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Abstract

Background: Traumatic brain injury is a major public problem with an incidence
of 10 million people annually, causing the most significant deaths and disabilities
worldwide. Head injuries can be classified into primary and secondary head
injuries. Secondary head injuries can be caused by ischemia, cerebral oedema,
and neuroinflammation. AIF and HMGB-1 are two parameters that can be
indicators in measuring the effect of Oleuropein on traumatic brain injury in rats.
Oleuropein has many activities, such as antioxidant, anti-apoptotic, antimicrobial,
anti-inflammatory, and neuroprotective.

Method: This laboratory study used a simple random sampling technique to
select experimental animals and homogenous experimental locations. The study
was conducted with a pre-test and post-test control group design to compare
treatment effects in the experimental and controlgroups. Observations were made
from the first 24 hours up to 72 hours after the onset of head injury, with the
administration of Oleuropein intraperitoneally.

Result: The results showed that Oleuropein reduced AIF and HMGB-1 levels in
rats with traumatic brain injury. This indicates that Oleuropein has a
neuroprotective effect by reducinginflammation and apoptosis.

Conclusion: Oleuropein has a potential neuroprotective effect in traumatic brain
injury byreducing inflammation and apoptosis. Therefore, Oleuropein can be
considered as a potential therapeutic agent for traumatic brain injury in the future.

Keywords: Oleuropein Isolate, Apoptosis-Inducing Factor, High Mobility Group
Box-1
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Introduction

Head injuries caused by external force are a significant public health issue, affecting
millions globally yearly. In the U.S., 2.5 million head injuries occurred in 2014,
significantly impacting children. Head injury leads to the highest disability rate
worldwide, with 13 million people living with related disabilities in Europe and
the U.S. Severe head injury patients are typically treated in intensive care units [1]
—[5].

Indonesia experiences a head injury incidence of 6-12%, with a mortality rate
of 23-37%, andit is among the top ten diseases treated in hospitals. In 2020, there
were 343 head injury patients with mild, moderate, and severe head injuries at the
HAM Medan. Primary head injury occurs directly during trauma with acceleration,
deceleration, and rotational mechanisms, causing inertiaforces on brain cells and
tissue [1] - [5].

Secondary head injury is caused by biochemical, cellular, and molecular
cascades activatedafter primary head injury, often due to systemic hypotension and
hypoxemia. Various factors, such as cerebral oedema, ischemia, excitotoxicity,
diffuse axonalinjury, neuroinflammation, energy failure, and apoptosis, can cause
this type of injury. Current therapy aims to restrict the expansion of a secondary
head injury from a primary head injury [1] —[5].

In head injury, necrosis and apoptosis can occur, with necrosis happening in
response to severemechanical injury and brain tissue undergoing hypoxia marked
by the release of excitatory neurotransmitters and metabolic failure. On the other
hand, neuronal apoptosis requires an energy supply and an imbalance between pro-
apoptotic and anti-apoptotic proteins. Head injury can induce apoptosis through
several pathways, such as the B-cell lymphoma-2 pathway, which has pro-apoptotic
and anti-apoptotic components, and the caspase-independent pathway, which is
influenced by the Apoptosis Inducing Factor (AIF) [1] —[5].

AIF and HMGB-1 are molecules involved in cell death and inflammation,
respectively. Mitochondria release AIF after cerebral ischemia, while HMGB-1 is
expressed in the brain andcan cause an inflammatory response and blood-brain
barrier disruption. High levels of HMGB-1 have been linked to poor outcomes after
head injury, and it can contribute to secondary head injuryby causing neuronal
hyperexcitation [1] — [5].

Oleuropein, a compound in olives, has antioxidation, antiapoptosis,
antimicrobial, anti-inflammatory, and neuroprotection properties. It can help cells
survive unfavourable conditions like ischemia, reduce apoptosis, and improve
outcomes in vivo. It also reduces inflammation by lowering the expression of TNF-a
and IL-1p. Previous research showed that an oleuropein extractfrom the Fraxinus
rhynchophylla tree trunk could reduce AIF expression and glutamate-induced cell
death [6] —[11]. Based on this background, the researchers are interested in
investigating the effect of Oleuropein administration on rats with traumatic brain
injury models using AIF and HMGB-1parameters.

Methods

This laboratory study uses a simple random sampling technique, so the research
materials,such as test animals and experimental locations, can be considered
homogeneous. All samples wereprocessed simultaneously using a pre-test and post-
test control group design'? for observation. The research design uses pre-test and
post-test control groups. With this design, researchers can measure the impact of the
treatment (intervention) on the experimental group by comparing the experimental
group and the control group. This design allows researchers to determine the extent
or magnitude of the changes because the test is performed at the beginning and end
of the treatment. The experimental animal was treated for one day, and then brain
tissue preparations were examined on day 3 in the form of the number of cells
expressing AIF with a 1000x lightmicroscope. Positive cells were counted in 20
fields of view [12].
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Traumatic brain injury was given to 5 experimental groups (Group B, C, D, E,
and F) for one treatment, and after that the research subject of group C were given
Oleuropein and D were given Oleuropein after treatment and groups E and F were
given Oleuropein before and after treatment. Dose of Oleuropein According to the
literature with the best neuroprotective effect is 30 mg/Kg. This study will use a
dose ratio of 50-100 mg/KgBB in rats.

Observations were made within the first 24 hours and continued for the next
72 hours, as AIFand HMGB-1 increased within the first 24 hours of head injury
onset [13]—[15]. The study used two measurements in the pre-and post-tests, as the
effect of Oleuropein with pre-injury administrationwill be observed. This study has
been approved by the Universitas Sumatera Utara research ethics committee.

Results
1. Histology of Brain Tissue Due to TBI Exposure
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Figure 1. Photomicrograph of HE staining results, brain tissue of TBI rat model (Image
A&B). The black arrow indicates the impact injury area in the TBI process. The red arrow
indicates the presence of neutrophil cells in the impact area.

Cellular infiltration and glial activation occur in the injured brain, with
neutrophil accumulation mainly occurring within the first 24 hours of injury.
Clinical studies have found an increase in the number of neutrophils after TBI.
Experimentally, an increase in neutrophil accumulation is associated with increased
lesion volume and changes in the brain cytokine profile. However, there is no
reduction in BBB dysfunction and motor impairment.

2. The TBI Treatment in Rats Increases The Number of Neurons Undergoing
Apoptosis ThroughThe Aif Pathway, Which is Associated with An
Increase in Hmgb1.
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Figure 2. Shows the photomicrograph of TUNEL ASSAY staining results in the brain tissue of the
TBImouse model (TBI). The black box indicates the observed area, and the arrow indicates the
neuroncells undergoing apoptosis. It can be seen that there is a difference in the distribution of
neuron cells undergoing apoptosis, with a significant increase in the TBI group.

3. The Administration of Oleuropein and the Duration of
Administration Decrease theEExpression of HMGBI1 in Microglial
Cells of the Rat Brain TBI Model
Microglia have diverse functions in the brain, and their morphology changes
depending on theirrole. Recent research has shown that microglial surface
antigens can change, resulting in differentfunctions. Oleuropein has been found
to inhibit AP aggregation and microglial activation.

This study observed the role of OLE in the expression of HMGBI in
microglia of the rat braintissue due to TBI induction and its association with
neuronal cell apoptosis in the surrounding area.Moreover, as mentioned before,
the method used was the same - immunohistochemical techniques (HMGB1).
The results showed that HMGBI1 expression significantly decreased in the
group withTBI treated with OLE compared to the TBI treatment group (p
<0.05).

TBI
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Figure 3. Represents the immunohistochemical staining results 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 colour in the cytoplasm (arrow). A represents the TBI group; B, C, D, E, and F represent
differentdoses of the OLE treatment group.

TBI

400X 1000X

Figure 4. Shows the immunocytochemistry staining results of brain tissue sectionsfrom 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 colour 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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TBI

400X 1000X

Figure 5. represents the immunohistochemical staining results of brain tissue sections from TBI-
treated mice, stained with anti-HMGBI1 antibodies and visualized with immunoperoxidase
technique at 400x and 1000x magnification. Neurons expressing HMGBI1 are marked with a
browncolour in the cell's cytoplasm (arrow). TBI-treated mice without treatment are marked as
groupTBI; B, C, D, E, and F represent different doses of OLE treatment. It is known that
HMGBI is typically localized in the nucleus (arrow in group K) and becomes inflammatory when
translocatedto the cytoplasm or extracellular space.
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Table 1. The results of the comparative test of the control group were negative

Observational group Mean + standard deviation

hmgb1

B (24) 13,20+1,483

C(24) 7,60+1,140

D (24) 6,40+1,140

E (24) 6,00+1,000

F (24) 3,40+1,140
p-value 0,000

Note: The ANOVA test results are presented in the column as mean+SD. If they contain
differentletters, it indicates a significant difference (p-value < 0.05), and if they contain the
same letters, itindicates no significant difference (p-value > 0.05).

15 W crFaP
EmmPe
CIHMGB1

RERATA

TBI(24) TBI+ TBI+ 50cleu+ 100cleu +
S0oleu  100cleu  TBI+ TBI+
(24) (24) 500leu  100oleu
24)

(24)

KELOMPOK

Figure 6. shows the mean histogram and analysis results of GFAP, MMP9, and HMGBI1
expression in mouse brain tissue with a TBI model with OLE administration 24 hours post-
treatment.

Table 2. The results of the comparative test of the control group were negative

Mean + standard deviation
Observational group

hmgb1
B (72) 13,60+1,341
C(72) 8,60+1,140
D (72) 6,20+1,095
E (72) 5,80+1,483
F (72) 2,20+1,303

p-value 0,000
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Note: The results of the ANOVA test are shown in the column of mean+SD; if it contains
differentletters it means there is a significant difference (p-value<0.05), and if it contains the
same letters, itmeans there is no significant difference (p-value>0.05).

Hcrap
EmMvPe
CHmGB1

RERATA

TBI(72)  TBI+5doleu TEI +100oleu 50oleu + TBI + 1000leu + TEI
2) 72 sholeu (T2) +100oleu (72)

KELOMPOK

Figure 7. Mean histogram and analysis results of GFAP, MMP9, and HMGBI1 expression in
the brain tissue of TBI-induced rats treated with OLE at 72 hours post-treatment.

4. Administration of Oleuropein and Duration of Administration Reduces

the Incidence of Neuronal Cell Apoptosis in Brain Tissue with TBI
Treatment.
OLE's role in reducing apoptosis was investigated in neurons using
immunohistochemical techniques to observe AIF and a TUNEL assay for
apoptosis. The results showed a significant decrease in the number of apoptotic
neurons in the TBI group with OLE treatment compared to the TBI treatment
group (p <0.05).

11
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Figure 8. represents the results of TUNEL staining on mouse brain tissue samples
with TBI and OLE treatment, stained with immunoperoxidase technique using a
TUNEL assay kit photomicrographs at 400x and 1000x. Neurons undergoing
apoptosis are marked with a brown colourin the nucleus of the cell (arrow). The TBI
group represents mice with TBI treatment; B, C, D, E, and F represent the OLE
treatment groups with various doses.

TBI

400X 1000X

Figure 9. represents the immunohistochemical staining results 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 colour in the cytoplasm (arrow). TBI group with TBI
treatment; B, C, D, E, and F groupswith OLE treatment at various doses.
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Table 3. The results of the comparative test of the control group were negative.

Observational group Mean = standard deviation
apoptosis aif

B (24) 10,20+1,788 9,80+1,304
C(24) 9,60+1,816 5,20+1,304
D (24) 8,20+1,643 6,60+1,817
E (24) 5,00+1,224 6,40+1,949
F (24) 4,20+0,836 4,40+1,517
p-value 0,000 0,000

Note: The results of the ANOVA test are shown in the column of mean+SD. If it contains
different letters, it means there is a significant difference (p-value<0.05), and if it contains the
same letters,it means there is no significant difference (p-value>0.05).

HaP
EAPOFTOSIS

RERATA

TBI{24)  TBI+50oleu TBI+100oleu 50oleu + TBI+ 1000leu + TBI
249 24) Stoleu (24) +100oleu (23

KELOMPOK

Figure 10. 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.
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Table 4. The results of the comparative test of the control group were negative

Observational group Mean + standard deviation

apoptosis aif
B (72) 13,40+1,140 13,00+1,870
C(72) 11,60+1,140 8,80+1,870
D (72) 6,60+1,816 6,40+1,870
E(72) 3,20+0,837 5,00+1,870
F (72) 2,20+0,836 2,20+1,870
p-value 0,000 0,000

Note: The ANOVA test results are shown in the column of mean + S.D.; if different
letters are shown, it means there is a significant difference (p-value <0.05), and if the
same letters are shown,it means there is no significant difference (p-value> 0.05).

15+ maP
EAPOPTOSIS

RERATA

TRBI (12) TBI + S0oleu TBI+ 10boleu 50oleu + TRl + 100oleu + TRI
r2) a2 Sooleu (72} +100cleu (72|

KELOMPOK

Figure 11. 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.
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5. The Role of HMGBI1 as A Marker of Acute TBI Occurrence

HMGBI is a pro-inflammatory cytokine involved in TBI and EBI after SAH.
HMGBI levelssignificantly increased in the TBI rat group within the first 24
hours and 72 hours after induction.In a clinical study, increased HMGBI levels
in ventricular CSF correlate with worse outcomes after TBI in children. Peak
HMGBI levels have an inverse and independent correlation with GOSat six
months after TBI [16].

HMGBI is not detected in the CSF of normal pressure hydrocephalus (NPH)
patients. Still, its expression is high in the CSF of TBI patients, supporting its
potential as a biomarker in TBI cases.Additionally, plasma concentration of
HMGBI is higher in TBI patients than in healthy controls upon admission, and
its level upon admission is associated with a poor prognosis [16].

It can be concluded that HMGBI1 can be used as a biomarker for TBI
occurrence. In addition,we provide evidence of the potential biomarker of
HMGBI and the significance of its nucleocytoplasmic translocation during
TBI.

Discussion

Induction of Apoptosis through AIF Pathway on HMGBI1 Levels in Traumatic
Brain InjuryRat Model.

Apoptosis is programmed cell death mediated by mitochondria, resulting in
internucleosomal DNA fragmentation, which can be detected in situ using terminal
deoxynucleotidyl transferase-mediated dUTP nick end-labelling (TUNEL).
Neuronal apoptosis death is a mechanism for eliminating unnecessary neurons with
minimal immune system activation. Thus, neuronal apoptosis following traumatic
injury can represent a physiological and protective response to damage [17], [18].
However, transgenic mice overexpressing anti-apoptotic proteins show a significant
decrease in cortical and hippocampal damage following TBI. Therefore, excessive
apoptosis-related pathway activation can be hazardous, particularly under
pathological conditions. Accumulated pre-clinical studies revealed neuronal cell
death in the pericontusional and hippocampus [19], [20].

Using a moderate lateral fluid percussion brain injury model, apoptotic cells
in the injured cortex were recorded as early as 24 hours, while in the hippocampus
and thalamus, apoptotic response was delayed, peaking at 48 hours and two weeks
after injury, respectively. Mitochondria trigger various apoptotic signalling
pathways through interaction among the bcl-2 family of proteins, such as
cytochrome ¢, second mitochondria-derived activator of caspases (Smac),
apoptosis-inducing factor (AIF), 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 pathway is called
the intrinsic pathway [21].

One of these is the downstream interaction protein of the Bcl-2 family
mechanism in the intermembrane space, including cytochrome c, a second
mitochondrial-derived activator of caspases(Smac), endonuclease G (Endo G), and
AIF, released and interact with each other after TBI. Theirinteraction then results in
the release of pro-apoptotic proteins. Cytochrome c interacts with procaspase-9 and
apoptosis protease-activating factor-1 (apaf-1) and forms the apoptosome,
activating procaspase-9. Caspase-9 activates procaspase-3, then caspase-3 degrades
the activated caspase DNase inhibitor, causing DNA fragmentation and apoptosis.
Caspase-3 can also activate other enzymes after TBI that repair damaged DNA, such
as poly(ADP-ribose) polymerase (PARP) [22], [23]. Although involved in necrosis
and apoptosis, PARP 89- and 21- kDa fragments are cleaved by caspases and
associated with apoptosis after cerebral ischemia. Smac is also involved in caspase
activation. Following TBI, Smac released from mitochondria binds and neutralizes
the effects of X-linked inhibitors of apoptosis protein, resulting in further apoptosis.

15
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Other studies have shown the importance of the caspase-independent pathway.
Following TBILapoptosis-inducing factor (AIF), a flavoprotein with NADH oxidase
in the intermembrane space of mitochondria, is released into the cytosol through
membrane permeabilization. AIF then translocates to the nucleus and induces
apoptosis. This apoptotic pathway also does not depend oncytochrome c, Apaf-1,
and caspases. PARP-1, cyclophilin A, and HSP-70 also regulate AIF release from
mitochondria and translocation to the nucleus. Inhibiting PARP-1 has a
neuroprotective effect after TBI [24], [25].

Cyclophilins are a family of peptidylprolyl cis-trans isomerases. Cyclophilin A
participates inthe nuclear translocation of AIF from the cytosol to the nucleus and
facilitates the chromatinolyticeffects of AIF. Heat shock proteins from the HSP70
family have a neuroprotective effect through their chaperone function. HSP70
binding to Apaf-1 and AIF counteracts their pro-apoptotic effects by inhibiting
apoptosome formation and nuclear translocation of AIF. Overexpressionof HSP70
weakens ischemic brain injury by sequestering AIF and inhibiting caspase-
dependent pathways. Unlike caspase-dependent cell death, AIF-mediated apoptosis
can occur under disrupted bioenergetic status; this can easily be seen in nuclear
lesions after cerebral ischemia [24], [26].

In fact, under conditions of energy deficiency, mitochondria are more likely to
release AIF, resulting in caspase-independent apoptosis. Therefore, AIF-induced
apoptosis may be more common in severe TBI, where bioenergetic disturbance is
more likely to occur. Conversely, caspase-mediated apoptosis is more likely to occur
in mildTBI, where mitochondrial energy utilization is less of an issue. Endo G is also
known to translocate to the nucleus, causing DNA fragmentation ina focal cerebral
ischemia animal model, which may also apply to TBI injury [27], [28].

This study found that treatment of traumatic brain injury (TBI) in rats increases
the number of apoptotic neurons through the AIF pathway, which is linked to
increased HMGBI1. The response to TBI changes the proteomic transcription profile
of microglia, which directly causes changes in morphology and cytokine and
chemokine secretion associated with neuron cellviability. This study examined the
expression of HMGBI1 in microglia (GFAP) in the brain tissueof rats induced with
TBI. HMGBI expression was observed in microglial cells using specific antibodies
labelled with brown colour on the cytoplasm of cells [29], [30]. The study also
observed the effect on neuron cell apoptosis through AIF expression and DNA
fragmentation (point of cell apoptosis). AIF expression was observed using specific
antibodies in immunohistochemistry, andapoptosis was examined using the TUNEL
assay to observe DNA fragmentation. AIF expressionwas observed with a brown
colour in the cytoplasm of neurons undergoing apoptosis, and apoptosis was
observed with a brown colour in the nucleus of cells [31].

Our research showed that HMGBI expression significantly increased in the
TBI groupcompared to the normal group (p < 0.05). Observation of neuron cells
showed a significant increasein apoptosis incidence (in AIF expression and DNA
fragmentation) in the TBI group compared tothe normal group (p < 0.05).

HMGBI was shown to promote nerve inflammation response after TBI, which
leads to secondary damage, as demonstrated by its upregulated expression and
release after experimental TBI induction. Similarly, HMGBI1-mediated nerve
inflammation response contributes to early brain injury (EBI) after SAH. The active
translocation of HMGBI from the nucleus to the extracellular space after TBI and
SAH was shown to activate the neuroinflammatory cascade andbreak down the
BBB. Interestingly, HMGB1-targeted therapy, such as anti-HMGB1 monoclonal
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antibodies (mAbs) and pharmacological inhibitor Glycyrrhizin, were effective
experimentally in inhibiting post-TBI nerve inflammation response and minimizing
EBI after SAH. This suggests that HMGB1 may be a promising extracellular target
for these conditions and has the potential tobecome a new therapy [32], [33].

This study found a significant improvement in the group of rats with TBI in the
first 24 hourscompared to the control group during the same observation period and
at 72 hours after TBlinduction. On the other hand, when comparing the TBI group at
24 hours with 72 hours, HMGB1 expression in the first 24 hours was significantly
higher compared to the control group and no longer significantly different from the
72-hour TBI group. In this study, AIF continued to increase at 24 and 72 hours of
TBI treatment. In a previous study, HMGBI levels were similar to the GCS score,
suggesting the potential for a biomarker that appears in TBI cases. This clinical study
showed thatincreased HMGBI1 levels in ventricular CSF correlate with worse
outcomes after TBI in children. In addition, peak levels of HMGBI have an inverse
and independent correlation with the Glasgow Outcome Scale (GOS) score six
months after TBI [16].

The fact is that HMGBI is not detected in the CSF of patients with normal
pressurehydrocephalus (NPH). High expression of HMGBI is shown in the CSF of
TBI patients, indicatingthat the release of HMGB1 may be driven by the traumatic
process, supporting the potential of HMGBI as a biomarker in CSF for TBI cases.
Upon admission, this study also obtained a higher detected plasma concentration of
HMGBI in TBI patients than in healthy controls. The HMGBI1 level upon
admission was higher in those who did not survive or had a poor prognosis
compared to those who did [16].

HMGBI can be used as a biomarker for TBI occurrence. In some animal
models, HMGBI1 has been significantly associated with the adverse effects of
traumatic and non-traumatic brain injury. It has been shown to increase chemotaxis
and leukocyte activation ex vivo.Furthermore, it triggers microglial activation,
increases neuroinflammation, and subsequently worsens neurocognitive
impairments, at least in part through TLR-dependent mechanisms in somenon-
traumatic injury models. TBI-induced microglial activation and increased
expression of inflammatory mediators (HMGB1, TNF-a, IL-1f, IL-6) in the brain
have been associated with cerebral oedema and neurological deficits [32], [34].
HMGBI release, mediated by NR2B from neurons undergoing necrosis, triggers
post-TBI brain oedema and correlates with increased Intracranial Pressure (ICP)
observed in human patients. The damaging effects of HMGB1 are mediated, at least
in part, by TLR4 stimulation in microglia and gradually increasing expression of
aquaporin-4 (AQP4). HMGBI protein has been extensively studied in pre-clinical
TBI models, where it can interact with TLRs and activate mitogen-activated protein
kinase (MAPK) and NF-kB pathways,resulting in excessive release of several pro-
inflammatory cytokines, such as TNF-a, IL-1B, and 11 _g [35], [36].

In particular, these factors can influence the local brain environment after CNS
injury and worsen brain damage after TBI, indicating that modulation and targeting
of the inflammatory response after TBI could represent promising therapeutic
strategies to minimize secondary damage. In a mouse TBI model, HMGBI
expression decreased significantly below basal levels 6 hours post-TBI, gradually
reaching basal levels two days after trauma [37], [38]. Similarly, RAGE expression
increased at 6 hours and peaked at 24 hours post-insult, gradually declining and
maintaining higher expression than the sham group at day 6. The observed HMGB1
and RAGE expressions after TBI suggest the contribution of HMGBI in the
secondary post-TBI inflammatoryprocesses [39], [40].
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Although HMGBI is known to interact with two primary receptors, RAGE
and TLR4, RAGE is the primary mediator of HMGBI effects in TBI cases.
Interestingly, age-dependent HMGBI release was demonstrated in an experimental
model of controlled cortical impact (CCI)-induced pediatric (3 weeks) and adult (8-
10 weeks) TBI. Specifically, after TBI, extracellular HMGB1 was increased in the
lesional and perilesional neocortex of both young and adult mice, compared to sham
controls [41], [43]. However, statistically significant increases in HMGB1were only
observed in the perilesional neocortex of adult mice, indicating that TBI-induced
nerve damage may be accompanied by HMGBI release into the extracellular
environment. Regarding circulating HMGBI levels, fluctuations in serum HMGB1
concentration were observed in pediatric TBI, while it was relatively stable in adult
TBI. These findings suggest that developing pediatric brains may represent better
candidates for therapeutic targeting/inhibition of HMGBI toprevent the harmful
effects of TBI-induced nerve inflammation compared to adult brains [42], [43].

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 observed the role of OLE on HMGBI1 expression in rat brain tissue
following TBlinduction and its association with apoptosis of neighbouring neuron
cells. As mentioned earlier, thesame method of immunohistochemistry was used.
The study results showed that HMGB1 expression also significantly decreased in
the TBI and OLE treatment group compared to theTBI treatment group (p < 0.05).

This study found increased HMGBI1 expression in the brain tissue of a
traumatic brain injury (TBI) mouse model. This can be explained by the fact that
extracellular HMGBI1 induces complex signalling cascades through binding to its
receptors, including RAGE, TLR2, andTLR4. HMGBI can trigger inflammation,
heart regeneration, and neurite development. Many of these cascades are mediated
by well-conserved pathways such as the MAP kinase, NF-kB, and A.P.- 1
transcriptional response. HMGBI release occurs as early as 30 minutes after
ischemia [43].

Previous studies have shown that HMGBI1 upregulates MMP-9 in cultured
neurons, astrocytes, and mouse brains. This phenomenon was mainly mediated
through the TLR4 receptor, which was highly expressed in neuronal and astrocyte
cultures and mouse brains. Upregulation of MMP-9 via HMGBI expression was
attenuated in TLR4 missense mutant neuronal cells compared to wild-type control
cells after HMGBI therapy. Finally, MMP-9expression in the cerebral cortex of
TLR4 mutant mice was lower than in wild-type controls after focal cerebral
ischemia. Our findings suggest that after stroke onset, HMGBI released from
rapidly dying cells may bind to constitutively expressed TLR4 receptors in the
adjacent brain, thereby upregulating MMP-9 and expanding neurovascular damage
and ischemic brain injury. To date, three putative HMGBI1 receptors have been
reported - RAGE, TLR2 and TLR4. Baseline RAGE expression is low in the brain.

Regarding the long-term effects, the impact of Oleuropein can be explained
by HMGB/'s participation in many overlapping pathways, making it challenging to
dissect the exact signalling pathway. HMGB1 can also induce many other
cytokines, such as TNFa and IL-1B. Our study used TNFa knockout mice to control
for one alternative pathway. Stereotactic injection of recombinant HMGBI strongly
increased MMP-9 expression in TNFa knockout mice, indicating that, at least in the
mouse model, induction of MMP-9 by HMGBI1 can be TNFa-independent [44],
[45]. However, the interaction between HMGB1, MMP-9, and other cytokines
should be carefully elucidated in future studies. Along with the downregulation of
MMP-9, a significant reduction ininfarct volume was observed in TLR4 mutant
mice after focal cerebral ischemia.
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The Effect of Oleuropein Administration and Administration
Duration on Neuronal Cell Apoptosis in Brain Tissue with
Traumatic Brain Injury Treatment

Oleuropein, generally known as one of the most prominent phenolic compounds
in olive plants, has been proven to have several pharmacological functions
consisting of anti-cancer,antioxidant, anti-inflammatory, and antiviral properties.
Previous studies have shown that Oleuropein induces apoptosis activity and
suppresses tumour growth in different cancer cells, including hepatocellular
carcinoma and promyelocytic leukaemia.''*¢ In this study, apoptosis was observed
on neuronal cells to investigate the role of OLE in apoptosis occurrence. The
technique used was the same as in the previous experiment, using
immunohistochemistry to observe AIF and tunnel assay for apoptosis. The results
showed a decrease in AIF expression in the TBI group with OLE treatment
compared to the TBI treatmentgroup (p < 0.05). The tunnel assay data calculation
results showed values dmvith the AIF expression. 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 TBIltreatment. Another study also
stated that OLE improved neurological and cognitive outcomes, relieved brain
oedema, increased neurotrophic factors, and reduced neuronal cell apoptosis by
regulating the Akt/GSK-3b signalling pathway in a classic experiment of a rat
modelof IRI. OLE exhibited an anti-apoptotic response through anti-inflammatory
actions and 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 Bel-2 activation.*’

Protein X promotes apoptosis in glioma cells by increasing caspase-3 and nine
expression. Baxand Bcl2 regulate the mitochondrial apoptosis pathway, with Bax
being pro-apoptotic and Bcl2 being anti-apoptotic. Ole increases the Bax/Bcl2
ratio, supporting apoptosis in various cancer celllines, including MIA PaCa-2
pancreatic cancer cells. Ole affects the pro-apoptotic protein P53 andthe Bax/bcl2
ratio, causing apoptosis in breast and colon tumours but not in glioma cells. Ole also
induces apoptosis in MIA PaCa-2 pancreatic cancer cells through c-Jun and c-Fos
dimerization.**8

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
pancreatic cancer cells,increasing the pro-apoptotic potential in TCAM-2 and
SEM-1 cells with BAX overexpression, and activating the p38/ATF-2 pathway in
NSCLC H1299 lung cancer cells. Ole also decreased the expression of HIF-1a
protein in HT-29 human colon adenocarcinoma cells. However, Ole atdoses of
200 or 400 did not affect the p38, ERK, or INK pathways in glioma cancer cells.*
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