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Purpose: Intracerebral hemorrhage (ICH) is a life-threatening subtype of stroke, and neuroinflammation is a key factor in brain injury
after ICH. Spermidine (SPD), a natural polyamine existing in all eukaryotic cells, has exerted beneficial effects such as anti-
inflammation and anti-oxidation in many disease models. However, its effects and mechanisms in ICH remain unclear. This study
aims to investigate the therapeutic potential of SPD in the ICH model.

Methods and Materials: In the in vivo experiments, C57BL/6 mice were randomly divided into three groups (Sham group, ICH +
vehicle group, and ICH + SPD group). ICH was induced by collagenase VII and SPD (15 mg/kg) was administered intraperitoneally at
6, 30, and 54 hours post-ICH. Then the mice were euthanized on the third day for further experiments: Western blot, immunofluor-
escence staining, immunohistochemical staining, Evans blue extravasation, TUNEL staining, brain water content measurement and
behavioral tests. In in vitro experiments, BV2 cells were stimulated with hemin for 24 hours to mimic ICH. Western blot and ELISA
were used to assess inflammatory response of microglia.

Results: The results of animal experiments showed that SPD dramatically reduced hematoma volume, area of brain injury, brain cell
death, and significantly improved neurological deficits compared with the ICH + vehicle group. Furthermore, SPD suppressed the
activated microglia/macrophages, infiltrated neutrophils and the expression of inflammatory cytokines (IL-1B, IL-6, and TNF-a),
alleviated blood-brain barrier (BBB) damage, and reduced brain water content in vivo. In cell experiments, the results indicated that
SPD (8 uM/L) suppressed the expression of CD32 and iNOS and the release of inflammatory factors (IL-1p, IL-6, and TNF-a).
Conclusion: These findings indicate the neuroprotective role of SPD in the ICH model in mice, which is likely to be associated with
inhibition of neuroinflammation and protection of the BBB.
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Introduction
Intracerebral hemorrhage (ICH) is a fatal cerebrovascular disease, accounting for 10-15% of all strokes. Each year,
approximately 2 million people worldwide suffer from ICH."* Roughly 40% of them die within the first month, and the
survivors often have neurological dysfunctions of varying degrees.'” Additionally, ICH often occurs in elderly popula-
tions with hypertension.” With the development of aging, many elderly individuals suffer from hypertension and use
anticoagulants for a long time, leading to an increase in the number of hospitalizations for ICH.*?

The adverse prognosis of ICH is the consequence of the joint action of primary and secondary brain injuries.® The
mechanical effect caused by the hematoma after ICH leads to primary brain injury. Subsequently, blood components
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including erythrocyte fragments and degradation products accumulate in the brain tissues, immediately activating
resident microglia. Together with the infiltrating leucocytes, they release pro-inflammatory cytokines and toxic
molecules.”® This disrupts the integrity and increases the permeability of blood-brain barrier (BBB), aggravating the
development of perihematomal edema (PHE).”'® Research indicates that PHE enhances the mass effect caused by the
initial hematoma, causing direct damage to brain tissue.'' Meanwhile, BBB disruption also promotes inflammation by
facilitating infiltration of leucocytes, further exacerbating brain edema and brain tissue injury after [CH."? The secondary
brain injuries following ICH last for several days or even weeks."> Minimally invasive surgery is currently used to
alleviate mechanical damage caused by hematoma accumulation in the early stages of ICH, but there is still a lack of
effective drugs to ameliorate secondary brain injury.”'*

Spermidine (SPD) is a natural polyamine existing in all eukaryotic cells, which regulates various cellular processes
such as growth, proliferation, differentiation, and aging.'>'” Clinical trials have indicated that oral SPD supplements are
safe and well tolerated.'"® In mouse models of neurological diseases, SPD exerts broad neuroprotective effects by
exhibiting anti-inflammatory and anti-oxidative properties.'® ' In the BV2 microglial cell model stimulated by lipopo-
lysaccharide (LPS), SPD pretreatment suppressed the activation of microglia and the production of pro-inflammatory and
neurotoxic molecules.”” However, it remains uncertain that how SPD regulates inflammatory response and whether it
exerts neuroprotective effects following ICH. This study explored the therapeutic effects of SPD in a mouse model of
ICH, with the aim of providing a potential treatment strategy for mitigating the secondary brain injury after ICH.

Materials and Methods

Animal Experiments

Animals

C57BL/6 mice, aged 8—10 weeks, weighing 20-25 grams, were purchased from Beijing Vital River Experimental Animal
Centre. These mice were housed in an SPF-level animal experimental center and maintained in suitable conditions of
room temperature 25 °C, relative humidity 55%, and a 12-hour light-dark cycle, with sufficient oxygen, food and water.
All animal experiment procedures in this study were approved by the Ethics Committee of the Second Affiliated Hospital
of Zhengzhou University.

ICH Models and SPD Administration

As previously mentioned, the ICH surgical model was created by injecting collagenase VII (Sigma, St Louis, MO, USA)
into the right striatum of mice.? First, we anesthetized mice with isoflurane-oxygen mixture, and then incised their scalp.
Subsequently, the mice were fixed onto a brain stereotaxic apparatus (RWD, Shenzhen, China), and a small hole was
drilled in the skull at the designated coordinates (0.8 mm in front of the bregma, 2.0 mm lateral to the midline). Next,
0.075 U collagenase VII dissolved in 0.75 pL saline was vertically and slowly injected into the drilling position at a rate
of 0.1 pL/min. The needle was kept in place for 10 minutes before removal to prevent backflow. Finally, the drill hole
was sealed with bone wax, and the scalp incision was sutured. Mice in the sham group were injected with an equal
volume of saline. Sterile practices were meticulously maintained throughout the surgery.

The mice were randomly divided into 3 groups: Sham group, ICH + vehicle group and ICH + SPD group. SPD
(S0266) was purchased from Sigma-Aldrich (St. Louis, Missouri, USA). SPD was dissolved in saline and administrated
intraperitoneally to the mice with a dose of 15 mg/kg at 6 hours, 30 hours, and 54 hours after the induction of ICH.?**3
The mice in the vehicle group were injected with the corresponding volume of saline based on their body weight at the
same time. The dosing intervals was designed to intervene early in inflammatory cascades (6 hours) and maintain
therapeutic efficacy through the peak of neuroinflammation (72 hours), as demonstrated in prior ICH study.?® This
regimen is also supported by studies of SPD treatment in murine traumatic brain injury (TBI) models.*’

Brain Tissue Preparation

Typically, activated microglia/macrophages and infiltrated neutrophil peak at 3 days after ICH,?® and the most severe
BBB disruption also occurs on the third day after ICH.?” Therefore, brain specimens were collected 72 hours after ICH
induction. After anesthetizing mice, the perihematomal brain tissues were harvested for subsequent Western blot
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experiments. After perfusing the heart with saline solution and 4% paraformaldehyde, the mouse brains were immedi-
ately removed and fixed in tissue fixative solution for 3—5 days. For staining experiment, fixed brains were serially sliced
into 5 um paraffin sections through the needle entry site.

Hematoma Volume Measurement

The hematoma volume on the third day after ICH was measured according to the method previously reported by our
group, with slight modifications.”® The brain was cut into 1 mm-thick coronal slices and photographed. The following
formula is used to calculate the total volume of the hematoma: Hematoma volume (mm?®) = the sum of the areas of each
section (mm?) x thickness (mm).*’

Behavioral Tests

Modified Neurological Severity Scores (mNSS)

As previously reported, the mNSS was used to assess functional impairment.*® In this experiment, two researchers who
were blinded to the experimental conditions, scored the mice on their motor, sensory, balance, and reflex tests according
to the scoring criteria 24 hours and 72 hours after ICH induction. The scoring range was 0—18, with higher scores
indicating more severe neurological deficits.

Corner Turn Test

The mouse’s preference for turning after entering a corner can reflect the sensory and motor impairments caused by
unilateral striatum damage. During the experiment, two thick glass plates were placed vertically on the table surface and
formed an angle of 30 degrees, with the open end located at the edge of the table When mice tested entered the deep part
of the corner, both sides of their whiskers were stimulated, so they turn left or right. Recording the number of times when
they turn right. Corner test score = [(R / (R + L)] x 100%.*"

Western Blot Analysis

Briefly, RIPA lysis buffer (Solarbio, China) was added based on brain tissue’s weight, followed by homogenization and
centrifugation. Then, the protein concentration of the supernatant was determined using the BCA protein assay kit
(Beyotime, China). Equal amounts of proteins were electrophoresed and transferred onto a polyvinylidene fluoride
(PVDF) membrane (Merck KGaA, Darmstadt, Germany). Subsequently, the membrane was blocked to prevent non-
specific binding and then incubated with the primary antibody overnight at 4°C. Primary antibodies against Iba-1
(1:1000), myeloperoxidase (MPO) (1:1000), tumor necrosis factor-o (TNF-a)) (1:1000), interleukin-6 (IL-6) (1:1000),
CD32 (1:1000), matrix metalloproteinases-9 (MMP-9) (1:1000) and occludin (1:1000) were purchased from Abcam
(Cambridge, MA, UK). Primary antibodies against inducible nitric oxide synthase (iNOS) (1:1000), nuclear factor-«xB
(NF-xB)-P65 (1:1000) and phospho-NF-kB-P65 (1:1000) were purchased from Cell Signaling Technology (USA).
Primary antibody against interleukin-1p (IL-1B) (1:1000) was purchased from R&D systems (USA). Primary antibody
against GAPDH (1:5000) was purchased from HUABIO (Hangzhou, China). Primary antibody against zonula occludens-
1 (ZO-1) (1:5000) and Albumin (1:1000) was purchased from Proteintech (Wuhan, China). On the second day, the
membrane was incubated with the corresponding horseradish peroxidase (HRP)-conjugated secondary antibody (anti-
rabbit or anti-mouse) at room temperature for 1 hour. The secondary antibody was purchased from Servicebio (Wuhan,
China). Finally, the protein bands were visualized by adding the enhanced chemiluminescence (ECL, Beyotime Institute
of Biotechnology) and using the BIO-RAD ChemiDoc™ MP imaging system (original full-length Western blot images
are provided in supplementary materials).*>

Immunofluorescence Staining

Paraffin sections were routinely deparaffinized with xylene and rehydrated with ethanol. Antigen retrieval was then performed
by incubating the sections in a 10 mm sodium citrate solution at 100°C for 3 minutes and 40°C for another 15 minutes. After
cooling, the sections were blocked in 5% bovine serum albumin for 30 minutes at room temperature. The brain sections were
incubated with the primary antibody at 4°C overnight. The primary antibodies included rabbit anti-Ibal (1:200, Abcam,
Cambridge, MA, USA), rabbit anti-ZO-1 (1:100, Abcam, Cambridge, MA, USA), Goat anti-platelet endothelial cell adhesion
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molecule-1 (CD31) (1:100, R&D systems, USA) and mouse anti-Neuron (NeulN) (1:1000, Abcam, Cambridge, MA, USA).
On the second day, after rinsing with PBS (pH = 7.4) thrice, the samples were incubated at room temperature in the dark for
1 hour with the secondary antibody (1:200, Alexa Fluor 594 and Alexa Fluor 488) purchased from Abbkine (California, USA).
After all the sections were mounted, images were captured using a fluorescence microscope (Olympus Co., Tokyo, Japan)
under uniform shooting conditions and the number of positive cells was counted by Image J.*

Immunohistochemical Staining

After dewaxing and rehydration, brain sections were sequentially incubated with 3% hydrogen peroxide for 15 minutes to
remove endogenous peroxidase. Then, citrate buffer was used for antigen retrieval and 5% goat serum was used for
blocking. The sections were incubated with primary antibodies against MPO (1:800, Abcam, Cambridge, MA, USA) at
4°C overnight. The following day, they were incubated with HRP-combined secondary anti-rabbit immunoglobulin
G (IgG) antibody (1:800, Servicebio, Wuhan, China) for 1 hour at room temperature. The sections were stained with
diaminobenzidine and hematoxylin. After dehydration, sections were sealed, and observed under a microscope.

Brain Water Content Measurement

The brain water content was assessed by the wet/dry method. On the third day after ICH, mice were euthanized and the
brains were directly removed after decapitation. The olfactory bulbs and lower brain stems were removed, and the
remaining cerebellum, contralateral hemisphere and ipsilateral hemisphere were weighed separately, which was defined
as the wet weight. Subsequently, they were placed in an oven at 100°C for 24 hours to obtain the dry weight. The formula
for calculating brain water content (%) was: (wet weight - dry weight) / wet weight x 100%.

BBB Permeability Assay

The relative amount of Evans Blue (EB) dye in brain tissue reflects changes in the permeability of the BBB.?*~* On the
third day following ICH, mice were fixed on a tail vein injection device and injected with 2% EB dye (4 mL/kg). Three
hours later, heart perfusion with 0.9% saline was performed on the mice. Subsequently, the brain tissues were extracted
and divided into left and right hemispheres. Each hemisphere was homogenized in formamide at a ratio of 1:10 and
placed in a 60°C water bath for 24 hours, and then centrifuged at 1000 rpm for 10 minutes to collect the supernatants.
Finally, measured the absorbance of the supernatants at a wavelength of 610 nm and calculated the EB concentration. The
experimental results were presented as the ratio of the EB content in the ipsilateral to the contralateral brain.

Hematoxylin and Eosin (HE) Staining

HE staining was used to demonstrate the edema and necrosis of cells in the tissues surrounding the hematoma after ICH.
Paraffin sections were processed following the protocol recommended in the instructions, and the modified HE staining
kit used was purchased from Solarbio (Beijing, China).

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

To quantitatively analyze the degree of brain cell death (including necrosis and cell apoptosis), TUNEL was conducted
according to the manufacturer’s instructions of the TUNEL FITC Apoptosis Detection Kit (Vazyme, Nanjing, China). To
further determine neuronal death, we performed immunofluorescence co-staining of NeuN (the neuronal marker) and
TUNEL. Once the slides were sealed, the sections were observed and imaged using a fluorescence microscope (Olympus
Co., Tokyo, Japan). Positive cells were counted with Image J.

Cell Experiments

Culture and Treatment of BV2 Cells

BV2 cells are immortalized mouse microglia line. Both the cells and the dedicated culture medium were purchased from
Procell (Wuhan, China). The cells were incubated in a humidified incubator at 37°C with 5% CO, and the culture
medium was refreshed every 2 days. Hemin (HY-19424, MedChemExpress) was dissolved in 0.1M NaOH and SPD was
dissolved in saline. Hemoglobin is a major component of blood and is released from lysed erythrocytes after ICH and the
hemin-treated cell model is a classical model for simulating brain cell damage after ICH.*> So, the in vitro ICH model
was established by exposing BV2 cells to hemin solution.
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Cell Grouping and Pharmacological Intervention

In this experiment, three groups were used: sham group, hemin group and SPD group. Control group: BV2 cells were
normally cultured and no additional treatment required. Hemin group: The corresponding concentration of hemin was
added to the culture medium of BV2 cells, and the treatment time was 24 hours. SPD group: Before the addition of
hemin, the cells were pretreated with the prescribed concentration of SPD for 1 hour.

Cell Viability Assay

CCK-8 kit was purchased from Glpbio (GK10001, USA). As described previously, BV2 cells were seeded in 96-well
plates at a density of 5000 cells per well. After the cells adhered, they were exposed to various concentrations of hemin
(0, 40, 80, 100, 150, 200, 300, 400 pM/L) or SPD (0, 2, 4, 6, 8, 10, 20, 30 pM/L).***7 After 24 hours, 10 pL of CCK-8
solution was added to each well and incubated at 37°C for 2 hours. The absorbance was measured at 450 nm. Cell
viability (%) = [(Experimental Wells - Blank Wells) / (Control Wells - Blank Wells)] x 100%.

Western Blot Analysis

After cell collection, lysis buffer was added at an appropriate ratio. The mixture was left on ice for 30 minutes before
undergo sonication for complete lysis. Subsequently, the samples were centrifuged to obtain the supernatant. The detailed
procedures for measuring protein concentration and performing Western blot can refer to the “Animal Experiments” section.

Enzyme-Linked Immunosorbent Assay (ELISA)

After 24 hours treatment with hemin, the cell culture medium was collected and centrifuged. Subsequently, the super-
natant was collected and processed according to the manufacturer’s instructions of detection kits for TNF-a (Clone
Cloud, Wuhan, China), IL-6 (Multi Science, Hangzhou, China) and IL-1f (Invitrogen, Carlsbad, CA, USA). Finally, the
absorbance value of each sample at 450 nm was measured using a microplate reader to calculate the concentration of the
substances to be tested in the samples. There were 3 samples in each group, and each sample was tested 3 times.

Statistical Analysis

All results were shown as mean = SD and the statistical analysis was performed by using GraphPad Prism 8.0.1.
Differences among multiple groups are analyzed with one-way ANOVA or two-way ANOVA followed by Tukey’s
multiple comparisons test. p < 0.05 was defined as statistically significant.

Results
SPD Shrinks the Volume of Hematoma and the Area of Brain Injury

To assess the direct effect of SPD on brain injury, we calculated hematoma volume at 72 hours post-ICH. The results indicate
that, compared with the ICH + vehicle group, the SPD treatment led to a significant reduction in the hematoma volume
(Figure 1A and B). The HE staining showed that there was only a small amount of blood and slight edema around the striatum
in the sham group mice. In the ICH+ vehicle group, a large number of red blood cells were present and the brain tissue around
the hematoma was loose. However, after SPD treatment, these symptoms were significantly improved (Figure 1C and D). The
quantitative results further indicated that SPD could effectively reduce the area of brain injury after ICH.

SPD Decreases the Number of Activated Microglia/Macrophages and the Infiltration of
Neutrophils

We performed immunofluorescence staining of Iba-1 (a representative molecule of microglia) and immunohistochemical
staining of MPO (a representative molecule of neutrophils) on paraffin sections. The results indicated that on the 72 hours
after ICH, compared with the sham group, the number of activated microglia/macrophages and infiltrating neutrophils in
the ICH + vehicle group significantly increased; compared with the ICH + vehicle group, treatment with SPD led to
a decrease in the number of these two types of immune cells (Figure 2A—C). The Western blot experimental results
showed the same trend (Figure 2D-F) (Figure S1). This suggests that SPD inhibits microglia/macrophage activation and
neutrophil infiltration after ICH.
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Figure | SPD reduces the volume of hematoma and the area of brain injury at 72 hours after ICH in mice. (A) Representative images of brain slices at 72 hours after ICH.
Scale bar =2.5 mm. (B) The quantification results of hematoma volume, n = 6 per group. (C) Representative images of HE staining. Scale bar = 20 um. (D) Quantification of
the area of brain injury, n = 3 per group. **p < 0.001 vs sham. #p < 0.05, ###p < 0.001 vs ICH + vehicle. Numerical data are shown as the mean * SD. The difference
between groups was analyzed using One-way ANOVA test.

SPD Reduces the Production Pro-Inflammatory Cytokines Following ICH

NF-kB is a nuclear transcription factor that plays a crucial role in neuroinflammation following ICH, and is
capable of regulating inflammatory responses and the expression of inflammatory factors.*® The Western blot
results indicated that the expression of p-NF-kB was significantly elevated in the perihematomal region after ICH,
while SPD suppressed its expression (Figure 3A and B) (Figure S2). TNF-qa, IL-1B and IL-6 are inflammatory
cytokines present in the brain tissue surrounding the hematoma. The Western blot results demonstrated that
compared with the sham group, the production of the three cytokines in the tissue adjacent to the hematoma
was markedly increased, while SPD treatment decreased their production (Figure 3C-H) (Figure S2).

SPD Inhibits the Inflammatory Response of Microglia Stimulated by Hemin

To further investigate the mechanism by which SPD inhibits the activation of microglia, we established an in vitro
ICH model. Firstly, the CCK-8 results revealed that the viability of BV2 cells decreased by approximately 50%>°
when the hemin concentration was 150 uM/L. Hence, 150 uM/L was selected as the test concentration (Figure 4A).
To determine the potential harmful effect of SPD on BV2 cells, SPD concentration gradient ranging from 0 to
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30 uM/L was set for the CCK-8 assay. The results showed that 0, 2, 4, 6 and 8 uM/L SPD had no obvious effect on
cell viability (p > 0.05), and SPD supplementation above 10 pM/L significantly decreased cell viability (p < 0.05)
(Figure 4B). So, we chose 8 uM/L as an appropriate dose of SPD for the subsequent experiments. The Western blot
results showed that the increased expression of iINOS and CD32 (the markers of pro-inflammatory microglia)
induced by hemin was reversed by SPD treatment (Figure 4C-E) (Figure S3). Subsequently, the levels of
inflammatory factors were detected by ELISA. The data indicated that hemin led to an increase in the levels of
IL-1B, IL-6, and TNF-a secreted by BV2 cells. Compared with the hemin group, SPD decreased the secretion of
inflammatory factors (Figure 4F—H). These results indicated that pretreatment with 8uM/L SPD appears to be

effective in resisting hemin-induced inflammatory response of microglia.

SPD Reduces MMP-9 Levels and Protects the Integrity of the BBB

The brain capillary endothelial cells and tight junction proteins (TJPs) serve as crucial indicators for maintaining the
integrity of the BBB.>> MMP-9 participates in the disruption of the BBB after ICH.*® Western blot results revealed that,
in contrast to the sham group, the expression levels of TJPs (ZO-1 and Occludin) were downregulated and that of MMP-
9 was significantly upregulated after ICH injury; compared with the ICH + vehicle group, SPD significantly decreased
the expression of MMP-9 after ICH injury and increased the expression levels of TJPs (Figure SA-F) (Figure S4).
Additionally, the immunofluorescence co-localization results of ZO-1 and CD31 (an endothelial cell marker) in the area
surrounding the hematoma verified that ICH could lead to the degradation of ZO-1 and CD31, while the co-staining
results after SPD treatment displayed a significantly higher immunofluorescence intensity (Figure 5G). This is in
accordance with the results of Western blot. We discovered that SPD reduces the expression of MMP-9 and safeguards
the integrity of the BBB after ICH.

SPD Reduces Brain Edema and BBB Permeability Following ICH

Brain edema is determined by the brain water content. Compared with the sham group, the brain water content in the
ipsilateral and contralateral hemispheres of the ICH + vehicle group increased significantly, while no significant
difference was observed in the cerebellum (as an internal control). Compared with the ICH + vehicle group, SPD
significantly decreased the brain water content in both hemispheres (Figure 6A). Evans blue extravasation and the
albumin level in brain tissue are used to evaluate the permeability of the BBB. Our results indicated that, SPD
treatment significantly attenuated blood-brain barrier permeability after ICH, as evidenced by both reduced albumin
levels (Figure 6B and C) (Figure S5) and diminished EB extravasation (Figure 6D and E), compared to the ICH +
vehicle group.

SPD Treatment Ameliorates Cell Death and Neurological Deficits

To further investigate SPD’s neuroprotective effects post-ICH, brain tissue sections collected at 72 hours were
subjected to TUNEL staining. Dual labeling of TUNEL and NeuN was used to assess neuronal death and overall
cell death in perihematomal regions. The results indicated that compared with the sham group, the number of dead
cells in the area surrounding the hematoma increased in the ICH + vehicle group. However, at the effective
therapeutic dose, SPD could reduce the loss of brain cells and neurons (Figure 7A—-C). To evaluate SPD’s
therapeutic effects, neurological deficits were assessed using the mNSS and the Corner Turn Test. At 24 hours post-
ICH, both the ICH + vehicle and ICH + SPD groups exhibited significantly higher mNSS scores and right-turn rates
compared to the sham group, but no differences were observed between the two ICH groups (ICH + vehicle vs ICH
+ SPD). By 72 hours, however, three-day SPD treatment markedly reduced mNSS scores and right-turn rates in the
ICH + SPD group compared to the ICH + vehicle group (Figure 7D and E), indicating delayed but robust
neuroprotection. The lack of early improvement (24 hours) may reflect the time required for SPD to modulate

neuroinflammatory response and BBB repair.
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Discussion

In the process of secondary brain injury following ICH, factors such as inflammation, oxidative stress, and BBB
disruption interact, ultimately resulting in irreversible tissue damage and cell death.*' In this study, we found that SPD
treatment significantly reduced the hematoma volume, suppressed the death of brain cells, improved secondary brain
injury, and ameliorated neurological deficits in the collagenase-induced ICH mouse model, and these beneficial effects
might be associated with the inhibition of neuroinflammation and BBB damage.

The rapid and potent neuroinflammatory response after ICH is a crucial part in secondary brain injury.**** Activated
microglia/macrophages and infiltrated leukocytes release pro-inflammatory cytokines, including IL-1f, IL-6 and TNF-a, as
well as chemokines and proteases such as MMP-9.***> These inflammatory factors further activate the NF-kB signaling
pathway in microglia, resulting in perforation of microglia and an accelerated release of intracellular inflammatory factors.>®
In summary, inflammatory cells and inflammatory molecules interact to mediate neuroinflammation-induced brain damage.

SPD is found highest in the human brain among the endogenous polyamines and involved in sustaining cellular and
neuronal homeostasis.*® An increasing number of experimental results have indicated the anti-inflammatory potential of SPD
in the treatment of brain diseases. For example, in mouse models of Alzheimer’s disease and experimental autoimmune

encephalomyelitis, supplementation with SPD could combat neuroinflammation and exert neuroprotective functions.'”*’

Besides, in BV2 and macrophages, SPD regulates the NF-kB signaling pathway to inhibit inflammatory responses.**°

Results from our animal experiments indicated that SPD suppressed the activation of microglia/macrophages, the
infiltration of neutrophils, the phosphorylation of NF-kB and the release of pro-inflammatory cytokines (IL-1B, IL-6 and
TNF-a), collectively demonstrating its anti-inflammatory effect. It is well-known that microglia/macrophages differentiate
into two dynamically changing phenotypes after ICH: pro-inflammatory M1 phenotype and anti-inflammatory M2
phenotype.>'* To further explore the impact of SPD on the inflammatory response of microglia, we established an in vitro
ICH model using BV2 cells. The results demonstrated that SPD inhibited the hemin-induced polarization of BV2 microglia
toward M1 phenotype (iNOS, CD32) and reduced the release of pro-inflammatory cytokines (IL-1pB, IL-6 and TNF-a).
Together with in vivo data, these findings demonstrate SPD’s anti-inflammatory efficacy in ICH.

In our animal experiments, SPD suppressed NF-kB phosphorylation, which aligns with its role in mitigating neuroinflamma-
tion. Mechanistically, SPD may reduce the tendency of the NF-kB complex to undergo nuclear translocation,™ thereby reducing
transcription of pro-inflammatory cytokines (IL-1f, IL-6, TNF-0) and MMP-9.>*> Furthermore, SPD shifts microglial
polarization away from the pro-inflammatory M1 phenotype, which may be related to the inhibition of NF-kB and STAT1
signaling by SPD.>® These multi-target actions further highlight SPD’s potential as an anti-inflammatory agent for ICH.

The BBB is a barrier between the brain tissue and the blood vessels, composed of endothelial cells, TJPs, astrocytes,
pericytes, and the basement membrane.”’* MMPs degrade the perivascular basement membrane, disrupt tight junction
proteins, and degrade extracellular matrix and convert inflammatory mediators into their active forms after ICH, and the
level of MMP-9 is confirmed to be associated with BBB damage in ICH patients.>*® In this experiment, SPD increased
the expression of ZO-1, Occludin, and CD31 in the perihematomal area, decreased the expression of MMP-9, improved
brain edema and reduced the exudation of EB dye and albumin. The positive impact of SPD on the integrity of the BBB
can be explained by two mechanisms: 1. suppressing activated microglia/macrophages and infiltrated neutrophils, thereby
inhibiting the attack of inflammatory factors on the components of the BBB;®' 2. inhibiting the direct degradation of the
basement membrane and tight junction proteins by MMP-9, thereby protecting the BBB itself.

While SPD has been studied in neurodegenerative diseases (eg, Alzheimer’s and Parkinson’s disease) for its anti-

inflammatory and neuroprotective roles,’>®*

its therapeutic potential in ICH remains underexplored. Our study is the first to
comprehensively assess SPD’s effects on secondary brain injury post-ICH using both in vivo and in vitro models, filling
a critical gap in this field. Moreover, beyond confirming SPD’s anti-inflammatory effects (eg, reduced microglial activation,
decreased IL-1B/IL-6/TNF-a levels), we uniquely demonstrate its ability to protect BBB integrity by upregulating tight
junction proteins (ZO-1, Occludin) and suppressing MMP-9 expression. We revealed the dual protective mechanisms of
SPD: anti-inflammation and BBB protection. Last but not least, as a naturally occurring polyamine with oral safety,®* SPD

offers a promising therapeutic avenue for ICH, particularly given the lack of effective treatments for secondary injury.
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Our experiment still has several limitations. Firstly, we only observed the therapeutic efficacy of SPD in the 3-day
ICH model. Additional studies are requisite to determine the long-term therapeutic effects of SPD. Secondly, we need to
elucidate the molecular mechanisms underlying the anti-inflammatory effect of SPD in ICH. Thirdly, our study was
limited to male and adult mice, and future research should explore the effects of SPD in female and aged mice to provide
a more comprehensive understanding.

Conclusion

In conclusion, this study demonstrated that in ICH, continuous administration of SPD for three days significantly
alleviated the secondary brain injury after ICH by suppressing neuroinflammation and protecting BBB integrity.
Consequently, SPD holds significant potential as a treatment for ICH.
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