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Abstract

Oxidative stress-induced neuronal cell death has been implicated in neurodegenerative diseases; one such disease is ischemic stroke. Using reactive oxygen
species (ROS)-insulted primary neurons, we screened neuroprotectants with clinical potential and then, using ischemia/reperfusion (I/R) model, investigated the
anti-ischemic potential of candidate neuroprotectants. Here, we showed that luteolin, isolated from the ripe fruit of Perilla frutescens (L.) Britt, exhibited a
neuroprotective action upon the in vitro platform, thus serving as candidate for in vivo pharmacological evaluation. Liposome-encapsulated luteolin produced
dramatic preventing effects on I/R-induced behavioral and histological injuries after a 13-day post-ischemic treatment. Furthermore, this phytochemical not only
lowered the increased level of mitochondrial ROS but also substantially up-regulated the decreased activity of catalase and glutathione in I/R rat brains.
Collectively, luteolin as a neuroprotectant acts by anti-ischemic activity likely through a rebalancing of pro-oxidant/antioxidant status. Its multitarget
mechanisms implicate potential effectiveness for clinically treating ischemia stroke.
© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Ischemic stroke is the third leading cause of death worldwide after
heart disease and cancer and the single largest cause of long-lasting
disability in developed countries [1,2]. Cerebral ischemia results from
a transient or permanent reduction in cerebral blood flow that is
restricted to the territory of a major brain artery. During its
development, ischemia/reperfusion (I/R) injury is proven a major
pathophysiological process including a series of phenomena such as
excitotoxicity, oxidative stress, inflammation and apoptosis [3,4],
each of which is entwinedwithmitochondrial dysfunction, releases of
glutamate and proinflammatory mediators, decrease of ATP, reactive
oxygen species (ROS) production and/or lipid peroxidation. None-
theless, much attention has recently been drawn to the role of
oxidative free radicals in the pathogenesis of ischemic stroke.

Rapid oxidative metabolic activity, high polyunsaturated fatty acid
content, relatively low antioxidant capacity, and inadequate neuronal
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repair activity [5,6] are underlying factors that define the suscepti-
bility of cerebral tissue to ROS insult. ROS, including superoxide anion
(O2·−), hydrogen peroxide (H2O2), and the hydroxyl radical (OH·−)
[7], are commonly regarded as the earliest and most important
pathogens for brain injury in the process of reducing blood supply and
subsequently reperfusing the ischemic cerebral regions [8]. Such
brain damage by ROS insult has been considered to be involved in
neuronal apoptosis [9,10], which has previously been suggested to
initiate at molecular levels in ischemic or post-ischemic reperfused
regions especially penumbra [11]. Besides, the notion of ROS's
contribution to neuronal apoptosis and degeneration is supported
by the fact that a series of antioxidant compounds have propensities
to delay neuronal apoptosis and protect against neurodegenerative
procession [12].

A growing body of evidence demonstrates that varieties of herb
materials exert an antioxidant activity; one such herb material is
Perilla frutescens (L.) Britt. [13,14], from which we have isolated a
polyphenolic constituent luteolin [15]. Luteolin, as a plant-derived
compound with properties of anti-inflammatory, antiallergenic,
antiviral and anticarcinogenic actions [16], is effective for attenuation
of multiple sclerosis [17] and rheumatoid arthritis [18,19]. Besides, it
has been proven to ameliorate anxiety [20] and amnesia [21] and
been proposed as an inhibitor of β-site amyloid precursor protein-
cleaving enzyme-1 [22]. This compound is also proven a potent
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Fig. 1. Schematic drawing of the thread placed into the ECA with its tip proximal to the
origin of the MCA. CCA, common carotid artery; PCA, posterior cerebral artery; VA,
vertebral artery; BA, basilar artery; OpA, ophthalmic artery.
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dopamine/c (DA/NE) transporter modulator [15]. Thus, luteolin is a
central nervous system (CNS)-oriented compound and has a potential
for treating neuropsychological disorders. Moreover, luteolin with
active polyphenolic hydroxyl groups is capable of scavenging super-
oxide radical, hydroxyl radical, 1,1-diphenyl-2-piciylhydrazyl (DPPH)
radical and alkyl radical in cultured human endothelial cells [23] and
scavenging hydrogen peroxide in OLN-93 oligodendrocytes [24,25],
suggesting that luteolin could offer neuroprotective benefit for brain.
Accordingly, it is hypothesized that luteolin might act by protection of
neuronal cells against free radical injury and thereafter by improvement
of the progression of neurodegenerative diseases especially cerebral
stroke. In this study, we used an H2O2-insulted in vitro platform for
screening neuroprotective agents and subsequently an I/R ratmodel for
evaluating their potential anti-ischemia actions. Our primary result
showed that luteolin was indeed protective against neuronal injury.

2. Materials and methods

2.1. Preparation of luteolin

2.1.1. Isolation of luteolin
Extraction, purification and structural identification of luteolin (3′,4′,5,7-

tetrahydroxyflavone) from herb material Purple Perilla Fruit were conducted
according to the methods reported previously [15]. Its purity was 98%, which was
measured by the normalization method following HPLC detection (Beckman Coulter,
Fullerton, CA, USA).

2.1.2. Preparation of liposome-encapsulated luteolin (lipLU)
lipLU was adopted for in vivo study. The formulation was prepared by a rotary

evaporation technique. Briefly, soy lecithin, cholesterol, vitamin E and luteolin (11.2,
2.8, 0.2, 0.14 and 1.0 g, respectively) were mixed and dissolved in anhydrous ethanol.
The solvent was then evaporated (55°C, 0.09 MPa) in a rotary evaporator until a thin
layer was formed. The thin layer was then hydrated in an aqueous solution (500 ml)
containing poloxamer and sucrose (2.5 and 25 g, respectively) at 50°C. The hydrated
mixture was processed by a 30-min ultrasonification to obtain a solvent. After high-
pressure homogenization by using a lab-scale homogenizer (EmulsiFlex-B3; Avestin
Inc., Ottawa, Canada), lipLU solvent was finally obtained. The mean diameter of the
liposomes was around 150± 50 nm, which was determined by laser scattering Particle
Sizing Systems (PSS Nicomp 380, Santa Barbara, CA, USA), and its encapsulation rate
was 98%. The same process was performed on liposomal vehicle, except that no luteolin
was added. The lipLU solvent and its vehicle were stored at 4°C for use (usually not
more than one week). Such encapsulation was performed for the purpose of enhancing
its capability to penetrate the blood–brain barrier (this pharmacokinetic character has
been proven in our previous work).

2.2. In vitro screening platform and bioactivity of luteolin

Primary neurons were cultured as described previously [26] with a slight
modification. Briefly, cortices of 12-h neonatal Sprague-Dawley (SD) rats were harvested
and minced, and then treated with 0.25 mg/ml trypsin and 0.2 mg/ml DNase I. After
inactivation of trypsin in Dulbecco's Modified Eagle's (DMEM)medium containing horse
serum, the cells were cultured in a B27-supplemented neurobasal culture medium and
then done in another medium containing cytarabine (10 μM) for inhibiting nonneuronal
cell division. The primary cortical neurons were authenticated by immunofluorescence
staining with microtubule-associated protein-2 antibody. Neuroprotectants were
screened in vitro by using the neuronal cells exposed to pathogens.

To evaluate the efficacy of luteolin, the primary neurons was treated with vehicle,
luteolin, or reference compound (both compounds were dissolved in double distilled
water containing 1% dimethylsulfoxide (DMSO) together with 200 μM H2O2 and then
incubated for 12 h. Cell viability was assayed by 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt (WST-8) reduc-
tion, which was carried out according to the manufacturer instruction manual for cell
counting kit-8 (CCK-8) (Dojindo Laboratories, Tokyo, Japan). Activity of WST-
8 reduction was represented as OD ratio between the wells containing cells plus
compound and the wells containing compound only. By such normalization, the
interference by light yellow color of reaction solvent was able to be ruled out.

2.3. In vivo evaluation

2.3.1. Animals
Adult female SD rats (weighing 200–220 g, 2 months of age) were commercially

provided from the Laboratory Animal Center of the Chinese Academy of Science
(Shanghai, China). Animals were housed at room temperature (22±3°C) under
standard 12-h light/dark cycles (lights on at 7 a.m.) with unlimited access to food and
water. The rats were acclimated to the room conditions for 1 week prior to
experimentation. The experimental protocols were approved by the Laboratory Animal
Center of the Chinese Academy of Science. All procedures involving animals and their
care were conducted in compliance with the National Institutes of Health's guidelines
regarding the principles of animal care.

2.3.2. Grouping, model establishment and treatment
Rats were randomly separated into four groups: sham groupwith liposome solvent

(n=16), model group with liposome solvent (n=16), treatment group with 5 mg/kg
lipLU (n=18), and treatment group with 20 mg/kg lipLU (n=18) (we previously
showed no difference between control group with normal saline and that with
liposome formula in behavioral parameters; thus, no saline group was concluded in
this study).

The middle cerebral artery occlusion (MCAO) was performed using the method of
Longa et al. [27] with a slight modification. In brief, the rats were anesthetized with
chloral hydrate (300 mg/kg ip). The left common carotid artery, external carotid artery
(ECA) and internal carotid artery (ICA) were exposed, and the distal end of the ECAwas
ligated with a 5-0 silk suture. A 5-cm length of nylon filament (diam Ø 0.26 mm;
Shandong Bio-Technologies, Beijing, China) with a smooth, soft and flexible tip (which
can reduce the risk of vessel injury and intracranial bleeding) was then introduced into
ECA through a small puncture and advanced into the middle cerebral artery (MCA) via
ICA (18–20 mm, as measured from the carotid bifurcation according to animal weight)
until a slight resistance was felt. Such resistance indicated that the filament had passed
beyond the proximal segment of the anterior cerebral artery (ACA) (See Fig. 1). At this
point, the intraluminal suture blocks the origin of MCA and occluded all sources of
blood flow from ICA, ACA and the posterior cerebral artery. Forty minutes after the
induction of ischemia, the filament was slowly withdrawn, and the animals were then
returned to their cages and given free access to food and water. The same surgical
process was performed on sham rats, except that no thread was inserted. As shown in a
pretest, 100% of animals were successfully developed into a typical I/P model by
experienced technicians of our lab, each with symptom score 3–5, and there was no
animal death that occurred during a 2-week experimentation. At 6 h after reperfusion,
all grouped animals were subject to a 13-day treatment (once-daily intraperitoneal
injection of drug or vehicle). The neurological status of the animals was assessed
respectively at 10 h, on Day 7 and on Day 14 after I/R.

2.3.3. Behavioral evaluation
For measuring behavioral deficits, the symptom score was rated as previously

reported [28]. All animals were evaluated behaviorally with an operator blinded to
groups for spontaneous movement without deficit (Grade 0), forelimb flexion
contralateral to injured hemisphere (Grade 1), wire grip deficit with internal rotation
(Grade 2), circling to paretic side (Grade 3), circling tightly with head tilt (Grade 4) and
spinning or no movement (Grade 5).

Beam-walking test was used for measuring the balancing ability of animals after
the symptom score counting [28]. Animals were allowed to walk on a 175-cm-long,
1.9-cm-wide wood beam, and their performance was graded from 6 for a rat that



Fig. 2. Neuroprotective actions of luteolin (LU) and vitamin E (VE) on H2O2-insulted
neonatal neurons (by CCK-8 test). HP, hydrogen peroxide (H2O2). Activity of each cell
group was represented as the OD ratio between treatment cell group and
concentration-paired, no-cell group. One-way ANOVA, F7,16=275.45, Pb.001. Post-
hoc, ⁎⁎Pb.01 vs. HP-only; @Pb.05 vs. HP plus VE 15 μM. Values are expressed as
mean±S.E.M. of triplicate cell samples.
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readily traversed the beam to 0 for a rat that was unable to move or fell off the beam.
The seven categories of neurological findings were scored: 0=falling from beam,
1=maintaining body on beam but without moving, 2=falling during crawling,
3=crawling through beam but with hindlimb palsy, 4=crawling through beam but
with shuffle step, 5=walking through beam with less shuffle step and 6=walking
normally through beam.

2.3.4. 2,3,5-Triphenyltetrazolium chloride (TTC) stain and Cresyl violet-staining
To further assess the neuroprotective effects of luteolin on I/R-induced brain

damage, half rats in each group were anesthetized and decapitated after a perfusion of
heart with 0.9% normal saline on day 14 after I/R. Their brains were rapidly dissected,
frozen, and stored at −20°C for 20 min. The brains were then placed in a rat-brain
matrix (SLY-RBM, Beijing Sunny Instruments) and coronally sectioned into 2-mm-
thick sections (from 2-mm caudal to the frontal tip). The slices were immediately
stained with 2% TTC (Sigma Chemical, St. Louis, MO,USA) solution at 37°C for 30 min in
the dark and fixed by immersion in 4% paraformaldehyde in 0.1 M phosphate-buffered
saline (PBS). The stained slices were scanned with a high resolution CCD camera (Carl
ZEISS, Germany). The total nonischemic or ischemic hemisphere infarct areas were
quantified using a CD-8000 Image Analysis System (Britain, UK). The total mean infarct
areas of hemisphere (or striatum) were calculated as the average of the area on its
rostral and caudal surface. The determined infarct surface areas were added and
multiplied by the section thickness (2 mm) to calculate the infarct volume and then
recalculated to yield the percentage volume of the contralateral hemisphere.

The TTC-stained slabs were cryoprotected in 25% sucrose in 0.1 M PBS at 4°C for
24 h, then cut with a cryostat (Leica CM 3050 S; Leica, Nussloch, Germany) into 30-μm
coronal sections and then processed histologically. Sections were mounted on gelatin-
coated microscope slides, allowed to dry at 37°C for 24 h and then stained with cresyl
violet for 5 min. Afterwards, they were dehydrated in increasing concentrations of
ethanol and finally coverslipped from xylene.

2.3.5. ROS, catalase (CAT) and glutathione (GSH) detection
After behavioral study, the remaining animals were sacrificed and their brains were

taken out. Ipsilateral hippocampus, frontal cortex and striatum were dissected and
homogenated. Half of the brain homogenatewas immersed in an ice-cold isolation buffer
(320 mM sucrose, 1 mM EDTA, 0.5 mg/ml BSA, 10 mM Tris–HCl buffer, pH 7.4) and then
centrifuged at 2000×g for 2 min, and then the supernatant was centrifuged at 10,000×g
for 10min. The pellet obtained was resuspended in 1 ml of the same isolation buffer and
centrifuged at 10,000×g for another 10min. The pellet obtainedwas resuspended in 1ml
of incubation buffer (100 mM KCl, 75 mM mannitol, 25 mM sucrose, 0.05 mM EDTA,
0.5 mg/ml BSA, 15 mM Tris-HCl buffer, pH 7.4), and the mitochondria preparation was
then obtained, which was used for analyzing ROS content. Mitochondria-generated ROS
were determined spectroflurometrically using the membrane-permeable fluorescent
probe 2,7-dichlorodihydrofluorescein diacetate (H2DCFDA) (Sigma Chemical) [29].
Briefly, mitochondria (40 μg protein) were incubated in a reaction buffer (pH 7.0)
containing 250mM sucrose, 20mM 3-(N-morpholino) propanesulfonic acid (MOPS), 10
mM Tris, 50 μM EGTA, 0.5 mM Mg2+, 0.1 mM KH2PO4, 1.0 mM cyclosporine A, 10 μM
H2DCFDA, 2.5 mMmalate, and 2.5 mM glutamate. After a 40-min incubation at 37°C, the
formation of oxidized fluorescent product dichlorofluorescein (DCF) was monitored by
an excitation at 488 nm and an emission at 525 nm. The results were expressed as
arbitrary fluorescence units per milligram of protein.

The remaining homogenates were treated with cell IP-lysis buffer or detergent M
(both from Beyotime Institute of Biotechnology and respectively used for sample
preparation in CAT or GSH assay) and centrifuged at 10,000 g for 10 min at 4°C to
remove debris. The supernatant was used for assaying the activity of CAT or levels of
GSH by the methods of He et al. [30] and Bi et al. [31], respectively. Assay kits were
purchased from Beyotime Institute of Biotechnology, Shanghai. Protein concentration
wasmeasured by themethod of Bradford [32] using bovine serum albumin as standard.

2.4. Data analysis

Data were analyzed using SPSS software v.13.0 (Chicago, IL, USA). Values were
expressed as mean±S.E.M. Analysis of variance (ANOVA) followed by least significant
difference (LSD) post hoc tests was used to examine differences between groups. Pb.05
was considered statistically significant.

3. Results

3.1. In vitro screening of lead compound and validation of its bioactivity

Using the neonatal cortical cell system, we screened neuropro-
tective agents from a series of CNS-orientated compounds each at
concentration of 100 μM. Our primary screenings by using lactate
dehydrogenase test revealed that luteolin, an isolate of Purple Perilla
Fruit, was with a preferential efficacy for lowering the cytotoxicity
induced by H2O2 (data not shown). Luteolin was therefore adopted as
candidate for further study.
For corroborating the initial screen result, luteolin in a broader
concentration range, was added to the screen and a sensitive
technique WST-8 was used to detect cell viability. As shown in Fig. 2,
H2O2 (200 μM) administration caused a pronounced inhibitory
action on the viability of primary neurons; however, luteolin (at 5,
15, 30 and 90 μM) significantly attenuated the cytotoxicity in a
concentration-dependent manner; similarly, reference vitamin E (at
15 and 90 μM) was also protective against the ROS insult. At
concentration of 15 μM, the protective action of luteolin was superior
to that of vitamin E (P b .05), but with both at 90 μM, there was no
significant difference from each other.
3.2. Effect of lipLU on behavioral deficits

To determine the potential in vivo efficacy of luteolin, an stroke
model was established by a 40-min MCAO followed by reperfusion,
i.e., I/R model, and then was injected with luteolin in liposome-
encapsulated formula at 6 h post-reperfusion daily for 13 successive
days. During the whole experimental session, the symptom scores in
the model, 5 mg/kg, or 20 mg/kg group seemed to decrease in a time-
dependent way, but the score in formula-treated I/R group (model)
was largely higher than that in sham group (P b .01). Following the
first 4-h treatment (treatment beginning at 6 h and measurement at
10 h after I/R), the scores in lipLU-treated I/R groups (luteolin dosage
at 5 and 20 mg/kg, respectively) were generally similar to that in the
model group. At both Day-7 and Day-14 points, the scores in
treatment groups were, however, generally lower than that in
respectively day-paired model group, wherein the improving action
in the 5 mg/kg group was statistically significant only at day 14 (P b

.05 vs. model), while that in the 20 mg/kg group was significant not
only at Day 7 but also at Day 14 (P b .01 for both dose groups vs.
respective day-paired model) (Fig. 3).

To further define aspects of neurobehavioral protection, the
animals were subjected to another behavioral paradigm, a beam-
walking test that is widely used for evaluating limb cooperation and
body balance. During the 14-day experimental session, a tendency of
time-dependent increase in balance scores was seen in the model,
5 mg/kg or 20 mg/kg group, but the score in the model group was
lower than that in sham (P b .01) at the three time points. Although
the first 4-h treatmentwith lipLU did not affect the balance deficit in I/
R rats, 5 mg/kg-lipLU and 20 mg/kg-lipLU group at Day 7 and Day 14
displayed higher performance scores (on Day 7 or Day 14, P b .05 and
.01, respectively, for the 5 and 20 mg/kg groups vs. respective time
point-paired model) (Fig. 4).



Fig. 3. Effect of luteolin on symptom score of I/R rats. Symptom score of each animal
was rated at 10 h (4 h after treatment onset), on Day 7 and on Day 14 after
reperfusion. At each time point, F3,64=28.45, 55.3 and 147.36, respectively for the
time points of 10 h, Day 7 and Day 14, all Pb.01 (by one-way ANOVA, same as
mentioned below). Post hoc, ⁎Pb.05 and ⁎⁎Pb.01 and, respectively, vs. corresponding
day-paired model group (by LSD, same as mentioned below). Data were expressed as
mean±S.E.M. of 16–18 animals.

Fig. 5. Effect of luteolin on TTC stain (A) and the infarction valume (B) of I/R rats. TTC
staining was performed after the final behavioral test, and infarction volume of each
slab was calculated. Data were expressed as percent of volume of contralateral
hemisphere (mean±S.E.M. of 8–9 animals). F3,30=43.75 and F3,30=59.16, respectively,
for hemisphere and striatum, both Pb.01. Post hoc, ⁎Pb.05 and ⁎⁎Pb.01, respectively, vs.
respective model group.
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3.3. Effect of lipLU on histological lesion

TTC is converted to red formazone pigment by nicotinamide
adenine dinucleotide (NAD) and dehydrogenase present in living
cells. Hence, viable cells were stained deep red. The infarcted cells
have lost the enzyme and, thus, remained unstained dull yellow as
observed in the model group. Unlike the control group that showed a
less red staining, groups with luteolin in liposome formula showed an
increased red staining (Fig. 5A) after successful 13 daily administra-
tions. The electronic pictures of cerebral slices were processed by
software, and then the mean infarction volumewas obtained. Volume
in the model group is 38.2±9.2% or 54.1±14.1% of contralateral
hemisphere, respectively, for striatum or hemisphere. The brain slices
of two treatment groups showed lower levels of infarction volume in
the region of hemisphere (or striatum) than that of model group (P b

.05 and 0.01, respectively, for the 5 and 20 mg/kg groups) (Fig. 5B).
Another morphological evaluation was conducted by using the

method of cresyl violet stain (Nissl staining). As shown in Fig. 6A,
sections in the model group showed a sparser cresyl violet staining in
CA1 and CA2 subregions of hippocampus (especially to pyramidal
neurons) than that in sham, while sections of 5 and 20 mg/kg groups
exhibited a denser staining in both subregions relative to model. As
shown in Fig. 6B, the neuronal cell shape in CA1 in the model group
was prominently changed from a big round in normal group to a small
multi-shape pattern, i.e., irregular, moon, or triangle shape with an
uneven color, and most of cells were shrunken with some loss of
Fig. 4. Effect of luteolin on the balance performance of I/R rats. Balance behavior of each
animal was evaluated at 10 h, on Day 7 and on Day 14 after reperfusion. At each time
point, F3,64=47.11, 103.51 and 237.06, respectively, for the 1, 7 and 14-day time point,
all Pb.01. Post hoc, ⁎Pb.05 and ⁎⁎Pb.01, respectively, vs. same-day-paired model group.
Data were expressed as mean±S.E.M. of 16–18 animals.
nucleus and/or cytoplasm accompanied by glial hyperplasia. Howev-
er, lipLU treatment conferred a relatively pronounced protection
against the abnormality of cell shape and size, and the most striking
effect was shown in the group with 20 mg/kg of lipLU, in which the
neurons in CA1 were relatively round and intact with relatively clear
nucleus and/or cytoplasm, generally resembling those observed in the
animals of sham group. Besides, the phenomenon of glial hyperplasia
was not seen in the group of 20 mg/kg lipLU. Similar changes of cell
shape in the model group and neuroprotection by luteolin in
treatment groups were also seen in the ischemic penumbral region
of the parietal cortex (Fig. 6C).

3.4. Effects of luteolin on mitochondrial ROS generation in I/R rats' brain

Mitochondria-generated ROS was measured by incubation of
sample with fluorescent probe 2′,7′-dichlorodihydrofluorescein. As
shown in Fig. 7, the DCF-fluorescence was substantially increased in
ipsilateral hippocampi, frontal cortices and striata harvested from
brains of model rats (that had already gone through a 14-day I/R
threat) (in all the three brain regions, Pb.05 or .01 vs. sham rats).
However, the increased ROS was significantly inhibited following a
13-day luteolin treatment (both luteolin dosages toward the three
regions, all Pb.05 or .01 vs. model, with exception of 5 mg/kg
statistically significant only in frontal cortex).

3.5. Effects of luteolin on catalase and glutathione in I/R rats' brain

Detections of catalase and glutathione was performed on day 14
after reperfusion. As shown in Fig. 8, the CAT and GSH levels in
ipsilateral hippocampi, frontal cortices, and striata harvested from
brains of model group were significantly lower than that of sham rats.
However, luteolin treatment reversed the decreases of CAT and GSH
levels in the three brain regions of I/R rats, wherein for CAT (Fig. 8A),
the 5 mg/kg dosage group showed a statistically significant action in



Fig. 6. Protective action of luteolin on neuronal cells in hippocampus and ischemic penumbra in I/R rats (assayed by cresyl violet staining). (A) Sections of hippocampus with scale bar
of 200 μm; arrows, indicating the regions enlarged for Fig. 6B. (B) Sections of hippocampus with scale bar=20 μm. (C) Cell shape in ischemic penumbral region of parietal cortex (scale
bar=20 μm); parietal cortex in sham, serving as control. Panels I, II, III and IV in column A, B or C, representing sham, model, LipLU 5mg/kg, and LipLU 20mg/kg group, respectively. DG,
dentate gyrus; Δ, injured regions.
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frontal cortex (Pb.05 vs. model), while the 20 mg/kg group showed
significance in the three brain regions (Pb.05 or .01, respectively, vs.
model); for GSH (Fig. 8B), 5 mg/kg dosage group showed a
statistically significant action in frontal cortex and striatum (Pb.05,
respectively, vs. model), while 20 mg/kg dosage was significant in the
three brain regions (Pb.01, respectively, vs. model).
Fig. 7. Effect of luteolin on the level of ROS (DCF) in I/R rats' brain. DCF levels were
assayed upon the mitochondria prepared from the ipsilateral hippocampus, frontal
cortex and striatum of rats. ⁎Pb.05 and ⁎⁎Pb.01, respectively, vs. respective model
group. Data were expressed as mean±S.E.M. of eight to nine animals.
4. Discussion

Free radicals have been the focus of interest as candidates for
elucidation of ischemia responses and potential therapeutic agents.
ROS threaten neuronal survival by their ability to propagate the initial
attack on protein/lipid-rich membranes to cause lipid peroxidation
[33], protein glycation, enzyme inactivation and then alteration in the
structure and function of neuronal cells [34]. Accordingly, our drug-
screening model established by administration of exogenous ROS
(H2O2) to primary neurons may primarily reproduce the major
pathological change of neurodegenerative disorders and was able to
serve as a suitable platform for primarily screening clinically
meaningful neuroprotectants. Upon the platform, phytochemical
luteolin markedly reversed the cytotoxicity induced by H2O2, an
action that is likely due to an antioxidant mechanism because such
effectiveness is somewhat similar to that of potent antioxidant
vitamin E (Fig. 2). Thus, luteolin would be effective for treatment of
ischemia stroke in animals.

To testify this supposition, an in vivo model of cerebral ischemia
needs to be established. Previously, the pathological changes in
patients were successfully modeled by using the method of silicon-
coated thread embolization in cerebral arteries of rats. The related
models have been widely used for assessing the pathophysiological



Fig. 8. Effect of luteolin on the level of CAT and reduced GSH of I/R rat brain. Levels of
CAT (A) and GSH (B) in ipsilateral hippocampus, frontal cortex and striatum were
assayed by using the CAT and GSH kits. ⁎Pb.05 and ⁎⁎Pb.01, respectively, vs. respective
model group. Data were expressed as mean±S.E.M. of eight to nine animals.
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and therapeutic implications in ischemia stroke [28]. MCAO model is
capable of mimicking many features of the stroke in humans, since
MCA, as a specific occlusion site in this model, is the most commonly
blocked vessel in patients of thrombotic strokes [28,35]. Following
cerebral artery occlusion, reperfusion is also a naturally occurring
clinical event [36]. Thus, reperfusion after MCAO in animals confers
characteristics more similar to ischemia stroke in human than a sole
MCAO. In this study, I/R model was adopted for evaluating the
possible in vivo neuroprotecting effect of luteolin. Rats in control
groups expressed a severe abnormality of behavior such as limb palsy
and body imbalance during a 2-week observation (Fig. 3, Fig. 4),
demonstrating that I/R model was established successfully. However,
this model is characterized by a little restoration of behavioral
abnormality within the 14-day session, indicating a possible post-
stroke neurogenesis in the brains of this model. This phenomenon is
consistent with the finding reported previously [37]. The in vivo
model is also validated by the evidence of histological lesion as
observed in TTC (Fig. 5) and cresyl violet stain on the final day (Fig. 6).

Several plant-derived polyphenols offered neuroprotections
against the pathological process of ischemia [38]. Using the I/R
model, we assessed the potential anti-ischemic action of lipLU.
Although many approaches including free radical scavengers and
anti-apoptotic and anti-inflammatory agents were tried [35] for
abating acute ischemic change or I/R damage, pre-ischemic dosage of
animals is a common schedule adopted bymajority of researchers and
up to now, few preclinical studies have demonstrated an anti-
ischemic efficacy by using a post-ischemic paradigm similarly to
clinical therapy. For accurately evaluating the potential clinical
meaningfulness, the therapeutic window (TW) for lipLU administra-
tion was defined at 6 h following I/R on the basis of the optimal TW
that is commonly adopted clinically during thrombolytic treatment
and also according to the reports that viable TW for several
neuroprotective agents was proposed to extend to as late as 4–6 h
after vessel blockade or I/R [39,40]. Our current study showed that
multiple administration of lipLU to the I/R model beginning at 6 h
post-reperfusion elicited a profound decrease of symptom score and a
pronounced enhancement of balance score on Day 7, and the
behavioral improvements were even more obvious on Day 14 after
reperfusion (Fig. 3, Fig. 4), demonstrating a delayed effect in
protection of I/R rats against the deficiency of behavioral perfor-
mance. Such behavior-improving actions indicated that lipLU pos-
sessed a long-lasting anti-ischemic activity, which was confirmed by
subsequent histological detections on brain slices that showed a
delayed action in improvement of the histological injury after lipLU
treatment (Fig. 5, Fig. 6). The ability to ameliorate the behavioral and
morphological changes demonstrates that luteolin given postische-
mically conferred a delayed neuroprotective action that may be
clinicallymeaningful. This liposome-encapsulated luteolin (itself or as
an adjunct to thrombolytic therapy) could serve as a long-acting
medication regimen for treating progressive cerebral ischemia. Also,
results from this study will pave the way for future investigations of
not only the protective effects of luteolin but also the possible
protective actions of other polyphenolic compounds against post-
stroke damage.

Under physiological condition, the regulation of free radicals is
controlled by endogenous antioxidant defense system that removes
excessive free radicals. Oxidative stress states a disturbance of pro-
oxidant–antioxidant homeostasis, namely, an oxidant/antioxidant
imbalance that has been clearly shown to be involved in the
pathogenesis of neurodegenerative diseases by several studies [41].
Our study showed that I/R resulted in not only an increase of ROS
production (Fig. 7) but also an inhibition of endogenous antioxidant
defense system (CAT and GSH, as major markers of antioxidant
system) in rat brains (Fig. 8), indicative of an occurrence of imbalance
between the oxidant and antioxidant networks, which is known to be
involved in varieties of proapoptotic cascades [42] and has recently
become the subject of intense study in the field of neurodegenerative
disorders [43]. It is important to mention that luteolin toward I/R rats
conferred reversing actions on the increase of ROS production (Fig. 7)
and, simultaneously, on the decreases of endogenous antioxidant GSH
and CAT activity (Fig. 8), indicating that luteolin improves the I/R-
induced brain damage likely by delicately rebalancing the aberrated
pro-oxidant/antioxidant force. Novel cytoprotective strategies
responding to imbalance in the oxidant/antioxidant status may
effectively delay neurodegenerative process in human [43,44].

To date, several potent antioxidants have been uncovered, e.g.,
pure scavenger molecules such as boldine [45], N-methyl-D-aspartic
acid (NMDA) receptor blockers [46] and chain-breaking vitamin E
[47], most of which, however, act via an one-target mechanism and
fail clinically to protect neurons from free radical damage. Cerebral I/R
trigger a series of pathophysiological and biochemical changes in the
brain that present multiple targets for therapeutic intervention [48].
Although free radicals have long been thought to be major
contributors for brain damage following stroke or I/R [49], inflam-
matory factors are also considered to play roles in the pathogenesis
and treatment of cerebral ischemia [50]. Besides its balancing
mechanism for the aberrated oxidant/antioxidant status, as demon-
strated in this study, luteolin is also known to have anti-inflammatory
[51,52], immunomodulating [53], phytoestrogen-like [54], matrix
metalloproteinases-inhibitory [55,56], eNOS (endothelial nitric
oxide)-enhancing [57], calcium channel/calpain-inhibitory [58,60],
antithrombotic (anti-platelet) [59] and anxiolytic-like [20] activities
as well as blockade of mitochondrial cytochrome c release [60] in
differing disease models of in vitro and in vivo, though these actions
have not yet been explored on strokemodels with luteolin. Moreover,
luteolin is able to activate nuclear factor erythroid-2-related factor 2,
a transcription factor central to the enhancement of cerebral
oxidative stress defense, maintenance of the cellular redox homeo-
stasis and intervention of neurodegenerative diseases, in an ERK-
dependent way in PC12 and C6 cells insulted with N-methyl-4-
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phenyl-pyridinium [61]. In fact, any casual pathway responsible for
the aforementioned actions is also thought to participate, albeit to
different extents, in the progression of cerebral ischemia, and
modulation of respective pathway in turn implicates somewhat an
intervention for this disease. This unique advantage in target
attribution elicits a hypothesis that the delayed neuroprotection of
luteolin in the I/R model might be due to a synergistic regulation at
multitargeting sites.

In summary, plant-derived luteolin acts by neuroprotection in
primary cultured neurons exposed to oxidative stress and anti-
ischemia in animals insulted by I/R, possibly by correction of oxidant/
antioxidant imbalance. Luteolin itself is actually a naturally occurring
compound found in a wide variety of dietary plants. With the possible
property of synergistic effects at multiple target sites, the food-
derived luteolin in liposomal formula may serve as a neuroprotective
dietary supplement or pharmaceutical, which would provide a
considerable health benefit either for subject at risk or in therapy
following episodes of ischemic stroke. The multitarget mechanisms
for the delayed neuroprotection by postischemic treatment with
luteolin will be further explored in near-future study.
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