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Ferulic acid regulates the AKT/GSK-3β/CRMP-2 signaling
pathway in a middle cerebral artery occlusion animal model
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Ferulic acid, a component of the plants Angelica sinensis (Oliv.) Diels and Ligusticum chuanxiong Hort,
exerts a neuroprotective effect by regulating various signaling pathways. This study showed that ferulic
acid treatment prevents the injury-induced increase of collapsin response mediator protein 2 (CRMP-2) in
focal cerebral ischemia. Glycogen synthase kinase-3β (GSK-3β) regulates CRMP-2 function through
phosphorylation of CRMP-2. Moreover, the pro-apoptotic activity of GSK-3β is inactivated by phosphorylation
by Akt. This study investigated whether ferulic acid modulates the expression of CRMP-2 and its upstream
targets, Akt and GSK-3β, in focal cerebral ischemia. Male rats were treated immediately with ferulic acid
(100 mg/kg, i.v.) or vehicle after middle cerebral artery occlusion (MCAO), and then cerebral cortices
were collected 24 hr after MCAO. MCAO resulted in decreased levels of phospho-Akt and phospho-GSK-
3β, while ferulic acid treatment prevented the decrease in the levels of these proteins. Moreover,
phospho-CRMP-2 and CRMP-2 levels increased during MCAO, whereas ferulic acid attenuated these
injury-induced increases. These results demonstrate that ferulic acid regulates the Akt/GSK-3β/CRMP-2
signaling pathway in focal cerebral ischemic injury, thereby protecting against brain injury.
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Ferulic acid (4-hydroxy-3-methoxycinnamic acid) is a

well-known phenolic compound present in Angelica

sinensis (Oliv.) Diels and Ligusticum chuanxiong Hort,

which are plants used to treat stroke in traditional

Chinese medicine. Ferulic acid has potent antioxidant

and anti-aging properties [1-3]. Ferulic acid exerts

beneficial and biological effects against various diseases

such as cancer, diabetes, and neurodegenerative diseases

[3-5]. Ferulic acid reduces focal cerebral ischemic injury

by modulating the expression of apoptosis-related proteins

and regulating inflammatory reactions [6-9]. Moreover,

ferulic acid protects cortical neuronal cells against

glutamate toxicity and modulates the phosphatidy-

linositol 3-kinase (PI3K) and extracellular signal-

regulated kinase (ERK) pathways [10].

The PI3K/Akt pathway is an important signaling

pathway involved in cell growth, cell survival, apoptosis,

and metabolism [11,12]. Activation of the PI3K/Akt

pathway suppresses neuronal cell death from cerebral

ischemia and enhances cells survival [13-15]. Akt

phosphorylates several pro-apoptotic proteins, such as

Bad and glycogen synthase kinase-3β (GSK-3β),

resulting in inactivation of these apoptotic proteins [16].

GSK-3β increases caspase-3 activity and induces

apoptotic cell death after transient global ischemia;

however, its pro-apoptotic activity is inhibited by
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phosphorylation by Akt [16,17]. Moreover, GSK-3β

phosphorylates its downstream target, collapsin response

mediator protein 2 (CRMP-2). CRMP-2 is a micro-

tubule-binding protein that enhances microtubule

polymerization and stabilization. CRMP-2 abundantly

exists in the growing axons of hippocampal neurons and

mediates neuronal differentiation and growth. The

ability of CRMP-2 to bind to microtubules is suppressed

by phosphorylation [18,19,20]. GSK-3β phosphorylates

CRMP-2, thereby inhibiting microtubule polymerization

and stabilization, which in turn inhibits axonal elongation

[21,22]. We previously reported that ferulic acid has a

neuroprotective effect against focal cerebral ischemia

[8,9]. In this study, we demonstrate that ferulic acid

attenuates the focal cerebral ischemia-induced increase

in CRMP-2 using a proteomics approach. We hypo-

thesize that ferulic acid exerts its effects by modulating

the Akt/GSK3β/CRMP-2 pathway in ischemic brain

injury. Thus, we also investigated the phosphorylation of

Akt, GSK3β, and CRMP-2 in response to ferulic acid

treatment in a focal cerebral ischemia.

Materials and Methods

Animals and ferulic acid treatment

Male Sprague-Dawley rats (210-230 g, n=40) were

housed under temperature (25oC) and lighting (12/12

light/dark cycle). All experimental protocols for animal

use were approved by Institutional Animal Care and Use

Committee at Gyeongsang National University (GNU-

120806-R0034). Animals were randomly divided four

groups as follows: vehicle+sham group, ferulic acid+

sham group, vehicle+middle cerebral artery occlusion

(MCAO) group, and ferulic acid+MCAO group (n=10

per group). Ferulic acid (Sigma, St. Louis, MO, USA)

was dissolved in normal saline as the vehicle. Ferulic

acid (100 mg/kg) or vehicle was injected intravenously

immediately after MCAO [6].

Middle cerebral artery occlusion

The focal cerebral ischemia model was generated by

operating middle cerebral artery occlusion (MCAO), as

a previously described with some modification [23].

Animals were anesthetized with sodium pentobarbital

(30 mg/kg, intraperitoneal injection) before MCAO.

Briefly, the right common carotid artery was exposed

and all branches of external carotid artery were isolated.

The common carotid artery were clamped with vascular

clips, and the external carotid artery was cut. A 4/0 nylon

filament with rounded tip by heating was inserted into

the right external carotid artery and was carefully

advanced into the internal carotid artery. The filament

was advanced until the origin of the right MCA. The

body temperature was maintained at approximately

37oC using a heating pad. Sham-operated animals were

received the same surgical procedure without a nylon

filament insertion. The right cortices were isolated at 24

hr after MCAO.

Two-dimensional gel electrophoresis, image analysis,

and protein identification

A proteomic approach was carried out as a previously

described method [9]. The right cerebral cortices were

dissolved in lysis buffer (8 M urea, 4% CHAPS,

ampholytes and 40 mM Tris-HCl) and centrifuged at

16,000 g for 20 min at 4oC. The supernatant was isolated

and Bradford assay (Bio-Rad, Hercules, CA, USA) was

used to determine protein concentration. Total proteins

(50 µg) were mixed with rehydration solution and

isoelectric focusing (IEF) was performed for 13 hr using

the immobilized pH gradients gel strips (IPG, pH 4-7, pH

6-9, 17 cm, Bio-Rad). The protein samples were focused

on Protean IEF Cell (Bio-Rad) at 20oC as follows:

250 V (15 min), 10000 V (3 hr), and then 10,000 V to

50,000 V. After IEF, electrophoresis was performed with

gradient gel (7.5-17.5%) at 10 mA/gel for 10 hr (Protein-

XI, Bio-Rad). The gels were stained with silver stain

solution (0.2% silver nitrate, 0.75 mL/L formaldehyde)

and were scanned using Agfar ARCUS 1200™ (Agfar-

Gevaert, Mortsel, BEL). The PDQuest 2-D analysis

software (Bio-Rad) was matched, analyzed, and visualized

protein spots. Protein spots were subjected to trypsin

digestion and peptides were extracted using extraction

buffer (5% trifluoroacetic acid in 50% acetonitrile) and

the extracted peptides were dried using a vacuum centrifuge

for 20 min. The protein samples were analyzed by a

Voyager-DETM STR biospectrometry workstation (Applied

Biosystem, Forster City, CA, USA). The database

searches were carried out using MS-Fit and ProFound

program. SWISS-PROT and NCBI were used as the

protein sequence databases.

Western blot analysis

The right cerebral cortices were quickly extracted and

frozen in liquid nitrogen. The samples were homo-

genized in lysis buffer [1% Triton X-100, 1 mM EDTA
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in 1xPBS (pH 7.4)] containing 10 mM leupeptin and

200 µM phenylmethylsulfonyl fluoride, were centrifuged

at 15,000 g for 20 min at 4oC. The supernatants were

collected and total protein concentration was measured.

Total protein (30 µg) from each sample was run on a

10% SDS-polyacrylamide gel electrophoresis. The gels

were transferred on the poly-vinylidene fluoride

membranes (Millipore, Billerica, MA, USA). The

membranes were blocked with 5% skim milk solution

and washed in Tris-buffered saline containing 0.1%

Tween-20 (TBST), and then incubated with the

following antibodies : anti-Akt, anti-phopho-Akt (Ser

473), anti-GSK-3β, anti-phopho- GSK-3β (Ser 9), anti-

CRMP-2, anti-phospho-CRMP-2 (Thr 514) (diluted

1:1000, Cell Signaling Technology, Beverly, MA, USA),

and anti-β-actin (1:1,000, Santa Cruz Biotechnology,

Santa Cruz, CA, USA) as primary antibody. After

washing with TBST, the membrane was incubated with

horseradish perxoxidase-conjugated goat anti-rabbit IgG

(1:5000, Pierce, Rockford, IL, USA) and the signals

were detected with an enhanced chemiluminescence

Western blot detection kit (GE Healthcare, Little

Chalfont, Buckinghamshire, UK) according to the

manufacturer’s manuals. The intensity analysis of

Western blot analysis was carried out using SigmaGel

1.0 (Jandel Scientific, San Rafael, CA, USA) and

SigmaPlot 4.0 (SPSS Inc., Point Richmond, CA, USA).

Statistical analysis

All data are expressed as mean±SEM. The results in

each group were compared by one-way analysis of

variance (ANOVA) followed by to post-hoc Scheffe’s

test. The difference for comparison was considered

significant at *P<0.05.

Results

Levels of CRMP-2 in vehicle- and ferulic acid-treated

animals

We previously reported the neuroprotective effects of

ferulic acid against focal ischemic brain injury [8].

Ferulic acid treatment decreased infarct volume and

brain damage in response to MCAO [8]. In this study,

using a proteomics approach, we identified an increase

in expression of CRMP-2 in the cerebral cortices of

vehicle+MCAO animals (Figure 1). Ferulic acid

treatment attenuated the MCAO-induced increase in

CRMP-2 protein expression. CRMP-2 levels were

1.53±0.03 and 1.10±0.02 in the vehicle+MCAO and

ferulic acid+MCAO animals, respectively.

Levels of phospho-Akt and phospho-GSK-3β in

vehicle- and ferulic acid-treated animals

Figures 2 and 3 showed the levels of phosphorylated

Akt and GSK-3β in the cerebral cortex of the MCAO

group treated with ferulic acid or vehicle. MCAO injury

resulted in decreased phospho-Akt and phospho-GSK-

3β expression, while ferulic acid treatment attenuated

the injury-induced decreases in the levels of these

proteins. Phospho-Akt levels were 0.41±0.04 and

Figure 1. Collapsin response mediator protein 2 (CRMP-2) protein spots identified by MALDI-TOF in the cerebral cortex from
vehicle+middle cerebral artery occlusion (MCAO), ferulic acid+MCAO, vehicle+sham, ferulic acid+sham animals. Circles indicate
the CRMP-2 protein spots. The intensity of spots was measured using PDQuest software. The ratio of intensity is described as
spots intensity of these animals to spots intensity of sham+vehicle animals. Data (n=5) are shown as mean±SEM. *P<0.05. Mw
and IP indicate molecular weight and isoelectrical point, respectively.
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Figure 2. Western blot analysis of phospho-Akt and Akt in the cerebral cortex from vehicle+middle cerebral artery occlusion
(MCAO), ferulic acid+MCAO, vehicle+sham, ferulic acid+ sham animals. Each lane represents an individual experimental animal.
Densitometric analysis is represented as these proteins intensity to β-actin intensity. Molecular weight (kDa) is depicted at right.
Data (n=5) are represented as mean±SEM. *P<0.05.

Figure 3. Western blot analysis of phospho-GSK-3β and GSK-3β in the cerebral cortex from vehicle + middle cerebral artery
occlusion (MCAO), ferulic acid+MCAO, vehicle+sham, ferulic acid+sham animals. Each lane represents an individual
experimental animal. Densitometric analysis is represented as these proteins intensity to β-actin intensity. Molecular weight (kDa) is
depicted at right. Data (n=5) are represented as mean±SEM. *P<0.05.
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0.66±0.03 in the vehicle+MCAO and ferulic acid+

MCAO animals, respectively (Figure 2). Moreover,

phospho-GSK-3β levels were 0.43±0.02 and 0.99±0.04

in the vehicle+MCAO and ferulic acid+MCAO

animals, respectively (Figure 3). However, these proteins

were expressed at similar levels in sham-operated

animals treated with vehicle or ferulic acid. Total Akt

and GSK-3β levels were similar in the vehicle- and

ferulic acid-treated animals during MCAO (Figure 2, 3).

Levels of phospho-CRMP-2 and CRMP-2 in vehicle-

and ferulic acid-treated animals

We confirmed CRMP-2 expression in ischemic brain

injury using Western blot analysis. CRMP-2 is a

downstream target of GSK-3β. CRMP-2 expression was

increased in vehicle+MCAO animals, whereas the

increase in CRMP-2 levels was attenuated in ferulic

acid+MCAO animals (Figure 4). CRMP-2 levels were

1.05±0.05 and 0.84±0.03 in the vehicle+MCAO and

ferulic acid+MCAO animals, respectively. Moreover,

phospho-CRMP-2 levels were increased in the vehicle+

MCAO-operated groups, while ferulic acid treatment

prevented the MCAO-induced increase in the phospho-

CRMP-2 level. Phospho-CRMP-2 levels were 0.81±

0.02 and 0.44±0.03 in the vehicle+MCAO and ferulic

acid+MCAO animals, respectively. In sham-operated

animals, CRMP-2 and phospho-CRMP-2 proteins levels

in the vehicle-treated groups were similar to those in the

ferulic acid-treated groups.

Discussion

Ferulic acid plays a neuroprotective role against

transient focal cerebral ischemia through its anti-oxidant

and anti-apoptotic effects [6,7]. We previously confirmed

that ferulic acid reduces brain damages and prevents

neuronal cell death by modulating various signaling

pathways [8,9]. In the present study, we demonstrated

that ferulic acid regulates Akt and its downstream target,

GSK-3β.

GSK-3β is a serine/threonine protein kinase and a

critical downstream target of the Akt signaling pathway.

Figure 4. Western blot analysis of phospho-CRMP-2 and CRMP-2 in the cerebral cortex from vehicle+middle cerebral artery
occlusion (MCAO), ferulic acid+MCAO, vehicle+sham, ferulic acid+sham animals. Each lane represents an individual
experimental animal. Densitometric analysis is represented as these proteins intensity to β-actin intensity. Molecular weight (kDa) is
depicted at right. Data (n=5) are represented as mean±SEM. *P<0.05. 
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The phosphorylation of GSK-3β by Akt inactivates its

pro-apoptotic activity, leads to inhibition of apoptosis.

We found that focal cerebral ischemia induced a

decrease in phospho-GSK-3β levels and that ferulic acid

attenuated this decrease in phospho-GSK-3β. Ferulic

acid also prevented the brain injury-induced decrease in

expression of phospho-Akt, a protein upstream of GSK-

3β. We recently reported that ferulic acid exerts a

neuroprotective effect by activating the Akt signaling

pathway [8]. In this study, we focused on GSK-3β

expression in cerebral ischemic injury. Ferulic acid

prevented brain injury-induced decreases in phospho-

Akt and phospho-GSK-3β levels. However, total Akt

and GSK-3β levels were constitutively maintained in

cerebral ischemia regardless of ferulic acid treatment. In

transient global ischemia, GSK-3β leads to cell injury

by increasing caspase-3 activity [17]. We previously

showed that ferulic acid attenuated the MCAO-induced

activation of caspase-3 [8]. To be more precise, caspase-

3 expression increases during focal cerebral ischemia

and ferulic acid treatment attenuates this injury-induced

increase in caspase-3. A decrease in caspase-3 activity

leads to inhibition of apoptotic cell death. Phosphory-

lation of GSK-3β is a critical event for the inhibition of

apoptotic cell death. We clearly showed in this study that

ferulic acid attenuated the injury-induced decrease in

phospho-GSK-3β expression. The maintenance of

phospho-GSK-3β levels by ferulic acid contribute to the

inactivation of caspase-3.

Phosphorylation of CRMP-2 by GSK-3β inactivates

CRMP-2 and allows it to react with neurofibrillary

tangles [24]. CRMP-2 can contribute to neuronal polarity

and axonal elongation [22,25]. Moreover, CRMP-2 also

participates in the pathophysiology of neurological

disorders. CRMP-2 is overexpressed in cerebral cortex-

induced ischemic brain injury, and upregulation of

CRMP-2 levels indicates neuronal cell dysfunction [26].

Levels of phosphorylated CRMP-2 are very high in

Alzheimer’s disease [24]. We found that ischemic brain

injury increased in CRMP-2 levels while ferulic acid

treatment maintained CRMP-2 expression at a similar

level to that observed in sham-operated animals.

Moreover, phosphorylation of CRMP-2 increased in

response to cerebral ischemic injury, while ferulic acid

treatment attenuated this injury-induced increase in the

level of phospho-CRMP-2. The phosphorylation of

CRMP-2 decreases its ability to bind to tubulin and

inhibits neurite elongation [20]. Thus, the increase in

levels of phospho-CRMP-2 during MCAO injury leads

to the destruction of cells. The Akt/GSK-3β/CRMP-2

signaling pathway is a critical step for neuroprotective

mechanism. We demonstrated that ferulic acid attenuated

the MCAO injury-induced decrease in the level of

phospho-GSK-3β and the MCAO injury-induced

increase in the level of phospho-CRMP-2. Thus, ferulic

acid exerts its neuroprotective effects against focal

cerebral ischemic injury by modulating the Akt/GSK-

3β/CRMP-2 signaling pathway.
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