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Current Developments in Histology and Embryology

Preface
Dear readers,

Histology and embryology are going through a big change
because new technologies are quickly improving our
understanding of cell structures and development
processes. This book aims to convey modern approaches
in the field to researchers, clinicians, and graduate
students by presenting current developments in an
organized manner. The sections written by expert authors
take a comprehensive look at both basic information and
scientific data from recent years; as a result, they are a
current source that will add to the literature. The book
"Current Developments in Histology and Embryology"
brings together important new ideas that have come up in
different areas of modern cellular and molecular biology.
We would like to thank all of the authors who helped us
write our book and the families who supported us in our
work.

We hope that this book, which we wrote because we
believe in the importance of scientific curiosity,
collaboration across disciplines, and continuous
improvement, will open new horizons for our

On Behalf of the Editors Editor-in-Chief

Dr. Esra Aslan
Associate Professor Dr
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CHAPTERI:

NEUROINFLAMMATION AND
NEUROPROTECTION:
HISTOPATHOLOGICAL MARKERS AND
THERAPEUTIC STRATEGIES

Emine Sarman
Assistant Professor Dr

Afyonkarahisar Health Sciences University, Faculty of
Medicine, Department of Histology and Embryology

ORCID: 0000-0002-4671-9315

emine.sarman@afsu.edu.tr

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).


mailto:emine.sarman@afsu.edu.tr

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

5



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.
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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

11



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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Approximately one-sixth of the population will
experience infertility in their lifetime (WHO, 2023). In
vitro fertilization (IVF) is a widely used reproductive
treatment, and infertility is increasing worldwide (De
Geyter et al., 2018). IVF involves ovarian stimulation,
oocyte retrieval, fertilization, and culture of embryos
under controlled conditions; the embryos are then either
transferred to the uterus or cryopreserved for future
treatments (Farquhar et al.,, 2017). Despite advances in
IVF and related technologies, success rates per cycle are
still relatively low and vary significantly depending on
patient and treatment characteristics. With the growing
demand for Assisted Reproductive Technologies (ART),
new innovations are emerging daily to enhance treatment
outcomes. The primary objective of these advancements
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is to obtain and to identify embryos with high
implantation potential. IVF success is multifactorial. The
success of IVF treatment depends on many factors,
including optimal incubation conditions, accurate embryo
assessment, and a receptive endometrium. Achieving a
pregnancy with a single blastocyst transfer minimizes the
medical risks associated with multiple pregnancies for
both mother and baby (Baradwan et al., 2024).

1. EMBRYO MONITORING AND EVALUATION

Embryo incubation and selection are critical steps in
the IVF process. In IVF treatment, oocytes firstly collected
from patients and then fertilized ooctes and developing
embryos are monitored in incubators, specialized devices
that mimic the body's temperature and pH. In the past,
these devices, which resembled single-door cabinets with
multiple compartments, facilitated embryo monitoring.
Today, benchtop incubators with multiple compartments
are used, allowing for individual patient monitoring and
partially protecting the embryos from environmental
conditions. During routine embryo evaluations in an
embryology laboratory, even the slightest changes in the
culture environment can negatively impact embryo
development; therefore, maintaining an optimal and
stable culture environment is crucial to ensure continued
embryo growth. In the past, these devices, which
resembled  single-door cabinets with  multiple
compartments, facilitated embryo monitoring (Sciorio &
Rinaudo, 2023). Today, benchtop incubators with
multiple compartments are used, allowing for individual
patient monitoring and partially protecting the embryos
from environmental conditions. However, in incubators
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routinely used for embryo culture, patients are removed
from the culture environment, albeit briefly. This can lead
to exposure to non-physiological conditions such as
fluctuations in pH, temperature, and gas concentrations,
leading to observer variability (Kermack et al., 2022).
Embryos are dynamic, and their morphology can change
rapidly over short periods of time. Conventional
morphological embryo assessments provide only a
limited timeframe for an embryo. Subjective differences
between observers during routine check-ups can lead to
variable results; furthermore, the embryologist's
subjective assessment may miss critical events that could
affect embryo viability (Giménez et al., 2023; Storr et al,,
2017). Since the beginning of IVF practice, morphology
has been the primary criterion for assessing embryonic
development. Embryo development is monitored under
an inverted microscope based on changes such as cell
number, size, fragmentation, cell symmetry,
multinucleation, and abnormal zona pellucida or vacuoles
(ESHRE, 2016; Gullo et al,, 2023; Gardner et al., 1998). The
degree of expansion, number, integrity and homogeneity
of trophectoderm cells, as well as the inner cell mass
(ICM) and blastocoel width are evaluated in day 5-6
blastocysts (Gardner & Schoolcraft, 1999).

2. TIME-LAPSE IMAGING SYSTEMS (TLIS) AND
ARTIFICIAL INTELLIGENCE (AI)

World Health Organization (WHO) has defined
artificial intelligence (AI) as a supportive tool to enhance
healthcare decision-making (WHO, 2021).

In reproductive medicine, Al is planned as a tool that
can eliminate subjective assessments of embryos. A key
23



development facilitating this progress is the integration of
Time-Lapse Systems (TLS), which are standard imaging
platforms that enable continuous and data-driven
monitoring of embryonic development and may
contribute to better outcomes in IVF (AlSaad et al., 2025).
TLS, which can be integrated with Al, enables the analysis
of comprehensive datasets encompassing embryological,
clinical, and genetic information. This facilitates the
personalization of treatment protocols and increases the
accuracy of embryo selection in assisted reproductive
technologies. TLS, which enables continuous monitoring
of embryos in a noninvasive manner, allows the
evaluation of morphological and morphokinetic
parameters at different time points throughout the entire
developmental period during embryo incubation (Apter
et al, 2021; Mandawala et al, 2016; Mio et al, 2024).
These systems increase the efficiency of the IVF
laboratory workflow by allowing embryos to be graded at
any time during routine evaluations. Embryos are also
kept under observation in the same environment
continuously for approximately seven days from
insemination to the day of transfer or cryopreservation,
minimizing the risk of exposure to fluctuations in
environmental temperature, pH, and gas concentrations
that could compromise embryo quality (Giménez et al.,
2023; Kahraman et al.,, 2020).

3. MORPHOKINETIC ANALYSIS IN TIME-LAPSE
IMAGING SYSTEMS (TLIS)

Embryo imaging systems consist of three basic
components: a microscope, an incubator, and software.
These systems typically include an incubator with an
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integrated microscope and a digital camera that records
images at regular intervals and analyzes them later. In this
system, images are taken at 10-20 minute intervals and
turned into a video series that can be viewed in detail
(Armstrong et al., 2018; Gomez et al., 2022). Time-lapse
imaging systems (TLIS), first used in ART by Payne and
colleagues in 1997 (Payne et al., 1997), was commercially
available in 2009 and began to be actively used in
embryology laboratories approximately ten years ago
(Sciorio et al.,, 2025). These systems monitor fundamental
developmental events, from pronuclear formation to early
cleavage stages, cell cycle dynamics, and blast formation,
and use algorithms to predict blastocyst formation and
implantation potential. Morphokinetic data obtained
through TLIS facilitates the identification of abnormal
changes such as direct cleavage, reverse cleavage,
fragmentation, multinucleation, and blastocyst collapse.
In light of this information, more accurate predictions can
be made for implantation success, live birth, and
aneuploidy risk (Bamford et al.,, 2022; Dominguez et al,,
2015; Meseguer et al,, 2011).

In a retrospective multicenter study, researchers
observed that phenotypic behaviors such as abnormal
syngamy, irregular initial cytokinesis, abnormal cleavage,
and chaotic division were associated with reduced
embryo viability and implantation potential. Embryos
exhibiting these abnormal patterns had lower
developmental potential compared to the control group
(Athayde Wirka et al., 2014).

A meta-analysis found that TLIS significantly improved
ongoing pregnancy and live birth rates and reduced early
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pregnancy loss compared with conventional incubator
culture combined with morphological assessment
(Pribenszky et al., 2017). However, a recent Cochrane
review concluded that there is insufficient evidence for
demonstrating a significant improvement in live birth
rates with the use of TLI (Armstrong et al., 2019). Tran et
al. (2019) proposed a fully automated system for embryo
assessment by analyzing time-lapse videos to predict fetal
heart formation (Tran et al, 2019). Embryo
morphokinetic analysis encompasses key developmental
events, including the period following fertilization
(Coticchio et al., 2018), the timing of the first three mitotic
divisions (Meseguer et al., 2011; Wong et al,, 2010), the
onset of early compaction (Iwata et al, 2014), and
progression to the blastocyst stage (Motato et al., 2016;
Sciorio et al,, 2021).

In a retrospective multicenter study conducted at IVF
centers, when embryos cultured using time-lapse imaging
(TLL; n = 1,390 cycles) were compared with embryos kept
in conventional incubators (n = 5,915 cycles), the study
revealed that an approximately 20% enhancement in
pregnancy rates within the TLI cohort, which was
attributed to the provision of more stable culture
conditions and the integration of morphokinetic
parameters into the embryo selection process (Meseguer
et al, 2012). The same team published their study
confirming these findings two years later (Rubio et al,,
2014). TLIS have enabled continuous, non-invasive
monitoring of human embryo development, allowing
precise measurement of morphokinetic parameters such
as tPB2, tPNf, t2-t8, cc2, cc3, s2, t5-t2, tM, tB, and tEB.
These parameters provide information about cleavage
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dynamics, morula and blastocyst formation, and overall
embryo quality. According to the results of morphokinetic
analyses, abnormal events including direct cleavage,
blastomere fragmentation, cytokinesis failure and
multinucleated blastomeres were associated with
impaired development, aneuploidy and reduced
implantation potential (Meseguer et al.,, 2012; Motato et
al,, 2016; Del Carmen Nogales et al,, 2017; Reignier et al.,
2018; Zhan et al., 2020; Sciorio et al., 2020; Huang et al,,
2021).

Abbreviation /

Parameter Description / Significance
Definition P /Sig
Time to second
Second polar body expulsion
tPB2 polar body . p o 'y xpuist
. time after fertilization

extrusion

tPNF Time period of Associated with fertilization and

pronuclear fading embryo development
Time when the embryo reaches a
specific cell stage; indicates
developmental speed

t2, t3, t4, t5, t6, Timeto 2-,3-, ..., 8
t7,t8 cell stage

The duration of the second and
cc2, cc3 Cell cycle 2,3 third cell cycles indicates the
regularity of division

Time interval between
successive cleavages (e.g., 3- to
s2 Synchrony 2 4-cell division); synchronous
divisions are associated with
higher embryo quality
(512 Time from 2-cell to Associated with aneuploidy risk
5-cell stage and developmental delays
. Associated  with  blastocyst
Time to reac . . .
tM . formation and implantation
morula formation )
potential
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Abbreviation /

Parameter Definition Description / Significance
‘B Blast  formation Associated with the speed of
time embryo development
Associated  with  blastocyst
Time to expanded . . y
tEB quality and implantation
blastocyst )
potential.
Numerical scoring describing
blastocyst expansion, inner cell
mass (ICM), and trophectoderm
BS Blastocyst Score (IcM) p

(TE) morphology is used to
predict implantation and
aneuploidy

reflects the cleavage pattern of
Direct ) the embryo (1C-3C or 2C-5C), is
Direct cleavage ) .
cleavage (DC) associated with developmental
disorders

Blastomere fragmentation; high
fragmentation negatively affects
embryo quality

Fragmentation Blastomere
(03] fragmentation

Failure of cell division and
Cytokinesis Multiple nuclei formation of multiple nuclei in
failure / MNB blastomeres blastomeres; often linked to

blastomeric aneuploidy

3.1. Imaging and Morphokinetic Parameters of
Fertilization

The evaluation of fertilization constitutes the initial
stage of embryo development in IVF procedures. After
insemination, a fertility check is performed 16-20 hours
after conventional fertilization and 16-18 hours after ICSI.
Normal fertilization is observed when two pronuclei, one
male and one female (2PN), appear. Female pronuclei are
observed earlier than male pronuclei. (Lundgvist et al.,
2001). Detailed monitoring of the timing, morphology,
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size, and dynamic behavior of the two pronuclei (2PN)
offers essential insights into the morphokinetic
characteristics of fertilization (Giménez et al, 2023).
Time-lapse analyses indicate that the male pronucleus
(mPN) exhibits a marginally greater diameter than the
female pronucleus (fPN), measuring 28.1 + 2.0 um and
26.4 + 2.0 um, respectively (Orevich et al., 2022). The
timing of pronuclear fading (tPNf) has emerged as a
potential predictor of implantation. (Coticchio et al,,
2018) carried out a detailed morphokinetic assessment of
fertilization, characterizing previously unreported events
such as the formation and dissolution of the cytoplasmic
halo, pronuclear (PN) fading, the subsequent interval
following PN fading (tPNf), and the first cleavage. These
morphokinetic markers were used to predict day 3
embryo quality (Coticchio et al,, 2018). 1PN zygotes can
occur due to parthenogenetic division, asynchronous or
diploid formation in a single pronucleus. Pronucleus
disappearance time was used to predict implantation
(Giménez et al.,, 2023). The developmental potential of
embryos divided parallel to the 2Zpn axis was better
monitored. Approximately 84.4% of embryos with this
division resulted in good-quality embryos, and pregnancy
rates were significantly higher after transfer (p<0.01). In
contrast, embryos with 5.9% showing an intermediate
orientation and 9.7% showing cleavage in a perpendicular
plane had lower quality and pregnancy rates, (Mio et al,,
2024).
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3.2. Morphokinetic Assessment in Cleavage Stage
Embryos

As the cleavage process progresses and embryos begin
to overlap, accurate blastomere evaluation becomes more
difficult and complex. Therefore, different modeling,
learning methods, and optimization strategies are being
developed to address this issue.

3.2.1. Cleavage Plane

Automatic segmentation is important for assessing
blastomere size and identifying cleavage planes that
influence subsequent development. Unequal cleavage,
which produces unequally sized blastomeres, can
increase the asymmetric distribution of cytoplasmic
organelles, mitochondria, mRNA, and proteins, leading to
both multiple nuclei and aneuploidy in the embryo (Desai
& Gill, 2019).

3.2.2. Direct Cleavage

Human zygotes generally begin their first division
approximately 2 hours after syngamy, followed by a cell
division cycle approximately every 10 hours. Observed
zygotes undergoing abnormal cleavage patterns, such as
one cell dividing into three cells immediately after the first
cleavage and two cells dividing into five or more cells after
the second cleavage, and confirmed nuclear formation in
each blastomere. Importantly, zygotes exhibiting direct
cleavage at the first division (1 cell-3 or more) failed to
result in pregnancy. Thus, morphokinetic analysis enables
the detection of irregular cleavage events in early-stage
zygotes (Mio et al,, 2024).
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3.2.3. Fragments Associated with The Cleavage
Furrow

Fragmentations are nuclear particles that appear
during embryo cleavage. As the amount of fragmentation
increases, it can lead to a decrease in blastomere volume,
disruption of the cleavage plane, and negatively impact
compaction. The presence of fragmentation sometimes
increases during cleavage and sometimes decreases over
time due to reabsorption. TLIS imaging has shown that
embryos with initially high fragmentation typically
reduce fragments within ~2 hours, resulting in higher-
quality embryos. Therefore, it has been recommended
that embryos initially classified as low-quality be
reevaluated after approximately 2 hours (Mio et al,
2024).

3.2.4. Fragments Formed Along Perivitelline
Threads (PT)

Perivitelline filaments (PT) are thin filaments that
extend across the perivitelline space and connect the zona
pellucida (ZP) to the oolemma. The PT is involved in
establishing cross-links between the cumulus cells and
the oocyte during oocyte maturation, helping to maintain
the oocyte in a stable position, and facilitating proper gas
exchange and nutritional exchanges for the embryo
during development and PT have also been linked to
fragmentation formation. Thin perivitelline filaments
(PT) extending across the perivitelline space (PVS) and
connecting the zona pellucida (ZP) to the oolemma were
identified as a potential cause of fragmentation although
the underlying mechanisms remain unclear. PT may play
a critical role in establishing cross-connections between
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cumulus cells and the oocyte during maturation (Derrick
etal, 2017).

3.2.5. Multinucleated Blastomere (MNB)
Formation

Some embryos revert to their original shape after the
cleavage furrow forms and fail to complete division. This
condition is called cytokinetic failure. This results in the
formation of a single multinucleated blastomere with two
equally sized nuclei. In this case, the number of
blastomeres affected varies depending on the time of
compaction. If compaction begins at the 7-cell stage, only
one blastomere is affected; at the 6-cell stage, two
blastomeres; at the 5-cell stage, three; and at the 4-cell
stage, all four blastomeres fail cytokinesis (Mio et al,
2024).

3.3. Compaction

In human embryos, compaction begins after the 3rd
division cycle. Compacting, which begins before reaching
8 cells, causes abnormal development due to cytokinetic
deficiency. (Iwata et al., 2014). Time-lapse studies have
identified compaction as a transition that regulates ICM
and trophectoderm differentiation. Embryos in which
compaction begins and completes earlier were found to
blast faster. According to morphokinetic analyses,
embryos with better compaction have better blastocoele
expansion and develop blasts in a better pattern.
Preimplantation Genetic Testing - aneuploidy (PGT-A)
tests have shown that these embryos are more often
euploid and less likely to be aneuploid. Although
developmental timing did not differ significantly between
fully and partially compacted embryos, euploid
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blastocysts generally exhibited faster expansion than
aneuploid ones (Jeon et al., 2023).

3.4. Blastocyst Development and the Hatching
Process

Al advancements in embryology have mainly targeted
blastocyst grading due to its strong link with implantation
potential.

While the time of morula formation (tM) and the
transition from 5 to 8 cells (t8-t5) were less predictive of
implantation, the blastocyst expansion time (tEB) showed
some predictive value for implantation (Motato et al,,
2016). The Blastocyst Score (BS) is a numerical scoring
system designed to assess blastocyst quality. This system
has three main components: 1. The size and development
of the blastocoel cavity; 2. ICM morphology, which scores
the structure and quality of the cells that will form the
embryo (related to live birth potential); and 3. TE
morphology, which scores the structure and organization
of the cells that contribute to the formation of the placenta
and its appendages. This scoring system serves as a robust
predictor of both implantation potential and euploidy
status, making it useful for embryo selection in assisted
reproductive technologies (Zhan et al, 2020).
Morphokinetic studies of hatching have shown that some
embryos first collapse in a specific area and then hatch
from this area, while others immediately begin hatching.
These studies have revealed that introgression occurs
more frequently, while extrogression completes the
process more quickly (Mio et al., 2024).
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3.4.1. Blastocyst Collapse

Spontaneous collapse of the embryo during
development has been found to be related to the embryo's
implantation potential. Developmental deterioration,
failure to reach the hatching stage, and low live birth rates
were observed in embryos with recurrent major collapse
(Sciorio et al., 2020). Retrospective analysis’ have shown
that embryos with more spontaneous collapse have lower
implantation potential (Sciorio et al., 2020). According to
Jin et al. (2024), blasts with lower embryonic
development collapsed more frequently and an increase
in aneuploidy, monosomy, and segmental deletions was
observed in these embryos (Jin et al.,, 2024).

3.5. Aneuploidy

Aneuploidy continues to be a major concern in human
embryos, aneuploid embryos can lead to implantation
failure, miscarriage, or a range of congenital
abnormalities. Embryonic development is a complex
process that begins with successful fertilization and
continues until live birth, and is affected not only by
embryo quality but also by many maternal factors.
Although many parameters have been examined to
predict live birth rates, limited data have been obtained.
Al studies to predict ploidy status using TLIS have
accelerated recently (Sciorio & Dattilo, 2020). Huang et al.
[2021) developed predictive models of euploid embryos
by analyzing clinical factors through morphokinetic
analysis of embryos (Huang et al., 2021). Del Carmen
Nogales etal. (2017) observed that embryos with complex
chromosomal abnormalities exhibited the shortest
cleavage times at t3, t5, cc2, cc3, s2, and t5-t2, with the
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strongest correlations recorded for t3 and the 2 to 5 cell
stage range (t5-t2)(Sciorio & Dattilo, 2020). With the
advent of TLIS, non-invasive assessments and Al
applications for predicting ploidy status are increasingly
being explored. Reignier et al. (2018) conducted a
comprehensive review for identifying and selecting
euploid embryos in TLI. According to this review although
differences in morphokinetic parameters have recently
been detected between euploid and aneuploid embryos,
Reigner et al. (2018) emphasized that TLIS is not as
reliable as PGT-A and should not replace it (Reignier et al,,
2018). Amir et al. (2019) reported that embryos carrying
unbalanced chromosomal translocations exhibited
delayed t4, tSB, and s2, whereas those with balanced
translocations did not. Additionally, non-viable embryos
with unbalanced translocations showed delayed
pronuclear fading (tPNf) compared to potentially viable
embryos (Amir et al., 2019).

More recently, De Gheselle et al. (2022) showed that
pronuclear changes such as tPB2 and morphokinetic
features such as t7 are important in the ploidy estimation
algorithm, and clinical parameters such as sperm
parameters, maternal age, and hormone dose used are
also important (De Gheselle et al., 2022).

3.6. Sex Differences

In one of the larger time-lapse studies, Melzer et al.
(2013) analysed 213 human embryos and reported that
male embryos reached the 4-cell stage (t4) more rapidly
than female embryos (Melzer et al, 2013). Similarly,
Bronetetal. (2015), in a cohort of 327 embryos, found
that male embryos developed at a faster pace and
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proposed a non-invasive algorithm based on the second
synchrony interval (s2) and morula formation time (tM)
to predict embryos that are more likely to be female
embryos with a higher likelihood of being female (Bronet
et al, 2015). In contrast, in a study using the FISH
technique conducted by Zeyad et al. (2018), 416 embryos
were evaluated and the time to pronuclear appearance
(tPN) was significantly faster in female embryos, whereas
the time to pronuclear fading (tPNf) progressed more
quickly in male embryos; additionally, the blastocyst
formation rate was significantly higher among female
embryos (Zeyad et al., 2018).

3.7. Other Factors

The influence of various factors on embryo
morphokinetics has been extensively investigated. In a
study investigating culture mediums, no significant
difference was found between the morphokinetic effects
of single step medium and sequential medium (van Duijn
et al, 2022). In a review, the effects of maternal age,
obesity, body mass index, low body weight, PCOS,
endometriosis, smoking, fertilization techniques, oxygen
concentration in the culture medium, embryo collapse
and re-expansion, embryo ploidy, and sex on
morphokinetic parameters observed in TLIS have been
evaluated (Marquez-Hinojosa et al., 2022).

4. CLINICAL SE OF TIME-LAPSE IMAGING SYSTEMS
IN THE EMBRYOLOGY LABORATORY

There are two different types of time-lapse systems
commercially available. Systems such as Primo Vision
(Vitrolife, Denmark) and Eeva Test (Merck-Serono,
Germany) allow for the integration of microscopes into
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existing incubators. Systems such as EmbryoScope and
EmbryoScope+ (Vitrolife, Denmark), Geri and Geri+
(Genea Biomedx, Australia), Miri TLI (Esco Medical,
Denmark), and CCM-iBIS (ASTEC™, Japan) consist of
incubators with integrated microscopes (Groenewoud et
al,, 2017; Marquez-Hinojosa et al,, 2022).. EmbryoScope is
currently the most commonly used system on the market.

Figure 1. All the time-lapse imaging systems available on

the market
e oy Embryoscope +
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(Giménez et al., 2023)

Al applications using embryo imaging systems have
been used in embryo evaluation (61%), pregnancy and
implantation  outcome  prediction (35%), and
chromosomal structure evaluation (31%). The result
evaluations of these systems that perform
morphological/morphometric  analysis are mostly
embryo/blastocyst morphology and general IVF success
rates, and the reference in most studies is determined by
embryologists (AlSaad et al, 2025). While time-lapse
videos in these systems provide continuous dynamic data,
static images may be insufficient in capturing dynamic
events such as blastocoel collapse of the embryo because
they examine pinpoint time periods, such as specific hours
after ICSI. Further studies using comparable datasets are
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required to determine which approach yields superior
outcomes for embryo selection (Lundin & Park, 2020).

Most of the studies presented consist of data from
developed countries with advanced laboratories
equipped with TLIS. EmbryoScope was the most
commonly employed platform, while other systems like
Miri and GERI were less frequent. Image capture intervals
were typically 10 minutes. The architecture of most of
these systems is dominated by convolutional neural
networks. One of the biggest shortcomings in these
systems is the development of Al models that also
evaluate parameters such as patient demographics,
genetic profiles, and lifestyle characteristics. These
innovations will increase the accuracy and applicability of
predictive models in IVF (AlSaad et al., 2025).

5. PROCESSING AND INTEGRATION OF TIME-LAPSE
DATA WITH Al

In ART, Al systems are computer-based platforms
designed to process and evaluate large volumes of embryo
data. These systems generate thousands of images and
videos per embryo, creating a rich dataset that Al can
analyze to independently assess embryo quality, reduce
human error, and standardize scoring (Khosravi et al,,
2019; Tran et al., 2019). Currently, this system requires
manual data entry, which requires time and expertise. The
increasing availability of high-volume imaging data has
increased the integration of Al into TLIS in ART. Currently,
Al models are being developed to support embryo
selection, sperm selection and the integration of clinical
information, and both algorithms and datasets are
constantly expanding. The increasing availability of high-
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volume storage data has accelerated the integration of Al
into TLIS. As these datasets expand, the performance and
applications of Al algorithms are being investigated in
increasing detail.

Figure 2. After fertilization, embryos are cultured in TLIS,
the images are compiled, videos are created, images are
analyzed with different learning algorithms (deep
learning is shown in the photo) and the appropriate
embryo is selected for transfer

Oocyte
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(AlSaad et al,, 2025)

Transparency and explainability of TLIS are critical
for its safe implementation. Explainable Al (XAI)
frameworks can clarify decision-making criteria, mitigate
potential risks, and build trust among clinicians. Accurate
predictions require high-quality data to capture and
accurately predict subtle morphological differences, rare
developmental events, and complex changes during
embryo development. In addition, issues and challenges in
this area, such as limited data sharing and privacy
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concerns, may negatively impact the performance of these
systems, requiring rigorous validation and regulatory
approval to ensure security, effectiveness, and cost-
effectiveness (Luong and Le, 2024).

6. ADVANTAGES AND LIMITATIONS OF TIME-
LAPSE IMAGING SYSTEMS WITH Al

Advances in imaging technology, such as high-
resolution cameras, microscopes, and advanced
algorithms, have increased the capacity to detect detailed
morphological changes and enabled more precise embryo
evaluation. While traditional morphological evaluations
continue in many IVF clinics, Al can provide deeper
insights into critical stages of embryonic development,
optimize embryo selection, and increase predictive
accuracy. As patient-specific clinical parameters such as
ovarian reserve, maternal age, endometrial parameters,
and stimulation protocols are incorporated into these
systems, Al models are expected to further enhance live
birth predictions (Yamada et al., 2024).

The choice of a TLIS is influenced by factors including
system size, cost, laboratory workload, imaging
technology, and software functionality. Platforms differ in
embryo handling procedures, light sources, and imaging
techniques. Some systems capture both morphological
and morphokinetic data, whereas others provide only
kinetic parameters. To achieve optimal tracking and
selection accuracy in these systems, the accuracy and
consistency of evaluations of software features and
scoring options (manual or automatic) must be ensured
(Mrugacz et al., 2025). Although standardization of time-
lapse systems in embryology is more objective compared
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to the subjectivity of conventional assessments, grading
variability persists even with time-lapse imaging
(Bormann et al, 2020). Standardizing morphokinetic
parameters and improving description methods will
increase the accuracy in predicting implantation and live
birth outcomes in ART treatments (Giménez et al., 2023;
Luong and Le, 2024). Numerous studies (Dominguez et al.,
2015; Milewski & Ajduk, 2017; Sawada et al.,, 2021) have
been conducted to refine Al-assisted TLIS techniques and
enhance their accuracy. Although Al's ability to process
very large data sets facilitates collaborative and objective
behavior among embryologists, it will take time for it to
be used globally. (Luong & Le, 2024).

7. CONCLUSION

Combining TLIS with Al allows for continuous and non-
invasive monitoring of embryos and accurate
documentation of their morphological developmental
timing. Al automates embryo evaluation, improves
scoring consistency, and provides valuable information
on selecting the most likely euploid and viable embryos.
While randomized trials and meta-analyses have not
shown a clear improvement in live birth rates, continued
advancements in Al and TLIS are expected to become a
routine and indispensable system in IVF laboratories in
the future, improving culture conditions and reproductive
treatment outcomes.
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1. INTRODUCTION

The human spermatozoon is a highly specialized and

polarized cell whose primary physiological role is to

deliver the paternal genome to the oocyte. To do this, the

sperm must move through the female reproductive

system, go through capacitation, show hyperactive
motility, and get through the zona pellucida. Dynamic
ionic signaling pathways in the sperm flagellum tightly

control each of these processes. Not only is the flagellum

a part of the sperm’s swimming mechanism, but it is also

a sensor that can detect various stimuli and control the

movement, and fertilizing functions of the sperm.
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Ion channels have been shown to be very important for
sperm function control (Wang et al, 2021). These
channels regulate intracellular signaling cascades that
dictate flagellar beat pattern, waveform symmetry, and
swimming trajectory by modulating the influx and efflux
of critical ions, notably Ca**, H*, Na*, and K* (Satari¢ et al,,
2019). The sperm-specific CatSper complex has become
the Ca®* channel necessary for fertilization. (Shukla et al,,
2012).

Ion flows play a crucial role in how well a sperm is able
to respond to certain stimuli. Outside stimuli like pH
changes, chemoattractants, and progesterone react to the
flow of ions in a certain time and spatial order (Lishko et
al, 2012; Striinker et al, 2011). The revelation that
progesterone activates CatSper channels in human sperm
through a non-genomic, direct mechanism has
fundamentally transformed our comprehension of sperm
chemotaxis and fertilization signaling (Lishko et al,
2011). In addition to CatSper, this signaling network
includes voltage-gated proton channels (Hv1), sperm-
specific Na+/H+ exchangers (sNHE), Slo3 potassium
channels (KSper), and several co-transporters that work
together to keep the ionic and electrical balance across the
flagellar =~ membrane (Cong et al, 2023).
Mutations or defects in the genes encoding these channels
are directly associated with male infertility, even if semen
parameters are normal (Cavarocchi et al., 2022; Vogt,
2004). Genetic defects in auxiliary subunits such as
CATSPER1, 4, or CATSPER{ and EFCAB9 can disrupt
calcium signaling, leading to abnormal fertilization
despite sperm appearing in normal quantities and
morphology. (Antonouli et al, 2024). These results
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underscore the significance of post-ejaculation sperm
physiology, which cannot be comprehensively elucidated
through conventional semen analysis.

Genetic regulation, intracellular pH, membrane
potential, cyclic nucleotides, and phosphorylation events
all work together to control sperm ion channels in a
dynamic way (Ray et al., 2017). The control system that
moves sperm from resting to mobilization is made up of
the links between Hv1l efflux, sNHE stimulation, and
cAMP/PKA signaling pathways (Novero et al.,, 2024; Niu
et al, 2025). A lot of environmental factors and
xenobiotics, such as endocrine-disrupting chemicals
(EDCs), different drugs, and other substances, are now
targets for sperm ion channels (Han and Jin, 2025). These
compounds act like physiological ligands, which could
change the way Ca** dynamics inside cells and make it
harder for fertilization to happen. The relationships
between Hv1 efflux, SNHE excitations, and cAMP/PKA
signalling pathways form a finely balanced control system
that brings spems from a quiescent state to motility. This
chapter will summarize the structural organization of the
human sperm flagellum, describe the major ion channels
and transporters, outline their molecular regulatory
mechanisms, and discuss their physiological and clinical
implications. We will talk about recent progress in the
CatSper complex and how it is controlled by intracellular
signaling and external stimuli. We will also talk about how
this information could be used to diagnose and treat
infertility.
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2. STRUCTURAL ORGANIZATION OF THE HUMAN
SPERM FLAGELLUM

The sperm flagellum is a part of the sperm that makes
it move. It is about 45-50 mm long and has four main
parts: the neck, the midpiece, the main piece, and the
endpiece. (Moretti and Collodel, 2025). These parts have
the ultrastructural and molecular properties that give
them the propulsive force needed for fertilization. The
axoneme is the part of the flagellum that is made up of
microtubules. The "9+2" arrangement, in which 9 outer
doublet microtubules surround a central pair, describes
its structure. The axoneme is associated with dynein
motor proteins which cause adjacent microtubules to
slide past each other, converting ATP hydrolysis into
mechanical bending. The control of the flagellum’s beat
frequency and waveform is a result of how intracellular
Ca** concentration impacts on the activity of dynein
(Brokaw, 2019). Mitochondria are arranged in a spiral
around the axoneme in the midpiece. They make ATP
locally to keep the axoneme moving. There are also outer
dense fibers (ODFs) in the middle piece that make it more
rigid and protect it from axoneme shear stress during
high-frequency contractions (Graffeo et al, 2025).
The main part, which makes up almost two-thirds of the
total flagellar length, is where most of the signal
transduction and ionic regulation happens. A fibrous
sheath (FS) surrounds the axoneme and ODFs and is a
cytoskeletal structure that takes the place of the
mitochondrial sheath. The fibrous sheath holds important
enzymes and ion channels that control energy metabolism
and movement in place (Eddy et al., 2003). It does this by
acting as both a mechanical stabilizer and a molecular
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scaffold. The FS defines distinct longitudinal nanodomains
within the plasma membrane that house channel
complexes such as CatSper, Hv1, and sNHE (Eddy, 2007).

The endpiece (or terminal segment) is largely
composed of the axoneme, which is encased within a
slender plasma membrane. The FS and ODFs become
increasingly smaller as they go. Due to its often
overlooked nature, this region which is thought to assist
with the regulation of flexibility of the flagella and the
modulation of the terminal waveform during
hyperactivation, is suggested to be quite helpful. Given its
rudimentary structure, the endpiece is also likely to be
able to detect the environmental or osmotic signals
present within the female reproductive tract (Oko and
Clermont, 2020).
The human sperm flagellum is a good example of a
structure and function that has many layers. The
cytoskeleton gives the cell structure and support, the FS
organizes biochemical signaling hubs, and the plasma
membrane has a complicated pattern of ion channels and
transporters. This structure is crucial for understanding
the impact of local ion balance on sperm motility.

3. MAJOR ION CHANNELS IN THE HUMAN SPERM
FLAGELLUM

Finding and studying ion channels in human sperm has
given us important information about how electrical and
chemical signals work together to control motility,
capacitation, and fertilization. Early electrophysiological
studies suggested that there were many different voltage-
and ligand-gated channels. However, more recent
molecular and structural work has shown that a small
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number of highly specialized, sperm-specific channels are
in charge of these processes. CatSper, Hv1, sSNHE, and Slo3
(KSper) are the main proteins that control ionic
conductance across the flagellar membrane. Other
proteins help them stay in sync in space and time.

3.1. The CatSper Channel Complex

The CatSper complex in human sperm is the primary
pathway for Ca?*" influx, which is essential for
hyperactivated motility and fertilization. The core channel
alpha subunits (CATSPER1-4) form a tetrameric structure
that is intengrated in the plasma membrane of the
flagellum (Sun et al,, 2017). The a-subunits are associated
with multiple additional proteins: CATSPERB, CATSPERY,
CATSPERS, CATSPERe, CATSPER(, and EFCAB9. They
serve to stabilize the channel complex, manipulate its
repositioning, and modulate its sensitivity to internal cues
such as Ca** and pH. Recently, cryo-electron tomography
studies have revealed that these complexes self-assemble
to form zigzag nanodomains along the flagellum shaft and
give rise to orderly linear arrays aligned with the
subjacent cytoskeleton (Wang et al.,, 2021).

3.2. Voltage-Gated Proton Channel Hv1

The other proteins with which the \u03B1-subunits
are associated include CATSPER\u03B2,
CATSPER\u03B3,CATSPER\u03B4,CATSPER\u03B5,
CATSPER\u03B6, and EFCAB 9. Their purpose is to
stabilize the channel complex, manipulate its
repositioning, and modulate its responsiveness to internal
Ca2+ and pH. The most recent cryo-electron tomography
investigations have shown these complexes to self-
assemble and form zigzag nanodomains all along the
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flagellum shaft, giving rise to orderly linear arrays that are
oriented coplanar to the underlying cytoskeleton (Lishko
and Kirichok, 2010). Membrane depolarization, increased
intracellular Ca**, and phosphorylation, as a collective
unit, alter the functionality of Hvl. A bidirectional
feedback loop exists between Hvl and CatSper. The
release of protons from Hv1l increases the intracellular
pH, facilitating the opening of CatSper. Additionally, the
Ca** influx from CatSper further modifies the Hv1 channel.
This mechanism of cross-regulation ensures the
concurrent activation of both channels during
capacitation (Mundt, 2021). To a certain extent, Zn** and
other pharmacological Hvl blockers reduce sperm
motility and reduce the likelihood of spermatozoa
fertilization (Qiu et al., 2016). There’s an explained
relationship between human genetic mutations and Hv1-
related infertility, however, there is some evidence that
inadequate proton regulation may be a factor in certain
instances of functional asthenozoospermia.

3.3. The Sperm Spersific Na/H Exchanger (Snhe)

SLC9C1 encodes sNHE, the only Na+/H+ exchanger
that works only in sperm. This is an important membrane
transport protein that helps keep the intracellular pH and
membrane potential stable during sperm capacitation
(Cavarocchi et al.,, 2021). sNHE and Hv1 work together to
make the cytoplasm more alkaline, which makes CatSper,
an intracellular calcium channel that is important for
sperm motility, even more active. SNHE is a great choice
for non-hormonal male birth control because it can stop
sperm from moving without hurting nearby body tissues.
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3.4. Potassium Channels (Slo3 /Ksper And Lrrc52)

Encoded by KCNMA3, the Slo3 (KSper) channels
represent the primary means by which potassium exits
sperm. This family includes the large-conductance,
calcium- and pH-sensitive potassium channels. They are
important for membrane hyperpolarization during
capacitation because they help CatSper activation by
creating a negative membrane potential (Lyon et al,
2023). The auxiliary subunit LRRC52 controls Slo3's
gating kinetics and localization within the flagellum (Yang
et al,, 2011). When Slo3 loses its function, the membrane
potential becomes depolarized, CatSper activity is
reduced, and fertility is decreased (Delgado-Bermudez et
al,, 2025). Pharmacological modulation of KSper has been
suggested as another way to temporarily prevent male
pregnancy.

3.5. Other Channels and Transporters

CatSper, Hv1, sNHE, and Slo3 are the main transporters
that control sperm ion physiology, but there are other
transporters that help keep ion balance as well. Some of
these are Ca?*-ATPases, which help clear calcium; Na*/K*-
ATPase, which keeps electrochemical gradients stable;
and anion exchangers, which control the flow of
bicarbonate during capacitation. Recent transcriptomic
and proteomic analyses have identified novel candidates,
including TRPV4, CLC-type ClI~ channels, and Piezol;
however, their specific functional roles in human sperm
are still being investigated (Cavarocchi et al, 2021;
Nowicka-Bauer and Szymczak-Cendlak, 2021).
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4. TON CHANNEL DYSREGULATION AND MALE
INFERTILITY

The ion channels in the flagellum must work right for
human sperm to be able to fertilize an egg. Genetic,
epigenetic, or environmental factors can cause problems
with these channels, which can lead to problems with
motility, capacitation, or sperm-oocyte interaction.
Spermatozoa are transcriptionally and translationally
inactive, unlike various somatic tissues; therefore, post-
spermatogenic alterations in ion channel function cannot
be alleviated by protein turnover. Consequently, ion
channel dysfunction represents one of the most enduring
molecular etiologies of male infertility.

5. FUTURE DIRECTIONS AND CLINICAL
PERSPECTIVES

Finding and functionally characterizing sperm-specific
ion channels over the past ten years has completely
changed how we understand male fertility at the
molecular level. Because these channels are mostly only
found in germ cells and not in somatic tissues, they are
very specific targets for drugs and birth control. So, the
next step in the research is likely to be figuring out how to
use molecular discoveries in medicine and biotechnology.
Some of these uses are non-hormonal male birth contro],
treatment for infertility, and precision nanomedicine. 6.1
Ion Channels as Targets for Non-Hormonal
Contraceptives
Most traditional male birth control methods work by
changing the hormones that control sperm production.
This can cause systemic side effects and make the birth
control permanent. The discovery of sperm-specific
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channels like CatSper, Slo3, and Hv1 has made it possible
to use non-hormonal, reversible birth control in ways that
have never been possible before (Mariani et al.,, 2023).
Ion channel-based agents work after spermatogenesis is
over and target mature sperm, unlike hormonal
contraceptives. This keeps the body's hormone levels in
balance and helps fertility return. This change in the way
we think about drugs makes sperm ion channels the most
promising way to safely and reversibly prevent male
pregnancy in the next ten years.

5.1. Diagnostic and Treatment Options for Male
Infertility

Absence of ion channel genes like CATSPER1-4,
SLCI9C1, or KCNJ16 are becoming better recognized as
genetic factors behind unexplained male infertility that
are often undetected through routine analysis of semen
(Antonouli et al,, 2024). More and more, whole-exome
sequencing and CRISPR-based functional screening are
being used to find new variants that mess up the
assembly, gating, or placement of ion channels. As we
learn more about genetics, we can make more accurate
diagnoses and tailor treatments to each person. For
example, drugs that increase the activity of CatSper or
sNHE might be able to restore movement in men who
have mutations that partially lose function. Also, testing
patients' sperm outside of their bodies to see how they
react to progesterone or changes in pH could be a good
way to tell the difference between different types of ion
channelopathies.

The application of small-molecule activators, gene-editing
tools, or ion-channel stabilizers is paramount in
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addressing cases of functional infertility. While clinical
application remains in nascent phases, advancements in
microfluidic testing platforms and systems for sperm-
targeted drug delivery have expedited preclinical
evaluations of such innovations.

5.2. Innovations in Nanotechnology and Drug
Delivery

The primary challenge in pharmacologically targeting
sperm ion channels is the regulation of sperm activity
within the male or female reproductive system while
avoiding systemic exposure. New developments in
nanotechnology and targeted delivery systems provide
new ways to solve this problem.
Within the reproductive system, functional lipid
nanoparticles (LNPs) and biodegradable polymeric
nanocarriers that can encapsulate channel modulators
and release them by responding to changes in pH,
temperature, or enzymatic activities, are obtainable (Puri
et al.,, 2025). Ligand-directed nanoparticles that are made
to bind to sperm surface glycoproteins or epididymal
receptors can also help deliver CatSper inhibitors or
activators in a targeted way.
In assisted reproduction, nanocarrier-based formulations
of canal modulators can improve the efficiency of
capacitation and the acrosome reaction. This could lead to
higher success rates for IVF and ICSI, especially in cases
where the sperm isn't moving well or hyperactivation has
failed. Nanotechnological imaging techniques, including
quantum dot labeling and plasmonic nanosensors, are
developing as methods for real-time visualization of ionic
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dynamics, offering unparalleled insights into sperm
physiology at the nanoscale.

5.3. Future Outlook

The molecular atlas of the human sperm flagellum is

growing, and using omics technologies, high-resolution
cryo-electron microscopy, and computational
electrophysiology together will help us learn more about
how channels are built and how they work. Multi-scale
modeling of ionic microdomains and Al-assisted
screening of small molecule modulators will speed up the
process of finding new drugs.
Point-of-care diagnostic systems that use sperm ion
channel biomarkers and microfluidic electrophysiology or
optical biosensors may soon be possible in the clinic.
These instruments may improve standard semen analysis
and provide functional fertility profiling with unmatched
sensitivity.
In summary, the transition of sperm ion channel biology
from the laboratory to clinical application signifies the
inception of a novel era in molecular reproductive
medicine, integrating fundamental -electrophysiology,
pharmacology, and nanobiotechnology to tackle the
worldwide decline in fertility and the pressing demand for
secure male contraceptive options.
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1.INTRODUCTION

Thanks to the trachea, bronchioles, and alveoli, the
lungs are able to efficiently perform gas exchange and are
quite branched. The normal state of lung cells has as low
turnover rate. With injury, however, lung progenitor cells
immediately proliferate and differentiate to repair
structures, and this keeps the lungs functioning normally
(Kim, 2007, Rawlins et al., 2009). The damage caused by
severe acute lung diseases, such as acute lung injury (ALI)
and acute respiratory distress syndrome (ARDS), is
located deep in the lungs, which makes it difficult to treat
(Kumar et al, 2011). Destruction of the bronchial
structure, especially the terminal bronchioles, results in
significant worsening of lung functionality and the
development of chronic obstructive pulmonary disease

65


mailto:dr.manolyasancaktar@gmail.com

(COPD)(Hogg, 2012). Lung epithelium has been the focus
of recent studies attempting to improve outcomes in acute
and chronic lung diseases. However, the epithelium’s
progenitor cell hierarchy and the cell changes over time
remain to be fully explained. Therefore, lung regrowth and
cancer development cell mapping should concentrate on
cellular detail and the transcriptional machinery involved.
Translating these mechanisms into practice could be key
in preventing and treating chronic lung disease (Spella et
al,, 2017).

The respiratory tract has three secretory epithelial
cells: serous cells, goblet cells, and Clara cells. More serous
cells populate the large airways, and Clara cells dominate
in the small airways, under 0.4 mm in width. Clara cells
have a dome-shaped protrusion extending to the airway,
while serous epithelial cells have a top surface that is
smooth (Massaro et al,, 1979, Reynolds and Malkinson,
2010). Recent literature pertaining to cellular biology has
continued to focus on the many biological activities and
functions of Clara (or club) cells (Atkinson et al., 2008).
They are named after the anatomist Max Clara. These cells
are multiciliated, secretory epithelial cells and are located
in the lungs’ terminal and respiratory bronchioles. \Wthin
the bronchioles, Clara cells are the most prominent
secretory cells. They produce and secrete non-mucous
proteins that serve a protective function (Chookliang et al.,
2021, Rokicki et al., 2016). Clara cells are a variety of cells
that perform function within the mammalian lungs. There
are differences between species in the quantity and
distribution of these cells (Weibel, 1997).
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Clara cells are known to have a nucleus that is located
at the base and has a euchromatic structure along with
surrounding the nucleus with several extensions. In these
cells, the Golgi apparatus and rough endoplasmic
reticulum are positioned next to each other. The apical
part of Clara cells contains numerous mitochondria,
glycogen granules, and electron dense spherical granules
(Chookliang et al., 2021, Rokicki et al., 2016).

These cells synthesize and secrete Club Cell Secretory
Protein (CCSP/CC16) which serves to protect the airway
epithelium. Clara cells also metabolically detoxify inhaled
hazardous substances by pulmonary xenobiotic
metabolism. Also, when there is harm done to the
bronchiolar epithelium, Clara cells serve as progenitor
cells, enabling the epithelium to keep regenerating,
assisting in tissue homeostasis (Reynolds and Malkinson,
2010, Singh and Katyal, 1997, Stripp and Reynolds, 2006).
This means that Clara cells may also serve a defensive role
against airway obstruction. In transgenic mice, absences
of club cells is correlated to squamous metaplasia of the
airways which creates an impediment for the epithelial
cells to adequately rest and replenish, resulting in
peribronchial fibrosis. These alterations seem to be
analogous to ones present in airways of individuals with
COPD (Perl et al., 2011). One of our main jobs is helping
control the inflammation response of the lungs. In the case
of asthma or chronic pulmonary diseases, the number of
these cells increases, while the amounts of certain
biomolecules these cells are releasing decreases. This
information indicates that additional club cells are
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involved in the mechanism of these diseases
(Almuntashiri et al., 2020).

There are many substances the immune system
undergoes changes with that are produced and released
by Clara cells. These substances are classified by origin,
size, and their actions within the body. The Clara protein
family encodes a remarkable group of proteins, such as
CC16, present in rodents, primates, and humans and
mammaglobin and uteroglobin of human and rabbit
origin. These proteins have been named in correlation
with their origin and molecular weight (CC10, CC16, and
CC17) and their function (blastokinin, Clara cell
phospholipid-binding protein, and PCB binding
protein).(human protein-1, wurinary protein-1, and
uteroglobin), There are many substances the immune
system undergoes changes with that are produced and
released by Clara cells. These substances are classified by
origin, size, and their actions within the body. The Clara
protein family encodes a remarkable group of proteins,
such as CC16, present in rodents, primates, and humans
and mammaglobin and uteroglobin of human and rabbit
origin. These proteins have been named in correlation
with their origin and molecular weight (CC10, CC16, and
CC17) and their function (blastokinin, Clara cell
phospholipid-binding protein, and PCB binding protein)
(Broeckaert and Bernard, 2000, Coraux et al., 2005, Yao et
al., 1998). The most common secreted protein is Club Cell
Secretory Protein (CCSP), which is also called CC16. The
amino acid sequence of CC16 exhibits significant
homology with CC16 found in various mammalian species,
including primates and rodents. This high level of
sequence conservation shows that CC16 is an

68



Current Developments in Histology and Embryology

evolutionarily important protein that plays an important
role in keeping the lungs working and the cells in balance
(Hashimoto et al., 1996). Clara cells in the non-ciliated
bronchioles secrete CC16, a 15.8 kDa homodimeric
protein (Broeckaert et al., 2000, Singh and Katyal, 2000).
CC16 was initially identified in the urine of individuals
with renal failure (Jackson et al, 1988). found it in
bronchoalveolar lavage samples (Singh et al., 1988) and
later isolated it. Because it can change the immune system
and reduce inflammation, CC16 is thought to be an
endogenous protector against lung diseases (Lin et al,
2020, Zhou et al,, 2019).

Different amounts of CC16 have been seen in the
development of different lung diseases, like ARDS, asthma,
and COPD.

2. CHANGES IN CC16 LEVELS iN LUNG DiSEASES
2.1.CC16 in ALI and ARDS

Both ARDS and ALI are conditions associated with
hypoxemia and are very debilitating due to the presence
of pulmonary infiltrates and diminished lung function.
There is even the possibility of death (Matthay et al,,
2019). Prior research indicates that even small smoke
exposures may increase serum concentrations of CC16. A
case in point is that of asymptomatic firefighters exposed
to smoke for 20 minutes and whose CC16 serum levels
increased following the exposure (Bernard et al,, 1997).
This is the first study to show that CC16 levels in serum
correlate with the degree of environmental exposure,
which points to CC16 as a potential biomarker for the
early detection of airway damage and assessment of
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pulmonary epithelium (ARSALANE et al., 2000, Hermans
etal, 1999).

Research from both the clinics and the labs show that
when patients inhale pulmonary irritants, temporary
acute increases in airway permeability will increase an
individual's serum CC16 levels temporarily. Inhaled
smoke exposure in serum CC16 concentrations clinically
investigates reports and photochemical smog exposure
increases significantly. In the screenshot, or in the
screenshot Example Table O and other chemical
substances, there are no visible differences in rat models.
Reports indicate that serum CC16 levels in ARDS patients
correlate positively with disease severity and are
markedly elevated in non-survivors compared to
survivors. Conversely, CC16 concentrations in
bronchoalveolar lavage fluid (BALF) are markedly
diminished in both non-survivor ARDS patients and rats
subjected to lipopolysaccharide (LPS) or acid aspiration.
Consequently, findings from both animal models and
human studies indicate that the reciprocal changes in
serum and BALF CC16 concentrations display analogous
trends, suggesting that this protein can be consistently
regarded as a reliable biomarker of lung injury.
(Almuntashiri et al., 2020).

2.2, CC16 in Asthma

Asthma is a long-term respiratory disease that causes
wheezing, shortness of breath, coughing, and tightness in
the chest (Duru and Kurt, 2014). Reports indicate that
circulating CC16 levels are markedly reduced in patients
with asthma lasting over 10 years compared to those with
a shorter disease duration. The same study also showed
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that there was no big difference in the levels of CC16 in the
blood between people with asthma who were atopic and
those who weren't (Shijubo et al, 1999). When the
literature is evaluated as a whole, it has been reported that
serum CC16 levels tend to decrease significantly with
increasing duration of asthma. Most studies examining
CC16 concentrations in the bronchoalveolar lavage fluid
(BALF) of asthmatic individuals have shown significantly
reduced levels in comparison to control groups. However,
no significant correlation or difference has been observed
between CC16 levels in serum or BALF and the severity of
the disease (Almuntashiri et al., 2020).

2.3.CC16 in COPD

COPD is a breathing problem that is common and also
to an extent treatable. People that have these breathing
problems have a more difficult time than others letting air
in and out of their lungs. They also have a tough time
letting air in and out of their lungs. These problems stem
from the lungs and airways that respond to toxic gases and
particles and become inflamed (Celli and Vestbo, 2011).
Studies have proven that smaller amounts of CC16 present
in blood and in the airways correlates to the increasing
amount of people that have COPD and the level of severity
of their disease. Studies from the Lung Health Study
further confirm the above statement by showing how
decreased amounts of CC16 in the blood is associated with
a faster reduction in FEV class 1 over a period of 9 years
(Park et al., 2013). It has been found that in children poor
lung development and function are associated with lower
levels of circulating CC16. In adults, lower levels of
circulating CC16 are associated with significant declines in
lung function and obstructive airflow deficiency (Guerra
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et al., 2015). For six months CC16 deficient and wild-type
mice were exposed to cigarette smoke. Among CC16-
deficient mice, there was greater physiological alteration
and greater apoptosis of pulmonary alveolar cells, more
mucus metaplasia, and greater NF-«kB activation
compared to wild-type mice (Laucho-Contreras et al,
2016). Studies, both in the lab and clinical settings, report
that CC16 levels decrease as COPD advances. Compared to
healthy smokers and non-smokers, patients with COPD
exhibit significantly lower serum CC16 levels. Moreover,
CC16 levels were significantly associated with disease
severity FEV: decline both in childhood and in old age
(Almuntashiri et al.,, 2020).

Patients with stable COPD have lower serum CC16
concentrations compared to healthy controls (Rong et al.,
2020). For those suffering from COPD, the decrease in
Clara cell numbers and CCSP levels in peripheral and
central airways could represent the COPD condition
causing substantial pathogenic mechanisms leading to
impaired epithelial repair, increased mucus production,
and peribronchial fibrosis. These results suggest CCSP-
based therapies could have clinical application for COPD.
A single intratracheal dose of recombinant human CCSP
(rhCCSP) was given to premature infants suffering from
respiratory distress syndrome, and the infants showed
lower levels of inflammation in their tracheal aspirates
(Levine et al., 2005).

2.4. CC16 and cigarette smoke

Research involving COPD patients demonstrates that
airway CC16 expression is significantly reduced in mouse
models of COPD induced by tobacco smoke. In these
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animal models, studies have shown that the absence of
CC16 exacerbates airway inflammation and the loss of
alveoli. The findings suggest that CC16 is protective in
pulmonary disorders related to cigarette smoke exposure
(Zhu et al., 2015).

2.5. CC16 in Idiopathic Pulmonary Fibrosis (IPF)

[PF is an ailment whereby ventillation is obstructed as
functioning pulmonary parenchyma is substituted for
non-functioning fibrotic connective tissue. While it is
known that the cause of this progressive lung disease is
unknown, most of the underlying mechanisms are still a
mystery. (Ucar et al., 2024). In the ailment of damage of
the interstitial alveolar structures, Clara cells of the
bronchioles become mobilized and nest to the interstitial
damage. This is known as alveolar bronchiolization. The
Clara cells' mobilization to fill in the alveolar voids and
clear the underlying lesions still remain a mystery (Akram
et al.,, 2013). The individuals who suffer from idiopathic
pulmonary fibrosis (IPF) have much higher serum CC16
and fluid bronchoalveolar lavage (BALF) levels as
compared to their counterparts without IPF and the
healthy control group (Buendia-Roldan et al.,, 2016). Also,
higher CC16 levels in serum and in BALF fluid were
experienced by patients with IPF compared to the CVD-
ILD and chronic hypersensitivity pneumonitis patients.
CC16 had diagnostic sensitivity of 24% and specificity of
90%, in addition to a positive predictive value of 56% and
a negative of 69% (Buendia-Roldan et al., 2016).
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2.6. CC16 in Infections of the Respiratory Tract

RSV attacks ranges of ages, although the most
vulnerable groups of people during a RSV attack would be
babies and young children. It is a major public health and
economic problem because it leads to a lot of hospital
stays and outpatient visits (Esposito et al., 2022). Infants
with RSV infection exhibit elevated serum CC16 levels in
comparison to healthy controls (Johansson et al., 2009).
Children infected with influenza or parainfluenza viruses
exhibited serum CC16 levels similar to those of the healthy
control group. The rise in serum CC16 noted during RSV
infection is believed to stem from enhanced epithelial
permeability. Even with the similar symptoms of both
illnesses, the results suggest that RSV results in much
more serious inflammation of the lower respiratory
system (Johansson et al, 2009). Research concerning
adult athletes shows that, in contrast to the control
groups, athletes with repetitive lower respiratory tract
infections have much lower serum levels of CC16
(Kurowski et al., 2014). In mice with CC16 deficiency
subjected to Mycoplasma pneumoniae infection during
early development, a notable escalation in airway
hyperresponsiveness and collagen deposition was
recorded in adulthood, correlating with pulmonary
dysfunction. CC16 has been shown to have a protective
effect by alleviating inflammation and lung remodeling
during early development stages in a mouse model
(Iannuzo et al,, 2023, lannuzo et al., 2022).

2.7.CC16 in Sarcoidosis

Sarcoidosis is a long-term, granulomatous disease that
affects many systems, but mostly the lungs. The lungs and
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intrathoracic lymph nodes are significantly affected in
about 95% of cases (YILDIZ and GOKSEL, 2017). Research
indicates that serum CC16 concentrations in sarcoidosis
patients exceed those in healthy individuals.
Nevertheless, CC16 levels in bronchoalveolar lavage (BAL)
samples from sarcoidosis patients were within the normal
range, and no significant variation in the quantity of CC16-
positive cells was detected in lung biopsy samples. These
findings suggest that the elevated serum CC16 in
sarcoidosis may result from the protein's translocation
across the air-blood barrier rather than an increase in
pulmonary CC16 manufacturing (Hermans et al., 2001).

2.8. CC16 in Bronchopulmonary Dysplasia (BPD)

Bronchopulmonary dysplasia (BPD) is more common
in newborns. It causes lung tissue to grow too much, fluid
to build up in the interstitia (interstitial edema) and the
small air sacs (alveolar edema), and breathing problems
and damage to the big air passages. Elevated serum CC16
levels in ventilated premature infants immediately
following death (postneonatally) were documented in
those experiencing advanced stages of BPD development
(Sarafidis et al., 2008).

It has been shown that recombinant CC16 helps to
suppress inflammatory responses in the airways and
helps to maintain the integrity of pulmonary tissue in
COPD and ARDS (Lopez et al., 2020, Pang et al.,, 2018). It
has been shown that a polymorphism in the CC16 gene
located in the locus that has been linked to several
respiratory diseases is associated with an increased risk
of developing asthma in childhood. CC16 has been shown
to inhibit the migration of fibroblasts and is likely to affect
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some internal and external factors, including
polychlorinated biphenyls (PCBs). Studies on transgenic
mice have demonstrated that lack of CC16 leads to greater
vulnerability to viral infections and oxidative damage to
the lungs, thus confirming this hypothesized protective
mechanism. CC16 is now a highly valuable peripheral
biomarker confirming the integrity of the lungs’ epithelial
cells. Measurement of serum CC16 concentration is a
recent, indirect technique that can indicate Clara cell
damage, elevated permeability of epithelial cells, and a
variety of acute and chronic pulmonary disorders
(Broeckaert and Bernard, 2000, Broeckaert et al.,, 2000).

A study in mice with house dust mite (HDM)-induced
asthma examined the possible protective roles CC16 might
have in allergic airway inflammation and epithelial injury
by giving individual mice varying doses of CC16 before the
HDM challenges. Following the transfer of the HDM, there
was a significant rise in levels of the Th2 cytokines. In the
CC16 treated mice, dust mite induced airway
inflammation and epithelial injury were lessened by the
blockage of the HMGB1 signaling (Liu et al., 2021).

The correlation between serum CC16 levels and the
severity and prognosis of community-acquired
pneumonia has been assessed. It was observed that CC16
levels progressively declined alongside rising severity
scores of the disease. Post-treatment, an elevation in
serum CC16 levels was noted. These results suggest that
serum CC16 levels are inversely related to inflammatory
cytokines (Li et al., 2023).

A study looked at how silica dust exposure affected
serum Clara cell protein 16 (CC16) levels in Chinese
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workers. It found that CC16 levels were much lower in the
silicosis group than in healthy controls (Jing et al., 2019).

Cigarette smoke causes damage and inflammation
within the lungs and body. CC16 mitigates the damage of
cigarette smoke inflammation. When CC16-lacking mice
were exposed to cigarette smoke, and the mice sang
immoderate pulmonary inflammation in the lungs, were
also noticed to have damage to the epithelial cells of the
lung and bronchial alveoli, showed signs of metaplastic
mucus production, and had tissue of the small bronchi that
had undergone fibrosis (Laucho-Contreras et al., 2016).

Rats exposed to 0.12 ppm Os for 90 days suggest that
tolerance to long-term Os exposure may be related to
increased amounts of CC16 in certain areas of Clara cells
(Dodge et al, 1994). Studies in mice without CC16
demonstrate that it plays a role in protection from
oxidative stress and viral infections and influences
inflammation in the lungs. In mouse models, alack of CC16
makes the lungs more likely to be hurt by O3 (Mango et al,,
1998) and hyperoxia (Johnston et al., 1997) as shown by
higher death rates, earlier onset of pulmonary edema, and
higher levels of proinflammatory cytokine mRNAs. Mice
without CC16 have a lot more lung inflammation after an
acute viral infection. Histological evidence of lung
inflammation in these mice is linked to higher levels of
interleukin-1p (IL-1B), IL-6, and TNF-q, as well as higher
levels of mRNA for chemokines like macrophage
inflammatory proteins and monocyte chemoattractant
protein-1(Harrod et al., 1998). Although CC16 has been
reported to be affected by various pulmonary diseases and
considered a potential biomarker, certain uncertainties
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remain. Most lung inflammation or injury biomarkers
identified to date are components of epithelial lining fluid
sampled via bronchoalveolar lavage (BAL). These
biomarkers comprise proteins or cytokines derived from
plasma, as well as molecules locally produced by epithelial
and inflammatory cells, including enzymes and growth
factors. BAL biomarkers have significant potential for
evaluating inflammation or tissue damage; however, they
are unsuitable for monitoring populations exposed to
environmental or occupational air pollution. Additionally,
these biomarkers are insufficient for assessing health
risks in highly vulnerable populations, including children
and individuals with compromised cardiopulmonary
function (Broeckaert and Bernard, 2000). Researchers
have come up with a new, non-invasive way to find short-
or long-term effects in the respiratory epithelium thanks
to their work on CC16. This method is based on the idea
that proteins that come out of the lungs can passively get
into the serum through the epithelial barrier. Once there,
they show that the epithelium is damaged. Serum CC16
levels may be a sensitive sign of increased epithelial
barrier permeability, or, if the barrier is still intact, they
may be a sign of Clara cell depletion or compromised
integrity (Doyle et al.,, 1998, Hermans and Bernard, 1998,
Hermans and Bernard, 1999).

3.CONCLUSSION

Researchers have come up with a new, non-invasive
way to find short- or long-term effects in the respiratory
epithelium thanks to their work on CC16. This method is
based on the idea that proteins that come out of the lungs
can passively get into the serum through the epithelial
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barrier. Once there, they show that the epithelium is
damaged. Serum CC16 levels may be a sensitive sign of
increased epithelial barrier permeability, or, if the barrier
is still intact, they may be a sign of Clara cell depletion or
compromised integrity. Also, this protein doesn't have a
standard reference range yet. Some diseases are
associated with elevated or diminished levels of CC16;
however, the specific concentration values reported
across various studies exhibit significant variability.
Therefore, it is prudent to consider biological factors such
as age, sex, renal function, and body mass to accurately
assess CC16 levels in both healthy and diseased
individuals. Also, this protein doesn't have a standard
reference range yet. Some diseases are associated with
elevated or diminished levels of CC16; however, the
specific concentration values reported across various
studies exhibit significant variability. =~ Therefore, it is
prudent to consider biological factors such as age, sex,
renal function, and body mass to accurately assess CC16
levels in both healthy and diseased individuals
(Almuntashiri et al., 2020, Laucho-Contreras et al.,, 2016).
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Exosomes are small vesicles that can be secreted by
both prokaryotic and eukaryotic cells and belong to the
group of extracellular vesicles (EVs) (Chen et al., 2024).
Although first identified in 1983 and initially considered
merely cellular waste structures, they are now known to
play critical roles in intercellular communication
(Rahnama et al, 2024; Xiong et al, 2024). Exosomes
contain biomolecules such as lipids, nucleic acids, and
various proteins. Through these components, they
contribute to the regulation of numerous physiological
processes including communication, differentiation,
migration, proliferation, and apoptosis as well as various
pathological mechanisms (Yu et al, 2024; Xiong et al,,
2024). For these reasons, exosomes have become one of
the major research areas spanning a wide spectrum from
biology to medicine.

1.EXTRACELLULAR VESICLES(EV)

Extracellular vesicles (EVs) represent a heterogeneous
group of membrane-bound vesicles that are secreted by
87
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cells into the extracellular environment, where they
influence many important biological processes. They are
classified into types based on membrane activity, density,
markers, size, and biological activity. Specifically, they are
categorized according to their size: microvesicles (100-
1000 nanometers) resulting from plasma membrane
outgrowth, exosomes (30-150 nanometers) associated
with the endosomal pathway, and apoptotic bodies (1000-
5000 nanometers) containing cellular debris released
during apoptosis (Bavafa et al,, 2025; Ferraz et al,, 2025;
Lorite et al., 2024). There are differences in protein cargo
between microvesicles and exosomes. Membrane and
cytoplasmic proteins are identified in microvesicles, while
non-matrix proteins are identified in exosomes (Gabaran
atal, 2025).
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Figure 1: EXTRACELLULAR VESICLES (EV)
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( Gurung at al.,2021)

Exosomes are nanosized vesicles that can be secreted

from all cells, including bacteria, stem cells, plants,

animals and cancer cells and it can emerge in normal

physiological states as well as in various pathological

ones. They originate from the endosomal system. They are

versatile messengers involved in cellular processes,

enabling intercellular communication and interacting
with extracellular receptors to affect target cells. They are
found in various body fluids, including bile, blood, breast
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milk, urine, CSF, saliva, semen, plasma, amniotic fluid,
tears, and pleural effusion. Exosomes are generally 30-
150 nanometers in diameter, have a density ranging from
1.08 to 1.22 g/ml, and have a lipid bilayer. They do not
contain cellular organelles such as lysosomes or
mitochondria, but they contain a wide variety of
molecular components, including lipids, nucleic acids,
proteins, transcription factor receptors, cytokines as well
as other bioactive molecules (Li at al., 2025; Stefanska at
al,,2023; Ilango at al,,2025; Song at al,.2025; Singh at
al,,2023; Zhang Yi at al,, 2020).

2.EXOSOME FORMATION

The biogenesis of exosomes is a multistep process
influenced by factors such as cell type, genetics, and
epigenetics. The process begins with the formation of
early endosomes (EE). Firstly, molecular cargo is
internalized through clathrin-independent endocytic
routes or via clathrin- mediated endocytosis. In clathrin-
mediated endocytosis, clathrin displaces the plasma
membrane inward, concentrating the cargo molecule in
coated pits. In the first stage, the cell membrane collapses
inward, bringing cell surface proteins and materials from
the extracellular environment (proteins, lipids,
metabolites) into the cell, forming the early endosome.
Guanosine triphosphate (GTP)-binding Rab proteins are
also important for early endosome development.
Phosphatidylinositol 3-phosphate is an important marker
of EE. Rab proteins Rab5a and Rab7 are used as specific
markers for early and late endosomes. As early
endosomes mature (the ER and trans-Golgi contribute to
this process), late endosomes develop. The endosomal

90



Current Developments in Histology and Embryology

membrane buds inward, resulting in the accumulation of
numerous small vesicles, forming intraluminal vesicles
(ILVs). ESCRT complexes play a crucial role in this inward
budding. Caveolin-1, flotillin, cholesterol, and
tetraspandins also participate in this process, ultimately
forming multivesicular bodies (MVBs). The formation of
intraluminal vesicles is a key step in the biogenesis of
exosomes. ESCRT is the molecule responsible for the
formation of intraluminal vesicles (ILVs) and
multivesicular bodies. These intraluminal vesicles are the
precursors of vesicles that will later be called exosomes,
and late endosomes containing ILVs are called
multivesicular bodies. Multivesicular bodies either fuse
with lysosomes and degrade their contents or fuse with
the plasma membrane, releasing the vesicles via
exocytosis. Molecules such as RAB, v-SNARE, and t-SNARE
are required for the fusion of multivesicular bodies with
the plasma membrane. The Rab GTPase facilitates MVB
movement and fusion. HSP90, actin, and ER-endosome
contact sites also facilitate MVB transport to the plasma
membrane and exosome secretion. Released exosomes
can be taken up by target cells located nearby or distantly,
and biological responses may vary (Stefanska et al., 2023;
Wandrey et al., 2023; Hassanpour et al., 2024; Wang et al.,
2025; Zhu et al.,, 2024).
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Figure 2: EXOSOME FORMATION
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2.1. Exosomal Content

Figure 4: EXOSOMAL CONTENT
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Exosomal content, structural configuration, and
activity largely depend on the host cell from which the
exosome originates, the physiological state, and how the
cargo is classified.

They contain numerous molecular cargoes. These
include:

Exosomal Proteins:

Membrane-associated proteins (RAB1B, RAB7,
RAB5GTPase), Cytosolic proteins (ESCRT proteins,
YWHAE, TSG 101),
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Proteins involved in multivesicular body synthesis
(ALIX, TSG101, VPS, Clathrin),

Tetraspanins (CD9, CD37,CD151, CD53, CD63, CD81,
CD106 CD82, TSPANS, TSPANY, TSPAN7),

Heat shock proteins ( include various subtypes such
as HSP27, HSP60, HSP70, HSP90),

Adhesion proteins (ICAM1, integrins, lactadherin),

Signal transduction proteins (Syntenin-1, RhoA,
Ras, GTPase HRas, Src) homology 2, domain phosphatase),

Cytoskeletal proteins (Tubulin, cofilin-1, erzin,
radixin, vimentin, fibronectin, profilin 1, actin), cell
surface proteins (MHC I, MHC II, CD37, CD68), enzymes
(ATPase, pyruvate Kkinase, fatty acid synthase,
phosphoglycerate kinase and mutase, ATP citrate lyase),
fusion and transport proteins (LAMP1 & 2, annexin,
dynamin, syntaxin-3, CD13, PG regulatory-like protein,
Ras-related protein 5 & 7)

Exosomal lipids : Phospholipids (sphingomyelins,
phosphatidylcholines, phosphatidylinositols,
phosphatidylethanolamines), glycosphingolipids
(gangliosides) (GM2, GM3), Fatty acids, glycerolipids,
steroids, glycerophospholipids, cholesterol, ceramide

Nucleic Acids: mRNA, miRNA (miR-21, miR-155, miR-
146a, mir-126-3p, miR-1246, miR-29a), Non-coding
RNAs, DNA, MtDNA

Metabolites: Amino acids (Glutamine, Alanine,
Glutamate), Sugars (Glucose, Fructose), Vitamins (Vitamin
D, Vitamin A), Carboxylic acids (Lactate, Pyruvate),
Carnitine (Acylcarnitine), Biogenic amines (Spermidine,
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Putrescine, Serotonin, Dopamine) (Stefanska et al., 2023;
Wandrey et al.,, 2023; Shrishti et al., 2025; Ilango et al,,
2025; Bavafa et al., 2025; Mendonca et al,, 2025).

Exosome biogenesis proceeds through two distinct
molecular routes: ESCRT-dependent and ESCRT-
independent. ESCRT is a cytoplasmic protein that enables
the binding, clustering, and sorting of proteins into
microvesicular bodies. There are also alternative
pathways for exosome formation, which utilize a complex
protein system called ESCRT (Endosomal Sorting
Complex Required for Transport) or depend on ceramide
and tetraspanin in the endosomal membrane (Stefanska
at al, 2023; Wandrey at al.,, 2023). ESCRT (Endosomal
Sorting Complex Required for Transport) is organized
into four principal components, designated as ESCRT-0, -
I, -1I, and -III. These contain ubiquitin-binding units that
link membrane proteins to specific regions of the
endosome. They facilitate membrane remodeling, cargo
protein sorting, and vesicle budding within MVBs. ESCRT-
0: It recognizes, binds, and sorts ubiquitin-tagged
proteins. Tsg101, a part of ESCRT-], activates ESCRT-II by
binding to cargo proteins. It also plays a role in membrane
remodeling during division. ESCRT-0, I, and II bind and
selectively sort molecules. ESCRT-III facilitates the
formation of intraluminal vesicles and severs the budding
body, releasing ILVs into the lumen to form MVBs. ALIX,
VPS4, and TSG101 are specific proteins closely associated
with ESCRT. These are essential for the assembly of ILVs
during exosome formation. In the ESCRT-independent
pathway, some cells utilize ceramide, which also
facilitates ILV formation. Rab35, ARF6, tetraspanins, and
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lipid rafts also play a role in exosome release in this
pathway (Shiristi et al., 2025; [lango et al., 2025; Maksud
et al,, 2024; Gosh et al.,, 2024, Bavafaat et al., 2025; Lorios
etal, 2020).

Tetraspanins: These proteins influence intraluminal
vesicle formation. They act in a pathway independent of
ESCRT. They are involved in sorting cargo molecules and
exosome formation. Tetraspanins such as CD9, CD63, and
CD81 are among the most abundant proteins in exosomes
and are used as classical markers of exosomes. CD9, CD63,
CD81, and CD82, in particular, are effective in target cell
binding and fusion processes, thus contributing to
exosome production. In some studies, tetraspanins have
been used as biomarkers in exosome characterization
(Charrin et al,, 2014;Wang et al.,, 2025).

Heat Shock Proteins: They are involved in protein
homeostasis and cell proliferation and differentiation.
There are four main classes based on their molecular
weights (HSP60, HSP70, HSP90, and small HSPs). Heat
shock proteins such as HSP70 and HSP90 also play a role
in immunity. HSP90 is involved in wound healing, protein
folding, and cancer progression. HSP70 restores
misfolded protein function, thus returning it to its normal
state.

Nucleic acids: Affect gene regulation in target cells.
RNA is the most abundant nucleic acid and plays a role in
angiogenesis, hematopoiesis, and exocytosis.

Lipid: Exosomes contain high amounts of cholesterol,
phosphatidylcholine, phosphatidyl serine, arachidonic
acid, prostaglandin, sphingomyelin, and ceramide. Lipid
rafts involved in the ESCRT-independent pathway are also

96



Current Developments in Histology and Embryology

rich in cholesterol, sphingolipids, and sphingomyelin.
Lipids in exosomes not only provide structural integrity
but also affect membrane fluidity, which may promote
membrane invagination and increase ILV formation
(Bavafa et al., 2025 ; Mendonca et al., 2025 ; Hassanpour
etal, 2024 ; Liu et al., 2024).

2.2. Exosomal Uptaking Mechanisms

Exosomes can be taken up by the target cell through
various pathways and initiate cell signaling pathways.
Exosomal uptake occurs by endocytosis, direct fusion
with the plasma membrane, or by interacting with cell
surface receptors. Different forms of endocytosis can be
employed. These include: 1) Clathrin-mediated
endocytosis (one of the primary mechanisms for exosome
uptake. It enables the formation of clathrin-coated
vesicles, and the uptaken vesicles fuse with the endosome.
Dynamin plays a key role here). 2) Caveolin-mediated
endocytosis (Caveolae are formed by integral membrane
proteins called Caveolin-1, Caveolin-2, and Caveolin-3). 3)
Phagocytosis (a process in which bacteria and dead cells
are also taken up in addition to exosomes), 4) Lipid
release-mediated endocytosis, and 5) Macropinocytosis.
Although endocytosis is the dominant pathway for
exosome uptake, studies have shown that plasma
membrane fusion is more effective in delivering the cargo
to cells (Mendonca at al., 2025; Singh at al., 2023; Kim at
al,, 2024).
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2.3. Exosome Sources

Various cell types have the capacity to relase
exosomes. These include mesenchymal stem cell-derived
exosomes (MSCs), tumor-derived exosomes, endothelial
and epithelial cell-derived exosomes, immune cell-
derived exosomes, plant-derived exosome-like
nanovesicles, and outer bacterial membrane vesicles
(Serrano D R. at al,, 2025). Selecting the appropriate cell
source for exosome production is crucial. For example,
tumor-derived exosomes play a crucial role in cancer
research and can lead to tumor growth, angiogenesis, and
metastasis in therapeutic applications. In addition to
exosomes secreted from various cells, there are also
synthetic exosomes created through bioengineering
techniques (Li] at al,, 2025).
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2.4. Exosome Isolation

Exosomes need to be isolated to study them,
understand their mechanisms of action, and explore their
potential use in the treatment of various diseases.
However, the complex structure of biological fluids makes
this challenging. Exosomes obtained from blood can be
used to detect cancer, neurodegenerative diseases,
autoimmune diseases, and cardiovascular diseases.
Exosomes isolated from urine can also guide the diagnosis
of kidney, bladder, and prostate-related diseases
(Odehnalova N at al., 2025). Exosomes are isolated based
on size affinity or surface proteins. Proteins such as CD9,
TSG101, HSP70, CD81, and CD63 are specific markers in
exosome analysis. The isolation techniques used are:
These include ultracentrifugation, immunoaffinity
capture-based techniques, density gradient
centrifugation, ultrafiltration techniques, , exosome
precipitation, and the use of microfluidics. Each isolation
method offers advantages and disadvantages in terms of
yield, purity, equipment requirements, processing time,
and standardization of measurements.

2.4.1. Ultracentrifugation

This is an easy-to-apply and widely used method. It
separates molecules based on density and size
differences. Centrifugation steps at different speeds are
used in the application. Disadvantages include the
reduced exosome quality due to high-speed
centrifugation, the need to optimize the rotor and
centrifuge type, and the time-consuming and specialized
equipment required. Advantages include its simplicity,

99



lower cost compared to other methods, the lack of labeled
exosomes, and large sample capacity.

2.4.2. Density Gradient Centrifugation

It separates exosomes based on density and size
differences. Exosomes are isolated in centrifuge tubes
according to their macromolecular composition and level
using molecules such as glucose, sucrose, and iodixanol.
While it is a time-consuming procedure, a high level of
purity is achieved.

2.4.3. Size-based Techniques

Ultrafiltration, sequential filtration, and size-exclusion
chromatography are techniques. Ultrafiltration and size-
exclusion chromatography, in particular, are easy to use.
Ultrafiltration essentially involves three stages. First,
samples are concentrated, then cells, cellular debris, free
proteins, and finally exosomes are filtered through filters
with specific pore diameters. The potential for pore
blockage and low purity are disadvantages. However, it is
used in conjunction with other methods and is suitable for
examining sample concentration. In size-exclusion
chromatography, the sample is added to the column, and
as the exosomes are decanted, a packing medium is used
to screen for larger cell fragments and proteins. Volume
differences are detected. It is a fast and simple method and
is widely used for the separation of exosomes from blood
and urine.

2.4.4. Immunoaffinity-capture-based Techniques

This technique separates specific exosomes by the
immune response between antigen and antibody.
Exosomes are typically isolated using anti-CD9, anti-81,
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and anti-CD63 antibodies. They can be used for subgroup
separation of specific exosomes and for studies requiring
high purity. Their disadvantages include expensive and
nonspecific binding. Separate methods are also used to
address these nonspecific bindings.

2.4.5. Microfluidic-based Techniques

This is a high-throughput, sensitive, and controllable
exosome separation method that can be combined with
other methods. Isolation is achieved by dividing the
sample into small streams using nonfilters and
nanochannels embedded in a chip. The disadvantage is
that the chip design is complex and expensive. However,
it can quickly isolate exosomes from very small volumes
of sample.

2.4.6. Precipitation Technique

This technique uses a precipitating agent (the most
commonly used is polyethylene glycol (PEG)) to
precipitate exosomes. The polymer and sample are
combined, left at room temperature for a while and
exosomes are precipitated using low speed centrifugation
(Ghosh et al,, 2024; Bavafa et al., 2025; Mendonca et al,,
2025; Wang et al., 2025; Chen et al.2024; Yang et al., 2024;
Gao et al.2023).

After isolation, exosome characterization determines
exosome identity and quality. The International
Extracellular Vesicles Society has established several
guidelines for this topic. Accordingly, exosome
characterization should be based on concentration, size,
and the presence of exosomes (Welsh ] A et al,, 2024).
Characterization is completed by screening for exosome-
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specific markers (tetraspains, integrins, cytoplasmic
lipids, ALIX, TSG101, HSP70, etc.) and additionally
imaging exosome morphology. Optical methods used in
the molecular characterization of exosomes include
nanoparticle tracking analysis and dynamic light
scattering. These measure exosome size and
concentration. Non-optical methods include resistive
pulse sensing, electron microscopy, surface plasmon
resonance and atomic force microscopy. Biochemical
methods such as Western blot, ELISA, and flow cytometry
are also used in characterization (Song et al.,2025;
Serrano D R etal,, 2025; Odehnalova N et al.,2025).

2.5. Effects of Exosomes

Exosomes can facilitate communication between cells
of the same or different types, whether nearby or distant.
Their direct content enables versatile cargo delivery to
the target cell. They can carry proteins, RNA, DNA, and
pharmaceutical agents. Their specific molecular structure
aids in target cell targeting. Exosomes have a unique cargo
molecule-carrying capacity and the ability to easily cross
biological barriers (blood-brain barrier, intestinal barrier,
pulmonary barrier, skin barrier, placental barrier, etc.).
This prevents the molecules they carry from being
degraded and inactivated and ensures their easy uptake
into target cells (Wang et al., 2025; Singh et al., 2023). Due
to their very small size, they can easily pass through blood
vessels and the extracellular matrix, thus easily evading
the immune system. Exosomes produced by the body's
own cells are also well tolerated by the immune system
and do not stimulate the immune system. Immunity,
homeostasis, and tissue development are normal
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physiological processes in which exosomes play a role.
Exosomes also play a role in implantation and pregnancy
maintenance through signaling (Serrano D R at al., 2025).
Exosomes play a role in processes such as immunity,
tissue repair, and cancer by altering target cell functions
and gene expression. Studies have shown that exosomes
obtained from cancer and immune cells cause dual
responses (both augmentative and anesthetic effects)
(Zemanek at al,, 2024; Song atal., 2025; Wang at al., 2025).
Tumor cell-derived exosomes activate angiogenesis and
pathways such as MAPK, RAS, PI3K-Akt, and WNT/pB-
catenin, and promote cancer proliferation and metastasis
through miRNA, circRNA, and incRNA transfer. They play
a role in drug resistance by transferring drug-resistant
cargoes to cancer cells. In contrast, umbilical cord
mesenchymal stem cell-derived exosomes inhibit cancer
growth. Exosomes also play a role in some physiological
processes, including neurodegenerative diseases and
cardiovascular conditions. Exosomes originating from B
cells, dendritic cells, cancer cells, epithelial and
mesenchymal cells, and other cells can affect immune
system target cells. During infection, exosomes from
pathogen-infected cells can carry lipopolysaccharides,
cytokines, or pathogen-derived RNAs. Recent studies have
shown that exosome contents can be used as biomarkers
in the early diagnosis and monitoring of cancer and in
many physiological and pathological conditions (Aakel et
al., 2024; Kalluri et al.,, 2020; Serrano D R at al.,, 2025;
Nyhatkar S at al.,, 2024).
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3. CURRENT USE OF EXOSOMES

In recent years, studies on exosomes and their uses
have increased significantly. They can be used not only in
the diagnosis and understanding of pathological events,
but also in medical applications and drug delivery.
Regenerative medicine, gene therapy, infectious disease
treatment, cardiovascular diseases, immunology,
neurodegenerative diseases, cancer treatment, and
diagnostic biomarkers are particularly prominent areas.
The use of exosomes derived from stem cells in
regenerative medicine has been used in myocardial
infarction and has been investigated for Alzheimer's and
Parkinson's disease (Lee et al., 2024; Serrano DR et al,,
2025; Odehnalova et al., 2025).

3.1. Cancer treatment: Chemotherapeutics, miRNA,
siRNA

Studies have shown that exosomes play a role in cell
communication within the tumor microenvironment, are
effective in epithelial-mesenchymal transition and cancer
progression, can regulate energy metabolism, and deliver
angiogenetic factors to cells. Cancer exosomes, in
particular, have been shown to facilitate ECM remodeling
and angiogenesis through the conversion of fibroblasts to
the CAF phenotype. The lack of target cell specificity of
anticancer drugs used in cancer treatment leads to
systemic toxicity. Therefore, the delivery of anticancer
drugs via exosomes as natural carriers is being studied in
preclinical models, and early-phase clinical trials are
ongoing. Chemotherapeutics, siRNA, or protein-based
drugs can be loaded into exosomes. For example, in lung
cancer. The drug Paclitaxel used in this study was shown
to increase drug concentration in cancer cells and to be
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tumor-specific when delivered by loading it into
exosomes. In colorectal cancer, exosomes loaded with
miR-21 inhibitor and 5-FU increased sensitivity to
chemotherapy. Exosomes and the cargo they carry have
the potential to be used as diagnostic markers for cancer
and as carriers of anticancer drugs. The exosome-based
method, also called liquid biopsy, is a promising technique
(Aakel N et al,,2025; Li | et al,,2025; Nyahatkar S at al,
2024; Mendonca A at al., 2025;Bavafa at al., 2025).

3.2 Neurodegenerative and Neurological Diseases
and Exosomes

The biggest challenge in these diseases is the inability
of the drugs used in their treatments to cross the blood-
brain barrier. The ability of exosomes to easily cross
barriers has also offered a glimmer of hope in Alzheimer's,
Parkinson's, neurogenetic diseases, stroke, and traumatic
brain injury. Exosomes derived from mesenchymal stem
cells (MSCs) have a reducing effect on neural
degeneration and neuroinflammation. Studies have
shown that the miRNAs in these exosomes (miR-21, miR-
17-92, miR-133b, miR138, miR-124, miR-30, miR-146a4,
miR-29b) have anti-apoptotic, antioxidant, and anti-
inflammatory  effects. Additionally, markers of
neurodegeneration and plaques, such as T-181-tau, p-
S396-tau, and amyloid-beta 42, have been shown to be
more elevated in Alzheimer's disease compared to the
normal population. While there are numerous preclinical
studies, clinical studies are few (Saikia & Dhanushkodi,
2024; Fiandaca MS At Al,, 2015).
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3.3. Inflammatory and Autoimmune Diseases and
Exosomes

Treating autoimmune diseases is challenging, so
studies are also being conducted on diseases such as SLE,
inflammatory bowel disease, rheumatoid arthritis, and
type 1 diabetes. Numerous studies have shown that
mesenchymal stem cell exosomes function like
mesenchymal stem cells. (e.g., anti-inflammatory effects
and tissue repair). Due to their size, the negative
properties of mesenchymal stem cells, such as the ability
to cause vascular occlusion during intravascular
administration, allergic reactions, and accelerated aging,
can be overcome by using exosomes in treatment. This
way, the desired effects can be easily achieved (Yan F at
al,, 2020; Shen Z at al,, 2021).

3.4. Regenerative Medicine and Exosomes

Especially in wound healing and heart repair, bone and
cartilage repair, There are numerous preclinical and some
early clinical studies on tissue repair in ophthalmology.
Exosomes isolated from mesenchymal stem cells are most
frequently used in therapeutic applications for
regenerative medicine. Mesenchymal stem cell exosomes
have been shown to increase fibroblast migration and
numbers in wounds, and angiogenesis in the environment
(Shabbir A at al., 2015).

3.5. Cosmetic Applications and Exosomes

Exosomes are used in dermatology because they can
affect skin regeneration and health. Due to their ability to
activate fibroblasts, promote matrix synthesis, reduce
oxidative stress, and regulate inflammation, they are used
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in treatments related to skin rejuvenation, anti-aging, and
the prevention of scarring and photodamage. One study
showed that exosomes produced from human platelets
positively affected skin health in subjects, reducing
redness, wrinkles, and melanin production. Treatments
using mesenchymal stem cells from various sources,
including Exosomes obtained from bovine milk can be
used. Furthermore, exosomes derived from bovine milk
have been found to prevent skin aging and may also be
used for hair. For skin-targeted applications, exosomes
can be applied topically and transdermally (Sreeraj H at
al;Bai G et al,, 2025; Proffer S L et al., 2022).

The clinical use of exosomes is still limited due to
challenges related to their quantification, standardization,
low yield, variability in cargo molecules, purity issues,
stability, storage conditions, and ethical concerns (Song et
al.,, 2025; Serrano D.R. et al,, 2025; Bayafa et al., 2025;
Odehnalova et al., 2025). Nevertheless, research in this
field continues to progress. The growing body of
knowledge regarding exosomes has demonstrated that
these vesicles possess significant potential in both basic
science and clinical applications. As the mechanisms of
exosome biogenesis, cargo selection, and their
interactions with target cells become more clearly
understood, their diagnostic and therapeutic potential
will be further strengthened. However, fully realizing this
potential still requires comprehensive and well-designed
studies.
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1. INTRODUCTION

Serotonin is a crucial neuromodulator that affects the
gastrointestinal tract and central nervous system. It is also
very important for the gut-brain axis to communicate with
each other in both directions. It is historically known as a
neurotransmitter primarily responsible for vascular and
neuronal regulation. Studies have shown that the gut
produces the majority of the body's serotonin.
underscoring its significant peripheral roles beyond
traditional synaptic signaling. Recent advancements in
microbiome research have clarified the influence of gut
microbes on serotonin production, metabolism, and
signaling, thereby linking microbial composition to
neurological, metabolic, and immunological effects. These
results offer a novel framework for comprehending the
pathophysiology of neuropsychiatric and gastrointestinal
disorders, many of which are characterized by
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disturbances in serotonergic pathways and microbial
equilibrium. Nonetheless, the mechanistic pathways
linking serotonergic signaling to microbial activity are
only partially elucidated, and the translational
implications of these interactions are continually
developing. This section establishes the conceptual
framework for comprehending the integration of
serotonergic pathways with microbial and physiological
processes in the modulation of gut-brain communication.

1.1.Definition and Historical Development of The
Brain-Gut Axis

The gut-brain axis comprises a bidirectional
communication network linking the central nervous
system, the enteric nervous system, and the gut
microbiota (Bercik, Collins and Verdu, 2012). Rather than
a single pathway, it represents an integrated multisystem
interface involving neural, endocrine, metabolic, and
immune signaling (Cryan and O’Mahony, 2011; McOrist et
al, 2011; Forsythe, Kunze and Bienenstock, 2012; Mayer
et al, 2014; Dovrolis et al., 2019). Although the idea has
its origins in the observations of 18th- and 19th-century
physicians regarding the interplay between the
gastrointestinal system and the neurological system,
contemporary scientific comprehension developed with
the delineation of the enteric nervous system and its
neurotransmitters in the mid-20th century (Whytt, 1765;
Alexander, 1934; Haigh, 1975; Miller, 2018).

The contemporary scientific focus on this axis has
emerged from recognizing the enteric nervous system as
a distinct neural network with reflexive control
capabilities, leading to its designation as the "second
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brain." (Gershon, 1999). With the expansion of
microbiome science in the early 21st century, the classical
gut-brain axis evolved into the “microbiota-gut-brain
axis,” reflecting evidence that gut microorganisms
influence neural development, stress reactivity, immune
modulation, and neurotransmitter metabolism (Cryan
and O’Mahony, 2011; Huttenhower et al, 2012). The
development of this framework has positioned biogenic
amines—particularly serotonin—as central mediators of
gut-brain signaling, linking intestinal physiology with
central neural processes.

1.2. Physiological Importance of Microbiota-Gut-
Brain Communication

Two key neuroanatomical routes are responsible for
the communication between the gut and the brain. One is
the direct exchange of information between the gut and
the brain via the autonomic nervous system and the vagus
nerve; the other is the two-way transmission between the
enteric nervous system in the gastrointestinal tract and
the autonomic nervous system, including components of
the spinal cord and vagus nerve (Wang and Wang, 2016).
Bacteria that live in the intestines are capable of
producing 5-HT, dopamine, butyric acid, gamma amino
acids and short-chain fatty acids (Lyte, 2014). Many of the
essential neurotransmitters that act on our body,
including 5 HT, which has a particular effect on the brain,
are produced by the intestinal microbiota (Dinan, Stanton
and Cryan, 2013; Yoo and Mazmanian, 2017).

Although the full mechanisms are not yet understood,
current evidence supports a bidirectional interaction
among autonomic, neuroendocrine, and immune
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pathways. The gut microbiota contributes to this network
and may influence several psychiatric conditions,
including anxiety and mood disorders (Bravo et al,, 2011;
Rieder etal, 2017). Another possible mechanism of action
that may regulate the effects of the gut microbiota is the
organization of transporters such as serotonin, melatonin,
histamine, and acetylcholine in the intestines (Heijtz et al,
2011).

Certain gut microorganisms directly affect serotonin
synthesis. Serotonin is a neurotransmitter that is
important for basic brain functioning and regulating GI
function (Glinii¢ and Sendemir, 2022). A lack of serotonin
in the central nervous system can lead to depression, lack
of interest, and anxiety, and it is thought to be a major
factor in regulating a depressed mood (Goralczyk-
Binkowska, Szmajda-Krygier and Koztowska, 2022).

Because cognition, emotion, and behavior are closely
linked to serotonergic pathways, disruptions in the
intestinal microbiota may contribute to disorders
involving these processes.

2. BIOCHEMICAL BASIS OF THE SEROTONIN
SYSTEM

Serotonin, also referred to as 5-hydroxytryptamine (5-
HT), is a monoamine neurotransmitter primarily
produced in the brainstem raphe nuclei through the
enzymatic action of tryptophan hydroxylase 2 (TPH2)
(Hartsock and Spencer, 2020) . Serotonin was first
discovered in the 1930s as a substance that affects
vascular tone. In 1935, Vittorio Erspamer named a
substance he obtained from the intestinal mucosa of
mammals "enteramine" and demonstrated that this
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substance stimulated smooth muscle contractions
(Erspamer, 1940). In 1948, Maurice Rapport and his team
identified a compound with a vasoconstrictor effect in
human serum and named it "serotonin” (serum + tone)
(RAPPORT, GREEN and PAGE, 1948). Chemical analyses in
the early 1950s revealed that serotonin and enteramine
were chemically identical and led to the identification of
this compound as 5-hydroxytryptamine (5-HT) (Rapport,
Green and Page, 1948; Erspamer and Asero, 1952). In
1953, Twarog and Page discovered that serotonin is
present in the mammalian brain and acts as a
neurotransmitter (Twarog and Page, 1953). Since then,
advances in 5HT and 5HT receptors have expanded,
resulting in a local hormone in the small intestine now
occupying a prominent position as a neurotransmitter in
the mammalian brain.

Serotonin, which is synthesized in many animal and
plant species other than humans, is a biogenic monoamine
and is produced in two stages. Tryptophan hydroxylase
hydroxylates the essential amino acid tryptophan,
resulting in the formation of 5-hydroxytryptophan (5-
HTP). In the subsequent stage, 5-HTP undergoes
decarboxylation to yield 5-HT (Clark, Weissbach and
Udenfriend, 1954). Tryptophan hydroxylase, an enzyme
thought to be the rate-limiting factor in serotonin
synthesis, is required for the hydroxylation process, while
aromatic-L-amino acid decarboxylase is required for the
decarboxylation reaction. Tryptophan hydroxylase is
mostly located in the raphe nuclei of the brain and the
enterochromaffin cells of the intestinal mucosa; these
cells are responsible for synthesising serotonin
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(Mohammad-Zadeh, Moses and Gwaltney-Brant, 2008).
Serotonin plays a role in neurotransmission in the
nervous system, including processes such as pain, sleep,
mood changes, and memory regulation (Lv and Liu, 2017).
Tryptophan hydroxylase is regarded as the rate-limiting
enzyme in serotonin formation, despite the necessity of
both enzymes for this process (Tong and Kaufman, 1975)
because of the enzyme's low affinity for other amino acids
and its distribution being limited to serotonin-containing
tissues (Noguchi, Nishino and Kido, 1973). Tryptophan
crosses the blood-brain barrier via large neutral amino
acid transporters (LAT1) (Nelson, Cox and Hoskins,
2021). In the brain, serotonergic neurons primarily use
this amino acid for 5-HT synthesis. Tryptophan also
participates in nicotinamide adenine dinucleotide (NAD")
synthesis via the kynurenine pathway; however, 5-HT
production is the predominant pathway in serotonergic
neurons (Voet, Voet and Pratt, 2016). Pyridoxine (vitamin
B6) and tetrahydrobiopterin (BH4) are the enzyme
cofactors for the two steps that are required to make
serotonin. Tryptophan hydroxylase requires the cofactor
tetrahydrobiopterin, whose recycling is contingent upon
folic acid (vitamin B9) metabolism (Fanet et al,
2020). Aromatic-L-amino acid decarboxylase
necessitates pyridoxal 5'-phosphate (PLP), a pyridoxine
derivative, as a coenzyme. The synthesis of serotonin is
biologically dependent on BH4 and vitamin B6 (Cellini et
al,, 2020). Serotonin is also a melatonin precursor, an
important sleep regiilator (Lee, Hille and Koh, 2021).

Two different tryptophan hydroxylase genes are
present in humans and other mammals. TPH1 is
predominantly expressed in peripheral tissues that
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produce serotonin, such as the skin, gut, and pineal gland,
while also being present in the central nervous system.
Conversely, TPH2 is exclusively located in neuronal cells
and represents the predominant isoform in the central
nervous system (Walther and Bader, 2003).
Abnormalities in TPHZ2 gene expression may be associated
with some psychiatric disorders (e.g., depression, anxiety)
(Elhwuegi, 2004).

Serotonin receptors comprise a category of G protein-
coupled receptors and ligand-gated ion channels located
in various tissues, including both the central and
peripheral nervous systems. At least 14 receptors have
been identified, including 7 different 5-HT receptors and
their subtypes (5-HT1A, 1B, 1D, 1E, 1F, 24, 2B, 2C, 3, 4, 54,
5B, 6, and 7) (Nichols and Nichols, 2008). All serotonin
receptors, with the exception of 5-HT3, are classified as G-
protein-coupled receptors (GPCRs). 5-HT3 functions as a
ligand-gated ion channel that allows the passage of
sodium, potassium, and calcium ions.

5-HT,: family (A, B, D, E, and F): binds to inhibitory G
proteins  (Gi/o), which inhibit the adenylyl
cyclase/protein kinase A (PKA) signaling cascade. Inhibits
adenylyl cyclase and promotes synaptic inhibition.

5-HT. family (A, B, C): binds to the Gq protein,
stimulating the phospholipase C (PLC)/protein kinase C
(PKC) signaling cascade and enhancing intracellular
calcium signaling. Increases neuronal excitability.

5-HTs receptors (A, B, C) are ligand-gated ion
channels and are unique among serotonin receptors. They
provide rapid neurotransmission.
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5-HT., 5-HTs, 5-HT> receptors increase adenylate
cyclase activity by binding to the stimulatory Gs protein,
increasing intracellular cAMP levels.

5-HT5 (A and B) receptors; signaling is less clear; binds
to Gi/Go protein, inhibits adenylyl cyclase (Raymond et
al, 2001; Bockaert et al., 2006). 5-HT1A, 5-HT2A, and 5-
HT3 subtypes of serotonin receptors are hypothesized to
have a role in the pathophysiology of major depression.
These receptors are found in the hippocampus and the
prefrontal cortex, two regions of the brain that are
involved in the regulation of mood (Bétry et al, 2011;
Chilmonczyk et al., 2015; Nirogi et al., 2023; Parajulee &
Kim, 2023;Roth, 1994; Weisstaub et al., 2006).

Serotonin activity is governed by the rates of synthesis,
release, and metabolism, and is predominantly located
intracellularly. Once synthesized, serotonin is actively
transported by vesicular transporters into synaptic
vesicles, where it is stored in presynaptic complexes
similar to those that store catecholamines (Ascenzi, Myers
and Buccilli, 2024). Within these vesicles, a serotonin
binding protein (SBP) is present. It is a unique molecule
that binds to serotonin with high affinity in the presence
of Fe+2. The SBP-serotonin complex is secreted via a
calcium-dependent process (Hensler and Frazer, 1999).
Nerve cells' depolarization allows it to enter the synaptic
cleft, site(s) on the presynaptic or postsynaptic
membrane where it binds to G-protein coupled receptors
(GPCRs). The serotonin transporter (SERT) brings
serotonin back into the cell. SERT is a sodium/chloride-
dependent transporter protein located in the presynaptic
membrane that reuptakes serotonin from the synaptic
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cleft (Murphy and Lesch, 2008). Because SERT activity
determines synaptic serotonin levels, its dysfunction is
strongly linked to depression. Selective serotonin
reuptake inhibitors (SSRIs) augment serotonergic
transmission by inhibiting the serotonin transporter
(SERT) (Blakely and Edwards, 2012; Baudry et al., 2019).
SERT function is regulated by phosphorylation and
intracellular signaling pathways, including protein kinase
C and cyclic AMP-dependent mechanisms. Genetic
polymorphisms, such as 5-HTTLPR in SLC6A4, affect SERT
expression and serotonin reuptake efficiency, which may
lead to interindividual differences in stress sensitivity and
risk of mood disorders (Murphy and Lesch, 2008).
Serotonin is metabolized into its principal metabolite, 5-
hydroxyindoleacetic acid (5-HIAA), through the action of
the enzyme monoamine oxidase-A (MAO-A) (Naoij,
Maruyama and Shamoto-Nagai, 2018). MAO is a common
enzyme that exists as MAO-A and MAO-B in two principal
forms. Serotonin is mostly deactivated by monoamine
oxidase A (MAO-A). MAO-B metabolism is a modest
component of serotonin metabolism and is the
predominant form of MAO in human platelets (Sandler,
Reveley and Glover, 1981). The liver and lungs break
down peripheral serotonin (Mohammad-Zadeh, Moses
and Gwaltney-Brant, 2008).

2.1. General Neurophysiological Roles of Serotonin

Serotonin is made and stored in presynaptic neurons
in the central nervous system. Examples of these neurons
include serotonergic neurons, pineal gland and
catecholaminergic  neurons (Dahlstrom, 1964).
Serotonin's functions in the CNS are extensive and relate
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to the serotoninergic system's influence on the forebrain,
brainstem, and cerebellum. Neuronal outputs originating
from the rostral nuclei of this system contribute to the
regulation of temperature, appetite, sleep, vomiting, and
sexual behavior, while neuronal outputs originating from
the caudal nuclei are effective in the regulation of
nociception and motor tone (Mohammad-Zadeh, Moses
and Gwaltney-Brant, 2008).

Even while central serotonin processes are important
and varied, the brain is not the main place where
serotonin is stored. The brain has a comparatively little
amount of serotonin (Erspamer, 1966). Approximately
95% of the body's serotonin is located in the intestine. A
subtype of enteroendocrine cells known as
enterochromaffin (EC) cells are responsible for the
production of serotonin in the intestine ( Erspamer, 1954)
and myenteric plexus serotoninergic neurons (Gershon,
Drakontides and Ross, 1965; Gershon, 2004). EC cells
possess one variant of the rate-limiting enzyme in
serotonin production, tryptophan hydroxylase-1 (TPH-1),
while enteric and central serotonergic neurons express a
distinct gene product, TPH-2 (Cété et al,
2003). Enterochromaffin cells generate and release
significantly greater quantities of serotonin compared to
central or peripheral serotonergic neurons. Serotonin
released by enterochromaffin cells is absorbed and
concentrated by platelets, which are the primary source of
serotonin in the bloodstream; platelets lack tryptophan
hydroxylase and hence cannot synthesize serotonin
independently (Gershon and Tack, 2007).
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Besides its function as a neurotransmitter in the
central nervous system, serotonin possesses additional
roles. Central Nervous System: Serotonin is recognized for
its impact on mood, but it is also involved in the processes
of memory, central respiratory drive, stress, cerebral
vascular tone, pain perception, anger, fear, appetite,
sexual pleasure, addiction and sleep (Berger, Gray and
Roth, 2009). It has been shown that serotonin influences
numerous physiological systems, such as several
behavioral processes, such as adhering to a circadian
rhythm, hunger, sleep-wake cycles, aggression, sensory-
motor response, pain sensitivity, sexual behavior,, and
learning; and the regulation of the circulatory system,
breathing, and temperature (Lucki, 1998).

Serotonin has a wide range of effects on many
peripheral organ systems outside of the CNS. Serotonin
can stimulate ciliary body muscle fibers in the eye,
resulting in pupil dilation and elevated intraocular
pressure. The cardiovascular system has positive
inotropic and chronotropic effects by elevating
intracellular calcium levels in cardiac myocytes,
potentially inducing tachyarrhythmias (Neumann et al,
2023). Serotonin is sequestered in platelet granules and
contributes to platelet aggregation. In intact endothelium,
serotonin may cause vasodilation; in damaged
endothelium, it may cause vasoconstriction (Halperin and
Reber, 2007). In the lung, serotonin has effects on the
central respiratory drive, raises the resistance of the
pulmonary vasculature, and might lead to pulmonary
vasculature remodeling (Berger, Gray and Roth, 2009). In
the gastrointestinal system, it enhances the emptying of
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the stomach, the motility and the secretion of the
intestines, and general colon tone (Berger, Gray and Roth,
2009; Yabut et al, 2019). Endocrine effects; Serotonin
promotes glucose absorption in muscle, modulates
secretion from the pancreas, enhances the release of
insulin. In adipose tissue, it stimulates lipogenesis (Yabut
et al, 2019). In the genitourinary system, it regulates
urination, penile detumescence, oocyte maturation,
uterine muscular tone, vasoconstriction, and uterine
contractions (Berger, Gray and Roth, 2009). As seen, these
findings reveal that there is a significant function for
serotonin both in maintaining homeostatic balance and in
neurophysiological processes. These findings highlight
serotonin's function as a multifaceted signaling molecule
that orchestrates systemic physiology and connects
central neural mechanisms with peripheral homeostatic
regulation.

3. GASTROINTESTINAL SYSTEM AND PERIPHERAL
SEROTONIN

3.1. Serotonin Synthesis in Gastrointestinal System

Gastrointestinal motility and secretion are controlled
and coordinated by the autonomic nervous system (ANS),
which includes elements specific to the intestinal wall that
make up the ENS and extrinsic elements that connect the
intestinal wall to the CNS (Grundy, 2008). The
gastrointestinal tract is the source of 90-95 percent of the
serotonin that found in the peripheral blood of humans
(Erspamer and Testini, 1959; Bertaccini, 1960). It is
estimated that around 90% of the 5-HT found in the
intestine is composed of EC cells, while only about 10% is
found in enteric neurons (Kim and Camilleri, 2000;
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Jonnakuty and Gragnoli, 2008; Khan and Ghia, 2010). EC
cells are neuroendocrine cells located in the intestinal
mucosa and express the TPH1 isoform, which synthesizes
5-hydroxytryptophan  (5-HTP) and subsequently
serotonin from L-tryptophan (Walther and Bader, 2003).
Serotonin is a chemical that plays a significant role in
enteric signaling and is known to play an important role
in sensory-motor and secretory functions in the intestine
(Banskota, Ghia and Khan, 2019). EC cells secrete
serotonin, which then travels to the bloodstream, the
tissue that surrounds it, and the lumen of the digestive
tract, where it plays a part in a variety of processes
(Jonnakuty and Gragnoli, 2008) . Following its release,
serotonin is delivered to the epithelial cells that are
located in the surrounding area via the SERT and broken
down into 5-HIAA. SERT also assists in the uptake of
serotonin by circulating platelets (Banskota, Ghia and
Khan, 2019). Serotonin can act on a number of G-protein
coupled receptors, as well as on ligand-gated channels
known as 5-HT3 receptors (Derkach, Surprenant and
North, 1989). Many of these different receptor subtypes
are widely distributed in the intestinal wall. Among the
seven 5-HT receptor (5-HTR) families identified so far,
five (5-HTR 1, 5-HTR 2, 5-HTR 3, 5-HTR 4, and 5-HTR 7)
have been reported to be present in the intestine (Shajib
and Khan, 2015). However, in the context of sensory
signaling, most attention has focused on 5-HT4 and 5-HT3
receptors (Grundy, 2008). While 5-HTs receptors function
in the transmission of fast stimulatory signals, 5-HTa
receptors facilitate muscle contractions by increasing the
release of acetylcholine (Spiller, 2008). Serotonin also
affects secretory epithelial cells in the intestinal mucosa;
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activation of 5-HT:B and 5-HT. receptors regulates
intestinal transit time by increasing chloride and water
secretion (Mawe and Hoffman, 2013). There is a
significant role for these systems in the pathophysiology
of functional gastrointestinal diseases including irritable
bowel syndrome (IBS).

3.2. Gut Microbiota and Serotonin

A comprehensive collection of microorganisms and
their genomes in the intestinal environment is referred to
as the gut microbiome, which is considered a critical node
in the brain-gut axis (Rhee, Pothoulakis and Mayer, 2009;
Cryan and O’Mahony, 2011). The gut microbiota
influences serotonin synthesis through both direct and
indirect pathways. Prior experimental studies have
indicated that many metabolites derived from the
tryptophan metabolism of bacteria have been shown to
play a role in the regulation of health (Roager and Licht,
2018). Moreover, numerous studies have demonstrated
that certain bacteria, like Enterococcus and Pseudomonas,
may synthesize serotonin, a crucial neurotransmitter, in
settings abundant in tryptophan Intestinal
microorganisms have been shown to metabolize the
important amino acid tryptophan, serving as a precursor
for the manufacture of indole, serotonin, and melatonin,
hence restricting the availability of tryptophan to the host
(O’'Mahony et al., 2015; Martin et al, 2018). Bacterial
metabolism of tryptophan via the kynurenine pathway or
indole  derivatives  also  influences  serotonin
bioavailability (Agus, Planchais and Sokol, 2018).
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4. SEROTONERGIC COMMUNICATION BETWEEN
THE CENTRAL NERVOUS SYSTEM AND THE ENTERIC
NERVOUS SYSTEM

Bidirectional communication between the gut and the
brain is maintained through metabolic, endocrine, neural
and immune mechanisms. This connection involves the
vagus nerve, the HPA axis, bacterial metabolite
production, immune mediators, and enteroendocrine
signaling (Alli et al, 2022; Borkent et al.,, 2022). The HPA
axis largely regulates the immune system by altering
cytokine release. Conversely, neural regulation
predominantly transpires via impulse transmission
within the autonomic nervous system, encompassing the
vagus nerve, afferent fibers, and ENS (Goéralczyk-
Binkowska, Szmajda-Krygier and Koztowska, 2022).
Cortisol is pivotal in the endocrine processes governing
the gut-brain axis, since it modulates immune system cells
through the regulation of cytokine release impacting the
HPA axis, while also significantly affecting the
functionality and differentiation of the gut microbiota
(Foster, Baker and Dursun, 2021).

The vagus nerve is a crucial component of the
bidirectional communication between the CNS and the
ENS. Serotonin secreted by intestinal EC cells activates 5-
HT3 receptors (5-HT3R) on the vagus nerve's afferent
fibers and plays a role in transmitting gastrointestinal
signals to the brain (Hillsley, Kirkup and Grundy, 1998).
This pathway is very important for controlling things like
how the intestines move, how full you feel, the nausea
reflex, and the stress response. This pathway is vital for
controlling the autonomic system, moving food through
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the intestines, and the immune system. It also helps
transmit the effects of molecules that come from the
intestines to the central nervous system (Shin and Kim,
2021). Experimental studies have shown that
interrupting the transmission of the serotonergic signal
via the vagus nerve disrupts homeostatic responses in the
brain-gut axis (Bonaz, Bazin and Pellissier, 2018; Breit et
al,2018).

An imbalance in the microbiota (dysbiosis) has been
linked to decreased serotonergic activity and
gastrointestinal disorders. This interaction creates a
feedback loop: The microbiota stimulates serotonin
synthesis in EC cells. Serotonin influences microbial
metabolism and composition Recent studies has
elucidated the involvement of gut microbiota in the
regulation of serotonin synthesis (Barandouzi et al,, 2022;
Everett, Tran and Prindle, 2022). Intestinal bacteria
generate metabolites, including short-chain fatty acids
(SCFAs), which have been demonstrated to enhance the
expression of TPH1, the rate-limiting enzyme in serotonin
production (Martin et al, 2018). Short-chain fatty acids
(SCFAs) additionally modulate vagal activity and
serotonin transporter (SERT) expression, hence
reinforcing the microbiota-gut-brain axis (Jadhav et al,
2022). This interaction forms the biochemical basis of the
concept of the brain-gut-microbiota axis (Martin et al,
2017).
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5. THE ROLE OF SEROTONIN IN
NEUROPSYCHIATRIC AND GASTROINTESTINAL
DISORDERS

5.1. The Relationship Between Depression, Anxiety
and Irritable Bowel Syndrome (IBS)

There is increasing interest in the influence of gut
microbiota and associated immunological mechanisms on
the onset and progression of some psychiatric disorders.
A modification in the microbiota-gut-brain axis, which
establishes a communication framework between the
central nervous system (CNS) and the gastrointestinal
system, has been recognized as a potential contributor to
some psychiatric disorders (Marano et al, 2023). This is
potentially associated with pro-inflammatory states
resulting from intestinal dysbiosis and microbial
instability in or within the body (El Aidy etal., 2015; Wang
& Wang, 2016; Zhu et al, 2017). Many studies have
reported that microbiota changes have a role in
psychiatric disorders, including major depressive
disorder (Naseribafrouei et al, 2014), schizophrenia
(Koztowska et al, 2021), bipolar disorder (Dai et al,
2022), autism spectrum disorder (de Angelis et al., 2015)
and  attention  deficit  hyperactivity = disorder
(Boonchooduang et al., 2020).

Recent research has established a clear link between
gut dysbiosis and the onset of anxiety or depressive
behaviors (Jiang et al, 2015; Zhang et al.,, 2020; Karen,
Shyu and Rajan, 2021). Dysbiosis of the gut microbiota has
been linked to core behavioral symptoms, such as
anhedonia and social isolation, in teenage depression
through gut-brain axis mechanisms. The regulation of the
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gut microbiome has been found to be a promising
complement to behavioral therapies, such as cognitive
behavioral therapy (Liu et al.,, 2025).

5.2. Effects of SSRI and SNRI Drugs on The Brain-
Gut Axis

Selective serotonin reuptake inhibitors (SSRIs) and
serotonin noradrenaline reuptake inhibitors (SNRIs),
traditionally employed for the treatment of depression
and anxiety, have lately acquired significance in the
control of the gut-brain axis. These drugs not only
increase serotonergic transmission in the CNS but may
also indirectly affect serotonin levels, intestinal motility,
and intestinal microbiota in the gastrointestinal tract.
Antidepressants can modify the quantity and diversity of
the gut microbiota, which is directly associated with the
efficacy of depression treatment. The gut microbiota can
modify the bioavailability of antidepressants by
influencing their metabolism and regulating their
absorption through alterations in intestinal permeability.
The gut microbiota can modify the permeability of the
blood-brain  barrier, facilitating the access of
antidepressants to the central nervous system (Xu et al,
2023).

6. EXPERIMENTAL AND CLINICAL FINDINGS

6.1. Results of Serotonin Modulation in Animal
Model Studies

The potential role of visceral hypersensitivity due to
microbiota dysbiosis was investigated in a mouse model
of post-infectious IBS (PI-IBS), and microbiota alteration
was associated with increased 5-HT levels and increased
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visceral sensory sensitivity (Cheng et al, 2022). In rats on
a high-fat diet, the diversity of intestinal microbiota
decreased, while the expression of serotonergic genes
(tph2, htrla, slc6a4) increased in the dorsal raphe
nucleus, and this was associated with anxiety-like
behaviors (de Noronha et al, 2024). These studies
demonstrate experimental support for a signaling chain
that begins with the gut microbiota and extends to
serotonergic brain functions.

6.2. Comparison of Peripheral and Central
Serotonin Levels in Human Studies

There is increasing data comparing peripheral (e.g.,
plasma or intestinal mucosa) and central (e.g., brain
imaging serotonin receptor binding) serotonergic levels
in human studies.

Decreased gut microbiota diversity has been found in
adolescents with depression and improved after
sertraline treatment. In the same study, transplantation of
fecal microbiota from healthy adolescent volunteers into
adolescent depressed mice induced by chronic restraint
stress resulted in increased 5-HT levels in the brain and
intestine and decreased kynurenine metabolites (Zhou et
al., 2023). In another study, significant relationships were
found between plasma serotonin and indole metabolites
and microbiota composition, indicating that peripheral
serotonin levels may be linked to psychiatric symptoms
(depression, impulsivity) (Vadaq et al, 2022). Plasma
tryptophan levels in patients with depression have been
associated with microbiota and metabolomic profiles, but
direct measurements of central (brain) serotonin
receptor or binding levels are limited (Ciocan et al., 2021).
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In general, studies that look at changes in microbiota
give indirect evidence of the serotonin system, but there
aren't many central serotonergic measurements. There
are still not many large-scale studies that directly link
central serotonergic activity to peripheral serotonin
levels. Consequently, additional clinical investigations are
required to elucidate the relationship between the
peripheral and central serotonergic systems.

6.3. Microbiota Manipulation and Serotonin
Response

Effects on the serotonergic system through microbiota
manipulation have also been intensively investigated in
recent years. Li et al. reported that prebiotic and probiotic
treatments positively affected serotonin metabolism at
the colon and central nervous system level in a stressed
rat model (Chronic Unpredictable Mild Stress (CUMS)
rat), and that 5-HT levels and behavioral indicators of
depression were improved to some extent by regulating
the intestinal microbiota. As a result, it has been
presented that prebiotics and probiotics have positive
effects on depressive-like behaviors and have an
important effect on the regulation of serotonin
metabolism (Li et al, 2019). Akkermansia muciniphila
administration ameliorated cognitive dysfunctions in the
gut-liver-brain axis by increasing BDNF and serotonergic
pathway activity in the hippocampus. These effects were
associated with increased plasma serotonin levels and
favorable changes in gut microbiota composition (Kang et
al, 2024). There are also reviews showing that changes in
the intestinal microbiota caused by antibiotic or probiotic
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applications can lead to fluctuations in serotonin
production and use (Burgaz and Erbas, 2023).

In a 12-week, double-blind, randomized, placebo-
controlled study, an adverse regulation was noted after 6
weeks of supplementation with a probiotic formulation,
resulting in a reduction of plasma serotonin levels. As
evidenced by preclinical and clinical studies, the
alterations noted in the probiotic group resemble the
effects of antidepressant medications, specifically
selective serotonin reuptake inhibitors, on plasma
serotonin levels. These results bolster the hypothesis that
probiotic supplementation is a safe and preventive
strategy against the onset of severe depressive disorder,
especially in high-risk populations, such as individuals
exhibiting subthreshold depression (Dacaya et al., 2025).

6.4. Clinical Translation: Serotonin-based
Therapeutic Strategies

From a clinical translational standpoint, therapeutic
strategies based the serotonin system emphasize the
direct or indirect modulation of serotonin pathways
within the brain and peripheral nervous system.
Increasing synaptic serotonin levels through Selective
Serotonin Reuptake Inhibitors (SSRIs) is regarded as a
primary treatment for depression, anxiety, and certain
neurodevelopmental disorders (Rajkumar and Mahesh,
2008; Coplan et al.,, 2014; Lin et al.,, 2023). Serotonin has
classical receptor-mediated effects, but it also has new
functions, like "serotonylation,” through covalent binding
to proteins. This has a wide range of physiological effects,
from making smooth muscles contract to releasing insiilin
(Jiang et al, 2021). The effect of serotoninergic therapies
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is not limited to the receptor and transporter level but
also targets higher-level biological processes such as
neuroplasticity, synaptic remodeling, and glial-neuron
interactions (Rajkumar and Mahesh, 2008). In this
context, the translational success of serotoninergic
therapies is related not only to interventions at the
receptor and transporter level, but also to targeting
higher-level biological processes such as neuroplasticity,
synaptic remodeling, and glial-neuron interactions
(Rajkumar and Mahesh, 2008; Vahid-Ansari et al, 2019).
However, serotonin-based therapeutic strategies have
limitations and potential risks in clinical practice. Not all
patients treated with SSRIs achieve complete response,
and refractory cases remain a significant problem; in this
case, "stacked" strategies such as 5-HT1A autoreceptor
inhibition, heteroreceptor activation, or simultaneous
modulation with other neurotransmitter systems are
gaining prominence (Rajkumar and Mahesh, 2008; Coplan
et al, 2014). In addition, in treatments targeting the
serotonin system, complications such as non-nervous
system effects (e.g. effects on gastrointestinal motility)
and Serotonin Syndrome that may develop as a result of
excessive serotonergic activity should also be taken into
account (Acharekar et al, 2022; Mikkelsen, Damkier and
Pedersen, 2023). In this context, the key to clinical
translation is the accurate identification of biological
targets, the identification of individual endophenotypes,
and the development of patient-specific treatment
strategies. Future clinical trials are expected to explore
agonists/antagonists specific to 5-HT receptor subtypes,
neurotrophic approaches that enhance synaptic plasticity,
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and novel molecules that directly affect the serotonin
transporter or its metabolism (Ciranna and Costa, 2025).

7. CONCLUSION

Serotonin allows communication between the two
systems in the brain-gut axis, it regulates both the central
nervous system and the gastrointestinal system.
Interactions between serotonin metabolism and the gut
microbiota play a crucial role in the development of novel
biomarkers and individualized treatment strategies.
Serotonin produced in the MSS affects mood, cognition,
and behavior, while peripheral serotonin controls
intestinal motility, intestinal secretion, and immune
responses. Therefore, the interaction between serotonin
metabolism and the gut microbiota enables the discovery
of new biomarkers and contributes significantly to the
development of personalized treatment approaches..
With the development of omics technologies, the
serotonin-microbiota relationship is becoming more
clearly understood, creating new opportunities for
targeted therapeutic approaches in both neuropsychiatric
and gastrointestinal diseases. Microbiota modulatory
therapies are considered an alternative for patients
resistant to traditional pharmacotherapies by influencing
serotonin levels and neuroplasticity. Contemporary
studies are limited by heterogeneous samples, small study
groups, and short follow-up durations. Future
translational research must employ longitudinal designs,
multi-layered omics analyses, and standardized
biomarker measurements, while also accounting for
environmental influences and genetic variation.
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1. EMBRYOLOGICAL DEVELOPMENT OF THE
OVARY

The embryological development of the ovary is a
complex and multi-stage process that is vital for sex
determination and the formation of reproductive
functions. This process consists of two main components:
gonadal differentiation and germ cell migration.
Development begins around the 4th week of the embryo
and continues until the end of the prenatal period.

1.1. Indifferent (undifferentiated) gonadal stage

Around the fourth week of the embryonic period,
gonadal protrusions form, consisting of mesenchymal and
mesothelial cells that do not show differentiation based
on genetic sex (XX or XY). These protrusions are closely
related to structures such as the mesonephros (Wolffian
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duct) and paramesonephros (Miillerian duct), which
participate in kidney development. At this stage, the
gonads are morphologically indistinguishable as male or
female. Therefore, they are called indifferent gonads.

During the same period, primordial germ cells
originating from the wall of the embryo's yolk sac begin to
migrate toward the gonadal protrusions through
amoeboid movements. This migration continues until
approximately the 6th week. These germ cells will form
the origin of future eggs (oocytes) and sperm cells. If these
cells cannot migrate, the gonads cannot develop, and
gonadal dysgenesis (abnormal gonadal development)
occurs.

1.2. Female gonadal differentiation

Female gonadal differentiation (ovary) occurs in
embryos with the genetic XX chromosome pair. This
process is dependent on the absence of the **SRY gene**,
located on the Y chromosome, which initiates testis
development. In the absence of the SRY gene, the
indifferent gonads gradually begin to transform into
ovaries starting around the 8th week.

During this process:

e Cortical Development: The cortex, the outer layer
of the gonad, thickens and mesenchymal cells multiply to
form follicular cells.

e  Germ Cell Association: Migrating primordial germ
cells settle in the cortex and are surrounded by
mesenchymal follicular cells. These follicular cells envelop
the germ cells, forming primordial follicles. These
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primordial follicles are the basic functional units of the
ovary.

¢ Development of Miillerian Ducts: In the absence of
the SRY gene, the Wolffian ducts, which provide for the
development of male reproductive organs, regress. In
contrast, the paramesonephric ducts (Miillerian ducts)
develop, forming the future fallopian tubes, uterus, and
upper part of the vagina.

1.3. Initiation of oogenesis and prenatal
maturation

During ovarian development, primitive germ cells
transform into cells called oogonia. Oogonia increase in
number through mitotic divisions and reach millions of
cells by the middle of the prenatal period. Starting around
the 12th week, some of these oogonia begin meiosis to
become primary oocytes.

However, this meiotic division pauses at the prophase
[ stage. This is one of the most distinctive features of the
female reproductive system. These paused primary
oocytes, together with the surrounding follicular cells,
form primordial follicles. At birth, a baby girl has millions
of primordial follicles in each ovary. These follicles
decrease physiologically throughout infancy and
childhood. Puberty begins during adolescence, and only a
portion of these follicles will mature and become capable
of ovulation.

The embryological development of the ovary is a
complex process characterized by the differentiation of
the gonads from the indifferent stage towards the female
direction, the migration of primordial germ cells to this
structure, and the initiation of the oogenesis process. The
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absence of the SRY gene is a critical factor in the formation
of the female reproductive system. Any disruption in this
process can lead to serious reproductive health problems.

2. HISTOLOGICAL ORGANIZATION OF THE OVARY

The ovary consists of three main layers from outer to
inner: (Liu et al., 2025) Germinal epithelium (Mantri et al.,
2024), Tunica albuginea (Wu et al,, 2023), Cortex and
medulla. Each of these layers has different cellular
compositions and functions.

2.1 Germinal Epithelium (Ovarian Surface
Epithelium)

This is a single-layer cuboidal or sometimes flattened
cell layer covering the outer surface of the ovary. Despite
its name, it is not directly the source of germ cells
(oocytes); it is thought to act as a stem cell source during
embryonic ovary development. It plays an important role
in repairing surface injuries following ovulation, releasing
follicles, and local immune response (Abou-El-Naga et al.,
2025).

¢ Molecular markers:
KRT19 (keratin 19): Epithelial cell marker
LGRS5: Stem cell-like feature
FOXL2: Pre-granulosa-related transcription factor
TSPANS: Surface cell distinguishing marker
e  Signaling Pathways:
TGF-p/SMAD: Homeostasis and tissue repair
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Notch: Cell proliferation, related to IVF success

Wnt/p-catenin: Epithelial-mesenchymal transition
and differentiation

Hippo (YAP/TAZ): Tissue growth control and repair
2.2 Tunica Albuginea

A dense connective tissue layer underneath the
germinal epithelium that mechanically protects and
supports the ovary externally. Rich in collagen fibers
(Type I and III). ECM components (Laminin, fibronectin)
are involved in follicle surface progression and ovulation
(Yetgin et al., 2025).

2.3 Cortex

Contains primary, secondary, and tertiary follicles,
atretic follicles, blood vessels, and stromal cells embedded
within the connective tissue network. Oocytes reside
inside follicles. It includes granulosa and theca cells as
well as interstitial stromal cells. Active folliculogenesis
occurs here. Molecular markers include: FSHR, LHR,
Aromatase (CYP19A1), ESR1/2, PGR.

2.4 Medulla

The innermost part of the ovary, consisting of
connective tissue rich in blood vessels and nerve network.
VEGF and angiopoietin signaling pathways are active in
this region.

3. HISTOLOGICAL AND FUNCTIONAL FEATURES OF
THE GERMINAL EPITHELIUM

Germinal epithelial cells originate from the mesoderm
and develop independently of primordial germ cells.
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Studies in the last five years focused on the origin, cellular
differentiation, cell biology, and roles of this epithelial
layer in ovarian functions (Orsi et al., 2024).

3.1 Cellular Heterogeneity and Stem Cell Potential

Single-cell RNA sequencing and other advanced
techniques have identified new molecularly distinct
subpopulations Between ovarian surface epithelium and
pre-granulosa cells. Markers such as KRT19, FOXL2, LGRS5,
and TSPAN8 have been shown to distinguish these
subgroups in the human ovary. The ovarian surface
epithelium is considered to possess progenitor properties
for repairing ovulation-induced damage and may harbor
a limited stem cell reservoir (Wamaitha et al., 2025).

3.2 Molecular Regulatory Networks in the
Germinal Epithelium

Molecular activity within the germinal epithelium is
critical for surface repair, response to ovulation,
inflammation control, and early malignant changes. Key
signaling pathways and molecular markers include:

e TGF-B / SMAD: Epithelial-mesenchymal
transition and tissue regeneration

¢ Notch signaling (Notch1-4, Jagged1/2): Cell
fate and proliferation control

¢« PI3K/AKT / mTOR: Follicle activation and
cellular metabolism

e Hippo (YAP/TAZ): Negative regulation of tissue
growth
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e  Wnt / pB-catenin: Folliculogenesis and epithelial-
mesenchymal differentiation

e Ki-67: Proliferation
¢ p53: DNA damage response
e E-cadherin: Cell adhesion

e Connexin-37/43: Oocyte-granulosa
communication

e BRCA1/2: DNA repair proteins.
3.3 Hormonal and Genetic Regulation

« FOXL2, NOBOX, LHX8, FIGLA: Oocyte
development

¢ GATA4, NR5A1: Steroidogenesis
e« ESR1/ESR2, PGR: Hormone receptors
e mTOR, PI3K/AKT: Follicle activation.

3.4 Clinical And Oncological Aspects

TP53 and BRCA1/2 mutations

EMT and B-catenin activation

Cancer modeling via CRISPR/Cas9

4. CLINICAL IMPORTANCE AND CARCINOGENESIS
OF GERMINAL EPITHELIUM

The proliferative capacity and exposure to external
factors (e.g., ovulation, inflammation) of germinal
epithelium play a crucial role in the formation of epithelial
ovarian cancers (EOC). Recent research supports that the
germinal epithelium is a significant cellular origin for
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EOCs. These studies investigate the genomic profiles,
somatic mutations (especially TP53, BRCA1/2), and
epigenetic alterations of epithelial cells in detail
(Lohmussaar et al., 2020, Gui et al., 2021, Kim et al., 2025,
Tavares et al,, 2024, Dholariya et al., 2022).

4.1 Novel Biomarkers and Targeted Therapies

Germinal epithelium-focused research has led to the
identification of new biomarkers and molecular targets
for Early diagnosis and targeted therapies. Markers such
as cytokeratin, EMA, CA-125, and p53 have highlighted the
significance of ovarian surface epithelium in cancers.
Cancer stem cell theories also explore transformation
mechanisms originating from this epithelium

4.2 Contributions from Molecular Biology and
Genetics

Markers including Ki-67, p53, and E-cadherin have
been evaluated in germinal epithelial cells. New findings
have emerged related to PI3K/AKT and MAPK signaling
pathways and apoptosis regulation. Recent CRISPR-Cas9
studies demonstrate the malignant transformation
potential of these epithelial cells, with common mutations
in p53, BRCA1/2, and PIK3CA genes. The progenitor
potential of LGR5" cells further suggests a limited stem
cell pool in the germinal epithelium, indicating new
paradigms for ovarian regenerative capacity (Dholariya et
al,, 2022, Varghese et al., 2022).
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5. HORMONAL AND GENE REGULATORY FACTORS
IN OVARIAN DEVELOPMENT

5.1 Hormonal Effects

e Growth Hormone (GH) and IGF-1: GH directly
supports follicle growth and maturation through ovarian
receptors, enhances oocyte quality, and reduces follicular
atresia. It upregulates gonadotropin receptors, increasing
ovarian cell sensitivity to FSH and LH. GH use in patients
with low ovarian reserve or recurrent IVF failure is
associated with improved success rates.

¢ GnRH and Gonadotropins (FSH, LH): Central role
in primary follicle development and oocyte maturation.

e Estrogen and Progesterone Receptors (ESR1,
ESR2, PGR): Display stage-specific expression in oocytes,
granulosa, and theca cells and regulate folliculogenesis,
ovulation, and luteal phase hormonal response.

e Endothelin (EDNRA) and Paracrine Factors:
Facilitate ovulation and follicle rupture, stimulate oocyte
maturation (Meshkovska et al., 2024, Lin et al,, 2023).

5.2 Gene Regulatory Factors

A. Transcription Factors

Transcription Factor | Function

Granulosa differentiation,AMH
FOXL2 regulation

NOBOX, LHX8, FIGLA | Oocyte-specific gene activation
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Transcription Factor | Function

GATA4, NR5A1 Factors initiating steroidogenesis

IRX3/5 Follicle structural organization

B. Epigenetic Regulation

DNA methylation (DNMT1/3a/3b), histone modifications
(H3K27me3, H3K9ac), and non-coding RNAs (miR-145,
miR-21, IncRNA H19) govern oocyte development and
apoptosis control.

C. Key Molecular Markers

Marker Role Expressed In

Ki-67 Proliferation marker Epithelium,granulosa

DNA damage response,
p53 tumor suppressor Elevated in epithelial tumors

Germinal epithelium and

E-cadherin Cell adhesion molecule tumors

Connexin- Oocyte-granulosa

37/43 Gap junction proteins communication

BRCA1/2 DNA repair proteins Associated with cancer risk
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D. Carcinogenic Perspective of Germinal Epithelium

Stage Molecular Event

Chronic ovulation, inflammation,
Carcinogenic Triggers oxidative stress

TP53, BRCA mutations, epigenetic

Genomic Instability silencing

Premalignant EMT (epithelial-mesenchymal
Transformation transition), nuclear B-catenin
Carcinoma Serous, endometrioid, clear cell
Development subtypes

6. CONCLUSSION AND FUTURE PERSPECTIVES

The ovary’s histological structure must be evaluated
not only by microscopic examination but also through
molecular and functional parameters. The germinal
epithelium is accepted as a dynamic structure involved in
ovulation repair, tissue homeostasis, and malignant
transformation. Molecular biology, transcriptional
analyses, and bioinformatics-based platforms have
improved  understanding of the  epithelium'’s
subpopulations, genetic architecture, and functional
networks, opening avenues for new treatment strategies.
Recent high-resolution molecular studies (2020-2025)
provide significant insights into ovarian physiology,
cancer development, and tissue regenerative capacity.
Future research is expected to bridge stem cell biology
and cancer biology, advancing new paradigms in ovarian
health and cancer therapy. Single-cell omics have begun to
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define novel genes and pathway roles (Mantri et al., 2024,
Jinetal,, 2025, Lohmussaar et al.,, 2020, Mehmood Sherazi
etal, 2023).
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1.INTRODUCTION

The most fundamental biological bond established
between mother and foetus throughout pregnancy is
provided by the placenta. This temporary organ, often
referred to as the 'partner’, accompanies the foetus
throughout embryogenesis, developing alongside it to
ensure the continuity of embryonic and foetal life. The
placenta is a barrier that controls the flow of nutrients and
gases between the mother and the fetus. It is also a
dynamic biological system that allows pregnancy to
continue through its endocrine, immune, and metabolic
functions. (Burton and Jauniaux 2015).

The placenta develops from the trophectoderm layer of
the blastocyst, which forms shortly after fertilisation. In
the early stages of implantation, this cell layer
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differentiates into cytotrophoblast and
syncytiotrophoblast cells, initiating the invasion of the
uterine mucosa (Herrick and Bordoni 2023). This process
involves a delicate balance of mechanical and biochemical
signals, forming the morphological basis of placental
development. At the same time, the process of
decidualisation in the maternal endometrium supports
the invasive capacity of trophoblast cells, thereby
contributing to the formation of the uteroplacental
connection (Mohamad 2001, Herrick and Bordoni 2023).

During this period, the uteroplacental interface formed
between the maternal decidua and fetal trophoblast cells
becomes a site of complex interactions. This
microenvironment functions as both a physical contact
point and a site where cell-to-cell and cell-to-matrix
interactions are regulated, as well as a place where
growth factors, cytokines, and immune signals
dynamically interact. Trophoblast invasion, spiral artery
remodelling and chorionic villi maturation occur through
the coordinated interaction of molecular regulators at this
interface (Huang, Hsueh et al. 2023, O'Brien and Wang
2023).

Integrins, cadherins, focal adhesion kinase (FAK),
vascular endothelial growth factor (VEGF), and
transforming growth factor-beta (TGF-B) are the main
molecular factors that play a role in this process (Vornic,
Buciu et al. 2024). These factors guide the morphological
maturation of placental tissue by controlling basic
processes like cell adhesion, migration, proliferation, and
angiogenesis. Any disruption to this complex network
could lead to serious obstetric conditions, such as pre-
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eclampsia, intrauterine growth restriction (IUGR), and
miscarriage (Chaddha, Viero et al. 2004, Longtine and
Nelson 2011, Baczkowska, Zgliczynska et al. 2021, Gusella,
Martignoni et al. 2024).

Consequently, the placenta and its functional unit, the
uteroplacental interface, represent a unique biological
model of the simultaneous and harmonious functioning of
morphological structures and molecular mechanisms.
This section will discuss the structural organisation of the
human placenta and the molecular signals that direct
cellular behaviour as parallel processes.

2. FORMATION OF THE PLACENTA

Placenta formation begins with the separation of the
trophectoderm from the inner cell mass during the early
stages of embryogenesis. This separation marks the initial
division of labour between the embryonic and
extraembryonic tissues. While the inner cell mass gives
rise to the structures that form the embryo, the
trophectoderm communicates with the maternal tissue to
initiate implantation, becoming the precursor cells of the
placenta in the process (Turco and Moffett, 2019). These
cells then differentiate at the implantation site to form the
cytotrophoblast and syncytiotrophoblast layers. The
cytotrophoblasts, which have proliferative properties, are
responsible for cell renewal, while the
syncytiotrophoblasts invade the maternal endometrium
to establish the embryo's first physiological connection
with the mother. This early trophoblastic differentiation
process is highly coordinated in terms of both
morphological organisation and molecular
signalling(Boss et al., 2018). Cell adhesion molecules (e.g.
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integrins), matrix metalloproteinases and growth factors
(especially members of the VEGF and EGF families) direct
the formation of placental villi by regulating the invasive
capacity of trophoblasts (Aplin et al.,, 2009, Zhao et al,,
2006, Cohen et al,, 2006, McEwan et al.,, 2009). Following
implantation, primary villi form as cytotrophoblast cells
extend into the syncytiotrophoblast. These villi then
develop into secondary villi through the migration of
mesenchymal cells into the trophoblast cells. Later,
tertiary villi form when mesenchymal cells turn into fetal
capillaries. These sequential morphological events lead to
the formation of a mature placenta from chorionic villi
and the surrounding maternal decidua. Chorionic villi
possess a stromal architecture delineated by a layer of
syncytiotrophoblasts. Underlying this are proliferative
cytotrophoblast cells, as well as fetal capillary networks,
fibroblasts, Hofbauer cells and extracellular matrix
components (Castellucci et al., 1990, Burton and Jauniaux,
2021). This microscopic organisation is in direct contact
with the intervillous spaces, which are filled with
maternal blood. This facilitates the exchange of gases,
nutrients and metabolites between the mother and the
fetus.

Within tertiary villi, fetal capillaries approach the
surface of the syncytiotrophoblast, thereby reducing the
diffusion distance. Furthermore, Hofbauer cells and
mesenchymal cells within the villus stroma play a role in
immune tolerance and angiogenesis. In this respect, the
placenta functions as both a 'transport organ' and a
dynamic system whose morphological organisation is
integrated with molecular signalling networks (Huppertz,
2023, James et al., 2022)
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2.1. Trophoblast Differentiation and Villus
Development

Trophoblast differentiation and villus development
form the morphological framework of the placenta and
are highly regulated at the molecular level. During this
process, events such as cell proliferation, adhesion,
invasion and fusion occur interdependently to create the
placenta's dynamic and functional integrity.

2.2. Placental Circulation and Formation of The
Uteroplacental interface

The development of placental circulation
necessitates close interaction between tissues of
embryonic and maternal origin. This interaction results in
the formation of the uteroplacental interface, which
creates a dynamic microenvironment where the exchange
of nutrients, gases and waste occurs between the mother
and the foetus. Following implantation, extravillous
trophoblasts (EVTSs), which are derived from trophoblast
cells, invade the maternal endometrium (Park, Mani et al.
2022). These cells settle in the walls of the uterine spiral
arteries, initiating vascular remodelling. The spiral
arteries, which are normally lined by muscle and
endothelial cells, transform into low-resistance, high-
capacity blood channels under the influence of EVTs. This
facilitates the flow of maternal blood into the intervillous
spaces, ensuring the continuity of placental circulation
(Park, Mani et al. 2022). During this remodelling process,
the uteroplacental interface develops into a complex
region between the decidua basalis, the extravillous
trophoblast layer and the maternal vascular structures.
This interface not only provides a physical basis for the
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exchange of substances, but also acts as a biological
boundary through which immunological tolerance and
cellular communication are regulated (Wu, Chen et al.
2022). Here, EVTs interact with maternal immune cells by
expressing non-classical MHC molecules, such as HLA-G,
which contribute to the suppression of the immune
response against the foetus. On the fetal side, contact
between the developing capillary network and the
maternal intervillous spaces establishes the placental
barrier (Xu, Li et al. 2021, Wang, Han et al. 2024). This
barrier comprises the syncytiotrophoblast, the basal
lamina, the capillary endothelium in the villous stroma
and supporting matrix components. During early
embryonic development, this barrier is thick and contains
many cell layers. As pregnancy progresses, however, it
thins and becomes highly permeable to substances.
Consequently, oxygen and nutrient transfer becomes
more efficient while immunological selectivity is
maintained (Turco and Moffett 2019). If the
uteroplacental interface is not properly organised,
morphological complications such as the inadequate
transformation of spiral arteries and a lack of trophoblast
invasion can occur. Therefore, the morphological
maturation of the placental circulation is critical for both
nutrient transfer and maintaining a healthy pregnancy.

3. INTERACTIONS BETWEEN MOLECULES AND
SIGNALING PATHWAYS

In the early stages of placental development, the
maternal-embryonic  interface is a  dynamic
microenvironment where complex molecular interactions
control how cells stick together, move, and change into
various kinds of cells. This process starts with
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implantation and goes on through the migration and
invasion of trophoblast cells into the endometrium. It
ends with the formation of placental villi. Cytokines,
growth factors, adhesion molecules, and extracellular
matrix components work together to control
communication between cells (Bondarenko and Turco
2025).

3.1. Molecular Interactions At The Maternal-
Embryonic Interface

During the early phase of implantation, a bidirectional
molecular dialogue is established between the
trophoblast and the endometrial cells (Santos, Millan de la
Blanca et al. 2025). During the secretory phase of the
endometrium, increased levels of the molecules LIF
(leukaemia inhibitory factor), IL-6, IL-11 and
prostaglandins facilitate trophoblast adhesion (Van
Mourik, Macklon et al. 2009). Integrin avf3, a5p1, and
laminin receptors on the trophoblast surface interact with
elements of the endometrial basal lamina to maintain
implantation  stability  (Kimber 2008). Matrix
metalloproteinases (MMP-2 and MMP-9) alter this
process by breaking down the extracellular matrix, which
lets trophoblasts invade the uterine stroma (Ren, Cui et al.
2018). Growth factors like VEGF, FGF2, EGF, TGF-, and
HIF-1a are very important for controlling how
trophoblasts move. The activation of HIF-1a, especially in
hypoxic environments, facilitates the acquisition of an
invasive phenotype by trophoblasts, thereby sustaining
placental vascularization and villus development during
the initial phases of implantation (Patel, Landers et al.
2010; Hoffmann, Saoudi et al. 2012).Meanwhile, the
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Notch, Wnt/B-catenin and MAPK/ERK signalling
pathways are intracellular pathways that regulate
trophoblast proliferation and invasion (Menchero, Rayon
etal. 2017, Lawless, Qin et al. 2023).

3.2. Molecular Regulation Of Trophoblast
Migration And Uterine Invasion

Invasion of the uterine tissue is a physiological process
in which the EVT must not only progress, but also know
how far to advance. Therefore, the mechanism
simultaneously involves signals that initiate and limit
invasion. In the very early stages of implantation,
trophoblast cells exhibit an epithelial-like phenotype and
express high levels of integrins that are more
characteristic of epithelia, such as a6p4 and avp5(Aplin
1993, Johnson, Burghardt et al. 2023). In invasive EVTs
that progress into the uterine stroma, the integrin profile
changes (integrin switching) and the expression of a1f1,
a5p1 and avp3 increases, favouring a
mesenchymal/invasive phenotype (Rout, Wang et al.
2004). Integrin a1p1 facilitates attachment to the decidual
basal lamina by binding to type IV collagen and laminin.
Integrin a5p1 regulates the repulsion-repulsion cycle of
progressive EVTs by binding to fibronectin. Because it can
bind both vitronectin and osteopontin, integrin avp3 is
one of the molecules that facilitate adaptation to the
decidual ECM. While this transition is not as drastic as
classic EMT (epithelial-mesenchymal transition), it
exhibits an intermediate phenotype described as the
'EMT-like trophoblast transition', characterised by
decreased E-cadherin and increased N-cadherin and
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certain cytoskeletal regulators (E. Davies, Pollheimer et al.
2016, Dhar, Singh et al. 2020).

3.2.1. Controlled Destruction Of The ECM Via The
MMP-Upa-TIMP Acxis.

In order to enter the stroma, the trophoblast must
loosen the decidual extracellular matrix (ECM) without
destroying it. This process involves the coordinated action
of matrix metalloproteinases (MMP-2 and MMP-9), the
plasminogen activator system (uPA/uPAR) and tissue
inhibitors (TIMP-1 and TIMP-2) (Floridon, Nielsen et al.
2000, Walter and Boos 2001). MMP-2 is more effective at
breaking down type IV collagen and gelatin, which opens
the basal lamina. In contrast, MMP-9 is more aggressive
and degrades ECM components. In EVTs, MMP-2 levels
rise early on, while MMP-9 levels rise slightly later in the
invasion phase. Trophoblasts secrete uPA and produce
plasmin, which directly degrades the ECM and activates
MMPs. The presence of uPAR on the trophoblast surface
enables localised proteolysis. Both decidual cells and the
trophoblast itself produce TIMP. This enables MMP
activity to proceed in a tunnelling fashion (Xu, Wang et al.
2000, Szabova, Son et al. 2010).

3.2.2 Focal Adhesion And FAK/Src Signalling.

In trophoblasts that are attached to the ECM via
integrins, focal adhesion kinase (FAK) becomes activated
within the cell (MacPhee, Mostachfi et al. 2001). This
activation is crucial for modifying the actin cytoskeleton,
making lamellipods and filopodia at the front of the cell,
and figuring out which way the cell will move. FAK
frequently associates with Src tyrosine kinase,
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subsequently activating the MAPK/ERK pathway and
facilitating cytoskeletal reorganization and trophoblast
proliferation (Tang, Zhao et al. 2012). Therefore, FAK
regulates both the mechanical progression of invasion and
the balance between energy requirements and
proliferation (Liang, Yi et al. 2025).

FAK activation is triggered by integrin binding at
trophoblast adhesion points and by increased mechanical
tension. Once activated, FAK facilitates cell migration by
phosphorylating downstream effectors such as paxillin,
vinculin, talin and Akt (Deramaudt, Dujardin et al. 2014,
Lopez-Colomé, Lee-Rivera et al. 2017). However, this
pathway is not always active. The maternal decidua
secretes decorin, TGF-B and some heparan sulfate
proteoglycans, which limit the depth of invasion. These
molecules interrupt the signalling pathway by
suppressing the phosphorylation of Tyr397, which is the
FAK autophosphorylation site. This slows trophoblast
velocity, reduces lamellipod dynamics and restricts cell
migration to a limited area (Park, Lee et al. 2021, Halari
2022). Silencing FAK forms part of the 'physiological
brake' system in the placenta. This mechanism also sheds
light on the question: Why is invasion in the placenta not
as uncontrolled as it is in cancer cells? Rather than
carrying a continuously active FAK signal, as cancer cells
do, trophoblast cells exhibit cyclical activation that is
suppressed by anti-invasive molecules from the
surrounding tissue. Furthermore, FAK signalling affects
not only mechanical movement, but also evasion of
apoptosis. However, TGF-p signalling from the decidua
attenuates this FAK/ERK-mediated survival signal,
causing trophoblasts to pause once invasion is complete.
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Thus, placental invasion can be considered a 'controlled
invasion model' that utilises molecular tools similar to
those in cancer, but deploys them in a more limited spatial
and temporal manner (Velicky, Knofler et al. 2016,
Oliveira, Salgado et al. 2021).

3.2.3 Hypoxia Sensitivity and HIF-1a.

During the early stages of pregnancy, the spiral
arteries have not yet fully dilated, resulting in a hypoxic
environment. In such an environment, HIF-1o remains
stable in hypoxic trophoblasts, while VEGF, PIGF, some
MMPs and Notch components increase. This stimulates
vascularisation and preserves the invasive phenotype.
Once the spiral arteries have undergone sufficient
remodelling, oxygen levels increase and HIF-1a decreases,
which naturally slows trophoblast invasion as it reaches
its target. Therefore, oxygen levels act as a biological
chronometer (Zhao, Wong et al. 2021, Shigemitsu, Naruse
etal. 2022).

3.2.4 Decidua-induced “Brake” Signals

Uterine tissue is not passive; it can actively produce
'‘come’ or 'go’ signals that counteract the behaviour of
trophoblast cells (Aplin and Kimber, 2004). Key
regulatory signals include TGF-B1 and TGF-B3(Simpson et
al, 2002). These isoforms are released by decidual
stromal cells and activate TGF-B receptors on the
trophoblast surface, thereby initiating the Smad2/3-
mediated signalling pathway (Wu et al., 2001). When this
pathway is turned on, the levels of TIMP-1 and TIMP-2 go
up while the levels of MMP-2 and MMP-9 go down in
trophoblasts. So, the uterine tissue sets up a biochemical
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brake system that stops "go" signals from FAK and ERK,
which controls how deep the invasion goes (Li et al., 2021,
Oujo et al, 2013). The regulatory response of uterine
tissue extends beyond TGF-B alone. Decorin, a
proteoglycan bound to the extracellular matrix, directly
suppresses growth factor receptors (especially EGFR and
Met) on the trophoblast surface, thereby reducing the
intensity of proliferative and migratory signals. Similarly,
depending on microenvironmental conditions, the
Activin-Inhibin system can either promote or limit
invasion; however, in a decidua-dominated environment,
it generally acts as an inhibitor. These multilayered
signals ensure that uterine invasion remains
physiological, due not only to the strength of the
trophoblast, but also to the decidua's ability to act as a
smart barrier, directing and, when necessary, halting
invasion (Pijnenborg, 1998).

3.2.5 Immune Microenvironment: Dnk Cells And
HLA-G

Unlike peripheral NK cells, which are classically
cytotoxic, the decidua contains decidual NK (dNK) cells.
Rather than killing trophoblast cells by recognising HLA-
G, HLA-E and, to some extent, HLA-C molecules on their
surface, these cells establish a tolerance-based
communication bridge between the maternal immune
system and the trophoblasts (Xu et al., 2020, Tilburgs et
al,, 2015). Not only do dNK cells create a passive tolerance
environment, they also support spiral artery remodelling
by secreting mediators such as [FN-y, VEGF-C (Kalkunte et
al, 2009, Zhang et al., 2021). This enables trophoblast
invasion to proceed within a vascular network that can
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supply oxygen and nutrients. However, when invasion
becomes excessively deep, the cytokine profile of dNK
cells changes and the release of restrictive mediators such
as IL-8 and TNF-a increases (Jin et al., 2023). This leads to
a natural slowdown in invasion. Thus, the decidua
controls the rate and depth of invasion via a biological
balancing mechanism involving the immune system. This
characteristic is one of the most striking differences that
distinguishes the placenta from cancer. While cancer cells
alter their HLA expression to escape immune surveillance
and become invisible, trophoblast cells progress by
'negotiating’ with the immune system. Therefore,
placental invasion is a physiological process resulting
from immune cooperation rather than immune
suppression.

3.2.6 The Difference With Cancer: Negative
Feedback Circuits

Like trophoblasts, cancer cells produce MMPs, alter
their integrin profile and invade surrounding tissues
using  epithelial-mesenchymal  transition  (EMT)
programmes. However, the key difference between the
two cell types lies in how and for how long they utilise
these molecular tools. Cancer cells become insensitive to
the anti-invasive arm of TGF-B signalling, thereby
escaping its suppressive effects. Typically, TGF-p
suppresses MMP expression via SMAD2/3 and restricts
matrix degradation by increasing TIMPs. Neoplastic cells,
however, do not respond to this signal and, in some cases,
even transform TGF-f into a tool that enhances invasion.
Similarly, despite TIMP suppression, they continue to
produce MMPs, tipping the proteolytic balance in their
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favour and excessively degrading surrounding tissues.
Furthermore, while cancer cells respond to hypoxia via
HIF-1a, this response does not permit stalling; rather, it
continuously stimulates angiogenesis, glycolysis and
motility (Kshitiz et al., 2019, Macklin et al., 2017, Masoud
and Li, 2015). Ultimately, invasion becomes an
unrestrained, self-perpetuating cycle. The situation is
radically different in trophoblasts. Hypoxia, decidual
signals, and maternal immune homeostasis constitute an
interrelated, three-layered "biological brake system." Low
oxygen levels encourage invasion until a specific limit is
reached (Bagchi and Bagchi, 2024). But when oxygen
levels go up, HIF-1a is turned off, and the trophoblast
starts to differentiate. The decidua also lowers MMP
activity by using molecules like TGF-B, decorin, and
inhibin. At the same time, dNK cells change the cytokine
profile to slow down invasion. Thus, although both cancer
cells and trophoblasts utilise similar molecular tools —
MMPs, integrins, EMT factors and HIF-1loa pathways —
placental invasion is a process in which these tools are
deployed in a controlled manner within physiological
limits. Cancer becomes destructive when it evades these
brake mechanisms, whereas the trophoblast can progress
in concert with maternal signals and stop when the time
is right (Ng et al., 2020, Mehjabin and Akanda, 2025).

4.CONCLUSSION

The remarkable coordination of complex processes,
including cell migration, adhesion, proteolytic activity,
angiogenesis, and immune regulation, enables placental
invasion into the uterus. These processes are dependent
on time and space. Like neoplastic cells, trophoblast cells
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activate MMPs, alter their integrin profile, execute EMT-
like programmes and respond to hypoxia, albeit in a
limited, targeted and transient manner. Decidua-derived
signals slow cell movement via decorin and the TGF-$
family, suppressing FAK phosphorylation. dNK -cells
monitor the depth of invasion and, if necessary, halt the
process by altering the cytokine balance. An increase in
hypoxia halts HIF-10-initiated invasion before it reaches a
threshold. Thus, the placenta becomes a structure that
advances while also knowing its own boundaries. This
remarkable process demonstrates how the invasive
power of living tissues can be limited by biological
intelligence. Placental invasion strikes a balance between
the cells' desire to advance and the protective power of
order. This balance can be seen as evidence of how nature
controls even invasion in order to sustain life.
Consequently, placental invasion is one of the most
striking examples of how nature controls cancer.
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