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Introduction: Basic fibroblast growth factor (bFGF) shows great potential for preventing vascular dementia (VD). However, the
blood-brain barrier (BBB) and low bioavailability of bFGF in vivo limit its application. The present study investigated how nasal
administration of bFGF-loaded nanoliposomes (bFGF-lips) affects the impaired learning and cognitive function of VD mice and the
underlying mechanism involved.

Methods: A mouse model of VD was established through repeated cerebral ischemia—reperfusion. A Morris water maze (MWM) and
novel object recognition (NOR) tests were performed to assess the learning and cognitive function of the mice. Hematoxylin and eosin
(HE) staining, Nissl staining and TUNEL staining were used to evaluate histopathological changes in mice in each group. ELISA and
Western blot analysis were used to investigate the molecular mechanism by which bFGF-lips improve VD incidence.

Results: Behavioral and histopathological analyses showed that cognitive function was significantly improved in the bFGF-lips group
compared to the VD and bFGF groups; in addition, abnormalities and the apoptosis indices of hippocampal neurons were significantly
decreased. ELISA and Western blot analysis revealed that bFGF-lips nasal administration significantly increased the concentrations of
superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), bFGF, B-cell lymphoma 2 (Bcl-2), phosphorylated protein kinase
B (PAKT), nuclear factor erythroid 2-related factor 2 (Nrf2), NAD(P)H quinone oxidoreductase 1 (NQO1) and haem oxygenase-1
(HO-1) in the hippocampus of bFGF-lips mice compared with the VD and bFGF groups. Furthermore, the concentrations of
malondialdehyde (MDA), caspase-3 and B-cell lymphoma 2-associated X (Bax) were clearly lower in the bFGF-lips group than in
the VD and bFGF groups.

Conclusion: This study confirmed that the nasal administration of bFGF-lips significantly increased bFGF concentrations in the
hippocampi of VD mice. bFGF-lips treatment reduced repeated I/R-induced neuronal apoptosis by regulating apoptosis-related protein
concentrations and activating the phosphatidylinositol-3-kinase (PI3K)/(AKT)/Nrf2 signaling pathway to inhibit oxidative stress.
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Introduction
Vascular dementia (VD) is a progressive disease that affects individuals’ cognitive ability and is caused by various acute or chronic
cerebrovascular diseases. VD is the second leading cause of dementia,'> with Alzheimer’s disease (AD) being the leading cause.’
Most VD patients suffer from slowed thinking, impaired memory, depression, and a loss of executive functions, which seriously
affect their daily lives.* Specific strategies for the treatment or prevention of VD are greatly needed but currently limited.>
Cerebral ischemia is closely associated with the development and progression of VD and AD.” An obvious reduction
in regional cerebral blood flow causes glucose and oxygen deprivation. These events then lead to the activation of
oxidation.® The overproduction of reactive oxygen species (ROS) resulting from ischemic injury is a major mechanism

that underlies VD.”'® A decrease in endogenous antioxidants has been reported to cause an increase in oxidative stress."'
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ROS can react with substrates important for the survival of neurons, including proteins, lipids, and DNA, resulting in
neuropathological lesions and brain damage.'> Hence, drugs that can regulate oxidative stress may show therapeutic
potential for treating VD.

The neurotrophic factors and cytokines that are produced in response to brain injury and oxidative stress may protect
neurons against injuries relevant to the pathogenesis of VD. For example, basic fibroblast growth factor (bFGF) is
a modulatory ligand for neurogenesis, is expressed in neurogenic niches and plays an important role in the proliferation
and differentiation of adult neural stem and progenitor cells; as a result, bFGF has been implicated in the control of adult
neurogenesis.'>'* An animal study confirmed that exogenous bFGF infusions reversed depressive-like behaviors and
impaired hippocampal neurogenesis by inhibiting neuroinflammation.'> Moreover, studies of cultured neurons have provided
evidence that bFGF can suppress the oxidative stress and mitochondrial dysfunction induced by amyloid B-peptide and Fe in
synaptosomes.'® However, as bFGF has a molecular weight of 16.5 kDa, the protein cannot easily cross the blood—brain
barrier (BBB).!” Therefore, investigations into alternative methods of delivering bFGF to the brain have been performed.

Intranasal administration is an alternative method that has been investigated, and it is particularly attractive because substances
are delivered directly to the central nervous system (CNS); the system utilizes pathways through the olfactory and trigeminal
nerves that innervate the nasal passages and eliminates the need for and potential risks of peripheral intravenous or intracer-
ebroventricular administration.'® However, despite the potential of nasal drug delivery, several factors limit the intranasal
absorption of drugs. The major barriers include physical removal from the site of deposition in the nasal cavity by mucociliary
clearance mechanisms, enzymatic degradation in the mucus layer and nasal epithelium and low permeability of the nasal
epithelium. "

The use of a suitable drug delivery system has attracted great interest for overcoming the aforementioned nasal barriers
and improving nasal drug absorption. Novel nanodrug delivery systems, including nanoliposomes, nanoparticles and other
polymeric nanosystems, have demonstrated great efficacy in increasing the bioavailability of drugs administered through the
nasal route.'” ' The poor membrane permeability of normal nanoparticles caused by limited endocytosis in the nasal
mucosa restricts their application as brain drug delivery carriers.”” Bioactive peptides, such as cell-penetrating peptides
(CPPs), are used to modify the surface of nanoparticles and enhance nasal mucosal transport of nanoparticles to the brain.
However, the toxicity of CPP-mediated delivery remains a concern.”* Moreover, most polymeric nanosystems involve
cationic polymers, such as chitosan and PEG. Cationic polymers interact with the negatively charged surface of the mucosal
membrane and cause toxicity.”> As small vesicles enclosed by lipid bilayer membranes, nanoliposomes consist of naturally
occurring lipids and may be nontoxic.>* The nasal clearance half-life of nanoliposomes is four times greater than the normal
clearance half-life of the human nose, suggesting the mucoadhesion ability of nanoliposomes and the potential of nasal
application.”> Nanoliposomes are efficient vehicles for delivering therapeutic proteins to the CNS because they exhibit high
solubility and bioavailability, exhibit low toxicity and are nonimmunogenic.’>® Thus, administering nanoliposomes
through nasal delivery shows considerable potential for the delivery of bFGF to the CNS.

Ischemia—reperfusion-induced regional cerebral injury is among the most commonly employed models for establish-
ing VD in animals.® In this study, we prepared and characterized nanoliposomes encapsulating bEGF, and we showed that
this formulation could deliver the protein efficiently to the mouse brain when administered via the intranasal route. We
subsequently evaluated whether bFGF exerted a neuroprotective effect on global cerebral ischemia-induced VD in mice
and explored the underlying mechanisms involved.

Materials and Methods

Preparation and Characterization of bFGF-Loaded Nanoliposomes

Based on our previous research,”” bFGF-loaded nanoliposomes (bFGF-lips) were prepared by the reverse-phase
evaporation method. Briefly, to prepare the phospholipid membrane, 90 mg of hydrogenated soy phosphatidylcholine
(HSPC) (Shanghai AVT) and 10 mg of cholesterol (Shanghai AVT) were completely dissolved in 1 mL of dichlor-
omethane (Guangdong Guanghua Technology Co., Ltd.) at room temperature. Then, 100 pL of bFGF (mouse-derived,
PeproTech) solution (10 mg/mL) was added dropwise to the dichloromethane solution at 4°C, followed by ultrasonica-
tion with an ultrasonic probe (50 W, 2 s on, 3 s off, 1 min) until a water-in-oil emulsion was formed. The
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dichloromethane was removed by rotary evaporation under reduced pressure (25°C, 0.08MPa). Finally, the residual dry
lipid membrane was hydrated with phosphate-buffered saline (PBS) (pH 7.4, 10x102 mol) and rotated and evaporated
(25°C, 0.08 MPa) until a transparent bFGF-lips suspension was formed. The bFGF-lips were then passed through a 0.22
um microporous filtration membrane three times, and bFGF-lips solution containing 0.75 mg/mL bFGF was obtained.
Blank nanoliposomes (blank-lips) were prepared by replacing the bFGF solution with an equal volume of distilled water.

The morphology of the bFGF-lips and blank nanoliposomes was observed via a transmission electron microscope
(TEM) (1230, Jeol Jem Company, Tokyo, Japan) operated at 120 kV. For TEM sample preparation, the bFGF-lips and
blank nanoliposome solutions prepared above were first diluted 10 times with distilled water. Then, 10 pL of each diluted
solution was added dropwise to a carbon-coated grid for 30s, and the excess solution was aspirated using filter paper. The
grids were stained with 2% phosphotungstic acid for 1 min and dried overnight at room temperature.

The particle size, size distribution and zeta potential of bFGF-lips and blank nanoliposomes were determined by
dynamic light scattering (DLS) analysis using a Malvern Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK) at
a 90°C scattering angle and 25 °C in a cell with a 1 cm width. The bFGF-lips and blank nanoliposome solutions were
first diluted 100-fold using distilled water before size determination.

The encapsulating efficiency of bFGF-lips was determined by enzyme-linked immunosorbent assay (ELISA) as
previously described.*® Then, 1.5 mL of the bFGF-lips dispersion was centrifuged at 10,000 x g for 30 minutes. The
supernatant was collected and diluted for ELISA. The analyses were performed in triplicate, and the encapsulation
efficiency (EE) was calculated as follows:

Encapsulation efficiency (%)=(total amount of bFGF — amount of bFGF in the supernatant) /
total amount of bFGF x 100%.

To investigate bFGF release, bFGF-lips solution (2 mL) was first placed into a dialysis bag (Spectra/Por CE
Biotech Membrane; Spectrum Laboratories, Inc., Rancho Dominguez, CA, USA) (molecular weight cutoff = 20
kDa). Release was then performed in 100 mL of PBS (pH 7.4) at 37°C in a shaking water bath at 150 rpm. The
release medium (5 mL) was withdrawn and replaced with an equivalent volume of fresh medium at different time
points (0, 1, 3, 6, 9, 12, 18, 24, 30, 36, 42 54, 66 and 78 hours). The concentration of bFGF in the release medium
was assayed by using an ELISA kit. The following formula was used to calculate the cumulative release
percentage: cumulative release percentage(%)=(amount of bFGF released/total bFGF in liposomes)x100%.

According to previous methods,’' the stability of bFGF-lips was evaluated by measuring the EE, bioactivity and
physical stability (Kg) of bFGF-lips at different temperatures (4, 25, 30 and 40°C) under exposure to 4100 Ix light at
room temperature (20+2°C). For Kg detection, 1 mL of bFGF-lips was centrifuged at 3500 rpm for 10 min, after which
the supernatant was collected. A volume of 0.3 mL of bFGF-lips solution before centrifugation and 0.3 mL of bFGF-lips
in supernatant solution after centrifugation were taken and diluted to 5 mL with PBS (pH 6.8) solution. The absorbances
(pre- and postcentrifugation absorbances: Ay and A, respectively) were measured at 500 nm. The value of Kg was
calculated with the following equation: Kg=(A, - A)/A¢ * 100%. The bioactivity of bFGF-lips was determined by the
MTT method as described in our previous study.*> Moreover, the EE was determined as described above. All the
experiments for liposome characterization were repeated three times.

Experimental Animals

A total of fifty female ICR mice weighing 30-35 g were obtained from the Laboratory Animal Centre of Zhejiang
Experimental Animal Centre and were housed in a light-controlled room (14-h light/10-h dark cycle) at a consistent
temperature (24+2°C). The animal care and experimental procedures were in accordance with the principles of the
Animal Ethics Committee of Zhejiang Pharmaceutical College, which approved this study (202105023). Animal health
and behavior were monitored daily.

Establishment of the VD Mouse Model

The ischemia—reperfusion-induced VD mouse model was established under aseptic conditions through bilateral common
carotid artery occlusion (BCCAO) according to a previously published method with some modifications.*® The mice
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were anesthetized using thiopental sodium (45 mg/kg i.p.). The bilateral common carotid arteries were exposed and
gently separated from the carotid sheath and vagus nerve via a midline cervical incision. The bilateral common carotid
arteries were ligated with 40 silk sutures for 20 min. Thereafter, the sutures were removed, and blood flow was restored.
After the blood flow had been restored for 10 min, the bilateral common carotid was further ligated for 20 min. This
process was repeated three times. After the third reperfusion, the mice were observed carefully for 40 min, and the
cervical incision was closed with sutures. Then, the mice were placed under a heat lamp to prevent hypothermia until
they completely recovered from general anesthesia. The sham group mice underwent the same procedure but without
carotid artery ligation.

Experimental Design and Grouping

The fifty mice were randomly divided into the following groups (n=10 per group). (1) Sham group: control mice, which
underwent the surgical procedure but without carotid artery ligation and were nasally administered 2 pL of PBS; (2) VD
group: VD mice were nasally administered 2 pL. of PBS; (3) blank nanoliposomes (blank-lips) group: VD mice were
nasally administered blank lips in 2 pL of PBS; (4): bFGF group: VD mice were nasally administered free bFGF solution
(15 pg/kg) in 2 puL of PBS; and (5): bFGF-loaded nanoliposomes (bFGF-lips) group: VD mice were nasally administered
bFGF-lips solution (15 pg/kg) in 2 pLL of PBS. The nasal administration method was described in our previous study but
was performed in this study with some modifications.'” Briefly, the mice remained supine with their head in a horizontal
position. The nasal administration was performed using gentle pipetting of 1 pL of solution per nostril, which was
naturally sniffed in by the mouse, with a 3-min interval between nostril administrations. All the treatments were
administered once a day for 28 consecutive days starting at 1 h after surgery.

In accordance with previous methods used to determine the cerebral distribution of bFGF-lips after nasal administration,'”
three normal mice were provided 10 pg/kg bFGF-lips solution 5 consecutive times, each at an interval of 30 min. The mice
were killed 90 minutes after the last administration, and brain regions, including the olfactory region, pallium, hippocampus,
striatum and cerebrum, were separated. The distribution of nasally administered bFGF-lips in different brain regions was
evaluated using Western blot analysis to detect bFGF expression in each brain region. Normal mice that received equal doses
of intranasally administered blank-lips solution were used as controls for baseline control.

Morris Water Maze Test

On the 7th day after the intervention, the mice were subjected to spatial learning and memory tests with the Morris water
maze (MWM). The MWM test was conducted in a circular tank (140 cm in diameter, 50 cm high) filled with opaque,
white water (22-25°C) in a dimly lit room. One of the quadrants was equipped with an escape platform submerged
1.5 cm below the white water surface. Before starting the acquisition training, the mice were individually handled for 1
min for 2 days to habituate the mice to handling. The mice were then trained for 5 consecutive days, with four trials
per day per mouse. During the training sessions, the mice were required to find the submerged platform. The training was
completed as soon as the animals were located on the platform or when 60 seconds had elapsed. If the mouse could not
find the platform in a given trial, the mouse was guided to the platform. The latency and distance traveled to reach the
platform in each trial were tracked and recorded. On day 6, the platform was removed from the pool, and a single probe
test was performed to measure the integrity and strength of spatial memory 24 h after the last training trial of the
acquisition phase. The quadrant where the platform was located during training was referred to as the target quadrant.
The time and percentage of time spent in the target quadrant as well as the number of crossings over the platform were
measured as the results of the probe trial.**

Novel Object Recognition Test

The novel object recognition (NOR) test is a relatively fast and efficient method for testing learning and memory in mice.
The NOR test relies on rodents’ natural proclivity to explore novel objects.>> The NOR tests were conducted in the
experimental apparatus, which consisted of a rectangular box and three objects (A, B and C). Object A was the same as
object B, while object C was obviously different from objects A and B. Prior to testing, the mouse was handled for 2 days
to habituate the mice to handling. On the first and second days, the mouse could explore the area for 10 min. On day 3 of
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the test, the mouse was placed in an opaque box together with two objects (A and B) and was left to explore the objects
for 5 min, after which the mouse was returned to its home cage. After 60 min, the mouse was returned to the test box, in
which object B had been replaced with object C at the same location, and the mouse could explore the object for 5 min.
Object interaction was defined as when a mouse’s head was within 2 cm of the object and directed toward the object.
After each trial, the objects and box were cleaned with ethanol. The recognition index was calculated by dividing the
amount of time spent exploring the novel object by the total time spent exploring both objects in the test.

Histopathological Examination

After behavioral evaluation, five mice randomly selected from each group were sacrificed, and their brains were
harvested immediately for histopathological examination. Mouse brains were immersed in 10% neutral buffered
formalin, embedded in paraffin and cut into 4-um-diameter slices. Coronal sections of the dorsal hippocampus were
prepared. Hematoxylin and eosin (HE) staining and Nissl staining were performed according to the instructions of the
kits. Histopathological changes in the hippocampi of the mice were observed using a light microscope (Olympus BX53,
Japan), and the number of neuronal cells was counted at 400x magnification.

TUNEL Staining

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was conducted with a TUNEL
Apoptosis Assay Kit (Roche Applied Science, Penzberg, Germany) according to the manufacturer’s instructions. In
brief, the hippocampal tissue sections were dewaxed in xylene and rehydrated in graded alcohol. Then, the slices were
treated with PBS for 5 min and digested with 20 pg/mL protease K at 37°C for 20 min. The slices were incubated with 50
pL of TUNEL detection liquid, 5 uL. of TdT enzyme and 45 pL of fluorescent liquid at 37°C in the dark for 60 min.
TUNEL-positive cells were observed under a fluorescence microscope (Olympus, Tokyo, Japan) and counted using
Imagel software to calculate the apoptotic index (Al, Al=number of apoptotic neurons/total number of neurons).

ELISA

The remaining five mice in each group were decapitated under deep anesthesia. The hippocampal tissues were removed from
the brain tissues on ice. PBS was added at a ratio of 1 g:9 mL (weight/volume), and the tissues were homogenized by
ultrasound at low temperature. The supernatant was collected and stored after centrifugation (12,000 rpm, 4°C, 15 min). The
hippocampal levels of superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), malondialdehyde (MDA) and bFGF
were measured using mouse ELISA kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China) according to
the manufacturer’s instructions. The mean value of duplicate samples was taken as the final concentration for each animal.

Western Blot Analysis

Brain tissues were added to RIPA lysis buffer (RIPA:PMSF =100:1) (Beyotime Biotechnology Co., Ltd., Shanghai,
China) at a ratio of 20 g:200 mL (weight/volume) after removal from the mouse brain. The tissues were homogenized by
ultrasonication at low temperature for 20 min. After centrifugation at 14,000 x g at 4°C for 5 min, the supernatants were
collected to measure the concentrations of bFGF, apoptosis-related proteins and phosphatidylinositol-3-kinase (PI3K)/
protein kinase B (AKT) signaling pathway-related proteins. The total protein concentration was determined using
a bicinchoninic acid (BCA) protein assay kit (Beyotime Biotechnology Co., Ltd., Shanghai, China). The total protein
(40 pg) from each sample was separated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis (12% gel) and
transferred onto a nitrocellulose membrane. The membranes were blocked for 1 h at 37°C with bovine serum albumin in
0.1% Tween 20 in Tris-buffered saline (TBST). After blocking, the membranes were incubated with primary antibodies
against bFGF (1:1000, Abcam), AKT (1:1000, Santa Cruz), phosphorylated AKT (P-AKT, 1:1000, Santa Cruz), B-cell
lymphoma 2-associated X protein (Bax, 1:1000, Santa Cruz), B-cell lymphoma 2 (Bcl-2, 1:1000, Santa Cruz), caspase-3
(1:1000, Santa Cruz), nuclear factor erythroid 2-related factor 2 (Nrf2, 1:1000, Santa Cruz), NAD(P)H quinone
oxidoreductase 1 (NQOI, 1:1000, Santa Cruz), haem oxygenase-1 (HO-1, 1:1000, Santa Cruz) and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH, 1:5000, Santa Cruz) at 4°C overnight. After being washed three times with TBST
(ten minutes each), the membranes were subsequently incubated with horseradish peroxidase (HRP)-conjugated
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secondary antibodies (1:5000, Santa Cruz) for 1 h at room temperature. Immunodetection was performed with an
electrochemiluminescence (ECL) solution followed by exposure to X-ray film. The optical density of the bands was
analyzed by ImageJ software.

Cell Culture

With reference to the published literature,*® the human neuroblastoma cell line SH-SY5Y was used in this study to
determine the safety and neuroprotective effects of bFGF-lips in vitro. The SH-SY5Y neuronal cells were cultured in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum at 37 °C in a humidified
atmosphere containing 5% CO,.

Cell Viability

Cell viability was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Beyotime).
SH-SYS5Y cells were treated with bFGF (bFGF-lips or bFGF solution, bFGF concentration = 0.3 mg/mL), blank-lips
solution or PBS for 24 h, after which MTT (5 mg/mL) was added. Dimethyl sulfoxide (DMSO) was then added after the
medium was removed. The mixture was shaken in the dark for 10 min, after which the absorbance was measured at 490
nm using an ELISA reader to evaluate the safety of bFGF-lips in vitro.

Oxygen—Glucose Deprivation/Reoxygenation Test

An oxygen—glucose deprivation/reoxygenation (OGD/R) test was used to evaluate the neuroprotective effect of bFGF-
lips. For the OGD/R procedure,’”*® SH-SY5Y cells were cultured in glucose-free or serum-free DMEM in an incubator
with an atmosphere of 5% CO,, 95% N2 or <0.1% O2 at 37°C for 2 h to initiate OGD insult. Then, the ischemic-hypoxic
cells were stochastically separated into four groups as follows: the PBS group, blank-lips group, bFGF solution group (30
pg/mL), and bFGF-lips group (30 pg/mL) were incubated in fresh MEN/F12 medium containing the corresponding drug
therapy interventions at 37°C under CO, for 24 hours. SH-SY5Y cells not subjected to OGD insult served as controls.
After the OGD/R test, the cell viability of each group was detected by a MTT reagent. Moreover, the ROS concentration
in each group was detected by an ROS assay kit (Beyotime) after OGD/R. ROS detection was conducted according to
previous methods® and according to the kit instructions.

Statistical Analysis

The data are expressed as the meantstandard deviation. For the MWM data (latency to escape), repeated-measures mixed
analysis of variance (ANOVA) with Bonferronis post hoc correction was used to assess group and training day
differences. The NOR test results (exploratory time) were analyzed using repeated-measures two-way ANOVA followed
by Bonferroni's post hoc correction. The other results were analyzed by one-way ANOVA. A value of P<0.05 was
considered to indicate statistical significance.

Results

Characterization of bFGF-Lips

The lipid composition of = bFGF-lips and blank-lips featured a mass ratio of HSPC: cholesterol =9:1. The morphologies
of bFGF-lips and blank-lips were investigated using TEM. TEM images (Figure 1A) indicated that blank-lips and bFGF-
lips were spherical vesicles with particle aggregation. Moreover, there was no significant difference in the morphology of
the nanoliposomes before or after bFGF was loaded. The size distributions of the bFGF-lips and blank-lips are
highlighted in Figure 1B. Dynamic light scattering was used to determine the average particle sizes of bFGF-lips and
blank-lips, which were 108.78+7.23 nm and 102.45+3.63 nm, respectively. The polydispersity index (PDI) represents the
distribution of the particle size. The PDIs of bFGF-lips and blank-lips were 0.137+0.05 and 0.098+0.02, respectively,
which indicated that bFGF-lips and blank-lips approached a monodisperse stable system. Moreover, zeta potential
measurements showed that the zeta potentials of bFGF-lips and blank-lips were —36.1244+3.124 mV and —41.365
+5.112 mV, respectively. Furthermore, 88.34+1.89% of the bFGF-lips were encapsulated.
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Figure | Characterization of the bFGF-lips and blank-lips. Transmission electron micrographs of bFGF-lips and blank-lips (A); the size distribution of bFGF-lips and blank-lips

(B); in vitro cumulative release of bFGF-lips (C).

The in vitro drug release profiles of bFGF-lips in pH 7.4 PBS are shown in Figure 1C. The percentage of bFGF-lips
released was only 19.20+1.64% at 12 h, 24.5142.52% at 24 h and 30.63+1.33% at 78 h. The release of bFGF-lips was
slow without obvious bursts. The stability test results showed that the Kg values at 4, 25, 30, 40 and 20+2°C at room
temperature with light at 4100 1x for 10 days were 0.40, 1.82, 3.59, 14.47, and 3.10 times greater than those at 0 days,
respectively (Table 1). The EE (%) was 12%, 24%, 30%, 42%, and 28% lower at these time points than on day O
(Table 2). The bioactivity of bFGF-lips was 6%, 10%, 39%, 47%, and 26% lower than that on day O (Table 3). The
results indicated that the three parameters were significantly influenced by temperature, especially high temperatures (30

and 40°C). Therefore, bFGF-lips solution should be stored at low temperature.

Table | Average of K¢ Values (%) of bFGF-Lips on Various Condition (x & SD, n=3)

Condition Time (Days)

0 | 3 5 10 30 60 90
4°C 1.26+0.02 | 1.48+0.08 | 1.51%0.11 | 1.63£0.11 1.77+0.19 | 2.7320.55 | 3.81+0.74 4.02+0.34
25°C 1.2620.11 | 1.51%0.14 | 1.65£0.28 | 1.75£0.14 | 3.55%0.31 | 4.01%x0.47 | 4.23+0.35 4.81x0.19
30°C 1.26+0.06 | 2.01+0.18 | 3.34+0.27 | 4.93£0.44 | 578+0.77 | 9.67xl.11 | 23.71+3.13 | 35.74%2.7|
40°C 1.26+0.05 | 2.33+0.27 | 4.53%0.39 | 7.37£0.32 | 19.49+2.71 | 21.8+3.43 | 32.57+3.72 | 49.45+4.03
Light (4100Ix) | 1.26£0.03 | 1.94+0.15 | 2.33+x0.43 | 3.75%0.32 | 5.17+0.46

Note: The experiments of highlight were studies for 10 days.
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Table 2 Average of EE (%) of bFGF-Lips During Storage (x &= SD, n=3)

Condition Time (Days)

0 | 3 5 10 30 60 90
4°C 89.12+2.13 84.32+4.77 79.53%3.14 78.32+5.71 78.47+3.77 75.29+7.13 71.34+6.59 70.49+5.91
25°C 89.12+3.75 82.38+6.14 76.39+4.77 70.48+6.39 68.15+4.01 58.12+5.34 50.48+5.71 42.37+6.39
30°C 89.12+3.37 78.49+7.31 74.93+5.83 67.14+4.39 62.12+6.14 50.34+3.17 39.14+4.01 27.46+5.47
40°C 89.12+3.21 73.29+5.77 70.72+4.74 64.39+5.03 51.58+4.83 31.71+4.44 21.31£7.49 11.1243.63
Light (4100Ix) 89.12+2.47 82.14+5.33 73.34%4.11 69.91+5.88 63.77+6.08

Note: The experiments of highlight were studies for 10 days.

Table 3 Average of Bioactivity (x10°IU/mL) of bFGF-Lips on Various Conditions (¥ + SD, n=3)
Condition Time (Days)

0 1 3 5 10 30 60 90

4°C 7.08+0.29 6.97+0.40 6.82+0.57 6.71+0.33 6.62+0.39 6.35+0.25 6.07+0.44 5.75+0.53
25°C 7.08+0.41 7.01+0.58 6.74+0.84 6.55+0.45 6.39+0.27 6.02+1.33 5.37+0.31 4.82+0.77
30°C 7.08+0.33 6.04+0.37 5.32+0.43 4.97+0.27 4.31+0.28 3.28+0.24 2.31+0.29 1.47+0.16
40°C 7.08+0.18 5.65+0.22 5.27+0.39 4.08+0.32 3.72+0.23 2.74+0.18 1.23+0.13 0.55+0.07
Light (4100Ix) 7.08+0.27 6.52+0.34 6.17+0.71 5.57+0.39 5.24+0.47

Note: The experiments of highlight were studies for 10 days.

Nasal Administration of bFGF-Lips Enhanced Exogenous bFGF Levels in Different

Brain Regions

To evaluate the brain region distributions of bFGF-lips after nasal administration, Western blotting was performed and
the bFGF levels were determined in the olfactory region, pallium, hippocampus, striatum and cerebrum 90 min post-IN.
As shown in Figure 2A and B, compared with those in the control group, the levels of exogenous bFGF in each brain
region were significantly increased by the intranasal administration of bFGF-lips. Moreover, the results showed the
distribution of bFGF-lips in different brain regions after nasal administration. The distribution order of bFGF-lips from
high to low was region, pallium, hippocampus, striatum and cerebrum.
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Figure 2 Nasal administration of bFGF-lips enhanced exogenous bFGF levels in different brain regions. (A) The expressions of bFGF in each brain region after nasal
administration of bFGF-lips and blank-lips were analysed by Western blot. (B) The quantification data for Western blot analysis of bFGF. Data are presented as means+SDs
(n=3). *P<0.05, **P<0.01 vs control group.
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Nasal Administration of bFGF-Lips Improves the Learning and Memory Ability of VD
Mice

The MWM and NOR tests were performed to investigate how the nasal administration of bFGF-lips affects the learning
behavior of the experimental mice. In the MWM test, the average escape latencies of the mice were compared among the
five days and among the five groups. As shown in Figure 3A and B, the VD mice exhibited a significantly longer escape
latency than the sham mice on day 5 (P<0.01, increased by 0.45-fold). The latency to reach the platform was significantly
shorter in the bFGF-lips group than in the bFGF group, blank-lips group and VD group on day 5 (P<0.01; reduced by
30%, 25% and 22%, respectively). No statistically significant differences were identified among the groups from
training day 1 to day 4. In the probe test (Figure 3C and D), compared with sham group mice, VD group mice displayed
significantly lower values for parameters assessing memory, ie, the time and the percentage of time spent in the target
quadrant and the number of crossings over the platform area (P<0.01, respectively, decreased by 52%, 60% and 65%).
Furthermore, the values attained for the memory parameters were significantly greater in the bFGF-lips group than in the
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Figure 3 Nasal administration of bFGF-lips improved the learning and memory ability of VD mice. (A) Represents the video tracks of mice in each group on day 5 of the
MWM test. (B) Represents escape and latency in the target quadrant. Two-way repeated-measures ANOVA with Bonferronis post-hoc test was used for the statistical
analysis of training data. The escape latency data were significantly different only on day 5. (C) Represents the time and percentage of time spent in the target quadrant. (D)
Represents the number of crossings over the original platform area. (E) Represents the recognition index. Data other than the escape latency were analysed by one-way
ANOVA. Data are presented as meanszSDs (n=10). **P<0.01 vs sham group; “*P<0.01 vs bFGF-lips group.
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VD group (increased by 1.11-, 1.55- and 2.15-fold, respectively), blank-lips group (increased by 0.86-, 1.24- and
1.9-fold, respectively) and bFGF group (increased by 0.62-, 1.21- and 0.95-fold, respectively) (P<0.01).

Moreover, we performed the NOR test to investigate the effects of bFGF-lips on the short-term memory of the
experimental mice. The results (Figure 3E) showed that the recognition index of the VD group was significantly lower
than that of the sham group (P<0.01, reduced by 38%). Among the intervention groups, the cognitive indices of the
bFGF-lips group were significantly greater than those of the blank-lips group, bFGF group and VD group (increased by
0.71-, 0.46- and 0.64-fold, respectively), which were close to those of the sham group.

Nasal Administration of bFGF-Lips Alleviates Neuronal Injury and Loss in the
Hippocampus of VD Mice

HE and Nissl staining were performed to assess the neuroprotective effects of intranasal administration of bFGF-
lips on the hippocampal CAl region of brain tissues. The results showed that the pyramidal neurons in the
hippocampal CA1 region in sham group mice were aligned, with round nuclei, clear margins and nucleoli,
transparent cytoplasm, and uniform distribution of chromatin in the nuclei. In contrast, pathological abnormalities,
in which neurons were arranged in a scattered pattern, along with neuron shrinkage and loss were observed in the
VD group (P<0.01; Figure 4A and B). The number of neurons in the VD group was 36% lower than that in the
sham group. However, bFGF-lips treatment alleviated these histopathological alterations and reversed the hippo-
campal CA1 region neuron loss compared with the VD group and other intervention groups (P<0.01). The number
of neurons in the bFGF-lips group was 0.52-, 0.54-, 0.41-fold higher than those in the VD group, blank-lips group
and bFGF group, respectively.

As shown in Figure 4C and D, neurons of sham group mice exhibited a normal morphology with clear Nissl bodies in
the cytoplasm, while the neurons of VD group mice showed a scattered arrangement, and the number of Nissl-positive
cells was significantly decreased (P<0.01, decreased by 41%). After nasal administration of bFGF-lips, the morphology
and arrangement of neurons in the CAl region were obviously improved and the number of Nissl-positive cells was
significantly increased compared with the VD group and other intervention groups (P<0.01). The number of neurons in
the bFGF-lips group was 0.63-, 0.62-, and 0.52-fold higher than those in the VD group, blank-lips group and bFGF
group, respectively.

Nasal Administration of bFGF-Lips Inhibits Neuronal Apoptosis in the Hippocampus
of VD Mice

TUNEL staining was performed to determine the Al of neurons in the hippocampal CAl region of mice. TUNEL
staining (Figure 5A) results showed that TUNEL-positive granules exhibited green fluorescence. As shown in Figure 5B,
significantly increased Al was observed in the hippocampal CA1 area neurons of VD group mice compared with sham
group mice (P<0.01, increased by 2.2-fold). A significantly decreased Al in hippocampal CAl area neurons was
observed in the bFGF-lips group compared with the VD group, blank-lips group and bFGF group (P<0.01, decreased
by 61%, 58% and 55%, respectively). No obvious difference in the Al of neurons in the hippocampal CA1 region was
observed between the sham group and the bFGF-lips group (P>0.05).

Nasal Administration of bFGF-Lips Prevents VD-Induced Oxidative Stress in the

Hippocampus

The levels of SOD, MDA, GSH-Px and bFGF were measured with ELISA kits to evaluate the degree of oxidative
stress in the hippocampi of the mice.*® As depicted in Figure 6A-D, VD group mice showed an increase in the
hippocampal oxidative stress marker MDA (P<0.01, increased by 1.99-fold) and decreases in the hippocampal
antioxidant markers SOD, GSH-Px and bFGF (P<0.01, decreased by 60%, 23% and 59%) compared with sham
group mice. Among all interventions, only nasal administration of bFGF-lips prevented the VD-induced increase in
the hippocampal MDA level (65%, 66% and 57% lower than those in the VD group, blank-lips group and bFGF
group, respectively) as well as the decreases in the hippocampal antioxidant markers SOD (1.33-, 1.41- and 1.06-
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Figure 4 Nasal administration of bFGF-lips alleviated neuronal injury and loss in the hippocampi of VD mice. (A) Representative images of HE staining (400x). (B)
Quantitative graphs of HE staining. (C) Representative images of Nissl staining (400x). (D) Quantitative graphs of Nissl staining. Data are presented as meansxSDs (n=5).
##P<0.01 vs sham group; *P<0.01 vs bFGF-lips group.

fold higher than those in the VD group, blank-lips group and bFGF group, respectively), GSH-Px (P<0.01, 0.27-,
0.29- and 0.22-fold higher than those in the VD group, blank-lips group and bFGF group, respectively) and bFGF
(2.88-, 3.00- and 0.74-fold higher than those in the VD group, blank-lips group and bFGF group, respectively)
(P<0.01).
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Figure 5 Nasal administration of bFGF-lips inhibited neuronal apoptosis in the hippocampi of VD mice. (A) Representative images of TUNEL staining (400x). (B)
Quantitative graphs of TUNEL staining. Data are presented as meansSDs (n=5). **P<0.01 vs sham group; *P<0.01 vs bFGF-lips group.
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Figure 6 Nasal administration of bFGF-lips prevented VD-induced oxidative stress in the hippocampus. (A) GSH-Px levels. (B) MDA levels. (C) SOD levels. (D) bFGF levels.
Data are presented as means£SDs (n=5). **P<0.01 vs sham group; **P<0.01 vs bFGF-lips group.

Effects of Nasal bFGF-Lips Administration on the Concentrations of bFGF
Apoptosis-Related Proteins and PI3K/AKT-Signaling-Pathway-Related Proteins in

Hippocampal Tissues

The concentration of bFGF in hippocampal tissues was measured by Western blot analysis to evaluate the efficiency of
bFGF-lips delivery through nasal administration into the brain. As shown in Figure 7A and C, the concentrations of
bFGF were significantly decreased in the VD group and blank-lips group compared with the sham group (P<0.05,
declined by 66% and 61%). After different interventions, only nasal administration of bFGF-lips could significantly
increase the concentration of bFGF in the hippocampal tissues compared with the concentrations observed in the VD
group, blank-lips group and bFGF group (P<0.01, respectively increased by 3.85-, 3.22- and 0.68-fold).

To further elucidate the mechanism by which bFGF-lips reverses memory deficit in VD mice, we measured the
concentrations of apoptosis-related proteins and PI3K/AKT-signaling-pathway-related proteins via Western blot analysis.
As shown in Figure 7A, B and D-J, we found that the concentrations of the apoptosis-related proteins Bax (P<0.01) and
caspase-3 (P<0.01) were significantly increased in the VD group (by 2.58- and 1.68-fold, respectively) and blank-lips
group (by 2.94- and 1.69-fold, respectively) compared with the sham group, while the concentrations of the anti-
apoptosis-related protein Bcl-2 (P<0.01) and the antioxidant-stress-related proteins PAKT (P<0.05), Nrf2 (P<0.01),
NQOI1 (P<0.05) and HO-1 (P<0.01) were significantly decreased in the VD group (by 60%, 45%, 42%, 38% and
76%, respectively) and blank-lips group (by 58%, 42%, 42%, 38% and 76%, respectively) compared with the sham
group. Furthermore, the bFGF-lips group contained significantly increased concentrations of the anti-apoptosis-related
protein Bcl-2 (P<0.01) and the antioxidant-stress-related proteins PAKT (P<0.01), Nrf2 (P<0.01), NQO1 (P<0.01) and
HO-1 (P<0.01) compared with those in the VD group (increased by 3.53-, 1.62-, 1.28-, 1.06- and 5.17-fold, respectively)
and bFGF group (increased by 1.56-, 0.59-, 0.67-, 0.94- and 1.3-fold, respectively). The concentrations of the apoptosis-
related proteins Bax (P<0.01) and caspase-3 (P<0.01 vs VD group, P<0.05 vs bFGF group) in the bFGF-lips group were
significantly lower than those in the VD group (56% and 52% lower, respectively) and the bFGF group (53% and 40%

lower, respectively).

Evaluation of the Neuronal Toxicity and Neuroprotective Effect of bFGF-Lips Against
OGD/R-Induced Injury in vitro

An MTT assay was performed with SH-SY5Y cells after they were treated with high concentration blank-lips, bFGF or
bFGF-lips solutions to evaluated the cellular cytotoxicity in neuronal cells. The result showed that cell viability was not
significantly different after treatment with high concentration of bFGF solution, bFGF-lips solution or blank-lips solution

compared with PBS control group (Figure 8A).
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Figure 7 Effects of nasal administration bFGF-lips on the concentrations of bFGF, apoptosis-related proteins and PI3K/AKT-signalling-pathway-related proteins in
hippocampal tissues. (A) Concentrations of bFGF, PAKT, AKT, Bcl-2, Bax, caspase-3, Nrf2, NQOI and HO-I in hippocampal tissues as detected by Western blot analysis.
(B-J) The quantification data for Western blot analysis of PAKT/AKT, bFGF, Bax, Bcl-2, caspase-3, Nrf2, NQOI and HO-I. Data are presented as means*SDs (n=5).
#P<0.05, ¥P<0.01 vs sham group; *P<0.05, **P <0.01 vs bFGF-lips group.

In the OGD/R test, the cells in the PBS group, blank-lips group and bFGF group showed significantly lower cell
viabilities and higher ROS levels compared with those of the control group. Compared with PBS group, blank-lips group
and bFGF group, the SH-SYS5Y cells treated with low concentration bFGF-lips had higher cell viability and lower ROS
level after OGD/R injury (Figure 8B and C).

Discussion

As a multifunctional cytokine, bFGF effectively protects neurons from a variety of insults, such as glutamate excito-
toxicity, ischemia—reperfusion injury, hypoglycemia, intracellular calcium ion overload, and free radicals.*' As a novel
drug delivery system (DDS), nanoliposomes have potential as useful carriers for targeting the brain without toxicity in
the nasal mucosa and CNS.>* Moreover, using nanoliposomes to encapsulate proteins can not only prevent protein
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Figure 8 Evaluation of neuronal toxicity and neuroprotective effect of bFGF-lips against OGD/R induced injury in vitro. (A) The results of neuronal cell viabilities assessed
by MTT after in vitro neuronal toxicity test. (B) The results of neuronal cell viabilities assessed by MTT after ODGI/R test. (C) The result of ROS levels of neuronal cell after
ODGIR test. Data are presented as means£SDs (n=3). *P<0.05, *P<0.01 vs control group; *P<0.05, vs bFGF group; *P<0.05, “*P <0.01 vs bFGF-lips group.

enzymatic degradation and increase protein uptake by cells but also increase protein residence time in the nasal cavity
and promote protein transport across the nasal mucosa.”’

In this study, we used the reverse-phase evaporation method to prepare bFGF-lips. Compared with the previously
reported two-step preparation technology,'’ the method used to prepare bFGF liposomes in this study is simpler, quicker,
more repeatable and suitable for promotion. The average particle size and zeta potential of bFGF-lips were 108.78+7.23
nm and —41.36545.112 mV, respectively. The size and zeta potential of the nanoliposomes are key factors that affect
nasal administration efficiency. Khan, Liu, Khan, Zhai** reported that nanoliposomes with particle sizes in the range of
100200 nm could be transported from the nose to the brain through caveolae-mediated endocytosis. Nanoliposomes
suitable for nasal delivery must have an absolute zeta potential >30 to prevent static repulsion on approach and facilitate
nanoliposome-cell interaction.”> Since the absolute value of Zeta of bFGF nanoliposomes prepared in our previous
study'” was only 15.3+1.6 mv, the bEGF-lips prepared in this study are more suitable for nasal administration according
to the above requirements. The bFGF-lips encapsulation rate was 88.34+1.89%, which indicated that nanoliposomes
were suitable for the encapsulation of bFGF. In vitro cell experiments showed that bFGF-lips or blank-lips did not affect
the activity of nerve cells even in high concentrations, indicating that the bFGF-lips exhibited high biosafety. Western
blot analysis and ELISA detection of the concentration of bFGF in hippocampal tissues showed that the bFGF
concentration in the VD group was significantly lower than that in the sham group, which was consistent with the
findings of a previous study.*” However, the bFGF concentration in the bFGF-lips group was significantly higher than
that in the bFGF group and other intervention groups. The result confirmed that using nanoliposomes to encapsulate
bFGF combined with nasal administration could effectively deliver the protein to the brain and thus significantly increase
the bFGF concentration in the brain for the treatment of VD.

Moreover, according to previous reports,”’ the liposomal lipid membrane that loads macromolecular drugs in the
nose—brain pathway is composed mainly of different phospholipids and cholesterol. Drug-carrying nanoliposomes
prepared by different phospholipids exhibit different potential and different efficiency of drug delivery from the nasal
cavity to the brain. Under the same particle size conditions, PEGylated liposomes prepared by adding PEGylated
phospholipids to the liposome phospholipid membrane may exhibit an increased efficiency of drug entry into the brain
and an increased retention time in the brain. In addition, positively charged liposomes may result in increased retention
time of drugs in the olfactory epithelial cells, thus improving the permeability of drug delivery in the nose—brain pathway.
Although the liposomes prepared in this study did not contain PEG and were negatively charged, our findings confirm
that bFGF-coated liposomes can significantly increase the content of bFGF in the brain after nasal administration.
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Therefore, we will further optimize our lipid composition and preparation process in subsequent experimental studies to
improve the efficiency of drug delivery in the brain.

In this animal study, we investigated the protective effects of bFGF-lips on VD mice. VD is a disease complicated by
brain injury and manifests as severe cognitive impairment and memory loss.*> The MWM and NOR tests are reliable
paradigms used to assess spatial learning and memory in laboratory animals.***> Recently, several studies have reported
that repeated cerebral ischemia—reperfusion can cause learning and memory impairment and eventually lead to VD.***
Consistent with these studies, our MWM and NOR test results showed that the learning and memory function of VD
group mice, in which VD was induced by repeated cerebral ischemia—reperfusion, were obviously impaired. This
impairment was characterized by a longer latency to find the submerged platform during the navigation trial, a longer
escape latency, fewer crossings over the platform, and a lower percentage of time spent in the target quadrant during the
probe trial in the MWM test as well as a lower recognition index in the NOR test. Moreover, the hippocampus plays
a critical role in memory and spatial cognition.*® Within the hippocampal memory system, CA1 neurons are critically
involved the formation, consolidation, and retrieval of hippocampus-dependent memories.*’ Obvious histopathological
changes were reported in the hippocampal CA1 region of mice that underwent repeated cerebral ischemia—reperfusion.>
Consistent with this previous study, the results of histopathological examinations in this study, including HE, Nissl and
TUNEL staining, showed that the hippocampal CA1 region of VD group mice also displayed significant histopatholo-
gical lesions, such as a scattered arrangement of neurons and neuron shrinkage and loss. Furthermore, compared to mice
in other groups, VD group mice showed fewer Nissl-positive cells and more apoptotic cells. The above results confirmed
that a mouse model of VD was successfully established in this study. We found that nasal administration of bFGF-lips
significantly ameliorated the cognitive impairments induced by repeated cerebral ischemia—reperfusion, as evidence by
improvements in the behavioral abnormalities and histopathology lesions in bFGF-lips group mice compared with VD
group mice. However, nasal administration of bFGF solution only partially restored memory deficits in VD mice. Taken
together, our research results suggest that nasal administration of bFGF-lips can effectively increase the bFGF concen-
tration in the hippocampus so that bFGF can attenuate memory deficits in VD model mice.

This study also investigated the mechanism by which bFGF-lips nasal administration reverses the memory deficits of
VD mice. As previously reported, apoptosis, which refers to the process of programmed cell death, plays a major role in
the development and pathogenesis of VD.>'>? Various apoptotic proteins and regulatory pathways have been found to
participate in the regulation of cell apoptosis progression. Bcl-2, Bax and caspase-3 participate in the apoptosis signal
transduction mechanism and play irreplaceable roles in apoptosis. When Bcl-2 is upregulated, the Bcl-2/Bax heterodimer
forms with bax protein. The Bcl-2/Bax heterodimer acts as a molecular switch on the mitochondrial permeability
transition pore to regulate its opening degree, reduce ion channel activity, restrict some small molecules (such as
CytC) from entering the cytoplasm, and finally inhibit apoptosis.’® Previous study have found that upregulating the
expression of Bcl-2 and reducing the expression of bax can significantly restrict the release of CytC, inhibit the activation
of caspase-3 and the occurrence of apoptosis, and exert significant neuroprotective effects on VD rats.’* Similar to these
previous studies, in this study, the concentrations of Bax and caspase-3 were significantly increased and the concentration
of Bcl-2 was reduced in VD group mice. However, nasal administration of bFGF-lips reduced the concentrations of Bcel-
2, Bax, and caspase-3 and thereby reduced neuronal apoptosis. Therefore, regulating the levels of apoptosis-related
factors to inhibit neuronal apoptosis is among the molecular mechanisms by which nasal administration of bFGF-lips
attenuates repeated cerebral ischemia—reperfusion-induced cognitive impairments (Figure 9).

The overproduction of ROS due to ischemia is a critical contributor to the pathogenesis of VD.>*> Recent studies
reported that cerebral ischemia—reperfusion increased the generation of free radicals, which had direct toxic effects on
neurons and could induce the apoptosis of nerve cells.™**° MDA is an important indicator of lipid peroxidation. SOD and
GSH are free radical scavengers that can protect brain tissues against oxidative damage.”’* The levels of MDA, SOD
and GSH reflect the degree of oxidative stress.’® Previous research found that the levels of MDA, GSH and SOD in brain
tissue were abnormal after repeated cerebral ischemia—reperfusion,® and our data was consistent with these findings, as
the levels of MDA, SOD and GSH in the hippocampi of VD group mice were abnormal after repeated cerebral ischemia—
reperfusion. However, nasal administration of bFGF-lips could effectively attenuate the abnormal oxidative stress in VD
mice by significantly decreasing the levels of MDA and increasing the levels of GSH and SOD. OGD/R is widely used to
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Figure 9 Molecular mechanisms of the bFGF reversal of neuronal apoptosis in VD mice through the regulation of the concentrations of apoptosis-related proteins and the
activation of the PI3K/AKT/Nrf2 signalling pathway to inhibit oxidative stress.

study the neuronal cells model of brain ischemia—reperfusion injury in vitro.*®°° Consistent with the results of animal
experiments, OGD/r test confirmed that compared with PBS control group and bFGF group, bFGF-lips can significantly
reduce the ROS level of nerve cells after ischemia—reperfusion, and the cell activity is effectively improved as a result.

The molecular mechanism underlying the effects caused by nasal administration of bFGF-lips on oxidative-stress-
induced injury was preliminarily investigated in this study. A recent study showed that the activation of the phospha-
tidylinositol 3-kinase/protein kinase B (PI3K/AKT) signaling pathway plays a vital role in the protection of neurons
against oxidative stress.®' The activation of the PI3K/AKT signaling pathway leads to an increase in the PAKT/AKT
ratio, the dissociation of nuclear factor erythroid 2-related factor 2 (Nrf2) from Kelch-like ECH-associated protein 1
(Keapl), and then the facilitation of Nrf2 nuclear translocation.®® Intranuclear Nrf2 can then bind to the antioxidant
response element (ARE), thereby initiating the transcription of numerous antioxidant enzymes, including HO-1 and
NQO1,% that are involved in the detoxification of free radicals, thereby maintaining cellular redox homeostasis.®*
Previous studies, including ours, found that when bFGF is bound to its receptor, it could play an antioxidant role by
activating the PI3K/AKT signaling pathway in a variety of experimental animal models, including models of myocardial
infarction,®® diabetic cardiomyopathy® and so on. According to our research, nasal administration of bFGF-lips could
significantly increase the PAKT/AKT ratio and the concentrations of Nrf2, NQOI and HO-1 compared with the
observations in VD. These results indicated that bFGF-lips may inhibit oxidative stress by activating the PI3K/AKT/
Nrf2 signaling pathway, thereby reducing neuronal apoptosis. The inhibition of oxidative stress through the activation of
the PI3K/AKT/Nrf2 signaling pathway may be another molecular mechanisms by which nasal administration of bFGF-
lips attenuates repeated cerebral ischemia—reperfusion-induced cognitive impairments (Figure 8).

Conclusion
In our study, we demonstrated that nasal administration of bFGF-lips significantly increased the bFGF concentrations in
the hippocampi of VD mice. The bFGF then reduced the neuronal apoptosis induced by repeated ischemia—reperfusion
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by regulating the expression of apoptosis-related proteins and activating the PI3K/AKT/Nrf2 signaling pathway to inhibit

oxidative stress, ultimately improving cognitive impairment in VD mice.
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