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ABSTRACT

AIM: Traumatic brain injury is an important social health problem due to the fact that young adults are more
likely to be affected, and advanced functional limitations are observed in survivors. In this study, we aimed to
investigate the protective effect of ferulic acid in an experimental trauma model.

MATERIAL AND METHODS: This study was performed in March 2016 at Dokuz Eylil University Experimental
Animal Laboratory. Subjects were randomly divided into 4 groups Control, Ethyl Alcohol, Trauma, Trauma/Fe-
rulic Acid groups. For histological findings, Cresyl violet; for immunohistochemical analysis, TUNEL and Active
Caspase-3 staining were used. For biochemical analysis, Superoxide dismutase, Malondialdehyde, and Gluta-
thione values were examined.

RESULTS: The application of ferulic acid has been shown to primarily reduce neuronal apoptosis, the levels of
free radicals, and to effect oxidant/antioxidant balance positively by increasing the levels of antioxidants, such
as Superoxide dismutase and Glutathione that are developed due to brain damage. Our study group has shown
that ferulic acid decreased nerve tissue pathologies after generated brain trauma compared to injury groups.
CONCLUSION: Addition of ferulic acid to the traditional head trauma treatment has the strength, and ability to

increase the rate, and percentage of healing (Tab. 2, Fig. 4, Ref. 28). Text in PDF www.elis.sk.
KEY WORDS: ferulic acid, head trauma, hippocampus, prefrontal cortex.

Introduction

Traumatic brain injury (TBI) is a brain injury that occurs
when the head suddenly, and violently strikes an object or the
object causes damage to the brain tissue by piercing the skull (1,
2). TBI is one of the leading causes of death, and disability, and
often causes post-traumatic epilepsy (PTE) development (3). TBI
can be classified as a closed head injury, open head injury, and
penetrating head injury.

Closed and open head injury terms define collisions between
the head, and a blunt object. Closed head trauma is a diffuse axonal
injury characterized by intact dura, and is due to the mechanism of
acceleration-deceleration (2, 4). Diffuse axonal injury constitutes
40-50 % of TBI causes and is the most important cause of loss of
consciousness after trauma. Open head trauma defines injuries in
which the dura is breached. Penetrating head trauma is an injury
caused by firearm in which a foreign body penetrates the dura, and
enters the brain or by knife injuries. The prognosis is highly vari-
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able depending on the shape and severity of the injuries (4). The
terms mild, moderate, and severe TBI reveal TBI severity (5, 6).
The mechanisms leading to TBI can be classified as primary and
secondary injuries. Primary mechanisms occur at the time of the
injury whereas secondary injury is the response of the organism to
the primary mechanism, and both may be focal or diffuse. Focal
injuries occur with direct impacts, and diffuse injuries occur with
acceleration-deceleration, and rotational forces (5).

Primary Injury: Primary injuries occur as a result of cerebral
contusion, intracranial hematoma, (epidural, subdural, subarach-
noid), diffuse axonal injury, and acceleration-deceleration. Cor-
tical contusions arise in specific regions of the base of the head
depending on the characteristics of the bone structure.

Contusions are associated with subarachnoid haemorrhage
and following epileptic attacks (2, 5). Axonal stretch injuries are
seen in midline tissues, cerebral cortex parasagittal white matter,
corpus callosum, pontine-mesencephalic junction near the superior
cerebral peduncle (7, 8).

Diffuse axonal injuries can only be identified microscopically.
At the same time; diffuse axonal injury can also be observed in
high-speed collisions. Though the traumatic diffuse axonal injury
is being associated with cerebral atrophy, the relationship of vol-
ume of white matter, and afferent, and efferent axonal pathways
with traumatic axonal injury is unknown (8).

Secondary Injury: Secondary damage formation is a complex
chain of intertwining events. After TBI, the first stages of cerebral
injury are characterized by a disturbance of cerebral blood flow
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(CBF), and metabolism regulation with direct cell damage and
thereafter by cell death (9, 10, 11).

Events such as hypotension, increased intracranial pressure, ce-
rebral perfusion pressure reduction, neural cell membrane damage
are seen. Hypotension or arterial oxygen pressure of <60 mmHg
immediately after trauma increases morbidity and mortality (2).
Secretion of glutamate in cellular level with response to injury in
TBI increases neuronal migration of calcium and sodium by acti-
vating AMPA and NMDA receptors.

Neuronal energy stores are consumed to retain sodium/potas-
sium ratio, free radicals, and oxidants are released with neuronal
cell membrane damage, and these cause an increase in glutamate,
a continuation of the loop. At the same time, enzymes, such as cas-
pase (proteolytic enzyme) lead to neuronal apoptosis by increasing
intracellular calcium (2).

Ferulic acid found in seeds, and leaves of plants is a pheno-
lic acid. It is found quite a lot especially in plants such as rice,
wheat, oat, orange, pineapple, artichokes. In addition, the chemi-
cal structure is similar to the structure of strong curcumin, and is
a member of the hydroxycinnamic acid family (12). In studies,
it was shown that ferulic acid is an antioxidant neutralizing free
radicals such as DNA-damaging superoxide, nitric oxide, and
hydroxyl radicals (13, 14). Ferulic acid absorption takes place
throughout the entire stomach, and bowel (15). While metabolism
takes place in the liver, excretion is renal (16). While more than
1929mg/kg creates toxic effect for rats, the amount that should

be taken daily is 150-250 mg/kg (16-24 umol/kg body weight)
(15, 16). In earlier studies it was shown that ferulic acid is present
in tomato (6 mg/100 g), pasta (12 mg/100 g), white wheat bread
(8.2 mg/100 g), broccoli (4.1 mg/100 g), grapefruit (11 mg/100
g), banana (5.4 mg/100 g) (16).

In studies, it was shown that ferulic acid is an antioxidant neu-
tralizing free radicals such as DNA-damaging superoxide, nitric
oxide, and hydroxyl radicals (13, 14). Our aim in this study is to
investigate the histochemical, immunohistochemical, and bio-
chemical effects of powerful antioxidant ferulic acid on TBI that
was created in the rats depending on the trauma model.

Material and methods

Animals

All experimental procedures were approved by the Dokuz Ey-
lul University Local Ethical Committee of Animal Experiments
(Protocol No. 01/2015). This study was done in March 2016 at
Dokuz Eyliil University Experimental Animal Laboratory.

In this study, a total of twenty-eight Wistar strain male rats
were used that are obtained from the Research Unit of Dokuz
Eyliil University Faculty of Medicine. Wistar strain were chosen
due to its presence in Dokuz Eyliil University Faculty of Medi-
cine Experimental Animal Laboratory, and is compatible with the
literature. All subjects were housed in the standard animal room,
and cages at 20-22 °C room temperature with 50-60 % relative
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Fig. 1. The image of the hippocampus, and prefrontal cortex of brain tissue stained with C.V. Hippocampus [CA1, CA2, CA3, GD] (x40), pre-

frontal cortex [A 1-4] (x20).
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humidity in 12/12 hours of dark/bright periods and fed with rested
tap water, and standard pellet feed in Experimental Animal Labo-
ratories until the end of the experiment (ad libitum).

Experimental design

The study was a prospective experimental study. Twenty-eight
rats were divided randomly into four groups. Control group (C,
n = 7), Ethyl Alcohol Group (E.A, n = 7), Trauma Group (T, n =
7), Trauma/Ferulic acid group (T/F.A n = 7). 50 mg/kg Ketamine
+ 10 mg/kg Xylazine was used intraperitoneally for anaesthesia
of the subjects. After anaesthesia, the trauma model with weight
drop was applied. After shaving the skull skin under anaesthesia,
a metal disc was placed in the centre by pulling back the perios-
teum applying midline incision. 100 cm long contusion pipe cre-
ated by piercing its surface with 10 cm intervals has been kept
perpendicular on the round metal disk pressed against the parietal
bone. To create brain injury the 300 g weight was dropped from
100 cm height with stereotaxic coordinates of 3 mm front x 2 mm
side onto the skull (1). 48 hours after finishing the application of
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head trauma lives of all subjects in the groups were ended with
cervical dislocation under ketamine-xylazine anaesthesia. The ex-
tracted brain tissue of sacrificed subjects’ left hemispheres were
used for biochemical analysis, and right hemispheres were used
for the histological analysis.

Immediately after trauma application (Ferulic acid, 100 mg/kg
(sc-204753, Santa Cruz, USA) dissolved in 400ul ethyl alcohol to
be 100 mg/kg was administered intraperitoneally (17).

Histological methods

Tissue samples were fixed in 10 % formaldehyde for 48-hours.
Then by applying routine tissue processing procedure, the tissues
were embedded in paraffin blocks. 5 um coronal sections were
obtained from the blocks according to the rat brain atlas (Rat Atlas
of Paxinos and Watson) from 9, 11th planes for prefrontal cortex,
from 21, 23, 25th planes for the hippocampus. Some of the sections
were stained with Cresyl violet (CV) in order to examine tissue
histology, and some with immunohistochemistry kits (Tunel, Ac-
tive Caspase-3) for determination of apoptotic cells.

P. CORTEX

Fig. 2. The image of the hippocampus, and prefrontal cortex of brain tissue stained with Tunel. Hippocampus [CA1, CA2, CA3, GD] (x40), pre-
frontal cortex [A 1-4] (x20). (Yellow arrows show Tunel positive cells of damage groups, red arrows show normal cells of the treatment group).
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Fig. 3. The image of the hippocampus, and prefrontal cortex of brain tissue stained with Caspase. Hippocampus [CA1, CA2, CA3, GD] (x40),
prefrontal cortex [A 1-4] (x20). (Yellow arrows show Tunel positive cells of damage groups, red arrows show normal cells of treatment group).

Image analysis methods

The images of cresyl-violet stained sections were obtained
using computer-assisted image analysis system which includes
light microscopy (Olympus BX-51 Tokyo, Japan), and high-res-
olution video camera (Olympus DP-71, Japan). Counting of the
prefrontal cortex, parietal cortex, and hippocampal neurons was
made in the monitor displayed by 20x Olympus lenses aided by
counting frame of 15800 um? in the right hemisphere. The count-
ing frame was placed 3 times randomly over the image analysis
system monitor, and evaluated statistically by obtaining the aver-
ages of the result (11).

Immunohistochemical methods

To detect DNA fragmentation in cell nuclei, terminal deoxy-
nucleotidyl transferase-mediated dUTP-end labelling (TUNEL;
In Situ Cell Death Detection Kit, Roche, Manheim, Germany In)
kit was applied to 5 um paraffin sections. 5 pm sections were
put to slides covered with poly-lysine. After deparaffinization
of obtained sections, they were dehydrated in graded alcohol
series. After dehydration, they were treated with Proteinase K
for 15 minutes in 37 °C incubator. After this procedure, tissue
sections were washed with PBS. Then they were incubated with

fluorescent labelled deoxy-UTP, and TdT in 37 °C incubator for
60 min. Tissue sections by washing again with PBS were incu-
bated with POD solution for 30 min in 37 °C incubator. After
the sections were washed with PBS again, they were stained
with DAB (Roche Diagnostics, Mannheim, Germany). After
DAB staining counterstaining method was performed with He-
matoxylin staining. To calculate the apoptotic index, cells indi-
cating apoptotic morphology were calculated as percentage by
counting cells in the prefrontal cortex, the hippocampus of the
right hemisphere.

Tab. 1. % values of average cell counts in C.V. and immunostained
prefrontal cortex.

Prefrontal cortex

CV Tunel Caspase 3
C (n=7) 5.42+0.14 1.71£0.9 1.95£0.1
E.A (n=6) 4.55+0.4" 3.33+£0.07" 3.38+0.13"
T (n=7) 3.52+0.99" 4.85+0.09" 3.34+0.01"
T - F.A (n=6) 4.88+0.26" 2.66+0.07" 2.49+0.04*

*p <0.05, When control, and damage groups are compared, * p < 0.05, When dam-
age groups, and T — F.A group are compared
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Tab. 2. The average numbers of positive cells in CA1, CA2, CA3, and GD areas of hippocampus stained with anti-caspase 3, TUNEL and Cresyl violet.

w
hay]
(o2}

Hippocampus

Tunel Cresyl violet

CA2
14.09+0.34
8.66+0.13"

Tunel

Active caspace 3

CA2
3.56+0.33

GD

19.11+3.8
17.27+0.3"

CA3
9.95+0.57
7.1£0.08
6.23+0.62"

CAl
11.52+0.33
7.55£1.13"

GD
5.42+0.01
21.44+2.4"

CA3
1.9540.1
6.38+0.77"

CA2
3.56+0.33

CAl
1.94+0.09
9.92+0.2"
8.28+0.4
4.05+1.3"

GD
5.42+0.01
21.44+2.4"

CA3
1.9540.1
6.38+0.77"

CAl
1.94+0.09
9.92+0.02"

C (n=7)

10.2540.3"

10.2540.3"

E.A (n=6)
T (n=7)

7.75+0.66" 17.13+1.1°
22.242.27%

7.42+£1.19°

7.92+0.1° 4374052  28.75+6.4" 7.99+0.1° 4374052  28.75+6.4"
3.71+0.18* 14.55+0.93%

8.28+0.4"

4.05+1.37*
* p <0.05, When control, and damage groups are compared, * p < 0.05, When damage groups, and T — F.A group are compared

2.77+0.59%  14.554+0.93" 10.16+£0.8*  9.05+0.04" 7.88+1.6"

3.71+0.18*

2.77+0.59¢

T - F.A (n=6)

5 pm sections were put to
slides covered with poly-lysine
for active caspase-3 (bs-0081R,
BIOSS, polyclonal antibody,
USA). After deparaffinization
of obtained sections, they were
dehydrated in graded alcohol se-
ries. After dehydration process,
they were treated with Protei-
nase K for 15 minutes in 37 °C
incubator. After this procedure,
tissue sections were washed
with PBS. Then preparations
were treated with H,O, for 30
min. Sections were washed
again with PBS, and incubated
with active caspase-3 that is a
primary antibody with 1:100 ra-
tio at +4 °C for 18 hours. Then
preparations were kept in incu-
bator with biotinylated IgG (se-
condary antibody) in 37 °C with
three stages being 30 min each
(Invitrogen-Plus a Broad Spec-
trum, 85-9043). Apoptotic cells
in the right hemisphere were cal-
culated as percentage with simi-
lar background staining.

Biochemical analysis

Superoxide dismutase
(SOD), glutathione peroxidase
(GSH-Px) enzyme activities
were measured in the superna-
tant, malondialdehyde (MDA)
level was measured in homo-
genate spectrophotometrically
in brain tissues.

Tissues were homogenized
with the homogenizer (Ul-
tra Turrax Type, T25-B, IKA
Labortechnic, Germany) in 0.15
M KCl solution of at 16000 rpm
for 3 minutes. Homogenization
was held in an ice container.
The supernatant was obtained
by centrifugation of the homo-
genate at 5000 g for 1 hour (+4
°C), and was kept at —40 °C un-
til the time of analysis (1 week).
SOD, GSH-Px enzyme activi-
ties were measured in the super-
natant, MDA levels were mea-
sured spectrophotometrically in
the homogenate.

SOD enzyme was determined with the method modified by
Sun et al (17). The basic principle of this method depends on the
reading of blue colored compound at 505 nm that is formed by
reduction of nitroblue tetrazolium (NBT) by superoxide producer
xanthine-xanthine oxidase system. SOD activity was expressed as
unit/g (U/g) tissue protein.

GSH-Px activity was determined using the method of Paglia
et al (18). GSH-Px catalysis the oxidation of reduced glutathione
(GSH) to oxidized glutathione (GSSG) in the presence of hydro-
gen peroxide. GSSG formed by GSH-Px’s in the environment with
hydrogen peroxide is reduced to GSH with the help of glutathi-
one reductase, and NADPH. GSH-Px activity was defined with
reading of absorbance decrease during oxidation of NADPH to
NADP*at 340 nm. GSH-Px activity was expressed as unit/g (U/g)
tissue protein.

It was carried out using the Esterbauer method, which is a lipid
peroxidation measurement method (19). Malondialdehyde reacting
with thiobarbituric acid at 90-95 °C creates a pink chromogen.
Fifteen minutes later, the samples were cooled rapidly, and their
absorbances were read spectrophotometrically at 532 nm. The
obtained values were expressed as nmol/g protein.

Tissue protein level in the homogenates of tissue samples
was measured with the method determined by Lowry et al (19).

Statistical analysis

Statistical analysis of the Data obtained in the process of the
study was done with SPSS (Statistical Package for Social Sciences)
23.0 computer package program. Mean, and standard deviation
were determined in the evaluation. The difference between the
groups was analyzed with Kruskal-Wallis test, from which group
the difference between the groups is originated was analyzed with
Mann—Whitney U test (11).

Results

The analyses made in the study were divided into 3 parts as
histochemical, immunohistochemical, and biochemical. Two of the
subjects died in the study, one from the ethyl alcohol, and other
from the treatment group. The findings were evaluated from 26 rats.

While tissues belonging to the control group were normal in
structure, it was seen that there was a significant decrease in the
number of cells in CA1, CA, CA3, and GD areas of hippocampus,
and prefrontal cortex in the injury created groups (E.A, and T),
on the contrary in the group treated with F.A these values were
increased significantly compared to the other injury groups, and
were close to the control group (p < 0.05) (Fig. 1).

In this study, statistical analysis was done by examining the
number of TUNEL positive cells in x20 magnification for the
prefrontal cortex, and hippocampus (Tab. 2) (p < 0.05). It was ob-
served that the number of positive cells was significantly increased
in damage groups compared to the control group, when damage
groups were examined among themselves, no significant differ-
ence in the numbers of positive cells was seen. Significant reduc-
tion in the number of positive cells was seen in the group treated
with ferulic acid (T-F.A) compared to the damage groups (Fig. 2).
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Fig. 4. Average (A) SOD, (B) MDA and (C) GSH values of the hippocampus and prefrontal cortex according to the groups (* p < 0.05 control

vs trauma, # p < 0.05 trauma vs trauma — ferulic acid).

In the study, statistical analysis was done by examining the
numbers of positive cells at x20 magnification for prefrontal cor-
tex (Tab. 1), and hippocampus (Tab. 2) (p < 0.05). While signifi-
cant increase in number of positive cells was observed in damage
groups compared to control group, no significant difference was
seen in terms of positive cells when damage groups were exam-
ined among themselves. Significant reduction in the number of
positive cells was observed in the group treated with ferulic acid
(T/F.A) compared to the damage groups (Fig. 3).

It was observed that SOD activity of the hippocampus and pre-
frontal cortex was reduced significantly in all other groups com-
pared to the control group. While the decreases in damage groups
were accepted as significant compared to the control group, the
difference between the groups was not considered as significant
when damage groups were examined among themselves. The in-
crease in SOD activity was determined significant in treated T/F.A
group compared to damage groups (p < 0.05) (Fig. 4A).

It was observed that MDA activity of hippocampus, and pre-
frontal cortex was increased significantly in all other groups com-
pared to the control group. While the increases in damage groups

were accepted to be significant compared to the control group,
the difference between the groups was not considered to be sig-
nificant when damage groups were examined among themselves.
The increase in MDA activity was determined to be significant
in treated T/F.A group compared to damage groups (p < 0.05)
(Fig. 4B).

It was observed that SOD activity of the hippocampus, and
prefrontal cortex was reduced significantly in all other groups
compared to the control group. While the decreases in damage
groups were accepted as significant compared to the control
group, the difference between the groups was not considered as
significant when damage groups were examined among them-
selves. The increase in GSH activity was determined to be sig-
nificant in treated T/F.A group compared to damage groups (p <
0.05) (Fig. 4C).

Discussion

TBI is a pathological condition having debilitating, and pos-
sibly lethal properties as a result of primary, and secondary dam-
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age. Brain swelling, resulting in neuronal death as a result of in-
creased intracranial pressure, and decreased cerebral perfusion,
has an important role in secondary brain damage. TBI is not only
a pathophysiologic event but is a complex disease process (1). It
causes structural damage due to both primary, and secondary dam-
age mechanisms, and functional deficiencies (20).

MDA is a substance passing through the cell membrane eas-
ily, and can accumulate in the cell (21). It can affect the passage
of'ions by causing polymerization of membrane components (22).
Membrane permeability in cells can vary depending on lipid per-
oxidation Thus, a decrease in the enzymes found in the structure
of the membrane occurs and the protein synthesis mechanism is
inhibited (23). SOD is an enzyme that protects the cell from free
oxygen radicals. SOD tries to eliminate the harmful effects by
converting free oxygen radicals to hydrogen peroxide (24).

In the studies, histological images of C.V staining were shown,
statistical analysis was made by neuron counting, and immunohis-
tochemically, positive cell density was shown in the hippocampus
(CA1, CA2, CA3, GD), and prefrontal cortex areas of the brain
by Tunel, and caspase-3 immunostaining (25). In the study that
we have performed, parallel to these studies, similar results with
literature were obtained for all three stainings that are C.V, Tunel,
and caspase-3. In areas of hippocampus CA1, CA2, CA3, GD,
and prefrontal cortex that we performed counting, a significant
decrease in damage groups compared to control group according
to C.V staining was seen, and as in the treatment group, significant
increase were observed compared to damage groups. Similarly,
Tunel, and caspase-3 positive cells were quite increased in these
areas of the hippocampus, and prefrontal cortex in damage groups
compared to the treatment group, it showed a significant decrease.

In the studies SOD, MDA, and GSH values of the hippocampus
(CA1,CA2,CA3, GD), and prefrontal cortex areas were shown by
biochemical examination (25,26). The results of our study group
showed that similarly, SOD value in the hippocampus, and prefron-
tal cortex areas of the brain was reduced in damage group compared
to control group whereas in treated group it was observed that this
rate was increased significantly. Similarly, when GSH levels were
examined, GSH values were observed to increase significantly in
treated groups compared to damage groups. When values were ex-
amined in terms of MDA, is was seen that MDA levels increased
in damage groups compared to the control group, and decreased
in treated groups as to be close to the control.

As a result, like in previous studies, it was also shown with
our study that the trauma model of the brain is a process that cre-
ates damage. Head trauma may result in significant symptoms
and poor prognosis (27, 28). Given the damage was done in the
brain by trauma, we showed that it causes reduction in numbers of
neurons histologically, and increase in numbers of apoptotic cells
immunohistochemically in contrast and that these events can be
decreased with ferulic acid treatment. In the trauma model cre-
ated experimentally, we observed that ferulic acid administration
causes a decrease in the levels of free radicals as a response to
this damage, and a positive effect in oxidant/antioxidant balance
developed due to the damage, by increasing antioxidants such
as SOD, and GSH. We have detected that ferulic acid which is a
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strong antioxidant reduced the pathological processes occurring
after trauma that was created in the brain.

Conclusion

This information, and findings indicate that ferulic acid ad-
ministration in experimentally created brain damage in rats can
be a promising treatment in the future.
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