It
was not statistically correlated with GPX4
(P>0.05) but was negatively correlated with xCT
(P<0.01) and ACSL4 (P<0.01) (Figure 3B, 3G).
MAPK14 plays a critical role in DNA damage
and repair [26], is involved in cellular growth
and apoptosis [27], and is enriched in 58 path-
ways in the pathogenesis of AKI-diabetes
comorbidity [28]. In the UUO group, MAPK14
was downregulated (P<0.001), and negatively
correlated with GPX4 (P<0.01), xCT (P<0.01),
and ACSL4 (P<0.01) (Figure 3C, 3G). TIMP1
was upregulated in the UUO group (P<0.001),
consistent with the findings in a rat model of
Ischemia-Reperfusion injury (IRI) renal tissue
[29]. It was negatively correlated with GPX4
(P<0.01), xCT (P<0.05), and ACSL4 (P<0.01)
(Figure 3D, 3G). EGR1 was upregulated in the
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Figure 1. Renal Interstitial Fibrosis (RIF) data collection and differential gene analysis. A. RIF target genes identified
from the Gene Expression Omnibus (GEO) differential gene analysis and the ferroptosis target database. B. A heat-
map of 3,532 Differentially Expressed Genes (DEGs), with expression levels color-coded: red for high expression
and blue for low expression. C. Volcano plots depict DEGs between sham and unilateral ureteral obstruction (UUO)
groups, applying the criteria of |log2 (fold change)| >1 and P. adjust <0.05. Red points represent 2,290 up-regulat-
ed genes. Black points indicate 15,626 non-significant differences, and green points denote 1,242 down-regulated
genes. D. A Venn diagram showcasing five key genes identified through the intersection of the results from five
CytoHubba algorithms. E. The protein interaction network illustrates interactions among proteins or genes related
to RIF associated with ferroptosis, comprising 133 nodes and 51 edges for ferroptosis-related DEGs in this context.

7644 Am J Transl Res 2025;17(10):7640-7658



Curculigoside alleviates ferroptosis in renal interstitial fibrosis

Table 1. Ferroptosis-related differentially expressed genes (DEGs), including ferroptosis drivers, sup-

pressors, and markers

Driver

Marker

Suppressor

STING1, AGPS, OSBPL9
GSTZ1, NRAS, SIRT3, MAPK3
CCDCe, SCP2, POR”

TGFB1, CDCA3, “IL1B”
CTSB, CYBB, AGPAT3, MIOX
SAT1, SNX5, TIMP1, YAP1
RPL8, NDRG1, LPIN1
ACADSB, ATF3, ACSL4

AQP3, DPEP1, PGD

G6PDX, CPEB1, CYGB, CDO1
TGFBR1, CFL1, CLTRN, ANOG
PIEZO1, TOR2A, SMPD1
MDM2, NOX4, HMGB1
TIMM9, HMOX1, TNFAIP3
PTPNG, ATF4, DLD

SLC1A5, LONP1, MMD

AMN, GABARAPL1, TRIM26
MAP1LC3A, ACO1, ACSL1
SLC39A7, ELOVL5, EGR1
MDM4, EGLN2, NCOA4
MAPK14, EPAS1, KLF2
FADS2, CIRBP, CD82
MAP3K11, CS, DNAJB6
MTCH1, PEBP1, PGRMC1

HSPB1, SLC40A1 NFE2L2, FTH1, GPX4

AHCY, MTOR, CP

RELA, SRC, STAT3
SIRT3, CD44, HSPB1
MPC1, SLC40A1, KDM4A
CDKN1A, PARP9, CBS
CREB3, LCN2, SRSF9
ARF6, TMSB4X, NQO1
ECH1, IDH2, NFE2L2
PARP14, MGST1

CISD1, FTH1, TMBIM4
ISCU, NEDD4, SMPD1
PARP3, RARRES2
ALDH3A2, CAV1

BCAT2, HMOX1, JUN
NFS1, RBMS1, PARK7
ABHD12, ATF4, BRD2
P4HB, PARP2, ENPP2
SIRTG, CISD3, SLC3A2
GALNT14, PLIN2, DECR1
GPX4, DAZAP1, GLRX5
PRDX6, PML, BRD4
PTPN18, FADS2, GSTM1
KLHDC3, FURIN, GDF15
PRDX1, GCLC, ZFP36
HSF1, ABCC5

Table 2. The top five genes are visualized us-
ing the Venn diagram

Gene symbol log FC p Value

NOX4 -43.519 8.33E-05
ATF3 34.673 4.94E-06
MAPK14 -9.009 2.79E-03
TIMP1 73.195 1.58E-06
EGR1 64.558 1.78E-03

UUO group of GSE217654 (P<0.01), consistent
with the result in a recent study [30], not signifi-
cantly correlated with GPX4 (P>0.05), but cor-
related negatively with xCT (P<0.01), and ACSL4
(P<0.01) (Figure 3E, 3G). The Protein-Protein
Interaction (PPI) map illustrates the high link-
age of these five genes (Figure 3F). EGR1
expression positively correlated with fibrosis
markers (Fibronectin, Collagen Type I, Collagen
Type 1), on the other hand, NOX4, ATF3,
MAPK14 and TIMP1 proved to be negatively
correlated with those (Figure 3H). The left fig-
ure in UUO_forest shows the process of fitting
the random forest algorithm model. In contrast,
the right one depicts the ranking of each vari-
able in terms of importance. The model’s error
rate stabilizes as the number of decision trees.
NOX4, ACSL4, ATF3, and TIMP1 were ranked
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from the highest to the lowest (Figure 3l), pro-
viding a comprehensive understanding of the
core genes involved ferroptosis and RIF.

GO and KEGG analysis and molecular docking
results

GO analysis exhibited significant enrichment of
these genes in response to oxygen levels,
hypoxia, and oxidative stress (Figure 4A). KEGG
pathway analysis revealed that DEGs related to
ferroptosis were enriched in pathways associ-
ated with ferroptosis, human cytomegalovirus
infection, advanced glycation end-products-
recombinant advanced glycation end-products
(AGE-RAGE) signaling in diabetic complications,
fluid shear stress, atherosclerosis, hepatitis B,
and cancer proteoglycans (Figure 4B). No-
tably, many ferroptosis-related DEGs were
enriched in oxidative signaling and cross-pre-
sentation of the AGE-RAGE pathway in diabetic
complications. The five genes were enriched in
the AGE-RAGE signaling pathway in diabetic
complications (most notable), the Gonadotropin-
releasing hormone (GnRH) signaling pathway,
and the alcoholic liver disease pathway (Figure
4F). The docking results indicated that CCG
could bind to the active site of GPX4, ACSL4,
and xCT. The hydrogen bond between curculigo-
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Figure 2. Heatmap of 143 ferroptosis-related differentially expressed genes (DEGs). These ferroptosis-related genes
are downregulated in the blue groups and upregulated in the red ones. -3 to +3 is the expression value after z-score
standardization, with negative values being reduced and positive values being increased.
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Figure 3. A-E. Boxplots of NOX4, ATF3, MAPK14, TIMP1, and EGR1 between the control group and the UUO group
in GSE217654: The p-value * is <0.05, ** is <0.01, *** is <0.001. F. Protein-Protein Interaction (PPI) of NOX4,
ATF3, MAPK14, TIMP1, and EGR1. Red color represents that these genes are interconnected with each other and
act with high intensity. G, H. Gene co-expression heatmaps. The Red color in the heatmap represents positively
correlated, and blue color represents negatively correlated. The genes were valued by Spearman analysis. The
r-value is between -1 and 1. I. The UUO Forest Importance. The left figure in the UUO forest shows the process of
fitting the random forest algorithm model. In contrast, the right one depicts the ranking of each variable in terms of
importance. The model’s error rate stabilizes as the number of decision trees. NOX4, ACSL4, ATF3, and TIMP1 were
ranked from the highest to the lowest F.
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component) for ferroptosis-related DEGs in RIF. Node size reflects gene count, while node color (red to blue) indi-
cates the significance of the p-value. B. Kyoto Encyclopedia of Genes and Genomes KEGG Pathway Enrichment
Analysis Diagram. C-E. Molecular docking results of Curculigoside (CCG) interaction with Glutathione Peroxidase
4(GPX4), Acyl-COA Synthetase Long Chain Family Member 4(ACSL4), and Solute Carrier Family 7 Member 11 (Xct).
F. KEGG-mapper: Gene ratio represents the proportion of genes enriched for this term; count represents the num-
ber of genes enriched; and P.adjust represents the corrected, logarithmized p-value. A p-value less than 0.05 was
significant. A redder color represents a more critical pathway.

side and methyl (MET)-102 of GPX4 had a
length of 2.3 A (Figure 4C), and the hydrogen
bond between curculigoside and arginine
(ARG)-340 of SLC7A11 had a length of 2.6 A
(Figure 4D). Curculigoside formed hydrogen
bonds with lysine (LYS)-113, valine (VAL)-114,
and LYS-116 of ACSL4 (Figure 4E), with bond
lengths of 2.4 A, 2.6 A, 2.2 A, and 2.4 A. The
affinity values of CCG for GPX4, ACSL4, and xCT
were -0.18, -0.98, and 0.01, derived from flexi-
ble docking, which allowed conformational
adjustments of both the ligand and the pro-
tein’s active site residues (Table 3). In normal
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conditions, a docking binding energy of less
than O kcal/mol suggests the presence of bind-
ing potential [31].

CCG improved kidney pathologic damage and
downregulated the expression of fibrosis mark-
ers in UUO models

UUO models were established to mimic CKD in
vivo and investigate whether CCG can improve
kidney pathologic damage and fibrosis. H&E
staining was employed to elucidate the mor-
phology of kidney cells. Masson’s trichrome
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Table 3. Docking energy between CCG and
ferroptosis-related proteins

Docking Protein Binding Energy

GPX4 -0.18
SLC7A11 0.07
ACSL4 -0.98

staining was used to identify fibrous tissue rep-
resented by blue collagen. Compared to the
sham group, the UUO group showed significant
structural abnormalities of the kidney, particu-
larly tubular dilation (Figure 5A-C). As renal
interstitial fibrosis mainly occurs in the tubu-
lointerstitium, our analysis focused on collagen
deposition in the tubular region rather than in
nephrons. Treatment with 5 mg/kg CCG signifi-
cantly prevented the deposition of extracellular
matrix (ECM) and tubular injury compared to
UUO mice (Figure 5A-F). Compared to the UUO
group, the area of collagen deposition was
increased after treatment with ML385, which
was reversed by 5 mg/kg CCG (Figure 5C-F).
The levels of fibrotic proteins were significantly
upregulated in the UUO model group. Notably,
the expression levels of these proteins mark-
edly decreased following treatment with 2.5 or
5 mg/kg CCG, particularly after treatment with
5 mg/kg CCG (Figure 5G-I). Pre-treatment with
CCG significantly reduced the expression levels
of fibrotic markers, suggesting its efficacy in
mitigating RIF.

CCG suppressed the expression of ferroptosis-
related markers in the animal model of UUO

The relevant indices were evaluated to investi-
gate the regulatory effects of CCG on ferropto-
sis. Compared to control subjects, immunohis-
tochemical staining revealed a significant
decrease in the expression of GPX4, xCT, and
Nrf2 and an increase in the expression of ACS4
in UUO mice. These alterations were significant-
ly reversed after treatment with 2.5 mg/kg and
5 mg/kg of CCG (Figure 6A-E). In the UUO
group, the protein levels of GPX4, xCT, and Nrf2
were significantly elevated, whereas ACSL4 lev-
els were significantly decreased compared to
the sham group (Figure 6F-I). Western blotting
demonstrated that CCG effectively reversed
UUO-induced alterations in GPX4 and xCT
expression and increased ACSL4 levels, with a
notable effect observed in the 5 mg/kg CCG
group (Figure 6F-1). Although CCG showed
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weak direct binding to xCT in docking, CCG-
mediated upregulation of xCT (Figure 6H) may
be due to Nrf2 activation, a known transcrip-
tional regulator of SLC7A11. xCT upregulation
reflects chronic adaptive responses to oxida-
tive stress, whereas docking simulates acute
binding events. These findings suggest that
CCG may alleviate UUO-induced ferroptosis in
animal models.

CCG and Fer-1 mitigated ferroptosis and oxida-
tive stress in UUO models

To validate the effects of CCG on ferroptosis, it
was compared with 5 mg/kg Fer-1, which is a
classical and effective anti-ferroptosis agent
[32]. Ferroptosis relies on the accumulation of
intracellular iron and lipid peroxides [33]. We
assessed the levels of intracellular iron,
Superoxide dismutase (SOD) [34], glutathione
(GSH) [35], and malondialdehyde (MDA) [36] in
mouse kidney tissues. The results showed that
5 mg/kg CCG upregulated GPX4, xCT, and Nrf2
and downregulated ACSL4 in the UUO group,
which was almost equal to the effect of 5 mg/
kg Fer-1 (Figure 7A-E). It was found that 5 mg/
kg CCG can notably enhance the expression of
GPX4, xCT, and Nrf2 and reduce that of ACSL4
(Figure 7F-l). MDA and iron levels were upregu-
lated in the UUO group, whereas GSH and SOD
levels were downregulated compared to the
sham group (Figure 7J-M). CCG (5 mg/kg)
decreased MDA and iron levels and increased
the concentrations of GSH and SOD (Figure
7J-M). Therefore, it can be concluded that CCG
possesses antioxidant properties that can pro-
tect against UUO-induced renal injury. We also
found that the effects of CCG were comparable
to those of Fer-1.

CCG modulated UUO-induced ferroptosis by
regulating the Nrf2/HO-1 pathway

Nrf2 is a component of the antioxidant stress
signaling pathway [37]. We focused on the
Nrf2/HO-1 pathway to clarify the mechanism by
which CCG modulates RIF. The Nrf2/HO-1 inhib-
itor, ML385, was used to determine whether
CCG can activate this pathway. Immunohisto-
chemical analysis revealed reduced expression
levels of GPX4, xCT, and Nrf2 in the UUO group.
This decrease was further exacerbated by
ML385 but was rescued by 5 mg/kg of CCG
(Figure 8A-E). The results indicated that Nrf2
and HO-1 levels decreased in the UUO group
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Figure 5. CCG alleviated kidney pathological damage and renal interstitial fibrosis in UUO models. A-C. Hematoxylin-
Eosin (HE) staining was employed to assess the pathological alterations of the kidney. Masson staining was utilized
to visualize renal fibrosis. (magnification 400x, scale bar 50 uym). D-F. Semi-quantitative analysis of Masson stain-
ing. G. Western blotting was conducted to analyze the expression level of collagen type | and fibronectin in the kid-
ney. H, |. Quantitative analysis of protein expression validated the effect of CCG (n=4). Values are shown as mean *
SD (n=4). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 compared to the sham group; #P<0.05, ##P<0.01,
###P<0.001, ####P<0.0001 vs. the UUO group.

7650 Am J Transl Res 2025;17(10):7640-7658



Curculigoside alleviates ferroptosis in renal interstitial fibrosis

82

o

3
1

=4
o
3

o

g

1
2
]

Mean density of
°
4

GPX4(IOD/Area)
*
H
Mean density of
xCT(IO D/Area)

0.024

o
o
IS

0.00 0.00-
uuo - i + + + uuwo - + +
CCG(mgkg) - CCG(mgkg) -

F acsia _74kDa G
o I

159

o
1

NS

GPX4/B-actin

o
o
1

cPxs S, 170-

S &L &L P 00-
uuo - + o+
CCG(mg/kg) -

relative protein expressionof

.

+

- 125 25 5

D  oosq E o003
« m 0047 e #
28 iy
2< 2 0 0029 ns
35 003 # Zz
2
30 sa
=2 xe)
§ 3 0021 it B -
1R s ST 0017
S0 sz
< 0.01
0.00- 0.00-
uuo - + + + uvo - + + + +
CCG(mglkg) 125 25 5 CCG(mghkg) - 125 25 5
o« 159 5 20
H g # I E L
K] 2 ns
2 8. 159
8£ 104 ns s8
38 ns O
g §3 191
55 °®
5SR 054 5Q .
e £ 051
s s
° 4
£ oo 0.0
uuo - + + + + uuo - + + + +
CCG(mglkg) - 125 25 5 CCG(mgrkg) 125 25 5

Figure 6. CCG suppressed the expression of ferroptosis-related proteins in the animal model of UUO. A. Immuno-
histochemical staining images in kidney tissues (400x magnification, 50 um scale bar). B-E. Quantitative measure-
ment of average optical density. F. Western blotting was conducted to detect the expression levels of ferroptosis-
related proteins after treatment with CCG. G-l. Quantitative analysis of the effect of CCG on the expression levels
of GPX4, xCT, and ACSL4 proteins. (n=3). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs. the sham group;
#P<0.05, ##P<0.01, ###P<0.001, ####P<0.0001 vs. the UUO group.

and increased in the CCG treatment group
(Figure 8F-K), supporting the protective effects
of CCG.

Discussion

Chronic kidney disease (CKD) is defined as a
progressive decline in renal function, affecting
approximately 10% of the global population,
imposing significant challenges on families and
society due to high morbidity and mortality
rates [38]. Curculigoside, a phenolic glycoside
compound, is recognized as the primary ac-
tive ingredient of Curculigo orchioides [39].
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Curculigoside possesses a wide range of phar-
macologic properties, including antioxidant
effects [15, 40], pro-angiogenesis properties
[41], neuroprotective properties [42], and anti-
osteoporotic activities [43]. This study evaluat-
ed the protective significance of CCG in RIF
using a mouse model of UUO. Our results dem-
onstrated that CCG protects against ferroptosis
and renal fibrosis through the Nrf2/HO-1 sig-
naling pathway.

To investigate the pathogenesis of RIF, we ana-

lyzed gene sequencing data from UUO mice in
the GEO database. KEGG and GO analyses
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Figure 7. CCG and Fer-1 mitigated ferroptosis and oxidative stress in UUO models. A. Imnmunohistochemical staining
images (400x magnification, 50 um scale bar). B-E. Quantification of the mean optical density (n=3). F. Western
blotting showing the effects of CCG and Fer-1 on ferroptosis. G-l. The quantitative assessment of the protein ex-
pression levels of GPX4, xCT, and ACSL4. J-M. Quantification of MDA, GSH, SOD, and iron levels (n=6). *P<0.05,
**P<0.01, ***P<0.001 vs. the sham group; #P<0.05, ##P<0.01, ###P<0.001 vs. the UUO group.

revealed a close relationship between RIF
and ferroptosis, with ferroptosis-related DEGs
enriched in oxidative signaling. Five targets
were identified, including NOX4, ATF3, MAPK14,
TIMP1, and EGR1. Our findings regarding NOX4
were consistent with that of a recent study
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which found that NOX4 expression was
decreased in kidney samples of patients with
chronic kidney disease [44]. Meanwhile, the
expression of NOX4 is closely involved in the
progression of DKD [23]. The appropriate activ-
ity of ATF3 is critical for cellular normal func-

Am J Transl Res 2025;17(10):7640-7658



Curculigoside alleviates ferroptosis in renal interstitial fibrosis

- e
-5 - = 0.06 " = ~ 0.03 st #
28 om0 28 22 oo 28 e
? < 3 < #HH# _ns D5 B <
59 §9 o00s ## 56 53 o002 ki
° g i-Je) o °0
53 SE 53 i 88
35 oos 85 s ns $q o0 L: 24 g .
% 0.02 =0 Z 001 s
0.00- 0.00- 0.00- 0.00.
uuo - + + + + uuo - + + + + uuo - + o+ 4+ uuo + + + +
CCG(mgkg) - - 5 - 5 CCG(mgkg) - - 5 - 5 CCG(mgkg) - - 5 - CCG(mgkg) - - 5 - 5
ML385(mgkg) - - - 30 30 ML385(mglkg) - 30 30 ML385(mglkg) - 30 30 ML385(mg/kg) - 30 30
F G 5 15 H 5 15 I 5 3 ﬁxi
ol g § g 2
N2 S —— - _ 110kDa 3 % L 2. .
. g510 s£10 §82
ACLS4 “""-- — 74kDa 34 8.4 e £
* £ %
5% 05: :%! 05: 591
xCT - — 55kDa B e 2
- - -
[] ° [
. 0.0 00 0
B-actin WEE—-—GG_— e — - __ /0| D3 uuo -+ o+ o+ o+ Uuo -+ o+ 4+ uwo -+ o+ o+ o+
CCG(mgkg) - - 5 - 5 CCG(mgkg) - - 5 - 5 CCG(mgkg) - - 5 - 5
HO-1 W s s s s __5g(Dg ML38S(mgkg) - - - 30 30 ML38S(mg/kg) - - - 30 30 ML385(mgrkg) - 30 30
J s 15 K s 159
GPX4 SENER s swme o s —17kDa £ 8
B o o 2 i 3
RIS IR e §£10 i &£ 104 £ ns
B2 S § &9 58 ns o ®
& & o 5o s §S =
o is Eos
3 \50 \&\‘} Ez 05 Pha
O 2 2
S k] k]
S o ]
« 00 0.0
o
00 uuo -+ 4+ + Uuo - + o+ o+ o+
CCG(mgkg) - - 5 - 5 CCG(mgkg) - - 5 - 5
ML385(mglkg) - 30 30 ML385(mg/kg) - - 30 30

Figure 8. CCG regulated UUO-induced ferroptosis through the Nuclear factor erythroid 2-related factor 2(Nrf2)/heme
oxygenase-1(HO-1) pathway. A. Immunohistochemical staining images of kidney tissues (magnification 400x, scale
bar 50 ym). B-E. Quantification of average optical density. F. Western blotting showing the expression levels of fer-
roptosis-related proteins after treatment with ML385. G-K. The relative expression levels of GPX4, xCT, ACSL4, HO-1,
and Nrf2 proteins (n=3). *P<0.05, **P<0.01, ***P<0.001 vs. the sham group; #P<0.05, ##P<0.01, ###P<0.001,

####P<0.0001 vs. the UUO group.

tions, and its abnormality induces pathophysi-
ologic responses, including apoptosis, oxida-
tive stress, and inflammation [45]. ATF3 can
suppress the expression of SLC7A11, thereby
promoting ferroptosis [46], consistent with the
relationship between ATF3 and xCT in our
study. MAPK14 may be related to the body’s
immunity and inflammation [47] and may drive
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ferroptosis through the TP53/SLC7A11/GPX4
pathway [48]. In our research, MAPK14 was
found to be downregulated in the UUO group,
which is inconsistent with the findings of
GSE15072 analysis [49]. Few studies have
reported the role of MAPK14 in renal fibrosis
and measured its correlation with ferroptosis;
therefore, more studies are urgently needed to
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unravel this detailed relationship. Plasma lev-
els of TIMP1 have been reported to be associ-
ated with early diabetic nephropathy in patients
with type 1 diabetes [50]. Our findings were
consistent with those of previous studies [51,
52] regarding TIMP1. EGR1 upregulation in the
UUO group and its correlation with ferroptosis
markers were consistent with the results of pre-
vious studies [53, 54]. Based on the enrich-
ment and core gene analysis of ferroptosis-
related DEGs, machine learning revealed that
NOX4, ACSL4, ATF3, and TIMP1, the four genes
ranked as essential genes, wrere associated
with both ferroptosis and fibrosis. This strength-
ens the relationship between ferroptosis and
RIF. These five genes were enriched in the AGE-
RAGE signaling pathway in diabetic complica-
tions, commonly associated with ferroptosis.
Although we identified these five genes as hub
genes linking ferroptosis to RIF, their precise
mechanistic roles require further validation
using genetic models.

Molecular docking results revealed that CCG
can bind to GPX4 and ACSL4. Although our
docking results suggested strong binding affin-
ity, the absence of full protein flexibility simula-
tions may have underestimated conformational
changes upon ligand binding. CCG revealed
binding affinity to GPX4 and ACSL4, but molec-
ular docking suggested weak direct interaction
between CCG and xCT, and its protein upregula-
tion indicated potential indirect mechanisms.
This discrepancy may arise from two factors: 1)
the binding of CCG to upstream regulators (e.g.,
Nrf2) rather than xCT itself, and 2) post-transla-
tional stabilization of the xCT protein by CCG-
mediated redox modulation. Future studies
should integrate MD simulations to validate
these interactions.

Given the minimal side effects of TCM, this
study investigated the efficacy of CCG and its
mechanism in the treatment of RIF. Histo-
pathologic examinations revealed that kidneys
in the UUO group exhibited significant enlarge-
ment and edema. Extensive tissue damage
was predominantly observed in the renal
medulla, leading to tubular necrosis, conges-
tive hemorrhage, and protein casts. These find-
ings are consistent with those of previous stud-
ies [55, 56]. Fibrogenic stimuli induce oxidative
stress in the kidneys during the early phase,
activating various fibrotic responses [57].
Western blotting indicated that CCG downregu-
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lated fibrosis-related proteins in a dose-depen-
dent manner, indicating potential efficacy of
CCG for treating RIF.

Ferroptosis has been linked to various diseas-
es associated with oxidative imbalance [58].
Targeting ferroptosis is a promising strategy for
treating chronic diseases, including CKD [59].
Inhibition of GPX4 leads to a ferroptotic cas-
cade [60]. GPX4 eliminates ROS and is convert-
ed into glutathione disulfide (GSSG) through
the oxidation of GSH, a coenzyme that contrib-
utes to lipid peroxidation [43, 61-64]. xCT miti-
gates ferroptosis under iron overload condi-
tions [65, 66]. The biosynthesis of arachido-
noyl-CoA, catalyzed by ACSL4, plays a crucial
role in ferroptosis [67]. Immunohistochemistry
results and western blot analyses in our study
showed that CCG decreased GPX4 and xCT lev-
els and increased ACSL4. Consistently, in vitro
experiments have demonstrated that inhibition
of ferroptosis or ACSL4 mitigates renal fibrosis
[68]. Knockdown of ACSL4 effectively attenu-
ated the interstitial fibrotic response [69], sug-
gesting further research on the genetic modifi-
cation of ACSL4 at the gene level. Our FerrDb-
based analysis suggested that ferroptosis acti-
vation in RIF is driven by upregulation of pro-
ferroptotic drivers (e.g., ACSL4) and loss of fer-
roptosis suppressors (e.g., GPX4), forming a
‘two-hit” mechanism that accelerates tubular
injury and renal fibrosis. We evaluated oxidative
stress markers, such as GSH, SOD, and MDA, in
kidney tissues. Compared to the sham group,
UUO mice exhibited significantly decreased
GSH and SOD activities, as well as elevated lev-
els of MDA and iron, which reflect substantial
renal damage. CCG exhibited greater effects
compared to the classic ferroptosis inhibitor
Fer-1 [32]. Our results confirmed that 5 mg/kg
CCG significantly inhibited fibrosis and down-
regulated the expression of proteins associat-
ed with ferroptosis, consistent with the findings
of Luo et al [70]. Treatment with CCG signifi-
cantly increased GSH and SOD activity and
decreased MDA and iron levels, suggesting
that CCG effectively suppressed oxidative
stress in RIF.

The Nrf2/ARE signaling pathway is a key path-
way that significantly enhances the expression
of HO-1, thereby attenuating oxidative stress
[20]. Regulation of ferroptosis, primarily through
the Nrf2 pathway, is crucial for maintaining cel-
lular redox balance and suppressing ferroptosis
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[71-74]. This study observed decreased Nrf2
expression in the UUO group, consistent with
the findings of previous studies on RIF and fer-
roptosis [75, 76]. We observed a reduced
expression level of HO-1 and Nrf2 in kidney tis-
sues after UUO, with partial recovery following
treatment with CCG, consistent with previous
findings on the Nrf2 inhibitor, ML385 [77]. This
finding suggests that CCG can alleviate UUO-
induced oxidative stress through the Nrf2/
HO-1 pathway.

This study demonstrated that CCG mitigated
fibrosis and renal oxidative stress injury by
modulating Nrf2 signaling pathways. As a limi-
tation, in vitro findings of this study cannot be
directly extrapolated to clinical observations
regarding the application of CCG in the treat-
ment of RIF. Future studies should provide a
more comprehensive theoretical foundation for
the clinical use of CCG in managing RIF.
Understanding the pathophysiologic mecha-
nisms and clinical significance of ferroptosis
will enable targeted strategies for the manage-
ment of kidney diseases.
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