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ABSTRACT: Sepsis-associated acute kidney injury (S-AKI) remains a critical clinical challenge due to its complex
pathogenesis, which involves intertwined oxidative stress, ferroptosis, and inflammatory cascades. Despite advances
in understanding these mechanisms, existing therapies fail to concurrently target these core pathological drivers,
limiting their clinical efficacy. Here, we demonstrate that Ganoderic acid C2 (GA-C2), a triterpenoid from
Ganoderma lucidum, inhibits neuraminidase 1 (NEU1) activity to restore nuclear factor erythroid 2-related factor 2
(Nrf2) stability and suppress ferroptosis in S-AKI models. In lipopolysaccharide-stimulated renal tubular epithelial
cells and murine sepsis, GA-C2 treatment blocked NEU1-mediated Nrf2 degradation, reducing oxidative stress (via
Nrf2/ glutathione peroxidase 4 axis stabilization) and inflammation (via nuclear factor-kB inhibition) while
upregulating ferroptosis suppressor protein 1. Molecular docking and cellular thermal shift assays revealed GA-C2
binds directly to NEU1’s catalytic pocket (ARG335/PRO310/VAL311), disrupting its ability to drive Nrf2
ubiquitination and phosphorylation. Crucially, GA-C2 outperformed classical inhibitors by simultaneously targeting
both Kelch-like ECH-associated protein 1-dependent and glycogen synthase kinase 3B-driven Nrf2 degradation
pathways. These results establish GA-C2 as a NEU1 inhibitor that alleviates S-AKI by coordinately restoring redox
balance, suppressing ferroptosis, and attenuating inflammation. By elucidating NEU1’s dual regulatory role in Nrf2
signaling, this work advances the mechanistic understanding of S-AKI and provides a blueprint for multi-target
therapeutic design. Furthermore, GA-C2’s efficacy and natural origin highlight the potential of Ganoderma-derived
compounds as foundational candidates for nutraceuticals or adjunctive therapies in sepsis management, bridging the
gap between mechanistic discovery and translational applications.
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1. Introduction

Sepsis-associated acute kidney injury (S-AKI) is a severe complication of systemic infection and a major
clinical challenge in critical care. Data from epidemiological studies reveal that S-AKI makes up over 50% of
acute kidney injury (AKI) incidents in intensive care units ['l. The mortality rate for S-AKI is strikingly high at

70.2%, and there is a direct connection between the severity of AKI progression and patient mortality 1>/,
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These statistics underscore the critical need for effective therapeutic strategies to mitigate the morbidity and
mortality linked to this condition. S-AKI pathogenesis is characterized by intricate mechanisms such as
oxidative stress, abnormal inflammation ], and ferroptosis, an iron-dependent cell death caused by lipid
peroxidation 8], Despite advances in sepsis management, therapies targeting these underlying pathways are
still limited, emphasizing the need for novel interventions.

Neuraminidase 1 (NEU1), a mammalian sialidase that influences inflammation and redox signaling, has
been recently recognized as a crucial contributor to organ injury pathogenesis °l. NEU1 is extensively present

(19 and inflammation ['''2], Pharmacological

in kidney tissues and is crucial for processes like fibrosis
inhibition of NEU1 has shown promise in treating diseases like pulmonary fibrosis ['*! and cardiomyopathy
[14]indicating its potential as a therapeutic target. However, the role of NEU1 in S-AKI remains unexplored,
despite its involvement in fibrosis, inflammation, and the mechanisms that underlie oxidative stress and
ferroptosis—critical factors in the development of S-AKI.

Ganoderma lucidum, a medicinal mushroom extensively utilized in traditional Eastern medicine, is
renowned for its diverse repertoire of bioactive constituents, including polysaccharides, triterpenoids, and
proteins '), Each of these components contributes distinct pharmacological properties [, For example,
GSBP-2, a polysaccharide isolated from Ganoderma sinense, has demonstrated potent antitumor efficacy in
breast cancer models by modulating the Phosphoinositide 3-kinase (PI3K) / Protein Kinase B (Akt) and
epithelial-mesenchymal transition signaling pathways [!”-18], In parallel, triterpenoids—particularly Ganoderic
acids (GAs), which are oxidized derivatives of lanosterol—constitute a major class of bioactive compounds in
Ganoderma lucidum "), GAs have been shown to ameliorate alcohol-induced liver injury by regulating gut
microbiota composition and attenuating inflammatory signaling pathways [2%2!l. Notably, several GAs have
also demonstrated protective effects in AKI models, particularly those induced by ischemia-reperfusion injury
221 Among these, Ganoderic acid C2 (GA-C2) has emerged as a promising candidate due to its potent

antioxidant and anti-inflammatory properties (2>

. Nevertheless, the precise molecular mechanisms
underlying GA-C2’s renal protective effects—especially in the context of S-AKI—remain poorly defined. In
particular, its potential interaction with NEU1 and involvement in ferroptosis signaling has not been
elucidated.

In sepsis, the accumulation of iron, depletion of glutathione (GSH), and inhibition of glutathione
peroxidase 4 (GPX4) collaboratively promote ferroptosis in renal tubular epithelial cells. Additionally, the
inactivation of the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway is pivotal in driving the
progression of S-AKI 23, In lipopolysaccharide (LPS)-induced acute lung injury, Nrf2, a critical regulator of
antioxidant defense, undergoes destabilization through Kelch-like ECH-associated protein 1
(Keap-1)-mediated ubiquitination and glycogen synthase kinase 3f (GSK3p)-dependent phosphorylation,
ultimately resulting in its degradation [2°/. Recent studies indicate that ferroptosis is a key mechanism in the

progression of AKI *7). Two downstream effectors of Nrf2, ferroptosis suppressor protein 1 (FSP1) and

GPX4, are essential in protecting against lipid peroxidation 28], However, Nrf2 suppression during sepsis
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disrupts this protective axis, creating conditions that favor ferroptosis [). Interestingly, NEU1 knockdown has
been shown to enhance Nrf2 target gene expression, suggesting that NEU1 represses Nrf2 signaling #°!. This
suggests that targeting NEU1 may restore redox balance. Despite this rationale, no studies have explored
natural compounds capable of simultaneously modulating both NEU1 and the Nrf2/ferroptosis axis in the
context of S-AKI.

This study bridges food chemistry and translational medicine by exploring the mechanistic link through
which GA-C2, a bioactive triterpenoid from Ganoderma lucidum, alleviates renal injury in S-AKI. We
propose that GA-C2 exerts its renoprotective effects through a multi-target mechanism: direct inhibition of
NEUL disrupts downstream inflammatory cascades (e.g., nuclear factor-«B (NF-kB) signaling), stabilizes
Nrf2 to restore redox homeostasis, and suppresses ferroptosis by upregulating GPX4 and FSP1. This
hypothesis positions GA-C2 as a novel therapeutic candidate capable of simultaneously targeting the key
pathological pathways of S-AKI. Using LPS-induced in vitro and in vivo sepsis models, we show that GA-C2
binds to the catalytic pocket of NEUI (ARG335/PRO310/VAL311), disrupts its enzymatic activity, and
reactivates Nrf2 through both Keap-1 and GSK3-dependent pathways. Our findings suggest that GA-C2 acts
as a dual-target therapeutic agent and holds potential as a promising functional food ingredient for the

management of sepsis.

2. Materials and methods
2.1. GAs preparation

Take 1 kg of sliced Ganoderma lucidum, add 10 L of anhydrous ethanol (China National Pharmaceutical
Group Corporation), place it in a multifunctional reactor (SENCOO Technology Co., Ltd.), stir at 15 r/min,
reflux extract at 60°C for 2 hours, take out the ethanol extract, evaporate to a small amount using a rotary
evaporator (R100 2B, Shanghai ShenSheng Technology Co., Ltd.), centrifuge at 1000 r/min for 10 minutes,
filter the clear liquid through a 0.22 um filter, transfer to an evaporating dish, evaporate to a paste-like state
using a water bath (Jinghong Company), grind into powder after freeze-drying to obtain crude GAs extract
Ganoderic acid n (GA-n).

Take 30 g of crude GAs extract GA-n, add 100 mL of anhydrous ethanol, dissolve with ultrasound. The
sample undergoes filtration using a 0.22 um disposable filter head, after which the filtrate is processed through
Flash medium-pressure preparation utilizing the GRACE Reveleris Prep holistic fast purification
chromatograph (Grace, USA). The first component mainly contains GA-C2 and a small amount of Ganoderic
acid B (GA-B), the second component mainly contains GA-B and Ganoderic acid A (GA-A), and the third
component contains various difficult-to-separate GAs, which are collected for other research purposes.

The combined first and second components are concentrated to dryness, supplemented with an
appropriate amount of anhydrous ethanol, filtered through a 0.22 pm filter head, and subjected to
high-pressure preparation using the GRACE Reveleris Prep holistic fast purification chromatograph (Grace,
USA). The three components are separately collected, concentrated, evaporated to dryness, and recrystallized

to obtain GA-C2, GA-B, GA-A. The tracking detection and purity identification results using the Waters 2535
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high-performance liquid chromatograph with a 2489 ultraviolet detector (Waters, USA), with all three GAs
having a purity of over 98%. The structures of the three compounds, as identified by the third-party Institute of
Materia Medica, Chinese Academy of Medical Sciences & Peking Union Medical College.

2.2. Ethical statement

Male C57BL/6 mice were sourced from Pengyue Experimental Animal Breeding Co., Ltd., located in
Jinan, China. The animal experiments were carried out by personnel trained at the Center for Experimental
Animals, Shandong Second Medical University. All procedures were conducted in compliance with ethical
guidelines and were approved under license number 2023SDL340. To minimize animal distress, all surgical

interventions were performed under 2%-3% isoflurane anesthesia.
2.3. Drug preparation and administration

In the animal experiments, GAs were dissolved in a saline solution containing 5% Tween 80. The drug,
or an equivalent volume of the vehicle, was administered intraperitoneally once daily over a period of three
consecutive days. Subsequent to the final drug administration, an injection of LPS was administered.
Ferrostatin-1 (Fer-1, IF0430, Solarbio, 10 mg/kg), ML385 (IM1020, Solarbio, 30 mg/kg), and
tert-Butylhydroquinone (TBHQ, SB8960, Solarbio, 50 mg/kg) were dissolved in dimethyl sulfoxide (DMSO,
D8371, Solarbio) and administered intraperitoneally at intervals of 1 hour, 2 hours, and 8 hours prior to the
LPS injection (L8880, Solarbio, 10 mg/kg). The concentration of DMSO was maintained below 2.5%.

In vitro experiments involved dissolving GAs in DMSO, diluting it to the required concentration in
culture medium, and applying it to rat proximal renal tubular (NRK-52E) cells. ML385 (20 umol/L) and
TBHQ (30 umol/L) were also dissolved in DMSO and added to the cells before LPS exposure (1 pg/mL). The

DMSO concentration was kept below 0.1% in all experimental groups.
2.4. Experimental grouping

C57BL/6 mice underwent a one-week acclimation period in a 12-hour light/dark cycle, with unrestricted

(22301 the mice were randomly sorted into the

food and water access. According to established protocols
following groups: Control (CTR), LPS, LPS + low dose of Ganoderic acid n (GA-n-L), LPS + high dose of
Ganoderic acid n (GA-n-H), LPS + GA-A, LPS + GA-B, LPS + GA-C2, LPS + Fer-1, LPS + TBHQ, LPS +
GA-n-H + ML385, and LPS + GA-C2 + ML385. Each group consisted of six mice (n=6).

Upon conclusion of the experimental procedure, the mice were anesthetized with 2%-3% isoflurane.
Subsequently, body weight measurements were obtained, blood samples were collected from the inferior vena
cava, and kidney specimens were excised and weighed. The kidneys were then sectioned into two portions:

one portion was rapidly frozen in liquid nitrogen for subsequent protein analysis via western blotting, while

the other portion was processed for paraffin embedding to facilitate morphological examination.
2.5. Cell culture

The NRK-52E rat proximal tubular epithelial cell line (CL-0174, Procell Life Science & Technology Co.,
Ltd.) was cultured in Dulbecco's Modified Eagle Medium (PM150210, Procell) supplemented with 5% Fetal
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Bovine Serum (164210, Procell). Cells were maintained in a CO:z incubator at 37°C. Once cultures reached
70%—-80% confluency, they were serum-starved for 12 hours and then randomly assigned to the following
treatment groups: CTR, LPS, LPS + TBHQ, LPS + GA-n, LPS + GA-C2, LPS + GA-n + ML385, and LPS +
GA-C2 + ML385.

In the LPS treatment protocol, NRK-52E cells were subjected to 1 pg/mL LPS for a duration of 24 hours.
Subsequently, the cells underwent treatment with cycloheximide (CHX, HY-12320, MedChemExpress) at a
concentration of 20 pg/mL for specified time intervals (0, 2, 4, 8, 12, and 24 hours) following transfection with

NEUI small interfering RNA (siRNA).
2.6. Cell viability assay

Cover slips and cell counting plates were sterilized using 75% ethanol. A cell suspension was
subsequently prepared and seeded into plates at a density of 5 x 103 cells per well, followed by an overnight
incubation. Triplicate wells were established for each experimental treatment group. To assess the impact of
varying concentrations of gibberellic acids (GA-A, GA-B, GA-C2, and GA-n) on the viability of NRK-52E
cells, a series of gradient concentrations (0, 1, 5,25, 50, 100, and 200 pg/mL) were administered and incubated
for a duration of 24 hours.

For the assessment of GAs and Fer-1 on LPS and erastin (Era, HY-15763, MedChemExpress)-induced
reduction in cell viability, cells were treated with gradient concentrations (1, 5, 25 pg/mL) of GA-A, GA-B,
GA-C2, GA-n, or Fer-1 (5 pumol/L), followed by LPS (1 pg/mL) or Era (1 pmol/L) treatment. Following a
4-hour incubation period with 10 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
solution, the culture medium was removed. Subsequently, 100 pL. of DMSO was introduced into each well.
Absorbance readings were then taken at a wavelength of 490 nm utilizing a microplate reader (Bio-Rad,

iMark). Each measurement was conducted in triplicate to ensure reproducibility.
2.7. Histological evaluation

To assess the effects of GAs treatment on kidney function, we examined tissue damage in the kidneys.

31331 kidney tissue samples were fixed in paraformaldehyde for

Following a previously established protocol !
24 hours. Subsequent to initial processing, the samples were subjected to a sequential treatment with graded
ethanol concentrations and xylene to achieve further fixation. Post-embedding in paraffin wax, the tissues
were sectioned into slices of 5 micrometers in thickness. These sections underwent a dewaxing process and
were rehydrated through a gradient of ethanol, followed by a rinse with distilled water. Hematoxylin and eosin
(HE) staining was conducted in accordance with the manufacturer's protocol (G1100, Solarbio).

To evaluate renal fibrosis, supplementary staining procedures were conducted utilizing Masson's
trichrome (G1340, Solarbio) and Sirius Red (G1472, Solarbio) staining kits. The stained tissue sections were
subsequently examined and imaged using a Nikon Eclipse E100 microscope (Nikon DS-U3, Japan).

Quantitative assessment of renal fibrosis was carried out using ImagelJ software.

2.8. Quantification of blood creatinine (Bcr) and blood urea nitrogen (BUN)
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Plasma levels of blood creatinine were quantified utilizing a commercial assay kit (CO11-2-1, NJJIC Bio).
Similarly, blood urea nitrogen levels were determined employing a urea nitrogen assay kit (C013-2-1, NJJC
Bio).

2.9. Enzyme-linked immunosorbent assay (ELISA)

The concentrations of interleukin-1f (IL-1B), tumor necrosis factor-o (TNF-a), and neutrophil
gelatinase-associated lipocalin (NGAL) were measured using specific ELISA kits: the mouse IL-13 ELISA kit
(ml098416, mlbio), the mouse TNF-a kit (ml002095, mlbio), and the mouse NGAL ELISA kit (ml002141,
mlbio). These measurements were performed with an enzyme labeling analyzer (Rayto RT-6100) following

the protocols provided by the manufacturer.
2.10. Western blot analysis
Kidney tissues were lysed with RIPA buffer (R0010, Solarbio) containing PMSF (P0100, Solarbio) at a

100:1 ratio, followed by ultrasonic treatment. After centrifugation, protein concentrations were determined
using the bicinchoninic acid method (C503021-0500, Sangon Biotech). Protein samples were subjected to
separation via SDS-PAGE and subsequently transferred onto a nitrocellulose membrane. After a blocking
step, the membrane was incubated overnight at 4°C with primary antibodies, including
prostaglandin-endoperoxide synthase 2 (PTGS2, 27308-1-AP, Proteintech, 1:1000), inducible nitric oxide
synthase (iNOS, #2982, CST, 1:1000), transforming growth factor-f1 (TGF-B1, ab31013, Abcam, 1:1000),
NF-kB p65 (YM8209, Immunoway, 1:1000), phosphorylated nuclear factor-kB p65 (Ser536) (p-NF-«xB,
YPO191, Immunoway, 1:1000), inhibitor of nuclear factor kappa B a (IxBa, #4812, CST, 1:1000), Akt
(GB15689, Servicebio, 1:1000), phosphorylated protein kinase B (p-Akt, GB150002, Servicebio, 1:1000),
GSK3p (GB11099, Servicebio, 1:1000), phosphorylated glycogen synthase kinase 3 (p-GSK3p, GB114582,
Servicebio, 1:600), Nrf2 (sc-365949, Santa Cruz Biotechnology, 1:1000), Keap-1 (sc-514914, Santa Cruz
Biotechnology, 1:1000), heme oxygenase-1 (HO-1, sc-390991, Santa Cruz Biotechnology, 1:1000), solute
carrier family 7 member 11 (SLC7A11,#98051, CST, 1:1000), FSP1 (sc-377120, Santa Cruz Biotechnology,
1:1000), and GPX4 (sc-166570, Santa Cruz Biotechnology, 1:1000). The subsequent day, following the
removal of the primary antibody, the membrane was incubated with a goat anti-rabbit secondary antibody
(SE134, Solarbio) at a dilution of 1:5000. Actin expression served as a loading control and was detected using
a PB-actin antibody (GB15001, Servicebio) at a dilution of 1:3000, along with an HRP-conjugated goat
anti-mouse secondary antibody (SE131, Solarbio) at a dilution of 1:5000. Immunoreactive bands were
visualized utilizing the e-BLOT ECL system (China), and the intensity of the protein bands was quantified

using Image-Pro Plus 6.0 software.
2.11. Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)

Total RNA was isolated from NRK-52E cells utilizing the Trizol reagent, followed by complementary
DNA synthesis employing the Reverse Transcription Kit from Toyobo. The primers, as specified in Table 1,
were synthesized by Shanghai Sangon. qRT-PCR was conducted using the SYBR Green Master Mix and
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primers at a concentration of 1 M. Gene expression levels were normalized to glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) as the reference gene.

Table 1. qRT-PCR primer sequences.

Gene Sequence (5' - 3)
TNF-a (F) AAGCCCGTAGCCCACGTCGTA
(R) GCCCGCAATCCAGGCCACTAC
IL-1B (F) CCAGGATGAGGACCCAAGCA
(R) TCCCGACCATTGCTGTTTCC
Nrf2 (F) TTGTAGATGACCATGAGTCGC
(R) CAGGGGTGGTGAAGACTGAG
HO-1 (F) CCTTCCCGAACATCGACAGCC
(R) GCAGCTCCTCAAACAGCTCAA
SLC7A11 (F) GGCATGAGAAGGTGGTTCTG
(R) CTGCCCGTGTTCTGGAGTAT
GPX4 (F) AATTCGCAGCCAAGGACATC
(R) GGCCAGGATTCGTAAACCAC
FSP1 (F) GGCAAAGTGATTGGCATAGA
(R) TGGATCTGCTTCACCATGTC
NEU1 (F) TTCATCGCTATGAGGAGGTCCA
(R) GAAGGGAATGCCGCTCACTCCA
GAPDH (F) CAAGGCTGAGAATGGGAAGC

(R) GAAGACGCCAGTAGACTCCA

2.12. Detection of malondialdehyde (MDA), hydrogen peroxide (H202), superoxide dismutase (SOD), and
GSH levels in cell and kidney tissue samples

The activity of MDA (D799761-0050, Sangon Biotech), H202 (BC3595, Solarbio), SOD
(D799593-0050, Sangon Biotech), and GSH (A006-2-1, NJJC Bio) was measured using specific commercial

assay kits.
2.13. Iron measurements

The Ferrous Ion Content Assay Kit (BC5410, Solarbio) was used to quantify the Fe** content in the

samples. The analysis was performed following the manufacturer's protocol.
2.14. Network pharmacological analysis

To elucidate target proteins linked to the medicinal constituents of GAs and gene targets pertinent to
sepsis, we employed the Super-PRED database (https://prediction.charite.de/) alongside the DisGeNET
database (https://disgenet.com/). Official human genetic nomenclature was sourced from the UniProt database
(https://www.uniprot.org/). The principal targets of GAs were juxtaposed with disease-associated genes
utilizing the Venny 2.1.0 tool (https://bioinfogp.cnb.csic.es/tools/venny). Construction of the protein-protein
interaction (PPI) network was conducted using the STRING database (https://cn.string-db.org/), with
visualization facilitated by Cytoscape 3.9.0. The identified targets underwent Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis via the DAVID database
(https://david.ncifcrf.gov/summary.jsp). A stringent p-value threshold of less than 0.05 was applied to discern
significant cellular components, molecular functions, biological processes, and signaling pathways associated

with these targets.
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2.15. Molecular docking
Molecular docking analysis of GA-C2 and Zanamivir with NEU1 (PDB ID: 8DUS5) was performed using

PyMOL and AutoDock Tools. The minimum binding energies for the target compounds and their components

were calculated using AutoDock Vina. The docking results were visualized using PyMOL.
2.16. Immunohistochemistry

The collected kidney tissue samples were processed for immunohistochemical staining. Kidney sections
were dewaxed, peroxidase activity was quenched, and blocking with serum was performed for 30 minutes. A
primary antibody was applied to the sections and incubated overnight at 4°C. Subsequently, a secondary
antibody was introduced, and the sections were subjected to three washes with phosphate-buffered saline
(PBS, PB180327, Procell). A 3,3'-Diaminobenzidine chromogen solution (DA1016, Solarbio) was then
applied, with color development being carefully monitored and controlled using a microscope. Positive
staining was indicated by a brownish-yellow coloration. Upon achieving the desired staining intensity, the
color development process was halted. The sections underwent counterstaining with a nuclear stain, followed
by dehydration. Finally, the sections were examined under a microscope for image acquisition and subsequent

analysis.
2.17. Fluorescent probes to observe reactive oxygen species (ROS) levels

Fluorescent probes were employed to quantify ROS levels in NRK-52E cells cultured on a sterile
coverslip. Post-treatment, the coverslip was removed, excess medium was absorbed, and 100 p L of 2’ |7’
-Dichlorodihydrofluorescein Diacetate (DCFH-DA, D6470, Solarbio) probe solution was applied. The slide
was gently agitated to ensure uniform coverage of the cells and subsequently incubated for 30 minutes.
Following incubation, the dye was aspirated, and the cells were washed three times with medium, each wash

lasting 5 minutes. Finally, the cells were examined using a fluorescence microscope.
2.18. siRNA transfection protocol

In this study, siRNA was employed to silence endogenous NEUI, thereby achieving targeted RNA
interference. The siRNA transfection procedure was performed as previously described [*¥1. Briefly, NRK-52E
cells were seeded in six-well plates and cultured until reaching 70%—-80% confluence. Transfections were
carried out using either NEU 1-specific siRNA or a negative control (NC) siRNA (both obtained from Bioneer)
with the HiPerFect transfection reagent (Qiagen) for 24 hours. Following the initial transfection period, the
medium containing residual siRNA was removed and replaced with fresh medium supplemented with LPS,
which was then incubated for an additional 24 hours. Cells were harvested at 48 hours post-transfection for
subsequent RNA extraction and qPCR analysis. For Western blot assays, after the initial 24-hour siRNA
transfection, the medium was replaced with standard growth medium, and cells were cultured for another 24
hours before LPS treatment. LPS was then added, and incubation continued for an additional 24 hours prior to
cell collection. To ensure rigorous experimental controls, a NC siRNA + LPS group was included in the

design to exclude nonspecific effects arising from siRNA transfection or LPS stimulation alone.
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2.19. Co-immunoprecipitation (Co-IP)

The cells underwent two washes with pre-chilled PBS, ensuring the complete removal of PBS after the
final wash. Subsequently, pre-chilled radioimmunoprecipitation assay buffer was added to lyse the cells, and
the lysate was subjected to centrifugation at 14,000 g for 15 minutes at 4°C to collect the supernatant. The
supernatant was then incubated with primary antibodies (NEU1, 67032-1-Ig, Proteintech, 1:100; Keap-1,
10503-2-AP, Proteintech, 1:600) overnight at 4°C. Following incubation, the samples were combined with
100 pL of pre-treated protein A/G magnetic beads (P2179, Beyotime Biotechnology) and incubated on a
shaking platform at 4°C for one hour. Magnetic separation was performed, and the supernatant was discarded.
The immunoprecipitated complex was washed five times with a pre-cooled lysate buffer devoid of protease
inhibitors (P0100, Solarbio) to eliminate unbound proteins. Subsequently, loading buffer (LT101, EpiZyme)
was added to the samples, which were then boiled at 100°C for five minutes. Western blotting analysis was

subsequently conducted to detect the corresponding samples.
2.20. Cellular thermal shift assay (CETSA)
NRK-52E cells were exposed to GA-C2 at a concentration of 25 ug/mL or to DMSO (catalog number

D8371, Solarbio) for a duration of 24 hours. Post-treatment, the cells were harvested and distributed into eight
PCR tubes (catalog number 403022, NEST Biotechnology). These aliquots were subjected to a range of
temperatures from 40°C to 75°C for three minutes using a thermal cycler (Eppendorf, Germany).
Subsequently, the samples were allowed to return to ambient temperature and underwent three freeze-thaw
cycles utilizing liquid nitrogen. The supernatant was then isolated by centrifugation at 4°C at 12,000 g for 20

minutes and subsequently analyzed via Western blotting to evaluate the thermal stability of the proteins.
2.21. Data analysis

The experimental results were analyzed statistically utilizing GraphPad Prism version 9.4. Each
experiment was conducted in triplicate, and the data are presented as the mean + standard error of the mean
(SEM). Tests for normality and lognormality were conducted to verify that the data conformed to a normal
distribution. Differences among multiple groups were assessed using a one-way analysis of variance, followed
by Tukey's post hoc test. P-value of less than 0.05 was considered indicative of statistical significance, with

significance levels classified as follows: P <0.05, P <0.01, and P <0.001.

3. Results
3.1. Rapid separation of GAs from Ganoderma lucidum by-products
The structures of GA-A, GA-B, and GA-C2 are illustrated in Fig. 1A. To effectively separate the GAs

from Ganoderma lucidum by-products, we employed flash medium-pressure preparative liquid
chromatography (Fig. 1B), followed by high-pressure preparative chromatography (Fig. 1C). This sequential
separation process successfully resolved GA-enriched fractions. Mixture 1 primarily consisted of GA-C2 with
a purity of 98%, while Mixture 2 contained GA-A and GA-B with minimal contamination of GA-C2. Mixture

3 contained unresolved GAs, including Ganoderic acid D, enoic acid D, C1, and H, requiring additional
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purification steps. Through high-performance liquid chromatography (HPLC) analysis, the purities of isolated
GA-A, GA-B, and GA-C2 were confirmed to be more than 98% (Fig. 1D).
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Fig. 1. Determination, separation, and purification of GAs. (A) Structural identification of GA-A, GA-B and GA-C2. (B)
Flash chromatography profile demonstrating the separation of GA-A, GA-B and GA-C2. (C) High-pressure preparative
chromatography profile showing the separation of GA-A, GA-B and GA-C2. (D) HPLC purity chromatograms of GA-A,
GA-B and GA-C2.

3.2. Ferroptosis inhibition attenuates LPS-induced AKI

To examine the role of ferroptosis in LPS-induced AKI, C57BL/6 mice were pre-treated with the
ferroptosis inhibitor Fer-1 one hour prior to LPS administration, followed by LPS injection 24 hours before
euthanasia (refer to Fig. 2A). Western blot analysis demonstrated that LPS treatment resulted in a significant
113% increase in PTGS2 expression, while simultaneously causing a reduction in the expression of key
anti-ferroptotic markers: SLC7A11 by 66%, GPX4 by 72%, and FSP1 by 69%. Treatment with Fer-1 reversed
these changes (Fig. 2B). In comparison to the LPS-only group, Fer-1 treatment restored GSH levels to 2.76
times that of LPS-treated mice and reduced renal iron content by 31% (Fig. 2C, D). Additionally, Fer-1
treatment resulted in a 37% reduction in serum TNF-a levels and a 25% reduction in IL-1 levels (Fig. 2E, F).
LPS-induced increases in renal MDA by 34% and decreases in SOD by 51% were normalized by Fer-1
treatment (Fig. 2G, H). Histopathological analysis revealed that Fer-1 alleviated LPS-induced tubular injury,
characterized by vacuolization, brush border loss, and casts in the renal cortex (Fig. 2I). Moreover, Masson's
trichrome staining revealed an elevation in renal fibrosis in mice treated with LPS compared to the control
group, an effect that was mitigated by Fer-1 treatment (Fig. 2J). This finding was corroborated by Picrosirius

red staining, which demonstrated a reduction in cortical collagen deposition following Fer-1 administration
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(Fig. 2K). These results suggest that the protective effect of Fer-1 against LPS-induced AKI is linked to the

inhibition of ferroptosis.
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Fig. 2. Ferroptosis inhibition mitigates LPS-induced kidney injury in mice. (A) Experimental procedure. (B) Representative
Western blots of PTGS2, SLC7A11, GPX4, and FSP1, along with their relative expression levels (n=3). (C) Plasma GSH
levels (n=5). (D) Renal Fe** levels (n=5). (E) Plasma TNF-a levels (n=5). (F) Plasma IL-1p levels (n=5). (G) Renal MDA

levels (n=5). (H) Renal SOD levels (n=5). (I) Representative images of HE staining of the renal cortex. Arrows indicate renal

tubular dilatation, vacuolization, and focal proteinaceous casts in tubular cells. Tubular injury is assessed by identifying renal
tubules exhibiting injury signs (n=5). Scale bar: 100 um. (J) [llustrations of typical Masson’s trichrome staining (injury
appears blue) and morphometric analysis of Masson-stained kidney slices (n=3). Scale bar: 100 um. (K) Identification of
injury areas via Sirius red staining (collagen appears red); the ratio of Sirius red-stained injury area to total area is used to
quantify the value (n=6). Scale bar: 100 pm. Data are presented as mean = SEM. Statistical significance is indicated as P <
0.05, P <0.01, and **P < 0.001 versus the CTR group, and “P < 0.05, P < 0.01, and **P < 0.001 versus the LPS group.
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3.3. GAs ameliorate renal dysfunction in LPS-induced septic AKI

In the study, mice with LPS-induced septic AKI were administered daily intraperitoneal injections of
GA-A, GA-B, GA-C2, GA-n-L, or GA-n-H for three days as a pre-treatment (Fig. 3A). GA-n-H and GA-C2
demonstrated notable reductions in serum biomarkers compared to the LPS group, including Ber (47% and
49%), BUN (49% and 49%), and NGAL (60% and 48%) (Fig. 3B-D). Kidney tissues were evaluated using
HE, Masson's, and Picrosirius red staining. The LPS group exhibited tubular damage characterized by
vacuolization, renal tubular dilatation, and tubular casts in HE staining. Additionally, Masson's staining
revealed a significantly larger fibrotic area, and increased Picrosirius red staining was observed in the cortical
region. Treatment with GA-n-H and GA-C2 significantly mitigated these alterations (Fig. 3E-H). These
findings demonstrate the effective alleviation of LPS-induced renal dysfunction in septic AKI mice by GA-n,

particularly GA-C2.
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Fig. 3. Protective effects of GAs on LPS-induced renal injury in mice. (A) Experimental procedure. (B) Plasma Bcr levels
(n=5). (C) Plasma BUN levels (n=5). (D) Plasma NGAL levels (n=5). (E) Representative images of HE staining of the renal
cortex. Arrows indicate renal tubular dilatation, vacuolization, and focal proteinaceous casts in tubular cells. Scale bar: 100
pum. Illustrations of typical Masson’s trichrome staining (injury appears blue), Scale bar: 100 pm. Identification of injury areas
via Sirius red staining (collagen appears red). Scale bar: 100 um. (F) Tubular injury assessment is performed by identifying

renal tubules exhibiting injury signs (n=5). (G) Morphometric analysis of Masson-stained kidney slices (n=3). (H)
Identification of injury areas via Sirius red staining, the ratio of Sirius red-stained injury area to total area is used to quantify
the value (n=6). Data are shown as mean + SEM. Statistical significance is indicated as "P < 0.05, P < 0.01, and “"*P < 0.001

versus the CTR group, and “P < 0.05, P < 0.01, and **P < 0.001 versus the LPS group.



S.P. Yang et al. / Food Science and Human Wellness 16 (2027)

3.4. GAs attenuate oxidative stress, ferroptosis, and inflammation in S-AKI mice

To evaluate the effects of GAs on LPS-induced renal oxidative stress, we quantified MDA and SOD
levels. LPS administration resulted in a 49% elevation in renal MDA levels compared to the control group.
However, treatment with GA-n-H and GA-C2 significantly reduced MDA levels by 49% and 54%,
respectively (Fig. 4A). Furthermore, SOD activity, which decreased by 50% in LPS-treated mice, was restored
to baseline levels following administration of GA-n-H and GA-C2 (Fig. 4B). In this murine model, GA-n-H
and GA-C2 markedly reduced the concentrations of pro-inflammatory cytokines, including TNF-a by 29%
and 34%, and interleukin-1 beta (IL-1B) by 26% and 25%, relative to LPS treatment alone (Fig. 4C and 4D).
Additionally, GA-n-H and GA-C2 effectively inhibited the activation of iNOS and TGF-B1 proteins in the
kidneys, resulting in a reduction of iNOS levels by 57% and 50%, and TGF-B1 by 50% (Fig. 4E). Moreover,
these treatments decreased the p-NF-«kB by 54% and 55%, while enhancing the levels of IxBa by 2.61-fold
and 2.75-fold, thereby restoring them to normal levels. There were no significant differences in total NF-xB
protein levels among the groups (Fig. 4F). Immunohistochemical analysis of NF-kB phosphorylation
corroborated these results, demonstrating a reduction in brown-positive areas in kidney sections treated with
GA-n-H and GA-C2 relative to the LPS group (Fig. 4G).

Western blot analysis was performed on kidney tissue to assess the expression levels of
ferroptosis-associated proteins, including PTGS2, SLC7A11, GPX4, and FSP1. In comparison to the CTR
group, the LPS group demonstrated a 138% increase in PTGS2 levels, alongside reductions in SLC7A11,
GPX4, and FSP1 levels by 44%, 55%, and 42%, respectively. Notably, administration of GA-n-H and GA-C2
resulted in a significant reduction in PTGS2 levels and an elevation in SLC7A11, GPX4, and FSP1 protein
levels. Conversely, treatments with GA-n-L, GA-A, and GA-B did not produce significant alterations in the
levels of these ferroptosis-related proteins (refer to Fig. 4H).

Moreover, compared to the LPS group, GA-n-H and GA-C2 administration significantly increased the
levels of reduced GSH by 2.38 times and 2.32 times, respectively (Fig. 41), and decreased ferric ion
concentrations by 55% and 54% (Fig. 4J). Treatment with GA-n-L, GA-A, and GA-B did not show noticeable
effects on these parameters compared to the LPS group.

These results demonstrate that GA-n-H and GA-C2 provide protection against oxidative stress,

ferroptosis, and inflammatory responses induced by LPS.
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Fig. 4. GAs alleviate oxidative stress, inflammation, and ferroptosis in S-AKI Mice. (A) Renal MDA levels (n=5). (B) Renal
SOD levels (n=5). (C) Plasma TNF-a levels (n=5). (D) Plasma IL-1f levels (n=5). (E) Representative Western blots of iNOS
and TGF-B1, along with their relative expression levels (n=3). (F) Bands of NF-kB, p-NF-kB, and IxBa, along with their
relative expression levels (n=3). (G) Representative images of p-NF-kB immunohistochemistry in kidney tissue. Scale bar:
100 pm. (H) Representative Western blots of PTGS2, SLC7A11, GPX4, and FSP1, along with their relative expression levels
(n=3). (I) Plasma GSH levels (n=5). (J) Renal Fe?* levels (n=5). Data are shown as mean + SEM. Statistical significance is
P <0.001 versus the CTR group, and P < 0.05, #P < 0.01, and **P < 0.001 versus
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the LPS group.
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3.5. Network pharmacological analysis identifies potential targets and signaling pathways for GA-A, GA-B,
and GA-C2 in sepsis

To investigate the potential targets and signaling pathways associated with GA-A, GA-B, and GA-C2 in
the context of sepsis, a comprehensive network pharmacological analysis was performed. We identified 169
targets for GAs from the Super-PRED database and collected 1543 sepsis-related disease targets from the
DisGeNET database. By comparing the two, we identified a total of 62 overlapping targets (Fig. 5A). Using
these overlapping targets, we constructed a PPI network, which revealed core targets such as TNF, IL6,
NFKBI1, and PTGS2 (Fig. 5B).

To gain deeper insights, we conducted Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses utilizing the DAVID database. The GO analysis identified
400 GO terms, comprising 283 related to biological processes, 41 associated with cellular components, and 76
pertaining to molecular functions. The top 10 enriched terms are illustrated in Fig. 5C. Furthermore, the
KEGG pathway analysis indicated that GA-A, GA-B, and GA-C2 might exert their preventive and therapeutic
effects via the reactive oxygen species signaling pathway, as depicted in Fig. 5D. These results, in conjunction
with existing literature **!, prompted us to focus on the Keap-1/Nrf2/HO-1 signaling pathway.

To examine protein expression levels in kidney tissue, we conducted western blot analysis (Fig. SE). The
findings indicated that stimulation with LPS significantly elevated Keap-1 levels by 118%. In contrast,
treatment with GA-n-H or GA-C2 effectively reduced Keap-1 levels. Additionally, LPS exposure resulted in a
decrease in Nrf2 and HO-1 levels by 46% and 52%, respectively, within the kidney tissue. However, treatment
with GA-n-H or GA-C2 reversed these reductions. Immunohistochemical analysis of Nrf2 substantiated these
findings, demonstrating an augmentation in brown-positive regions within kidney sections treated with
GA-n-H and GA-C2, in contrast to the LPS group (Fig. 5F). Conversely, treatments with GA-n-L, GA-A, and
GA-B did not produce a comparable effect.These results indicate that in S-AKI mice, GAs stimulate the

Keap-1/Nrf2 pathway, as supported by the network pharmacological analysis and experimental validation.
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Fig. 5. Network pharmacology of GAs (GA-A, GA-B, and GA-C2) and their effect on the Keap-1/Nrf2 pathway in sepsis. (A)
Venn diagram. (B) PPI network. (C) GO enrichment analysis. (D) KEGG pathway enrichment analysis. (E) Representative
Western blots of Keap-1, Nrf2, and HO-1, along with their relative expression levels (n=3). (F) Representative images of Nrf2
immunohistochemistry in kidney tissue. Scale bar: 50 pum. Data are shown as mean + SEM. Statistical significance is indicated
as "P<0.05, P <0.01,and “"P < 0.001 versus the CTR group, and P < 0.05,"P < 0.01, and **P < 0.001 versus the LPS

group.
3.6. GAs activate Nrf2 to inhibit ferroptosis in S-AKI mice

To examine the influence of GAs on the activation of the Nrf2 pathway and the inhibition of ferroptosis
in mice with S-AKI, we developed a murine S-AKI model through LPS induction. The mice received

intraperitoneal injections of GA-C2 or GA-n-H over a three-day period. For comparative purposes, TBHQ, a
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known Nrf2 activator, was administered 8 hours prior to LPS administration, while ML385, an Nrf2 inhibitor,
was administered 2 hours before LPS exposure (see Fig. 6A).

We quantified the protein levels of Nrf2 and HO-1 in renal tissue utilizing Western blot analysis (Fig.
6B). The data indicated that LPS stimulation resulted in a 60% reduction in Nrf2 expression and a 49%
reduction in HO-1 expression. Conversely, treatment with TBHQ, GA-n-H, or GA-C2 led to an upregulation
of Nrf2 and HO-1 expression. Notably, the co-administration of ML385 with GA-n-H or GA-C2 exerted a
significant inhibitory effect on the expression of Nrf2 and HO-1. These findings were corroborated by
immunohistochemical analysis of Nrf2, which revealed an increase in brown-positive areas in kidney sections
treated with GA-n-H and GA-C2 compared to those treated with ML385 in combination with GA-n-H or
GA-C2 (Fig. 6C).

In the murine model, TBHQ, GA-n-H, and GA-C2 significantly reduced pro-inflammatory cytokines
TNF-a by 40%, 42%, and 47% (Fig. 6D) and IL-1B by 34%, 33%, and 36% (Fig. 6E) compared to LPS
treatment alone. They also lowered MDA levels, an oxidative stress marker, by 46%, 38%, and 45% (Fig. 6F)
and enhanced SOD activity, an antioxidant enzyme, by 66%, 75%, and 113% (Fig. 6G). However, ML385
negated the effects of GA-n-H and GA-C2.

Furthermore, we analyzed the protein expression of PTGS2, SLC7A11, GPX4, and FSPI1 through
Western blot analysis (Fig. 6H) to gain more insight into the mechanism of GAs. In comparison to the CTR
group, the LPS group showed increased PTGS2 levels by 102% and decreased SLC7A11, GPX4, and FSP1
levels by 51%, 70%, and 60%, respectively. However, compared to LPS treatment alone, the addition of
TBHQ, GA-n-H, and GA-C2 significantly reduced PTGS2 protein levels by 44%, 45%, and 45%, increased
SLC7A11 by 98%, 102%, and 114%, GPX4 by 255%, 220%, and 241%, and FSP1 by 123%, 155%, and 120%
protein expression in kidney tissue. Notably, this effect was abolished when ML385 was administered.

Moreover, compared to LPS treatment alone, the additional administration of TBHQ, GA-n-H, and
GA-C2 significantly increased the levels of reduced GSH by 2.74 times, 2.61 times, and 3.00 times (Fig. 61)
and decreased ferric ion concentrations by 56%, 58%, and 45% (Fig. 6J). However, this protective effect was
lost when ML385 was administered.

The results suggest that GA-n-H and GA-C2 trigger the Nrf2 pathway to prevent ferroptosis in S-AKI

mice.
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Fig. 6. GAs activate Nrf2 and protect against ferroptosis in S-AKI mice. (A) Experimental procedure. (B) Representative
Western blots of Nrf2 and HO-1, along with their relative band densities (n=3). (C) Representative images of Nrf2
immunohistochemistry staining in renal tissues. Scale bar: 50 um. (D) Plasma TNF-a levels (n=5). (E) Plasma IL-1f levels
(n=5). (F) Renal MDA levels (n=5). (G) Renal SOD levels (n=5). (H) Representative Western blots of PTGS2, SLC7A11,
GPX4, and FSP1, along with their relative expression levels (n=3). (I) Plasma GSH levels (n=5). (J) Renal Fe?* levels (n=5).
Data are shown as mean + SEM. Statistical significance is indicated as "P < 0.05, “"P < 0.01, and “"P < 0.001 versus the CTR
group, and *P < 0.05, #P < 0.01, and **P < 0.001 versus the LPS group.
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3.7. GAs alleviate LPS-induced NRK-52F cell damage by activating the Nrf2 pathway to inhibit ferroptosis

In this study, we examined the protective effects of GA-A, GA-B, GA-C2, and GA-n on LPS-induced
damage in NRK-52E cells, focusing on the activation of the Nrf2 pathway to inhibit ferroptosis. NRK-52E
cells were exposed to varying concentrations of GAs (1, 5, 25, 50, 100, 200 pg/ml) for a duration of 24 hours,
and cell viability was evaluated using the MTT assay. The results indicated that different concentrations of
GAs did not significantly affect cell viability (Fig. 7A). For practical purposes, a concentration of 25 pg/ml
was selected for further investigation of GA-A, GA-B, GA-C2, and GA-n. The impact of these concentrations
on LPS-damaged NRK-52E cells was assessed, revealing a marked reduction in cell viability following LPS
stimulation. Nevertheless, treatment with 25 pg/ml of GA-C2 and GA-n notably improved the viability of
NRK-52E cells compared to the LPS-treated group (Fig. 7B).

Furthermore, we investigated the role of GAs in inhibiting ferroptosis using Era-induced cell death as a
model. Treatment with Era and the ferroptosis inhibitor Fer-1 demonstrated that Era induces ferroptosis in
NRK-52E cells. Interestingly, GA-n and GA-C2 reversed the Era-induced decline in cell viability, indicating
their role in inhibiting ferroptosis (Fig. 7C).

We further investigated the impact of GA-C2 and GA-n on the expression levels of TNF-a and IL-1p in
NRK-52E cells. The administration of TBHQ, GA-n, and GA-C2 resulted in a significant reduction in both
mRNA and protein levels of TNF-a and IL-1p when compared to the LPS-treated group. However, this
inhibitory effect was negated upon the introduction of ML385, as illustrated in Fig. 7D-G.

In the LPS model group, levels of H20: increased by 60% and GSH decreased by 75%. Treatment with
TBHQ, GA-n, and GA-C2 reversed these alterations. Additionally, DCFH-DA fluorescent probe staining
revealed that ROS levels were significantly reduced by TBHQ, GA-n, and GA-C2 after LPS stimulation (Fig.
7H-J).

Western blot analysis revealed that LPS stimulation resulted in a reduction in the expression levels of
Nrf2 by 53%, HO-1 by 58%, SLC7A11 by 44%, GPX4 by 70%, and FSP1 by 61%. Conversely, treatment
with TBHQ, GA-n, or GA-C2 led to a significant upregulation of these proteins in kidney tissue (Fig. 7K).
Similarly, the mRNA expression levels of Nrf2, HO-1, SLC7A11, GPX4, and FSP1 were diminished in the
LPS model group but showed a marked increase following treatment with TBHQ, GA-n, and GA-C2. This
protective effect was negated by the administration of ML385 (Fig. 7L-P).

These findings imply that GA-C2 and GA-n reduce LPS-induced damage in NRK-52E cells through the
activation of the Nrf2 pathway, thereby inhibiting ferroptosis.
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Fig. 7. GAs protect NRK-52E cells from LPS-induced damage by modulating Nrf2 and ferroptosis. (A) MTT assay
determining the optimal concentration of GAs (n=5). (B) Effect of GAs on cell viability following LPS-induced damage in
NRK-52E cells after 24 hours (n=5). (C) Effect of Fer-1, GA-n, and GA-C2 on cell viability following LPS-induced damage
in NRK-52E cells after 24 hours (n=5). (D) qRT-PCR analysis of TNF-a expression (n=6). (E) Intracellular TNF-a levels
(n=5). (F) gqRT-PCR analysis of IL-1p expression (n=6). (G) Intracellular IL-1f levels (n=5). (H) Intracellular H-O: levels
(n=5). (I) Intracellular GSH levels (n=5). (J) Effect of GAs on ROS production in LPS-damaged NRK-52E cells. Scale bar:
100 pm. (K) Representative Western blots of Nrf2, HO-1, SLC7A11, GPX4, and FSP1 protein expression levels (n=3). (L)
gRT-PCR analysis of Nrf2 expression (n=6). (M) qRT-PCR analysis of HO-1 expression (n=6). (N) qRT-PCR analysis of
SLC7A11 expression (n=6). (O) qRT-PCR analysis of GPX4 expression (n=6) P) qRT -PCR analysis of FSP1 expression
(n=6). Data are shown as mean + SEM. Statistical significance is indicated as “P < 0.05, P <0.01, and P <0.001 versus the
CTR group, and “P < 0.05, #P < 0.01, and **P < 0.001 versus the LPS group.
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3.8. GA-C2 mediates Nrf2 by regulating the Keap-1 pathway and GSK3p pathway through targeting NEU1

GAs derived from Ganoderma lucidum exhibit pharmacological activity against neuraminidase *¢]. We
quantified neuraminidase levels in kidney tissue and cells, observing an increase in neuraminidase relative
activity in comparison to the CTR group. Conversely, administration of GA-C2 resulted in a reduction of
neuraminidase activity within both kidney tissue and cells (Fig. 8A and C). Importantly, GA-C2 demonstrated
a significantly greater inhibitory effect on neuraminidase activity than Zanamivir, a neuraminidase inhibitor
commonly used in clinical settings (Fig. 8C). Western blot analysis revealed that LPS stimulation elevated
NEU1 expression in both cells and kidney tissue, whereas GA-C2 markedly decreased NEU1 expression
levels (Fig. 8B and D). These findings were substantiated through immunohistochemical analysis, revealing a
decrease in brown-positive areas in kidney sections treated with GA-C2 in comparison to those in the LPS
group (Fig. 8E).

Following LPS stimulation, NRK-52E cells transfected with NC siRNA exhibited no significant
background interference, confirming that the observed molecular changes were not attributable to nonspecific
siRNA effects. In contrast, in NEU1-knockdown NRK-52E cells exposed to LPS, NEUI expression was
markedly reduced, whereas the expression levels of Nrf2, HO-1, SLC7A11, GPX4, FSPI1, and IkBa were
significantly upregulated. Moreover, phosphorylation of NF-kB was dysregulated, indicating an alteration in
NF-«B signaling activity (Fig. 8F). Molecular docking analysis confirmed the specific binding of GA-C2 with
NEUI, with a predicted binding energy lower than that of Zanamivir (Fig. 8G). To further validate their
interaction, we performed CETSA, which demonstrated a difference in the denaturation temperature between
NEU1 exposed to GA-C2 and NEUI alone, indicating that GA-C2 directly binds to NEU1 (Fig. 8H). Co-IP
assay revealed the binding of NEU1 to Keap-1 (Fig. 8I). Protein stability analysis showed that NEU1
knockout accelerated the degradation of Keap-1, leading to a reduction in its protein half-life (Fig. 8J). The
knockdown of NEUI1 led to the phosphorylation of Akt at the Ser473 residue, which in turn resulted in the
phosphorylation of GSK3 at the Ser9 site. This phosphorylation event inhibited the interaction between Nrf2
and B-TrCP, thereby obstructing the subsequent ubiquitin-mediated degradation pathway (Fig. 8K). In
summary, GA-C2 exerts a protective function by targeting NEU1 and regulating the Nrf2 pathway through the
Keap-1 and GSK3p pathways.
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Fig. 8. GA-C2 targets NEUI to regulate Nrf2 via the Keap-1 and GSK3p pathways. (A) Neuraminidase activity in kidney
homogenates (n=5). (B) Representative Western blots showing NEU1 expression levels in kidney tissue (n=3). (C)
Neuraminidase activity in NRK-52E cells (n=5). (D) Representative Western blots showing NEU1 expression levels in
NRK-52E cells (n=3). (E) Immunohistochemistry staining of NEU1 in renal tissues. Scale bar: 100 um. (F) Western blot
analysis and quantification of NEU1, Nrf2, HO-1, SLC7A11, GPX4, FSP1, NF-kB, p-NF-«B, and IkBa protein expression in
NRK-52E cells (n=3). (G) Molecular docking analysis illustrating the interaction between GA-C2 and NEU1 or Zanamivir.
(H) CETSA assays confirming the binding of GA-C2 to NEU1 in NRK-52E cells. f-Actin was used as the internal control. (I)
Co-IP analysis of NEU1 and Keap-1 interactions was performed in NRK-52E cells. Cells were assigned to three groups:
untreated CTR, LPS treatment (1 pg/mL for 24 h), and combined treatment with LPS (1 pg/mL) and GA-C2 (25 pg/mL) for
24 h. Following treatment, cell lysates were collected and subjected to immunoprecipitation using either anti-Keap-1 or
anti-NEU1 antibodies. Immunoprecipitated complexes were then analyzed by immunoblotting with the indicated antibodies.
IgG was used as a negative control to exclude nonspecific binding. (J) Western blot analysis of Keap-1 protein half-life in
NRK-52E cells following CHX (20 pug/mL) treatment at different time points (0, 2, 4, 8, 12, and 24 h). (K) Western blot
analysis of protein kinase B (Akt), p-Akt (Ser473), GSK3, and p-GSK3p (Ser9) protein expression in NRK-52E cells. Data
are shown as mean + SEM. Statistical significance is indicated as "P < 0.05, P < 0.01, and *"P < 0.001 versus the CTR
group, and *P < 0.05, #P < 0.01, and **P < 0.001 versus the LPS group, and P < 0.05 versus the LPS + GA-C2 group.
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4. Discussion

This study makes significant advancements in both the sustainable use of Ganoderma Ilucidum
by-products and the understanding of GAs, particularly GA-C2, in the treatment of S-AKI. We present an
eco-friendly approach for extracting high-purity GAs while revealing a novel regulatory pathway involving
NEUI, Nrf2, and ferroptosis. This positions GA-C2 as a promising therapeutic agent. Our findings highlight
the potential of GA-C2 in applications within the functional food and nutraceutical industries. In this
discussion, we contextualize these developments within the broader fields of food chemistry and precision
medicine.

GA-C2, the most potent isomer of GAs, exhibits dual properties of anti-ferroptosis and
anti-inflammatory effects through a previously unidentified mechanism dependent on sialidase activity. Our
experimental results demonstrate that GA-C2 has a higher binding affinity (-5.66 kcal/mol) for the catalytic
pocket (ARG335/PRO310/VAL311) of NEU1 compared to Zanamivir (-0.83 kcal/mol), indicating its role as
a novel NEUI antagonist. This interaction disrupts NEU1's regulation of Nrf2 degradation through two
distinct pathways: the Keap-1-dependent ubiquitination pathway and the GSK3B-driven phosphorylation
pathway. In the Keap-1-dependent pathway, GA-C2 inhibits NEUl-mediated stabilization of Keap-1,
promoting its proteasomal degradation and reducing Nrf2 ubiquitination. In the GSK3B-driven pathway,
GA-C2 suppresses NEU1's inhibitory effect on Akt, leading to enhanced inactivation of GSK3 and blocking
Nrf2 phosphorylation. Consequently, GA-C2 activates Nrf2, enhancing antioxidant defenses and suppressing
ferroptosis. Additionally, GA-C2 down-regulates PTGS2 and MDA levels while restoring renal GSH content,
thereby exhibiting anti-ferroptotic effects. These findings highlight the broad-spectrum regulatory capacity of
GA-C2, positioning it as a "master regulator" of redox homeostasis. Supplementary, GA-C2 reduces p-NF-«kB
and increases IkBa expression, decreases TNF-a and IL-1p levels, thus exhibits anti-inflammatory effects.
Moreover, they address the limitations of single-target therapies in the context of S-AKI. GA-C2's unique
mechanism of action and its ability to simultaneously target multiple pathways make it a promising candidate
for addressing the complex pathophysiology of S-AKI.

In the process of refining Ganoderma lucidum industrially, aqueous extracts are concentrated, resulting
in insoluble residue at the bottom of the concentration vessel. Traditionally, this residue has been considered
waste and discarded. However, our analysis revealed a significant concentration (15-20%) of bioactive GAs,
including GA-A, GA-B, and GA-C2, within this residue. GAs, which are the key bioactive triterpenoids in
Ganoderma lucidum P71, possess anti-inflammatory ??!, antitumor **! |, and immunomodulatory properties 1.
The isolation of GAs is challenging due to their structural homology, low natural abundance, and molecular
diversity, leading to the high cost of obtaining purified standards. To address this, we have developed a
streamlined protocol that combines aqueous extraction, concentration, and 10-kDa ultrafiltration, which helps
retain the structural integrity of high-molecular-weight polysaccharide-peptides, thus improving yield and
bioactivity. The fraction with a molecular weight below 10 kDa was precipitated using ethanol, followed by

centrifugation and drying of the supernatant to obtain the crude GA-n (GAs-enriched fraction). To achieve
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high purity, rapid purification chromatography was employed to isolate GA-A, GA-B, and GA-C2 from the
GA-n fraction, resulting in a purity of over 98%. This method surpasses conventional techniques in terms of
yield, purity, and preservation of the structural integrity of bioactive GAs. It enables scalable industrial
production, offering a more efficient and cost-effective approach for obtaining bioactive GAs from
Ganoderma lucidum.

Patients in the intensive care unit often experience the severe condition known as S-AKI [ marked by
rapid increases in serum creatinine or reduced urine output !, Conventional sepsis treatments, including

(421 may occasionally worsen kidney damage [***¥ highlighting the

antibiotics and vasoactive medications
critical demand for new treatment approaches. In this study, we explore the therapeutic potential of GAs
derived from Ganoderma lucidum for treating S-AKI. The key protective action of GAs is to activate the Nrf2
pathway by inhibiting NEU1, thereby reducing inflammation and preventing ferroptosis after oxidative stress.
By lowering Keap-1 levels and enhancing p-GSK3p after NEU1 inhibition, GAs facilitate Nrf2 activation.
This process alleviates oxidative stress in renal tubular epithelial cells, offering protection against
iron-dependent ferroptosis, which plays a critical role in kidney injury. In addition, NEU1 inhibition reduced
the inflammatory response by decreasing the phosphorylation of NF-kB and increasing IkBa levels. These
findings suggest that GAs provide a promising therapeutic approach for treating S-AKI. By targeting dual
mechanisms—treducing Keap-1 levels and increasing p-GSK3p to activate Nrf2 while inhibiting ferroptosis,
diminishing pro-inflammatory cytokines—GAs could protect renal function and offer a novel treatment
strategy for this devastating condition.

Natural antioxidants have drawn increasing attention for their protective roles against oxidative stress. A
recent review by Wu et al. “highlighted the antioxidant effects of Phyllanthus emblica Linn. (PE), showing
that its polyphenolic compounds can neutralize free radicals, prevent mitochondrial dysfunction, and inhibit
lipid peroxidation. These actions contribute to delayed cellular aging and reduced incidence of age-related
diseases. Our findings align with this broader context, demonstrating that GA-C2 effectively alleviates
oxidative stress in S-AKI. This protective effect appears to be mediated by the activation of the Nrf2 pathway,
leading to reduced ROS levels and inhibition of ferroptosis—both crucial in preserving renal function under
septic conditions. The Nrf2 pathway serves as a central regulator of cellular redox homeostasis [*¢]. Under
oxidative stress, Nrf2 activation induces the expression of antioxidant defense genes such as HO-1 and GPX4
(471 Wu et al. “lreported that PE enhances the body’s antioxidative capacity through this same pathway.
Similarly, our study found that GA-C2 not only stabilizes Nrf2 protein levels but also suppresses the activity
of NEU1, a modulator of oxidative stress and inflammation. This dual mechanism—targeting both NEU1
inhibition and Nrf2 activation—amplifies antioxidant gene expression and curbs ferroptosis progression.
Taken together, these findings suggest that GA-C2 offers a novel therapeutic approach for S-AKI by
combining upstream inhibition of NEU1 with downstream activation of Nrf2-driven antioxidant responses.
This integrated mechanism highlights the potential of GA-C2 as a multifaceted intervention in sepsis-related

kidney injury.
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GAs, the primary bioactive components found in Ganoderma lucidum, have gained significant attention

due to their wide range of pharmacological properties 7). These properties include anti-inflammatory 22,

antioxidant 81 antidiabetic 8] anti-arthritic anti-aging %, antimicrobial B!,

22]

[49] [38]

anti-tumor

52]

immunomodulatory %! cardioprotective 2!, and organ-protective effects [*2l. Previous studies have

demonstrated the therapeutic potential of GAs in various conditions, such as lung injury [**!, liver damage 54,

and atherosclerosis [*°

1. Consistent with these previous findings, our research indicates that GAs offer
protection against S-AKI by restoring kidney function and preventing pathological damage. The observed
protective effect is likely due to the reduction of oxidative stress, inflammation, and ferroptosis, which are
critical contributors to kidney injury. By utilizing their anti-inflammatory and antioxidant properties, GAs
may mitigate the harmful effects of S-AKI, offering a potential therapeutic strategy for this condition. The
capacity of GAs to modulate multiple pathways and address various facets of kidney injury underscores their
potential as a comprehensive and effective treatment option for S-AKI.

Network pharmacology is an essential approach in understanding the complex interactions between GAs
and their target molecules within the human body. In our study, we employed KEGG pathway enrichment
analysis to gain insights into the therapeutic effects of GAs in S-AKI. We found that GAs' effects in S-AKI are
associated with the regulation of ROS. The generation of ROS is a major factor in the pathogenesis of AKI 3],
Nrf2, a pivotal regulator of redox homeostasis, has been demonstrated to safeguard renal health by mitigating
ROS levels %], The activation of Nrf2 through specific compounds has been shown to effectively reduce ROS
levels, thereby preventing or decelerating the progression of various AKI forms 7). Our findings indicate that
GAs may modulate oxidative stress induced by LPS and prevent S-AKI by influencing redox-related signaling
pathways, aligning with existing literature. In our experimental validation, we concentrated on the Nrf2/HO-1
signaling pathway. Nrf2, as an essential transcription factor, is instrumental in regulating the expression of

(581 as well as ferroptosis [*°!. Our study confirms that GAs

antioxidant genes and managing inflammation
activate the Nrf2 pathway, leading to a reduction in ferroptosis and inhibition of inflammation. We further
demonstrated the importance of Nrf2 signaling in protecting against S-AKI by observing that the
anti-ferroptotic effects of GAs were significantly weakened when using the Nrf2-specific inhibitor ML385. In
summary, our study demonstrates that GAs confer protective effects in S-AKI through the activation of the
Nrf2 pathway, attenuation of ferroptosis, and suppression of inflammatory responses. These results
underscore the potential of GAs as a therapeutic strategy for S-AKI, specifically by targeting critical pathways
implicated in oxidative stress and renal damage.

This study concentrated on GA-C2, which has been identified as the most potent monomer among the
GAs, demonstrating significant therapeutic effects on S-AKI. The pronounced efficacy of GA-C2 suggests its
potential as a promising candidate for further research and possible clinical applications in the treatment of
S-AKI. Ganoderma triterpenoids, characterized by their complex and highly oxidized chemical structures, can

function as molecular probes for target proteins associated with specific activity sites [°]. Previous research

has shown that Ganoderma triterpenoids, including GA-C2, possess the ability to inhibit neuraminidase
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activity across various subtypes, with a particular affinity for N1 subtype [¢%). Remarkably, NEU1, a unique
form of neuraminidase, has been shown to block the PI3K-Akt signaling pathway [*!). In both in vitro and in
vivo experiments, GA-C2 demonstrated the ability to inhibit NEU1 activity and reduce NEU1 expression.
Molecular docking simulations indicated a stronger binding affinity between GA-C2 and NEU1 compared to
Zanamivir, a known neuraminidase inhibitor. The binding of GA-C2 to the NEUI catalytic site suggests its
potential to effectively block NEU1's catalytic function. Moreover, GA-C2 was found to enhance the stability
of the Nrf2 protein, leading to the activation of downstream antioxidant pathways such as HO-1 and GPX4.
Additionally, GA-C2 was shown to suppress inflammatory factors like NF-kB. The protective effects of
GA-C2 against S-AKI are supported by this interaction, which modulates oxidative stress, inflammation, and
other significant pathways involved in kidney injury. Overall, the study highlights the therapeutic potential of
GA-C2 in treating S-AKI through its multi-faceted mechanisms, including NEU1 inhibition, Nrf2 activation,
and modulation of antioxidant and inflammatory pathways. These findings underscore the importance of
GA-C2 as a promising therapeutic agent for S-AKI and warrant further investigation into its clinical
applications.

This study underscores the therapeutic potential of GA-C2 in mitigating S-AKI. However, several
limitations must be considered when interpreting these findings. First, the long-term efficacy of GA-C2
remains unclear. While our study primarily focused on the acute phase of kidney injury, it is crucial to
determine whether GA-C2 can provide sustained renal protection over extended periods. Such data are
essential for assessing its clinical applicability. Second, a more comprehensive dose-response analysis is
necessary to identify the optimal therapeutic window, which could maximize efficacy while minimizing
potential off-target effects. This step is pivotal for translating these findings into clinical settings. Third,
additional control groups, such as vehicle-only treatments, should be incorporated in all experiments to further
validate the mechanistic pathways identified in this study. Including these controls would help differentiate
specific drug effects from experimental variability. Finally, replicating these findings in independent
laboratories and utilizing alternative sepsis models, such as cecal ligation and puncture, would strengthen the
robustness and generalizability of our conclusions. Despite these limitations, our findings lay a strong
foundation for future research and highlight the translational promise of GA-C2 as a potential therapeutic

agent for sepsis-induced kidney injury.

5. Conclusion

In summary, this study provides compelling evidence that GA-C2, a compound derived from Ganoderma
lucidum, exerts a substantial effect on S-AKI by targeting NEU1, suppressing inflammatory responses, and
modulating the Nrf2/ferroptosis axis (Fig. 9). By inhibiting NEU1 and activating Nrf2, GA-C2 reestablishes
redox homeostasis and reduces ferroptosis, thereby offering a dual-target therapeutic strategy for S-AKI.
Additionally, the study introduces an innovative extraction method for obtaining GAs from the by-products of
Ganoderma lucidum processing, enhancing sustainability and cost-effectiveness in the production of these

bioactive compounds. This research underscores the potential of Ganoderma lucidum-derived compounds,
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such as GA-C2, in the development of functional foods and nutraceuticals. The findings pave the way for
further research and clinical applications in the treatment of S-AKI. The dual-target therapeutic approach and
the sustainable extraction process present promising opportunities for the application of Ganoderma

lucidum-derived compounds in managing S-AKI and potentially other related conditions.
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Fig. 9. This diagram illustrates the signaling pathways involved in LPS-induced S-AKI and the effect of GA-C2 (By
Figdraw). In this study, we observed an increase in NEU1 levels following LPS treatment, which disrupted the interaction
between Nrf2 and Keap-1, as well as the regulation of Nrf2 by GSK3p, leading to its ubiquitination and degradation.
However, pretreatment with GA-C2 effectively reduced NEUI1 levels, enhanced the antioxidant response, and alleviated renal
tissue damage. Moreover, GA-C2 treatment decreased the phosphorylation of p65 and increased the expression of the IkBa
protein. These findings suggest that GA-C2 inhibits NEU1, promoting the activation of Nrf2 and its downstream antioxidant
genes, such as HO-1, to combat oxidative stress. Additionally, this inhibition suppresses the NF-kB pathway, ultimately
reducing renal ferroptosis and mitigating renal injury.
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