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ABSTRACT

Cerebral ischemia-reperfusion injury (CI/RI) remains the main cause of disability and
death in stroke patients due to lack of effective therapeutic strategies. One of the main
issues related to CI/RI treatment is the presence of the blood-brain barrier (BBB), which
affects the intracerebral delivery of drugs. Ginkgolide B (GB), a major bioactive component
in commercially available products of Ginkgo biloba, has been shown significance in
CI/RI treatment by regulating inflammatory pathways, oxidative damage, and metabolic
disturbance, and seems to be a candidate for stroke recovery. However, limited by its poor
hydrophilicity and lipophilicity, the development of GB preparations with good solubility,
stability, and the ability to cross the BBB remains a challenge. Herein, we propose a
combinatorial strategy by conjugating GB with highly lipophilic docosahexaenoic acid (DHA)
to obtain a covalent complex GB-DHA, which can not only enhance the pharmacological
effect of GB, but can also be encapsulated in liposomes stably. The amount of finally
constructed Lipo@GB-DHA targeting to ischemic hemisphere was validated 2.2 times
that of free solution in middle cerebral artery occlusion (MCAO) rats. Compared to the
marketed ginkgolide injection, Lipo@GB-DHA significantly reduced infarct volume with
better neurobehavioral recovery in MCAO rats after being intravenously administered both
at 2 h and 6 h post-reperfusion. Low levels of reactive oxygen species (ROS) and high
neuron survival in vitro was maintained via Lipo@GB-DHA treatment, while microglia
in the ischemic brain were polarized from the pro-inflammatory M1 phenotype to the
tissue-repairing M2 phenotype, which modulate neuroinflammatory and angiogenesis. In
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addition, Lipo@GB-DHA inhibited neuronal apoptosis via regulating the apoptotic pathway

and maintained homeostasis by activating the autophagy pathway. Thus, transforming GB
into a lipophilic complex and loading it into liposomes provides a promising nanomedicine
strategy with excellent CI/RI therapeutic efficacy and industrialization prospects.

© 2023 Shenyang Pharmaceutical University. Published by Elsevier B.V.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

According to the World Health Organization (WHO), in 2019
stroke was responsible for approximately 11% of total deaths
and ranked among the top 10 leading causes of death [1].
Acute ischemic stroke (AIS), caused by sudden thrombus
blockage in blood vessels, is the most common subtype of
stroke [2]. The restoration of the blood supply, referred to as
“reperfusion,” is a vital method for AIS treatment. However,
reperfusion intervention commonly leads to the occurrence of
cerebral ischemia-reperfusion injury (CI/RI) and survivors still
face complications that may develop into disabilities, mainly
caused by secondary reperfusion followed by ischemia due to
the production of oxidative stress and excess inflammatory
cytokines [3].

To alleviate post-ischemia reperfusion injury, a variety
of drugs, including gamma-aminobutyric acid (GABA)
receptor agonists, NO-related interventions, nonsteroidal
anti-inflammatory drugs (NSAIDs), and neuroprotective
agents, have been used in clinical and preclinical research [4-
6]. However, none of these strategies can completely prevent
ongoing neuroinflammation because of the complexity
of CI/RL Inflammatory responses after stroke occur and
persist throughout the brain due to excessive oxygen free
radicals and the infiltration of peripheral immune cells
after reperfusion. These can also aggravate secondary brain
injury by exacerbating blood-brain barrier (BBB) damage and
microvascular dysfunction, inducing neuronal cell death
[7] and causing irreversible damage. Now, studies on cerebral
ischemia injury treatment have mainly been limited to the
recovery of neuron themselves, or different separated cell
populations and structures in the brain, ignoring the root
cause of ROS and integrity of brain function. Therefore,
the overall remodeling of the neurovascular unit (including
neuron, glia, and blood vessels) and the comprehensive
regulation of the inflammatory microenvironment are
believed to be more effective, and are urgently needed.

Ginkgo biloba (G. biloba) extract products have been widely
used to prevent and treat stroke for many years due to
their potential to decoy neuronal apoptosis and regulate
neuroinflammation [8]. For example, oral pretreatment with
G. biloba extracts has been shown to significantly decrease
the level of malondialdehyde (MDA) and brain edema in
a dose-dependent manner after cerebral ischemia [9]. It
has also been proved to be beneficial to cognitive recovery,
which is of great significance for high incidence of cognitive
disorders after stroke [10]. Here, the main active ingredients
of G. biloba leaf extract are diterpene lactones, including
ginkgolides A, B, C and K. Among them, ginkgolide B (GB)

has the strongest activity in treating cerebrovascular diseases,
which can block inflammatory responses by participating in
platelet-activating factor (PAF)-mediated signal transduction
and attenuate neuronal damage induced by regulating the
miR-206/BDNF signaling pathway [11,12]. Moreover, GB seems
to play a positive role in the differentiation of neural stem cells
after stroke by upregulation of SOCS2 to furtherly activate
EGF receptor [13]. So, GB was selected as a candidate drug
in this paper. Besides, G. biloba diterpene lactone meglumine
injection (referred to GB injection in this study), extracted
from G. biloba containing over 50% GB and other diterpene
lactones, was chosen as a positive control. The therapeutic
effect of this injection plus aspirin has also been clinically
validated for vascular recanalization and neuron recovery
after stroke [14].

Previous reports have demonstrated that GB can inhibit
persistent inflammatory response and stimulate neuron
regeneration after stoke, which are the core events of
CI/RI. However, due to the existence of the blood-brain
barrier (BBB), the insufficient targeted accumulation of GB
in the damaged hemisphere via noninvasive administration
restricts treatment outcomes. For example, after 4 h of
reperfusion, the intravenous injection of GB could only
downregulate the neurobehavioral score, and did little to
mitigate neuroinflammation or reduce the cerebral infarction
volume, indicating that the outcomes of this treatment are
compromised with the therapeutic time window [15]. Several
more deficiencies exist for GB injection in terms of the delivery
of GB actively into the brain, including the accurate targeting
of specific tissues or cells, deep penetration, and avoiding
immune detection. Therefore, there is a need to overcome
these shortcomings by developing a novel GB delivery system
with improved therapeutic efficacy.

Multiple approaches have been reported to improve
the efficiency of nanomedicine delivery to the damaged
brain. Among various drug delivery systems, liposomes have
shown great benefits for clinical translation because of their
high biocompatibility, low toxicity, and high capacity for
encapsulation in various cargos [16]. In addition, liposomes
have advantages in post-stroke drug delivery because they
can selectively aggregate in the ischemic hemisphere so as
to a higher therapeutic agent accumulation [17]. Besides,
a biphasic barrier enhancement and tight junction (TJ)
abnormalities can be observed 48 h after stroke, which
increases the paracellular permeability of molecules and
liposomes. In addition, caveolin-mediated endocytosis and
higher transcytosis rate greatly increases the transcellular
transport of liposomes as early as 6 h of reperfusion and
persists at least for 24 h [18,19]. Therefore, liposome may
address the concerns of conventional GB injection, provide
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enhanced brain-targeting ability, and be an ideal nanocarrier
for GB delivery into the brain.

However, the LogP of GB is only 0.146, with a low
hydrophilicity and lipophilicity [20], making it difficult to
formulate GB in liposomes owing to poor encapsulation
efficiency and stability. To solve the problem of the low
lipophilicity of GB, we proposed strategies for forming
covalent complexes with polyunsaturated fatty acids (PUFA)
and subsequent liposomal encapsulation. In this study,
docosahexaenoic acid (DHA) was chosen as it can be
integrated into the lipid bilayer [21], thereby increasing
the stability of the complex. For example, DHA has been
already proposed to reconstruct cabazitaxel-DHA with the
ability to be readily integrated into the lipid bilayer of
liposomes for systemic administration [22]. And as reported,
neuroprotection against cerebral ischemic stroke mediated
by DHA includes improving neuronal defense capacity and
inhibiting cellular inflammatory mechanisms by increasing
the expression of nuclear factor erythroid 2-related factor
2 (N1f2) and heme oxygenase 1 (HO-1), showing protective
effects against oxidative stress-induced damage [23,24].
Besides, DHA can protect against post-stroke injury by
regulating macrophage polarization [25-27], which suggests
the possibility of a synergistic effect of GB and DHA. So, in this
paper, DHA was finally chosen.

Here, we first synthesized GB-DHA to up-regulate the
lipophilicity of GB and then loaded it into liposomes
to increase its brain-targeting capability. The liposomes
can further target the ischemic hemisphere of the brain
to synergistically protect against neuron apoptosis via
eliminating ROS, remodeling neurovascular unit via
regulating the polarization of the pro-inflammatory and
anti-inflammatory phenotype of microglia, and facilitating
anti-inflammatory activity by reducing the infiltration of
peripheral immune cells (Scheme 1). Our results validate
this design rationale as a simple yet smart strategy for the
development of GB as an effective medicine.

2. Materials and methods
2.1. Materials

Ginkgolide B (GB) was purchased from Dashbio, Inc. (Nanjing,
China). Docosahexaenoic acid (DHA) was purchased
from Macklin. Egg phosphatidylcholine (Egg PC, PL-100M)
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N- [methoxy (polyethylene glycol) 2000] (DSPE-PEG,0)
were purchased from AVT Pharmaceutical Co. Ltd.
(Shanghai, China). The fluorescence dyes 1,1’-dioctadecyl-
3,3,3,3'-tetramethylindocarbocyanine  perchlorate  (Dil),
4-chlorobenzenesulfonate salt (DID), 1,1-dioctadecyl-3,3,3,3-
tetramethylindotricarbocyanine  (DiR), 4',6-diamidino-2-
phenylindole (DAPI), and the TUNEL apoptosis detection kit
were purchased from Meilunbio (Dalian, China). Cholesterol,
chloroform, methanol and Tween 80 were purchased from
Sinopharm (Beijing, China). The ROS detection cell-based
assay kit was purchased from Beyotime (Dalian, China).
FITC anti-rat CD11b antibody, Alexa Fluor® 700 anti-rat
CD45 antibody, and APC anti-rat CD3 were purchased from

BioLegend (USA). PE anti-rat CD86 antibody was purchased
from BD Biosciences. Rabbit anti-BDNF, rabbit anti-Bcl-2,
and rabbit anti-Bax monoclonal antibodies were purchased
from Abcam (Cambridge, UK). Rabbit anti-LC3B monoclonal
antibody, rabbit anti-AMPK«1/a2 monoclonal antibody, and
rabbit anti-ATG5 monoclonal antibody were purchased from
Abclonal (Wuhan, China). Hieff® gPCR SYBR Green Master
Mix (Low Rox Plus), and Hifair® II 1st Strand cDNA Synthesis
Kit were purchased from Yeasen Biotechnology Co., Ltd.
(Shanghai, China). The primers used for Q-PCR studies were
synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).

2.2. Cell lines and animals

PC12 neuron cells, and mouse microglia (BV2) were purchased
from American Type Culture Collection (ATCC, USA) and
cultured in DMEM medium supplemented with 10% fetal
bovine serum (FBS), streptomycin (100 U/ml), and penicillin
(100 U/ml) at 37°C in 95% air/5% CO2.

Male SD rats (180-250 g) were purchased from ShanghaiJSS
Laboratory Animal Co., Ltd. (Shanghai, China) and maintained
under SPF conditions. All animal experiments were conducted
in accordance with the guidelines evaluated and approved by
the ethics committee of Fudan University.

2.3.  Synthesis and characterization of GB-DHA

To improve the lipophilicity of GB, GB-DHA was synthesized
according to a previously reported esterification method
with modifications [28,29]. Brieflyy GB (305 mg, 0.72
mmol) and DHA (196.8 mg, 0.6 mmol) were dissolved in
acetonitrile (12 ml). Then, 1-(3-dimethylaminopropyl)-3-
ethylcarbondiimine hydrochloride (EDC-HCI, 0.84 mmol) and
4-dimethylaminopyridine (DMAP, 0.12 mmol) was slowly
added and the mixture was stirred for 1 h on ice. After stirring
for 24 h under nitrogen gas condition, 30 ml ethylacetate
replaced the organic solvents and then washed with 5%
NaHCO;3; solution and saturated NaCl twice, respectively.
Finally, the crude products were purified using column
chromatography and washed with petroleum ether and ethyl
acetate (7:3). The final structure was confirmed by 'H-NMR
spectroscopy using a 400 MHz system (400 MHz, Varian) and
ESI-MS (QTRAP 6500+, SCIEX).

The log P of GB-DHA was tested by calculating the solubility
in water and octanol (4:1). Briefly, water was saturated with n-
octanol for 24 h, then 100 ug/ml GB-DHA was added to the
mixed solution for 24 h continuously shaking at 25 °C. After
holding for 12 h, the concentration of GB-DHA in water and
n-octanol was tested by HPLC (Agilent 1200) respectively.

2.4. Preparation of Lipo@GB-DHA

GB-DHA-loaded liposomes (Lipo@GB-DHA) were prepared
using the film dispersion method, as previously described
[30,31]. Briefly, 15 mg EPC, 3 mg cholesterol, 1.5 mg DSPE-
PEGy000, and 1.73 mg GB-DHA (containing 1 mg GB) were
dissolved in 2 ml chloroform. After removing organic solvent
by rotary evaporation at 45 °C for 15 min, a thin film was
formed and hydrated with 1 ml PBS at 45 °C for 60 min. Then,
the suspensions were extruded through 400 nm and 200 nm
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Scheme 1 - Schematic illustration of Lipo@GB-DHA therapy for cerebral ischemia. (1) Lipo@GB-DHA aggregated more in
ischemic hemisphere, uptaken by caveolin over-expressed at ischemic hemisphere and carried by macrophage and
microglia to injured brain. (2) Lipo@GB-DHA show an excellent role in scavenging ROS so that it can effectively inhibit the
apoptosis of neuron. (3) Lipo@GB-DHA protected neuron function by transferring the “pro-inflammatory” M1 microglia to
“tissue-repairing” M2 microglia, inhibiting inflammation and promoting angiogenesis. (4) Lipo@GB-DHA decoyed the
macrophages/neutrophils infiltration, mitigating secondary damage.

polycarbonate filters (Nuclepore™; Whatman) eleven times
using a liposome extruder (HandExtruder™; Genizer). Finally,
Lipo@GB-DHA was obtained. Lipo@DHA with the addition of
DHA was prepared as a control using the same method.

2.5.  Characterization of Lipo@GB-DHA

The hydrodynamic diameter and zeta potential of the
liposomes were measured at 25°C using dynamic light
scattering (DLS) with a Zetasizer Nano-ZS system (Malvern
3600; Malvern). A transmission electron microscope (G2
Spirite 120 kV; FEI) was used to visualize the morphology of
Lipo@GB-DHA and Lipo@DHA stained with 2% uranyl acetate
[32]. Finally, Lipo@GB-DHA was suspended in 1 x PBS and
stored at 4°C. The diameter, polydispersity index (PDI), and
zeta potential were measured.

The encapsulation efficiency (EE) of GB-DHA in liposomes
was calculated by measuring the drug content in the filtrate
collected by SephadexG-50 to the total added GB-DHA using
HPLC (Agilent 1200) at 205 nm [33,34], A Cosmosil C18 column

(5 um, 4.6 mm x 250 mm) was used and the mobile phase
consisted of a 0.1% phosphoric acid and acetonitrile (20:80,
v:v). The EE was calculated using the following equation:

EE(%) = Wiiltrate /Wiotal x 100%

where Wiyyrate 1S the amount of GB-DHA collected by
SephadexG-50, and Wi,y is the total amount of added
Lipo@GB-DHA.

The release kinetics of GB-DHA from Lipo@GB-DHA was
carried out by dialysis bags. 2 ml Lipo@GB-DHA containing
GB-DHA (3.46 mg/ml with 2 mg/ml GB) was dispersed into
dialysis bags with a molecular weight (MW) cutoff of 3.5
kDa and dialyzed in 100 ml of PBS without or with different
concentrations of Tween 80 (0.1%, 0.3%; w/w). Samples in
dialysis bags were taken out at specific time points and
replaced with fresh buffer at the same volume [35]. The
remaining amount of GB-DHA was quantified by HPLC.
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2.6. Cell viability with Lipo@GB-DHA after
oxygen-glucose deprivation /reperfusion (OGD/R)

Firstly, cell viability of PC12 cells treated with different
formulations (GB injection, GB-DHA, Lipo@DHA, and Lipo@GB-
DHA) was investigated. Typically, PC 12 cells were seeded on
96-well plates (5 x 10* cells/well) incubated with different
concentrations (1.5-380 uM) of formulations containing GB or
DHA for 24 h before MTT assay. The absorbance of each well
was recorded at 490 nm by microplate reader (ELX800, Bio-Tek)

To study the capacity of Lpo@GB-DHA to rescue dying cells
after hypoxia, an OGD/R cell model was chosen to simulate
the CI/RI environment in vitro [36,37]. Briefly, PC12 cells and
BV2 cells were two cells to simulate neuron and microglia in
brain, seeded in 96-well plates (5 x 10° cells/well), respectively.
Then, the cells were treated with different formulations (GB
injection, GB-DHA, Lipo@DHA, Lipo@GB-DHA) at a dose of 5
ng/ml GB, followed by 12 h of OGD (5% CO,, 1% O,, and 94% N,
in sugar-free DMEM) and 6 h of reperfusion. Besides, the Blank
group was also set with no cells and no treatments while
Sham group was set with cells and PBS treatments. Finally, cell
viability was tested by the MTT assay and recorded at 490 nm
by microplate reader. The Cell viability was calculated using
the following equation:

Cellviability (%) = (ODgg — ODgiank)/(ODsham — ODgjank) x 100%

where ODgp is the optical density of cells treated with
different formulations, ODpy,yx is the optical density of the
blank plate, and ODgy,y, is the optical density of the cells
treated with PBS.

2.7. ROS assessment in vitro

The ability of Lipo@GB-DHA to resist ROS after OGD/R
was evaluated using an ROS detection cell-based assay kit
containing DCFDA. DCFDA can cross the cell membrane and
be cleaved into DCFH by intracellular esterase, and then non-
fluorescent DCFH is oxidized into highly fluorescent DCF
(Ex/Em = 488 nm/525 nm) by excess ROS [38]. Briefly, PC12 cells
were seeded at a density of 2 x 10° cells per well in 12-well
plates and cultured for 12 h. Then, the cells were incubated
with GB injection, GB-DHA, Lipo@DHA, and Lipo@GB-DHA
(containing 5 ug/ml GB) for another 12 h, followed by OGD
(5% CO,, 1% O,, and 94% N, in sugar-free DMEM) for 6
h, and reperfusion for 2 h. After rinsing twice with PBS,
the cells were co-cultured with 10 pM DCFH-DA for 20 min
in HBSS. The fluorescence of DCF was visualized using an
inverted fluorescence microscope (Olympus ix73; Olympus) or
quantified using flow cytometry (Cytoflex S; Beckman) at 525
nm.

2.8. Apoptosis assessment in vitro

To determine the inhibition effect of Lipo@GB-DHA on cell
apoptosis after OGD/R, an Annexin V-FITC/PI (propidium
iodide) apoptosis detection kit was used to evaluate cell
apoptosis after OGD/R and different treatment. Briefly, PC12
cells pre-treated with different formulations were cultured in
6-well plates for 12 h and collected after 6 h of OGD and 2 h of

reperfusion. The cells were collected by centrifuge and rinsed
with PBS twice, furtherly stained with 5 1 Annexin V-FITC for
10 min, followed by 5 ul PI co-incubation for another 5 min
on ice. Finally, the cells were analyzed using flow cytometry
(Cytoflex S; Beckman) at 488/560 nm.

2.9.  Microglial phenotype assessment in vitro

To evaluate the effect of Lipo@GB-DHA on the microglial
phenotype, primary microglia were isolated from newborn
rats according to a previously published method [39,40].
Specifically, the cortex of P2 rats was separated from the
whole brain and placed in 1640 culture medium, whereas the
meninges were abolished. The tissue samples were blown
repeatedly with a pipette and centrifuged at 400 x g for 5
min. The resulting supernatant was discarded and 0.125%
trypsin was added to centrifuge tube for 15 min digestion
at 37°C. The digested samples were filtered through a 70-
mesh sterile filter and transferred to DMEM culture medium
containing penicillin-streptomycin and 10% FBS. Finally, the
cells were collected and plated into PDL(Poly-D-lysine)-coated
T-75 flasks with 15 ml DMEM culture medium and stored in
a cell culture incubator with 5%CO, and 100% humidity at
37°C. When a cell layer was nearly complete, microglia were
collected by collecting supernatant after shaking flasks at 180
rpm for 2 h at 37°C and then plated in culture medium to
achieve a density of 5 x 10° cells/ml.

Flow cytometry and immunofluorescence staining were
used to quantify the primary microglial phenotypes. Briefly,
primary microglia were seed on 24-well plate overnight
and then co-incubate with Lipo@GB-DHA for 12 h before
6 h of OGD and 2 h of reperfusion. Furtherly, primary
microglia was stained with PE anti-rat CD86 (1:250) (14-0081-
82; eBioscience) and APC anti-rat CD206 (1:250) (201805; Santa
Cruz) at room temperature for 30 min, and then analyzed
by flow cytometry (Cytoflex S; Beckman) at 560 nm/647 nm.
For the immunofluorescence staining assay, M1 phenotypic
marker CD86 (1:800) (E2G8P; CST) and M2 phenotypic marker
CD206 (1:400) (ab64693; Abcam) were visualized using an
inverted fluorescence microscope (Olympus ix 73; Olympus)
and quantified using Image ] software.

2.10. Inflammatory cytokines tests by RT-qPCR in vitro

Microglia are immune sentinels capable of orchestrating
a potent inflammatory response in the central nervous
system (CNS). To evaluate the cytokines in microglia after
OGD/R, RT-qPCR was used to analyze the gene expression of
inflammatory-related cytokines, as described previously [41].
BV2 cells were treated with 6 h of OGD and 2 h of reoxygenated
after 12 h of Lipo@GB-DHA pretreatment (GB normalized to
5 ng/ml). Total RNA was extracted from BV-2 cells using
TRIzol (19201ES60; Yeasen) according to the manufacturer’s
instructions, as previously reported [42]. Next, 1.0 ug of total
RNA was reverse-transcribed to cDNA using a PCR system
(C1000; Bio-Rad) and RT-qPCR analysis was performed on a
Real-Time PCR System (ABI QuantStudio 3; AB) with Hieff®
gPCR SYBR Green Master Mix (Low Rox Plus) (11202ES03;
Yeasen). The CT values were used to analyze qPCR data using
GADPH as an endogenous reference in each sample. The
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primers used in this study are listed in Table S3. And the gene
expression evaluation in vivo was also carried out with the
primers in Table S4.

2.11.  Establishment of middle cerebral artery occlusion
model (MCAO) of rats

Male SD rats (weighing ~250 g) were subjected to MCAO
using the suture method, according to previous reports
[43,44]. Briefly, the rats were anesthetized with 2% sodium
pentobarbital, and the left common carotid artery (CCA),
external carotid artery (ECA), and internal carotid artery (ICA)
of the rats were exposed. A small incision was carefully made
at the ECA, and a nylon suture was inserted from the incision
and turned into the ICA. The depth of the suture insertion
was kept at 18 mm. The suture was withdrawn after 1.5
h to achieve reperfusion. Throughout the operation, body
temperature was maintained at 37 &+ 0.5°C by placing the rats
on a heating pad.

2.12. Invivo imaging of Lipo@GB-DHA in the rat brain

The whole-body NIR fluorescence imaging system (Cailper;
PerkinElmer) was used to evaluate the distribution of
Lipo@GB-DHA in vivo and ex vivo, as previously reported [43].
While free DID was used as a control by dispersing DID in a
0.5% Tween 80 solution. As reported, 1% Tween 80 will help
Graphene oxide (GO) lower distribute in lung but more in liver,
but no alternation in other organs including brain was found
with or without Tween 80 [45]. So, a buffer containing 0.5%
Tween 80 may not affect the distribution in brains. After 2
h of reperfusion, MCAO rats (220-250 g) were intravenously
injected with DID-labeled Lipo@GB-DHA (or free DID) at a
dose of 200 ug/kg DID, and in vivo fluorescence images were
captured at 0.5, 1, 2, 4, 6, 12, 24 h. At 24 h post-injection,
the brains were isolated from rats for ex vivo imaging, and
the main organs (heart, liver, spleen, lung, and kidney) were
also collected to observe the biodistribution of Lipo@GB-DHA
in MCAO rats. The results were analyzed using Living Image
software (version 4.3).

To assess the target cell of Lipo@GB-DHA in the
brain, immunofluorescence staining was performed, as
previously reported [46]. At 24 h post-injection, the rats
were sacrificed and the brains were collected and fixed
with paraformaldehyde (4%) for further frozen sections. The
sections were labeled with Iba-1 (1:400) (GB12105; Servicebio)
and GFAP (1:800) (ab7260; Abcam), followed by incubation
with immunofluorescence secondary antibodies. The sections
were visualized using a rotary confocal microscope (SR10;
Olympus) at 405/488/560/647 nm. The colocalization of DID
with different cells was analyzed using Image]J software.

2.13. Anti-ischemic stroke efficacy of Lipo@GB-DHA with
different dosing time

To determine how therapeutic time windows affect outcomes,
TTC (2,3,5-triphenyltetrazolium chloride) staining was
conducted at the end of two experiments with different
dosing times [47,48]. At 2 h of reperfusion, GB injection,
Lipo@DHA, and Lipo@GB-DHA were administered by

intravenous injection at a dose of 5 mg/kg GB. The Sham
and MCAO groups were administered PBS. Then, 24 h
after reperfusion, the brains of MCAO rats were collected,
and the infarct volume was assessed by TTC staining. In
another experiment, GB injection and Lipo@GB-DHA were
administered at a dose of 5 mg/kg GB at 6 h after reperfusion
to simulate untimely clinical treatment. Rat brains were
collected 72 h after injection. Then, coronal sections (2 mm-
thick) of the brain tissue were stained with 2% TTC. Image]
was used to calculate the infarct area without red staining.
The total infarct volume (%) was determined as the ratio of
the total infarct volume to the ischemic hemisphere volume
and modified neurological severity score (mNSS) (score 0, no
damage; score 18, severe damage) [44] were collected in each

group.

2.14. Anti-ischemic stroke efficacy of Lipo@GB-DHA with
multi-dose treatment

MCAO rats were injected with GB, Lipo@DHA, and Lipo@GB-
DHA after 6 h of reperfusion on Day 0, 3 and 6 at a dose
of 5 mg/kg GB. Every three days, the body weight and mNSS
scores were collected in each group. Furthermore, to monitor
brain edema during the dosing process, MRI was performed
on the first and seventh days after MCAO, as previously
described [49]. Briefly, the treated rats were anesthetized with
2% pentobarbital sodium via intraperitoneal injection and
placed in an MRI machine with a specific rat holder. MRI
scanning was conducted using a T2W sequence on a 3.0 T
spectrometer (GE Prisma). The collected data were viewed by a
Radiant Dicom viewer, and the shaded lesions were quantified
using Image]. Edema area was determined using the following
equation:

Edemaarea (%) = (A2/A1) x 100%

where A1l is the area of the intact regions of the ipsilateral (left)
hemisphere and A2 is the area of the shaded lesion in the left
hemisphere.

2.15.  Brain immune cells analysis

Flow cytometry is an efficient technique for assessing
the expression of several markers and distinguishing cell
populations in the brain, as previously described [50-52].
Briefly, the rat brains were sectioned using small scissors
for dispersion. The suspension was then passed through a
nylon mesh (70-pm pore size; Millipore) in a 50 ml tube using
a syringe plunger. Then, the suspensions were dispersed in
PBS and placed carefully on 30% and 70% Percoll gradients
(P4937; GE). The gradients were centrifuged at 1,500 x g for 20
min at room temperature to remove medulla and red blood
cells, respectively. The cells between 30% and 70% Percoll
gradients were collected and blocked with 1% FBS, followed by
staining with fluorescent antibodies. To analyze macrophages
and microglia, cells were stained with Alexa Fluor®700 anti-
rat CD45 antibody (1:300) (202218; BiolLegend), FITC anti-
rat CD11b/c antibody (1:500) (201805; BiolLegend), PE anti-
rat CD86 (1:250) (14-0081-82; eBioscience), and APC anti-rat
CD206 (1:250) (201805; Santa Cruz). To analyze lymphocytes,
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brain cells were stained with Alexa Fluor®700 anti-rat CD45
antibody (1:300) (202218; BioLegend) and FITC anti-rat CD3
(1:500) (201403; BioLegend). The stained cells were detected
using flow cytometry (Cytoflex S; Beckman) and analyzed
using FlowJo software.

To assess the neuroprotective effect of Lipo@GB-DHA on
brain cells, TUNEL staining was carried out. The treated rats
were anesthetized and sacrificed after 14 d of treatment. Brain
tissue sections were fixed in paraformaldehyde (4%), followed
by permeabilization with Triton X-100 solution (0.1%), and
blocked with bovine serum albumin (5%) for 1 h. Then, the
brain sections were co-incubated with antibodies NeuN (1:400)
(GB11138; Servicebio), and then stained with One-Step TUNEL
Apoptosis Assay Kit (G1501-50T; Servicebio) according to the
manufacturer’s instructions. In addition, to determine the
effect of Lipo@GB-DHA on the microglial phenotype in the
brain, Iba-1 (1:400) (GB12105; Servicebio) and CD206 (1:400)
(GB113497; Servicebio) were used to label microglia and the M2
phenotype, respectively. The above sections were visualized
using a spinning disk confocal super-resolution microscope
(SR10; Olympus).

2.16. Western blotting analysis

Western blotting was used to evaluate protein expression in
the ischemic hemisphere. Protein samples were isolated by
homogenization and then centrifuged at 4 °C at 12,000 x g,
as described previously [53]. Brain lysate was centrifuged
at 4°C for 20 min at 12,000 x g and the total concentration
of protein was quantitated by BCA protein assay kit (Omni-
Easy™; Easy™). Samples with the concentration of 2
mg/mL protein were denatured at 90°C for 10 min. Next,
40 pg protein was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), followed by
transfer to 0.45 pm nitrocellulose membranes (Millipore,
USA). The membranes were blocked with 5% BSA in Tween-
20/TBS buffer for 1 h and then incubated with primary
antibodies overnight related to apoptosis, including rabbit
anti-BDNF (1:2000) (ab226843; Abcam), rabbit anti-Bcl-2
(1:2000) (ab182858; Abcam), rabbit anti-Bax (1:2000) (ab32503;
Abcam), rabbit anti-caspase 3 (1:1000) (A19664; Abclonal),
and rabbit anti-g-actin (1:1000) (GB11001; Servicebio). The
following antibodies were used: rabbit anti-LC3B (1:1000)
(A19665; Abclonal), rabbit anti-p-AMPK (1:1000) (A1229;
Abclonal), rabbit anti-p-TAK1 (1:1000) (AP0O071; Abclonal),
rabbit anti-ATGS (1:1000) (AF2269; Beyotime), and rabbit anti-
B-actin (1:1000) (GB15001; Servicebio). Horseradish peroxidase
(HRP)-conjugated secondary antibodies (1:3000) (30403ES40;
Yeason) were used to replace the primary antibodies, and
the membranes were visualized using an imaging system
(Bio-Rad, USA) with enhanced chemiluminescence.

2.17. Safety evaluation in vivo

After multiple administration experiments, the safety of the
preparation was assessed by measuring the concentrations of
serum creatinine (CREA) and blood urea nitrogen (UREA) in
serum. Hematoxylin and eosin (H&E) staining was performed
by pathologists to visualize cellular and tissue structure
details.

2.18. Statistical analysis

GraphPad Prism (version 8.0) was utilized for statistical
analysis. The two-tailed student’s t-test was applied to assess
the differences in means between two groups. One-way
ANOVA was employed to detect differences among three or
more groups. Two-way ANOVA was used to determine the
differences in means across three or more groups over time.

3. Results and discussion
3.1. Synthesis of GB-DHA complex

Considering the limited druggability and treatment efficiency
of GB, a complex strategy was proposed by reforming GB and
DHA, which act as ROS scavengers with a long-chain fatty
acid structure [54]. The synthetic procedure for GB-DHA is
illustrated in Fig. S1A, which involved the esterification of the
10-hydroxyl group of GB and the carboxyl group of DHA. The
double linkage of DHA (5-6 ppm) and the methyl group of GB
(0.5-1.5 ppm) were clearly observed in the TH-NMR spectrum
(Fig. S1B). The molecular ion peaks of GB-DHA visible in the
electrospray ionization mass spectrometry (ESI-MS) spectrum
were [M+1] = 735 and [M+23] = 757. And the ratio of
conjugated GB and DHA was 1:1. Furthermore, the addition
of DHA significantly improved the lipophilicity of GB, and the
calculated LogP value was 5.8 & 0.13, which was significantly
higher than that of GB, as previously reported [17].

3.2.  Preparation and characterization of Lipo@GB-DHA

Liposomes containing the GB-DHA complex were fabricated
using a thin-film hydration technique (Fig. 1A). The EE was
optimized by selection of GB-DHA/egg yolk lecithin (EPC)
fed ratio (Table S1). Under the same condition, the highest
EE was up to 91.8% when the optimized weight ratio of
GB-DHA to EPC was 1:15. Furthermore, when the ratios of
cholesterol to phospholipids were in the range of 10:2-10:3,
the PDI of liposomes was less than 0.3 (Table S2). These
results were consistent with the previously report that a
higher cholesterol ratio could increase liposome stability by
modulating phospholipid packing [55]. However, considering
that a high level of cholesterol is associated with an increased
risk of ischemic stroke [56], a phospholipid to cholesterol ratio
of 10:2 may be a better choice. Ultimately, the final liposome
was consisted of 1.73 mg/ml GB-DHA (containing 1 mg/ml
GB), 15 mg/ml EPC, 3 mg/ml cholesterol, and 1.5 mg/ml DSPE-
PEG2000-

Furtherly, the Lipo@GB-DHA and control Lipo@DHA were
characterized (Fig. 1B-1D). The average diameter of Lipo@GB-
DHA measured by dynamic light scattering (DLS) was 109.3
+ 1.68 nm (Fig. 1B), while the PDI was 0.179 + 0.02, which
indicated Lipo@GB-DHA had narrow size distribution value.
The ¢-potential of Lipo@GB-DHA dispersed in deionized water
was -32.0 + 1.51 mV (Fig. 1D), giving an indication of the
potential stability of nanomedicine [57]. The morphology
of Lipo@GB-DHA, characterized by transmission electron
microscopy (TEM), showed a homogenous spherical shape
(Fig. 1C). The diameter of control group Lipo@DHA was 102.8
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Fig. 1 - Schematic illustration of the fabrication and characterization of the Lipo@GB-DHA. (A) Schematic diagram of the

preparation of Lipo@GB-DHA. (B-C) DLS (B) and TEM (C) analy

sis of Lipo@GB-DHA and Lipo@DHA (Scale bar: 200 nm). (D) PDI

and zeta potential of Lipo@DHA and Lipo@GB-DHA. (E) The diameter and PDI stability of the Lipo@GB-DHA in 1 x PBS for 7
days at 4 °C (n = 3). (F) Drug release kinetics of the Lipo@GB-DHA in 1 x PBS, 0.1% Tween 80 + 1 x PBS, and 0.3% Tween
80 + 1 x PBS in vitro (n = 3). Data are presented as the means + SD.

+ 1.1 nm (PDI = 0.196 + 0.03), showing a black spherical
shape may attribute to the hydrogen bonding between uranyl
acetate and the carboxyl group of DHA (Fig. 1B-1D) [58].

To study the stability of Lipo@GB-DHA in 1 x PBS (pH 7.4),
its diameter and PDI were recorded. The diameter of Lipo@GB-
DHA was stable in the nanosized range, with a low value of
PDI for 7 days at 4 °C (Fig. 1E). A high stability is beneficial for
preservation in the liquid state. To investigate the drug release
capacity of Lipo@GB-DHA, the release behavior of GB-DHA was
analyzed by dialyzing against PBS (pH 7.4) containing different
concentrations of Tween 80 (0%, 0.1% and 0.3%, w/w) at 37°C.
Approximately 20.6% of GB-DHA was released in PBS, while
nearly 52.0% GB-DHA was released in 0.1% Tween 80 and 80.2%
in 0.3% Tween 80 after 24 h (Fig. 1F). Here, a low release rate in
PBS indicates that GB-DHA has good compatibility with the
lipid bilayers and is more stable in the systemic circulation.

3.3.  Neuroprotection effect of Lipo@GB-DHA via ROS
scavening in vitro

To clarify the mechanisms of neuroprotection, oxidative
stress caused by blood-flow-deprived and sudden brain

reoxygenation was investigated in vitro [59]. In this study,
oxidative free radicals in PC12 cells after reoxygenation were
quantified using DCFDA (Fig. 2A-2B). intracellular DCFDA
fluorescence in the OGD/R group was significantly enhanced
up to 2.1 times that of the Sham group, meaning a successful
in vitro anoxia-reoxygenation cell model was constructed. The
significantly lower fluorescence of DCFDA in the Lipo@GB-
DHA group than in the GB injection group indicates that
DHA plays a vital role in ROS scavenging due to its enhanced
mitochondrial function and biogenesis capability, as reported
[27]. In addition, the fluorescence intensity in Lipo@GB-DHA
group was reduced to 0.6 times that in the GB-DHA group,
the phenomenon may attribute to that Lipo@GB-DHA could
be better uptake by cells. Here, the above results indicated that
Lipo@GB-DHA show neuroprotective functions via scavenging
ROS to block subsequent damage.

Before studying cell viability, the cytotoxicity of various
formulations in PC12 cells was examined by MTT assays. After
24 h of co-incubation, the ICsg values for GB-DHA, Lipo@DHA,
and Lipo@GB-DHA were 130.9, 167.6 and 162.4 uM (Fig. S2),
respectively, meaning that the encapsulation of liposomes
slightly reduces the cytotoxicity. Besides, the results also
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Fig. 2 - Anti-apoptosis capacity of Lipo@GB-DHA via ROS scavenging in vitro. (A-B) Quantification (A) and representative
fluorescence images (B) of DCFDA revealed relative intracellular ROS levels after OGD/R (Scale bar: 50 um). (C-D) Cell
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(E-F) Representative flow cytometric images and quantitative data of cell apoptosis tested by Annexin V-FITC/PI staining
after OGD/R (n = 4). Data are presented as the means + SD; *P < 0.05, **P < 0.01, ***P < 0.001.

indicated that 5 pg/ml (~11.8 uM) of GB in liposomes did not
affect cell survival after 24 h of incubation.

To furtherly elucidate the neuroprotective effects of
Lipo@GB-DHA, cell viability assays were performed following
OGD/R. Here, OGD/R-induced cell viability of PC12 and BV2
cells decreased to below 50.0%, respectively. After pre-
treatment with Lipo@GB-DHA at a dose of 5 pg/ml GB,
the highest cell viability of PC12 and BV2 increased up
to 54.0% and 64.5%, respectively (Fig. 2C-2D). The lower
proliferation rates of Lipo@DHA compared to Lipo@GB-DHA
were confirmed to be due to the lack of GB, an indication of
the neuroprotective effect of GB. These results indicate that

Lipo@GB-DHA synergistically protect the cells from OGD/R-
induced damage.

Furthermore, the apoptotic state of cells was studied after
OGDJ/R [60]. After 6 h of OGD followed by 2 h of reoxygenation,
significant necroptosis was observed (Fig. 2E-2F). The total
apoptosis cells in OGD/R group were reduced from 32.4% to
17.3% by Lipo@GB-DHA treatment, significantly lower than
27.7% by GB injection and 27.8% by Lipo@DHA. Here, Lipo@GB-
DHA could significantly down-regulate both the ratio of early
apoptotic cells and late apoptotic cells, indicating that the
strategy of the GB-DHA complex and liposomal encapsulation
further enhanced neuroprotective efficacy. These results may
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be related to the lower ROS levels in the Lipo@GB-DHA group,
which play an important role in apoptosis induction [61].

3.4.  Modulating microglia M2 polarization by
Lipo@GB-DHA in vitro

Microglia are massively activated in the ischemic hemisphere
and play a role in phagocytosis and the regulation of
inflammation. In particular, M2 microglia secretes anti-
inflammatory cytokines and acts as “restorers” of brain
injury [62]. Here, to understand the regulatory ability of
Lipo@GB-DHA, OGD/R was applied to primary microglia,
and the cell phenotypes were monitored after different
treatments (Fig. 3A-3D). OGD/R caused the overexpression
of the M1 marker CD86 and the downregulation of the M2
marker CD206 in primary microglia, which indicates a fast
phenotypic transition under oxidative stress. GB injection
treatment downregulated the expression of the M1 marker
CD86, while Lipo@GB-DHA treatment reduced the level of
CD86 and enhanced the expression of the M2 marker CD206
at the same time. The results were consistent with the
previous report that GB can suppresses M1 polarization
via inhibiting NLRP3 inflammasome activation [63], while
DHA can upregulate M2 polarization through activating p38
MAPK signaling pathway [64]. The higher ratio of M2/M1
microglia enhanced by Lipo@GB-DHA may be attributed to the
coordinated modulation of GB and DHA, which may take part
in the inflammatory responses caused by excessive activation
of microglia after stroke.

To illustrate the effect of microglial phenotype on
inflammation level, total RNA was extracted, and the
gene expression of inflammatory cytokines in BV2 cell
lines was evaluated by RT-gPCR. The results showed that
the pro-inflammatory TNF-«, IL-18, IL-6, CCL2, and CD86
levels increased 3.0, 6.1, 53.7, 1.5, and 2.5 times after OGD/R,
respectively (Fig. 3E-3I). Upon treated with Lipo@GB-DHA,
pro-inflammatory cytokines in BV2 were reduced by 64.9%,
61.4%, 38.1%, 30.0%, and 48.8%, significantly lower than those
in GB injection group and Lipo@DHA group. The secretion
of anti-inflammatory cytokines IL-10 in BV2 cells increased
to 1.52 and 1.73 times after co-culturing with GB injection
and Lipo@GB-DHA, indicating that GB may play a role in
anti-inflammatory cytokines secretion (Fig. 3J). Therefore,
the superiority of Lipo@GB-DHA in neuroinflammation
modulation via regulating microglial phenotypes was
validated. These findings confirm that Lipo@GB-DHA not
only polarizes the microglial phenotype from M1 to M2 but
also modulates inflammatory responses after CI/RI.

3.5.  Targeting capacity of Lipo@GB-DHA to ischemic
hemisphere in vivo

To discuss the in vivo biodistribution of Lipo@GB-DHA in
ischemic lesions, a rat model of MCAO was carried out and
the rats were injected with Free DID/Tween 80 and Lipo@GB-
DHA/DID at a dose of 200 ug/kg DID, respectively. At various
times after i.v. administration, the fluorescence intensity of
Lipo@GB-DHA observed in the brains of MCAO rats was
1.8 to 7.4 times that of Free DID/Tween 80 group (Fig. 4A-
4B), the results demonstrated that Lipo@GB-DHA could more

accumulate in the brain than free solution. Here, a higher
Free DID/Tween 80 accumulation at post-administrated may
be related to inadequate lysosome escape. Briefly, after being
endocytosed by caveolin, Lipo@GB-DHA will quickly enter
the lysosome and can escape successfully at 8 h, however,
Free DID/Tween 80 show a poor escape capacity, so that Free
DID/Tween 80 may lead persistent fluorescence accumulation
at 24 h (Fig. S3 and 4A).

Besides, the ex vivo fluorescence intensity of Lipo@GB-
DHA in the ischemic hemisphere was more than that in
the normal side (Fig. 4A), while approximately 2.1 times that
of free DID/Tween 80 in the ischemic hemisphere (Fig. 4C).
Here, Lipo@GB-DHA/DID was also demonstrated to be tend
to gather in the ischemic hemisphere once after 2 h of
injection (Fig. S4). These results both indicated that Lipo@GB-
DHA/DID tends to accumulate in the ischemic hemisphere,
meaning it could selectively target the ischemic infarct region.
The phenomenon may be related to the high expression
of caveolin after stroke in ischemic hemisphere, thereby
increasing the endocytosis efficiency of liposomes as reported
[65]. Here, BCEC cells was used as a cell model for its
high expression of caveolin and pre-treated with different
concentration of nystatin, which is a pharmacological blocker
of caveolae-mediated endocytosis [66]. Then Lipo@GB-DHA
labeled with 0.1% DID was added the cells and the uptake
was tested by flow cytometry after 4 h of incubation. Here,
by blocking the caveolin in a dose-dependent way, the uptake
of Lipo@GB-DHA was also blocked in a dose-dependent way
(Fig. S5), the results may indicate that a higher expression of
caveolin may help Lipo@GB-DHA endocytosis.

Moreover, 24 h after injection, the brains were collected
and stained with fluorescent antibody. Green fluorescence
was co-localized with pink DID, indicating that microglia were
more able to take up Lipo@GB-DHA than Free DID/Tween 80
(Fig. 4D-4E). Compared with astrocytes, Lipo@GB-DHA may
also co-localize better with microglia (Fig. 4E), indicating that
microglia may be the target cells for liposomes. Besides, the
distribution of Free DID/Tween 80 and Lipo@GB-DHA/DID was
similar in all organs except liver (Fig. S6A-S6B), meaning the
similar amount of DID was given. Therefore, the prepared
Lipo@GB-DHA can be gathered in the ischemic hemisphere
(Fig. S7A-S7B), uptake especially by over-activated microglia
and caveolin in injured brain.

3.6.  Therapeutic efficacy of Lipo@GB-DHA for CI/RI in
MCAQO rats

To assess the therapeutic efficiency of Lipo@GB-DHA in rats
with MCAO, we designed different regimens. GB injection
(190626; Kangyuan), a clinically approved formulation for the
prevention and recovery of stroke, was used as a positive
control. First, MCAO rats were randomly assigned to Sham,
MCAO, GB injection, Lipo@DHA, or Lipo@GB-DHA groups.
In the first study, we evaluated the therapeutic effect of
GB at a dose of 5 mg/kg in MCAO rats, administered 2 h
after reperfusion and sacrificed at 24 h post-reperfusion.
Triphenyltetrazolium chloride (TTC) staining was also used
to differentiate between live and dead tissues as previously
reported [67]. Lipo@GB-DHA-treated rats showed decreased
modified neurological severity score (mNSS) to 6 and an
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Fig. 3 - Regulation of microglia phenotypes and inflammatory cytokines secretion in vitro. (A-B) Representative flow
cytometry images (A) and immunostaining images (B) of CD206 (M2 marker) versus CD86 (M1 marker) fluorescence in
primary microglia (Scale bar: 50 pm). (C-D) Quantification of the relative fluorescence intensity of CD206 versus CD86 in
primary microglia tested by flow cytometry (C) and immunostaining (D). (E-J) Gene expression of pro-inflammatory and
anti-inflammatory cytokines of BV2 cells determined by RT-qPCR. Data in (C-J) are expressed as mean =+ SD (n = 6). **P <

0.05,**P < 0.01, ***P < 0.001, ****P < 0.0001.

infarct size of 22.7% (Fig. S8A-S8C), significantly lower than
GB injection-treated and Lipo@DHA-treated MCAO rats, which
indicated the synergetic effects of GB and DHA. Furtherly,
to investigate the therapeutic efficiency of Lipo@GB-DHA at
longer dosing times, 5 mg/kg Lipo@GB-DHA was administered
6 h after reperfusion and sacrificed 72 h after reperfusion.

Here, Lipo@GB-DHA-treated rats displayed a smaller infarct
volume of 18.4% compared to 48.6% in MCAO rats and 41.8% in
GB injection-treated rats (Fig. S8D-S8E), indicating an efficient
method for CI/RI recovery no matter given at 2 h of reperfusion
or 6 h of reperfusion. In previously report, GB injection showed
little potential to reduce infarct volume after 6 h of reperfusion
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(n = 3). **P < 0.01.

[15]. So, these results may also indicate that the complex-
liposome strategy has the advantage of a longer therapeutic
window than the free solution on the market.

Furthermore, the therapeutic efficiency of multiple dosing
was also investigated by MRI designed as Fig. S5A. Here,
Lipo@GB-DHA-treated rats shown smaller encephaloedema

than Lipo@DHA-treated and GB injection-treated rats at the
first dose, and even no abvious white shadow remaining
after all three doses (Fig. 5B). Besides, Lipo@GB-DHA-treated
rats showed the best weight recovery than other postsurgical
rats (Fig. 5C). And it seems that the multi-dose of Lipo@GB-
DHA showed the smallest mNSS score, slightly lower than
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Lipo@DHA but significantly lower than GB injection (Fig. S5D).
Compared the higher mNSS score with the single-dose data in
Fig. S8C and Fig. S8F, multi-dose administration of Lipo@GB-
DHA was beneficial to the neurobehavioral recovery of rats.
And the first dose seems vital for CI/RI recovery because
Lipo@GB-DHA group showed an edema area as low as 13.4%
after the first injection (Fig. 5E) while the MCAO group and
GB injection group show a delayed recovery after all three
doses (Fig. SE-5F). Besides, the MRI results were also consistent
with the TUNEL immunostaining results that the Lipo@GB-
DHA group showed the minimal brain damage with the most
NeuN+ cells and the least TUNEL* cells on the ischemic side
compared to the other groups (Fig. 5G). The results mean that
Lipo@GB-DHA also showed enhanced therapeutic efficacy
in multi-dose treatment for CI/RI, indicating the combined
neuroprotective effects of GB and DHA, and the superiority of
liposomes in crossing the BBB after stroke.

These findings demonstrated the significant benefits of
GB injection when administered 2 h after the start of MCAO
reperfusion occlusion (and a less-significant benefit when
administered 6 h later), which is consistent with the literature
[15,68]. In contrast, Lipo@GB-DHA showed potential in CI/RI
recovery no matter administrated at 2 h or 6 h of reperfusion,
which may be of great significance for patients those who
receive clinical treatment untimely.

3.7.  The neuroprotection mechanisms of Lipo@GB-DHA
by inhibiting apoptosis in vivo

To verify the neuroprotective effect of Lipo@GB-DHA, H&E
staining was used to assess cell morphology in the brain.
The staining results showed that the morphology of the cells
was noticeable changed, with a reduced cell volume and
shrunken nuclei after hypoxia/reperfusion. The injured brain
areas were alleviated after the administration of different
formulations, especially Lipo@GB-DHA, indicating cells in the
ischemic hemisphere nearly returned to a normal shape
(Fig. 6A).

Therefore, we inferred that these changes may interfere
with cellular crosstalk and lead to systemic changes in the
ischemic brain microenvironment. The apoptotic pathway
was demonstrated to participate in the neuroprotective effect
of Lipo@GB-DHA in MCAO rats. A higher level of brain derived
neurotrophic factor (BNDF), which can stimulate neuronal
growth via the Wnt/g-catenin pathway, was observed in
brains of Lipo@GB-DHA-treated rats [69]. The result suggested
that Lipo@GB-DHA can stimulate neuronal growth and
angiogenesis. Moreover, higher anti-apoptotic Bcl-2 protein
and lower apoptotic-related proteins Bax and caspase 3
(including pro-caspase 3 and cleaved caspase 3) were
expressed in ischemic hemisphere of Lipo@GB-DHA-treated
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rats (Fig. 6B-6G). The apoptotic-protein expression results also
mean that Lipo@GB-DHA can inhibit the apoptotic pathway
substantially protect neuron from damage.

3.8.  Immunoregulation effect of Lipo@GB-DHA in vivo

The microglial modulatory and anti-inflammatory functions
of Lipo@GB-DHA, with positive effects on different cells,
have been verified in in vitro studies. We inferred that the
positive results in vivo may interfere with the systemic
changes in the ischemic brain microenvironment. Therefore,
immune cells infiltration, inflammatory cytokines expression
and autophagy activation in brains of MCAO rats were further
evaluated in multi-dose experiments.

First, microglia and macrophages play vital roles in
neuroinflammation after stroke. Here, CD11b*CD45+med
and CD11b*tCD45+high were used to label microglia and
macrophages in flow cytometry, respectively [70]. With the
increased permeability of the BBB after stroke, microglia
were activated, while macrophages and CD3*-labeled T
cells were significantly accumulated in the brains of MCAO
rats. Compared to MCAO group, macrophages, microglia,
and lymphocytes were reduced to 13.8%, 46.6% and 35.9%,
respectively, with Lipo@GB-DHA treatment (Fig. 7A-7E). So,
the result means that Lipo@GB-DHA suppress the infiltration
of peripheral immune cells to the greatest extent, compared
to other treatment in this paper. Previous studies have
reported that excessive peripheral immune cell infiltration
exacerbates secondary brain injury [71]. Therefore, Lipo@GB-
DHA can alleviate brain injury by inhibiting peripheral
immune cell infiltration and the excessive activation of
microglia, thus reducing secondary neuronal damage, was
furtherly validated.

Furthermore, to explore other effects of Lipo@GB-DHA on
microglial functions, such as polarization and phagocytosis
in vivo, we labeled M1 microglia with CD86 antibody and
M2 phenotype with CD206 antibody. The flow cytometry
results showed that Lipo@GB-DHA treatment promoted the
transition of microglia from M1 to M2 type in vivo. Among
them, GB injection decreased the proportion of the M1 type,
while DHA increased the proportion of the M2 type (Fig. 7E-
7F), which is consistent with in vitro results (Fig. 3A-3D) and
the immunofluorescence staining results in vivo, presented as
an increased ratio of CD206™ cells and a reduced number of
Ibat-labeled microglia (Fig. 71). So, microglia M2 polarization
was furtherly in vivo by Lipo@GB-DHA.

RT-gPCR was used to measure the gene expression
of pro-inflammatory, anti-inflammatory, and coagulation-
related cytokines in the ischemic hemisphere. The results
showed that the levels of pro-inflammatory TNF«, CD86,
and IL-1B increased 1.7, 13.1, and 2.7 times after MCAO.
After treatment with Lipo@GB-DHA, pro-inflammatory can
reduced by 78.2%, 83.1% and 60.8%, while anti-inflammatory
IL-10 increased to 2.3 times and Argl increased to 2.4
times, compared to the MCAO group (Fig. S9A-S9E). The
decreased gene expression of pro-inflammatory cytokines
was consistent to in vitro results. Here, IL-10 was reported
to possibly promote tissue regeneration in a number of
ways, for example, play a role in enhancing VEGF and
CXCL12 levels, and wound neovascularization, and ultimately
improving cutaneous wound healing via STAT3 signaling
pathway [72]. Besides, IL10/STAT3 signaling was reported to
take part in alternative macrophage activation to a tissue
repair phenotype, both above indicating that Lipo@GB-DHA
may promote angiogenesis via up-regulating the expression
of IL-10 [73,74]. What’s more, PAFR and Alox12, which is
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associated with platelet aggregation and pro-inflammatory
cytokines secretion induced by 12-hydroxyeicosatetraenoic
acid (12-HETE), was keep in low level by Lipo@GB-DHA (Fig.
S10F-S10G) [75,76]. Therefore, Lipo@GB-DHA can modulate
neuroinflammation via multiple pathways.

The autophagy-dependent pathway may be responsible
for the regulation of microglial polarization. Autophagy is a
self-eating cellular catabolic pathway that maintains cellular
homeostasis by degrading long-lived proteins, damaged
organelles, and misfolded proteins after hypoxia [77,78].
Western blotting was used to analyze the expression of
autophagy-related proteins in the brains of MCAO rats
(Fig. 7] and S10A-S10D). Lipo@GB-DHA can promote the p-

TAK1-dependent activation of p-AMPK, which is a regulator of
metabolism and autophagy [79]. The results were consistent
with that both DHA and GB can upregulate the expression
of p-AMPK in cells and tissues as reported [80,81]. Moreover,
treatment with Lipo@GB-DHA noticeably promoted the
expression of ATGS5, an autophagy rate-related protein.
Besides, the level of LC3II/I in the Lipo@GB-DHA group was
higher than that in the MCAO and Sham groups, indicating
an increase in autophagosomes. So, in this part, autophagy
was most effectively activated by Lipo@GB-DHA, benefit for
CI/RL

These results suggested that the targeted delivery
of Lipo@GB-DHA to the ischemic brain can alleviate
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inflammation, maintain brain microenvironment

homeostasis and angiogenesis.
3.9.  Safety evaluation of Lipo@GB-DHA

Finally, the biosafety of Lipo@GB-DHA was evaluated in MCAO
rats. After multiple administration of 5 mg/kg GB, all MCAO
rats were found to be healthy. Moreover, changes in the major
organs were examined by H&E staining, the results indicated
that there were almost no distinguishable injuries in tissues
(Fig. S11A). In addition, after the administration of Lipo@GB-
DHA, the serum creatinine (CREA) and urea nitrogen (UREA)
levels in the serum were similar to those in the Sham group,
which were much lower than those in the MCAO group,
indicating that Lipo@GB-DHA was safe (Fig. S11B-S11C). In
summary, these results demonstrated the biocompatibility of
Lipo@GB-DHA constructed in this study, both in vitro and in
vivo.

4, Conclusion

In this study, a GB-DHA complex strategy was used to reverse
the poor solubility and stability of GB in liposomes. And, finally
constructed nanoliposomes (Lipo@GB-DHA) with stability,
multi-functional and available for industrialization were
engineered for the targeted treatment of CI/RI (Scheme.1).
Here, GB-DHA-loaded liposomes with passive targeting ability
can more accumulate in ischemic region than free solution.
Furtherly, the intravenous injection of Lipo@GB-DHA was
found to significantly decrease the infarct volume and notably
ameliorate neurological impairment in MCAO rats both at
2 and 6 h post-reperfusion, which means a lot for delayed
intervention of CI/RI in clinical.

Studies on mechanisms proved that Lipo@GB-DHA could
play an important role in ROS scavenging, so as to decoy
neuron apoptosis and down-regulate the secretion of
pro-inflammatory cytokines after hypoxia-reoxygenation
process. Besides, Lipo@GB-DHA seems to do some helps
to neurovascular units remodeling by polarizing microglia
from M1 to “tissue-repairing” M2 phenotype to stimulate
angiogenesis, activating autophagy to maintain homeostasis.
Therefore, compared to the injection currently available on
the market, Lipo@GB-DHA could provide a new option for
regulating multiple events during stroke. However, challenges
still exist in its clinical transformation, including still low
intracerebral distribution and safety considerations. So, in
the future, further research will be needed.
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