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Cordycepin ameliorates ischemia/reperfusion-induced acute
kidney injury via inhibiting apoptosis and necroptosis
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ABSTRACT

Objective(s): Cordycepin (COR) is a natural bioactive compou »d delived from Cordyceps militaris.
Relevant studies have shown that COR can alleviate kidnzy v magc, but the underlying mechanism
of its action in the treatment of acute kidney injury (AKI) emair s to be further clarified.

Materials and Methods: The GSE148420 dataset an ! Ger.c “=rds were used to identify AKl-related
targets. GeneCards was used to obtain ische:nia; »pei sion (I/R)-related targets. BATMAN 1.0 and
GeneCards were used to identify potential a. ‘g te/gets ¢. COR. Renal function, tissue damage, and
molecular markers were assessed to explore th. =ffects of COR on apoptosis and necroptosis in the
treatment of AKI.

Results: Network pharmacological anz sis showed that AKI and COR shared 28 drug targets.
Enrichment analysis showed that the tergets ere involved in signaling pathways, including apoptosis
and necroptosis. In vitro experimants -eveued that COR alleviated hypoxia/re-oxygenation(H/R)-
induced HK-2 cells injury by reducing the expression of Bax and cleaved-Caspase3 while increasing
the expression of Bcl-2. Neccptc-is w s lessened under COR treatment in vitro and in H/R-induced
HK-2 cells by reducing the e ression of RIPK1, RIPK3, MLKL, and p-MLKL. COR and Nec-1 (a
RIPKT inhibitor) had the sume . '.ibitory effect, confirming the role of COR in alleviating AKI by
inhibiting RIPK1-driven aecrontosis. COR alleviated AKI by ameliorating renal morphology injury
and pathological iryu y . .vo, manifested as a decrease in Scr and BUN levels, a significant
reduction in the mRINA expression levels of KIM-1 and NGAL, and a decrease in p-MLKL at the
immunohistochemic. ' ' vel.

Conclusion: _Or may ameliorate I/R-induced AKI by inhibiting apoptosis and RIPK1/RIPK3/p-MLKL-

mediated ! “ropto.ss.
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Introduction

Acute kidney injury (AKI) is a clinical syndrome
characterized by a sudden decline in glomerular filtration
rate, rapid elevation of serum creatinine, and/or reduced
urine output (1, 2). The mortality rate among hospitalized
adult AKI patients in China ranges from 14% to 60% (3).
AKI often progresses to chronic kidney disease and is a
major risk factor for end-stage renal disease (4-6). However,
effective targeted pharmacological treatments for AKI
remain scarce in clinical practice. AKI can be triggered
by various factors, including drug toxicity, ischemia/
reperfusion (I/R) injury, mechanical trauma, inflammation,
and oxidative stress (7, 8). Among these, I/R injury is widely
recognized as one of the most common causes of AKI (9).

Apoptosis, a tightly regulated cell death process critical

to biological homeostasis, is a primary contributor to
renal dysfunction in AKI (10). Under normal conditions,
apoptosis is precisely controlled to maintain physiological
balance. However, during AKI, this regulatory mechanism
may become imbalanced, leading to excessive renal cell
apoptosis and subsequent decline in renal function (11).
Consequently, strategies targeting apoptotic pathways
have been extensively explored for AKI treatment. Yet
effective anti-apoptotic interventions remain absent in
clinical settings, likely due to the complexity of cell death
mechanisms. Recent advances suggest that other forms
of cell death, including necroptosis, ferroptosis, and
pyroptosis, also play significant roles in AKI pathogenesis
(12-15). However, the specific mechanisms of necroptosis
and the relationship with AKI remain unclear, warranting
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further investigation.

Necroptosis, a form of programmed cell death, differs
from apoptosis in that necroptotic cells exhibit membrane
rupture—a hallmark of necrosis (16). Necroptosis is
mediated by receptor-interacting protein kinase 1 (RIPK1),
RIPK3, and mixed lineage kinase domain-like protein
(MLKL) and is implicated in atherosclerosis, I/R injury,
sepsis, and neurodegenerative diseases (17). Recent studies
demonstrate that inhibitors targeting necroptosis-related
proteins or genetic knockout of these proteins can mitigate
renal I/R injury (18), suggesting that modulating necroptosis
may be a therapeutic strategy for I/R-induced AKI.

Traditional Chinese medicine is widely used to treat
a variety of renal diseases, including AKI, as well as their
complications (19-22). Cordyceps militaris is an ascomycete
that is valued for its medicinal and nutritional properties. It
has been widely used in Asia for centuries, both as a dietary
supplement and in pharmaceutical applications (23). C.
militaris mycelia powder and capsules are commercial
products marketed for lung nourishment, kidney
invigoration, and the treatment of conditions such as cough,
asthma, and phlegm, among other health concerns(24,
25). C. militaris exhibits a range of clinical health effects,
including immunomodulatory, anticancer, antioxidant,
anti-inflammatory, and antimicrobial activities (26, 27).
Yu et al. demonstrated that C. militaris treatment alleviated
renal injury in type 2 diabetic nephropathy mice (28). Yang
et al. reported that C. militaris mycelial therapy may prevent
renal function deterioration in mice with chronic kidney
disease (29). Cordycepin (COR), a representative bioactive
component of C. militaris (30), is an adenosine an: "og v.ith
antioxidant, immunomodulatory, hypolipider ic, arti-
inflammatory, anticancer, and antibacterial properties.
Low-dose COR can alleviate renal IRI,.). TOUR can
inhibit kidney injury and tissue inflanemofion during IRI
by inhibiting NF-kappa B-mediated v, -optosss (32). It can
inhibit apoptosis and renal fibrosj’ and . >scue autophagy,
thus alleviating kidney damag~in ‘iabetic nephropathy
(33-36). According to Q::Chen et ., COR alleviates renal
IRI by suppressing th: p38/JNi ~ignaling pathway in renal
tubular epithelial cel s, thereby attenuating inflammatory
responses, apoptosis,  2d fsrroptosis (37). In a murine
model of unilateral ureteral obstruction-induced renal
interstitial fibrosis, COR was reported to interfere with pro-
fibrotic Smad signaling, suggesting its potential for treating
fibrotic diseases (38). However, whether COR modulates
apoptosis and necroptosis to ameliorate renal I/R injury
remains unclear.

This study is based on network pharmacology to explore
targets and potential mechanisms of COR in the treatment
of AKI. Furthermore, in vivo experiments using a mouse
renal I/R model and in vitro experiments using an H/R-
induced HK-2 cell model were conducted to validate the
effects of COR on apoptosis and necroptosis in AKI and to
explore their underlying mechanisms. The findings aim to
provide clinical evidence for the application of COR and
serve as a reference for the prevention and treatment of I/R-
induced AKI.

Materials and Methods
Bioinformatics analysis

Using “Acute Kidney Injury and ischemia reperfusion” as
the keyword, the gene expression profile of the GSE148420

I=MS

Cordycepin ameliorates I/R-induced AKI

dataset and its matched official platform annotation file
(accession number: GPL14746-13667) were retrieved from
the NCBI GEO database, comprising 3 days after I/R-induced
kidney injury tissues (n=4, GSM4469955, GSM4469956,
GSM4469957, GSM4469958) and sham-operated kidney
tissues (n=4, GSM4469951, GSM4469952, GSM4469953,
GSM4469954). Perform standardization processing on the
gene expression profile. Probes mapped to multiple genes
and probes without official gene symbol annotation were
fully removed. For multiple probes uniquely mapped to the
same gene, the mean expression value was calculated as the
final expression level of the gene. The R package “Limma” was
employed to identify differentially expressed genes (DEGs)
with a significance threshold of [logFC| > 0.5 & adj. P. Val <
0.05. Targets related to “Acute Kidney Injury” and “ischemia
reperfusion” were obtained from GeneCards (https://
www.genecards.org), while COR targets were additionally
acquired from GeneC. ds and the BATMAN 1.0 database
(http://bionet.ncpsb.org.c 2/batman-tcm/index.php/Home/
Index/index). The K package “corrplot” and Pearson
correlation analvs, werz used to assess correlations among
drug targets. The .’ package “clusterProfiler” was utilized for
GO functlun. ' annotation and KEGG pathway enrichment
arary ‘s " drug targets, with a significance threshold of
F9.05. All parameter details, original data, and enrichment
resu. - are provided in Supplementary Materials 1, 2, and 3,
respeciuvely.

(.2l culture and experimental protocol

Human renal cortex proximal tubule epithelial cells
(HK-2) were purchased from Pnocel Life Science Co., LTD.
(Wuhan, China). HK-2 cells were routinely cultured in a cell
incubatorat37°C, 5% CO2, and 95% air using MEM medium
(Cat. No. PYG0029, Boster, China) supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin-
gentamicin mixed solution (Cat. No. P1410, Solarbio,
China). COR was purchased from MedChemExpress (Cat.
No. HY-N0262, MCE, USA). COR was dissolved in sterile
dimethyl sulfoxide (DMSO) to prepare a stock solution,
which was then diluted to the working concentration with
sterile normal saline before administration, with a final
DMSO concentration of <0.1% in the working solution.

To establish the H/R model, the serum-free medium
was first replaced with sugar-free DMEM medium (Cat.
No. PM150446, Procell, China), which was cultured in an
anoxic incubator (94% N,, 5% CO,, and 1% O,) for 24 hr,
and then the complete medium was replaced and cultured
in a cell incubator at 37 °C and 5% CO, for 3 hr.

To verify the role of necroptosis in the effect of COR on
H/R-induced AKI, HK-2 cells were divided into six groups:
(1) Normal control group (CTL): cells were cultured in a
conventional cell incubator (95% air and 5% CO,) with
complete medium throughout the process; (2) COR group:
one day before H/R modeling, cells were pretreated with
COR (20pmol/L) and then cultured in complete medium
in a conventional cell incubator; (3) Nec-1 group: cells were
pretreated with Nec-1 (50pmol/ml, Cat. No. HY-15760,
MCE, USA) at the same time and then cultured in complete
medium in a normoxic incubator; (4) H/R group: cells in
the H/R group were treated with PBS (Cat. No. MA0015,
Meilun, China) one day before H/R, followed by 24 hr of
hypoxia and 3 hr of reoxygenation; (5) H/R+COR group:
one day before H/R, cells in the H/R+COR group were
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pretreated with COR (20pmol/l) and then subjected to 24 hr
of hypoxia and 3 hr of reoxygenation; (6) H/R+Nec-1 group:
one day before H/R, cells in the H/R+Nec-1 group were
pretreated with Nec-1 (50 umol/ml) and then subjected to
24 hr of hypoxia and 3 hr of reoxygenation.

Animals and experimental protocols

Eighteen 8-week-old C57BL/6] mice were procured from
Beijing Huafukang Biotechnology Co., Ltd. (SPF grade)
and housed in the Laboratory Animal Center of Shanxi
Provincial People’s Hospital under specific pathogen-
free (SPF) conditions. All mice were housed six per cage
on a 12-hour light/dark cycle and in a climate-controlled
environment, and had free access to food and water. To
guarantee uniformity, the environmental temperature was
sustained at 25 ‘C, and the relative humidity was regulated
between 40% and 50%.

The construction of the I/R model requires that the
experimental mice be fasted for 12 hr in advance. Before
the operation, the mice are weighed and anesthetized
with 1% pentobarbital sodium at a dose of 0.05 mg/g by
intraperitoneal injection. After making parallel incisions
on both sides of the spine on the back, the kidneys are
fully exposed. The bilateral renal pedicles are clamped
with arterial clamps to cause ischemia for 45 min. We can
observe that the kidneys turn purple-black within 1-2 min
after clamping the renal pedicles, indicating successful
ischemia. After 45 min, the clamps are removed, and the
kidneys change from purple-black to bright red, regaining
their original color, indicating successful reperfusion. At the
end of the operation, the bilateral kidneys are returned to
their original positions, and the wounds are sutured layer
by layer. During surgery, animals are placed on a heating
pad to prevent hypothermia. Postoperative analgesia is
administered to relieve pain and minimize distress.

To determine whether COR has a protective effec. on
I/R-induced AKI, 18 healthy male C57BL/6 mice weic
randomly divided into three groups of six mice each n7ing
a random number table: sham operation _ro.» (Sham),
I/R, I/R+DMSO, and I/R+COR group. (i  In tue Sham
group, mice received the same volume o, >or. l saline by
intraperitoneal injection for onz week, a1nd oaly the kidneys
were exposed without ischeriia treatmeus; (2) In the I/R
group, mice received the sai e volurie of normal saline
by intraperitoneal injection fo. =< week before the I/R-
induced AKI model was established; (3) In the I/R+COR
group, mice received COR (10 mg/kg) by intraperitoneal
injection for one week before the I/R-induced AKI model
was established. At the conclusion of the experiment, all
animals were deeply anesthetized with isoflurane to ensure
complete loss of consciousness. Euthanasia was then
performed promptly by cervical dislocation, carried out by
trained personnel in accordance with humane endpoints.

CCK8

Firstly, we conducted cytotoxicity tests on COR using the
CCK8 method. Normal-growing HK-2 cells were collected
and seeded into blank, control, and experimental wells.
No cells were inoculated in the blank wells; only complete
culture medium was added. In the control wells, cells were
inoculated and cultured until the end of the experiment.
In the experimental wells, cells were cultured in complete
culture medium for 12 hr, after which the medium was
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replaced with serum-free MEM for another 12 hr. Different
concentrations of COR (0, 10, 20, 40, 80 pumol/L) were
added, and the cells were treated for 24 hr. Then, 10ul of
CCKS solution (Cat. No. SC119-02, Sevensea Innovation,
China) and 90pl of serum-free medium were added to each
well, and the plates were incubated in a 37 'C incubator for
0.5 to 4 hr. Starting from 0.5 hr, the OD value was detected
at 450 nm until the absorbance value of the control well was
around 1.0, at which point the detection was stopped.

Secondly, we used the CCK8 assay to assess the effect
of COR on H/R cell viability. HK-2 cells were seeded
in 96-well plates at a density of 6x10* cells/well in both
experimental and control wells. The blank wells contained
only the culture medium without cells. The HK-2 cells in
both the control and experimental wells were cultured in
complete medium for 12 hr and then switched to serum-
free medium for another 12 hr. The experimental wells were
treated with COR at concentrations of 0, 10, 20, 40, and 80
umol/L for 24 hr, followed bv.24 hr of hypoxia and 3 hr
of reoxygenation. Control we'ls were switched to complete
medium and placed in a conver. ‘onal cell culture incubator.
10pl of CCKS8 solution was 24ded 1. each well, and the plates
were incubated at 37 ‘C for 0.5 to'4 hr. The OD value was
then measured. The e’z on formula is as follows: cell
survival rate = [(exp>rime 1tal well - blank well) / (control
well - blank well* x 1v2%%

Cell immu. ofiuorescence

K-2 was noculated onto cell slides in 24-well plates at
3x10 4 cells per well. After different treatments according
to ‘he ¢.merimental groups, immunofluorescence staining
wns performed. The treated cell slides were washed three
times with PBS, fixed with 4% paraformaldehyde for 15 min,
p --ineabilized with 0.5% TritonX-100 at room temperature
‘or 20 min, washed three times with PBST, blocked with
3% BSA at room temperature for 30 min, and then diluted
phosphorylated MLKL (p-MLKL) antibody at a ratio of
1:100 and appropriately added to each slide. The slides were
placed in a humid box and incubated at 37 “C overnight.
The next day, the slides were incubated with fluorescently
labeled secondary antibodies (1:20) at 37 °C in the dark for
1 hour, followed by DAPI incubation in the dark for 5 min,
and then sealed with mounting medium containing an anti-
fluorescence quenching agent. Fluorescence images were
captured using a fluorescence microscope.

Western blotting

HK-2 cells were lysed using the RIPA lysis buffer, and
total cellular proteins were extracted. Protein concentration
was determined using the BCA protein assay kit. 50 pg
of protein samples were run on 10% or 12% SDS-PAGE
gels and then transferred onto polyvinylidene fluoride
membranes. The membranes were then incubated in 5%
skimmed milk at room temperature for 1 hr to block. After
blocking, the membranes were washed 3 times with TBST
for 10 min each, then primary antibodies were added and
incubated at 4 ‘C overnight. The membranes were recovered
the next day and incubated with horseradish peroxidase-
conjugated secondary antibodies. After washing with TBST
3 times, ECL staining solution was added, and the gel was
imaged using the Bio-Rad gel imaging system. f-actin was
used as the unified internal reference for all blots. Semi-
quantitative analysis of target proteins was performed using
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Image], with consistent normalization of the target band
gray value to the corresponding B-actin level in the same
lane across all assays.

The primary antibodies used in this study were B-actin
(Cat. No. AC026, ABclonal, China), RIPK1 (Cat. No.
WL04522, Wanlei Biotechnology, China), RIPK3 (Cat.
No. 17563-1-AP, Proteintech, China), MLKL (Cat. No.
ET1601-25, HuaAn Biotechnology, China), phospho-
MLKL (p-MLKL, Cat. No. 91689, CST, USA), Bax (Cat.
No. T40051, Abmart, China), Bcl-2 (Cat. No. T40056,
Abmart, China), Caspase3 (Cat. No. T40044, Abmart,
China), and Cleaved Caspase3 (Cat. No. WL02117, Wanlei
Biotechnology, China).

Renal function

After collecting mouse serum, blood urea nitrogen
(BUN) and serum creatinine (Scr) levels were quantified
using a commercially available kit (Nanjing Jiancheng
Bioengineering Institute, China).

Hematoxylin-eosin staining

The renal tissues were fixed with 4% paraformaldehyde
and then embedded in paraffin before sectioning. Renal
tissues were serially sectioned to a uniform thickness of
5 um for subsequent Hematoxylin-Eosin (HE) staining,
immunohistochemistry (IHC), and immunofluorescence
(IF) assays. The subsequent sections were stained with
HE staining. The samples were evaluated using the tubule
injury score, and the degree of renal tubule tissue injury
was assessed with a semi-quantitative scoring systeri.
Observers randomly selected 10 fields of view under 4
high-power microscope (400X) and performed the tu ule
injury scoring. According to the conditions of reral tubu.c
dilation, tubule casts formation, brush border shed<ing,
epithelial cell shedding and necrosis, granular degeneration,
vacuolar degeneration, nuclear pyknosis,and 1. .nmatory
cell infiltration, the percentage of injurcd 1 nal tubules was
calculated. The scoring criteria were as “llows: 0 points: no
injury; 1 point: tubule injury < 10%; . po.nts: tubule injury
10%-25%; 3 points: tubul¢ injury 6%-45%; 4 points: tubule
injury 46%-75%; 5 poin s: tubule injury > 75%.

Immunofluorescence

For quantitative analysis of immunofluorescence
staining, all images were captured using consistent confocal
microscope settings. The mean fluorescence intensity (MFI)
of the target protein was quantified with Image].

RNA extraction and real-time fluorescence quantitative
PCR analysis

Total RNA was extracted from kidney tissue using a Total
RNA Extraction Kit (Mei5 Biotechnology, Beijing, China).
The RNA concentration and purity were quantified using
a NanoDrop ultraviolet spectrophotometer. Subsequently,
the RNA was reverse-transcribed into ¢cDNA using a
cDNA Reverse Transcription Kit (Mei5 Biotechnology,
Beijing, China). Real-time fluorescence quantitative
PCR was performed using a SYBR Green PCR Kit (Mei5
Biotechnology, Beijing, China) on a Bio-Rad CFX96 Real-
Time PCR Detection System (Bio-Rad, USA). The relative
expression levels of genes were calculated using the 2A-
4 ACT method. Data analysis was conducted using Microsoft
Excel and GraphPad Prism 9. All primers were designed
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using the professional online primer design platform on
the official website of Sangon Biotech (Shanghai, Co., Ltd.)
(https://www.sangon.com/index), with strict compliance
with MIQE guidelines. The primer sequences are listed in
Table 1.

Transmission electron microscope

Kidney tissues or HK-2 cell aggregates were collected and
fixed with 2.5% glutaraldehyde. Following PBS rinsing, the
fixed samples were sequentially dehydrated with a graded
ethanol series and subsequently embedded for ultrathin
sectioning. The sections were stained with 1% osmium
tetroxide solution for 1 hr, followed by staining with 2%
uranyl acetate solution for 30 min. Finally, the sections
were examined using an HT-7500 transmission electron
microscope (TEM).

Statistical analysis

The statistical analysis «f drug concentration and drug
toxicity was conductcl usii 5 the T-test in R software.
Other experimental data were analyzed using GraphPad
Prism 9.0. Biolog: ~l icplicates were defined as the basis
for sample sizc n: n=3 independent biological replicates
for all.iv v'ro experiments, and n=6 mice per group for
in <tivo :xpe.'ments. An unpaired two-tailed Students
t-test  -as used for two-group comparisons, while one-way
analysis « “variance (ANOVA) followed by Tukey’s multiple
< mparison test was used for comparisons among multiple
gro ps. Statistical significance was defined as P<0.05,

“‘n the following notations: "P<0.05, “"P<0.01, ""P<0.001,
""P<0.0001, and "P>0.05.

Results
Bioinformatics analysis of drug targets for I/R-induced
AKI and COR

In this study, sequencing data from GSE148420 were
obtained for samples collected 3 days after I/R and sham-
operated controls. Principal Component Analysis (PCA)
revealed distinct clustering between the two groups (shown
in Figure 1A), identifying 7,540 DEGs. Using GeneCards,
11,630 AKl-related targets and 1,725 I/R-related targets
were identified. The BATMAN 1.0 and GeneCards databases
provided 82 and 85 COR-related genes, respectively. The
union of these datasets yielded 162 COR-related genes.
Ultimately, 28 shared drug targets were identified across
I/R-induced AKI and COR (as shown in Figure 1B), and
their expression levels are shown in Figures 1C and D. The
correlations among these drug targets are shown in Figure
1E.

GO functional annotation indicated that drug targets
are involved in biological processes such as regulation
of apoptotic signaling pathways, hypoxia response, and

Table 1. Primer sequence used for real-time PCR

Primer Forward primer (5 '>3') Reverse primer (5 '>3")

KIM-1 CTGCTGCTACTGCTCCTTGTG  CACGCTTAGAGATGCTGACTTCC
NGAL ACCACGGACTACAACCAGTTCG CTTGGCAAAGCGGGTGAAACG

B-actin. GIGCTAIGTIGCICIAGACTICG  ATGCCACAGGATTCCATACC

Iran J Basic Med Sci, 2026, Vol. 29, No.
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Figure 1. Mechanistic analysis of drug targets among I/R, AKI, and COR

(A) Principal Component Analysis of GSE148420. (B) Screen the common drug targets of I/R, AKI, and COR. (C) Heatmay of 28 a. 1g targets. (D) Volcano plot of 28 drug targets.
(E) The correlation of drug targets. (F) The top 10 chord plot of each category of GO enrichment. (G) The top 5 chord ; ot « “each category of KEGG pathways

I/R: Ischemia/reperfusion; AKI: Acute kidney injury; COR: Cordycepin

modulation of necroptosis (shown in Figure 1F). KEGG
Pathway Enrichment Analysis revealed that these drug
targets participate in pathways including TNF signaling,
apoptosis, NF-kappa B signaling, necroptosis, NOD-like
receptor signaling, and Toll-like receptor signaling (shown
in Figure 1G).

COR mitigates H/R-induced apoptosis in HK-2 cells

HK-2 cells were incubated with 0, 10, 20, 40, and 80 umi»l/1
COR for 24 hr, and then the CCK8 assay was perfermea
to assess COR toxicity. The results show that COK has no
obvious toxicity when the concentration is-1c 80umol/L
(shown in Figure 2A). HK-2 cells were /| vetrea cd with
COR at 0, 10, 20, 40, and 80 for 24 hr "= d . »n the H/R
model was established. The CCK:S assa - resu ts showed that
H/R could significantly down:regulate t..o-uctivity of HK-2
cells. When the concentratior of COR was 20umol/L, the
protective effect on H/R-induce. HK -2 cells injury was the
most significant (shown in Figure 2B). Therefore, a drug
concentration of 20 pmol/L was used for intervention in
subsequent experiments.

TEM results showed normal morphology in the control
group, whereas H/R-induced HK-2 cells exhibited typical
necroptotic features, including increased permeability,
plasma membrane rupture, and organelle loss. However,
COR pretreatment significantly alleviated these injuries
(shown in Figure 2C).

Compared to the control group, H/R-treated HK-2 cells
showed increased expression of apoptosis-related proteins
Bax and cleaved-Caspase3, along with decreased Bcl-2
expression. COR pretreatment reversed these changes in
protein expression. The result indicates that COR effectively
mitigates H/R-induced apoptosis in HK-2 cells (as shown in
Figures 2D and 2E).
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Figure 2. Effect of COR on apoptosis in mouse H/R-induced HK-2 cells
(A) Drug toxicity evaluation of gradient concentrations of COR in HK-2 cells, detected
by CCK-8 assay (n=3). (B) Effect of gradient concentrations of COR on the viability
of H/R-injured HK-2 cells, detected by CCK-8 assay (n=3). Data were analyzed using
an unpaired two-tailed Student’s t-test. (C) TEM images of HK-2 cells in each group.
Magnification: 2.5K. (D, E) Western blotting analysis of Bcl-2, Bax, cleaved-Caspase3,
and Caspase3 in each group (n=3). Data were analyzed using one-way ANOVA with
Tukey’s test and expressed as the means+SD. ™ P>0.05, *P<0.05, “P<0.01,""P<0.001
COR: Cordycepin; H/R: Hypoxia/re-oxygenation
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Effect of COR on necroptosis in H/R-induced HK-2 cells

Western blotting demonstrated that the H/R group
significantly up-regulated necroptosis-related proteins
RIPK1, RIPK3, MLKL, and p-MLKL compared to the
control group. COR pretreatment notably reduced the
expression levels of these proteins (shown in Figure 3A).
Immunofluorescence staining further confirmed that COR
pretreatment significantly reduced p-MLKL fluorescence
intensity in H/R-induced HK-2 cells, indicating its
inhibitory effect on necroptosis (as shown in Figure 3C).

To investigate whether COR inhibits necroptosis via
RIPK1, RIPK1 expression was suppressed using Nec-1. Both
COR and Nec-1 similarly inhibited RIPK1, RIPK3, MLKL,
and p-MLKL expression in H/R-induced HK-2 cells (shown
in Figure 3B). This suggests that COR likely suppresses H/R-
induced necroptosis by modulating the RIPK1/RIPK3/p-
MLKL signaling pathway.

COR ameliorates I/R-induced AKI

To evaluate the protective role of COR in mice with
I/R-induced AKI, mice were divided into Sham, I/R, I/
R+DMSO, and I/R+COR groups. Schematic timeline of
COR prophylactic pre-treatment and I/R surgery is shown
in Figure 4A. Serum renal function markers were measured
using assay kits. Compared to the Sham group, the I/R group
exhibited significantly elevated serum creatinine (Scr) and
blood urea nitrogen (BUN) levels. However, COR treatment
significantly reduced these indicators compared with the
I/R group (as shown in Figure 4B). Compared to the I/R
group, the I/R +DMSO group had no significant effect or
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Figure 3. Effect of COR on necroptosis in mouse H/R-induced HK-2 cells
(A, B) Western blotting analysis of RIPK1, RIPK3, p-MLKL, and MLKL in HK-2 cells
from each group (n=3). (C) Quantitative analysis of the mean fluorescence intensity of
p-MLKL (n=3). Magnification: 40X. Data were analyzed using one-way ANOVA with
Tukey’s test and expressed as the means+SD. ™ P>0.05, "P<0.05, "P<0.01, ""P<0.001
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‘A) Schematic timeline of the in vivo experimental protocol. (B) Levels of serum
creatinine (Scr) and blood urea nitrogen (BUN) in each group (n=6). (C) Renal
tubular damage scores of renal tissues in each group (n=6). (D) HE staining of renal
tissues in each group (n=6). Magnification: 20X. (E) TEM manifestations of renal
tubular in each group (n=6). Magnification: 1.5K. Data were analyzed using one-
way ANOVA with Tukey’s test and expressed as the means+SD. ™ P>0.05, "P<0.05,
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renal function, completely excluding the non-specific effect
of the solvent (Supplementary Figure 1A).

Histopathological analysis via HE staining revealed
severe tubular injuries in the I/R group, including tubular
epithelial cell detachment, brush border loss, exposed
basement membranes, nuclear pyknosis, tubular dilation,
and cast formation. These injuries were markedly
attenuated in the I/R+COR group (shown in Figure 4D).
Semiquantitative tubular injury scores (shown in Figure
4C) confirmed that the I/R group had significantly more
serious damage than the Sham group (P<0.0001), while
the I/R+COR group showed reduced damage compared to
the I/R group (P<0.001). TEM observations aligned with
H&E results, showing tubular dilation and epithelial cell
loss in the I/R group and notable improvement in the COR-
pretreated group (shown in Figure 4E).

COR protects against I/R-induced AKI by reducing renal
injury and necroptosis

Compared to the sham group, I/R-treated mice exhibited
significantly increased mRNA expression of kidney injury
molecule-1 (KIM-1) and neutrophil gelatinase-associated
lipocalin (NGAL). COR pretreatment significantly
downregulated these markers compared with the I/R group
(shown in Figure 5A).
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Immunohistochemical staining for p-MLKL in renal
tissues showed significantly —up-regulated p-MLKL
expression in the I/R group compared to the Sham grouy
COR pretreatment reduced p-MLKL expression in tiic 1/
R+COR group, further supporting its inhibitory effe:t on
necroptosis (shown in Figure 5B, C).

Discussion

AKI is a complex pathophysiological rc vonse¢ mvolving
oxidative stress accumulation, inflai.isatcsy reactions,
renal tubular cell damage, and eond theli.l microvascular
dysfunction, all of which influence ti.cextent of tubular
injury (39-45). Extensive ' ‘tudies have suggested that
substantial AKI progresses <ironic kidney disease
(46-50). I/R-induced AKI triggers various forms of renal
tubular epithelial cell death, including apoptosis, necrosis,
ferroptosis, pyroptosis, and necroptosis (9, 13, 15, 51,
52). Due to its intricate pathophysiology, effective clinical
strategies for prevention and treatment remain limited.

TCM has been utilized to treat various diseases, including
renal injury (53, 54), liver damage (55, 56), cardiovascular
diseases (57-59), and cerebrovascular disorders (60).
Renal I/R injury can cause interactions among tubular
epithelial cell damage, endothelial dysfunction, and
inflammation, ultimately leading to renal tissue injury (61).
TCM monomers such as COR, tanshinone, paeoniflorin,
berberine, poricoic acid A, ligustrazine, and erythro-
guaiacylglycerol-p-ferulic acid ether have demonstrated
protective effects against renal damage, including I/R injury
(62-64). COR has been shown to reduce inflammatory cell
infiltration, inhibit extracellular matrix accumulation, and
immune complex deposition in renal interstitium, thus
protecting the renal tissue (38, 65). Experimental studies in
animal models reveal that COR significantly lowers serum
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-re tinine and urea nitrogen levels, thereby alleviating renal
I/R injury (66, 67). In our study, network pharmacology
“ntified 28 shared drug targets between I/R-induced
AKI and COR, including Ripkl, Casp3, Aktl, Icaml,
Nfkb1, Ccl2, Anxa5, Birc5, Abcgl, Myc, Cxcll, Tlr4, Acss2,
Cx3crl, Acvrlb, Ada, Parpl, Casp6, Cbs, Adcyl, Ctnnbl,
Mthfr, Cubn, Aqp5, Comt, Fasn, Slc25a4, and Adora2a. GO
functional annotation indicated that targets participate in
biological processes such as apoptotic signaling regulation,
hypoxia response, and necroptosis modulation. KEGG
pathway enrichment highlighted their involvement in
apoptosis, necroptosis, and NF-kappa B signaling pathways.

Apoptosis, a programmed cell death mechanism,
occurs through intrinsic (mitochondrial), extrinsic (death
receptor), or cross-talk pathways (68, 69). In the intrinsic
pathway, cellular stress enhances mitochondrial outer
membrane permeability via Bax/Bak oligomerization,
releasing cytochrome ¢, which binds Apaf-1 to activate
caspase-9 and initiate caspase-3-mediated apoptotic
cascades. The extrinsic pathway involves Fas ligand binding
to Fas receptors, recruiting FADD and activating caspase-8,
which subsequently activates caspase-3. The balance
between pro-apoptotic (Bax, Bak) and anti-apoptotic (Bcl2,
BcIXL) proteins determines cell fate (70). Renal I/R injury
alters the Bax/Bcl2 ratio in the kidneys of humans, mice, and
rats (71-73), resulting in an increase in Bax and a decrease
in Bcl2. Wei Q et al. (74) used Bax- or Bak-knockout mice
to demonstrate the important role of Bax and Bak in the
apoptosis of renal tubular epithelial cells in ischemic AKI,
suggesting that Bax or Bak gene knockout in proximal
tubules can protect mice from ischemic AKI. Caspase-3, the
central executioner of apoptosis, disrupts the cytoskeleton
by cleaving actin filaments, impairing intracellular transport
and signaling, and thus leading to cell death (75, 76). Our in
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vitro H/R model confirmed increased HK-2 cell apoptosis
post-H/R, which was mitigated by COR pretreatment. COR
reversed H/R-induced expression of cleaved-Caspase3,
Bax, and Bcl2, indicating its anti-apoptotic role in renal
protection.

Necroptosis, a RIP kinase-regulated programmed
necrosis, combines features of necrosis and apoptosis,
manifesting as organelle swelling and membrane rupture
(16, 77). Triggers include TNF family ligands, pathogen
recognition receptors, oxidative stress, and interferons, with
RIPK1, RIPK3, and MLKL as core mediators (78). Studies
report elevated levels of necroptosis markers (RIPKI,
RIPK3, MLKL) in H/R-induced HK-2 cells and in renal
I/R models, alongside oxidative stress, inflammation, and
renal dysfunction (79, 80). Our in vitro findings showed
up-regulated RIPK1, RIPK3, MLKL, and p-MLKL in
H/R-induced HK-2 cells, which were suppressed by COR
pretreatment. Immunofluorescence confirmed reduced
p-MLKL intensity in COR-treated cells. In vivo, I/R-
induced AKI mice exhibited elevated serum creatinine and
urea nitrogen, and elevated expression of KIM-1, NGAL,
and renal p-MLKL, alongside severe tubular injury, as
determined by HE staining. COR alleviated these markers,
demonstrating its anti-necroptotic role in renal protection.

The 7-day prophylactic pre-treatment schedule adopted
in this study has important clinical translational value: it is
fully consistent with the 3-7-day preoperative preparation
window for elective major surgery with high AKI risk.in
clinical practice, providing a feasible preventive strateg -
for these high-risk populations. Meanwhile, this de¢s.gn
is a modern scientific verification of the traditional venal
protective application of C. militaris through copinuous
pre-intervention, which provides rigoroug preclihical
evidence for the clinical transformation o ti.s medicinal
and edible fungus.

Accumulating evidence has demw stretzd that the
pathological process of _icual | ischemia-reperfusion
injury is co-mediated by multiple prog.ammed cell death
pathways and inflammatc v response, with extensive
crosstalk between necroptosi., ~ruptosis, pyroptosis, and
inflammatory signaling cascades. In this study, we confirmed
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that COR pre-treatment partially protects against I/R-
induced AKI by regulating RIPK1-mediated necroptosis.
Meanwhile, our results confirmed that COR can regulate
the expression of the apoptosis-related proteins Bcl-2 and
Bax, indicating that the anti-apoptotic effect is an important
component of CORSs renal protective mechanism. However,
the specific regulatory pattern and underlying mechanism
of the inflammatory response during COR that alleviates
AKIT by inhibiting apoptosis and necroptosis still need to be
further explored in subsequent systematic studies. Another
limitation of this study is that no prospective formal sample
size power calculation was performed for the in vivo mouse
experiments before study initiation. The sample size of
n=6 mice per group was set based on the widely accepted
convention and standard cf preclinical AKI intervention
studies. A formal power-c. 'culation-based sample-size
design will be strictly imnlen. nted in our subsequent
preclinical validation (tudic: to further enhance the
statistical rigor of the=ese =ch:

Conclusion
Usine’ nc woi'= pharmacology, our study identified
28 COK ta:zgets for the treatment of I/R-induced AKI,
ircluding k »k1, Casp3, and Nfkbl, which are involved in
bio. gical processes and pathways such as apoptosis and
nccroy osis. In addition, in vitro experiments have shown
*h* COR has antiapoptotic activity by restoring Bax/Bcl2
baiance and inhibiting caspase-3 activation in H/R damaged
‘aal tubular cells. In vitro experiments showed that
COR can inhibit necroptosis by down-regulating RIPK1,
RIPK3, MLKL, and p-MLKL in H/R-damaged HK-2 cells,
confirming the role of COR in inhibiting RIPK1-driven
necroptosis. In vivo experiments showed that COR can
reduce the expression levels of kidney injury biomarkers
(serum creatinine, urea nitrogen, KIM-1, NGAL), reduce
the expression of p-MLKL associated with necroptosis, and
improve kidney histopathological injury in I/R-induced
AKI mice. In conclusion, our study combined network
pharmacology and in vivo/in vitro experiments to clarify
that COR partially protects I/R-induced AKI by regulating
RIPK1-mediated necroptosis (shown in Figure 6).

Network Pharmacology
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Figure 6. Schematic representation of COR ameliorating I/R-induced AKI by regulating RIPK1-mediated necroptosis
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