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A New Discovery of Hirudin in Regulating Ferroptosis to
Alleviate Ischemic Stroke
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Background: Ischemic stroke is a major global cause of neurological disability and mortality, triggered by cerebral blood flow
occlusion that leads to irreversible brain damage. Ferroptosis, an iron-dependent, lipid peroxidation-driven cell death pathway,
contributes significantly to this injury. Hirudin has demonstrated neuroprotective potential in cerebrovascular diseases. This
study experimentally validated the molecular mechanism by which hirudin mitigates ischemic stroke through the regulation of
ferroptosis, focusing on key signaling pathways and vascular repair.

Methods: In vivo, middle cerebral artery occlusion (MCAO) rats were treated with hirudin. Brain injury was evaluated using
2,3,5-Triphenyltetrazolium Chloride (TTC)/terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)
staining. Western blotting was performed to detect ferroptosis (glutathione peroxidase 4 (GPX4) and Solute Carrier Family 7
Member 11 (SLC7A11)) and plasminogen activator, urokinase (PLAU)/nuclear factor kappa-B (NF-<B) proteins. Ferroptosis-
related biomarkers (Fe>*, malondialdehyde (MDA), glutathione/glutathione disulfide (GSH/GSSG)) were measured in brain
tissues using commerecial assay Kits. In vitro, oxygen-glucose deprivation/reoxygenation (OGD/R)-induced mouse brain endothe-
lial cells (bEnd.3) were treated with hirudin. Cell counting kit-8 (CCK-8) was used to determine optimal hirudin concentration.
Lactate dehydrogenase (LDH) release/scratch/tube formation assays were performed to evaluate cell function, while Western
blotting and enzyme-linked immunosorbent assay (ELISA) were used to detect related proteins and factors. PLAU-silenced cells
were used to verify hirudin’s underlying mechanism.

Results: Hirudin reduced MCAOQ rats’ cerebral infarct size and neuronal apoptosis, upregulated GPX4, SLC7A11 and
GSH/GSSG, decreased Fe>*, MDA, PLAU, p-65/p65, and inhibited inflammatory factor level (p < 0.01). In OGD/R-induced
bEnd.3 cells, 1 IU/mL hirudin reduced LDH, promoted cell viability/migration and tube formation, upregulated angiogenesis
factors and GPX4/SLC7A11, and downregulated inflammatory factor, PLAU and p-65/p6S levels (p < 0.01). Notably, the pro-
tective effects achieved by PLAU silencing were comparable to those of hirudin treatment, and their combination did not yield
significant additive effects, suggesting that hirudin acts primarily via regulating PLAU.

Conclusion: Hirudin alleviates cerebral ischemic injury and improves ischemic stroke, accompanied by suppression of the
PLAU/NF-«<B pathway, attenuation of ferroptosis, and enhancement of angiogenesis. These findings clarify hirudin’s neuro-
protective mechanism and support its potential as a therapeutic agent for ischemic stroke.
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Introduction poxia, and eventually nerve cell degeneration, apoptosis
and neurological dysfunction [3]. Numerous physiolog-
ical diseases, as well as cellular and molecular mecha-
nisms, including apoptosis, neuroinflammation, oxidative
stress, glutamate excitotoxicity, and energy depletion, are
involved in the pathological process of ischemic stroke
[3.4].

Stroke refers to cerebrovascular injury or widespread
brain tissue injury caused by multiple causes, including is-
chemic stroke and hemorrhagic stroke, of which ischemic
stroke accounts for more than 85% of total stroke cases
[1,2]. Ischemic stroke is due to the sudden interruption
of cerebral blood flow, resulting in cerebral ischemia, hy-
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Notably, new angiogenesis plays multiple roles after
ischemic stroke. It can restore blood flow to the ischemic
boundary area and deliver oxygen and nutrients to dam-
aged brain tissue. Additionally, it stabilizes cerebral per-
fusion, which promotes axonal growth and neurogenesis.
Collectively, these effects improve post-stroke neurologi-
cal function [5,6]. However, after a stroke, abnormal iron
accumulation in the brain triggers ferroptosis, a process
closely linked to aggravated tissue damage. Therefore, re-
ducing ferroptosis and lipid peroxidation is of great clinical
value for alleviating post-stroke brain injury [7]. Existing
studies show a connection between ferroptosis regulation
and angiogenesis. For example, upregulating glutathione
peroxidase 4 (GPX4) expression to inhibit ferroptosis can
enhance angiogenesis in mice with diabetic hindlimb is-
chemia [8]. Conversely, promoting GPX4-mediated fer-
roptosis can suppress endothelial cell angiogenesis [9].

Hirudin is the main active component of leech, which
can relieve nerve damage and inflammation in acute cere-
bral stroke [10]. Hirudin also inhibits fibrosis-related an-
giogenesis [11,12]. In other studies, hirudin inhibits upreg-
ulated hypoxia inducible factor-1a (HIF-1¢), vascular en-
dothelial growth factor (VEGF), angiopoietin (Ang)-1, and
Ang-2 in intracerebral hemorrhage models [13]. In the sur-
vival experiment of ischemic flap, hirudin can promote an-
giogenesis in ischemic flap [14]. Hirudin can also promote
the survival of arterialized venous flaps by up-regulating
cluster of differentiation 34 (CD34), VEGF, and endothe-
lial nitric oxide synthase (eNOS) [15]. In addition, hirudin
can reduce capillary density in the hindlimb ischemia model
[16]. At the cellular level, an in vitro study has shown that
natural hirudin can promote angiogenesis at low doses and
inhibit it at high doses [17]. Despite these findings, the spe-
cific mechanism by which hirudin regulates angiogenesis
and ferroptosis to alleviate ischemic stroke remains unclear.

To address this gap, our previous research first em-
ployed network pharmacology to screen potential targets
of hirudin in treating cerebral ischemic injury, identifying
plasminogen activator, urokinase (PLAU) and nuclear fac-
tor kappa-B (NF-xB) as candidate targets. Mechanistically,
PLAU can activate the NF-xB pathway [18], and target-
ing PLAU inhibits NF-xB activation to protect PC12 cells
from oxygen-glucose deprivation/reoxygenation (OGD/R)-
induced damage [19]. Crucially, NF-xB signaling is in-
volved in the regulation of ferroptosis—its classic path-
way (p50/p65 heterodimer nuclear translocation) mediates
the transcription of downstream genes, including GPX4
[20,21], while NF-£B inhibition is also associated with an-
giogenesis in cerebral ischemic injury [22,23].

Based on these findings, we hypothesize that hirudin
may alleviate ischemic stroke by downregulating PLAU ex-
pression, inhibiting NF-xB p65/p50 nuclear translocation,
further promoting downstream GPX4 transcription to sup-
press ferroptosis, and ultimately enhancing endothelial cell
angiogenesis.

Materials and Methods

Animals, Grouping and Middle Cerebral Artery
Occlusion (MCAQO) Model

The male Sprague-Dawley rats (weighing about 260—
280 g, 7-8 weeks old) used in this study were purchased
from Hangzhou Medical College. The rats were kept
in a pathogen-free environment at 22 £+ 2 °C and sub-
jected to light/dark cycles. Adaptive feeding was contin-
ued for one week prior to the experiment. All procedures
were approved by the Experimental Animal Welfare Ethics
Committee of Zhejiang Experimental Animal Center (NO.
ZJCLA-IACUC-20010713). All animal experiments were
conducted in accordance with the regulations of the Animal
Care and Use Committee.

A total of 18 rats were randomly divided into three
groups (n =6 per group): (1) Sham group: Underwent iden-
tical surgical procedures, including anesthesia and vessel
exposure, except for the insertion of the occluding filament.
(2) Model (Mod) group: Subjected to Middle Cerebral
Artery Occlusion (MCAO). (3) Mod+Hirudin (Mod+H)
group: Received an intracerebral injection of 10 U hirudin
(HY-P2813, MCE, USA) [24].

The MCAO model was established as follows [25]:
Rats were anesthetized with 1% pentobarbital sodium so-
lution (P3761, Sigma, Germany), placed on a thermostati-
cally controlled heating pad and kept at 37.0 °C. The right
common carotid artery was made visible by the coagulation
of the external carotid artery (ECA) distal to the bifurcation.
A head-shaped nylon filament was carefully inserted (ap-
proximately 18 mm) into the ECA stump to restrict the mid-
dle cerebral artery. Following ninety minutes of MCAO,
the monofilament was carefully removed to facilitate reper-
fusion, and the incision was then sutured. The identical
treatment was repeated on the rats in the sham group with-
out arterial occlusion. Rats in the MCAO+H group received
an intracerebroventricular injection of 10 U hirudin 30 min-
utes after MCAO induction, and were administered the drug
on days 1, 3, and 7 following MCAO. An equal volume
of normal saline (ST341, Beyotime, China) was adminis-
tered to the Mod and Sham groups under the same condi-
tions. On the second day of the last administration, the rats
were deeply anesthetized with 1% sodium pentobarbital so-
lution. After collection of the required tissues, all animals
were euthanized by an overdose of the same anesthetic (160
mg/kg, intraperitoneally), followed by confirmation of car-
diac arrest. This euthanasia procedure complies with the
AVMA Guidelines and was approved by the ethics com-
mittee. Brain tissues were then dissected for subsequent
analyses.

2,3,5-Triphenyltetrazolium Chloride (TTC) Staining

The brain samples were frozen at —20 °C for twenty
minutes and were then sectioned into approximately 2
mm-thick slices. Following the instructions of the TTC
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kit (60508ES25, Yeasen, China), staining was performed
at 37 °C. After staining, the brain slices were fixed in
4% paraformaldehyde solution (A501912-0500, Sangon
Biotech, China) for 24 hours (h). Infarct size was quan-
titatively assessed using ImageJ software (version 1.8.0,
National Institutes of Health (NIH), Bethesda, Maryland,
USA).

Evans Blue Assay

To assess blood-brain barrier integrity, Evans Blue
dye (E2129, Sigma-Aldrich, USA) was administered intra-
venously via the tail vein on day 7 after MCAO surgery.
Each rat received 4 mg of Evans Blue dissolved in 200 pL
of sterile normal saline. After allowing 24 h for dye circu-
lation and extravasation, rats were deeply anesthetized and
subjected to transcardial perfusion with 20 mL of ice-cold
saline to remove intravascular dye. The brains were then
harvested and sectioned coronally into 1-mm-thick slices
using a rodent brain matrix. Macroscopic images of the
brain slices were captured under consistent lighting to doc-
ument Evans Blue leakage.

Terminal Deoxynucleotidyl Transferase-Mediated
dUTP Nick End Labeling (TUNEL) Staining

Gradient ethanol (C06915101, Nanjing Reagent, Nan-
jing, China) and xylene (C04305302, Nanjing Reagent,
Nanjing, China) were used to dewax paraffin slices of the
produced brain tissue. Apoptosis for paraffin-embedded
tissues was detected using a One Step TUNEL Apopto-
sis Assay Kit (C1091, Beyotime, Shanghai, China) accord-
ing to the manufacturer’s protocol. Briefly, after antigen
retrieval with Proteinase K (20 pg/mL) at 37 °C for 20
min, endogenous peroxidases were inactivated by incuba-
tion with 3% H5O5 for 20 min at room temperature. Sec-
tions were then incubated with the TUNEL reaction mix-
ture containing TdT enzyme and biotin-dUTP at 37 °C
for 60 min in a humidified dark chamber. After stopping
the reaction, sections were incubated with Streptavidin-
HRP working solution for 30 min at room temperature.
Sections were developed using a 3,3’-diaminobenzidine
(DAB) chromogen substrate kit until appropriate staining
intensity was achieved (10 min). Finally, sections were
counterstained with hematoxylin, dehydrated, cleared, and
mounted. TUNEL-positive cells (brown nuclei) and total
cells (blue nuclei) were observed and counted under a light
microscope (NIB900-FL, Nexcope, China) at 100 x magni-
fication. The apoptotic index was calculated as the percent-
age of TUNEL-positive cells.

Immunofluorescence

Fresh brain tissue was fixed in 4% paraformalde-
hyde for 12 h, and then rinsed three times with phosphate-
buffered saline (PBS, AC13319, Acmec, Shanghai, China).
0.3% Triton-X100 (X100, Sigma-Aldrich, St. Louis, MO,
USA) was added, followed by incubation for 30 min at
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room temperature, and the samples were then rinsed with
PBS (ST477, Beyotime, Shanghai, China). We added
3% bovine serum albumin (10711454001, Roche, Basel,
Switzerland) and incubated the samples at room temper-
ature for 2 h. The specific primary antibody CD31 (sc-
18916, 1: 200, Santa Cruz Biotechnology, Dallas, TX,
USA) was applied, followed by sealing with a coverslip
and incubation in a humidified chamber at 4 °C overnight.
Following three PBS washes, the secondary antibody (A-
11007, Thermo Fisher Scientific, Waltham, MA, USA) was
added and incubated for 2 h. PBS-diluted 4’,6-Diamidino-
2’-phenylindole (DAPI) staining solution (C1005, Bey-
otime, Shanghai, China) was added. After being stained for
5 min at room temperature, the sample was examined using
a fluorescent microscope (NIB900-FL, Nexcope, Ningbo,
China).

Cell Culture, Modeling, and Grouping

Mouse brain endothelial cells bEnd.3 were purchased
from American Type Culture Collection (Manassas, VA,
USA) [26]. Cells were cultured under standard condi-
tions and their morphology was routinely monitored under
a phase-contrast microscope to confirm typical endothelial
cobblestone appearance, consistent with bEnd.3 cell char-
acteristics. The test result for mycoplasma contamination
of cells was negative.

Cell counting kit-8 (CCK-8) was used to screen the
optimal dose of hirudin (0.5 IU/mL, 1 IU/mL, 5 IU/mL)
to promote the activity of mouse bEnd.3 cells. Based on
a preliminary CCK-8 assay that identified 1 IU/mL as the
optimal dose, subsequent experiments were conducted with
three groups: a Con group, a Mod-oxygen-glucose depriva-
tion/reoxygenation (OGD/R) group, and a Mod+H group (1
IU/mL hirudin was added for intervention according to the
results of the CCK-8 experiment after modeling).

To establish an in vitro ischemia-reperfusion model
[27], the cells were subjected to oxygen and glucose de-
privation (OGD), and the cells were cultured at 1% O, 5%
COg, 94% No, and 37 °C for 6 h. After 6 h of OGD ex-
posure, the cells were rinsed and incubated under normal
conditions, a reoxidation process. OGD/R was used to in-
duce cellular injury.

PLAU Silencing and Experimental Grouping

Then the cells were divided into 5 groups: a
Con+shRNA negative control (shNC) group (transfected
shNC), a Mod+shNC group (transfected shNC and
treated with OGD/R), a Mod+shRNA PLAU (shPLAU)
group (transfected shPLAU and treated with OGD/R), a
Mod-+H+shNC group (transfected shNC and treated with
OGD/R and hirudin intervention), and a Mod+H-+shPLAU
group (transfected shPLAU and treated with OGD/R and
hirudin intervention).

The shPLAU (pLV[shRNA]-
EGFP/Puro-U6>mPlau[shRNA#1], 5'-
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GCUCAAGGCUUAACUCCAATT-3") and shNC (5'-
GCTTCGCGCCGTAGTCTTA-3') were purchased from
Yunzhou Biosciences Co., Ltd. (Guangzhou, China).
The transfection efficiency was detected 48 h after sh-
PLAU transfection using quantitative reverse transcription
polymerase chain reaction (QRT-PCR).

CCK-8 Assay

5 x 103 cells were added to each well of the 96-well
plates for inoculation. As per the experimental protocol,
distinct cell groups were treated and cultured at 37 °C and
5% COq for 48 h, respectively. Following the culture pro-
cedure, 10 pL. of CCK-8 solution (HY-K0301, MCE, Mon-
mouth Junction, NJ, USA) was applied to each well, and
then incubated for 2 h at 37 °C in an incubator (Forma
Steri-Cult, Thermo Fisher Scientific, Waltham, MA, USA).
Using an enzyme labeler, cell viability was calculated, and
the absorbance at 450 nm was observed. Relative cell via-
blhty (%) = (ODexperiment - ODblank) / (ODcontrol - ODblank)
x 100%. Values were then normalized against the Control

group.

LDH Level Detection

The appropriate number of cells was inoculated onto
the 96-well plates based on cell size and growth rate, en-
suring that the tested cell density did not exceed 80-90%.
Cells were then treated with the drugs. Following medi-
cation stimulation, the plates were centrifuged at 400 rpm
for 5 min using a perforated plate centrifuge. As directed
by the LDH kit (C0016, Beyotime, Shanghai, China), the
LDH levels were measured by assessing the absorbance of
each well at 490 nm using an enzyme-labeled equipment.

Cell Scratch Test

Cells were inoculated into 6-well plates at 1 x 10°
cells/well and cultured until 90% confluent. According to
the specific requirements of the experiment, cells were sub-
jected to the modeling or PLAU silence followed by drug
treatment. The cells were scratched straight using a pipette
tip and cleaned twice with PBS. Images were captured us-
ing a optical microscope (THUNDER Imager Tissue, Leica,
Wetzlar, Germany) at 0 h and 24 h after scratching. The
cells were in serum starvation state during the assay. Rela-
tive migration rate (%) = (0 h scratch width — 24 h scratch
width) / 0 h scratch width x 100%.

Tube Forming Experiment

The pipette tips and 96-well plates were pre-cooled
in the refrigerator for 1 h before the experiment. Sub-
sequently, 50 pL pre-thawed Matrigel (354230, Corning,
USA) was added to each well of the 96-well plate and incu-
bated at 37 °C for 30 minutes to allow solidification. The
cells were digested and resuspended in the medium of each
group, and 100 pL of cell suspension (1.0 x 10 cells/mL)
was seeded into each well. The cells were then cultured in

a 5% CO, incubator at 37 °C for 4-6 h, and imaged under
a microscope (THUNDER Imager Tissue, Leica, Wetzlar,
Germany).

gRT-PCR

With the use of the Eastep Super Total RNA extraction
kit (Is1040, Promega, Madison, WI, USA), total RNA was
extracted from cells or tissues. Single-strand complemen-
tary DNA (cDNA) was synthesized by reverse transcription
using a cDNA reverse transcription mix (R323-01, Vazyme
Biotech, Nanjing, China). qPCR was performed using a
qRT-PCR system (ABI7500, Applied Biosystems) with tar-
get gene-specific primers (Table 1) and GAPDH as an inter-
nal reference. The relative gene expression was calculated
with the 2=22C method [28].

Enzyme-Linked Immunosorbent Assay (ELISA)

The rat inflammatory cytokines interleukin (IL)-
15 (88-6010A-22, Thermo Fisher Scientific, Waltham,
MA, USA), rat IL-6 (BMS625, Thermo Fisher Scientific,
USA) and rat tumor necrosis factor-a (TNF-«, KRC3011,
Thermo Fisher Scientific, USA) in brain tissue, or mouse
vascular endothelial growth factor A (VEGF-A) ELISA
Kit (BMS619-2TEN, Thermo Fisher Scientific, USA),
mouse brain-derived neurotrophic factor (BDNF) ELISA
Kit (EEL088, Thermo Fisher Scientific, USA), mouse ba-
sic fibroblast growth factor (bFGF) ELISA Kit (EMFGF2,
Thermo Fisher Scientific, USA), mouse angiostatin ELISA
Kit (abx153635, Abbexa, Cambridge, UK) and mouse en-
dostatin ELISA Kit (EM25RB, Thermo Fisher Scientific,
USA) in bEnd.3 cells were detected with ELISA kit. Fol-
lowing each Kkit’s instructions, factor concentrations were
calculated accordingly. 100 pL primary antibody was
added to each well of a white microplate, and incubated
at 37 °C for 4 h. Then, the solution was discarded, and
blocking buffer was added, followed by incubation at 37
°C for 1 h. Subsequently, the wells were washed 3 times
with washing buffer. After removing residual liquid, 100
pL cell supernatant was added and incubated at 37 °C for |
h, followed by 3 washes. Substrate solution was added, and
after incubation at 37 °C for 1 h with enzyme-labeled anti-
body, the reaction was terminated using stop solution. Ab-
sorbance was measured using an ELISA microplate reader
at 450 nm or 550 nm.

Western Blotting

Total proteins were extracted from rat brain tissue or
bEnd.3 cells using radioimmunoprecipitation assay (RIPA)
lysis buffer (R0010, Solarbio, China) containing protease
and phosphatase inhibitors, and the bicinchoninic acid
(BCA) method was used to assess the protein concentra-
tion. Proteins were separated via electrophoresis on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE, P0012A, Beyotime, China) gels and then transferred
onto polyvinylidene fluoride (PVDF) membrane (YA1700,
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Table 1. Primer sequences utilized in the qRT-PCR experiment.

Target Gene Forward Primer (5’-3") Reverse Primer (5/-3") Species
GAPDH GCCAGCCTCGTCTCATAGACA GTCCGATACGGCCAAATCC

IL-1p3 TCAGGAAGGCAGTGTCACTCATTG ACACACTAGCAGGTCGTCATCATC Rat
IL-6 CTAGTGCGTTATGCCTAAG CCATCTGGCTAGGTAACA

TNF-« TGAACTTCGGGGTGATCG GGGCTTGTCACTCGAGTTTT

GAPDH GAGGACCAGGTTGTCTCC CCTTGGAGGCCATGTAGG

IL-18 GTGGCTGTGGAGAAGCTGTG GAAGGTCCACGGGAAAGACAC Mouse
IL-6 CCAGAAACCGCTATGAAGTTCC TTGTCACCAGCATCAGTCCC

TNF-« ACAGAAAGCATGATCCGCG GCCCCCCATCTTTTGGG

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL, interleukin; TNF-c, tumor necrosis factor-a.

Solarbio, China). The membrane was blocked with 5%
skim milk at room temperature for 1.5 h, followed by
overnight incubation at 4 °C with the following primary an-
tibodies: GPX4 (ab125066, Abcam, UK, 17 kDa, 1:1000),
Solute Carrier Family 7 Member 11 (SLC7AT11, ab307601,
Abcam, UK, 50 kDa, 1:1000), PLAU (17968-1-AP, Pro-
teintech, Wuhan, China, 49 kDa), p-p65 (ab76302, Abcam,
UK, 65 kDa, 1:1000), p65 (ab19870, Abcam, UK, 64 kDa,
1:1000), vascular endothelial growth factor A (VEGFA,
ab214424, Abcam, UK, 23 kDa,1:500), Vascular endothe-
lial growth factor receptor-2 (VEGFR2, ab221679, Ab-
cam, UK, 180 kDa, 1:1000), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, ab181602, Abcam, UK, 37 kDa,
1:500). After washing, the membranes were incubated with
the corresponding secondary antibody Goat Anti-Rabbit
IgG H&L (HRP) (ab6721, Abcam, UK, 1:2000) for 2 h
at room temperature. The gel imaging system was used
to visualize the bands, and ImageJ software (version 1.8.0,
National Institutes of Health (NIH), Bethesda, Maryland,
USA) was used to analyze the gray values.

Malondialdehyde (MDA), Glutathione/Glutathione
Disulfide (GSH/GSSG) and Iron Assay

The tissues or cells were weighed and homogenized
in a suitable volume of pre-chilled physiological saline
(ST341, Beyotime, China). The homogenate was then cen-
trifuged at 3000 rpm for 10 min at 4 °C to obtain the su-
pernatant. Subsequently, following the instructions of the
respective commercial kits for MDA (S0131S, Beyotime,
China), reduced GSH/GSSG (S0053, Beyotime, China),
and ferrous ion (Fe?t, MAKO025, Merck, Germany), ap-
propriate volumes of the supernatant were taken to perform
the detection reactions. The absorbance values of the re-
action solutions were measured using a microplate reader
(Varioskan LUX, Thermo Fisher, USA) at the designated
wavelengths (450/412/593 nm), and the concentrations of
MDA, GSH/GSSG, and Fe?" in the brain tissues were cal-
culated based on the standard curves provided by the kits.

Statistical Analysis

Statistical analysis was performed using GraphPad
Prism 8.0 (GraphPad Software, Inc, San Diego, CA, USA).

Measurement data are expressed as Mean + standard (SD).
The data were tested for normality using the Shapiro-Wilk
test, and homogeneity of variances was evaluated using
Levene’s test. One-way analysis of variance (ANOVA) fol-
lowed by Tukey post hoc test was employed to compare
data across multiple groups. A p < 0.05 was regarded as
statistically significant.

Results

Analysis of TTC Evans Blue and TUNEL Staining
Results

We conducted TTC staining test to detect the improve-
ment effect of hirudin on the cerebral ischemic area in
MCADO rats. Compared to the sham operation group, the
cerebral infarction area in the model group was consider-
ably greater, indicating successful modeling (p < 0.001,
Fig. 1A,B). After hirudin treatment, the cerebral infarction
size in rats was notably lower than that in the model group
(p < 0.001, Fig. 1A,B). This suggests that hirudin can re-
duce ischemic brain area in the MCAO rats. In addition,
Evans blue assay results showed that Evans blue accumula-
tion was increased in the injured cortex after MCAO, while
Evans blue accumulation was decreased after hirudin treat-
ment (p < 0.001, Fig. 1C,D). TUNEL staining was per-
formed in different groups, and apoptotic cell nuclei were
stained brown, showing positive results. Cellular apoptosis
was significantly intensified after modeling, as shown in
Fig. 1E,F (»p < 0.001). After hirudin treatment, apoptosis
was improved and TUNEL-positive expression decreased
(Fig. 1E,F, p < 0.001).

Immunofluorescence Staining and
Angiogenis-Related Protein Expression in Brain
Tissues

In order to explore the effects of hirudin on angiogen-
esis, we detected the CD31 protein mainly expressed in vas-
cular endothelial cells in brain tissue (Fig. 2A,B). As shown
in Fig. 2A,B, the nucleus exhibited blue fluorescence and
the CD31 protein expression was indicated by red fluores-
cence. Compared to the sham group, the CD3 1 positive area
in the model group was lower, but after hirudin interven-
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Fig. 1. Hirudin reduces the area of brain ischemia, protects the blood-brain barrier integrity and inhibits cell apoptosis. (A,B)

The infarct size was measured using 2,3,5-Triphenyltetrazolium chloride (TTC) staining. (C,D) The blood-brain barrier integrity was

assessed using Evans blue staining. (E,F) Apoptosis was observed using Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick

End Labeling (TUNEL) staining in brain tissue (scale bar: 100 pm, magnification; x 100). Each group consisted of 6 rats. ***p < 0.001.

tion, the CD31 positive area was enhanced (p < 0.01). In
the detection of angiogenis-related proteins, we found that
the expression levels of VEGFA and VEGFR?2 proteins de-
creased after modeling compared with the sham group (p
< 0.001, Fig. 2C,D). Hirudin treatment could increase the
expression of these two proteins in MCAO rats, which was
significantly higher than that in the model group (p < 0.01,
Fig. 2C,D). These findings show that hirudin can promote
angiogenesis in MCAO rats.

Detection of Protein Expression, Inflammatory
Factor Levels, MDA, GSH/GSSG and Iron in Brain
Tissue

In our study, the Western blotting was used to de-
termine the expression of PLAU/NF-xB and ferroptosis-
related proteins in brain tissues. qRT-PCR and ELISA

were used to determine the amounts of inflammatory fac-
tors in brain tissues. The levels of MDA, GSH/GSSG and
Fe?* were detected using the corresponding assay kit. Af-
ter modeling, in comparison to the sham group, rats in the
model group exhibited considerably higher levels of IL-15,
IL-6, and TNF-« in brain tissues (p < 0.001, Fig. 3A-F),
indicating that inflammation occurred in the brain tissue
and inflammatory factors were secreted. Hirudin treatment
reversed the expression trend of inflammatory factors af-
ter modeling; IL-13, IL-6 and TNF-« levels were inhib-
ited compared with the MCAO rats (p < 0.01, Fig. 3A-F).
In the ferroptosis protein detection, hirudin treatment could
reverse the downregulated levels of GPX4 and SLLC7A11
proteins after the model establishment (p < 0.01, Fig. 3G—
I). Furthermore, compared with the sham group, the levels
of MDA and Fe?* in MCAO rats increased, while the level
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0.001.

of GSH/GSSG decreased (p < 0.001, Fig. 3J-L). Hirudin
treatment alleviated these changes in MDA, GSH/GSSG
and Fe?* levels (p < 0.001, Fig. 3J-L). These results re-
veal that Hirudin inhibited the ferroptosis process during the
treatment of ischemic stroke. The results of PLAU/NF-xB
expression detection confirmed that hirudin could inhibit
the expression of PLAU/NF-xB. After modeling, PLAU

and p-p65/p65 levels in brain tissue increased significantly
compared with those of the unmodeled rat (p < 0.001,
Fig. 3M-0). In the brain tissue of MCAO rats, hirudin ther-
apy could reduce the expression of PLAU and p-p65/p65
levels; this difference was noteworthy when compared to
rats in the model group (p < 0.001, Fig. 3M-0).
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Cell Viability, LDH Levels, Migration and
Angiogenesis Were Measured

Firstly, different concentrations of hirudin (0.5 IU/mL,
1 TU/mL, 5 IU/mL) were used to interfere with the growth
activity of bEnd.3 cells after OGD/R, and the optimal con-
centration to promote bEnd.3 cells growth activity was
screened. As depicted in Fig. 4A, the moderate dose
of hirudin most effectively promoted bEnd.3 cells activ-
ity, with a significant difference compared with the model
group (p < 0.05, Fig. 4A). Therefore, we chose 1 IU/mL
hirudin for follow-up experiments. Following cell model-
ing and drug administration, the LDH level was measured.
The LDH level of the model group was much higher than
that of the control group, and the hirudin intervention re-
sulted in a significant decline in LDH level relative to the
model group (p < 0.01, Fig. 4B). After modeling, the cell
migration rate in the model group was lower than that in
the control group, while hirudin intervention promoted the
migration (p < 0.001, Fig. 4C,D). We also conducted tube
formation experiments to explore hirudin’s ability to pro-
mote cell tube formation. The results show that the cell tube
length in the model group was smaller than that in the con-
trol group, and hirudin intervention significantly increased
the cell tube length after modeling, as shown in Fig. 4E,F
(» < 0.001).

Cell Protein, Inflammatory Factor, MDA,
GSH/GSSG and Iron Assay Results

We detected the expression of VEGFA and VEGFR2
by Western blotting. Compared with the control group, the
expression of VEGFA and VEGFR2 in bEnd.3 cells in the
model group was down-regulated, which was reversed by
hirudin treatment, and the expression levels of these two
proteins were significantly up-regulated compared with the
model group (p < 0.001, Fig. SA—C). The Mod-OGD/R
group had increased expression levels of inflammatory cy-
tokines, such as IL-13, IL-6, and TNF-«, compared to the
control group, according to the results of qRT-PCR (p <
0.001, Fig. 5SD-F). In modeled cells, hirudin intervention
could significantly reduce the expression of TNF-a, IL-6,
and IL-15 when compared to the model group (p < 0.01,
Fig. 5D-F). Furthermore, hirudin treatment could reverse
the downregulation of GPX4, SLC7A1l1, and GSH/GSSG
caused by OGD/R modeling, as well as the promotive ef-
fect on MDA and Fe?* (p < 0.05, Fig. 5G-L). Lastly,
Western blotting was used to determine the PLAU and p-
p65/p65 protein expression levels in each group. Com-
pared with the control group, the levels of PLAU and p-
p65/p65 were significantly up-regulated after modeling,
and the related proteins in the Mod+H group were signif-
icantly down-regulated compared with the model group (p
< 0.001, Fig. SM-0).

2005

Effects of Hirudin and PLAU Silencing on
PLAU/NF-kB Expression, Cell Viability and
Migration Ability in bEnd.3 Cells

After PLAU silencing, the transfection efficiency was
detected by qRT-PCR. Results as shown in Fig. 6A, com-
pared with the shNC group, PLAU mRNA expression in
bEnd.3 cells decreased after PLAU silencing, indicating
successful transfection (p < 0.001). The protein levels
of PLAU and p-p65/p65 in each group were measured by
Western blotting. Compared with the Con+shNC group,
PLAU and p-p65/p65 protein levels were shown to be
substantially increased in Mod+shNC group (p < 0.001,
Fig. 6B-D). After transfection with shPLAU or transfec-
tion with shNC and intervention with hirudin, the expres-
sions of PLAU and p-p65/p65 in cells were lower than
those in the Mod+shNC group (»p < 0.001, Fig. 6B-D).
CCK-8 detected the cell viability of different groups, and
the results are shown in Fig. 6E. The cell viability of the
Mod+shNC group was lower than that of the Con+shNC
group, and the cell viability of the Mod+shPLAU and
Mod+H+shNC groups was significantly increased com-
pared with the Mod+shNC group (p < 0.01, Fig. 6E). We
then performed cell scratch experiments and found that cell
migration rate in the Mod+shNC group was lower than that
in the Con+shNC group at 24 h, while cell migration rate in
the Mod+shPLAU and Mod+H+shNC groups was signifi-
cantly higher than that in the Mod+shNC group (p < 0.001,
Fig. 6F,G).

Effect of Hirudin and PLAU Silencing on Expression
of Angiogenic, Angiogenic Factor and Ferroptosis in
bEnd.3 Cells

We examined the expression of angiogenic protein in
the cells of each experimental group. Results as shown
in Fig. 7A-C, compared with the Con+shNC group, the
protein levels of VEGFA and VEGFR?2 in the Mod+shNC
group were significantly decreased, while the expression
levels of VEGFA and VEGFR2 in the Mod+shPLAU
and Mod+H+shNC groups were higher than those in the
Mod+shNC group (p < 0.05). Then, we used ELISA to de-
tect the secretion of VEGF, BDNF, bFGF, angiostatin and
endostatin. The test results are shown in Fig. 7D-H. The
secretion of angiogenic-related factors in the Mod+shNC
group was lower than that in the Con+shNC group (p <
0.001). The levels of angiogenic-related factors in the
Mod+shPLAU and Mod+H+shNC groups were signifi-
cantly up-regulated compared with those in the Mod+shNC
group (p < 0.05). The levels of VEGF, bFGF and en-
dostatin in the Mod+H+shPLAU group were higher than
those in the Mod+H+shNC group (p < 0.05). Finally, we
found that in the Mod+shNC group, GPX4, SLC7A11 and
GSH/GSSG were downregulated, while MDA and Fe?*
levels were upregulated compared with the Con+shNC
group (p < 0.01, Fig. 7I-N). In contrast, hirudin treatment
or PLAU knockdown reversed this regulatory process (p
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< 0.01, Fig. 7I-N). These results indicate that hirudin can
inhibit ferroptosis by down-regulating PLAU, thereby pro-
moting endothelial vascular regeneration and improving is-
chemic stroke.

Discussion

The high morbidity, disability, and mortality associ-
ated with cerebral ischemia-reperfusion injury (CIRI) pose

a serious threat to human health [29]. Hypoxia and nutri-
tional deficiency kill neurons, which activate an inflamma-
tory response and destroy the blood-brain barrier, causing
irreparable brain tissue damage [30]. Notably, post-CIRI
iron accumulation triggers ferroptosis, a process exacerbat-
ing tissue injury by promoting lipid peroxidation, while an-
giogenesis supports neural regeneration by supplying nutri-
ents to the infarct area [31]. Thus, regulating both ferrop-
tosis and angiogenesis is critical for CIRI treatment. This
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Fig. 7. Hirudin and PLAU silencing promote angiogenesis and attenuate ferroptosis. (A—C) Angiogenesis-related indexes VEGFA
and VEGFR2 were detected by Western blotting. GAPDH was used as the internal reference. (D-H) ELISA was used to detect the
secretion of angiogenesis-related factors, including VEGF, brain-derived neurotrophic factor (BDNF), basic fibroblast growth factor
(bFGF), angiostatin and endostatin. (I-K) The expression of GPX4 and SLC7A11 in bEnd.3 cells was detected by Western blotting.
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kit. The experiment was repeated three times. *p < 0.05, **p < 0.01, ***p < 0.001.

study focused on clarifying how hirudin alleviates CIRI by
modulating the PLAU/NF-xB axis, ferroptosis, and angio-
genesis.

PLAU, also known as urokinase plasminogen activa-
tor [32], encodes a serine protease, which, after binding to

its receptor, promotes proteolysis and degradation of tu-
mor cells’ interstitial [33]. PLAU can also actively regu-
late biological processes such as cell migration, invasion
and angiogenesis [34]. However, the role of PLAU in cere-
bral ischemia-reperfusion injury CIRI and its related mech-
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anisms has been rarely elucidated. Research has found that
PLAU can activate the NF-xB pathway [18]. Targeting
PLAU can inhibit NF-xB activation to protect PC12 cells
from damage caused by OGD/R treatment [19]. NF-«B is
a key factor in the inflammatory signaling pathway, has the
ability of multidirectional nuclear transcription, can regu-
late the expression of pro-inflammatory, pro-apoptotic and
other genes, and participates in the pathogenesis of many
diseases [35]. NF-xB inhibition is also associated with an-
giogenesis in cerebral ischemic injury [22,23].

Our study found that hirudin can down-regulate the
expression of PLAU/NF-£B protein in the brain tissue of
MCAQO rats or in bEnd.3 cells after OGD/R treatment. The
NF-xB protein p-p65/p65 was significantly down-regulated
in bEnd.3 cells after PLAU silencing. Furthermore, hirudin
increased GPX4/SLC7A11 (ferroptosis suppressors) and
GSH/GSSG levels, while decreasing Fe?t and MDA (fer-
roptosis markers), suggesting it inhibited ferroptosis via the
inhibiting PLAU. Neuroinflammation is one of the major
pathological responses associated with brain cell death in
ischemic stroke [36]. During the acute phase, microglia in
the brain are activated and release large amounts of inflam-
matory mediators, IL-173, IL-6 and TNF-q, as well as the
chemokine monocyte chemotactic protein 1 [36]. Our in
vivo and in vitro studies have demonstrated that hirudin can
down-regulate the inflammatory cytokines IL-14, IL-6 and
TNF-« in CIRI.

There are few reports on the treatment of CIRI with
hirudin at present. Limited research has found that hirudin
exerts neuroprotective effects by inhibiting CCL2-mediated
ferroptosis and inflammatory pathways, or by activating the
Wnt/3 -catenin pathway to promote angiogenesis, thereby
protecting against CIRI [37,38]. However, this study con-
firmed for the first time that hirudin may inhibit ferropto-
sis by down-regulating the expression of PLAU and sup-
pressing the nuclear translocation of NF-xB/p65. It then
promotes the transcription of downstream GPX4, thereby
enhancing endothelial cell angiogenesis and improving is-
chemic stroke.

In order to further investigate the association between
hirudin and brain injury angiogenesis, we also examined
the expression of VEGFA and VEGFR2 in MCAO rats
or bEnd.3 cells after OGD/R treatment. VEGF is an im-
portant growth factor with angiogenic activity, which can
promote endothelial cell mitosis, anti-apoptosis, increase
vascular permeability, and actively participate in the reg-
ulation of normal and pathological angiogenesis processes
[39]. VEGFA, a member of the VEGF family, is the
most effective and important vascular stimulating factor
for angiogenesis and plays an important role in angiogene-
sis and pathological neovascularization [39,40]. VEGFR2
mediates the growth and survival signaling pathways of
most endothelial cells, and is the main receptor respon-
sible for VEGFA-induced mitosis, angiogenesis and per-
meability enhancement [39,41]. It was found that PLAU

silence increased the expression of VEGFA/VEGFR2 in
bEnd.3 cells after OGD/R treatment, which demonstrated
that PLAU activation inhibited angiogenesis in brain injury,
while hirudin treatment significantly increased the expres-
sion of VEGFA/VEGFR?2 in CIRI. It is worth noting that in
this study, the combined application of hirudin and PLAU
gene silencing did not produce a more significant enhance-
ment effect than single intervention in terms of cell viabil-
ity, migration, and most angiogenesis indicators. This find-
ing precisely supports our mechanistic inference, indicat-
ing that the core protective effect of hirudin is likely me-
diated by inhibiting the PLAU. When PLAU is effectively
knocked down by shRNA, this pathway is fully inhibited,
and the additional treatment with hirudin may not produce
further pharmacological effects.

However, this study only focused on the PLAU/NF-
kB axis, and the associations between other potential targets
(such as CXCL12, MMPY) and angiogenesis have not been
verified. Furthermore, only the short-term effects within 72
h after ischemia were observed. The influence of hirudin on
the recovery of neurological function in the chronic phase
and the potential bleeding risk need to be evaluated through
long-term animal experiments.

Conclusion

In conclusion, hirudin alleviates CIRI by reducing in-
farct size and apoptosis, enhancing bEnd.3 cells viability,
upregulating VEGFA/VEGFR2 to promote angiogenesis,
inhibiting inflammation, and regulating ferroptosis-related
indicators. These beneficial effects are associated with sup-
pression of the PLAU/NF-xB axis. This study provides a
reference for exploring the mechanism of vasogenesis of
hirudin in CIRI and an experimental basis for its applica-
tion in cardiovascular and cerebrovascular diseases.
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