Neurochemical Research (2018) 43:806-820
https://doi.org/10.1007/511064-018-2482-2

ORIGINAL PAPER

@ CrossMark

Luteolin Could Improve Cognitive Dysfunction by Inhibiting
Neuroinflammation

Zhao-Hui Yao' - Xiao-li Yao? - Yong Zhang? - Shao-feng Zhang? - Ji-chang Hu*

Received: 3 October 2017 / Revised: 15 January 2018 / Accepted: 20 January 2018 / Published online: 1 February 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

Neuroinflammation and oxidative stress play an important role in cognition deficit following chronic cerebral hypoperfusion
(CCH). Luteolin, a natural flavonoid found in many plants, is known for a variety of pharmacological activities, such as its
anti-inflammatory, anti-allergy, urate, anti-tumor, antibacterial, and antiviral effects. To assess whether luteolin could prevent
CCH-induced cognitive dysfunction, through its anti-inflammatory and anti-oxidative-stress effects, we used enzyme-linked
immunosorbent assays, enzyme activity assays, behavioral methods, immunohistochemistry, and electrophysiology to detect
neuroinflammation and oxidative stress, cognition alterations, and long-term potential (LTP), in a bilateral common carotid
arteries ligation (2VO) rat model. We demonstrated that CCH increased tumor necrosis factor a (TNF-a), interleukin 1p
(IL-1p), interleukin 6 (IL-6), and malondialdehyde (MDA), and decreased superoxide dismutase (SOD) and glutathione
peroxidase (GPx) levels. Further, it caused microglia over-activation and astrogliosis, learning and short-term memory
dysfunction, and an LTP deficit. Luteolin treatment reversed CCH-induced changes. Specifically, luteolin prevented the
increase of TNF-a and IL-1p, IL-6, and MDA, improved the activity of SOD and GPx, inhibited microglia over-activation
and astrogliosis (particularly in the hippocampus and cortex), and ameliorated learning and short-term memory dysfunction,
and LTP deficit. Thus, our study suggested that luteolin could be a preferable anti-inflammatory agent to protect cognitive
function and synaptic plasticity following CCH. Luteolin could also be putative therapeutic candidate for other inflammation-
related brain diseases.
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MAPK Mitogen-activated protein kinase

MDA Malondialdehyde

MWM Morris water maze

NSFC National Natural Science Foundation of
China

NO Nitric oxide

PP Perforant path

NOR Novel object recognition test

PPF Paired-pulse facilitation

gqRT-PCR Quantitative real time polymerase chain
reaction

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel
electrophoresis

SOD Superoxide dismutase

TNF-a Tumor necrosis factoro

TUNEL Terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP nick end labelling

2VO Bilateral common carotid arteries ligation

2VO+Lut  2VO operation and luteolin treatment

Introduction

Chronic cerebral hypoperfusion (CCH) occurs in many cog-
nition-related diseases, such vascular dementia, Alzheimer’s
disease, Parkinson disease dementia, etc. In these diseases,
CCH played a major role in advancing the progress of dis-
eases. A recent study also showed that CCH could indepen-
dently exacerbate cognitive impairment during the patho-
genesis of Parkinson’s disease [1], which further illustrated
the important role of CCH in cognitive dysfunction. Due to a
long-term reduction in blood supply to brain, CCH-induced
oxidative stress and inflammation can cause axon demyelina-
tion, glia over-activation, white matter lesions, blood—brain
barrier (BBB) breakdown, and generation of endogenous
toxic substances, such as oxygen free radical, amyloid beta
protein (Af), and hyperphosphorylated tau proteins, which
can impair cognition through varied mechanisms.
Following CCH, the generation of A was accompanied by
neuroinflammation with microglial or astroglial activation in
the hippocampus or white matter, and white matter lesions [2].
Oxiracetam, a nootropic drug, improved neuron damage and
white matter lesions, and inhibited astrocyte activation, thus,
alleviating spatial learning and memory impairments, in a rat
model of CCH [3]. Exposure to an enriched environment could
also improve the cognition of patients with vascular dementia,
which is characterized by reduced white matter disease-related
inflammation and glial activation [4]. Further, huperzine could
also improve chronic inflammation and cognitive decline in
CCH rats [5]. These results suggested that neuroinflammation
plays an important role in cognitive impairment caused by
CCH; it may even be at the core of the progression of cogni-
tive impairment. Thus, direct inhibition of inflammation could

yield a better therapeutic effect on cognition dysfunction after
CCH. Thus, drugs or other methods that effectively treat anti-
neuroinflammation, could also be therapeutically applied to
treat cognitive impairment induced by CCH.

Luteolin (3',4',5,7-tetrahydroxyflavone), which is a member
of the flavone subclass of flavonoids found in many plants
[6], has many biological functions, including antioxidant,
anti-mutagenic, anti-inflammatory, and anti-allergic activi-
ties [7-9]. A previous study demonstrated that luteolin sig-
nificantly reduced lipopolysaccharide (LPS)-induced inflam-
mation, through the inhibition of pro-inflammatory molecule
expression and leukocyte infiltration [8, 9]. Further, luteolin
also significantly reduced the levels of interleukin-8 (IL-8)
and cyclooxygenase-2 (COX-2), and inducible nitric oxide
synthase (iNOS) and nitric oxide (NO), which were induced
by cytokines [10]. Luteolin also protected mice against severe
acute pancreatitis and retinal pigment epithelial cells against
oxidative stress by anti-inflammatory and antioxidant effects
[11, 12]. Luteolin was also profoundly effective against neuro-
logical diseases. It protected the BBB from Ap,,-induced dam-
age, by inhibiting inflammation [13]. Luteolin could also atten-
uate kainic acid (KA)-induced neuronal death and microglial
activation by effectively preventing hippocampal inflammation
[14]. Further, it also prevented neuroinflammation following
spinal cord injury by inhibiting COX-2 and iNOS [15]. Thus,
luteolin had a strong anti-inflammatory effect. Since neuroin-
flammation plays a key role in cognitive impairment caused
by CCH, we speculated that luteolin could also improve CCH-
induced cognitive impairment. However, this has was not been
reported thus far.

Therefore, in the present study we investigated the
effect of luteolin on neuroinflammation, oxidative stress,
and impaired cognitive impairment and synaptic plastic-
ity, which were caused by CCH. Our findings showed that
luteolin decreased malondialdehyde (MDA), and inflamma-
tory factors, such as TNF-1a, IL-1p, and IL-6, and enhanced
the activity of superoxide dismutase (SOD) and glutathione
peroxidase (GPx). It also reduced CCH-induced microglia
over-activation and astrogliosis in the hippocampus and
cortex, and ameliorated the effects of CCH on white mat-
ter, paired-pulse facilitation (PPF), long-term potentiation
(LTP), spatial learning, and memory. Thus, our study sug-
gested that luteolin could be a preferential anti-inflammatory
agent that is used to protect cognition function and synaptic
plasticity following CCH.

Methods and Materials
Antibodies and Chemicals

Mouse monoclonal antibody (mAb) f-actin to total 3-actin
and rabbit pAb against ionized calcium-binding adapter

@ Springer



808

Neurochemical Research (2018) 43:806-820

molecule 1 (IBA-1) were purchased from Abcam (Cam-
bridge, CB, UK). Mouse mAb against glial fibrillary acidic
protein (GFAP) was purchased from Millipore Corp (Bill-
erica, MA, USA), while goat anti-Rabbit IgG (H+L) Alexa
Fluor 488 conjugate secondary antibody was from Cell Sign-
aling Technology, Inc. (Beverly, MA, USA). Biotin-labeled
goat anti- rabbit IgG, horseradish peroxidase (HRP)-labeled
streptavidin, and diaminobenzidine (DAB) chromogenic kit
were all purchased from Zhongshan Goldenbridge Biotech-
nology Co., Ltd. Goat anti-rabbit or anti-mouse IgG conju-
gated to IRDye™ (800CW) were from Licor biosciences
(Lincoln, NE, USA). The BCA protein assay kit was from
Pierce Chemical Company (Rockford, IL, USA), while TRI-
zol was purchased from Invitrogen, Inc. (Singapore). The
first-strand complementary DNA (cDNA) synthesis kit was
from Thermo Fisher Scientific (Waltham, MA, USA). In-situ
Cell Death Detection Kit and Fluorescein was from Roche,
Inc. (Roche, Germany). Enzyme-linked immunosorbent
assay (ELISA) kits detecting TNF-a, IL-1f, or IL-6, were
from Jiancheng Bioengineering Institute (Nanjing, China).

Animals and Chronic Cerebral Hypoperfusion (CCH)
Model

Adult Sprague—Dawley rats (male, 180-210 g), from the
Beijing Vital River Laboratory Animal Technology Co.,
Ltd., were housed with accessible food and water ad libitum.
Rats were maintained on a 12-h light/dark cycle, with the
light on from 7:00 am to 7:00 pm. All animal experiments
were performed according to the University’s Policies on
the Use of Animals and Humans in Neuroscience Research.
All rats were divided into the following four groups: the
control group (Con; n=12), which only received saline
(8 ml/kg weight; pH 7.0); bilateral common carotid arter-
ies ligation group (2VO) (n=14), which received bilateral
common carotid arteries ligation and equal volume of saline
(pH 7.0); 2VO + Lut group (n= 14), which received 2VO
operation and luteolin treatment for 1 month since the 2VO
operation; and Lut group (n=12), which only received the
luteolin treatment for 1 month without the 2VO operation.
The rats were administered with chloral hydrate (0.4 g/
kg) intraperitoneally for anesthetization. During surgery,
temperature was maintained at 37 °C with a heating pad.
After a ventral midline incision, both common carotid arter-
ies were gently separated from the carotid sheath and vagus
nerve [16]. Bilateral common carotid arteries were doubly
ligated with 4-0 silk suture just below the carotid bifurcation,
respectively. In control rats, a similar surgery was performed
with no vessel ligation. After the surgery was finished, the
rats were maintained at 37 °C until recovery. The surgery did
not wholly or partially soften the brains of rats. A criterion
of the 2VO model was that blood flow was reduced to 70%
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below normal. To verify the 2VO model, we used a laser
Doppler system to detect the level of blood flow.

Drug Treatment

Luteolin was dissolved in sodium hydrogen carbonate,
adjusted pH value to 7.0, and a final concentration of luteo-
lin solution was 3.75 mg/ml. On the second day after the
construction of CCH model, rats were subjected to luteolin
intraperitoneal injection (30 mg/kg weight) for 30 days from
2nd day after 2VO.

Morris Water Maze

After 30 days of cerebral hypoperfusion or luteolin treat-
ment, the Morris water maze (MWM) was used to measure
spatial memory. The rats were first trained in the MWM to
find a hidden platform for 7 consecutive days, for 3 trials
per day, with a 30-s interval from 2:00 to 8:00 pm. Each
trial started with the rat in the middle of the outer round
edge in one of the four quadrants facing the wall of the pool
and ended when the animal climbed on the platform. The
rats that could not find the platform in 60 s were guided
to the platform. The rats’ swimming pathways and laten-
cies to find the hidden platform were recorded as previously
reported using a video camera fixed to the ceiling of the
room, 1.5 m above the water surface [17]. The scores of first
trials to arrive the platform during the 7 days were recorded
to evaluate the learning ability. For the memory retention
test, the platform was removed and the place where the plat-
form originally existed was recorded as the cued area in the
software. Rats were placed in the 1st quadrant of the maze.
The swimming pathway and latency to the first time to reach
the cued area, the number of times crossing the cued area,
and the total time in the 3rd quadrant was recorded.

Novel Object Recognition Test

Rats have the natural tendency to explore novel objects
than familiar ones [18, 19]. Based on this discipline, the
novel object recognition (NOR) test was developed to
assess short-term memory deficits. The rats were placed in a
55x%55 %38 cm open-field box with black Plexiglas. Briefly,
on day 1, two objects were symmetrically placed in box. The
rats were habituated for 20 min to explore and familiarize the
open-field arena. On day 2, two novel objects were placed
at diagonal corners in the box and the rats were allowed to
explore two similar objects for 5 min to acquire the objects
information (containing the size, shape, and colors, etc.).
After acquisition training, the rats were returned to cages for
rest. On day 3, 24 h after the acquisition training, to test the
memory retention on the two objects, one of the two familiar
objects during acquisition training was replaced by a novel
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object to form the novel and old objects. The rats were then
placed in a box to explore familiar and novel objects for
5 min. The time spent exploring each object was recorded. A
ratio of the time spent exploring the novel or old object over
the total time spent exploring both objects was calculated.
The exploration discrimination index was calculated as the
time spent exploring the novel vs. old object over the total
time spent exploring both objects [20, 21].

Electrophysiology

After the spatial memory retention test, rats were anaes-
thetized with urethane (1.6 g/kg, i.p.). Electrodes were
implanted in the following coordinates: 3.4 mm posterior
to the bregma and 3.5 mm lateral to the midline for the
recording electrode, and 7.0 mm posterior to the bregma and
4.1 mm lateral to the midline for the stimulating electrode.
The ground electrode was connected to the muscle contra
lateral to the electrode sites. Recordings of field excita-
tory postsynaptic potential (fEPSPs) were made from the
pyramidal neuron of CA3 region in response to stimulation
of the perforant path (PP). The data acquisition system was
triggered simultaneously to record all events. The sampling
speed was 3 kHz for fEPSP recordings. The high-frequency
stimulation protocol to induce LTP consisted of 10 trains
of 15 stimuli (200 Hz), with 5-s intervals. This rather weak
LTP induction protocol was chosen to prevent saturation
of LTP, and thus, allow the possibility to detect improve-
ments or impairments. Stimulation intensity was 60% of the
max. fEPSP was analyzed by establishing an input—output
correlation. LTP was measured as % of the baseline fEPSP
slope, recorded over a 15-min period prior to application
of high frequency stimulation (HFS). This value was taken
as 100% of the EPSP slope, and all recorded values were
normalized to this baseline value. PPF is considered to be
triggered by pre-synaptic transmitter release facilitating pro-
cesses [22], while later PPF is considered to be linked to
y-aminobutyric acid (GABA) interneuronal synaptic trans-
mission [23, 24]. PPF was measured to analyze presynaptic
functions and interneuron activity, as described by Gengler
et al. [25]. Briefly, two stimuli were given at 60% of max
fEPSP response. The interval between two stimuli was
changed from 25 to 50, 80, 120, 160, and 200 ms to analyze
PPF in relation to time. Data were normalized by the first
fEPSP value and presented as ratio of the second fEPSP
to the first fEPSP. Data were analyzed using Igor Pro 6.1
(WaveMetrics, Lake Oswego, Oregon) software.

Enzyme-Linked Imnmunosorbent Assay
The hippocampi were rapidly removed, homogenized, mixed

with sample buffer, and then centrifuged at 12,000xg, for
10 min, at 25 °C. Inflammatory cytokines (TNF-a, IL-1f,

and IL-6) from the supernatant was detected using ELISA
kit from Jiancheng Bioengineering Institute (Nanjing,
China) according to manufacturers’ protocols. The absorb-
ance at 450 nm was determined by a Thermo Scientific
microplate reader to calculate the concentration of inflam-
matory cytokines [26].

Measurement of MDA Content and Measurement
of SOD and GPx Activity

MDA, which is generated by free radicals, is a lipid per-
oxidation marker. The MDA level was assayed to detect
oxidative stress. Brain tissue were homogenized and the
homogenate was reacted with thiobarbituric acid in assay
kits at 95 °C. The supernatant was isolated by centrifuge, at
3500 rpm, for 10 min. According to manufacturers’ proto-
cols from Jiancehng Biotech Co., Ltd. (Nanjing, China) [27,
28], the level of MDA was calculated with the absorbance
at 532 nm, which was measured using a Thermo Scientific
microplate reader.

The brain homogenate was centrifuged at 12,000 rpm for
10 min at 4 °C. Supernatants were isolated and reacted with
SOD assay kit at 37 °C for 20 min according to manufactur-
ers’ protocols. The absorbance at 450 nm of the superna-
tant was measured using a microplate reader to calculate
the activity of SOD, according to manufacturers’ protocols
from Jiancehng Biotech Co., Ltd. (Nanjing, China).

The brain homogenate was centrifuged at 3500 rpm for
10 min at 4 °C. The supernatants were isolated and mixed
with 20 umol/L glutathione and working solutions. The mix-
ture incubated at room temperature for 15 min. The absorb-
ance of the mixture at 412 nm was measured using a micro-
plate reader to calculate the activity of GPx, according to
manufacturers’ protocols from Jiancehng Biotech Co., Ltd.
(Nanjing, China).

Immunohistochemistry and Inmunofluorescence

For immunohistochemical studies, rats were sacrificed with
an overdose of chloral hydrate (1 g/kg) and perfused through
aorta with 100 ml of 0.9% NaCl, followed by 400 ml phos-
phate buffer containing 4% paraformaldehyde. Brains were
removed, post-fixed in perfusate overnight, and embedded in
paraffin. Then, paraffin-embedded brain tissue was cut into
5-um sections on to slides. The slides were then rinsed in
dimethylbenzene for dewaxing, and sequentially in 100, 100,
95, 90, 80, and 75% ethanol for rehydrating. Antigen retrieval
was then performed by immersing the slides in 10 mmol/L
citrate (pH 6), in a water bath at 95 °C, for 30 min. The sec-
tions of rat brains were then blocked with 0.3% H,0, in abso-
lute methanol for 10 min. Nonspecific sites were blocked with
bovine serum albumin (BSA) for 30 min at room temperature.
Sections were then incubated overnight at 4 °C with primary
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antibodies, i.e., pAb IBA-1 (1:200). After washing with PBS,
the sections were subsequently incubated with biotin-labeled
secondary antibodies for 1 h at 37 °C. The immunoreaction
was detected using horseradish peroxidase-labeled antibodies
for 1 h at 37 °C and visualized with the diaminobenzidine
tetrachloride system (brown color). The slices were then dehy-
drated in gradient ethanol, transparent in dimethylbenzene, and
mounted by coating with neutral gum. A total of 4-5 con-
secutive sections from each brain were used. The images were
observed using a microscope (Olympus BX60, Tokyo, Japan).

For immunofluorescence studies, rats were anaesthe-
tized with an overdose of chloral hydrate (1 g/kg), perfused,
fixed, and embedded in paraffin. Brains were cut into 5-um
sections on to slides. The sections of rat brains were then
blocked with 0.3% H,0, in absolute methanol for 10 min.
Nonspecific sites were blocked with BSA for 30 min at room
temperature. Sections were then incubated overnight at 4 °C
with primary antibodies, i.e., mAb GFAP (1:200). After
washing with PBS, the sections were subsequently incubated
with Alexa Fluor 488 conjugated secondary antibody sec-
ondary to develop the sections and observe neurons under a
fluorescence microscope.

Kliiver-Barrera Staining

Kliiver—Barrera staining were performed on brain sections
to measure white matter lesions of the corpus callosum, as
previously described. Briefly, the sections were incubated
with luxol fast blue. The severity of white matter lesions was
graded for normalcy (Grade 0), disarrangement of nerve fib-
ers (Grade 1), formation of marked vacuoles (Grade 2), and
disappearance of myelinated fibers (Grade 3) [29].

Terminal Deoxynucleotidyl Transferase
(TdT)-Mediated dUTP Nick End Labelling (TUNEL)

The 5-um rat brain section were also used to detect cell
apoptosis. The slides were dewaxed, dehydrated using a gra-
dient of alcohols, permeabilized in 10 mmol/L citrate (pH
6 at 95 °C) for 30 min. Then the In-situ Cell Death Detection
Kit, Fluorescein (Roche, Germany) was applied to the slides,
as described in the manufacturer’s protocol. The slides were
rinsed in PBS twice for 10 min each, incubated with the
TUNEL reaction mixture for 60 min at 37 °C, and rinsed
three times in PBS to stop the reaction. Apoptosis-positive
cells were counted in three slices per rat using an Olympus
microscope, at X 200 magnification [30, 31].

Total RNA Extraction and Quantitative RT-PCR
Analysis

Hippocampi tissue was separated from the rats’ brain, frozen
in liquid nitrogen, and stored at — 80 °C until use. Total RNA
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of 50 mg of hippocampi tissue was extracted using the TRI-
zol Reagent according to the manufacturer’s protocol (Invit-
rogen, Singapore). First strand cDNA was synthesized from
total RNA using a First-strand cDNA Synthesis Kit (Thermo
Fisher Scientific, Waltham, Mass). The SYBR GREEN Mix
reaction system was used for RT-PCR along with the forward
primer, reverse primer, and cDNA. The reaction process
included a pre-incubation step at 95 °C for 3 min; an amplifi-
cation step of 43 cycles at 94 °C for 30 s, and then, at 56.8 °C
and 72 °C for 30 s; and finally, an elongation step at 72 °C for
10 min. A melting curve was recorded to verify the absence
of primer dimers. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as the endogenous control. The levels of
TNF-a, IL-1p, and IL-6 RNA were assayed using the “AAC,
method” for relative expression.

Western Blot

For western blotting, rats were first decapitated. Then, the hip-
pocampi were rapidly removed and homogenized. The extract
was mixed with sample buffer, boiled for 10 min, and then
centrifuged at 12,000 g for 10 min at 25 °C. The protein con-
centration was estimated using a BCA Kit. The proteins were
separated using 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to nitrocel-
lulose membranes. The membranes were blocked with 5%
non-fat milk and probed overnight with primary antibody
at 4 °C, incubated with anti-rabbit or anti-mouse IgG con-
jugated to IRDye™ (800CW) (1:10,000) for 1 h at 4 °C, and
visualized using the Odyssey Infrared Imaging System (Licor
biosciences, Lincoln, NE, USA). The band intensities were
quantified and normalized to p-actin. Values were expressed
as intensity values ratio of control (i.e., as fold changes).

Statistics Analysis

Data were expressed as mean + standard error of mean (SEM)
and analyzed using SPSS 12.0 statistical software (SPSS Inc.,
Chicago, Illinois, USA). The repeated-measures analysis of
variance procedure was used to determine the statistical sig-
nificance of differences in the mean learning latency between
the three groups. A one-way analysis of variance followed by
Dunnett’s t-test was used to determine the statistical signifi-
cance of differences of the means for other studies. Statistical
significance was set at P <0.05.



Neurochemical Research (2018) 43:806-820

811

Results

Luteolin Could Prevent the CCH-Induced Increase
in the Expression of Inflammatory Factors
in the Hippocampus and Cortex

CCH upregulated the expression of pro-inflammatory fac-
tors in the brain, while luteolin, which is a natural flavo-
noid found in many plants, had anti-inflammatory activity.
We detected TNF-a, IL-1f, and IL-6 in the hippocampus
or cortex homogenate using ELISA to investigate the anti-
inflammatory effect of luteolin following CCH. Compared
to the control group, the 2VO group had significantly
increased levels of TNF-a, IL-1p, and IL-6 in the hip-
pocampus and cortex (P <0.01) (Fig. la—f). Luteolin treat-
ment, however, dramatically reduced TNF-«, IL-1p, and
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IL-6 in the hippocampus and cortex (P <0.05 or P <0.01)
(Fig. 1a—f). We investigated the mRNA level of inflam-
matory factors through quantitative RT-PCR analysis.
Compared to the control group, CCH distinctly enhanced
the mRNA expression of inflammatory factors in the hip-
pocampus and cortex (P <0.01) (Fig. 2a—f). Luteolin treat-
ment, however, dramatically reduced the mRNA levels
of inflammatory factors in the hippocampus and cortex
(P<0.05 and P <0.01, respectively) (Fig. 2a—f). These
results indicated that luteolin had a strong anti-inflamma-
tory effect on the brain after CCH.

Luteolin Could Prevent CCH-Induced Oxidative
Stress in the Hippocampus and Cortex

To investigate whether luteolin could ameliorate CCH-
induced oxidative stress in the brain, we measured the
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Fig. 1 Luteolin could decrease inflammation factors level of hip-
pocampal and cortex after chronic cerebral hypoperfusion (CCH) in
rats. After 1-month 2VO operation, the levels of TNF-a, IL-1p, and
IL-6 in hippocampal and cortex tissue, were detected using enzyme-
linked immunosorbent assay (ELISA). a—c¢ Levels of TNF-a, IL-1f,
and IL-6 in the hippocampal tissue of different groups (Con: n=4;
2VO: n=4; 2VO +Lut: n=5; Lut: n=4); d—f levels of TNF-a, IL-1p,

and IL-6 in the cortex tissue of different groups (Con: n=4; 2VO:
n=4; 2VO+Lut: n=5; Lut: n=4). HIP hippocampus, CTX cortex.
Con: sham group; 2VO: group receiving CCH using 2-vessel occlu-
sion; 2VO+Lut: group receiving 2-vessel occlusion and luteolin
treatment; Lut: sham group receiving luteolin treatment. Data are
expressed as mean+SEM. *P <0.05; **P<0.01 compared with the
sham group or 2VO group
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Fig.2 Luteolin could prevent the mRNA increase of inflammation
factors in the hippocampus and cortex in rats after chronic cerebral
hypoperfusion (CCH). One month after the 2VO operation, the lev-
els of TNF-a, IL-1p, and IL-6 in hippocampus and cortex tissue,
were detected using quantitative RT-PCR and analyzed using the
278G method. a—¢ mRNA levels of TNF-q, IL-1B, and IL-6 in
the hippocampal tissue of different groups (Con: n=4; 2VO: n=4;
2VO+Lut: n=5; Lut: n=4); d—f mRNA levels of TNF-a, IL-1p,

level of MDA, i.e., an important oxidative stress marker,
in the 2VO model and found that the MDA content in the
hippocampus and cortex in 2VO was much higher than the
control group (hippocampus: (0.38 +£0.08 vs. 0.81 +0.06)
nmol/mg protein, P <0.01; cortex: (0.42+0.02 vs.
0.73 +£0.06) nmol/mg protein, P <0.01). The MDA con-
tent of the hippocampus and cortex in the 2VO + Lut
group, however, was much lower than in the 2VO group
(hippocampus: (0.59 +0.07 vs. 0.81 +0.06) nmol/mg
protein, P <0.01; cortex: (0.59 +£0.07 vs. 0.73 +£0.06)
nmol/mg protein, P <0.05) (Fig. 3a-b). These findings
suggested that luteolin could prevent the 2VO-induced
oxidative stress in the brain. We also measured the activ-
ity of SOD and GPx, i.e., two important reductases, in
the 2VO model, to further explore whether luteolin could
regulate redox activity. Our data showed that SOD activity
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and IL-6 in cortex tissue (Con: n=4; 2VO: n=4; 2VO+Lut: n=5;
Lut: n=4) of different groups. HIP hippocampus, CTX cortex. Con:
sham group; 2VO: group receiving CCH using 2-vessel occlusion;
2VO + Lut: group receiving 2-vessel occlusion and luteolin treatment;
Lut: sham group receiving luteolin treatment. Data are expressed as
means +SEM. *P<0.05; **P<0.01 compared with the sham group
or 2VO group

in the hippocampus and cortex in the 2VO group was sig-
nificantly lower than in the control group (hippocampus:
(0.18+0.021 vs. 0.32+0.024) U/mg protein, P <0.01;
cortex: (0.14+0.015 vs. 0.25+0.018) U/mg protein,
P <0.01). SOD activity of hippocampus or cortex in
2VO + Lut group was much high than it in 2VO group
(hippocampus: (0.28 +0.019 vs. 0.18 +0.021) U/mg pro-
tein, P <0.01; cortex: (0.18 +0.019 vs. 0.14 +0.015) U/mg
protein, P <0.05) (Fig. 3c, d). Thus, the CCH decreased
SOD activity in the brain in the 2VO group, while luteolin
treatment ameliorated this effect. Similarly, luteolin treat-
ment also prevented the CCH-induced decrease of GPx
activity in the brain (Fig. 3e—f). Taken together, our results
suggested that luteolin could prevent the CCH-induced
oxidative stress in the hippocampus and cortex.
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Fig.3 Luteolin prevented the increase of the level of malondial-
dehyde (MDA) and improved the activity of superoxide dismutase
(SOD) and glutathione peroxidase (GPx) in the hippocampus and
cortex in rats after chronic cerebral hypoperfusion (CCH). One month
after the 2VO operation, the levels of MDA and activity of SOD and
GPx in hippocampal and cortex tissue, were measured using enzyme-
linked immunosorbent assay (ELISA) and enzyme activity assay,
respectively. a, b MDA levels in hippocampal and cortex tissue of dif-
ferent groups (Con: n=4; 2VO: n=4; 2VO+Lut: n=5; Lut: n=4);
¢, d activity assay of SOD in hippocampal and cortex tissue of dif-
ferent groups (Con: n=4; 2VO: n=4; 2VO+Lut: n=5; Lut: n=4).
e, f activity assay of GPx in hippocampal and cortex tissue of differ-
ent groups (Con: n=4; 2VO: n=4; 2VO+Lut: n=5; Lut: n=4). HIP
hippocampus, CTX cortex. Con: sham group; 2VO: group receiving
CCH using 2-vessel occlusion; 2VO+Lut: group receiving 2-vessel
occlusion and luteolin treatment; Lut: sham group receiving luteolin
treatment. Data are expressed as mean+SEM. *P <0.05; **P <0.01
compared with the sham group or 2VO group

Luteolin Could Prevent CCH-Induced
Microglia Over-activation and Astrogliosis
in the Hippocampus and Cortex

Inflammatory factors could activate microglia, which in
turn could generate more inflammatory factors, forming
pernicious feedback. Based on the anti-inflammatory effect
of luteolin, we explored whether luteolin could prevent the
microglia over-activation in the hippocampus and cortex.
An increased level of IBA-1 is an important marker of
microglia over-activation. First, we measured the IBA-1
expression level using Western blot. The data demon-
strated that the IBA-1 level in the 2VO group was sig-
nificantly higher than that in the control group (P <0.01)
(Fig. 4a-b). Luteolin treatment noticeably reduced the
IBA-1 level than in the 2VO group (P <0.01) (Fig. 4a-b).
IBA-1 immunohistochemistry staining was used to deter-
mine the distribution of over-activated microglia. The
result demonstrated that the IBA-1 positive cells in the
2VO group were much higher than that in the control
group (P <0.01) (Fig. 4c, d). The number of IBA-1 posi-
tive cells in the 2VO + Lut group were much higher than
in the 2VO group (P <0.01) (Fig. 4c, d).

Generally, inflammation activates the proliferation and
activation of astrocytes, i.e., astrogliosis, which could
secrete pro-inflammatory factors. We measured GFAP
expression level using western blot to further investi-
gate whether luteolin could inhibit CCH-induced astro-
gliosis in the brain. The data showed that GFAP level in
the 2VO group was significantly higher than that in the
control group (P <0.01) (Fig. 5a, b). The luteolin treat-
ment noticeably reduced the GFAP level in the 2VO group
(P<0.01) (Fig. 5a, b). We observed GFAP-positive cells
through immunofluorescence and found that the 2VO
group had more GFAP-positive cells than the control
group (P <0.01) (Fig. 5c, d). The number of GFAP-pos-
itive cells in the 2VO + Lut group were much lower than
in the 2VO group (P <0.01) (Fig. 5a, b). Taken together,
our results suggested that luteolin could prevent microglia
over-activation and astrogliosis in the hippocampus and
cortex after CCH.

CCH Did Not Induce Dramatic Apoptosis
Hippocampus and Cortex

Serious inflammation can contribute to apoptosis in many
tissues, especially the brain, given the vulnerability of neu-
rons to various pessimal stimulations. To investigate whether
CCH can contribute to neuronal apoptosis in the hippocam-
pus and cortex, we observed apoptotic neurons using Tunnel
staining and found there was no remarkable apoptosis in the
hippocampus and cortex (Fig. 6a).
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Fig.4 Luteolin inhibited microglia activation in the rat hippocampus
and cortex after chronic cerebral hypoperfusion (CCH). The rats were
sacrificed 1 month after the 2VO operation, and brain tissue was col-
lected, partly homogenized, and fixed to section. The homogenate of
hippocampal and cortex tissue were assayed using western blotting
with ionized calcium-binding adapter molecule 1 (IBA-1) antibody.
IBA-1 positive glia were observed using immunohistochemistry
staining. a IBA-1 level was detected by Western blot, and relatively

Luteolin Could Prevent CCH-Induced White Matter
Lesions

We used Kliiver—Barrera staining to investigate corpus cal-
losum nerve fibers and determine the white matter lesion
grade. Our data showed that the lesion grade in the 2VO
group was dramatically higher than of the control group
(0.6 £0.07 vs. 2.8 +0.36, P<0.01); the lesion grade of the
2VO + Lut group, however, was significantly lower than
that of the 2VO group (1.7 +£0.25 vs. 2.8 +0.36, P <0.01)
(Fig. 6b, ¢). Thus, this finding indicated that luteolin treat-
ment could prevent CCH-induced white matter lesions.
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quantitatively analyzed (Con: n=5; 2VO: n=4; 2VO+Lut: n=6;
Lut: n=5) (b). ¢ IBA-1-positive glia were observed using immu-
nofluorescence (bar =100 pm) and analyzed (n=3) (d). Con: the
sham group; 2VO: group receiving CCH using 2-vessel occlusion;
2VO + Lut: group receiving 2-vessel occlusion and luteolin treatment;
Lut: sham group receiving luteolin treatment. Data are expressed as
mean + SEM. *P <0.05; **P <0.01 compared with the sham group or
2VO group

Luteolin Could Prevent the CCH-Induced Learning
and Memory Deficits

Chronic inflammation in the brain impairs cognition.
Thus, we measured learning and short-term memory using
MWM and NOR, respectively, to investigate whether the
anti-inflammatory effect of luteolin could inhibit cognitive
dysfunction after CCH. The MWM results demonstrated
that the 2VO group took significantly longer than the con-
trol to reach the platform during the 3rd to 7th trail day
(P<0.01) (Fig. 7a). The 2VO + Lut group, however, spent
significantly shorter than the 2VO group during the 3th to
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Fig.5 Luteolin inhibited astrogliosis in the hippocampus and cortex
in rats after chronic cerebral hypoperfusion (CCH). The hippocampal
and cortex tissue homogenates were assayed using western blotting
with glial fibrillary acidic protein (GFAP) antibody. GFAP-positive
glia were observed using immunohistochemistry staining. a GFAP
level detected using western blot and relatively quantitatively ana-
lyzed (Con: n=5; 2VO: n=4; 2VO+Lut: n=6; Lut: n=5) (b); ¢ the

7th trail day (3rd to 4th day and 7th day, P <0.05; 6th day,
P<0.01) (Fig. 7a). After 7-day training, when the platform
was standing in the third quadrant or removed, the short-
term memory test showed that rats in the 2VO group took
distinctly longer than rats in the control group to reach the
platform (P <0.01). Rats in the 2VO + Lut group, however,
spent significantly shorter than rats that underwent CCH to
reach the platform (P < 0.05) (Fig. 7b, e). Both the duration
the rats stayed in the third quadrant (Fig. 7c) and crossed
the platform area (Fig. 7d) were significantly lower for the
2VO group than the control group (P <0.01). The stay-
ing time and times crossing the platform of the 2VO + Lut
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section was developed using a GFAP antibody and GFAP-positive
glia and astrocytes were observed using immunofluorescence (bar
=50 pym) and analyzed (n=3) (d). Con: sham group; 2VO: group
receiving CCH using 2-vessel occlusion; 2VO +Lut: group receiving
2-vessel occlusion and luteolin treatment; Lut: sham group receiv-
ing luteolin treatment. Data are expressed as mean+ SEM. *P <0.05;
*#*P < (.01 compared with the sham group or 2VO group

group, however, was longer than the 2VO group (P <0.05
and P <0.01, respectively) (Fig. 7c, d). These suggested that
luteolin could prevent CCH-induced spatial learning deficits
and memory dysfunction.

We used the NOR test to measure the anti-inflammatory
effect of luteolin on CCH-induced learning and memory
deficits. The ratio of time spent sniffing and touching new
objects to total time of the 2VO group was significantly
longer than for the control (P <0.01) (Fig. 7f), whereas
the ratio for the 2VO + Lut group was significantly shorter
than for the 2VO group (P <0.01) (Fig. 7f). In contrast, the
time spent sniffing and touching old object to total time
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Fig.6 No obvious apoptosis A .. B Kliver-Barrera staining

was present in the rat hip- TUNEL positive cells 3 EeoEaTs 2 e
pocampus and cortex after Con 2VO 2VO+Lut Lut

chronic cerebral hypoperfusion
(CCH). Brain paraffin sections
(5 um) were stained using the
Tunnel staining kit. Tunnel-
positive cells were observed
using immunofluorescence (bar
=100 pm) and analzyed (n=3)
(a). Brain paraffin sections (5
um) were stained using luxol
fast blue staining (b) grading of
the degree of white matter (c).
Con: sham group; 2VO: group
receiving CCH using 2-vessel DG
occlusion; 2VO + Lut: group
receiving 2-vessel occlusion
and luteolin treatment; Lut:
sham group receiving luteolin
treatment. B1: Con; B2: 2VO;
B3: 2VO + Lut; B4: Lut. Data
are expressed as means + SEM.
*P<0.05; **P <0.01 compared
with the sham group or 2VO

group
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was significantly shorter for the 2VO group than that for
the control (P <0.01) (Fig. 7g), whereas the ratio in the
2VO + Lut group was significantly longer than in the 2VO
group (P <0.05) (Fig. 7g). Finally, the exploration discrimi-
nation index of the 2VO group was evidently lower than that
of the control group, while the exploration discrimination
index of the 2VO + Lut was higher than that of the 2VO
group (P <0.01) (Fig. 7h). These data suggested that the
anti-inflammatory effect of luteolin could improve the CCH-
induced deficit of learning and memory.

Luteolin Could Prevent CCH-Induced LTP
Dysfunction

LTP, which reflects synaptic plasticity, is a critical electro-
physiological mechanism of learning and memory [32, 33].
We studied LTP changes to investigate the electrophysiologi-
cal mechanisms of the anti-inflammatory effect of luteolin
on CCH-induced learning and memory deficits. The fEPSP
was recorded, measured, and analyzed. After HFS, the
fEPSPs of the control, 2VO, 2VO + Lut, and Lut groups
were 192.86+11.58, 152.51+12.47, 179.67 + 14.36, and
187.92 +9.29% of the pre-HFS value, respectively (Fig. 8a).
The fEPSPs were noticeably low in the 2VO group than that
in the control group (P <0.01). Further, fEPSPs were signifi-
cantly higher in the 2VO + Lut than that in the 2VO group
(P<0.05) (Fig. 8b). These results suggested that the anti-
inflammatory effect of luteolin might prevent CCH-induced
LTP dysfunction.
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Luteolin Could Prevent the Dysfunction
of Presynaptic Transmitter Release Due to CCH

PPF was enhanced by dysfunctional pre-synaptic transmitter
release [22]. We recorded and analyzed the PPF level in vivo
in the hippocampus to investigate whether anti-inflammatory
effect of luteolin improved the CCH-induced dysfunction of
presynaptic transmitter release. At the 25, 50, 80, 120, 160,
and 200 ms intervals, the ratios of EPSP2 and EPSP1 were
all observably larger for the 2VO group than for the control
group (25 and 120 ms, P <0.05; 50, 80, 160, and 200 ms,
P <0.01) (Fig. 8c). The ratios of EPSP2 and EPSP1 in the
2VO + Lut were remarkably lower than those of the 2VO
group (50 ms, P<0.01; 25, 80, 160, and 200 ms, P <0.05)
(Fig. 8c). These results suggested that the anti-inflammatory
effect of luteolin improved the CCH-induced dysfunction of
presynaptic transmitter release.

Discussion

Our current study demonstrated that luteolin could decrease
the level of inflammatory factors, such as TNF-1a, IL-1p,
and IL-6, in the brain. Further, it enhanced SOD and GPx
activities and reduced MDA. Luteolin also reduced micro-
glia over-activation and astrogliosis in the hippocampus and
cortex following CCH. However, there was no remarkable
apoptosis in the brain following CCH. Luteolin also ame-
liorated CCH-induced white matter, PPF, and LTP changes,
and spatial learning and memory deficits.
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Fig.7 Luteolin improved chronic cerebral hypoperfusion (CCH)-
induced spatial learning and memory retention impairments in rats.
At 1 month after CCH, learning and short memory were tested using
the Morris water maze (MWM) and probe test. During the MWM
test, the escape latency time and crossing times of the targeted area
during learning training trails from Ist to 7th were recorded (a). To
test short memory, the latency to reach the platform area (platform
in pool) (b), staying time in the objective area (c), duration spent
crossing the platform area (d), and latency to reach the platform
area (removed platform) (e) were recorded and analyzed. During

probe test, the time spent with new and old objects was recorded.
The time exploration ratio (ER) [new object time (N)/total time (T)]
(f), exploration ratio (old object time/total time) [ER (O/T)] (g), and
exploration discrimination index (EDI) (h) were calculated. Con:
sham group; 2VO: group receiving CCH using 2-vessel occlusion;
2VO + Lut: group receiving 2-vessel occlusion and luteolin treatment;
Lut: sham group receiving luteolin treatment. Data are expressed
as mean+SEM (Con: n=12; 2VO: n=11; 2VO+Lut: n=12;
Lut: n=12). **P<0.01 compared with the Con group; *P <0.05 or
#P <0.01 compared with the 2VO group
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Fig.8 Luteolin improved A
chronic cerebral hypoperfu-
sion (CCH)-induced long-term
potential impairments in rats.
After the memory retention test,
the field excitatory postsynaptic
potential (EPSP) slope was
recorded in the hippocampus
(a). Relative field EPSP slopes
were analyzed (b). Paired pulse
was recorded and analyzed (c).
Con: sham group; 2VO: group 1.5
receiving CCH using 2-vessel

occlusion; 2VO + Lut: group 1.0
receiving 2-vessel occlusion
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CCH increased the level of TNF-1a, IL-1p, IL-6, and
MDA in the brain. Oxidative stress and inflammation play
an important pathogenic role in brain dysfunction follow-
ing CCH [34-36]. Free radicals produced by the enzyme
nicotinamide adenine dinucleotide phosphate oxidase due to
the lack of energy are responsible for CCH-induced cerebro-
vascular alterations [28]. Free radicals induce inflammation
through the activation of redox-sensitive pro-inflammatory
transcription factors and production of cytokines. Inflam-
mation can also boost oxidative stress by upregulating the
expression of reactive oxygen species and downregulat-
ing antioxidant defenses [34]. With CCH, the brain is in
a long-term inflammation stimulation state, which affects
brain function. The increase in PPF indicated that the basic
neuronal transmission was impaired because of the less pre-
synaptic vesicle release. In our study, CCH increased PPF
and impaired learning and memory impairment. Luteolin
however, decreased PPF and inflammation, which suggested
that inflammation after CCH induced neuronal dysfunction.

The central structure of luteolin, which is an important
flavone, consists of two phenyl rings joined by a pyran ring,
and is present in broccoli, pepper, thyme, and celery [35].
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Flavones can re-establish the inhibition of redox regulation
proteins, transcription factors, and signaling cascades by
oxidative stress [36]. A previous study demonstrated that
luteolin had anti-inflammatory activity due to inhibition of
tyrosine phosphorylation and protein kinase B phospho-
rylation, activation of NF-kB and nuclear translocation of
NF-«B p65 subunit [35], activation of mitogen-activated
protein kinase (MAPK), and degradation of inhibitor of
kappa B-alpha (IxB-a) after LPS treatment [34]. Moreover,
luteolin significantly inhibited the LPS-induced DNA bind-
ing activity of activating protein-1 (AP-1) [37]. Through
these mechanisms, luteolin finally inhibited the generation of
inflammation cytokines, such as TNF-1a, IL-1f, IL-6, and
COX2 [34, 37]. In our study, we also demonstrated that lute-
olin inhibited inflammation cytokines and oxidative stress.
Although we did not investigate the underlying mechanisms,
we postulated that luteolin may play an anti-inflammatory
role in the brain after CCH through similar mechanisms.
Glia in the central nervous system maintains brain home-
ostasis, regulates neuronal function, and counter-strike path-
ogenic or environmental invasions [38]. As innate immune
cells in the brain, microglia respond to oxidative stress and
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inflammation and propagate cascade inflammatory signals,
which consequently produces cytokines and inflamma-
tory mediators [38]. The increase in astrocyte reactivity in
response to pathogen and cerebral ischemia, is termed astro-
gliosis [39], which led to morphology changes, enhanced
expression of GFAP, and secretion of inflammatory media-
tors [40—44]. As a result, the negative feedback of the exag-
gerated inflammatory response, due to astrogliosis, deterio-
rates synaptic plasticity, cognition and behavior. Thus, in
the CCH brain, the activation of microglia and astrocytes
due oxidative stress and inflammation consequently leads
to cognition deficit. However, in the current study, luteolin
abated oxidative stress, inflammation, and the activation of
microglia and astrocytes. This consequently suspended the
negative feedback of exaggerated inflammatory response
to improve cognition. However, there was no apoptosis in
the rat brain following CCH, which is a mild long-lasting
ischemic process. This indicated that CCH did not initi-
ate apoptosis or induce protective/impaired mechanisms.
However, since we detected apoptosis in only 1 month, this
does not mean that a longer time hypoperfusion (> 1 month)
could not induce apoptosis. This remains to be validated in
future studies.

Given the location depth, white matter was vulnerable
to hypoperfusion and formed lesion [45]. The activation of
microglia following CCH could also impair white matter
due to the generation of inflammatory factors and phages
[46]. Microstructural white matter integrity was positively
associated with cognitive performance and white matter
microstructure lesion could predict cognitive decline. Thus,
maintaining better white matter integrity could preserve bet-
ter cognition [47]. Oxidative stress and inflammation, glia
activation in the white matter, and demyelination, axonal
loss, or axonal breakdown, especially in the fornix body,
impeded electric and chemistry signal transmission con-
necting the hippocampus and other brain areas. Further this
impaired the neural circuit and decreased neural plasticity.
These changes finally impaired cognition. In the current
study, we found that luteolin could protect white matter
and decrease CCH-induced inflammation, which suggested
luteolin maybe inhibit white matter lesion by reducing CCH-
induced inflammation. Stable LTP is established on the basis
of normal function of neuronal function and nerve fibers.
Luteolin could protect PPF and LTP, and reduced neuroin-
flammation and oxidative stress after CCH, which suggested
that it could protect the transmission of neural signals to
improve synaptic plasticity by inhibiting CCH-induced neu-
roinflammation. Apart from its anti-inflammatory effects, a
neurotrophic or other effects of luteolin remains to be inves-
tigated in the future.

In summary, we demonstrated that luteolin decreased
inflammatory factors, like TNF-1a, IL-1p, and IL-6,
enhanced SOD and GPx activities, and reduced MDA.

Further, luteolin reduced CCH-induced microglia over-
activation and astrogliosis in the hippocampus and cortex,
and protected against CCH-induced changes in white mat-
ter, PPF, LTP, spatial learning, and memory. Our study sug-
gested luteolin maybe a preferable anti-inflammatory agent
to protect against CCH-induced changes in cognitive func-
tion and synaptic plasticity.
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