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Background: Diabetic nephropathy (DN) is a leading cause of end-stage renal disease with limited therapeutic options. Astra-
galoside IV (AS-1V), a saponin monomer from Radix Astragali, has been reported to exert renoprotective effects; however, the
underlying mechanism remains unclear. Network pharmacology identified transferrin receptor 1 (TFRC) as a potential target
of AS-IV. This study investigated whether AS-IV alleviates DN by modulating TFRC-mediated ferroptosis.

Methods: A DN rat model was established via intraperitoneal injection of streptozotocin (STZ). Successfully modelled rats
were randomized into three groups (n = 6 each): DN model, Ferrostatin-1 (ferroptosis inhibitor, positive control), and AS-IV
(5 mg/kg/d, oral administration). A negative control group received saline. Treatments were initiated 3 weeks after STZ injection
and continued for 12 weeks. To evaluate the renoprotective effects of AS-IV, we measured fasting blood glucose, renal function
(serum creatinine (Scr), blood urea nitrogen (BUN), urinary albumin excretion rates (UAER)), and performed histopatholog-
ical (Hematoxylin-Eosin (HE)/Masson) and TUNEL staining. To dissect the molecular mechanism, we examined ferroptosis
markers (glutathione peroxidase 4 (GPX4), solute carrier family 7 member 11 (SLC7A11), ferritin heavy chain 1 (FTH-1)) by
qRT-PCR, lipid peroxidation indices (malondialdehyde (MDA), 4-Hydroxynonenal (4-HNE), glutathione (GSH), iron content),
and the TFRC/nuclear factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) protein axis by Western blotting.
For in vitro validation, HK-2 cells were exposed to high glucose, treated with AS-IV with or without TFRC overexpression, and
assessed for cell viability, apoptosis, lipid peroxidation, and pathway protein expression.

Results: AS-IV treatment significantly improved renal function, ameliorated renal histopathological lesions, and reduced tubu-
lar and glomerular injury scores in DN rats (p < 0.05). It also attenuated renal cell apoptosis (p < 0.001). Mechanistically,
AS-IV downregulated TFRC protein expression, activated the Nrf2/HO-1 signalling axis, restored the mRNA expression of the
ferroptosis-related markers GPX4, SLC7A11 and FTH-1, reduced lipid peroxidation products and iron content, and increased
GSH levels (p < 0.01). In high glucose-treated HK-2 cells, AS-IV enhanced cell viability and reduced apoptosis, lactate dehy-
drogenase release, reactive oxygen species, Fe’” and MDA; however, these protective effects were partially reversed by TFRC
overexpression (p < 0.01).

Conclusion: AS-1V alleviates renal injury and ferroptosis in DN, and this effect is associated with downregulation of TFRC and
activation of the Nrf2/HO-1 pathway. These findings suggest that TFRC may be involved in the protective effects of AS-IV and
warrants further investigation as a potential therapeutic target.
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Introduction tients with type 2 diabetes will progress to DN [4], posing a
severe economic and social burden on the national health-
care system. Currently, basic clinical treatments for DN in-
clude control of blood glucose and blood pressure, and inhi-
bition of the renin-angiotensin system [5,6]. Additionally,
newer therapeutic agents such as glucagon-like peptide-1
(GLP-1) receptor agonists, sodium-glucose cotransporter 2
(SGLT2) inhibitors, and the nonsteroidal mineralocorticoid
receptor antagonist finerenone have shown significant reno-
protective benefits in clinical trials. However, despite these
advances, DN often progresses to end-stage renal disease,
underscoring the need for further research into its pathogen-
esis and the development of novel treatments.

Diabetic Nephropathy (DN) is a microvascular com-
plication characterised by proteinuria and progressive loss
ofrenal function [1,2]. The pathological features of DN pri-
marily include glomerular basement membrane thickening,
extracellular matrix deposition, interstitial fibrosis, nodu-
lar glomerulosclerosis formation, and reduced endothelial
cell counts. Its clinical features are manifested by persis-
tent albuminuria and/or progressive decrease in glomerular
filtration rate. DN is not only one of the most serious mi-
crovascular complications of diabetes mellitus, but also a
major cause of end-stage renal disease [3]. It is estimated
that 30% of patients with type 1 diabetes and 40% of pa-
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Traditional Chinese Medicine (TCM) has been in-
creasingly investigated for its therapeutic potential in DN,
with accumulating evidence suggesting that herbal for-
mulas and active compounds can ameliorate renal injury
through multi-target regulatory mechanisms [7,8,9]. Radix
Astragali, a leguminous plant in the family of legumes
[10], is one of the TCMs that the project team has in-
vestigated for a long time. The root of Radix Astra-
gali is regarded as the ‘king of TCM” because of its rich
medicinal value. Astragaloside IV (AS-1V), a saponin
monomer compound, is one of the signature active ingre-
dients of Radix Astragali [11]. AS-IV exhibits a range of
pharmacological activities, including improving endothe-
lial cell and neovascular function, as well as exerting anti-
inflammatory, antioxidant, neuroprotective, anticancer and
other effects [11,12,13]. In addition, it has a preventive
effect on organic lesions of many organs, including the
kidney [14]. Using the BATMAN-TCM database (http:
//bionet.ncpsb.org/batman-tcm/) to predict targets for AS-
IV, we identified the ferroptosis key gene transferrin recep-
tor 1 (TFRC) as a potential target for AS-IV. Ferroptosis is
a novel form of Fe-dependent regulated cell death charac-
terised by changes in iron overload, loss of antioxidant ca-
pacity and the peroxidation of phospholipid-bound polyun-
saturated fatty acids [15]. Recent studies have shown that
ferroptosis is observed in a variety of renal diseases, includ-
ing acute kidney injury, renal ischaemia-reperfusion injury
and DN [15,16,17,18]. Key markers of ferroptosis include
dysregulation of proteins such as glutathione peroxidase 4
(GPX4), solute carrier family 7 member 11 (SLC7A11), and
ferritin heavy chain 1 (FTH-1), along with increased lev-
els of lipid peroxidation products (e.g., malondialdehyde
(MDA), 4-Hydroxynonenal (4-HNE)) and depletion of an-
tioxidants like glutathione (GSH) [19,20,21]. Measurement
of these biomarkers provides a direct assessment of ferrop-
tosis activity.

This study aimed to investigate the mechanism by
which AS-IV modulates TFRC to affect ferroptosis in DN.
We employed a streptozotocin-induced DN rat model and
a high glucose (HG)-induced HK-2 cell model to assess
changes in metabolic parameters, renal function and his-
tology, ferroptosis-related markers, and the TFRC/nuclear
factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1
(HO-1) signaling pathway.

Materials and Methods

Animals

We purchased 27 Sprague-Dawley (SD) rats (males,
100 +10 g) from Hangzhou Medical College. All rats were
housed in a specific pathogen free (SPF)-grade animal cen-
tre, which provided rats with free access to water and diet.
All animal experiments were approved by the Institutional
Animal Care and Use Committee of Zhejiang Center of
Laboratory Animals (Approval Number: ZJCLA-IACUC-

2801

20030149), and the experimental procedures followed the
relevant regulations for the ethical protection of animals and
the ARRIVE Guidelines 2.0, with every effort made to min-
imise animal suffering.

Construction of Animal Models and Group Treatment

After 3 days of acclimatisation, rats were randomly di-
vided into two groups synchronously using a random num-
ber table: a negative control (NC) group (n = 6) and a DN
model group (n = 21). The DN rat model was induced
using the classical streptozotocin (STZ; CAS No.: 18883-
66-4, Item No.: S17049, Shanghai yuanye Bio-Technology
Co., Ltd., Shanghai, China) induction method [22]. Af-
ter 12 hours of fasting without water, 65 mg/kg of STZ
was injected into rats via the intraperitoneal cavity. Rats
in the NC group were injected with an equal volume of
saline. The success of the model construction was deter-
mined by the blood glucose level of the rats after 48 h (rats
with blood glucose >300 mg/dL). 18 DN rats were obtained,
whereas 3 rats that failed to meet the predefined blood glu-
cose criterion were euthanised. Thereafter, blood glucose
was continuously monitored after STZ induction. Before
initiating drug treatment, we collected 24 h urine and blood
samples from model rats and measured urinary albumin
(uALB), blood urea nitrogen (BUN) and serum creatinine
(Scr) to confirm the establishment of DN. 18 DN model
rats were randomly divided into 3 groups (n = 6/group): the
DN model (DM) group, the Ferrostatin-1 (Fer-1) treatment
group, and the AS-1V treatment group. After 3 weeks of
STZ injection, rats in the AS-IV group were orally adminis-
tered 5 mg/kg of AS-IV (Catalogue No.: HY-N0431, Med-
ChemExpress, Monmouth Junction, NJ, USA) daily [22];
whereas rats in the Fer-1 group were intraperitoneally in-
jected with 5 mg/kg of Fer-1 (Catalogue No.: HY-100579,
MedChemExpress, USA; Solvent: 5% DMSO + 95% corn
oil) daily [23], these treatments lasted for 12 weeks. The
initiation of STZ injection was defined as week 0, we mea-
sured the body weight of rats in each group at 0 week (w),
3w, 6w, 9w, 12 w and 15 w of the experiment. At
the endpoint of the 15-w experiment period, all rats were
euthanised by intraperitoneal injection of an overdose of
sodium pentobarbital (150 mg/kg).

Fasting Blood Glucose and Renal Function Tests

After 12 hours of dietary abstinence, blood was col-
lected from the tail vein of rats, and fasting blood glucose
was measured using a glucose meter. The collected blood
was centrifuged to separate the serum, and then a rat Scr
kit (Item No. CO11-2-1, Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) and rat BUN kit (Item No.: C013-
2-1, Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) were used for the detection of Scr and BUN. 24-hour
urine collected from rats was centrifuged for 20 minutes to
obtain the supernatant, and the supernatant was analyzed
with a rat uALB ELISA kit (Item No.: ml106998, mlbio,
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Shanghai, China). Urinary albumin excretion rates (UAER,
mg/24 h) = uALB concentration (mg/L) x 24 h urine vol-
ume (L).

Pathological Staining and Scoring

The right kidney of rats (n = 3/group) was immersed
and fixed in 4% paraformaldehyde for 24 hours. After gra-
dient dehydration treatment, the kidney tissues were em-
bedded in paraffin and cut into 4-um sections. After de-
waxing and hydration, kidney sections were treated with
hematoxylin and eosin stains in turn according to the oper-
ating instructions of the Hematoxylin-Eosin (HE) Stain Kit
(Cat: G1120, Solarbio, Beijing, China). In addition to HE
staining, the Masson’s Trichrome Stain Kit (Cat: G1340,
Solarbio, China) was used to stain the kidney sections. Af-
ter sealing, the sections were observed under a microscope
(Cat: DX51, OLYMPUS, Tokyo, Japan) at a magnification
of 400 times.

After obtaining 50 randomly selected glomerular im-
ages per animal, glomerular damage scores were assigned
based on the percentage of glomerular involvement (with
mesangial expansion and matrix deposition) using the fol-
lowing grading system [24]: O points indicate normal; 1
point refers to less than 25% glomerular involvement; 2
points refer to 25%—50% glomerular involvement; 3 points
refer to 50%—75% glomerular involvement; 4 points refer
to 75%—-100% glomerular involvement. Tubulointerstitial
injury was evaluated based on histopathological changes,
such as tubulointerstitial fibrosis, tubular necrosis, tubular
epithelial desquamation, and tubular oedema. Therefore,
20 randomly selected areas in the renal cortex were exam-
ined and the extent of tubulointerstitial injury was quanti-
fied (including interstitial fibrosis, tubular atrophy, tubu-
lar dilatation, and cast formation) [24]: grade 0 indicates
no injury; grade 1 indicates impairment <10%; grade 2 in-
dicates impairment 10-25%; grade 3 indicates impairment
26-50%; grade 4 indicates impairment 51-75%; grade 5
indicates impairment >75%.

TUNEL Staining

Apoptosis was detected using a One-step TUNEL In
Situ Apoptosis Kit (Item No. E-CK-A320, Elabscience®,
Wauhan, China) according to the manufacturer’s protocol.
The right kidney of rats (n = 3/group) was sectioned into
frozen slices. After equilibration to room temperature, the
sections were fixed in 4% paraformaldehyde for 30 min-
utes. For in vitro studies, cell crawls were fixed in 4%
paraformaldehyde for 1 hour. After the sections or cell cov-
erslips were fixed, they were permeabilized with 0.1% Tri-
ton X-100 for 8 min at room temperature, and incubated
with Equilibration Buffer. The samples were then incu-
bated with the TUNEL reaction mixture containing TdT
enzyme and fluorescently labeled dUTP at 37 °C for 60
min in the dark, followed by counterstaining with DAPI
for nuclear visualization. After sealing, the sections were

observed under a fluorescence microscope (model: Eclipse
E800, Nikon, Japan) to evaluate the staining results.

Cell Culture and Processing

Human renal cortical proximal tubule epithelial cells
HK-2 (Item No.: CL-0109, Wuhan Pricella Biotechnology
Co., Ltd., Wuhan, China) were cultured in growth medium
(MEM medium + 10% fetal bovine serum + 1% penicillin-
streptomycin). The medium (Item No.: PM150410), fe-
tal bovine serum (Item No.: 164210-50), and penicillin-
streptomycin (Item No.: PB180120) were provided by
Wuhan Pricella Biotechnology Co. HK-2 cells were au-
thenticated by STR profiling and tested to be free of my-
coplasma contamination.

The cell model was established using classical HG
treatment by adding 30 mM D-glucose to the culture
medium of HK-2 cells and cultured for 48 h [25]. Nor-
mal HK-2 cells (labelled as NG group) were then exposed
to 5.5 mM D-glucose. In the in vitro study, AS-IV was
treated at a concentration of 100 pg/mL for 24 h [22]. For
TFRC overexpression, the human TFRC coding sequence
(NM _001128148.3) was inserted into the pc-DNA3.1 vec-
tor (V79020, Thermo Fisher Scientific, Waltham, MA,
USA) to obtain a TFRC overexpression plasmid. An
empty pc-DNA3.1 vector was used as the negative con-
trol (NC). Subsequently, the above plasmids were trans-
fected into HK-2 cells using Lipofectamine™ 3000 (Item
no.: L3000015, Thermo Fisher Scientific, Waltham, MA,
USA). 48 h later, the plasmids were detected using quan-
titative real-time polymerase chain reaction (QRT-PCR) to
assess the transfection efficiency.

Western Blotting

Rat kidney tissues were homogenized into a slurry.
RIPA buffer (Cat No.: R0010, Solarbio, China) was added
to extract total proteins from kidney tissues or HK-2 cells.
Protein concentration was determined by the classical BCA
method with the Pierce™ BCA Protein Assay Kits (Cat No.:
23225, Thermo Scientific, Waltham, MA, USA). Protein
samples after high-temperature denaturation were injected
into SDS-PAGE gels. The separated proteins were trans-
ferred onto PVDF membrane (Item No.: ISEQ00010, Mil-
lipore, Burlington, MA, USA). After the transfer, the PVDF
membrane was incubated sequentially with diluted primary
and secondary antibodies. The dilution ratios of the anti-
bodies and the information on their use are listed in Ta-
ble 1. The protein bands were analysed using Tanon gel
imager (Tanon-5200, TANON, Shanghai, China) and Im-
agel software (version 1.52s, National Institutes of Health,
Bethesda, MA, USA). B-actin served as the loading control.
Relative protein level = target protein / f-actin (internal ref-
erence).
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Table 1. Antibodies used in Western blotting.

Antibodies Dilution rate  Molecular weight Production No.
TFRC 1/1000 90 kDa ab214039, Abcam, UK
Nrf2 1/1000 110 kDa ab325240, Abcam, UK
HO-1 1/2000 33 kDa ab189491, Abcam, UK
B-actin 1/5000 42 kDa ab6276, Abcam, UK
Goat Anti-Rabbit IgG H&L 1/5000 — ab6721, Abcam, UK
Goat Anti-Mouse IgG H&L 1/5000 — ab150113, Abcam, UK

TFRC, transferrin receptor 1; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme

oxygenase-1.

Table 2. Primers for qRT-PCR.

Gene name Species

Forward primer (5'-3")

Reverse primer (5'-3")

GPX4 Rat  GAGGCAAGACCGAAGTAAACTAC CCGAACTGGTTACACGGGAA
SLC7A11 Rat AACTGCTGGTAATACGCCCC GGAAAATCTGGATCCGGGCA
FTH-1 Rat AGCTCTACGCCTCCTACGTT AAGGAAGATTCGGCCACCTC
TFRC Rat CCTATATGCTTGGGTAGGAGGC TACAAGGGAGCACTCTGAAGC
Human  ACCATTGTCATATACCCGGTTCA  CAATAGCCCAAGTAGCCAATCAT
B-actin Rat TGCCTGACGGTCAGGTCA CAGGAAGGAAGGCTGGAAG

Human

CAAATGCTTCTAGGCGGACTATG

TGCGCAAGTTAGGTTTTGTCA

qRT-PCR, quantitative real-time polymerase chain reaction; GPX4, glutathione peroxidase 4; SLC7411,

solute carrier family 7 member 11; FTH-1, ferritin heavy chain 1.

gRT-PCR

To obtain RNA from kidney tissues or HK-2 cells,
TRIzol reagent (Item No.: 15596026, Invitrogen, Carlsbad,
CA, USA) was added, and total RNA was isolated by cen-
trifugation. Extracted RNA was converted into cDNA fol-
lowing the instructions of the SuperScript™ VILO™ ¢cDNA
Synthesis Kit (Item No.: 11754250, Invitrogen, Carls-
bad, CA, USA). Primers targeting the genes of interest
(Table 2) were synthesised by Sangon Biotech (shanghai,
China). qPCR assay was performed using the Fast7500
Real-Time Fluorescence Quantitative PCR System (Item
No.: 4351107, Applied Biosystems, Foster City, CA,
USA). Relative mRNA levels were calculated using the
272ACT formula. B-actin served as the loading control.

Detection of Indicators Related to Ferroptosis

For the detection of lipid peroxidation, lactate dehy-
drogenase (LDH) activity, reactive oxygen species (ROS),
the following kits were used: malondialdehyde (MDA
Item No.: E-BC-F007, Elabscience, Wuhan, China), 4-
Hydroxynonenal (4-HNE; Item No.: ml095918, mlbio,
Shanghai, China), glutathione (GSH; Item No.: E-BC-
K030-M, Elabscience, China), rat serum iron content (Item
No.: TW5641, TW-reagent, Shanghai, China), LDH (Item
No. E-BC-K771-M, Elabscience, China), ROS (Item No.
E-BC-K138-F, Elabscience, China), and Fe?" level (Item
No. E-BC-F101, Elabscience, China).

For serum samples, rat serum was collected and pro-
cessed according to the operational requirements of each
kit. For cell samples, cells were harvested, resuspended
in serum-free medium, and processed according to the op-

erational requirements of each kit. After termination of
the reaction, the absorbance of each relevant indicator was
measured using the SpectraMax Plus 384 microplate reader
(Molecular Devices, Sunnyvale, CA, USA) or SpectraMax
Gemini EM microplate reader (Molecular Devices, Sunny-
vale, CA, USA). All detection wavelengths were set accord-
ing to the manufacturer’s instructions.

Cell Counting Kit (CCK)-8 Assay

After AS-IV and/or TFRC treatment, CCK-8 reagent
(Cat. No.: HY-K0301, MedChemExpress, USA) was
added to 96-well plates, and incubated with HK-2 cells (5
x 10° cells/well). After 4 hours of incubation, HK-2 cells
were analysed using a microplate reader, with detection
wavelength set at 450 nm.

Statistical Analysis

GraphPad Prism 8.0 software (GraphPad Software,
San Diego, CA, USA) was used for statistical analysis for
the entire study. Data were expressed as mean + standard
deviation (SD). The normal distribution of data was tested
with the Shapiro-Wilk test. Repeated-measures two-way
analysis of variance (ANOVA) or one-way ANOVA fol-
lowed by Tukey’s post hoc test was employed for compar-
isons among multiple groups. Differences were considered
statistically significant at p < 0.05.
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Fig. 1. AS-IV improved renal function abnormalities in DN rats. (A) Chemical structural formula of AS-IV. (B) Effects of AS-IV or
Fer-1 treatment on body weight in DN rats. (C) Effects of AS-IV or Fer-1 treatment on fasting blood glucose in DN rats. (D-F) Effects
of AS-IV or Fer-1 treatment on renal function in DN rats. n = 6 rats per group. Data are presented as mean + SD from three independent
experiments, each performed in triplicate. **p < 0.01, ***p < 0.001 vs NC group; 6p < 0.05, 66p < 0.01, 666p < 0.001 vs DM group.
Abbreviations: DN, Diabetic Nephropathy; AS-IV, Astragaloside IV; Fer-1, Ferrostatin-1; NC, negative control; DM, DN model; Scr,
serum creatinine; BUN, blood urea nitrogen; UAER, urinary albumin excretion rates.

Results

AS-1V Alleviated Kidney Injury in DN Rats

Fig. 1A demonstrates the chemical structure of AS-1V.
The results of the body weight test showed that compared
with the NC group, the body weight of rats in the DM group
was significantly reduced from the 6th week (Fig. 1B, p <
0.001). However, Fer-1 and AS-IV had no significant ef-
fect on the body weight of the model rats (Fig. 1B). Fasting
blood glucose and renal function tests showed that rats in
the DM group had significantly higher fasting blood glu-
cose, Scr, BUN and UAER (Fig. 1C-F, p <0.01). These
results indicated that the model rats showed typical features
of DN. After AS-IV treatment, Scr, BUN and UAER were
significantly reduced in rats (Fig. 1C-F, p <0.01). Fer-1,
a ferroptosis inhibitor, produced similar improvement (Fig.
1C—F, p < 0.05). Histopathological staining showed that
rats in the DM group exhibited obvious renal morphological
changes and glomerular changes characterised by basement
membrane dilatation (Fig. 2A). Consistently, glomerular
injury score and tubulointerstitial injury score were signifi-

cantly increased, indicating severe renal damage in DM rats
(Fig. 2B,C, p<0.01). After AS-IV and Fer-1 treatment, re-
nal morphological changes were markedly alleviated (Fig.
2A), and both glomerular injury scores and tubulointersti-
tial injury scores significantly decreased (Fig. 2B,C, p <
0.05). TUNEL staining suggested increased apoptosis in re-
nal cells in the DM group, while AS-IV and Fer-1 treatment
significantly alleviated renal cell apoptosis (Fig. 3A,B, p <
0.001).

AS-1V Modulated Renal TFRC/Nrf2/HO-1 Protein
Expression and Ferroptosis-Associated Markers in
DN Rats

We first detected the protein expression of
TFRC/Nrf2/HO-1 signaling in rat kidneys. Compared with
the NC group, TFRC protein expression was significantly
upregulated in the kidneys of rats in the DM group,
whereas the expression of Nrf2 and HO-1 proteins was
significantly suppressed (Fig. 4A-D, p <0.001). However,
after AS-1V or Fer-1 treatment, TFRC protein levels were
downregulated, and Nrf2 and HO-1 protein expression was
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Fig. 2. AS-IV reduced kidney injury in DN rats. (A—C) The effects of AS-IV or Fer-1 treatment on the kidneys of DN rats were
evaluated by Hematoxylin-Eosin and Masson staining, and the glomerular injury score and tubulointerstitial injury score were further

calculated. Magnification 400%. Scale bar = 50 pm. n = 3 rats per group. Data are presented as mean + SD from three independent

experiments, each performed in triplicate. **p < 0.01, ***p < 0.001 vs NC group; 6p < 0.05, 60p < 0.01 vs DM group. Abbreviations:
DN, Diabetic Nephropathy; AS-1V, Astragaloside IV; Fer-1, Ferrostatin-1; NC, negative control; DM, DN model.

partially restored (Fig. 4A-D, p < 0.01). The expression
levels of GPX4, SLC7A11 and FTH-1 were decreased in
the DM group compared to the NC group (Fig. 4E-G, p
< 0.001). However, AS-IV or Fer-1 treatment upregulated
the expression levels of GPX4, SLC7A1l and FTH-I,
suggesting that excessive ferroptosis in the kidney was
controlled (Fig. 4E-G, p < 0.05). Changes in lipid perox-
idation indexes also supported these findings. Compared
with the NC group, the serum levels of MDA, 4-HNE and
iron content were significantly increased in rats of the DM
group, while GSH levels were decreased (Fig. 4H-K, p <
0.001). In comparison with the DM group, MDA, 4-HNE
and iron content levels were decreased and GSH levels
were restored in AS-IV or Fer-1 treated rats (Fig. 4H-K, p
<0.01).

In Vitro Experiments Demonstrated That TFRC
Overexpression Partially Reversed the Effect of
AS-1V on the HG-Induced Ferroptosis

Transfection efficiency experiments showed that over-
expression of TFRC significantly upregulated TFRC ex-
pression in HK-2 cells (Fig. 5A, p <0.001). The cell func-
tion assay showed that AS-IV alleviated HG-induced cell
damage. Specifically, AS-IV up-regulated HK-2 cell vi-
ability and GSH levels, down-regulated LDH, ROS, Fe?",
and MDA levels, and reduced HG-induced HK-2 cell apop-
tosis (Fig. 5B-I, p < 0.01). However, overexpression of
TFRC partially counteracted the protective effect of AS-IV.
As shown in Fig. 5B, overexpression of TFRC resulted in
decreased viability and increased apoptosis in HK-2 cells,
and the levels of LDH, ROS, Fe?', and MDA were up-
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Fig. 3. AS-IV reduces apoptosis in renal cells of rats with DN. (A,B) Effects of AS-IV or Fer-1 treatment on renal cell apoptosis in
DN rats were evaluated by TUNEL staining. The magnification was 400x. Scale bar = 50 um. n = 3 rats per group. Data are presented
as mean = SD from three independent experiments, each performed in triplicate. ***p <0.001 vs NC group; 660p < 0.001 vs DM group.
Abbreviations: DN, Diabetic Nephropathy; AS-1V, Astragaloside IV; Fer-1, Ferrostatin-1; NC, negative control; DM, DN model.

regulated, whereas GSH levels were reduced (Fig. 5B-I,
p <0.01). For the TFRC/Nrf2/HO-1 axis, AS-IV treatment
prevented HG-induced TFRC activation, which in turn ac-
tivated the Nrf2/HO-1 axis (Fig. 6A-D, p <0.001). How-
ever, TFRC overexpression treatment counteracted the reg-
ulatory effect of AS-IV (Fig. 6A-D, p <0.01).

Discussion

This study demonstrates that AS-IV alleviates renal
injury and dysfunction in a rat model of DN. Mechanis-
tically, our data suggest that AS-IV downregulates TFRC
to inhibit ferroptosis, accompanied by activation of the
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Fig. 4. AS-1V modulates renal TFRC/Nrf2/HO-1 protein expression and ferroptosis-associated markers in DN rats. (A—D) Effects

of AS-IV or Fer-1 treatment on TFRC/Nrf2/HO-1 protein expression in DN rat kidneys were analysed by Western blotting. B-actin served

as an internal reference protein. (E-G) Effects of AS-IV or Fer-1 treatment on the expression of ferroptosis-related indicators in DN rat

kidneys were analysed by qRT-PCR. B-actin was the internal reference gene. (H-K) The effects of AS-IV or Fer-1 treatment on lipid

peroxidation in DN rats were determined by the relevant indicators. n = 6 rats per group. Data are presented as mean + SD from three

independent experiments, each performed in triplicate. ***p < 0.001 vs NC group; 6p < 0.05, 00p < 0.01, 600p < 0.001 vs DM group.
Abbreviations: DN, Diabetic Nephropathy; AS-1V, Astragaloside IV; Fer-1, Ferrostatin-1; NC, negative control; DM, DN model; TFRC,
transferrin receptor 1; GPX4, glutathione peroxidase 4; SLC7A411, solute carrier family 7 member 11; FTH-1, ferritin heavy chain 1;
MDA, malondialdehyde; 4-HNE, 4-Hydroxynonenal; GSH, glutathione.

Nrf2/HO-1 pathway. However, it should be emphasized
that these findings are primarily correlative and provide
supportive evidence at the phenotypic level, rather than
definitive mechanistic proof of a linear causal pathway. In
recent years, ferroptosis has been increasingly recognized
as a key driver in the progression of DN [15]. This is be-
cause this novel mode of cell death can interact with patho-
logical changes such as fibrosis, inflammation, oxidative
stress, and disorders of glycolipid metabolism to disrupt re-
nal structure, morphology, and the function of intrinsic re-
nal cells, and promote disease progression [26]. Activation
of ferroptosis is accompanied by excessive generation of
ROS, leading to oxidative stress. The kidney and its cells
contain abundant mitochondrial structures and are therefore
highly vulnerable to oxidative stress. Therefore, persis-
tent hyperglycemia in DN induces ferroptosis, leading to

increased ROS levels in renal tissues and cells, which sub-
sequently triggers intracellular oxidative stress and a cas-
cade of pathological injuries [26,27]. Our findings further
support this notion, demonstrating that AS-IV effectively
reduces aberrantly activated ferroptosis in the kidneys of
DN rats, thereby alleviating renal injury.

TFRC is a protein molecule with iron transport and
endocytosis in cells [28], and there are two expression iso-
forms of TFR1 and TFR2 (hepatocyte-specific expression)
in cells. Overexpression of TFRC may increase intracellu-
lar iron uptake and lead to excessive accumulation of iron
ions, which may increase the risk of oxidative stress and
ferroptosis [29]. In recent years, the role of TFRC in tumor
cells has attracted considerable attention. The expression
level of TFRC has been reported to be significantly upreg-
ulated in various malignancies, such as ovarian, colorectal
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Fig. 5. TFRC overexpression partially reversed the effect of AS-IV on the HG-induced ferroptosis in HK-2 cells. (A) The transfec-
tion efficiency of TFRC was detected using qRT-PCR. (B) The effects of AS-IV and overexpressed TFRC on HG-induced cell viability
were detected by Cell Counting Kit-8 assay. (C—G) Effects of AS-IV and overexpressed TFRC on HG-induced cellular ferroptosis were
detected by the relevant kits. (H,I) The effects of AS-IV and overexpressed TFRC on HG-induced apoptosis were observed by TUNEL
staining. The magnification was 200x. Scale bar = 50 um. Data are presented as mean + SD from three independent experiments, each
performed in triplicate. ***p < 0.001 vs. NC group; +++p < 0.001 vs. NG; AAp < 0.01, AAAp < 0.001 vs. HG; oop < 0.01, oowp <
0.001 vs. AS-IV+NC. Abbreviations: AS-IV, Astragaloside IV; NC, negative control; NG, normal group; HG, high glucose treatment;
TFRC, transferrin receptor 1; LDH, lactate dehydrogenase; ROS, reactive oxygen species; MDA, malondialdehyde; GSH, glutathione.

and bladder cancers [30,31,32], and its overexpression is ation and metastasis. In contrast, relatively few reports have
closely related to increased iron uptake, tumor cell prolifer-  investigated the role of TFRC in renal diseases. Previous
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Fig. 6. TFRC overexpression partially reversed the effect of AS-IV on the Nrf2/HO-1 axis in HG-induced HK-2 cells. (A-D) Effects
of AS-IV and overexpressed TFRC on TFRC/Nrf2/HO-1 protein expression in HG-induced cells were analysed by Western blotting. 3-
actin was the internal reference protein. Data are presented as mean + SD from three independent experiments, each performed in
triplicate. +++p <0.001 vs. NG; AAAp <0.001 vs. HG; owp <0.01, oowp <0.001 vs. AS-IV+NC. Abbreviations: AS-I1V, Astragaloside
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research has shown that knockdown of TFRC could alle-
viate renal fibrosis in DN mice [33]. In the present study,
we further provided evidence that the effect of AS-IV on
inhibition of excessive ferroptosis in cells may involve the
targeted down-regulation of TFRC protein.

It is well established that Nrf2 is a key transcription
factor that regulates cellular oxidative stress, coordinates
cellular responses to oxidative stress, and induces the ex-
pression of various antioxidant genes, including HO-1. Ac-
tivation of the Nrf2/HO-1 signalling pathway plays an im-
portant role in delaying the progression of DN, which re-
duces the accumulation of ROS and attenuates inflamma-

tory responses [34,35]. Furthermore, Nrf2/HO-1 signalling
also regulates ferroptosis during the course of DN. In the
present study, we observed that AS-IV-mediated down-
regulation of TFRC was associated with alterations in the
ferroptosis process, an its effect correlated with activation
of Nrf2/HO-1 signalling. Consistent with the present study,
Wang et al. [36] demonstrated that activation of vitamin D
receptor (VDR) inhibited ferroptosis in renal tubular epithe-
lial cells through activation of Nrf2/HO-1 signalling. Sim-
ilarly, the molecular mechanism by which quercetin allevi-
ates ferroptosis hyperactivity is also through up-regulation
of Nrf2/HO-1 [37].
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In recent years, with rapid economic growth and
lifestyle changes, the incidence of diabetes and its compli-
cation rates have been on the rise. According to statistics
from the International Diabetes Federation (IDF) in 2019,
the global number of people with diabetes was projected
to reach 578.4 million by 2030 [38]. As the country with
the largest diabetes population, China faces a rapidly in-
creasing potential risk of DN. Therefore, the development
of novel therapeutic agents is imminent. While our findings
strongly support the therapeutic potential of AS-IV for DN,
we acknowledge that a substantial gap remains between
basic research and clinical application. Several important
limitations of this study should be acknowledged regarding
the mechanistic interpretation. First, the HG-induced HK-
2 cell model did not include osmotic pressure controls such
as mannitol or L-glucose, so we cannot exclude the possi-
bility that hypertonic factors on cell damage and iron death
indicators. Second, the STZ-induced diabetic model was
established exclusively in male rats, which may not fully
recapitulate the metabolic complexity of human diabetic
nephropathy—particularly type 2 diabetes—and does not
account for sex-related heterogeneity in disease progres-
sion or drug responses. Third, although TFRC was iden-
tified as a potential target of AS-IV through network phar-
macology, the direct molecular interaction between AS-IV
and TFRC remains to be validated. Fourth, this study lacks
TFRC knockdown experiments and Nrf2 functional block-
ade experiments, which are necessary to establish the neces-
sity and sufficiency of TFRC/Nrf2/HO-1 pathway in medi-
ating the protective effects of AS-IV. Therefore, our cur-
rent data do not support a complete linear signaling path-
way model. Fifth, given that TFRC overexpression only
partially reversed the protective effects of AS-1V in vitro,
it is likely that AS-IV may exert its renoprotective effects
through multiple targets and mechanisms beyond TFRC-
dependent pathways, rather than a single TFRC-mediated
mechanism. Sixth, our ferroptosis-related conclusions are
based primarily on changes in marker expression and lipid
peroxidation products—which are well-established pheno-
typic indicators—but several of these biochemical param-
eters were measured in serum rather than directly in renal
tissue, thereby limiting the tissue-specific interpretation of
our findings. Despite these limitations, our study provides
supportive evidence linking AS-IV to the TFRC/Nrf2/HO-
1/ferroptosis regulatory network in DN.

Conclusion

In summary, this study demonstrates that AS-IV atten-
uates renal injury and ferroptosis in DN, and these effects
are associated with downregulation of TFRC and activation
of the Nrf2/HO-1 antioxidant pathway. These findings sug-
gest that TFRC may represent a promising therapeutic tar-
get and highlight the potential of AS-IV as a therapeutic
candidate for DN.
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