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ARTICLE INFO ABSTRACT
Keywords: Background: Focused magnetic stimulation (MagStim) can temporarily and safely open the blood-brain barrier
BBB_’ (BBB) for target delivery. We investigated whether opening the BBB with MagStim and delivering atorvastatin-
Delivery loaded PEGylated liposomes (LipoStatin) would work synergistically for subacute post-stroke treatment.
E;};zg;rftmke Methods: Two weeks after middle cerebral artery occlusion (MCAO), an injection of 15 mg/ml magnetic nano-
Magnetic stimulation particles (MNPs) was performed, followed by 30 min of MagStim, in subacute stroke models. The procedure was
Nanoparticle conducted over a week, during which MagStim and MNPs were administered three times at two-day intervals,
and LipoStatin (10 mg/kg) was injected immediately after each MagStim treatment. We investigated the motor
function, BBB integrity, neuroinflammation, and neurogenesis three weeks after stroke (Sham vs. Control vs.
LipoStatin vs. MagStim + LipoStatin).
Results: The MagStim + LipoStatin group showed improved motor function compared to the Control (p = 0.007)
group. The MagStim + LipoStatin group significantly reduced infarct volume and improved BBB integrity
compared to the control and LipoStatin groups. In the MagStim + LipoStatin group, the expression of TNF-a was
reduced (p = 0.020) compared to the LipoStatin group, and eNOS was enhanced (p = 0.037) compared to the
Control group. Markers for neurogenesis were also considerably increased in the MagStim + LipoStatin group
compared to the Control and LipoStatin groups (p < 0.0001).
Conclusions: Our study demonstrates the beneficial synergistic effects of MagStim and the target delivery of
LipoStatin in subacute ischemic stroke. These findings underscore the need for future advancements in promising
novel non-invasive MagStim methods and nanotherapeutic hybrid approaches for target drug delivery and
treatment in post-stroke recovery.
1. Introduction brain damage and restore motor function [2-4]. Endovascular throm-
bectomy (EVT) is currently the standard of care for large vessel occlu-
Ischemic stroke is the leading cause of death and disability, impair- sion (LVO) of acute stroke patients [5]. However, despite the high rate of
ing brain function to varying degrees [1]. Recovery from stroke-related successful reperfusion after EVT, the proportion of poor functional
disability is a desired and necessary aspect of stroke research. Thus, outcomes with dependence is more than half in patients treated with
different treatments have been proposed to alleviate stroke-induced EVT [6]. Treatment options that can restore brain function in subacute
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to chronic stroke after acute reperfusion therapy remain limited [7].
There is no specific treatment option other than secondary prevention
and rehabilitation [7]. Therefore, safely targeting therapy of a poten-
tially neuroprotective agent to the damaged areas in a non-invasive
manner to minimize neurological deficits is one of the most essential
residual unmet needs among patients with a functional disability after
stroke. In addition, drug delivery to target brain regions of therapeutic
agents is a challenge that needs to be addressed because it is limited by
the protective barrier of the blood-brain barrier (BBB).

Statins, technically called 3-hydroxy-3-methylglutaryl coenzyme A
reductase inhibitors, are used to treat individuals with ischemic stroke
or vascular disease [8]. Statins effectively improve endothelial function,
decrease inflammation, and act as neuroprotective antioxidants by
inhibiting NADPH oxidase-derived superoxide [9,10]. Previously, we
used atorvastatin-loaded PEGylated liposomes (LipoStatin) in an acute
stroke model, demonstrating the effective delivery of LipoStatin to
ischemic brain lesions. Additionally, LipoStatin showed significant
neuroprotective effects and promoted functional recovery by enhancing
endothelial function and inhibiting inflammation.

Recent studies have shown that nanoparticle (NP)-based targeting
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and delivery are promising not only for the early and accurate identi-
fication of stroke risk but also for effective treatment of acute ischemic
stroke [11]. However, the critical determinant of treatment effectiveness
in subacute-to-chronic ischemic stroke is influential drug delivery to the
brain through the blood-brain barrier (BBB). Delivering drugs to the
brain through non-invasive stimulation has recently been attempted. In
this approach, focused nanomagnetic brain stimulation (MagStim) is an
innovative technology that can effectively deliver drugs to the brain
through non-invasive brain stimulation [12,13]. We have recently
demonstrated that focused magnetic heating can deliver drugs by
stimulating target areas to overcome the BBB in subacute-to-chronic
stroke while minimizing side effects [14]. Additionally, we previously
confirmed the efficacy of LipoStatin in acute ischemic stroke [15].

Thus, this study aimed to investigate whether overcoming the BBB
with MagStim and delivering therapeutic agents of LipoStatin to target
ischemic areas could effectively and safely treat subacute stroke
following acute reperfusion (Fig. 1).
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Fig. 1. Experimental arrangement. (A) Magnetic nanoparticles (MNPs, 15 mg/ml) were injected via the carotid artery. For one week, magnetic stimulation was

applied to the target brain area thrice at 2-day intervals, each session lasting 30 min

per day. (B) The magnetic stimulation was focused on the target brain region of

the ischemic hemisphere for drug delivery. (C) Immunofluorescence (IF) staining was conducted in the boundary area adjacent to the subventricular zone (SVZ) of

the frontal cortex.
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2. Materials and methods
2.1. Ethics statement and data availability

The Institutional Animal Care and Use Committee (IACUC) approved
all procedures involving animals, and the guidelines for the ethical care
and use of laboratory animals at Chonnam National University were
followed (CNUHIACUC-22033). The experimental procedures were
based on the guidelines for the ethical care and use of animals in
research provided by the National Institutes of Health (NIH, Bethesda,
MD, USA). All supporting data within the article can be obtained from
the corresponding author upon reasonable request from a qualified
investigator.

2.2. Animals and surgical procedures

Animals had free access to food and water and no behavioral re-
strictions. Adult (8-week-old) male Sprague-Dawley (SD) rats weighing
250-290 g were purchased from Samtako Bio Korea Co., Ltd. (Seoul,
Korea). As previously described, the MCA occlusion (MCAQO) model was
induced using the intraluminal filament technique and reperfused for
90 min in SD rats to simulate the situation in patients receiving reper-
fusion therapy of EVT for acute LVO [16]. Each animal was anesthetized
with isoflurane (3 % for induction, 2 % for maintenance) in a mixture of
oxygen/nitrous oxide (30 %/70 %) administered via a mask. The rats’
body temperature was maintained at 36.6 + 0.5 °C during and after the
surgery using a temperature-controlled heating pad. All efforts were
made to minimize pain during anesthesia. Two weeks after MCAO, 15
mg/mL magnetic NP (MNP) was intra-arterial (IA) delivered via the
internal carotid artery (ICA), followed by 30 min of magnetic stimula-
tion in the rat brain. Magnetic stimulation and MNP injections were
performed thrice at 2-day intervals for 1 week. The sample size for each
experiment was chosen empirically to provide adequate statistical
power to detect a treatment effect. The animals were randomly assigned
to four treatment groups (n = 6 per group/experiment), and the in-
vestigators who assessed the outcomes were blinded to group assign-
ment (Fig. 1A). In the first experimental group, normal rats underwent
sham surgery without MCAO (Sham group). In the second experimental
group, MCAO rats were injected with saline (Control group). MCAO rats
were injected with LipoStatin (LipoStatin group) in the third experi-
mental group. In the fourth experimental group, after MNP adminis-
tration, MCAO rats were subjected to magnetic stimulation for 30 min
and then immediately injected with LipoStatin (MagStim + LipoStatin
group). Considering the possibility of residual or leaking solution in the
syringe during injection, 10 mg/kg of LipoStatin was intravenously
injected via the tail vein based on previous studies and our prior dose
optimization findings [15,17-19].

2.3. Synthesis of LipoStatin

As previously reported, liposomes were prepared using the film hy-
dration method [15]. Briefly, 1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine (DSPE-PEG), dipalmitoyl-phosphatidyl-choline (DPPC), and
cholesterol were mixed in a ratio of 1.5:1.5:1 (by weight) in each solvent
(methanol for DSPE-PEG and DPPC, chloroform for cholesterol). The
mixture was then shaken in a glass vial for 2 min. The above solvents
evaporated at room temperature to form a thin film in a vacuum
chamber. Then, the film was hydrated with 1 ml of distilled water and
heated in a glass vial at 60 °C for 30 min to produce multivesicular li-
posomes with heterogeneous properties. Finally, the LipoStatin NP
dispersion was prepared using a probe sonicator (Q125 Sonicator,
Qsonica, Newtown, CT, USA) for 10 min (amplitude 20 %, 20 kHz).

2.4. Focused nanomagnetic stimulation

Two disc-shaped permanent magnets were positioned face-to-face
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with a separation distance of 15.3 c¢cm, and a 17-turn coil with a diam-
eter of 5 cm was placed concentrically between them (Fig. 1B). This
configuration generated a magnetic field-free point (FFP) at the center of
the setup, where only an alternating magnetic field (AC field) was pre-
sent. The AC field was generated using a driving current set to 7 mTrms
at a frequency of 595.4 kHz. The AC magnetic fields applied in our study
operate in the radiofrequency range with long wavelengths and thus
were safe without interaction with biological tissues [20]. The animal’s
head was secured within this FFP using a custom-designed conical head
holder to precisely target the brain region associated with the cerebral
infarct lesion [21,22].

As used in previous experiments, magnetic nanoparticles (15 mg/
mL) were used to open the BBB while ensuring safe stimulation [14].
The localized exposure of these particles to the net AC magnetic field at
the FFP induced magnetic relaxation, leading to controlled heating at
the highly localized target site, avoiding off-target thermal damage or
systemic side effects. A temperature rise of approximately 5 °C was
observed at the lesion, within the established safety threshold for rat
brain stimulation (39°C-44 °C) [23]. Drug delivery to the target brain
region, the cerebral infarction lesion, was achieved through three
stimulation treatments every other day.

2.5. Evans Blue staining and fluorescence imaging

BBB permeability changes were assessed using Evans Blue staining.
Evans Blue (4 %) was injected into the tail vein and circulated for 2 h.
Saline was perfused intracardially to remove blood and Evans Blue dye
from the vessels. After euthanasia, brains were extracted, and fluores-
cence analysis for Evans Blue staining was performed. Extracted brains
were sectioned into 2 mm coronal sections, while vascular permeability
was assessed by quantifying the extravasation of Evans Blue into the
brain using an in vivo imaging system (IVIS® Lumina S5, PerkinElmer).
Images of the whole brain and 2 mm tissue slices were acquired ex vivo
using the following parameters: excitation filter of 600 nm, emission
filter of 710 nm, exposure time of 1 s, binning of 8, f-stop of 2, and field
of view of 21 cm. Evans Blue fluorescence was observed to analyze re-
gions of interest in the whole brain and slices.

2.6. MPI image of MNP accumulation at the target region

Nanoparticle accumulation in the target region was analyzed using
magnetic particle imaging (MPI). Quantification based on MPI images
was validated with an error margin of 4.3 + 1.8 % using samples with
known particle mass. Each MPI input signal was normalized, and the
volume of slices exceeding a defined brightness threshold was extracted
to calculate the total signal brightness. Particle mass was then estimated
using a mass estimation factor, defined as the ratio of mass standard
deviation to net signal standard deviation.

2.7. Behavioral tests of ischemic stroke model rats

Neurological assessments were performed before treatment and at 1
week post-treatment. The neurological deficit score (NDS) was assessed
by an investigator who was unaware of the experimental group. We
included only rats with a pretreatment NDS score of 1 or higher. A
higher NDS indicated a more severe neurological impairment [24].
Motor dysfunction was assessed using an accelerating rotarod test. Three
5-min activity training sessions were performed for each experimental
group before the assessment. Afterward, the rotating drum was accel-
erated for 5 min, and the time (in seconds) it took for the animals to fall
off the drum was recorded before treatment and at 1 week
post-treatment. Each session was performed three consecutive times for
a maximum of 300 s. The average latency to fall from the three trials was
then calculated.
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2.8. T2-weighted MR imaging

T2-weighted magnetic resonance (MR) imaging was performed using
the M7™ Compact MRI system (Aspect Imaging, Shoham, Israel) to
measure the size of the cerebral infarction in the three MCAO groups.
Rats were anesthetized using isoflurane (Forane soln. Abbot, USA). The
protocol for T2-weighted fast spin-echo MR imaging was as follows: TR/
TE 4000/100 ms, TI 100 ms, echo train length 12, flip angle 150°, field
of view 4 cm, number of slices 20, slice thickness 1.5 mm, interslice gap
0 mm, matrix 256 x 210. In vivo brain MR images were acquired twice
(before and 1 week after treatment) in the same rats (n = 6 per group). In
T2-weighted MR images, the volume of the infarct area showing high
signal intensity was quantified using medical image processing, analysis,
and visualization software (MIPAV, NIH, version 8.0.2).

2.9. Determination of infarct volume

Four groups were euthanized after isoflurane anesthesia. The brains
were carefully extracted from the skull and sliced coronally at 2-mm
intervals starting 1 mm distal to the frontal pole using a rat brain ma-
trix (RBM-4000C; ASI Instruments, Warrin, MI, USA). Coronal sections
were stained in phosphate-buffered saline (PBS) containing 2 % 2,3,5-
triphenyl tetrazolium chloride (TTC; Sigma) at 37 °C for 10 min [2].
The extent of brain damage over the entire ipsilateral hemisphere was
quantified using ImageJ software. Total infarct volume (mm3) was
determined by summing the volume of the damaged area in the brain
sections (i.e., damaged area x thickness).

2.10. Immunoblot analysis and reverse-transcription polymerase chain
reaction

The rats’ brains subjected to MCAO were cut in half to separate the
left (ischemic) hemispheres (n = 6 for each group). Protein extracts were
prepared from the tissues to analyze protein concentration patterns in
the ischemic hemisphere. The protein level of caveolin-1 (Cav-1),
claudin-5, JAM-A (#ab2910, #ab15106, #ab52647; Abcam, Cam-
bridge, UK), endothelial nitric oxide synthase (eNOS; #32027S; cell
signaling technology, Danvers, Massachusetts, USA), MMP-9, occludin,
zona occuldens-1 (#MA5-32705, #75-1500, #61-7300; Thermo Sci-
entific, Rockford, IL, USA), Interieukin-1 beta, Interieukin-6, TNF alpha,
Ibal (#12703S, #12912S, #11948S, #17198S; cell signaling technol-
ogy, Danvers, Massachusetts, USA), and f-actin (#SC-47778; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) was investigated. The expression
levels were quantified by calculating the mean gray value for each band
with ImageJ software.

Total RNA was extracted from the brain, followed by cDNA synthe-
sis. Reverse-transcription polymerase chain reaction (RT-PCR) was
performed for tumor necrosis factor-alpha (TNF-a), ionized calcium-
binding adaptor molecule 1 (Iba-1), interleukin 1p (IL-1p), IL-6, mono-
cyte chemoattractant protein-1 (MCP-1), eNOS, SRY-box transcription
factor 2 (Sox2), and Nestin. Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was used as an internal control.

2.11. BrdU administration and immunofluorescence

Proliferating cells were labeled with the thymidine analog 5-bromo-
2-deoxyuridine (BrdU; Sigma-Aldrich, St Louis, MO, USA). Each group
received an intraperitoneal injection of 50 mg/kg (10 mg/mL), resulting
in a solution. For the last three days, BrdU was administered to enhance
the labeling of cells that were actively dividing. We conducted double
labeling using fluorescent-tagged secondary antibodies to assess neu-
rogenesis. Following a wash with a buffer solution (TBS and 0.1 %
Tween 20), we incubated the sections with specific primary antibodies.
Antibodies against doublecortin (DCX, #48-1200; Thermo Scientific,
Rockford, IL, USA; 1:100) were used for neuronal progenitor cells, NeuN
(#ABN78; EMD Millipore, USA; 1:100) was used for mature neurons,
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and cleaved caspase-3 (CC3, #43-7800; Abcam, USA; 1:100) served as
an apoptosis marker. The optical fractionator method was employed to
quantify cells exhibiting dual labeling (BrdU/NeuN-positive, BrdU/
DCX-positive, or CC3/NeuN-positive cells). Double-labeled cells were
enumerated along the boundary region of the frontal cortex adjacent to
the subventricular zone in each brain (Fig. 1C).

2.12. Statistical analysis

The normality of data distribution was evaluated using the Shapiro-
Wilk test, and Levene’s test assessed the homogeneity of variance be-
tween groups. Parametric data were analyzed using one-way ANOVA
with Tukey’s multiple comparison tests and presented as mean =+ stan-
dard deviation or standard error of the mean. Data with unequal vari-
ances were analyzed using ANOVA with Welch’s correction, followed by
Dunnett’s multiple comparisons. Nonparametric data were analyzed
using the Kruskal-Wallis test and were presented as median [inter-
quartile range]. The behavior and brain imaging test, involving repeated
trials, was assessed for sphericity using Mauchly’s test. When the
sphericity assumption was violated, Greenhouse-Geisser estimates were
used to correct it. After confirming the assumption of equality of
covariance between the groups, the test data were analyzed using
repeated-measures ANOVA to determine the interaction effect between
treatment and time (treatment x time) and the main effects of experi-
mental treatment and time. * indicates p < 0.05, ** indicates p < 0.01,
*** indicates p < 0.001 and **** indicates p < 0.0001. All measure-
ments were performed by observers blinded to the individual
treatments.

3. Results
3.1. Evans Blue staining and fluorescence imaging

We conducted fluorescence imaging analysis using Evans blue to
determine when the permeability of the BBB normalized. We analyzed
fluorescence imaging with Evans blue on days 1, 3, 7, and 14 after
MCADO to evaluate whether the BBB normalized compared to the sham
model. We observed that BBB breakdown peaked up to day 3 after
MCAO, followed by a decrease from day 7 to day 14. On day 14, the
results were similar to those in the non-stroke group (sham). Thus, the
BBB disruption caused by ischemic stroke returns to normal levels at 14
days after acute ischemic stroke due to MCAO, diminishing the BBB
penetration by LipoStatin (Fig. 2).

3.2. MPI image of MNP accumulation at the target region

Focused heating is generated by the superposition of field-free points
induced by a gradient and alternating magnetic fields. Accumulation via
the gradient magnetic field was simulated under the following condi-
tions: vessel diameter of 320 pm, flow rate of 25 cm/s, fluid type as
blood, gradient field of 2.1 T/m, and particle diameter of 50 nm
(Fig. 3A) [22]. We investigated whether target drug delivery by
increasing BBB permeability was possible with 15 mg/mL MNP, a lower
concentration than 30 mg/mL previously used for BBB opening, since
BBB integrity may not be intact in subacute stroke rats. First, the tem-
perature was raised by 5.5 °C through MagStim in normal rats. However,
the change in BBB permeability due to this stimulation was not different
between the control and experimental groups, as shown by Evans Blue
leakage images captured using an IVIS® imaging system (Fig. 3B).
Therefore, these results show that target drug delivery is difficult with
15 mg/mL MNP in normal or chronic stroke rats with intact BBB, as in
our previous study [14,22].

Next, to evaluate the possibility of target drug delivery and moni-
toring with 15 mg/mL MNP in the subacute stroke model used in this
experiment, MPI was used to estimate the MNP concentration changes in
the target brain region after MNP injection at 24, 48, and 72 h. At each
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Fig. 2. Evans blue staining and fluorescence imaging. Measurement of Evans blue extravasation up to 14 days after MCAO using a fluorescence imaging system.
BBB opening was peaking on day 3 after MCAO. The BBB disruption returned to normal levels 14 days after acute ischemic stroke due to MCAO. Data are presented as
mean + SEM. Data were analyzed by ANOVA with Welch’s correction (n = 6). *: p < 0.05, **: p < 0.01.
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Fig. 3. Change of BBB permeability and MPI image of MNP accumulation at the target brain region. (A) MNP accumulation by the gradient field at the target
region was simulated using COMSOL software. (B) Measurement of Evans blue extravasation using a fluorescence imaging system for the Control and MagStim group.
(C) Estimated mass of accumulated MNP of each group from the MPI image. (D) 2D MPI image of accumulated MNP at the target brain region for the Control and
MagStim groups. Data are presented as the mean + SD. n = 3 in each group. *: p < 0.05, **: p < 0.01, ***: p < 0.001.

time point, the residual particle concentration in the MagStim group was
significantly higher than that in the control group (Fig. 3C). In partic-
ular, as shown in the MPI images in Fig. 3D, a high particle residual
amount was observed in the target brain region up to 72 h after MagStim
administration, with an estimated concentration of at least 16.94 g,
unlike the control group. These results suggest that our drug delivery
method of 15 mg/mL MNP injection every other day with MagStim can
effectively deliver drugs to targeted regions.

3.3. Characterization of LipoStatin formulation

The quality evaluation results of the LipoStatin were shown in Fig. 4.
LipoStatin exhibited a hydrodynamic size of 293 nm, and its zeta

1624

potential was — 17.6 mV, as determined by dynamic light scattering
(Malvern Instruments, Malvern, UK). The encapsulation efficiency was
54.6 %, as detected by high-performance liquid chromatography
(HPLC). Based on this encapsulation efficiency, nanoparticles were
produced to contain 10 mg/kg of active atorvastatin.

3.4. Motor function recovery and infarct volume assessment

No subjects died after 2 weeks of stroke. Behavioral evaluations were
conducted using the NDS and rotarod test before and after treatment in
the Sham, Control, LipoStatin, and MagStim + LipoStatin groups to
assess motor function recovery after treatment following subacute
stroke. After treatment, the NDS in the MagStim + LipoStatin group was
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Fig. 4. The quality evaluation results of the LipoStatin. (A) Size and (B)
zeta potential of liposomes loaded with atorvastatin calcium. (C) Morphology of
the liposomes was assessed using TEM with synomag loaded inside as a nega-
tive control. (D) The encapsulation efficiency, which shows the percentage of
statin loaded in the liposomes, was determined using high-performance liquid
chromatography.

significantly lower than that in the Control group (treatment x time
interaction effect, Fy g9 = 0.920, p = 0.404; main effect of time, Fy g9 =
6.954, p = 0.011; main effect of treatment, F5 g9 = 2.308, p = 0.108; two-
way ANOVA for repeated measures; p = 0.010 compared to the Control
group, Tukey’s post hoc analysis, Fig. 5A). The rotarod tests assess the
coordination, balance, and endurance of an animal after focal ischemic
injury and during post-treatment recovery [25]. Fig. 5B shows the re-
covery improvement rate in the time to fall on the rotarod test before
and after treatment in each group. No significant differences in the time
to fall were noted among the three experimental groups before treat-
ment. However, the LipoStatin and MagStim + LipoStatin groups
exhibited a longer time to fall compared to Control group after treatment
(treatment x time interaction effect, F3 g0 = 3.219, p = 0.027; main
effect of time, F; go = 10.268, p = 0.002; main effect of treatment, F3 go
= 15.346, p < 0.001; two-way ANOVA for repeated measures; Control
vs. LipoStatin: p = 0.017, Control vs. MagStim + LipoStatin: p = 0.001,
Tukey’s post hoc analysis). Thus, the MagStim + LipoStatin group
demonstrated better motor function compared to the Control group.
TTC staining was performed to assess the infarction volume in each
group. The infarct volume in the group of ischemic rats treated with
MagStim + LipoStatin significantly decreased compared to the Control
group (p = 0.004, Kruskal-Wallis test with Dunn’s post hoc test, Fig. 5).
Moreover, the infarct volume significantly decreased in the MagStim +
LipoStatin group compared to the LipoStatin group (p = 0.016).
T2-weighted MR imaging of the rat brain after MCAO induction
clearly showed an ischemic region in the control, LipoStatin, and Mag-
Stim + LipoStatin groups before therapy. The infarction volumes were
measured on T2-weighted MR images before and after treatment. The
infarction volume was reduced in the MagStim + LipoStatin group
compared to control and LipoStatin groups after treatment (treatment x
time interaction effect, Fo 15 = 0.895, p = 0.429; main effect of time,
F1,15 = 9.129, p = 0.009; main effect of treatment, Fo15 = 3.244, p =
0.067; two-way ANOVA for repeated measures; Control vs. MagStim +
LipoStatin: p = 0.049, LipoStatin vs. MagStim + LipoStatin: p = 0.155,
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Dunnett’s post hoc analysis, Fig. 5).
3.5. Immunoblot analysis for tight junction proteins

We assessed the levels of claudin-5, occludin, ZO-1, and JAM-A to
explore the impact of MagStim + LipoStatin on the concentration of
tight junction proteins (Fig. 6). Furthermore, we investigated caveolin-1
levels in association with tight junction proteins since Cav-1 acts as a key
regulator of BBB permeability. Additionally, we examined the upregu-
lation of MMP-9, which increases BBB permeability [26-29]. The level
of tight junction proteins was elevated in the MagStim + LipoStatin
group compared to the Control group, indicating improved preservation
of BBB integrity through endothelial function restoration (ZO-1: p <
0.0001, JAM-A: p = 0.003, ANOVA with Dunnett’s post hoc analysis;
Cav-1: p < 0.0001, ANOVA with Tukey’s post hoc analysis; Occludin: p
= 0.004, Claudin-5: p = 0.004, Kruskal-Wallis test with Dunn’s post hoc
analysis). Regarding BBB permeability, the treatment combining Mag-
Stim and LipoStatin significantly upregulated the concentration of tight
junction proteins ZO-1 and Cav-1 compared with LipoStatin alone in
MCAQO rats (ZO-1: p = 0.011; Cav-1: p < 0.0001). The upper band of
MMP-9, seen at around 92 kDa, is the precursor form (inactive
Pro-MMP-9), and the lower band, seen at around 82 kDa, is the active
form [30,31]. The level of the active form of MMP-9, establishing a
connection with excitotoxicity and BBB breakdown, decreased signifi-
cantly in the MagStim + LipoStatin group compared to the Control
group (p = 0.009, ANOVA with Dunnett’s post hoc analysis) [31].

3.6. Assessment of inflammation and neurorestoration markers

MagStim + LipoStatin treatment significantly reduced the protein
levels of inflammatory markers of IL-6, TNF-a, and Ibal compared to the
Control and LipoStatin groups in Western blotting (IL-6, TNFa, and Ibal:
p < 0.05, ANOVA with Tukey’s post hoc analysis, Fig. 7A-E). The
expression of proinflammatory and restoration factors was analyzed to
quantify gene expression after therapy (Fig. 7F-M). The expression of
inflammatory cytokines and chemokines, including IL-1f, IL-6, TNF-a,
MCP-1, and Ibal, in the MagStim + LipoStatin group decreased
compared to the Control group after treatment (IL-1p: p = 0.825, IL-6: p
= 0.058, TNFa: p = 0.782, MCP-1: p = 0.512, ANOVA with Dunnett’s
post hoc analysis; Ibal: p = 0.337, Kruskal-Wallis test with Dunn’s post
hoc analysis), although without statistical significance. MagStim +
LipoStatin treatment also significantly reduced TNF-a expression
compared to the LipoStatin group (p = 0.020). The expression of eNOS,
which produces vasodilatory nitric oxide, was significantly enhanced in
the MagStim + LipoStatin group compared to the Control group (p =
0.037, Kruskal-Wallis test with Dunn’s post hoc analysis) [32]. There-
fore, MagStim, alongside LipoStatin, can be delivered to the ischemic
brain region, activating eNOS to promote vasodilation and reduce
infarct volume. Additionally, markers of neurorestoration, such as SOX2
and Nestin, further increased in the MagStim + LipoStatin group
compared to the Control group, although without statistical significance
(SOX2: p = 0.569, Nestin: p = 0.490, ANOVA with Tukey’s post hoc
analysis, Fig. 7).

3.7. Immunofluorescence for apoptosis and regeneration

We examined CC3/NeuN-positive cells to assess the progression of
cell apoptosis in the boundary area of cerebral ischemia (Fig. 8). The
number of CC3/NeuN-positive cells markedly increased in the Control
group compared to the Sham group (p < 0.0001, ANOVA with Tukey’s
post hoc analysis). However, CC3/NeuN-positive cells significantly
decreased in the MagStim + LipoStatin group compared to the Control
group (p < 0.0001). We evaluated BrdU-positive cells in the mildly
damaged frontal cortex to elucidate endogenous regeneration along the
boundary region of the cerebral ischemia adjacent to the subventricular
zone in the frontal cortex. The number of BrdU/NeuN- and BrdU/DCX-
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Fig. 5. The MagStim + LipoStatin group showed improved motor function along with a significant reduction in infarct volume. Motor function change was
assessed to compare the performance of each group before and after treatment. (A) Neurological deficit score. The data were analyzed by repeated measures ANOVA,
n = 21. (B) The improvement rate in the rotarod test before and after treatment was compared among each group. The data were analyzed by repeated measures
ANOVA, n = 21. All data are presented as mean + SEM. *: p < 0.05, **: p < 0.01. (C) 2 % 2,3,5-triphenyltetrazolium chloride staining of ischemic infarct regions. (D)
T2-weighted MR imaging of the rat brain before (2 weeks after stroke) and after treatment (3 weeks after stroke). (E, F) Quantitative analysis results for the extent of
infarct volume after treatment. The average volume of the regions of interest showed significant differences among the three groups (n = 6 in each group). (E) Data
are presented as the median with interquartile range indicating min to max whiskers of box plots and analyzed using the Kruskal-Wallis test followed by Dunn’s post
hoc analysis. (F) Data are presented as the mean + SEM and analyzed by repeated measures ANOVA with Dunnett’s post hoc test. *: p < 0.05, **: p < 0.01.

positive cells was scarcely detected in the Control group. Conversely,
BrdU/NeuN- and BrdU/DCX-positive cells were significantly abundant
within the penumbra in the MagStim + LipoStatin group compared with
the Control and LipoStatin groups (BrdU/NeuN: p < 0.0001 compared
to the Control group, p < 0.0001 compared to the LipoStatin group,
ANOVA with Tukey’s post hoc analysis; BrdU/DCX: p < 0.0001
compared to the Control group, p < 0.0001 compared to the LipoStatin
group, ANOVA with Dunnett’s post hoc analysis, Fig. 8).
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4. Discussion

Our results demonstrate that combining MagStim to cross the BBB
and LipoStatin in subacute MCAO rats is significantly more effective
than saline or LipoStatin treatment alone. By utilizing MagStim to open
the BBB and administering LipoStatin, the mechanisms underlying the
improvement of motor deficit and metabolic dysfunction include stabi-
lizing the BBB, enhancing endothelial function, reducing neuro-
inflammation, and promoting neurogenesis. Hence, using MagStim and
LipoStatin in combination could serve as a promising targeted therapy to
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Fig. 6. Evaluation of protein level in ischemic rats after treatment. (A) Protein concentration analyzed by Western blotting: (B) ZO-1, (C) JAM-A, (D) active form
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interquartile range indicating min to max whiskers of box plots and analyzed using the Kruskal-Wallis test. *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p

< 0.0001.

improve functional outcome for patients with subacute stroke, who have
no specific treatment option other than secondary prevention and
rehabilitation [7]. Our results suggest that the proposed treatment
strategy of targeted delivery of a potentially neuroprotective agent to
the lesion site using focused MagStim in the subacute period can be
effective and safe in a real-world clinical setting after reperfusion is
achieved through EVT, the most recommended standard treatment for
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acute stroke patients with LVO [33].

Our study used IVIS® imaging to assess the increase in BBB perme-
ability and its disruption over time after MCAO. We observed that BBB
breakdown peaked by 3 days after ischemia-reperfusion injury and then
decreased from day 7. On day 14, it was comparable to that in the non-
stroke group (sham group). These results suggest that potential neuro-
protective agents can reach the stroke lesion without a specific drug
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Fig. 7. Inflammation markers were evaluated at the mRNA and protein levels, while neurorestoration markers were analyzed at the mRNA level after
treatment. (A) Protein level analyzed by Western blotting: (B) IL-1, (C) IL-6, (D) TNF« and (E) Ibal; mRNA expression level analyzed by RT-PCR: (F) IL-1p, (G) IL-6,
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E, J, K) Data were analyzed by ANOVA with Tukey’s post hoc test. (L, M) Data are presented as the median with interquartile range indicating min to max whiskers of

box plots and analyzed using the Kruskal-Wallis test. n = 6 in each group.

delivery strategy within 14 days after stroke, as BBB damage is present
and cerebral vessels are recanalized, and that attempts to open the BBB
are risky. However, beyond 14 days after stroke, a treatment strategy
that crosses the BBB is necessary for targeted drug delivery. Therefore,
to safely address the unmet needs of neuroprotective treatment in sub-
acute stroke following acute reperfusion therapy, we utilized MagStim
to increase the efficacy of neuroprotective treatment two weeks after
stroke by allowing LipoStatin to cross the BBB and accumulate at the
injury site. Current guidelines recommend initiating oral anticoagulant
therapy at >12-14 days of stroke onset after excluding hemorrhagic
transformation, considering the risk of intracerebral hemorrhage, in
patients with severe stroke [5,34]. Our treatment schedule is consistent
with the treatment timeline currently used in clinical practice. Our
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*:p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

results suggest that targeted delivery of drugs with potential neuro-
protective effects to the site of ischemic injury using MagStim can
further enhance the efficacy of drug therapy safely. Accordingly, this
treatment strategy may be a groundbreaking new treatment strategy in
the subacute and chronic phases of ischemic stroke.

Our results also demonstrate that theragnostic via magnetic stimu-
lation and imaging could open a new horizon for overcoming neuro-
logical diseases. We demonstrated via MPI that the MagStim was indeed
effective for targeted drug delivery. Up to 72 h after MagStim, in MPI,
nanoparticles crossed the BBB and accumulated within the target area.
These results highlight two key aspects of theragnostic: the ability of
MagStim to facilitate BBB opening and deliver targeted drugs and the
monitoring capability of MPI based on the same technology. Therefore,
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p < 0.0001.

theragnostic via magnetic stimulation and imaging could be a powerful,
noninvasive, and valuable new approach that provides qualitative in-
sights, such as particle localization and residual visualization, and
quantitative data, including accurate estimates of particle mass and
distribution, in various neurological diseases.

LipoStatin therapy may aid in restoring functional activity by sta-
bilizing the BBB, reducing apoptosis, and enhancing neurogenesis.
While ischemia causes immediate cell death, cells in the penumbra, the
surrounding area of the ischemic core, sustain potentially reversible
injury [35]. Multiple therapeutic approaches have been explored to
address abnormal brain activity after ischemic stroke. Furthermore,
prior research indicated promising neuroprotective strategies targeting
the penumbra area around the ischemic core [3,36,37]. During ischemic
injury, the active form of MMP-9 level increases, leading to the degra-
dation of tight junction proteins and BBB disruption [38]. Our results
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demonstrate that LipoStatin inhibits MMP-9 activity and increases the
level of tight junction proteins, stabilizing BBB disruption. Additionally,
statins are recognized for their anti-inflammatory and protective effects
in ischemic stroke and are believed to modulate microglial activity [39].
Our findings suggest that stabilizing BBB integrity and neuro-
inflammation with LipoStatin might mitigate cell death during the
post-ischemic stroke phase within the peri-infarct region, enhancing
motor recovery.

Our results further suggest that MagStim + LipoStatin, opening the
BBB and delivering drugs to the target area, provides superior neuro-
protective effects over LipoStatin therapy alone. LipoStatin treatment
alone may not be effective two weeks after ischemic stroke when the
BBB has already stabilized to a certain extent. MagStim + LipoStatin
treatment significantly decreased infarct volume compared to LipoStatin
therapy alone. Additionally, MagStim + LipoStatin treatment
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significantly recovered the level of tight junction proteins and BBB
regulatory protein caveolin-1 compared to the LipoStatin group. More-
over, TNF-a, a representative inflammatory cytokine, was considerably
lower in the MagStim + LipoStatin group than in the LipoStatin group.
MagStim + LipoStatin therapy significantly promoted neurogenesis in
the frontal cortex adjacent to the subventricular zone in the ischemic
penumbra compared to LipoStatin alone. No subjects died or neuro-
logically deteriorated after MagStim, reaffirming the safety of MagStim.
These results were likely obtained due to the improved precise targeting
and accumulation of LipoStatin while overcoming the BBB safely by
MagStim.

After cerebral ischemia, the brain undergoes molecular changes,
including eNOS alterations, which result in changes in endothelial
function and vasodilation. Studies suggested that statins confer brain
protection against stroke through eNOS, as evidenced by the absence of
neuroprotective effects and blood flow regulation in rats lacking eNOS.
These findings underscore the significance of enhancing eNOS activity in
safeguarding the brain against ischemic injury [40]. As a response to
ischemia, eNOS is upregulated to protect the brain against brain damage
over time after ischemic stroke. In the MagStim + LipoStatin group, the
expression of eNOS, which produces vasodilatory nitric oxide, was
enhanced compared to the Control group, while there was no difference
between the Control and LipoStatin groups. Therefore, MagStim +
LipoStatin can improve endothelial function and vasodilation by upre-
gulating eNOS mRNA expression [41].

Our approach is an innovative, safe drug delivery for targeting deep
brain regions without surgery. Our technology for target drug delivery
can be applied to all brain regions, including deep brain regions, in a
non-invasive manner. Conventional ultrasound and transcranial mag-
netic stimulation (TMS) have penetration limitations for bone or cavities
[42,43]. Therefore, our strategy using MagStim, which can target deep
areas while retaining the advantages of conventional TMS and ultra-
sound, could be a viable approach to reaching usually inaccessible areas.
Our results are the first to demonstrate that delivering neuroprotective
agents by opening the BBB via MagStim to the targeted ischemic lesions
can be effective. Our novel therapeutic strategy may open up new ave-
nues for future research and potential clinical applications for not only
ischemic stroke but also many other neurological diseases, such as
neurodegenerative disorders.

Nevertheless, certain limitations must be addressed before applying
our strategy in clinical settings. First, the study was conducted using an
animal model, necessitating further investigation to determine the
applicability of these findings to human clinical settings. Although
nanotechnology has not yet been approved for treating stroke in
humans, the number of FDA-approved nanotechnology-based products
and clinical trials in humans has recently increased, primarily in cancer
treatment [44]. The leading category applied to humans is liposomes
[45]. Therefore, LipoStatin may be a promising novel therapeutic
strategy for stroke as a neuroprotective agent, having the potential for
application in clinical trials and real-world practice. Second, long-term
safety studies are crucial, but our research focuses on short-term out-
comes. Our study observed results up to 21 days after stroke, limiting
conclusions regarding sustained safety. Thus, longitudinal studies are
essential to determine whether LipoStatin offers cumulative long-term
benefits. Such studies are particularly important for chronic neurode-
generative diseases, for which ongoing management is critical [46].
Therefore, as a next step, we are investigating long-term neuroprotective
effects and potential side effects of statin-loaded NPs in neurodegener-
ative diseases. Third, our study did not include a positive control, such as
rtPA or another neuroprotective agent. Furthermore, statins combined
with rtPA may have additional synergistic effects; further studies,
including a positive control, are needed [47]. Fourth, we did not directly
examine the penetration across the BBB and brain distribution of Lip-
oStatin. Therefore, whether the effects of combined MagStim and Lip-
oStatin treatment result from drug delivery or a synergistic effect of
MagStim and LipoStatin alone is unclear. Furthermore, we cannot rule
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out the possibility that the observed effects are due to MagStim alone,
and further research is needed to compare the effectiveness of MagStim
alone and MagStim + LipoStatin. However, the primary objective of this
study was to evaluate the feasibility and therapeutic efficacy of a
MagStim-based drug delivery strategy in patients with subacute stroke
who received standard acute reperfusion therapy. Since we demon-
strated using MPI that targeted drug delivery is possible by opening the
BBB using MagStim, targeted drug delivery into the brain with Lip-
oStatin would also be successful. Furthermore, we demonstrated that
MR-based monitoring for target drug delivery is feasible. Therefore, our
results suggest that MagStim and nanotherapeutic hybrid approaches
may be practical new therapeutic approaches and theranostics.

In conclusion, our study demonstrates the beneficial effects of
MagStim and the target delivery of LipoStatin in subacute ischemic
stroke after acute reperfusion. This study is the first to demonstrate that
combining MagStim and LipoStatin treatment can enhance functional
activity, endothelial function, and neuroinflammation, while also pro-
moting neurogenesis and stabilizing the BBB with safety, compared to
saline or LipoStatin alone. These findings provide additional evidence
regarding the beneficial therapeutic effects of MagStim + LipoStatin,
which safely delivers LipoStatin by opening the BBB via MagStim to
targeted brain lesions. Our results highlight the need for future ad-
vancements of promising novel non-invasive therapeutic MagStim and
nanotherapeutic hybrid approaches, which may open new eras for tar-
geted drug delivery and therapy in post-stroke patients and other
neurological disorders, such as neurodegenerative diseases, to maximize
therapeutic efficacy and minimize systemic side effects.
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