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Abstract Curcumin and nano-curcumin both exhibit neuro-
protective effects in early brain injury (EBI) after experimental
subarachnoid hemorrhage (SAH). However, the mechanism
that whether curcumin and its nanoparticles affect the blood–
brain barrier (BBB) following SAH remains unclear. This
study investigated the effect of curcumin and the
poly(lactide-co-glycolide) (PLGA)-encapsulated curcumin
nanoparticles (Cur-NPs) on BBB disruption and evaluated
the possible mechanism underlying BBB dysfunction in EBI
using the endovascular perforation rat SAHmodel. The results
indicated that Cur-NPs showed enhanced therapeutic effects
than that of curcumin in improving neurological function,
reducing brain water content, and Evans blue dye extravasa-
tion after SAH. Mechanically, Cur-NPs attenuated BBB dys-
function after SAH by preventing the disruption of tight junc-
tion protein (ZO-1, occludin, and claudin-5). Cur-NPs also up-
regulated glutamate transporter-1 and attenuated glutamate
concentration of cerebrospinal fluid following SAH.

Moreover, inhibition of inflammatory response and microglia
activation both contributed to Cur-NPs’ protective effects.
Additionally, Cur-NPs markedly suppressed SAH-mediated
oxidative stress and eventually reversed SAH-induced cell
apoptosis in rats. Our findings revealed that the strategy of
using Cur-NPs could be a promising way in improving neu-
rological function in EBI after experimental rat SAH.
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Introduction

Aneurysmal subarachnoid hemorrhage (SAH) is a fatal form
of stroke and leads to death or long-lasting neurological or
cognitive impairment for survivors [1]. Recent authoritative
opinions suggest that early brain injury (EBI), which refers to
the acute injuries to the brain within the first 72 h after SAH, is
considered as the primary cause of high disability and mortal-
ity rate in SAH patients [2, 3]. A range of physiological de-
rangements that occur in EBI, such as glutamate neurotoxicity,
inflammatory response, and oxidative stress, have been impli-
cated in the disruption of the blood–brain barrier (BBB), de-
velopment of brain edema, and secondary neuronal injury
after SAH [4]. In experimental SAH, glutamate concentration
of cerebrospinal fluid (CSF) was significantly high, while ex-
pression of glutamate transporter-1 (EAAT-2, also known as
GLT-1) obviously reduced [5]. The neurotoxicity effect-
mediated excessive glutamate contains excessive activation
of ionotropic and metabotropic glutamate receptors leading
to massive Ca2+ influx and subsequent apoptosis and necrosis,
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promoting an excessive influx of sodium secondary to cell
swelling and edema [6]. Oxidative stress-induced protein
breakdown, lipid peroxidation, and DNA damage cause the
damage elements of the neurovascular unit and mediate the
neuroinflammation, BBB disruption, and production of
spasmogen after SAH [7]. Neuroinflammation is a driving
force behind the pathology of SAH, contributing to brain ede-
ma, BBB disruption, vasospasm, and neuronal loss. Excessive
amounts of proinflammatory cytokines released by activated
microglia, together with microglial signaling-induced astro-
cyte cytotoxicity, become deleterious to surrounding cells or
neighboring neurons after SAH [8].

Curcumin, a hydrophobic polyphenol from the rhizoma-
tous of the plant Curcuma longa, exhibits a wide variety of
anti-inflammatory, anti-oxidant, anti-carcinogenic, and anti-
viral activities [9]. Although curcumin is a promising com-
pound with neuroprotective effect, its utility is greatly limited
by its poor brain bio-availability due to poor absorption, high
rate of metabolism, and systemic elimination [10]. The
poly(lactide-co-glycolide) (PLGA) is a bio-compatible and
bio-degradable copolymer, which has been approved by the
Food and Drug Administration (FDA) as a therapeutic device
and has been reported as a carrier of raw curcumin through
oral administration increasing bio-availability of curcumin
[11, 12]. Previous studies showed that curcumin reduces vas-
cular inflammation and cerebral vasospasm in the
endovascular perforation mouse SAH model [13] and attenu-
ates glutamate neurotoxicity and oxidative stress in the
double-hemorrhage rat SAH model [14]. The nano-sized
PLGA-encapsulated curcumin down-regulates NF-ĸB and de-
creases caspase-9a expression and CSF levels of TNF-α and
IL-1β in the double-hemorrhage rat SAH model [15].
However, it is not known whether curcumin and nano-
curcumin affects BBB disruption after SAH.

In the present study, we aim to investigate the influence of
curcumin and PLGA-encapsulated curcumin nanoparticles
(Cur-NPs) on BBB disruption and the possible mechanism
(glutamate neurotoxicity, inflammatory response, oxidative
stress, and cell apoptosis) underlying BBB dysfunction in
EBI after SAH using the endovascular perforation rat SAH
model.

Materials and Methods

Animals and Experimental Design

The 12-week-old male Sprague Dawley rats (260–300 g) were
purchased from Vital River Laboratory Animal Center
(Beijing, China). Rats were group-housed with a 12-h light/
dark cycle. All procedures were in accordance with the
National Institutes of Health guideline and were approved

by the Taishan Medical University Animal Care and Use
Committee.

The animals were divided randomly into six groups: sham-
operated group (n=24), vehicle-treated SAH group (n=24),
curcumin-treated SAH group (150 mg/kg, n=24; 300 mg/kg,
n=24); and Cur-NP-treated SAH group (10 mg/kg, n=30;
10 mg/kg, n=30). Eighteen rats of each group were for mea-
suring mortality rate analysis (at 24 and 48 h), neurological
assessment (at 24 h), glutamate concentration in CSF (at 48 h),
lactate dehydrogenase (LDH) activity, and release of
cyochrome c (at 48 h). Six rats of each group were for detect-
ing brain water content and BBB permeability at 24 h. Six rats
of the Cur-NP-treated SAH group were for molecular biolog-
ical and biochemical experiments at 24 h. Three rats of the
Cur-NP-treated SAH group were for immunohistological
staining at 24 h.

Rat SAH Model

Experimental SAH was induced by intracranial endovascular
perforation as previously described [16]. After an incision of
the ventral neck, the right external carotid artery (ECA) was
transected distally and reflected caudally in line with the in-
ternal carotid artery (ICA). A blunted 4–0 nylon monofila-
ment suture was introduced through the right ECA stump into
the ICA until resistance was felt. The suture was pushed ap-
proximately 3 mm further penetrating the bifurcation of the
anterior and middle cerebral artery (MCA). Then, the suture
was withdrawn rapidly, to allow reperfusion of the ICA and
inducing experimental SAH.

The SAH severity was quantified as previously described
[16]. Briefly, the picture of the brain was taken and divided
into six segments. Each segment was scored (0–3) depending
on the amount of subarachnoid blood. Score of 0 means no
subarachnoid blood; score of 1, minimal subarachnoid blood;
score of 2, moderate blood with visible arteries; and score of 3,
blood clot covering all arteries within the segment. A total
score (0–18) was calculated as the sum of six segments.

Preparation of Curcumin-Loaded PLGA Nanoparticles

Cur-NPs were prepared as described previously [17–19], with
slight modifications. Briefly, curcumin (5 mg) and PLGA
(50 mg) were dissolved in dichloromethane (1.25 ml). The
curcumin and PLGA solution (1 ml) was mixed with 10 %
(w/v) polyvinyl alcohol (PVA) surfactant solution (2 ml) and
sonicated (60 W, 5 min, on ice) to form an oil-in-water emul-
sion. The formed emulsion was dispersed in 0.5 % (w/v) PVA
solution and stirred for 12 h at room temperature to allow
evaporation of organic solvent. The prepared nanoparticles
were collected by centrifugation (13,000 rpm, 30 min) and
washed with distilled water to remove PVA and un-
encapsulated curcumin.
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Particle Size, Entrapment Efficiency, Zeta Potential,
In Vitro Drug Release Study of Cur-NPs

The morphology and particle size of Cur-NPs were observed
by transmission electron microscopy (TEM, Hitachi) as de-
scribed previously [17]. A dilute solution of Cur-NPs (1:10
dilution) was prepared. One drop (100 μl) of this solution was
placed on the grid of TEM for 20 min, then washed twice with
double-distilled water and allowed to dry. The photos were
captured at an accelerating voltage of 120 kV under a micro-
scope. To determine the entrapment of efficiency of Cur-NPs,
the standard concentration of curcumin and the amount of
non-encapsulated curcumin were measured at an absorption
value of OD430 nm by a microplate reader. Entrapment of
efficiency was calculated by (total amount of curcumin
−non-encapsulated curcumin) / total × 100% as described pre-
viously [17]. The zeta potential of Cur-NPs was determined
using a Zeta potential analyzer. The in vitro drug release study
of Cur-NPs was evaluated by the dialysis method as described
previously [19]. Cur-NPs (10 mg) were dispersed in 50 %
ethanol (1 ml), then solution was transferred to the 12-kDa
molecular weight-cutoff dialysis bag, dialyzed against 50 %
ethanol (60 ml) and stirred (50 rpm) at 37 °C. At a
predetermined time, 1 ml of sample was withdrawn and mea-
sured at OD430 nm by a microplate reader and the sample
amount of fresh medium was added to the dialysis bag.

Drug Administration

In the curcumin-operated group, at 30 min after operation, rats
received daily single intraperitoneal (i.p.) injections of
curcumin (150, 300 mg/kg body weight in corn oil) or vehicle
(corn oil) of equal volume. Dosage and time of curcumin
administration were based upon prior investigation in mice
model of SAH [13]. In Cur-NP-operated group, at 30min after
operation, rats received daily single intraperitoneal (i.p.) injec-
tions of Cur-NPs (10, 20 mg/kg body weight in saline) or
equal-volume vehicle (saline). Dosage and time of Cur-NP
administration were based upon prior investigation in rat mod-
el of Alzheimer’s disease [19].

Neurological Deficits

The neurological deficits were evaluated using a modified
Garcia scoring system [16]. The assessment consisted of
six tests that were scored 0–3 or 1–3 (spontaneous activity;
symmetry in the movement of all four limbs; forepaw
outstretching; climbing; body proprioception; and re-
sponse to whisker stimulation). The total score ranged
from 3 to 18. Neurological score was evaluated at 24 h
after SAH.

Brain Water Content and BBB Permeability

Brain water content was measured as (wet weight − dry
weight) /wet weight×100 % according to our previous study
[20]. Rats were sacrificed at 24 h after SAH. Brains were taken
and separated into the left hemisphere, right hemisphere, cer-
ebellum, and brain stem. The specimens were weighed imme-
diately (wet weight) and dried at 100 °C for 48 h (dry weight).

BBB permeability was assessed by Evans blue extravasa-
tion at 24 h after SAH according to our previous study [21].
Two percent (w/v) of Evans blue (EB, Sigma) was given in-
travenously and allowed to circulate for 1 h. Rat was perfused
transcardially with phosphate-buffered saline (PBS) to re-
move remaining intravascular EB dye. Brain was weighed
and homogenized in PBS and then centrifuged. The superna-
tant was mixed with an equal volume of trichloroacetic acid
with ethanol (1:3). After overnight incubation, the sample was
centrifuged and the supernatant was measured at OD610 nm
by a microplate reader.

Western Blot Analysis

The right hemispheres of brain were harvested at 24 h after
SAH and performed according to our previous study [20, 21].
In brief, the right cortical sample was homogenized and cen-
trifuged. An equal protein amount of each sample was added
in a loading buffer, denatured and separated by 8–12 % (v/v)
SDS gel, and transferred to nitrocellulose membranes.
Membranes were blocked with 5 % nonfat dry milk and incu-
bated with primary antibody (VEGF, sc-507;MMP9, sc-6841;
ZO-1, sc-8147; occludin, sc-8144; claudin-5, sc-28670; β-ac-
tin, sc-47778; ED-1, sc-59103; Bcl-2, sc-783; Bax, sc-6236,
Santa Cruz Biotechnology; EAAT2, ab41621; active caspase-
3, ab2302, Abcam). Then, membranes were treated with anti-
rabbit/mouse IgG horseradish peroxidase (HRP)-linked sec-
ondary antibody and were detected by chemiluminescence
substrate (Thermo Scientific) and visualized by using
ChemiDoc™ MP Imaging System (Bio-Rad). The density of
protein bands was quantified using ImageJ software.

Measurement of Glutamate Concentration in CSF

Samples of CSF were collected at 24 or 48 h after surgery and
frozen at −80 °C until assayed. Glutamate concentration in
CSF was measured using glutamate assay kit for rats accord-
ing to the manufacturer’s instructions (BioVision). Briefly, test
samples and glutamate standard were added with assay buffer
in a 96-well plate (50 μl/well), mixed with the reaction mix
(8 μl glutamate developer, 2 μl glutamate enzyme mix, and
90 μl assay buffer), and incubated for 30 min at 37 °C, and the
OD value was measured at 450 nm by a microplate reader. A
glutamate standard curve is plotted relating the OD value to
the concentration of standard. The glutamate concentration of
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each test sample was obtained from the standard curve and
represented as micromoles per liter.

Quantitative Real-Time Polymerase Chain Reaction

The mRNA levels of inflammatory factor COX-2, CINC-1,
IL-1β, IL-6, iNOS, ICAM-1, MCP-1, MIP-2, and TNF-α
were quantified by quantitative real-time polymerase chain
reaction (RT-qPCR) according to our previous study [20].
The right hemispheres were harvested at 24 h after SAH.
Total RNA of cerebral cortex was extracted with TRIzol
Reagent (Life Technologies). The concentration of RNAwas
measured by spectrophotometric analysis (OD260/280).
Then, RNA was reverse-transcribed to cDNA with
PrimeScript reverse transcriptase reagent (Takara Bio). RT-
qPCR was performed with CFX96 real-time PCR detection
system (Bio-Rad), applying real-time SYBRGreen PCR tech-
nology. The reaction mixture (25 μl) contained cDNA (1 μl),
forward and reverse primers (each 1 μl, 10μM), SYBRGreen
(12.5 μl), and nuclease-free water (9.5 μl). The primer se-
quences of inflammatory factor were selected according to
the previous study [13, 20, 22], as shown in Table 1. At
95 °C for 30 s, 38 PCR repeats were performed, each repeat
consisting of a denaturation step (95 °C, 5 s) and an annealing
step (60 °C, 30 s). Relative change in mRNA expression was
evaluated by using the 2−ΔΔCq method.

Enzyme-Linked Immunosorbent Assay

The right hemispheres were harvested at 24 h following SAH
and performed according to our previous study [20, 23].
Cortical tissues were homogenized and centrifuged. BCA pro-
tein assay kit (Tiangen) was used to determine the protein
concentration of the supernatant. The contents of IL-1β, IL-
6, TNF-α, MDA, 3-NT, and 8-OHDG were quantified using
enzyme-linked immunosorbent assay (ELISA) kit according

to the manufacturer’s instructions (IL-1β, IL-6, and TNF-α
kit, MultiSciences; 3-NT and 8-OHDG kit, Cell Biolabs;
MDA kit, Jiancheng Bioengineering Institute). The concen-
tration was represented as IL-1β, IL-6, and TNF-α, in nano-
grams per gram; 3-nitrotyrosine, in nanomoles per gram ; 8-
OHDG, in nanograms per gram; and MDA, in nanomoles per
gram.

Immunohistological Staining of ED-1

Immunohistological staining was performed according to
our previous study [20, 23]. Rat was anesthetized and per-
fused transcardially with PBS followed by 4 % paraformal-
dehyde at 24 h after surgery. Then, the brain was fixed in
4 % paraformaldehyde for 6 h followed by 30 % sucrose
for 72 h at 4 °C. Brain section (20 μm) was incubated in
blocking buffer for 30 min. Section was incubated at 4 °C
in primary antibody ED-1(1:100, Millipore) for 16 h. Then,
section was washed with PBS, followed by secondary an-
tibody Alexa Fluor 568 (1:200, Life Technologies) for 2 h
at room temperature, and washed again with PBS. Section
was cover-slipped with anti-fading solution and viewed
under a confocal microscope (Nikon), and images were
taken using constant parameters.

Measurement of ROS Level, MPO, LDH, SOD, GSH-Px,
and Catalase Activity and Release of Cytochrome C
of Brain Cortex

Reactive oxygen species (ROS) level of the brain cortex
was measured using 2′,7′-dichlorodihydrofluorescein
diacetate (DCDHF-DA, Sigma) according to our previous
study [23]. The myeloperoxidase (MPO), LDH, superoxide
dismutase (SOD), glutathione peroxidase (GSH-Px), and
catalase activity and release of cytochrome c were mea-
sured using the MPO, LDH, SOD, GSH-Px, and Catalase

Table 1 Primer sets for RT-
qPCR analysis Target gene Forward primer (5′-3′) Reverse primer (5′-3′)

TNF-a CCCAGACCCTCACACTCAGATCAT CAGCCTTGTCCCTTGAAGAGAA

CINC-1 CCAAAAGATGCTAAAGGGTGTCC CAGAAGCCAGCGTTCACCA

IL-1β CTCTGTGACTCGTGGGATGATG CACTTGTTGGCTTATGTTCTGTCC

MCP-1 CAGAACCAGCCAACTCTCA GTGGGGCATTAACTGCATCT

MIP-2 TTGTCTCAACCCTGAAGCCC TGCCCGTTGAGGTACAGGAG

IL-10 CCTTACTGCAGGACTTTAAGGGTTA TTTCTGGGCCATGGTTCTCT

COX-2 AGAAAGAAATGGCTGCAGA GCTAGGTTTCCAGTATTGAG

iNOS CCTTGTTCAGCTACGCCTTC AAGGCCAAATACCGCATACC

ICAM-1 TTCACACTGAATGCCAGCCC GTCTGCTGAGACCCCTCTTG

VCAM-1 ATTTTCTGGAGCAAGAAATT ATGTCAGAACAACGGAATCC

IL-6 TCCTACCCCAACTTCCAATGCTC TTGGATGGTCTTGGTCCTTAGCC

β-actin AAGTCCCTCACCCTCCCAAAAG AAGCAATGCTGTCACCTTCCC
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Assay Kit (Jiancheng Bioengineering Institute) and
Cytoch rome C Releas ing Apoptos i s Assay Ki t
(BioVision), respectively. Briefly, the brain cortex of each
group was homogenized and centrifuged. BCA Protein
Assay Kit (Tiangen) was used to determine protein concen-
tration of the supernatant. Then, supernatant was used for
measurement according to the manufacturer’s instructions.
For detecting the ROS level, the brain homogenates were
diluted in ice-cold HEPES-Tyrode buffer (145 mM NaCl,
2 mM CaCl2, 1 mM MgCl2, 5 mM KCl, 5 mM glucose,
5 mM HEPES, pH 7.6) to obtain a final concentration of
5 μg protein/μl. Then, 225 μl homogenates and 2.5 μl of
DCDHF-DA (final concentration 10 μM) were added into
a 96-well plate at 37 °C for 30 min in the dark place, and
then fluorescence was measured (Exλ = 488 nm,
Emλ = 520 nm) using a SpectraMax Microplate Reader
(Molecular Devices). ROS production represented as pico-
moles per milligram of protein per minute. The MPO,
LDH, SOD, and GSH-Px activity of each group represent-
ed as units per milligram or units per gram, the catalase
activity represented as nanomoles per milligram of protein
per minute, and the release of cytochrome c expresses as
nanograms per gram.

Statistical Analysis

Data was presented as mean±SEM (std. error of mean). The
protein band density values ofWestern blot was normalized to
the mean value of the sham group. Statistical analysis was
performed using the GraphPad Software Prism. Statistical
evaluation was processed by one-way ANOVA (and nonpara-
metric) analysis followed by Tukey’s Multiple Comparison
Tests. A value of P < 0.05 was indicated statistically
significant.

Result

Characterization of Cur-NPs

To improve bio-availability of curcumin, we used PLGA
for synthesis of Cur-NPs by solvent evaporation method
(Fig. 1a). Curcumin is insoluble in water, while Cur-NPs
exhibited good water solubility (Fig. 1a). When observed
under TEM that Cur-NPs exhibited a spherical shape
(Fig. 1b). Drug release studies showed that almost 71.7
± 4.1 % of curcumin was released in the first 12 h followed
by a slow release phase releasing up to 85.1 ± 3.5 % in the
next 36 h (Fig. 1c). The average particle size, entrapment
efficiency, zeta-potential, and drug loading of Cur-NPs are
220 ± 25 nm, 81.7 ± 4.6 %, −20.6 ± 1.9 mV, and 16.3
± 1.4 %, respectively (Fig. 1d).

Physiological Parameters, Grading, and Mortality
of Experimental SAH

There was no significant difference in physiological parame-
ters (mean arterial blood pressure, body temperature, body
weight, and arterial blood gases) between experimental groups
(data not shown). Subarachnoid blood clots were observed
around the circle of Willis, brainstem, and basilar arteries fol-
lowing SAH (Fig. 2a).

SAH grades were similar between the vehicle, curcumin
(150, 300 mg/kg), and Cur-NP (10, 20 mg/kg)-treated SAH
group at 24 h (Fig. 2b), suggesting that variation in SAH size
cannot confound conclusion.

Mortality rates at 24 and 48 h in each group were as fol-
lows: sham group 0 % (0/18) and 0 % (0/18), vehicle-treated
SAH group 33.3 % (6/18) and 50 % (9/18), curcumin
(150 mg/kg)-treated SAH group 22.2 % (4/18) and 33.3 %
(6/18), curcumin (300 mg/kg)-treated SAH group 16.7 % (3/
18) and 27.8% (5/18), Cur-NP (10 mg/kg)-treated SAH group
16.7 % (3/18) and 27.8 % (5/18), and Cur-NP (20 mg/kg)-
treated SAH group 11.1 % (2/18) and 22.2 % (4/18), respec-
tively (Fig. 2c). These results suggest that curcumin or Cur-
NPs reduce the mortality after SAH.

Curcumin or Cur-NPs Significantly Improved
Neurological Function, Alleviated Brain Edema,
and Reduced BBB Permeability After SAH

To evaluate the neuroprotective effect of curcumin or Cur-NPs
on SAH, neurological scores were conducted at 24 h after
SAH via the modified Garcia score system. The average neu-
rological score in the vehicle-treated SAH group was remark-
ably decreased when compared to the sham-operated group
(Fig. 2d). The neurological score of curcumin (150, 300 mg/
kg) or Cur-NPs (10, 20 mg/kg) significantly increased com-
pared to that of the vehicle-treated SAH group (Fig. 2d).

Global edema is an independent risk factor for high mor-
tality and poor outcome following SAH [24]. In this study,
brain edema was evaluated at 24 h after SAH via the wet
weight/dry weight method. There was no significant change
of brain water content in the cerebellum or brain stem after
SAH. Brain water content of the left and right hemispheres in
the vehicle-treated SAH group was significantly increased
compared with that of the sham-operated group (Fig. 2e).
Curcumin (150, 300 mg/kg) or Cur-NPs (10, 20 mg/kg) sig-
nificantly decreased the brain water content compared to the
vehicle-treated SAH group (Fig. 2e).

BBB permeability was evaluated by EB dye extravasation
of brain at 24 h following SAH. The amount of extravasated
EB dye was significantly increased in the vehicle-treated SAH
group compared with that of the sham-operated group
(Fig. 2f). Curcumin (150, 300 mg/kg) or Cur-NPs (10,
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20 mg/kg) significantly reduced the amount of extravasated
EB dye compared to the vehicle-treated SAH group (Fig. 2f).

Taken together, these results indicated that impaired neuro-
logical function, brain edema, and BBB permeability follow-
ing SAHwere lessened by curcumin (150, 300 mg/kg) or Cur-
NP (10, 20 mg/kg) treatment. Next, Cur-NPs (20 mg/kg) were
used in subsequent studies to explore the possible mechanism
underlying BBB dysfunction.

Cur-NPs Inhibited Blood–Brain Barrier Disruption

Previous studies demonstrate that vascular endothelial growth
factor (VEGF) expression increased in cortex after SAH and
suppression of VEGF level attenuates BBB disruption [25,
26].Matrix metallopeptidase-9 (MMP9) is known to potential-
ly mediate degradation collagen IVand lead to BBB disruption
by degrading tight junction proteins (such as claudin-5,
occludin, and ZO-1) after SAH [26, 27]. In this study, expres-
sion of VEGF and MMP9 increased by 161±13 and 252
±19 % at 24 h after SAH when compared with that of the
sham-operated group (Fig. 3a, b), and 121 ± 10 and 186
±12 % were detected in the Cur-NP (20 mg/kg)-treated SAH
group (Fig. 3a, b). Protein expressions of claudin-5, occludin,
and ZO-1 were significantly decreased at 24 h after SAH

(Fig. 3a, b), whereas administration of Cur-NPs (20 mg/kg)
increased the claudin-5, occludin, and ZO-1 expression
(Fig. 3a, b). These results suggest that Cur-NP (20 mg/kg)
administration attenuates BBB disruption at 24 h after SAH
by preventing expression of VEGF andMMP9 and the disrup-
tion of tight junction proteins ZO-1, occludin, and claudin-5.

Cur-NPs Significantly Increased the EAAT2 Expression
and Reduced Glutamate Concentration in CSFAfter SAH

Accumulated evidence suggests that glutamate, a major excit-
atory transmitter, is elevated in CSF after SAH, which has an
important role in BBB disruption and neuronal death [5, 28].
EAAT2, a predominant member of the functional glutamate
transporters, is essential for maintaining a low extracellular
glutamate level and for preventing glutamate neurotoxicity
[29]. In this study, expression of EAAT2 was significantly
decreased by 48.6±4.3 % at 24 h after SAH (Fig. 4a), whereas
administration of Cur-NPs (20 mg/kg) increased the EAAT2
expression (Fig. 4a). Significant higher glutamate concentra-
tion of CSF was detected at 24 and 48 h after SAH when
compared with that of the sham-operated group (Fig. 4b),
whereas administration of Cur-NPs (20 mg/kg) attenuated this
increase (Fig. 4b).

Fig. 1 Physicochemical
characteristics of Cur-NPs. a
Schematic diagram of curcumin-
loaded PLGA nanoparticle prep-
aration; curcumin was encapsu-
lated in PLGA via the single
emulsion. b Representative TEM
pictures show the morphology
(spherical shape) of Cur-NPs. c
In vitro release of curcumin from
the Cur-NPs in 50 % ethanol at
37 °C; the bars represent the
mean ± SEM from three different
experiments. d The average par-
ticle, entrapment efficiency, zeta-
potential, and drug loading of
Cur-NPs. The values represent the
mean ± SEM
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Cur-NPs Suppressed Inflammatory Response After SAH

To assess the effect of Cur-NPs on SAH-induced neuroinflam-
mation in brain, we measured the mRNA expression of

several chemokines and cytokines in the right hemisphere at
24 h after SAH. Intracellular adhesion molecule-1 (ICAM-1)
and vascular cell adhesion molecule-1 (VCAM-1) were re-
ported to play a role in leukocyte adhesion and the infiltration

Fig. 2 Effects of curcumin and
Cur-NP treatment on SAH grad-
ing, mortality modified Garcia
score, brain water content, and
BBB permeability at 24 h after
SAH. a Representative images
show rat brain of sham and SAH
group without or with perfusion.
b Similar SAH grading is ob-
served in sham group (n= 18);
vehicle (n= 18), curcumin (150,
300 mg/kg, n= 18), and Cur-NP
(10, 20 mg/kg, n = 18)-treated
SAH group. c Curcumin (150,
300 mg/kg) or Cur-NPs
(10, 20 mg/kg) reduce mortality
after SAH (n= 18). d Curcumin
(150, 300 mg/kg) or Cur-NPs
(10, 20 mg/kg) increase modified
Garcia score at 24 h after SAH
(n = 6). eCurcumin (150, 300 mg/
kg) or Cur-NPs
(10, 20 mg/kg) decrease brain
water content in left and right
hemisphere at 24 h after SAH
(n = 6). f Curcumin
(150, 300 mg/kg) or Cur-NPs
(10, 20 mg/kg) decrease Evans
blue extravasation at 24 h after
SAH (n= 6). The bars represent
the mean ± SEM. ^^p < 0.01 or
^^^p < 0.001 vs sham; *p< 0.05 or
**p< 0.01 vs vehicle

Fig. 3 a Representative Western
blots show VEGF, MMP9,
claudin-5, occludin, and ZO-1
expression of right hemisphere at
24 h after surgery in sham-
operated group, vehicle, or
Cur-NP (20 mg/kg)-treated SAH
group (n= 3). b The relative den-
sities of protein bands were ana-
lyzed and normalized to β-actin.
The values are expressed as fold
of the sham group (n= 3).
^p< 0.05 or ^^p< 0.01 vs sham;
*p < 0.05 vs vehicle. The bars
represent the mean± SEM
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of macrophage/microglia and neutrophil into blood vessel ad-
ventitia after SAH [30, 31]. The mRNA expressions of
ICAM-1 and VCAM-1 were significantly increased in the
right hemisphere at 24 h after SAH when compared to the
sham-operated group (Fig. 5a), whereas administration of
Cur-NPs (20 mg/kg) could block the SAH-elevated mRNA

expression of ICAM-1 and VCAM-1 (Fig. 5a). Migration and
activation of macrophage/microglia, monocytes, and neutro-
phil in the brain contribute to neuroinflammatory response in
acute stage after SAH. Key chemokines elevated after SAH
include monocyte chemotactic protein-1 (MCP-1), macro-
phage inhibitory protein-2 (MIP-2), and chemokine-induced

Fig. 4 a Representative western blots show EAAT2 expression of the
right hemisphere at 24 h after surgery in the sham-operated group, vehi-
cle, or Cur-NP (20 mg/kg)-treated SAH group (n= 3). The relative den-
sity EAAT2 was analyzed and normalized to β-actin. b Glutamate con-
centration of CSF at 24 and 48 h after surgery in sham-operated group,

vehicle, or Cur-NP (20 mg/kg)-treated SAH group (n= 6). The relative
content of glutamate is expressed as fold of the sham group. ^^p< 0.01 or
^^^p < 0.001 vs sham; *p< 0.05 or **p < 0.01 vs vehicle. The bars repre-
sent the mean ± SEM

Fig. 5 a The mRNA levels of
VCAM-1, TNF-α, MIP-2, MCP-
1, ICAM-1, iNOS, IL-10, IL-6,
IL-1β, CINC-1, and COX-2 in
the right hemisphere at 24 h after
surgery in the sham-operated
group, vehicle, or Cur-NP
(20 mg/kg)-treated SAH group
(n = 6). The relative mRNA is
expressed as fold of sham group.
+p < 0.001 vs sham; *p< 0.05 or
**p< 0.01 vs vehicle; ns no sig-
nificant. The bars represent the
mean ± SEM. b The protein level
of IL-1β, IL-6, and TNF-α, and
MPO activity in the right hemi-
sphere at 24 h after surgery in the
sham-operated group, vehicle, or
Cur-NP (20 mg/kg)-treated SAH
group (n= 6). ^^p< 0.01 or
^^^p < 0.001 vs sham; *p< 0.05 or
**p< 0.01 vs vehicle. The bars
represent the mean± SEM
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neutrophil chemoattractant-1 (CINC-1), involving migration
of macrophage/microglia and neutrophil to the injured site of
the brain [22, 32]. The mRNA expressions of chemokine
MCP-1, MIP-2, and CINC-1 were significantly increased in
the right hemisphere at 24 h after SAH when compared with
that of the sham-operated group (Fig. 5a), whereas adminis-
tration of Cur-NPs (20 mg/kg) could block the SAH-elevated
mRNA expression of MCP-1, MIP-2, and CINC-1 (Fig. 5a).
Evidence has shown that the cyclooxygenase-2 (COX-2) and
inducible nitric oxide synthase (iNOS) play a crucial role in
brain inflammation [33, 34]. In this study, mRNA expressions
of COX-2 and iNOS were significantly increased in the right
hemisphere at 24 h after SAH as compared with that of the
sham-operated group (Fig. 5a), while administration of Cur-
NPs (20 mg/kg) inhibited the SAH-elevated mRNA expres-
sion of COX-2 and iNOS (Fig. 5a). Next, we measured the
protein and mRNA levels of interleukin-1β (IL-1β), IL-6, and
tumor necrosis factor α (TNF-α) which are known to be the
most important proinflammatory cytokines in experimental
SAH model and in human SAH pathology [8]. The protein
and mRNA levels of IL-1β, IL-6, and TNF-α were signifi-
cantly increased in the right hemisphere at 24 h after SAH
when compared with that of the sham-operated group, where-
as administration of Cur-NPs (20 mg/kg) could block the
SAH-elevated protein and mRNA levels of IL-1β, IL-6, and
TNF-α (Fig. 5a, b). Interestingly, IL-10, which is an anti-
inflammatory cytokine, was significantly increased after
SAH [22], but administration of Cur-NPs (20 mg/kg) cannot
block the SAH-elevated mRNA expression of IL-10 (Fig. 5a).
The number of granulocytes has been demonstrated to be
linearly related to the MPO activity, which was selected as a
quantitative readout for granulocyte influx after SAH [22]. In
this study, MPO activity increased in the right hemisphere at
24 h after SAH compared with that of the sham-operated
group (Fig. 5b), which indicates robust granulocyte influx
following SAH. However, Administration of Cur-NPs
(20 mg/kg) significantly reduced SAH-elevated MPO activity
(Fig. 5b). Moreover, the number of ED-1 (a well-known
marker of activated microglia/macrophage) positive cells
and expression of ED-1 were increased in the right hemi-
sphere at 24 h after SAH compared with that of the sham-
operated group (Fig. 6a–c), which indicates robust microglia
activation following SAH. However, administration of Cur-
NPs (20 mg/kg) significantly reduced the number of ED-1
positive cells and expression of ED-1 in comparison with
the vehicle-treated SAH group (Fig. 6a–c). These results indi-
cate that Cur-NPs attenuate the neuroinflammation after SAH.

Cur-NPs Hindered Oxidative Stress After SAH

Oxidative stress reflects an imbalance between free radical
productions, especially ROS, and plays an important role in
EBI after SAH [7]. Mounting evidence supports that ROS are

a key mediator of SAH pathogenesis, derived from the leak-
age of superoxide anion in disrupted mitochondria and the
auto-oxidation of hemoglobin upon erythrocyte lysis [7].
Malondialdehyde (MDA), 3-nitrotyrosine (3-NT), and 8-
hydroxydeoxyguanosine (8-OHDG) are known as oxidative
stress markers of lipid, protein, and DNA damage, respective-
ly. As shown in Table 2, The ROS,MDA, 3-NT, and 8-OHDG
levels were significantly increased in the right hemisphere at
24 h after SAH when compared with the sham-operated
group, whereas administration of Cur-NPs (20 mg/kg) effec-
tively inhibits the SAH-elevated levels of ROS, MDA, 3-NT,
and 8-OHDG. SOD, GSH-Px, and catalase activities, which
are known to be the key intrinsic anti-oxidants, protect tissues
from harmful effects of ROS [7]. As shown in Table 2, the
SOD, GSH-Px, and catalase activities were significantly de-
creased in the right hemisphere at 24 h after SAH when com-
pared with those of the sham-operated group, whereas admin-
istration of Cur-NPs (20 mg/kg) increased the SOD, GSH-Px,
and catalase activities as compared with that of the vehicle-
treated SAH group. These results indicate that Cur-NPs atten-
uate oxidative stress after SAH.

Cur-NPs Blocked SAH-Induced Apoptosis in Rats

LDH is a very stable enzyme, generally used to evaluate the
presence of damage and toxicity of cell and tissue. The bal-
ance of Bcl-2 and Bax is essential for cell survival and death.
Higher expression of Bax always induced mitochondrial
membrane permeabilization, release of cytochrome c, and ac-
tivation of caspase-9 and caspase-3, initiating apoptosis [35].
In this study, SAH significantly increased the LDH activity
and release of cytochrome c in the right hemisphere at 24 h
after SAH when compared to the sham-operated group,
whereas administration of Cur-NPs (20 mg/kg) decreased
LDH activity and release of cytochrome c in the right hemi-
sphere at 24 h after SAH compared with that of the vehicle-
treated SAH group (Fig. 7a, b). Western blot analysis shows
that SAH significantly decreased Bcl-2 expression and in-
creased Bax and active caspase-3 expression in the right hemi-
sphere at 24 h after SAH when compared to the sham-
operated group (Fig. 7c–e). However, administration of Cur-
NPs (20 mg/kg) increased Bcl-2 expression and decreased
Bax and active caspase-3 expression in the right hemisphere
at 24 h after SAH compared with that of the vehicle-treated
SAH group (Fig. 7c–e). Furthermore, administration of Cur-
NPs (20 mg/kg) increased the ratio of Bcl-2/Bax when com-
pared to the vehicle-treated SAH group (Fig. 7f).

Discussion

Mortality rates and neurological deficits were important ex-
perimental measurements for evaluating the outcome after
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SAH. Our study suggests that intraperitoneal administration of
curcumin (150, 300 mg/kg) or Cur-NPs (10, 20 mg/kg) re-
duced the mortality and improved neurological deficits after
SAH. This is similar to a previous report that intraperitoneal
administration of curcumin (20 mg/kg) reduced the mortality
and improved the neurological deficits in the double-
hemorrhage rat SAH model [14]. It is important to clarify that
different doses of curcumin provide neuroprotection follow-
ing the blood injectionmodel of mild SAH and the intracranial
endovascular perforation of severe SAH. Brain edema forma-
tion is a common and important feature in EBI and is consid-
ered as a major independent risk factor for poor outcome after
SAH and reflects BBB disruption [24]. Brain edema is classi-
fied into two subtypes: vasogenic and cytotoxic edema.
Vasogenic brain edema refers to extracellular fluid accumula-
tion as a result of BBB disruption, while cytotoxic brain

edema defines intracellular water accumulation as the conse-
quence of failure of ion extrusion [36]. Vasogenic and cyto-
toxic brain edema occur in EBI following SAH. We evaluated
the brain edema of the hemisphere and observed that
curcumin (150, 300 mg/kg) or Cur-NPs (10, 20 mg/kg) effec-
tively reduced brain water content of the left and right hemi-
spheres at 24 h after SAH. However, the applied method for
measuring brain edema cannot differentiate between
vasogenic and cytotoxic brain edema.

Measurement of extravasated EB dye was a reliable way to
assess the extent of BBB permeability in the animal model
[37]. BBB disruption occurs at about 10 min and peaks at
approximately 24 h and facilitates the infiltration of serum into
brain parenchyma, which leads to neuro-inflammation and
edema formation [38]. Our results suggest that curcumin
(150, 300 mg/kg) or Cur-NPs (10, 20 mg/kg) reduced the

Fig. 6 a Typical confocal images
show ED-1-immunostained right
cortical sections in sham-operated
group, vehicle, or Cur-NP
(20 mg/kg)-treated SAH group at
24 h after surgery (n= 3). Scale
bar is 100 μm. b Quantitative
analysis of ED-1 positive cells
performed by cell counting in
three groups (n= 3). c Represen-
tative Western blots show expres-
sion of ED-1 in the right hemi-
sphere at 24 h after surgery in the
sham-operated group, vehicle, or
Cur-NP (20 mg/kg)-treated SAH
group (n= 3). ^^p< 0.01 or
^^^p < 0.001 vs sham; *p< 0.05 vs
vehicle. The bars represent the
mean ± SEM

Table 2 Parameters of oxidative
stress after SAH or/and Cur-NP
treatment

n Sham Vehicle Cur-NPs

ROS (pmol/mg protein/min) 6 7.76 ± 0.63 15.60 ± 1.65^^ 10.35± 0.84*

MDA (nmol/g) 6 37.48 ± 3.69 76.12 ± 5.56^^ 49.64± 4.79*

3-Nitrotyrosine (nmol/g) 6 20.20 ± 2.73 68.38 ± 5.61^^^ 39.67± 5.15**

8-OHDG (ng/g) 6 18.62 ± 1.76 60.33 ± 5.92^^^ 34.40± 3.85**

SOD activity (U/mg) 6 0.57± 0.06 0.25 ± 0.03^^ 0.45± 0.04*

GSH-Px activity (U/mg) 6 0.96± 0.07 0.55 ± 0.04^^ 0.83± 0.05*

Catalase activity (nmol/mg) 6 1.84± 0.09 0.93 ± 0.07^^ 1.36± 0.08*

^^p< 0.01 or ^^^p< 0.001 vs sham; *p < 0.05 or **p< 0.01 vs vehicle
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SAH-induced increase of extravasated EB dye. Altogether,
these results indicate a potential neuroprotective effect of
curcumin or Cur-NPs. However, the neuroprotective effect
of curcumin is greatly limited by its poor brain bio-
availability [10]. Accumulated evidence shows that biode-
gradable nanoparticle-mediated delivery of curcumin can in-
crease the neuroprotective efficacy and decrease the required
dose due to the smaller size and longer stability, and can read-
ily diffuse across the BBB [10–12]. Indeed, our result also
suggests that Cur-NPs improve the bioavailability at least ten-
fold when compared to native curcumin. This is similar to the
previous study reports that curcumin-entrapped nanoparticles
improve at least ninefold in oral bioavailability compared to
curcumin [39]. Hence, we selected the Cur-NPs to explore the
mechanism of BBB disruption after SAH. Previous studies
demonstrate that suppression of VEGF level attenuates the
BBB disruption [25, 26]. MMP9 is known to potentially me-
diate degradation of collagen IV and lead to BBB disruption

by degrading tight junction proteins after SAH [26, 27]. Tight
junction proteins claudin-5, occludin, and ZO-1 are key com-
ponents of BBB integrity. Our results showed that Cur-NP
treatment attenuated the BBB disruption by reducing VEGF
and MMP9 expression, up-regulating the expressions of
claudin-5, occludin, and ZO-1 in EBI after SAH. These results
indicated that Cur-NPs may prevent BBB disruption after
SAH through maintaining the tight junction proteins.

It is well established that excessive extracellular glutamate
causes neurotoxicity effects via the excessive activation of
ionotropic and metabotropic glutamate receptor. Mounting
evidence shows that glutamate is elevated in CSF after SAH
[40], which has an important role in neuronal death [5]. The
inhibition of ionotropic glutamate receptor (NMDA receptor)
and reduction of glutamate concentration have been shown to
ameliorate the BBB disruption after SAH [28, 41]. Our result
found that Cur-NPs effectively reduced the glutamate concen-
tration of CSF at 24 and 48 h in the endovascular perforation

Fig. 7 a LDH activity, b
cytochrome c content in right
hemisphere at 24 and 48 h after
surgery in the sham-operated
group, vehicle, or Cur-NP
(20 mg/kg)-treated SAH group
(n = 6). c Representative Western
blots show expression of Bcl-2,
Bax, and active caspase-3 in right
hemisphere at 24 h after surgery
in the sham-operated group, ve-
hicle, or Cur-NP (20 mg/kg)-
treated SAH group (n = 3). d–f
The relative densities of protein
bands were analyzed and normal-
ized to β-actin (n= 3). The values
are expressed as fold of sham
group. ^p< 0.05, ^^p< 0.01 or
^^^p < 0.001 vs sham; *p< 0.05 or
**p< 0.01 vs vehicle. The bars
represent the mean± SEM
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SAHmodel. This is similar to a previous report that curcumin
decreased glutamate of CSF in the double-hemorrhage rat
SAH model [14]. EAAT2 is essential for maintaining a low
extracellular glutamate level, and increased EAAT2 expres-
sion or activity attenuates glutamate excitotoxicity [29].
Therefore, we suggest that the Cur-NPs prevent SAH-
induced BBB disruption which may involve the prevention
of glutamate-induced neurotoxicity.

Inflammatory responses contribute to brain edema, BBB
disruption, vasospasm, and neuronal loss after SAH [8].
ICAM-1 and VCAM-1 play a role in leukocyte adhesion
and the infiltration of macrophage/microglia and neutrophil
into blood vessel adventitia after SAH [30, 31]; our results
indicate that Cur-NPs may inhibit this adhesion and infiltra-
tion via reducing the SAH-elevated mRNA expression of
ICAM-1 and VCAM-1. The chemokines MCP-1, MIP-2,
and CINC-1 play a role in the migration of macrophage/
microglia and neutrophil to the injured site after SAH [22,
32]; our results suggest that Cur-NPs may inhibit this migra-
tion via reducing the SAH-elevated mRNA expression of
MCP-1, MIP-2, and CINC-1. The COX-2 and iNOS also play
a crucial role in brain inflammation [33, 34]; our results show
that Cur-NPs significantly decrease the SAH-elevated mRNA
expression of COX-2 and iNOS. Measurement of MPO activ-
ity was a quantitative readout for granulocyte influx [22]; Cur-
NPs significantly reduced the SAH-elevated MPO activity,
suggesting inhibition of granulocyte influx after SAH.
Microglia activation is correlated with the presence of later
vasospasm and neurobehavioral deficits [42]. In the early
phase of SAH, excessive amounts of proinflammatory cyto-
kines released by activated microglia, together with microglial
signaling-induced astrocyte cytotoxicity, become deleterious
to surrounding cells [2].We evaluated the microglia activation
of the hemisphere and observed that Cur-NP treatment signif-
icantly decreases the number of activated microglia, reduces
the ED-1 protein expression, and reduces the mRNA and pro-
tein level of proinflammatory cytokines IL-1β, IL-6, and
TNF-α following SAH. Thus, our results indicate that Cur-
NPs may prevent SAH-induced BBB disruption via reducing
inflammatory responses.

Oxidative stress arises from excess free radicals and ROS,
which are derived from auto-oxidation of hemoglobin and the
leakage of superoxide anion in disrupted mitochondria, medi-
ated protein breakdown, lipid peroxidation, and DNA dam-
age, and causes the damage elements of the neurovascular unit
and mediates the neuroinflammation, BBB disruption, and
production of spasmogen after SAH [7]. Our result shows that
Cur-NPs block the oxidative stress via reducing the SAH-
elevated ROS, MDA, 3-NT, and 8-OHDG levels. Similarly,
previous report shows that curcumin inhibits ROS formation
and vascular hyperpermeability after haemorrhagic shock
[43]. Our previous study also demonstrates that curcumin sig-
nif icant ly suppressed oxidat ive damage-induced

neurotoxicity in PC 12 cells [44]. Intrinsic anti-oxidant sys-
tem, SOD, GSH-Px, and catalase enzyme, prevent ROS-
mediated harmful effect, while a decrease in this enzyme ac-
tivity is implicated in oxidative stress damage after SAH [7].
We observed that Cur-NP treatment significantly increases the
SOD, GSH-Px, and catalase enzyme activity following SAH.
Therefore, our results indicate that Cur-NPs may be against
SAH-induced BBB disruption via blocking oxidative stress.

Cell apoptosis occurs in neuron, endothelial cell, smooth
muscle, astrocyte, and oligodendrocyte following SAH; in
particular, apoptosis of microvascular endothelia cell and
smooth plays a significant role in BBB disruption [35]. The
balance of Bcl-2 and Bax is essential for cell survival and
death. Higher expression of Bax always induced mitochondri-
al membrane permeabilization, release of cytochrome c, and
activation of caspase-9 and caspase-3, subsequently initiating
apoptosis [35]. Our result found that Cur-NP treatment signif-
icantly reduced the release of cytochrome c, up-regulated Bcl-
2 expression, and down-regulated the expression of Bax and
active caspase-3 after SAH. These finding indicate that Cur-
NPs may be against SAH-induced BBB disruption via
blocking cell apoptosis. Even with the limitations of this
study, our findings may provide important information about
the protective effects of Cur-NPs against SAH-induced BBB
disruption through preventing glutamate-induced neurotoxic-
ity, inflammatory responses, oxidative stress, and cell
apoptosis.

Conclusion

Our findings demonstrated that curcumin or Cur-NPs signifi-
cantly improve neurological deficit and attenuate brain edema
and BBB disruption after SAH. In addition, Cur-NPs attenu-
ated the BBB disruption by reducing VEGF and MMP9 ex-
pression, up-regulating the expression of claudin-5, occludin,
and ZO-1. Cur-NPs against SAH-induced BBB disruption
may involve the prevention of glutamate-induced neurotoxic-
ity, inflammatory responses, oxidative stress, and cell apopto-
sis in the endovascular perforation rat SAH model.
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