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Abstract

Background/Aims: Traumatic brain injury is a significant public problem with an incidence of
10 million people per year, causing the largest deaths and disabilities worldwide. Head injuries
can be classified into primary and secondary head injuries. Secondary head injuries can be
caused by several factors such as ischemia, cerebral edema, and neuroinflammation. AIF and
MMP-9 are two parameters that can be indicators in measuring the effect of Oleuropein
on traumatic brain injury in rats. Oleuropein itself has many activities such as antioxidant,
anti-apoptotic, antimicrobial, anti-inflammatory, and neuroprotective. Methods: Adult
male Sprague-Dawley rats (250-350 grams) were exposed to head injury, with or without
intraperitoneal administration of Oleuropein. Within 24-72 hours brain tissue was isolated for
immunohistochemical analysis, ELISA, and TUNEL. AIF, GFAP, MMP-9, and HMGB-1 levels were
determined using immunohistochemistry in both the control and treatment groups. Statistical
analysis was made using the One-Way Analysis of Variance (ANOVA) and paired t-test. Results:
The results showed that Oleuropein was able to reduce AIF and MMP-9 levels in rats with
traumatic brain injury. This indicates that Oleuropein has a neuroprotective effect by reducing
inflammation and apoptosis. Conclusion: Oleuropein has a potential neuroprotective effect in
traumatic brain injury by reducing inflammation and apoptosis. Therefore, Oleuropein can be
considered as a potential therapeutic agent for traumatic brain injury in the future.
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Introduction

Head injury is a significant global public health problem and is often referred to as a
“silent epidemic”. It is the leading cause of death and disability due to injury worldwide,
resulting from external impact that causes changes in neurological function or pathological
lesions in the brain. Globally, around 57 million people have been hospitalized with one or
more traumatic brain injury, and approximately 10 million people worldwide are affected by
head injuries each year. The incidence of head injuries worldwide is 250 cases per 100, 000
population, in which falling from heights, traffic accidents, and physical violence being the
primary causes of head injuries in developing countries [1-3].

In 2014, the US witnessed approximately 2.5 million head injuries, encompassing
incidents leading to emergency room visits, hospitalizations, and fatalities, including among
children. European data highlights that 37% of fatal injury cases are attributed to head
injuries. Those with low socio-economic status and military personnel face a heightened
susceptibility to head injuries. Globally, head injuries contribute to the highest disability
rates, impacting an estimated 13 million individuals in Europe and the US. Furthermore, 10-
15% of head injury patients require neurosurgery, with severe cases receiving treatment in
intensive care [4, 5].

Head injuries are relatively prevalent in Indonesia with an incidence rate of 6-12%
and a mortality rate of 23-37%. According to the Ministry of Health in 2012, these injuries
rank among the top ten diseases treated in hospitals. In 2020, HAM Medan Hospital’s
Neurosurgery Department treated 343 patients with head injuries in the Emergency Room,
including 232 cases of mild head injury, 61 cases of moderate head injury, and 50 cases of
severe head injury. Head injuries are classified as primary or secondary, with primary head
injury resulting from direct trauma and causing superficial or deeper lesions due to the
acceleration, deceleration, and rotational mechanisms of the injury [4, 5].

Apoptosis can be induced through several pathways in cases of head injury. Werner
identified two pathways of apoptosis: intrinsic and extrinsic. The B-cell lymphoma-2 pathway
contains components that are both pro-apoptotic and anti-apoptotic. The BH-3 protein acts
as a connector between the extrinsic pathway and mitochondrial apoptosis, and is cleaved
by caspase-8, which increases the permeability of the mitochondrial membrane. Upon
activation of apoptosis signals, caspase-9 is amplified, serving as an initiator caspase that
subsequently activates caspase-3, initiating the apoptosis process. Additionally, the caspase-
independent pathway is influenced by AIF, which translocates to the nucleus during the pro-
apoptotic process and activates DNA degradation. Cheng has stated that AIF expression is
sufficient to cause cell death [6, 7].

MMP-9 is the most common type of Matrix Metalloproteinase activated during ischemia.
It disrupts the blood-brain barrier critical shield safeguarding the brain from detrimental
substances. Reducing MMP-9 expression can prevent neuronal cell death and neurological
deficits. NF-xB triggers an inflammatory cascade that regulates MMP-9 transcription.
Elevated MMP levels, prompted by inflammatory cells, trigger apoptosis activation. MMP-9
levels peak at 24-72 hours after severe head injury, exhibiting a negative correlation with
patient prognosis. MMP-9 can be used as a rescue therapy for head injury [8-11].

Oleuropein, found in olives, possesses beneficial properties such as antioxidant activity,
anti-inflammatory effects, and neuroprotection, aiding cell survival and diminishing
apoptosis. In ischemic conditions, oleuropein proves effective by reducing infarct volume,
cerebral edema, and improving neurological deficits. Additionally, the administration of
citicoline enhances outcomes in traumatic brain injury patients, impacting brain edema,
consciousness, electroencephalography changes, and overall quality of life. Nevertheless,
notable differences exist between animal and clinical studies regarding endpoints and
treatment methods, as no animal model can fully replicate all pathological changes observed
in humans [12-16]. The aim of this study is to analyze the effect of Oleuropein administration
on rats with a traumatic brain injury model using AIF and MMP-9 parameters.
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Materials and Methods

A true experimental study was performed with random sampling technique to ensure homogenous
sample. This experiment used pre-test and post-test control group design by comparing intervention effects
on experimental group and control group [17].

Animals

This research has received ethical approval from the Ethical Committee for Animal Research, as
indicated by the approval letter with reference number 1174 /KEP/USU/2021. This evidence of approval by
an animal ethics committee was based on the Nuremberg Code and Helsinki declaration.

The animal used in this study is adult male Sprague-Dawley rat. The inclusion criteria for this study
are vitality and activity, aged 2.25 months, total weight of 250-350 grams. A total sample of 30 rats were
included in this study and divided through simple randomization process to ensure non biased results. Rats
were acclimatized to the laboratory conditions for a week before the commencement of the experiment.

The samples were divided into six groups: Group A (negative control without TBI+ placebo), Group B
(positive control with TBI + placebo), Group C (TBI + oleuropein 50mg/kgBB), Group D (TBI + oleuropein
100mg/kgBB), Group E (TBI + oleuropein 50mg/kgBB pre and post-treatment), and Group F (TBI +
oleuropein 50mg/kgBB pre and post-treatment). The control groups (group A and B) were injected with
placebo to compare the effectivity of Oleuropein against TBI. The negative control group (group A) received
sham treatment without Marmarou’s weight drop to compare the effect of TBI on cell numbers.

The experimental groups received treatment on the first day. Group C received TBI induction and
50 mg/kgBB Oleuropein injection after TBI induction. Group D received TBI induction and 100 mg/kgBB
Oleuropein injection after TBI induction. To measure the protective properties of oleuropein, injection was
done before and after TBI induction. Group E was injected with 50 mg/kgBB Oleuropein before and after
TBI induction and Group F was injected with 100 mg/kgBB Oleuropein before and after TBI induction.

TBI Induction

Therats were anesthetized with ether (Drager Narkomed Ventilator, US). The anesthesiaisadministered
with an initial gas volume dose of 200-250 ml], at a rate of 15 cycles per minute, using a mixture of nitrous
oxide (N20) at 70% and oxygen (02) at 30%. The percentage of administered isoflurane is adjusted using
the “dial” on the Drager 19.1 Isoflurane Vaporizer, ranging from 0.5% to 4.0%. Anesthesia is administered
during the surgical period through an endotracheal intubation tube and the animal is provided with
mechanical ventilation or a transfer system with a Cone-Mask.

TBI induction in this study was performed using Marmarou’s weight drop model. The biomechanics of
this model enable the replication of TBI severity by adjusting the height (1-2.1 m) and weight (500 or 450
g) dropped. For mild injury, 450 g of weight was dropped from a height of 1 m; for moderate injury, 450 g
of weight was dropped from a height of 2 m; for severe injury, 500 g of weight was dropped from a height
of 2.1 m. Secondary attacks of hypoxia and hypotension were induced by manipulating anesthesia level and
administration, immediately after traumatic brain injury, and maintained based on the experimental design
for a period of 10-30 minutes post-injury [13].

Oleuropein Injection

Different doses of Oleuropein 98% (Sigma Aldrich) were used to compare different effects on TBI.
Oleuropein powder (Sigma-Aldrich) was dissolved in normal saline, and injected intraperitoneally.
Oleuropein was injected right after TBI induction for group C and D, but it was done before and after TBI
induction for group E and F. The dose of Oleuropein according to previous literature using animal models
with the best neuroprotective effect starts at 30 mg/kg.16 We compared the Oleuropein dosing of 50 mg/
kgBB and 100 mg/kgBB post TBI induction in group C and D. We also measured the protective properties
of Oleuropein by giving injections pre and post TBI induction in 50 mg/kgBB and 100 mg/kgBB (group E
andF) [14, 15].
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Observation

The study utilized pre and post-test measurements to assess the effects of oleuropein injection on TBI.
Observations were conducted after the initial 24 hours and continued for the subsequent 72 hours. AIF,
GFAP, HMGB-1, and MMP-9 levels increased within the first 24 hours of head injury onset. All rats in control
and treatment groups were sacrificed on day 3 by cervical dislocation after anesthesia with ether [18].

Histopathological asessment

Brain samples were obtained and fixed in 10% formaldehyde solution and embedded in paraffin.
The coronal sections (5 um) of the the cerebral cortex or sagittal sections of the brainstem were selected
randomly using a microtome. For histopathological assessment, some tissue sections were deparaffinized
with xylene, stained with hematoxylin-eosin and multiplex immunohistochemistry (IHC) protocol.
Samples were used for immunohistochemical, ELISA, and TUNEL coloring and examinations. Samples were
analyzed with 1000X light microscope, with positive cells counted in 20 fields of view (HPF) in each sample.

Immunohistochemistry

Immunohistochemistry examinations were done by incubating the sections with goat serum (in order
to block nonspecific site), polyclonal rabbit anti-Bax antibody, or anti-Bcl-2 rabbit polyclonal antibody at 4°C
overnight. The sections were then washed with PBS and incubated with secondary antibody conjugated with
horseradish peroxidase (goat anti-rabbit IgG, Abcam, USA) for 2 hours and detected by diaminobenzidine
tetrahydrochloride for 5 minutes. Afterwards, they were dehydrated and mounted. For negative controls,
primary antibodies were omitted. For quantitative analysis, immunohistochemical photographs (10 photos
from each sample collected from all rats in each experimental group) were assessed by densitometry using
MacBiophotonics Image ] 1.41a software on a personal computer.

TUNEL Assay

The TUNEL (Terminal deoxynucleotidyl transferase dUTP Nick End Labeling-) assay was performed
to assess DNA fragmentation, a hallmark of apoptotic cell death. Fixed and permeabilized cells or tissue
sections were incubated with the TUNEL reaction mixture. Counterstaining with hematoxylin facilitated
morphological visualization. The samples were mounted and examined microscopically. Controls and
optimizations were implemented according to kit instructions (Abcam kit with Batch Number BrdU-Red
ab66110), ensuring the reliability of the assay in detecting apoptotic events.

ELISA

ELISA was done using the sandwich method, a precise and widely utilized technique, involving specific
reagents for the detection of key biomarkers. The ELISA assay was done using a commercial kit (Abcam
kit ab181421). The selected biomarkers for analysis included Apoptosis Inducing Factor (AIF), Glial Acidic
Fibrillary Protein (GAFP), Matrix Metalloproteinase-9 (MMP-9), and High Mobility Group Box-1 (HMGB1).

Statistical Analysis

The study conducted statistical analyses on recorded measurements of AIF, GFAP, MMP-9, and HMGB-
1 levels in both control and treatment groups. The t-test and One-Way Analysis of Variance (ANOVA) were
used to assess overall differences among groups, followed by the Tukey Honestly Significant Difference
(HSD) test to identify specific groups with significant parameter differences. Data distribution was assessed
with the Kolmogorov-Smirnov normality test. In cases where data did not follow a normal distribution, the
t-test and a non-parametric alternative to ANOVA were considered.
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Results

The response to TBI results
in changes in the proteomic
transcriptionprofileofmicroglial
cells, which directly affects
the morphology and secretion
of cytokines and chemokines
related to neuronal cell viability.  Fig. 1. Photomicrograph of HE staining results, brain tissue of
This study investigates MMP9  TBI rat model. (A) Normal brain tissue. (B) Brain tissue post-TBI
expression in microglial cells exposure. The images are taken at different magnifications: 100x,
within the brain tissue of rats 400x, and 1000x. The black arrow indicates the impact injury
subjected to TBI. Cellular areain the TBI process. The red arrow indicates the presence of
infiltration and glial activation neutrophil cells in the impact area.
occur in the injured brain, with
neutrophil accumulation mainly
occurring within the first 24
hours of injury. Clinical studies
have found a higher number of
neutrophils after TBI (Figure
1). Experimentally, a higher
level in neutrophil accumulation
is associated with a higher
level of lesion volume and
changes in the brain cytokine
profile. However, there is no
reduction in BBB dysfunction

and motor impairment.
Immunohistochemistry, Fig. 2. shows the photomicrograph of TUNEL ASSAY staining

employing specific MMP9 results in the brain tissue of TBI mouse model (Picture B). The
antibodies, revealed brown black box indicates the observed area, and the arrow indicates
coloration in the cell cytoplasm  the neuron cells undergoing apoptosis. It can be seen that there
as an indicator of MMP9 is a difference in the distribution of neuron cells undergoing
expression. Furthermore, the apoptosis, with a significant higer level in the TBI group.

study explored the impact of

MMP9 on neuronal cell apoptosis

by assessing AIF expression

and DNA fragmentation as a marker of cell apoptosis. AIF expression was detected using
specific antibodies, manifested as brown coloration in the neuronal cell cytoplasm, while
apoptosis was identified through the TUNEL assay, where brown coloration was observed
in the cell nucleus. Photomicrograph of TUNEL assay at 24 hours post-injury are shown in
Figure 2, while representation of TUNEL assay with immunoperoxidase staining technique
are shown in Figure 3. It can be seen that there is a difference in the distribution of neuron
cells undergoing apoptosis, with a significant higher level in the TBI group. The comparative
results of protein and enzyme expression between the control group and the TBI group at 24
hours are presented in Table 1. The mean histogram and analysis of GFAP, MMP9, HMGB1,
AIF, and apoptosis expression in the brain tissue of rats with the TBI model at 24 hours
post-injury are shown in Figure 4. Similarly, the comparative results of protein and enzyme
expression between the control group and the TBI group at 72 hours are shown in Table 2,
with the mean histogram and analysis of GFAP, MMP9, HMGB1, AIF, and apoptosis expression
results at 72 hours also depicted in Figure 5.
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Fig. 3. Mean histogram and analysis of the
GFAP, MMP9, HMGB1, AIF, and Apoptosis
expression results in the brain tissue of rats
with TBI model at 24 hours post-injury.K:
Control group (24 hours after injury),
referred to as Group A, and Traumatic
Brain Injury group (24 hours after injury),
referred to as Group B, exhibit a
significant difference.

Table 1. The results of the comparative test :
Difference in protein & Enzyme expressions of
normal rats vs TBI-induced rats (at 24 hours). Note:
Theresults of the T-test are shown in the column of
mean+SD. If different letters are shown, it means
there is a significant difference (p-value<0.05%).
Ifthe same letters are shown, it means there is
no significant difference (p-value>0.05)

Fig. 4. Representation of the results of tunel
staining in rat brain tissue treated with TBI using
the immunoperoxidase technique with  tunel
assay, photosxmicrographs at 400x and 1000x.
Neurons undergoing apoptosis are marked by
brown color in the nucleus (arrow).

Table 2. The results of the comparative test :
Difference in protein & Enzyme expressions of
normal rats vs TBI-induced rats (at 72 hours).
Note: T-test results are shown in the mean * SD
column. If different letters are present, it means
there is a significant difference (p-value <0.05*). If
the same letters are present, it means there is no
significant difference (p-value> 0.05)

Observational
Mean * standard deviation

group
GFAP mmp9 HGMB1 Aif apoptosis
A (Kor 4,20+1,30 2,20+1,30 2,40+1,14
5,60+2,191 3,60+1,140
control-24) 4 4 0

B (TBI group-9,80+1,30 8,20£1,92 13,20+1,48 9,80+1,30 10,20+1,78
24) 4 4 3 4 9

p-value 0,012 0,019* 0,024* 0,0006* 0,038*

Mean # standard deviation

Observational group ~ GFAP mmp9 HGMB1 Aif apoptosis
A (Kor 3,60+0,894
3,60+0,894  2,20+0,8362 5,00+1,5812 3,000,707
control-72) a
B (TBI group-
13,40+1,140 13,00+1,224% 13,60+1,341 13,00+1,871 13,40+1,140
72)
p-value 0,012 0,0036* 0,0008* 0,0003* 0,0044*
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Theresponse to TBI results in changes in the proteomic transcription profile of microglial
cells. This directly affects the morphology and secretion of cytokines and chemokines
related to neuronal cell viability, such as the expression of MMP9 and AIF. Additionally, the
expression of GFAP and HMGB1 are also observed.

The expression of MMP9 in the brain tissue of rats induced with TBI was observed in
microglial cells using immunohistochemistry with anti MMP9 antibodies, marked by brown
color in the cell cytoplasm. MMP9 expression are shown in Figure 6. The study also observed
its effect on neuronal cell apoptosis through the expression of AIF and the fragmentation of
DNA (point of cell apoptosis), with AIF expression examined using immunohistochemistry
with specific antibodies and apoptosis detected using the TUNEL assay to observe DNA
fragmentation. AIF expression was observed with brown color in the neuronal cell cytoplasm,
while apoptosis was observed with brown color in the cell nucleus. AIF expression is shown
in Figure 7.

Fig. 5. Mean histogram and analysis of GFAP,

MMP9, HMGB1, AIE and apoptosis expression
results in rat brain tissue with TBI model at 72
hours. K: control group (72 hours post-injury); or
group A TBI: TBI group (72 hours post-injury) or

group.

Fig. 6. Representation of
immunohistochemical staining
results of rat brain tissue
with  TBI  treatment using
immunoperoxidase technique
with anti-GFAP antibody,
photomicrographs at 400x and
1000x magnification. Microglial
cells with GFAP expression are
marked with brown color in the
cytoplasm (arrow). (K represents
the control group, while TBI
represents the group receiving TBL

Fig.7.Representation of immunohistochemical
staining results from brain tissue samples
of TBIl-induced rats using anti-MMP9, with
photomicrographs at 400x and 1000x
magnification. Neurons with MMP9 expression
aremarked by brown color in the cytoplasm of
cells (arrow).( K control; TBI rats with TBI
treatment.
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The presence and levels of GFAP are often used as markers for astrocyte activation and
gliosis, which is a reactive response of glial cells to brain injuries. The GFAP expression in
brain tissues is examined using the anti-GFAP antibodies (Figure 8).

HMGBL1 is a protein that plays a crucial role in the response to TBI. In the context of
TBI, HMGBL1 is released from damaged cells and serves as a pro-inflammatory mediator,
contributing to the inflammatory response following the injury. The HMGB1 expression in
brain tissuesis examined using the anti-HMGB1 antibodies (Figure 9).Itis known that HMGB1
is normally localized in the cell nucleus (arrow in group K) and becomes inflammatory when
translocated to the cytoplasm or extracellular space.

This study observed the role of OLE in the expression of GFAP, HMGB1, and AIF in
microglia of rat brain tissue due to TBI induction and its association with the occurrence
of apoptosis in surrounding neuron cells. Secretion of cytokines and chemokines related
to neuronal cell viability are observed after OLE treatment using immunohistochemistry
assessments. The comparison of GFAP expression between groups treated with TBI and OLE
are shown in Figure 10, GFAP with and without OLE in Figure 11, HMGB1 in Figure 12, and
AIF in Figure 13. The results of TUNEL assay kit with immunoperoxidase staining on groups
treated with TBI and OLE is shown in Figure 14.

The comparative results of protein and enzyme expression between TBI model and OLE
administration with various doses at 24 hours post-treatment compared to control group at
24 hours are presented in Table 3. Mean histogram analyses of GFAP, MMP9, and HMGB1
expression in brain tissue with TBI model and OLE administration with various doses at
24 hours post-treatment compared to control group is shown in Figure 15. Similarly, the
comparative results of protein and enzyme expression between groups with different OLE
doses at 72 hours are shown in Table 4, with the mean histogram and analysis of GFAP,
MMP9, HMGB1 expression results at 72 hours also depicted in Figure 16. The results showed
that there are significantly lower levels of MMP9 expression in the group with TBI with OLE
administration compared to the TBI treatment group (p < 0.05)

Fig. 8. shows therepresentation ofimmunostaining
results from rat brain tissue sections with TBI
treatment using immunoperoxidase technique
using anti- HMGB1 antibody, photomicrographs at
400x and 1000x. Neurons with HMGB1 expression
are marked with brown color in the cytoplasm of
the cell (arrow). K indicates the control group, TBI
rats with TBI treatment. It is known that HMGB1 is
normally localized in the cell nucleus (arrow
in group K) and becomes inflammatory when
translocated to the cytoplasm or extracellular
space. ( Kcontrol; TBI rats with TBL).

Fig. 9. Representation of immunohistochemical
staining results of brain tissue samples from TBI-
treated rats using immunoperoxidase technique
with anti- AIF, photomicrographs at 400x and
1000x magnification. Neurons with AIF expression
are marked in brown in the cytoplasm (arrow). K
control TBI rats with TBI.
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Fig. 10. represents the results of
immunohistochemical staining of mouse brain
tissue samples treated with TBI and OLE
treatment, using  the immunoperoxidase
technique with anti-gfap, photographed at 400x
and 1000x magnifications. Glial cells expressing
GFAP are marked with brown color in the
cytoplasm (arrow). A represents TBI group; B,
C, D, E, and F represent different doses of OLE
treatment group.

Fig. 11. Shows the representation of
immunocytochemistry staining results of
brain tissue sections from rats subjected to
TBI with and without OLE treatment, using
immunoperoxidase technique with anti-
gfap, photomicrographs at 400x and 1000x.
Glia cells expressing GFAP are marked
with brown color in the cell cytoplasm
(arrow). Group A represents the TBI rats,
and groups B,C,D,E,and F represent the
OLE treatment groups with various doses.
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Fig. 12. represents the results of
immunohistochemical staining
of brain tissue sections from TBI-
treated rats, stained with anti-
HMGB1 antibodies and visualized
with immunoperoxidase technique
at 400x and 1000x magnification.
Neurons expressing HMGB1 are
marked with brown color in the
cytoplasm of the cell (arrow). TBI-
treated rats without treatment are
marked as group TBI; B, C, D, E, and
F represent different doses of OLE
treatment. It is known that HMGB1
is normally localized in the nucleus
(arrow in group K) and becomes
inflammatory when translocated
to the cytoplasm or extracellular
space.

Fig, 13. shows the
mean/average histogram
and analysis results
of GFAP, MMP9, and
HMGB1 expression in
mouse brain tissue with
TBI model with OLE
administration at 24
hours post-treatment
(differences compared to
control group)
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Fig. 14. Mean histogram and
analysis results of GFAP, MMP9,
and HMGB1 expression in the brain
tissue of TBI-

Table 3. The results of the comparative test: Protein & Enzyme Expression under Different Oleuropein
Doses compared to control (at 24 hours ). Note: The ANOVA test results are presented in the column as
mean+SD. If they contain different letters, it indicates a significant difference (p-value < 0.05), and if they

contain the same letters, it indicates no significant difference (p-value >

Observational group Mean *standard deviations
gfap Hmgb1 mmp9

B (TBI-24) 7,80+1,095 13,20+1,483 8,20+1,923
C (TBI+50 oleu- 24) 6,40+1,140  7,60+1,140 7,00+1,581
D (TBI+100 oleu-24) 6,20+1,923  6,40+1,140 6,00+0,707
E (50 oleu+TBI+ 50 oleu24) 6,40+1,341  6,00+1,000 5,00+1,224
F (100 Oleu +TBI+100 Oleu-

4,80+1,303  3,40+1,140 3,40+1,140
24)
p-value 0,0030 0,0017 0,004
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Fig. 15. represents the results
of TUNEL staining on mouse
brain tissue samples with TBI
and OLE treatment, stained
with immunoperoxidase
technique usingTUNEL assay
kit, photomicrographs at
400x and 1000x. Neurons
undergoing apoptosis are
marked with brown color in
the nucleus of the cell (arrow).
TBI group represents ratswith
TBI treatment; B, C, D, E, and
F represent the OLE treatment
groups with various doses.

Table 4. The results of the
comparative test: Protein &
Enzyme  Expression under
Different Oleuropein  Doses
compared to control (at 72
hours). Note: The results of
the ANOVA test are shown in
the column of mean#SD, if the
letters are different, there is a
significant difference (p-value
0.05*%), and if the letters are
the same, there is no significant
difference (p-value > 0.05)

OLE’sroleinreducing apoptosis was investigated in neurons usingimmunohistochemical
techniques to observe AIF and a TUNEL assay for apoptosis. The comparison of apoptosis
incidence and AIF expression in brain tissue with TBI model and OLE administration in
various doses at 24 hours post-treatment is shown in Table 5 and mean histogram analysis
in Figure 17. Analyses at 72 hours post treatment are shown in Table 6 and mean histogram
analysis in Figure 18. The results showed a lower level in the number of apoptotic neurons in
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Observational group

Mean *standard deviations

gfap hmgb1 mmp9

B (TBI-72) 13,40+2,408 13,60 +1,341 13,00+1,224
C (TBI+50 oleu-

8,60+1,140 8,60+1,140 8,60+1,140
72)
D (TBI+100 oleu-

5,80+0,836 6,20+1,095 5,80+1,303
72)
E (50 oleu+TBI+

5,00+1,000 5,80+1,483 4,00+1,581
50 oleu-72)
F (100 Oleu

2,80+0,836 2,20+1,303 2,40+1,140
+TBI+100 Oleu- 72)
p-value 0,0042 0,0037 0,01

the TBI group with OLE treatment compared to the TBI treatment group (p <0.05).
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Fig. 16. represents the results
of immunohistochemical
staining of brain tissue samples
from rats with TBI treatment
and OLE treatment, using
anti-AIF antibodies and the
immunoperoxidase technique,
photographed at 400x and
1000x magnification. Neurons
expressing AIF are marked with
brown color in the cytoplasm
(arrow). TBI group with TBI
treatment; B, C, D, E, and F
groups with OLE treatment at
various doses.

Table 5. The results of the
comparative test: AIF vs
apoptosis  under  Different
Oleuropein Doses compared
to control (at 24hours). Note:
The results of the Anova test
are shown in the column of
mean+SD. If the letters are
different, there is a significant
difference  (p-value  0.05),
and if the letters are the same,
there is no significant difference
(p-value > 0.05)

© 2024 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Observational group

Mean *standard deviations

apoptosis aif

B (TBI-24) 10,20+1,788 9,80+1,304
C (TBI+50 oleu-
” 9,60+1.816 5,20+1,304
D (TBI+100 oleu- 8,20+1,643 6,60+1,817

5,00+1,224 6,40+1,949
E (50 oleu+TBI+ 50 oleu24)
F (100 Oleu +TBI+100 Oleu-24) 4,20+0,836 4,40+1,517
p-value 0,000 0,000
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Fig. 17. Mean histogram
and analysis results of AIF
expression and apoptosis
incidence in the mouse brain
tissue with TBI model and OLE
administration at 24 hours
post-treatment.

Fig. 18. Mean histogram
and analysis results of AIF
expression and apoptosis
incidence in mouse brain
tissue with TBI model treated
with OLE at 72 hours post-
treatment

Table 6. The results of the
comparative test: AIF vs
apoptosis under Different
Oleuropein Doses compared to
control (at 72hours). Note: The
ANOVA test results are shown
in the column of mean * SD,
if the. letters are different,
there is a significant difference
(p-value 0.05), and if the.
letters are the same, there is no
significant difference (p-value >
0.05)

Cell Physiol Biochem Press GmbH&Co. KG
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Observational group Mean *standard deviations
apoptosis Aif

B (TBI-72) 13,40+1,140 13,00+1,870

C (TBI+50 oleu-72) 11,60+1,140 8,80+1,870

D (TBI+100 oleu-72) 6,60+1,816 6,40+1,870

E (50 oleu+TBI+50 oleu-72) 3,20+0,837 5,00+1,870

F (100 oleu+TBI+100 oleu-72) 2,20+0,836 2,20+1,870
p-value 0,000 0,000
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Discussion

Induction of Apoptosis through AIF Pathway on MMP-9 Levels in Traumatic Brain Injury
Rat Model.

The term “apoptosis” refers to a type of cell death that is regulated by the mitochondria
and is characterised by internucleosomal DNA fragmentation,which can be seen in real time
using a technique called TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick
end-labeling). Following traumatic injury, neuronal apoptosis may serve as a physiological
and protective response to damage since it is a method for removing surplus neurons with
little immune system activation [20]. = However, transgenic rats that overexpress anti-
apoptotic proteins exhibit a significantly lower level of damage to the cortex and hippocampi
after traumatic brain injury (TBI). Consequently, excessive apoptosis-related pathway
activation can be hazardous, particularly under pathological states. Preclinical research has
shown that the pericontusional area and the hippocampus both exhibit neuronal cell loss
[21, 22].

Apoptotic cells were detected in the wounded cortex as early as 24 hours following
the injury using a model of moderate lateral fluid percussion, although they took longer to
appear in the hippocampus and thalamus, peaking at 48 hours and 2 weeks following the
injury, respectively. Mitochondria trigger various pathways of apoptotic signaling, through
interaction among the bcl-2 family of proteins, including cytochrome c, apoptosis-inducing
factor (AIF), second mitochondria-derived activator of caspases (Smac), endonuclease G
(Endo G), and mitochondrial-derived activator of caspases (Smac), to release pro- apoptotic
proteins from the mitochondrial intermembrane space, resulting in apoptosis. This route is
called the intrinsic pathway [23]. One of these is the downstream interaction protein of the
Bcl-2 family mechanism in the intermembrane space, including cytochrome c, AIF, Smac, and
Endo G, released and interacting with one another following TBI. Pro- apoptotic proteins are
then released as a result of their interaction. Procaspase- 9 is activated by the interaction
of cytochrome c with apoptosis protease- activating factor-1 (apaf-1) to produce the
apoptosome. DNA fragmentation and apoptosis result from the degradation of the activated
caspase DNase inhibitor by caspase-3 after caspase-9 activates procaspase-3. An enzyme
that repairs DNA damage after TBI which is called poly(ADP-ribose) polymerase (PARP),
can also be activated by caspase-3. Although PARP is implicated in necrosis and apoptosis,
after cerebral ischemia, caspases cleave the 89- and 21-kDa fragments, which are linked to
apoptosis. Smac contributes to the activation of caspase. Following TBI, Smac is released
from mitochondria and attaches to the X-linked inhibitor of apoptosis protein, neutralising
its actions and causing further apoptosis [24-23]. Other studies have shown the significance
of the caspase-independent pathway. Following TBI, membrane permeabilization causes
the release of a flavoprotein containing NADH oxidase in the mitochondrial intermembrane
space; apoptosis-inducing factor (AIF), into the cytosol [25]. AIF then triggers apoptosis in
the nucleus after translocating there. Additionally, this apoptotic pathway is independent
of caspases, apf-1, and cytochrome c. AIF released from mitochondria and translocation to
the nucleus are also regulated by cyclophilin A, HSP-70, adn PARP-1. Following TBI, PARP-
1 inhibition has a neuroprotective effect [26, 27]. Cyclophilins belong to peptidylprolyl
cis-trans isomerases. Cyclophilin A takes part in the nuclear translocation of AIF from the
cytosol to the nucleus and facilitates the chromatinolytic effects of AIF. Through their role as
chaperones, heat shock proteins from the HSP70 family protect neurons. By preventing the
production of apoptosomes and the nuclear translocation of AIF, HSP70 binding to Apaf-1
and AIF counteract their respective pro-apoptotic actions. When HSP70 is overexpressed, it
inhibits caspase-dependent pathways and sequesters AIF, both of which reduce the severity
of ischemic brain injury. Contrary to caspase-dependent cell death, AIF-mediated apoptosis
can occur in the presence of disturbed bioenergetic status; this can easily be seen in nuclear
lesions after cerebral ischemia [26, 28]. In fact, under conditions of energy deficiency,
mitochondria are more prone to release AIF, resulting in caspase-independent apoptosis.
As a consequence, in cases of severe TBI where bioenergetic disturbance is more likely to
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occur, AlF-induced apoptosis may be more common. On the other hand, caspase-mediated
apoptosis is more prone to happen in moderate TBI, where mitochondrial energy utilisation
is less of a problem. In a focal cerebral ischemia animal model, Endo G is also known to
translocate to the nucleus and result in fragmentation of DNA, which may potentially apply
to TBI injury [29, 30]. The study found elevated levels of apoptotic neurons through the
AIF pathway in rats undergoing traumatic brain injury (TBI) treatment, a phenomenon
associated with increased MMP-9. The response to TBI results in a change in the proteomic
transcription profile of microglia, which directly causes changes in morphology and cytokine
and chemokine secretion associated with neuron cell viability. This study examined the
expression of MMP-9 in microglia brain tissue of rats induced with TBI. MMP-9 expression
was observed in microglial cells using specific antibodies labeled with brown color on the
cytoplasm of cells [32]. The study also observed the effect on neuron cell apoptosis through
AIF expression and DNA fragmentation (point of cells apoptosis). AIF expression was
observed using specific antibodies in immunohistochemistry, and apoptosis was examined
using the TUNEL assay to observe DNA fragmentation. AIF expression was observed with
brown color in the cytoplasm of neurons undergoing apoptosis, and apoptosis was observed
with brown color in the nucleus of cells [33]. The outcomes of our research indicate a
significantly elevatedexpression of MMP-9 in the TBI group compared to the normal group (p
< 0.05). Furthermore, the observation of neuron cells revealed a markedly higher incidence
of apoptosis, as evidenced by AIF expression and DNA fragmentation, in the TBI group
compared to the normal group (p < 0.05).

This study found a significant improvement in the group of rats with TBI in the first 24
hours compared to the control group during the same observation period, as well as at 72
hours after TBI induction. MMP9 and AIF (in this study), continued to have elevated level in
the next 24 to 72 hours of TBI treatment. Previous studies have suggested that MMPs (matrix
metalloproteinases), which are involved in cell death, tissue repair, and morphogenesis,
may be used as a therapeutic target for acute brain injury. This study looked at the MMP-
2 and MMP-9 expressions after traumatic brain injury in rat pups. The researchers found
that MMP-2 and -9 levels increased after injury and that an MMP inhibitor reduced brain
damage. However, the exact mechanisms behind MMP-mediated brain damage are still
unknown. It is thought that MMPs may digest matrix proteins, including laminin, which is
widely distributed in the brain parenchyma and can affect cell-matrix interactions and cell
survival. Other enzymes, such as plasmin, may also degrade laminin after brain injury. In
addition, previous research has shown that MMP-9 can be activated by S-nitrosylation and
contribute to neuronal apoptosis during cerebral ischemia [34-38]. The Effect of Oleuropein
Administration and Administration Duration on HMGB1 Expression of Microglia Cells
in the Brain Tissue of Traumatic Brain Injury Rat Model. This study examined the role of
OLE in the expression of MMP9 in microglia in the brain tissue of rats induced with TBI
and its association with the occurrence of neuronal cell apoptosis around it. As before, the
method used was immunohistochemistry. These findings demonstrate that the expression
of microglia was significantly lower in the TBI group treated with OLE at 24 hours compared
to the TBI treatment group (p < 0.05). Consistent with this, it appeared that the expression
of MMP9 also were significantly lower in the group with TBI-given OLE in contrast to the
TBI treatment group (p <0.05). This study found an elevated level of MMP9 expression in
microglial cells in the brain tissue of a rat model of traumatic brain injury. In the context of
traumatic brain injury, this pathway may be highly relevant as it is known to increase MMP-9
regulation [37-39]. According to our research, HMGB1 generated by dying cells after a stroke
can swiftly attach to the nearby brain’s constitutively expressed TLR4 receptor, boosting
MMP-9 regulation and causing more neurovascular damage and ischemic brain injury. RAGE,
TLR2, and TLR4 are the three HMGB1 receptors that have been identified thus far. RAGE
expression is low in the brain and is induced several hours after injury [40, 41]. Within three
hours of the artery being blocked, the MMP-9 levels in the TLR4 mutant brain experience an
ischemic reduction. A reduced brain damage volume cannot account for the decline in MMP-
9 levels at this early stage because the brain infarct has not fully formed. According to some
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theories, TLR4 malfunction results in smaller infarcts and lower level of MMP-9 expression
after a stroke and plays a role in the cell death that occurs as a result [42, 43]. Our research
supports earlier findings and adds additional proof that extracellular HMGB1 activates TLR4
in a way that does not require TNF for MMP-9 to be upregulated. It is unclear whether the
HMGB1-TLR4 pathway is involved in the regulation of other MMPs because mMMP-3 and
other MMPs are also involved in ischemia-induced cell death [44]. The Effect of Oleuropein
Administration and Administration Duration on Neuronal Cell Apoptosis in Brain Tissue
with Traumatic Brain Injury Treatment Oleuropein, which is generally known as one of
the most prominent phenolic compounds in olive plants, has been proven to have several
pharmacological functions consisting of anticancer, antioxidant,anti- inflammatory, and
antiviral properties. Previous studies have shown that oleuropein induces apoptosis activity
and suppresses tumor growth in different cancer cells including hepatocellular carcinoma
and promyelocytic leukemia [45, 47]. In this study, observation of apoptosis was conducted
on neuronal cells, to explore the role of OLE in apoptosis occurrence. The technique used
was the same as in the previous experiment, using immunohistochemistry to observe AIF
and TUNEL assay for apoptosis. The results revealed a significantly lower level of AIF in the
TBI group with OLE treatment compared to the TBI treatment group (p < 0.05). The results
of the tunnel assay data calculation showed values that were in line with AIF expression,
where OLE administration in the TBI model rats significantly reduced (p < 0.05) the number
of neuronal cells undergoing apoptosis compared to rats that only received TBI treatment.
In another study, it was also stated that by controlling the Akt/GSK-3b signalling system. In
a classic rat model of IR], Olive Leaf Extract (OLE) demonstrated enhanced neurological and
cognitive outcomes, reduced brain edema, elevated levels of neurotrophic factors, and alower
incidence of neuronal cell apoptosis. OLE exhibited an anti-apoptotic response through anti-
inflammatory actions, as well as suppression of lipid peroxidation and neutrophil infiltration
in a rat model of spinal cord trauma. In addition, oral administration of OLE improved
cerebral injury in a rat model of IRI by inhibiting Bax expression related to apoptosis, thus
suppressing Bcl-2 activation [45]. Protein X promotes apoptosis in glioma cells by increasing
caspase-3 and 9 expressions. Bcl2 and Bax regulate the mitochondrial apoptosis pathway,
with Bcl2 being anti-apoptotic and Bax being pro-apoptotic. Ole increases the Bax/Bcl2 ratio,
supporting apoptosis in various cancer cell lines, including MIA PaCa-2 pancreatic cancer
cells. Ole affects the proapoptotic protein P53 and the Bax/bcl2 ratio, causing apoptosis in
breast and colon tumors, but not in glioma cells. Ole also induces apoptosis in MIA PaCa-
2 cancerous pancreatic cells through c-Jun and c-Fos dimerization [45, 46]. Ole (200 uM)
promotes apoptosis in vitro in various cancer cells through different mechanisms such as
dimerizing c-Jun and c-Fos into AP1 in MIA PaCa-2 cancerous pancreatic cells, increasing the
pro-apoptotic potential in TCAM-2 and SEM-1 cells with BAX overexpression, and p38/ATF-
2 pathway activation in NSCLC H1299 malignancies of the lung’s cells. Ole also decreased the
expression of HIF-1a protein in HT-29 human colon adenocarcinoma cells. However, Ole at
doses of 200 or 400 did not affect the p38, ERK, or JNK pathways in glioma cancer cells [47].
Furthermore, Oleuropein (0.04% of the diet) has been shown to inhibit

HIF-1a and adipogenesis in B16F10 melanoma cells in high-fat diet-fed rats, leading to
the prevention of cancer development. BCL2-associated cell death agonist, which is activated
by the Akt pathway, promotes apoptosis. At 500 pM for prostate cancer and 60 uM for
HepG2 hepatocellular carcinoma cells, ole inhibits the Akt pathway in vitro. In vitro studies
on HepG2 cells have demonstrated Ole’s (60 M) ability to inhibit the phosphatidylinositol
3-kinase (PI3K)/Akt/NF-kB and phosphatidylinositol 3-kinase (PI4K)/Akt/mammalian
target rapamycin (mTOR) pathways. Ole (200/400 M) also inhibits the Akt pathway in vitro
in glioma cells while also regulating the apoptosis-supporting enzymes Bax, Bcl2, MMP-2,
and MMP-9 [48, 49]. Jnk’s dual pro- and anti-apoptotic behavior distorts its role in cancer
depending on the type of the cells and what is activated or inhibited. Research shows that
in the absence of active NF-kB, the Jnk pathway favours apoptosis. Although prolonged Jnk
activation is still thought to cause apoptosis, the importance of Jnk activation in the survival
and proliferation of many cancer cells is well known [50, 51].
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Conclusion

In summary, here is an effect in oleuropein isolate administration to lower expression
of Apoptosis Inducing Factor and Matrix Metalloproteinase-9 in rat model of traumatic
brain injury. Therefore,Oleuropein has a potential neuroprotective effect in traumatic brain
injury by reducing inflammation and apoptosis. Oleuropein can be considered as a potential
therapeutic agent for traumatic brain injury in the future.
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