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KEY WORDS Abstract Cerebral ischemia—reperfusion (I/R) injury is exacerbated by the infiltration of splenic
monocytes/macrophages (Mo/M¢) via the spleen—brain axis, where splenic-derived Mo/M¢ migrate
to cerebral lesions through C—C chemokine ligand 2/receptor 2 (CCL2/CCR2) chemotaxis, thereby
amplifying oxidative stress and the neuroinflammatory cascade. Building on this endogenous pathway,
we devised a delivery strategy that utilizes splenic Mo/M¢ as “living vehicles” for targeted drug delivery.
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Splenic monocytes/ these nanoparticle-laden cells migrate to the ischemic brain via the CCR2/CCL2 axis to remodel the

macrophages; immunomodulatory microenvironment. This targeted system orchestrates dual therapeutic mechanisms
Oxidative stress; within the lesion: mitochondria-directed reactive oxygen species (ROS) scavenging mitigates oxidative
Macrophage polarization stress and peroxisome proliferator-activated receptor gamma (PPARY) activation reprograms macrophage

polarization, suppressing pro-inflammatory M1 differentiation and curtailing tumor necrosis factor-alpha
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(TNF-«) and interleukin-1beta (IL-13) secretion. The attenuated cytokine release suppresses neuronal in-
flammatory cascades, thereby reducing apoptosis. In vivo, Mag-PEGsy showed superior efficacy to free
magnolol, effectively reducing infarct volume and improving long-term neurological outcomes. Sup-
ported by favorable biosafety, this work proposes spleen-targeted nanotherapy as an innovative strategy
for reprogramming peripheral immunity via the spleen—brain axis, highlighting the translational potential
of Mag-PEGsk for addressing neuroinflammation and oxidative damage in ischemic stroke.

© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ischemic stroke represents a global health crisis with high mor-
tality and disability rates, and has been identified as the second
most common contributor to the global burden of disease’. Rapid
restoration of blood flow during the acute phase, achieved through
thrombolysis or endovascular intervention, is critical for rescuing
neurons within the ischemic penumbra®. However, the reperfusion
process itself can trigger cerebral ischemia—reperfusion (I/R)
injury, exacerbating secondary neuronal damage®. This phenom-
enon, known as the “reperfusion paradox”, poses a significant
clinical challenge that limits therapeutic efficacy®. Following
cerebral I/R injury, peripheral monocytes/macrophages (Mo/M¢)
infiltrate the ischemic brain parenchyma®. Within the hostile
microenvironment, these infiltrating cells polarize towards a pro-
inflammatory M1 phenotype, releasing substantial amounts of
inflammatory cytokines, for instance, tumor necrosis factor-alpha
(TNF-w) and interleukin-1beta (IL-18)°. This drives a cascade of
local oxidative stress and neuroinflammation, ultimately leading
to neuronal apoptosis and neurological dysfunction’. This path-
ological cascade suggests that targeted modulation of peripheral
Mo/M¢ and the immune microenvironment they orchestrate may
represent an efficacious therapeutic regimen against cerebral I/R
injury.

The spleen serves as a crucial bridge connecting the central
nervous system and the peripheral immune system following a
stroke, with communication mediated through the spleen—brain
axis®. Cerebral /R injury triggers splenic contraction, releasing
Mo/M¢ from its reservoir’. These splenic-derived Mo/M¢ migrate
to the ischemic penumbra primarily via the C—C chemokine
ligand 2/receptor 2 (CCL2/CCR2) chemotactic axis, constituting a
major source of infiltrating Mo/M¢ within the brain'®. However,
conventional strategies targeting splenic Mo/M¢ exhibit signifi-
cant limitations''. Splenectomy, while eliminating splenic Mo/M¢
and reducing their accumulation in the brain, fails to confer
effective neuroprotection due to its severe disruption of systemic
immune homeostasis'>. Similarly, although depletion of splenic
macrophages using clodronate liposomes offers some benefits for
post-ischemic tissue repair and remodeling, the newly recruited
macrophages following depletion exhibit a propensity towards a
pro-inflammatory phenotype, potentially hindering the recovery
process'>. Consequently, effective treatment of cerebral I/R injury
requires moving beyond simple ablation of splenic Mo/M¢
towards the development of targeted strategies that can precisely
reprogram their polarization phenotype.

Magnolol, the primary bioactive constituent of the traditional
Chinese herb Magnolia officinalis, is an ideal candidate for

treating I/R injury due to its dual neuroprotective mechanisms
involving potent antioxidative and anti-inflammatory effects'®.
Identified as a peroxisome proliferator-activated receptor gamma
(PPARY) agonist, magnolol has been shown to inhibit lipopoly-
saccharide (LPS)-induced M1 polarization of RAW?264.7 macro-
phages in vitro'®. Nevertheless, its modulatory effects on splenic
Mo/M¢ within the cerebral I/R injury microenvironment remain
largely unexplored'®. Moreover, magnolol faces significant phar-
maceutical limitations, including poor aqueous solubility and
limited stability, which result in insufficient accumulation at the
ischemic lesion site when administered intravenously as a free
drug"”. Existing magnolol delivery systems (e.g., polymeric
nanoparticles, lipid nanocapsules) primarily focus on crossing the
blood—brain barrier (BBB) for direct brain deliveryls. Research
leveraging the spleen—brain axis through spleen-targeted nano-
medicine to modulate peripheral Mo/M¢ polarization against
cerebral I/R injury is scarce, thereby overlooking the strategic
potential of this targeted immunomodulatory approach.

Herein, we propose an innovative drug delivery strategy tar-
geting the spleen—brain axis. By optimizing PEGylation, we
engineered magnolol-loaded liposomes (Mag-PEGsy). This sys-
tem achieved highly efficient and specific accumulation of mag-
nolol in the spleen. Following cerebral I/R injury, Mag-PEGsgk
was internalized by splenic Mo/M¢. Subsequently, these drug-
laden Mo/M¢ functioned as “living vehicles”, autonomously
migrating to the ischemic penumbra guided by the CCL2/CCR2
axis. At the lesion site, Mag-PEGsk exerted dual pharmacolog-
ical actions: mitochondria-directed reactive oxygen species (ROS)
scavenging to mitigate oxidative stress, and PPARy activation to
reprogram macrophage polarization, suppressing the M1 polari-
zation of splenic-derived Mo/M¢ within the ischemic microen-
vironment, which led to a reduction in TNF-« and IL-10 secretion.
Consequently, this immunomodulation attenuated hyperactivation
of neuronal inflammatory cascades (including NF-«kB, MAPK, and
PI3K—Akt pathways), diminished neuronal apoptosis, and
significantly promoted both histopathological recovery and
neurological function in mice subjected to cerebral I/R injury
(Fig. 1). Herein, we propose a novel immune cell vehiculization
strategy that integrates spleen-targeted nanotechnology with living
cell-based delivery systems, thereby addressing the inherent
drawbacks of conventional strategies focused solely on BBB
penetration. Our research demonstrates that spleen-targeted
nanotherapy represents an effective approach for modulating
peripheral immunity via the spleen—brain axis. This positions
Mag-PEGsx as a promising translational nanomedicine,
characterized by precise targeting, favorable biocompatibility, and
therapeutic efficacy in treating stroke-related pathologies.
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Schematic illustration of spleen-targeted Mag-PEGsy liposomes treating cerebral ischemia—reperfusion (I/R) injury. Spleen-targeted

Mag-PEGsk liposomes are injected into mice via the tail vein and internalized by splenic monocytes/macrophages (Mo/M¢), which act as living
vehicles and migrate to ischemic brain lesions via the C—C chemokine ligand 2/receptor 2(CCL2/CCR2)chemotactic axis; within the neural
microenvironment, Mag-PEGsk mediates reactive oxygen species (ROS) scavenging and peroxisome proliferator-activated receptor gamma
(PPARY) activation to reprogram splenic Mo/M¢ polarization, suppress the secretion of tumor necrosis factor-alpha (TNF-«) and interleukin-
Ibeta (L-18), and attenuate neuronal inflammatory cascades and oxidative stress.

2. Materials and methods
2.1.  Ethics statement

Male C57BL/6 mice, aged 8—10 weeks, were purchased from the
Medical Experimental Animal Center of Xi’an Jiaotong Univer-
sity (Xi’an, China). All mice were maintained under constant
humidity and temperature in the Medical Experimental Animal
Center of Xi’an Jiaotong University (Xi’an, China) with access to
food and water ad libitum. All procedures involving animals were
performed following protocols approved by the Animal Ethics
Committee of Xi’an Jiaotong University and conformed to the
Guidelines for the Care and Use of Laboratory Animals (Approval
No. XJTUAE2024-1005).

2.2.  Preparation of magnolol liposomes

Magnolol liposomes were prepared via thin-film hydration
coupled with membrane extrusion. Briefly, magnolol (Aladdin
Biochemical Technology, Shanghai, China), Hydrogenated Soy
Phosphatidylcholine (HSPC), cholesterol, and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-poly ethylene glycol) (DSPE-
PEG) derivatives (PEG;k, PEG,k, PEGsk, or PEG;ok) (Ruixi
Biological Technology, Xi’an, China) were dissolved in

chloroform. The organic phase was evaporated under vacuum
using rotary evaporation (40 °C, 10 min) to generate thin lipid
films. Films were rehydrated with phosphate-buffered saline
(PBS) at 60 °C with vortex mixing at 1200 rpm for 3 min (LP
Vortex Mixer, Thermo Fisher Scientific, MA, USA), then extruded
through polycarbonate membranes with a pore size of 200 nm (11
cycles, 70 °C). Final formulations were stored at 4 °C. The molar
ratio used for liposome preparation was HSPC: cholesterol:
DSPE-PEG: magnolol = 2:1:0.19:0.1.

Magnolol, HSPC, cholesterol, and DSPE-PEG
derivatives were separately mixed with 1,1’-dioctadecyl-3,3,3’,3'-
tetramethylindotricarbocyanine iodide (DiR), 3,3'-dioctadecylox-
acarbocyanine perchlorate (DiO), and 1,1’-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine  perchlorate  (DiL)  (Beyotime
Biotechnology, Shanghai, China) in chloroform. The mixtures were
then used to prepare DiR, DiO and DiL labeled Mag-PEG,
Mag-PEG,x, Mag-PEGsx, and Mag-PEG,ox liposomes via
thin-film hydration coupled with membrane extrusion.

2.3. Characterization of magnolol liposomes

The liposomal particle size and zeta potential were measured by
Malvern Zetasizer Nano ZS90 (Malvern Panalytical, Worcester-
shire, UK). The morphology was captured using a FEI Tecnai G2
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F30 microscope (FEI Company, OR, USA). The concentration of
magnolol in the samples was quantified at 293 nm using a high-
performance liquid chromatography (HPLC) system (Classical
3100, Elite, Dalian, China) equipped with a SinoChrom ODS-BP
C18 column (4.6 mm x 250 mm, 5 pm).

24. Cells

Isolation of splenic monocyte/macrophage (Mo/M¢): mouse
spleens were harvested aseptically and placed in ice-cold Dul-
becco’s modified Eagle’s medium (DMEM, Beyotime Biotech-
nology, Shanghai, China). Tissues were homogenized, filtered
through a 70-um nylon mesh, and treated with lysis buffer to
remove erythrocytes. For seeding onto poly-L-lysine-coated 6-well
plates, cells were first resuspended in a complete medium
formulation of DMEM with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin, following three PBS washes. After
72 h of culture, adherent and non-adherent cells were removed,
and adhering splenic Mo/M¢ cells were obtained.

Isolation of brain-invading inflammatory cells: following
intracardiac perfusion with ice-cold PBS, the ipsilateral ischemic
hemisphere was mechanically dissociated in Roswell Park Me-
morial Institute (RPMI)-1640 (Beyotime Biotechnology). Tissue
digestates were incubated with papain, deoxyribonuclease I
(MedChemExpress, Shanghai, China), and dispase (Sigma-
—Aldrich, MO, USA). Inflammatory cells were isolated by
37%—T0% Percoll (Solarbio, Beijing, China) density gradient
centrifugation. Cells were stained with Live/Dead marker, Ly6G,
CD45, CD11b, CDllc, and CD86 (BD Pharmingen, CA, USA).
Flow cytometric analysis was performed to identify
DiO"CD45"CD11b"CD11c™  cells, representing  brain-
infiltrating, nanomaterial-associated Mo/M¢.

The murine macrophage cell line RAW 264.7 (CL-0190, Pro-
cell Life Science, Wuhan, China) and mouse hippocampal neuronal
cell line HT22 (CL-0697, Procell Life Science, Wuhan, China)
were maintained in DMEM-based medium. This medium was
supplemented with 10% FBS and 1% penicillin—streptomycin at
37 °C in a humidified 5% CO, incubator.

2.5.  Cellular uptake

RAW264.7 cells or splenic Mo/M¢ were co-cultured with Mag-
PEGsk in complete medium for 6 h. After washing with PBS,
cells were stained with fluorescein isothiocyanate (FITC) or Mito-
Tracker Green (Beyotime Biotechnology) for 30 min in the dark,
washed, and fixed with 4% paraformaldehyde (PFA). Nuclei were
counterstained  with ~ 4’,6-diamidino-2-phenylindole  (DAPI)
(Beyotime Biotechnology). Co-localization of the materials with
FITC or Mito-Tracker Green was visualized using a Zeiss upright
fluorescence microscope (Carl Zeiss, Jena, Germany).

2.6.  Intracellular ROS scavenging ability

To evaluate ROS clearance, RAW 264.7 cells or splenic Mo/M¢
were pretreated with magnolol and Mag-PEGsk for 6 h, then
exposed to 200 pmol/L hydrogen peroxide (H,0,) for 24 h. Cells
were then incubated with the fluorescent ROS probes
2',7-dichlorofluorescin diacetate (DCFH-DA) or dihydroethidium
(DHE) (Beyotime Biotechnology) for 30 min at 37 °C in the dark.
Fluorescence microscopy and flow cytometry were employed to
quantify intracellular ROS levels.

2.7.  Polarization of splenic Mo/M¢ and RAW264.7

Splenic Mo/M¢ or RAW 264.7 cells were polarized to the M1
phenotype using DMEM containing 10 ng/mL Lipopolysaccha-
ride (LPS, Sigma) for 6 h. Subsequently, cells were then co-
cultured with magnolol or Mag-PEGsk for 24 h. Polarization
markers were quantitatively analyzed using the following three
techniques: quantitative real-time polymerase chain reaction
(qPCR) was employed to detect gene expression at the tran-
scriptional level; Western blot (WB) was used to analyze specific
protein expression levels; and flow cytometry was applied for the
quantitative detection of cell surface markers. Primer sequences
are listed in Supporting Information Table S1, and antibody details
are provided in Supporting Information Table S2.

2.8.  In vivo biodistribution imaging

Anesthetized C57BL/6] mice received tail vein injections of
100 pL DiR-labeled PEG,k, PEG,k, PEGsk, or PEG ok lipo-
somes. At 2, 6, 12, 24, and 48 h after injection, whole-body near-
infrared imaging was carried out. After the animals were eutha-
nized, ex vivo imaging was performed to examine fluorescence in
the heart, liver, spleen, lungs, kidneys, and brain.

2.9.  Invivo splenic Mo/M¢ uptake

C57BL/6J mice received 100 pL of DiL-labeled PEG,k, PEG-k,
PEGsy, or PEG gk liposomes via the tail vein. After 12 h, spleens
were harvested post cervical dislocation, dissociated through a 70-
pm strainer, and treated with ACK lysis buffer. Cells were stained
with: Ly6G, CD45, F4/80, CD86, and CD11b (BD Pharmingen).
The percentage of DIL*CD45"CD11b"F4/80" cells, representing
splenic Mo/M¢ that had internalized the nanomaterials, was
determined by flow cytometry.

2.10.  Transient middle cerebral artery occlusion (tMCAO)
model in mice

The tMCAO model of middle cerebral artery ischemia was
established in mice for a duration of 60 min, following the
methods previously outlined. In summary, male C57BL/6J mice
were sedated using 2% isoflurane in oxygen. Surgical exposure of
the common, external, and internal carotid arteries was achieved
via a midline neck incision. After external carotid artery ligation,
middle cerebral artery occlusion was induced by the insertion of a
nylon monofilament embolus. This was introduced into the ECA
and advanced through the common carotid artery bifurcation into
the intracranial internal carotid artery until it was positioned
10 = 1 mm from the bifurcation, where it remained for 60 min to
block cerebral blood flow. Subsequently, the nylon monofilament
was removed to facilitate reperfusion. Sham-operated animals
underwent an identical surgical procedure, except that the nylon
monofilament was not inserted.

2.11.  Enzyme-linked immunosorbent (ELISA) assay

TNF-a ELISA kits (SYP-MOO36, Upingbio Biotechnology,
Shanghai, China) and IL-18 ELISA kits (SYP-MOO26, Upingbio
Biology) were used to assess the levels of the cytokines TNF-«
and IL-16.
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2.12.  Brain immunofluorescence staining

C57BL/6J mouse brains were fixed in 4% PFA, cryoprotected by
immersion in 30% sucrose. After adequate saturation, the brains
were embedded in optimal cutting temperature (OCT) compound
and obtained coronal sections (10 pm). After permeabilization
with 0.3% Triton X-100 and blocking with 5% bovine serum al-
bumin (BSA), sections were incubated overnight at 4 °C with
primary antibodies against CCR2 (Proteintech, Wuhan, China)
and ionized calcium-binding adapter molecule 1 (Ibal, Pro-
teintech). Apoptotic cells were detected using a terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL) assay
kit (Proteintech). Sections were then incubated with appropriate
Alexa Fluor-conjugated secondary antibodies (Proteintech). After
counterstaining with DAPI, slides were imaged using a fluores-
cence microscope.

2.13.  2,3,5-Triphenyltetrazolium Chloride (TTC) staining

For the assessment of cerebral infarction, brains were rapidly
extracted and frozen (—20 °C, 20 min). Coronal slices (2 mm
thick) were prepared and incubated in a 2% TTC (Sigma) for
30 min at 37 °C in the dark and then fixed in 4% PFA.

2.14.  Hematoxylin and eosin (H&E) and Nissl staining

Brain tissues were processed for paraffin embedding and
sectioned. One set of sections was stained with H&E for general
morphology. An adjacent set was stained with Nissl solution
(Beyotime Biotechnology) to assess neuronal injury and survival
under a light microscope.

2.15.  Neurological function test

Neurological assessments were performed by researchers blinded
to the experimental groups. (1) Modified Neurological Severity
Score (mNSS): At scheduled intervals (1, 3, 7, 14, 21, and 28
days) after the tMCAO procedure, blinded researchers evaluated
neurological deficits based on motor, sensory, reflex, and balance
tests. Scores ranged from 0 to 18, with higher scores indicating
more severe impairment. The final score for each mouse was the
average of the scores assigned by the blinded researchers. (2)
Cylinder Test: Mice were placed in a transparent cylinder (10 cm
diameter, 15 cm height), and the number of independent contacts
made by each forelimb against the cylinder wall during a 5-min
exploratory period was recorded. (3) Adhesive Test: A small ad-
hesive patch (3 x 3 mm2) was placed on the ventral surface of
each forepaw. The time taken for the mouse to sense and remove
each patch was recorded. (4) The Morris Water Maze test: Spatial
learning and memory were assessed from Days 22 to 28 post-
tMCAO. Mice were trained to find a hidden platform submerged
in a pool of opaque water using spatial cues. Escape latency and
path length were recorded. During the probe trial on Day 28, the
platform was removed, and the time spent in the target quadrant
and the number of platform crossings were recorded automatically
by video tracking software.

2.16.  Statistical analysis
Statistical analysis was conducted using GraphPad Prism 10. Data

are expressed as mean + SD from at least three independent ex-
periments. Differences between two groups were assessed by

Student’s t-test, while multiple groups were compared using one-
way ANOVA with Tukey’s test. Significance levels are indicated
as follows: ns (not significant), *P < 0.05, **P < 0.01,
kP < 0.001.

3. Results and discussion

3.1.  Splenic Mo/M¢ migrate to the ischemic brain via the
CCR2/CCL2 axis

The spleen serves as a critical reservoir for peripheral immune
cells and is a primary source of circulating Mo/M¢'®. To inves-
tigate the role of splenic Mo/M¢ and their migration in cerebral
I/R injury, we analyzed their infiltration dynamics into the
ischemic brain and characterized the expression profile of the
CCL2/CCR2 chemokine axis. Flow cytometry quantification
revealed a significant increase in Ly6G~CD457CD11b"CDI1c™
Mo/M¢ infiltration into ischemic brain tissue 24 h post-I/R
compared to the sham group (Fig. 2A and B). However, sple-
nectomy markedly attenuated this cerebral infiltration, confirming
the spleen as a major source of brain-infiltrating Mo/M¢ during
the early I/R injury®’.

To elucidate the recruitment mechanism, we examined the
expression of the key chemokine axis CCL2/CCR2. Immunoflu-
orescence staining of brain cryosections demonstrated a substan-
tial accumulation of CCR2" cells within the ischemic core
(Fig. 2C and D). Furthermore, significant upregulation of both
Ccr2 (Fig. 2F) and Ccl2 (Fig. 2E) mRNA expression was detected
within the affected tissue. Notably, brain infiltration by splenic
Mo/M¢ was significantly reduced under Ccr2 gene deficiency or
following CCR2 blockade with a specific antagonist antibody?'.
This indicates that CCR2 signaling is a critical step for the egress
of splenic Mo/M¢ into the circulation®**. In vitro Transwell
migration assays further demonstrated that homogenates from I/R-
injured brain tissue induced splenic Mo/M¢ migration. Crucially,
pretreatment with the CCR2-specific antagonist RS504393
significantly inhibited this migration (Fig. 2G—I). RS504393 an-
tagonizes CCR2 specifically without detectable off-target effects
(Supporting Information Fig. S1). These results collectively
demonstrate that the CCL2/CCR2 axis plays a central role in
mediating the migration of splenic Mo/M¢ to the ischemic brain.

Based on these findings, we propose a spleen-targeted nano-
particle delivery strategy leveraging the spleen—brain axis. Our
data collectively demonstrate the spleen as a critical reservoir and
the CCR2/CCL2 axis as a key mediator within this pathway
during cerebral I/R injury. Given the high CCR2 expression on
splenic Mo/M¢, these cells can serve as “living vehicles”. Drug-
loaded nanoparticles are internalized by splenic Mo/M¢ in vivo.
Subsequently, via the CCL2/CCR?2 axis, these nanoparticle-laden
Mo/M¢ egress from the spleen, infiltrate the ischemic brain re-
gion, and achieve targeted drug delivery to the lesion site. This
strategy not only exploits the natural migratory pathways of the
spleen—brain axis but also aims to remodel the post-ischemic
immune microenvironment, thereby alleviating I/R injury.

3.2.  Preparation and characterization of spleen-targeted
magnolol liposomes

Magnolol, the primary active component of the traditional Chi-
nese herb Magnolia officinalis®®, exhibits antioxidant and anti-
inflammatory activities, demonstrating therapeutic potential for
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Figure 2

Splenic Mo/M¢ migrate to the ischemic brain via the CCR2/CCL2 axis. Mice 24 h after cerebral I/R injury: Flow cytometry analysis

(A) and quantification (B) of Ly6G~CD45"CD11b"CD11c™ Mo/M¢ in the ischemic brain tissue (n = 3). (C, D) Immunofluorescence staining of
CCR2" splenic Mo/M¢ (green) in the ischemic brain region. mRNA expression levels of Ccr2 (F) and Ccl2 (E) in ischemic brain tissue (n = 3).
(G) Schematic diagram of the transwell migration assay. Crystal violet staining (H) and quantification (I) of splenic Mo/M¢ that migrated toward

I/R injured brain homogenate (n

3). Data are presented as mean & SD. Statistically significant difference: ns (not significant), *P < 0.05,

**P < 0.01, **P < 0.001. Unpaired #-test (B)—(D) and one-way ANOVA with Tukey’s test (E, F) were used for statistical analysis.

cerebral ischemic diseases®”. However, its poor aqueous solubility
and chemical stability limit its application in treating cerebral I/R
injury®®. Studies indicate that encapsulating hydrophobic drugs
within liposomes can overcome solubility limitations>’. As highly
versatile nanocarriers, liposomes exhibit excellent biocompati-
bility and high drug-loading capacity for hydrophobic
compounds?®.

The unique physiological structure and immune function of the
spleen play a pivotal role in the passive splenic targeting of
PEGylated liposomes. The red pulp of the spleen acts as a me-
chanical filter for blood, efficiently trapping senescent red blood
cells and foreign particles, including nanoparticles. PEGylated
magnolol liposomes with sizes ranging between 150 and 250 nm
are more readily accumulated in the spleen?”. Once sequestered in
the spleen, these PEGylated liposomes are recognized as “foreign
substances” by Mo/M¢ and subsequently phagocytosed. Their
structural similarity to cell membranes further facilitates this
active phagocytosis by Mo/M¢°. Additionally, PEGylation pro-
longs the circulation time of liposomes in the bloodstream,
reducing their rapid clearance by the liver®'. This extended cir-
culation provides more opportunities for the liposomes to be
filtered and accumulated by the spleen, thereby achieving passive
splenic targeting of the PEGylated liposomes>>.

Building upon this foundation, we prepared magnolol-loaded
liposomes using distinct PEG-DSPE block copolymers (molecular
weights: 1000, 2000, 5000, and 10,000 Da), HSPC, and

cholesterol (Fig. 3A). These formulations were designated Mag-
PEGkx, Mag-PEG,x, Mag-PEGsk, and Mag-PEG ok, respec-
tively. Transmission electron microscopy (TEM) images revealed
that all liposomes exhibited characteristic spherical morphology
(Fig. 3B—E). Dynamic light scattering (DLS) analysis showed
hydrodynamic diameters of 131.5 + 2.4 nm, 141.8 £ 1.6 nm,
147.3 &= 1.5 nm, and 156.5 + 0.9 nm for Mag-PEG,x, Mag-
PEG,k, Mag-PEGsy, and Mag-PEG ok (Fig. 3F). Corresponding
PDI values were 0.12 + 0.02, 0.15 + 0.01, 0.08 + 0.02, and
0.16 £ 0.02, respectively. All values were below 0.2, indicating a
narrow size distribution (Supporting Information Fig. S2). Cor-
responding zeta potentials were —16.6 £+ 1.1 mV,
—225 £ 03 mV, —27.6 = 09 mV, and —25.5 £ 0.2 mV,
respectively (Fig. 3G).

Stability assessment demonstrated that after 14 days in pH 7.4
PBS, the increase in particle size was 10.33%, 3.34%, 4.13%, and
3.78%, respectively (Fig. 3H). Following 4-day incubation in 10%
FBS, size changes increased to 28.6%, 13.9%, 11.4%, and 12.8%,
respectively (Fig. 3I). According to established nanocarrier sta-
bility criteria (particle size change <20% indicates stability),
Mag-PEG,k, Mag-PEGsyk, and Mag-PEG ok exhibited excellent
stability.

HPLC analysis demonstrated encapsulation efficiencies of
78.2%, 85.1%, 91.9%, and 75.2%, corresponding to drug loading
contents of 22.4%, 20.1%, 12.7%, and 6.14% for the respective
formulations (Fig. 3] and K). In vitro release studies indicated
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Figure 3

Preparation and characterization of spleen-targeted magnolol liposomes. (A) The preparation of magnolol liposomes. Transmission

electron microscopy image of (B) Mag-PEG g, (C) Mag-PEG,k, (D) Mag-PEGsg, (E) Mag-PEG; gk with phosphotungstic acid (PTA, left) and
uranyl acetate (UA, right). Scale bar:100 or 50 nm. (F) Hydrodynamic diameter and (G) zeta potential measurements of magnolol liposomes
(n = 3). Size changes of after magnolol liposomes being incubated in (H) PBS and (I) serum for 14 days (n = 3). (J) Encapsulation efficiency and
(K) loading efficiency of magnolol among different liposomes (n = 3). (L) Cumulative released amount and (M) leakage amount of magnolol

from magnolol liposomes (n = 3). Data are presented as mean + SD.

sustained magnolol release profiles from all liposomes over 72 h
in PBS containing 10% serum at 37 °C (Fig. 3L). Storage stability
tests showed drug leakage rates of 12.9%, 12.0%, 8.6%, and
11.3% after 14 days at room temperature (Fig. 3M). Taken
together, Mag-PEGskx demonstrated superior encapsulation sta-
bility with the lowest leakage rate (<10%). In summary, we
successfully developed stable magnolol-loaded
systems.

liposomal

3.3.  Spleen accumulation and splenic Mo/M¢-mediated brain
delivery of magnolol liposomes

Prior studies indicate that PEGsk-modified liposomes, due to their
optimal size and surface charge matching the filtration structure of
the spleen, avoid capture by hepatic Kupffer cells, thereby
significantly enhancing splenic accumulation and achieving effi-
cient passive spleen targeting®>**. To validate the spleen-targeting

capability of magnolol liposomes, DiR-labeled liposomes were
injected into mice via the tail vein. In vivo fluorescence imaging
and ex vivo organ scanning were performed at 2, 6, 12, 24, and
48 h post-injection. Live imaging and quantitative analysis
revealed that signals from DiR-Mag-PEG;k, DiR-Mag-PEG,,
and DiR-Mag-PEG ok primarily accumulated in the liver, whereas
DiR-Mag-PEGsk exhibited significantly elevated fluorescence
signals in the spleen, with sustained presence for up to 48 h
(Fig. 4A—F). The aggregation intensity of DiR-Mag-PEGsy in the
spleen was markedly higher than that of liposomes modified with
other PEG chain lengths (Fig. 4G). Furthermore, the quantitative
targeting index, calculated as the fluorescence intensity ratio of the
spleen to other major organs, consistently exceeded 1 across all
time points, confirming the superior and specific accumulation of
Mag-PEGsk in the spleen (Supporting Information Fig. S3).
Consistently, HPLC analysis of tissue samples at 12 h post-
injection revealed a significantly higher concentration of
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Figure4  Spleen accumulation and splenic Mo/M¢-mediated brain delivery of magnolol liposomes. Fluorescence imaging of (A) normal mice
and (F) organs scanning at different timepoints after tail-vein injection with DiR-labeled magnolol liposomes. Quantitative analysis of the dis-
tribution of (B) Mag-PEG g, (C) Mag-PEG,x, (D) Mag-PEGsy, and (E) Mag-PEG(k in ex vivo organs at different times (n = 3). (G) Quan-
tification of mean fluorescence intensity of the spleen in different liposome groups at 2 and 48 h (n = 3). (H) Schematic illustration of flow
cytometry in mice 24 h after cerebral I/R injury. Co-localization of splenic Mo/M¢ and DiO-labeled magnolol liposomes in (I, J) spleen and (L,
M) ischemic brain tissue (n = 5). (K) Co-localization images of splenic macrophages (CCR2, green) and DilL-labeled magnolol liposomes (red)
in the ischemic penumbra. Scale bar: 10 pm. Data are presented as mean £ SD. Statistically significant difference: **P < 0.01, ***P < 0.001.
One-way ANOVA with Tukey’s test was used for statistical analysis.

magnolol in the spleens of the Mag-PEGsk group compared to further investigated whether magnolol liposomes could be inter-
other formulations (Supporting Information Fig. S4). Finally, the nalized by splenic Mo/M¢ and transported to the brain. In the
pharmacokinetic profile demonstrated that the concentration of tMCAO mouse model, flow cytometry analysis was performed
magnolol delivered via Mag-PEGsk liposomes in the plasma and after tail vein injection of DiO-labeled liposomes (DiO-Mag-
brain was substantially greater than that of free magnolol at all PEGx, DiO-Mag-PEG,x, DiO-Mag-PEGsk, and DiO-Mag-
measured time points (Supporting Information Fig. S5), indicating PEG k) (Fig. 4H). The results of flow cytometry demonstrated
enhanced systemic circulation and more effective brain delivery. that splenic Mo/M¢ effectively internalized DiO-Mag-PEGsk

Given the known migration of splenic Mo/M¢ to cerebral (Fig. 41 and J). Brain tissue flow cytometry revealed co-
ischemic regions via the CCL2/CCR2 chemotactic axis®, we localization of migrated splenic-derived Mo/M¢ with DiO-Mag-
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PEGsk in the brain, whereas non-spleen-targeting liposomes
(DiO-Mag-PEG,k, DiO-Mag-PEG,k, and DiO-Mag-PEG k)
showed near-zero co-localization (Fig. 4L and M). This confirmed
spleen targeting is essential for this spleen—brain delivery
pathway.

To exclude the possibility that liposomes directly penetrated
the damaged blood—brain barrier (BBB) and were subsequently
taken up by Mo/M¢ or microglia, brain cryosections from mice
injected with Dil-Mag-PEGskg were co-stained with CCR2 and
Iba-1 antibodies. Results showed co-localization of Dil-Mag-
PEGsk with CCR2" Mo/M¢ in the ischemic area (Fig. 4K), but no
co-localization with Iba-1" microglia (Supporting Information
Fig. S6), indicating that the Mag-PEGsk primarily relied on
active migration of splenic Mo/M¢ via the CCR2/CCL2 axis.
Collectively, these results establish the feasibility of utilizing
splenic Mo/M¢ as “living vehicles” to transport therapeutic li-
posomes to cerebral ischemic lesions via the spleen—brain axis.

3.4.  ROS-scavenging and macrophage reprogramming of Mag-
PEGsk

Previous in vitro experiments confirmed that Mag-PEGsk pos-
sesses splenic targeting properties, can be internalized by splenic
Mo/M¢, and subsequently delivered to the ischemic cerebral
hemisphere via the spleen—brain axis. Based on this, we further
investigated the cellular antioxidant activity of Mag-PEGsk and its
regulatory effect on macrophages in vitro.

We initially assessed the ROS-scavenging capacity of mag-
nolol and Mag-PEGsy in the culture medium. As shown in Sup-
porting Information Fig. S7, both compounds demonstrated
favorable overall antioxidant activity and could potently scavenge
superoxide anion (0,°") and hydroxyl radicals (OH). No statisti-
cally significant difference was observed between the two groups,
indicating that magnolol and Mag-PEGsyk possess comparable
ROS-scavenging capacities in the culture medium, and the lipo-
somal carrier did not impair the activity of magnolol.

Cellular uptake represents the initial step for Mag-PEGsk to
exert its biological effects. We utilized DiL-labeled Mag-PEGsk
(DiL-Mag-PEGsk) to visualize its internalization process.
Following 6 h co-incubation of DiL.-Mag-PEGsk with splenic Mo/
M¢ or RAW264.7 cells, it was observed that both cell types
efficiently took up Mag-PEGsk, with the uptake efficiency
exhibiting a time-dependent pattern, reaching a level of 93.2% at
6 h (Fig. SA and Supporting Information Fig. S8). Given that ROS
is a critical factor promoting the polarization of Mo/M¢ toward
the M1 phenotype, and mitochondria are a major source of ROS
following cellular injury®®?’, the subcellular localization of Mag-
PEGsk was further examined. Following mitochondrial labeling
with Mito-Tracker, the Pearson correlation coefficient between
Mag-PEGsgk and mitochondria in splenic Mo/M¢ was 0.96, and
that in RAW264.7 cells was 0.84 (Fig. 5B—D and Supporting
Information Fig. S9). These results indicate that Mag-PEGsk ex-
hibits a significant mitochondrial targeting ability>®.

Next, we employed DCFH-DA and DHE probes to evaluate the
intracellular ROS-scavenging efficacy of Mag-PEGsy in splenic
Mo/M¢. In comparison to the control group, the H,O,-treated
group exhibited significantly enhanced intracellular fluorescence
signals (Fig. 5E), confirming elevated ROS levels. In contrast,
treatment with either magnolol or Mag-PEGsk significantly
reduced the levels of ROS. Notably, at equivalent molar concen-
trations of magnolol, the Mag-PEGsk group exhibited superior
ROS-scavenging efficacy compared to the free magnolol group,

which was further quantified and validated by flow cytometry
analysis (Fig. 5F and G). Considering the diversity and hetero-
geneity of splenic Mo/M¢, we replicated these experiments in the
RAW264.7 cell line, yielding consistent results (Supporting In-
formation Fig. S10). To determine whether Mag-PEGsk scavenges
ROS via mitochondrial targeting, we performed co-localization
analysis using MitoSOX Red and Mito-Tracker Green. Mag-
PEGsk effectively localized to mitochondria and markedly
reduced the MitoSOX signal (Supporting Information Fig. S11).
This enhanced efficacy is attributed to the protective effect of the
liposomes and the significantly improved cellular uptake effi-
ciency, thereby facilitating the targeted delivery of the drug to
mitochondrial sites with high ROS production and more effec-
tively suppressing H,O,-induced intracellular ROS accumulation.

In cerebral I/R injury, as a key second messenger, ROS can
synergize with inflammatory signals to promote macrophage po-
larization toward the M1 phenotype®. To investigate the role of
ROS in macrophage polarization, we treated Mo/M¢ with H,O,
and examined the expression levels of M1 macrophage markers
CD86, TNF-w, and IL-13. The results showed that the H,0,-
treated group exhibited higher expression levels of CD86, TNF-«,
and IL-16 compared to the control group, indicating that H,O,
treatment induces M1 macrophage polarization (Fig. SH—J). In
contrast, the Mag-PEGsk group demonstrated significantly lower
expression levels of TNF-« and IL-18 compared to both the H,O,
and magnolol groups, suggesting that Mag-PEGsk treatment
effectively suppresses M1 polarization. These data demonstrate
that scavenging excess intracellular ROS helps inhibit M1 polar-
ization in macrophages stimulated by H,O,.

To elucidate the regulatory mechanism, we screened magno-
lol’s target profile and identified peroxisome proliferator-activated
receptor v (PPARy) as the core regulatory factor (Supporting
Information Fig. S12). Molecular docking (AutoDock Vina)
revealed that PPARy could bind two magnolol molecules within
its ligand-binding domain with binding energies of —8.0 and
—7.2 kcal/mol, confirming PPARY as a target (Fig. 5K). PPARY is
highly expressed in macrophages, and activation of its signaling
pathway can inhibit macrophage polarization toward the M1
phenotype®”. To verify whether Mag-PEGsy regulates splenic
macrophage polarization by activating the PPARy pathway in the
context of cerebral I/R injury, we utilized LPS-stimulated mac-
rophages as an in vitro model. Western blot analysis results
showed that compared with the control group, the LPS group
exhibited a significant decrease in p-PPARYy expression (Fig. SL).
Following intervention with magnolol or Mag-PEGsk, the phos-
phorylation level of PPARY in splenic macrophages was signifi-
cantly elevated, with Mag-PEGsk exerting a more pronounced
effect. In contrast, empty liposomes (PEGsk) had no significant
impact on PPARYy expression (Fig. 5M). To confirm the critical
role of PPARvy, we employed the PPARYy antagonist GW9662 for
counter-validation. The results demonstrated that GW9662 treat-
ment reversed the activating effect of Mag-PEGsk on the PPARy
signaling pathway and its inhibitory effect on M1 macrophages,
restoring the expression levels of CD86 and the pro-inflammatory
cytokines TNF-« and IL-18 (Fig. 5N). Consistently, Mag-PEGsxk
upregulated the PPARy downstream genes Cd36 and Fabp4 at
mRNA and protein levels, an effect blocked by GW9662 (Fig. 5O
and P).

To clarify the molecular mechanism by which Mag-PEGsk
regulates macrophage polarization through PPARYy, we performed
chromatin immunoprecipitation-quantitative polymerase chain
reaction (ChIP-qPCR). PPARy did not bind directly to promoters
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of M1 genes (Cd86, Tnf) or the M2 gene Cd206, but showed
specific binding to the promoter of the M2 gene Arg/ (Supporting
Information Fig. S13). Consistent with previous literature re-
ports®*'“#* PPARy can indirectly regulate M1 gene transcription
via NF-kB and directly activate Argl transcription, shifting the
balance toward an M2 phenotype.

To elucidate the mechanistic relationship between ROS scav-
enging and PPARYy activation in Mag-PEGsk-mediated regulation
of macrophage polarization under cerebral I/R injury-like condi-
tions, we established an in vitro inflammatory and oxidative stress
model using LPS/H,O, co-stimulation of splenic macrophages.
Seven experimental groups (I—VII) were analyzed for M1 polar-
ization markers Cd86, Tnfa, and Il1b (Fig. 5Q—T). LPS/H,0,
stimulation significantly enhanced M1 macrophage polarization,
which was substantially suppressed by Mag-PEGsk. This sup-
pression was partially reversed by either the PPARy antagonist
GW9662 or the mitochondrial-targeted antioxidant MitoQ, indi-
cating that both PPARy activation and mitochondrial ROS clear-
ance contribute independently to the polarization regulation.
Complete abrogation of Mag-PEGsk’s effect was observed when
GW9662 and MitoQ were co-administered, with M1 polarization
returning to levels comparable to the model group. Furthermore,
MitoQ alone provided only modest suppression of M1 polariza-
tion, significantly less pronounced than that achieved by Mag-
PEGsk. These results indicate that Mag-PEGsx modulates
macrophage polarization through two complementary mecha-
nisms: mitochondrial ROS scavenging and PPARy activation,
which synergistically drive the transition from pro-inflammatory
M1 to anti-inflammatory phenotypes, elucidating its neuro-
protective mechanism in cerebral I/R injury.

3.5. Mag-PEGsg pretreatment of macrophages attenuates
neuronal damage in a macrophage—neuron co-culture model

Mag-PEGsk can inhibit M1 polarization of macrophages in the
injured microenvironment by scavenging ROS and activating
PPARy. To investigate its impact on the interaction between
macrophages and neurons in the cerebral ischemic microenvi-
ronment, we established a co-culture system using RAW264.7
macrophages and HT22 neurons with a transwell insert. This
system ensures intercellular signal transmission while minimizing
nonspecific effects resulting from direct cell contact**. HT22
neurons were subjected to oxygen—glucose deprivation/reoxyge-
nation (OGD/R) to simulate cerebral I/R injury (Fig. 6A). Five
experimental groups were established: (I) Control, (II) OGD/R
(neurons injury only), (IIl) OGD/R + RAW264.7, (IV) OGD/
R + RAW264.7 + Mag-PEGsx, and (V) OGD/
R + RAW264.7 + Mag-PEGskx + GW9662.

Compared to the OGD/R group, co-culture with untreated
RAW264.7 cells significantly increased the levels of TNF-« and
IL-16 in the medium (Fig. 6B and C). It is well-established that
macrophage activation occurs swiftly following cerebral I/R
injury. Without treatment, a dominant shift towards the pro-
inflammatory M1 phenotype is observed, resulting in the robust
release of inflammatory mediators, for instance, TNF-« and IL-
16%. In contrast, macrophages pretreated with Mag-PEGsg sup-
pressed the production of TNF-« and IL-16. Notably, GW9662
could abrogate this effect, leading to a respective increase in the
levels of these two cytokines compared with the Mag-PEGsk-
treated group, which were restored to levels close to those in the
untreated macrophage group (Fig. 6B and C). These findings
suggest that the primary mechanism by which Mag-PEGsk

suppresses macrophage polarization into the pro-inflammatory M1
phenotype is through the activation of the PPARYy pathway.

In the hypoxic microenvironment, TNF-« and IL-186 secreted
by M1-type macrophages can trigger neuronal oxidative stress and
inflammatory pathways, exacerbating damage*®. Using DCFH-DA
and DHE fluorescent probes, we found that untreated macro-
phages significantly increased ROS levels in OGD/R-injured
HT?22 neurons (Fig. 6D—K), consistent with the known role of
M1 macrophages in promoting ROS production. Morphologically,
HT22 neurons co-cultured with untreated macrophages showed
cell body shrinkage and neurite fragmentation (Fig. OL).
Apoptosis assay and live/dead staining confirmed that untreated
macrophages  significantly increased HT22 cell death
(Fig. 6M—0). However, pretreatment of RAW264.7 cells with
Mag-PEGs effectively reduced ROS levels, improved neuronal
morphology, and decreased neuronal apoptosis, and GW9662
could antagonize this protective effect. This further confirms the
mechanism by which Mag-PEGsy alleviates neuronal oxidative
damage and apoptosis by regulating the polarization status of
macrophages and reducing the secretion of pro-inflammatory
factors.

In conclusion, our results demonstrate that Mag-PEGsk can
regulate macrophage polarization by activating the PPARYy
pathway, thereby inhibiting pro-inflammatory factor release and
attenuating neuronal oxidative damage and apoptosis.

3.6. Mag-PEGsg reduces cerebral I/R injury

To investigate the in vivo mechanism of action, mice were divided
into four groups: sham, tMCAO, magnolol, and Mag-PEGsx
group. We investigated the infiltration of Mo/M¢ in the ischemic
hemisphere 24 h after reperfusion in mice. Compared to sham-
operated animals, mice in the tMCAO group exhibited a mark-
edly higher number of splenic Mo/M¢. This suggests that
following cerebral I/R, splenic Mo/M¢ are rapidly mobilized to
the penumbral region. Notably, there was no significant difference
in the quantity of brain-infiltrating splenic Mo/M¢ among the
tMCAO, magnolol, and Mag-PEGsk groups (Fig. 7A and B),
suggesting that drug treatment does not reduce the infiltration of
peripheral Mo/M¢ into the brain. However, in contrast to the
tMCAO model group, both the magnolol and Mag-PEGsk groups
displayed a substantial drop in the proportion of CD86" cells (an
M1 phenotype marker) within splenic Mo/M¢ (Fig. 7C). This
indicates that Mag-PEGsy exerts its therapeutic effect on cerebral
I/R injury not by reducing infiltration of splenic Mo/M¢ into brain
tissues, but by inhibiting polarization toward the pro-inflammatory
M1 phenotype.

To further elucidate the impact of Mag-PEGsk on the local
inflammatory microenvironment, we measured pro-inflammatory
cytokine levels in ischemic brain tissue by ELISA. Results
demonstrated that TNF-« and IL-10 levels were markedly reduced
in the Mag-PEGsy group relative to the tMCAO and free magnolol
groups (Fig. 7D and E). qPCR analysis further confirmed that
Mag-PEGsk treatment markedly downregulated mRNA expres-
sion of Tnf, Il1b, and Nos2 in the ischemic penumbra (Fig. 7F—H).
These results collectively indicate that Mag-PEGsy effectively
suppresses post-ischemic inflammatory cascades and ameliorates
the local inflammatory microenvironment in injured regions, and
exhibits superior anti-inflammatory efficacy compared to free
magnolol.

During cerebral I/R injury, excessive ROS are generated, while
endogenous antioxidants such as superoxide dismutase (SOD) and
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glutathione (GSH) are depleted, leading to ROS accumulation®’.
DHE staining revealed significantly elevated ROS levels in the
hippocampal and cortical regions of the tMCAO group (Fig. 71),
which were substantially reduced by Mag-PEGsy treatment. This
is consistent with its ROS-scavenging effect observed in the
in vitro experiments described earlier, suggesting that it can
improve cerebral ischemia outcomes by alleviating oxidative
stress-induced damage.

TUNEL staining assessed neuronal apoptosis*®. The number of
TUNEL-positive cells (indicating apoptosis) increased markedly
in the cortex and hippocampus of the tMCAO group but decreased
significantly after treatment with magnolol and, especially, Mag-
PEGsk (Fig. 7J). TTC staining evaluated cerebral infarct volume
post-I/R injury®. Three days post-injury, Mag-PEGsx treatment
significantly reduced infarct volume compared to the tMCAO and
free magnolol groups, demonstrating enhanced neuroprotection at
equivalent doses (Fig. 7K and L). Hematoxylin—eosin (H&E)
staining showed evident neuronal necrosis with inflammatory
infiltration and clear ischemic boundaries in the tMCAO group,
while Mag-PEGsk alleviated necrosis and inflammation
(Fig. 7M). Nissl staining further validated neuronal damage,
showing disorganized neuronal arrangement and dissolved Nissl
bodies in the tMCAO group, confirming ischemia-induced injury
(Fig. 7N). In contrast, when compared to free magnolol, treatment
with Mag-PEGsk resulted in a marked increase in neuronal
survival.

In summary, this study demonstrates that spleen-targeted de-
livery of magnolol via Mag-PEGsy offers substantial advantages
in treating cerebral I/R injury. Through spleen—brain axis de-
livery, Mag-PEGsk specifically inhibits the M1 polarization of
splenic Mo/M¢ (rather than reducing their infiltration), thereby
effectively suppressing the intracerebral inflammatory cascade,
alleviating oxidative stress damage, and reducing neuronal
apoptosis. Ultimately, it significantly reduces the pathological
damage to neural tissues and decreases cerebral infarct volume.
These findings offer a novel theoretical foundation and strategic
support for targeting the spleen—brain axis to ameliorate ischemic
stroke.

3.7.  Mag-PEGsg promotes long-term neurological functional
recovery after cerebral I/R injury

Cerebral I/R injury can trigger systemic stress responses, leading to
metabolic disorders and subsequent energy negative balance™. The
process of our behavioral experiment is shown in Fig. 8A. Mice in
the tMCAO group lost significantly more body weight and recov-
ered more slowly than other groups, suggesting enhanced persistent
catabolism and impaired feeding function in this group. In contrast,
the Mag-PEGsy treatment group demonstrated a comparatively
minor loss of body weight and a significantly faster recovery rate
(Fig. 8B), indicating that Mag-PEGsy can indirectly improve sys-
temic metabolic homeostasis by alleviating brain injury.

The mNSS was used to assess motor, reflex, and balance
abilities in mice after cerebral I/R injury’'. The tMCAO group
maintained high mNSS scores over time, indicating persistent
moderate-to-severe neurological deficits. Both magnolol and Mag-
PEGsk significantly reduced mNSS scores, with Mag-PEGsk
showing a greater effect (Fig. 8C). Forelimb use asymmetry was
assessed using the cylinder test. The experimental outcomes
demonstrated that the asymmetry ratio of mice in the tMCAO
group remained at a high level (>0.8) for a long time, which was
due to the occurrence of contralateral motor neglect in mice

caused by unilateral brain injury. After treatment with Mag-
PEGsk, the asymmetry ratio of mice decreased rapidly, showing
better efficacy than free magnolol (Fig. 8D). In the adhesive
removal test, the tMCAO group took significantly longer to both
sense and remove an adhesive patch. The Mag-PEGsk group
restored both time parameters to near-sham levels (Fig. 8E and F).
Together, these results demonstrate that Mag-PEGsy treatment
enhances functional recovery after cerebral I/R injury.

The analysis results of the mouse survival rate during the 28-
day observation period are shown in Fig. 8G. All sham-operated
mice survived, whereas 75% of tMCAO mice died. Survival
rates were 40% and 66% in the magnolol and Mag-PEGsy groups,
respectively, indicating that Mag-PEGsk significantly reduced
mortality.

Spatial learning and memory in rodents are conventionally
assessed using the Morris water maze test. This standardized
behavioral assay includes two main phases: the place navigation
test (PNT) to evaluate acquisition and the spatial probe test (SPT)
to measure retention’. In the PNT, tMCAO mice exhibited
significantly longer swimming distances than sham-operated
controls, indicating impaired spatial learning likely due to hip-
pocampal damage. In contrast, mice treated with Mag-PEGsk
showed more direct and efficient trajectories, comparable to the
sham group (Fig. 8H). Statistical analysis confirmed that both
magnolol and Mag-PEGsk treatments significantly shortened the
escape latency and path length to locate the hidden platform
compared to the tMCAO group, with Mag-PEGsk showing su-
perior efficacy (Fig. 8] and K). During the SPT (after platform
removal), trajectory analysis revealed that tMCAO mice rarely
crossed the former platform location, demonstrating profound
memory impairment. Treatment with magnolol improved perfor-
mance, as mice spent more time in the target quadrant and crossed
the platform location more frequently (Fig. 8I). Mag-PEGsk
treatment yielded further significant improvements, including
prolonged time in the target quadrant and a marked increase in
platform crossings compared to the tMCAO group (Fig. 8L and
M).

Collectively, these results demonstrate that Mag-PEGsk pro-
motes long-term neurological recovery after cerebral I/R injury, as
evidenced by improvements in neurobehavioral scores, sensori-
motor function, and spatial learning.

3.8.  Exploring the biological mechanism of Mag-PEG s by
transcriptomic sequencing

Previous studies have verified that Mag-PEGsy exerts neuro-
protective effects by inhibiting M1 polarization of splenic mac-
rophages and reducing the secretion of TNF-a and IL-16. To
explore the downstream mechanism of its action, this study per-
formed RNA sequencing on brain tissues from the Sham group,
tMCAO model group, and Mag-PEGsk group.

Principal component analysis (PCA) revealed distinct clus-
tering differences among the three groups (Fig. 9A), with the
Mag-PEGsk group exhibiting a gene expression profile highly
similar to that of the Sham group but significantly distinct from
the tMCAO group. Heatmap and clustering analyses (Fig. 9B)
further confirmed these differences.

Volcano plot analysis demonstrated that 1009 genes were
significantly upregulated in tMCAO versus sham, and 1437 genes
were downregulated in Mag-PEGsk versus tMCAO. The inter-
section yielded 850 core differentially expressed genes (Fig. 9C).
KEGG pathway enrichment showed significant enrichment of
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these genes in inflammation-related pathways, including MAPK
and NF-kB (Fig. 9D). GO analysis further indicated that these
genes play central roles in immune responses and inflammatory
reactions (Fig. 9E). Furthermore, gene set enrichment analysis
(GSEA) confirmed that Mag-PEGsk significantly inhibited che-
mokine signaling pathways (Fig. 9F) and oxidative stress response
pathways (Fig. 9G). These findings collectively imply modulation
of immune activation, inflammation, and apoptosis.

To pinpoint key mediators, we intersected target genes related
to TNF-«, IL-18, and cerebral I/R injury from the GeneCard
database. A total of 28 core genes were obtained through the

Venn diagram intersection, including MAPKI, MAPKS, MAPK14,
NFKBI, TLR2, TLR4, and IRAKI (Fig. 9H), which are primarily
involved in inflammation, immunity, oxidative stress, and neural
regulation. KEGG analysis of these genes again revealed signifi-
cant enrichment in the MAPK and NF-kB pathways (Fig. 91),

highly overlapping with the transcriptomic differentially
expressed genes. This convergence indicates that TNF-«
and IL-18 act as key initiators, relaying signals via a

. . 53-
“receptor—adaptor—kinase” cascade. As previously reports>>>>,

these cytokines activate the MAPK/NF-kB pathways through
specific adaptors (e.g., TNFR/IL-1R), synergize with pathways
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Figure 9

Exploring the biological mechanism of Mag-PEGsk by transcriptomic sequencing. (A) Heatmap plot and (B) PCA results between

sham, tMACO, and Mag-PEGsx groups. (C) Volcano plots of genes downregulated in tMCAO versus Mag-PEGsk, and genes upregulated in Sham
versus tMCAO, with a Venn diagram comparing these two sets of differentially expressed genes. (D) KEGG pathway and (E) GO enrichment

analysis of the intersection genes from (C) Venn diagram. (F, G) Gene set
stress in Mag-PEGsk group vs. tMACO group. (H) Venn diagrams of

enrichment analysis for chemokine signaling pathway and response to
the protein action targets of TNF-«, IL-13, and Cerebral ischemia

reperfusion derived from the GeneCard database. (I) KEGG pathway enrichment analysis of the intersection genes from the (H) Venn diagram. (J)
Western blot of the protein levels of p-p65, p65, p-p38, p38, p-ERK1/2, ERK1/2, p-IkBa, and IkBa.

like TLR, and form an integrated network that amplifies the in-
flammatory cascade and promotes apoptosis. Notably, due to
compensatory crosstalk, inhibition of a single pathway may fail
due to compensatory activation among other pathways, whereas
directly regulating the secretion of cytokines TNF-« and IL-13
through immunosuppression may be a more effective regulatory
approach.

To validate whether Mag-PEGsy suppresses these pathways, we
performed Western blotting for key mediators. Compared with the
sham group, the tMCAO group showed significant upregulation of
phosphorylated p65 (p-p65) and IkBa (p-IkBa) in the NF-«xB
pathway, as well as phosphorylated p38 (p-p38) and ERK1/2 (p-
ERK1/2) in the MAPK pathway, indicating robust pathway activation
(Fig. 9J). Mag-PEGs treatment markedly attenuated these increases,
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while total protein levels remained unchanged, confirming that Mag-
PEGsk inhibits the activation of both the MAPK and NF-«B path-
ways, aligning with our transcriptomic findings.

Integrating multi-omics data with experimental validation, we
propose that Mag-PEGsk confers neuroprotection through a co-
ordinated cascade: (1) Activating PPARy and scavenging

mitochondrial ROS in splenic macrophages to reduce M1 polari-
zation; (2) Decreasing the secretion of TNF-a and IL-18 in
ischemic brain tissue; (3) Disrupting the MAPK/NF-«B amplifi-
cation cascade to inhibit neuronal oxidative stress; and (4) Sup-
pressing neuronal apoptosis. This cascade regulation, which
utilizes spleen—brain axis delivery and blocks inflammatory
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Figure 10  Biocompatibility evaluation of Mag-PEGsk. The viability of (A) RAW264.7 macrophages and (B) splenic Mo/M¢ following

exposure to Mag-PEGsyk for 24 and 48 h (n = 3). (C) Body weight variations in mice over 7 days (n = 3). (D) The ratio of hemolysis in the
subgroups (n = 3). (E) Major organs harvested on Day 7 underwent histopathological examination with hematoxylin and eosin staining. (F—K)
Complete blood count analysis (n = 3). (L—Q) Serum biochemical profiling (n = 3). Data are presented as mean £ SD.
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network signals through immune modulation, represents an
innovative strategy against cerebral I/R injury.

3.9.  Biocompatibility evaluation of Mag-PEG sy

The biocompatibility of Mag-PEGsk was systematically evaluated
at both cellular and animal levels. For in vitro studies, RAW264.7
macrophages (Fig. 10A) and splenic Mo/Mg¢ cells (Fig. 10B) were
treated with Mag-PEGsk (0—30 pg/mL) for 24 or 48 h. After
treatment, an MTT assay was performed to determine cell
viability. The data demonstrated that cell viability remained above
90% across all tested concentrations and time points, confirming
excellent biocompatibility of Mag-PEGsk with cellular systems.

For in vivo safety assessment, a mouse tail vein injection model
was established, administering 10 mg/kg Mag-PEGsk daily for 7
consecutive days. Body weight changes were monitored daily, and
mice were euthanized on Day 7 for organ and blood collection.
Results showed no significant differences in body weight between
Mag-PEGsk-treated and control groups (Fig. 10C). Hemolysis
assays (Fig. 10D) revealed no significant hemolytic effects induced
by Mag-PEGsg. Histopathological analysis, as determined by H&E
staining, of heart, liver, spleen, lung, kidney, and brain tissues
(Fig. 10E), revealed no treatment-related pathological alterations.
Furthermore, hematological parameters (Fig. 10F—K) and serum
biochemical indices (Fig. 10L—Q) in Mag-PEGsk-treated mice
exhibited no statistically significant differences compared to con-
trols. These findings collectively demonstrate that Mag-PEGsk
exhibits favorable biosafety profiles both in vitro and in vivo,
providing a solid safety foundation for its application as a drug
delivery liposomal system in cerebral I/R injury therapy.

4. Conclusions

In summary, splenic-derived Mo/M¢ predominantly migrate to the
cerebral ischemic region via the CCL2/CCR2 chemotaxis axis,
which constitutes a critical cellular transport pathway of the
spleen—brain axis. The spleen-targeted agent Mag-PEGsk
accumulates in the spleen, where splenic Mo/M¢ internalizes it.
Subsequently, these Mo/M¢ act as “living vehicles”, delivering
Mag-PEGsk to the ischemic brain region, thereby enhancing its
regulatory effect on macrophage polarization. Experimental data
confirm that Mag-PEGsk remodels the ischemic microenvironment
through a dual mechanism: Mitochondria-targeted delivery
significantly amplifies ROS scavenging capacity, and PPARYy
pathway activation suppresses M1 macrophage polarization.
Collectively, these actions inhibit oxidative stress and inflamma-
tory pathway activation in neural cells, thereby attenuating
neuronal apoptosis. Mag-PEGsk effectively promotes histopatho-
logical restoration and neurofunctional recovery following cerebral
I/R injury. Biosafety assessments confirm its favorable biocom-
patibility. This study innovatively establishes a spleen—brain axis
regulatory therapeutic strategy featuring peripheral immune organ
targeting, cellular carrier-mediated drug delivery, and immuno-
modulatory microenvironment remodeling, providing an endoge-
nous immune system-based pathway for treating cerebral I/R
injury. Despite the promising outcomes, the clinical translation of
this nanomedicine strategy faces challenges, including ensuring
batch-to-batch consistency in large-scale production and evaluating
long-term toxicity. Addressing these issues will be crucial for
advancing this therapeutic approach from bench to bedside.
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