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Abstract Acetyl-11-keto-3-boswellic acid (AKBA), a main
active constituent from Boswellia serrata resin, is a novel can-
didate for therapy of cerebral ischemia-reperfusion (I/R) injury.
Nevertheless, its poor solubility in aqueous solvent, bioavail-
ability, and rapid clearance limit its curative efficacy. To en-
hance its potency, in our study, AKBA-loaded o-carboxymethyl
chitosan nanoparticle (AKBA-NP) delivery system was synthe-
sized. The transmission electron microscopy and transmission
electron microscope images of AKBA-NPs suggested that par-
ticle size was 132+18 nm, and particles were spherical in shape
with smooth morphology. In pharmacokinetics study, AKBA-
NPs apparently increases the area under the curve of plasma
concentration-time and prolonged half-life compared with
AKBA. The tissue distribution study confirmed that AKBA-
NPs had a better brain delivery efficacy in comparison with
AKBA. The results from our pharmacodynamic studies
showed that AKBA-NPs possess better neuroprotection com-
pared with AKBA in primary neurons with oxygen-glucose
deprivation (OGD) model and in animals with middle cerebral
artery occlusion (MCAO) model. Additionally, AKBA-NPs
modulate antioxidant and anti-inflammatory pathways more
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effectively than AKBA by increasing nuclear erythroid 2-
related factor 2 and heme oxygenase-1 expression, and by de-
creasing nuclear factor-kappa B and 5-lipoxygenase expression.
Collectively, our results suggest that AKBA-NPs serve as a
potent delivery vehicle for AKBA in cerebral ischemic therapy.

Keywords Nanoparticle - Boswellic acid -
Pharmacokinetics - Cerebral ischemia - Neuroprotective
effects
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AKBA Acetyl-11-keto-{3-boswellic acid
AKBA- AKBA-loaded o-carboxymethyl chitosan
NPs nanoparticles

EPR Enhanced permeability and retention
GPx Glutathione peroxidase
IL-1P3 Interleukin-1(3

I/R Ischemia-reperfusion

HO-1 Heme oxygenase-1

5-LOX 5-Lipoxygenase

MCAO Middle cerebral artery occlusion

MDA Malondialdehyde

MTT 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide

Nrf2 Nuclear factor erythroid-2-related factor 2

NF-«B Nuclear factor kappa-beta

O-CMC O-Carboxymethyl chitosan

OGD Oxygen and glucose deprivation

SD Standard deviation

SEM Scanning electron microscope

SOD Superoxide dismutase

TNF-« Tumor necrosis factor-o

TTC 2,3,5-Triphenyltetrazolium chloride

TUNEL Terminal deoxynucleotidyl transferase dUTP

nick-end labeling
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Introduction

Ischemic stroke, as major cause of death, still leads to severe
neurologic disability around the world [1]. Restoration of an
adequate blood flow is critical to survival. However, even
after the restoration of blood flow, reperfusion causes tissue
damage through mechanisms including excitotoxicity, oxida-
tive stress, inflammation, and apoptosis [2]. Although much
progress has been made toward treatment of stroke, there is
deficiency of strategies to effectively reduce brain damage in
clinical [3]. Therefore, the development of novel treatment
methods is an urgent need to enhance the prognosis of cerebral
ischemia-reperfusion (I/R) injury.

Boswellia serrata (commonly known as “Frankincense” or
“Olibanum”) resin extracts have been widely used as an anti-
oxidant and anti-inflammatory agent [4, 5]. They have been
studied or used for a variety of diseases including cancer, anal-
gesia, asthma inflammation, arthritis, and colitis [6]. Clinically,
B. serrata resin extracts can significantly reduce cerebral edema
in patients [7], showing promise as a new agent for cardiovas-
cular diseases. Furthermore, the European Medicines Agency
granted extracts of B. serrata gum resin as the orphan drug to
treat brain edema [8]. Acetyl 11-keto-f3-boswellic acid
(AKBA), one of pentacyclic triterpenoids, is the main biologi-
cally active principle isolated from resin of B. serrata. A recent
study in our laboratory showed that AKBA ameliorates cere-
bral I/R injury by the nuclear factor erythroid-2-related factor 2
(Nrf2) signal pathway [9]. Among other studies, both of inhi-
bition of 5-lipoxygenase (5-LOX) [10] and the suppression of
the nuclear factor kappa-beta (NF-xB) pathway [11] is consid-
ered as the main mechanism underlying anti-inflammatory ef-
fects of AKBA during different conditions.

However, delivery of AKBA is problematic because of its
high lipophilicity [12, 13]. Its poor solubility in water and
rapid systemic elimination severely curtails its bioavailability
[12, 13]. These characteristics of AKBA lead to issues when
making its injection, which could be employed for first aid
clinically. Thus, it is necessary to develop a new delivery
system for AKBA to treat stroke. Chitosan and its derivatives
have attracted numerous interests due to their biocompatibili-
ty, biodegradability, and inexpensiveness. Interestingly, chito-
san, which is produced mainly from the exoskeleton of crus-
taceans, has proven neuroprotective effects on membrane
sealing [14]. Primary amines in chitosan could also play an
essential role protective effect during stroke [15]. Moreover,
the chitosan-based nanoparticles have been already exploited
as delivery system for brain targeting [16—18]. They can open
tight junctions between intestinal epithelial cell and facilitate
paracellular transport of drugs transiently [19]. Due to poor
solubility of chitosan in an aqueous solution with neutral pH,
we applied O-carboxymethyl chitosan (O-CMC), a water-
soluble chitosan derivative, which has favorable biocompati-
bility like chitosan [20, 21].

The purpose of this study was to produce an injectable
delivery system for AKBA via a very simple and easy way.
In this study, we prepared AKBA-loaded O-CMC nanoparti-
cles (AKBA-NPs) by emulsification and solvent evaporation
method. Our study further determined the in vitro and in vivo
protective effects of AKBA-NPs on oxygen glucose depriva-
tion (OGD) model and the middle cerebral artery occlusion
(MCAOQ) model, respectively. To elucidate the possible mech-
anisms of AKBA-NPs in ameliorating cerebral I/R injury, we
evaluated the levels of Nrf2, HO-1, NF-kB, and 5-LOX pro-
teins by Western blot analysis.

Materials and Methods
Materials and Animals

All chemicals were purchased from Sigma-Aldrich Chemical
Co. (St. Louis, MO, USA) unless noted. All other chemicals
and reagents used in this study were of analytical grade. Adult
male Sprague-Dawley (SD) rats (210418 g) were supplied by
the Experimental Animal Center of Fourth Military Medical
University (Xi’an, China). The animals were housed on 12-h
dark-light cycle, at 25+2 °C and a humidity of 75+4 % free
access to food and water before the experiment. Experimental
protocols strictly complied with the National Institutes of
Health guidelines. The research was approved by the Ethics
Committee for Animal Experimentation of the Fourth Military
Medical University.

Synthesis of AKBA-NPs

O-Carboxymethyl chitosan (12 kDa, degree of deacetylation
61.8 % and degree of substitution 0.54) was purchased from
Koyo Chemical Co. Ltd., Japan. The methodology of AKBA-
NP synthesis was based on reported methods [22] with slight
modification and was carried out to increase the
redispersibility of the NPs. For the AKBA-NPs, methanolic
AKBA solution was incubated with O-CMC solution in water
for overnight followed by TPP cross-linking (1 %) for a vol-
ume ratio of 25:1(0O-CMC/TPP), followed by incubating with
0.1 ml of 1 % BSA solution for 30 min. The drug-loaded
nanoparticles of AKBA-NPs were separated. Pellets were col-
lected and used for further characterization and studies.

Characterization of AKBA-NPs

The AKBA-NPs were dispersed in distilled water at appropri-
ate concentrations. The mean particle size, size distribution,
and zeta potential were measured using the DLS Delsa Nano
particle analyzer (Beckman Coulter, Inc., CA, USA). The
shape and surface morphology of AKBA-NPs were observed
using scanning electron microscope (SEM) (Hitachi
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S-3400 N, Tokyo, Japan) at an accelerating voltage of 5 kV.
The measurements were repeated three times.

The entrapment efficiency (EE) and loading efficiency
(LE) of AKBA-NP sample was quantified by HPLC method.
The protocol involves the complete extraction of AKBA from
the nanoparticle pellet through methanol/ethanol, followed by
spectrophotometric quantification. The EE and LE were cal-
culated with respect to the amount of entrapped drug and the
nanoparticle yield. EE was calculated as the percentage of
AKBA recovered from AKBA-NPs in comparison with the
initial drug amount. LE was defined as the amount of
entrapped AKBA compared to the total AKBA-NPs.

The in vitro release of AKBA from AKBA-NPs was per-
formed using dialysis sacs. The AKBA-NPs were placed in
pretreated dialysis sacs which were immersed into 100 ml of
phosphate buffer solution (pH 7.4). They were under mechan-
ical agitation at 37 °C. At regular intervals, medium was with-
drawn and maintained by the same medium. The supernatant
was assessed for AKBA with HPLC method previously de-
scribed [23]. All evaluations were taken thrice.

Pharmacokinetics and Tissue Distribution

For in vivo pharmacokinetic experiment, animals were divid-
ed into two groups (n=8). The native AKBA (10 mg/kg, the
dose was determined based on our previous study [9]) dis-
solved in CMC-Na solution (0.5 %, w/v) and AKBA-NPs
(containing AKBA 10 mg/kg) dispersed in saline solution
were administered intravenously. Blood sample (0.5 ml) was
collected via caudal vein at predetermined time point. Then,
they were centrifuged at 3000 x g for 12 min.

In tissue distribution study, animals were sacrificed at 2 and
6 h after administration of drug. Then, the brain, heart, liver,
spleen, and kidney were excised. The organs were quickly
washed with cold saline. All of samples were stored at
—20 °C until analysis.

All samples were prepared and subjected to HPLC/MS-MS
analysis as previously described [23]. AKBA was determined
with Agilent 1100 liquid chromatographic system equipped
with a reverse-phase column (Dikma, Beijing, China). Pharma-
cokinetic parameters were calculated with the noncompartment
model by WinNonlin 6.2 (Pharsight Corporation, Mountain
view, CA, USA). The area under the plasma concentration-
time curve (AUC) was calculated using the trapezoidal rule
extrapolated to infinity. The terminal elimination half-life (t;,),
the systemic clearance (Cl), mean residence time (MRT), and
volume of distribution at steady state (V) was obtained.

OGD Model
To test the neuroprotective function of AKBA-NPs against

ischemic injury in vitro, the OGD model was utilized in our
study as previously described [9]. Cortical neurons were
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prepared with brains from 1-day-old rats. About 30,000 cells
in 50-ml neurobasal medium were seeded into six-well plates.
After 2 h, 0.5-ml neurobasal medium was added to each well.
After 2 days in vitro, 5 uM cytosine arabinofuranoside was
added to inhibit glial proliferation as previously described
[24]. Neurons were cultured at 37 °C in a humidified 5 %
CO, atmosphere.

To model ischemia-like conditions in vitro, primary cul-
tured cortical neurons were subjected to transient OGD for
60 min. Then, the neurons were incubated again in the incu-
bator with 95 % air and 5 % CO, with different treatments for
24 h. We designed several groups: control (no OGD), OGD,
OGD + void NPs, OGD + AKBA (50 uM dissolved in
DMSO, the dose was determined based on our previous study
[9]) treatment and OGD + AKBA-NP (10 mg/ml) treatment.
Concentration of DMSO in the medium was kept <0.1 %w/v.
Medium-treated cells were used as controls.

Then, for each group the cell viability was determined
using the MTT assay as previously described [25]. Lactate
dehydrogenase (LDH) release was assessed by a commercial-
ly available kit (Jiancheng Biological Engineering Institute,
Nanjing, China). Data was expressed as the percentage of
control levels.

MCAO Model

In chloral hydrate anesthesia, cerebral ischemia was per-
formed on rats by right MCAO with an intraluminal filament
as described in our previous study [26]. At 1 h after the induc-
tion of ischemia, restoration of MCA blood flow was achieved
by withdrawing, and the neck incision was closed. The rats
were allowed to survive for 48 h with free access to water and
food. The sham control rats received the same surgery proce-
dures, but the MCA was not occluded.

In this study, rats were divided into five groups by random
assignment (in a random number table generated by SPSS).
(1) sham group; (2) vehicle group, treated with saline solution;
(3) NPs group, void NP-treated group (10 mg/kg), treated with
received nanoparticles without AKBA (10 mg/kg); (4) AKBA
group, treated with native AKBA (10 mg/kg) solution; and (5)
AKBA-NPs group, treated with AKBA-NPs (containing
AKBA 10 mg/kg) dispersed in saline solution. Vehicle con-
trols, NPs, AKBA, and AKBA-NPs were administered via the
intravenous administration at 1 h after reperfusion.

Evaluation of Infarct Volume and Neurological Deficits

At 48 h after reperfusion, the neurologic deficits of animals in
each group (n=8) were determined according to Longa’s five
score system [27, 26] as follows: 0, no neurological deficit; 1,
failure to extend left forepaw fully; 2, turning to the ipsilateral
side when held by the tail; 3, falling to the left; and 4, not
being able to walk and no spontaneous locomotor activity.
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To calculate infarct volume at 48 h after reperfusion, the
animals were euthanized in anesthesia. The brain was quickly
removed and cut into 2-mm-thick coronal sections. Slices
were subjected to 2,3,5-triphenyltetrazolium chloride (TTC)
staining. Unstained areas were defined as infarcts and were
measured using image analysis software. The percent of the
infarct volume was calculated via the method as the following
formula: ([total contralateral hemispheric volume] — [total ip-
silateral hemispheric stained volume])/(total contralateral
hemispheric volume)x 100 %.

TUNEL Staining

TUNEL assay was performed on paraffin-embedded sections.
Commercially available reagents (Promega, DeadEnd
Flurometric Tunel System) were used to conduct TUNEL
analysis. An investigator being blinded to the studies counted
in five distinct fields for every section the amount of positive
cells with light microscopy. The percent was computed as the
following formula: (number of apoptotic cells/total number
counted)x 100 %.

Estimation of Biochemical Parameters

Rats in each group (n=8) were sacrificed at 48 h after MCAO.
The right cerebral cortex tissue was homogenized in 2 ml of
10 mM phosphate buffer (pH 7.4). Superoxide dismutase
(SOD) activity and glutathione peroxidase (GSH-Px) activity
are essential indexes for assessing antioxidative effects.
Levels of SOD and GSH-Px were quantified with test kit
following the manufacturer’s directions (Jiancheng Biological
Engineering Institute, Nanjing, China). Meanwhile, the levels
of inflammatory cytokines, such as tumor necrosis factor-a
(TNF-«) and interleukin-13 (IL-13) were quantified with
ELISA kits (Jiancheng Biological Engineering Institute, Nan-
jing, China) according to the manufacturer’s directions.

Western Blotting

Western blot analysis was done to examine the molecular
mechanism by which the AKBA and AKBA-NPs protect
against cerebral I/R injury. Right cortical samples were
weighed. The nuclear protein was extracted using a
Neuclear-Cytosol Extraction Kit (Applygen Technologies
Inc., Beijing), and total protein in extraction was obtained
using Total Protein Extraction Kit (Applygen Technologies
Inc., Beijing). Equal amounts of total protein extracts or nu-
clear protein extracts were separated by SDS-PAGE and trans-
ferred onto polyvinylidenedifluoride membranes (Millipore,
Bedford, MA, USA) by electrophoresis. Membranes were
blocked with 5 % nonfat milk in TBST (0.1 % Tween 20 in
TBS) for 1 h. Then, the membrane was incubated with anti-
bodies against Nrf2 (catalogue number sc-722), HO-1

(catalogue number sc-7696), NF-kB p65 (catalogue number
sc-372), 5-LOX (catalogue number sc-722), histone H3 (cat-
alogue number sc-10809), and 3-actin (catalogue number sc-
130657) in TTBS overnight at 4 °C. All antibodies were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA).
Expressions of protein were detected by Western blotting re-
agent. The relative band densities were quantified by
densitometry.

Statistical Analysis

The statistical analyses were conducted using the SPSS 19.0
software (IBM SPSS, Chicago, IL). Data were expressed as
means + standard deviation (SD), except for the neurological
deficit score. One-way ANOVA followed by a post hoc Tur-
key’s test was used for determining the statistical differences
between groups. Neurological deficit scores were expressed as
the median with range. This data was analyzed by the
Kruskal-Wallis test followed by the Mann—Whitney test and
Bonferroni post hoc correction. A P value of <0.05 was con-
sidered significant.

Results
Characterization of AKBA-NPs

To confirm the solubility of AKBA-NPs, we found that nano-
particle AKBA dissolved in aqueous solution gave a clear,
dispersed formulation, while native AKBA is poorly soluble
in aqueous media (Fig. 1a). SEM images showed that the
prepared NPs have a smooth surface with spherical morphol-
ogy (Fig. 1b). The particle data of AKBA-NPs showed a size
of 132+18 nm (Fig. lc), polydispersity indexes of 0.112+
0.094, and zeta potentials of 24.5+3.1 mV, which was benefit
for crossing the blood-brain barrier. In addition, AKBA-NPs
showed the drug entrapment efficiency of 87.5+6.5 % with
the drug loading 32.5+5.0 % (Fig. 1d).

The in vitro release profile of AKBA-NPs was shown in
Fig. 1d. The AKBA-NPs showed a burst drug release (60 %)
within the initial 6 h in solution. Subsequently, the release rate
gradually slowed, and the cumulative release of drug was over
70 % within 96 h. The observed initial burst release might be
due to the dissociation of surface absorbed drugs present in the
polymeric matrix. Subsequently, sustained release activity of
the drugs was due to the slow release of drugs entrapped inside
the polymer matrix [24].

Pharmacokinetics and Tissue Distribution
Plasma concentration-time profiles after a single dose intrave-

nous administration of AKBA or AKBA-NPs are shown in
Fig. 2a. The pharmacokinetic parameters of AKBA-NPs and
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Fig. 1 a Suspension of AKBA- A
loaded O-carboxymethyl chitosan

nanoparticles (AKBA-NPs) in

PBS. b The scanning electron

microscope image of AKBA-

NPs. Scale bar=100 nm. ¢ Size
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AKBA are shown in Table 1. Plasma AUC of AKBA-NPs
(373.6+65.9 mg min/ml) was 3.7-fold higher than that of
the native AKBA (100.2+21.4 mg min/ml); the t,, (274.3+
68.9), MRTj,,r (373.6+65.9), and V4 (291.7£58.2) of AKBA
in AKBA-NPs were increased by 5.7-, 1.65-, and 3.5-fold,
while Cl of AKBA-NPs was decreased from 99.8+11.0 to
26.8+3.2 ml/min/kg compared with the native AKBA. It can
be concluded that the slow release of AKBA from nanoparti-
cle system increased the AUC of AKBA and improves circu-
latory half-life (t;,). After 24 h, AKBA-NPs could still be

@ Springer

detected in the plasma, while AKBA had almost vanished
after 12 h from circulation system.

The differences in the tissues distribution between AKBA-
NPs and AKBA at 2 and 6 h after injection are presented in
Fig. 2b, c. AKBA-NPs were mainly distributed to the blood
and liver. Nevertheless, native AKBA was concentrated to the
kidney and spleen, suggesting that AKBA may be rapidly
phagocytized in reticuloendothelial system and discharged.
Furthermore, because of these improvements in pharmacoki-
netics and tissue distribution, drug concentration in brain of
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Fig.2 The plasma concentration-time curves (a) and tissue distribution (b) at 2 and 6 h after intravenous administration of AKBA and
AKBA-NPs. Data are expressed as means £ SD (n==8). *P<0.05 vs. AKBA group

AKBA-NPs group was about three times that of AKBA group
(P<0.05).

Effects of AKBA-NPs on Primary Neurons Exposed
to OGD

Figure 3 represents the cell viability. In OGD treatment
group, the percentage of cell death was about 64 %.
There was no obvious difference found in cell viability
between NP and OGD group (P<0.05). The cell viabil-
ity in the AKBA-NP (70+5 %) group was higher than
that in the OGD group (36+3 %) and the AKBA (54=+

6 %) group (Fig. 3a) (P<0.05). To confirm the protec-
tive effect of AKBA-NPs, a LDH assay was performed.
AKBA-NP treatment decreased OGD-induced LDH re-
lease by approximately 47 % (P<0.05) (Fig. 3b).

Effects of AKBA-NPs on Rats with MCAO Model

The infarct volume and neurological score in response
to I/R injury were analyzed at 48 h after MCAO. There
is no infarct or neurological deficit found in the sham
group (Fig. 4). By comparison, both of cerebral infarct
volume and neurological deficit scores in the vehicle

Table 1 Pharmacokinetic

parameters of AKBA and AKBA- Groups Pharmacokinetic parameters

NPs after intravenous ] . . .

administration to rats ti2 (min) AUC (mg min/ml) ~ MRTys(min)  CL (ml/minkg)  V (ml/kg)
AKBA 201.0+43.4 100.2+21.4 101.9+18.9 99.8+11.0 7808.8+421.5
AKBA-NPs  2743+68.9%  373.6+65.9% 291.7+58.2% 26.8+3.2% 12,528.1+648.2*

Data are expressed as means = SD (n=8)

*P<0.05 vs. AKBA group
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Fig.3 Effect of AKBA-NPs on cell viability and LDH release in primary
culture of rat cortical neurons exposed to OGD. a The cell viability. b
LDH release. The control group (normal cell group) was defined as

group dramatically elevated compared the sham control
treatment (Fig. 4). However, we did not find significant
difference between the vehicle group and NPs group
(Fig. 4). It suggested that empty NPs did not protect
against I/R.

As shown in Fig. 4, when comparing with AKBA group,
AKBA-NPs dramatically reduced cerebral infarct volume by
approximately 32 % and lighten the neural function deficit
(P<0.05, Fig. 4), which was similar with the result of TUNEL
staining (Fig. 5). At 48 h after exposure to MCAO, the per-
centage of TUNEL-positive cells of the vehicle group (40+
7 %) and empty NPs group (38+5 %) was higher than that of
the control group (4+2 %) (P<0.05). However, the number
TUNEL-positive cells of the AKBA-NPs group (1543 %)
was lower than in the vehicle group (40+7 %) or the AKBA
group (25+4 %) (P<0.05).
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Estimation of Biochemical Parameters

The results of estimation of biochemical parameters are shown
in Table 2. Void NP treatment did not show any significant
effect on any of these oxidative stress or inflammation
parameters.

SOD and GSH-Px activity in the cortex of vehicle group
was decreased by 38 and 43 % in average compared with the
sham group, but (SOD and GSH-Px), while AKBA and
AKBA-NPs markedly restored them (P<0.05). There were
also notable increases in both of SOD and GSH-Px of
AKBA-NP-treated group in comparison with the AKBA
group by 21 and 19 % in average (P<0.05).

TNF-o and interleukins, which are the mediators of inflam-
mation, also serve as biological markers for inflammation. In
this study, there was an elevation in TNF-« and IL-f3 levels in
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Neurological scores of rats after cerebral I/R for each group. Data are
expressed as means £ SD (n=8). +P<0.05 vs. sham group; #P<0.05
vs. vehicle group; *P<0.05 vs. AKBA group
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Fig. 5 Effect of AKBA-NPs on
neuron apoptosis. Representative
fluorescent micrographs of
TUNEL staining. The TUNEL-
positive neurons were shown in
green, and the nuclei were stained
blue with DAPI (x400
magnification). Scale bars=

20 mm. Representative
photomicrographs of sham group,
vehicle group, void NPs group, Sham Vehicle NPs
AKBA group, and AKBA-NPs
group. Statistical analysis of the
numbers of TUNEL-positive
neurons in each group. Data are
expressed as means + SD (n=8).
+P<0.05 vs. sham group;
#P<0.05 vs. vehicle group;
*P<0.05 vs. AKBA group
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cortex of vehicle group as compared to sham group (P<0.05).  data indicated that AKBA-NPs may exert its improved pro-
A significant reduction in both these parameters was observed  tection against cerebral I/R than AKBA through mechanisms
with AKBA and AKBA-NPs groups. Especially, AKBA-NP related to enhancement of antioxidant capacity and prevention
formulation significantly reduced TNF-« level and IL-3  of inflammatory cascades.

levels more than AKBA by 34 and 33 % in average (P<0.05).

Neuroprotective Mechanism of AKBA-NPs Discussion

To explore the mechanism of action, we assessed the effects of ~ As far as we know, this is the first report on the O-CMC
AKBA-NPs on proteins of important antioxidant and anti-  nanoparticle as an injectable delivery system for AKBA to
inflammatory pathways involved in cerebral I/R. In Fig. 6,  treat cerebral /R. AKBA-NPs was developed to overcome
the data of Western blotting showed that I/R injury elevated = major obstacles associated with AKBA, such as poor solubil-
the levels of nuclear Nrf2, total HO-1, NF-kB, and 5-LOX ity rapid degradation, and poor bioavailability. The SEM im-
compared to sham group. After intravenously AKBA, and  age indicated that the particles of AKBA-NPs were uniform,
especially AKBA-NP treatment, protein expressions were no-  segregated, spherical, and subspherical in shape (Fig. 1b). The
ticeably regulated. Compared with AKBA, after administered  blood-brain barrier (BBB) is characterized by tight junctions
with AKBA-NPs, the expressions of NF-kB in nuclear and 5-  between cerebral endothelial cells that guard the selective dif-
LOX were markedly suppressed, while the expressions of  fusion of blood borne compounds from entering the brain
Nrf2 in nuclear and HO-1 were significantly increased. The [28]. For AKBA-NPs, in our study, the particle size was below
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Table 2 Levels of SOD, GPx,

TNF-«, and IL-B in the cortex at ~ Groups Sod (U/mg) GSH-Px (U/mg) TNF-o (pg/mg) IL-B (pg/mg)
48 h after MCAO in each group
Sham 143.5+12.9 87.1£11.5 5.5+2.1 12.4+£32
Vehicle 88.6+9.1%* 49.6+£8.8** 22.3+44.8%* 49.2+8.1%*
NPs 89.3£9.7%* 46.8+7.5%* 21.7+£5.0%* 52.6£7.8%*
AKBA 101.94£13.5%** 65.4+6.9%** 14.7£2.7%%* 28.6+4.2%*
AKBA-NPs 123.7+£12.8* 78.1+15.1* 9.6+£2.3% 19.1+£3.4*

Data are expressed as means = SD (n=8)
*P<0.05 vs. AKBA group; **P<0.05 vs. sham group; ***P<0.05 vs. vehicle group

200 nm (Fig. 1c), that was able to enhance the endocytosis by
the brain capillary cells as well as prevent spleen filtering [29].
Besides, the desired diameter of intravascular long-circulating
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Fig. 6 Neuronal protective mechanism of AKBA-NPs. Antioxidant and
anti-inflammatory protein expressions of cortex measured 48 h after
MCAO in each group: nuclear Nrf2 (a), HO-1 (b), NF-kB (c), and 5-
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NPs has been suggested within a relatively narrow range (70—
200 nm) [30]. The zeta potential value of AKBA-NPs was
about 24.5 mV, which agrees the adsorptive endocytosis of

HO-1

Actin

5-LOX/B-actin (fold of increase)

HO-1/B-actin (fold of increase)

Sham

o
Sham

Vehicle

Vehicle

NPs AKBA AKBA-NPs

NPs AKBA AKBA-NPs

LOX (d). Data are expressed as means + SD (n=8). +P<0.05 vs. sham
group; #P<0.05 vs. vehicle group; ¥*P<0.05 vs. AKBA group
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the cationic nanoparticles and allows absorptive-mediated
transcytosis to cross the BBB. Additionally, after the initial
burst drug release in 6 h (60 %), the controlled release pattern
of AKBA-NPs was characterized by in vitro release experi-
ments (Fig. 1d), which was suitable for stroke treatment.

Because of poor solubility of boswellic acids, oral ad-
ministration is the main route for them; however, this for-
mulation showed low bioavailability [12, 13]. As shown in
our study, even if AKBA was intravenously administered,
the short t;, made AKBA could not concentrate in brain to
exert more pharmacodynamic action. Compared with
AKBA, AKBA-NPs significantly prolong the t;, and
MRT;,sof AKBA (Table 1) and increase the AUC of AKBA
and the drug levels of brain (Fig. 2). A longer retention time
in the brain may also be achieved through the enhanced
permeability and retention (EPR) effect of this nanosized
delivery system. By the enhancement in pharmacokinetics
and tissue distribution, AKBA-NPs were able to improve
the therapeutic effects of AKBA.

Both of in vitro and in vivo pharmacodynamic studies
found that the loading of AKBA into NPs significantly im-
proved the protective properties of this natural compound
against the cerebral I/R injury. At first, the therapeutic benefits
of AKBA and AKBA-NPs against I/R injury were evaluated
in an OGD model in vitro. Our results showed that AKBA-
NPs more efficient in increasing primary neuronal cell viabil-
ity and reducing LDH release after OGD injury, suggesting
that AKBA-NPs exerted a better neuroprotective effect on
neurons. In addition, MCAO model has been well character-
ized and often used to assess drug efficacy on cerebral I/R
[31]. Thus, this model was applied in our study. In rats with
MCAO, AKBA-NPs were more effective in alleviating the
neurological deficiencies, decreasing the infarct volume than
AKBA (P<0.05, Fig. 4). Numerous studies have shown that
OGD injury can induce neuronal cell apoptosis [25]; hence,
the neuronal apoptosis were assessed with TUNEL staining
during this study. There was an obvious decrease in the per-
centage of TUNEL-positive cells in AKBA-NPs group com-
pared to AKBA group (P<0.05, Fig. 5). These more benefi-
cial effects compared to AKBA-NPs were in accordance with
the greater accumulation of AKBA-NPs in the brain. Above
all, the results revealed that AKBA-NPs protected against is-
chemic injury in the brain better than AKBA.

Accumulating evidences have suggested that the super-
abundant reactive oxygen species (ROS) are associated with
cerebral I/R injury and oxidative stress is a important patho-
logical mechanism in stroke [32]. Scavenging of the free rad-
icals by SOD and GSH-Px protects the brain against I/R injury
[33]. Consistent with our previous studies [9, 34], significant
reductions during the activities of SOD and GSH-Px in the
brain tissues were shown after I/R in this study (Table 2).
Nevertheless, AKBA-NPs noticeably raised SOD and GSH-
Px compared AKBA, indicating its neuroprotective effects

could come from improving action of endogenous antioxi-
dants. It has been definitely confirmed that Nrf2 and its gene
targets phase II enzymes, including HO-1, play a critical role
among endogenous antioxidative systems [35, 36]. Previous-
ly, we have proved that increasing the activity of Nrf2/HO-1
pathway exerts highly neuroprotective effects against oxida-
tive, metabolic, and excitotoxic insults relevant to I/R injury
both in cell and animal models [9, 34]. In the present study, we
found that AKBA induced the protein expressions of Nrf2 and
HO-1 in brain tissues, and these effects were significantly
enhanced by NP formulation (Fig. 6).

Inflammation is another major factor involved in ische-
mic injury [2]. Cerebral ischemia caused a significant in-
duction of cytokines and peaks during hours of reperfusion.
TNF- and IL-1f3 represent important mediators of the in-
flammatory response and apoptosis. Both of them are key
mediators in neurodegeneration caused by cerebral I/R [37,
38]. The elevated levels of IL-13 and TNF-« in the vehicle
group was remarkably improved by AKBA and AKBA-
NPs in the treatment groups (Table 2). Therefore, the neu-
roprotection of AKBA during cerebral I/R may be partly
mediated through modulation of the injury caused by pro-
inflammatory cascades. NF-kB has been widely demon-
strated as crucial regulator of inflammation. The inhibition
on NF-kB reduced the levels of inflammatory mediators
including proinflammatory cytokines (TNF-o and IL-1p3)
[39]. We found that the neuroprotection of AKBA-NPs al-
leviated the increased contents of proinflammatory cyto-
kines more effectively than AKBA (Table 2). In addition,
many reports demonstrated that AKBA activity mainly
arises from suppression of leukotriene biosynthesis and 5-
LOX [40]. In our comparative analysis of the protective
effects of AKBA and AKBA-NPs, AKBA-NPs displayed
significantly greater inhibition in NF-kB and 5-LOX ex-
pression (Fig. 6).

Both oxidative stress and inflammation are important
elements in the pathogenesis of cerebral I/R [2]. The evi-
dence has implicated that AKBA ameliorates oxidative
stress and inflammatory mediators in a wide variety of hu-
man diseases. The results from our studies on mechanism
indicated that improved pharmacodynamic activity of
AKBA-NPs in I/R models could attribute to its enhanced
antioxidant potential and inhibitory effects of AKBA,
achieved by packaging AKBA into a suitable carrier system
and improved uptake of AKBA by brain via this formula-
tion. In this study, we demonstrated a marked therapeutic
effect of AKBA nanoparticles by intravenous route at 1 h
postrefusion, indicating the promising potential of AKBA-
NPs for treating stroke in clinical settings.

In this study, AKBA-NPs were successfully prepared by a
very simple and easy method. They were nanosized and
monodispersed with good encapsulation efficiency and
sustained release patterns. The pharmacokinetic and
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biodistribution studies illustrated that AKBA-NPs could sub-
stantially raise AUC and concentrate into the brain. We
showed that nanoformulation of AKBA leads to enhanced
protection of AKBA against cerebral ischemic insult by im-
proving antioxidant defense (SOD and GSH-Px) and decreas-
ing inflammation (TNF-« and IL-1f3). It was also supported
by enhanced activation in Nrf2/HO-1 pathway and inhibition
of inflammatory protein expressions (NF-kB and 5-LOX). It
can be concluded that O-CMC nanoparticles represent an in-
teresting delivery system for AKBA and, hence, offer an ef-
fective and promising candidate for the treatment of stroke.
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