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Ferulic acid ameliorates cerebral infarction by activating
Akt/mTOR/4E-BP1/Bcl-2 anti-apoptotic signaling in the
penumbral cortex following permanent cerebral ischemia in rats
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Abstract. The aim of the present study was to determine
the effects of ferulic acid (FerA) administered immediately
following the onset of permanent middle cerebral artery
occlusion (MCAo) and then 7 days of ischemia, and also to
explore the involvement of protein kinase B (Akt)-induced
signaling in the penumbral cortex. Immediately following the
onset of MCAo, FerA was intravenously administered to rats
at a dose of 60 mg/kg (FerA-60 mg), 80 mg/kg (FerA-80 mg),
or 100 mg/kg (FerA-100 mg). FerA-80 mg and FerA-100 mg
effectively ameliorated cerebral infarction and neurological
deficits 7 days following permanent cerebral ischemia.
FerA-80 mg and FerA-100 mg significantly upregulated the
expression of phospho-Akt (p-Akt), phospho-mammalian
target of rapamycin (p-mTOR), and eukaryotic initiation
factor 4E (eIF4E)-binding protein 1 (4E-BP1), and the
phospho-4E-BP1 (p-4E-BP1)/4E-BP1 and mitochondrial
Bcl-2/Bax ratios, and markedly downregulated the levels
of cytochrome c-, cleaved caspase-3-, and terminal deoxy-
nucleotidyl transferase-mediated dUTP-biotin nick-end
labeling-immunoreactive cells in the penumbral cortex
at 7 days post-ischemia. LY294002, a selective inhibitor of
phosphoinositide 3-kinase/Akt signaling, was administered
30 min prior to ischemia, which abrogated the upregulating
effects of FerA-100 mg on the expression of p-Akt, p-mTOR,
4E-BP1, p-4E-BP1 and eIF4E, the mitochondrial Bcl-2/Bax
ratio and the ameliorating effect of FerA-100 mg on cerebral
infarction. FerA administered at doses of 80 and 100 mg/kg
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exerted beneficial effects against cerebral ischemia by acti-
vating Akt-induced signaling. The effects of FerA at doses
of 80 and 100 mg/kg on mitochondrial B-cell lymphoma-2
(Bcl-2)-associated X protein-related apoptosis were attributed
to the activation of Akt/mTOR/4E-BP1/Bcl-2 anti-apoptotic
signaling, and eventually contributed to suppression of the
cytochrome c/caspase-3 activation pathway in the penumbral
cortex 7 days following permanent cerebral ischemia.

Introduction

During cerebral ischemia, mitogen-activated protein kinases
and phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)
signaling cascades are key in the regulation of cell proliferation,
survival and apoptosis, and in the translation of anti-apoptotic
factors B-cell lymphoma-2 (Bcl-2) and Bcl-extra-large (Bcl-xL),
leading to neuroprotection against ischemic injury (1-4). Three
closely related Akt isoforms, namely Aktl, Akt2 and Akt3,
directly phosphorylate and activate mammalian target of
rapamycin (mTOR) signaling and its downstream effectors in
response to activation of the PI3K/Akt signaling pathway (5).
Activated Akt (mainly Aktl and Akt3) protects against
ischemia-induced neuronal injury by upregulating the activity
of mTOR, which in turn triggers the phosphorylation of Akt in
the ischemia region, thus creating a positive feedback loop for
the activation of Akt/mTOR signaling following cerebral isch-
emic injury (6). mTOR is a 289-kDa serine/threonine protein
kinase that regulates various cellular activities, including cell
proliferation, growth and survival (7,8). Akt/mTOR signaling
protects against apoptosis by promoting the expression of
anti-apoptotic proteins Bcl-2 and Bcl-xL, and by inhibiting
the expression of pro-apoptotic proteins Bcl-2-associated
X protein (Bax) and Bcl-2 antagonist of cell death (Bad) in the
ischemic region following focal cerebral ischemia (8). There
is compelling evidence that a significant increase in the Bcl-2
(Bcl-xL)/Bax ratio promotes neuronal cell survival following
cerebral ischemic-reperfusion (I/R) injury (9). mTOR forms
two protein complexes, mTOR Complex 1 (mTORCI) and
mTOR Complex 2 (MTORC?2), and is involved in the regulation
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of cell growth and metabolism (7,10). mMTORCI function has
been investigated extensively, whereas the function of mMTORC2
remains to be fully elucidated. The major mTORCI compo-
nents include mTOR, proline-rich Akt substrate of 40 kDa and
Raptor (11). mTOR activates its downstream target, p70 S6
kinase (p70S6K), which subsequently phosphorylates the 40S
ribosomal protein S6 (S6) to control the initiation of transla-
tion (10,11). The phosphorylation of S6 is also crucial in the
regulation of mRNA translation and protein synthesis (12). The
mTOR pathway is activated following ischemic brain injury.
Activation of the mTOR/p70S6K/S6 signaling cascade regulates
ribosome biogenesis and protein translation, and subsequently
exerts neuroprotective effects against infarction following
focal cerebral ischemia (5,11,13). By contrast, a decrease in the
activity of mTOR has been linked to the induction of apoptosis
in in vitro and in vivo models of cerebral ischemia (14).

The family of eukaryoticinitiation factor4E (eIF4E)-binding
proteins (4E-BPs) comprises three members, 4E-BP1, 4E-BP2
and 4E-BP3. As another downstream target of mTOR, 4E-BP1
is a translational repressor that binds to eIF4E and thereby
inhibits its interaction with eIF4G (15,16). The availability
of elF4E is a rate-limiting step in the initiation of translation
and is an important factor in the regulation of gene expres-
sion. The interaction between 4E-BP1 and eIF4E inhibits
protein synthesis; however, protein synthesis is essential for
neuronal cell survival following cerebral ischemic insults (16).
The phosphorylation of 4E-BP1 by mTOR causes its disso-
ciation from eIF4E, leading to the subsequent formation of an
elF4E-elF4G complex and thereby promoting anti-apoptotic
protein translation (7). Activation of the Akt/mTOR/4E-BP1
signaling pathway significantly ameliorates cerebral infarction
and improves neurological outcomes following ischemic post-
conditioning in rats, and the beneficial effects can be attributed
to the inhibition of mitochondria-mediated apoptosis (11,17).

Ferulic acid (4-hydroxy-3-methoxycinnamic acid, FerA) is
amajor active ingredient derived from Angelica sinensis (Oliv.)
Diels (1). In traditional Chinese medicine, A. sinensis has been
used for centuries to improve blood circulation and as a treat-
ment for stroke (18-20). Our previous studies demonstrated that
FerA exerts neuroprotective effects against cerebral I/R injury
by downregulating the inflammatory response and oxidative
stress in the ischemic region during the acute phase (21,22),
and by inhibiting apoptosis in the penumbral cortex during
the subacute phase (1) following transient middle cerebral
artery occlusion (MCAo). Other studies have shown that FerA
prevents ischemia-induced apoptosis by phosphorylating
Akt/Bad or Akt/phosphoprotein enriched in astrocytes-15
signaling in the acute phase of permanent MCAo (23,24).
However, the precise mechanisms underlying the neuroprotec-
tive effects of FerA on cerebral ischemic injury in the subacute
phase of permanent MCAo remain to be elucidated.

Therefore, the present study evaluated the effects of
various doses of FerA administered 7 days following perma-
nent MCAo and examined the involvement of Akt signaling
cascades in the penumbral cortex.

Materials and methods

Experimental animals. A total of 106 male Sprague-Dawley
(SD) rats (BioLASCO Taiwan Co., Ltd., Taipei, Taiwan),
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8-9 weeks of age and weighing 300-350 g, were used in the
present study. The rats were housed in standard plastic cages,
fed a constant provision of solid food, provided with water
ad libitum, and maintained in 12-h light-dark cycles under a
relative humidity of 55+5% at 22+2°C. All study procedures
were approved by the Institutional Animal Care and Use
Committee of China Medical University (Taichung, Taiwan;
permit no. 2016-321).

Permanent MCAo. The permanent MCAo model was
performed on adult SD rats as described previously with
modifications (25). The rats were initially anesthetized with
5% isoflurane in a plastic chamber. Subsequently, general
anesthesia was maintained using a 2% isoflurane-oxygen
mixture delivered via facemask inhalation. The anesthetized
rat was removed from the plastic chamber, and its head was
fixed on the stereotactic frame. Following dissecting the
scalp, a burr hole was drilled into the skull 2.5 mm lateral
and 2.0 mm posterior to the bregma in order to expose the
right distal end of the MCA. The rat was placed in the supine
position, and a neck incision was performed to expose the right
common, external carotid artery (ECA) and internal carotid
artery (ICA). A 3-0 nylon suture was inserted from the ECA
into the ICA for a distance of 21-22 mm. During MCAo, the
blood flow in the MCA was continually evaluated using laser
Doppler flowmetry (DRT4, Moor Instruments, Inc., Devon,
UK) through the burr hole in the skull. Blood flow reduction
to 20-25% of the pre-ischemic value was used to validate the
success of the permanent MCAo model.

Evaluation of neurological functions. The neurological status
of each rat was examined 1, 3, and 7 days following cerebral
ischemia using a modified neurological deficit score (NDS;
score of 0-18) as described previously (26). A laboratory
assistant blinded to the group assignment evaluated the items
of neurological examination, which included motor, sensory,
balance and reflex tests.

Experiment A

Grouping. The rats were randomly divided into five groups:
Sham, Vehicle, FerA-60 mg, FerA-80 mg, and FerA-100 mg
groups (n=4-5). In the FerA-60 mg, FerA-80 mg, and
FerA-100 mg groups, the rats underwent MCAo surgery and
were simultaneously administered FerA intravenously (iv) at
doses of 60, 80 and 100 mg/kg, respectively. Following 7 days
of cerebral ischemia, the rats were examined for neurological
functions and then sacrificed. In the Vehicle group, the rats
underwent the same procedures as that of the FerA-100 mg
group, but the rats were administered saline instead of FerA. In
the Sham group, the rats underwent the same procedures as that
of the Vehicle group; however, the rats did not undergo MCAo.

Evaluation of cerebral infarct area. Following 7 days of
cerebral ischemia, the rats were examined for their neuro-
logical status and subsequently sacrificed. Their brains were
carefully removed from the skull and divided into six serial
2-mm thick coronal slices using a brain slicer matrix. The
brain slices were placed in a constant temperature box and
incubated with 2% solution of 2,3,5-triphenyltetrazolium
chloride (TTC; Merck KGaA, Darmstadt, Germany) for 5 min
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at 37°C. Following TTC staining, the cerebral infarct in the
MCA territory turned pale white, whereas the healthy brain
tissue turned dark red. The TTC stained brain sections were
visualized and photographed using a digital camera (Nikon
Coolpix 775; Nikon Corporation, Tokyo, Japan). The areas
of infarction were evaluated using image analysis software
(Imagel version 1.46; National Institutes of Health, Bethesda,
MD, USA), and the percentage of cerebral infarction was
obtained by determining the ratio of the cerebral infarct area
to the total brain area.

Experiment B

Grouping. The rats were randomly divided into the following
five groups: Sham, Vehicle, FerA-60 mg, FerA-80 mg, and
FerA-100 mg groups (n=4-5). They underwent the same proce-
dures as described in Experiment A.

Western blot analysis. Following 7 days of cerebral isch-
emia, the rats were sacrificed and their brains were carefully
removed. The coronal sections of the brains obtained from
1.7 mm anterior to 4.3 mm posterior to the bregma were used
for western blot analysis. The penumbral cortex was homog-
enized in cold Cytosol Extraction Buffer mix (BioVision,
Inc., Milpitas, CA, USA) using a tissue homogenizer
(Kinematia Polytron RT-3000). The samples were further
divided into cytosolic and mitochondrial fractions using the
Mitochondria/Cytosol Fractionation kit (cat. no. K256-100
BioVision, Inc.). The concentrations of the cytosolic and mito-
chondrial proteins were evaluated using a Bio-Rad protein
assay. Equal quantities (15 pg/well) of protein were loaded
into the gel wells and separated according to their molecular
weight by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, as described previously (27). Subsequently,
the gel-separated proteins were transferred onto nitrocellulose
(NC) membranes. Based on the molecular weight marker,
the NC membranes were carefully split into pieces and
incubated with the following primary antibodies: Akt (rabbit,
cat. no. 4685; Cell Signaling Technology, Inc., Danvers, MA,
USA, 1:1,000), p-Akt (rabbit, cat. no. 9271; Cell Signaling
Technology, Inc., 1:1,000), mTOR (rabbit, cat. no. 2972;
Cell Signaling Technology, Inc., 1:1,000), p-mTOR (rabbit,
cat. no.2971; Cell Signaling Technology, Inc., 1:1,000),4E-BP1
(rabbit, cat. no. 9644; Cell Signaling Technology, Inc., 1:1,000),
p-4E-BP1 (rabbit, cat. no. 2855; Cell Signaling Technology,
Inc., 1:1,000), p70S6K (rabbit, cat. no. 9202; Cell Signaling
Technology, Inc., 1:1,000), p-p70S6K (rabbit, cat. no. 9208;
Cell Signaling Technology, Inc., 1:1,000), Bcl-2 (rabbit,
cat. no. 2876; Cell Signaling Technology, Inc., 1:1,000), Bax
(rabbit, cat. no. 2772; Cell Signaling Technology, Inc., 1:1,000),
Bcl-xL (rabbit, cat. no. 2762; Cell Signaling Technology, Inc.,
1:1,000), actin (mouse, cat. no. NB600-501; Novus Biologicals,
LLC, Littleton, CO, USA, 1:5,000) and heat shock protein 60
(HSP60; rabbit, cat. no. 4870, Cell Signaling Technology,
Inc., 1:1,000) overnight at 4°C. The membranes were subse-
quently incubated with an anti-rabbit horseradish peroxidase
(HRP)-conjugated Immunoglobulin G (IgG; cat. no. 123450;
Jackson ImmunoResearch Laboratories, Inc., West Grove, PA,
USA) or anti-mouse HRP-conjugated IgG (cat. no. 127442,
Jackson ImmunoResearch Laboratories, Inc.) secondary
antibody for 1 h at room temperature. Densitometric analyses
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were performed using analysis software (ImageJ). The immu-
noblotting results were determined as the optical density
ratios of target proteins to actin or phosphorylated proteins to
non-phosphorylated proteins.

Immunohistochemical (IHC) analysis. Following 7 days of
ischemia, the rats were sacrificed (n=3-4). Their brains were
carefully removed, postfixed in 4% paraformalaldehyde, and
cutinto 15-pm-thick sections, as described previously (28). The
brain sections were then incubated with primary antibodies
overnight at 4°C to detect the expression of cytochrome ¢
(rabbit; cat. no. 10993-1-AP; ProteinTech Group, Inc., Chicago,
IL,USA, 1:50) and cleaved caspase-3 (rabbit; cat. no.,9664; Cell
Signaling Technology, Inc., 1:100). Following incubation with
the primary antibodies, the sections were subsequently incu-
bated with the appropriate secondary antibody-avidin-biotin
peroxidase complexes (Leica Biosystems, Newcastle Ltd.,
Newcastle, UK), 3,3'-diaminobenzidine (Leica Biosystems
Newcastle, Ltd.) and hematoxylin (Merck KGaA). The immu-
noreactive cells in the penumbral cortex were detected under
a light microscope (Axioskop 40; Carl Zeiss AG, Oberkochen,
Germany). The brain sections obtained from the rats of the
Vehicle group that were stained without primary antibodies
were used as negative controls.

Terminal deoxynucleotidyl transferase-mediated dUTP-biotin
nick-end labeling (TUNEL) assay. TUNEL staining was
performed in accordance with the manufacturer's protocol
(QIA33; Calbiochem; Merck KGaA). The brain slides of the
adjacent sections used in IHC analysis were first incubated
with 20 pug/ml proteinase K for 20 min at room temperature,
as described previously (29). The TUNEL-reactive cells in the
penumbral cortex were examined under a light microscope.

Experiment C

Grouping. The rats were randomly divided into four groups:
DS + Sham, DS + Vehicle, DS + FerA-100 mg, and LY +
FerA-100 mg groups (n=4-5). In the LY + FerA-100 mg group,
the rats underwent the same surgical procedures as that of
the FerA-100 mg group (Experiment A); however, the rats
also received an intracerebroventricular (ICV) infusion of
LY294002 (LY), a PI3K/Akt inhibitor, 30 min prior to MCAo.
In the DS + FerA-100 mg group, the rats underwent the same
surgical procedures as that of the LY + FerA-100 mg group,
but the rats received an ICV infusion of 1% dimethyl sulfoxide
(DMSO). In the DS + Vehicle group, the rats underwent
the same surgical procedures as that of the Vehicle group
(Experiment A), but the rats also received an ICV infusion of
1% DMSO 30 min prior to MCAo. In the DS + Sham group,
the rats underwent the same surgical procedures as that of the
DS + Vehicle group, but the rats did not undergo MCAo.

ICV infusion of LY or 1% DMSO. The rats were anesthetized
with 5% isoflurane, and anesthesia was maintained via face-
mask inhalation using 2% isoflurane. The rats received an ICV
infusion of 10 pl of a solution containing LY (10 mM in DMSO,
cat. no. 1747-5, BioVision, Inc.) or 1% DMSO into their right
hemisphere. The infusions were performed over a 6-min period
using a 10 1 Hamilton microliter syringe (Hamilton Company,
Reno, NV, USA). The infusion was administered into the right
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Figure 1. Cerebral infarct areas (S1-S6) in the experimental groups at 7 days following cerebral ischemia. In 2,3,5-triphenyltetrazolium chloride-stained
sections, infarction is represented by a pale white color and non-infarction is represented by a dark red color. Scale bar=1 cm. FerA, ferulic acid.

cerebral ventricle (0.8 mm posterior to the bregma, 1.5 mm
lateral on the right side, and 3.5 mm below the skull surface).

Western blot analysis. Following 7 days of ischemia, the rats
were sacrificed, and their brains were immediately removed
for incubation with antibodies for western blot analysis of the
expression of Akt, p-Akt, n”TOR, p-mTOR,4E-BP1, p-4E-BP1,
elF4E (rabbit, cat. no. 9742; Cell Signaling Technology, Inc.,
1:1,000), Bcl-2 and Bax. The protocol used for analysis of the
protein samples using western blotting was the same as that
described for Experiment B.

Experiment D

Grouping. The rats were randomly divided into the following
four groups: DS + Sham, DS + Vehicle, DS + FerA-100 mg,
and LY + FerA-100 mg groups (n=3-4). They underwent the
same experimental protocols as described in Experiment C.

Evaluation of cerebral infarct area. At 7 days post-ischemia,
the rats were sacrificed. They underwent the same experi-
mental protocols for cerebral infarct detection as described in
Experiment A.

Statistical analysis. All data in the present study are expressed
as the mean + standard deviation. Comparisons were performed

using one-way analysis of variance with a Scheffe post hoc test.
P<0.05 was considered to indicate a statistically significant
difference. All data were analyzed using SPSS 13.0 software
(SPSS, Inc., Chicago, IL, USA).

Results

Effects of FerA treatment on cerebral infarct area. At 7 days
post-ischemia, the percentage of the cerebral infarct area was
significantly increased in the Vehicle group compared with
that in the Sham group (P<0.05) and was significantly reduced
in the FerA-80 mg and FerA-100 mg groups compared with
that in the Vehicle group (both P<0.05; Figs. 1 and 2A).
However, no significant difference was found in the percentage
of cerebral infarct area between the Vehicle and FerA-60 mg
groups (P>0.05).

Effects of FerA treatment on neurological function. At 1 day
post-ischemia, the NDS of the Vehicle, FerA-60 mg,
FerA-80 mg, and FerA-100 mg groups did not differ signifi-
cantly (P>0.05; Fig. 2B). At 3 days post-ischemia, the NDS of
the FerA-100 mg group was significantly reduced compared
with that of the Vehicle group (P<0.05; Fig. 2B). No significant
differences were observed in the NDS among the Vehicle,
FerA-60 mg and FerA-80 mg groups (P>0.05). At 7 days



796

A 351
304
= 25 4
o
< # #
GL“; 20 4
(1]
T 154
&
= 101
54
0-
£ o =2} =2} o
g E £ £ 1S
< < )0
L

MOLECULAR MEDICINE REPORTS 19: 792-804, 2019

B 14+ Emm 1 day after ischemia
* |E=3 3 days after ischemia
ezzzA 7 days after ischemia

124

104

NDS

Sham

FerA-80 mg 4 ]

FerA-60 mg
FerA-100 mg

Figure 2. Effects of FerA treatment on cerebral infarct area and neurological deficits 7 days following cerebral ischemia. (A) Percentages of cerebral infarct
areas in the Sham, Vehicle, FerA-60 mg, FerA-80 mg, and FerA-100 mg groups were evaluated at 7 days post-ischemia (n=4-5). (B) NDS of the Sham, Vehicle,
FerA-60 mg, FerA-80 mg, and FerA-100 mg groups were evaluated at 1, 3, and 7 days post-ischemia. "P<0.05 vs. the Sham group; “P<0.05 vs. the Vehicle group.

FerA, ferulic acid; NDS, neurological deficit score.

post-ischemia, the NDS of the FerA-80 mg and FerA-100 mg
groups were significantly reduced compared with that of the
Vehicle group (both P<0.05; Fig. 2B), whereas the NDS of
the Vehicle and the FerA-60 mg groups did not differ signifi-
cantly (P>0.05).

Effects of FerA treatment on the cytosolic expression of
p-Akt, Akt, p-mTOR, mTOR, p-4E-BPI, 4E-BPI, p-p70S6K,
and p70S6K. The results of the western blot analysis showed
that the ratios of cytosolic p-Akt/Akt and p-mTOR/mTOR
expression in the penumbral cortex were significantly reduced
in the Vehicle group (both 0.3-fold) compared with those
in the Sham group (both P<0.05) and were significantly
increased in the FerA-80 mg (3.4- and 5.1-fold, respectively)
and FerA-100 mg (5.0- and 5.1-fold, respectively) groups
compared with the Vehicle group (all P<0.05; Fig. 3A-C)
at 7 days post-ischemia. The ratios of cytosolic p-Akt/Akt and
p-mTOR/mTOR expression in the Vehicle and FerA-60 mg
groups did not differ significantly (P>0.05). The ratio of cyto-
solic 4E-BP1/actin expression was significantly reduced in the
Vehicle group (0.4-fold) compared with that in the Sham group
(P<0.05) and was significantly increased in the FerA-80 mg
(2.6-fold) and FerA-100 mg (2.9-fold) groups compared with
that in the Vehicle group (both P<0.05; Fig. 3A and D). The
ratios of cytosolic 4E-BP1/actin expression in the Vehicle
and FerA-60 mg groups did not differ significantly (P>0.05).
The ratios of cytosolic p-4E-BP1/4E-BP1 expression were
significantly increased in the FerA-80 mg (13.3- and 2.4-fold,
respectively) and FerA-100 mg (11.7- and 2.1-fold, respec-
tively) groups compared with those in the Sham and Vehicle
groups (all P<0.05; Fig. 3A and E). The ratios of cytosolic
p-4E-BP1/4E-BP1 expression in the Sham, Vehicle, and
FerA-60 mg groups did not differ significantly (P>0.05).
The ratios of cytosolic p70S6K/actin and p-p70S6K/p70S6K
expression in the penumbral cortex among the Sham, Vehicle,
and FerA-treated groups did not differ significantly (P>0.05;
Fig. 3A, F and G).

Effects of FerA treatment on the ratio of mitochondrial
expression of Bcl-2, Bcl-xL and Bax. The ratio of mitochon-
drial Bcl-2/Bax expression in the penumbral cortex was
markedly reduced in the Vehicle group (0.2-fold) compared
with that in the Sham group (P<0.05) and was markedly
increased in the FerA-80 mg (10.5-fold) and FerA-100 mg
(11.6-fold) groups compared with that in the Vehicle group
(both P<0.05; Fig. 4A and B) at 7 days post-ischemia. The
ratios of mitochondrial Bcl-2/Bax expression in the Vehicle
and FerA-60 mg groups did not differ significantly (P>0.05).
No significant differences were observed in the ratio of mito-
chondrial Bcel-xL/Bax expression among the Sham, Vehicle
and FerA-treated groups (P>0.05; Fig. 4A and C).

Effects of FerA treatment on the expression of cytochrome c-,
cleaved caspase-3-, and TUNEL-immunoreactive cells.
The numbers of cytochrome c-, cleaved caspase-3-, and
TUNEL-immunoreactive cells in the penumbral cortex
were calculated (counts/l mm?) at 7 days post-ischemia.
The numbers of cytochrome c-, cleaved caspase-3-, and
TUNEL-immunoreactive cells were significantly increased in
the Vehicle group compared with those in the Sham group (all
P<0.05) and were significantly reduced in the FerA-80 mg and
FerA-100 mg groups compared with those in the Vehicle group
(all P<0.05; Fig. 5A-C; Table I). No significant differences were
observed in the numbers of cytochrome c-, cleaved caspase-3-,
and TUNEL-immunoreactive cells between the Vehicle and
FerA-60 mg groups (P>0.05). The penumbral cortex region in
which cells were counted is indicated in Fig. 5D.

Effects of DS + FerA-100 mg and LY + FerA-100 mg on the
ratios of cytosolic expression of p-Akt/Akt, p-mTOR/mTOR,
p-4E-BPl/actin, 4E-BPl/actin, and elF4E/actin. The ratios
of cytosolic p-Akt/Akt, p-mTOR/mTOR, 4E-BP1/actin, and
elF4E/actin expression in the penumbral cortex were signifi-
cantly reduced in the DS + Vehicle group (0.4-,0.3-,0.4-, and
0.2-fold, respectively) compared with those in the DS + Sham
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Figure 3. Effects of FerA treatment on the cytosolic expression of p-Akt, Akt, p-mTOR, mTOR, p-4E-BP1, 4E-BP1, p-p70S6K, and p70S6K in the penumbral
cortex. (A) Representative western blot images revealed the cytosolic expression of p-Akt, Akt, p-mTOR, mTOR, p-4E-BP1, 4E-BP1, p-p70S6K, and p70S6K
in the penumbral cortex of the Sham, Vehicle, FerA-60 mg, FerA-80 mg, and FerA-100 mg groups at 7 days post-ischemia. Actin was used as an internal control
for cytosolic extracts. The ratios of (B) p-Akt/Akt, (C) p-mTOR/mTOR, (D) 4E-BP1/actin, (E) p-4E-BP1/4E-BP1, (F) p70S6K/actin, and (G) p-p70S6K/p70S6K
expression were measured in the penumbral cortex in the Sham, Vehicle, FerA-60 mg, FerA-80 mg, and FerA-100 mg groups (n=4-5). "P<0.05 vs. the Sham
group; “P<0.05 vs. the Vehicle group. FerA, ferulic acid; cyto, cytosolic fraction; mTOR, mammalian target of rapamycin; 4E-BP1, eukaryotic initiation

factor 4E-binding protein 1; p-, phosphorylated.

group (all P<0.05) and were significantly increased in the DS
+ FerA-100 mg group (3.2-, 3.7-, 3.5-, and 3.3-fold, respec-
tively) compared with those in the DS + Vehicle group (all
P<0.05 Fig. 6A-E) at 7 days post-ischemia. No significant
differences were observed in the ratios of cytosolic p-Akt/Akt,
p-mTOR/mTOR, 4E-BP1/actin and elF4E/actin expression
between the DS + Vehicle and LY + FerA-100 mg groups
(P>0.05). The ratio of cytosolic p-4E-BP1/actin expression
was significantly increased in the DS + FerA-100 mg group
(11.8- and 4.7-fold, respectively) compared with the ratios
in the DS + Sham and DS + Vehicle groups (both P<0.05;
Fig. 6A and F). No significant differences were observed in the

ratios of cytosolic p-4E-BP1/actin expression among the DS +
Sham, DS + Vehicle, and LY + FerA-100 mg groups (P>0.05).

Effects of DS + FerA-100 mg and LY + FerA-100 mg on the
ratio of mitochondrial expression of Bcl-2/Bax. The ratio of
mitochondrial Bcl-2/Bax expression in the penumbral cortex
was markedly reduced in the DS + Vehicle group (0.2-fold)
compared with that in the DS + Sham group (P<0.05) and was
markedly increased in the DS + FerA-100 mg group (3.5-fold)
compared with that in the DS + Vehicle group (P<0.05;
Fig. 7A and B) at 7 days post-ischemia. No significant differ-
ences were observed in the ratios of mitochondrial Bcl-2/Bax
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Figure 4. Effects of FerA treatment on the mitochondrial expression of Bcl-2, Bel-xL, and Bax in the penumbral cortex. (A) Representative western blot images
revealed the mitochondrial expression of Bcl-2, Bel-xL and Bax in the penumbral cortex in the Sham, Vehicle, FerA-60 mg, FerA-80 mg, and FerA-100 mg
groups at 7 days post-ischemia. HSP60 was used as an internal control for mitochondrial extracts. The ratios of (B) mitochondrial Bcl-2/Bax and (C) mito-
chondrial Bel-xL/Bax expression were measured in the penumbral cortex in the Sham, Vehicle, FerA-60 mg, FerA-80 mg, and FerA-100 mg groups (n=4-5).
“P<0.05 vs. the Sham group; “P<0.05 vs. the Vehicle group. FerA, ferulic acid; mito, mitochondrial fraction; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2-associated

X protein; Bel-xL, Bel-extra-large.

expression between the DS + Vehicle and LY + FerA-100 mg
groups (P>0.05).

Effects of DS + FerA-100 mg and LY + FerA-100 mg on the
cerebral infarct area. The percentage cerebral infarct area was
significantly increased in the DS + Vehicle group compared
with that in the DS + Sham group (P<0.05) and was signifi-
cantly reduced in the DS + FerA-100 mg group compared with
that in the DS + Vehicle group (P<0.05; Fig. 8A and B) at 7 days
post-ischemia. No significant differences were observed in the
percentage of cerebral infarct areas between the DS + Vehicle
and LY + FerA-100 mg groups (P>0.05).

Discussion

In permanent focal cerebral ischemia, the infarct area rapidly
increases within 1 day following the onset of ischemia and then
undergoes delayed infarct expansion between 1 and 7 days
post-ischemia (30,31). In the present study, the cerebral
infarction areas were calculated in a rat model of permanent
MCAo at 7 days post-ischemia. The results, consistent with
previous findings on cerebral infarction, revealed that the
total infarct area involving the cortex and striatum predomi-
nantly developed 7 days following cerebral ischemia and that
the neurological status declined between the acute phase

(day 1) and the subacute phase (day 7) following permanent
MCAo. Previous studies have shown that FerA (100 mg/kg)
administered iv immediately following the onset of ischemia
exerted neuroprotective effects against cerebral infarction 1
day following permanent cerebral ischemia (23,32). In the
present study, the effects of FerA during the subacute phase
of ischemic injury were further investigated, and it was found
that FerA administered iv at a dose of 80 (FerA-80 mg) or
100 mg/kg (FerA-100 mg), but not 60 mg/kg (FerA-60 mg),
immediately following ischemia effectively ameliorated cere-
bral infarction and improved neurological outcomes 7 days
following permanent MCAo.

Increasing evidence has revealed that apoptotic cells
present in the ischemic penumbra contribute to infarct expan-
sion during permanent (30,31,33) and transient (1,28) focal
cerebral ischemia. Therefore, inhibition of apoptosis in the
peri-infarct region leads to the mitigation of delayed infarct
expansion in the subacute stage of cerebral ischemia (1,33).
Akt signaling is a key regulator of cell death and survival
through the activation of various anti-apoptotic pathways
during cerebral ischemic injury (34,35). Previous studies
have demonstrated that the pharmacological activation of Akt
signaling provides neuroprotective effects against apoptosis in
the ischemic penumbra and subsequent cerebral infarction in
permanent MCAo (36,37). In the present study, the results of
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Figure 5. Effects of FerA treatment on the expression of cytochrome c-, cleaved caspase-3-, and TUNEL-immunoreactive cells in the PC. Representative
images show (A) cytochrome c-, (B) cleaved caspase-3- and (C) TUNEL-immunoreactive cells in the PC in the Sham, Vehicle, FerA-60 mg, FerA-80 mg and
FerA-100 mg groups at 7 days post-ischemia. Arrows indicate these immunoreactive cells (scale bars=10 ym). (D) Representative image shows the 2,3,5-triphe-
nyltetrazolium chloride-stained brain coronal section. The dotted square indicates the area of measurement of immunoreactive cells. Dotted square=1 mm?;
scale bar=200 pm). FerA, ferulic acid; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling; PC, penumbral cortex.

the western blot analysis showed that p-Akt was significantly
downregulated in the penumbral cortex following permanent
MCAo. However, this decreased expression of p-Akt was effec-
tively restored in the FerA-80 mg and FerA-100 mg groups
7 days following cerebral ischemia. These findings suggest
that FerA treatment protects against cerebral ischemic injury
in the subacute phase of ischemia, and the neuroprotective
effects on cerebral infarction are at least partially attributed to
the activation of Akt signaling in the penumbral cortex 7 days
following permanent MCAo.

Activated Akt can rapidly phosphorylate certain downstream
proteins, including mTOR, and the activity of mTOR is regulated
through the phosphorylation of its serine 2448 (14). Akt-dependent
activation of the multi-protein complex, including mTOR
(mTORCT) causes the phosphorylation of p70S6K and 4E-BP1,
its two major downstream targets, which regulate the initiation of
translation and protein synthesis (38). During cerebral ischemia,
the activation of Akt/mTOR/p70S6K/S6 signaling results in a
marked reduction in the ischemic area, leading to the suppression
of protein synthesis and exacerbation of neuronal cell death (12).
By contrast, the pharmacological upregulation of mTOR/p70S6K
signaling protects against apoptosis and cerebral infarction in
the acute phase of permanent (5,13) and transient (39) MCAo.
Unphosphorylated 4E-BP1 binds to e[F4E with high affinity and
prevents it from interacting with e[F4G for the initiation of mRNA
translation. By contrast, p-4E-BP1 dissociates from elF4E,
which subsequently binds to eIF4G, resulting in the assembly of

translation initiation factors (40,41). Activation of mMTOR/4E-BP1
signaling in the peri-infarct region exerts neuroprotective effects
against cerebral ischemic injuries in the early phase of ischemic
postconditioning (17). The immunoblotting results in the present
study indicated that the ratio of p-mTOR/mTOR, the expression
of 4E-BP1, and the ratio of p-4E-BP1/4E-BP1 were markedly
decreased in the cytosolic fraction in the penumbral cortex,
whereas these expression levels were effectively upregulated
in the FerA-80 mg and FerA-100 mg groups 7 days following
permanent cerebral ischemia. These results are consistent with
those of a previous study, in which the upregulated expression
of p-mTOR, 4E-BP1 and p-4E-BP1 in the peri-infarct cortex
markedly reduced ischemic lesions and improved neurological
outcomes in the late phase of permanent MCAo (17). Koh (42)
reported that FerA exerted neuroprotective effects against cere-
bral infarction by activating mTOR/p70S6K/S6 signaling in the
ischemic cortex 1 day following permanent MCAo (42). However,
in the present study, FerA treatment did not affect the expression
of p70S6K or p-p70S6K in the cytosolic fraction in the penumbral
cortex 7 days following permanent focal cerebral ischemia. On
the basis of these results, it was hypothesized that FerA treat-
ment effectively activates Akt/mTOR survival signaling, and
that the beneficial effects of FerA treatment on ischemia-induced
cerebral infarction are most likely attributed to the activation
of Akt/mTOR/4E-BP1-, but not Akt/mTOR/p70S6K-, induced
survival signaling in the penumbral cortex at 7 days following
cerebral ischemia.
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Table I. Expression of cytochrome c-, cleaved caspase-3-, and TUNEL-immunoreactive cells (count/1 mm?).

Factor Sham Vehicle FerA-60 mg FerA-80 mg FerA-100 mg
Cytochrome ¢ 0+0 322+26° 272428 129+21° 95+15°
Cleaved caspase-3 0+0 258+55° 316+50 112+5° 83+24°
TUNEL 0+0 818+110° 699+107 366+65° 291+42°

“P<0.05 vs. the Sham group; "P<0.05 vs. the Vehicle group. FerA, ferulic acid; TUNEL, terminal deoxynucleotidyl transferase-mediated

dUTP-biotin nick-end labeling.
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Figure 6. Effects of DS + FerA-100 mg and LY + FerA-100 mg on the cytosolic expression of p-Akt, Akt, p-mTOR, mTOR, p-4E-BP1, 4E-BP1 and eIF4E in
the penumbral cortex. (A) Representative images show cytosolic expression of p-Akt, Akt, p-mTOR, mTOR, p-4E-BP1, 4E-BP1, and eIF4E in the penum-
bral cortex in the DS + Sham, DS + Vehicle, DS + FerA-100 mg, and LY + FerA-100 mg groups at 7 days post-ischemia. The ratios of (B) p-Akt/Akt
(C) p-mTOR/mTOR (D) 4E-BP1/actin (E) elF4E/actin, and (F) p-4E-BP1/actin expression were measured in the penumbral cortex in the DS + Sham,
DS + Vehicle, DS + FerA-100 mg, and LY+FerA-100 mg groups (n=4-5). "P<0.05 vs. the DS + Sham group; “P<0.05 vs. the DS + Vehicle group. FerA, ferulic
acid; DS, dimethyl sulfoxide; LY, LY294002; cyto, cytosolic fraction; mTOR, mammalian target of rapamycin; elFAE, eukaryotic initiation factor 4E; 4E-BP1,

elFAE-binding protein 1; p-, phosphorylated.

Accumulating evidence indicates that eIF4E is critical for
translational control and is inactivated by stress, including
ischemic stress, and activated by survival factors. In addi-
tion, the overexpression of eIF4E exerts beneficial effects on
cytochrome c-mediated apoptosis through the upregulation of
anti-apoptotic proteins, including Bcl-2 and Bcl-xL, in various
cell lines in vitro (43-45). Fan et al (45) reported that pharma-
cological inhibition of the eIF4E-eIF4G interaction induced
the apoptosis of human lung cancer cell lines in vitro. Under
cerebral ischemia conditions, the translocation of pro-apop-
totic Bax from the cytosol to the mitochondria disrupts the
integrity of the mitochondrial outer membrane, resulting in
the release of cytochrome c¢ (46). Cytosolic cytochrome ¢
combines with apoptotic protease activating factor-1 and

dATP to form the apoptosome. This complex recruits and acti-
vates caspase-9, which subsequently cleaves the downstream
effector caspase-3, thereby triggering cytochrome c-mediated
apoptosis (47). It has been suggested that the anti-apoptotic
Bcl-2 protein (Bcl-xL) binds to the mitochondrial membrane
and preserves mitochondrial outer membrane integrity by
preventing the translocation of Bax; thus, Bcl-2 directly
inhibits the release of cytochrome ¢ from the mitochondria
into the cytosol (48). An increased ratio of mitochondrial Bcl-2
(Bcl-xL)/Bax prevents the translocation of Bax to the mito-
chondria, promoting cell survival, whereas a decreased ratio of
mitochondrial Bcl-2 (Bcl-xL)/Bax induces mitochondrial Bax
homo-oligomerization and subsequently causes mitochondrial
damage, leading to cytochrome c-mediated apoptosis in



CHENG et al: FERULIC ACID AMELIORATES CEREBRAL INFARCTION BY ACTIVATING AKT SIGNALING 801

A Mito DS+Sham DS+Vehicle DS+FerA-100 mg LY+FerA-100 mg

Bca-z-“_——
L e—— ee— ——

. N R

Bax

B 20-
=
1)
m
454
@
8 #
2
210-
Q
£
£
B
o 051 .
‘@
@
0.0 -
(=]
5 1 F ¢
7] ] 8 b=
& 3 < -
o 8 o <
E3 &
L
8 3

Figure 7. Effects of DS + FerA-100 mg and LY + FerA-100 mg on the mitochondrial expression of Bcl-2 and Bax in the penumbral cortex. (A) Representative
images show the mitochondrial expression of Bcl-2 and Bax in the penumbral cortex in the DS + Sham, DS + Vehicle, DS + FerA-100 mg, and LY + FerA-100 mg
groups at 7 days post-ischemia. The ratio of (B) mitochondrial Bcl-2/Bax expression was measured in the penumbral cortex in the DS + Sham, DS + Vehicle,
DS + FerA-100 mg, and LY + FerA-100 mg groups (n=4-5). "P<0.05 vs. the DS + Sham group; “P<0.05 vs. the DS + Vehicle group. FerA, ferulic acid;
DS, dimethyl sulfoxide; LY, LY294002; Mito, mitochondrial fraction; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2-associated X protein.

A DS+Sha

ik

Infarct area (%)
n L]
s =2

=
[=]

DS+Sham
DS+Vehicle
DS+FerA-100 mg
LY+FerA-100 mg

Figure 8. Effects of DS + FerA-100 mg and LY + FerA-100 mg on cerebral infarction. (A) TTC staining reveals normal brain tissues (dark red color)
and infarcted tissues (pale-white color) between S1 and S6 (scale bar=1 cm). (B) Percentages of cerebral infarct areas in the DS + Sham, DS + Vehicle,
DS + FerA-100 mg, and LY + FerA-100 mg groups were evaluated at 7 days post-ischemia (n=3). “P<0.05 vs. the DS + Sham group; “P<0.05 vs. the DS + Vehicle

group. FerA, ferulic acid; DS, dimethyl sulfoxide; LY, LY294002.
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the ischemic region following cerebral ischemia (1,46). The
results of the present study revealed that the ratio of mitochon-
drial Bcl-2/Bax expression was significantly decreased in the
penumbral cortex following MCAo, whereas the reduced ratio
of Bcl-2/Bax expression was effectively upregulated in the
FerA-80 mg and FerA-100 mg groups at 7 days post-ischemia.
However, FerA treatment did not affect the ratios of mito-
chondrial Bel-xL/Bax expression in the penumbral cortex. In
the THC and TUNEL assays, the expression of cytochrome c,
cleaved caspase-3, and TUNEL immunoreactivity was
significantly upregulated in the penumbral cortex following
permanent MCAo, however, these increased immunoreactivity
levels were effectively downregulated in the FerA-80 mg
and FerA-100 mg groups at 7 days post-ischemia. These
results appear to coincide with those of a previous study, in
which pharmacological treatment exerted a neuroprotec-
tive effect against cerebral infarction through the inhibition
of cytochrome c-mediated apoptosis in the ischemic region,
and the anti-apoptotic effect was possibly due to upregula-
tion of the mitochondrial Bcl-2/Bax ratio in the acute phase
of permanent cerebral ischemia (49). These findings suggest
that the upregulation of Akt/mTOR/4E-BP1-mediated Bcl-2,
but not Bcl-xL, anti-apoptotic cascade may be involved in
the neuroprotective effects of FerA-80 mg and FerA-100 mg
treatment, and that the effects of FerA against mitochondrial
Bax-related apoptosis can be further attributed to inhibition
of the cytochrome c-mediated caspase-3 activation pathway
in the penumbral cortex 7 days following permanent MCAo.

To determine the precise mechanism underlying the involve-
ment of Akt-mediated anti-apoptotic signaling in FerA treatment,
another experiment was performed in the FerA-100 mg group
as the representative group of FerA treatment to evaluate the
action of LY, a selective inhibitor of PI3K/Akt signaling, 7 days
following cerebral ischemia. It was found that 1% DMSO (vehicle
control) pretreatment (DS + Sham, DS + Vehicle, and DS +
FerA-100 mg) did not alter the expression of p-Akt, p-mTOR or
p-4E-BP1. Furthermore, the expression of e[F4E was markedly
decreased in the DS + Vehicle group and the reduced expres-
sion of e[F4E was effectively restored in the DS + FerA-100 mg
group. However, LY pretreatment (LY + FerA-100 mg)
effectively abrogated the upregulating effects of FerA-100 mg
treatment on the expression of p-Akt. LY + FerA-100 mg
treatment consequently suppressed mTOR/4E-BP1/eIF4E
signaling and activated the mitochondrial Bax-related apop-
totic signaling cascade in the penumbral cortex, resulting in
the exacerbation of the cerebral infarct size 7 days following
permanent cerebral ischemia. On the basis of these results, it
was hypothesized that FerA treatment exerts beneficial effects
on cerebral infarction by activating Akt signaling, and that the
downregulating effects of FerA treatment on mitochondrial
Bax-induced apoptosis are attributed to the upregulation of the
Akt/mTOR/4E-BP1/eIF4E/Bcl-2 anti-apoptotic signaling in the
penumbral cortex 7 days following cerebral ischemia. To the best
of our knowledge, the present study is the first to show that FerA
treatment exerts neuroprotective effects against Bax-induced
apoptosis by upregulating Akt/mTOR/4E-BP1-mediated, but not
Akt/mTOR/p70S6K-mediated Bcl-2 anti-apoptotic signaling in
the subacute phase of permanent MCAo.

Compelling evidence shows that Akt-mediated signaling
downregulates the expression of inducible nitric oxide

MOLECULAR MEDICINE REPORTS 19: 792-804, 2019

synthase, which elicits nitric oxide (NO)-induced apoptosis in
the ischemic region following transient MCAo (50,51). Previous
studies have shown that FerA protects against cerebral isch-
emic injury by inhibiting NO-induced apoptotic signaling in
the acute phase of cerebral ischemia (18,52). However, the role
of FerA-induced Akt-mediated signaling in the regulation of
nitric oxide synthase during the subacute phase of permanent
MCAo requires elucidation in the future.

In conclusion, the findings of the present study suggest that
FerA administered at a dose of 80 or 100 mg/kg immediately
following the onset of cerebral ischemia effectively reduces
cerebral infarction and improves neurological functions 7 days
following cerebral ischemia, and that the anti-infarction
effects of FerA treatment are associated with the activation of
Akt-mediated anti-apoptotic signaling in the penumbral cortex.
The effects of FerA treatment on mitochondrial Bax-induced
apoptosis can be further attributed to the upregulation of
Akt/mTOR/4E-BP1/Bcl-2 anti-apoptotic signaling, which
inhibits the cytochrome c/caspase-3-dependent apoptotic
pathway in the penumbral cortex 7 days following permanent
focal cerebral ischemia. Evidence indicates that FerA exerts
neuroprotective effects against cerebral infarct in the acute
phase of permanent cerebral ischemia (23,32). The results of
the present study further indicate that FerA treatment exerts
beneficial effects on cerebral infarction in the subacute phase
of permanent MCAo. Therefore, FerA treatment offers a
potential strategy in the subacute phase of permanent focal
cerebral ischemia. Previous studies have demonstrated that
upregulation of the upstream components of Akt signaling,
including tropomyosin receptor kinase B (53,54) and receptor
tyrosine kinase (55), effectively attenuates cerebral ischemic
injury in rat models of cerebral ischemia. Therefore, further
investigations are warranted to characterize the effects of
FerA on the regulation of Akt upstream signaling and in the
chronic phase of cerebral ischemia for determining its future
clinical application.
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