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Abstract

Background: Clinically, ischemic reperfusion injury is the main cause of stroke injury. This study aimed to assess the effectiveness
of fingolimod in suppressing inflammation caused by ischemic brain injury and explore its pharmacological mechanisms. Methods:
In total, 75 male Sprague-Dawley rats were randomly and equally assigned to five distinct groups: sham, middle cerebral artery oc-
clusion/reperfusion (MCAO/R) surgery, fingolimod low-dose (F-L), fingolimod medium-dose (F-M), and fingolimod high-dose (F-H).
Neurobehavioral tests, 2,3,5-triphenyltetrazolium chloride staining, and the brain tissue drying-wet method were conducted to evaluate
neurological impairment, cerebral infarction size, and brain water content. Enzyme-linked immunosorbent assay was employed to quan-
tify pro-inflammatory cytokines interleukin (IL)-14, IL-6, and tumor necrosis factor-alpha (TNF-«) protein levels. Western blotting and
immunohistochemical staining were performed to assess high mobility group box 1 (HMGBI1), toll-like receptor 4 (TLR4), and nuclear
factor kappa-B p65 (NF-xBp65) levels. Results: Rats in the F-L, F-M, and F-H groups exhibited lower Longa scores, reduced infarction
volumes, and decreased brain edema than those in the MCAO/R group. Additionally, the F-L, F-M, and F-H groups exhibited lower
serum levels of IL-13, IL-6, and TNF-« than those of the MCAO/R group. Additionally, F-L, F-M, and F-H treatments resulted in
decreased HMGB1, TLR4, and NF-xBp65 protein expression levels in the hippocampus of MCAO/R rats. Conclusions: Fingolimod
was found to reduce ischemic brain injury in a dose-dependent manner. Moreover, it was also found to alleviate inflammation following
ischemic brain injury via the HMGB1/TLR4/NF-xB signaling pathway.
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1. Introduction ment for ischemic stroke. However, this method can result
in cerebral ischemia/reperfusion injury, as well as a cascade
of intricate processes, which encompass inflammation, ox-
idative stress, apoptosis, and autophagy [5]. Therefore, it is
crucial to explore and develop novel and reliable strategies
and medications that not only restore cerebral blood flow
but also alleviate ischemic brain injury.

As the most prevalent type of cerebrovascular disease,
ischemic stroke imposes an apparent financial burden on
affected patients, their families, and even the entire society
[1]. It occurs owing to narrowing or complete blockage of
the cerebral blood vessels, resulting in irreversible neuronal

cell death and neurological impairment [2,3].

Cerebral ischemic injury triggers a strong inflamma-
tory response, which is a critical characteristic of ischemic
stroke pathology that occurs within hours of blood ves-
sel blockage. This inflammatory response significantly in-
creases the levels of inflammatory cytokines, including in-
terleukin (IL)-6 and tumor necrosis factor-alpha (TNF-«),
thereby exacerbating cerebral ischemic injury [4]. Hence,
suppressing excessive inflammation potentially represent a
hopeful treatment strategy aimed at reducing the severity of
ischemic brain damage.

Immediate restoration of cerebral blood flow to sal-
vage the infarcted cerebral hemisphere is the most efficient
therapeutic approach for ischemic stroke. Currently, intra-
venous thrombolysis using a recombinant tissue plasmino-
gen activator is a relatively safe and widely accepted treat-

Fingolimod, also known as FTY720, is synthesized
through the chemical modification of myriocin, an extract
of Cordyceps sinensis [6]. Additionally, fingolimod, an im-
munosuppressive medication that has been given the green
light by the Food and Drug Administration (FDA) for its
use in treating multiple sclerosis, is essential for maintain-
ing vascular integrity, lymphocyte transport, and immune
response modulation [6,7]. A clinical study found that pa-
tients with acute ischemic stroke who received short-term
fingolimod therapy alongside standard stroke therapy ex-
hibited a decrease in microvascular permeability, secondary
injury, and better clinical outcomes [8]. However, the
underlying pharmacological mechanisms of action of fin-
golimod in ischemic brain injury remain to be fully under-
stood.
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This study aimed to investigate the effects and mecha-
nisms of action of various doses of fingolimod on ischemic
brain injury. First, we assessed the neuroprotective effi-
cacy of various doses of fingolimod in ischemic brain in-
jury. Subsequently, we explored the physiological role of
various doses of fingolimod in protecting against inflamma-
tion after experiencing cerebral ischemia. Additionally, we
investigated the underlying pharmacological mechanisms
of fingolimod in inflammation induced by ischemic brain
injury, utilizing a rat model that simulates transient focal
cerebral ischemia.

2. Materials and Methods
2.1 Experimental Animals

The animal experiments adhered to the protocols out-
lined in the National Institutes of Health’s “Guide for the
Care and Use of Laboratory Animals” and received ap-
proval from the Animal Care and Use Committee at Jinzhou
Medical University (2022022701). A total of 75 clean,
healthy male Sprague Dawley (SD) rats weighing between
250 and 280 grams and aged 8 to 9 weeks, were supplied by
the Experimental Animal Center at Jinzhou Medical Uni-
versity (Jinzhou, China). On day 3 after adaptive feed-
ing, rats were randomly allocated into different groups (n
= 15): (1) sham group, (2) middle cerebral artery occlu-
sion/reperfusion (MCAO/R) surgery group, (3) fingolimod
low-dose (F-L) group (0.5 mg/kg), (4) fingolimod medium-
dose (F-M) group (1.0 mg/kg), (5) fingolimod high-dose
(F-H) group (2.0 mg/kg).

2.2 Drug Administration

Fingolimod (Cat #HY-11063, MedChemExpress,
Monmouth Junction, NJ, USA) was prepared in dimethyl-
sulfoxide (DMSO, D8371, Beijing Solebao Technology
Co., Ltd., Beijing, China) and diluted in a 0.9% NaCl saline
solution to final concentrations (0.5, 1.0, and 2.0 mg/kg).
On days 0 (immediately after MCAO) and 1 (24 h) after
MCAQO, rats in the MCAO/R group were intraperitoneally
administered normal saline containing DMSO, whereas rats
in the F-L, F-M, and F-H groups were intraperitoneally ad-
ministered the same volume of fingolimod at different con-
centrations (0.5, 1.0, and 2.0 mg/kg).

2.3 Transient Rat Middle Cerebral Artery Occlusion
(MCAO) Model

MCAO procedure was executed using an adapted
thread embolism method, as outlined in prior research [9].
The rats were anesthetized by placing them in a chamber
containing a mixture of 4.0-5.0% isoflurane (Cat# R510,
RWD Life Science, Shenzhen, Guangdong, China) and
oxygen and then maintained during MCAO surgery with
1.5-2.0% isoflurane in a mixture of 70% N>O and 30% O-.
Once anesthesia was stable, the rats were positioned on the
surgical operating table with their limbs secured. Before

surgery, the fur around the neck was shaved with a blade
and disinfected using povidone-iodine and 70% ethanol.

A median incision approximately 4 cm in length was
made in the middle of the neck. The subcutaneous fat and
surrounding connective tissue were carefully stripped to ex-
pose the carotid sheath and dissected to expose the common
carotid artery (CCA), internal carotid artery (ICA), and ex-
ternal carotid artery (ECA). The superior thyroid and the
occipital arteries were isolated and electrocoagulated. The
CCA and ICA were temporarily clamped, and the ECA was
ligated with a nylon monofilament at the distal end. A V-
shaped incision was made at the distal end of the ECA at
a 45° angle. Subsequently, a monofilament nylon suture
(Beijing Xinong Biotechnology Co., Ltd., Beijing, China)
was gently inserted into the ICA via the incision until mild
resistance was felt (approximately 1820 mm distal to the
carotid bifurcation).

The filament was removed 2 h after MCAO to re-
store cerebral blood flow. Hemostasis was checked, and
the wound was closed using nylon sutures. For rats in the
sham group, the CCA was isolated without ligation or hy-
poxia. The rats’ rectal temperature was maintained at ap-
proximately 37.0 £ 0.5 °C throughout the MCAO surgical
process. After surgery, all rats were allowed to move freely,
eat, and drink in their cages.

2.4 Neurological Deficit Score

The Zea-Longa score was used to evaluate neurologi-
cal recovery following the method described in a previous
study [10]. The scoring system ranges from 0 to 4, with
the following interpretations: 0 = no apparent neurological
deficits, 1 = incomplete extension of the left forelimb, 2 =
a leftward circling motion, 3 = left-sided weakness, and 4
= the absence of spontaneous walking and a lack of con-
sciousness.

2.5 2,3,5-Triphenyltetrazolium Chloride (TTC) Staining

The rats were humanely sacrificed 2 h after the second
administration of the drug by administering excessive anes-
thesia (amobarbital; Cat #17784, Cayman Chemical Com-
pany, Ann Arbor, MA, USA, 10%, 0.5 mL/100 g). After
cardiac perfusion, rat brains were excised through decapi-
tation and then cut into 2 mm thick coronal sections. These
slices were then placed in a 2% 2,3,5-Triphenyltetrazolium
Chloride (TTC, T8877, Sigma, Burlington, MA, USA) so-
lution and incubated at 37 °C for 10 min. Subsequently,
slices were fixed with 4% paraformaldehyde. The infarct
volume was assessed using ImagelJ software (version 1.5,
NIH, Bethesda, MD, USA). To calculate the percentage of
the ischemic lesion area, we used the following equation:
infarct volume (%) = (volume of contralateral hemisphere
— volume of non-infarcted ipsilateral hemisphere)/volume
of contralateral hemisphere x 100%.
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2.6 Brain Water Content

The rats were euthanized 2 h after the second admin-
istration of the drug under excessive anesthesia (amobarbi-
tal; Cat# 17784, Cayman Chemical Company, Ann Arbor,
MA, USA, 10%, 0.5 mL/100 g). Subsequently, cerebral
tissue was derived from rats without myocardial perfusion.
The humidity of the cerebral tissue was assessed immedi-
ately after the rats were sacrificed. The cerebral tissue was
microwave-dried in a microwave oven at 100 °C until the
cerebral weight remained constant, known as dry weight.
Brain water content was assessed using the following for-
mula: brain water content (%) = [(humid brain weight — dry
brain weight)/humid brain weight] x 100.

2.7 Enzyme-Linked Immunosorbent Assay (ELISA)

Pro-inflammatory factors TNF-a (Cat# ml003057),
IL-15 (Cat# ml064292), and IL-6 (Cat# ml002859) lev-
els were assessed via commercially available kits pur-
chased from Shanghai Enzyme-linked Biotechnology Lim-
ited Company (Shanghai, China). The rats were euthanized
2 h after administration of the second drug under exces-
sive anesthesia (amobarbital; Cat# 17784, Cayman Chem-
ical Company, Ann Arbor, MA, USA, 10%, 0.5 mL/100
g). Blood samples were collected from the heart via needle
aspiration and transferred to Rapid Serum Tubes for serum
sample collection. The samples were then centrifuged at a
speed of 3000 rpm for 10 min. Following this, the serum
samples were carefully transferred into new cryovials for
preservation at —80 °C for subsequent enzyme-linked im-
munosorbent assays (ELISA). Prior to the ELISA, the sam-
ples were thawed at room temperature. We performed
ELISA according to the manufacturer’s protocol using an
ELISA kit (Shanghai Enzyme-linked Biotechnology Lim-
ited Company, Shanghai, China). The steps involved in
the ELISA procedure were as follows: (1) Adding stan-
dard: 50 pL standards with different concentration gradi-
ents were added in different holes. (2) Adding samples:
40 pL of sample dilution was added to the holes, then 10
nL of the sample fluid was added. The contents were then
mixed gently. (3) Adding enzyme: 100 pL of horseradish
peroxidase (HRP)-conjugate reagent was added to the hole
designated for the standard solutions and samples, exclud-
ing the blank hole. (4) Incubation: The plates secured with
a seal and then placed in an incubator set to a temperature
of 37 °C for a period of 60 min. (5) Washing: The sealing
membrane was carefully taken off, and the liquid was sub-
sequently was discarded. Washing liquid was poured into
each hole, left for 30 s, and then poured out, and this step
was repeated a total of five times. The 96-well plate was
carefully patted and dried. (6) Color development: 50 pL
of color developer A was carefully dispensed into each hole,
after which an equal volume of color developer B, also 50
uL, was added. The mixture in each hole was then gen-
tly stirred to ensure thorough blending. Subsequently, the
96-well plate was placed in an incubator set to 37 °C and in-
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cubated for a duration of 15 min in a dark environment. (7)
Stopping reaction: 50 uL of stop solution was poured into
the hole, which halted the reaction and caused the color of
each hole to change from blue to yellow. (8) Assay: The op-
tical density (OD) for each well was determined using a mi-
croplate reader (Thermo Fisher Scientific, Waltham, MA,
USA), with the readings taken at a wavelength of 450 nm.
The blank well was set to zero, and readings were taken
within 15 min of adding the stop solution.

2.8 Immunohistochemical Staining

Immunohistochemical staining was carefully con-
ducted throughout the entire process according to a previ-
ously mentioned protocol [11]. Rat cerebral tissues were
completely immersed in formalin, fixed, dehydrated, and
embedded in paraffin wax. The paraffin-embedded cere-
bral tissue blocks mentioned above were then cut into 5 pm
thick slices. The tissue slices were placed in fixation boxes
containing citrate antigen retrieval buffer and fixed in a mi-
crowave oven. Once the slices had reached room temper-
ature, they were immersed in a solution containing 3% hy-
drogen peroxide to block the activity of endogenous peroxi-
dase and then immersed in phosphate-buffered saline (PBS)
wash buffer three times. The slices were then incubated
at 4 °C in the refrigerator with various primary antibodies:
rabbit anti-high mobility group box 1 (HMGB1) antibody
(1:500; Cat# ET1601-2, HuaAn Biotechnology, Hangzhou,
Zhengjiang, China), rabbit toll-like receptor 4 (TLR4) an-
tibody (1:400; Cat# ab22048, Abcam, Cambridge, MA,
USA), and rabbit anti-nuclear factor kappa-B p65 (NF-
xBp65) antibody (1:400; Cat# ab86299, Abcam, Cam-
bridge, MA, USA). The next day, the slices were immersed
in PBS wash buffer thrice for 5 min each. The sections were
subsequently treated with horseradish peroxidase-labeled
goat anti-rabbit/mouse secondary antibody for a duration
of 20 min. After another three 5-minute washes with PBS
wash buffer, the slices were subjected to color development
using diaminobenzidine chromogenic solution. The sec-
tions were carefully washed with tap water, counterstained
with hematoxylin, dehydrated, and made transparent. Fi-
nally, the slides were covered with neutral balsam and ex-
amined under a microscope. ImagelJ software (version 1.5,
NIH, Bethesda, MD, USA) was used to count the positive
cells.

2.9 Western Blot Analysis

The infarcted rat hippocampus was lysed in radioim-
munoprecipitation assay (RIPA) buffer (Cat #P0013B, Be-
yotime, Shanghai, China) containing a mixture of protease
and phosphatase inhibitors. The mixture containing the
lysate and tissue was subjected to centrifugation at a speed
of 12,000 rpm for a duration of 30 min, and the supernatant
was carefully poured into a new tube. The supernatant was
gently mixed with sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) loading buffer and then
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heated at 95 °C for 5 min in a water bath. About 20 ug
of protein was segregated and subsequently moved onto
a polyvinylidene fluoride (PVDF) membrane (Millipore,
Bedford, MA, USA) with a pore size of either 0.22 mi-
crometers or 0.45 micrometers. To block nonspecific pro-
tein binding, the PVDF membrane was soaked in a solution
containing 5% skim milk. After blocking, the membrane
was then immersed in the following primary antibodies
overnight at a controlled temperature of 4 °C within a refrig-
erated environment: anti-HMGBI1 (1:1000; Cat# ET1601-
2, HuaAn Biotecchnology, Hangzhou, Zhengjiang, China),
anti-TLR4 (1:500, Cat# WL00196, WanLei Biotechnology,
Shenyang, Liaoning, China), anti-NF-xBp65 (1:500, Cat#
WL02169, WanLei Biotechnology, Shenyang, Liaoning,
China), and anti-3-actin (1:10,000; Cat# AMCO0001, AB-
clonal Technology, Wuhan, Hubei, China). After incuba-
tion with the primary antibodies, the membranes were then
treated with secondary antibodies that had been conjugated
with horseradish peroxidase (HRP): goat anti-rabbit 1gG
(1:10,000, Cat #7074P2, Cell Signaling Technology, Dan-
vers, MA, USA) and goat anti-mouse IgG (1:10,000, Cat
#7076P2, Cell Signaling Technology, Danvers, MA, USA)
at room temperature for 1 h. Finally, the immunoblots
were visualized using an enhanced luminescence kit (Cat
#BL520A, Biosharp, Hefei, Anhui, China), and the inten-
sity of the immunoblot bands was quantified using the Im-
agel software. The original western blot figures are pre-
sented in the Supplementary Material.

2.10 Statistical Analysis

Experimental data are presented as mean + standard
deviation (SD) and median with minimum to maximum
values. Statistical analyses were performed using Graph-
Pad Prism 9.0 (GraphPad Software, San Diego, CA, USA).
Quantitative data were analyzed using unpaired paramet-
ric tests, whereas rank data were analyzed using the non-
parametric Wilcoxon’s rank sum test. For data from multi-
ple groups, a one-way analysis of variance (ANOVA) with
Tukey’s post-hoc test was used. Statistical significance was
setat p < 0.05.

3. Results

3.1 Fingolimod Reduces Cerebral Infarction Volume,
Alleviates Cerebral Edema, and Improves Neurological
Function in MCAO/R Rats

TTC staining revealed no apparent damage to cere-
bral tissue in the sham group (Fig. 1A). On the contrary,
rats in the MCAO/R group exhibited significant brain tis-
sue lesions 1 d after cerebral ischemia or reperfusion in-
jury (Fig. 1A). However, treatment with various fingolimod
doses significantly reduced the volume of the cerebral in-
farct area in rats subjected to MCAO/R (Fig. 1A,B; p <
0.001). These results indicate that fingolimod treatment re-
duces the cerebral infarction volume on day 1 after cerebral
ischemia or reperfusion.

To assess the effectiveness of fingolimod therapy in
treating cerebral edema, the brain water content was deter-
mined one day post-reperfusion. The findings indicated that
the rats subjected to MCAO/R had elevated water content
in their cerebral tissues when compared to the rats in the
sham group (Fig. 1C, p < 0.001). Nevertheless, the cere-
bral water content of MCAOVR rats treated with high-dose
fingolimod (2.0 mg/kg) was markedly reduced when com-
pared to MCAO/R group (Fig. 1C, p < 0.001). These find-
ings indicate that a high dose of fingolimod alleviated cere-
bral edema induced by cerebral ischemia.

Additionally, to examine the effects of different
dosages of fingolimod on the restoration of neurological
function, we used the Zea-Longa Scale neurological score
for each group. The results demonstrated that high-dose
fingolimod administration (2.0 mg/kg) resulted in a statisti-
cally significant reduction in the neural function score com-
pared to that in the MCAO/R group (Fig. 1D, p < 0.05). The
findings suggest that treatment with fingolimod improves
the neurological impairment induced by cerebral ischemia
in rats after MCAO/R.

3.2 Fingolimod Inhibits Inflammation in Rats after
MCAO/R

The levels of pro-inflammatory cytokines in serum,
including TNF-a, IL-18, and IL-6, were measured using
ELISA to evaluate the potential anti-inflammatory efficacy
of fingolimod in cerebral ischemia. The findings revealed
that the serum levels of TNF-«, IL-1/3, and IL-6 proteins
were significantly higher in rats that underwent MCAO/R
when compared to the levels observed in the sham-operated
control group (Fig. 2A-C, p < 0.001). Nevertheless, the
administration of fingolimod at multiple dosages resulted
in a marked reduction in the serum IL-15 and IL-6 protein
levels when compared to the MCAO/R group without treat-
ment (Fig. 2A,B, p < 0.01, p < 0.001). Moreover, treatment
with median and high doses of fingolimod led to an evident
decrease in TNF-« levels compared to the MCAO/R group
without treatment (Fig. 2C, p < 0.001). These findings im-
ply that fingolimod protects against MCAO/R-caused brain
injury by exerting its anti-inflammatory properties.

3.3 Fingolimod Downregulates HM GBI Expression in
MCAO Rats

The expression levels of HMGBI1 following MCAO/R
injury in rats were measured via western blot assays and im-
munohistochemical staining. Western blot analysis demon-
strated an apparent increase in the levels of HMGB1 protein
in the MCAO/R group when compared to the sham group
(Fig. 3A,B; p < 0.01). In contrast, the expression levels
of HMGBI protein were considerably reduced in both the
F-M and F-H groups as compared to the MCAO/R group
(Fig. 3A,B; p < 0.05).

Additionally, we performed immunohistochemical
analysis of HMGBI1 in hippocampal slices from rats in
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Fig. 1. Fingolimod effectively reduces cerebral infarction volume, alleviates cerebral edema, and improves neurological function

in MCAOV/R rats. (A) On the first day post-MCAO/R procedure, TTC staining images were captured, wherein the infarcted regions of
the brain were depicted in white and the healthy regions in red. (B) Quantification of TTC staining (Data presented as mean + SD, and
analyzed using one-way ANOVA with Tukey’s post-hoc test; N = 3). (C) Brain water content on day 1 after MCAO/R (Data presented as
mean £ SD and analyzed using one-way ANOVA with Tukey’s post-hoc test; N =4). (D) The Zea-Longa score, indicative of neurological

deficit, was evaluated one day post-MCAO/R, with data presented as the median along with the minimum and maximum values, and
statistical analysis conducted using Wilcoxon’s rank sum test (N = 15). **p < 0.01 and ***p < 0.001 vs. sham group. #p < 0.05 and
#iitp < 0.001 vs. MCAO/R group. $$p < 0.01 and $$$p < 0.001 vs. F-L group. &p < 0.05 and &&&p < 0.001 vs. F-M group.
MCAO/R, middle cerebral artery occlusion/reperfusion; TTC, 2,3,5-Triphenyltetrazolium Chloride; ANOVA, analysis of variance; F-L,
fingolimod low-dose; F-M, fingolimod medium-dose; F-H, fingolimod high-dose; SD, standard deviation.

the different groups. Immunohistochemistry revealed
HMGBI -positive protein deposition in both the cell nucleus
and cytoplasm. The number of cytoplasm-positive HMGB1
staining cells was significantly higher in the MCAO/R
group than in the sham group (Fig. 3C,D; p < 0.001). How-
ever, the quantity of cells exhibiting positive staining for
HMGBI in the cytoplasm was found to be reduced in both
the F-M and F-H groups when compared to the MCAO/R
group (Fig. 3C,D; p < 0.05, p < 0.01).

These results suggest that fingolimod treatment down-
regulated HMGB1 protein expression in MCAO/R rats.
Additionally, fingolimod treatment inhibited the transloca-
tion of HMGBI1 from the cell nucleus to cytoplasm to in-
duced by cerebral ischemic injury.
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3.4 Fingolimod Inhibits TLR4 Expression in MCAO Rats

The effect of various doses of fingolimod on TLR4
expression following MCAO/R injury in rats was evaluated
using western blot assays and immunohistochemical stain-
ing.

Western blot analysis demonstrated that ischemic
brain injury increased the expression level of TLR4
(Fig. 4A,B; p < 0.05). However, the medium and high
doses of fingolimod treatment led to an apparent decrease
in TLR4 levels (Fig. 4A,B; p < 0.05, and p < 0.01, respec-
tively) compared to those in the MCAO/R group. These
observations were supported by the immunohistochemical
staining results. The count of TLR4-positive cells within
the MCAO/R group was considerably greater than that ob-
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Fig. 2. Fingolimod inhibits inflammation in rats after MCAO/R. (A) Enzyme-Linked Immunosorbent Assay (ELISA) was employed
to measure the serum concentrations of interleukin-1 beta (IL-1/) in rats, with data expressed as the mean & SD and analyzed utilizing
one-way ANOVA with Tukey’s post-hoc test for multiple comparisons (N = 4). (B) Similarly, ELISA was utilized to ascertain the serum
levels of interleukin-6 (IL-6) in rats, presenting data as mean £ SD and conducting analysis via one-way ANOVA with Tukey’s post-hoc
test (N =4). (C) ELISA was also applied to quantify the serum levels of tumor necrosis factor alpha (TNF-«) in rats, with results depicted
as mean = standard deviation (SD), and statistical analysis performed using one-way ANOVA with Tukey’s post-hoc test (N = 4). **p
< 0.01 and ***p < 0.001 vs. sham group. ##p < 0.01 and ###p < 0.001 vs. MCAO/R group. $$$p < 0.001 vs. F-L group. &&p <
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Fig. 3. Fingolimod down-regulates the expression of HMGB1 in MCAOV/R rats. (A) The expression levels of HMGBI1 within the
hippocampal region of these rats were measured using the technique of western blot analysis, with the assessment being conducted day 1
post the MCAO/R procedure. (B) Quantification analysis of HMGB1 by western blot (Data presented as mean + SD and analyzed using
one-way ANOVA with Tukey’s post-hoc test; N = 4). (C) Positive immunohistochemical staining for HMGB1. (D) Quantification of
immunohistochemical staining for HMGB1 (Data presented as mean 4= SD and analyzed using one-way ANOVA with Tukey’s post-hoc
test; N =4). Scale bar = 50 pm. **p < 0.01 and ***p < 0.001 vs. sham group. #p < 0.05 and ##p < 0.01 vs. MCAO/R group. $$p <
0.01 vs. F-L group. HMGBI, high mobility group box 1.

served in the sham group (Fig. 4C,D; p < 0.001). On the In summary, these results demonstrate that fingolimod
contrary, a significant reduction in the number of TLR4- treatment can effectively suppress the expression levels of
positive cells was noted in both the F-M and F-H groups TLR4 in rats that have undergone MCAO/R.

when compared to the MCAO/R group (Fig. 4C,D, p <

0.001).
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Fig. 4. Fingolimod inhibits TLR4 expression in MCAO/R rats. (A) The expression of TLR4 in the hippocampus of rats was detected

using western blot analysis on day 1 after MCAO/R. (B) Quantification of TLR4 expression via western blot analysis (Data presented

as mean £ SD and analyzed using one-way ANOVA with Tukey’s post-hoc test; N = 4). (C) Immunohistochemical staining showing

positive TLR4 expression. (D) Quantification of immunohistochemical staining for TLR4 (Data presented as mean + S.D., and analyzed
using one-way ANOVA with Tukey’s post-hoc test; N = 4). Scale bar = 50 pm. *p < 0.05 and ***p < 0.001 vs. sham group. #p <
0.05, ##p < 0.01 and ###p < 0.001 vs. MCAO/R group. $p < 0.05 and $$$p < 0.001 vs. F-L group. &p < 0.05 vs. F-M group. TLR4,

Toll-like receptor 4.

3.5 Fingolimod Treatment Decreases NF-kBp65 Level in
MCAO Rats

To assess the impact of fingolimod treatment on NF-
kBp65 protein expression following ischemic brain injury
in rats, both western blotting and immunohistochemical
staining techniques were utilized. The findings from the
western blot analysis indicated a significant elevation in
the levels of NF-xBp65 protein within the MCAO/R group
when contrasted with the levels observed in the sham-
surgery group (Fig. 5A,B; p < 0.001). Nevertheless, a no-
table reduction in the levels of NF-xBp65 protein was ob-
served in both the F-M and F-H groups when compared
to the levels found in the MCAO/R group. (Fig. 5A,B; p
< 0.01, p < 0.001). These observations were supported
by the immunohistochemical staining results. Immunohis-
tochemistry revealed NF-xBp65-positive protein primarily
deposition in the cell nucleus. The number of nuclear NF-
kBp65-positive staining cells was significantly higher in
the MCAO/R group than in the sham group (Fig. 5C,D; p <
0.001). Conversely, there were fewer nuclear NF-xBp65-
positive staining cells in the F-M and F-H groups than in
the MCAO/R group (Fig. 5C,D; p < 0.05, p < 0.01).

These findings provide compelling evidence that fin-
golimod treatment reduces the NF-xBp65 expression level
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in rats after ischemic brain injury. Additionally, treatment
with fingolimod can inhibit the translocation of NF-xBp65
into the nucleus caused by cerebral ischemic/reperfusion in-

jury.

4. Discussion

Ischemic stroke, which is primarily caused by is-
chemia or reperfusion brain injury, is a significant contrib-
utor to deaths globally [12]. Although early restoration of
cerebral blood flow is crucial for reducing brain tissue in-
jury, reperfusion can also cause secondary brain damage,
including blood-brain barrier (BBB) damage and inflam-
mation [13]. Consequently, mitigating the harmful impacts
of cerebral ischemia and reperfusion has consistently been
a central focus within extensive research efforts. Natural
products have emerged as a significant source for drug de-
velopment because of their minimal side effects and po-
tent multi-target activity [14]. Fingolimod, a compound de-
rived from Cordyceps sinensis, mitigates cerebral ischemic-
reperfusion injury [15]. It easily traverses the BBB and ac-
cumulates in the brains of both humans and animals [16].
Additionally, fingolimod treatment enhances neurogenesis
and facilitates repair in central nervous system injury mod-
els by activating endogenous neural precursor cells (NPCs)
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Fig. 5. Fingolimod treatment reduces NF-<Bp65 expression in MCAO/R rats. (A) The expression of NF-xBp65 in the hippocampus

of rats was detected using western blot analysis on day 1 after MCAO/R. (B) Quantification analysis of NF-xBp65 via western blot (Data

presented as mean + SD and analyzed using one-way ANOVA with Tukey’s post-hoc test; N = 4). (C) Positive immunohistochemical

staining for NF-xBp65. (D) Quantification of immunohistochemical staining for NF-xBp65 (Data presented as mean 4= SD and analyzed

using one-way ANOVA with Tukey’s post-hoc test; N = 4). Scale bar = 50 um. **p < 0.01 and ***p < 0.001 vs. sham group. #p <
0.05, ##p < 0.01 and ####p < 0.001 vs. MCAO/R group. $p < 0.05 vs. F-L group. NF-xBp65, nuclear factor kappa-B p65.

or oligodendrocyte progenitors [17]. The objective of this
research was to assess and compare the therapeutic efficacy
of various doses of fingolimod in rats subjected to MCAO/R
and explore the potential pharmacological mechanisms and
molecular basis that underlie the drug’s effects.

Our findings indicate that fingolimod treatment effec-
tively mitigates brain edema, promotes recovery of neu-
robehavioral function, and provides neuroprotection fol-
lowing cerebral ischemia or reperfusion. Moreover, we
observed a dose-dependent reduction in cerebral infarc-
tion volume following fingolimod treatment. Collectively,
these results demonstrate that fingolimod possesses neuro-
protective properties in a rat model characterized by tran-
sient focal cerebral ischemia.

Dysregulated inflammation significantly affects cere-
brovascular diseases, particularly ischemic stroke [18]. In-
flammatory mediators, including cytokines IL-13, TNF-q,
and IL-6, are elevated within a mouse model that simu-
lates ischemic stroke, along with lymphocyte infiltration
[19]. Interleukins are lymphokines involved in immune re-
sponses and have a significant impact on leukocyte and im-
mune cell interactions [20]. IL-13, for instance, promotes
leukocyte migration to the lesion area, triggers inflamma-
tion, exacerbates blood-brain barrier dysfunction, and pro-

motes apoptosis of damaged cells after ischemic stroke
[21]. IL-6, produced by neurons, microglia, astrocytes, and
endothelial cells in response to cerebral ischemic injury, is
a poor prognostic factor for ischemic stroke [22]. TNF-
«, which has a significant impact on the regulation of the
inflammatory response, contributes to vasodilation, edema
formation, adhesion of leukocytes and epithelium, oxida-
tive stress, as well as inflammation [23]. A previous study
reported that the levels of several inflammatory factors, in-
cluding IL-17, IL-6, and TNF-a, were elevated in rats with
MCAO [24]. In our study, we observed that fingolimod ad-
ministration reduced the levels of several inflammatory fac-
tors, including IL-14, IL-6, and TNF-q, thereby suppress-
ing excessive inflammatory responses caused by ischemia
or reperfusion in brain injury.

Another important protein involved in early inflam-
matory responses is HMGB1. Research has shown that
during cell injury, HMGBI, a highly conserved multifunc-
tional protein, is moved from the nucleus to the cytoplasm
and then actively secreted by immune cells like monocytes
and macrophages, or released from necrotic cells [25,26]. It
plays a crucial role in stimulating the production of TNF-«
and IL-6, two key pro-inflammatory cytokines [26]. Inter-
estingly, previous research has demonstrated a significant
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increase in circulating HMGBI levels in individuals with
ischemic stroke within a few hours of symptom appearance
[27]. Moreover, studies have confirmed that HMGBI, se-
creted into the extracellular environment by macrophages
or monocytes, can activate astrocytes and microglia, lead-
ing to the release of other cytokines [28,29]. This pro-
cess ultimately exacerbates ischemic brain injury in a rat
model of cerebral ischemia. Downregulation of HMGBI,
achieved using short hairpin RNA (shRNA), has been ex-
perimentally shown to suppress microglial activation, ex-
ert neuroprotective and anti-inflammatory effects, and re-
duce infarct volume in focal cerebral ischemia rat models
[30]. Our study indicated that fingolimod treatment de-
creased HMGBI protein levels in the hippocampus of rats
with MCAO/R. Additionally, fingolimod treatment inhib-
ited the translocation of HMGBI1 from the cell nucleus to
cytoplasm to induced by cerebral ischemic injury.

Toll-like receptor 4 (TLR4), a downstream receptor
of HMGBI, has a significant effect on inflammatory re-
sponses [31]. HMGBI triggers inflammatory signals by
binding to its receptor for TLRs or advanced glycation end
products, thereby activating a pro-inflammatory response
[32]. A clinical trial has demonstrated that up-regulation of
TLR4 expression is closely related to elevated serum lev-
els of several inflammatory cytokines such as IL-13, IL-6,
TNF-a, and vascular cell adhesion molecule 1 (VCAMI)
[33]. TLR4 expression is also independently correlated
with lesion volume and poor prognosis in ischemic stroke
patients [33]. Animal experiments have similarly shown
that reducing the expression of TLR4 can decrease the brain
infarct volume and improve neurological function in behav-
ioral tests of mice subjected to MCAO [34,35]. AV411, also
known as Ibudilast, is a TLR4 antagonist that exerts neuro-
protective effects by inactivating microglia and inhibiting
the secretion of inflammatory factors in animal models of
acute cerebral ischemia [36,37]. Our findings are consistent
with those of previous studies. Fingolimod treatment effec-
tively reduced TLR4 expression in the hippocampus of rats
with cerebral ischemia.

Nuclear factor kappa-B (NF-xB), a crucial down-
stream molecule of TLR4, is considered a vital transcrip-
tion factor that participates in regulating various genes in
the process of inflammatory response [38]. NF-xB is a het-
erodimer consisting of p50 and p65 subunits, and the nu-
clear translocation of NF-xBp65 from the cytosol to the
nucleus indicates NF-xB pathway activation [39]. In its
resting state, the NF-xB dimer binds to its inhibitor in-
hibitory kappa B (I-xB), existing in a deactivated form in
the cytoplasm [40]. Upon receiving a stimulatory signal,
such as lipopolysaccharide (LPS), the I-xB inhibitory pro-
tein undergoes phosphorylation at serine residues 32 and
36 by I-xB kinases (IKKs), leading to its ubiquitination
and proteasomal degradation [41]. Activation of NF-xB
promotes the secretion of several inflammatory cytokines
TNF-q, IL-13, IL-6, and interferon-v, growth factors, im-
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munoreceptors, and enzymes involved in oxidative stress,
thereby exacerbating cerebral ischemia or reperfusion in-
jury [42,43]. These findings suggest that suppressing the
activation of NF-xB may be an effective therapeutic strat-
egy against cerebral ischemia/reperfusion injury. In this
research, we discovered that administering fingolimod re-
sulted in a markedly decreased expression of the NF-xBp65
protein within the hippocampus of rats experiencing cere-
bral ischemia compared to the untreated group. Addition-
ally, treatment with fingolimod can inhibit the transloca-
tion of NF-kBp65 into the nucleus caused by cerebral is-
chemic/reperfusion injury.

5. Conclusions

Our study provides evidence of the neuroprotective
capabilities of fingolimod in ischemic stroke and sheds
light on the underlying pharmacological mechanism of in-
flammation following ischemic stroke. We demonstrated
that fingolimod treatment effectively reduced the volume
of brain tissue infarction, alleviated brain edema, and pro-
moted a dose-dependent recovery of neurological func-
tion in rats that underwent MCAO/R. Additionally, we ob-
served that fingolimod exerted its anti-inflammatory effects
by suppressing the HMGB1/TLR4/NF-xB pathway in the
context of ischemia/reperfusion injury. Notably, a higher
dose of fingolimod (2.0 mg/kg) yielded more favorable out-
comes than the lower (0.5 mg/kg) and intermediate (1.0
mg/kg) doses in our study. These findings highlight the po-
tential therapeutic value of fingolimod for the management
of ischemic stroke-induced inflammation.
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