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Inflammation is a complex, protective, and
evolutionarily conserved biological response that occurs
in multicellular organisms following tissue injury,
infection, or exposure to toxic stimuli. Historically,
inflammation has been characterized by the classical
hallmarks of redness, heat, swelling, and pain. However,
advances in modern immunology have revealed that
inflammation extends far beyond these localized
manifestations, representing a dynamic systemic network
that influences multiple physiological systems. Rather
than being merely a pathological event, inflammation has
been recognized as a physiological process aimed at
restoring homeostasis and maintaining tissue integrity
(Medzhitov, 2008).
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In this section, current histopathological markers and
methods that allow the examination of neuroactive and
neuroprotective effects in systemic inflammation models
will be discussed. The scope of these topics will provide a
better understanding of the effects of inflammation on
neurological diseases and will form an important
foundation for the development of therapeutic strategies.

1. INFLAMMATION AND METABOLIC
RESPONSE

The innate immune system's evolutionary rise is
intimately related to the causes of inflammation. Basic
defense systems are present to counteract detrimental
environmental impacts, even in unicellular organisms.
These rudimentary systems developed into a more
intricate and well-organized framework that cooperates
with cells as living things evolved into multicellular forms.
In this regard, inflammation is regarded as an adaptive
reaction meant to restore equilibrium when tissue
damage or stress occurs. Inflammation's main function is
to support tissue regeneration and restore physiological
equilibrium in addition to eradicating infections. Thus,
sterile stimuli like ischemia, exposure to toxins, or
mechanical damage can also cause inflammatory
processes in addition to infectious pathogens (Medzhitov,
2008).

1.1. Acute Inflammation

Acute inflammation can occur as a result of an injury,
particularly infection or tissue damage. This process can
be an important biological response that facilitates tissue
repair, including the activation of immune system cells,
their migration to the damaged area, changes in vascular
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permeability, and the release of inflammatory substances
(Varella, 2018).

Literature has reported that the primary goal of acute
inflammation is to eliminate any potentially harmful
stimuli and restore tissue homeostasis. This biological
response progresses in three main phases:

Vascular phase: The first phase of acute inflammation
occurs with vascular dilation, or vasodilation. Fibrinogen
and immunoglobulins, which are plasma proteins,
migrate into the damaged tissue, initiating the vascular
phase.

Cellular phase: After the vascular phase, the cellular
phase begins, and neutrophils are the first to migrate to
the area of inflammation in the damaged tissue. It occurs
with the migration of monocytes, which play a crucial role
in the immune system and secrete cytokines, and
macrophages, another immune system cell that helps
clear the damaged area.

Resolution Phase: After inflammation, the resolution
phase begins when inflammatory stimuli in the area
decrease. During this period, proinflammatory mediators
decrease, phagocytosis of apoptotic cells begins, and
tissue repair is activated.

During the acute inflammatory process, energy needs
increase, including changes in glucose, lipid, and amino
acid metabolism, becoming a key component of the
inflammatory response (Varella, 2018).



1.2. Systemic Inflammation-Induced
Neuroinflammatory Changes

The body may have mechanisms that respond to
various stimuli. Systemic Inflammatory Response
Syndrome (SIRS), a widespread inflammatory reaction
that occurs in response to infectious or non-infectious
stimuli, results from the overactivation of the host defense
system. This condition affects multiple organ systems and
causes widespread inflammation (Baddam and Burns,
2025).

Systemic inflammation can influence
neuroinflammatory processes and lead to the spread of
proinflammatory signals.

A study conducted on zebrafish examined the effects of
outer membrane vesicles (OMVs) derived from
Porphyromonas gingivalis in the central nervous system.
Immunohistochemical and histopathological staining
were performed to demonstrate the inflammatory effect.
Immunohistochemical analyses revealed immunopositive
areas where GFAP and Ibal immunoreactivity increased,
particularly in astrocytes and microglia. These results
suggest that systemic inflammation primarily stimulates
glial cells and initiates pro-inflammation in the central
nervous system. In hematoxylin-eosin stained sections for
histopathological examination, distinct degenerative
changes such as neuronal vacuolization, cytoplasmic
condensation, nuclear pyknosis, neuronal loss, and
perivascular edema have been reported. High-dose OMV
administration, particularly in the thalamic and cerebral
regions, reveals neuronal loss, widening of perineuronal
spaces, and microvacuolization, suggesting that
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inflammatory processes disrupt neuronal integrity
(Adewoyin et al,, 2024).

1.2.1. Neuroinflammation and
Histopathological Alterations in Epilepsy

Epilepsy is a significant health problem affecting the
central nervous system, causing neurological disorders.
Oxidative stress and inflammation can trigger neuronal
damage. In the literature, significant increases in TNF-aq,
[L-1B, and IL-6 levels have been observed in a pilocarpine-
induced epilepsy model. Histopathological damage such
as neuronal vacuolization, pyknosis, cytoplasmic
condensation, and perivascular edema were observed in
the hippocampal and cortical regions of the epilepsy
model group. In recent years, neuroactive and anti-
inflammatory agents have been used, and their effects on
the central nervous system are debated. Lavandula
dentata essential oil and ethanol extract have been shown
to modulate pro-inflammatory signals, inhibit NF-«B
activation, and reduce cytokine levels. Histopathological
examinations have shown that they reduced glial
activation and perivascular edema and demonstrated a
strong histoprotective effect (Antar et al., 2025).

Saghir et al. (2025) investigated the effects of
Brivaracetam and Topiramate on the hippocampus and
neuroinflammation  using  histopathological and
biochemical parameters. Neuronal loss, gliosis, pyknosis,
and an increase in glial cells were observed in the CA1 and
CA3 regions of the hippocampus in the experimental
group. In the treatment group, the number of neurons was
near normal, the tissue structure was preserved, and the
glial cells were near normal. TNF-a, IL-1p, IL-6, NF-kB, and
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iNOS levels increased with the combination treatment.
Biochemical = parameters also confirmed  the
histopathological results; ROS and MDA, and SOD/GSH
levels increased, while SOD, GSH, and ROS/MDA levels
decreased. Brivaracetam and Topiramate administered as
a combination treatment provides hippocampal neuronal
protection by reducing neuroinflammation and oxidative
stress (Sagnir et al., 2025).

1.2.2. Exercise in Neuroinflammation and
Histopathological examinations

Exercise is an important step in accelerating recovery
after stroke, providing physical support and
strengthening muscles, and positively impacting brain
structure. A middle cerebral artery occlusion (MCAO)-
induced stroke model was performed to investigate the
effects of exercise on neuroinflammation via the
SIRT1/BDNF/mTORC1 signaling pathways.

Significant neuronal loss, vacuolation, and pyknotic
nuclei were observed in the hippocampal CA1 and
prefrontal cortex regions of the mice in the experimental
group. Neurons in the exercise group had normal
morphology, and perivascular edema was reduced (Tang
etal, 2025).

The quality of sleep is as important as exercise for
neuronal activation. REM sleep deprivation is associated
with motor coordination, balance disorders, and
neuroinflammation. Karami et al. (2025) examined its
effects in conjunction with caffeine. In the experimental
group, neuronal loss, pyknosis, gliosis, inflammatory cells,
and neuroinflammatory markers (TNF-q, [L-1p, and IL-6)
increased in the hippocampus, cortex, and cerebellum. In
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the treatment group, these findings decreased
significantly, and motor and balance disorders partially
improved. These findings indicated that inflammation
was suppressed (Karami et al.,, 2025).

1.3. Current Perspectives on Neuroinflammation:
Histopathological Indicators and Neuroprotective
Agents

In recent years, some neuroprotective agents have
been used to eliminate or reduce the effects of
neuroinflammation. Below are the histopathological
markers identified based on recent studies in the
literature:

1.3.1. OPA1 in Neonatal HI Injury

Neonatal hypoxic-ischemic (HI) brain injury, which
causes neurological disorders, has been frequently
observed in recent years. It particularly damages
microglia and mitochondria in the brain. OPA1, a protein
found in the inner membrane of mitochondria, the cell's
energy molecule, is negatively affected by this damage. In
the neonatal HI model, histopathological examination of
the cortex and hippocampus revealed neuronal
degeneration, vacuolization, pyknosis, and perivascular
inflammatory infiltrates. Because mitochondrial damage
can increase apoptosis, TUNEL staining revealed an
increase in apoptotic cells. OPA1 suppression increased
neuronal loss, glial activation, and inflammatory damage
(Lvetal, 2025).



1.3.2. Vitamin K2 in AlCl:-Induced
Neurodegeneration

Aluminum chloride (AICls) is widely used in modeling
Alzheimer's disease. It is known to increase
neurodegeneration, cause oxidative stress, and induce
neuroinflammation.

Chatterjee et al. (2023) evaluated the neuroprotective
and anti-inflammatory effects of vitamin K2 in AICL-
induced damage. Vitamin K2 has been reported to have an
antioxidant effect, support defense cells, enhance
mitochondrial response, and suppress inflammation. This
study examined hippocampal tissue in rats. In the
experimental group, significant neuronal loss, pyknotic
nuclei, and vacuolization were observed in the CA1 and
CA3 regions. Increased astrocytic and microglial
activation, perivascular edema, and an increased number
of inflammatory  cells were observed, and
immunohistochemical examinations revealed positive
GFAP and Ibal immunoreactivity. It was reported that
vitamin K2 administered as treatment largely preserved
histological tissue, with glial cells appearing near normal,
pyknotic nuclei decreasing, and neurons appearing near
normal. Biochemical parameters also confirmed the
histopathological results, and increased levels of TNF-q,
IL-1B, IL-6, NF-xB, and MDA, and decreased levels of
SOD/GSH were observed in the AlCl: group. In the
treatment group, inflammatory cytokines, NF-«xB
expression, and MDA levels decreased, while SOD and GSH
levels increased. This confirms the anti-inflammatory and
antioxidant effects of vitamin K2 (Chatterjee et al., 2023).
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1.3.3. Captopril and Cisplatin
Neuroprotection

Chemotherapeutic drugs can have side effects. These
effects are particularly confirmed in animal studies,
where they are shown to accelerate inflammation by
increasing oxidative stress. Cisplatin, a drug used in
chemotherapy, has also been shown to cause cognitive
impairment, neuroinflammation, and oxidative stress.
Mostafa et al. (2025) evaluated the anti-inflammatory and
antioxidant effects of captopril in cisplatin-induced
neurodegeneration.

Histopathological and immunohistochemical
examinations of cisplatin-treated rats revealed neuronal
loss and pyknosis, perivascular edema and mild
inflammatory infiltrates, and immunopositivity for GFAP
and Ibal staining. Captopril is an ACE inhibitor that
reduces inflammation and oxidative stress by regulating
the renin-angiotensin system. These effects were
observed in the treatment group, noting that histological
damage was minimized and tissue integrity was
preserved.

Cisplatin increased apoptosis through upregulation of
Bax and caspase-3 and downregulation of Bcl-2. Captopril
treatment decreased Bax and caspase-3 levels and
increased Bcl-2 expression, supporting neuronal
integrity. This mechanism has been shown to protect
synaptic and neuronal integrity (Mostafa et al., 2025).

In another study, Hussien and Yousef (2022)
investigated the neuroprotective effects of ginseng
against cisplatin-induced neurotoxicity. Cisplatin



increased TNF-o, IL-1B, and IL-6 levels by increasing
inflammation, while Bax and caspase-3 increases were
reduced, and Bcl-2 levels were increased. Ginseng
suppresses neuroinflammation and oxidative stress,
reduces glial activation, and minimizes neuronal loss and
histopathological damage by regulating apoptosis
markers. These mechanisms confirm the neuroprotective
effects of Ginseng in cisplatin-induced cognitive
impairment and neurotoxicity (Husseien and Yousef,
2022).

1.3.4. CoQ10 and Age-Related
Neuroprotection

Although aging is genetically programmed, factors
such as quality sleep, stress management, and a balanced
and healthy diet can be used to improve quality of life,
making this process healthier. Studies show that the aging
process is associated with neuroinflammation, oxidative
stress, and neuronal loss. In a study conducted on aged
rats, the neuroprotective effects of coenzyme Q10
(CoQ10) were investigated through autophagy and
inflammation.

To determine whether it has an inflammatory effect,
TNF-o, IL-1pB, IL-6, and NF-kB levels were examined. These
values increased in aged rats and decreased in the CoQ10-
treated group. Histopathological examinations revealed
findings such as a decrease in the number of neurons,
pyknotic nuclei, and vacuolation in the hippocampus, a
tissue important for memory and learning.
Immunohistochemical staining confirmed the
histopathological results, and immunoreactivity was
particularly increased in astrocytes and microglia.

10



Current Developments in Histology and Embryology

In biochemical parameters, MDA levels, an important
marker for oxidative stress, increased, while SOD and GSH
levels, which protect cells against free radicals, decreased
in elderly controls. In the treatment group, MDA
decreased, while SOD and GSH levels increased.

Apoptosis, a type of programmed cell death, is a key
factor in tissue regeneration. Its higher-than-normal
increase disrupts cellular homeostasis. Levels of Bax, an
apoptosis regulator, and caspase-3, a key protease in
apoptosis, were increased in elderly controls, while Bcl-2
levels decreased. In the treatment group, Bcl-2 expression
increased, supporting neuronal activity (Srivastava et al.,
2025).

1.3.5. Geophila repens and Piper trioicum in
Alzheimer’s disease

Alzheimer's disease is reported to be a disease
characterized by f-amyloid accumulation and tau protein
dysfunction.

In the Yaoulan study, the effect of Geophila repens on
scopolamine-induced neurotoxicity was examined
histopathologically. ~While neuronal degeneration,
pyknotic nuclei, congestion, edema, and an increase in the
number of glial cells in the hippocampus were observed in
the experimental group, these findings decreased in the
treatment group.

Levels of inflammatory markers TNF-a, IL-1p, IL-6, NF-
kB, and MDA increased in the scopolamine group, while
SOD and GSH decreased. In the treatment group, AChE,
BuChE, and pB-secretase activities were inhibited by
Geophila repens. These findings confirm the
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neuroprotective and anti-inflammatory effects of
Geophila repens in an Alzheimer's disease model (Dash et
al,, 2022).

A similar study investigated the effects of Piper
trioicum on  scopolamine-induced neurotoxicity.
Scopolamine inhibits the cholinergic system, leading to
memory and learning impairments and triggering
neuroinflammatory processes. This study found that
scopolamine caused neuronal loss, pyknosis, and gliosis in
the hippocampus and cortex, and increased glial
activation as demonstrated by GFAP and Ibal staining.
Inflammation was reduced in the treatment group,
supporting neuroprotection. Histological images showed
that tissue structure was partially preserved and neuronal
loss was reduced (Dash et al,, 2024).

1.3.6. Neuroprotective Effects of
Umuhengerin in Streptozotocin

Streptozotocin (STZ) is a chemical frequently used in
the literature to induce experimental diabetes. It has been
reported to affect not only the pancreas but also multiple
organs. Studies have shown that it can cause Alzheimer's-
like cognitive impairments. It causes oxidative stress and
inflammation in the cerebrum, cerebellum, and
hippocampus. One study investigated the neuroprotective
effects of Umuhengerin via the Nrf2/NF-xB pathway. It
has effects at the Nrf2/NF-xB transcriptional level.
Histopathological examination revealed findings such as
degeneration, pyknosis, and gliosis in neurons in the
hippocampus, CA1, and cortex. Neuronal loss and gliosis
were reduced in the treatment group, and neuronal tissue
structure was preserved. While the levels of inflammatory
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markers TNF-q, IL-1B, IL-6 and NF-kB increased in the
experimental group, the activation of antioxidant
pathways -Nrf2 and HO-1 and SOD and GSH increased in
the treatment group (Sirwi et al., 2021).

1.3.7. Neuroprotective Effects of Rosuvastatin
in Doxorubicin

Doxorubicin is an anthracycline drug wused in
chemotherapy. It has been reported in the literature that
it can cause neurotoxicity and cognitive impairment. This
study evaluated its antioxidant, anti-inflammatory, and
neuroprotective effects in the hippocampus and
prefrontal cortex, mediated by CREB, ERK1/2, and BDNF.
Specifically, decreased synaptic density, increased
pyknotic nuclei, and a decreased number of neurons in the
cortex were observed in the experimental group.

GFAB immunoreactivity, expressed by cells of the
nervous system, showed increased positivity. In the
treatment group, the number of positive cells decreased,
synaptic structures were preserved, and inflammatory
areas were reduced. Similarly, TNF-g, IL-1p, IL-6, and NF-
kB levels were significantly reduced with treatment.
CREB, ERK1/2, and BDNF expression was reduced by
doxorubicin but significantly increased by rosuvastatin.
These mechanisms demonstrate the neuroprotective,
antioxidant and anti-inflammatory effects of Rosuvastatin
against chemotherapy-induced cognitive impairment
(Yeni et al., 2025).
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1.3.8. LPS-Induced Neuroinflammation and
Parkinson

Lipopolysaccharide (LPS) causes sepsis and affects
many tissues. When administered peripherally or
centrally, LPS can cause acute neuroinflammation,
dopaminergic neuron loss, and Parkinson's-like motor
deficits. Valenzuela-Arzeta and colleagues (2023) studied
NLRP3, which is involved in regulating inflammation and
cytokine release, and examined its effects on the brain.
They demonstrated that LPS triggers neuroinflammation
via mitochondrial complex I dysfunction. Inflammatory
and apoptotic responses increased, leading to elevated
NLRP3, ASC, and Caspase-1 expression; IL-1p and IL-18
release increased. Concurrently, elevated levels of
proinflammatory cytokines TNF-a and IL-6 were
observed (Valenzuela-Arzeta et al., 2023).

1.3.9. Quercetin's Neuroprotective Effects

Manganese exposure is particularly associated with
neuroinflammation, oxidative stress, and apoptosis in
dopaminergic neurons. In this model, the antioxidant and
anti-inflammatory effects of quercetin were investigated.
In the manganese group, neuronal loss, pyknosis, and
gliosis were observed in the substantia nigra and
striatum, while an increase in glial activation was
observed with GFAP and Ibal.

All apoptotic and inflammatory markers observed in
the experimental group were reduced in the treatment
group. Among the inflammatory markers, the presence of
immunopositive cells for iNOS, TNF-a, IL-1p, and IL-6,
which are important markers for the regulation of
inflammation, indicated neurodegeneration. However,
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apoptotic markers also changed in parallel with the
increase in inflammation. Specifically, Bax and Caspase-3
increased, while Bcl-2 decreased. In the treatment group,
Bax/Caspase-3 decreased and Bcl-2 increased (Bahar et
al,, 2017).

1.3.10. Cadmium and ADAM17/ACE2 Interaction

Cadmium (Cd) is known as an environmental toxin.
Studies in the literature have reported that it increases
oxidative stress and, in particular, increases
neuroinflammation and causes neuronal damage. Morsi
and colleagues (2025) investigated how the
ADAM17/ACE2 interaction mediates cadmium-induced
brain damage and inflammation. In the cortex and
hippocampus, neuronal loss, pyknosis, and gliosis were
observed, with increased glial activation shown by GFAP
and Ibal; NF-kB and ADAM17 expression were elevated,
and ACEZ2 activity was modulated. TNF-q, IL-1j, IL-6, NF-
kB, and ADAM17 levels were increased, while ACE2
activity was modulated. Cadmium induces neuronal loss
and gliosis by activating NF-xB and proinflammatory
cytokines through the ADAM17/ACE2 interaction (Morsi
etal, 2025).
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