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Fortunellin attenuates sepsis-induced acute
kidney injury by inhibiting inflammation
and ferroptosis via the TLR4/NF-kB pathway
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Summary. Objective. To investigate the potential
protective effect of fortunellin in sepsis-induced acute
kidney injury (AKI) and its underlying mechanisms.

Methods. Lipopolysaccharide (LPS)-treated human
kidney proximal tubular epithelial (HK-2) cells were
used as a cell model and sepsis-induced AKI was
induced by cecal ligation and puncture (CLP) surgery in
mice. Cell Counting Kit-8 (CCKS8) assays and flow
cytometry analysis were performed to examine the
viability of HK-2 cells. Enzyme-linked immunosorbent
assay (ELISA) was performed to investigate the content
of tumor necrosis factor-alpha (TNF-a), interleukin-6
(IL-6), and interleukin-1 beta (IL-1P) in vivo and in
vitro. The levels of malondialdehyde (MDA), superoxide
dismutase (SOD), glutathione (GSH), and free iron
(Fe*") were measured as indicators of ferroptosis. The
phosphorylation levels of Interleukin-1 Receptor-
Associated Kinase 4 (p-IRAK4), p65 (p-65), and
inhibitor of kappa B alpha (p-IxBa) were detected by
western blot as an indication of nuclear factor kappa-B
(NF-xB) pathway activation.

Results. Our cell and animal experiments revealed
that fortunellin exhibits significant anti-inflammatory
and cytoprotective properties. Fortunellin counteracted
LPS-induced cellular damage in HK-2 cells, enhancing
cell survival and suppressing the secretion of pro-
inflammatory cytokines. Additionally, fortunellin
demonstrated potent antioxidant effects, reducing MDA
and Fe?" levels while increasing SOD activity and GSH
content. The protective effect of fortunellin was further
corroborated in the mouse model of sepsis-induced AKI.
Notably, fortunellin suppressed activation of the
TLR4/NF-kB pathway in the AKI model, as evidenced
by decreased levels of p-p65 and p-IkBa proteins.

Conclusion. Fortunellin ameliorates inflammation

and oxidative stress in sepsis-induced AKI, possibly
through the modulation of the TLR4/NF-xB pathway.
These findings suggest fortunellin's potential as a
therapeutic agent for sepsis-associated AKI.

Key words: Fortunellin, Sepsis-induced acute kidney
injury, Inflammation, Ferroptosis, NF-kB pathway

Introduction

Sepsis is an immune complication characterized by
systemic organ dysfunction (Liu et al., 2022b).
Generally, sepsis causes nervous system disorders,
endothelial injury, and the release of vasoactive
substances. These factors lead to the production of pro-
inflammatory cytokines such as interleukin (IL)-1p, IL-
6, IL-8, and tumor necrosis factor-o (TNF-a), triggering
inflammatory and oxidative stress (Grondman et al.,
2020; He et al., 2022) . Acute Kidney Injury (AKI) is a
primary complication of sepsis, affecting approximately
45-70% of sepsis patients in clinical settings (Uchino et
al., 2005). The pathophysiology of AKI is complicated
and involves multiple pathogenic changes, including
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renal hypoperfusion, microvascular dysfunction, tubular
cell injury, and maladaptive repair processes (Basile et
al., 2012). Additionally, the inflammatory cascade
initiated by sepsis can directly damage kidney tissues,
while oxidative stress further exacerbates cellular injury
(Almazmomi et al., 2023). The interplay between these
factors can lead to a rapid decline in renal function,
manifesting as decreased urine output and elevated
serum creatinine levels (Makris and Spanou, 2016).
Understanding these complex pathways is crucial for
developing effective therapeutic strategies to prevent and
treat sepsis-induced AKI.

Recent studies have identified ferroptosis, a form of
iron-dependent cell death, as a detrimental factor in AKI
(Lin et al., 2023; Jin et al., 2024). Ferroptosis is
characterized by the accumulation of lipid peroxides and
iron-dependent reactive oxygen species (ROS)
production (Jiang et al., 2021). This unique modality of
cell death is regulated by key pathways involving system
Xc-, glutathione metabolism, iron homeostasis, as well
as oxidative stress (Zeng et al., 2023) . Several defense
mechanisms against ferroptosis have been elucidated,
including GTP cyclohydrolase 1 (GCHI1), glutathione
peroxidase 4 (GPX4), and ferroptosis suppressor protein
1 (FSP1). These proteins protect cells from iron-
dependent lipid peroxidation by producing lipophilic
antioxidants, reducing lipid hydroperoxides, and
maintaining cellular redox homeostasis (Zeng et al.,
2023, Zhang et al., 2023a,b). In AKI, iron overload plays
a critical role in exacerbating kidney damage through
various mechanisms, including increased iron
availability, the Fenton reaction, mitochondrial
dysfunction, and amplification of ferroptosis (Walker
and Agarwal, 2016; Scindia et al., 2019; Mo et al., 2022;
Ni et al., 2022). The disruption of iron homeostasis
during AKI creates an environment conducive to
ferroptosis, potentially leading to widespread tubular cell
death and further inflammatory responses (Scindia et al.,
2019; Ni et al., 2022). Targeting iron overload and
ferroptosis opens new avenues for therapeutic
interventions for AKI management (Walker and
Agarwal, 2016; Scindia et al., 2019; Mo et al., 2022; Ni
etal., 2022).

In recent years, kumquat fruit (Fortunella japonica
Swingle) extracts have garnered increasing attention due
to their potential health benefits (Lou and Ho, 2017).
Among the identified bioactive compounds, fortunellin,
a type of citrus flavonoid, has been shown to exhibit
anti-cancer, anti-inflammatory, and antioxidant effects
(Lou et al., 2016). Fortunellin was reported to inhibit
ROS production and suppress inflammation in colitis by
regulating the nuclear factor kappa-B (NF-kB) signaling
pathway (Xiong et al., 2018). Furthermore, in a model of
diabetes-induced heart injury, fortunellin was found to
suppress inflammation and oxidative stress through the
adenosine monophosphate-activated protein kinase
(AMPK)/nuclear factor erythroid 2-related factor 2 (Nrf-
2) pathway (Zhao et al., 2017). Given its potent anti-
inflammatory and antioxidant properties, fortunellin

represents a promising therapeutic candidate for the
treatment of sepsis-induced AKI. Natural products have
been extensively studied for their ability to modulate
ferroptosis (Zheng et al., 2024), however, the potential
effect of fortunellin on AKI-related ferroptosis warrants
further exploration. In this study, we investigated the
potential protective effect of fortunellin in sepsis-
induced AKI and its underlying mechanisms.

Materials and methods
Cell and cell culture

Human kidney proximal tubular epithelial (HK-2)
cells were procured from Procell Life Science &
Technology. Co., Ltd. (Procell, Wuhan, Chian, Cat# CL-
0109). The cells were cultivated in Minimum Essential
Medium (MEM) supplemented with 10% fetal bovine
serum (FBS) (both from Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) at 37°C in a 5% CO,
incubator. Regarding cell treatments: the control group
received no treatment; in the lipopolysaccharide (LPS)
group, cells were incubated with 10 ng/mL LPS (Sigma-
Aldrich, St. Louis, MO, USA, Cat# 1.2630) for 24 hours;
in the LPS + fortunellin groups, culture medium
containing 20/40/80 uM fortunellin (MedChemExpress,
Shanghai, China, Cat# HY-119678, Purity: 95.93%) was
added to the cells for 3 hours, then 10 ng/mL LPS was
added and incubated for another 24 hours (Sun et al.,
2021).

Cell viability assay

HK-2 cells were seeded in 96-well plates at a density
of 6000 cells per well and allowed to adhere for 24
hours. Cells were then treated as described above for 24
hours. Next, 10 uL of Cell Counting Kit-8 (CCK-8)
reagent (Dojindo Molecular Technologies, Kumamoto,
Japan, Cat# CKO04) was added to each well and
incubated for 3 hours at 37°C. The absorbance was
measured at 450 nm using a BioTek Synergy HTX
microplate reader (BioTek Instruments, Winooski, VT,
USA). Cell viability was calculated as a percentage, with
the untreated group set as 100%.

Enzyme-linked immunosorbent assay (ELISA) and
detection of oxidative stress

ELISA analysis and detection of oxidative stress
indicators were conducted in 10 mg of tissue or 1x10°
HK2 cells in each experimental group. A colorimetric
iron assay kit (Abcam, Cambridge, UK, Cat# ab83366)
was used for intracellular free iron detection. The
detection of malondialdehyde (MDA, Cat# E-EL-0060)
and glutathione (GSH, Cat# E-EL-0026) was conducted
using the corresponding commercial kits (Elabscience
Biotechnology Co., Ltd., Wuhan, Hubei, China)
according to the manufacturer's instructions. For human
samples, superoxide dismutase 1 (SOD1, Elabscience
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Biotechnology Co., Ltd., Cat# E-EL-H1113), TNF-a
(Cat# E-EL-H0109), interleukin-6 (IL-6, Cat# E-EL-
H6156), and interleukin-1 beta (IL-1B, Cat# E-EL-
HO0149) were measured. For mouse samples, SODI1
(Cat# E-EL-M2398), TNF-a (Cat# E-EL-M3063), IL-6
(Cat# E-EL-MO0044), and IL-1B (Cat# E-EL-M0037)
were measured. The relative levels of each molecule
were normalized against the protein contents in each
sample, which was determined using a Bradford protein
assay kit (Beyotime Biotech, Beijing, China, Cat#
P0006).

Flow cytometry analysis of cell death

HK-2 cells (1x10°) were harvested and washed
twice with cold PBS. Cell death was assessed using the
Annexin V-FITC Apoptosis Detection Kit (BD
Biosciences, San Jose, CA, USA, Cat# 556547)
according to the manufacturer's instructions. Briefly,
cells were resuspended in 200 pL of 1X binding buffer,
then incubated with 5 pL of FITC-conjugated Annexin V
and 5 pL of Propidium lodide (PI) for 15 minutes at
room temperature in the dark. After incubation, 400 puL
of 1X binding buffer was added to each sample. The
stained cells were analyzed using a BD FACSCanto II
flow cytometer (BD Biosciences, San Jose, CA, USA).

Western blot

Cells (1x10°) or tissues (10 mg) were lysed in RIPA
buffer containing protease inhibitors (Thermo Fisher
Scientific, Cat# 89900). Protein concentrations were
determined using a BCA Protein Assay Kit (Thermo
Fisher Scientific, Cat# 23225). Equal amounts of protein
were separated by SDS-PAGE and transferred onto
PVDF membranes (Millipore, Burlington, MA, USA,
Cat# IPVH00010). Membranes were blocked with 5%
bovine serum albumin (BSA) (Sigma-Aldrich, Cat#
A2153) for 1h and then incubated with primary
antibodies at 4°C overnight. The following primary
antibodies were used (all from Cell Signaling
Technology, Danvers, MA, USA, 1:1000 dilution):
phospho-p65 (Cat# 3033), phospho-IkBa (Cat# 2859),
total p65 (Cat# 8242), total IkBa (Cat# 4814), IRAK4
(Cat# 4363), Phospho-IRAK4 (Cat# 11927), and
GAPDH (Cat# 5174). Membranes were then incubated
with HRP-conjugated secondary antibodies (anti-mouse
or anti-rabbit, 1:5000, Cell Signaling Technology, Cat#
7076 and 7074) for 1h at room temperature. Protein
bands were visualized using a ChemiDoc Touch Imaging
System (Bio-Rad Laboratories, Hercules, CA, USA) and
quantified using ImagelJ software (National Institutes of
Health, Bethesda, MD, USA).

Animal experiments
The sepsis model in mice was established by cecal

ligation and puncture (CLP) surgery as previously
described (Xu et al., 2023; Guo et al., 2024). Male

C57BL/6 mice (8 weeks old, 20-25 g) were obtained
from the Shanghai Laboratory Animal Center (Shanghai,
China). Mice were randomly divided into four groups
(n=6 per group): sham, sham+fortunellin, CLP model,
and CLP model+fortunellin. For the CLP procedure, the
abdominal skin and muscle were incised, the cecum was
ligated and punctured, and then the abdominal muscle
and skin were sutured. Sham-operated mice underwent
the same procedure without ligation and puncture of the
cecum. Fortunellin (MedChemExpress, Shanghai, China,
Cat# HY-119678) was administered at a dose of 30
mg/kg/day by oral gavage. The sham+fortunellin and
CLP model+fortunellin groups received daily fortunellin
treatment, while the sham and CLP model groups
received an equivalent volume of vehicle (saline). Drug
intervention continued for 3 weeks. At the end of the
three-week treatment, all mice were sacrificed by
cervical dislocation. Blood and kidney tissues were
collected for further analysis. All animal experiments
were approved by the Animal Care and Use Committee
of the First Hospital of Qinhuangdao. All procedures
were performed in accordance with the Guide for the
Care and Use of Laboratory Animals published by the
National Institutes of Health.

Hematoxylin and Eosin (H&E) Staining

Kidney tissues were fixed in 10% neutral buffered
formalin (Sigma-Aldrich, St. Louis, MO, USA, Cat#
HT501128) for 24 hours, dehydrated through a graded
ethanol series, cleared in xylene, and embedded in
paraffin. Sections (5-pum thick) were cut using a
microtome (Leica Biosystems, Wetzlar, Germany, Model
RM?2245). The sections were deparaffinized in xylene,
rehydrated through a graded ethanol series, and stained
with hematoxylin solution (Sigma-Aldrich, Cat#
MHS16) for 5 minutes. After rinsing in distilled water,
sections were differentiated in 1% acid alcohol (Sigma-
Aldrich, Cat# A3429) for 30 seconds and blued in 0.2%
ammonia water (Sigma-Aldrich, Cat# 221228). Sections
were then counterstained with eosin solution (Sigma-
Aldrich, Cat# HT110232) for 30 seconds, dehydrated
through graded ethanol, cleared in xylene, and mounted
with DPX mountant (Sigma-Aldrich, Cat# 06522).
Stained sections were examined under a light
microscope (Olympus BX53, Tokyo, Japan) for
histopathological changes.

Terminal deoxynucleotidyl transferase dUTP Nick End
Labeling (TUNEL) Assay

Apoptosis in kidney tissue sections was assessed
using the In Situ Cell Death Detection Kit, Fluorescein
(Roche Diagnostics, Mannheim, Germany, Cat#
11684795910) according to the manufacturer's
instructions. Briefly, paraffin-embedded kidney sections
(5-pm thick) were deparaffinized, rehydrated, and
permeabilized with Proteinase K (20 pg/mL in 10 mM
Tris-HCI, pH 7.4) (Sigma-Aldrich, Cat# P2308) for 30
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minutes at 37°C. After washing with phosphate-buffered
saline (PBS), sections were incubated with the TUNEL
reaction mixture for 60 minutes at 37°C in a humidified
chamber in the dark. Sections were then rinsed with PBS
and counterstained with 4',6-diamidino-2-phenylindole
(DAPI) (Thermo Fisher Scientific, Waltham, MA, USA,
Cat# D1306) to visualize nuclei. Slides were mounted
with ProLong Gold Antifade Mountant (Thermo Fisher
Scientific, Cat# P36930). TUNEL-positive cells were
visualized using a fluorescence microscope (Olympus
BX53, Tokyo, Japan) with appropriate filters. The
percentage of TUNEL-positive cells was calculated by
counting the number of TUNEL-positive cells divided
by the total number of DAPI-stained cells in at least five
random fields per section.

Data analysis

Cell experiments were repeated three times

Fortunellin

Cell viability (%)

D Control LPS

10% dat a2 | 40% a2
] 075 o 048

Fortunellin (uM)

independently and data are presented as mean + standard
deviation (SD). Statistical analysis was performed using
GraphPad Prism 8.0 (GraphPad Software, San Diego,
CA, USA) and Student's t-test or two-way ANOVA. p-
values <0.05 were considered statistically significant for
all tests.

Results
Fortunellin attenuates LPS-induced cell death in HK-2

Fortunellin is a well-characterized bioactive
chemical isolated from kumquat fruit (Fortunella
japonica Swingle) (Fig. 1A). In this study, we first
assessed the potential cytotoxicity of fortunellin in HK-2
cells. Various concentrations of fortunellin (0, 20, 40, 80
uM) were applied for 24 hours, and no significant effect
on cell viability was observed in HK-2 cells (Fig. 1B).
Next, the potential effect of fortunellin against LPS-
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induced injury was examined in HK-2 cells. As shown in
Figure 1C, LPS treatment reduced HK-2 cell viability by
approximately 50%. However, fortunellin significantly
increased cell viability in a dose-dependent manner, with
the highest concentration restoring cell survival to about
80% of the control group. Furthermore, LPS-induced
apoptosis was also dose-dependently curtailed by
fortunellin (Fig. 1D).

Fortunellin mitigates LPS-induced inflammation and
ferroptosis in HK-2 cells

Given that sepsis-induced AKI is a complex
syndrome involving the interplay of inflammation,
oxidative stress, and ferroptosis (Walker and Agarwal,
2016; Scindia et al., 2019; Mo et al., 2022; Ni et al.,
2022), we investigated the effect of fortunellin on LPS-
induced inflammatory cytokine production, oxidative
stress, and iron status. As shown in Figure 2A-C, LPS
incubation significantly increased the levels of IL-1,
IL-6, and TNF-a compared with untreated control cells.
Conversely, fortunellin reduced the secretion of these

inflammatory cytokines in a dose-dependent manner.

Recent studies have identified ferroptosis as a form
of programmed cell death characterized by iron
overload, ROS accumulation, and GSH depletion
(Scindia et al., 2019; Chen et al., 2023). Measurements
of intracellular free iron ions revealed that fortunellin
inhibited the LPS-stimulated increase in iron levels, with
the most pronounced effect observed at 80 uM (Fig. 2D).
Furthermore, fortunellin mitigated the LPS-induced
increase in MDA (the byproduct of lipid peroxidation)
levels (Fig. 2E), while enhancing SOD activity (Fig. 2F)
and GSH content in a dose-dependent manner (Fig. 2G).
These findings collectively demonstrate that fortunellin
attenuates LPS-induced inflammation and ferroptosis in
HK-2 cells, suggesting its potential protective role in
sepsis-induced AKI.

Fortunellin suppresses LPS-induced activation of the
TLR4/NF-kB pathway

To elucidate the molecular mechanisms underlying
the anti-inflammatory and anti-ferroptotic effects of
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fortunellin, we investigated its impact on the TLR4/NF-
kB signaling pathway, a well-established regulator of
inflammatory responses (Liu et al., 2017). The results
shown in Figure 3 demonstrate that the phosphorylation
levels of IRAK4 (a signaling transducer, downstream of
the TLR4 receptor), IkBa (an inhibitor of the NF-kB
pathway), and p65 (a key transcription factor in the NF-
kB signaling cascade) were significantly elevated by
LPS, while fortunellin at 80 uM reversed the changes in
p-IRAK4, p-p65, and p-IkBa levels compared with the
LPS group.

The protective effect of fortunellin in the sepsis-induced
AKI model

To validate the in vitro findings, we next
investigated the effects of fortunellin in a mouse model
of sepsis-induced AKI. We observed significantly
elevated levels of blood urea nitrogen (BUN) and
creatinine (Cre) in the CLP-induced model group,
indicating impaired renal function. Fortunellin treatment
(30 mg/kg) showed no effect on BUN and Cre levels in
the sham group, while it significantly attenuated the
CLP-induced increase in these markers in the CLP-
model group (Fig. 4A). Histological analysis of kidney
sections revealed no adverse effects of fortunellin in
sham-operated mice. CLP mice exhibited an increased
kidney injury score, which was partially ameliorated by
fortunellin treatment (Fig. 4B). Besides, fortunellin
significantly reduced CLP-induced apoptosis in the renal
tissues, further supporting its protective role in sepsis-
induced AKI (Fig. 4C). These in vivo findings align with
our cellular experiments, demonstrating the protective

effects of fortunellin against sepsis-induced AKI at both
cellular and histological levels.

Fortunellin inhibits CLP-induced inflammation and
ferroptosis through repressing TLR4/NF-kB signaling

To further investigate the mechanisms underlying
the protective effects of fortunellin in vivo, we examined
the expression of inflammatory cytokines and markers of
ferroptosis in kidney tissues from CLP-induced septic
mice. Fortunellin treatment significantly reduced the
production of inflammatory cytokines in renal tissues of
the CLP-induced AKI model group (Fig. 5A-C).
Consistent with the cellular results, there was a
significant increase in the free iron level in the model
group, which was suppressed by fortunellin
administration (Fig. 5D). Fortunellin treatment also
reduced MDA levels while increasing GSH and SOD
levels compared with CLP model mice (Fig. SE-G).
Notably, fortunellin administration alone did not induce
any significant changes relative to the sham group.
Furthermore, western blot analysis of kidney tissues
revealed that CLP significantly increased the levels of
phosphorylated IRAK4 (p-IRAK4), phosphorylated p65
(p-p65), and phosphorylated IxkBa (p-IxkBa), and
fortunellin treatment effectively attenuated these changes
(Figure 5SH). These findings suggest that fortunellin may
inhibit inflammation and ferroptosis in sepsis-induced
AKI by dampening the NF-kB pathway.

Discussion

The present study demonstrates the protective effects
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of fortunellin against sepsis-induced AKI, both in vitro
and in vivo. Our findings revealed that fortunellin
significantly improved cell viability and reduced
apoptosis in LPS-treated HK-2 cells. Furthermore, it
attenuated LPS-induced inflammation and ferroptosis by
reducing pro-inflammatory cytokine production,

A

150 -
100 4

50 -

IL-1B (pg/mg)

0.5 4

Relative iron count
-
=}
.

0.0

400

300 ~

200 A

GSH (U/g)

100 4

ns

== 30 mg/kg Fortunellin

B
400 -
S 300
## £
T & 200/
@
= 100/
0l
E
ok 20 -
it S
T £ 154
2
£ 101
5
= 54
04
== Sham
# = CLP
=

CLP+30 mg/kg Fortunellin

PIRAKE | S e S | 55
IRAK4 ‘ —— - — ‘ 55kd
p-p65 ‘-. — W — ‘ 65kd

pos | W - - - o5k
p-IKBa ‘- —_— — .J 40kd
IKBa “ e — ‘ 39kd
CAPDH | W w w— - | 3
3 =
6(@@ (g}\‘ 0\3 (g,\\\
S &
<° <°
© \©
® ®
o o
0\3

Ratio

1.0 1

0.5 1

0.0 -

p-IRAK4/IRAK4 p-p65/p65

decreasing free iron and MDA levels, and increasing
SOD activity and GSH content. Notably, fortunellin
suppressed the activation of the TLR4/NF-kB pathway
in these cells. In a mouse model of sepsis-induced AKI,
fortunellin treatment ameliorated renal dysfunction,
reduced histological damage, and decreased cell death.
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Fig. 5. Fortunellin inhibits CLP-
induced inflammation and ferroptosis
through repressing TLR4/NF-kB
signaling. Mice were divided into four
groups: sham, sham+fortunellin, CLP
model, and CLP model+fortunellin.
Fortunellin was administered at 30
mg/kg/day for 3 weeks. The kidney
tissues from different groups were
harvested for analysis. A-C. Levels
of inflammatory cytokines IL-13, IL-6,
and TNF-a in kidney tissues. D. Free
iron levels in kidney tissues. E. MDA
levels in kidney tissues. F. SOD
activity in kidney tissues. G. GSH
content in kidney tissues. H. Western
blot analysis and quantification of
relative levels of phosphorylated
IRAK4 (p-IRAK4), phosphorylated
p65 (p-p65), and phosphorylated
IkBa (p-1kBa) in kidney tissues.
#p<0.01, ##p<0.001 and **p<0.001,
compared with the sham or CLP
group.
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Consistent with the in vitro results, fortunellin also
inhibited inflammation and ferroptosis in vivo. These
findings collectively implicate fortunellin as a potential
therapeutic agent for sepsis-induced AKI, highlighting
its ability to modulate multiple pathogenic processes,
including inflammation, oxidative stress, and ferroptosis.

Traditional treatments for AKI often involve
supportive care, including fluid management and renal
replacement therapy, with limited pharmacological
options (Tamargo et al., 2024). In recent years, there has
been growing interest in exploring natural compounds
for kidney injury treatment, given their multi-target
effects and potentially lower toxicity profiles (Huang et
al., 2023). Fortunellin, a citrus flavonoid glycoside, is
primarily extracted from kumquat fruit (Fortunella
japonica Swingle) using methods such as solvent
extraction or ultrasound-assisted extraction (Wang et al.,
2012; Lou and Ho, 2017). The anti-inflammatory and
antioxidant properties of fortunellin have been widely
reported in various disease models. For instance, in a
study on colitis, fortunellin was found to inhibit ROS
production and suppress inflammation by regulating the
NF-kB signaling pathway (Xiong et al., 2018). This
aligns with our findings in sepsis-induced AKI, where
fortunellin effectively reduced the activation of the
TLR4/NF-kB pathway. In a model of diabetes-induced
heart injury, fortunellin suppressed inflammation and
oxidative stress through the AMPK/Nrf-2 pathway
(Zhao et al., 2017) . This effect on oxidative stress is
also consistent with our observations that fortunellin
treatment decreased MDA levels and increased SOD
activity and GSH content in both cell and animal models
of sepsis-induced AKI. Furthermore, fortunellin has
demonstrated protective effects in various other
inflammatory conditions, including acute lung injury
(Liu et al., 2024), osteoarthritis (Upadhyay et al., 2023),
and COVID-19-related inflammation (Agrawal et al.,
2022), by modulating inflammatory cytokine production
and oxidative stress markers. Our study extends these
findings to sepsis-induced AKI, demonstrating
fortunellin's ability to mitigate both inflammation and
oxidative stress in this context.

Notably, our research also revealed a novel effect of
fortunellin on ferroptosis, a recently recognized form of
regulated cell death implicated in AKI pathogenesis
(Walker and Agarwal, 2016; Scindia et al., 2019; Mo et
al., 2022; Ni et al., 2022). Ferroptosis is distinct from
other programmed cell death modes such as apoptosis,
necroptosis, autophagy, and pyroptosis (Dixon et al.,
2012; Galluzzi et al., 2018). Recent studies have
established a close relationship between ferroptosis and
sepsis, with evidence of its occurrence in sepsis-
associated acute lung injury, cardiac injury, and renal
injury (Li et al., 2022; Liang et al., 2022; Liu et al.,
2022a,b; Xi et al., 2022; Zhang et al., 2023a,b). In
sepsis-induced cells, ferroptosis can be triggered by the
accumulation of ROS, leading to an imbalance in ROS
homeostasis. This imbalance results in GSH depletion,
lipid peroxidation, and impaired iron metabolism (Zheng

et al., 2024). Accumulating evidence has shown that
ferroptosis inhibitors, such as ferrostatin-1, can exert
protective effects against septic injury in cardiac and
renal tissues (Li et al., 2020). Our work demonstrated
that sepsis-induced cell death exhibits ferroptotic
features, which could be counteracted by fortunellin
treatment. Fortunellin suppressed an increase in MDA
and free iron levels, and augmented the antioxidant
capacity by enhancing SOD and GSH levels in both cell
and animal models of sepsis. These findings support the
notion that fortunellin improves AKI by attenuating
ferroptosis. However, whether fortunellin impacts
different ferroptosis regulators, such as GPX4, FSP1,
and GCH1, warrants further investigation.

The TLR4/NF-kB signaling pathway is a canonical
pro-inflammatory pathway that can be activated by
various factors (Lawrence, 2009). Activation of the
TLR4 receptor leads to the recruitment of adaptor
MyD88 and the activation of IRAK4 kinase, which
subsequently phosphorylates the IxB kinase complex.
IxB kinase phosphorylates IkB to promote its
degradation, releasing the inhibition on NF-kB
transcription factors, such as p65. Among the typical IkB
proteins (IkBa, IkBp, and IkBeg), IkBa phosphorylation
is commonly used to indicate NF-kB activation (Guo et
al., 2024). NF-kB signaling has been reported to play a
crucial role in kidney injury (Song et al., 2019). In our
study, we showed that the inhibition of the TLR4/NF-xB
pathway by fortunellin possibly contributes to its anti-
inflammatory and antioxidant effects in sepsis-induced
AKI, which further highlights the implication of the
TLR4/NF-kB pathway in kidney injury.

Interestingly, recent studies have revealed a complex
interplay between NF-«xB signaling, iron overload, and
ferroptosis in various pathological conditions, including
AKI (Zhao et al., 2020; Chen et al., 2023). NF-xB
activation can modulate iron homeostasis by regulating
the expression of iron-related genes, potentially
exacerbating iron overload and ferroptosis (Salama et
al., 2022). Conversely, iron overload and ferroptosis can
further activate inflammatory pathways, including NF-
kB, creating a detrimental feedback loop (Li et al.,
2022). Our findings suggest that fortunellin's ability to
inhibit both the TLR4/NF-kB pathway and ferroptosis
may provide a dual protective mechanism against sepsis-
induced AKI. By simultaneously targeting inflammation
and iron-dependent cell death, fortunellin addresses
multiple detrimental conditions in AKI pathogenesis.
Together, our findings underscore the potential of
fortunellin as a promising therapeutic agent for sepsis-
induced AKI.

Conclusion

In summary, our study demonstrates the protective
effect of fortunellin on sepsis-induced AKI by
attenuating inflammation, oxidative stress, and
ferroptosis. The mechanism of action may involve the
inhibition of the TLR4/NF-kB signaling pathway.
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Fortunellin treatment was able to decrease free iron
levels and lipid peroxidation while enhancing
antioxidant defenses in both in vitro and in vivo models,
highlighting its potential as an anti-ferroptotic agent.
Further research is warranted to elucidate the detailed
molecular mechanisms and assess the long-term safety
and effect of fortunellin in animal models.
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