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Abstract

This study investigated whether ginkgolide B alleviates renal and podocyte
injury in membranous nephropathy by inhibiting ferroptosis. Rats with
passive Heymann nephritis received ginkgolide B (7.5 mg/kg/day) or
vehicle. Ginkgolide B significantly ameliorated nephrotic syndrome, reducing
24-hour urinary protein excretion, and improving serum albumin levels. It
also normalized lipid profiles and enhanced renal function, with all changes
achieving statistical significance at p<0.05. Histopathological analysis reveal-
ed reduced glomerular immune deposits, preserved podocyte density indica-
ted by improved WT-1 nuclear expression/distribution, and restored slit
diaphragm integrity shown by increased CD2AP expression. Mechanistically,
ginkgolide B suppressed ferroptosis by significantly decreasing reactive oxy-
gen species and lipid peroxides, reducing iron deposition, downregulating
ferroptosis drivers NCOA4, ACSL4, and LPCAT3, and restoring glutathione
peroxidase 4 activity (p<0.05 for all). These findings demonstrate that ginkgo-
lide B mitigates membranous nephropathy-associated renal and podocyte
injury by inhibiting ferroptosis.

Introduction

immune complex formation and complement activation
(Kistler and Salant, 2024). Therefore, understanding the

Membranous nephropathy is an autoimmune glomeru-
lar disease characterized histologically by subepithelial
immune deposits along the glomerular basement mem-
brane and clinically by nephrotic-range proteinuria
(Ponticelli, 2025). The incidence of membranous
nephropathy is increasing worldwide, with longitudi-
nal data indicating a 13% annual increase in China (Xu
etal., 2016).

The management of membranous nephropathy relies
on non-specific immunosuppression, mainly owing to
an incomplete understanding of the pathological
mechanisms underlying renal injury. Podocytes repre-
sent the primary target of injury in membranous neph-
ropathy, with autoantibodies initiating subepithelial

mechanisms underlying renal and podocyte damage in
membranous nephropathy is necessary for improving
the treatment.

Ferroptosis is an iron-dependent form of regulated cell
death characterized by accumulation of phospholipid
hydroperoxides, which cause plasma membrane rup-
ture through peroxidation of polyunsaturated fatty
acids (Alves et al., 2025). Recent studies have suggested
the involvement of ferroptosis in podocyte injury in
various kidney diseases, such as diabetic kidney disease
(Gao et al., 2025; Li et al., 2023; Pei et al., 2025; Zhang et
al., 2025), lupus nephritis (Liu et al., 2025), focal seg-
mental glomerulosclerosis (He et al., 2023) and Fabry
disease (Wise et al., 2025), highlighting the therapeutic
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potential of ferroptosis inhibitors. However, the role of
ferroptosis and its inhibitors in membranous nephro-
pathy remains unclear.

Ginkgolide B, a bioactive diterpenoid lactone isolated
from Ginkgo biloba L. leaves, is a pharmacologically ac-
tive component with anti-inflammatory, antioxidant,
and cytoprotective effects (Ahlemeyer and Krieglstein,
2003). Notably, emerging evidence indicates that gink-
golide B exerts anti-ferroptotic effects across various
pathological contexts. In diabetic kidney disease
models, ginkgolide B preserves renal function by inhibi-
ting GPX4 ubiquitination and attenuating lipid peroxi-
dation (Chen et al.,, 2022). Similarly, in neurological
disorders such as cerebral ischemia and spinal cord
injury, ginkgolide B mitigates ferroptosis by reducing
iron accumulation and oxidative stress (She et al., 2025;
Yang et al.,, 2024). These findings collectively suggest
that ferroptosis inhibition represents a conserved
therapeutic mechanism of ginkgolide B.

Given the pivotal role of ferroptosis in podocyte injury
across diverse kidney diseases and the demonstrated
anti-ferroptotic efficacy of ginkgolide B, it is hypothe-
sized that ginkgolide B might alleviate membranous
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nephropathy-related renal injury by inhibiting ferrop-
tosis. To test this hypothesis, classical passive Heymann
nephritis model of membranous nephropathy was
used.

Materials and Methods
Experimental animals

Sprague-Dawley rats (female; 150-180 g) were obtained
from SPF Biotechnology Co., Ltd. (China) and housed
in the Laboratory Animal Center of Wuxi School of
Medicine, Jiangnan University. The rats had ad libitum
access to water and standard chow.

Grouping, and intervention

Rats were randomly assigned to four groups (n=10/
group initially): normal control, ginkgolide B-only,
passive Heymann nephritis, and passive Heymann
nephritis + ginkgolide B. Ginkgolide B (Aladdin
Scientific Corp., China) was administered at a dosage of
7.5 mg/kg/day from the day of model induction until
sacrifice.

Box 1: Rat model of passive Heymann nephritis

Principle

The passive Heymann nephritis model represents antibody-
mediated experimental glomerulonephritis mimicking human
membranous nephropathy. Heterologous antibodies targeting
the renal tubular antigen Fx1A bind to glomerular epitopes,
forming subepithelial immune deposits. This process induces
complement activation, podocyte injury, and proteinuria.

Materials

Animals: Male New Zealand rabbits and Sprague-Dawley
rats. Reagents: Fx1A antigen (isolated from Sprague-Dawley
rat renal cortex), complete Freund’s adjuvant, normal saline,
and fluorescein isothiocyanate-conjugated anti-rabbit IgG.
Equipment: Sieve mesh (150 mesh), centrifuge, lyophilizer,
refrigerator, and fluorescence microscope.

Procedure
Fx1A antigen preparation

Step 1: Isolate the renal cortex from euthanized rats, homo-
genize, and sieve.

Step 2: Centrifuge the homogenate (4°C, 400 x g, 10 min) and
discard precipitate.

Step 3: Ultracentrifuge the supernatant (4°C, 78,680 x g, 45
min), wash pellet in deionized water, lyophilize, and store at
—80°C.

Rabbit Anti-Fx1A antiserum production

Step 1: Emulsify 10 mg of Fx1A in 0.5 mL of normal saline with
0.5 mL of complete Freund’s adjuvant.

Step 2: Inject the solution subcutaneously at multiple dorsal
sites in rabbits.

Step 3: Administer >4 booster doses at intervals of 10-20 days.

Step 4: Collect serum 10 days after the final booster, centrifuge
(4°C, 1,000 x g, 10 min), and store at —80°C.

Step 5: Inactivate complement (56°C, 30 min) before use.

Antiserum potency validation

Step 1: Add serially diluted (1:1,000-1:4,000) antiserum to
normal rat kidney cryosections.

Step 2: Detect binding using fluorescein isothiocyanate-conju-
gated anti-rabbit IgG (1:100).

Step 3: The validation criterion is bright linear fluorescence
along proximal tubular brush borders at <1:2,000 dilution.

Passive Heymann nephritis induction

Step 1: Inject 2 mL of anti-Fx1A antiserum intraperitoneally
into non-anesthetized rats.

Step 2: Administer 1 mL of antiserum intraperitoneally after 1
hour (total 3 mL/rat).

Exclusion criteria

a) Exclude rats with 24-hours urinary protein excretion of <10
mg on day 15 after Fx1A injection; b) Exclude rats that died
during the model induction phase.

This protocol modifies classical methods by using rabbits for
antiserum production, enhances the immune process,
simplifies potency validation, involves intraperitoneal admi-
nistration, and includes stringent exclusion criteria to enhance
reproducibility and safety.

Reference

Salant and Cybulsky, 1988.




124 Bangladesh ] Pharmacol 2025; 20: 122-130

Sample collection

On day 15 after model induction, rats were placed in
metabolic cages for 24-hours urine collection. Blood (1.0
-1.5 mL) was collected from the angular vein for serum
isolation. The kidneys were perfused in situ with ice-
cold phosphate-buffered saline through the renal artery
until blanched, and renal cortex tissue was excised. Rats
that died during the observation period or had 24-hours
urinary protein of <10 mg were excluded, resulting in
the inclusion of 8 rats/group in the final analysis.

Urinary protein and serum biochemical analyses

24-hours urinary protein was quantified using a Brad-
ford protein assay kit (P0006, Beyotime Biotechnology,
China). Serum albumin, triglyceride, total cholesterol,
low-density lipoprotein cholesterol, high-density lipo-
protein cholesterol, creatinine, and blood urea nitrogen
levels were measured using an automated biochemical
analyzer (ZY-450, Kehua Bioengineering Co., Ltd.,
China).

Histopathological and immunohistochemical analyses

Masson staining and periodic acid-silver methenamine
staining were performed on paraffin-embedded tissue
sections (2.5 pm) using commercial kits (G1006, G1059;
Servicebio Technology Co., Ltd., China) according to
standardized protocols. For immunohistochemical ana-
lysis, the sections were subjected to antigen retrieval in
citrate buffer (pH 6.0) under high-pressure heating;
blocked with 3% bovine serum albumin; and incubated
with primary antibodies against WT-1 (1:100, GB11382,
Servicebio), NCOA4 (1:100, DF4255, Affinity Biosci-
ences Ltd., China), ACSL4 (1:50, DF15820, Affinity), and
LPCAT3 (1:150, 67882-1-Ig, Proteintech Group, Inc,
China) overnight at 4°C. For detection, the sections
were treated with horseradish peroxidase-conjugated
secondary antibodies (1:200-500, GB23301/GB23303,
Servicebio) and stained with 3,3'-diaminobenzidine for
color development. For immunofluorescence staining, 5
-pm frozen sections were incubated with anti-CD2AP
antibody (1:200, 32089-1-AP, Protein-tech) followed by
a fluorescein isothiocyanate-conjugated secondary
antibody (1:200, A0562, Beyotime). The sections were
stained with prussian blue working solution (G1029,
Servicebio) for 1 hour, and nuclei were counterstained
with nuclear fast red.

All images were acquired using a Pannoramic
Pathology Scanner (MIDI, 3DHISTECH Ltd., Hungary)
or a confocal microscope (LSM710, Carl Zeiss Meditec
AG, Germany). For semiquantitative immunohistoche-
mical analysis, integrated optical density per glomeru-
lar area was measured in three randomly selected
glomeruli per section using the Image-Pro Plus 6.0
software (Media Cybernetics, USA).

Biochemical assays

Reactive oxygen species levels in rat renal cortex tissues

were quantified through fluorescence spectroscopy
(Ex/Em: 488/525 nm) using the 2',7'-dichlorodihydro-
fluorescein diacetate probe (E004-1-1, Nanjing Jian-
cheng Bioengineering Institute, China).

Lipid peroxide content was determined on a spectro-
photometer at 586 nm using an A106-1-2 assay kit (Jian-
cheng Bioengineering).

Glutathione peroxidase 4 (GPX4) activity was determi-
ned by monitoring the decrease in absorbance at 340
nm caused by the consumption of a reducing agent.
Specificity was confirmed using an inhibitor-controlled
assay (E-BC-K883-M, Elabscience Biotechnology Co.,
Ltd., China).

Statistical analysis

Data were expressed as the mean * standard deviation.
Intergroup differences were analyzed using one-way
analysis of variance with post-hoc least significant
difference test (equal variance) or Welch’s analysis of
variance with Dunnett’s T3 test (unequal variance) in
the Statistical Package for the Social Sciences (version
22.0) software (IBM Corp., USA). Statistical significance
was defined as a p-value of <0.05 (two-tailed).

Results

Effects on nephrotic syndrome

Compared with rats in the normal control groups, those
in the passive Heymann nephritis group developed
classic features of nephrotic syndrome, including severe
proteinuria (Figure 1A); hypoalbuminemia (Figure 1B),
dyslipidemia characterized by elevated triglyceride,
total cholesterol, low-density lipoprotein cholesterol,
and high-density lipoprotein cholesterol levels (Figures
1C-F), and impaired renal function characterized by
increased serum creatinine and blood urea nitrogen
levels (Figures 1G-H).

Ginkgolide B treatment ameliorated these
manifestations, significantly reducing 24-hours urinary
protein levels (Figure 1A), restoring serum albumin
levels (Figure 1B), normalizing lipid profiles (Figures
1C-F), and improving renal function (Figures 1G-H).
No significant differences were found in 24-hours
urinary protein levels, serum albumin levels, lipid
profiles, or renal function between the normal control
and ginkgolide B-only groups (Figures 1A-H),
validating the safety of ginkgolide B. These results
collectively suggest that ginkgolide B can alleviate
nephrotic syndrome in rat models of passive Heymann
nephritis.

Effects on renal and podocyte injury

Rats in the passive Heymann nephritis group exhibited
hallmark pathological features of membranous nephro-
pathy. Masson staining showed subepithelial eosino-
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Figure 1: Effects of ginkgolide B on nephrotic syndrome in rats with passive Heymann nephritis. 24-hours urinary
protein (24h-UPro) (A), serum albumin (ALB) (B), triglyceride (TG) (C), total cholesterol (T-CHOL) (D), low-density
lipoprotein cholesterol (LDL-C) (E), high-density lipoprotein cholesterol (HDL-C) (F), serum creatinine (SCr) (G),
and blood urea nitrogen (BUN) (H) levels in rats from different groups (n = 8/group). Data are expressed as the
mean * standard deviation. ns, no significance; ap<0.05; ’p<0.01; NC (normal control), GB (ginkgolide B-only), PHN
(passive Heymann nephritis), and PHN + GB (PHN with GB treatment)

philic deposits, indicating accumulation of immune  Ginkgolide B treatment attenuated these pathological
complexes along the glomerular basement membrane.  changes, reducing immune deposits to some extent,
Periodic acid-silver methenamine staining showed  diminishing periodic acid-silver methenamine-positive
characteristic spike-like projections, indicating reactive  spikes, preserving podocyte density, and improving
basement membrane hyperplasia. WT-1 expression in ~ CD2AP expression and continuity. No significant
podocyte nuclei was markedly decreased and  pathological changes were observed in the normal
irregularly distributed, indicating podocyte injury and  control or ginkgolide B-only group (Figure 2). These
loss. Immunofluorescence staining showed discontinu-  findings suggest that ginkgolide B can mitigate renal
ous distribution and reduced expression of the slit and podo-cyte injury in rat models of passive Heymann
diaphragm protein CD2AP, indicating disrupted struc-  nephritis.

tural integrity of podocytes (Figure 2).
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Masson

PASM

CD2AP

Figure 2: Effects of ginkgolide B on renal and podocyte injury in rats with passive Heymann nephritis. Representative images of
Masson staining, periodic acid-silver methenamine (PASM) staining, WT-1 immunohistochemical staining and CD2AP immuno-
fluorescence staining in rat renal tissues from different groups (n=8/group). NC (normal control), GB (ginkgolide B-only), PHN
(passive Heymann nephritis), and PHN + GB (PHN with GB treatment). Original magnification: x400 (CD2AP), x630 (Masson,

PASM, and WT-1)
Effects on renal ferroptosis

Ferroptosis activation was observed in the kidneys of
rats with passive Heymann nephritis. In particular,
reactive oxygen species levels were markedly elevated
(Figure 3A), indicating increased oxidative stress, a key
driver of ferroptosis. Concurrently, lipid peroxide accu-
mulation validated extensive peroxidation of polyunsa-
turated fatty acids (Figure 3B), a hallmark of ferroptosis
-induced membrane damage. Prussian blue staining
showed pronounced iron deposition in glomeruli
(Figure 3G), indicating iron overload critical for ferrop-
tosis execution. Immunohistochemical analysis demon-

strated upregulation of ferroptosis-promoting factors,
including NCOA4, ACSL4, and LPCAT3 (Figures 3C-E,
G), and suppressed activity of the ferroptosis-inhibiting
enzyme GPX4 (Figure 3F).

Ginkgolide B treatment effectively reversed these chan-
ges, reducing reactive oxygen species and lipid per-
oxide levels, diminishing iron deposition, down-
regulating ferroptosis-promoting factors, and restoring
GPX4 activity (Figures 3A-G). No ferroptosis-related
changes were observed in the normal control or
ginkgolide B-only group (Figures 3A-G). Altogether,
these results indicate that ginkgolide B alleviates renal
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Figure 3: Effects of ginkgolide B on renal ferroptosis in rats with passive Heymann nephritis. Reactive oxygen species (ROS) levels
(A), lipid peroxide (LPO) levels (B), immunohistochemical semiquantitative analysis of NCOA4 (C), ACSL4 (D), LPCAT3 (E), and
GPX4 activity (F), and representative images of Prussian blue staining and immunohistochemical staining for NCOA4, ACSL4, and
LPCATS3 (G) in rat renal tissues from different groups (n=8/group). NC (normal control), GB (ginkgolide B-only), PHN (passive
Heymann nephritis), and PHN + GB (PHN with GB treatment). Data are mean * standard deviation. ns, no significance; ap<0.05;
bp<(.01. Original magnification: X630
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ferroptosis in rat models of passive Heymann nephritis.

Discussion

This study establishes ferroptosis as a pathogenic
mechanism in membranous nephropathy and proposes
ginkgolide B as an inhibitor of this mechanism. The
coordinated dysregulation of ferroptosis biomarkers,
including reactive oxygen species/lipid peroxide accu-
mulation, iron overload, upregulation of NCOA4/
ACSL4/LPCAT3, and GPX4 suppression, collectively
indicated ferroptosis activation in the kidneys of rats
with passive Heymann nephritis. Mechanistically,
reactive oxygen species elevation catalyzes the oxide-
tion of polyunsaturated fatty acids in membrane phos-
pholipids, initiating a peroxidation cascade that directly
ruptures plasma membranes. Lipid peroxide accumula-
tion indicates peroxidation of polyunsaturated fatty
acid-phospholipids, leading to membrane integrity dis-
ruption and osmotic cell rupture. Upregulation of
NCOA4 promotes ferritinophagy, resulting in the re-
lease of labile iron to fuel Fenton reactions that amplify
lipid peroxidation. Upregulation of ACSL4 activates
peroxidation-susceptible long-chain polyunsaturated
fatty acids and incorporates them into membrane
phospholipids. Overexpression of LPCAT3 remodels
membranes by inserting polyunsaturated fatty acid-
phospholipids, thereby accelerating peroxidation-dri-
ven membrane damage. Inactivation of GPX4 disrupts
the primary defense against phospholipid hydro-
peroxides, resulting in peroxide accumulation (Dixon
and Olzmann, 2024). These alterations collectively
define the iron-dependent, lipid peroxidation-driven
cell death pathway characteristic of ferroptosis.

Our findings suggest that ferroptosis drives renal and
podocyte injury in membranous nephropathy, which is
consistent with the findings of studies that have shown
ferroptosis as a common pathogenic mechanism in
various podocyte-associated kidney diseases. In diabe-
tic kidney disease, hyperglycemia and advanced glyca-
tion end products induce podocyte ferroptosis through
inhibition of Nrf2 (Gao et al., 2025), suppression of
AMPK (J. Zhang et al., 2025), or dysregulation of the
p53/GPX4 axis (Pei et al., 2025), which contrasts with
the immune complex-driven pathological changes in
membranous nephropathy. In lupus nephritis, auto-
immune-driven oxidative stress activates ferroptosis,
which can be mitigated by restoring Nrf2/HO-1/GPX4
pathway activity (Liu et al., 2025). This phenomenon is
consistent with antioxidant dysfunction observed in rat
models of passive Heymann nephritis in this study.
Ferroptosis also contributes to focal segmental glomeru-
losclerosis, where GPX4 downregulation in podocytes
was reversed by ferroptosis inhibitor ferrostatin-1,
attenuating proteinuria and fibrosis (He et al., 2023);
though triggered by adriamycin rather than immune

complexes and complement as in membranous nephro-
pathy, both conditions converge on ferroptosis-driven
podocyte injury. Genetic disorders such as Fabry
disease exhibit ferroptosis owing to sphingolipid
accumulation, which upregulates ALOX15 in podocytes
(Wise et al., 2025), whereas membranous nephropathy
may involve acquired iron dysmetabolism. All of the
abovementioned podocyte injuries lead to activation of
ferroptosis through lipid peroxidation, iron depen-
dency, or antioxidant impairment. In addition to its role
in podocytopathies such as membranous nephropathy,
ferroptosis contributes to tubular injury and other
glomerular diseases, such as unilateral ureteral obstruc-
tion-induced fibrosis (Huang et al., 2025), cisplatin-
induced acute kidney injury (Zheng et al, 2025),
adenine-induced chronic kidney disease (Fu et al., 2025;
Kim et al, 2025), aging kidneys (Wang et al.,, 2025),
crystal nephropathy, and IgA nephropathy (Qing et al.,
2025; Tang et al., 2025). This universal involvement of
ferroptosis indicates its important role in renal injury
across kidney diseases, highlighting the therapeutic
potential of ferroptosis inhibitors.

This study suggests that ginkgolide B exerts renopro-
tective effects in membranous nephropathy through
multi-targeted suppression of ferroptosis. The thera-
peutic efficacy of ginkgolide B may result from its
coordinated intervention at critical regulatory nodes: it
suppresses the initial trigger by mitigating iron over-
load, attenuates the propagating oxidative stress, and
prevents ferroptosis execution by inhibiting lipid
peroxidation. Concurrently, ginkgolide B regulates the
molecular network driving ferroptosis, normalizing the
levels of both pro-ferroptotic and anti-ferroptotic fac-
tors. This coordinated modulation synergistically dis-
rupts the self-amplifying cycle of iron-dependent
phospholipid peroxidation, distinguishing the action of
ginkgolide B from that of single-pathway inhibitors and
highlighting its potent functional and structural protec-
tion in passive Heymann nephritis. The inhibition of
ferroptosis by ginkgolide B represents a conserved
therapeutic mechanism across diseases. In cerebral
ischemia and spinal cord injury, ginkgolide B mitigates
neuronal damage by reducing iron accumulation,
reactive oxygen species levels, and lipid peroxide
levels, mirroring its suppression of iron overload,
oxidative stress, and membrane peroxidation in mem-
branous nephropathy (She et al., 2025; Yang et al,
2024). In Alzheimer’s disease and nonalcoholic fatty
liver disease, ginkgolide B inhibits ferroptosis drivers,
validating its core capacity to disrupt the ferroptosis
cascade (Shao et al., 2021; Yang et al., 2020; Y. Zhang et
al.,, 2023). These anti-ferroptotic effects extend the
cytoprotective effect of ginkgolide B, highlighting its
promise as a broad-spectrum inhibitor of ferroptosis.
Furthermore, clinical safety evaluations have consis-
tently reported fewer adverse events of ginkgolide B in
various diseases, including ischemic stroke and severe
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sepsis (Dhainaut et al., 1994; Zhao et al., 2022). These
findings align with our observation of no significant
adverse effects in ginkgolide B-treated rats. Therefore,
ginkgolide B may be a safe and effective ferroptosis
inhibitor with high therapeutic potential for membra-
nous nephropathy.

Despite notable findings, this study has some limita-
tions. Although we identified ferroptosis as a target of
ginkgolide B in membranous nephropathy, potential
crosstalk with other pathways remains unclear. In
addition, therapeutic outcomes were assessed only at a
single time point, precluding the evaluation of long-
term efficacy and safety.

Conclusion

Ferroptosis leads to renal and podocyte injury in mem-
branous nephropathy. Ginkgolide B effectively attenua-
tes this injury by inhibiting ferroptosis, serving as a
promising therapeutic agent for membranous nephron-
pathy.
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