International Journal of Nanomedicine downloaded from https://www.dovepress.com/

For personal use only.

International Journal of Nanomedicine Dove

3

ORIGINAL RESEARCH

Ginsenoside Rgl nanoparticle penetrating the
blood-brain barrier to improve the cerebral
function of diabetic rats complicated with
cerebral infarction

Junyi Shen
Zhiming Zhao
Wei Shang
Chunli Liu
Beibei Zhang
Lingjie Zhao

Hui Cai

Department of Integrated Traditional
and Western Medicine, Jinling
Hospital, School of Medicine, Nanjing

University, Nanjing, China

Correspondence: Hui Cai

Department of Integrated Traditional
and Western Medicine, Jinling Hospital,
School of Medicine, Nanjing University,
305 East Zhong Shan Road, Nanjing

210002, China
Email njzy_caihui@163.com

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

5 September 2017
Number of times this article has been viewed

Abstract: Diabetic cerebral infarction is with poorer prognosis and high rates of mortality.
Ginsenoside Rgl (Rgl) has a wide variety of therapeutic values for central nervous system
(CNS) diseases for the neuron protective effects. However, the blood—brain barrier (BBB)
restricts Rgl in reaching the CNS. In this study, we investigated the therapeutic effects of Rgl
nanoparticle (PHRO, fabricated with y-PGA, L-PAE (H), Rgl, and OX26 antibody), targeting
transferrin receptor, on the diabetes rats complicated with diabetic cerebral infarction in vitro
and in vivo. Dynamic light scattering analysis shows the average particle size of PHRO was
79£18 nm and the polydispersity index =0.18. The transmission electron microscope images
showed that all NPs were spherical in shape with diameters of §9+23 nm. PHRO released Rgl
with sustained release manner and could promote the migration of cerebrovascular endothelial
cells and tube formation and even penetrated the BBB in vitro. PHRO could penetrate the BBB
with high concentration in brain tissue to reduce the cerebral infarction volume and promote
neuronal recovery in vivo. PHRO was promising to be a clinical treatment of diabetes mellitus
with cerebral infarction.
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Introduction

Diabetes has long been related with peripheral nerve degeneration and vascular
dysfunction and even injures the central nervous system (CNS) directly. Diabetic
cerebral infarction brought about poor functional outcomes and prognoses and high
rates of morbidity and mortality after stroke.! Ginseng, the root of Panax ginseng,
has been used in several Asian countries for over 2000 years in traditional Chi-
nese medicine. Ginsenoside Rgl (Rgl) is one of the major components in Panax
notoginseng saponins. A number of clinical reports and experiments have indicated
that Rgl has a variety of therapeutic values: Rgl could inhibit lipolysis and promote
glucose transporter in adipocytes, improve insulin resistance and abnormal glucose
metabolism of organisms,? and improve the neuron function for some CNS disease.**
Current treatment on diabetic cerebral infarction is mainly focused on reversing neuron
degeneration. Many research studies have been focused on protective effect of Rgl in
neurons. However, previous studies demonstrated that Rgl was poorly absorbed and
eliminated quickly® and could not efficiently transport through the blood—brain barrier
(BBB) to achieve the effective concentration in the brain tissues.’ The BBB was formed
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by brain micro vascular endothelial cells with tight junction
to protect the brain from being harmed by the substances
of blood.” The BBB restricts various therapeutic agents
to enter the CNS.>!! According to the general principle, to
maximize drug efficacy, the drug should be absorbed and
then distributed efficiently to the affected sites. Developing
drug delivery strategies across the BBB is important for
therapeutic agents to enter the CNS. Achieving more Rgl
penetrate the BBB with the help of the drug delivery system
seems to be a promising strategy. Transferrin receptor (T{R),
highly concentrated in brain capillary endothelium, could
allow transferrin or the antibodies against the TfR to penetrate
the BBB via trans-cytosis.'? Transferrin or the antibodies
against the TfR (OX26 monoclonal antibody) has been used
to deliver!'® liposome-containing digoxin'# and nanoparticles
(NPs)-containing loperamide'* to cross the BBB, which mani-
fested the extraordinary capacity of the receptor-mediated
endocytosis and better therapeutic effect. In this study, we
developed a poly-y-glutamic acid (y-PGA)-based NP to load
Rgl and conjugated with OX26 monoclonal antibody. We
investigate the therapeutic effects of the NP on the diabetes
rats complicated with diabetic cerebral infarction in vitro
and in vivo.

Materials and methods

Materials

Triphenyl tetrazolium chloride (TTC), 1-ethyl-3-(3-dimethyl-
laminopropyl) carbodiimide hydrochloride (EDCI),
L-phenylalanine ethylester (L-PAE), glutaraldehyde, Strep-
tozotocin (STZ) and penicillin—streptomycin sulfate were
bought from Sigma-Aldrich Co. (St Louis, MO, USA);
8.0 and 0.4 um transwell chamber was purchased from
Corning Incorporated (Corning, NY, USA); Ginsenoside
Rgl was purchased from Shanghai Yuan Ye Biological
Technology Co., Ltd; Matrigel was purchased from BD Bio-
sciences (San Jose, CA, USA); rat brain vascular endothelial
cells line (RBE4) and endothelial cell medium (ECM) were
purchased from ScienCell (Carlsbad, CA, USA); 0X26
antibody was purchased from Abcam (Cambridge, UK).

Preparation of PHRO

We developed an amphiphilic copolymer by modifying
the Akaga method.' The copolymer consisted y-PGA as
the hydrophilic group and L-PAE (H) as hydrophobic side
chain.'”"® To form the copolymer (PH) of PGA and L-PAE,
3.12 g L-PAE was conjugated to 2 g small molecular weight
(30 kDa) y-PGA by amide reaction under the catalyst EDCI
for 24 h at room temperature. PH-loaded Rg1 could form the

PHR complex. Briefly, PHR was obtained by mixing 5 mg
Rgl with 20 mg PH dissolved in 2 mL dimethyl sulfoxide,
and then the mix was dropped into ultrapure water under a
magnetic mixer with a speed of 120 revolutions per minute
(rpm). After centrifugation (12,000 rpm) for 10 min, the
free Rgl was removed and the dry PHR nanoparticles were
obtained by a vacuum freeze-drying equipment. Biopolymer
samples were stored at 4°C. TfR targeting NP PHRO was
prepared as follows: 10 mg PHR was completely dissolved
in ultrapure water under a magnetic mixer with a speed
of 120 rpm, after that, 4 mg EDCI was added to activate
carboxyl residue, followed by the addition of OX26 (1 mL,
100 pug/mL) antibody. The reaction was kept in the dark at
room temperature for 8 h, and the unconjugated OX26 was
removed by centrifugation (12,000 rpm) for 10 min.

Characterization of the PHRO

The dynamic light scattering (DLS) particle size analyzer
(Malvern Instruments, Malvern, UK) was used to char-
acterize the nanosize, polydispersity index (PDI), and the
zeta potential of PHRO. The morphology of the PHRO was
characterized by transmission electron microscopy (TEM).
PHRO was dropped onto the copper wire and then stained
with uranyl acetate solution (1%, w/v) for TEM (JEOL,
Tokyo, Japan) analysis.

Encapsulation efficacy (EE)

To detect the EE of Rgl in PHRO, high-performance liquid
chromatography (HPLC; Agilent 1100, Palo Alto, CA, USA)
with a reversed-phase Lichrospher ODS C18 column was
performed. To release Rgl from PHRO, 5 mg of PHRO was
deposited into 1 mL of acetone. The solution was evaporated
by a rotary evaporator under reduced pressure at 40°C. The
leftover was added with 2 mL of ethanol. The mobile phase
was maintained with 0.02 M sodium acetate solution (pH 6.0)
and methanol (80:20, V/V), and the flow rate was kept at
1 mL/min. The wavelength of the detector was maintained
at 203 nm at a temperature of 30°C. The EE of Rg1 in PHRO
was analyzed by the formula EE = M1/M2, where M1 was
the quantity of Rgl in PHRO and M 2 was the quantity of
Rgl applied in the formula.

Drug release behavior in vitro

The in vitro release behavior of PHRO was investigated
by dialysis method. Briefly, 5 mL PHRO (Rgl=1 mg/mL)
or Rgl solution (1 mg/mL) were added into dialysis bag
(molecular weight cutoff, 10 KD) and then immersed in
50 mL phosphate-buffered saline (PBS) or normal saline in a
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beaker which was laid on an a shaker at a speed of 150 rpm at
37°C. Atacertain time point, 500 UL of samples was obtained
from the external dialysis fluid, and the same volume of fresh
dialysis fluid was added. The amount of Rgl released was
determined by the HPLC method. Briefly, 20 uL samples
were injected into HPLC, and the analysis was performed as
described in the “Encapsulation efficacy” section.

Diabetic ischemia model

A total of 120 male Sprague Dawley (SD) rats, weighing
250425 g, were bought from Slac Laboratory Animal
(Shanghai, China) and were divided into four groups: 30 rats
were randomly selected as control group (group C), 30 rats
were selected as diabetic cerebral infarction model group
(group M), 30 rats were selected as a diabetic cerebral infarc-
tion treated with Rgl group (group R), and 30 rats were
selected as a diabetic cerebral infarction treated with PHRO
(group P). Diabetic rat model from groups M, R, and P
were induced with high-fat feeding for 8 weeks followed
by intravenous injection of STZ 50 mg/kg. The control
group had only intravenous injection of the same volume of
normal saline. The rat tail vein blood glucose values were
measured consecutively for 20 days to ensure that diabetic
rats were established (blood glucose level >16.7 mmol/L).
Longa et al'® described the in vivo model of soft tissue
ischemia. The rats were anesthetized with 10% chloral
hydrate 0.35 mL/100 g through intraperitoneal injection.
Neck skin dissection in the middle line was made in the
diabetic ischemia model group, Rgl treatment group, and
PHRO treatment group to expose the left common carotid
artery, and then one-sided carotid artery ligation was per-
formed. We isolated and ligated the branches of the left
external carotid artery under an operating microscope. A 4-0
surgical nylon filament with rounded tip was inserted into
the left internal carotid artery through flame. The filament
was withdrawn 2 h after occlusion. A distance of 20 mm
from bifurcation of the common carotid artery to the tip
of the suture was maintained. Then, the neck incision was
closed to allow rats to recover. The body temperature was
carefully supervised during the anesthesia process until
the recovery of the rats. After the experiment, the animals
were provided free access to food and water. All the studies
were performed according to the Guiding Principles for the
Care and Use of Laboratory Animals according to the Regu-
lations of the People’s Republic of China for Administration
of Laboratory Animals. These studies were approved by
the Ethics Committee of East China Normal University on
Animal Resources.

Animal treatment

After the diabetic ischemia rat model was established, the Rg1
treatment group and PHRO treatment group were injected
with Rgl (56.25 uM/kg) or PHRO (equal to 56.25 uM/kg
Rgl) via tail venous. The diabetic ischemia model group
and the control group were injected with normal saline at the
same time. The treatment lasted for 10 days with a frequency
of once a day.

Cerebral vascular endothelial migration
Assay

The migratory activity of cerebral vascular endothelial cell
(CEC) line RBE4 was analyzed by a trans-well assay. Briefly,
RBEA4 cells (5x10%) were placed in the upper chamber with
ECM culture medium with 10% FBS. The RBE4 cells were
incubated with PBS (group C), 10.0 uM Rgl (group R), or
PHRO (Rg1=10.0 uM, group P). After 24 h of incubation,
the filter was washed with PBS and fixed with 4% para-
formaldehyde. Giemsa solution was used to stain the cells
for quantification. Three random microscopic fields (x200)
were counted for cells migration.

Matrigel tube formation assay

Matrigel (50 uL) was placed in 24-well plates at 37°C for
30 min. RBE4 cells (4x10°) were grown in fresh ECM with
5% FBS and 1% P/S and incubated at 37°C for 12 h. RBE4
cells were exposed to PBS (group C), 10.0 uM Rg1 (group R),
or PHRO (Rgl=10.0 uM, group P). The tube formation
amounts of different groups were determined in 10 random
fields (magnification 4x10).

Development and validation of in vitro

BBB model

RBE4 cells (4x10°) were grown in the upper chamber of
24-well trans-well chamber with fresh ECM with 10% FBS
and 1% P/S and incubated at 37°C for 24 h. To evaluate the
penetrating ability of PHRO across the BBB, the solution of
PBS, free Rgl, and PHRO mixed with ECM with 10% FBS
and 1% P/S were added to the upper chamber of trans-wells
(0.4 um). The concentration of free Rgl and Rgl in PHRO
was 100 uM. After treatment, 500 UL culture medium was
obtained from the lower chamber at 20, 60, and 180 min.
The concentration of Rgl was measured by HPLC, which
was performed as described earlier. After the sample was
obtained, a volume of 500 uL of ECM culture medium
was added to the lower chamber. The penetrating ratio of
Rgl was then computed by the equation: ratio% = (Cn/C
total) x100%, Cn was the concentration of Rgl in the lower
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chamber and C total was the initial concentration of Rgl in
the upper chamber.

PHRO permeability in diabetic

ischemia rats

After the establishment of diabetic cerebral infarction model
for 24 h, the solution of PBS, Rg1 (56.25 uM/kg) and PHRO
(Rg1=56.25 uM/kg) were given by caudal vein injection to
the rats of different groups (n=10) to test the permeability.
After administration, the rats were sacrificed by cervical
dislocation at the given time intervals (20, 60, and 480 min).
One milligram brain samples were homogenate with 5 mL
buffer composing distilled water and methanol (1:1 volume).
After centrifugation at 12,000 rpm for 10 min, the super-
natants were kept at —80°C for HPLC analysis, which was
performed as described earlier.

Evaluation of infarct volume by TTC
staining

After the establishment of diabetic cerebral infarction model
for 3 days, the rats of different groups were anaesthetized,
and the brains were rapidly obtained and cut into 1-mm thick
slices and then immersed into 2% TTC solution at 37°C for
30 min. The ischemic damage area of the brain slice was
photographed and analyzed by using Photoshop software.?
The area without TTC staining was considered as core.?! Pink
brain tissue was penumbra positioned between core, viable
brain tissue was stained with red color, and brain infarction
tissue was pale colored.?

Histochemistry

At the end of the experiment, the rats of different groups
were treated with 150 mL of normal saline for intracardiac
perfusion, and then they were fixed by perfusion with 200 mL
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of 4% paraformaldehyde. The cerebral hemispheres were cut
in the coronal plane, and the brain tissues of different groups
were acquired from the identified section of ischemic cerebral
cortex and paraffin embedded.” Sections of 5 um were stained
with hematoxylin and eosin (HE) and examined by light
microscopy (DM2000; Leica Camera, Wetzlar, Germany).

Electron microscopy

Atthe end of the experiment, the rats of different groups were
treated with intracardiac perfusion and fixation as described
in the “Histochemistry” section to fix the brain tissue as
soon as possible, and the brain tissues of different groups
were acquired from the identified ischemic core and cut into
2 mm cubes. The samples were fixed in 2.5% glutaraldehyde
(Sigma-Aldrich Co.) for 2 days. The samples were post
fixed in 1% osmium tetroxide, dehydrated, and embedded
in Durcupan resin (Fluka, Switzerland). Ultramicrocuts were
prepared by using a Reichert Ultra Cut ultra-microtome. The
ultramicrocuts were investigated by using a Libra 120 (Carl
Zeiss Meditec AG, Jena, Germany) electron microscope.

Statistical analysis

Statistical analyses were performed by using GraphPad Prism
5 software. One-way analysis of variance test followed by a
Bonferroni-corrected posttest were used for the comparisons
of more than two groups. A P<<0.05 was considered statisti-
cally significant. All data are presented as means + SD.

Results and discussion

The size characterization and zeta
potential of PHRO

The particle size and morphology of PHRO was measured

by DLS and TEM, respectively. The average particle size
of PHRO was 79£18 nm (Figure 1A) with a narrow size

Figure | The size and morphology characterization of PHRO. (A) The nanosize of PHRO was detected by the DLS particle size analyzer. (B) PHRO was dropped onto the
copper wire and then stained with uranyl acetate solution for morphology characterized by TEM, Magnification x30,000.

Abbreviations: DLS, dynamic light scattering; TEM, transmission electron microscope.
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distribution (PDI=0.18). PDI is used to describe the molecu-
lar weight distribution of polymers, and smaller PDI implies
that the molecular weight distribution is uniform. In general,
PDI <0.3 was considered as good polymer dispersion. The
TEM images showed that all NPs were spherical in shape
with an average diameter of 89123 nm (Figure 1B). The par-
ticle size was in the scope of nanomedicine.** Zeta potential
can be regarded as a stability index of a dispersion system.
Stronger potential makes the particles repel each other which
can create a more stable dispersion system.” In aqueous
phase, the border between the stable and unstable system
is generally regarded at either +30 or —30 mV.? The zeta
potential of PHRO was 38 mV, which suggested that PHRO
could maintain stability in aqueous phase for a strong mutual
electrostatic repulsion. In addition, the Rgl EE was detected
by HPLC, and the EE of Rgl in PHRO was 59.6%. The high
EE of PHRO could prevent the poor aqueous solubility.?’

In vitro sustained release profile

In our study, the half-maximal release time (t, ,) of free Rg1
was 1.5 h but that of PHRO was about 29 h. About 81% of
Rgl was released, while only 35% of Rgl was released from
PHRO at 6 h. At 120 h, 85% of Rg1 was released from PHRO
(Figure 2). The results suggested that the in vitro release
profile of Rgl was a burst release, while Rgl was released
from PHRO in a sustainable manner. The release of drugs
from a drug carrier system should be in a sustainable rather
than rapid release manner. Compared with rapid release for-
mulation, the slow-release formulation can maintain a long
effective concentration of medicine in blood and reduce the
drug dose frequency. Free Rgl in PHRO was released much
more slower compared with free Rg1. Hydrophobic drug Rg1

100
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2> 60
- T
g o 40 -5~ Free Rg1in PBS
3 o —e— Free Rg1 in saline
o 20 =~ PHRO in PBS
< -6~ PHRO in saline
0% T T T T 1
0 20 40 60 80 100
Time (h)

Figure 2 The control released manner of Rgl from PHRO. 5 mL PHRO (I mg/mL)
or Rgl solution (I mg/mL) were added into a dialysis bag and then immersed in
50 mL PBS and normal saline in a beaker, which was laid on an a shaker with a speed
of 150 rpm at 37°C and at given time interval the external dialysis solution was
acquired for HPLC analysis.

Abbreviations: HPLC, high-performance liquid chromatography; PBS, phosphate-
buffered saline.

could be loaded into PHRO which could avoid degradation
and increase drug stability.

PHRO facilitated CEC migration

CEC migratory activity was analyzed by trans-well assay.
When RBE4 cells were treated with free 10 uM Rgl, the
migratory activity was enhanced (Figure 3A and C) than the
group C. When RBE4 was treated with PHRO, the migra-
tion ability was stronger than free Rgl treatment group.
After acute ischemic cerebral infarction, the angiogenesis
is accompanied with neuroprotection and neurogenesis.?®?
Massive evidences demonstrate that diabetes®**! reduced the
level of CECs and the migration ability of CECs. The migra-
tion capacity of CECs in patients with diabetes mellitus is
impaired in response to ischemia,*>3 and it has been specu-
lated that diabetic vascular complications is associated with
CEC defects, and the mobilization of CECs is impaired.**
Free Rgl could improve the migration ability of CECs, and
PHRO induced a stronger CEC migration ability compared
with free Rgl which might be due to TfR-mediated endocy-
tosis and more Rgl entered into the CECs.

PHRO accelerated RBE4 tube formation
In vitro CEC tube formation ability assay was investigated
by the treatment with Rgl or PHRO. CECs treated with
PHRO exhibited more obvious tube formation ability than
control group and Rgl treatment group (Figure 3B and D).
Angiogenesis is a good treatment strategy for diabetic
cerebral infarction patients. Although Rgl cannot be easily
transported to the neurons, it can exert its protective effect on
CNS disease indirectly by improving the tube formation abil-
ity of CECs. PHRO exhibited more obvious tube formation
ability which was due to the receptor-mediated endocytosis.
The regeneration of blood vessels could provide nutritive
blood flow and create a microenvironment for neural regen-
eration and survival. The angiogenesis facilitated neuron
protection and neurogenesis. Therefore, PHRO stimulated
the angiogenesis potential of CECs which provided a novel
therapeutic strategy for the recovery of diabetic cerebral
infarction patients.

PHRO across BBB in vitro

The BBB provides the major CNS protection by hindering
the agents from entering the brain. Currently, a major part
of the diagnostic and therapeutic delivery systems has been
focused on its distribution in brain. In this experiment, the
distribution of Rgl and PHRO was performed by trans-well
assay. To evaluate the transport ratio of PHRO across the
BBB, varying drug formulations were added to the upper
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Figure 3 The migration and tube formation of CECs. (A) CEC migration: CECs were incubated with PBS, 10.0 umol Rgl and PHRO (Rgl=10.0 umol) for 24 h and detected
with 20-fold objective lens. Magnification x200. (B) Tube formation of CECs: CECs were incubated with PBS, 10.0 umol Rgl and PHRO (Rgl=10.0 umol) for 8 h and detected
with 4-fold objective lens. Magnification x40. (C) Transfer ability of RBE4. (D) The relative tube number of RBE4.

Abbreviations: PBS, phosphate-buffered saline; CECs, cerebrovascular endothelial cells.

chamber of trans-wells (0.4 um), including PBS, free Rgl,
and PHRO. The PBS-treated group was evaluated to cor-
rect the background signal. It was detected that there was
3.18% free Rgl penetrating the BBB in the lower chamber
(Table 1). However, through PHRO treatment, 28.8% of
Rgl was detected in the lower chamber (Table 1). Given the
results, we discovered that Rg1 was highly distributed in the
lower chamber in PHRO group which suggested that PHRO
could pass through the BBB in vitro.

PHRO across BBB in vivo

The objective of the research was to explore the BBB pen-
etrating ability of PHRO. The diabetic ischemia model group

Table I PHRO penetrated blood-brain barrier in vitro

Exposure Rgl penetrating rate (%)

time (min) Free Rgl PHRO
20 1.34 5.39%
60 2.89 19.48*
180 3.18 28.80*

was treated with PBS as the baseline. The Rgl treatment
group showed poor intracerebral distribution. There was
much higher Rgl accumulation (259.43+72.33 ng/mL) in
rat brain compared with free Rgl (19.18+£9.39 ng/mL) treat-
ment (Table 2), which indicated that PHRO could effectively
penetrate BBB. PHRO NP could maintain longer Rg1 effect
time and realized higher enrichment in brain tissue that was
beneficial for the recovery of cerebral infarction. This evi-
dence was important for understanding the mechanism of
some CNS-targeted drugs, which possess neuron protective
effects while having very limited brain distribution.®353¢
The main obstacle in diabetic cerebral infarction treatment
research is the BBB, which greatly blocks the delivery of

Table 2 PHRO penetrated blood-brain barrier in vivo

Exposure Brain Rgl concentration (ng/mL)
time (min) Free Rgl PHRO

20 8.34+2.34 55.84£12.63*
60 18.89+4.55 119.85+36.89*
480 19.18+9.39 259.43+72.33*

Notes: PHRO compared with free Rgl treatment group, *P<<0.05.

Notes: PHRO treatment group compared with free Rgl treatment group, *P<<0.05.
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Figure 4 Brain TTC staining. Brains were sliced into |-mm thick slices and then
immersed into 2% TTC solution at 37°C for 30 min. Brain infarction was stained
with pale-colored and the normal tissues were stained with red color. The ischemic
damage area of the brain slice was photographed and analyzed by using Photoshop.
(A) Control group rats treated with PBS. (B) Diabetic cerebral infarction rat model
group treated with PBS. (C) Diabetic cerebral infarction rat model group treated
with Rgl (56.25 uM/kg). (D) Diabetic cerebral infarction rat model group treated
with PHRO (Rgl=56.25 uM/kg).

Abbreviations: TTC, triphenyl tetrazolium chloride; PBS, phosphate-buffered saline.

drugs to brain tissues. As such, the BBB causes a great deal
of difficulty in the treatment of CNS diseases. According to
reports, OX26 antibody could help transport drugs across the
BBB and finally increase the amount of drugs in the brain
because of high expression of TfR on the BBB. 0X26 is able
to be specifically banded with TfR and enters cells through
endocytosis. Thus, in this research, OX26 was bound to the
surface of the TfR as a targeting ligand, which played an
important role in contributing to the PHRO to cross the BBB
and improve the brain targeting ability.

Brain tissue TTC staining

The infarction volumes were evaluated by TTC staining.
TTC method is often used to measure the area of cere-
bral infarction. The normal tissue is red and the cerebral
infarction area is white. Gross specimens stained with
TTC were illustrated in Figure 4. Rat brains from the four
groups were subjected to morphometric study to detect the
infarcted area. There was swelling of the right hemisphere
in M, R, and P groups. The infarct volume of the corti-
cal infarct measured in the animals was 264.02+10.07 mm?
in M group, 198.7249.29 mm? in Rgl treatment group,
and 126+16.49 mm?® in PHRO treatment group (Table 3).

There was no brain tissue necrosis in the control group. There
was obvious necrosis in diabetic ischemia model group and
Rgl treatment group, the necrosis of the PHRO treatment
group was reduced than that of the diabetic ischemia model
group and Rgl treatment group. After the diabetic cerebral
infarction, ischemia first appeared in the level of microcircu-
lation. Then, various injury mechanisms were initiated and
leaded to neuronal injury. Timely and effective treatment on
impaired nerve tissue with therapeutic agents is important
for the recovery. However, the BBB hinders drug entry into
the brain. Therefore, it is of great significance for drugs to
penetrate the BBB. The therapeutic effect of diabetes mellitus
cerebral infarction from PHRO was superior to that of free
Rgl treatment which mainly accounted for the PHRO BBB
penetrating ability.

HE histochemistry

In the control group, the cells were intact in structure.
The cell nuclei ranged orderly with distinct blue staining
and the cytoplasm was without necrosis or degeneration
(Figure 5A). In diabetic ischemia model group, cell nuclei
exhibited pyknosis and the cytoplasm staining was uneven
with slight damage (Figure 5B). In Rgl treatment group,
the cells were with irregular arrangement and interstitial
edema. The nucleus exhibited pyknosis and rupture, part
of the nuclei vanished, and the morphological structure
was fuzzy (Figure 5C). Compared to the Rgl treatment
group, the cellular structures of group PHRO treatment
group were clear, cells arranged orderly, nuclei dispersion
phenomenon was slightly weakened, and the number of cells
swollen was reduced (Figure 5D). PHRO penetrated BBB
via receptor-mediated endocytosis and brought more Rgl
for brain nerve tissue which exhibited better Rgl treatment
effect for the CNS.

TEM

In the control group (Figure 6A), the capillary (Cap) walls
were with tight junction and the neurons were clear with
double membrane; mitochondria were rich; structure of
endoplasmic reticulum was intact; the myelin sheath (MS)
fibers were regular in structure; axons were clear; chro-
matin was arranged orderly with a high electronic perme-
ability. In diabetic ischemia model group (Figure 6B), the

Table 3 TTC staining of cerebral infarct volume of different groups (n=10)

Groups Control M

R P

Infarct volume om?

264.02+10.07 mm?

198.72+9.29 mm** 126.32£16.49 mm>*#

Notes: Rgl treatment group or PHRO treatment group compared with diabetic ischemia model group, *P<<0.05. PHRO treatment group compared with Rgl treatment

group, *P<<0.05.
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Figure 5 Histochemistry of cerebral infarction tissue. The cerebral hemispheres were cut in the coronal plane, the brain tissues were acquired from the identified ischemic
core and paraffin embedded. Sections of 5 im were stained with HE solution. (A) Control group treated with PBS. (B) Diabetic cerebral infarction rat model group treated
with PBS. (C) Diabetic cerebral infarction rat model group treated with Rgl. (D) Diabetic cerebral infarction rat model group treated with PHRO. Magnification x200.
Abbreviations: HE, hematoxylin and eosin; PBS, phosphate-buffered saline.

diameter of Cap increased, the Cap walls were relatively  diabetic ischemia model group and the neuron morphol-
thin and the cell junctions were not tight; MS was unclear  ogy was atypically condensed; organelles were broken or
or merging; and axons vanished. In the Rgl treatment group ~ gone; MS was unclear or with demyelination; mitochondria
(Figure 6C), the Cap walls were thicker than that of the  were destroyed. Compared to the Rgl treatment group R,

Figure 6 Cerebral infarction tissue detected by TEM. The rats were processed with cardiac perfusion and fixation, and the brain tissues were acquired from the identified ischemic
core and fixed with glutaraldehyde and post fixed in osmium tetroxide, dehydrated, and embedded in Durcupan resin. Ultramicrocuts were made for TEM detection. (A) Control
group treated with PBS. (B) Diabetic cerebral infarction rat model group treated with PBS. (C) Diabetic cerebral infarction rat model group treated with Rgl (56.25 uM/kg).
(D) Diabetic cerebral infarction rat model group treated with PHRO (Rgl=56.25 uM/kg). Magnification for Cap and MS was x 10,000, magnification for Neuron was x20,000.
Abbreviations: TEM, transmission electron microscopy; Cap, capillaries; MS, myelin sheath; PBS, phosphate-buffered saline.
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the Cap wall junctions were much tighter; the nerve dam-
age improved significantly in the PHRO treatment group
(Figure 6D), the quantity of mitochondria increased, and
the chromatin aggregated. The phenomena of loss of MS
and myelinoclasis were improved. Compared to the Rgl
treatment group, after PHRO treatment, myelin fiber injury
improved distinctly and the MS and near axon became
obvious. The angiogenesis abilities of CECs from diabetic
patients and animal models are impaired, and the number of
CECs is lower than the normal glycemic conditions. In the
PHRO treatment group, the improvement of microstructure
of Cap walls and neurons in cerebral infarction areas were
contributed to the PHRO BBB penetrating ability which was
through receptor-mediated endocytosis. The TfR-targeted
drug delivery method exhibited better therapeutic effects of
Rgl for cerebral infarction treatment.

Conclusion

The purpose of the research was to investigate whether PHRO
could cross the BBB to protect the nerve tissue. The major
findings of this work included: 1) DLS and TEM showed
that the NPs were spherical in shape with narrow nanosize
distribution and with sustained release manner. 2) The in vitro
experiment revealed that PHRO enhanced CEC migration
and CEC tube formation and could cross the BBB. 3) The
in vivo experiments exhibited that PHRO could increase Rgl
brain distribution in the diabetic cerebral infarction treatment
group. The HE staining and TEM results revealed that brain
necrosis of the PHRO group was improved than that of the
free Rgl treatment group.
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