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Objective: This study aimed to evaluate the therapeutic potential of YS-10, a novel flavonoid derivative of icariside II (ICA 1II), and
to explore its mechanism of action in a diabetic rat model of erectile dysfunction (DMED).

Methods: Twenty-four male Sprague-Dawley rats were divided into four groups: control, DMED, DMED + ICA II (2.5 mg/kg/day),
and DMED + YS-10 (2.5 mg/kg/day). Treatments lasted for 4 weeks followed by a 3-day washout. Erectile function was assessed, and
penile tissues were analyzed by histology, immunohistochemistry, ELISA, and Western blot. In vitro, primary corpus cavernosum
endothelial cells (CCECs) were treated with advanced glycation end products (AGEs), YS-10, Fer-1 (ferroptosis inhibitor), or ML385
(Nrf2 inhibitor) to evaluate oxidative stress and ferroptosis.

Results: In vivo, both YS-10 and ICA 1II (2.5 mg/kg/day) significantly improved erectile function in diabetic rats, increased smooth
muscle content, reduced collagen deposition, and enhanced endothelial marker (CD31) expression in penile tissue (p < 0.01 vs DMED
group). The maximum ICP/MAP ratio and oxidative stress markers were similarly restored in both treatment groups, with no
significant difference between YS-10 and ICA II (p > 0.05). In vitro, YS-10 reversed AGEs-induced injury and ferroptosis in corpus
cavernosum endothelial cells (CCECs), upregulated GPX4, downregulated ACSL4, and reduced ROS and lipid peroxidation,
comparable to the effects of the ferroptosis inhibitor Fer-1. YS-10 also promoted Nrf2 nuclear translocation and elevated HO-1
expression. Molecular docking, immunofluorescence, and Western blotconfirmed the interaction between YS-10 and the Nrf2/HO-1/
GPX4 signaling pathway.

Conclusion: YS-10 improves erectile function in diabetic rats by reducing oxidative stress and inhibiting ferroptosis via activation of
the Nrf2/HO-1/GPX4 pathway. At 2.5 mg/kg/day, YS-10 was effective, well-tolerated, and showed efficacy comparable to ICA 1II.
These findings support its potential as a promising candidate for diabetes-related erectile dysfunction therapy.
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Introduction

Erectile dysfunction (ED) is a widespread condition among adult men, with a notably higher prevalence in
individuals with diabetes. Patients with diabetes mellitus erectile dysfunction (DMED) have an earlier age of
onset, are more severely affected, and the incidence of the disease increases with the duration of the disease
compared to non-diabetic ED patients. It has been shown that diabetic patients are 3.5 times more likely to develop
ED than healthy men, with approximately 37.5% of type 1 diabetic patients suffering from ED.' The etiology of
DMED is complex and varied, and mainly includes oxidative stress, vascular endothelial dysfunction, neuropathy,

Drug Design, Development and Therapy 2025:19 44814500 4481
Received: 20 February 2025 © 2025 Liu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work

Accepted: 7 May 2025
Published: 28 May 2025

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-4702-5809
http://orcid.org/0000-0002-2907-3030
http://orcid.org/0000-0002-1285-9328
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Liu et al

and chronic hyperglycemia induced advanced glycation end products (AGEs), and other aspects.” For example,
AGEs produced in a hyperglycemic environment reduce penile corpus cavernosum extensibility and alter nitric
oxide (NO) levels and function, thereby affecting erections. These deleterious factors lead to oxidative stress.>*
Oxidative stress is the production of reactive oxygen species (ROS) in the body that exceeds the scavenging capacity
of antioxidant mechanisms, leading to cell and tissue damage. In diabetic patients, the production of ROS is
significantly increased due to hyperglycemia and metabolic disorders, as oxidative stress in the cavernous tissues
of the penis is closely related to the impairment of endothelial function, which ultimately leads to reduced blood
flow and ED.

Ferroptosis is a recently recognized form of cell death, characterized by intracellular iron accumulation and lipid
peroxidation, which disrupts cell membrane integrity. This process has been implicated in a range of diseases, including
neurodegenerative disorders, cancer, and cardiovascular conditions.”’ Additionally, ferritin accumulation has been
shown to play a critical role in the pathophysiology and progression of diabetes mellitus (DM) and its
complications.*'® However, the role of ferroptosis in DMED has not been fully investigated.

The nuclear factor E2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) signaling pathway is essential for cellular
defense against oxidative stress.'' Nrf2 is a transcription factor that controls the expression of antioxidant enzymes and
protective proteins. In response to oxidative stress, Nrf2 dissociates from its repressor Keapl, translocates to the nucleus,
and promotes the transcription of genes involved in cellular defense against oxidative damage.'? HO-1, as a downstream
target gene of Nrf2, has antioxidant, anti-inflammatory and cytoprotective functions.'® Studies have shown that the
flavonoid quercetin can inhibit ferroptosis through the Nrf2/HO-1 signaling pathway, thereby attenuating cerebral
ischemic injury.'* Icariin promotes Nrf2 release by competing with Nrf2 for binding to Keapl, and inhibits oxidative
stress, apoptosis and ferroptosis to ameliorate premature ovarian aging.'> Therefore, whether activation of the Nrf2/HO-1
signaling pathway could help to alleviate oxidative stress and ferroptosis caused by diabetes deserves further
investigation.

Currently, first-line treatments for DMED mainly involve phosphodiesterase type 5 (PDES) inhibitors, including
sildenafil. However, nearly 50% of patients do not respond to PDE5 inhibitors,'® and experience side effects, such as
headaches, musculoskeletal pain, and flushing, underscoring the need for alternative treatment options. The flavonoid
Icariside II (ICA II), an active ingredient derived from the traditional Chinese medicine Epimedium, exhibits a wide
range of biological activities, including antioxidant, anti-inflammatory, anticancer, and neuroprotective effects.
Significant progress has been reported in studying ICA II’s roles in cardiovascular diseases and neuroprotection.'” For
instance, studies have shown that ICA II reduces myocardial and cerebral ischemia-reperfusion injuries by modulating
oxidative stress and inflammation.'® In recent years, the potential of ICA II in addressing diabetic complications has
garnered increasing attention.'® Wang et al pre-treated DMED with a combination of ICA II and insulin, showing that
while insulin effectively controlled blood glucose levels, it was insufficient to fully reverse the pathological changes in
erectile tissue. The therapeutic outcomes could be improved by combining strict glycemic control with the antioxidant
ICA 1I to mitigate metabolic memory effects.”

In recent years, researchers have gradually shifted their focus toward the development of derivatives to enhance their
bioactivity and therapeutic efficacy. Considering the limited herbal sources of Epimedium, the high extraction costs, and
the poor systemic absorption of Icariside (ICA) and ICA II,*' their application in clinical settings remains restricted. To
address this issue, Gu et al synthesized YS-10, a novel flavonoid derivative of ICA II, through structural optimization of
ICA 1I (Supplementary Figure 1). This compound not only retains the core structure of 8-prenylkaempferol flavonoids

but is also more cost-effective compared to ICA II extracted from plant isolates, while exhibiting excellent biocompat-
ibility and bioactivity.** In our previous studies, both YS-10 and ICA II were found to effectively improve ED in rats
caused by radiation-induced injuries.”> However, the comparative therapeutic efficacy of YS-10 and ICA II, as well as
their underlying mechanisms in DMED, remain unclear. Therefore, in this study, we analyzed and compared the
therapeutic effects of ICA II and YS-10 in a rat model of DMED, and explored the mechanistic studies of YS-10 for
the treatment of DMED rats, with the aim of providing a conceptual basis for the treatment of DMED and the

development of innovative drugs.
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Materials and Methods
Animals and Establishment of ED Model

Thirty-six 8-week-old male Sprague-Dawley rats were obtained from Liaoning Changsheng Biotechnology Co., Ltd.
(Liaoning, China; animal license number SCXK (Liao) 2020-0001) and housed at the Animal Center of Changchun
University of Chinese Medicine. The study was approved by the university’s Animal Ethics Committee (Approval
No. 2025136). All animals were housed in metabolic cages under standard conditions with a 12-hour light/dark cycle,
controlled room temperature, and free access to food and water. In addition, we followed the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals, the ARRIVE guidelines, and the “Laboratory Animal—
Guideline for Ethical Review of Animal Welfare (GB/T 35892-2018)” issued by the General Administration of Quality
Supervision, Inspection and Quarantine of the People’s Republic of China and the Standardization Administration of
China to ensure the welfare of the laboratory animals. These guidelines were strictly adhered to throughout the study,
ensuring all procedures complied with ethical standards.

For type 1 diabetes mellitus (T1DM) induction, streptozotocin (STZ, 60 mg/kg; Sigma-Aldrich) was diluted in citrate
phosphate buffer (0.1 mol/L, pH 4.5) and administered intraperitoneally to thirty rats, as previously described.**2® Six
control rats were given citrate phosphate buffer only. Blood glucose and body weight were monitored daily, and rats with
blood glucose levels exceeding 16.67 mmol/L for three consecutive days, along with signs of polyuria, polydipsia, and
polyphagia, were classified as diabetic. After four weeks, five model group rats died, leaving twenty-five diabetic rats and
six normal rats remaining in the study.

Eight weeks post-modeling, apomorphine (APO, 80 mg/kg; Sigma-Aldrich, USA) in 0.1 g/L saline was administered
to the diabetic rats. A total of eighteen APO-negative rats were ultimately selected for subsequent experiments and were
classified as the DMED model. Subsequently, these SD rats were further divided into 3 groups: the DMED group (n = 6),
the DMED + ICA 11 group (n = 6), the DMED + YS-10 group (n = 6). And the control group (n = 6), totaling twenty-four
rats for subsequent experiments. Of these, the DMED + ICA II and DMED + YS-10 groups received daily gavage
(2.5 mg/kg/day),”*** whereas the DMED and control groups received an equivalent volume of solvent (saline).
Intragastric administration was performed daily for 4 weeks. A 3-day washout period was introduced after treatment
to exclude any acute effects of the final dose and to better reflect the treatment’s sustained biological impact.”**” Erectile
function was subsequently assessed in all rats, and penile tissues were collected for further analysis (Figure 1A).

Erectile Function Evaluation

Erectile function was assessed after 4 weeks of treatment in each group of rats, following established protocols.?>%2°
Briefly, SD rats were anesthetized with a 30 mg/kg intraperitoneal injection of 5% sodium pentobarbital. The rats were
positioned supine, and a “V-shaped” incision was made in the carotid artery using micro-scissors. PE-50 tubing, pre-filled
with heparinized saline (200 IU/mL), was inserted, ligated, and connected to a multichannel physiological recorder
(MP36R, Biopac Systems, USA) to monitor mean arterial pressure (MAP). The pelvic ganglion was located dorsolat-
erally to the prostate through a median lower abdominal incision, and the cavernous nerve (CN) was identified. For
intracavernous pressure (ICP) measurements, a 24G needle was inserted into the left corpus cavernosum and connected
to the MP36R via PE-50 tubing. The cavernous nerve was stimulated electrically (15 hz, 5.0 V, 1 min) using a bipolar
electrode. Erectile function was evaluated by comparing the maximum ICP/MAP ratios across groups. After the
assessment, penile tissues were dissected, with half fixed in 4% paraformaldehyde for histology and the remaining
stored at —80°C for further analysis.

Masson’s Trichrome Staining

Penile tissue was fixed in 4% paraformaldehyde for 48 h, followed by dehydration in a graded ethanol series. The tissue
was then embedded in paraffin and sectioned into 5-pum slices. Masson staining was performed according to the
manufacturer’s instructions (Servicebio, China). Stained sections were imaged using Olympus Image Viewer, with
smooth muscle appearing red and collagen fibers blue. The smooth muscle-to-collagen ratio was analyzed semi-
quantitatively using Imagel software to evaluate collagen deposition in the corpora cavernosa.
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Figure | A novel flavonoid derivative of icariside Il (YS-10) improves erectile function in DMED rats. (A) Schematic diagram of the animal experimental process. (B)
Changes in body weight of rats in each group during the experiment. (C) Changes in blood glucose levels of rats in each group during the experimental process. (D) Original
records of ICP and MAP changes in each group of rats under electrical stimulation. (E and F) Statistical analysis of ICP and ICP/MAP in each group of rats. (*, p < 0.05
compared with Control group; **, p < 0.0l compared with Control group; #, p < 0.05 compared with DMED group; ##, p < 0.0l compared with DMED group. ICP:

Body weight (g)

Y/ s— N s— = ,
E 1 b [l 7\ Y o ~ K
. Bl Co e o e
= a9 e Ty
- Lo 5 ICAIl  YS-10 :
. Weight STZ 1\ \veignt Blood ;
ro Glucose p
Step 4
Step 1 Step 3
_________________________________________ 8 weeks .
'I \‘I I’ ‘\‘
' 7 1 : || | 7"\ !
1 \ | 1
X 16. 1 ! \ D | |
. o7 Lo Eﬂ MAP |
i 2 | \o/ |
+ STZ Blood | ! : |
' . ' Weight Blood ICP ;
N Glucose N Glucose L’
1 Control 1 DMED C ICAI YS-10
600 T4
&} g *%* *%* *,* *%k k%
30+ *%* I
£ i
4001 T -~
# # A
*% ** *%x k% o 20.
= ** *% g
2001 S
3 101 -
° "
(AT BRAN NR ¢ |nape AEPN ol
Intial 4th week Final Intial 4th week Final
— 150
(=2}
H T
T mE ET |,
/ ‘ < 1004 @8
S| g | B . A
©] \ — [ *% -V
= “ \\ = ~— t i 50.00 g 50 *x famad |9
| \ f \ \ n‘_ aa
~ NE | | 5 rEr
e N 00.00 o j -
<.,o“‘s o‘x& & &
mmHg 1.0
180.00 F > L2
T 081 *#
o MWW WWA‘ E 0.6 #
<M w WS, o = E3
= | N [ >~ ———190.00 % o4l *x
\ E o E‘-'d
g, 0.2+
00.00 ool ——
Control DMED ICAII YS-10 00&‘ & & o

intracavernous pressure; MAP: mean arterial pressure).
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Detection of Reactive Oxygen Species (ROS) Generation

Dihydroethidium (DHE) staining solution was prepared and diluted according to the manufacturer’s instructions
(Beyotime, S0063), and applied to the frozen tissue sections. After a 30-min incubation at room temperature in the
dark, the sections were washed with PBS to remove excess DHE and then mounted with an anti-fluorescence quenching
agent. Red fluorescence was observed and captured using a fluorescence microscope to assess ROS levels.

Oxidative Stress Indicator Test

Penile tissue was homogenized in an ice bath to prepare a 10% tissue homogenate, which was then centrifuged at
4000 rpm for 10 min at 4°C. The supernatant was collected for analysis of superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GSH-Px), thiobarbituric acid reactive substances (TBARS), lipid peroxidation (LPO), and
malondialdehyde (MDA) levels. These markers were used to assess oxidative and antioxidant activity in the penile
tissues. All reagents were sourced from Beyotime, and the assay was conducted following the manufacturer’s protocol.

Assessment of Iron Content
Iron content in the sponge tissues was measured using the tissue iron assay kit (A039-2-1, Nanjing Jianjian
Bioengineering Institute, China), following the manufacturer’s instructions.

Detection of Inflammatory Factors

After blood collection from the rat tail vein, serum was separated by centrifugation. The levels of TNF-a, IL-1p, IL-6,
and IL-10 in the serum were measured using an ELISA kit (Yanko Biotech, Huangshi, China), following the manu-
facturer’s protocol.

Immunohistochemical Staining of Animal Tissues

In this experiment, we used immunohistochemical and immunofluorescence methods to detect Glutathione peroxidase 4
(GPX4) and acid acyltransferase 4 (ACSL4) in the penile cavernous tissue of each group. Penile cavernous tissue
samples were collected, rinsed with saline, and fixed in 4% paraformaldehyde for 30 min. After fixation, the tissues were
sectioned into 5-pm slices and subjected to antigen retrieval. The sections were blocked with 5% BSA for 1 hour to
reduce nonspecific binding, then incubated overnight at 4°C with primary antibodies against GPX4 (1:200, #DF6701,
Affinity) and ACSL4 (1:200, #DF12141, Affinity). After primary antibody incubation, the sections were treated with an
appropriate secondary antibody for 1 hour. DAB was used for color development, followed by counterstaining, mounting,
and imaging under a microscope. For immunofluorescence, fluorescently labeled secondary antibodies were applied,
washed, and mounted with an anti-fade mounting medium. Finally, the fluorescence signal and distribution were
observed and recorded using a microscope.

Cell Culture

CCECs were purchased from Saibaikang Biotechnology Co., China, and cultured in DMEM supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin. Cells were maintained at 37°C in a 5% CO, incubator, with
subculturing every 2—3 days to maintain optimal growth conditions. Subsequent experiments were carried out after the
cells were stabilized and expanded to the third passage.

Cell Modeling and Cell Viability Assays

Cell proliferation was assessed using the Cell Counting Kit-8 (CCK-8, C0042, Beyotime, China). Cells were seeded at
a density of 1 x 10° cells per well in 96-well plates and allowed to adhere for 24 h. Afterward, they were treated with
varying concentrations of AGEs (0-300 pg/mL), and 10 uL. of CCK-8 solution was added to each well after 1 hour of
incubation at 37°C. Absorbance was measured at 450 nm using a microplate reader to determine the optimal AGE
concentration. The same assay was used to determine the optimal concentrations of the ferroptosis inhibitor (Fer-1, HY-
100579), ferroptosis inducer (Erastin, Era, HY-15763), antioxidant (Trolox, HY-101445), Nrf2 inhibitor (ML385, MCE),
and YS-10.
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Cell Model Grouping

When the cells achieved stable growth, they were allocated into experimental groups: control group (Control), AGEs
induction model group (AGEs, 250 pg/mL), ferroptosis agonist group (Erastin, 3 pM), YS-10 administration group
(50 uM), ferroptosis inhibitor group (Fer-1, 2 pM), and Nrf2 inhibitor group (ML385, 5 uM).*° All groups were utilized
for subsequent experimental analysis.

Assessment of Cellular Lipid ROS Production

To detect lipid ROS production at the cellular level, the culture medium was removed from treated cell slides, and cells
were washed 2-3 times with PBS. After fixation in 4% paraformaldehyde for 15 min, the slides were rinsed again with
PBS. A hydrophobic barrier pen was used to outline the tissue, and a 1:1000 dilution of BODIPY working solution
(GLPBIO, GC42959) was applied to the slides. The samples were incubated for 1 hour at 37°C, protected from light
(with water added to the wet box to prevent evaporation). After staining, the slides were washed three times with PBS
(pH 7.4) for 5 min each, followed by DAPI staining for 10 min at room temperature. The slides were then washed again,
air-dried, sealed with an anti-fluorescence quenching agent, and examined under a fluorescence microscope with image
capture.

Immunohistological Staining

In this experiment, GPX4 and ACSL4 in penile corpus cavernosum tissue were visualized using immunohistochem-
istry and immunofluorescence techniques. First, paraffin sections were cut to 5 um thick for antigen retrieval. Next,
sections were blocked with 5% BSA for 1 hour to minimize non-specific binding, then incubated overnight at 4°C
with primary antibodies against GPX4 (1:200, #DF6701, Affinity) and ACSL4 (1:200, #DF12141, Affinity).
Following this, the sections were treated with the appropriate secondary antibodies for 1 hour.
Immunohistochemistry was performed using DAB staining followed by counterstaining and mounting, and immuno-
fluorescence was performed using fluorescently labeled secondary antibodies, washed, and mounted with an anti-
fluorescence quenching agent. The fluorescence signal and distribution were observed and recorded under
a microscope.

Cells were plated in 6-well plates at a density of 2x10° cells per well and incubated at 37°C for 24 h. After fixation
with 4% paraformaldehyde for 10 min, the cells were washed with PBS to remove excess fixative. Permeabilization was
performed with 0.1% Triton X-100 for 5-10 min at room temperature, followed by PBS washes. A 5% BSA blocking
solution was applied and incubated for 1 hour. The cells were then incubated overnight at 4°C with primary antibodies
(GPX4, 1:200, #DF6701, Affinity; Nrf2, 1:200, #AF0639, Affinity). After washing to remove unbound antibodies, the
cells were incubated with fluorescently labeled secondary antibodies for 1 hour at room temperature. Finally, DAPI was
added to stain the nuclei for 10 min, and the cells were observed under a fluorescence microscope to assess treatment
effects on cell morphology and structure.

Bioinformatics Research

For molecular docking experiments, the 2D structure of YS-10 was first constructed using ChemDraw software. Next, the
2D structure was imported into ChemDraw 3D software, and energy minimization was performed using the MM2
module to obtain the lowest energy conformation. Subsequently, the structure of the target protein was downloaded from
the PDB database and visualized using PyMOL software.

Next, the following steps were performed using MGLTools 1.5.6 software: removal of water molecules, addition of
hydrogen atoms, calculation of charges, and incorporation of non-polar hydrogens. Afterwards, molecular docking of
the core target and its active components was performed using CB-Dock, an online docking tool powered by the
AutoDock Vina kernel. The binding ability of the target proteins to the molecules was assessed by the Vina docking
score, and the conformations with higher scores were selected, visualized, and analyzed using Discovery Studio
software.
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Western Blot

We conducted Western blot analysis to assess protein expression in rat penile tissues and cells across different
experimental groups. Approximately 50 mg of frozen penile tissue was homogenized, and RIPA lysis buffer containing
protease and phosphatase inhibitors was added to prevent protein degradation. For cell analysis, 5 x 10° cells were
collected, washed with PBS, and lysed with lysis buffer. After centrifugation, the supernatant was collected to obtain total
protein.

The protein concentration was determined using the BCA assay, and samples were mixed with loading buffer, heated,
and subjected to SDS-PAGE for separation. Proteins were then transferred to PVDF membranes, which were blocked
with 5% BSA for 1 hour to minimize non-specific binding. The membranes were incubated overnight at 4°C with
primary antibodies against GPX4 (1:1000, #DF6701, Affinity), Nrf2 (1:1000, #AF0639, Affinity), HO-1 (1:1000,
#AF5393, Affinity), and PB-actin (1:1000, #4967, CST). Following incubation, the membranes were probed with
secondary antibodies for 1 hour to enhance the signal, and unbound antibodies were washed away.

The results were captured using an infrared imaging system (LI-COR Biosciences), and semi-quantitative analysis
was performed with ImagelJ software to quantify the grayscale intensity of each band. Protein levels were normalized to
B-actin for comparison.

Statistical Analysis

The statistical analysis was performed using GraphPad Prism 9.0. Data were normally distributed and are expressed as
mean + standard deviation. Group differences were analyzed using one-way ANOVA or unpaired Student’s ¢-test, with
statistical significance defined as a p-value < 0.05.

Results

YS-10 Effectively Improves Erectile Function in DMED Rats

In this experiment, Figure 1B and C presents the body weight and fasting blood glucose data for each group. Prior to
modeling, no significant differences were observed in body weight or fasting blood glucose levels between the groups
(p > 0.05). However, before drug administration and pressure measurements, the rats in the DMED, DMED-+ICA 1I, and
DMED+YS-10 groups showed significantly elevated fasting blood glucose and reduced body weight compared to the
control group (p < 0.01). There were no significant differences in either parameter between the DMED+ICA II and
DMED+YS-10 groups (p > 0.05).

Following the 3-day elution period, changes in ICP and MAP waveforms were observed and recorded after 5V
electrical stimulation of the cavernous nerve (Figure 1D—F). Statistical analysis revealed no significant differences in
MAP between groups. However, the maximum ICP/MAP ratio in the DMED group was significantly lower than that in
the control group (p < 0.05), indicating severe erectile dysfunction. In contrast, the DMED+ICA II and DMED+YS-10
groups exhibited significantly higher maximum ICP/MAP ratios compared to the DMED group (p < 0.05), with no
significant difference between these two groups (p > 0.05), suggesting that both ICA II and YS-10 effectively improved
erectile function in DMED rats.

YS-10 Ameliorates Histopathological Damage to the Cavernous Body of the Rat Penis
In this experiment, we used Masson staining to evaluate the extent of damage in the penile corpus cavernosum
(Figure 2A and B). The results showed that the collagen fibers of the corpus cavernosum were significantly increased
in the DMED group, and the degree of fibrosis was significantly higher compared with the Control group (p < 0.05),
indicating that diabetic conditions result in significant structural damage to the corpus cavernosum. After YS-10
treatment, the collagen level was significantly reduced and was not statistically different from the ICA II group
(p > 0.05).

In addition, we performed 0-SMA immunohistochemical staining (Figure 2C and D) on different groups. The results
showed that the Control group had a uniform distribution of a-SMA-positive cells, displaying a normal smooth muscle
fiber structure with moderate cell density and intact tissue architecture. In the DMED group, a significant increase in the
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Figure 2 YS-10 repair of penile pathologic injury in DMED rats. (A and B) Typical images of Masson trichrome staining of rats in each group and corresponding statistical
analysis. Smooth muscle is red and collagen is blue. (C) Immunohistochemical staining of a-SMA expression in rats of each group and (D) statistical analysis of a-SMA
expression. (E) Immunofluorescence staining of endothelial cells of rat penile tissue in each group and (F) corresponding statistical analysis. (**, p < 0.0] compared with the
Control group; #, p < 0.05 compared with the DMED group).

number of a-SMA-positive cells was observed, along with pronounced cell proliferation, myofibrosis, and irregular tissue
architecture, reflecting severe damage. After treatment with ICA II and YS-10, these pathological changes were
significantly improved, and approached the level of the Control group (p < 0.05).

Finally, immunofluorescence detection of CD31 localization and expression revealed that CD31 was mainly con-
centrated on the vascular endothelium of the penile corpus cavernosum (Figure 2E and F). Quantitative analysis showed
that the fluorescence area and intensity of CD31 in the DMED group were significantly lower than those in the Control
group (p < 0.01). Compared with the DMED group, the ICA II and YS-10 groups exhibited significant endothelial repair
following treatment (p < 0.05), with no significant difference between the two groups (p > 0.05), and both were close to
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normal levels. These results further verified that YS-10 could effectively restore the number of damaged endothelial cells
in the penile corpus cavernosum under diabetic conditions.

YS-10 Reduces Oxidative Stress, Inflammation, and Lipid Peroxidation in the Penile

Corpus Cavernosum Tissue of Rats

ROS levels in the penile cavernous tissue of each group were measured using a DHE fluorescent probe (Figure 3A and B).
The results indicated a significantly larger red fluorescence area in the DMED group compared to the control group (p < 0.05),
suggesting a strong link between diabetes-induced ED and oxidative stress. Treatment with ICA II and YS-10 significantly
reduced the fluorescence area compared to the DMED group (p < 0.05), indicating that YS-10 effectively suppressed ROS
production.

We also measured oxidative stress markers (Figure 3C—H) by ELISA. The results showed that the levels of SOD,
GSH-Px, and CAT were significantly elevated in the control group and markedly reduced in the DMED group (p < 0.01).
Meanwhile, the levels of MDA, TBARS, and LPO were significantly higher in the DMED group (p < 0.01), suggesting
that increased oxidative stress led to cavernosal tissue injury. The YS-10 group showed antioxidant marker levels close to
those of the control group (p< 0.01), while the levels of MDA, TBARS, and LPO were significantly lower, indicating that
YS-10 had good efficacy in reducing oxidative injury.

In addition, levels of inflammatory factors IL-1f, IL-6, and TNF-a were significantly higher in the DMED group
compared to the control group (p < 0.01), but were markedly reduced in the DMED+ICA II and DMED+YS-10 groups
(» <0.01). In contrast, IL-10 expression was significantly elevated in the treatment groups (p < 0.01), indicating that Y'S-
10 effectively mitigated inflammation (Figure 31-L). These findings demonstrate that YS-10 significantly alleviated both
oxidative stress and inflammation in the penile corpus cavernosum tissue of DMED rats, with no notable difference from
the ICA 1I group (p > 0.05).

YS-10 Reduces the Level of Ferroptosis in the Penile Corpus Cavernosum Tissue of
DMED Rats

In this experiment, we found that treatment with ICA 1I and YS-10 significantly improved the iron content in the DMED
group (Figure 3M). Therefore, we further examined the expression levels of GPX4 and ACSL4 in penile corpus
cavernosum tissues of different experimental groups by immunohistochemistry and immunofluorescence to assess the
effects of ICA II and YS-10 on ferroptosis. Immunohistochemical results showed (Figure 4A) that ACSL4 expression
was lower in the control group and significantly higher in the DMED group (p < 0.01), indicating significant ferroptosis.
Meanwhile, ACSL4 expression was significantly lower in the ICA II and YS-10 groups (p < 0.01), and there was no
statistically significant difference between the two (p > 0.05), verifying the inhibitory effect of YS-10 on ferroptosis.

Meanwhile, the control group showed higher GPX4 expression levels and uniform cell staining, highlighting its role
in maintaining antioxidant capacity. In contrast, GPX4 expression in the DMED group was significantly lower (p < 0.01),
suggesting an increased risk of ferroptosis. The expressions of GPX4 in the ICA II and YS-10 groups were significantly
higher compared to the DMED group (p < 0.05), and approached the level of the control group (p > 0.05), indicating that
YS-10 effectively attenuated ferroptosis.

In addition, the immunofluorescence results of GPX4 further supported this finding (Figure 4B). These results suggest
(Figure 4C-E) that YS-10 may protect the penile corpus cavernosum by enhancing the expression of GPX4 and
inhibiting the expression of ACSL4, thereby offering insights into the link between ferroptosis and penile dysfunction.

YS-10 Can Improve Oxidative Stress and Ferroptosis Induced by AGEs in CCECs

To determine the optimal concentration for modeling CCECs, cells were treated with varying concentrations of AGEs,
and cell viability was assessed using the CCK-8 assay. The results showed a significant reduction in cell viability at
24 h with 250 pg/mL of AGEs, compared to the control group (p < 0.05), with further decreases observed at higher
concentrations. Based on these findings, subsequent experiments used AGEs at a concentration of 250 pg/mL.
(Figure 5A).
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Figure 3 YS-10 improves DMED by modulating oxidative stress and inflammatory responses. (A) ROS fluorescence imaging of penile cavernous tissue in each group (scale
bar = 20 um) and (B) statistical analysis of the mean fluorescence area of ROS in penile cavernous tissue in each group. (C-M) Expression levels of SOD, MDA, GSH-Px,
CAT, TBARS, LPO, TNF-a, IL-1p, IL-6, IL-10, and Iron Content in the penises of rats in each group. (**, p < 0.01 compared with the Control group; #, p < 0.05 compared
with the DMED group; ##, p < 0.0l compared with the DMED group).
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Figure 5 AGEs can induce ferroptosis in CCECs. (A and B) Optimal concentrations of AGEs and Erastin for inducing damage to CCECs at 24 and 48h. (C and D) Effects of Fer-1
(2 uM, ferroptosis inhibitor) and Trolox (50 uM, antioxidant) on the proliferation of CCECs at 24 and 48h. (E) Evaluation of the repairing effect of 2 uM Fer-1 and (F) 50 uM Trolox
on 250 pg/mL AGEs-induced damage to CCEC:s at different time points. (G) At 24 h, the concentration of YS-10 was adjusted to determine the optimal therapeutic concentration
for AGEs-inducible CCECs. By CCK-8 cell viability assay, YS-10 was found to be cytoprotective against CCECs at a concentration of 20 uM. (H) Effects of 20 uM YS-10 on CCECs
induced by 250 pg/mL AGEs; (1) Effects of 20 uM YS-10 on CCECs induced by 4 uM Era at different time intervals. (J) Proliferation of CCECs under different factor treatments. (¥,
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p < 0.05 compared with the control group; **, p < 0.01 compared with the control group; #, p < 0.05 compared with the AGEs group).
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In addition, the concentration of the ferroptosis agonist Erastin was determined in this study to explore its mechanism.
The experimental results showed that 4 puM Erastin significantly reduced cell viability within 24 h compared to the
control group (p < 0.05) and exhibited a dose-dependent effect (Figure 5B). Using the CCK-8 assay, we further evaluated
the protective effects of the ferroptosis inhibitor Fer-1 and the potent antioxidant Trolox on CCECs. (Figure 5C and D).
The results showed that when cells were treated with 2 uM Fer-1 and 50 uM Trolox for 24 h, these inhibitors
significantly reversed AGEs treatment and Erastin-induced death of CCECs (p < 0.05), providing preliminary evidence
that ferroptosis and oxidative stress are the primary mechanisms underlying cell death.

To assess the protective effect of YS-10 on CCECs under AGEs treatment, this study optimized the concentration of
YS-10 and the duration of the intervention. The CCK-8 cell viability assay showed that YS-10 at 20 uM had a protective
effect on CCECs, with its protective effect peaking at 24 h of treatment (Figure 5G and H). However, prolonged exposure
or higher concentrations of YS-10 did not enhance the protective effect, but instead reduced it, indicating a dose- and
time-dependent response.

To evaluate the potential of YS-10 in reversing ferroptosis in CCECs, ferroptosis was induced by treating the cells
with 4 uM Erastin, while 20 uM YS-10 was administered at the time of induction. Cell viability was monitored at
multiple time points. The results indicated that the highest cell activity was observed at 24 hours (Figure 5I).
Furthermore, YS-10 not only reversed Erastin-induced ferroptosis in CCECs, but its effects were also found to be time-
dependent, showing a pattern similar to that of the ferroptosis inhibitor Fer-1 (Figure 5J). These findings suggest that Y'S-
10 effectively mitigates Erastin-induced ferroptosis in CCECs, demonstrating its potential as a therapeutic agent in
ferroptosis-related conditions.

Next, we further evaluated the protective effects of YS-10 on AGEs-induced oxidative stress and ferroptosis in
CCECs using immunofluorescence (Figure 6A). The results showed a significant increase in ROS and Lipid ROS
expression in the AGEs group, indicating that AGEs induced oxidative stress, which was not observed in the control
group. In contrast, ROS and Lipid ROS levels were significantly lower in the YS-10 and Fer-1 treatment groups,
suggesting that both YS-10 and Fer-1 effectively reduced AGEs-induced oxidative stress, with no significant difference
between the two treatments (p > 0.05).

Regarding ferroptosis-related markers (Figure 6B and C), both the AGEs and Erastin groups exhibited a significant
increase in ACSL4 levels and a marked decrease in GPX4 expression, indicating that both AGEs and ferroptosis-
inducing agents similarly trigger ferroptosis. The YS-10 treatment group showed a significant decrease in the level of
ACSLA4, along with a significant increase in the level of GPX4, further demonstrating the potential of YS-10 in inhibiting
ferroptosis. The Fer-1 group exhibited effects similar to YS-10, showing the effectiveness of Fer-1 in decreasing the
expression of ACSL4 and increasing the expression of GPX4.

In addition, the ELISA assay showed that MDA levels were significantly higher and GSH levels were significantly
lower in the AGEs group, further validating the presence of oxidative stress (Figure 6D and E). Notably, MDA levels
were significantly decreased and GSH levels were restored to near-normal levels in both the YS-10 treatment group and
the Fer-1 group, suggesting that both YS-10 and Fer-1 were effective in ameliorating AGEs-induced oxidative stress
injury.

In summary, AGEs-induced oxidative stress and ferroptosis resulted in significant cellular damage in CCECs, and
both YS-10 and Fer-1, a ferroptosis inhibitor, were effective in mitigating these damages. This suggests that the
protective effect of YS-10 may be related to its mechanism of inhibiting ferroptosis and ameliorating oxidative stress.

YS-10 Induces Ferroptosis Response in CCECs in Association with the Nrf2/HO-1/
GPX4 Signalling Pathway

The expression of Nrf2/HO-1 proteins has been recognized as a key regulator of ferroptosis.*' Therefore, we investigated
whether YS-10 could mitigate AGEs- and Erastin-induced ferroptosis damage through the Nrf2/HO-1 signalling path-
way. First, we analysed the schematic of the monomeric structure of YS-10 (Figure 7A) and performed molecular
docking with Nrf2, HO-1, and GPX4 (Figure 7B). The docking visualisation results showed that YS-10 was tightly
bound to Nrf2, HO-1, and GPX4 through hydrogen bonding and hydrophobic interactions, with minimum binding
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energies of —9.9 kJ/mol, —8.6 kJ/mol, and —6.4 kJ/mol, respectively. Specifically, Nrf2 formed hydrogen bonding
interactions with GLY462, LEUS57, ILE5S59, VAL606, VAL465, and VAL418 in YS-10; HO-1 formed hydrogen
bonding interactions with TYR71, HIS150, ALA149, and GLN34; and GPX4 formed hydrogen bonding interactions
with METS51, MET34, and ASN210. These docking results indicated that YS-10 has a strong affinity for Nrf2, HO-1, and
GPX4, which may enhance antioxidant capacity and regulate relevant signalling pathways.

Subsequently, we assessed the expression levels of Nrf2 and HO-1 in rat penile tissues by Western blot (Figure 7C
and D). Both ICA II and YS-10 significantly increased the expression of Nrf2 and HO-1 in penile tissues of diabetic rats
compared with the DMED group.

To explore the role of the Nrf2/HO-1 pathway in ferroptosis, CCECs were treated with the ferroptosis inhibitor Fer-1.
Immunofluorescence results revealed that Fer-1 upregulated Nrf2 expression and effectively inhibited ferroptosis,
showing effects similar to those of YS-10 treatment (Figure 7E). Additionally, YS-10 significantly promoted the nuclear
translocation of Nrf2 (Figure 7E).

To further investigate the mechanism of YS-10, we used ML385, a specific Nrf2 inhibitor, to assess its impact on
ferroptosis. Immunofluorescence and Western blot analysis demonstrated that ML385 significantly reduced Nrf2 and HO-1
expression compared to the YS-10 group, partially reversing the anti-ferroptosis effects of YS-10 on CCECs (Figure 7F-H).
These findings suggest that YS-10’s protective effects against ferroptosis are mediated through the activation of the Nrf2/
HO-1/GPX4 pathway.

Discussion

DMED is a serious clinical problem that affects the quality of life of a significant proportion of male patients. Recent
studies have identified oxidative stress, endothelial dysfunction, and chronic inflammation as major factors contributing
to DMED.?* In this study, we investigated the therapeutic effect of a novel flavonoid ICA II derivative, YS-10, in a rat
model of DMED and its mechanism. In addition to evaluating efficacy, the in vivo safety profiles of ICA II and YS-10
were also considered. Previous studies have shown that ICA 1I is safe and well-tolerated at 2.5 mg/kg/day and higher
doses, without systemic toxicity or organ damage.*>**> Similarly, our earlier work using YS-10 in a radiation-induced
ED model reported no toxic effects or histopathological abnormalities.>* In this study, no adverse events, mortality, or
organ-related abnormalities were observed in any treatment group, supporting the favorable safety of YS-10. These
findings validate the selected dosage and highlight the potential for future translational application.

The mechanism of pathological damage to the penile corpus cavernosum in DMED is complex, with oxidative stress
playing a key role, marked by an imbalance between the generation and accumulation of ROS.* In the diabetic state,
multiple pro-oxidative metabolic pathways (eg, glycolysis, protein kinase C, and AGEs) are significantly activated,
leading to excessive accumulation of ROS in penile corpus cavernosum tissues, thereby triggering oxidative stress.’
Oxidative stress not only directly damages penile corpus cavernosum endothelial cells but also inhibits endothelial nitric
oxide synthase (eNOS) activity, reducing NO and cyclic guanosine monophosphate (cGMP) production, which further
leads to endothelial dysfunction.?* In addition, oxidative stress may disrupt the normal function of smooth muscle cells
via multiple pathways, and excess free radicals can cause LPO of cell membranes, thereby affecting their fluidity and
stability. In our study, this process was confirmed by a decrease in the expression of a-SMA, a marker of penile
cavernous smooth muscle cells, and a reduction in LPO levels. Diabetes led to a significant reduction in the expression of
the endothelial cell marker CD31, indicating impaired number and function of endothelial cells. Meanwhile, the
expression of inflammatory factors IL-1p, IL-6, and TNF-a was elevated in penile tissues of DMED rats, which may
serve as an important trigger of oxidative stress.*® Consistent with previous studies, we found that oxidative stress was
highly activated in penile corpus cavernosum tissues of diabetic rats, as evidenced by increased levels of ROS and MDA,
as well as decreased SOD activity. After YS-10 treatment, these phenomena were reversed, and the results were similar
to the effects of ICA 1II treatment. In the AGEs-induced CCECs assay, ROS and lipid ROS were significantly increased in
the AGEs group, suggesting the presence of significant oxidative stress in CCECs, whereas no such damage was
observed in the normal endothelial cell group. In contrast, ROS and lipid ROS levels were significantly reduced in the
YS-10-treated group and the ferroptosis inhibitor Fer-1 group, indicating that YS-10 effectively attenuated the oxidative
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stress induced by AGEs, thereby protecting CCECs and improving the function of the penile corpus cavernosum. These
results suggest that YS-10 may ameliorate the pathology of DMED by attenuating oxidative stress.

Ferroptosis has become an emerging area of research in recent years and plays an important role, particularly in
metabolic disorders and neurodegenerative diseases.®’ It has been established as a novel therapeutic target for diabetes
and its complications. In the context of diabetes, ferroptosis may exacerbate cellular damage via intracellular iron ion
accumulation and lipid peroxidation. In the present study, we similarly found that Fe*" content as well as LPO expression
levels were significantly elevated in DMED rats, which were effectively ameliorated by ICA 1I treatment, with YS-10
exhibiting similar effects.

GPX4 is an important antioxidant enzyme capable of degrading lipid peroxidation, while fatty ACSL4 promotes ferroptosis
in lipid metabolism. Ex vivo and in vivo studies have shown that YS-10 significantly up-regulated GPX4 and down-regulated
ACSLA4, indicating its ability to inhibit ferroptosis and preserve the integrity and functionality of penile corpus cavernosum tissue.
ELISA results indicated a notable rise in MDA levels and a reduction in GSH levels in the AGEs group, confirming the
occurrence of oxidative stress. In contrast, MDA levels were significantly decreased and GSH levels were restored to near-
normal levels in the YS-10 and Fer-1 treatment groups, suggesting that YS-10 was effective in ameliorating the oxidative stress
damage induced by AGEs. These results further support the potential application of YS-10 in DMED treatment.

The Nrf2 signalling pathway is closely linked to antioxidant production in vivo and plays a critical role in regulating
various biological processes, such as the cell cycle, immune response, and apoptosis.>® As an important transcription factor in
response to oxidative stress, Nrf2 can induce the expression of various antioxidant enzymes. Studies have shown that YS-10
significantly enhanced the antioxidant capacity of cells by facilitating the nuclear translocation of Nrf2 and activating the
expression of the downstream target gene HO-1, which is not only a downstream target gene of Nrf2 but also has antioxidant
and anti-inflammatory effects. Its up-regulation further enhances cellular resistance to oxidative stress.

Ferroptosis, a form of cell death strongly associated with oxidative stress, can be effectively suppressed by activating
the Nrf2/HO-1 signalling pathway, which helps protect cells from damage.*® Several studies have demonstrated that the
Nrf2/HO-1 signalling pathway plays an important role in inhibiting ferroptosis and oxidative stress. For example, ICA
attenuates hypoxia/reoxygenation-induced ferroptosis in cardiomyocytes through activation of the Nrf2/HO-1 signalling
pathway.*® Moreover, Probucol has been shown to alleviate oxidative stress in the penile cavernous tissue of diabetic rats
and enhance sexual function by activating the Nrf2/HO-1 pathway. Aligning with these findings, our study revealed that
YS-10 significantly upregulated the expression of Nrf2 and HO-1 in both cellular and animal models. Notably, the
activation of the Nrf2 pathway is strongly associated with its translocation to the nucleus, and our results confirmed that
YS-10 promoted the nuclear translocation of Nrf2. In addition, we found that the Nrf2 inhibitor ML385 was able to
reverse the regulatory effect of YS-10 on GPX4, which further suggests that the anti-ferroptosis effect of YS-10 is
mediated by the Nrf2/HO-1 signalling pathway.

Overall, our study found that YS-10 significantly improved DMED by enhancing the Nrf2/HO-1/GPX4 signalling
pathway and inhibiting ferroptosis, which is consistent with the therapeutic effects observed with ICA II. The revelation
of this mechanism not only provides a theoretical basis for the clinical application of ICA II and YS-10 but also
highlights potential directions for future drug development.

Despite the positive results obtained in this study, certain limitations still exist. Currently, phosphodiesterase 5
inhibitors (PDES5is) remain the primary treatment for ED. Therefore, future randomized controlled trials with adequate
sample sizes are needed to compare the efficacy of ICA II and YS-10 with PDESis, including their potential synergistic
effects when combined. While our study focused on the functional activation of the Nrf2/HO-1/GPX4 signaling pathway,
we acknowledge that Keapl, a key negative regulator of Nrf2, was not assessed. This represents a limitation in the depth
of our mechanistic investigation. Keap1 plays a critical role in Nrf2 activation, and its evaluation will be essential to fully
understand the intricate regulation of this pathway. In addition, the upstream signaling pathways affecting Nrf2
expression were not explored in detail in this study. Future studies could investigate the regulation of ferroptosis through
the Sirtl/Nrf2/GPX4 or Prdm16/Nrf2/GPX4 pathways, and explore how interactions between other signaling pathways
influence ferroptosis.*'** Assessing Keapl expression and its role in modulating the Nrf2 pathway in the context of
DMED will provide a more comprehensive understanding of the therapeutic potential of Nrf2 activation and its broader
implications in treating DMED.
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Moreover, our future studies should also focus on the potential application of ICA II and YS-10 in other diabetes-
related complications, as well as exploring their therapeutic equivalence, to further evaluate their efficacy in a broader
range of clinical applications.

Conclusion

In summary, YS-10, a novel flavonoid derivative of ICA I, significantly improved erectile function in diabetic rats by
reducing oxidative stress and ferroptosis via activation of the Nrf2/HO-1/GPX4 pathway. At a dose of 2.5 mg/kg/day,
YS-10 showed comparable efficacy to ICA II and demonstrated good safety and tolerability. These findings support the
potential of YS-10 as a promising candidate for the treatment of diabetic erectile dysfunction and provide a mechanistic
basis for further research and development.
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