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Background: To identify the effect of apigenin on cognitive deficits of rats after cerebral ischemia and reperfusion injury,
and to investigate the potential molecular mechanisms.

Material/Methods: The rats were given sodium butyrate (NaB) or apigenin (20 or 40 mg/kg) for 28 days. Cognition was investigat-
ed by the Morris water maze (MWM) test. On day 28, the rats were euthanized and their hippocampal brain
regions were used to identify biochemical and neurochemical alterations. The content of histone deacetylase
(HDAC) was measured by enzyme-linked immunosorbent assay (ELISA). Western blot analysis was performed
to determine the levels of BDNF, phosphorylated cAMP response element-binding protein (pCREB), acetylat-
ed H3, and acetylated H4. The mRNA expressions of brain-derived neurotrophic factor (BDNF) and synapsin-I
(Syn-I) were examined by polymerase chain reaction (PCR).

Results: The rats with chronic administration of apigenin (20 and 40 mg/kg) showed better performance in the MWM
task than the model rats; there was no significant difference between the apigenin-treated and NaB-treated
rats. At the higher apigenin dose of 40 mg/kg, the HDAC content was decreased, the BDNF level was marked-
ly increased, and acetylated H3 and acetylated H4 expressions and Syn-I expressions in the hippocampus was
upregulated compared with the model group. Apigenin at 20 mg/kg did not show reversal of the neurochem-
ical alterations.

Conclusions: The improvement effect of apigenin on cognitive impairments after cerebral ischemia and reperfusion inju-
ry may involve multiple mechanisms, such as the inhibition of HDAC, induction of BDNF and Syn-I expression,
and regulation of histone acetylation.
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Background

Stroke is a leading cause of morbidity and mortality worldwide.
Cognitive deficit is frequent after ischemic stroke. Cognitive im-
pairment can increase disability and indirectly affect function-
al recovery after stroke, and result in reduced participation in
rehabilitation and poor adherence to treatment guidelines [1].
Because of falling mortality rates after stroke, the burden of
post-stroke cognitive deficits has increased, and the present
therapies for treatment of post-stroke cognitive disorders are
not effective. Therefore, further research and development of
more efficacious treatments for post-stroke cognitive disor-
ders are imperative.

Cognitive function is one of the most important functions of
the brain. However, the mechanisms involved in post-stroke
cognitive impairment are complex. Accumulating evidence sug-
gests a critical role for epigenetic regulation of cognition forma-
tion. Among these findings, histone acetylation and chromatin
homeostasis in the central nervous system has been shown
to have a very close relationship with cognitive function [2].
One of the key processes implicated in memory processes is
remodeling of chromatin. Histone acetylation is thought to ac-
tivate transcription by relaxing chromatin. In contrast, histone
deacetylation confers on chromatin a role in the expression
of gene transcription [3]. Interestingly, histone acetylases and
histone deacetylases (HDACs) have functional roles in long-
term memory by allowing transcription of genes that support
memory. Moreover, treatment with HDAC inhibitors improved
long-term memory performances in hippocampus-dependent
paradigms, such as the Morris water maze (MWM) task [4]. The
class | (HDAC1, 2, 3, 8)-specific HDAC inhibitor sodium butyr-
ate (NaB) was found to rescue memory deficits in rodents [5].
Similarly, treatment with other HDAC inhibitors has been shown
to enhance memory reconsolidation [6].

Previous studies have shown that histone acetylation con-
trolled the expression of various proteins associated with cog-
nition [7]. Brain-derived neurotrophic factor (BDNF) is one of
the proteins correlated with post-stroke cognitive function re-
covery. It has been reported that decreased hippocampal BDNF
expression aggravates cognitive impairment in both stroke
and depression models [8]. The HDAC inhibitor NaB downreg-
ulated histone acetylation and improved the behavioral per-
formance of rats in a middle cerebral artery occlusion (MCAOQ)
model, while blockade of BDNF-TrkB pathways abolished this
improvement of cognition [9]. It has been shown that the ef-
fect of histone acetylation on cognition occurred via the BDNF
pathway. Histone acetylation can increase the expression of
BDNF, and BDNF can increase histone acetylation, which is
regulated by phosphorylated cAMP response element-bind-
ing protein (pCREB) [10]. pCREB binds to the promoter re-
gions of many genes associated with memory and synaptic
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plasticity. Synaptic plasticity is critical to memory formation
and storage. synapsin-I (Syn-1) is a marker of synapse forma-
tion. Ricobaraza et al. [11] reported that a nonselective HDAC
inhibitor reversed spatial learning and memory deficits in an
established mouse model of Alzheimer’s disease, and also ac-
tivated the transcription of synaptic plasticity markers.

In recent years, there has been increasing interest in the iden-
tification of novel lead compounds from natural sources, con-
sidering their safety profiles. Flavonoids are the largest group
of polyphenols in many plants and are known to have several
physiological benefits, especially on free radical scavenging,
cognitive impairment, learning, and memory [12]. Apigenin be-
longs to a low-toxicity and non-mutagenic flavone subclass of
flavonoids. Apigenin can inhibit the activation of cytokines and
NO production, protect Alzheimer’s disease neurons from in-
flammatory induced stress and neurite retraction, and reduced
neuronal hyper-excitability and apoptosis [13]. Han et al. re-
ported that apigenin alleviates KA-induced exictotoxicity by
quenching ROS as well as inhibiting GSH depletion in hippo-
campal neurons [14]. A previous study showed that apigenin
had anti-apoptosis and antioxidative properties via affecting
the expression of Nrf2 and p53, and their downstream target
gene transcription in oxygen and glucose deprivation/reper-
fusion (OGD/R) model, which mimic the MCAO model [15].
Another research reported that apigenin regulated the ex-
pression of adhesion molecules in reactive astrocytes during
stroke [16]. The aforementioned studies suggested that api-
genin possesses anti-inflammatory, antioxidant and neuro-
protective properties. In our previous studies, we verified that
apigenin had antioxidant and anti-inflammatory effects after
stroke. In addition, there was a study reported that apigenin
improved performance in the MWM task and stimulated neu-
rogenesis in the hippocampal region of the rodent brain [17].
Apigenin may ameliorate Alzheimer’s disease-associated learn-
ing and memory impairment by relieving the AR burden, sup-
pressing the amyloidogenic process, inhibiting oxidative stress,
and restoring the ERK/CREB/BDNF pathway [18]. The available
reports on apigenin suggest that it could be useful for pre-
vention of cognitive deficits after brain injury. However, the
precise mechanisms of apigenin in improving cognition after
stroke need further discussed.

In this study, we simulated the real sense of stroke patients
by using middle cerebral artery occlusion (MCAO) model, and
evaluated the improvement effects of apigenin on cognition
after ischemia and reperfusion injury of rats. Furthermore, we
investigated the underlying molecular mechanisms of this ac-
tion. The results showed that apigenin ameliorates rats cog-
nitive deficits after cerebral ischemia and reperfusion injury,
and that the mechanisms of this function may include mod-
ulation of histone acetylation and promotion of BDNF and
Syn-I expressions.
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Grug treatment (i.p)

Gentamicin (8000 U/i.p), Apigenin (20, 40 mg/kg/i.p), sodium butyrate (300 mg/kg/i.p)

Figure 1. Experimental procedure and treatment
schedule. MWM — Morris water
maze; MCAO — middle cerebral artery
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Material and Methods

Animals

Adult male Sprague-Dawley rats, about 3 to 4 months old,
weighing 250420 g, were procured from Beijing HuaFuKang
Biological Technology Co. Ltd. (China). The animals were housed
in a well-controlled atmosphere with room temperature of
25+1°C and relative humidity of 60%. All experiments involv-
ing animals were approved by the guidelines of the Institute
for Laboratory Animal Research of the Third Military Medical
University, and were executed in accordance with the Guide
for the Care and Use of Laboratory Animals. The study was
approved by the Animal Research Committee of Whenzhou
Medical University (License No. WYDW2013-0039).

Drugs and chemicals

Apigenin (>99% purity) was purchased from Shangxi Huike
Biotechnology Co. Ltd. (China). NaB was purchased from Sigma
Chemical Company (USA). HDAC ELISA Kits were purchased
from Shanghai Xitang Biological Technology Co. Ltd. (China).
BDNF, Syn-I, pCREB, histone H3, and histone H4 were purchased
from Abcam Chemical Company (USA). Unless otherwise stat-
ed, all chemicals and biochemical reagents used in the study
were of the highest analytical grade. Solutions of the drugs
and chemicals were freshly prepared before use.

MCAO model

The MCAO model was established as previously reported [19].
In short, rats were anesthetized with intra-peritoneal injection
of 10% chloral hydrate (350 mg/kg). The left common carotid
artery (CCA), internal carotid artery (ICA), and external carot-
id artery (ECA) were surgically exposed. A filament was gen-
tly inserted into the ICA to occlude the left middle cerebral ar-
tery (MCA) at its origin (18-20 mm). Reperfusion was achieved

by removing the suture until the tip cleared the lumen of the
ECA after 1.5 hours of occlusion. Rectal temperature was mon-
itored throughout the operation and maintained at 37°C with
a circulating heating pad. Sham control rats were subjected to
cutting of the skin, and sewn up immediately after separating
the left carotid artery. After recovery from anesthesia, all rats
were returned to their cages with free access to food and water.

Animal grouping and treatment

After seven days of adaptation, the rats were randomly assigned
to five groups (n=14 rats/group) as follows: sham group; model
group; apigenin-treated groups (20 or 40 mg/kg); NaB-treated
group (300 mg/kg). The rats in the apigenin- and NaB-treated
groups received an intraperitoneal injection of apigenin or NaB
every 24 hours following reperfusion. The rats in the sham group
and model group were injected with an equal volume of nor-
mal saline at the same times following reperfusion. The rats
in each group received gentamicin 8,000 U by intraperitoneal
injection to prevent infection in the first three days (Figure 1).

Behavioral assessment
Neurological behavior assessment

The neurological behavior was assessed at one day after MCAO.
The Zea Longa score [19] was determined according to the fol-
lowing scoring system: 0, no deficits; 1, unable to extend the
right forelimb; 2, decreased grip of the right forelimb; 3, mild
circling to the right; 4, spontaneous right circling; and 5, falling
to the contralateral side. Rats with scores 1 to 4 formed the
efficacy model and were used in the following experiments.

Morris water maze task

The effects of apigenin treatment on spatial learning and
memory were assessed by the MWM task [20]. For the first
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five days, the rats were trained in the MWM with a platform,
and the time required to find the hidden platform was record-
ed as the escape latency. On day 5 in the afternoon, the time
spent in the platform quadrant was recorded. A stainless-steel
pool with 150 cm in diameter and 50 c¢cm in height contain-
ing a submerged escape platform (9 cm in diameter) under
2 c¢m of the water surface was used. The water temperature
was kept at 23°C to 25°C. The tank was theoretically separat-
ed into four equal quadrants. The rats were allowed to swim
freely for 60 seconds before the formal training. During the
following 5 consecutive days, the rats were trained to find the
platform four times per day. If the rats could arrive at the plat-
form within the 90 seconds, they were required to remain on
the platform for 10 seconds. If the rats could not find the plat-
form, they were guided to the platform for 10 seconds and the
time scores were recorded as 90 seconds. A single probe trial
was conducted in the last trial on day 5 in the afternoon. The
platform was removed and the rats were placed into the pool
from the quadrant opposite the training quadrant. The time
spent by the rats in the quadrant where the platform had been
situated was recorded, in order to test their ability to memo-
rize the location of the platform.

Immunohistochemistry and Nissl staining

Serial paraffin sections (5 pm) containing the hippocampal CA1
area were examined. The brain sections from one rat in each
group were subjected to hematoxylin and eosin staining, and
observed by light microscopy. Briefly, the hippocampus tissues
were extracted and fixed in 4% paraformaldehyde, followed
by gradient ethanol dehydration and xylene transparency, and
then the tissues were embedded in paraffin and transferred into
an embedding device. The paraffin-embedded tissue samples
were sliced by a paraffin slicing machine. Next, sections were
dewaxed to water, stained with hematoxylin for 10 minutes,
flushed with water, rinsed with 1% hydrochloric acid alcohol
for 10 minutes, and stained with eosin for 30 seconds for col-
oration, followed by ethanol dehydration, xylene transparen-
cy, and neutral gum sealing. Finally, the slides were mounted
and analyzed under a bright-field microscope.

The hippocampus paraffin sections of one rat from each group
were subjected to Nissl staining. Briefly, the rat brain sections
were dewaxed to water, immersed for 5 minutes in Nissl stain-
ing solution, and washed with distilled water two times, fol-
lowed by ethanol dehydration, xylene transparency, and neu-
tral gum sealing. Finally, the slides were mounted and analyzed
under a bright-field microscope.

Enzyme-linked immunosorbent assay (ELISA)

The hippocampal regions from the dissected brains were ho-
mogenized in 5 M guanidine/5 mM Tris buffer (pH 8.0), and
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then diluted with chilled 0.25% casein-blocking buffer con-
taining 0.5 M guanidine and protease inhibitors. The to-
tal HDAC content were quantified using ELISA kits (Catalog
number: F15657, Shanghai Xitang Biological Technology Co.
Ltd., Shanghai, China) according to the manufacturer’s pro-
tocols. Data were calculated by the following formula: HDAC
content=(ODsample—ODmntml)xdilution ratio, where OD__  and
oD are the optical density (OD) of the blank control and

sample

intervention groups, respectively.

Real-time polymerase chain reaction (RT-PCR) analysis of
BDNF and Syn-I

Total RNA was isolated and purified using a TRIzol Plus RNA
Purification Kit, according to the manufacturer’s instruc-
tions. RNA was reverse-transcribed into cDNA that was uti-
lized as a template in subsequent qPCR amplifications using
a SYBR Green | Kit. The gPCR primers and their products in-
cluded: BDNF (forward: 5’-AGCCTCCTCTGCTCTTTCTGC-3’; re-
verse: 5’-CTCGCTAATACTGTCACACACGC-3’; product: 131 bp);
Syn-l (forward: 5’-GACAACCAACATGACTTCCAGG-3’; reverse:
5’-TTCCAGTTCCCTGACACTGATG-3’; product: 161 bp). Each ex-
periment was repeated at least three times.

Western blot analysis of BDNF, pCREB, acetylated H3, and
acetylated H4

Hippocampal proteins were separated on sodium dodecyl sul-
fate polyacrylamide gels (pCREB: 12%; BDNF: 15%; acetylat-
ed H3 and acetylated H4: 15%), and then electrophoretically
transferred to polyvinylidene difluoride membranes. The mem-
branes were blocked with 5% nonfat dry milk for two hours,
incubated with anti-BDNF (1: 500), anti-pCREB (1: 500), anti-
acetylated H3, and anti-acetylated H4 (1: 500) antibodies at
4°C overnight, and then incubated with secondary antibod-
ies (1: 3,000) for 1.5 hours. The bands were visualized by en-
hanced chemiluminescence. The relative quantities of the tar-
get proteins were analyzed using Quantity One software and
normalized to the loading control. Each experiment was re-
peated at least three times.

Statistical analysis

Data are presented as mean + standard error of mean (SEM).
The results were analyzed by SPSS 20.0 software. The mean
values were derived from at least three independent experi-
ments. Statistical comparisons between experimental groups
were performed by one-way analysis of variance. The level of
statistical significance was set at p<0.05.
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Figure 2. Microscopic observation of nerve cells in the hippocampus of rats after MCAO (HE staining, 400x). (A) Hippocampal neurons
in the sham group. The neurons in the hippocampus were in neat rows, close together, and of normal cell morphology and
size. (B) Hippocampal neurons in the model group. The neurons in the hippocampus were arranged loosely, with cell body
shrinkage, partial nuclear pyknosis, nuclear fragmentation, and nucleolar blurring and even disappearance. (C) Hippocampal
neurons in the NaB group. (D) Hippocampal neurons in the 20 mg/kg apigenin group. (E) Hippocampal neurons in the 40 mg/
kg apigenin group. As shown in panels (C-E), the hippocampal neuron damage was alleviated after ischemia and reperfusion
injury in the three intervention groups.

Results

Histopathological changes in the hippocampus of MCAO
rats

The hippocampal neurons in the sham group were in neat
rows, close together, and of normal cell morphology and size
(Figure 2A). The hippocampal neurons in the model group were
arranged loosely, and exhibited cell body shrinkage, partial nu-
clear pyknosis, nuclear fragmentation, and nucleolar blurring
and even disappearance (Figure 2B). The intervention groups

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)
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(apigenin and NaB) showed alleviation of the hippocampal neu-
ron damage after ischemia and reperfusion injury compared
with the model group (Figure 2C-2E). Nissl staining showed
that the Nissl bodies of the nerve cells were blue, and that
the neurons were distributed around the nucleus in an order-
ly manner, had a complete and normal cellular structure, and
clear nuclei in the sham group (Figure 3A). The Nissl bodies in
the model group were released, the cyton of the neurons was
shrunk, there was neuronal degeneration, and the neurons were
decreased (Figure 3B). The neuronal changes in the interven-
tion groups (apigenin and NaB butyrate) revealed alleviation
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Figure 3. Microscopic observation of nerve cells in the hippocampus of rats after MCAO (Nissl staining, 400x). (A) Hippocampal
neurons in the sham group. The Nissl staining showed that the Nissl bodies of nerve cells were blue, and that they
were distributed around the nucleus in an orderly manner, with complete and normal cellular structure and clear nuclei.
(B) Hippocampal neurons in the model group. The Nissl bodies in the model group were released, the cyton of the neurons
was shrunk, there was neuronal degeneration, and the neurons were decreased. (C) Hippocampal neurons in the NaB group.
(D) Hippocampal neurons in the 20 mg/kg apigenin group. (E) Hippocampal neurons in the 40 mg/kg apigenin group. As
shown in panels (C-E), the hippocampal neuron damage was alleviated after ischemia and reperfusion injury in the three

intervention groups.

of the hippocampal neuron damage after ischemia and reper-
fusion injury compared with the model group (Figure 3C-3E).

Effect of apigenin on memory performance in the MWM
task in MCAO rats

The results for the MWM task showed that the sham-operated
rats could effectively learn how to reach the submerged plat-
form (Figure 4A). The time spent finding the submerged plat-
form by the rats in the sham group decreased significantly from

days 23-27 postoperatively. On each observation day of the
MWM task, the rats in the model and intervention (NaB and
apigenin) groups required more time to find the submerged
platform, compared to the rats of sham group, but no signif-
icant difference was observed on days 23-25 post-ischemia
(p>0.05). On day 26 and 27 post-ischemia, there was a signifi-
cant difference in the time spent searching for the submerged
platform between the model rats and the sham rats (p<0.01).
On day 26 and 27 post-ischemia, the model rats showed a
trend toward a longer time to find the platform relative to
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Figure 4. Spatial learning and memory performance in rats after MCAO. (A) Effect of apigenin on memory performance (mean escape
latency) in the MWM task by MCAO rats. Data are expressed as mean + SEM and were analyzed by one-way ANOVA (n=14).
** p<0.01 vs. sham group, # p<0.01 vs. model group, # p<0.05 vs. model group. (B) Effect of apigenin on time spent in the
target quadrant by MCAO rats. Data are expressed as mean +SEM and were analyzed by one-way ANOVA (n=14). ** p<0.01

vs. sham group, * p<0.05 vs. model group.

the NaB-treated and 40 mg/kg apigenin-treated rats (p<0.05
and p<0.01, respectively). The 20 mg/kg apigenin-treated
rats showed a trend toward a shorter time to find the plat-
form compared with the model rats on day 27 post-ischemia
(p<0.05), but not on day 26 post-ischemia (p>0.05). A signif-
icant between-group effect on the time spent in the correct
quadrant was noted in the testing of spatial memory. In com-
parison with sham control rats, the model rats spent signifi-
cantly less time in the target quadrant (p<0.01), thus indicat-
ing poorer learning ability after MCAOQ. The rats with chronic
administration of NaB and apigenin spent more time in the
target quadrant compared with the model rats (p<0.05), indi-
cating improved consolidation of memory. Apigenin attenuat-
ed the memory acquisition deficit, but the attenuation effect
was not dose-dependent. In addition, there was no significant
difference in the time spent in the correct quadrant between
the NaB-treated and apigenin-treated rats (p>0.05) (Figure 4B).

Effect of apigenin on HDAC content in MCAO rats

HDAC content was significantly increased after ischemic and
reperfusion injury, compared with those of rats in sham group
(p<0.01). Chronic administration of apigenin (40 mg/kg) and
NaB decreased the HDAC content (p<0.05). There was no sig-
nificant difference in the HDAC content between the rats treat-
ed with apigenin (40 mg/kg) and NaB. Apigenin at 20 mg/kg
had no effect on the content of HDAC (Figure 5).

Effect of apigenin on acetylated H3 and acetylated H4
expression in MCAO rats

The expressions of acetylated H3 and acetylated H4 were de-
creased after MCAO, compared with those of rats in sham

160
140
E 120 A
>

£ 100
2 80
é 60
S 40 A
20
o -

Sham Model Aplgenln Apigenin

(20mg/kg) (40 mg/kg)

Figure 5. Effect of apigenin on hippocampal HDAC content in
MCAO rats. The total HDAC content were quantified
using ELISA kits, according to the manufacturer’s
protocols. Data are expressed as mean +SEM and were
analyzed by one-way ANOVA (n=6). ** p<0.01 vs. sham
group, * p<0.05 vs. sham group, # p<0.05 vs. model
group.

group (p<0.01). Chronic administration of NaB and apigenin
(40 mg/kg) restored the protein levels of acetylated H3 and
acetylated H4, compared with those of rats in model group
(p<0.01 and p<0.05, respectively). There was no significant dif-
ference in acetylated H3 and acetylated H4 expressions be-
tween the NaB-treated and apigenin (40 mg/kg)-treated groups
(p>0.05). Apigenin at 20 mg/kg had no effect on acetylated H3
and acetylated H4 expressions, compared with those of rats
in model group (p > 0.05) (Figure 6A, 6B).

Effect of apigenin on brain BDNF levels in MCAO rats

The mRNA and protein expressions of BDNF were down-regu-
lated after MCAO, compared with those of rats in sham group
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Figure 6. Effect of apigenin on the expressions of acetylated H3, acetylated H4, BDNF and pCREB in the hippocampus of rats after
MCAO. (A) Western blot analysis of protein levels of acetylated H3 and acetylated H4, BDNF and pCREB in the hippocampus.
(B) Effect of apigenin on the protein expressions of acetylated H3 and acetylated H4 in the hippocampus. Data are expressed
as mean +SEM and were analyzed by one-way ANOVA (n=3). ** p<0.01 vs. sham group, * p<0.05 vs. sham group, *# p<0.01
vs. model group, # p<0.05 vs. model group, © p<0.05 vs. NaB group. (C) Effect of apigenin on BDNF mRNA and protein
expressions in the hippocampus. Data are expressed as mean +SEM and were analyzed by one-way ANOVA (n=3). ** p<0.01
vs. sham group, * p<0.05 vs. sham group, # p<0.01 vs. model group, #p < 0.05 vs. model group, ® p<0.05 vs. NaB group,
& p<0.01 vs. apigenin (20 mg/kg) group. (D) Effect of apigenin on pCREB protein expression in the hippocampus. Data are
expressed as mean +SEM and were analyzed by one-way ANOVA (n=3). ** p<0.01 vs. sham group, # p<0.05 vs. model group.

(p<0.01). Treatment with apigenin (20 and 40 mg/kg) and NaB
significantly increased the mRNA level of BDNF (p<0.01 and
p<0.05). The BDNF protein level was also up-regulated after
treatment with apigenin and NaB (Figure 6A, 6C).

Effect of apigenin on pCREB levels in MCAO rats

The level of pCREB was distinctly declined after MCAO, com-
pared with those of rats in sham group (p<0.01). Treatment
with NaB obviously increased the levels of pCREB in the hippo-
campus, compared with those of rats in model group (p<0.05).
However, apigenin showed no effect on pCREB expression in
the hippocampus (p>0.05) (Figure 6A, 6D).

Effect of apigenin on Syn-I levels in MCAO rats
The level of Syn-l was obviously down-regulated after

MCAO, compared with those of rats in sham group (p<0.01).
Intervention with NaB and apigenin (40 mg/kg) obviously
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increased the level of Syn-I in the hippocampus, compared with
those of rats in model group (p<0.05). There was no signifi-
cant difference in Syn-I expression between the NaB-treated
and 40 mg/kg apigenin-treated groups (p>0.05). Apigenin at
20 mg/kg had no effect on the expression of Syn-I (Figure 7).

Discussion

Cognitive deficits often develop in stroke victims and are close-
ly related to their quality of life. Apigenin is a naturally-occur-
ring medicine that shows a neuroprotective effect. Despite
investigations on apigenin for its effect on promoting cogni-
tive rehabilitation by interacting with AP peptides, no preex-
isting studies have reported its effects on cognitive function
in the MCAO model. The present study is the first to compre-
hensively characterize the therapeutic efficacy of apigenin on
cognition in ischemic stroke model of rats. Moreover, the work
presented here seeks to continue exploration of apigenin as a
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Figure 7. Effect of apigenin on Syn-l mRNA expression in the
hippocampus of rats after MCAO. Data are expressed
as mean +SEM and were analyzed by one-way ANOVA
(n=3). ** p<0.01 vs. sham group, * p<0.05 vs. sham
group, # p<0.05 vs. model group.

therapeutic option as well as to identify the potential mecha-
nisms by which it exerts its therapeutic effects on ischemia-in-
duced cognitive deficits. The results of our study suggest that
the underlying mechanisms by which apigenin improve cogni-
tion may involve modulation of histone acetylation, enhance-
ment of neurotrophic activity, and promotion of synaptic pro-
tein expression in the ischemic hippocampus.

Brain ischemia and reperfusion injury caused significant learning
and memory impairment as observed in the MWM task. In our
study, we found that the apigenin-treated rats showed better
performance in the MWM task than the model rats. The dose-
response effect of apigenin administration was evaluated after
MCAO in rats with the goal of determining the minimum expo-
sure levels that can still provide functional improvements. The
results showed that two doses of apigenin (20 and 40 mg/kg)
showed improvement in cognition. Notably, no significant dif-
ference in the MWM task was observed between the apigenin-
treated and NaB-treated rats, suggesting that the effect of api-
genin on improving cognition was the same as the effect of NaB.

Recently, histone acetylation, which is regulated by HDACs, has
been implicated in memory formation [21,22]. Furthermore,
previous findings argued in favor of an important role for his-
tone acetylation in memory consolidation, and more particu-
larly during the reconsolidation of spatial memory in mice [23].
HDAC inhibitors, such as NaB, have been shown to exert strong
neuroprotective effects against brain injury, and to significant-
ly improve memory disorders. It was reported that NaB pro-
moted both initial consolidation and reconsolidation of spa-
tial memory in mice. NaB also promoted neurogenesis and
behavioral improvement in an experimental ischemia mod-
el [24]. In the present study, NaB was used as a controlled in-
tervention agent. Treatment with NaB and apigenin at 40 mg/
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kg substantially attenuated the ischemia-induced loss of his-
tone acetylation. The up-regulation of histone acetylation could
be related to the inhibition of HDAC following ischemia and
reperfusion injury. Our results showed that brain ischemic in-
jury caused a significant increase in hippocampal HDAC con-
tent and decreased the acetylated H3 and acetylated H4 lev-
els in rats. Apigenin restrained the expression of HDAC and
restored the acetylated H3 and acetylated H4 levels, suggest-
ing a role in the modulation of histone acetylation.

Inhibition of HDAC activity can modulate hippocampus-depen-
dent long-term memory in a CREB binding protein dependent
manner [25]. The enhancement of hippocampus-dependent
memory and hippocampal synaptic plasticity by HDAC inhibi-
tors is mediated by the transcription factor pCREB. HDACs play
a role in the regulation of CREB target gene transcription, in-
dicating that CREB-dependent genes such as cFos and Zif268
may also be affected by NaB [26]. In this study, pCREB exhib-
ited a remarkable reduction in MCAO rats and was improved
by NaB. However, the present results showed that apigenin did
not affect pCREB expression after MCAO. This finding might
be related to the small size of the sample, and further studies
are required to address this point.

It is well known that neurons require neurotrophic support for
their development and survival. BDNF is one of the many ef-
fectors of CREB phosphorylation regulation and participates
in learning and memory processes. Apigenin was shown to in-
crease BDNF expression in Parkinson’s model of rats, accom-
panied by cognitive improvement [27]. In our study, we ob-
served that treatment with apigenin and NaB increased BDNF
levels in the ischemic rat brain. Interestingly, at the higher api-
genin dose of 40 mg/kg, the BDNF protein level was marked-
ly increased compared with the model group, while apigenin
at 20 mg/kg had no such effect. These findings suggest that
apigenin at the higher dose has neurotrophic potential and
may be useful for cognition recovery after ischemic brain in-
jury. However, the mRNA expression of BDNF was up-regulat-
ed by both doses of apigenin. Therefore, we speculate that the
translation, post-translation processing, and modification of
BDNF protein require the higher dose of apigenin.

Gene transcription is required for long-lasting forms of synap-
tic plasticity and memory storage. A previous report showed
that spatial learning increased Syn-I mRNA and protein ex-
pressions [28], indicating that Syn-l is associated with learn-
ing and memory. Ischemia can cause damage to the expres-
sion of Syn-1 [29]. A previous study found that hippocampal
administration of NaB enhanced the levels of gene expression
of synaptic plasticity markers [11]. Our results showed that
NaB up-regulated Syn-I expression. Furthermore, the present
study showed that apigenin at the higher dose increased Syn-|
expression, which may be related to cognition.
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Conclusions

In the present study, apigenin at 40 mg/kg was shown to pro-
mote histone acetylation, increase BDNF and Syn-I expressions,
and obviously improve the cognitive deficits, being the same
as the functions of NaB in ischemia and reperfusion brain-in-
jured rats. Overall, regarding biochemical markers, the lower
dose of apigenin did not show reversal of the neurochemical
alterations. However, apigenin at the two doses showed the
same effects on behavioral activity, which could be related to
the additive effect on the neuroprotective (antioxidant, anti-
neuroinflammatory) potential.
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Our results can partly explain the effects of apigenin as a pro-
tective molecule in alleviating cognitive deficits and its under-
lying mechanisms in MCAO rats. However, further exploration
of these potential mechanisms is required.
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