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PREFACE

Physiology lies at the heart of the life sciences, providing an integrated explanation of biological
function from the cellular level to organ systems and the whole organism. Today, however,
physiology is no longer confined to describing “normal function” in isolation. It is increasingly
shaped by a multidisciplinary perspective that spans exercise and performance physiology,
neurophysiology, endocrine regulation, cardiorespiratory control, redox biology, and emerging
concepts such as the microbiota brain axis. This transformation strengthens preventive
approaches in health sciences and offers a renewed framework for clinical practice and public
health policy.

This book was prepared to reflect the contemporary and evolving scope of physiology. Across
its chapters, readers will encounter a diverse range of topics, including cardiorespiratory
recovery, respiratory control, and mechanisms underlying shooting accuracy in biathlon the
effects of aerobic exercise on learning and synaptic plasticity the influence of endocrine
disrupting chemicals on the nervous system neurotrophic factors, the physiological basis of
behavior, congenital heart diseases, newborn physiology, and experimental models, among
others. By bringing these themes together, the volume aims to support a deeper understanding
of core physiological principles while highlighting system level interactions and translational
relevance.

We hope this book will serve as a reliable reference for undergraduate and graduate students,
and as a useful resource for researchers and practitioners seeking an up to date synthesis of key
concepts and discussions in modern physiology. The dedication and scientific rigor of the
contributing authors represent the greatest strength of this work. We sincerely thank all chapter
authors, everyone who supported the editorial process, and our readers who value the
dissemination of scientific knowledge.

Ultimately, this volume seeks to connect physiology’s foundational mission understanding life
with current approaches that encourage new questions, inspire further research, and contribute
to better health outcomes.

Asst. Prof. Dr. Mehmet OZSAN
Editor
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BOLUM 1

Pathophysiological Basis of Male Osteoporosis: The
Role of Hormonal and Biochemical Parameters in
Bone Metabolism

Mehmet OZSAN!

Introduction

For many years, osteoporosis was characterized as a “women’s
disease,” and its significance in men was systematically overlooked.
While most clinical trials and epidemiological data focused on
postmenopausal women, male osteoporosis was often regarded as
secondary and clinically less important (Porcelli & Maffezzoni,
2020). However, recent reviews have shown that osteoporosis in
men is far more common than previously assumed and that fracture
risk rises markedly, particularly in older men (Ruggiero et al., 2021).
One key consequence of this historical neglect is delayed diagnosis
in men. Whereas screening and early intervention programs are
widespread for women, diagnosis in men is most often made after a
fracture has occurred (Kiebzak et al., 2002). This has led to increased
mortality and morbidity among male patients. Moreover, insufficient
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investigation of male specific pathophysiological mechanisms has
meant that therapeutic targets in clinical practice have been
extrapolated from female data (Orwoll et al., 2009).

In recent years, bibliometric analyses have shown that
publications on male osteoporosis still constitute only a small
fraction of the overall osteoporosis literature (Wu et al., 2021). This
highlights a substantial research gap and underscores the need to
consider male osteoporosis as a distinct clinical entity.

The prevalence of osteoporosis in men increases markedly
with age. Global studies indicate that, among men over 70 years of
age, prevalence can reach levels comparable to those in women
(Porcelli et al., 2020). Nevertheless, the clinical consequences of
osteoporotic fractures are more severe in men mortality after hip
fracture is higher in men than in women (Zhu et al., 2023). Thus,
male osteoporosis represents a serious public health problem not
only in terms of prevalence but also in outcomes. On a global scale,
analyses show that disability and deaths attributable to low bone
mineral density (BMD) constitute an overlooked burden in men.
Over the past three decades, disability adjusted life years (DALY's)
associated with low BMD have increased among men (Zhu et al.,
2023). Despite this, diagnosis and treatment rates for osteoporosis in
men remain far lower than in women (Binkley, 2006). There are also
clear sex differences in post fracture care pathways. Women are more
likely to access pharmacological treatment for osteoporosis, whereas
many men remain untreated even after a fracture (Kiebzak et al.,
2002). This pattern demonstrates that male osteoporosis is an
expanding clinical and economic burden for health systems.

Sex related differences in osteoporosis manifest at both
epidemiological and pathophysiological levels. In women, rapid
bone loss occurs after menopause due to estrogen deficiency,
whereas in men bone loss progresses more slowly but continuously

(Duan et al.,, 2001). This difference contributes to osteoporosis
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presenting more frequently at older ages in men. Additionally, men
tend to have thicker cortical bone layers, a factor that initially
reduces fracture risk. However, age related declines in testosterone
and estrogen adversely affect bone microarchitecture and increase
fracture risk (Chiodini & Palermo, 2021). The higher rates of
complications and mortality after fractures in men further underline
the clinical importance of these differences. Recent epidemiological
studies emphasize that osteoporosis differs between women and men
not only in prevalence but also in disease course, fracture patterns,
and treatment responses (Guggenbuhl, 2009). Therefore, managing
male osteoporosis using diagnostic and therapeutic criteria derived
from female data leads to important shortcomings in clinical
practice.

Fundamentals of Male Bone Physiology

Bone tissue is a continuously renewing dynamic structure
maintained by the interaction of osteoblasts, osteoclasts, and
osteocytes. Osteoblasts synthesize new bone matrix, osteoclasts are
responsible for resorption, and osteocytes the most abundant cell
type in bone act as mechanosensors regulating the remodeling
process (Russo et al., 2021). In men, this cellular balance is closely
linked to hormones such as testosterone and estrogen. The structural
differences between healthy and osteoporotic bone tissue are
illustrated in Figure 1.
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Figure-1 Structural comparison of healthy bone tissue (right) and
osteoporotic bone tissue (left), showing trabecular thinning and
cortical loss (adapted from Texas Back Institute, 2023).

Osteocytes, in particular, sense mechanical loading through
the lacunar—canalicular system and regulate osteoclast activity by
modulating the RANKL/OPG balance (Almeida et al., 2016). In
men, the cortical component of bone tissue is thicker than in women,
which contributes to a lower fracture risk at younger ages (Ruggiero
etal.,2021). However, with aging, hormonal deficiencies disrupt this
balance, leading to bone loss. Recent molecular studies have shown
that androgen and estrogen receptors are directly expressed in male
bone cells, indicating that sex steroids exert direct effects on both
osteoblast differentiation and osteoclast apoptosis (Rochira, 2020).

Peak bone mass in men is typically reached between the late
20s and early 30s. During this period, bone mass levels are higher
compared to women, which explains why the onset of osteoporosis
in men usually occurs at a later age (Cantellano-Sanchez et al.,
2023). Genetic factors, nutrition, physical activity, and hormonal
regulation play fundamental roles in determining peak bone mass.

Androgens promote bone mineralization during puberty, while
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estrogen plays a critical role in epiphyseal closure and the
stabilization of bone density (Hsu & Chen, 2024). In young men with
testosterone deficiency or impaired aromatization, peak bone mass
may fail to develop adequately, becoming a major risk factor for
osteoporosis in later life (Oduwegwu & Kalhan, 2022). A higher
peak bone mass is considered a buffering factor against subsequent
bone loss in later years. Therefore, in young men, a healthy lifestyle,
sufficient calcium and vitamin D intake, and regular exercise are
critically important for the prevention of osteoporosis (Russo et al.,
2021).

With aging, both cortical and trabecular compartments of bone
undergo structural changes in men. Declining testosterone, reduced
estrogen levels, and elevated SHBG accelerate bone loss (Ruggiero
etal., 2021). Notably, estrogen deficiency has been shown to be just
as strongly associated with fracture risk in men as it is in women
(Almeida et al., 2016). Another age related alteration is the decline
in osteoblast function and increased osteocyte apoptosis, which
reduce remodeling capacity and lead to microarchitectural
deterioration (Russo et al., 2021). Moreover, elevated parathyroid
hormone (PTH) levels and frequent vitamin D deficiency promote
secondary hyperparathyroidism, further exacerbating bone loss
(Condorelli et al., 2019). In conclusion, aging accelerates bone loss
in men not only through hormonal deficiencies but also via cellular
senescence, inflammatory processes, and metabolic changes.

The Role of Hormones

Testosterone exerts its effects on bone cells both directly
through androgen receptors and indirectly via estrogen. Free
testosterone, being biologically more active than total testosterone,
stimulates osteoblast proliferation and differentiation (Mohamad et
al.,, 2016). Low levels of free testosterone in men are strongly
associated with reduced bone mineral density (BMD) and an

increased risk of fractures (Tenuta et al., 2025). Additionally,
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testosterone indirectly protects the skeletal system by increasing
muscle mass. The strong relationship between sarcopenia and
osteoporosis in men underscores the critical role of testosterone in
both bone and muscle health (Ruggiero et al., 2021). Clinical
evidence shows that testosterone replacement therapy in
hypogonadal men significantly improves BMD. However, whether
this translates into a reduction in fracture risk remains controversial
(Oduwegwu & Kalhan, 2022).

Although testosterone was long considered the primary
determinant of male bone physiology, recent studies have
demonstrated that estrogen also plays a crucial role in men. The
aromatization of testosterone into estrogen via the aromatase enzyme
is essential for epiphyseal closure and the preservation of bone
mineralization (Almeida et al., 2016). Low estradiol levels in men
are strongly associated with vertebral fractures (Rochira, 2020).
Experimental models have confirmed that estrogen receptors are
expressed in osteoblasts, osteoclasts, and osteocytes, and that
estrogen plays a direct role in bone remodeling (Hsu & Chen, 2024).
These findings suggest that male osteoporosis is related not only to
androgen deficiency but also to estrogen deficiency. Thus, the
pathophysiology of male osteoporosis is shaped by the reciprocal
interaction between the androgen—estrogen axis. In clinical practice,
it is therefore recommended to assess not only testosterone but also
estradiol levels (Cantellano-Sanchez et al., 2023).

SHBG binds the majority of circulating testosterone and
estrogen, thereby limiting their bioavailability. The free fraction of
these hormones is responsible for their direct biological effects. With
aging, SHBG levels rise in men, resulting in reduced free
testosterone and estradiol, which in turn increases the risk of
osteoporosis (Hsu & Chen, 2024). Studies have shown that SHBG
may serve as an independent biomarker for predicting fracture risk
(Ruggiero et al., 2021). Elevated SHBG levels, when considered
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alongside low free testosterone, have been reported as a strong
predictor of osteoporosis in men (Ryt et al., 2020). However, SHBG
levels are also influenced by factors such as obesity, insulin
resistance, and liver function. For this reason, clinical evaluation
should include not only SHBG but also calculations of bioavailable
testosterone and estradiol (Tenuta et al., 2025).

Hypogonadism and bone loss

Hypogonadism is one of the strongest secondary causes of
male osteoporosis. In men with either primary or secondary
hypogonadism, bone mineral density (BMD) is significantly
reduced, and fracture risk is increased (Oduwegwu & Kalhan, 2022).
In particular, late onset hypogonadism, associated with age related
hormonal decline, represents a primary mechanism of osteoporosis
in men. Beyond its direct stimulatory effect on bone formation,
testosterone also supports skeletal health by enhancing muscle
strength, which increases mechanical loading on bone.

Clinical observations indicate that testosterone replacement in
hypogonadal men can improve BMD, though its effectiveness in
reducing fracture incidence remains unconfirmed (Cantellano-
Sanchez et al., 2023). When left untreated, hypogonadism
significantly increases mortality after hip fracture compared with
eugonadal men (Ruggiero et al., 2021). This highlights the necessity
of managing hypogonadism not only due to its impact on bone
density, but also because of its effects on muscle strength, fall risk,
and overall systemic health.

The effects of hypogonadism on bone cannot be explained
solely by testosterone deficiency the decline in estrogen levels
resulting from reduced aromatization of testosterone also contributes
to osteoporosis risk. Estradiol levels play a particularly decisive role
in trabecular bone formation in men, and levels below 15-20 pg/mL
have been shown to significantly increase fracture risk (Hsu & Chen,
2024). Therefore, maintaining bone health in men requires

evaluation of both androgen and estrogen status. Recent studies have
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revealed that hypogonadism disrupts bone metabolism not only
hormonally but also through osteocyte signaling and the Wnt/B-
catenin pathway. Specifically, testosterone deficiency increases
sclerostin levels, which suppress bone formation and diminish
anabolic responses (Tenuta et al., 2025). These findings suggest that
treatment strategies should consider not only hormone levels but also
biochemical regulators within the bone microenvironment.

Furthermore, hypogonadism is often accompanied by low
IGF-I levels and increased SHBG concentrations, which act as
synergistic factors accelerating bone loss. In this biochemical milieu,
the free fraction of testosterone is reduced, diminishing its effects on
target tissues. Thus, the evaluation of hypogonadism should not rely
solely on total testosterone but should include free testosterone,
SHBG, estradiol, and IGF-I levels (Antonio et al., 2025). Such a
comprehensive approach provides a basis for developing
individualized treatment strategies in clinical practice.

Biochemical Regulators of Male Bone Metabolism

Parathyroid hormone (PTH) is a key regulator of calcium
phosphorus metabolism. In men, age related increases in PTH
accelerate cortical bone resorption and contribute to the development
of osteoporosis. Vitamin D deficiency, which is common in elderly
men, further amplifies this effect by inducing secondary
hyperparathyroidism. As a result, bone loss is more pronounced in
cortical rather than trabecular compartments, helping to explain
differences in fracture patterns between men and women (Hsu et al.,
2024). Importantly, the distinction between pulsatile and continuous
PTH secretion also matters: pulsatile release has anabolic effects,
while sustained elevations exert catabolic effects on bone (Joseph,
2012). In aging men, persistently elevated levels are more common,
undermining cortical bone integrity.

Vitamin D deficiency is one of the most frequent biochemical
contributors to the pathophysiology of male osteoporosis. Declines
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in serum 25-OHD reduce calcium absorption, increase PTH
secretion, and accelerate bone loss through secondary
hyperparathyroidism (Chiodini & Palermo, 2021). Although vitamin
D deficiency in men tends to manifest later than in women, it
significantly elevates fracture risk. Meta analyses have identified
low 25-OHD levels as a strong predictor of hip fracture in men (Hsu
et al., 2024). In addition, polymorphisms in the vitamin D binding
protein gene have been shown to influence bone density in men
(Rivera-Paredez et al., 2021). Thus, in the male population,
evaluation of osteoporosis risk should consider not only serum
vitamin D levels but also genetic and binding protein differences.

Insulin like growth factor I (IGF-I), stimulated by growth
hormone (GH), is critical for bone growth and adult bone
remodeling. IGF-I promotes osteoblast proliferation and
differentiation while indirectly modulating osteoclast activity (Kim
etal.,2017). Age related decline in the GH/IGF-I axis in men impairs
the maintenance of peak bone mass and accelerates subsequent bone
loss. Low serum IGF-I levels have been independently linked to
reduced BMD and increased fracture risk in elderly men
(Kuliczkowska-Ptaksej et al., 2024). While GH replacement has
been shown to stimulate osteoblast activity and improve bone health,
its long term impact on fracture risk remains uncertain. Accordingly,
IGF-I serves as both a risk marker and a potential therapeutic target
in male osteoporosis.

Calcium and phosphorus are fundamental components of bone
mineralization. With aging, intestinal calcium absorption decreases
and renal phosphate regulation becomes impaired, disturbing
mineral homeostasis. These imbalances, in conjunction with altered
PTH and vitamin D metabolism, establish the biochemical
foundation of osteoporosis in men (Ontjes, 2011). In addition,
biochemical markers of bone turnover such as alkaline phosphatase,
osteocalcin, and type I collagen degradation products are used in the
diagnosis and monitoring of male osteoporosis (McCormick, 2007).
Elevated bone resorption markers in particular show strong
correlation with low BMD. More recently, novel biomarkers of
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phosphate calcium metabolism such as fibroblast growth factor 23
(FGF23) and klotho have been implicated in male osteoporosis
(Rostamzadeh et al., 2025).

Interaction of Hormonal and Biochemical Factors

Bone health in men depends not only on testosterone levels but
also on the amount of estrogen derived from the aromatization of
testosterone. The androgen estrogen balance plays a central role in
coordinating osteoblast and osteoclast activity (Almeida et al.,
2016). Low estradiol levels, in particular, are strongly associated
with increased vertebral fracture risk, indicating that estrogen
deficiency alongside androgen deficiency must not be overlooked in
the pathogenesis of male osteoporosis. Estrogen exerts antiresorptive
effects primarily by suppressing RANKL production and thereby
reducing osteoclast activity. In men, disruption of this pathway due
to low estrogen levels cannot be compensated for by testosterone
alone, underscoring estrogen’s pivotal role in male bone health
(Khosla, 2024).

The growth hormone (GH)/insulin like growth factor I (IGF-I)
axis interacts bidirectionally with sex steroids. GH enhances the
skeletal effects of sex steroids, while sex steroids modulate GH
secretion (Kim et al.,, 2017). This interaction is critical for the
attainment of peak bone mass during puberty. With aging, both
weakening of the GH/IGF-I axis and declines in sex steroids reduce
the capacity for bone remodeling, exemplifying the multifactorial
nature of male osteoporosis (Hsu et al., 2024). Although GH/IGF-I
deficiency appears later in men than in postmenopausal women, this
delay complicates early recognition of bone loss and postpones
diagnosis. Because IGF-I levels correlate directly with bone mineral
density (BMD), monitoring IGF-I as a biomarker is clinically
valuable, and its response should also be considered in treatment
strategies, particularly in elderly men (Scanes, 2025).

Sex hormone binding globulin (SHBG) determines the
bioavailability of circulating testosterone and estrogen. Age related
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increases in SHBG reduce free fractions of these hormones,
negatively impacting bone health (Ryt et al., 2020). Elevated SHBG
levels have also been reported as independent predictors of fracture
risk. Thus, SHBG, when considered together with androgen estrogen
balance and IGF-I levels, provides important insights into the
biochemical profile of male osteoporosis (Chiodini & Palermo,
2021). Moreover, some studies suggest that SHBG exerts direct
receptor mediated effects in bone cells, indicating that it should not
be regarded merely as a carrier protein but also as an active
regulatory factor. In particular, age related SHBG elevation may act
synergistically with other hormonal deficiencies to increase
osteoporosis risk (Bennett, 2025).

The physiological adaptations associated with aging in men
are not independent but mutually interactive. Declines in
testosterone and estrogen, increases in SHBG, weakening of the
GH/IGF-I axis, and vitamin D deficiency with secondary
hyperparathyroidism all combine to disrupt bone homeostasis (Hsu
et al., 2024). Male osteoporosis, therefore, cannot be reduced to a
single hormonal deficiency but should instead be understood as the
outcome of multiple endocrine and metabolic adaptations acting in
concert (Maggio et al., 2014). This perspective supports the use of
comprehensive, multidimensional treatment approaches rather than
single target strategies. Clinical experience further highlights the
importance of this holistic view: protocols involving only
testosterone replacement have shown limited improvements in bone
mass, whereas combined approaches integrating vitamin D
supplementation and GH support have produced more substantial
reductions in fracture risk. These findings reinforce that treating the
aging male skeleton requires network level interventions, not
monotherapies (Maggio, 2014).

Clinical Findings

The most widely used method for diagnosing male
osteoporosis is dual energy X-ray absorptiometry (DXA), which
provides measurements of bone mineral density (BMD) and serves
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as a key parameter for predicting fracture risk. However, DXA only
provides areal BMD and does not reflect bone quality,
microarchitecture, or the cortical to trabecular ratio (Li et al., 2025).
In men, the relatively greater cortical bone volume may limit the
sensitivity of DXA in predicting fractures compared with women.
For this reason, quantitative computed tomography (QCT), which
enables volumetric BMD assessment, is particularly valuable for
detecting trabecular bone loss (Wang et al., 2024). Correlation
analyses with hormonal parameters have shown that low free
testosterone and estradiol levels parallel reduced BMD, while
elevated SHBG is independently associated with lower bone density
(Tenuta et al., 2025).

In clinical practice, relying solely on BMD measurements is
insufficient for assessing osteoporosis and fracture risk in men.
Among bone turnover markers (BTMs), serum C-terminal
telopeptide (CTX) and procollagen type 1 N-terminal propeptide
(PINP) have emerged as highly predictive biomarkers (Li et al.,
2022). Low serum IGF-I levels have also been shown to increase
fracture risk independently of BMD, highlighting the importance of
IGF-I as a clinically relevant biochemical marker (Kuliczkowska-
Plaksej et al., 2024). In addition, PTH and 25-OHD levels play
critical roles in fracture risk vitamin D deficiency, in particular,
promotes secondary hyperparathyroidism and accelerates cortical
bone loss. Thus, for more accurate clinical prediction in male
osteoporosis, comprehensive evaluation including hormonal profile,
vitamin D status, and BTMs is recommended (Porcelli &
Maftezzoni, 2020). Beyond biochemical assessment, experimental
evidence also supports the role of regular aerobic exercise in
improving metabolic and endocrine parameters that indirectly
sustain skeletal health (Sakar et al., 2023; Ceylan et al., 2023).

The clinical significance of male osteoporosis is most evident
in its fracture outcomes. Although fracture incidence in men is lower
than in women, post fracture mortality is significantly higher
(Garnero, 2017). This is largely due to later diagnosis in men, a
higher prevalence of comorbidities, and delayed recognition of
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biochemical and hormonal imbalances. From a pathophysiological
perspective, the coexistence of testosterone, estrogen, IGF-I, and
vitamin D deficiencies impairs bone remodeling capacity and
markedly increases fracture risk (Wheather et al., 2013). Hip
fractures are particularly devastating: one year post fracture
mortality in men is approximately twice as high as in women,
providing a striking example of how pathophysiological
mechanisms translate into adverse clinical outcomes (Zhu et al.,
2023).

Discussion

The pathophysiology of osteoporosis in men is more complex
and gradual compared with the rapid postmenopausal bone loss
observed in women. In women, abrupt hormonal changes after
menopause accelerate bone resorption, whereas in men, the gradual
decline in both testosterone and estrogen shifts bone loss to later
decades of life (Porcelli et al., 2020). Importantly, estrogen
deficiency has emerged as a strong determinant of fracture risk in
men, demonstrating that male osteoporosis cannot be explained
solely by androgen deficiency. While reductions in estradiol may not
elevate fracture risk as dramatically as in women, levels below
critical thresholds significantly increase vertebral fracture incidence
(Khosla, 2024). These differences are summarized in Figure 2.

Men Women

Higher peak bone mass and
bigger bone structure

Lower peak bone mass and
smaller bone structure

Slow decline in the concentration
of sex steroids and normal bone
turnover

Menopause leading to adecline in
oestrogen concentration and
higher bone turnover

Loss of trabecular thickness

Loss of trabecular number

Cortical thinning and increased
cortical porosity

[ Favourable [ Unfavourable

Cortical thinning and increased
cortical porosity




Figure-2 Comparison of male and female osteoporosis characteristics. Men
typically have higher peak bone mass and a slower decline in sex steroid levels,
whereas women experience accelerated bone loss after menopause due to estrogen
deficiency (adapted from Vilaca et al., 2022).

The differences between male and female osteoporosis lie not
only in hormone levels but also in their mechanisms of action.
Estrogen exerts antiresorptive effects by suppressing bone
resorption, while testosterone primarily supports bone formation.
These divergent profiles translate into differences in treatment
responses: antiresorptive agents predominate in female therapy,
whereas anabolic strategies appear more effective in men (Almeida
et al,, 2016). Thus, sex specific pathophysiological mechanisms
must be integrated into therapeutic planning.

Hormones influence bone health through both direct and
indirect pathways. Testosterone stimulates bone formation directly
by binding osteoblast receptors, while indirectly preserving bone
density by increasing muscle mass and mechanical loading. Estrogen
promotes osteoclast apoptosis, thereby reducing bone resorption. In
parallel, the GH/IGF-I axis plays an essential role in supporting bone
growth and remodeling at the cellular level. These multifaceted
hormonal interactions highlight that skeletal homeostasis cannot be
attributed to a single hormone (Drake et al., 2015; Vanderschueren
etal., 2014).

A further challenge lies in distinguishing between
physiological and pathological age related hormonal changes. Some
experts interpret declines in testosterone and IGF-I as part of
“normal aging,” while others argue that conditions such as
symptomatic hypogonadism, secondary hyperparathyroidism, or
vitamin D deficiency warrant treatment. This distinction underscores
the need for careful clinical assessment in older men before initiating
interventions (Maggio et al., 2014; Gennari & Bilezikian, 2007). The
current trend favors individualized interventions rather than
passively accepting hormonal decline.
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In addition to classical hormones, recent research has
identified novel biochemical regulators in male bone health.
Molecules such as FGF23, sclerostin, and DKKI1 offer new
mechanistic insights into bone homeostasis. Their differential levels
in men suggest that bone loss is not solely a result of sex steroid
deficiency but also of complex biochemical interactions (Wang et
al., 2024; Li et al., 2024). Male osteoporosis, therefore, should be
understood as a multifactorial and dynamic process that varies across
individuals.

Looking forward, advances in omics technologies are opening
new avenues for the identification of biomarkers in osteoporosis.
Proteomic, metabolomic, and genomic studies are moving beyond
classical bone turnover markers to propose novel candidates for
early diagnosis (Wang et al., 2024; Li et al., 2024). Molecules such
as FGF23, klotho, and sphingosine-1 phosphate (S1P) are emerging
as potential predictors of fracture risk in men.

Therapeutic strategies will also evolve toward hormonal
modulation. Beyond testosterone replacement therapy, approaches
that regulate aromatase activity, employ selective estrogen receptor
modulators (SERMs), or harness IGF-I based therapies are gaining
prominence (Porcelli & Maffezzoni, 2020). Biologic agents,
particularly RANKL inhibitors and sclerostin antibodies, are
currently under investigation for their efficacy in men.

Future clinical practice will likely extend beyond traditional
BMD measurements, incorporating biochemical markers, genetic
risk scores, and artificial intelligence based fracture prediction
models (Li et al., 2022). Given the heterogeneity of osteoporosis in
men, personalized approaches will be essential. Comprehensive
models integrating clinical, hormonal, and biochemical parameters
will form the cornerstone of early detection and effective treatment
strategies in male osteoporosis.

Conclusion
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Male osteoporosis has long been neglected, overshadowed by
a female centered perspective. However, current evidence clearly
demonstrates that osteoporosis in men is far more prevalent than
previously assumed, associated with a high risk of fractures and
greater mortality compared to women. Thus, male osteoporosis
should not be regarded merely as a natural consequence of aging but
as a distinct clinical condition with unique pathophysiological
mechanisms.

From a pathophysiological standpoint, disruption of the
testosterone estrogen balance, elevated SHBG, decline of the
GH/IGF-I  axis, vitamin D deficiency, and secondary
hyperparathyroidism are the main mechanisms accelerating bone
loss in men. These hormonal and biochemical alterations interact
synergistically to impair bone remodeling capacity and increase
fracture risk. In addition, preclinical studies indicate that oxidative
stress and systemic inflammation can exacerbate skeletal fragility,
while antioxidant interventions have been shown to mitigate
hematological and neurotoxic damage (Donmez et al., 2019;
Kisadere et al., 2021). Therefore, understanding male osteoporosis
requires an integrative perspective that considers multiple systemic
adaptations rather than focusing on a single parameter.

Looking forward, the discovery of novel biomarkers, the
development of personalized risk models, and the application of
targeted therapeutic strategies will reshape the paradigm of male
osteoporosis management. In clinical practice, this underscores the
necessity of multidisciplinary approaches involving endocrinology,
geriatrics, and orthopedics, as well as the expansion of screening
programs for men traditionally limited to women.

Ultimately, overlooking male osteoporosis contributes to
preventable fractures and mortality. It should no longer be regarded
as a silent disease but recognized as a global public health priority
requiring urgent attention.
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BOLUM 2

BABALIK DAVRANISININ FIiZYOLOJIK TEMELI

1. Dilek KUZAY AKSOY'

Gebelik, her kadin i¢in bireysel ve sosyal boyutta bir¢cok degisiklige
yol acan dogal bir yasam krizidir. Baba adaylarinda ise biyolojik
slire¢ yasanmamasina ragmen, yeni role uyum saglamada bazi
fizyolojik ve psikolojik degisimler olmaktadir (Barclay, Lupton,
1999: 29(4), Cassel: 1976; 104)

Yeni anne olan diside bebek dogar dogmaz davranis degisiklikleri
gozlenir. Bu davraniglar bebegin derhal bakimini ve korunmasini
temin eden davranislardir ve “annelik davranisi” olarak
isimlendirilir. Annelik ¢ok tipik davranis kaliplarimin sergilendigi
fizyolojik bir durumdur. Memelilerde tiirlin devam edebilmesi
tamamen bebegin anneye bagimli oldugu belli bir donemde ayrintili
annelik hizmetinin ona sunulmasina baghdir.

' Dr. Ogr. Uyesi, Kirsehir Ahi Evran Universitesi Tip Fakiiltesi, Fizyoloji
Anabilim Dali, Orcid: 0000-0002-1460-9883
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Babalarin gebelige ve esine karsi farkli tepkileri olabilmektedir. Bazi
erkeklerde esleri ile duygusal olarak ilgilenme, esinin rahatini
saglama, gebelik, dogum ve ebeveynlige ait bilgileri arastirma,
eslerinin diyetleri ve dinlenme siireleri ile ilgilenme ve dogumda
rehberlik etme seklinde

davraniglar  gozlenebilmektedir (Barlett Edward, 2004:1(2),
Dellman, 2004: 17(3)).

Antropoloji alanindaki vaka ¢alismalari, esleri gebe kalan
erkeklerin, bir slire sonra gebelik belirtileri yasadigindan s6z
etmektedir. Baz1 kiiltiirlerde “Sempatik Gebelik-Couvade” olarak
adlandirilan bu sendrom, babaligin kabuliiniin sembolik bir ifadesi
olarak onaylanmis ve Ogrenilmis sosyal bir davranis olarak
antropologlar tarafindan kayitlara ge¢mistir (Khanobdee ve
Sukratanachaiyakul, 1993: 30(2), Finnbogadottir vd., 2003; 19(2),
Mason ve Elwood, 1995: 32(2))

Baba adaylarmin babalik roliine hazirligi gebelikte baslasa da bu
duygusal durum kadininki kadar gii¢lii degildir. Kadinlarin hormonal
degisiklikler nedeniyle gebelige uyumunun daha kolay oldugu
goriilmektedir. Storey ve arkadaslarinin gebelerin eslerinin gebelik
stiresince hormonal degisiklerini inceleyen ¢alismasinda, babalarin
kortizol ve diger bazi hormon seviyelerinde yiikselme oldugunu
bildirmislerdir. Bu yiikselmenin sebebinin bilinmemesine ragmen
gebeligin, babalar iizerinde biiyiilk degisime neden oldugu ileri
stiriilmiistiir (Storey vd., 2000: 21(2)).

Babalik davranisi memelilerin bir kisminda, 6zellikle de tek esli olan
hayvanlarda gozlenmektedir. Babalik davranisinin faydasi ¢ocugun
yasama sansinin artigidir. Babalik davranislarinin altinda da annelik
davraniglarin1 yoneten beyin yolaklarmmin oldugu sanilmaktadir.
Anneligin noéroendokrin yolaklar1 babalarda da mevcuttur ve
etkindir. Bu davraniglarin aslinda onceden beri beyinde paket

programlar olarak mevcut bulundugu, ancak bir ¢ocukla
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ilgilendikten sonra harekete gectikleri diisiiniilmektedir. Erkek
sicanlar dogumdan sonraki saatlerde yavruya saldirirlar, ancak
birkag giinliik yavruyla beraber bulunma déneminden sonra annelige
benzer davraniglar (yalama, yuvadan uzaklasanlar1 geri getirme)
geligtirirler. (Wynne-Edwards ve Reburn, 2000: 1;15(11))

Annelikle iliskili baglica beyin yapilari: Medial Prefrontal Korteks,
Medial Orbitofrontal Korteks, Anterior Singulat, Talamosingulat
Yolak, Stria Terminalisin Bed Niikleusu (BNST), Lokus seruleus
(LS), Hipotalamusun Medial Preoptik Alani (MPOA), Ventral
Medial Cekirdegi (VMN), Paraventrikiiler Cekirdegi (PVN), Ventral
Tegmental Alan (VTA) ve Iliskili Dopaminerjik Odiil Sistemi’dir.
Ostrojen, prolaktin ve oksitosin, Hipotalamus’un Medial preoptik
alanindaki (MPOA) reseptdrlerine baglanarak emzirme, yuva yapma
gibi annelik davranisin1 uyarmaktadir. Bu alan lezyonunda annelik
davranig1 tamamen ortadan kalkmaktadir. Ayrica dstrojen, prolaktin
ve norepinefrin MPOA ve Ventral tegmental alanda hiicre igi
transkripsiyon faktorii CREB’1 (cAMP ye cevap veren elementi
baglayan protein) artirmak suretiyle annelik davranisini tetikler
(Bartels ve Zeki, 2004: 21(3), Brunton ve Russell, 2008: 9(1), Jin
vd., 2005:133(3), Swain vd., 2007).

Babalik davranisi daha ¢ok prolaktinle iligkilidir. Bebek dogduktan
sonra babalarda prolaktin ylikselmekte ve babalik davranigini
baglatmaktadir. Deneyimli babalarda prolaktin hep yiiksek kalmakta,
bdylece deneyimli babalar her an babalik davranigi sergilemeye
hazir bulunmaktadirlar (Wynne-Edwards ve Reburn, 2000:
1;15(11)). Storey ve arkadaslar1 20-24 aylik ¢ocuklar1 bulunan
babalar ile yaptiklar1 ¢alismada, babalarin ¢ocuklarini gérmeden
gecirdikleri giin sonrasinda prolaktin seviyelerinin arttigini
bildirmislerdir (Storey vd., 2000: 21(2)).
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Bunun disinda babalik davraniginda testosteron da 6nemlidir.
Testosteron genel olarak babalik davranigini  azaltmaktadir.
Maymunlarda idrar testosteronu azaldik¢a babanin yavruya bakimi
artmaktadir. Insanlarda da diisiik testosteron diizeyine sahip
erkeklerin ¢ocugun aglamasina daha fazla tepki verdigi bildirilmistir
(Nunes vd., 2001, Fleming vd., 1997). Erkeklerde genellikle
dogumla birlikte testosteron diizeyi diiser. Bu diisiis babanin
yenidogana karsi saldirganlifini azaltmak i¢in, yenidogana karsi
babalik davranisinin ve sosyal bagin gelismesi i¢in gereklidir.
Eslerinin gebelikleri sirasinda daha yiiksek prolaktin artis1 ve daha
fazla testosteron diisiisii yasayan babalarin ¢ocuklarina karsi daha
sefkatli ve koruyucu olduklar1 gosterilmistir. Hatta beklenenden
daha fazla prolaktin yiikselmesi yasayan babalarin hamilelik
belirtileri bile sergileyebilecekleri ileri siiriilmektedir (Wynne-
Edwards, 2001). Kuzawa ve arkadaslarimin Filipinler’de yaptigi
aragtirmada 890 erkegin testosteron ve luteinizan hormon (LH)
seviyelerine bakilmis. Evli ve c¢ocuk sahibi olan, cocuklarinin
bakimina katilan erkeklerde, baba olup evlilik bagi olmayan ve
cocuk bakimina katilmayan erkeklerden daha diisiik diizeyde
testosteron ve LH seviyesi oldugu bulunmustur (Kuzawa vd., 2009).
Babalarda gebeligin ilk ayindan itibaren Ostradiol seviyesinin de
gebeligin sonuna dogru giderek arttig1 bildirilmektedir. Ostrojenin
babalik davranigini artirici bir etki gosterdigi diigiiniilmektedir (Berg
ve Wynne-Edwards, 2001).Progesteron reseptdrlerinin uyarilmasi
ise aksine babalarda cocuga karsi olan saldirganlifi artirmakta,
babalik davranigini azaltmaktadir (Schneider vd., 2003).

Gordon ve arkadaslarinin 160 cift ile yiirtittiikleri ¢alismada;
ilk bebeklerine sahip olan ciftlerden, postpartum donemin ilk
haftasinda ve takip eden altinci ayda kan 6rnegi alinmig ve oksitosin
diizeylerine bakilmigtir. Bu aragtirmada; genel olarak oksitosin
seviyesinin artarak devam ettigi ve anne-baba arasinda bir farklilik
olmadig1 bildirilmistir (Gordon vd., 2010).
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Annenin oksitosin seviyesi, bebek dili ile konusma, bebege
sevecen dokunma gibi ebeveynlik davraniglariyla iligkili
bulunmustur. Oksitosin dogumdan hemen sonra anneligin baglamasi
icin gereklidir, ancak siirdiiriilmesinde o kadar 6nemli degildir.
Annenin bebegiyle gecirdigi siire ile oksitosin seviyesi arasinda
iliski bulunmazken; babalarda ise oksitosin seviyesinin bebekle
gecirdigi siireyle iliskili oldugu bildirilmistir (Leckman vd., 2004,
Gordon vd., 2010).

Baba Olmak ve Bilissel Islevler

Babaligin biligsel islevler acisindan babaya faydasi da var
gibi goriinmektedir. Baba olan marmoset maymunlarinin baba
olmayanlara kiyasla prefrontal korteks, piramidal noronlarinda
dendritik uzantilarin ve buna paralel olarak beyinde vazopressin V1a
reseptdr yogunlugunun artmis oldugu bildirilmistir (Kozorovitskiy
vd., 2000).

Baba Adaylan Ve Fiziksel Saglik

Barlett’in bildirdigine goére, baba adaylarinin fiziksel
sagliklar1 aylik yapilan goriismelerle belirlenmis ve saglik giinliikleri
tutturularak sorunlar ve semptomlar kayit altina alinmigtir. Calisma
sonucunda, baba adaylarinin ilk trimesterde daha sik soguk alginligi
ve gerginlik yasadigini, bu donemde kontrolsiiz kilo aldiklarini,
mide bulantis1 yasadiklarin1i ve dinlenemediklerini bildirdikleri
belirlenmistir. Hatta ilkel toplumlarda uygulanmakta olan bir
gelenege gore; dogumun agrisiz seyretmesi, anne ve bebegin kot
ruhlardan korunmasi i¢in anne dogum yatagina alindiginda, baba da
baska bir yataga yatirilmakta ve dogumu burada beklemektedir. Bazi
baba adaylarinin bu yataklarda esleri ile O6zdesleserek dogum
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agrilarina benzer agrilar hissettiklerinden s6z edilmektedir (Barlett
Edward, 2004).

Ebeveyn Olan Erkekler Ve Fiziksel Saglik Durumu Arasindaki Iliski

Erkekler arasinda ebeveyn olma ile saglik durumu arasinda
pozitif bir iliski bulunmustur. Craig ve arkadaslari, cocuklari
yaklasik li¢ yas civarinda olan 33 baba ile yaptiklar1 ¢alismada,
babalarin ¢ocuklar1 olduktan sonra diyet ve fiziksel aktivite
Onerilerine uyma ile alkol kullanma ve riskli davraniglarda azalma
gibi olumlu saglik davranis1 kazandiklarini bildirmislerdir. Daha iyi
bir rol model olmaya c¢alisma, cocugunun ihtiyaglarmi fark
edebilme, c¢ocugu icin baba olarak var olabilme gibi tutumlar
kazandiklarin1 belirtmiglerdir (Verbrugge, 1979, Craig vd., 2010).
Hemstrom 1981-1986 yillar1 arasinda 6len 44.000 Isvecli iizerinde
cocuk sayisinin mortalite iizerindeki etkilerini arastirmis. Cocuk
sahibi olan ve bosanmis erkeklerde, hi¢ ¢ocuk sahibi olmamis
erkeklere oranla mortalite oranlarinin daha diisiik oldugunu
bulmustur (Hemstrom, 1996).

Bu bulgularin tersi olarak, Haynes ve arkadaslarinin yaptigi
ve evli 45-65 yas grubunda babalarin koroner arter hastaligina
yakalanma riski ile ¢ocuk sayis1 arasindaki iligkinin 10 yillik bir
stirecte izlendigi c¢alismada, cocuk sayis1 arttikca babalarin
hastalanma riskinin arttig1 gosterilmistir (Haynes vd., 1983).
Einsenberg ve arkadaslar1 ise retrospektif olarak 60-79 yaslari
arasindaki 4.252 Ingiliz erkek ile yaptig1 koroner kalp hastaligi
gelismesi ile cocuk sayisi arasindaki iliskiyi inceledigi ¢alismasinda,
“J” seklinde bir iliski bulmustur. Iki ¢ocuk sahibi bir babanin tek
cocuk sahibi bir babaya gore kalp krizi gecirme riski ¢ok daha diisiik
oranda olup ikinci ¢ocuktan sonra eklenen her cocuk i¢in kalp krizi
riski %12 kadar artmaktadir (Einsenberg vd., 2011).
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Yapilan bazi c¢aligmalarda ise ebeveyn olmanin saglig
etkilemedigi bulunmustur.

Kotler ve Wingrad’in 3.700 kisi ile yaptig1 calismada birden
fazla ¢cocuk sahibi olmanin ve mesleki rollerin mortalite tizerindeki
etkileri arastirilmis; mortalite oranlarinin kadinda ve erkekte ¢cocuk
sayist ile iliskili olmadigi bildirilmistir (Kotler ve Wingard, 1989).
Hibbard ve Pope’un yaptig1 calismada 997 erkek 15 yil siiresince
izlenmisgtir. Bu erkeklerin ¢ocuklar1 ile harcadiklart zaman, babalik
roliinden ne kadar memnuniyet duyduklart ve ¢ocuklar1 konusunda
ne derece endise duyduklari tespit edilmistir. Analiz edilen hicbir
faktoriin erkegin kalp krizi, fel¢ veya kanser olma ya da 6liim riskini
etkilemedigi bulunmustur (Hibbard ve Pope, 1993).

Sonug olarak bugiin artik biliyoruz ki bir bebegin annesine
ihtiyact oldugu kadar babasina da ihtiyaci vardir. Yapilan pek ¢ok
arastirma, baba ile kurulan giivenli bagin olumsuz aliskanlik edinme
ve siirdiirme siireclerini dnemli 6l¢iide etkiledigini gostermektedir
(ACEV-Anne cocuk egitim vakfi, Tiirkiye’de Ilgili Babalik ve
Belirleyicileri, Ozet Arastirma Raporu, 2017). Baba, bebekle temas
kurmaya devam ettikge, salgilanmaya devam eden Oksitosin ile
kendini ailesine ve bebegine ait hissedebilir. Yani babalik bagi, dogru
gecirilen bir siire¢ neticesinde olusur.
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BOLUM 3

Endokrin Bozucu Kimyasallar ve Noronal Sistem
Uzerindeki Etkileri'

Yasin Ali CIMEN?

Giris
Endokrin bozucu kimyasallar, viicudun hormon sisteminin
dogal isleyisini aksatan maddelerdir. Isimleri kulaga uzak gelse de
aslinda her yerde karsimiza ¢ikmaktadirlar.  Plastik kaplar,
sampuanlar, temizlik maddeleri, ambalajlar, tarim ilaglari, hatta
ictigimiz su bile endokrin bozucularin potansiyel kaynagidir.
Sanayide iiretim hizlandikga ve tiiketim aliskanliklar1 degistik¢e bu

maddelere giindelik hayattaki temasimiz da fark etmeden katlanarak
artmaktadir.

Hormon sistemi; biiyliime, metabolizma, iireme, stres yaniti,
hatta davranig gibi bir¢ok temel isi yoneten komplike bir agdir
(Ashwell, 2022). Bu ag sistemi viicut disindan gelen kimyasallar
vasitastyla bozuldugunda sonug¢ sadece “bir hormonun dengesi
bozuldu” gibi basit bir durum olmamaktadir. Hiicre cogalmasi, enerji
kullanimi, gen diizeni, néronal devreler gibi pek ¢ok hayati sistem
bu durumdan etkilenmektedir. Bu yilizden endokrin bozuculari

1 Dr. Ogr. Uyesi/Yalova Universitesi, Tip Fakiiltesi, Temel T1p Bilimleri, Fizyoloji
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sadece toksikolojiyle agiklamak yetersiz kalmaktadir. Bu toksisiteye
sistem biyolojisi, ndrobilim, gelisimsel biyoloji ve halk sagligi da
dahil olmaktadir.

Insan viicudu néronal gelisimin hizla devam ettigi fetal
donem ve erken cocukluk yillarinda, dis kimyasal etkilere karsi
oldukca hassastir (Grandjean vd., 2008). Bu dénemlerde meydana
gelen  hormonal  dengesizlikler, ndéron  migrasyonundan
sinaptogenezise, miyelinizasyondan ndrotransmitter dengelerine
kadar geri doniisii zor yapisal ve fonksiyonel degisikliklere yol
acabilir (Pinson vd., 2016). Ayrica beynin bir¢ok bolgesinde bulunan
steroid hormon reseptorleri, endokrin bozucular i¢in dogrudan
hedeftir. Ostrojen reseptorleri, tiroit hormon reseptdrleri ve niikleer
hormon reseptor ailesi gibi reseptorler tizerinden gergeklesen sinyal
yolagi bozukluklar1 hem gelisimsel siire¢leri hem de eriskin
donemdeki sinaptik plastisiteyi etkileyebilmektedir.

Endokrin bozucularin ndronal etkilerinin arastirilmasi, son
yillarda biiytlik ilgi duyulmaya baslamistir. Biyolojik sistemlerde
gozlenen etkilerin norolojik fonksiyonlara nasil yansidigy;
davranigsal degisiklikler, biligsel performans kayiplari, stres yaniti
bozukluklar1 ve noropsikiyatrik risklerle iliskili  bulgularla
desteklenmektedir. Gelismekte olan tlkelerde hizli endiistriyel
doniisiim, gelismis iilkelerde ise yiiksek tiiketim oranlari, kiiresel
Olcekte maruziyet sorununu derinlestirmistir. Bu nedenle endokrin
bozucular, artik yalnizca bilimsel bir ¢alisma alan1 degil, aym
zamanda Onemli bir halk saglig1 meselesi olarak ele alinmaktadir.

Bu bdliimde, endokrin bozucu kimyasallarin genel biyolojik
etkileri ve ndronal sisteme 6zgli mekanizmalar1 ¢ok yonli sekilde
ele alinarak, molekiiler diizeyden davranigsal sonucglara uzanan
tutarl bir ¢cerceve sunmak amaglanmigtir.

Endokrin Bozucu Kimyasallarin Kaynaklar1 ve Maruziyet
Yollar1
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Endokrin bozucu kimyasallar, modern yagamin hemen her
katmanma yayilmis durumda ve bireyler bu bilesiklere farkinda
olmadan, ¢oklu ve siirekli yollarla maruz kalmaktadirlar. Maruziyet
yalnizca endiistriyel alanlarla sinirli degildir; ev i¢i ortamlar, kisisel
bakim iiriinleri, gida zinciri ve hatta anne karni bile bu kimyasallarin
temas ettigi alanlara doniismiistiir. Bu nedenle, endokrin bozucularin
kaynaklarin1 ve maruz kalma yollarin1 anlamak, risk degerlendirmesi
ve korunma stratejileri agisindan kritik 6neme sahiptir. Endokrin
bozucu kimyasallar, hormonlarin etkisini engelleyen c¢evresel
maddelerdir ve endokrin etki 6zelliklerine sahip oldugu tespit edilen
yaklagik 1000 kimyasal madde bulunmaktadir (Yilmaz vd., 2020).

Cevresel Kaynaklar

Endiistriyel faaliyetler, plastik iiretimi, tekstil islemleri,
tarimsal ilag kullanimi ve atik yonetimindeki yetersizlikler, endokrin
bozucularin ¢evreye yayilmasmma neden olan en Onemli
olaylardandir. Plastik {iretiminde kullanilan bisfenoller, PVC’deki
ftalatlar, yangin geciktirici olarak kullanilan polibromlu bifenil eter,
zemin, hali ve tekstil kaplamalarinda bulunan Perfloroalkil ve
polifloroalkil grubu bilesikler ¢evrede yillarca kalabilen
maddelerdir. Toprak ve su kaynaklarina yayilan bu kimyasallar
ekosistemde biyobirikime yol agarak besin zinciri boyunca canlidan
canliya tasinmaktadirlar (Chen vd., 2022). Ozellikle suda
cozlnlirliigl disiik, yagda yiiksek ¢oziinen bu maddeler balik, siit
iriinleri ve et yoluyla insan metabolizmasina kadar rahatlikla
gecebilmektedir (Peivasteh-Roudsari vd., 2023). Endokrin bozucu
kimyasallarin ¢evreye salinmasi, bunlarin besin zincirlerine
girmesine ve nihayetinde insan tiiketimi ile sonuglanir (Connolly,
2009). Bu durumda maruz kalma risklerini degerlendirmek igin
endokrin bozucu kimyasallarin kaynaklarini, akibetini ve bulagsma
yollarin1 anlamayn kritik hale getirmektedir.

Gidalar ve Gida Ambalajlari
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Gida kaynakli maruziyet, insanlarin en yaygin ve en az fark
edilen temas yollarindan biridir. Plastik ambalajlardan, konserve
kutularimin i¢ kaplamalarindan ve 1sitma sirasinda kullanilan plastik
kaplardan Bisfenol A ve benzeri bilesenlerin gidaya sizdig1 bilinen
bir gercektir (Manzoor vd., 2022). Ftalatlar, 6zellikle yagh gidalara
gecis egilimindedir; bu nedenle peynir, et iriinleri ve plastik
ambalajli atistirmaliklar yliksek risk tasir (Marchiandi vd., 2024).
Ayrica besi hayvanlariin pestisit ve tarimsal kimyasallara dolayl
maruziyeti, bu maddelerin hayvansal {iriinlerde birikmesine neden
olmaktadir (Mnif vd., 2011). Kiiresel 6l¢ekte yapilan analizler, anne
stitinde bile pestisit kalintilarinin saptanabildigini gostermistir
(Rodriguez-Gémez vd., 2014); bu durum, gida zincirindeki
kaliciligin diisiindiiglinden daha ciddi oldugunu gozler Oniine
sermektedir.

I¢ Mekan Maruziyeti

Evler, is yerleri ve kapali yasam alanlar1 endokrin bozucu
kimyasallarin 6nemli maruziyet ve birikim alanlaridir. Mobilya
kaplamalarinda, elektronik cihazlarda ve halilarda kullanilan
polibromlu bifenil eter gibi bilesikler zamanla ortama yayilarak toz
partikiillerine baglanir (Rudel vd., 2003). Kiiciik cocuklar bu tozlari
soluyarak veya agiz yoluyla alarak yetiskinlere kiyasla daha yiiksek
maruziyet gosterebilir. Ayni sekilde kisisel bakim {iriinlerinde
bulunan  parabenler, kozmetiklerdeki UV filtreleri ve
deodorantlardaki aliiminyum bilesikleri gilinlik uygulamalarla
kolayca deri iizerinden emilmektedir. Bu maddeler ciltten gecip
sistemik dolagima katilabilir, bazilar1 lipofilik yapilari nedeniyle yag
dokusunda ve beyinde zamanla birikebilir (Yilmaz vd., 2020).

Su Kaynakli Maruziyet

Atik su aritma tesislerinin ¢ogu endokrin bozucularin énemli
bir kismini1 tamamen filtreleyemedigi i¢in, bu maddeler igme
sularina diisiik konsantrasyonlarda da olsa karisabilir. Ozellikle ilag
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metabolitleri, hormon tiirevleri, sentetik deterjan bilesenleri ve
mikro plastik parcaciklart su yollarinda kalici kirlilik olusturur.
Ftalat ve agir metal tlirevleri mikro plastikler {izerlerine yapisarak
biyolojik sistemlere giris yapmaktadir. i¢gme suyundaki diisiik
diizeyli bilesikler bile kronik maruziyette ciddi biyolojik etkiler
dogurabilir (Benotti vd., 2009; Kasonga vd., 2021).

Deri Yoluyla Maruziyet

Deri gegirgenligi normalde siirli olsa da lipofilik yapiya
sahip bir¢ok endokrin bozucu dogrudan cilt iizerinden emilebilir
(Moss & Cronin, 2002). Kozmetik iriinleri, parfiimler, sa¢ bakim
iriinleri ve giines kremleri bu konuda en yaygin kaynaklardir.
Parabenler ve triklosan kisa silirede kan dolagimmna gegme
kapasitesine sahiptir (Azzouz vd., 2016; Heffernan vd., 2015).
Ayrica tekstil tiriinlerinde kullanilan kimyasal kaplamalarin deriyle
uzun siireli temas halinde emilimleri artabilir (Catone vd., 2020).

Anne—Fetus Gegisi ve Erken Yasam Maruziyeti

Endokrin bozucularin en tehlikeli yonlerinden biri, anneden
fetlise yani nesiller arasi gegis riskidir. Plasenta, hormon benzeri
yapilart nedeniyle birgok bilesigi ayirt etmekte zorlanmaktadir; bu
nedenle Bisfenol A, ftalat metabolitleri, Perfloroalkil ve
polifloroalkil bilesikleri ve bir¢ok pestisit tlirevi fetlise dogrudan
gecebilir (Yan vd., 2023). Amniyotik sivi ve kordon kaninda bu
kimyasallarin tespit edilmesi bunun somut kanitidir (Ng vd., 2025;
Shekhar vd., 2017). Erken yasam doneminde maruziyet, 6zellikle
noronal gelisim {izerinde geri doniisii olmayan yapisal ve
fonksiyonel degisimlere yol acabilir. Anne siitii ise faydalar
tartismasiz olmakla birlikte, cevresel kirlilik nedeniyle diisiik
diizeyde endokrin bozucu kalintilar1 igerebilir (Caserta vd., 2018;
Padmanabhan vd., 2021).

Solunum Yoluyla Maruziyet
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Pestisit piiskiirtme alanlarinda ¢alisanlar, endiistriyel
ortamlardaki is¢iler ve evde kullanilan temizlik iirlinlerine yogun
maruz kalan bireyler i¢in solunum yoluyla temas 6nemli bir risk
olusturur. Ugucu organik bilesikler, aerosol halindeki temizlik
maddeleri ve sentetik koku yayicilar havayla birlikte solunarak
akciger bariyerini asabilir (Anderson & Anderson, 1997). Akcigerin
genis yiizey alan1 ve yiiksek kapiller yogunlugu, bu kimyasallarin
hizl1 bir sekilde sistemik dolagima ge¢gmesine yol agar (Molinari vd.,
2024).

Endokrin Bozucu Kimyasallarin Biyolojik Sistemler
Uzerindeki Genel Etkileri

Endokrin bozucu kimyasallar, viicutta yalnizca hormon
dengesini bozan maddeler degildir. Bu kimyasallarin etkisi,
hiicrelerden organ sistemlerine kadar genis bir alani1 kapsar ve
organizmanin normal isleyisini ¢esitli yollarla etkileyebilir. Birgok
durumda, bu maddelerin neden oldugu degisiklikler birden fazla
mekanizmanin bir araya gelmesiyle ortaya cikar ve tek bir belirtiyle
siirli degildir. Etkiler, hiicre metabolizmasindan gen ifadelerinin
diizenlenmesine, sinyal iletiminden oksidatif strese ve inflamasyon
siireclerine kadar uzanur.

Hormon Diizeyinde Bozulma

Endokrin  bozucu  kimyasallar hormon  sentezini,
salgilanmasini, tasinmasini, baglanmasini ve metabolizmasini bozan
ve sonugta homeostatik mekanizmalari, tiremeyi ve gelisimi bozan
digsal etkenlerdir (Annamalai & Namasivayam, 2015). Bu
kimyasallar, nanogram diizeylerinde endokrin fonksiyonunu
degistirebilir ve iireme, gelisim ve diger bozukluklara yol agabilir
(Meeker, 2009). Endokrin bozucu kimyasallar, plastik siseler,
kozmetikler ve alev geciktiriciler gibi giinliik iiriinlerde bulunan
ftalatlar, poliklorlu bifeniller, pestisitler, dioksinler, bisfenol A ve
perflorlu kimyasallar gibi ¢ok ¢esitli maddeleri igerir (Schug vd.,
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2011). Erken gelisim doneminde kimyasallara maruz kalmak,
normal geligim siireglerini bozabilir ve yasamin ilerleyen yillarinda
hastalik duyarliligin1 6nemli 6l¢iide degistirebilir (Schug vd., 2011).
Endokrin bozucu kimyasallar, hormonlarin etkisini engelleyerek
veya taklit ederek hormon sinyalizasyonunu bozar ve dogal
hormonlarin sentezini, salgilanmasini, taginmasini, aktivitesini veya
eliminasyonunu degistirir (Ashraf & Wilson, 2019). Insan
epidemiyoloji c¢alismalari, ¢esitli endokrin bozucu kimyasallara
maruz kalma ile iliskili olarak degisen hormon seviyelerini
bildirmistir (Meeker, 2009).

Hiicresel Sinyal Iletimindeki Bozulmalar

Hiicreler, cevresel ve igsel uyaranlara yanit vermek igin
sinyal yolaklar1 kullanmaktadirlar. Endokrin bozucu kimyasallar bu
yolaklarin isleyisine miidahale edebilir. Endokrin bozucu
kimyasallar, ¢esitli mekanizmalar yoluyla hiicresel sinyal yollarim
bozarak cesitli saglik sorunlarina neden olabilir. Endokrin bozucu
kimyasallar insiilin sinyal yollarm1 ele gecirerek glikoz
homeostazin1 bozabilir ve insiilin salgis1 ve sinyal iletiminin
bozulmasia yol acarak diyabet hastaligina katkida bulunabilir
(Sargis, 2014). Endokrin bozucu kimyasallar, ksenobiyotik
maddelerin reseptorlere zayif agonist veya antagonist gibi tutundugu
ve ¢cogu zaman dogrusal olmayan bir doz-yanit iliskisi gosterdigi bir
mekanizma iizerinden etkisini gosterir. Bu siireg, 6zellikle diisiik
dozlarda ortaya ¢ikan rastlantisal biyolojik yanitlarla karakterize
edilen “sinyal toksisitesi” paradigmasiyla agiklanir (Kanno, 2016).
Ostrojen reseptdrii sinyalini hedef alan endokrin bozucu kimyasallar,
dogrudan endoplazmik retikulum etkilesimleri, aril hidrokarbon
reseptorii gibi transkripsiyon faktorleri araciligiyla dolayl etkiler
veya Ostrojen sentezi i¢in kritik olan metabolik enzimleri modiile
ederek genomik ve genomik olmayan aktiviteyi degistirebilir
(Shanle & Xu, 2011). Ek olarak, endokrin bozucu kimyasallar kritik
gelisim agsamalarinda Hedgehog sinyal yollarint bozarak testis ve
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yumurtaliklardaki endokrin hiicre gelisimini engelleyerek gonadal
disgenez ve ilireme bozukluklarma neden olabilir (Johansson &
Svingen, 2020).

Oksidatif Stres ve Inflamasyon

Endokrin bozucu kimyasallar, o6zellikle oksidatif stres
indiiksiyonu olmak tizere bir¢ok mekanizma yoluyla insan sagligini
onemli Olgiide etkiler. Bisfenoller, ftalatlar ve parabenler gibi
endokrin bozucu kimyasallar, reaktif oksijen tiirlerinin iiretimini ve
lipit peroksidasyonunu artirarak hiicresel hasara yol acar (Virant-
Klun vd., 2022). Bu kimyasallar, karaciger ve pankreas gibi
metabolik olarak aktif organlarda mitokondriyal disfonksiyona
neden olur. Redoks homeostazini bozar, bu da obezite, diyabet ve
metabolizmayla iligkili yagli karaciger hastaligi gibi metabolik
hastaliklara katkida bulunur (Linta vd., 2024). Oksidatif stres
mekanizmalari, reseptor baglanma miidahalesi ve epigenetik
degisiklikleri icerir ve hormonal diizenlemeyi ve hiicresel
fonksiyonu etkiler (del Rio Barrera vd., 2025). Erkek tiireme
sagliginda, endokrin bozucu kimyasallar, oksidatif yolaklar yoluyla
bozulmus semen kalitesi, artmis DNA hasar1 ve yiiksek apoptoz ile
iligkilidir (Virant-Klun vd., 2022). Pestisitler de benzer sekilde
oksidatif stres parametrelerini etkiler ve hiicresel caligmalarda
endokrin bozucu 6zellikler gosterir (Jabtonska-Trypu¢ vd., 2017).
Bu bulgular, endokrin bozucu kimyasallarin oksidatif mekanizmalar
yoluyla hiicresel biitiinliigii bozdugunu ve yaygin saglik sorunlarina
yol actigin1 gostermektedir.

Genetik ve Epigenetik Etkiler

Endokrin bozucu kimyasallar, hormonal sinyal yollarmi
bozan ve onemli genetik ve epigenetik etkilere neden olabilen, her
yerde bulunan ¢evresel kirleticilerdir (Alavian-Ghavanini & Riiegg,
2018). Bu kimyasallar, DNA dizisini degistirmeden DNA
metilasyonu ve histon modifikasyonlart dahil olmak {izere
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epigenetik isaretleri etkiler ve gen ekspresyon modellerini etkiler
(Alavian-Ghavanini & Riiegg, 2018). Erken yaslarda endokrin
bozucu kimyasallara maruz kalmak, obezite, diyabet, kanser,
kardiyovaskiiler disfonksiyon ve iireme bozukluklari gibi ¢esitli
hastaliklara daha yatkin olmakla iligskilendirilmistir (Alavian-
Ghavanini & Riiegg, 2018; Schug vd., 2011; Shahidehnia, 2016).
Ozellikle endise verici olan, bu epigenetik degisikliklerin nesiller
arast aktarimidir; endokrin bozucu kimyasallarin neden oldugu
degisiklikler sonraki nesillere aktarilabilir ve ¢ocuklarin sagligin
etkileyebilir (Alavian-Ghavanini & Riiegg, 2018; Shahidehnia,
2016). Kadin iireme sistemleri ozellikle savunmasizdir, ciinki
endokrin bozucu kimyasallar dogrudan yumurtaliklar1 hedef alabilir
ve oositlerdeki epigenetik mekanizmalar1 degistirebilir (Zama &
Uzumcu, 2010). Son 70 yilda ¢evresel kimyasal kirleticilerdeki hizl
artis, risk degerlendirmesi i¢in bu epigenetik programlama
bozukluklarin1 anlamay1 kritik hale getirmistir (Jacobs vd., 2017).

Klinik Yansimalar

Biyolojik sistemlerde meydana gelen bu degisimler klinik
olarak da kendini gosterebilir. Maruziyet ile lireme bozukluklari,
tiroid fonksiyon bozuklugu, obezite ve diyabetle ilgili endiseler
bulunmaktadir. Hayvan modelleri, klintk gozlemler ve
epidemiyolojik caligmalardan elde edilen kanitlar, endokrin bozucu
kimyasallarin erkek ve kadin liremesi, meme gelisimi ve kanseri,
prostat kanseri, ndroendokrinoloji, metabolizma ve kardiyovaskiiler
saglik iizerinde etkisi oldugunu gostermektedir (Diamanti-
Kandarakis vd., 2010). Gelisim sirasinda endokrin bozucu
kimyasallara maruz kalmak, tireme sistemleri ve ndro-davranigsal
islevler iizerinde kalict etkiler olusturabilir (Poongothai vd., 2007).
Klinik farmakologlar, endokrin bozucu kimyasal maruziyeti ile ilgili
halk sagligi sorunlarim1 ele almak icin risk degerlendirme, hasta
egitimi ve disiplinler arasi is birliginde 6nemli bir rol oynamaktadir
(Lathers, 2002).
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Endokrin Bozucu Kimyasallarin Noéronal Gelisim Uzerindeki
Etkileri

Noronal gelisim, organizmanin yasam boyu biligsel ve
davranigsal kapasitesini belirleyen kritik bir siirectir. Bu siireg, hiicre
cogalmasi, farklilagsmasi, go¢ etmesi, sinaptik baglanti kurmasi ve
miyelinizasyon gibi asamalardan olusur. Endokrin bozucu
kimyasallar, bu siire¢lerin her birini dogrudan veya dolayl1 yollarla
etkileyebilir. Ozellikle fetal dénem ve erken gocukluk, hormon
sinyalleri ile yoOnlendirilen bu gelisim evrelerinde yasanan
bozulmalar, geri doniisii zor degisikliklere yol acar. Endokrin bozucu
kimyasallar, 6zellikle beynin hormonal miidahaleye karst oldukca
savunmasiz oldugu kritik gelisim dénemlerinde néronal gelisim i¢in
onemli riskler olusturur (Pinson vd., 2016). Bisfenol A, poliklorlu
bifeniller, polibromlu difenil eterler ve organofosfatlar dahil olmak
izere endokrin bozucu kimyasallara gebelik ve perinatal maruziyet,
hem insan kohort calismalarinda hem de hayvan modellerinde
degismis norogelisimsel sonuglarla iligkilendirilmistir (Ozel &
Riiegg, 2023; Yesildemir & Celik, 2023). Bu kimyasallar,
dopaminerjik néronlar ve hipokampal plastisite dahil olmak {izere
birden fazla noronal sistemi etkileyerek bozulmus bilissel isleve,
hafiza eksikliklerine ve degismis sosyal davramiglara yol acar
(Masuo & Ishido, 2011). Endokrin bozucu kimyasallar, beyin
gelisimi i¢in ¢ok Onemli olan tiroid hormonu sinyallesmesini ve
cinsiyet hormonu yolaklarin1 bozar (Ozel & Riiegg, 2023). Ayrica,
beyin yapisindaki normal cinsiyet farkliliklarini ortadan kaldirabilir
ve ilerleyen yaslarda norodejeneratif bozukluklara katkida
bulunabilir (Masuo & Ishido, 2011).

Noron Gogii ve Hiicre Farklilasmas1 Uzerindeki Etkiler

Gelismekte olan beyin, farkli bolgelerdeki ndronlarin dogru
yerlere gb¢ etmesini gerektirir. Endokrin bozucu kimyasallar,
Ostrojen ve tiroid hormonu gibi hormonlarin islevlerini bozarak
ndron gogiinii engelleyebilir. Son41ég olarak, bazi beyin bolgelerinde



hiicre yogunlugu normalden farkli olabilir, bu da biligsel
fonksiyonlarda bozulmalara yol agabilir. Ayrica hiicre farklilagmasi
da etkilenir; yani kok hiicrelerin néron veya glia hiicresi olarak
gelisimi yanlis yOnlenebilir, bu da sinaptik aglarin biitiinligiini
bozabilir. Endokrin bozucu kimyasallar, ¢ok sayida mekanizma
yoluyla ndronal gocii ve hiicre farklilagsmasini 6nemli 6l¢iide etkiler
(Schreiber vd., 2010). Bisfenol A ve nonilfenole diisiik
konsantrasyonlarda (0,1-100 nM) uzun siire maruz kalmak, PC12
hiicrelerinde noéronal farklilagsmay:r inhibe eder ve bu etkiler
kimyasalin ortamdan uzaklastirildiktan sonra bile devam eder
(Nishimura vd., 2014). Polibromlu difenil eterler, tiroid hormonu
sinyalini bozarak go¢ mesafesini azaltir ve noéronlara ve
oligodendrositlere farklilasmay1 azaltarak insan noral progenitor
hiicrelerinin gelisimini bozar (Schreiber vd., 2010). Prenatal
Bisfenol A maruziyeti, farelerde erken embriyonik gelisim sirasinda
noronal farklilasmay1 ve gocii hizlandirarak, yetiskinlikte kalict
anormal neokortikal mimariye ve bozulmus kortikotalamik
projeksiyonlara yol acar (Itoh vd., 2012). Bu etkiler, endokrin
bozucu kimyasallarin endojen hormonlarin agonistleri veya
antagonistleri olarak potansiyel olarak hareket etmesiyle hem
Ostrojen reseptoriine bagli hem de bagimsiz mekanizmalar1 igerir
(Habauzit vd., 2011). Bu bozulma, normal beyin gelisimi i¢in kritik
oneme sahip transkripsiyon mekanizmalar1 ve sitoplazmik sinyal
iletim yolaklarinin bozulmasiyla meydana gelebilir (Rakic vd.,
2008).

Sinaptogenez ve Dendritik Yapilar Uzerindeki Bozulmalar

Endokrin bozucu kimyasallar, beyin gelisimi sirasinda
sinaptogenezi ve dendritik yapilari 6nemli 6l¢iide bozar (Pinson vd.,
2016). Perinatal bisfenol-A maruziyeti, hipokampal piramidal
hiicrelerde sinaptik yogunlugu azaltir, sinaptik yariklar1 biiyiitiir,
aktif bolgeleri kisaltir ve postsinaptik yogunlugu inceltir (Xu vd.,
2013). Bisfenol A ayrica sinapsin I, PSD-95 ve glutamat reseptorleri

--44--



(NMDA ve AMPA) dahil olmak iizere kritik sinaptik proteinlerin
ekspresyonunu azaltir, bu da sinaptik plastisitenin bozuldugunu
gosterir (Xu vd., 2013). Gelismekte olan hipokampus, endokrin
bozucu kimyasal bozulmasina kars1 6zellikle savunmasizdir, ¢linkii
cinsiyet hormonlar1 normalde hipokampal hiicre proliferasyonunu,
farklilasmasini, dendritik biiyiimeyi ve sinaptogenezi diizenler
(Lupu vd., 2023). Kalic1 organik kirleticiler de benzer sekilde,
bozulmus kalsiyum ve tiroid hormonu homeostazisi yoluyla
dendritik morfolojiyi ve omurga olusumunu etkiler (Latchney &
Majewska, 2021). Endokrin bozucu kimyasallar, normal hormonal
devreler tarafindan diizenlenen kritik bir sinir mekanizmasi olan
morfolojik sinaptik plastisiteyi hedef alir (Zsarnovszky vd., 2024).
Bu bulgular, endokrin bozucu kimyasallarin uygun sinaptik
fonksiyon ve sinir baglantisi i¢in gerekli olan temel nérogelisimsel
stiregleri bozdugunu gostermektedir.

Miyelinizasyon Siiregleri Uzerindeki Etkiler

Endokrin bozucu kimyasallar hem gelismekte olan hem de
olgun sinir sistemlerinde miyelinasyon siireclerini dnemli dlciide
etkiler. Kalic1 organik kirleticiler, bisfenol A, triklosan, agir metaller,
pestisitler ve nikotin gibi maddeler; aksonlar1 saran miyelin kilifin1
ireten oligodendrositler ve Schwann hiicreleri tizerinde dogrudan
etki gostererek norogelisimsel ya da nérodejeneratif siireclere zemin
hazirlayabilir ~ (Naffaa  vd., 2021).  Ozellikle 2,3,7.8-
tetraklorodibenzo-p-dioksin gibi bazi bilesiklere gebelik doneminde
maruz kalinmasi, deneysel modellerde hem gelisimsel miyelin
olusumunu hem de daha sonraki donemdeki onarim kapasitesini
kalic1 bigimde zayiflatmistir (Fernandez vd., 2010). Tiroid hormonu
sistemi, miyelinasyon dahil beyin gelisiminde kritik bir rol oynar ve
bircok endokrin bozucu kimyasallar, hassas zaman araliklarinda
norogelisimsel siirecleri engelleyen tiroid hormonu bozucu
bilesikler olarak islev goriir (Gutleb, 2020). Bu tiir bozulmalar, sinir
devrelerinin saglikli sekilde kurulmasini engelledigi i¢in uzun
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vadede davranigsal ve biligsel sonuglara da yansiyabilir (Gore vd.,
2019).

Nérotransmitter Dengesi Uzerindeki Bozulmalar

Endokrin bozucu kimyasallar, farkli biyolojik siireclere
miidahale ederek norotransmitter dengesini ve nérogelisimi belirgin
sekilde etkileyebilir.  Bisfenol A, poliklorlu bifeniller,
organofosfatlar ve polibromlu difenil eterler gibi bu yaygin ¢evre
kirleticileri, hormon biyosentezini, metabolizmasini ve etkisini
bozar (Diamanti-Kandarakis vd., 2009). Gelisimin kritik
donemlerinde bu kimyasallara maruz kalmak, ndrotransmitter
salinimi ve kalsiyum sinyali tizerinde degisikliklere yol acarak sinir
aglarmin dogru sekilde kurulmasini engeller; bu etki basit tiroid
hormonu eksikligiyle aciklanamayacak kadar karmasiktir (Pinson
vd., 2016). Gebelikte maruz kalma, beyin gelisimini kalic1 olarak
degistirir ve hormonal sinyalin noroendokrin kontroliiniin
bozulmasma ve sinir sistemi fonksiyonunun norotransmitter
kontroliiniin degismesine neden olur (Nesan & Kurrasch, 2020).
Dahasi, bazi etkilerin yalnizca c¢ocuklukla smirli kalmadigs;
yetigkinlige tasindigr ve hatta sonraki nesillerde bile iz biraktigi
rapor edilmistir (Gore vd., 2019). Insanlarda yapilan kohort
caligmalari, gebelikte anne ve fetiisiin bu maddelere maruziyetiyle
norogelisimsel bozukluklarin artan goriilme siklig1 arasinda anlamli
iliskiler oldugunu gostermektedir. Hayvan deneyleri ise bu
gozlemlerin biyolojik temelini agiklayacak mekanizmalar1 daha
ayrintili bir sekilde ortaya koymaktadir (Nesan & Kurrasch, 2020).

Gelisimsel Bozukluklar ve Klinik Sonuglar

Endokrin bozucu kimyasallar, hormonal sistemleri bozan ve
gelisimsel bozukluklar i¢in onemli riskler olusturan dogal veya
sentetik bilesiklerdir (Yesildemir & Celik, 2023). Amerika Birlesik
Devletleri'ndeki  ¢ocuklarin  yaklasitk %12'si  norogelisimsel
bozukluklardan etkilenmektedir ve endokrin bozucu kimyasallarin
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bu c¢ok faktorlii etiyolojiye katkida bulunduguna dair kanitlar
birikmektedir (Schug vd., 2015). Dogum 6ncesi ve sonrasi endokrin
bozucu kimyasal maruziyeti, c¢esitli mekanizmalar yoluyla fetal
bliyiime kisitlamasi, erken dogum, diisik dogum agirhigr ve
norogelisimsel sorunlara neden olabilir (Yesildemir & Celik, 2023).
Endokrin bozucu kimyasallar plasenta bariyerini gecerek gelismekte
olan fetal organlara ulasabilir ve fetiisler ve yenidoganlar, kritik
gelisim siireclerinde diisiik dozlara karsi son derece duyarhidir
(Yesildemir & Celik, 2023). Sistematik incelemeler, perinatal
endokrin bozucu kimyasal maruziyetini otizm spektrum bozuklugu,
dikkat eksikligi hiperaktivite bozuklugu, zihinsel engellilik ve
iletisim bozukluklart ile iligskilendiren birbiriyle oOrtiisen kanitlar
ortaya koymaktadir (Rivollier vd., 2019). Rahim i¢i maruziyet,
ozellikle norogelisimi etkiler ve yetigkinlikte davranigsal ve
norolojik bozukluklara yol agar, ¢linkii erken beyin gelisimi biiyiik
Olciide Ostrojen tarafindan aracilik edilir ve endokrin bozucu
kimyasal maruziyetine duyarlidir (Raja vd., 2022).

Sonu¢

Endokrin bozucu kimyasallar, viicudun hormon dengesini
bozmanin 6tesinde, tiim biyolojik sistemlerin isleyisini etkileyebilen
maddelerdir. Hiicre diizeyinde baslayan bu etkiler, organ
fonksiyonlarina ve zamanla davranigsal sonuglara kadar uzanabilir.
Merkezi sinir sistemi, hormon sinyalleriyle yakindan iligkili ve
gelisimsel olarak hassas oldugu i¢in diger organ sistemlerine gore bu
kimyasallara kars1 daha savunmasizdir.

Sinir sisteminde ortaya ¢ikan bozulmalar, yalnizca tek bir
mekanizmaya bagli degildir. Sinaptik baglantilarin  kurulmasi,
dendritik yapinin sekillenmesi, miyelin kilifin olusmas1 ve
ndrotransmitterlerin dengesi bu maddelerden dogrudan etkilenebilir.
Ozellikle erken yasam donemlerinde maruz kalindiginda, bu
degisiklikler ileriki yaslarda 6grenme, bellek, duygu diizenleme ve
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sosyal davranislar lizerinde kalici izler birakabilir. Buna ek olarak
metabolik ve bagisiklik sistemlerinde meydana gelen degisiklikler,
organizmanin genel sagligin1 zayilatabilir ve hem fiziksel hem de
davranigsal islevlerde uzun vadeli sorunlara yol agabilir.

Bu nedenle, endokrin bozucu kimyasallara maruziyetin
siirlandirilmasi ve 6nlenmesi hem bireysel hem de toplumsal saglik
acisindan biiyilk Onem tasir. Bilim insanlarimin  ylriittigi
arastirmalar, bu maddelerin etkilerini tam olarak anlamak igin
hiicresel, molekiiler ve sistem diizeyinde biitiinciil g¢aligmalar
yapilmas1  gerektigini  gostermektedir.  Ozellikle  gelisim
donemlerinde alinacak Onlemler, néronal gelisim ve genel saglik
iizerinde kalic1 olumlu etkiler olusturabilir.

Sonug olarak, endokrin bozucu kimyasallar yalnizca ¢evresel
bir sorun olarak goriilmemelidir; bunlar ayn1 zamanda halk sagligi
ve norobilim agisindan dikkatle ele alinmasi gereken, ¢oziimii
gereken bir sorun olarak degerlendirilmeli ve bilimsel ¢alismalarla
desteklenen onlemler hayata gecirilmelidir.
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BOLUM 4

NOROTROFIiK FAKTORLER OLARAK GDNF
AILESI

1. Deniz ONALL1
Giris

Norotrofik faktorler, merkezi ve periferik sinir sisteminde
hiicresel sag kalim, farklilasma ve plastisite gibi kritik stiregleri
diizenleyen  molekiillerdir[1].  Norotrofik  faktorler — hedef
hiicrelerdeki reseptorleri araciligiyla c¢esitli hiicre i¢i sinyal
yolaklarini aktive ederek etki gosterirler[2]. Embriyonik donemde
onciil hiicrelerin farklilagsmasi ve proliferasyonunu yonlendirerek;
aksonal biiylime/yonlenme ve sinaptogenez gibi siireclerde kritik
roller oynamaktadirlar[3]. Ek olarak, norotrofik faktorler
programlanmis hiicre 6liimii yolaklarin1 kullanarak sadece islevsel
baglantilar olusturabilen ndronlarin sag kalimim
gergeklestirmektedir[4]. Eriskin donemde ise ndronal gelisim
izerindeki  etkilerine ek  olarak  sinaptik  plastisitenin
modiilasyonunda da onemli gorevler alirlar[5]. Beyin kaynakl
norotrofik faktér (BDNF) ile birlikte diger bir ¢ok ndrotrofik
faktoriin 0grenme ve hafiza ile iligkili siire¢lerde kritik roller
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oynadiklarinin belirlenmesi bu faktorlerin sadece gelisimsel degil
biligsel islevler i¢cin de 6nemli olduklarini kanitlar niteliktedir [6, 7].
Norotrofik faktorler, fizyolojik etkilerini ¢ogunlukla tirozin kinaz
reseptorleri  (TRK) araciligiyla gerceklestirirler[8]. Reseptor
aktivasyonunu takiben MAPK/ERK, PI3K/Akt ve PLCy gibi hiicre
ici sinyal yolaklar uyarilir[9-11]. Norotrofik faktorler, merkezi sinir
sistemi (MSS) disinda periferik sinir sistemi, otonom sinir sistemi ve
enterik sinir sistemi lizerinde de onemli etkiler gostermektedir.
Duyusal néronlarin sagkalimi ve agr1 duyusu modiilasyon iizerinde
de 6nemli roller iistlenmektedir[12, 13].

Ozetle, nérotrofik faktdrler embriyonik donemde ndronal
gelisim/doniisiime Onderlik eden, eriskin donemde ise ndronal
biitiinliigli korurken fonksiyonel esnekligin siirdiiriilmesine de katk1
sunan biyolojik diizenleyicilerdir.

Norotrofik faktorler arasinda glial hiicre kokenli norotrofik
faktor (GDNF), ozellikle dopaminerjik ndronlar iizerindeki trofik ve
diizenleyici etkileri nedeniyle 6nemlidir[14]. GDNF ilk olarak 1993
yilinda, sigan gliyoma hiicre hatt1 besi ortaminda tanimlanamayan
bir trofik faktor olarak izole edilmis ve mezensefalik dopaminerjik
noronlarin gelisimini destekledigi gosterilmistir[15, 16]. Bu kesif,
Parkinson hastaligi basta olmak {izere cesitli norodejeneratif
hastaliklar i¢in yeni tedavi yaklagimlarinin 6niinli agmistir. GDNF,
yalnizca sinir sisteminin normal fonksiyonu i¢in degil, ayn1 zamanda
bobrek gelisimi, enterik innervasyon, spermatogenez ve olfaktor
sistem gibi diger ¢esitli viicut boliimlerinde de onemli islevler
istlenmektedir[17-20]. GDNF ailesi, transforme edici biiyiime
faktori-p (TGF-P) siiper ailesi iginde yer alan sinyal molekiilleri
grubunu temsil eder[21]. Bu aile, yapisal ve fonksiyonel olarak
iligkili, dort proteinden olusur: GDNF, neurturin (NRTN), artemin
(ARTN) ve persephin (PSPN)[22]. GDNF ailesi ligandlar1 da
denilen bu molekiiller, merkezi ve periferik sinir sistemleri boyunca
cesitli noronal popiilasyonlarin gelisimi, bakimi ve islevinde dnemli
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roller oynar[23]. GDNF ailesi iiyeleri ortak olarak; prekiirsor protein
olarak sentezlenir, proteolitik olarak aktif forma doniisiir ve
konservatif olarak korunmus disiilfit kopriileri iceren sistein
motiflerine sahiplerdir[22]. Ornek olarak, insan GDNF prekiirsorii
yaklasik 211 aminoasit uzunlugunda iken proteolitik siirecler
sonucunda ortaya ¢ikan biyolojik aktif formu ise yaklasik 134
aminoasit uzunlugundadir[24].

GDNF ailesi tiyeleri etkilerini diger norotrofik faktdrlerden
(sinir bliyime faktorii (NGF) ve beyin kaynakli norotrofik faktor
(BDNF) farkl1 bir reseptor sistemi iizerinden gostermektedir[25]. Bu
molekiiller etkilerini iki bilesenli bir reseptor sistemi araciligiyla
gerceklestirir: membrana bagli bir ko-reseptdor olan GFRa ve
transmembran tirozin kinaz reseptdrii RET [26]. Insan genomunda
dort GFRa izoformu tanimlanmistir (GFRa 1-4) ve bu izoformlar
0zgiil GDNF iiyelerine yiiksek afinite gosterirler: GFRal ile GDNF,
GFRo2 ile Neurturin, GFRo3 ile Artemin ve GFRo4 ile de Persephin
birbirlerine yiiksek afiniteli olarak baglanirlar[27]. Molekiiliin
baglanmasi ile aktiflesen GFRa-ligand kompleksi RET’1 dimerize
ederek otofosforilasyon sonucunda MAPK/ERK, PI3K/Akt ve PLCy
gibi hiicre i¢i sinyal yolaklariin uyarilmasin saglar[28].

Glial Hiicre Kokenli Norotrofik Faktor (GDNF)

GDNF, 1993 yilinda Lin ve arkadaslar1 tarafindan sigan glial
hiicre hatti B49 iizerinde dopaminerjik ndronlarin sag kalimi
iizerindeki olumlu etkileri sonucu kesfedilmistir[15]. Bu kesif ayni
zamanda yapisal olarak Transforme Edici Biiylime Faktorii-p (TGF-
B) tst ailesine ait yeni bir norotrofik faktor ailesinin (GDNF ailesi
ligandlar1) de sonraki ¢aligmalar sayesinde tanimlanmasina kapi
araladi[22]. Ik olarak dopaminerjik néronlar {izerindeki yararl
etkileri ile tanimlanan GDNF’nin motor, duyusal, enterik ve
noradrenerjik noéronlar iizerinde de diizenleyici gorevlerinin

--58--



raporlanmas1 bu ndrotrofik faktdriin yaygin bir etki sistemine sahip
oldugunu diistindiirmektedir[29-31].

GDNF, GDNF ailesinin 06zgiil fiziksel yapisina zemin
hazirlayan disiilfit kopriileri igeren sistein motiflerine sahiptir.
Insanda GDNF geni 5. kromozomda yer alir ve 211 amino asitlik bir
onciil protein kodlar[32]. Onciil proteinin proteolitik islemden
gectikten sonra biyolojik aktif dimer formu 134 amino asit
biiyiikliigiindedir. GDNF’nin yiiksek afiniteli 6zgiin reseptorii
GFRal’dir. GFRal reseptor aktivasyonu RET-tirozin kinaz hiicre igi
sinyal yolagmi uyarir. Ilging olarak, yiiksek konsantrasyonlarda
GDNF’nin  GFRo2'ye de baglanabildigi raporlanmistir[33].
GDNF’nin RET-tirozin kinaz hiicre i¢i sinyal yolagina ek olarak fyn
kinaz ve fokal adezyon kinaz (FAK) yolaklarin1 da uyarabildiginin
tespit edilmesi bu norotrofik faktoriin genis bir etki yelpazesine
sahip oldugunu diisiindiirmektedir[34, 35].

Sinir sistemi lizerindeki gelisimsel etkilerinin yanisira GDNF
bobrek organogenezinde de onemli roller oynar[17]. Testislerde
spermatogonyel kok hiicreler iizerinde etkili oldugu gosterilen
GDNF molekiilii tireme sistemi tizerinde de etkilidir[20]. Ek olarak,
GDNF’nin karaciger rejenerasyonu, pankreas adacik hiicre gelisimi
ve kemik metabolizmasi lizerinde de diizenleyici etkileri oldugu da
raporlanmistir[36-38].

Neurturin (NRTN)

NRTN, 1996 yilinda Paul T. Kotzbauer ve arkadaslar
tarafindan, sempatik noronlarin sag kalimi {izerindeki etkileri
dolayisiyla kesfedilmistir[39]. NRTN aminoasit dizisi olarak GDNF
ile %42 oraninda benzerlik icermektedir[40]. Insan NRTN geni,
kromozom 19 iizerinde yer alir ve aynt GDNF gibi, oncii olarak
iiretilip proteolitik islemden gectikten sonra biyolojik aktif dimer
formuna ulasir[41]. Neurturin, daha diisiik afiniteyle GFRal'e de
baglanabilmesine ragmen, yiiksek afiniteli olarak GFRa2'ye
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baglanarak islev gostermektedir. GDNF ile benzer sekilde NRTN’in
hem in vivo hem de in vitro ¢aligmalar kapsaminda orta beyin
dopaminerjik néronlariin sag kalim ve fonksiyonel biitiinliigl i¢in
onemli roller oynadig1 gosterilmistir[42].

Baslangicta periferik sinir sistemi, enterik sinir sistemi ve
duyusal noronlar lizerindeki etkileri ile tanimlanan NRTN, MSS
iizerinde de kritik roller iistlenmektedir. Dopaminerjik noronlar,
sinaptik gelisim ve plastisite {izerindeki diizenleyici islevleri
NRTN’nin sadece embriyonik gelisim siirecinde degil eriskin
donemde de onemli norotrofik ve ndroprotektif gorevler aldigini
kanitlar niteliktedir[43]. NRTN’nin bahsi gegen noroprotektif
etkilerine dayanarak yapilan ¢alismalar Parkinson hastalig1 6zelinde
istatistiksel olarak anlamli bir basar1 ile sonuclanmamisken,
Huntington hastaligt kapsaminda o6zellikle hastalifin erken
evrelerinde umut verici sonuglar ortaya koymaktadir[44, 45].

Artemin (ARTN)

GDNEF ailesinin bir diger liyesi olan ve literatiir kapsaminda
Enovin veya Neublastin olarak da bilinen ARTN, 1998 yilinda
kesfedilmistir[46]. Ik olarak sigan beyninde sempatik néronlarin sag
kalimi tizerindeki etkileri iizerinden tanimlanan ARTN, néronal goc,
aksonal destek ve rejenerasyon kapsaminda aldigi 6nemli rollerin de
kesfedilmesiyle ©Onemini kanitlamistir[47-49]. ARTN’nin ayni
zamanda agr1 patolojisi, metastatik ve invazif kanser siireglerinde de
rol aldiginin tespit edilmesi bu iki u¢ yonlii nérotrofik faktoriin daha
ilgi c¢ekici olmasini saglamaktadir[50-52]. Aminoasit diizeyinde
GDNEF ile yaklasik %36-40, NRTN ile ise %42 benzerlik gdsteren
ARTN, insanda 1.kromozomun (1p32-p33) kisa kolunda yer alir[41,
46]. GDNF ailesinin diger liyelerine benzer sekilde ko-reseptor
sistemi (GFRa + RET tirozin kinaz) kullanan ARTN’nin 06zgiil
reseptor alt tipi GFRa3’diir. GFRa3 reseptdriiniin embriyonik ve
yetigkin donemde Ozellikle periferik duyusal ve sempatik
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noronlarda, schwann hiicrelerinde ve diisiik de olsa MSS’de ifade
edildigi gosterilmistir[47, 53]. Schwann hiicreleri ve sempatik
noronlar tizerindeki etkileri ARTN’nin ndronal go¢ ve akson
hedeflemesi {lizerinde etkili oldugunu gostermektedir. Artemin veya
GFRa3 eksikliginin sempatik gangliyonlarin miktarinda azalma ile
karakterize sempatik inervasyon bozukluklarina sebep oldugu bahsi
gecen etkilerini kanitlar niteliktedir[47, 54]. Ek olarak, ARTN’ nin
GDNEF ailesinin diger tiyeleri gibi duyusal noronlar ve 6zellikle agri
ve sicaklik duyusu ilizerinde de diizenleyici etkiler gosterdigi de
rapor edilmistir[52, 55]. ARTN'min MSS 6zelindeki rolleri GDNF
ailesinin diger iiyelerine kiyasla daha az olsa da ¢esitli dopaminerjik
ve serotonerjik motor noéronlarda GFRa3 ifadesi tespit edilmistir[46,
54, 56].

Persephin (PSPN)

Persephin (PSPN), 1998 yilinda Jeffrey Milbrandt ve ¢calisma
arkadaslar1 tarafindan bir protein veribankasinda yapilan homoloji
taramasi sirasinda kesfedildi[57]. GDNF ailesinin diger iiyelerine
benzer bicimde orta beyin dopaminerjik noéronlarmin sag kalimi
tizerindeki etkileri tespit edilmis olsa da ailenin diger iiyelerinin
aksine periferik duyusal noronlar ile birlikte sempatik sistem
ndronlari tizerinde belirgin etkisi olmadig: goriilmustiir[58].

Aminoasit dizilimi bakimindan GDNF ile yaklasik %40,
NRTN ile %38, ARTN ile ise %42 benzerlik gostermektedir[59].
PSPN’nin 6zgiil reseptorii GFRo4’diir[60]. Fakat, PSPN’nin hiicre
ici sinyal yolagi olan RET-tirozin kinaz yolaklarim1 GFRa4’e
baglanmaksiniz aktive ettigini gosteren c¢alismalar bu ndrotrofik
faktoriin farkli diizenleyici siirecler lizerinde oynayabilecegi olasi
rolleri diisiindiirmektedir[61]. Ek olarak, PSPN’nin diisiik afiniteli
de olsa GFRal reseptorlerine de baglanabildigi ve sonug olarak
hiicre i¢i sinyal yolaklarin1 aktive edebildiginin raporlanmasi bu
norotrofik faktoriin alternative gelisimsel/diizenleyici siireclerde de
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alabilecegi olasi rolleri diisiindiirmektedir[62]. En belirgin 6zelligi
substantia nigradaki dopaminerjik ndronlar1 korumak olan
PSPN’nin, spinal motor noronlarin sag kalimi {izerine de belirgin
etkileri oldugu raporlanmistir[63]. Diger GDNF ailesi iiyeleri aksine
PSPN’nin tiroid folikiiler hiicrelerinde de ifade edildiginin
raporlanmas1 bu noérotrofik faktoériin endokrin sistem iizerinde
oynayabilecegi olasi roller diisiindiirmektedir[64, 65].
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BOLUM 5

GUT MICROBIOTA RELATIONS WITH CENTRAL
NERVOUS SYSTEM PATHOLOGIES

MEHMET KiRAZLAR'
PINAR KILICASLAN CHATZELENIS?

Introduction

Over the past two decades, the gut microbiota has emerged
as a central regulator of host physiology, with increasing evidence
supporting its bidirectional communication with the brain. This
interaction influences the development, function, and pathology of
the central nervous system (CNS). The microbiota—gut—brain
(MGB) axis captures this dialogue, integrating neural, immune, and
endocrine signaling alongside microbial metabolites to shape brain
function and behavior. The brain can also modulate gut physiology
and microbial ecology through autonomic and neuroendocrine
pathways. This framework has significant implications for
understanding CNS pathologies, ranging from neurodegenerative
diseases to neuropsychiatric and epileptic disorders. A synthesis of
foundational and contemporary work across a spectrum of CNS
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disorders illustrates that gut microbial communities actively
participate in CNS health and disease. The MGB axis comprises
neural conduits, such as the vagus nerve and the enteric nervous
system (ENS), as well as humoral and immune pathways that convey
signals systemically and across the blood—brain barrier (BBB).
Microbial metabolites, including short-chain fatty acids (SCFAs),
bile acids, and tryptophan-derived compounds, along with microbial
proteins and  inflammatory  mediators, can influence
neuroinflammation, neuronal signaling, and glial responses.
Collectively, this literature supports a model in which gut microbial
composition and function modulate CNS vulnerability and resilience
in the face of diverse insults and developmental trajectories (Wang
et al., 2025).

The MGB axis encompasses multiple signaling channels.
Neural connections, particularly through the vagus nerve, enable
rapid bidirectional communication between the gut and the brain,
allowing gut-derived cues to influence CNS circuits while
facilitating CNS states to alter gut function and microbial ecology.
Both experimental and clinical data indicate that vagus nerve
signaling can transduce microbial signals into neural activity that
modulates brain regions implicated in mood, cognition, and
autonomic control. Moreover, ENS signaling integrates gut motor
and secretory functions with CNS regulation. The vagal route has
been proposed as a key conduit for gut-brain communication in
several CNS disorders, including Parkinson’s disease (PD), where
enteric neuropathology and alterations in gut microbiota might
contribute to disease initiation and progression (Moustafa et al.,
2021). Immune and endocrine signals, including pro-inflammatory
cytokines and the hypothalamic-pituitary-adrenal (HPA) axis,
convey a slower yet pervasive communication channel by which gut
microbes shape CNS inflammation and stress responses. These
immune-endocrine pathways can alter BBB permeability and
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microglial activity, influencing neuroinflammatory states relevant to
CNS pathology (Petra et al., 2015).

A critical component of this axis is microbial metabolism.
The gut microbiota produces various metabolites that can access the
CNS through systemic routes or through local signaling at the gut-
brain interface. SCFAs (e.g., acetate, propionate, butyrate) are
among the most well-studied metabolites and have been implicated
in modulating microglial maturation, neuronal signaling, and BBB
integrity, thereby affecting neuroinflammation and neuronal
resilience. Other microbial metabolites, such as bile acids and
tryptophan-derived compounds, also modulate immune cell
function, energy metabolism, and neuronal signaling. In
neurodegenerative diseases, alterations in microbial composition
and metabolite profiles—such as shifts in SCFAs, bile acids, and
other metabolites—have been reported and linked to disease
pathology and progression (Graham et al., 2018). The interaction
between microbial proteins and host immune and CNS processes
could further contribute to neuroinflammation and protein
misfolding phenomena, observed in diseases such as PD (Wei et al.,
2022).

Dysbiosis—an imbalance in the gut microbial ecosystem—
is a common feature across CNS disorders and is typically
accompanied by systemic inflammatory signatures. In PD, several
studies report gut microbiota alterations in the early stages of the
disease, showing perturbations in taxa that influence SCFA
production and intestinal barrier function, which may contribute to
pathophysiologic cascades including alpha-synuclein misfolding
and propagation to the CNS, possibly through the vagus nerve (Chan
et al., 2022). In multiple sclerosis (MS), evidence suggests that diet
and microbial ecology can modulate immune regulatory pathways
and inflammatory processes driving demyelination and
neurodegeneration; findings from human studies indicate that the gut
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microbiome influences disease activity and progression through
immune-mediated mechanisms and metabolic  signaling,
underscoring a potential therapeutic target through dietary and
microbiota modulation (Jayasinghe et al., 2022). Beyond MS and
PD, the gut-brain axis is relevant to neuropsychiatric conditions and
epilepsy, where gut microbial perturbations have been associated
with altered neuroinflammatory states and neuronal excitability,
potentially impacting symptom severity and treatment outcomes
(Al-Beltagi & Saeed, 2022).

The translational implications of the MGB axis are
compelling. Interventions aimed at reshaping the gut microbiota—
such as dietary modifications, prebiotics, probiotics, and fecal
microbiota transplantation (FMT)—have shown potential for
modifying microbial composition and metabolite output with
downstream effects on CNS physiology. In PD, strategies such as
probiotics and FMT have been investigated as adjuncts to traditional
therapies, with early signs of symptomatic and immunomodulatory
benefits; more recently, approaches that modulate the gut
metabolome and neural connectivity, including remote rehabilitation
strategies and vagus nerve-targeted interventions (e.g.,
transcutaneous vagus nerve stimulation, tVNS), have been proposed
to enhance neurorehabilitation and reduce neuroinflammation Jin et
al., 2025; . The literature on PTSD also indicates that microbial
mechanisms contribute to symptomatology and highlights
microbial-host interactions as potential therapeutic targets, offering
avenues for adjunctive treatments that complement conventional
pharmacotherapy and psychotherapy. Across disorders, the
collective body of work emphasizes the roles of diet, metabolism,
and environment as modulators of MGB interactions, underscoring
that microbial ecology operates within a broader ecological and
lifestyle context (Chang et al., 2022).
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We synthesize evidence from several key articles that
collectively illuminate how gut microbiota relations with CNS
pathologies unfold across a range of clinically relevant conditions.
We begin with foundational concepts, move to mechanistic pathways
that couple microbial ecology with CNS function, and then explore
disease-specific 1illustrations—from PD and MS to PTSD and
epilepsy—before concluding with translational implications and
future directions. This synthesis demonstrates that gut microbial
communities contribute to CNS vulnerability and resilience through
convergent mechanisms (neuronal signaling, immune modulation,
and microbial metabolites) while offering a plausible set of
therapeutic targets that warrant rigorous, translational exploration.

Foundational concepts: bidirectionality, signaling channels, and
the role of microbial metabolites

The bidirectional communication between the gut microbiota
and the brain is a central premise in this body of literature. The MGB
axis is conceptualized as a dynamic system wherein gut microbes
influence brain function and behavior, while brain states and
neuroendocrine signals shape gut physiology and microbial ecology.
Numerous reviews and primary studies underscore the integration of
neural, immune, and endocrine signaling as fundamental to gut-brain
communication. The neural channel, dominated by signals along the
vagus nerve and within the ENS, allows rapid conveyance of gut-
derived information to key brain regions involved in mood,
cognition, and autonomic control, as well as enabling CNS states to
affect gut function. Immune and neuroendocrine pathways operate
more slowly, conveying systemic information via cytokines,
immune cell trafficking, and the HPA axis, thus linking peripheral
inflammatory status and stress physiology to CNS tone and function
(Petra et al., 2015).
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Microbial metabolism is pivotal at the intersection of
signaling and substrate availability for the brain. Metabolites
produced by gut microbes—most notably SCFAs (acetate,
propionate, butyrate), bile acids, and tryptophan-derived products—
modulate host immune tone, barrier integrity, and neuronal
signaling. SCFAs have been implicated in shaping microglial
maturation and reactivity, preserving BBB integrity, and influencing
neural circuit function, thereby connecting microbial ecology to
neuroinflammation and neurobiology relevant to various CNS
disease states (Sampson et al., 2016). Beyond SCFAs, bile acids and
tryptophan metabolites add further layers of regulatory capacity to
the MGB axis. Additionally, microbial proteins or amyloid-like
factors may interact with host immune pathways, potentially
contributing to neuroinflammation and neurodegenerative processes
(Wei et al., 2022).

Pathways connecting gut microbes to CNS pathology:
neuroanatomic routes, immune signaling, and metabolism

Neural pathways anchor the gut-to-brain axis, with the vagus
nerve providing bidirectional communication between the gut and
CNS regions involved in emotion regulation, cognition, and
autonomic control. The gut microbiota can influence vagal afferents,
while the vagal signaling shapes brain activity and behavior. In
Parkinson’s disease, the vagus nerve is often proposed as a route for
gut-derived signals and misfolded proteins to affect CNS pathology,
as suggested by the observation that enteric neuropathy and
dysbiosis may occur before motor symptoms manifest in some PD
patients (Jin et al., 2025). The ENS integrates the gut environment
with CNS input, supporting bidirectional communication that can
modulate CNS connectivity patterns and neuroinflammatory states
(Borghammer & Van Den Berge, 2019).
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The immune axis links gut-derived signals to CNS
inflammation via circulating cytokines and immune cell trafficking,
potentially altering microglial activation and neuroinflammation.
The HPA axis connects stress physiology with gut function and
microbial ecology, providing a framework for chronic stress to
reshape the gut environment, promote dysbiosis, and feedback to
alter CNS function and vulnerability to disease. These immune-
endocrine pathways create an avenue for gut dysbiosis to influence
neuroinflammation and neurodegeneration across CNS and
neuropsychiatric disorders (Petra et al., 2015).

Metabolically, microbial metabolites serve as functional
mediators of MGB signaling. SCFAs modulate microglia and BBB
integrity while influencing neuronal excitability and regulating
inflammatory tone. Tryptophan metabolites impact serotonin and
kynurenine pathways, with implications for mood and cognitive
function. Bile acids and lipid derivatives significantly shape
inflammatory and metabolic signaling, subsequently affecting CNS
health. Altered metabolite profiles are reported in various CNS
disorders, including PD and neuropsychiatric conditions, positioning
them as key links between gut ecology and CNS pathology
(Alfonsetti et al., 2022). Overall, these metabolic pathways illustrate
the tangible connections between gut microbial composition and
brain health, presenting potential therapeutic targets that can be
influenced by dietary changes, probiotics, or direct microbial
interventions (Settanni et al., 2021).

Disease-specific illustrations

Parkinson’s disease has multiple correlations with
microbiome. A substantial body of work implicates gut dysbiosis as
an early contributor to PD. The dysbiotic state in PD typically
features changes in microbial taxa influencing SCFA production,
mucosal integrity, and inflammatory signaling, which may create a
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pro-inflammatory environment. Notably, alpha-synuclein pathology
has been identified in the gut and may propagate to the brain via the
gut-brain axis, with the vagus nerve posited as a route for this process
in susceptible individuals. The interplay between enteric
pathologies, microbial dysbiosis, perturbations in metabolite profiles
(including SCFAs), and neuroinflammation supports the notion that
gut microbiota contributes to PD pathogenesis and progression. Gut-
directed therapies (e.g., probiotics, FMT, dietary shifts) are being
explored as potential adjunctive strategies to modify disease
trajectory and inflammatory tone (Caruana et al., 2016).

Multiple sclerosis exemplifies an immune-mediated CNS
pathology where the gut microbiome modulates disease activity
through immune regulatory mechanisms. Dietary factors and gut
microbiota impact peripheral and CNS immune responses,
influencing T-cell differentiation and inflammatory cytokine
profiles, thus affecting demyelination and neurodegeneration.
Observational and interventional data suggest that the gut
microbiome can shape the MS disease course, indicating that
microbiome-targeted approaches may serve as potential adjunctive
therapies to limit CNS inflammation and promote neuroprotection.
Integrating dietary strategies and microbiome modulation into MS
management reflects a broader paradigm wherein systemic
metabolic signals and microbial ecology intersect with CNS
autoimmunity (Jayasinghe et al., 2022).

PTSD and neuropsychiatric disorders. In PTSD and related
neuropsychiatric conditions, the MGB axis is framed as a regulator
of stress response, mood regulation, and cognitive processes via
microbiome-driven  immune-neuroendocrine  signaling  and
metabolite effects on CNS circuits. Microbial dysbiosis has been
linked to altered inflammatory responses that may exacerbate
symptom severity, suggesting microbial modulation could
complement pharmacological and psychotherapeutic strategies.
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Literature underscores that gut signals may modulate fear-related
circuits, learning, and resilience, making microbial-targeted
interventions a promising avenue for adjunctive therapies in PTSD
and similar disorders (Pan et al., 2025).

Epilepsy, characterized by recurrent seizures, is increasingly
examined through the framework of gut-brain interactions, wherein
gut microbiota may influence neuronal excitability and
inflammatory states that modulate seizure susceptibility. Emerging
data suggest bidirectional influences between gut ecology and the
CNS, with dysbiosis potentially contributing to altered seizure
thresholds and related neuroinflammation. This perspective
encourages exploration of microbiome-based strategies as adjuncts
to conventional antiepileptic treatments and seizure management
(Al-Beltagi & Saeed, 2022).

Translational implications: toward microbiome-informed
therapies for CNS pathologies

The interplay of mechanistic signals across these CNS
disorders supports the therapeutic promise of microbiome-directed
interventions. Diets, prebiotics, and probiotics aim to reshape gut
microbial communities and their metabolic profiles, potentially
reducing systemic and CNS inflammation, enhancing barrier
integrity, and modifying neural signaling. FMT presents a direct
approach to reconstituting healthier microbial ecosystems, with
preliminary findings suggesting improvements in inflammatory and
metabolic parameters translating into CNS benefits in select
contexts. In PD, FMT and probiotic strategies are actively
investigated to restore microbial balance, influence metabolite
production, and potentially mitigate neuroinflammatory pathways
contributing to disease progression; device-based neuromodulation,
such as tVNS, complements these approaches by directly engaging
vagal pathways influencing brain networks and immune tone (Jin et
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al., 2025). Emerging evidence points to microbial mechanisms in
PTSD and related disorders as contributors to symptomatology,
advocating for microbiome-targeted therapies alongside standard
pharmacological and psychotherapeutic modalities. For MS, dietary
and microbiome-focused strategies are being considered to regulate
immune responses and CNS inflammation, targeting the aim of
diminishing disease activity and progression (Jayasinghe et al.,
2022).

However, several caveats temper these translational
considerations. While observational studies increasingly link gut
microbial configurations to CNS pathology, variability in study
design and microbiome assessment complicates causal inference.
The field strongly calls for longitudinal, mechanistic studies aimed
at elucidating causal pathways among specific taxa, metabolites,
immune signatures, and CNS outcomes. Environmental factors and
host metabolism—elements that contribute to the ecological context
of the gut microbiome—also shape these interactions, indicating a
need for integrating lifestyle and metabolic parameters into
microbiome-CNS disease models (Settanni et al., 2021).
Nonetheless, the consistent identification of core mechanisms—
neural signaling via the vagus/ENS, immune-neuroendocrine
regulation, and metabolite-mediated modulation of
neuroinflammation—forms a strong foundation for advancing
microbiome-based strategies in CNS disorders (Petra et al., 2015).

Across PD, MS, PTSD, epilepsy, and neuropsychiatric
disorders, the gut microbiota appears to influence CNS pathology
through common pathways. First, neural pathways (especially via
the vagus nerve) facilitate rapid, bidirectional communication
capable of altering CNS dynamics in disease-relevant networks.
Second, immune and neuroendocrine signaling connects peripheral
inflammatory states and stress responses to CNS inflammation,
potentially impacting disease onset, progression, and symptom
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manifestation. Third, microbial metabolites serve as essential
mediators of gut-brain signaling with direct or indirect effects on
microglia, neurons, and the BBB. The convergence of these
mechanisms suggests that microbial dysbiosis represents a non-
specific vulnerability factor capable of amplifying or mitigating
disease processes depending on a range of contextual factors
including host genetics, age, diet, and environmental exposures
(Dinan & Cryan, 2013).

In PD, gut dysbiosis and neuronal alterations may instigate a
cascade of alpha-synuclein—driven pathology propagating to the
CNS, potentially via the vagus nerve. This model connects early gut
modifications to later CNS manifestations, strengthening the case for
microbiome-targeted interventions aimed at modulating disease
progression and neuroinflammation. Reviews concentrating on PD
highlight the potential of probiotics, FMT, and gut-targeted therapies
to impact microbial-derived metabolites and inflammatory tone
relevant to PD pathology, supported by emerging research on
metabolome and neural connectivity suggesting a multi-modal
therapeutic approach integrating microbial modulation with
neuromodulation and rehabilitation (Scheperjans et al., 2014).

In MS, where immune dysregulation drives CNS
demyelination, the gut microbiome is shown to influence disease
activity through immunomodulatory mechanisms. Dietary and
microbial signals may skew T-cell differentiation and inflammatory
mediator  profiles, impacting CNS inflammation and
neurodegeneration. The MS literature advocates for microbiome-
informed dietary and probiotic strategies as part of a wider strategy
promoting immune tolerance and reducing CNS damage,
complementing traditional disease-modifying therapies (Stoiloudis
et al., 2022).

Further, PTSD and related neuropsychiatric conditions

underscore the intersection of stress physiology, neuroinflammation,
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and mood regulation with gut microbiota. Microbial dysbiosis may
influence stress responses and fear-related behavior through
immune-neuroendocrine  pathways and  alterations in
neurotransmitter availability, presenting mechanisms by which
microbiome interventions could enhance resilience and treatment
efficacy in PTSD when integrated with established therapeutic
practices (Pan et al., 2025).

In the domain of epilepsy, gut-brain signaling may impact
neuronal excitability and seizure vulnerability. Though causative
links remain to be fully delineated, hypotheses connecting dysbiosis
with increased neuroinflammation and altered neuronal stability
correlate with overarching MGB axis concepts, encouraging further
examination of microbiome-targeted adjuncts to traditional anti-
seizure therapies (Saeed et al., 2022).

Collectively, the gut microbiota exerts extensive, context-
dependent influence over CNS health and disease through
interconnected neural, immune, and metabolic pathways. This
framework not only enriches our understanding of CNS pathologies
but also highlights practical targets for early intervention and
adjunctive treatments. The field now requires more refined causal
models, systematic methodologies for microbiome evaluation, and
well-structured longitudinal research to translate these insights into
evidence-based, microbiome-informed strategies for CNS disorders.

Conclusion

The gut microbiota-CNS relationship represents a
transformative perspective for reconsidering CNS pathologies. The
assembled literature—encompassing foundational reviews to
condition-focused analyses—strongly supports the existence of a
bidirectional MGB axis whereby gut microbes communicate with
the brain through multi-faceted neural, immune, and metabolic
pathways, while CNS states reciprocally affect gut ecology. Across
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disorders such as PD, MS, PTSD, and epilepsy, common
mechanistic threads develop: dysbiosis and microbial metabolism
impact neuroinflammation, barrier integrity, neuronal signaling, and
network organization, reshaping disease onset, progression, and
symptom expression. These findings present a compelling rationale
for microbiome-targeted strategies—such as dietary modulation,
prebiotics, probiotics, FMT, and neuromodulatory approaches—that
could potentially enhance therapeutic outcomes, improve quality of
life, and possibly reshape disease trajectories. Nevertheless, the field
must address variability in study designs, establish causal
connections, and identify the most predictive or modifiable
microbial signatures and metabolites for various individuals and
conditions. Robust longitudinal studies, integrative multi-omics
methods, and comparative cross-disease analyses will be crucial in
advancing the application of gut microbiota-CNS interactions into
tailored interventions for CNS pathologies.
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BOLUM 6

ESTROUS CYCLE STAGING IN RATS

DENIZ YILDIZ PEHLIVAN!

Introduction

Rats are commonly used rodents in experimental studies to
investigate the underlying causes of physiological functions and
pathophysiological conditions in humans. Just like in humans, rats
also have a physiological process, and detecting this process can
affect the experimental stages. Knowing the estrus phases of female
rats used in experimental studies is important for the reliability of
research results. The reproductive cycle of rats is called the estrus
cycle. Hormonal changes in the rat estrous cycle can affect the
results of research. Knowledge about the estrous cycle of the
experimental animal used for experimental modeling is beneficial.
Therefore, it is useful to have knowledge of how to perform vaginal
cytology on female rats and how to distinguish the phases of the
estrus cycle.

The rat estrus cycle lasts four days and consists of four phases
that can be identified by the cell types observed in vaginal smears. It
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is possible to determine the phases of rat estrus and the sperm in the
rat vagina after mating using easy, inexpensive, fast, and practical
methods. By collecting vaginal swab samples from rats and staining
them, the cytological images of the cells in the resulting preparations
can be evaluated to determine which phase of the estrus cycle they
are in.

The estrus cycle typically begins between days 32-36, when
vaginal opening becomes apparent (Goldman & et al., 2007). This
cycle consists of four phases: proestrus, estrus, metestrus (diestrus
I), and diestrus (diestrus II). The estrus cycle of sexually mature rats
lasts approximately 4-5 days (Marcondes & et al.,, 2002). The
durations of estrus cycle phases vary. The proestrus phase lasts 12-
14 hours, the estrus phase 25-27 hours, the metestrus phase 6-8
hours, and the diestrus phase 55-57 hours (Levine, 2015). Various
environmental factors such as temperature, photoperiod, noise,
immobilization, and handling can affect cycle time. Specifically,
changes in photoperiod alter the length of the cycle (Hamid &
Zakaria, 2013). It has been reported that in laboratories where the
light-dark period is applied for 12-12 hours, the cycle lasts 4 days,
and in laboratories where it is applied for 16-8 hours, it lasts 5 days.
In contrast, it has been reported that the estrous cycle becomes
irregular in rats kept under 22 hours of light (Yigit & et al., 2019).

At the end of the proestrus phase, prolactin, LH, and FSH
levels begin to increase. It has been reported that estradiol levels
begin to rise during metestrus with LH release, peak during the
proestrus phase, and fall to baseline levels during the estrus phase
(Marcondes & et al., 2002), (Ekizceli & et al., 2015). Ovulation
occurs between the proestrus and estrus phases, when LH levels are
high (Marcondes & et al., 2002). Therefore, this is the most suitable
period for mating. Progesterone secretion increases during the
metestrus phase and decreases during the diestrus phase. In the

--88--



second half of the proestrus phase, it rises again, reaching a second
peak (Yigit & et al., 2019), (Marcondes & et al., 2002).

The vaginal epithelium is morphologically composed of
stratified layers of squamous cells. When the layers of the vaginal
mucosa are examined, the stratum granulosum is found at the base
of the epithelium, the stratum germinativum in the middle section,
and the stratum musification on the side facing the lumen. The cells
on the side facing the lumen secrete mucus, forming a mucosal layer.
The flattened epithelial cells located beneath this layer initiate the
keratinization process, and the stratum corneum layer forms beneath
the stratum musification (Koylii & et al., 2021). As vaginal cells are
shed along with endocrine changes, different cell types are observed
in response to morphological changes in the vaginal epithelium
(Hubscher & et al., 2005). The phases of estrus are determined by
classifying the vaginal smear into four phases (proestrus, estrus,
metestrus, and diestrus) based on the ratio of three different cell
types (epithelial cells, cornified cells, and leukocytes) (Marcondes
& et al., 2002) (Sugiyama & et al., 2021).

The stage of the cycle can be determined by examining cells
taken from the surface of the vaginal epithelium under a microscope.
There are many methods used to determine the phases of estrus.
Cytological evaluation of vaginal swabs is the fastest, most practical,
and non-invasive method among these. Vaginal smear cytology is
based on the identification of cells in samples obtained through
vaginal smears or vaginal lavage. Knowing the density and
characteristics of cells in the collected vaginal smear provides
insight into the estrus phases of female rats and is crucial for the
reliability of scientific studies.

Evaluation of Vaginal Cells Using Staining Methods

To determine the length and phases of the estrous cycle,
vaginal cytology samples should be collected for at least 14
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consecutive days. Sample collection should be done once a day and
at the same time each day. Taking smear samples at short intervals
increases the incidence of pseudopregnancy (Jaramillo & et al.,
2012). Cytological samples can be collected at any time of day, but
it is more convenient to collect them in the early morning hours when
the experimental animal begins to see light (Cora & et al., 2015). The
rat from which the smear sample will be taken should be held in a
supine position, and the smear brush should be inserted into the
vagina. The brush should be rotated a full turn to collect the sample
cells from the lumen wall. In vaginal cytology, collecting cells that
can be evaluated using the appropriate method is important. In
cytological evaluation, the presence, absence, or ratio of cells is
determined. In addition, estrus phases are determined by examining
the density of cells and their distribution in the preparation (Cora &
et al., 2015). The staining method used on the collected samples is
also very important. The dye used should be of a nature that allows
vaginal cells to be distinguished. In addition to this feature, its ease
of use, speed, and practicality, as well as its long life in preparations,
are also beneficial for researchers.

There are many methods used in the evaluation of vaginal
smear. Some researchers have examined the cell wall and shape
microscopically without staining, stating that examination can be
done without staining (Marcondes, Bianchi & Tanno, 2002), (Yener
& et al., 2007). However, determining cycle phases using this
method is quite difficult. Therefore, different staining protocols are
applied. (Coban & et al., 2016). Many different stains are used in
staining vaginal smear samples, including Shorr stain (Paccola & et
al., 2013), Papanicolaou stain (Hubscher, Brooks & Johnson, 2005),
(Mohammed & Sundaram, 2018), methylene blue (Pompili & et al.,
2010), (Mustapha & et al., 2011), (Mohammed & Sundaram, 2018),
Giemsa (Cora, Kooistra & Travlos, 2015), (Sugiyama & et al., 2021),
Alcian Blue (Sugiyama & et al., 2021), toluidine blue (Goldman,
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Murr & Cooper, 2007), (Cora, Kooistra & Travlos, 2015), (Coban &
etal., 2016), (Mohammed & Sundaram, 2018), Evans blue (Martins,
Lemos Pereira & Araujo Silva, 2005), and Crystal Violet (Begum &
et al., 2020), (McLean & et al., 2012). The most commonly used
stains among these are Papanicolaou stain and methylene blue.
Completing the staining process and preparing the sample for
examination using these methods takes approximately 1 hour (Yener
& et al., 2007). On the other hand, Giemsa paint is practically simple
and can be applied quickly. It is a suitable stain for evaluating
nucleocytoplasmic size and cytoplasm (Sugiyama & et al., 2021).
This feature makes it possible to determine the estrous cycle phases
of rats and to analyze sperm after mating with male rats.

Rat Estrus Cycle Phases

Proestrus Phase

In this phase, epithelial cells taken from the vagina are
nucleated, round, and appear in clusters. Although rare, a small
number of cornified squamous epithelial cells may also be seen
(Levine, 2015). At the end of the proestrus phase, the surface layer
of mature epithelial cells sloughs off, exposing the stratum corneum
(Hubscher & et al., 2005). Cell images obtained from vaginal smear
and Giemsa staining are shown in Figures 1-2-3-4. As shown in
Figure 1, nucleated and oval epithelial cells are predominant during
the proestrus phase. The period from the proestrus phase to the estrus
phase is the time interval during which rats are suitable for mating.
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Figure 1: Cells observed in rat proestrus phase (A: 20 um, B: 50
um, C: 100 um, D: 200 um).

Estrus Phase

During the estrus phase, anucleated, irregularly shaped,
cornified squamous epithelial cells are predominant (Levine, 2015).
Photographs obtained from smears taken from rats in the estrus
phase are presented in Figure 2. Nucleus-free, cornified epithelial
cells are easily distinguishable.
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Figure 2: Cells observed in rat estrus phase (A: 20 um, B: 50 um,
C: 100 um, D: 200 um).

Metestrus Phase

Metestrus, also called diestrus-1, is characterized by the
shedding of the entire vaginal lining. Vaginal smear shows mostly
cornified cells, but other cell types are also observed (Hamid &
Zakaria, 2013), (Yigit & et al., 2019). Nucleated epithelial cells are
seen during the metestrus and diestrus phases, with leukocytes being
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predominantly observed during the metestrus phase (Levine, 2015).
Leukocytes seen during the metestrus phase infiltrate the vaginal
epithelium, which has thinned due to the drop in estrogen levels, and
pass into the vaginal canal (Hubscher & et al., 2005). During the
metastrual phase, agranular, nucleus-free cornified epithelial cells
and numerous leukocytes are observed (Ajayi & Akhigbe, 2020).
Leukocytes have granular cytoplasm (Levine, 2015). Images of
vaginal cells taken from rats in the metestrus phase are presented in
Figure 3. In this phase, cornified epithelial cells and widespread
neutrophil leukocytes are observed.
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Figure 3: Cells observed in the rat metestrus phase (A: 20 um, B:
50 um, C: 100 um, D: 200 um).
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During the diestrus phase (diestrus II), which constitutes
more than half of the estrous cycle, the number of cells with nuclei
increases. This indicates that the shedding process has ended (Yigit
& etal., 2019). During the diestrus phase, the epithelial tissue is quite
thin. In this phase, epithelial degeneration stops, and epithelial tissue
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increases through mitosis (Hubscher & et al., 2005).
Polymorphonuclear leukocytes may be seen in vaginal smear results
(Hamid & Zakaria, 2013), (Cora & et al., 2015), (Ajayi & Akhigbe,
2020). Epithelial cells with nuclei are observed (Hubscher & et al.,
2005), (Martins & et al., 2005), (Levine, 2015). This period is
followed by the proestrus phase, and the cycle begins again. Images
of rat cells in the diestrus phase are presented in Figure 4.
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Figure 4: Cells observed in the diestrus phase of a rat (4: 20 um,
B: 50 um, C: 100 um, D: 200 um).

Conclusion

Rats are frequently used animals in experimental studies.
Determining the estrous cycle phases of the female rat to be used in
the study is valuable for the reliability of the research results. This
physiological process is crucial for determining the mating season,
identifying the onset of pregnancy, and monitoring pregnancy. The
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estrus cycle of experimental animals lasts approximately 4-5 days
and consists of successive phases: proestrus, estrus, metestrus, and
diestrus. Knowing the density and characteristics of cells in vaginal
smears provides insight into determining the estrus phases of female
rats. This is crucial for the reliability of researchers' scientific
studies.

--08--



References

Ajayi, A.F. & Akhigbe, R.E. (2020). Staging of the estrous
cycle and induction of estrus in experimental rodents: an update.
Fertility Research and Practice, 6 (5), 1-15. Doi:10.1186/s40738-
020-00074-3.

Cora, M.C., Kooistra, L. & Travlos, G. (2015). Vaginal
cytology of the laboratory rat and mouse: review and criteria for the
staging of the estrous cycle using stained vaginal smears.
Toxicologic Pathology, 43 (6), 776-793.
Doi:10.1177/0192623315570339.

Ekizceli, G., Inan, S., Oktem, G. et al. (2015). Siganlarda
Ostrus dongiisii ile iliskili ovaryum ve uteruslarin histolojik
degerlendirmesi. Uludag Universitesi Tip Fakiiltesi Dergisi, 41 (2),
65-72.

Goldman, J.M., Murr, A.S., & Cooper, R.L. (2007). The
rodent estrous cycle: characterization of vaginal cytology and its
utility in toxicological studies. Birth Defects Research, 80 (2), 84—
97. Doi: 10.1002/bdrb.20106.

Hamid, H.Y. & Zakaria, Z.A.B. (2013). Reproductive
characteristics of the female laboratory rat. African Journal of
Biotechnology, 12 (19), 2510-2514. Doi:10.5897/AJB12.2046.

Hubscher, C.H., Brooks, D.L., & Johnson, J.R. (2005). A
quantitative method for assessing stages of the rat estrous cycle.
Biotechnic and Histochemistry, 80 (2), 79-87.
Do0i:10.1080/10520290500138422.

Jaramillo, L.M., Balcazar, 1.B., & Duran, C. (2012). Using
vaginal wall impedance to determine estrous cycle phase in lewis
rats. Lab Animal, 41 (5), 122—-128. D0i:10.1038/laban0512-122.

K&ylii, A., Omeroglu, S., Akarca, Dizakar, S.0., etal. (2021).

Sicanlarda vajinal yayma Orneklerinin sitolojik degerlendirilmesi.
--99--



Manas Journal of Agriculture Veterinary and Life Sciences, 11 (1),
94-99.

Levine, J.E. (2015). Neuroendocrine control of the ovarian
cycle of the rat. Knobil and Neill’s Physiology of Reproduction.
Elsevier. Doi:10.1016/B978-0-12-397175-3.00026-0.

Marcondes, F.K., Bianchi, F.J. & Tanno, A.P. (2002).
Determination of the estrous cycle phases of rats: some helpful
considerations. Braz J. Biol, 62 (4A), 609—614. Do0i:10.1590/s1519-
69842002000400008.

Martins, R.R., Lemos Pereira, N.M., & Araujo Silva, T.M.
(2005). Liquid-base cytology: a new method for oestral cycle study
in wistar’s rats. Acta Cirurgica Brasileira, 20 (1), 46-49.
Do0i:10.1590/50102-86502005000700009.

Sugiyama, M., Yasunaga, A., Kobayashi, R., et al. (2021).
Improvement in identification of pro-estrous mice by using a novel
method of detecting vaginal mucous cells. Cell and Tissue Research,
383, 1183-1190. D0i:10.1007/s00441-020-03310-w.

Yigit, A.A., Boyik, G., & Kabakei, R. (2019). Disi ratlarda
iireme fizyolojisi. Dicle Univ Vet Fak Derg, 12 (2), 163-167.

--100--



BOLUM 7

UYKUNUN SPORTIF FALIYETLERE VE
EGZERSIZ SURECLERINE ETKIiSI

Bilal Sahin!
Tugba Yildiz Asdemir?

Giris
Insanin en temel biyolojik faaliyetlerinden biri olan uyku,
viicut dokularmin giin boyunca aktif olan metabolik siire¢lerden
kurtuldugu ve ertesi giin i¢in viicudu etkili fizyolojik performansa
hazirladigr 6nemli bir siirectir. Uykunun, insan sagliginda fiziksel,
biligsel performans ve esenlik i¢cin 6nemli bir role sahip oldugu
bilinmektedir. Bu sebepledir ki insan yagaminin yaklasik 1/3’t uyku
ile gegcmektedir. Uyku, oncelikle ndrobiyolojik siiregler tarafindan
kontrol edilen dogal ve geri dondiiriilebilir bir durumdur. Sagligin ve
refahin siirdiiriilmesi i¢in gerekli olan insan yasaminin fizyolojik bir
parcasidir. Uyku, dis uyaranlarin algilanmasinda azalma ve motor
aktivitenin durmasi ile iliskilidir. Uyku kalitesi diyet, fiziksel
aktivite, genetik ve ¢evresel faktorler gibi bir¢ok faktérden etkilenir.
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Uykunun viicut iizerinde ¢ok faktorli bir etkisi vardir. Enerji
tiiketimini azaltir, beyindeki enerji deposunun geri kazanimini artirir,
adaptif ve dogustan gelen bagisiklik tepkisini diizenler ve hafizanin
pekistirilmesine (edinilen bilgilerin beyinde sabitlenmesine) katkida
bulunur.

UYKU VE UYANIKLIGIN OLUSUMU

Uyku-uyaniklik siklusu; biyolojik ritme bagli olarak olugur
ve olusumunda 24 saat siiren evrelerin tekrarlamasi ile olusan
sirkadiyen ritm belirleyicidir. Sirkadiyen ritm anterior hipotalamusta
bulunan suprakiyazmatik niikleus tarafindan diizenlenir. Bu ritmin
olusumunda rol alan en giicli uyaran gilines 1s181dir. Isik
uyaranlarinin  suprakiyazmatik niikleusu etkilemesi retinal
fotoreseptorler araciligi ile saglanir. Bu uyaranlara bagli olarak
olusan bir diger islev ise melatonin sentezidir. Melatonin
suprakiyazmatik niikleusun ritmik aktivitesine bagli olarak salgilanir
ve karanlikta en yiikksek diizeye wulasarak geri besleme
mekanizmasiyla bu niikleusun aktivitesini diizenler. Is1gin olmamasi
ile hipotalamusta noroendokrin diizenlemeler degisir ve basta
melatonin olmak iizere bazi hormonlarin salgilanmasi ya da
bazilarinin baskilanmasi uykunun baglatilmasina katkida bulunur.
Beyin sapindan gelen eksitatér uyarilarin neden oldugu kortikal
aktivasyonun ise uyaniklig1 sagladig1 kabul edilir. Beyin sapindan
gelen bu uyarilarin ana kaynagi retikiiler aktive edici sistem
(RAS)’dir. RAS; talamus, 6n beynin orta kismi, hipotalamus,
tegmentum, rafe cekirdegi, locus seruleus gibi uykuda rolii olan
anatomik bolgeleri birbirine baglar ve bilesenleri uykunun
olusturulmasinda, siirdiiriilmesinde ve uyku-uyaniklik durumlarinin
saglanmasinda kritik dneme sahiptir.
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Kortikal Uyaniklig1 Saglayan Subkortikal Yapilar

Serebral korteks

Talamus
Bazal
onbeyin T

Hipotalamus eey,b
"'90,‘?
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=
UYKU
(NREM =<~—5 REM |

UYANIKLIK |

Agar. E. (2021). Tiirk Fizyolojik Bilimler Dernegi Saglik Bilimleri I¢in Insan
Fizyolojisi. (1): Istanbul Tip Kitabevi

Fizyolojik uyku, uyku sirasinda tekrarlanan REM (hizl1 g6z
hareketleri) asamast ve NREM (non-REM) asamasindan
olugmaktadir. Yetiskinler genellikle toplam uyku siirelerinin
yaklasik  %20-25'ini  REM asamasinda, %75-80'ini NREM
asamasinda gegirirler ve dort ila bes arasinda NREM dongiisiine
sahiptirler. REM fazi1 sempatik sinir sisteminin aktivasyonu ile
iligkilidir ve sicaklik ve kan basincinda artisa ve kalp atis hizinda
hizlanmaya yol acar. REM uyku fazi sirasinda kas tonusunda da bir
azalma ve limbik bolgelerde aktivasyon vardir, bu da REM'in
duygusal diizenlemede rol oynadigini diisiindiirmektedir. NREM
asamalar1 daha uzundur ve parasempatik sinir sisteminin isleviyle
iligkilidir ve REM asamasinin aksine viicut 1sisinda, kan basincinda
ve nabizda azalmalarla iligkilidir. NREM uyku asamasi ayrica hafiza
konsolidasyonunu, metabolik diizenlemeyi ve beyin yenilenmesini
de destekler. REM uyku sirasinda EEG paterni evre-I uykuya benzer
ancak REM uykuda ara sira ritmik teta/delta borstleri olarak
isimlendirilen testere disi dalgalar goriiliir. EEG de diisiik voltajli,
mikst frekansl aktivite ¢cok diislik kas tonusu ile birliktedir. Hizl1 géz
hareketleri uykunun bu sathasinin tek karakteristigidir. Bu evrede

yiksek beyin aktivitesi sz konusudur, solunum diizensizdir, kalp
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vurum orani artar, parlak canli riiyalar, uyku ile iligkili ereksiyonlar
goriilebilir. Bazi REM uyku epoklarinda goz hareket aktivitesi
oldukca yogun iken diger bazi zamanlarda goz hareketleri cok az ya
da yoktur. REM uykunun bu iki farkli durumu fazik REM uyku ve
tonik REM uyku olarak isimlendirilir. REM uykudan uyananlarin
yaklasik %80’inde riiyalar hatirlanir. Uyku igcikleri, delta dalgalari
ve yavas kortikal dalgalar NREM uykunun dalga karakteristikleridir.
Uyku igcikleri talamokortikal ndronlar lizerine inhibitdr postsinaptik
potansiyelleri diizenleyen GABA erjik retikiilo-talamik ndronlar
tarafindan olusturulur. Tersine delta dalgalar1 talamusdan uyarilarla
kortikal olarak olusturulur. NREM uyku sirasinda retikiiler
aktivasyon  sistem  (RAS)  aktivasyonu  talamokortikal
hiperpolarizasyona cevap olarak azalir. Bodylece NREM,
talamokortikal inhibisyon tarafindan olusturulan fonksiyonel
deafferantasyon ile belirlenir. Yavas dalgalar, uzamis depolarizasyon
ve repolarizasyon sonrasi kortikal hiicrelerden kaynaklanir ve
fronto-paryetal bolgelerde belirgindir. REM aktiviteyi olusturan
noronlar pons bolgesine lokalize olmuslardir. Takiben yapilan
caligsmalarda laterodorsal tegmentum (LDT) ve pedunkiilopontin
tegmentum (PDT) da REM uykuya etkilidirler. Uyku sirasinda etkin
olan norotransmiterler GABA, uyanikliktan sorumlu olan
ndrotransmiterler ise asetilkolin, norepinefrin ve serotonindir. Fakat
REM uykusunda asetilkolin aktif olur.
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Uyku ve Uyaniklikla Ilgili Beyin Bélgeleri ve Norotransmitterler

NT Bolge Uyarmmk | NREM | REM
Hipokretin LPH -+ - -
Histamin TMIN + - -
Asetilkolin LDT/PPT - - +
Asetilkolin Bazal &n beyin -+ - -
MNorepinefrin LC + = =
Serotonin DRMN + - -
GABA//galanin | VLPO - = -
Dopamin WTA + = =
Kasaltmalar: LPH, lateral posteriyor hipotalamus;
TMNM, tuberomamiller gekirdek; LDT, laterodorsal
tegmentum; PPT, pedunkilopontin tegmentum;

LC, lokus seruleus; DRMN, dorsal rafe gcekirdegi;
VLPO, ventrolateral preoptik alan;
VTA, ventral tegmental alan

Agar. E. (2021). Tiirk Fizyolojik Bilimler Dernegi Saglik Bilimleri I¢in Insan
Fizyolojisi. (1): Istanbul Tip Kitabevi.

Bu evreler saglikli bir sekilde tamamlandiginda yetiskin bir
insan giinde 7-9 saat uyumaktadir.

Ozetle; uyku ve uyanikligi {ic temel mekanizma koordine
eder.

1. Otonom sinir sistemi dengesi,
2. Homeostatik uyku devamliligi,
3. Sirkadiyen ritm.

Bu mekanizmalar dinamik bir denge i¢erisinde uyku ve uyanikligin
stirdiiriilmesinde rol oynarlar.

UYKUNUN ONEMIi

Uyku sirasinda kortizol, norepinefrin ve adrenalin
salimiminda azalma olur. Biliylime hormonlari, melatonin ve
prolaktin  gibi  hiicre  biiylimesini  etkileyen = hormonlarin
konsantrasyonu artar. Prolaktin ve biliyime hormonu, yeni T
hiicrelerinin farklilagsmasini ve olusumunu etkiler ve lenfositlerin
antijenik tepkisini kontrol eden tip 1 sitokinlerin fonksiyonunu
uyarir. Cok az uyudugunuzda bagisiklik sistemi, viicudun savunma

reaksiyonlarinda yer alan antikorlarin sayisin1 azaltir. Yetersiz uyku,
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norobiligsel islevden bagisiklik islevine ve yasam beklentisine kadar
genel insan islevini ve performansini etkiler.

Uyku enerji tilketimini azaltir (temel metabolizma hizi diiser)
ve buna bagli olarak viicut 1s1s1 azalir. Beyin tarafindan tiiketilen
glikoz da azalir: Non-REM uykuda, uyanik duruma gore daha az
glikoz tiiketilir (beyin hiicrelerinin glikoz talebi daha diisiiktiir). Bu
azalma kan sekeri seviyesinin asir1  disiik olmasindan
kaynaklanmaz, ¢iinkii uyanikliktakiyle ayni1 seviyededir. REM fazi
sirasinda metabolik hiz artar, bu da NREM uyku fazina kiyasla artan
glikoz tiiketimiyle sonuglanir.

Uyku sirasinda aktif olan glifatik sistem, belirli maddeleri
merkezi sinir sisteminden uzaklagtirmak i¢in perivaskiiler kanal
sistemlerini kullanan makroskobik bir sistemdir. Glifatik sistemin
islevi, hiicresel solunum sirasinda iiretilen toksinleri beyinden
uzaklastirmaktir. Uyku sirasinda, beyinden toksinlerin atildig1 artan
bir kiitle akis1 vardir. Glifatik sistem ayn1 zamanda glikozun, amino
asitlerin, lipitlerin ve bazi ndrotransmitterlerin dagitimina da katkida
bulunur. Yeterince uyku saglanamazsa, toksin atilimi azalabilir ve bu
da Alzheimer hastaligi gibi bircok nodrodejeneratif hastalikta
goriilebilen amiloid plaklarin olusumuna yol agabilir.

Uyku ve uykusuzluk beynin farkli baglantilarin1 etkiler.
Uyku sirasinda, sinapslar aracilifiyla glia hiicreleri ve noronlar
arasinda kendiliginden bir flizyon meydana gelir ve bu da hiicre
aglarinin olusumuna yol agar. Agin 6zellikleri sinapslar ve sinyal
molekiilleri tarafindan degistirilir. Uyku sirasinda eski gereksiz
anilar silinir, yenileri gii¢lendirilerek konsolidasyon saglanir ve
noromiiskiiler dongiiler gii¢lendirilir. Yetersiz veya eksik NREM
faziyla iligkili uyku bozukluklari, viicudun genel isleyisini etkileyen
ve giderek artan bir halk saglig1 sorunudur. Hem hayvanlar1 hem de
insanlar1 kapsayan bilimsel calismalar, uyku
yoksunlugunun/kisitlamasinin biligsel, immiinolojik, metabolik ve

hormonal bir¢ok a¢idan bozulmalara yol agtigin1 gdstermektedir.
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SPORTIF FAALIYETLER VE UYKU

Sporcularda maksimal performansa ulasabilmek i¢in fiziksel
uygunluk, beslenme ve antrenman programlarinin yaninda uyku
diizeni de temel belirleyicidir. Uykunun hem toparlanma
siireglerinde hem de performansin siirdiiriilmesinde kritik rol
oynadigi artik yaygin bigimde kabul gérmektedir.

Uyku yoksunlugu sporcularda;
e Anaerobik giicte azalma,
e Reaksiyon siiresinde uzama,
e Karar verme ve koordinasyon becerilerinde bozulma,
e Kas glikojen depolarinda diisiis,
e Bagisiklik sisteminde baskilanma,
e Metabolik ve endokrin bozukluklar,
e Dayaniklilik performansinda azalma,
e Duygudurum ve bilissel islev degisiklikleri
gibi olumsuz sonuglar dogurur.

Sagliklt yetiskinler icin 7-9 saat uyku Onerilirken,
arastirmalar sporcularin optimal performans i¢in 9-10 saatlik daha
uzun uyku siirelerine ihtiya¢ duyabilecegini gdstermektedir. Mah ve
arkadaglarinin basketbolcular iizerinde yaptig1 c¢alismada, uyku
stiresinin arttirilmasi; sprint siiresi, serbest atis yiizdesi ve {cliik
isabet oraninda anlamli artis saglamistir. Benzer sekilde Schwartz ve
Simon’un tenis oyuncular1 iizerinde yaptiklar1 calismada uyku
stiresinin birka¢ saat uzatilmasiyla servis dogrulugunun anlamli
diizeyde arttigin1 bildirmislerdir. Skein ve arkadaslarinin atletler
lizerinde yaptig1 ¢caligmada ise, 30 saatlik uyku yoksunlugu sonrasi
izometrik kuvvet, kas glikojeni ve sprint performansinda belirgin

diisiis saptanmistir. Uyku kalitesinin bozulmasi, otonom sinir sistemi
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dengesizligine yol acgabilir ve kroniklestiginde asir1 antrenman
sendromu, benzer bulgular ortaya ¢ikarabilir.

Ayrica uyku kaybinin ardindan proinflamatuar sitokinlerde
(interlokin-6, C-reaktif protein ve timor nekroz faktorii-o) artisa
bagli bagisiklik fonksiyonlar1 baskilanarak sporcular enfeksiyonlara
kars1 daha kirilgan hale gelebilmektedir.

Yapilan c¢alismalarda uyku yoksunlugunda hormonal
degisiklikler arasinda kortizol salgilanmasinda artis, testosteron ve
insiilin benzeri biiylime faktorii 1'de ise yliksek diizeyde proteolitik
bir ortamin olugmasini destekleyen bir azalma vardir. IGF-1 aracili
sinyalleme, kas protein sentezinin uyarilmasinda merkezi bir
unsurdur, kas biiylimesini en iyi sekilde karakterize eder ve iskelet
kasindaki adaptif siireglerle iliskilidir. Bunun sonucunda uyku
eksikliginin protein sentezi yollarinin aktivitesini azalttigini, kas
kiitlesi kaybina yol a¢tigini ve dolayisiyla egzersiz, yaralanmalar ve
kas atrofisi ile iligkili belirli durumlarin neden oldugu hasardan sonra
kas iyilesmesini engelledigi goriilmektedir.

Uyku Yoksunlugunun Metabolik ve Endokrinolojik Etkileri

I Sleep deprivation/restriction I

~

Anabolic hormones Catabolic hormones

:

Protein synthesis Protein degradation
Muscle atrophy
Worse satellite cell prolferation, fusion and differentiation
VWorse recovery capacity

Dattilo ve ark. (2011)
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Normallestirilmis bir karbonhidrat alimiyla bile uyku
yoksunlugu sirasinda kas glikojen depolar1 azalir. Bu muhtemelen
sporcularin zorla uyanik kaldiklari siire boyunca enerji tiikketiminin
bir sonucudur. Onemli enerji harcamalarinin meydana geldigi goz
onitine alindiginda, glikojen rezervlerinin tliikenmesine neden
oldugundan sporcularin yeterince uyumas: hayati Onem
tasimaktadir.

Uyku yoksunlugunun bilissel performans iizerindeki
etkilerini inceleyen ¢alismalar, uyku kaybinin artmasinin genel ruh
hali durumlarinda kotiilesmeye, yorgunluk, uyku hali ve kafa
karigikliginda artiga, canlilikta ve nesede azalmaya ve depresyonda
artisa yol actigin1 gostermektedir. Fiziksel etkilerinin yani sira neden
oldugu psikomotor performansin azalmasi, tepki siiresinin uzamasi,
dikkat daginikligir ve ruh hali degisimleri gibi biligsel etkiler de
sportif basarty1r olumsuz yonde etkilemektedir. Sonug¢ olarak; bir
sporcunun potansiyelinin zirvesine ulagsmasi i¢in, fiziksel kondisyon
ve beslenme gibi iyi bilinen etkilere ek olarak uyku da ayn1 derecede
onemli rol oynamaktadir.

MUDAHALELER: UYKUNUN SPORCU PERFORMANSI
UZERINE ETKILERINI AZALTMAYA YONELIK
UYGULAMALI YAKLASIMLAR

Uyku yoksunlugunun fiziksel ve biligsel anlamda olumsuz
etkileri géz oniine alindiginda, uykuya yonelik miidahaleler sporcu
saghigr ve performans yonetiminin 6nemli bir bileseni haline
gelmigtir.  Glincel literatiir, uygun sekilde planlanan uyku
stratejilerinin hem fiziksel hem de biligsel performans iizerinde
koruyucu ve iyilestirici etkiler saglayabilecegini gostermektedir.

Uyku Siiresinin Artirilmasi (Uyku Bankacihigy)

Uyku siiresinin planlt olarak artirilmasini ifade eden uyku
bankacilig1 (sleep banking), literatiirde en giiclii kanita sahip

miidahalelerden biridir. Yogun antrenman veya miisabaka donemleri
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oncesinde birka¢ gece boyunca uyku siiresinin uzatilmasinin,
reaksiyon zamani, sprint performansi, gii¢ iiretimi ve algilanan efor
iizerinde olumlu etkiler olusturdugu bildirilmektedir. Bu yaklagim,
merkezi yorgunlugun azaltilmasina ve performansin korunmasina
katki saglamakta; oOzellikle uyku agig1 birikmis sporcularda
performans diisiisiinii sinirlayabilmektedir.
Uyku Hijyeni Egitimi

Uyku hijyeni, saglikli ve siirdiiriilebilir uyku aligkanliklarinin
gelistirilmesini hedefleyen davranigsal diizenlemeleri
kapsamaktadir. Diizenli yatma ve uyanma saatleri, uyku dncesi mavi
151k maruziyetinin azaltilmasi, uyku ortaminin karanlik ve serin
tutulmas: ile kafein ve alkol tiikketiminin kontrolii bu egitimin temel
unsurlaridir.  Uyku hijyeninin tek basmna performans artis:
saglamaktan ziyade, uyku kalitesini ve siiresini iyilestirerek
toparlanma siire¢lerini dolayl olarak destekledigini gostermektedir.
Ozellikle geng sporcular ve diizensiz uyku aliskanliklarina sahip
bireylerde uyku hijyeni egitiminin daha belirgin yarar sagladigi
bildirilmektedir.

Planh Giindiiz Uykular1 (Napping)

Planli giindiiz uykular, kisa siirede uyanikligi artiran ve
yorgunlugu azaltan pratik bir miidahale olarak 6ne ¢ikmaktadir. Kisa
stireli (10-30 dakika) giindiiz uykularinin dikkat, reaksiyon zamani
ve biligsel performansi hizli bi¢imde iyilestirdigi; daha uzun siireli
(6090 dakika) giindiiz uykularinin ise motor Ogrenme,
noromiiskiiler ~ fonksiyon ve giic {retimini destekledigi
belirtilmektedir.

Sirkadiyen Ritim ve Seyahat Stratejileri

Uluslararas1 miisabakalar ve sik seyahat gerektiren spor
dallarinda sirkadiyen ritim uyumsuzlugu performans iizerinde
belirgin olumsuz etkilere yol acabilmektedir. Jet lag yonetimine
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yonelik stratejiler arasinda uyku-uyaniklik saatlerinin kademeli
olarak yeni zaman dilimine uyarlanmasi, 151k maruziyetinin
zamanlanmasit ve melatonin kullanimi1 yer almaktadir. Bu
miidahalelerin, sirkadiyen uyumu hizlandirarak bilissel ve fiziksel
performans kaybmi sirladigr  bildirilmektedir.  Planli  ve
bireysellestirilmis uygulamalar, 6zellikle ¢ok giinliilk yarigmalar
sirasinda performans siirdiiriilebilirligini destekleyebilmektedir.
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BOLUM 8

AEROBIK EGZERSIZIN OGRENME VE
SINAPTIK PLASTISITE UZERINE ETKIiLERI

ISA YESILYURT!

Giris

Egzersiz tipleri genel olarak aerobik (dayaniklik, dinamik) ve
direng (anaerobik, statik, kuvvet) seklinde ikiye ayrilir. Gilinliik
aktivitelerimiz ve spor dallari, bu iki tipin farkli kombinasyonlar
seklinde gergeklesir. Egzersiz sirasinda kardiyovaskiiler sistem ve
solunum sistemi, viicudun artan enerji talebini karsilamak igin
entegre bir sekilde islev goriir.

Diizenli fiziksel aktivite; kan basincimi diizenler, insilin
duyarliligmmi artirir ve damar sertligini yavaslatarak 6liim riskini
azaltir. Egzersiz, istirahat kalp hizin1 diisiirerek kalpte saglikli
yapisal degisimlere yol acgsa da c¢ok yogun ve uzun siireli
antrenmanlarin potansiyel riskleri hala tartisilmaktadir. Egzersizin
koruyucu mekanizmalarini tam olarak anlamak i¢in yeni bilimsel
calismalara ihtiya¢ duyulmaktadir.

' Dr. Ogr. Uyesi, Yalova Universitesi Tip Fakiiltesi, Fizyoloji Anabilim Dal,

Orcid: 0000-0002-2164-4580
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Egzersizin solunum iizerindeki etkileri daha degiskendir.
Dinamik egzersizler akut donemde bronglar1 genisletip oksijen
tasima kapasitesini artirirken, anaerobik enerji yolaklarini kullanan
statik egzersizlerde benzer bir oksijen tiiketim artist goriilmez.
Egzersizin akciger kapasitesini kalici olarak artirip artirmadigi hala
kesinlesmemistir; bu nedenle solunum kapasitesi, elit sporcular i¢in
genellikle smirlayict bir faktoér olarak kabul edilir (Charlton &
Crawford, 1997).

Egzersizin fizyolojik etkileri kardiyovaskiiler sistemle sinirl
olmayip multisistemik 06zelliktedir. Bu bakimdan o6zellikle sinir
sistemi tUzerine etkileri ve norolojik hastaliklarin tedavisindeki
potansiyel yeri ilgi ¢ekici bulunmakta ve siklikla aragtirma konusu
olmaktadir. Iskelet kaslarindan salgilanan miyokinler ve artan
BDNF seviyeleri biligsel islevleri, ruh halini ve istah1 olumlu etkiler.
Bu durum, kas dokusu ile beyin arasinda giiclii bir kimyasal iletisim
hatt1 oldugunu gostermektedir (Pedersen, 2019).

Egzersizin etkilerinin incelenmesi icin genellikle arastirilan
Olciilebilir belirte¢ olarak; kortikal uyarilabilirlik, ndroplastisite,
norotrofik faktorler ve 6grenme modelleri kullanilmaktadir. Ayrica
egzersizin tiird, siiresi, yogunlugu gibi faktorlerin etkinligi etkiledigi
anlasilmaktadir.

Bu boliimde aerobik egzersizin noroplastisite ve bilissel
fonksiyonlar iizerine etkisine dair giincel arastirmalar incelenmistir.
Yapilan literatiir Ozetinde Ozellikle randomize kontrollii insan
calismalar tercih edilmistir.

Egzersizin Yogunlugu

Egzersiz yogunlugu ve siiresi, noroplastisite, 6grenme ve
bilig tlizerinde farkli ve spesifik etkiler yaratmaktadir. Bu etkiler
genellikle egzersizin tiirline (aerobik/dayaniklilik veya direng) ve
stiresine (akut veya kronik) bagli olarak degisir.

--116--



Saglikli yetigkinlerde yapilan bir arastirma, yiiksek
yogunluklu aralikli egzersizin (HIIT), motor korteks sinaptik
plastisitesini artirmada, orta yogunluklu siirekli egzersiz veya
dinlenmeye gore daha tutarli ve daha biiyiik bir etki gosterdigini
saptamistir (Andrews vd., 2020).

Reycraft ve ark., 8 erkek goniillii ile yaptiklart calismada,
farkli egzersiz yogunluklarinin dolagimdaki “beyin kaynakli
norotrofik faktér (BDNF)” ve irisin lizerindeki akut etkilerini
incelemistir. Calismanin sonuglari, sprint aralikli antrenman (SIT)
modelinin orta ve siddetli siirekli antrenmana kiyasla egzersiz
sonrasinda en yiiksek plazma BDNF konsantrasyonunu ortaya
cikardigint ve BDNF seviyelerinin yogunluga bagl bir sekilde
arttigin1 gostermektedir. Ayrica, kan laktati ile BDNF degisimi
arasinda pozitif bir iliski bulunmus, yiiksek yogunluklu egzersizin
norolojik sagligir desteklemedeki potansiyel rolii vurgulanmistir
(Reycraft vd., 2020).

Aerobik  egzersizlerin  0grenme  {izerine etkilerinin
arastirlldigr bir ¢alismada 4 haftalik bir dayamiklilik antrenmani
programinin, antrenmansiz bireylerde zihinsel zorlanmaya karsi
toleranst artirip artiramayacagini incelenmistir. Yirmi antrenmansiz
geng yetiskinin katildigi calismada, katilimcilar fiziksel antrenman
veya plasebo grubuna rastgele ayrilmis ve antrenman Oncesi ve
sonras1t dongii siiresi performansi test edilmistir. Temel bulgu,
fiziksel antrenman grubunun, zihinsel bir gorevden sonra
gerceklestirdigi dongii siiresi performansini plasebo grubuna kiyasla
onemli olgiide artirarak zihinsel zorlanmaya karsi daha yiiksek bir
tolerans gelistirdigini  gdstermistir. Bu sonug, dayaniklilik
antrenmaninin ~ zihinsel  dayamikliligit  artirma  potansiyelini
vurgulamakta, ancak antrenmanin bilissel performansta dogrudan
bir iyilesmeye yol agmadigini belirtmektedir (Filipas vd., 2020).

Bir diger ¢alismada saglikli geng erkek denekler tizerinde tek

bir aerobik egzersiz seansinin 0grenme iizerindeki akut etkilerini
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incelemistir. Calisma, gérme ve motor olmak tizere iki farkl alanda
ogrenme mekanizmalariin egzersizden nasil etkilendigini test
etmistir. Elde edilen bulgular, orta yogunlukta fiziksel aktivitenin
hem gorsel hem de motor alanlarda 6grenme mekanizmalarini
onemli Olgiide kolaylastirdigini ve bu olumlu etkilerin egzersiz
bitiminden sonra en az 30 dakika devam ettigini gdstermistir. Bu
sonug, fiziksel aktivitenin beyin plastisitesini tesvik edebilecegini ve
ndrorehabilitasyon stratejileri i¢in potansiyel bir ara¢ olabilecegini
diisiindiirmektedir (Perini vd., 2016).

Fiziksel aktivitenin néroplastisite ve bilis ile arasindaki
karmagik iliskiyi inceleyen calismalar Ozetle aerobik egzersizin
beyin fonksiyonlar: {izerinde dnemli bir etkiye sahip oldugunu ve
ozellikle ytliksek yogunluklu aktivitenin kortikal uyarilabilirligi ve
bilissel iyilesmeyi artirabildigini vurgulamaktadirlar. Bir arastirma,
egzersizin noroplastisiteyi destekleyen kritik bir protein olan beyin
kaynakli norotrofik faktor (BDNF) seviyelerini artirdigini, ayni
zamanda serebral ve serebellar kortekslerde yapisal degisimlere yol
actigimni gostermektedir. Sonug olarak bu bulgular diizenli fiziksel
aktivitenin yas veya beyin hastaligr varligi fark etmeksizin,
bireylerin beyin saglig1 ve yiiriitiicii islevleri i¢in hayati bir rol
oynadigimi giiclii bir sekilde desteklemektedir (Revelo Herrera &
Leon-Rojas, 2024).

Egzersiz Siiresi

Egzersizin  ndrobiligsel  sistem  {izerindeki  etkileri
degerlendirilirken, = miidahalenin  siiresi  temel  belirleyici
degiskenlerden biri olarak 6ne ¢ikmaktadir. Literatiirde uzun siireli
egzersiz programlarinin beyin yapist ve biligsel islevler tizerindeki
olumlu etkileri ayrintili bigimde ortaya konmus olsa da son yillarda
tek seanslik (akut) ya da haftalarla sinirli kisa siireli egzersiz
uygulamalarinin da ndroplastisiteyi tetikleyebilecegi yoniinde artan
kanitlar bulunmaktadir.
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Kronik egzersizin etkileri daha yaygin olarak bilinmekle
birlikte beyin stimiilasyon caligsmalari, tek bir aerobik egzersizin
dahi ndroplastisiteyi uyarabilecegini gostermektedir (Mang vd.,
2016). Perini ve ark., yaptiklar1 ¢calismada tek bir aerobik egzersiz
seansinin gorsel ve motor alanlardaki 6grenme mekanizmalarini
onemli oOlclide kolaylastirabildigini ve bu olumlu etkilerin
egzersizden sonra en az 30 dakika siirebildigini tespit etmistir (Perini
vd., 2016). Ayrica, bir diger calismada ndroplastisiteyi uyaran
biyokimyasal belirteclerden biri olan BDNF’nin diizeyinin tek bir
egzersiz sonrasi arttig1, ancak egzersiz sonrasi eski seviyelerine geri
distiigi bulunmustur (Reycraft vd., 2020). Bu ¢alismalar birlikte
degerlendirildiginde, akut egzersizin de noroplastisite ve biligsel
islevler iizerine olumlu etkiler gosterdigine dair 6nemli kanitlar
oldugu anlagilmaktadir.

Kisa siireli bir programin etkilerini degerlendirmeyi
amaglayan bir randomize kontrollii galismada, 57—75 yas araliginda,
sedanter yasam siiren ve biligsel acidan saglikli 37 yetiskin 12 hafta
boyunca haftada {i¢ giin uygulanan denetimli aerobik egzersiz
programima ya da bekleme listesi kontrol kosuluna rastgele
atanmistir. Egzersiz grubunda izlem siiresince Ozellikle anterior
singulat kortekste istirahat durumundaki serebral kan akiminda artig
saptanmis, anlik ve gecikmeli bellek performansindaki gelismelerin
ise erken donemde gozlenen hipokampal perfiizyon artislariyla
pozitif yonde iliskili oldugu bildirilmistir. Buna ek olarak,
kardiyovaskiiler uygunlugu yansitan VO:max degerlerinde ve
algilanan efor diizeylerinde anlamli iyilesmeler elde edilmistir. Elde
edilen sonuglar, gorece kisa siireli aerobik egzersiz uygulamalarinin
dahi yaslanan beyinde serebral dolasimi ve biligsel islevleri
destekleyerek noroplastik siiregleri giiclendirebilecegine isaret
etmektedir. (Chapman vd., 2013).

Genel olarak degerlendirildiginde, mevcut bulgular
egzersizin norobilissel etkilerinin yalmzca uzun siireli ve kronik
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uygulamalarla sinirlt olmadigini, akut ve kisa siireli egzersizlerin de
gecici ya da kalict noroplastik  degisimleri baslatabildigini
gostermektedir. Tek bir egzersiz seansinin dahi 6grenme siireglerini
kolaylastirabilmesi ve norotrofik faktorlerde kisa siireli artiglar
yaratmasi, egzersizin beyin iizerinde hizli etkiler olusturabildigine
isaret etmektedir. Ote yandan, haftalarla sinirli miidahalelerin
serebral perfiizyon, bellek performansi ve kardiyovaskiiler uygunluk
iizerindeki kazanimlari, bu erken etkilerin zamanla islevsel bilissel
ciktilara doniisebilecegini diislindiirmektedir. Bu nedenle, gelecekte
yapilacak c¢alismalarin egzersiz siiresi, yogunlugu ve sikliginin
norobiligsel sonucglar {izerindeki etkilesimlerini daha ayrintili
bicimde incelemesi, klinik ve koruyucu uygulamalar agisindan
onemli katkilar saglayacaktir.

Diren¢ Egzersizi

Yaslanma stireciyle birlikte ortaya ¢ikan biligsel gerileme ve
beyin hacmindeki azalma, saglikli yaslanmanin 6niindeki en 6nemli
engellerden biridir. Bu baglamda fiziksel egzersiz, 6zellikle de farkl
egzersiz tiirlerinin beyin saghg: iizerindeki 6zgiil katkilari, son
yillarda artan bir arastirma ilgisi kazanmigtir. Aerobik egzersizin
biligsel ve yapisal beyin yararlar1 gorece iyi tanimlanmis olsa da
direng egzersizinin uzun vadeli norobiligsel etkileri daha smirh
sayida caligsma ile ele alinmistir.

Mevcut kanitlar aerobik egzersizin biligsel gerilemeyi
yavagslatabildigini ve yasa bagli beyin atrofisini sinirlayabildigini
gosterirken, direng egzersizinin biligsel performans ve beyin yapisi
iizerindeki uzun donem sonuclar1 daha az netlik tasimaktadir. Bu
boslugu ele alan randomize kontrollii bir ¢alismada, 155 yash kadin
katilimc1 52 hafta boyunca haftada bir giin ya da iki giin direng
egzersizi programina veya haftada iki giin uygulanan denge—tonlama
egzersizlerine randomize edilmistir. Miidahalenin ardindan
katilimeilar birinci ve ikinci yillarda izlenmistir. iki yillik takip
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sonuclari, her iki direng egzersizi sikliginin da denge—tonlama
grubuna kiyasla yiiriitiicii islevlerde anlamli kazanimlar sagladigini
ortaya koymustur. Bununla birlikte haftada iki giin uygulanan direng
egzersizi, bellek performansinda artis, kortikal beyaz cevherdeki
atrofinin azalmasi ve kas giiclinde belirgin gelismelerle
iliskilendirilmistir.  Bu  kazamimlarin  birbirinden  bagimsiz
mekanizmalarla gergeklestigi  bildirilmistir. Bulgular, direng
egzersizinin yagh kadinlarda bilissel islevleri destekleyen ve beyaz
cevher biitiinliigiinii koruyan kalict etkiler olusturabilecegini
diisiindiirmektedir (Best vd., 2015).

Hafif bilissel bozukluk ve sarkopeni, ileri yasta siklikla es
zamanli goriilen ve kronik inflamasyon, noroplastisitede azalma ve
kas fonksiyonlarinda bozulma gibi ortak patofizyolojik siirecleri
paylasan durumlar olarak tanmimlanmaktadir. Direng egzersizi
antrenmani (RET), bu ortak mekanizmalar1 hedefleyebilen etkili bir
non-farmakolojik miidahale olarak 6ne ¢ikmaktadir. Preklinik ve
klinik ¢aligmalar, RET nin néroinflamatuvar yanitlar1 baskiladigini,
norotrofik faktor diizeylerini ve hipokampal nérogenezi artirdigini
ve buna paralel olarak beyin yapilarinda koruyucu etkiler sagladigini
gostermektedir. Norogoriintiilleme bulgular 6zellikle hipokampus ve
prekuneus bolgelerinde gri cevher korunumu ile beyaz cevher
baglantilarinda iyilesmelere isaret etmektedir. Klinik diizeyde ise
RET’nin yiriitiicii islevler, bellek ve genel biligsel performans
iizerinde anlamli ve 18 aya kadar siirebilen kazanimlar sagladig
rapor edilmistir. Bu sonuclar, direng egzersizinin hafif bilissel
bozukluktan Alzheimer hastaligina gecis siirecini yavaglatabilecek
cok boyutlu bir miidahale potansiyeline sahip oldugunu
desteklemektedir (Oporto-Colicoi vd., 2025).

Alzheimer hastalig1, noronal aglarin ilerleyici kayb1 ve buna
eslik eden belirgin gri cevher atrofisi ile seyreden, demansin en
yaygin formu olarak kabul edilmektedir. Hastaligin bireysel ve
toplumsal diizeyde yarattig1 yiiksek yiik, koruyucu ve yavaslatici
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stratejilerin 6nemini artirmaktadir. Bu g¢ercevede direng egzersizi
antrenmant; kortikal ve hipokampal hacmi desteklemesi, néroplastik
stiregleri giiclendirmesi ve biligsel islevlerde iyilesme saglamasi
nedeniyle Alzheimer hastalig1 agisindan umut vadeden bir yaklagim
olarak degerlendirilmektedir. Giincel derlemeler, direng egzersizinin
Alzheimer  hastaliginin onlenmesi  veya ilerlemesinin
yavaslatilmasinda rol oynayabilecek molekiiler ve hiicresel
mekanizmalari ayrintili bicimde tartismaktadir (Septlveda-Lara vd.,
2024).

Genel olarak degerlendirildiginde, diren¢ egzersizi yalnizca
kas giicii ve fiziksel islevleri destekleyen bir antrenman modeli
olmanin Gtesinde, yasa bagl bilissel gerileme ve norodejeneratif
stireclere karst beyin saghgini koruyucu ¢ok yonli etkiler
sunmaktadir. Uzun donemli ve iyi yapilandirilmig direng egzersizi
programlarinin, Ozellikle risk altindaki yasli bireylerde biligsel
rezervi artirma ve norodejeneratif hastaliklarin seyrini yavaslatma
potansiyeli tasidig1 goriilmektedir. Bu nedenle, gelecekte yapilacak
calismalarin egzersiz dozu, siiresi ve bireysel yanit farkliliklarini
dikkate alarak klinik uygulamalara yol gosterici kanitlar iiretmesi
Onem tasimaktadir.

Ozel Egzersiz Tiirleri

Fiziksel egzersizin beyin sagligi izerindeki etkileri uzun stire
agirlikli olarak aerobik egzersiz baglaminda ele alinmistir. Ancak
son yillarda, 6zellikle duyusal-motor entegrasyonu ve vestibiiler
sistemi hedefleyen egzersiz tiirlerinin de beyin yapisi ve islevi
iizerinde 0zgiil noroplastik etkiler olusturabilecegi yoniinde giiclii
kanitlar ortaya konmustur. Bu yaklagim, denge ve postiiral kontroliin
yalnizca periferik degil, aym1 zamanda merkezi sinir sistemi
diizeyinde uyarlanabilir siire¢ler icerdigini vurgulamaktadir.

Giincel arastirmalar, aerobik egzersizin otesine gegen denge
odakl1 miidahalelerin de kortikal ve subkortikal yapilarda 6l¢iilebilir
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yapisal degisikliklere yol agabildigini gostermektedir. Bu ¢ercevede
yiiriitiilen randomize kontrollii bir caligmada, 19—65 yas araliginda
yer alan 37 saglikli yetiskin birey, 12 hafta siireyle denge egzersizi
programina veya gevseme temelli bir kontrol programina atanmistur.
Denge egzersizi uygulanan grupta denge performansinda belirgin bir
iyilesme gozlenmis; buna eslik eden yapisal beyin degisiklikleri
superior temporal korteks, gorsel asosiyasyon alanlari, posterior
singulat korteks, superior frontal sulkus ve precentral girus
diizeyinde kortikal kalinlik artis1 seklinde rapor edilmistir. Ayrica
putamen hacminde saptanan azalma, denge performansindaki
kazanimlarla anlamli iliski gdstermistir. Bu sonuglar, denge
egzersizlerinin gorsel—vestibiiler islemleme ve mekansal yonelimle
iliskili noral aglarda noroplastisiteyi tetikleyebilecegine isaret
etmektedir (Rogge vd., 2018).

Yash bireylerde yiiriitillen bir baska randomize kontrollii
calismada ise sistematik denge egzersizlerinin postiiral kontrolle
iliskili beyin aktivitesi ve norotrofik yanitlar iizerindeki etkileri
degerlendirilmistir. Ortalama yas1 65 olan 74 katilimei, klasik denge
egzersizi, sanal gergeklik destekli denge egzersizi ve kontrol grubu
olmak {izere ii¢ gruba ayrilmistir. On iki haftalik miidahale
sonrasinda, denge egitimi uygulanan gruplarda tamamlayict motor
alan, supramarginal girus/posterior insula, orta oksipital girus (V5
alani) ve serebellum gibi bolgelerde anlamli aktivite degisiklikleri
saptanmistir. Bu bulgular, yaslanma ile iligkili kortikal asir
aktivasyon paternlerinin egzersiz yoluyla modiile edilebilecegini
diistindiirmektedir. Buna ek olarak, klasik denge egzersizi grubunda
serum BDNF diizeylerinde belirgin bir artig rapor edilmistir. Elde
edilen sonuglar, diizenli denge egzersizlerinin yash bireylerde
noroplastik siirecleri destekleyen etkili bir miidahale oldugunu
ortaya koymaktadir (Kubica vd., 2019).

Birlikte degerlendirildiginde, denge ve vestibiiler sistemi
hedefleyen egzersiz tiirlerinin hem gen¢ hem de yash bireylerde
123



beyin yapist ve islevi lizerinde anlamli noéroplastik etkiler
olusturabildigi goriilmektedir. Bu egzersizlerin, gorsel—vestibiiler
entegrasyon, postiiral kontrol ve mekansal bilisle iligkili noral aglari
gliclendirmesi, biligsel islevlere dolayl katkilar saglayabilecegini
disiindiirmektedir.  Dolayisiyla, denge odakli egzersizlerin
yaslanmaya bagli biligsel ve motor gerilemenin Onlenmesinde
tamamlayic bir strateji olarak degerlendirilmesi ve gelecekte klinik
uygulamalara daha sistematik bicimde entegre edilmesi Onem
tasimaktadir.

Aerobik Egzersizin Bilissel Islevler Uzerine Etkileri

Aerobik egzersizin etkilerine dair ¢alismalar, bir¢ok farkl
yonden biligsel islevlerin olumlu etkilendigini gostermektedir. Bu
yaygin etkilerden dolay1 egzersizin hem saglikli bireylerde hem de
cesitli noropsikiyatrik bozukluklarda umut verdigi sdylenebilir.

Aerobik egzersiz, yaslanan yetigkinlerde bellek gibi bilissel
siirecleri iyilestiren diisiik maliyetli bir yontem olarak umut vaat
etmektedir (Chapman vd., 2013). Akut bir aerobik egzersiz seansi,
gorsel ve motor alanlarda sinaptik aktivitedeki degisikliklerin
dogrudan bir gosterimi olarak kabul edilen O6grenme
mekanizmalarini 6nemli 6l¢iide kolaylastirabilir. Bu olumlu etkiler,
egzersiz bitiminden sonra en az 30 dakika siirebilmektedir (Perini
vd., 2016).

Kisa siireli (3 aylik) aerobik egzersiz programi, saglikli ancak
sedanter (hareketsiz) yash yetiskinlerde anlik ve gecikmeli bellek
performansinda 6nemli kazancglar saglamistir (Chapman vd., 2013).
Diizenli aerobik egzersiz, BDNF salinimin artirarak néroplastisiteyi
tetikler (Oporto-Colicoi vd., 2025). BDNF, bilissel siiregleri
destekleyen ve uzamsal bellegi ve d6grenmeyi gelistiren kritik bir
norotransmitterdir (Pareja-Galeano vd., 2013). Kronik aerobik
egzersiz programlari, hipokampal hacmi artirarak bellegi
tyilestirmekle iliskilendirilmistir (Shimada vd., 2017).
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Yiiriitiicii  islevler, bireyin hedef odakli ve kontrollii
davraniglarint  yoneten Dbilissel siirecleri kapsar. 4 haftalik
dayaniklilik (aerobik) antrenman programi, antrenmansiz bireylerde
zihinsel yorgunluga kars1 toleransi artirmistir. Bu, zihinsel ¢abanin
ardindan gelen fiziksel performansin, kontrol grubuna kiyasla daha
az diislis gostermesiyle Olcililmiistiir. Bu bulgu, aerobik egzersizin
biligsel yorgunluga karst direnci artirma  potansiyelini
gostermektedir (Filipas vd., 2020).

Hafif yogunluklu aerobik egzersiz (bisiklet), saglikli geng
yetiskinlerde ¢oklu gorev performansinin tepki siireleri gibi bazi
yonlerini iyilestirmistir (Morris vd., 2020).

Aerobik egzersiz seanslari, planlama, gorev degistirme, yanit
inhibisyonu ve calisma bellegi gibi yliriitiicli islevlerde iyilesme
saglayabilir (Revelo Herrera & Leon-Rojas, 2024). Hafif aerobik
egzersiz, geng yetiskinlerde yanit inhibisyonu (Stroop testi) ve
saptanabilirlik (dikkat/tepki siiresi) gibi gorevlerde iyilesme
egilimleri gostermistir (Gomes-Osman vd., 2017).

Fiziksel aktivite, yash bireylerde dikkat, islem hiz1 ve
yuriitiicli  iglevlerin yam1 sira sensOrimotor yetenekleri de
iyilestirmekle iliskilendirilmistir (Shimada vd., 2017).

Aerobik egzersiz, beynin kimi bolgelerinde istirahat
halindeki serebral kan akisini artirarak beyin sagligmma fayda
saglamistir (Chapman vd., 2013).

Biitiin bu veriler bir yana, hafif bilis bozuklugu ve demansta
direng egzersizlerinin aerobik egzersizden daha biiyiik potansiyele
sahip oldugunu belirten ¢aligmalar da bulunmaktadir (Oporto-
Colicoi vd., 2025). Uzun donem diren¢ egzersizinin de yiiriitiicii
islevleri olumlu etkiledigi ve bu etkinin uzun siire devam ettigi
saptanmistir. Ayrica kortikal beyaz cevher voliimiinii korudugu
belirlenmistir (Best vd., 2015). Diren¢ egzersizlerinin bu konuda
etkilerine dair ¢aligsmalar gorece daha yeni ve ¢ogunlukla in vivo
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olmas1 bir yana, mevcut veriler diren¢ egzersizlerinin “yeni trend”
olarak nitelenmesini dogurmustur (Sepulveda-Lara vd., 2024).

Egzersiz miidahalesinin, yaslar1 18 ila 80 arasinda degisen
saglikli bireylerde beyin hacminde artis, doku yogunlugunda
iyilesme ve noroplastisite gibi hem yapisal hem de islevsel
adaptasyonlara yol a¢tig1 goriilmektedir. Fiziksel aktivitenin beyin
saglhigini ve bilisi iyilestirmek icin etkili bir non-farmakolojik strateji
olarak yeri giliglenmektedir (Rosso vd., 2025). Tiim bu sunulan
literatiir ~ birlikte  degerlendirildiginde  aerobik  egzersizin
noroplastisite ve biligsel fonksiyonlar {izerine olumlu etkilerine dair
cok giiclii kanitlar oldugu ve direng egzersizinin ise potansiyel vaat
ettigi anlagilmaktadir.

Her ne kadar mevcut calismalar ¢ok degerli bulgular sunsa
da bu bulgularin klinik ve toplumsal uygulamalara etkin bigimde
aktarilabilmesi i¢in gelecekteki arastirmalarin daha hedefli ve
biitiinciil bir yaklagimla siirdiiriilmesi gerekmektedir. Bu baglamda,
egzersiz tedavisinin klasik medikal tedavide kullanilan doz—yanit
iligkileri, minimal etkili doz gibi parametreler agisindan optimize
edilmesi ve protokollerin standardize edilmesi muhtemel zorluk
olarak goziikmektedir. Bu nedenle bu protokolleri standardize
etmeyi amacglayan aragtirmalarin gerekliligi anlagilmaktadir.
Bununla birlikte, BDNF ve iligkili norotrofik yollar, genetik
varyasyonlar, hiicresel mekanizmalar ve gelismis goriintiileme
teknikleri araciligiyla egzersizin bilis {izerindeki etkilerinin altinda
yatan biyolojik siireclerin daha derinlemesine aydinlatilmasi
gereklidir.

Gelecek caligmalarin, klinik popiilasyonlar, yash bireyler ve
norogelisimsel bozuklugu olan ¢ocuklar gibi farkli gruplarda uzun
vadeli ve metodolojik olarak gii¢lii tasarimlar benimsemesi, uyku ve
cevresel etmenler gibi degiskenleri dikkate almasi Onem
tasimaktadir.

--126--



Kaynake¢a

Andrews, S. C., Curtin, D., Hawi, Z., Wongtrakun, J., Stout, J. C.,
& Coxon, J. P. (2020). Intensity Matters: High-intensity Interval
Exercise Enhances Motor Cortex Plasticity More Than Moderate
Exercise. Cerebral Cortex, 30(1), 101-112.
https://doi.org/10.1093/cercor/bhz075

Best, J. R., Chiu, B. K., Liang Hsu, C., Nagamatsu, L. S., & Liu-
Ambrose, T. (2015). Long-Term Effects of Resistance Exercise
Training on Cognition and Brain Volume in Older Women: Results
from a Randomized Controlled Trial. Journal of the International
Neuropsychological Society, 21(10), 745-756.
https://doi.org/10.1017/S1355617715000673

Chapman, S. B., Aslan, S., Spence, J. S., DeFina, L. F., Keebler, M.
W., Didehbani, N., & Lu, H. (2013). Shorter term aerobic exercise
improves brain, cognition, and cardiovascular fitness in aging.

Frontiers in Aging Neuroscience, 5.
https://doi.org/10.3389/fnagi.2013.00075

Charlton, G. A., & Crawford, M. H. (1997). Physiologic
Consequences of Training. Cardiology Clinics, 15(3), 345-354.
https://doi.org/10.1016/S0733-8651(05)70344-1

Filipas, L., Martin, K., Northey, J. M., La Torre, A., Keegan, R., &
Rattray, B. (2020). A 4-week endurance training program improves
tolerance to mental exertion in untrained individuals. Journal of
Science and Medicine in Sport, 23(12), 1215-1219.
https://doi.org/10.1016/j.jsams.2020.04.020

Gomes-Osman, J., Cabral, D. F., Hinchman, C., Jannati, A., Morris,
T. P., & Pascual-Leone, A. (2017). The effects of exercise on
cognitive function and brain plasticity — a feasibility trial.
Restorative Neurology and Neuroscience, 35(5), 547-556.

https://doi.org/10.3233/RNN-170758
--127--



Kubica, J., Szymura, J., Domagalik, A., Golda, S., Wiecek, M.,
Fafrowicz, M., Marek, T., & Pera, J. (2019). Systematic Balance
Exercises Influence Cortical Activation and Serum BDNF Levels in
Older Adults. Journal of Clinical Medicine, 8(11), 1910.
https://doi.org/10.3390/jcm8111910

Mang, C. S., Brown, K. E., Neva, J. L., Snow, N. J., Campbell, K.
L., & Boyd, L. A. (2016). Promoting Motor Cortical Plasticity with
Acute Acrobic Exercise: A Role for Cerebellar Circuits. Neural
Plasticity, 2016, 1-12. https://doi.org/10.1155/2016/6797928

Morris, T. P., Fried, P. J., Macone, J., Stillman, A., Gomes-Osman,
J., Costa-Miserachs, D., Tormos Muiioz, J. M., Santarnecchi, E., &
Pascual-Leone, A. (2020). Light aerobic exercise modulates
executive function and cortical excitability. European Journal of
Neuroscience, 51(7), 1723-1734. https://doi.org/10.1111/ejn.14593

Oporto-Colicoi, V., Septlveda-Lara, A., Marzuca-Nassr, G. N., &
Sepulveda-Figueroa, P. (2025). Mild Cognitive Impairment and
Sarcopenia: Effects of Resistance Exercise Training on
Neuroinflammation, Cognitive Performance, and Structural Brain
Changes. International Journal of Molecular Sciences, 26(22),
11036. https://doi.org/10.3390/ijms262211036

Pareja-Galeano, H., Brioche, T., Sanchis-Gomar, F., Montal, A.,
Jovani, C., Martinez-Costa, C., Gomez-Cabrera, M. C., & Viia, J.
(2013). Impact of exercise training on neuroplasticity-related
growth factors in adolescents. Journal of musculoskeletal &
neuronal interactions, 13(3), 368-371.

Pedersen, B. K. (2019). Physical activity and muscle—brain
crosstalk. Nature Reviews Endocrinology, 15(7), 383-392.
https://doi.org/10.1038/s41574-019-0174-x

Perini, R., Bortoletto, M., Capogrosso, M., Fertonani, A., &

Miniussi, C. (2016). Acute effects of aerobic exercise promote
--128--



learning. Scientific Reports, 6(1), 25440.
https://doi.org/10.1038/srep25440

Revelo Herrera, S. G., & Leon-Rojas, J. E. (2024). The Effect of
Aerobic Exercise in Neuroplasticity, Learning, and Cognition: A
Systematic Review. Cureus, 16(2): e54021.
https://doi.org/10.7759/cureus.54021

Reycratft, JoshuaT., Islam, H., Townsend, L. K., Hayward, G. C.,
Hazell, T. J., & Macpherson, R. E. K. (2020). Exercise Intensity
and Recovery on Circulating Brain-derived Neurotrophic Factor.
Medicine & Science in Sports & Exercise, 52(5), 1210-1217.
https://doi.org/10.1249/MSS.0000000000002242

Rogge, A.-K., Rdder, B., Zech, A., & Hoétting, K. (2018). Exercise-
induced neuroplasticity: Balance training increases cortical
thickness in visual and vestibular cortical regions. Neurolmage,
179, 471-479. https://doi.org/10.1016/j.neuroimage.2018.06.065

Rosso, C., Brustio, P. R., Manuello, J., & Rainoldi, A. (2025).
Neuroplasticity of Brain Networks Through Exercise: A Narrative
Review About Effect of Types, Intensities, and Durations. Sports,
13(8), 280. https://doi.org/10.3390/sports13080280

Sepulveda-Lara, A., Septlveda, P., & Marzuca-Nassr, G. N. (2024).
Resistance Exercise Training as a New Trend in Alzheimer’s
Disease Research: From Molecular Mechanisms to Prevention.
International Journal of Molecular Sciences, 25(13), 7084.
https://doi.org/10.3390/1jms25137084

Shimada, H., Ishii, K., Makizako, H., Ishiwata, K., Oda, K., &
Suzukawa, M. (2017). Effects of exercise on brain activity during
walking in older adults: a randomized controlled trial. Journal of
NeuroEngineering and Rehabilitation, 14(1), 50.
https://doi.org/10.1186/s12984-017-0263-9

--129--



BOLUM 9

HUCRESEL SINYAL iLETIMi VE REDOKS
REAKSIYONLARI

ZEYNEB KARAKUS!
RECEP ASLAN?

Giris

Protein islevlerinin temel biyokimyasal ve fizyolojik
sinyaller ve yolaklardaki rollerine iligskin bilgilerin gittikce
arttig1 ve netlestigi bir bilimsel siiregteyiz. Bu konuda, reaktif
elektrofilik ve  oksidatif tiirler tarafindan protein
modifikasyonlar1 (enzim destekli olmayanlar) baglaminda
hiicre sinyallemesi genel olarak “redoks sinyallemesi” olarak
bilinir ve ¢ok sayida farkli disiplin agisindan ele alinan son
derece karmasik bir konudur (Parvez et al., 2018). Translasyon
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sonras1 modifikasyonlarin farkl hiicresel aktiviteleri koordine
ettigi; bunlar1 belirli biyokimyasal oyuncular, onlarin
fizikokimyasal 6zellikleri ve etki mekanizmalari ile saglik ve
hastalik durumlarindaki rolleri ile yaptig1 birden ¢ok
mekanizma mevcuttur (Go & Jones, 2000). Amacimiz,
biyokimya ve fizyolojinin kesistigi bu karmagik alanda redoks
ve sinyal mekanizmalarinin temelleri, 6zgiilliik, secicilik ve
zamanlama siire¢leri hakkinda giincel bir bilgilendirmedir
(Poganik et al., 2018).

Boliim, okaryotik  hiicrelerdeki ROS/RES  ve
sinyalleme iligkisinin temel mekanizmalar1 ve faktorlerini ele
almay1 ve fizyolojik biyokimyasal sinyallerin, sensor
proteinlerinin  fizikokimyasal  Ozelliklerini  tanitmay1
amaclamaktadir. Ciinkii bu 6zellikler, hiicresel ortamda belirli
sensor/sinyal ¢iftleri hareketliligini saglamaktadir (Long et al.,
2017). Bu sinyallerin hiicre i¢inde hedeflerini, hiicre ve
organeller i¢indeki reaktif tiirlerin 5nemli boyutlarini ve ¢esitli
yerel ve bolgesel konsantrasyonlarini bilmek biyokimya ve
fizyoloji  agisindan  Onemlidir (Winterbourn, 2018).
Sonrasinda, redoks sinyallemesini ve redoks sinyallemesinin
terapi siireglerindeki paradigma olarak 6nemini, ila¢ anahtari
olabilen proteinlerin fizyolojik bir sinyal prototipi olarak
redoks sinyallemesini anlamadaki rollerini, bunun beseri ve
veteriner tibbi agisindan Onemini hissettirmis olabilecegiz
(Parvez et al., 2018).
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Biyolojik Sistemlerde Uretilen Yiiksek Reaktiviteye Sahip
Elektrofilik Tiirler (RES)

Reaktif Aldehitler (Lipid Peroksidasyonu Sonucu
Olusanlar):

Bu grup, oOzellikle hiicre zarindaki yag asitlerinin
bozulmasiyla ortaya ¢ikar (Mills et al., 2018).

Malondialdehit (MDA): Hiicre hasarinin en yaygin
gostergesidir ve bu alandaki ¢aligmalarin biiyiik ¢ogunlugu
dolayli MDA 6l¢iimlerini veri olarak icermektedir (Chen et al.,
2018). Acik formiilii: OHC-CH2-CHO

4-Hidroksinonenal (4-HNE): Oldukca toksik ve reaktif
bir alfa/beta-doymamis aldehittir ve hiicresel proteinlerle
Michael katilmas1 yoluyla etkilesir (Parvez et al., 2018). Acik
formiilii: CHs-(CH2)+-CH(OH)-CH=CH-CHO

Akrolein: En basit doymamis aldehittir; hava
kirliliginde bulunmasinin yam1 sira endojen olarak da
iiretilmektedir (Bartesaghi & Radi, 2018). Ac¢ik formiilii:
CH.=CH-CHO

Dikarboniller (Glikoliz ve Glikasyon Sonucu Olusanlar):

Seker metabolizmasi sirasinda yan iiriin olarak ortaya
cikarlar ve protein karbonilasyonunda 6nemli rol oynarlar
(Chen et al., 2018).
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Metilglioksal (MQG): Diyabetle iligkili
komplikasyonlarda anahtar rol oynayan bir dikarbonildir
(Kornberg et al., 2018). A¢ik formiilii: CHs-C(=0)-CHO

Glioksal: En basit dikarbonil bilesigidir ve ileri
glikasyon {irtinlerinin olusumunda etkilidir (Go & Jones,
2000). Agik formili: OHC-CHO

Bu bilesiklerin “reaktif” olmasmi saglayan temel
yapisal ozellikler; alfa/beta-doymamis aldehitlerde karbonil
grubuyla bitisik ¢ift bagin Michael katilmasina izin vermesi,
keto-aldehitlerde ise yan yana dizilmis iki karbonil grubunun
yiiksek elektron ¢ekme giiciine sahip olmasidir (Parvez et al.,
2018).

Onemli fonksiyonel gruplarin 6zeti olarak, bu

bilesiklerin "reaktif" olmasmi saglayan temel yapisal
ozellikleri tabloda gosterilmistir.
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Tablo 1. Reaktif elektrofilik bilesiklerde reaktiviteyi
belirleyen karakteristik yapilar

Karakteristik
Bilesik Sinift arakterist Reaktivite Nedeni
Yapi
Karbonil grubuyla
Alfa/Beta R-CH=CH.- bltl?lk cift bag
Doymamis CHO (Michael
Aldehitler katilmasina izin
verir).
Yan yana dizilmis
Keto- iki karbonil grubu
R-CO-CH
Aldehitler C0-CHO (yliksek  elektron
¢ekme giicti).

Hiicre, Sinyal fletimi, Redoks

Hiicre aslinda boliimlere ayrilmis multimedya bilgi ag1
iceren bir mikrokozmoz olarak goriilebilir. Sinyaller siirekli
olarak bu yana akarak proteinler, yollar ve organeller arasinda
bilgi aligverisini saglar ve kodlanmis hiicre dis1 bilgileri hiicre
dilini olusturan kimyasal sinyallere doniistiiriirler (Cuello &
Eaton, 2019). Bu amacla, karmasik bir dizi sinyal
mekanizmasi geligmistir; bunlar kullandiklar1 kaynaklar ve
sagladiklar1 faydalar agisindan hiicre i¢in yagamsal 6nemde
stirecler olarak bilinirler. Bu sinyal siirecleri belirli karar
verme mekanizmalarmi kontrol ettiginden, saghk ve
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hastaliklarin etiyolojisi yani sira tedavi slirecleriyle de
yakindan baglantilidirlar. Bu nedenle ilag (molekiil,
formiilasyon) kesfi ve ilaclarin tasariminin da temel taslar
haline gelmislerdir (Parvez et al., 2018).

Kimyasal sinyallerin belirli enzimler tarafindan
iletildigi bilinir. Iki temel enzim tarafindan organize edilen
sinyal kodlar1 fosfat ve ubikitin/ubikitin-benzeri modifiye
edicilerdir. Bu bilgi aktarimlarmi katalize eden enzimler,
genomun yaklasik %10’unu olusturur. Her yol i¢in yaklagik
1000 gen oldugu, bu sayinin mitokondri i¢in gerekli olan gen
sayisina benzer oldugu burada hatirlanmalidir (Zhao et al.,
2018). Modifiye edici enzimlerin rol aldig1 konjugasyon
mekanizmasi, belirli yukar1 akis sinyallerini dogru ve etkili
sekilde tanimlar, asagi akis proteinlerinin algilayabilecegi
uygun kodlanmis bilgileri yazar ve bdylece belli bir zamanda
belli bir uyarana belli bir yanitin olugmasim saglar (Go &
Jones, 2000).

Enzimatik sinyal iletim basamaklarinin (enzimatik
sinyal kaskadlarinin) ikinci bir sinyal modu vardir. Bu mod
aslinda bir dildir ve bu dil biiyiikk 6l¢iide enzim araciligi
olmadan belirli hedef proteinlerini modifiye eden reaktif
kimyasal sinyaller araciligiyla iletilir (Parvez et al., 2018). Bu
noktada oOzellikle reaktif oksidanlara ve elektrofillere
odaklanmamiz gerekmektedir. Reaktif kimyasal sinyaller,
sinyal yollarin1 baglama ve 6zgiil bir sekilde modiile etmeleri
acisindan klasik metil, asetil, malonil, fosfat ve ubikitin
sinyallerine benzemektedirler (Poganik et al., 2018). Ancak
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kimyasal ve islevsel karmasikliklari, uygunlugu tesvik etmek
icin yanitlar1 hassas bir sekilde koordine etmekten ziyade
yanlis  bilginin potansiyel bir kaynagi héline de
gelebilmektedir. Bu nedenle ilk bakista reaktif kimyasallarin
sinyalleri geleneksel diizenli ve mantikli sinyal yollarindan
farklidir (Parvez et al., 2018).

Sekil 1. Hiicresel ROS ve RES iiretim kaynaklart

O,

Mitokondri Arasidonik RES
residont —_w ReS
asit
LOX
0,1 H,0, 0:
2
Peroksizom
0,
/H,0,
Endoplazmik

retikulum
r Cekirdek

Kaynak: Winterbourn, 2018

Yaygin ROS tiplerinin hiicrede a¢iga ¢ikisinda etkili
ROS kaynaklarindan bazilar1 plazma zar1 ve hiicre organelleri
zarlarindaki NOX enzimleri, mitokondri elektron tasima
zinciri ve endoplazmik retikulum ve peroksizomlardaki
metabolik enzimlerdir. RES’in primer kaynaklar1 ise
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enzimatik ve enzimatik olmayan yag asitleri oksidasyonudur
(Winterbourn, 2018).

Hiicreler kimyasal olarak verimsiz ve karmasik
modifikasyonlardan hoslanmazlar. Bununla birlikte bir¢ok
reaktif oksidatif ve elektrofilik tiiriin (ROS/RES) hiicresel
sinyaller olarak hareket etme yetenegine sahip oldugu
gosterilmistir (Parvez et al., 2018). Bu baglamda bir¢ok
proteinin, bu sinyallerin belirli formlarina duyarli olacak ve
belirli bir sinyal yolu degistirildiginde asir1 reaksiyona daha
fazla direng gosterecek sekilde evrimlestigi dikkatimizi
cekmektedir (Long et al., 2017). Dahasi, diisiikk dolulukta
gerceklesen bu tliir proteine Ozgli  nonenzimatik
modifikasyonlar, enzim bagiml sinyal yollarinda oldugu gibi
belirli sinyal ¢iktilar1 ortaya ¢ikarabilmektedir (Poganik et al.,
2018).

Redoks Molekiilleri Hiicresel Sinyaller Olarak Nasil
Cahsir?

Diisiik diizeyde ROS, korkulan serbest radikal
metabolitler gibi yalnizca zararli yapilar olmayip iletisim
molekiilleri olarak gorev yapar; hiicre sinyallerinin asag1 akis
bilesenlerini aktive edebilir veya inhibe edebilirler
(Winterbourn, 2018). Ornegin hidrojen peroksit, protein
kinazlar veya fosfatazlar gibi sinyal iletim elemanlarinin
sistein rezidiilerini okside ederek aktivite degisikligine neden
olabilmektedir (Go & Jones, 2000).
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Son yillarda “redoks duyarli proteinler” kavrami
geligsmis; tiyoredoksin ve glutatredoksin gibi redoks
enzimlerinin proteinlerdeki tiyol gruplarinin oksidasyonunu
ve indirgenmesini diizenleyerek sinyal aktarimini etkiledigi
gosterilmistir (Go & Jones, 2000). NF-kB ve Nrf2 gibi bir¢ok
transkripsiyon faktoriiniin sistein tiyol oksidasyonu ile aktive
veya inhibe oldugu, bu durumun stres yanit genlerinin
ekspresyonunu degistirebildigi bildirilmisgtir (Mills et al.,
2018).

Redoks degisikliklerinin sinyal yollarina etkileri
genellikle iki temel mekanizma {izerinden gerceklesmektedir.
Birincisi  fosforilasyon ve defosforilasyon dengesinin
diizenlenmesidir. Kinaz ve fosfataz aktivitelerinin kritik rol
oynadig1 bu siirecte, redoks durumlarit kinaz aktivitelerinin
yiikseltilmesi veya fosfatazlarin tiyol gruplariin oksidasyonu
yoluyla bu enzimlerin inhibe edilmesi seklinde etki
gosterebilir (Zhao et al, 2018). Bdylece fosforilasyon
sinyallerinin giicli ve siiresi ayarlanabilmektedir.

Ikinci mekanizma  transkripsiyon faktorlerinin
aktivasyonudur. Bir¢ok transkripsiyon faktoriiniin redoks
degisimlerine duyarli oldugu bilinmektedir. Ornegin Nrf2,
oksidatif stres altinda Keapl-Nrf2 kompleksinden ayrilarak
cekirdege tasinir ve antioksidan genlerin ekspresyonunu
baglatir (Mills et al., 2018). Bir diger 6rnek olan NF-kB’nin ise
ROS tarafindan aktive edilebildigi ve inflamatuar yaniti
tetikledigi gosterilmistir (Bartesaghi & Radi, 2018).
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Hiicre Yasami, Oliimii ve Redoks iliskisi

Redoks sinyalizasyonu, hiicrenin hayatta kalma
kararlar1 ile dogrudan baglantilidir. Diisilk ROS {iretimi
proliferasyon ve adaptif yanitlar1 desteklerken, yiiksek ROS
iiretimi apoptoz veya hiicre Oliimii mekanizmalarin
tetikleyebilmektedir (Parvez et al., 2018). Ornegin oksidatif
stres aktivasyonu, kaspaz gibi efektor proteinleri aktive
edebilmekte veya okside ederek inaktive edebilmektedir; bu
durum hem sinyal yollarin1 hem de hiicrenin gelecegini
belirleyen 6nemli bir faktordiir (Go & Jones, 2000).

Redoks—Sinyal fletimi Etkilesimi

Modern molekiiler biyoloji ¢aligmalari, redoks
sinyalleri ile klasik sinyal kaskadlar1 arasinda giiclii bir ¢apraz
konugsma oldugunu ortaya koymaktadir. ROS {iretimi hem
sinyalleri modiile edebilmekte hem de bazi sinyal yollart ROS
iiretimini tetikleyebilmektedir (Winterbourn, 2018). Sistein
tabanli redoks anahtarlari, proteinlerin islevini degistiren
oksidatif modifikasyonlar olup sinyal iletimini etkileyen temel
mekanizmalardan biridir (Long et al., 2017). Yaygin kabul
goren bir yaklasima gore redoks durumlari, hiicrenin
genomdan proteoma kadar uzanan molekiiler aglarini
etkileyerek sinyal davranisini yeniden yapilandirmaktadir
(Parvez et al., 2018).

Oksidatif stres ile inflamatuar yanit arasindaki iligki bu

baglamdaki 6nemli klinik 6rneklerdendir. Kronik oksidatif
stresin NF-kB aktivasyonunu artirarak inflamatuar yaniti
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siirekli aktive edebildigi ve bunun metabolik ve otoimmdiin
hastaliklarda  6nemli  bir  patofizyolojik  mekanizma
olusturdugu bildirilmektedir (Bartesaghi & Radi, 2018).

Redoks ve kanser iligskisi de son yillarda yogun
bigimde incelenen klinik konular arasindadir. Kanser
hiicrelerinde gozlenen redoks dengesindeki degisimler,
proliferasyon ve apoptoz sinyallerini etkileyerek kanser
metabolizmasina adaptasyonu desteklemektedir (Parvez et al.,
2018). Bu baglamda Nrf2 yolaginin hem hiicre koruyucu hem
de timor adaptasyonuna katki saglayabilen ¢ift yonli rollere
sahip oldugu gosterilmistir (Mills et al., 2018).

Redoks reaksiyonlari yalnizca metabolik siireglerde
degil, fizyolojik ve biyokimyasal sinyal iletim yollarmin
diizenleyicileri olarak {stlendikleri rollerle de Onem
tasimaktadir. Bu nedenle reaktif oksijen tiirleri (ROS) ve
reaktif nitrojen metabolitleri (RNS) tiimiiyle zararlt molekiiller
olarak degerlendirilmemeli; belirli fizyolojik kosullarda
onemli ikinci haberciler olarak kabul edilmelidir
(Winterbourn, 2018). Bu molekiiller sinyalleri modiile ederek
hiicre dongiisiinde proliferasyon, apoptoz ve adaptasyon gibi
hayati siirecleri etkileyebilmektedir (Go & Jones, 2000). Tiim
bu bulgular, reaktif elektrofilik ve oksidatif tiirlerin
(ROS/RES) geleneksel enzimatik sinyal yollarindan farkli
olarak proteinleri dogrudan modifiye ederek hiicre igi
faaliyetleri koordine ettigini diisiindiirmektedir (Parvez et al.,
2018). Hiicre ici redoks sinyali biyokimya ve fizyolojinin
kesisme noktasinda yer almakta olup 6zgiinliigii, zamanlamasi
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ve segciciligi ile karmasik bir iletisim sistemi olarak One
cikmaktadir.

Temel Redoks Oyuncular1 ve Uretim Mekanizmalar:

Hiicrede redoks sinyal iletimi temel olarak iki ana
kategori lizerinden yiiriitiiliir: reaktif oksijen tiirleri ve reaktif
elektrofilik tiirler. Reaktif oksijen tiirleri cogunlukla molekiiler
oksijenin indirgenmesiyle olusur. Siiperoksit, hidrojen
peroksit, hidroksil radikali ve tekli oksijen bu grupta yer
almaktadir (Winterbourn, 2018). ROS {iretimi plazma
membrani, mitokondri, endoplazmik  retikulum ve
peroksizomlarda  gerceklesir.  Ozellikle — mitokondriyal
siiperoksit sinyalinin yagam siiresinin diizenlenmesinde kritik
rol oynadig bildirilmektedir (Lundgren et al., 2018).

Reaktif elektrofilik tiirler ise genellikle c¢oklu
doymamis yag asitlerinin oksidasyonu veya lipit
peroksidasyonu sonucu olusmaktadir. Bu molekiiller
antioksidan yanit, inflamasyon ve apoptoz gibi siirecleri
modiile edebilmektedir (Parvez et al., 2018).

Bashica Redoks Sinyal Mekanizmalar:

Redoks sinyal mekanizmalarinin  karakteristik
vasiflari, hiicredeki reaktif tiirleri kullanarak protein
fonksiyonlarim c¢esitli kimyasal modifikasyonlar araciligiyla
degistirmeleridir (Parvez et al., 2018). Bu mekanizmalar,
diisiik yogunluklu ancak yiiksek ozgiilliige sahip kimyasal
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degisikliklerle sinyal c¢iktilarinin olusturulmasini saglar.
Baslica 6rnekler asagida 6zetlenmistir.

Siilfenik asit (-SOH) olusumu: Sistein kalintilarinin
oksidasyonu ile olusan bu temel basamak, distilfit baglarinin
veya siilfenamid yapilarin olusumuna Onciiliikk eder. Bu
modifikasyonlar ¢ogu zaman geri doniisliidiir ve sinyalin
acilip kapanabilmesini miimkiin kilar. Bazi enzimlerin,
Oornegin protein tirozin fosfataz-1B’nin (PTP-1B), asir
oksidasyondan korunmak amaciyla kararli siilfenilamid
yapilar1 gelistirdigi gosterilmistir (Go & Jones, 2000; Parvez
et al., 2018).

S-glutatyonilasyon: ~ Glutatyonun (GSH) protein
sisteinlerine kovalent olarak baglanmasiyla gerceklesen bu
modifikasyon, bircok enzimin aktivitesini gecici olarak
baskilayabilir  veya proteinlerin  saperon islevlerini
degistirebilir. S-glutatyonilasyon, hiicresel redoks durumuna
duyarli dinamik bir diizenleme mekanizmasi olarak kabul
edilmektedir (Go & Jones, 2000).

Reaktif elektrofilik tiirlerle alkilleme: Elektrofillerin
proteinlere kovalent olarak baglanmasiyla olusan bu
modifikasyon, 6zellikle 4-hidroksinonenal gibi bifonksiyonel
elektrofiller s6z konusu oldugunda protein ¢apraz
baglanmasina veya yapisal degisikliklere yol acabilmektedir.
Bu tiir modifikasyonlar, diisiikk dolulukta gerceklestiginde
fizyolojik sinyal ¢iktilar1 olusturabilirken, yiiksek diizeylerde
hiicresel hasarla iligskilendirilmektedir (Parvez et al., 2018).
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Redoks Sinyalini Sorgulama Yontemleri

Redoks sinyallerinin hiicre i¢inde nerede ve ne zaman
olustugunu belirlemek amaciyla gelistirilen yontemler, redoks
biyolojisinin anlasilmasinda kritik rol oynamaktadir. Kiigiik
molekiillii florojenik problar, reaktif oksijen tiirleri varliginda
floresan sinyal olusturarak oksidatif durumun izlenmesine
olanak tanir (Winterbourn, 2018). Ancak bu yontemler
genellikle ozgiillik ve kantitatif dogruluk agisindan
sinirhiliklar igermektedir.

Genetik olarak kodlanmis redoks sensorleri, bu
sinirhiliklart biliylik 6l¢lide asmistir. roGFP ve HyPer gibi
protein temelli sensorler, hiicre iginde ger¢ek zamanli, geri
doniislii ve organel-spesifik Ol¢limlere olanak saglamaktadir
(Winterbourn, 2018). Bu sensdrler sayesinde redoks
degisimlerinin zamansal ve mekansal dinamikleri ayrintili
bi¢cimde incelenebilmektedir.

Elektron paramanyetik rezonans (EPR) yontemi, kisa
omiirlii serbest radikallerin dogrudan tespiti i¢in en hassas ve
kantitatif yaklagimlardan biri olarak kabul edilmektedir.
Bununla birlikte, canli hiicre ve doku uygulamalarinda teknik
sinirhiliklar igermektedir (Bartesaghi & Radi, 2018).

Son yillarda gelistirilen T-REX ve G-REX
teknolojileri, redoks sinyalizasyonu alaninda onemli bir
paradigma degisimi yaratmigtir. Bu yontemler, belirli bir hedef
proteinin hiicre i¢inde 1sikla tetiklenerek secici bigimde
modifiye edilmesini ve bu modifikasyonun fonksiyonel
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sonuglarinin  dogrudan izlenmesini miimkiin kilmaktadir.
Boylece tek bir protein iizerindeki diisiik yogunluklu redoks
modifikasyonlarinin asag1 akis sinyal yollar1 tizerindeki
etkileri net bi¢imde ortaya konabilmektedir (Long et al., 2017;
Poganik et al., 2018).

Redoks Sinyali, Patolojiler ve Tedavi Yaklasimlar:

Glinlimiizde dengesiz redoks homeostazinin birgok
patolojinin temelinde yer aldig1 yaygin olarak kabul
edilmektedir. Bu durum, hemen hemen tiim hastaliklarda
primer ya da sekonder yatkinhk faktdrii = olarak
degerlendirilmektedir (Parvez et al., 2018). Ornegin diyabette
hiperglisemi sonucu artan reaktif oksijen tiirleri ve lipit
kaynakli elektrofillerin insiilin direncini ve doku hasarmi
tetikledigi, bu siirecte Nrf2 yolunun aktivasyonunun hiicre
koruyucu etkiler olusturdugu bildirilmistir (Kornberg et al.,
2018; Mills et al., 2018).

Norodejeneratif hastaliklarda redoks dengesindeki
bozulmalar erken donemlerden itibaren gdzlenmektedir.
Alzheimer ve Parkinson gibi hastaliklarda artmis oksidatif
stresin noronal hasara katkida bulundugu, buna karsilik Nrf2
yolunun  aktivasyonunun  ndéron  koruyucu  etkiler
saglayabildigi gosterilmistir (Winterbourn, 2018; Mills et al.,
2018). Bu nedenle redoks sinyalizasyonu, nodrodejeneratif
hastaliklarin  patogenezinin anlagilmasi ve yeni tedavi
stratejilerinin gelistirilmesi agisindan Onemli bir arastirma
alan1 haline gelmistir.
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Kanser biyolojisinde de redoks sinyali merkezi bir
konuma sahiptir. Kanser hiicreleri yiiksek metabolik
aktiviteleri nedeniyle artmis bazal reaktif oksijen tiirleri
seviyelerine sahiptir. Bu durum bir yandan proliferasyon ve
timor adaptasyonunu desteklerken, diger yandan hiicreleri
oksidatif stres esigine daha yakin bir konuma getirmektedir
(Parvez et al.,, 2018). Bu baglamda, redoks dengesini
hedefleyen yaklagimlarin kanser hiicrelerini segici olarak
oldiirebilecegi One siiriilmiistiir. Uzun biber (Piper longum)
meyvesinden elde edilen piperlonguminin, kanser
hiicrelerinde redoks dengesini bozarak segici hiicre dliimiinii
indiikledigine dair bulgular mevcuttur (Parvez et al., 2018).

Multipl skleroz gibi otoimmiin hastaliklarda da redoks
sinyalizasyonunun modiilasyonu etkili bir terapétik strateji
olarak degerlendirilmektedir. Bu kapsamda dimetil fumaratin
(Tecfidera), Keapl-Nrf2 yolunu aktive ederek anti-
inflamatuar ve sitoprotektif etkiler gosteren onayl bir ilag
oldugu bilinmektedir (Kornberg et al., 2018).

Redoks sinyali ¢aligsmalari, kovalent ila¢ tasariminda
da yeni bir donemin baslangicim1i temsil etmektedir.
Geleneksel yaklagimlarin aksine, modern ilag kesif stratejileri
proteinlerin yalnizca aktif bolgelerini degil, aynt zamanda
“imtiyazl1” ve ligandlanabilir sistein kalintilarin1 hedef almaya
yonelmistir.  Osimertinib ve Ibrutinib gibi  kovalent
inhibitorler, bu stratejinin klinikte basariyla uygulanmis
ornekleri arasinda yer almaktadir (Long et al., 2017).
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ROS ve RES Sinyalleri Farki

ROS (Reaktif Oksijen Tiirleri) ve RES (Reaktif
Elektrofilik Tiirler) sinyalleri, hiicre i¢i iletisimde kritik roller
istlenmelerine ragmen biyogenez, kararlilik ve etki
mekanizmalar1 agisindan belirgin farklara sahiptir. ROS temel
olarak molekiiler oksijenin indirgenmesi sonucu olusurken
(6rnegin siiperoksit ve hidrojen peroksit), RES cogunlukla
coklu doymamis yag asitlerinin (PUFA) enzimatik veya
enzimatik olmayan oksidasyonu (lipit peroksidasyonu)
yoluyla iiretilir (Parvez et al., 2018). Kimyasal yapilar
bakimindan ROS tiirleri radikal (hidroksil radikali gibi) veya
radikal olmayan (hidrojen peroksit gibi) oksidanlardan
olusurken, RES tiirleri genellikle HNE ve ONE gibi reaktif
karbonil gruplart igeren elektrofillerdir (Poganik et al., 2018).
Yar1 0miir ve difiizyon mesafesi agisindan ROS tiirleri RES’e
gore ¢ok daha kisa Omiirliidiir; 6rnegin hidroksil radikalinin
diflizyon mesafesi 1-5 nm gibi ¢ok dar bir alanla sinirliyken,
RES tiirleri daha kararli yapilar1 sayesinde hiicre i¢inde ¢ok
daha wuzak mesafelere yayilarak sinyal iletebilirler
(Winterbourn, 2018). Etki mekanizmalar1 diizeyinde ROS,
hedef proteinlerdeki sistein kalintilarini oksidasyon yoluyla
(stilfenik asit veya disiilfiir baglar1 olusturarak) modifiye
ederken, RES bu proteinlere alkilleme (Michael katilmasi)
yoluyla kovalent olarak baglanir (Parvez et al., 2018). Geri
doniisgliiliik baglaminda, ROS kaynakli sistein oksidasyonlari
genellikle hiicresel indirgeyicilerle kolayca eski haline
donebilirken, cogu RES modifikasyonu (nitro-olefinler haric)
kalic1 veya ¢ok yavas geri doniislii kovalent baglar olusturur
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(Go & Jones, 2000). Son olarak, membran ge¢irgenligi
acisindan her iki grup da lipid membranlardan gecebilse de,
stiperoksit radikali (O2") fizyolojik pH’ta yiiklii oldugu i¢in
ROS/RES ailesinin en az gegirgen tiiyelerinden biri olarak
kabul edilir (Winterbourn, 2018).

Keapl1 Proteininin Nrf2 Sinyal Yolunu Diizenleyici islevi

Keapl (Kelch-like ECH-associated protein 1) proteini,
hiicrenin redoks homeostazini korumada ve antioksidan
yanitin diizenlenmesinde merkezi rol oynayan “imtiyazli bir
sensOr” olarak tanimlanmaktadir (Mills et al., 2018). Temel
gorevi, bir transkripsiyon faktorii olan Nrf2’nin aktivitesini
baskilayarak negatif yonde kontrol etmektir. Normal
kosullarda Keap1, Nrf2’ye baglanarak onun ubikitinlenmesini
ve proteazomlar tarafindan pargalanmasini saglar; bdylece
hiicredeki Nrf2 diizeyi bazal seviyede tutulur (Kornberg et al.,
2018).

Keapl, sahip oldugu cok sayida sistein kalintisi
sayesinde hiicre i¢i oksidatif ve elektrofilik stres sinyallerini
algilayan hassas bir redoks sensdrii olarak iglev goriir. ROS ve
RES varliginda Keap1 tizerindeki belirli sisteinlerin modifiye
edilmesi, proteinin konformasyonunu degistirerek Nrf2’ye
baglanma yetenegini azaltir (Parvez et al., 2018). Bu durum
Nrf2’nin stabilize olmasina ve hiicre iginde birikmesine yol
acar. Serbest kalan Nrf2 c¢ekirdege tasinir ve burada
antioksidan yanit elementlerini i¢ceren genlerin ekspresyonunu
baglatir (Mills et al., 2018).
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Keapl-Nrf2  yolagmmin  bu diizenleyici  roli
farmakolojik acidan da biiylik 6nem tagimaktadir. Dimetil
fumarat gibi bazi terapotik ajanlarin Keap1°’i hedef alarak Nrf2
yolunu aktive ettii ve bu yolla anti-inflamatuar ve
sitoprotektif etkiler olusturdugu gosterilmistir (Kornberg et
al., 2018).

T-REX Teknolojisi ve Geleneksel Dozlama Yontemleri
Farki

T-REX (Targetable Reactive Electrophiles and
Oxidants) teknolojisi ile geleneksel “bolus” dozlama
yontemleri arasindaki temel fark, sinyal molekiiliiniin hiicreye
uygulanig bi¢cimi ve saglanan hassas kontroldiir. Geleneksel
yontemlerde hiicreler disaridan yiiksek konsantrasyonlarda
reaktif tiirlere maruz birakilirken, T-REX yaklagimi reaktif
molekiiliin hiicre i¢inde yalnizca hedef proteinin yakin
cevresinde ve istenilen zamanda salinmasini saglar (Poganik
et al., 2018). Bu yaklasim, fizyolojik olmayan genis capl
protein  modifikasyonlarinin ~ online  gecerek  sinyal
ozgiilliigiini artirir (Parvez et al., 2018).

Geleneksel bolus dozlamada reaktif tiirlerin hiicre igine
girisleri, metabolizmalar1 ve hiicre i¢i dagilimlar1 tizerinde
kontrol sinirlidir. Bu durum hiicresel redoks dengesinin
bozulmasma ve ¢ok sayida proteinin gelisigiizel modifiye
edilmesine yol acabilir (Go & Jones, 2000). T-REX
teknolojisinde ise fotokafesli onciil molekiiller kullanilarak
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reaktif tiirlerin 1sikla tetiklenmesi saglanir ve bu sayede
zamansal kontrol elde edilir (Poganik et al., 2018).

T-REX’in bir diger Onemli avantaji stokiyometrik
kontrol saglamasidir. Geleneksel yontemlerde kullanilan
yiiksek dozlar siklikla apoptozu tetiklerken, T-REX yaklagimi
hedef proteinin cevresinde bire bir oraninda reaktif tiir
salimimina izin vererek diigiik yogunluklu modifikasyonlarin
fonksiyonel sonuglarinin incelenmesini miimkiin kilar (Long
etal., 2017). Ayrica bu yontem, reaktif molekiillerin glutatyon
ile konjugasyonu veya membran gec¢irgenligi gibi hiicresel
engelleri biiylik Olciide bertaraf eder (Parvez et al., 2018).

Bu ozellikleri sayesinde T-REX teknolojisi, tek bir
protein iizerindeki hassas redoks modifikasyonunun asag1 akis
sinyal yollarint nasil etkiledigini dogrudan ortaya koyabilen

giiclii bir dogrulama araci olarak kabul edilmektedir (Poganik
et al., 2018).

Yumusak Elektrofiller

Hiicresel ortamdaki yumusak elektrofiller,
Sert/Yumusak Asit-Baz (HSAB) modeline uygun olarak
oncelikle yumusak niikleofillerle reaksiyona girer. Bu
etkilesimler, ylk-yiik etkilesimlerinden ziyade HOMO-
LUMO orbital ortiismesi tarafindan yonetilir (Parvez et al.,
2018). Yumusak elektrofiller ile sistein arasindaki segici iliski,
biyolojik sistemlerde yiiksek 0Ozgiilliikkte sinyal iletiminin
temelini olusturur (Go & Jones, 2000).
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Glutatyon, hiicrenin ana kiigiik molekiillii indirgeyicisi
olarak yiiksek konsantrasyonlarda bulunur ve elektrofillerin
ndtralizasyonunda dnemli rol oynar. Bununla birlikte protein
yapisindaki ~ “imtiyazli” = sistein  kalintilari, yumusak
elektrofillerle ¢ok daha hizli reaksiyona girebilir ve bu
ozellikleri sayesinde sinyal iletiminde birincil hedefler haline
gelir (Long et al, 2017). Histidin ve lizin gibi diger
niikleofiller de elektrofillerle etkilesime girebilse de, sisteinin
bu elektrofiller karsisindaki reaktivitesi belirgin bigimde daha
yiiksektir (Parvez et al., 2018).

Hiicresel Tiyol Havuzlar1 ve RES-ROS Sinyalizasyonu

Hiicresel tiyol havuzlari, reaktif elektrofilik ve
oksidatif tiirlerin Omriinli, diflizyonunu ve hedef protein
seciciligini belirleyen temel diizenleyici unsurlardir. Bu
havuzlar hem kiigiik molekiillii tiyoller (6zellikle glutatyon)
hem de protein tiyolleri araciligiyla redoks sinyalizasyonunu
dinamik bi¢imde kontrol eder (Go & Jones, 2000).

Hiicredeki glutatyon havuzu, reaktif tiirlerin
detoksifikasyonunda ilk savunma hattin1 olusturur. Ancak
yerel glutatyon tiiketimi, detoksifikasyon enzimlerinin gegici
olarak baskilanmasi veya belirli bolgelerde yiiksek reaktif tiir
iiretimi gibi durumlar, sinyal molekiillerinin hedef proteinlere
ulagmasima olanak tanir (Parvez et al.,, 2018). Bu siirecte
imtiyazli sensor proteinlerin sahip oldugu yiiksek kinetik
avantaj, sinyalin 6zgiil bicimde algilanmasini saglar (Long et
al., 2017).
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Sinyalin sonlandirilmasi da tiyol havuzlari tarafindan
diizenlenir. Glutatredoksin ve tiyoredoksin sistemleri, geri
doniiglii sistein oksidasyonlarini hizla indirger ve sinyali
kapatarak proteinleri islevsel héllerine dondiiriir (Go & Jones,
2000). Buna karsilik karbon oksidasyonu gibi geri doniissiiz
modifikasyonlar  ¢ogunlukla  hiicresel hasar  olarak
degerlendirilir.

Hiicrelerarasi Sinyal fletiminde Hidrojen Peroksit

Hidrojen peroksit (H202), reaktif oksijen tiirleri
arasinda hiicreler aras1 (intercellular) iletisim ve sinyal iletimi
icin en uygun molekiil olarak kabul edilmektedir. Hidroksil
radikali gibi son derece reaktif tiirler ¢ok kisa yar1 omiirleri
nedeniyle hiicreler arasi sinyal iletiminde gorev alamazken,
hidrojen peroksitin gorece diisiik reaktivitesi ve daha uzun yari
omrii bu molekiiliin sinyal molekiilii olarak islev gérmesini
miimkiin kilar (Winterbourn, 2018). Bu 6zellikleri sayesinde
H>0,, fretildigi hiicrenin membranindan gecerek komsu
hiicrelere ulasabilir ve biyolojik yanitlari tetikleyebilir.

Hidrojen peroksitin hiicre i¢i ve hiicreler aras1 difiizyon
mesafesi, diger ROS tiirleri ile karsilastirildiginda oldukca
genistir. Yaklagik 0,5-1 pm’lik bir alana yayilabilmesi, bu
molekiiliin parakrin benzeri sinyal iletiminde etkin rol
oynamasini saglar (Winterbourn, 2018). Ayrica yliksiiz yapisi
sayesinde lipid membranlardan kolayca gegebilmesi, sinyal
iletimindeki etkinligini artirmaktadir. Akuaporin kanallarimin
hidrojen peroksit tasinimini kolaylastirdig1 ve bu yolla hiicre
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disindan gelen sinyallerin sitozole aktarilabildigi gosterilmistir
(Go & Jones, 2000).

Plazma membranina bagli NADPH oksidaz enzimleri,
hidrojen peroksitin hiicre disinda lokal olarak iiretilmesine
olanak tanir. Bu sekilde firetilen H>O», komsu hiicreleri
etkileyerek fizyolojik siireclerin koordinasyonuna katkida
bulunur. Ozellikle inflamasyon ve yara iyilesmesi gibi
stireclerde hidrojen peroksitin kemotaktik bir sinyal olarak
gorev yaptigi bildirilmistir (Winterbourn, 2018).

Redoks Sinyalizasyonunun Yeni Paradigmasi ve Sonug¢

Hiicre ici redoks sinyal iletimi uzun siire yalnizca
oksidatif hasarin bir yan iiriinii olarak degerlendirilmis olsa da,
giiniimiizde hiicresel karar alma siireclerini koordine eden
temel bir iletisim dili olarak kabul edilmektedir (Parvez et al.,
2018). Reaktif oksijen ve elektrofilik tiirlerin proteinleri
dogrudan modifiye ederek enzimatik olmayan bir yolla bilgi
ilettigi artik acik bicimde ortaya konmustur. Bu sistemin
basarisi, kimyasal rastlantisalliktan ziyade belirli proteinlerin
sahip oldugu “imtiyazli sensor” ozelliklerine dayanmaktadir
(Long et al., 2017).

Ozellikle T-REX ve G-REX gibi yeni nesil
teknolojiler, tek bir protein lizerindeki diisiik yogunluklu
redoks modifikasyonlarinin bile tiim hiicrenin fenotipini
degistirebilecek kadar gii¢lii sinyal ¢iktilar1 olusturabildigini
gostermistir (Poganik et al., 2018). Bu bulgular, redoks
sinyalizasyonunun yalnizca hiicresel stres yanitlartyla siirl
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olmadigini, aksine fizyolojik siireclerin hassas bi¢imde
diizenlenmesinde merkezi bir rol oynadigmi ortaya
koymaktadir.

Bu baglamda, arastirmacilar ve ilag¢ gelistirme alaninda
caligsan bilim insanlar1 i¢in baz1 temel yaklagimlar 6n plana
cikmaktadir. Geleneksel bolus dozlama yontemleri yerine
hiicre i¢i ve protein bazli hassas dozlama stratejilerinin tercih
edilmesi, daha fizyolojik ve 6zgiil sonuglar elde edilmesini
saglayacaktir (Parvez et al., 2018). Ayrica proteinlerin
yalnizca aktif bolgelerini degil, ligandlanabilir ve imtiyazli
sistein kalintilarini hedefleyen yaklasimlar, daha secici ve yan
etkileri diisik kovalent ilaglarin gelistirilmesine olanak
tantyacaktir (Long et al., 2017).

Sonug olarak redoks sinyalizasyonu, biyokimya ve
fizyolojinin kesisme noktasinda yer alan, ozgilligi,
zamanlamasi ve segiciligi ile son derece karmasik bir iletigim
sistemi olarak karsimiza c¢ikmaktadir. Hiicresel diizeyde
kapsamli bir “redoks sinyal atlasi”nin olusturulmasi, gelecekte
hem temel biyoloji hem de translasyonel tip agisindan 6nemli
kazanimlar saglayacaktir (Parvez et al., 2018).
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PERFORMANCE PHYSRSILY 18 ARDIORESPIRATORY
RECOVERY, RESPIRATORY CONTROL, AND MECHANISMS
UNDERLYING SHOOTING ACCURACY IN BIATHLON

Muhammed Mustafa ILCIN!
INTRODUCTION

Biathlon is a complex winter endurance sport characterized by the repeated alternation
between high-intensity cross country skiing and precision rifle shooting within a single
competitive event. This unique structure imposes substantial physiological, neuromuscular, and
psychophysiological demands on athletes. During competition, biathletes enter the shooting
range immediately following strenuous skiing bouts, typically under conditions of markedly
elevated heart rate and ventilatory load. Despite this physiological strain, athletes are required
to execute shooting tasks that demand refined fine motor control, postural stability, and
sustained attentional focus. Consequently, the capacity to regulate physiological arousal while
preserving neuromuscular precision and cognitive control is a critical determinant of biathlon
performance (Laaksonen et al., 2018).

Biathlon competitions are conducted in multiple formats, including sprint, pursuit,
individual, mass start, and relay events. These formats differ in total race distance, the number
of shooting bouts, and the type of penalties imposed following shooting errors. Rifle shooting
is performed at stationary targets positioned 50 m from the firing line, using two standardized
shooting positions: prone and standing. The prone position offers greater mechanical and
postural stability, whereas the standing position is associated with increased postural sway and
higher demands on balance regulation, intermuscular coordination, and trunk stabilization
(Hoffman & Street, 1992). Missed shots result in either penalty loops or time penalties,
depending on the competition format, thereby exerting a direct influence on overall race
outcomes (Laaksonen et al., 2018).

Biathlon competitions are governed by the regulations of the International Biathlon
Union (IBU). All skiing segments are performed using the freestyle technique, and athletes
carry a specialized biathlon rifle throughout the race. According to IBU regulations, the rifle
must have a minimum mass of 3.5 kg, which adds an additional mechanical and metabolic load
during skiing (IBU, 2023).

From a physiological standpoint, biathlon performance is predominantly supported by
aerobic energy metabolism due to the prolonged duration and high volume of skiing activity.
However, anaerobic energy systems are intermittently and substantially activated during uphill
sections, rapid accelerations, and final sprint phases.

Nigde Omer Halisdemir University, Faculty of Sport Sciences, Graduate School of Health Sciences.
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The interaction between these energy systems places considerable demands on
cardiorespiratory recovery kinetics, particularly during the transition from skiing to shooting.
Efficient heart rate recovery, rapid ventilatory stabilization, and precise respiratory control are
therefore essential for minimizing postural disturbances and optimizing shooting accuracy
under conditions of fatigue.

These high intensity workloads lead to pronounced elevations in heart rate, increases in
respiratory frequency, and heightened metabolic stress. Despite these physiological challenges,
athletes are required to maintain shooting performance under conditions of substantial fatigue.
This unique coexistence of extreme physiological strain and precision motor demands renders
biathlon a distinctive and highly relevant model for research in performance physiology.

Studies conducted on elite biathletes indicate that maximal oxygen uptake (VO:max)
constitutes a fundamental physiological prerequisite for success in this sport and is strongly
associated with performance outcomes, particularly in the cross country skiing component
(Rusko, 2002; Holmberg et al., 2006). Nevertheless, a high aerobic capacity alone is insufficient
to fully explain competitive success. The dynamic structure of biathlon competitions exposes
athletes to repeated bouts of high-intensity effort, thereby emphasizing the importance of
anaerobic endurance, rapid cardiovascular recovery, and the ability to efficiently transition
between energy systems.

A defining characteristic of biathlon performance is the requirement to execute shooting
tasks that demand high motor precision immediately following intense physical exertion.
During this transition phase, effective regulation of heart rate, voluntary control of breathing
patterns, and management of perceived fatigue play a decisive role in shooting accuracy. In this
context, Higginson (2002) reported that cardiovascular responses are more pronounced during
standing shooting compared with prone shooting, which may adversely affect shooting
performance. Furthermore, sustained attention, the ability to preserve motor control under
stress, and overall psychophysiological balance have been identified as integral components of
successful biathlon performance (Konttinen et al., 2000).

Accordingly, biathlon performance cannot be adequately evaluated using a
unidimensional approach. When the interaction between aerobic and anaerobic energy systems,
cardiovascular recovery mechanisms, and psychophysiological regulatory processes is
considered collectively, performance emerges as a multidimensional construct. Therefore, the
primary objective of this review is to examine the key physiological and psychophysiological
determinants of biathlon performance from a holistic perspective, based on current scientific
evidence, to discuss their functional roles in training and competition, and to derive practical
implications applicable to field-based performance optimization.

Technical and Functional Characteristics of the Biathlon Rifle

Biathlon is a winter sport that integrates high intensity cross-country skiing with
precision rifle shooting, creating a unique performance context in which physiological fatigue
and fine motor control coexist. Athletes are required to maintain shooting accuracy immediately
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after strenuous skiing bouts, during which heart rate, ventilation, and neuromuscular load are
markedly elevated. Within this framework, the rifle functions as a critical external performance
determinant, influencing shooting stability, accuracy, and temporal efficiency. Previous
research has emphasized that shooting outcomes in biathlon cannot be interpreted
independently of equipment-related constraints and regulations (Higginson, 2002).
Consequently, a detailed examination of the technical and functional characteristics of the
biathlon rifle is essential for a comprehensive understanding of performance in this sport.

Technical Specifications

According to the regulations set forth by the International Biathlon Union (IBU), only
rifles chambered in .22 Long Rifle (5.6 mm) caliber are permitted in official competitions
(International Biathlon Union [IBU], 2023). These rifles operate exclusively via a manual bolt
action mechanism, requiring deliberate mechanical engagement for each shot. The prohibition
of semi-automatic and fully automatic systems aims to enhance safety while preserving equality
among competitors (IBU, 2023).

The minimum permissible rifle weight, including magazines, is 3.5 kg, a standard
intended to balance shooting stability with the physical demands of carrying the rifle throughout
the skiing sections of the race (IBU, 2023). Ammunition is stored in detachable magazines with
a five round capacity, which are typically positioned on the rifle stock to facilitate rapid loading
during shooting bouts.

Front Sight Rear Sight Bolt Action Mechanism Adjustable Cheek Piece

‘\Adjustable Hand Rest

X

Trigger

Adjustable Hand Rest ‘ Magazine (5 Rounds)

Figure 1. Components of a biathlon rifle

Figure 1. Components of a biathlon rifle according to International Biathlon Union competition
regulations (International Biathlon Union, 2023).

Sighting System and Target Characteristics

Biathlon shooting is conducted at a fixed distance of 50 meters, and athletes are
restricted to using mechanical iron sights, consisting of a front sight and rear aperture. Optical
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sights, magnification systems, and electronic aiming devices are strictly prohibited, placing
greater emphasis on visual perception, postural control, and neuromuscular precision
(Higginson, 2002).

Target dimensions vary according to shooting position. During prone shooting, the
target diameter is 45 mm, whereas during standing shooting, it increases to 115 mm. This
adjustment reflects the increased postural instability and balance demands associated with the
standing position and is designed to equalize task difficulty across shooting postures (Karabag
et al., 2022).

Ergonomic Design and Competition Suitability

Modern biathlon rifles are manufactured using wooden or composite stocks and
incorporate multiple adjustable components to accommodate individual anthropometric
characteristics. Adjustable butt plates, trigger reach, and fore end supports allow athletes to
optimize shooting posture and reduce unnecessary muscular activation during aiming. Such
ergonomic adaptations are particularly important under conditions of elevated heart rate and
respiratory stress, which are known to negatively affect shooting precision (Higginson, 2002).

In addition to ergonomic considerations, biathlon rifles are engineered to function
reliably under extreme environmental conditions, including low temperatures, moisture, and
snow exposure. During competition, athletes carry the rifle on their back throughout the skiing
segments, making weight distribution and balance essential design considerations that may
indirectly influence skiing economy and fatigue development (Bompa & Haff, 2017).

Figure 2. Standing shooting technique in Biathlon (International Biathlon Union, 2023).
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Figure 3. Prone shooting technique in Biathlon (International Biathlon Union, 2023).

BIATHLON COMPETITION FORMATS

Biathlon competitions consist of several race formats designed to evaluate athletes
skiing speed and shooting accuracy under varying physiological and tactical conditions. These
formats are standardized by the International Biathlon Union (IBU) and differ with respect to
start procedures, race distance, number of shooting bouts, and penalty regulations (IBU, 2023).

Sprint Race

The sprint is an individual race format in biathlon characterized by relatively short race
distances. The official race distance is typically 10 km for men and 7.5 km for women. During
the competition, athletes complete two shooting bouts, with the first conducted in the prone
position and the second in the standing position. For each missed target, athletes are required
to ski a 150 m penalty loop, which directly increases total race time (Laaksonen et al., 2018).

Pursuit Race

Pursuit competitions are organized based on the results of the sprint race. Athletes start
the race with time intervals corresponding to their finishing times in the sprint, allowing for
direct head to head competition throughout the race. The pursuit includes four shooting bouts,
with the first two performed in the prone position and the final two in the standing position.
Each missed shot results in a 150 m penalty loop, similar to the sprint format (Laaksonen et al.,
2018).

Individual Race

The individual race is the longest competition format in biathlon. Male athletes compete
over a distance of 20 km, while female athletes race over 15 km. A total of four shooting bouts
are performed, with prone and standing positions alternating throughout the race. Unlike other
formats, missed targets do not result in penalty loops. instead, a one minute time penalty is
added to the athletes total race time for each missed shot (Hoffman & Street, 1992).
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Mass Start Race

In the mass start format, all athletes begin the race simultaneously. Participation is
typically restricted to a limited number of top ranked athletes based on international standings.
The race consists of four shooting bouts, and missed shots are penalized with a 150 m penalty
loop, as in the pursuit format. Due to the simultaneous start, this competition format places
greater emphasis on tactical decision making, situational awareness, and the management of
psychological pressure (IBU, 2023).

Relay Race

Relay races are team based biathlon competitions, with teams usually composed of four
athletes. Each athlete completes one leg of the race and performs two shooting bouts. For each
shooting bout, athletes are allowed to use up to three spare cartridges to clear all targets. If
targets remain unhit after the use of spare cartridges, penalty loops are imposed. This format
emphasizes not only individual performance but also team coordination, exchange efficiency,
and strategic planning (Holmberg et al., 2007).

2. PHYSIOLOGICAL STRUCTURE OF BIATHLON
2.1 Biathlon Competition Formats and Physical Demands

From a physiological perspective, biathlon is classified as a sport that requires a high
level of aerobic capacity. Elite biathletes have been reported to exhibit exceptionally high
values of maximal oxygen uptake (VO:max). However, due to the repeated bouts of high
intensity effort performed throughout competition, anaerobic energy systems also make a
substantial contribution to overall performance. In this context, both endurance capacity and
recovery efficiency are considered key determinants of biathlon performance (Rusko, 2003).

In addition to physical capacity, psychophysiological factors play a critical role in
determining performance outcomes in biathlon. The ability to regulate heart rate during
shooting, maintain controlled breathing patterns, sustain attentional focus, and effectively cope
with stress are among the primary factors influencing shooting accuracy. Owing to these
characteristics, biathlon is regarded as a multidimensional sport that requires the simultaneous
integration of physical and cognitive capabilities (Higginson, 2002).

Biathlon competitions are conducted in several formats, including sprint, pursuit,
individual, and mass start events, each imposing distinct physiological demands on athletes.
Although race distances and the number of shooting bouts vary across formats, a high level of
endurance performance remains a fundamental requirement in all competition types.
Throughout the race, athletes perform cross country skiing on variable terrain profiles and must
rapidly transition from intense physiological loading to tasks requiring fine motor precision
upon entering the shooting range (Higginson, 2002).
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During these transitions, rapid adaptation of the cardiovascular and respiratory systems
is essential. The ability to maintain shooting accuracy under conditions of elevated heart rate
and increased ventilatory frequency is considered a key performance indicator that
distinguishes elite biathletes from their lower level counterparts. Consequently, the analysis of
competition formats is of fundamental importance for understanding the physiological structure
of biathlon.

2.2 Musculoskeletal System and Neuromuscular Requirements

In biathlon, cross country skiing predominantly involves the active engagement of lower
extremity muscle groups. The quadriceps femoris, hamstrings, and gluteal muscles play a major
role in propulsion, force generation, and balance control during skiing (Hoffman & Street,
1992). In addition, upper extremity musculature and trunk stabilizers are critical for both the
efficiency of skiing technique and the maintenance of postural stability during shooting tasks
(Holmberg et al., 2006).

Neuromuscular coordination represents a central component of biathlon performance.
Muscle fatigue induced by high intensity physical loading can adversely affect motor control
and movement precision. This impairment is particularly evident during shooting, where
reduced rifle stability may lead to decreased shooting accuracy. Therefore, an integrated
evaluation of musculoskeletal function and neuromuscular control mechanisms is essential for
a comprehensive understanding of the physiological demands of biathlon (Higginson, 2002).

Moreover, the repeated physiological loading experienced throughout competition
activates both central and peripheral fatigue mechanisms (Rusko, 2003; Bompa & Haff, 2017).
These forms of fatigue influence not only physical performance but also cognitive processes,
including attentional control and decision making capacity. Consequently, biathlon is
considered a sport in which the interaction between the musculoskeletal and nervous systems
is particularly pronounced, making it a valuable model for examining neuromuscular and
psychophysiological integration under conditions of sustained physiological stress (Laaksonen
et al., 2018).

3. ENERGY SYSTEMS AND METABOLIC DEMANDS
3.1 Aerobic Energy System

Considering the overall duration and the repetitive loading structure of biathlon
competitions, the aerobic energy system constitutes the primary physiological foundation of
performance. During prolonged cross country skiing segments, the majority of energy
production is supplied through oxidative phosphorylation. This places particular emphasis on
skeletal muscle oxidative capacity and the efficiency of the cardiovascular system in oxygen
delivery and utilization (Joyner & Coyle, 2008).

Beyond its role in energy provision, aerobic capacity contributes substantially to the
maintenance of physiological stability during competition. Athletes with a high level of aerobic
fitness are able to regulate heart rate and ventilatory responses more rapidly, enabling them to
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arrive at the shooting range in a more controlled physiological state following intense skiing
efforts (McArdle, Katch, & Katch, 2015). This regulatory advantage suggests that the aerobic
energy system indirectly supports shooting performance by facilitating cardiovascular and
respiratory recovery.

In addition, aerobic metabolism plays a critical role in attenuating metabolic stress and
accelerating recovery processes between successive high intensity efforts throughout the race.
The rapid restoration of physiological homeostasis following repeated bouts of strenuous
activity is closely associated with sufficient oxidative capacity (Bassett & Howley, 2000). In
this context, the aerobic energy system is considered a fundamental component in biathlon,
supporting both performance sustainability and the preservation of technical precision under
fatigue.

3.2 Anaerobic Energy System

Although biathlon is predominantly characterized as an endurance-based sport, steep
uphill sections, rapid accelerations, and fluctuations in race pace necessitate substantial
contributions from anaerobic energy systems. During these short duration, high intensity
efforts, energy production is largely supported by anaerobic glycolytic pathways, resulting in a
marked increase in intramuscular metabolic stress (Gastin, 2001).

As anaerobic involvement increases, lactate production rises and may disrupt
intramuscular pH homeostasis. The resulting metabolic acidosis can impair muscle contractile
function and neuromuscular transmission, thereby exacerbating the perception of fatigue. In the
context of biathlon, this fatigue not only compromises skiing performance but may also
negatively affect shooting related parameters, including postural stability, trigger control, and
fine motor coordination (Vickers, 2007).

Accordingly, the anaerobic energy system assumes a complementary yet strategically
important role in biathlon performance. The ability of elite athletes to preserve technical
accuracy following high anaerobic loads has been associated with enhanced tolerance to
metabolic stress and accelerated recovery capacity (Buchheit & Laursen, 2013). Therefore, the
development of anaerobic capacity should be considered a critical component of biathlon
training programs, enabling athletes to adapt effectively to the variable and demanding
physiological requirements of competition.

3.3 Metabolic Transitions and Race Dynamics

One of the defining characteristics of biathlon performance is the presence of repeated
metabolic and physiological transitions between high intensity endurance efforts and precision-
based shooting tasks throughout competition. Athletes are required to shift rapidly from cross-
country skiing performed under pronounced sympathetic nervous system activation to tasks that
demand postural stability and high motor precision within a very short time frame. This
repeated alternation imposes a multidimensional physiological stress on the organism (Meeusen
et al., 2013).
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During these transition phases, rapid downregulation of heart rate, reorganization of
ventilatory responses, and stabilization of muscle activation patterns are essential. When
autonomic nervous system regulation is insufficient, elevated levels of physiological arousal
persist, which may adversely affect fine motor control. Previous studies have demonstrated that
shooting tasks performed under conditions of elevated heart rate and irregular breathing patterns
are associated with increased postural sway and reduced shooting accuracy (Hatfield et al.,
2004).

Inefficient management of metabolic transitions not only exacerbates physiological
fatigue but also negatively influences cognitive processes and motor planning. Exercise-
induced central fatigue has been shown to impair sustained attention and visuomotor
coordination, thereby compromising shooting performance following intense physical exertion
(Smith et al., 2016). These findings highlight that biathlon performance is shaped not only at
the muscular level but also through mechanisms mediated by the central nervous system.

In this context, the effectiveness of metabolic transitions is closely linked not only to
the speed of adaptation between energy systems but also to the efficiency of autonomic and
central regulatory mechanisms. The ability to adapt rapidly and with minimal physiological
cost across varying exercise intensities is frequently described in the literature using the
concepts of “physiological flexibility” or “exercise-specific adaptive regulation” (Porges,
2007). Elite biathletes appear to utilize these regulatory mechanisms more effectively, thereby
gaining a technical and competitive advantage within the dynamic demands of racing.

In summary, a comprehensive understanding of biathlon race dynamics requires
metabolic transitions to be examined not solely from the perspective of energy production, but
in conjunction with autonomic nervous system function, central fatigue, and motor control
processes. Such a holistic framework provides a deeper basis for performance analysis and
facilitates the development of training strategies specifically tailored to the unique
physiological and technical demands of biathlon competition.

4. AEROBIC CAPACITY (VO:max) AND ITS RELATIONSHIP WITH
PERFORMANCE

4.1 Concept of VO:max and Measurement Methods

Maximal oxygen uptake (VO2max) is defined as the highest rate at which oxygen can
be taken up and utilized by the body per unit of time during progressively increasing exercise
intensity. It is widely regarded as a primary indicator of aerobic capacity (Zorba & Saygin,
2013). In endurance-based sports, VO.max is one of the most frequently used physiological
parameters for assessing performance potential and holds particular importance in biathlon due
to its critical role in sustaining cross country skiing performance (Bompa & Haff, 2017).

VO:max is most commonly assessed under laboratory conditions using incremental
exercise tests. These tests are typically performed on treadmills, cycle ergometers, or sport
specific ergometers designed to replicate competition demands. While laboratory based
measurements provide high validity and reliability, field based tests serve a complementary role
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by enabling the assessment of sport specific physiological responses under conditions that more
closely resemble competition (Giinay, Tamer, & Cicioglu, 2013). The selection of an
appropriate measurement method should therefore be based on the characteristics of the sport,
the athletes performance level, and the specific objectives of the evaluation.

4.2 Aerobic Capacity in Elite Biathletes

Research conducted on endurance athletes consistently demonstrates that elite
performers exhibit high VO.max values, which are closely associated with competitive
performance level (Zorba & Saygin, 2013; Giinay et al., 2013). In biathlon, a high aerobic
capacity enables athletes to sustain race pace over prolonged durations and to complete high
intensity sections of the course with a lower physiological cost (Ilgin, Hazar, & Polat, 2024).

Athletes with elevated VO:max levels are able to perform the same absolute workload
at a lower relative intensity, which has been shown to delay the onset of fatigue (Bompa &
Haff, 2017). Moreover, a well developed aerobic system facilitates faster post exercise
cardiovascular recovery, thereby supporting the maintenance of physiological stability at the
shooting range. This recovery advantage is considered a key factor contributing to the
sustainability of technical performance and shooting accuracy in biathlon competitions.

4.3 Effects of Aerobic Capacity on Pre-Shooting Recovery

The pre shooting recovery phase represents a critical determinant of overall biathlon
performance. Athletes with a high level of aerobic capacity have been shown to regulate heart
rate and ventilatory responses more rapidly following intense exercise, allowing for more
effective control of physiological fluctuations prior to shooting (Giinay et al., 2013; Zorba &
Saygin, 2013).

In contrast, insufficient aerobic capacity is associated with sustained elevations in heart
rate, increased respiratory frequency, and prolonged intramuscular metabolic stress, all of
which may adversely affect the fine motor control and postural stability required during
shooting tasks. In this context, training interventions aimed at enhancing aerobic capacity are
suggested to indirectly support shooting performance in biathlon by improving recovery
kinetics and physiological regulation, in addition to enhancing endurance performance (Bompa
& Haff, 2017).

In summary, VO:max should be considered a multidimensional performance
determinant in biathlon, influencing not only skiing performance but also recovery speed and
technical stability during the transition from skiing to shooting.

5. ANAEROBIC CAPACITY, LACTATE, AND FATIGUE
5.1 Anaerobic Capacity and Lactate Production

Although biathlon competitions are predominantly characterized by aerobic demands,
the course profile includes short-duration, high intensity efforts that substantially activate
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anaerobic energy systems. Steep uphill sections, rapid accelerations, and increased pacing
toward the final stages of the race require a greater contribution from anaerobic metabo lism.
During these phases, the involvement of anaerobic glycolysis increases, leading to pronounced
lactate production within skeletal muscle fibers (Arslan et al., 2015).

Anaerobic capacity is therefore considered a critical physiological attribute for
tolerating such high-intensity workloads and sustaining overall performance. Even in
endurance-based sports, insufficient anaerobic capacity has been shown to compromise the
ability to maintain competitive race pace (Zorba & Saygin, 2013). In biathlon, the ability of
elite athletes to preserve skiing speed despite increasing metabolic load is closely associated
with the effective utilization of anaerobic capacity. These findings indicate that anaerobic
energy systems play a supportive and complementary role in biathlon performance.

5.2 Effects of Lactate Accumulation on Performance

During high intensity exercise, elevated lactate production is accompanied by an
accumulation of hydrogen ions within muscle tissue, resulting in a reduction in intramuscular
pH and the development of metabolic acidosis. These physiological alterations can impair
muscle contraction mechanisms, disrupt energy production processes, and negatively affect
neuromuscular transmission, thereby increasing the perception of fatigue (Rudarli Nalgakan,
2019).

In the context of biathlon, the effects of lactate accumulation extend beyond skiing
performance and also influence shooting related tasks that require fine motor control and
postural stability. Increased metabolic stress has been reported to compromise trunk and upper
extremity stability, potentially amplifying rifle sway and reducing shooting accuracy
(Holmberg et al., 2007). Consequently, the relationship between lactate dynamics and technical
performance represents a critical area of investigation for understanding the physiological
demands of biathlon and optimizing training strategies.

5.3 Fatigue Mechanisms and Shooting Performance

Fatigue in biathlon arises through both peripheral and central mechanisms. Peripheral
fatigue is primarily associated with intramuscular metabolic disturbances, lactate accumulation,
and depletion of energy substrates, whereas central fatigue involves a reduction in the
effectiveness of motor commands originating from the central nervous system (Bompa & Haff,
2017). Throughout competition, these two forms of fatigue interact simultaneously, producing
an integrated and cumulative effect on overall performance.

As fatigue develops, motor control precision declines, and the maintenance of balance
and postural stability becomes increasingly challenging. This impairment is particularly critical
during shooting tasks, where the ability to sustain a stable stance is essential for accuracy.
Consequently, increased fatigue has been associated with reductions in shooting precision,
especially during the later stages of competition (Zorba & Saygin, 2013). Observed declines in
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shooting performance over the course of a race are therefore largely attributed to the
accumulation of fatigue.

In this context, effective fatigue management and the preservation of technical
performance under conditions of high physiological stress represent central objectives of
biathlon training. Training interventions aimed at enhancing anaerobic capacity, increasing
lactate tolerance, and maintaining motor control under fatigue play a pivotal role in optimizing
performance and sustaining shooting accuracy during competition.

6. CARDIOVASCULAR AND RESPIRATORY RESPONSES
6.1 Heart Rate Dynamics

In biathlon, heart rate represents one of the primary indicators reflecting the
physiological intensity of competition. During cross country skiing segments, heart rate
typically reaches high values, whereas the ability to rapidly reduce heart rate upon arrival at the
shooting range is considered critical for performance. This transition between skiing and
shooting provides direct insight into the adaptive capacity of the cardiovascular system
(Karabag, Hazar, & Gezer, 2022).

Previous studies have demonstrated that heart rate during standing shooting is higher
than during prone shooting, a condition that may negatively influence shooting accuracy.
Accordingly, effective heart rate regulation and shortened recovery time are regarded as key
determinants of successful biathlon performance (Atasever et al., 2021).

6.2 Cardiovascular Recovery and Performance

Cardiovascular recovery refers to the rate at which heart rate returns to resting or
submaximal levels following exercise induced loading. Athletes with a high level of aerobic
capacity have been reported to manage cardiovascular recovery more effectively, thereby
achieving a more stable physiological state prior to shooting (ilgin, Hazar, & Polat, 2024).

Conversely, prolonged recovery periods are associated with persistently elevated heart
rate and increased circulatory strain, which may lead to physiological fluctuations during
shooting. Such instability can impair shooting accuracy and repeatability. For this reason,
cardiovascular recovery capacity is considered a critical determinant of biathlon performance
(Atasever et al., 2021).

6.3 Respiratory Responses and Shooting Stability

High intensity physical exertion induces marked increases in respiratory frequency and
tidal volume. During shooting, however, the ability to control respiratory movements is
essential for maintaining trunk stability and aiming precision. Elevated breathing frequency
may increase torso oscillations, thereby disrupting shooting stability.
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Elite biathletes have been shown to exhibit superior respiratory control, allowing them
to maintain a more stable posture during shooting tasks. These findings highlight the importance
of respiratory adaptations and breathing-awareness training as integral components of biathlon
performance optimization.

7. SHOOTING PERFORMANCE AND PSYCHOPHYSIOLOGICAL FACTORS
7.1 Attention and Concentration

In biathlon, shooting performance represents a task that requires a high level of sustained
attention and concentration. Immediately following intense physical exertion, athletes must
execute precise aiming and trigger control despite ongoing physiological activation and
environmental distractions. This requirement necessitates effective regulation of cognitive
processes under conditions of pronounced physiological stress.

Previous research has demonstrated a clear association between attentional control and
shooting accuracy, indicating that athletes who are able to maintain focused attention under
high physiological load achieve superior shooting performance. Accordingly, attentional
capacity and concentration are considered key psychophysiological determinants of biathlon
performance (Laaksonen et al., 2018).

7.2 Stress, Anxiety, and Performance

The competitive environment in biathlon imposes substantial psychological pressure on
athletes. Time constraints, direct competition, and the immediate conversion of shooting errors
into time penalties are among the primary factors contributing to elevated stress and anxiety
levels. Increased psychological stress has been shown to influence physiological responses,
leading to additional elevations in heart rate and respiratory frequency (Higginson, 2002).

These psychophysiological responses may adversely affect postural stability and fine
motor control during shooting tasks. In contrast, elite biathletes have been reported to employ
more effective stress-coping strategies, enabling them to preserve shooting accuracy even under
conditions of high competitive pressure (Laaksonen et al., 2018).

7.3 Psychophysiological Adaptations in Elite Athletes

Elite biathletes develop long term adaptations not only to physiological training loads
but also to repeated exposure to psychological stressors. These adaptations manifest in
enhanced attentional endurance, improved stress tolerance, and superior emotional regulation.

Well developed psychophysiological adaptations allow athletes to maintain technical
execution despite pronounced physiological fluctuations during competition. Consequently,
psychophysiological factors should be regarded as integral components of biathlon
performance rather than secondary influences (Konttinen, Lyytinen, & Konttinen, 1999).

8. TRAINING APPROACHES AND PRACTICAL RECOMMENDATIONS
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8.1 Aerobic and Anaerobic Training Models

Biathlon training programs are primarily based on the development of high aerobic
capacity through prolonged, moderate intensity endurance training modalities (Rusko, 2003).
In addition to this aerobic foundation, high-intensity interval training should be incorporated to
address the anaerobic demands imposed by course profiles, including steep climbs and rapid
changes in pace (Seiler & Tgnnessen, 2009).

A well balanced integration of aerobic and anaerobic training stimuli contributes not
only to improved skiing performance but also to enhanced recovery capacity prior to shooting
bouts (Holmberg et al., 2006). Maintaining this balance is essential for sustaining performance
consistency throughout the race.

8.2 Shooting Training Under Fatigue

To optimize biathlon performance under competition specific conditions, shooting
training performed under fatigue is of critical importance. Such training interventions enable
athletes to develop the ability to maintain technical accuracy while exposed to high levels of
physiological stress (Higginson, 2002).

Shooting under fatigue promotes the integrated development of cardiovascular
recovery, respiratory control, and postural stability (Laaksonen et al., 2020). Therefore, these
training practices should be systematically incorporated into biathlon training programs to
enhance competition-specific adaptability.

8.3 Interventions Targeting Respiratory and Cardiovascular Control

Breathing awareness and controlled breathing techniques may contribute to improved
trunk stability during shooting tasks. Additionally, recovery oriented protocols designed to
facilitate rapid reductions in heart rate can positively influence shooting performance.

When combined with technical and physiological training components, such
interventions provide a comprehensive approach that aligns with the multidimensional
performance demands of biathlon (Holmberg et al., 2006).

9. CONCLUSION AND RECOMMENDATIONS

Biathlon performance represents a multidimensional construct arising from the
interaction of aerobic capacity, anaerobic endurance, cardiovascular and respiratory responses,
fatigue management, and psychophysiological factors. Consequently, focusing on a single
physiological variable is insufficient for accurately evaluating or enhancing performance in this
sport.

In this book chapter, the primary physiological and psychophysiological determinants
of biathlon performance have been examined in light of current scientific literature, and
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evidence-based implications for training practice have been presented. Future research should
prioritize the simultaneous assessment of physiological and psychological variables under race
simulated conditions to achieve a more comprehensive understanding of biathlon performance
demands.

Furthermore, investigating the effects of individualized training strategies and
psychophysiological skill development programs on performance outcomes represents a
promising area for future research. Such approaches may contribute substantially to the
advancement of both applied practice and scientific knowledge within the field of biathlon
performance analysis.
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THE EFFECTS OF BIAPHEBN 6N THE RESPIRATORY,
CARDIOVASCULAR, MUSCULOSKELETAL, AND NERVOUS
SYSTEMS

Muhammed Mustafa ILCIN?
Hatice DUYMUS?

1. INTRODUCTION

Biathlon is a winter sport in which cross country skiing and rifle shooting are performed
sequentially and repeatedly, placing high demands on both the aerobic and anaerobic energy
systems. Athletes are required not only to demonstrate high levels of endurance but also to
maintain effective respiratory control, cardiovascular stability, muscular endurance, and fine
motor coordination (Holmberg et al., 2007; Rusko, 2002). This multidimensional structure
distinguishes biathlon from other endurance sports and allows for the development of unique
adaptations within the respiratory and cardiovascular systems (Laaksonen et al., 2018).

In the literature, key factors influencing biathlon performance include maximal oxygen
uptake (VO:max), rapid regulation of heart rate, muscular endurance, and cognitive abilities
such as attention and motor control (Laaksonen et al., 2018; Seiler, 2010). Particularly during
competition, the transition from cross country skiing to the shooting phase requires the rapid
suppression and stabilization of respiratory and cardiovascular responses, which is critical for
maintaining performance continuity (Higginson, 2002).

Biathlon is also performed in cold and low humidity environments, which necessitates
the development of adaptive changes in the respiratory tract, thermoregulatory mechanisms,
and the cardiovascular system. As a result, athletes must undergo specific physiological
adaptations to cope with these environmental stressors (Larsson et al., 2002; Anderson et al.,
2013). Regular and well structured training programs enhance not only physiological capacity
but also psychophysiological resilience and concentration (Vickers & Williams, 2007).

This book chapter examines in depth the effects of biathlon on the respiratory,
cardiovascular, musculoskeletal, and nervous systems, drawing upon both classical literature
and contemporary research published after 2010. In addition, training strategies and practical
recommendations aimed at optimizing performance determining factors are discussed in detail.

2. EFFECTS ON THE RESPIRATORY SYSTEM

The cross country skiing phases of biathlon competitions impose extremely high
metabolic demands on athletes, driving oxygen consumption (VO:) toward maximal values.
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Orcid: 0009-0009-6340-1702
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During this process, minute ventilation (VE), respiratory frequency (RF), and tidal
volume (VT) increase markedly, and the magnitude of the ventilatory response plays a decisive
role in the sustainability of performance (Saltin & Astrand, 1967; Holmberg et al., 2007).

In elite biathletes, VO.max values typically ranging between 60 and 75 ml-kg™'-min™
reflect a high aerobic capacity and the ability of the respiratory system to adapt to prolonged
and intense workloads (Rusko, 2002; Laaksonen et al., 2018).

During exertion, the respiratory muscles particularly the diaphragm and intercostal
muscles operate at a high capacity for extended periods. Electromyographic (EMG) studies
have demonstrated that diaphragmatic and intercostal muscle activation during cross country
skiing can reach approximately 70—85% of maximal activation levels, underscoring the critical
role of respiratory muscle endurance in biathlon performance (Sheel, 2002). Regular endurance
training and specific respiratory muscle loading improve muscle fiber efficiency and ventilatory
economy, enabling athletes to perform the same external workload with lower ventilatory cost.
As a result, oxygen utilization becomes more efficient, and the onset of fatigue related
performance decrements can be delayed (Sheel, 2002; Billat et al., 2011).

One of the distinctive characteristics of biathlon is the requirement to execute precision
shooting immediately following high intensity skiing. During the shooting phase, the amplitude
and rhythm of respiratory movements directly influence rifle stability and aiming accuracy. For
this reason, athletes commonly time their shots during the end expiratory phase to minimize
trunk oscillations and reduce target deviation (Higginson, 2002; Laaksonen et al., 2018). This
“conscious” control of breathing represents a complex regulatory mechanism that extends
beyond brainstem respiratory centers and involves cortical processes related to attention, focus,
and motor timing (Konttinen et al., 1999; Vickers & Williams, 2007).

In addition to slowing respiration, effective shooting performance requires the
controlled reduction of heart rate. Through the activation of parasympathetic pathways,
cardiorespiratory stabilization is achieved via the autonomic nervous system, thereby reducing
physiological “noise” at the moment of firing and supporting higher shooting accuracy (Seiler,
2010).

Biathlon competitions are most commonly conducted in cold environments ranging
from approximately -10°C to 0°C and under low humidity conditions, which impose additional
environmental stress on the respiratory system. Cold and dry air increases the risk of airway
irritation and bronchoconstriction, potentially reducing ventilatory comfort and limiting
performance (Larsson et al., 2002; Anderson et al., 2013). However, with regular exposure and
appropriately structured training programs, elite athletes may develop adaptive responses
characterized by more stable bronchial reactivity, preserved ventilatory efficiency, and
sustained respiratory muscle endurance in cold conditions. These adaptations facilitate more
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consistent oxygen uptake during competition and contribute to the maintenance of performance
continuity.

Within this framework, strategies aimed at enhancing respiratory system performance
in biathlon should focus on improving ventilatory economy through the development of
respiratory muscle endurance and on increasing stabilization by automating breathing control
during the shooting phase. Inspiratory and expiratory resistance training supports respiratory
muscle function (Sheel, 2002), while high intensity interval training designed to enhance
VO:max and ventilatory capacity renders the physiological demands of the skiing phase more
manageable (Billat et al., 2011). In addition, breathing control drills that reinforce shooting
routines performed at the end expiratory phase directly contribute to rifle stability and aiming
accuracy, thereby strengthening the critical “ski to shoot transition™ that largely determines
biathlon performance (Higginson, 2002).

3. EFFECTS ON THE CARDIOVASCULAR SYSTEM

In biathlon competitions, the cardiovascular system is required to meet near maximal
cardiovascular demands during the cross country skiing phase and then achieve physiological
stabilization within a very short time at the shooting stations. During skiing, heart rate is
reported to reach near maximal levels, whereas rapid heart rate reduction during the transition
to shooting is a key determinant of performance. This “load stabilization” cycle directly reflects
the adaptive response capacity of the cardiovascular system (Karabag, Hazar, & Gezer, 2022).
Indeed, heart rate has been shown to remain higher in the standing shooting position compared
with the prone position, a condition that may negatively affect shooting accuracy.
Consequently, effective heart rate control and shortened recovery time are considered
fundamental determinants of biathlon performance (Atasever et al., 2021; Holmberg et al.,
2007; Laaksonen et al., 2018).

Biathlon is an endurance sport that requires high cardiac output. During the skiing phase,
heart rate (HR) frequently approaches maximal values, while increases in stroke volume and
cardiac output are critical for sustaining oxygen and nutrient delivery to the working muscles
(Rusko, 2002; Laaksonen et al., 2018). In elite athletes, stroke volume during maximal exertion
has been reported to reach approximately 120-150 mL, with cardiac output values of 25-30
L-min~'. These values reflect a highly developed cardiovascular response associated with
superior aerobic capacity (Rusko, 2002; Laaksonen et al., 2018).

Regular and long term training induces physiological hypertrophy of the left ventricle,
leading to increased stroke volume. In addition, training enhances capillary density and vascular
elasticity at the peripheral level, thereby promoting more efficient hemodynamic responses at
a given workload. As a result, the oxygen utilization capacity of skeletal muscle is supported,
and endurance performance is optimized (Seiler, 2010; Millet et al., 2012).

In biathlon, the “critical moment” for the cardiovascular system occurs during the
shooting phase. The ability to rapidly reduce and stabilize heart rate immediately after high
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intensity skiing has a direct influence on aiming accuracy. Heart rate during standing shooting
has been reported to be approximately 10-15 beats per minute higher than during prone
shooting, a difference attributed to the increased postural demands and muscular activation
required in the standing position. This elevation in heart rate has been associated with a decline
in shooting accuracy (Holmberg et al., 2007; Laaksonen et al., 2018).

At this stage, the primary strategy employed by athletes involves the rapid activation of
parasympathetic pathways in conjunction with controlled breathing. A swift post exercise
increase in parasympathetic activity facilitates heart rate reduction and decreases physiological
“noise” at the moment of firing, thereby supporting performance stability (Seiler, 2010;
Higginson, 2002). Long term training adaptations, including reductions in resting heart rate,
shortened recovery time, and enhanced autonomic nervous system regulation, enable athletes
to perform more consistently during transitions from high intensity effort to precision motor
tasks (Seiler, 2010; Higginson, 2002).

Accordingly, cardiovascular training strategies in biathlon should not focus solely on
increasing maximal capacity but also on developing the ability to transition rapidly from
elevated heart rate to controlled stabilization. While high intensity interval training enhances
cardiovascular capacity reflected in heart rate responses, stroke volume, and cardiac output
active recovery protocols and competition specific transition simulations support faster heart
rate decline and more effective autonomic regulation (Seiler, 2010; Laaksonen et al., 2018).
Considering the effects of cold environments on peripheral circulation, controlled
environmental adaptation strategies may further contribute to the maintenance of vascular
responses (Larsson et al., 2002; Anderson et al., 2013).

4. EFFECTS ON THE MUSCULOSKELETAL SYSTEM

In biathlon, the musculoskeletal system is required to generate highly repetitive
propulsive forces and ensure efficient energy transfer during ski snow contact in the cross
country skiing phase, while maintaining stabilization and postural balance to support fine motor
control during the shooting phase. During skiing, the lower extremity muscle groups
particularly the quadriceps femoris, hamstrings, and gluteal muscles operate continuously at
high intensity, performing essential biomechanical functions such as force generation, balance
maintenance, and transmission of force to the ground (Holmberg et al., 2007; Laaksonen et al.,
2018). The quadriceps enhance the effectiveness of the propulsion phase through knee
extension, the hamstring group contributes to the continuity of the propulsion—recovery cycle
via knee flexion and hip stabilization, and the gluteal muscles strengthen postural control by
supporting hip extension and maintaining trunk pelvis alignment. Long term endurance training
and competition specific loading increase muscle fiber endurance and intramuscular metabolic
efficiency, enabling force production to be sustained for longer durations even under fatigue.

During the shooting phase, biomechanical priorities shift from force production to
“stabilization and vibration control.” At this stage, coordinated activation of the upper extremity
and trunk muscles is critical for rifle stabilization and the maintenance of aiming accuracy
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(Konttinen et al., 1999; Vickers & Williams, 2007). While the deltoid and biceps brachii
muscles maintain rifle positioning, the trapezius and latissimus dorsi support stabilization of
the shoulder girdle and upper back. The core musculature provides micro level stability by
reducing trunk sway and facilitating precise target alignment. The substantially increased
postural control demands during standing shooting indicate greater stabilization requirements
in the core and shoulder girdle muscles, which constitutes one of the primary mechanical
reasons why standing shooting is more challenging than prone shooting.

The metabolic profile of biathlon requires the musculoskeletal system to utilize both
aerobic and anaerobic energy systems. In the lower extremities, type I (slow twitch, oxidative)
muscle fibers form the basis for prolonged endurance and high repetition work, whereas type
IT (fast twitch, glycolytic) fibers play a crucial role during sprint like accelerations, force
intensive propulsion phases, and intra race pace variations (Millet et al., 2012). Consequently,
training programs must target not only general endurance but also strength, speed endurance,
and stabilization capacity to ensure performance continuity.

Another important aspect of musculoskeletal loading involves the joints and postural
control mechanisms. Biathletes are exposed to dynamic loading that requires a wide range of
motion and efficient force transfer at the knee and hip joints, while the shoulder and elbow
joints are subjected to prolonged isometric or semi isometric loading during rifle stabilization
in the shooting phase. Regular training enhances joint mobility, tendon resilience, and force
transmission efficiency, contributing both to injury risk reduction and to the sustainability of
technical performance (Seiler, 2010). The core and lumbar regions serve as a “central control
point,” playing a critical role in maintaining trunk pelvis alignment during skiing and in
absorbing vibrations during shooting.

Within this framework, musculoskeletal training strategies in biathlon should
simultaneously aim to enhance strength endurance and propulsion efficiency in the lower
extremities, improve stabilization and postural control in the upper extremities and core region,
and develop durability and movement quality in joint and tendon structures. Multi joint strength
exercises (e.g., squats, deadlifts, and core stabilization exercises) support force production and
load transfer during the propulsion phase, while plyometric training enhances rapid force
development and acceleration capacity. Postural balance exercises (e.g., single leg balance tasks
and unstable surface training) contribute to the reduction of trunk sway during shooting.
Competition specific interval training and technical simulations performed under fatigue further
promote biomechanical adaptation and support performance continuity.

Table 4.1. Lower extremity muscle activation (%MVIC) during the cross country
skiing phase
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Kas Grubu Aktivasyon (%MVIC)

Kuadriseps 75-85
Hamstring 60-70

Gluteal 70-80

5. EFFECTS ON THE NERVOUS SYSTEM AND PSYCHOPHYSIOLOGICAL
MECHANISMS

In biathlon, the nervous system is responsible for the sequential management of two
distinct motor tasks. The production of coordinated movements involving large muscle groups
during high intensity cross country skiing, and the simultaneous maintenance of fine motor
control, stabilization, and attentional processes during the shooting phase. While the timing of
lower and upper extremity muscle activation during skiing determines propulsion force,
balance, and technical efficiency, the shooting phase requires more refined motor programs to
ensure rifle stability, aiming accuracy, and trigger control (Konttinen et al., 1999; Vickers &
Williams, 2007). Electromyography (EMG) and brain potential studies have reported findings
indicating that motor control and attentional regulation are critical determinants of shooting
performance (Hatfield et al., 2013).

The autonomic nervous system plays a decisive role in the success of these processes.
The ability to rapidly reduce heart rate and respiratory frequency following intense skiing
contributes to physiological stabilization at the moment of shooting. During the skiing phase,
sympathetic activation supports energy mobilization and elevated cardiorespiratory responses,
whereas during the transition to shooting, rapid engagement of parasympathetic activity
facilitates heart rate control and enhances performance stability (Seiler, 2010; Laaksonen et al.,
2018).

Shooting performance is not solely an outcome of physiological capacity but also
reflects cognitive processes. Fatigue, environmental conditions, and competitive stress increase
cognitive load, potentially leading to attentional lapses and impairments in motor precision.
Therefore, the integrated management of focusing strategies, visual targeting, and breathing
control is considered a fundamental component supporting shooting accuracy (Vickers &
Williams, 2007). EEG and ERP based studies further highlight the role of psychophysiological
regulation in performance by demonstrating activation of brain regions associated with
attention and motor control during shooting tasks (Hatfield et al., 2013).

Long term biathlon training and competitive experience enhance an athlete’s ability to
maintain performance under conditions of stress and fatigue by improving the regulation of
breathing and heart rate, sustaining attentional focus, and refining fine motor control skills. As
a result, physiological and psychological systems operate more harmoniously, supporting
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performance continuity during the critical transition phases of competition (Seiler, 2010;
Vickers & Williams, 2007).

Within this framework, approaches aimed at strengthening nervous system function and
psychophysiological performance should incorporate applications targeting competition
specific transitions. Breathing control and concentration exercises, combined with visual
targeting and cognitive simulations, help automate shooting routines, while coordination and
stability focused balance training and technical plyometric exercises support the quality of
motor control. Interval training and controlled environmental stimuli may further contribute to
the development of autonomic regulation, enabling faster physiological stabilization during the
transition from skiing to shooting.

Oxidative Stress, Inflammation, and Polyphenols in the Hippocampus. In a
streptozotocin (STZ) induced diabetes model, oxidative stress and inflammation have been
shown to be pronounced in the hippocampus, while curcumin administration has been reported
to exert neuroprotective effects against these processes (Ozsan et al., 2025). Similarly, exposure
to heavy metals particularly cadmium can increase oxidative damage and neuroinflammatory
responses in hippocampal tissue, whereas quercetin treatment has been demonstrated to confer
protective effects in this region (Ozsan et al., 2025).

6. INTERSYSTEM INTEGRATION

Biathlon performance requires the respiratory, cardiovascular, musculoskeletal, and
nervous systems to operate simultaneously at high efficiency and to execute rapid “mode
switching” between these systems during critical moments of competition. During the cross
country skiing phase, the cardiorespiratory systems function near maximal capacity, while the
musculoskeletal system is responsible for generating propulsive force, maintaining balance and
postural control, and effectively transmitting force to the ground (Holmberg et al., 2007;
Laaksonen et al., 2018). Following this phase of high physiological load, the primary objective
during the transition to the shooting station is the rapid and controlled suppression of respiratory
and cardiovascular responses to establish a physiological state conducive to accurate shooting.
In this transition, reducing ventilation, lowering heart rate through increased parasympathetic
activity, and simultaneously maintaining activation of the core and upper extremity muscles for
rifle stabilization constitute the main determinants of shooting accuracy (Higginson, 2002;
Konttinen et al., 1999).

The rapid physiological changes observed during the transition phase clearly illustrate
the integrative demands of biathlon. The ability to reduce heart rate from approximately 180
beats-min! to around 125 beats-min! within 30-40 seconds, and to decrease minute ventilation
from roughly 135 L-min' to 20-25 L-min™’, requires not only high cardiorespiratory capacity
but also rapid autonomic regulation, refined motor control, and focused attentional orientation
toward the target (Higginson, 2002; Seiler, 2010). During this period, loading on the lower
extremity muscles decreases, while trunk stabilization and upper extremity control increase,
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indicating a biomechanical shift from force production toward vibration control and
stabilization.

From an energy systems perspective, biathlon necessitates the sequential and, at times,
concurrent engagement of aerobic and anaerobic processes. During cross country skiing, the
aerobic system operates near VO2max capacity, while anaerobic contributions increase during
short sprint like or uphill segments. In contrast, during the shooting phase, muscular energy
expenditure is relatively reduced, and oxygen consumption and metabolic demand are stabilized
at a lower level. This dynamic structure requires the integrated regulation of energy systems
and neuromotor control, enabling rapid metabolic transitions from high to low intensity (Millet
etal., 2012).

Neural and psychophysiological processes lie at the core of this integration. During the
sequential transitions between skiing and shooting, the brain simultaneously manages rapid
decision making, selection of appropriate motor responses, and the maintenance of fine motor
control. Preserving attention and focus during shooting, alongside effective regulation of
breathing and heart rate through autonomic balance, is essential for performance continuity
(Vickers & Williams, 2007; Seiler, 2010). Accordingly, superior performance in biathlon
depends less on the capacity of any single system and more on the speed and stability of
intersystem coordination.

For this reason, training approaches aimed at enhancing integration should be planned
around applications that closely replicate competition specific transitions. Simulation races and
interval training combined with shooting control exercises allow athletes to manage aerobic
anaerobic loading and motor control within the same session. Breathing and attentional control
practices support pre shooting stabilization, while controlled environmental stimuli and cold
environment adaptations may further contribute to the maintenance of cardiorespiratory
coordination (Vickers & Williams, 2007; Seiler, 2010; Larsson et al., 2002; Anderson et al.,
2013).

7. TRAINING AND PRACTICAL STRATEGIES

Training planning in biathlon should aim not only to improve aerobic capacity, but also
to accelerate cardiorespiratory stabilization during the transition from high intensity cross
country skiing to shooting, to maintain motor control and postural balance under fatigue, and
to enhance physiological adaptation to cold environmental conditions. Within this framework,
high intensity interval training contributes to athletes’ ability to sustain high race pace and to
complete demanding sections of the course with a lower relative physiological load. At the
same time, by improving VO2max capacity and cardiorespiratory performance, it strengthens
inter system integration (ilg¢in, Hazar & Polat, 2024; Seiler, 2010; Millet et al., 2012). In
practice, protocols such as 4-6 repetitions x 4 minutes of high intensity skiing with 2-3 minutes
of active recovery between bouts may elicit stimuli including improvements in stroke volume,
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cardiac output response, ventilatory capacity, and exercise tolerance (Seiler, 2010; Millet et al.,
2012).

The development of respiratory performance is important in biathlon for two main
reasons: the more economical management of high ventilatory load during skiing and the
achievement of more stable breath control during the shooting phase. Therefore, inspiratory and
expiratory resistance breathing exercises can be used as a complementary approach to support
respiratory muscle endurance (Sheel, 2002). Daily applications of 15-20 minutes using 3-5 sets
of moderate to high resistance protocols may contribute to improved ventilatory economy,
delayed onset of respiratory muscle fatigue, and easier breath stabilization prior to shooting
(Sheel, 2002).

During the shooting phase the critical performance breakpoint in biathlon the primary
goal is to create physiological stability for aiming accuracy by deliberately reducing breathing
and heart rate. For this purpose, techniques such as end expiratory shooting routines, slow and
controlled breathing during aiming, brief breath management strategies, and technical
repetitions that automate an individualized “breath trigger focus” sequence before shooting
should be employed (Higginson, 2002). In addition, active recovery strategies and practices that
support parasympathetic activation may help heart rate decrease more rapidly during the
transition from skiing to shooting. Systematic integration of attention control, visual targeting,
and stress management skills into training also supports the consistency of shooting
performance (Higginson, 2002).

The musculoskeletal and postural training approach should aim to preserve propulsion
efficiency and technical integrity under fatigue during skiing, while reducing trunk sway and
maintaining rifle stabilization during shooting (Holmberg et al., 2007). In this context, multi
joint strength exercises such as squats, deadlifts, and core stabilization should be planned
together with balance and technical plyometric applications. The goal is to enhance muscular
endurance and joint/tendon tolerance while simultaneously improving vibration control and
postural stability (Holmberg et al., 2007).

One of the most effective practices for directly improving inter system integration is
race simulation training. “Skiing + shooting” blocks planned to closely resemble real
competition conditions allow repeated practice of shooting stabilization following
cardiorespiratory loading within a single training session (Laaksonen et al., 2018). For example,
performing sets of 5-10 shots after 2-3 km of skiing, while monitoring heart rate and ventilatory
responses, may contribute to improved performance stability during the skiing to shooting
transition and more efficient management of energy systems (Laaksonen et al., 2018).

Finally, the fact that biathlon is performed in cold environments necessitates the
inclusion of environmental adaptation components in training planning. Controlled interval
skiing sessions and breathing control exercises conducted at low temperatures may support
airway tolerance, cardiovascular stability, and energy efficiency (Larsson et al., 2002; Anderson
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et al., 2013). The aim of these adaptations is to reduce the potential negative effects of cold on
ventilatory comfort and peripheral circulation, thereby maintaining performance continuity

Table 7-1. Training Summary

Training Type Purpose Example Protocol Adaptation
. . 4 x 4 min maximal
HIT Cardlgresplratory intensity skiing + 2 Increased VO:max,
capacity . " stroke volume
min active recovery
Respiratory muscle | Ventilatory 15 min resisted Improved br@ath
. . control, ventilatory
training endurance breathing, 3—5 sets
economy
Shooting + breathing Heaﬁ rate & End X plratlop Improved shooting
respiratory shooting routine, 10—
control . accuracy, HR control
regulation 15 sets
. Muscle fiber
Musculoskeletal & Strength & Squats, core training, .
oo . adaptations, postural
balance stabilization plyometrics
control
. . . . 2-3 km skiing + 5— | Inter system
Race simulation System integration 10 shots coordination
. Themal & Interval skiing in Airway tolerance,
Cold adaptation respiratory o\ .
. cold conditions energy efficiency
adaptation

8. CONCLUSION

Biathlon represents a unique performance model that requires complex multi system
integration, as high intensity cross country skiing and highly precise shooting are performed
sequentially and repeatedly. Unlike traditional endurance sports, success in biathlon depends
not only on aerobic capacity but also on the coordinated management of breathing control,
cardiovascular stability, muscular endurance, and fine motor coordination.

During the skiing phase of the race, the cardiorespiratory systems operate close to
maximal capacity, whereas in the shooting phase the key determinant of performance is the
ability to rapidly transition from high physiological arousal to controlled stabilization. In
particular, the rapid suppression of respiratory and circulatory responses during the transition
from skiing to shooting constitutes a critical “breakpoint” that determines performance
continuity together with attentional and motor control processes.

The fact that biathlon competitions are often held in cold and low humidity
environments introduces additional environmental stress by increasing the risk of airway
irritation and bronchoconstriction; therefore, maintaining adaptations to these conditions is
essential for sustained performance.

In this context, long term training enhances not only physiological capacity but also

psychophysiological resilience, concentration, and the ability to maintain fine motor control
under fatigue.
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KONJENITABQEAM HASTALIKLARI

Doc. Dr. Ahmet Kemal FiLiZ
1. GiRiS
1.1 Tammm ve Kavramsal Cerceve

Konjenital kalp hastaliklar1 (KKH), kalbin ve biiyiik damarlarin
intrauterin gelisim siirecinde meydana gelen yapisal ve fonksiyonel
anomalilerini kapsayan heterojen bir hastalik grubudur. Bu anomaliler,
kalp bosluklarmnim, kapaklarin, septal yapilarin veya biiyiik damar
baglantilarmim normal anatomik ve fizyolojik organizasyonundan sapmasi
sonucu ortaya ¢ikar. KKH terimi, dogumda mevcut olan ancak klinik
bulgular1 dogumdan hemen sonra ortaya ¢ikabilecegi gibi, cocukluk ya
da erigkin doneme kadar sessiz seyredebilme potansiyeline sahip olan
bozukluklar1 da igerir.

Kavramsal olarak KKH, yalnizca anatomik bir bozukluk olarak degil,
dinamik ve zamanla degisen bir fizyopatolojik siire¢ olarak
degerlendirilmelidir. Ayn1 anatomik defekt, bireyin yasina, hemodinamik
adaptasyon kapasitesine ve eslik eden kardiyovaskiiler veya sistemik
faktorlere bagl olarak farkli klinik tablolarla kendini gésterebilir. Bu
nedenle konjenital kalp hastaliklarinin anlasilmasi, yalnizca morfolojik
tanimlarla sinirli kalmayip embriyoloji, genetik, hemodinami ve
gelisimsel biyoloji perspektiflerini de kapsayan biitlinciil bir yaklagim1
gerektirir.

1.2 Tarihsel Gelisim

Konjenital kalp hastaliklarinin taninmasi ve siniflandirilmas, tip tarihinin
erken donemlerine kadar uzanmakla birlikte, bu hastaliklarin sistematik
bicimde anlagilmasi 20. yiizyilin ortalarindan itibaren miimkiin
olabilmistir. Antik donemde kalp anomalileri ¢cogunlukla otopsi bulgulari
iizerinden tanimlanmis, klinik korelasyon kurulmasi oldukga sinirli
kalmistir. Rénesans donemi anatomistleri, 6zellikle kalp yapisinin detayli
incelenmesiyle konjenital anomalilere dair ilk morfolojik tanimlamalari
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yapmislardir. Yirminci yiizyilda kardiyak kateterizasyonun, ardindan
ekokardiyografinin gelistirilmesi, KKH’nin canh bireylerde taninmasini
miimkiin kilmis ve bu alanda 6nemli bir paradigma degisimi yaratmustir.
Ozellikle fetal ekokardiyografinin klinik pratige girmesiyle birlikte,
konjenital kalp hastaliklar1 artik yalnizca postnatal bir sorun olmaktan
¢ikmis, prenatal donemde degerlendirilen gelisimsel bir patoloji
olarak ele alinmaya baglanmistir. Giiniimiizde KKH, molekiiler genetik,
gelisimsel biyoloji ve ileri goriintiileme teknikleri 1s18inda ¢ok boyutlu bir
hastalik grubu olarak degerlendirilmektedir.

1.3 Epidemiyoloji ve Prevalans

Konjenital kalp hastaliklar1, yenidogan doneminde goriilen en sik
dogumsal anomaliler arasinda yer almaktadir. Diinya genelinde KKH
prevalansinin canli dogumlarda yaklasik %0,8-1 arasinda oldugu kabul
edilmektedir. Bu oran, tan1 yontemlerindeki gelismelere ve tarama
programlarmin yayginlasmasina bagli olarak zaman i¢inde artis
gostermistir. Hafif ve asemptomatik lezyonlarin daha sik taninmasi,
bildirilen prevalans degerlerinin yiikselmesine katki saglamstir.

Epidemiyolojik dagilim, cografi bolgelere, sosyoekonomik diizeye ve
prenatal bakim olanaklarina gore farklilik gosterebilmektedir. Ayrica bazi
konjenital kalp hastaliklar1 belirli genetik sendromlarla giiclii iligki
gosterirken, bazilari sporadik olarak ortaya ¢ikmaktadir. Cinsiyet dagilimi
acisindan bakildiginda, belirli KKH tiplerinde erkek veya kadin baskinligi
bildirilmis olup, bu durum genetik ve hormonal faktorlerin hastalik
gelisimindeki roliinii distindiirmektedir.

KKH’nin artan tani oranlarina ragmen, bu hastalik grubunun dogal seyri
ve uzun dénem sonuglari halen 6nemli bir halk saglig1 sorunu
olusturmaktadir. Ozellikle eriskin yasa ulasan konjenital kalp hastalarmin
sayisindaki artig, bu hastaliklarin yalnizca pediatrik degil, 6miir boyu
izlem gerektiren bir durum oldugunu ortaya koymaktadir.

1.4 Klinik ve Toplumsal Onemi
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Konjenital kalp hastaliklari, bireyin yasamimin erken dénemlerinden
itibaren biiylime, gelisme ve fizyolojik adaptasyon siireclerini
etkileyebilen kompleks bir patoloji grubudur. Yenidogan ve infant
doneminde ortaya ¢ikan agir klinik tablolar, erken morbidite ve mortalite
riskini artirirken; daha hafif formlar, ¢ocukluk veya erigkin donemde efor
kapasitesinde azalma, aritmi egilimi ve kardiyopulmoner adaptasyon
bozukluklari ile kendini gosterebilir.

Toplumsal agidan degerlendirildiginde KKH, saglik sistemleri iizerinde
uzun siireli ve ¢ok yonlii bir yiik olusturmaktadir. Bu hastaliklarin tanisi,
izlenmesi ve komplikasyonlarinin yoénetimi; multidisipliner yaklasim, ileri
tan1 yontemleri ve uzun dénem takip gereksinimi dogurmaktadir. Bunun
yani sira, konjenital kalp hastalig1 olan bireylerin egitim, sosyal yasam ve
psikososyal uyum siiregleri de 6zel degerlendirme gerektiren alanlar
arasinda yer almaktadir.

Giiniimiizde artan sagkalim oranlar1 sayesinde, konjenital kalp hastaliklar
artik yalnizca gocukluk ¢aginin bir problemi olarak degil, eriskinlik
donemine tasinan Kronik bir durum olarak ele alinmaktadir. Bu
baglamda KKH’nin iyi anlagilmasi; erken tani, dogru smiflandirma ve
uzun dénem sonuglarin 6ngoriilmesi agisindan biiyiik dnem tagimaktadir.

2. KARDIYAK EMBRIYOLOJi VE GELISIMSEL TEMELLER
2.1 Normal Kardiyak Embriyogenez

Insan kalbinin embriyolojik gelisimi, fertilizasyondan sonraki 3. haftada
baslamakta ve gebeligin erken donemlerinde son derece karmasik, ¢cok
asamali bir siireg olarak ilerlemektedir. Kardiyak embriyogenez, yalnizca
kalbin morfolojik olusumunu degil; ayn1 zamanda dogru bosluk
organizasyonu, kapak gelisimi ve biiyiik damar baglantilarinin
koordineli bigimde diizenlenmesini igerir. Bu silirecte meydana gelen
kiigiik sapmalar dahi konjenital kalp hastaliklarinin temelini
olusturabilmektedir.

Kardiyak progenitér hiicreler, mezoderm kokenli kardiyojenik alan
igerisinde farklilasarak ilkel kalp tiipiinii olusturur. Bu yap1, baslangicta
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diiz bir tiip seklindeyken, kisa siirede rightward looping (saga dogru
kivrilma) siirecine girer. Looping, kalbin sag—sol asimetrisinin
belirlenmesinde kritik bir basamaktir ve atriyal ile ventrikiiler odaciklarin
uzaysal yerlesimini belirler.

Kalp tiipiiniin segmentasyonu sonrasinda, atriyumlar, ventrikiiller ve
¢ikim yollar1 fonksiyonel olarak ayrigmaya baslar. Bu asamada geligim,
yalnizca hiicresel proliferasyonla degil; hiicre migrasyonu, apoptoz ve
hiicreler arasi sinyallesme mekanizmalariyla yonlendirilir. Embriyolojik
stirecin bu hassas dogasi, konjenital anomalilere olan yatkinlig1 agiklayan
temel faktorlerden biridir.

2.2 Septasyon Siireci ve Odaciklarin Olusumu

Kalbin dért odacikli yapiya kavugmasi, embriyogenezin en kritik
asamalarindan biri olan septasyon siireci ile gergeklesir. Atriyal ve
ventrikiiler septasyon, zamansal olarak ortiisen ancak mekanik ve
molekiiler olarak farkli diizeneklerle kontrol edilen siireglerdir.

Atriyal septasyon, septum primum ve septum secundum olusumu ile
gerceklesir. Bu yapilarin kontrollii gelisimi, fetal dolasimda fizyolojik bir
sant olan foramen ovale’nin olusmasina olanak tanir. Bu fizyolojik
aciklik, dogum sonrasi dénemde fonksiyonel olarak kapanmak iizere
tasarlanmistir. Septasyon siirecindeki gecikme ya da defektler, atriyal
septal defektlerin embriyolojik temelini olusturur.

Ventrikiiler septasyon ise kasli ve membrandz olmak iizere iki ana
bilesenden olusur. Ozellikle membranéz septum, konotrunkal yapilarm
gelisimi ile yakindan iligkilidir ve bu boélgedeki gelisimsel bozukluklar
ventrikiiler septal defektlerin en sik goriilen tiplerini agiklar.

2.3 Konotrunkal Gelisim ve Biiyiik Damarlarin Olusumu

--189--



Kalbin ¢ikim yollar1 ve biiyiik arterlerin gelisimi, embriyogenezin ileri
asamalarinda ger¢eklesen konotrunkal segmentasyon siireci ile saglanir.
Truncus arteriosus’un aort ve pulmoner artere ayrilmasi, noral krest
hiicrelerinin migrasyonu ve diferansiyasyonu ile dogrudan iliskilidir.

Noral krest hiicrelerinin bu siiregteki rolil, yalnizca anatomik boliinmeyle

sinirlt olmayip, ayn1 zamanda biiyiik damarlarm spiral konfigiirasyonunu

da belirler. Bu hiicrelerin migrasyonundaki bozukluklar; Fallot tetralojisi,

biiyiik arterlerin transpozisyonu ve truncus arteriosus gibi ciddi konjenital
kalp hastaliklarinin embriyolojik temelini olusturur.

Konotrunkal gelisim siireci, genetik regiilasyon acisindan da oldukca
karmasiktir. Bu asamada gorev alan sinyal yolaklarmin dogru ¢alismasi,
kalp ve biiyiik damarlarin degru baglantisal organizasyonu igin
zorunludur.

2.4 Molekiiler ve Genetik Diizenleyiciler

Kardiyak embriyogenez, ¢ok sayida genetik ve molekiiler diizenleyicinin
koordineli etkilesimi ile kontrol edilir. NKX2.5, GATA4 ve TBXS5 gibi
kardiyak transkripsiyon faktorleri, kalp hiicrelerinin farklilagmasi ve
yapisal organizasyonu i¢in kritik 6neme sahiptir.

Bu transkripsiyon faktorlerinin ekspresyonundaki degisiklikler, yalnizca
izole kalp anomalileriyle degil; ayn1 zamanda sendromik konjenital kalp
hastaliklariyla da iligkilidir. Ozellikle TBX5 mutasyonlari ile Holt-Oram
sendromu arasindaki iliski, kardiyak gelisim ile genetik regiilasyon
arasindaki giiclii bagi ortaya koymaktadir.

Bunun yani sira Notch, Wnt ve FGF sinyal yolaklari; hiicre
proliferasyonu, yonlendirilmis hiicre gégli ve doku sinirlarinin
belirlenmesinde rol oynar. Bu yolaklardaki bozukluklar, embriyolojik
stirecin erken asamalarinda ortaya c¢ikarak kompleks konjenital kalp
anomalilerine zemin hazirlar.

2.5 Gelisimsel Bozukluklarin Patofizyolojik Temeli
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Embriyolojik siiregte meydana gelen gelisimsel bozukluklar, dogum
sonras1 donemde ortaya ¢ikan klinik tablonun patofizyolojik temelini
olusturur. Ancak bu bozukluklarm klinik yansimasi, yalnizca anatomik
defektin varligina degil; fetiisiin ve yenidoganin hemodinamik
adaptasyon kapasitesine de baglidir.

Bazi konjenital kalp hastaliklar1 intrauterin donemde minimal etki
gosterirken, dogum sonrasi dolagimin yeniden diizenlenmesiyle birlikte
belirgin hale gelir. Bu durum, embriyolojik anomalilerin dinamik bir
fizyopatolojik siirec olarak degerlendirilmesi gerektigini gostermektedir.

Sonug olarak, kardiyak embriyoloji ve gelisimsel temellerin ayrintili
bicimde anlagilmasi; konjenital kalp hastaliklarinin siniflandirilmasi,
dogal seyirlerinin yorumlanmasi ve klinik sonuglarmin dngériilmesi
acisidan vazgegilmez bir bilgi alanidir.

3. ETiYOLOJi VE RiSK FAKTORLERI

Konjenital kalp hastaliklarin etiyolojisi, ¢cogu olguda multifaktoriyel
bir yap1 sergiler ve genetik yatkinlik ile cevresel etkilerin karmasik
etkilesimi sonucu ortaya ¢ikar. Embriyolojik gelisimin erken
donemlerinde etkili olan bu faktorler, kalp ve biiyiik damarlarin
morfogenezi lizerinde belirleyici rol oynar. Giiniimiizde olgularin énemli
bir kisminda tek bir nedene isaret etmek miimkiin olmayip, genetik—
cevresel etkilesim modeli en kabul goren yaklasim olarak one
¢ikmaktadir.

3.1 Genetik Faktorler

Genetik faktorler, konjenital kalp hastaliklarmin patogenezinde merkezi
bir role sahiptir. Hem tek gen mutasyonlar: hem de poligenik yatkinhk,
kardiyak embriyogenez sirasinda kritik diizenleyici basamaklarin
bozulmasina yol acabilir. Ozellikle kalp gelisiminde gorev alan
transkripsiyon faktoérlerini kodlayan genlerdeki mutasyonlar, izole veya
sendromik KKH tablolartyla iligkilendirilmistir.

NKX2.5, GATA4 ve TBXS genleri; kardiyak hiicre farklilasmast,
septasyon ve iletim sistemi gelisimi acgisindan kritik 6neme sahiptir. Bu
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genlerdeki patojenik varyantlar, atriyal ve ventrikiiler septal defektler
basta olmak tizere ¢esitli konjenital kalp anomalileriyle iliskilidir. Ayrica
bu mutasyonlar, kalp anomalilerine eslik eden iletim bozukluklarinin
embriyolojik temelini de agiklamaktadir.

Ailesel olgularm varligi, konjenital kalp hastaliklarinda kalitsal
yatkinhgin 6nemini desteklemektedir. Birinci derece akrabalarda KKH
Oykiisii bulunmasi, populasyon geneline kiyasla anlamli derecede artmis
risk ile iligkilidir.

3.2 Kromozomal Anomaliler ve Sendromik fliskiler

Konjenital kalp hastaliklar1, bircok kromozomal bozuklugun temel klinik
bilesenlerinden biridir. Ozellikle sayisal kromozom anomalileri, KKH
ile giiclii bir iligki gostermektedir. Trizomi 21 (Down sendromu)
olgularinda atriyoventrikiiler septal defektlerin yiiksek siklikta goriilmesi,
kromozomal dengesizliklerin kardiyak gelisim tizerindeki etkisini agik
bicimde ortaya koymaktadir.

Bunun yani sira mikrodelesyon sendromlari, konotrunkal anomalilerle
yakindan iliskilidir. 22q11 delesyonu (DiGeorge sendromu), ndral krest
hiicre migrasyonunun bozulmasina bagli olarak Fallot tetralojisi ve biiyiik
damar anomalileriyle sik birliktelik gosterir.

Sendromik KKH olgularinda kalp anomalileri, genellikle sistemik
bulgularla birlikte degerlendirilir ve bu durum, embriyolojik gelisimin
coklu organ sistemlerini kapsayan dogasini yansitir.

3.3 Maternal ve Cevresel Risk Faktorleri

Maternal saglik durumu ve gebelik siirecinde maruz kalinan ¢evresel
faktorler, konjenital kalp hastaliklarinin gelisiminde énemli rol oynar.
Maternal diyabet, KKH riskini artiran en iyi tanimlanmis faktdrlerden
biridir. Hipergliseminin embriyogenez sirasinda yarattig1 metabolik stres,
kardiyak morfogenezde bozulmalara neden olabilmektedir.

Enfeksiyoz etkenler, 6zellikle gebeligin erken doneminde maruz
kalindiginda, kardiyak gelisimi olumsuz etkileyebilir. Rubella
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enfeksiyonu ile patent duktus arteriozus ve pulmoner arter anomalileri
arasidaki iliski, klasik drneklerden biridir.

Ayrica alkol, bazi antiepileptik ilaglar ve retinoik asit tiirevleri gibi
teratojenik ajanlar, kalp gelisimini dogrudan etkileyebilen ¢evresel risk
faktorleri arasinda yer almaktadir. Bu ajanlar, embriyolojik gelisimin
kritik zaman pencerelerinde etkili olduklarinda kalict yapisal anomalilere
yol acabilmektedir.

3.4 Epigenetik Mekanizmalar

Son yillarda yapilan ¢alismalar, konjenital kalp hastaliklarmim
etiyolojisinde epigenetik diizenleyicilerin 6nemine dikkat ¢cekmektedir.
DNA metilasyonu, histon modifikasyonlar1 ve mikroRNAlar; gen
ekspresyonunu degistirmeden kardiyak gelisim siireclerini
etkileyebilmektedir.

Epigenetik degisiklikler, genetik yatkinlik ile ¢cevresel maruziyetler
arasinda bir képrii mekanizma olusturarak, neden bazi bireylerde belirli
risk faktorlerine ragmen KKH gelismezken, bazilarinda gelistigini
aciklamaya katki saglamaktadir. Bu bakis agisi, konjenital kalp
hastaliklarinin yalnizca genetik veya gevresel nedenlerle degil, bu iki
alanin etkilesimiyle sekillendigini gostermektedir.

3.5 Etiyolojik Faktorlerin Klinik ve Gelisimsel Yansimalari

Etiyolojik faktorlerin cesitliligi, konjenital kalp hastaliklarinin klinik
heterojenligini agiklayan temel unsurlardan biridir. Ayn1 embriyolojik
stirecte etkili olan farkli risk faktérleri, benzer anatomik sonuglara yol
acabilirken; tek bir genetik bozukluk, farkl bireylerde degisken
fenotiplerle ortaya ¢ikabilmektedir.

Bu durum, konjenital kalp hastaliklarinin degerlendirilmesinde nedensel
tekil yaklasimlar yerine ¢ok boyutlu bir perspektifin benimsenmesini

--193-



zorunlu kilmaktadir. Etiyoloji ve risk faktorlerinin anlasilmasi,
hastaliklarin dogal seyri ve uzun donem sonuglarinin yorumlanmasi
acisindan temel bir bilgi zemini sunmaktadir.

4. SINIFLANDIRMA SIiISTEMLERI

Konjenital kalp hastaliklari, anatomik gesitlilikleri, hemodinamik etkileri
ve klinik yansimalar1 nedeniyle tek bir siniflandirma sistemiyle tam
olarak tammmlanmasi gii¢ olan heterojen bir hastalik grubudur. Bu
nedenle literatiirde farkli bakig agilarini temel alan gok sayida
siniflandirma yaklasgimi gelistirilmistir. Smiflandirma sistemleri;
hastaliklarin embriyolojik kokeninin anlasilmasi, klinik tablolarin
yorumlanmasi, dogal seyirlerinin 6ngoriilmesi ve akademik
standartlarin olusturulmasi acisindan 6nemli bir islev gormektedir.

Bu béliimde konjenital kalp hastaliklari; anatomik, hemodinamik,
klinik sunum ve siyanoz varhg temelinde ele alinan baslica
siniflandirma sistemleri ¢ergevesinde incelenmistir.

4.1 Anatomik Temelli Stmflandirma

Anatomik siniflandirma, konjenital kalp hastaliklarinin
degerlendirilmesinde en eski ve en yaygin kullanilan yaklagimlardan
biridir. Bu sistem, kalp ve biiyiik damar yapilarinda bulunan morfolojik
bozukluklar: temel alir ve hastaliklar1 etkilenen anatomik bolgeye gore
gruplandirir.

Bu yaklasima gore konjenital kalp hastaliklar1 baglica su gruplar altinda
incelenir:

e Septal anomaliler (atriyal, ventrikiiler ve atriyoventrikiiler
septum defektleri)

e Kapak anomalileri
e Biiyiik damar anomalileri

e Kompleks kardiyak malformasyonlar
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Anatomik siniflandirma, 6zellikle patoloji ve embriyoloji temelli
degerlendirmelerde giiclii bir zemin sunmakla birlikte, hemodinamik
sonuglar1 tek basma yeterince yansitamayabilir. Bu nedenle klinik pratikte
siklikla diger siniflandirma sistemleriyle birlikte kullanilir.

4.2 Hemodinamik Temelli Stmiflandirma

Hemodinamik smiflandirma, konjenital kalp hastaliklarin1 kan akiminin
yonii ve dolagim iizerindeki etkileri temelinde degerlendirir. Bu
yaklasim, hastaliklarm fizyopatolojik sonuglarini anlamada 6nemli
avantajlar sunar.

Bu sistemde hastaliklar genel olarak su gruplara ayrilir:
e Sol-sag santh lezyonlar
e Sag-sol santh lezyonlar
e Obstriiktif lezyonlar
e Miks hemodinami gosteren anomaliler

Hemodinamik smiflandirma, 6zellikle dogum sonrasi dolagim
adaptasyonu siirecinde ortaya ¢ikan klinik bulgularin yorumlanmasinda
kritik 6neme sahiptir. Ayni anatomik defektin, farkli hemodinamik
kosullar altinda degisken klinik tablolar olusturabilmesi, bu
siiflandirmanin 6nemini ortaya koymaktadir.

4.3 Siyanoz Varhigina Gore Simiflandirma

Siyanoz varligina dayali siniflandirma, konjenital kalp hastaliklarinin
klinik olarak en pratik ve hizh ayrimini saglayan yaklasimlardan biridir.
Bu sistem, arteriyel dolagima oksijenden fakir kanin karisip karismadigini
esas alir.

Bu baglamda hastaliklar iki ana grupta incelenir:
Siyanoz yapmayan konjenital kalp hastahklar:

e Siyanoz yapan konjenital kalp hastaliklar
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Siyanozun varligi, hastaligin embriyolojik kékeni kadar, dogum sonrasi
hemodinamik adaptasyonla da yakindan iliskilidir. Bu nedenle siyanoz
temelli siniflandirma, 6zellikle yenidogan ve erken ¢ocukluk déneminde
klinik degerlendirmede 6nemli bir rehber niteligi tagir.

4.4 Klinik Sunuma Gore Simflandirma

Klinik sunuma dayali siniflandirma, konjenital kalp hastaliklarini belirti
ve bulgularin ortaya c¢ikis zamam ve siddeti temelinde ele alir. Bu
yaklagim, hastaliklarin dogal seyri hakkinda énemli ipuglar1 sunar.

Bu smiflandirmada hastaliklar genellikle:
¢  Yenidogan doneminde belirti verenler
e Cocukluk caginda ortaya cikanlar
e Eriskin doneme kadar sessiz seyredenler

seklinde gruplandirilir. Klinik sunum, yalnizca anatomik defektin
biiyiikliigiine degil; fetal ve postnatal dsnemdeki kompansatuvar
mekanizmalara da baghdir. Bu durum, klinik simiflandirmanin dinamik
bir yapi tasidigini gostermektedir.

4.5 Simiflandirma Sistemlerinin Simirhiliklar: ve Biitiinciil Yaklasim

Mevcut siniflandirma sistemlerinin her biri, konjenital kalp hastaliklarinin
belirli yonlerini aydinlatmakta basarili olmakla birlikte, tek basina
yeterli degildir. Anatomik siniflandirma morfolojik ayrintilari 6ne
cikarirken, hemodinamik ve klinik smiflandirmalar fonksiyonel sonuglari
daha iyi yansitir.

Bu nedenle modern yaklagimlarda konjenital kalp hastaliklari;
embriyolojik koken, anatomik yapi, hemodinamik etki ve klinik
sunumun birlikte degerlendirildigi biitlinciil bir perspektifle ele
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alinmaktadir. Bu yaklasim, hastaliklarin dogal seyirlerinin anlagilmasi ve
uzun dénem sonuglarinin 6ngdriilmesi agisindan daha kapsamli bir
gerceve sunmaktadir.

5. SIYANOZ YAPMAYAN KONJENITAL KALP HASTALIKLARI

Siyanoz yapmayan konjenital kalp hastaliklari, sistemik dolasima
oksijenden fakir kanin dogrudan karigmadig; klinik tablonun esas olarak
sol-sag santlar veya obstriiktif akim bozukluklari sonucu gelistigi
hastalik grubunu olusturur. Bu anomalilerde arteriyel oksijen satiirasyonu
genellikle normal smirlarda seyreder ve klinik belirtiler cogunlukla hacim
yiikii, basin¢ artisi ve kronik hemodinamik adaptasyonlar ile
iligkilidir.

Bu grup hastaliklar, konjenital kalp hastaliklarinin énemli bir boliimiinii
olusturur ve bazi olgular uzun siire asemptomatik seyredebilir. Ancak
zaman icinde gelisen fizyopatolojik degisiklikler, klinik tabloyu belirgin
hale getirebilir.

5.1 Atriyal Septal Defekt (ASD)
Anatomik Ozellikler

Atriyal septal defekt, sag ve sol atriyum arasinda patolojik bir agikligin
bulunmasi ile karakterizedir. Embriyolojik kokenine gore farkli alt tipleri
tanimlanmistir. En sik gériilen form ostium secundum tipi olup, bunu
ostium primum ve sinus venosus defektleri izler.

Patofizyoloji

ASD’de basing farki nedeniyle kan akimi genellikle soldan saga dogru
gerceklesir. Bu durum sag atriyum ve sag ventrikiilde hacim yiikiine yol
acar. Pulmoner dolagima artmis kan akimi, uzun dénemde pulmoner
vaskiiler yapilarda yapisal degisikliklere neden olabilir.
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Klinik Bulgular

Cocukluk ¢agmnda cogu olgu asemptomatik olabilir. Ileri yaslarda efor
dispnesi, ¢abuk yorulma ve atriyal aritmiler 6n plana ¢ikabilir. Fizik
muayenede sabit ¢iftlesmis ikinci kalp sesi tipik bir bulgudur.

Dogal Seyir

Kiigiik defektler spontan kapanma egilimi gosterebilirken, genis defektler
uzun dénemde sag kalp yetmezligi ve pulmoner hipertansiyon geligimine
zemin hazirlayabilir.

5.2 Ventrikiiler Septal Defekt (VSD)
Anatomik Ozellikler

Ventrikiiler septal defekt, ventrikiiller arasi septumda agiklik bulunmasi
ile karakterizedir. Membranéz tip, en sik rastlanan formdur. Kash ve
subarteriyel tipler daha nadir goriiliir.

Patofizyoloji

VSD’de sol ventrikiil basmcinin yiiksek olmasi nedeniyle kan akimi
soldan saga yonelir. Bu durum pulmoner kan akimiin artmasina ve sol
kalp bosluklarinda hacim yiikiine neden olur. Defektin biiyiikliigi,
hemodinamik etkilerin siddetini belirleyen temel faktordiir.

Klinik Bulgular

Kiigiik defektlerde belirgin semptom olmayabilirken, biilyiik defektlerde
biiylime geriligi, sik solunum yolu enfeksiyonlar ve efor intoleransi
goriilebilir. Holosistolik iflirtim karakteristik bir muayene bulgusudur.

Dogal Seyir

Kasli VSD’ler 6zellikle erken ¢ocukluk déoneminde spontan kapanma
gosterebilir. Bilyiik defektler ise zamanla pulmoner vaskiiler direng
artigina yol agabilir.
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5.3 Patent Duktus Arteriozus (PDA)
Anatomik Ozellikler

Patent duktus arteriozus, fetal donemde aort ile pulmoner arter arasinda
bulunan duktus arteriozusun dogum sonrast donemde agik kalmasi
durumudur. Normalde bu yapi1, dogumdan sonra fonksiyonel ve anatomik
olarak kapanir.

Patofizyoloji

Aort basincinin pulmoner arter basincindan yiiksek olmasi nedeniyle kan
akimi aortadan pulmoner artere dogru gergeklesir. Bu durum pulmoner
dolagimda hacim artis1 ve sol kalp yiiklenmesine neden olur.

Klinik Bulgular

Klinik tablo, duktusun ¢apina bagli olarak degiskenlik gosterir. Siirekli
(makine sesi tarzinda) tifiiriim, tipik fizik muayene bulgusudur. Kiigiik
PDA’lar asemptomatik olabilir.

Dogal Seyir

Prematiirelerde daha sik goriilen PDA, bazi olgularda zamanla
kapanabilir. A¢ik kalan biiyiik duktuslar uzun dénemde pulmoner
dolagimda kalict degisikliklere yol agabilir.

5.4 Atrioventrikiiler Septal Defekt (AVSD)
Anatomik Ozellikler

Atrioventrikiiler septal defekt, atriyal ve ventrikiiler septumun birlikte
etkilendigi, atriyoventrikiiler kapak yapilarinin da dahil oldugu kompleks
bir anomalidir. Parsiyel ve komplet formlari tanimlanmistr.

Patofizyoloji
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AVSD’de birden fazla diizeyde sol-sag sant bulunur. Bu durum hem sag
hem sol kalp bosluklarinda belirgin hacim yiikiine neden olur.
Hemodinamik bozuklugun derecesi, defektin tipine ve genigligine
baghidur.

Klinik Bulgular

Erken donemde ortaya ¢ikan semptomlar arasinda hizli soluma, beslenme
giicliigii ve bilyiime geriligi yer alir. Fizik muayenede iifiiriimler
genellikle karmagik yapidadir.

Dogal Seyir

AVSD, ozellikle sendromik olgularla birliktelik gosterebilir. Dogal seyri,
izole septal defektlere kiyasla daha agirdir ve erken dénemde belirgin
hemodinamik etkiler olusturabilir.

5.5 Siyanoz Yapmayan KKH’lerin Genel Degerlendirmesi

Siyanoz yapmayan konjenital kalp hastaliklari, baslangicta daha iyi tolere
edilebilir gériinmekle birlikte, uzun dénemde gelisen hemodinamik
adaptasyonlar nedeniyle ciddi klinik sonuglara yol acabilir. Bu
hastaliklarin anlagilmasinda, anatomik defektin biiyiikliigii, sant yonii
ve pulmoner dolasim iizerindeki etkiler belirleyici unsurlar olarak 6ne
¢ikmaktadir.

6. SI'YANOZ YAPAN KONJENITAL KALP HASTALIKLARI

Siyanoz yapan konjenital kalp hastaliklari, sistemik dolagima oksijenden
fakir ven6z kanin dogrudan veya dolayh olarak karismasi sonucu
arteriyel oksijen satiirasyonunun azalmasiyla karakterizedir. Bu
hastaliklarda temel patofizyolojik mekanizma; sag—sol sant, pulmoner
kan akiminin azalmasi ya da biiyiik damar baglantilarindaki
anomalilerdir. Siyanozun derecesi; anatomik bozuklugun tipi, dogum
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sonrasi dolagim adaptasyonu ve pulmoner vaskiiler direng gibi faktorlere
bagli olarak degiskenlik gosterir.

Bu grup hastaliklar genellikle yasamin erken dénemlerinde belirti verir ve
klinik tablolar1, siyanozun siddeti ile dogrudan iliskilidir.

6.1 Fallot Tetralojisi

Anatomik Ozellikler

Fallot tetralojisi;
1. Ventrikiiler septal defekt,
2. Pulmoner ¢ikim yolu darligi,
3. Aortanin dekstrapozisyonu,

4. Sag ventrikiil hipertrofisi
ile karakterize kompleks bir konjenital kalp hastaligidir.
Embriyolojik olarak konotrunkal gelisim bozuklugu temelinde
ortaya ¢ikar.

Patofizyoloji

Pulmoner ¢ikim yolu obstriiksiyonu, sag ventrikiil basincini artirarak
kanin ventrikiiler septal defekt lizerinden sagdan sola gegmesine neden
olur. Bu durum sistemik dolagima oksijensiz kan karigsmasina ve siyanoza
yol agar.

Klinik Bulgular

Siyanozun derecesi pulmoner darligin siddetiyle iliskilidir. Efor sirasinda
artan siyanoz ve hipoksik ataklar tipik klinik 6zelliklerdir. Fizik
muayenede ejeksiyon tipi sistolik tiflirtim duyulabilir.

Dogal Seyir
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Dogal seyir oldukea degiskendir. Pulmoner obstriiksiyonun derecesi,
semptomlarin ortaya ¢ikis zamanini ve siddetini belirleyen ana faktordiir.

6.2 Biiyiik Arterlerin Transpozisyonu (TGA)
Anatomik Ozellikler

Biiylik arterlerin transpozisyonunda aorta sag ventrikiilden, pulmoner
arter ise sol ventrikiilden ¢ikar. Bu durum sistemik ve pulmoner
dolasimin paralel hale gelmesine yol agar.

Patofizyoloji

Pulmoner ve sistemik dolagimlar arasinda yeterli karisim olmadig:
takdirde ciddi hipoksemi gelisir. Karigim, genellikle atriyal veya
ventrikiiler diizeydeki baglantilar araciligiyla saglanir.

Klinik Bulgular

Dogumdan kisa siire sonra belirgin siyanoz ortaya cikar. Arteriyel oksijen
satlirasyonu diigiiktiir ve siyanoz genellikle ilerleyicidir.

Dogal Seyir

Dolagimlar arasi karisimin derecesi, yasamla bagdasabilirligi belirleyen
temel faktordiir. Yetersiz karigim, erken donemde agir klinik tabloya yol
acar.

6.3 Trikiispit Atrezisi
Anatomik Ozellikler

Trikiispit atrezisi, sag atriyum ile sag ventrikiil arasinda anatomik
baglantinin bulunmadig1 nadir bir konjenital kalp hastaligidir. Sag
ventrikiil genellikle hipoplastiktir.
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Patofizyoloji

Venoz kan sag atriyumdan sol atriyauma gegmek zorunda kalir ve sistemik
dolasima karisir. Pulmoner dolagim, eslik eden baglantilara bagimlidir.

Klinik Bulgular

Dogumdan itibaren belirgin siyanoz mevcuttur. Efor kapasitesi diisiiktiir
ve siyanoz genellikle kalicidir.

Dogal Seyir

Pulmoner kan akimmin miktari, hastaligin dogal seyrini belirleyen ana
faktordiir. Yetersiz pulmoner akim, agir hipoksemiye yol acar.

6.4 Total Anormal Pulmoner Venéz Doniis (TAPVD)
Anatomik Ozellikler

TAPVD’de pulmoner venlerin tamami sol atriyum yerine sistemik vendz
dolagima acilir. Bu nedenle sol atriyuma oksijenlenmis kanin dogrudan
doniisii miimkiin degildir.

Patofizyoloji

Pulmoner vendz kan, sistemik vendz kanla karisarak sag atriyuma ulagir.
Sistemik dolasima giden kanin oksijen icerigi diisiiktiir ve siyanoz gelisir.

Klinik Bulgular

Siyanoz, tasipne ve beslenme gii¢liigii sik goriiliir. Klinik tablo, pulmoner
vendz doniis yolunda obstriiksiyon olup olmamasina baglidir.

Dogal Seyir

Obstriiktif formlarda klinik tablo agirdir ve erken dénemde belirgin
hipoksemi gelisir.
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6.5 Pulmoner Atrezi
Anatomik Ozellikler

Pulmoner atrezide pulmoner kapak acikligi bulunmaz. Sag ventrikiilden
pulmoner artere dogrudan kan akist miimkiin degildir.

Patofizyoloji

Pulmoner dolasim, alternatif yollar araciligiyla saglanir. Sistemik
dolasima oksijenlenmemis kan karigimi kagmilmazdir.

Klinik Bulgular

Dogumdan itibaren agir siyanoz mevcuttur. Arteriyel oksijen satiirasyonu
belirgin sekilde diisiiktiir.

Dogal Seyir

Pulmoner kan akimini saglayan alternatif baglantilarin varligi ve
yeterliligi, yasam siiresi ve klinik tablo iizerinde belirleyicidir.

6.6 Siyanoz Yapan KKH’lerin Genel Degerlendirmesi

Siyanoz yapan konjenital kalp hastaliklari, dogum sonrasi dolagimin
yeniden diizenlenmesiyle birlikte hizli ve belirgin klinik bulgular
olusturan, kompleks ve yiiksek riskli anomaliler grubunu temsil eder. Bu
hastaliklarin degerlendirilmesinde anatomik yapi, sant yonii, pulmoner
kan akim ve dolasimlar arasi iliski temel belirleyiciler olarak one ¢ikar.

7. OBSTRUKTIF VE AKIM KISITLAYICI LEZYONLAR

Obstriiktif ve akim kisitlayici konjenital kalp hastaliklari, kalp bosluklari
veya biiyiik damarlar diizeyinde kan akiminin mekanik olarak
engellenmesi ile karakterizedir. Bu gruptaki anomalilerde temel problem,
sistemik veya pulmoner dolasima yonelik basing yiikiiniin artmasi ve
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buna bagli olarak gelisen kompansatuvar miyokardiyal
adaptasyonlardir. Klinik tablo; obstriikksiyonun yeri, derecesi ve dogum
sonrasi dolagim adaptasyonu ile yakindan iliskilidir.

Bu hastaliklar, siyanoz yapmayan konjenital kalp hastaliklariyla birlikte
degerlendirilebilmekle birlikte, hemodinamik etkileri ve uzun dénem
sonuclari agisindan ayr1 bir klinik ve patofizyolojik grubu temsil eder.

7.1 Aort Koarktasyonu
Anatomik Ozellikler

Aort koarktasyonu, genellikle duktus arteriozusun distalinde yerlesen,
aortanimn segmental daralmasi ile karakterizedir. Daralma derecesi ve
uzunlugu degiskenlik gosterebilir. En sik izlenen form, juxtaduktal
koarktasyondur.

Patofizyoloji

Daralma segmentinin proksimalinde sistemik arteriyel basing artarken,
distalinde basing diiser. Bu durum iist ekstremitelerde hipertansiyon, alt
ekstremitelerde ise hipoperflizyona yol acar. Sol ventrikiil, artmis
afterload nedeniyle konsantrik hipertrofi gelistirir.

Klinik Bulgular

Ust ve alt ekstremiteler arasinda nabiz ve tansiyon farki tipiktir. Fizik
muayenede femoral nabizlarin zayif veya gecikmis olmasi dikkat
cekicidir. Yenidogan déneminde agir formlar erken donemde belirti
verebilir.

Dogal Seyir

Obstriiksiyonun derecesine bagl olarak klinik seyir degiskenlik gosterir.
Uzun dénemde sol ventrikiil yiiklenmesi ve sistemik dolasimda
adaptasyon bozukluklar1 geligebilir.
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7.2 Pulmoner Stenoz
Anatomik Ozellikler

Pulmoner stenoz, pulmoner kapak seviyesinde veya infundibular bolgede
gelisen daralma ile karakterizedir. Kapak yaprakgiklarinin kalinlasmasi ve
hareket kisitlilig1 sik rastlanan morfolojik bulgulardir.

Patofizyoloji

Pulmoner ¢ikim yolundaki obstriiksiyon, sag ventrikiilde basing artisina
neden olur. Sag ventrikiil hipertrofisi, artmig basing yiikiine yanit olarak
gelisir. Pulmoner kan akiminin azalmas1 hafif siyanoz ile iliskili olabilir.

Klinik Bulgular

Hafif olgular asemptomatik seyredebilir. Orta ve ileri derecede stenozda
efor dispnesi ve ¢abuk yorulma goriilebilir. Fizik muayenede ejeksiyon
tipi sistolik Gifiiriim karakteristiktir.

Dogal Seyir

Hafif pulmoner stenoz uzun siire stabil kalabilirken, ileri dereceli
olgularda sag ventrikiil yiiklenmesi zamanla belirginlesir.

7.3 Aort Stenozu
Anatomik Ozellikler

Aort stenozu, kapak seviyesinde (valviiler), kapak alt1 (subvalviiler) veya
kapak iistii (supravalviiler) diizeyde ortaya ¢ikabilir. Konjenital aort
stenozunun en sik nedeni bikiispit aort kapagidir.

Patofizyoloji

Sol ventrikiil ¢ikim yolundaki obstriiksiyon, sol ventrikiil basincini
artirarak konsantrik hipertrofiye yol acar. Artmis basing yiikd,
miyokardiyal oksijen gereksinimini yiikseltir.
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Klinik Bulgular

Efor sirasinda bas donmesi, gogiis agrist ve senkop goriilebilir. Fizik
muayenede sistolik ejeksiyon iiflirlimii ve zayif periferik nabizlar dikkat
¢ekicidir.

Dogal Seyir

Aort stenozunun ilerleme hiz1 degiskendir. Uzun dénemde sol ventrikiil
fonksiyon bozuklugu gelisebilir.

7.4 Hipoplastik Sol Kalp Sendromu (HSKS)
Anatomik Ozellikler

Hipoplastik sol kalp sendromu; sol ventrikiil, mitral kapak, aort kapak ve
asendan aortanin gelisiminin ciddi sekilde yetersiz oldugu kompleks bir
anomalidir. Sol kalp yapilart sistemik dolagimi destekleyemez
durumdadir.

Patofizyoloji

Sistemik dolasim, sag ventrikiil kaynakli akima bagiml hale gelir.
Oksijenlenmis ve oksijenlenmemis kanin karigimi kagiilmazdir ve
sistemik perfiizyon smirlidir.

Klinik Bulgular

Yenidogan déneminde ciddi dolagim bozuklugu ve hizli klinik kotiilesme
goriilebilir. Siyanoz ve diisiik kardiyak debi bulgular1 6n plandadir.

Dogal Seyir

HSKS, konjenital kalp hastaliklar1 iginde en agir dogal seyirlerden birine
sahiptir. Dolagim adaptasyonu son derece siirlidir ve erken donemde
belirgin fizyopatolojik bozukluklar ortaya ¢ikar.
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7.5 Obstriiktif Lezyonlarin Genel Degerlendirmesi

Obstriiktif ve akim kisitlayici lezyonlar, baslangigta sinirli semptomlarla
seyredebilmekle birlikte, zaman i¢inde basing yiikiine bagh ventrikiiler
yeniden sekillenme ve dolasim adaptasyon bozukluklari ile klinik
olarak belirgin hale gelir. Bu hastaliklarin degerlendirilmesinde
obstriiksiyonun lokalizasyonu, siddeti ve ventrikiiler yamit temel
belirleyiciler olarak 6ne ¢ikmaktadir.

8. KOMPLEKS VE NADIR KONJENITAL KALP ANOMALILERI

Kompleks ve nadir konjenital kalp anomalileri, birden fazla kardiyak
yapiy1 ayni anda etkileyen, embriyolojik olarak ¢ok asamah gelisim
bozukluklar: sonucu ortaya ¢ikan ve klinik a¢idan yiiksek heterojenite
gosteren anomalilerden olusur. Bu gruptaki hastaliklar, klasik
siniflandirma sistemleri i¢inde tek bir baglik altinda degerlendirilmekte
zorlanir ve genellikle karmasik hemodinamik diizenekler igerir.

Bu anomalilerin anlasilmasinda; embriyolojik koken, ventrikiiler
morfoloji ve dolagimlar arasi iligkilerin biitiinciil olarak degerlendirilmesi
biiylik 6nem tagir.

8.1 Cift Cikish Sag Ventrikiil (Double Outlet Right Ventricle, DORYV)
Anatomik Ozellikler

Cift ¢ikish sag ventrikiil, hem aortanin hem de pulmoner arterin anatomik
olarak sag ventrikiilden ¢ikmasi ile karakterizedir. Bu anomalide
ventrikiiler septal defekt (VSD) hemen her zaman eslik eder ve biiylik
damarlarin VSD’ye gore konumu, anatomik varyantlar1 belirler.

Patofizyoloji

Sistemik ve pulmoner dolagima yonelen kan akimi, biiyiik lciide
VSD’nin yerlesimine ve eslik eden obstriiktif lezyonlara baglidir. Bu
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durum, olgular arasinda belirgin hemodinamik cesitlilik olusmasina
neden olur.

Klinik Bulgular

Klinik tablo, pulmoner kan akiminin miktarina gore degiskenlik gosterir.
Siyanoz, kalp yetmezligi bulgular1 veya her ikisi birlikte goriilebilir. Fizik
muayene bulgular1 karmagik tiflirlim paternleri ile karakterizedir.

Dogal Seyir

Dogal seyir, anatomik varyanta bagli olarak genis bir spektrumda
seyreder. Baz1 olgular erken dénemde belirgin klinik bulgular gosterirken,
bazilar1 daha ge¢ doneme kadar tolere edilebilir.

8.2 Tek Ventrikiil Fizyolojisi
Anatomik Ozellikler

Tek ventrikiil fizyolojisi, fonksiyonel olarak yalmzca bir ventrikiiliin
sistemik ve pulmoner dolasimi birlikte destekledigi heterojen bir
anomaliler grubunu ifade eder. Bu tablo, anatomik olarak iki ventrikiiliin
bulunmasina ragmen yalnizca birinin etkin ¢aligmasi seklinde de ortaya
cikabilir.

Patofizyoloji

Tek ventrikiil fizyolojisinde oksijenlenmis ve oksijenlenmemis kanin
karisimi kaginilmazdir. Bu durum, arteriyel oksijen satiirasyonunun
diismesine ve kronik hacim yiikiine neden olur. Ventrikiil, hem sistemik
hem pulmoner dolagimi desteklemek zorunda kaldig1 i¢in erken dénemde
adaptasyon simirlarina ulasabilir.

Klinik Bulgular

Siyanoz, efor intoleransi ve biiylime-gelisme geriligi sik goriilen klinik
bulgulardir. Semptomlarin siddeti, pulmoner kan akimi ve ventrikiiler
fonksiyon ile iliskilidir.

--209--



Dogal Seyir

Tek ventrikiil fizyolojisi, konjenital kalp hastaliklar1 i¢inde uzun dénem
prognozu en sinirl olan gruplardan biridir. Kronik hacim yiikii ve
hipoksemi, zamanla ventrikiiler fonksiyon kaybina yol acabilir.

8.3 Heterotaksi ve izomerizm Sendromlari
Anatomik Ozellikler

Heterotaksi sendromlari, torasik ve abdominal organlarin normal sag—sol
yerlesiminin bozuldugu ve buna eslik eden kompleks kardiyak
anomalilerle karakterize durumlardir. Kardiyak izomerizm, atriyal ve
vaskiiler yapilarm simetrik 6zellikler gdstermesiyle tanimlanur.

Patofizyoloji

Sag—sol asimetrinin bozulmasi, kardiyak baglantilarin ve vendz doniis
yollarmin anormal gelismesine yol acar. Bu durum, ciddi dolagim
bozukluklar1 ve karmagik hemodinamik paternler olusturur.

Klinik Bulgular

Klinik tablo genellikle agirdir ve dogumdan kisa siire sonra belirti verir.
Siyanoz, solunum sikintisi ve dolagim bozuklugu 6n plandadir. Kardiyak
bulgulara siklikla ekstrakardiyak anomaliler eslik eder.

Dogal Seyir

Heterotaksi sendromlarinda dogal seyir, kardiyak anomalilerin ciddiyetine
ve eslik eden sistemik bozukluklara baghdir. Bu olgular, konjenital kalp
hastaliklar1 iginde en karmasik klinik gruplardan birini olusturur.

8.4 Kompleks ve Nadir Anomalilerin Genel Degerlendirmesi

Kompleks ve nadir konjenital kalp anomalileri, klasik smiflandirma
yaklagimlarinin 6tesinde bireysellestirilmis anatomik ve fizyopatolojik
degerlendirme gerektiren hastaliklardir. Bu gruptaki anomalilerde klinik
tablo; tek bir defektten ziyade, birden fazla yapisal ve fonksiyonel
bozuklugun birlikte etkisi ile sekillenir.
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Bu nedenle kompleks KKH’lerin anlasilmasi, embriyoloji, anatomi ve
hemodinami bilgisinin biitiinlesik bi¢imde ele alinmasini zorunlu
kilmaktadir.

9. KLINIK BULGULAR VE FiZiK MUAYENE

Konjenital kalp hastaliklarinda klinik bulgular; anomalinin anatomik
tipi, hemodinamik etkisi, dogum sonrasi dolasim adaptasyonu ve
pulmoner vaskiiler direncteki degisimler ile belirlenir. Ayn1 yapisal
bozukluk, yagamin farkli dénemlerinde degisken klinik tablolarla ortaya
cikabilir. Bu nedenle klinik degerlendirme, dinamik ve yasa duyarh bir
yaklagim gerektirir.

9.1 Yenidogan Doneminde Klinik Bulgular

Yenidogan déneminde konjenital kalp hastaliklar1 gogunlukla erken
dolasim adaptasyonu basarisizhgl ile belirti verir. Dogumdan sonra
pulmoner vaskiiler direncin diismesi ve fetal santlarin kapanmasi, bazi
anomalilerin klinik olarak belirgin hale gelmesine neden olur.

Bu donemde sik karsilasilan bulgular sunlardir:
e Siyanoz (santral ve kalici)
e Tasipne ve solunum sikintisi
e Beslenme giicliigii
e Letarji ve diisiik kardiyak debi bulgulari

Siyanozun varligi, arteriyel oksijenlenmenin bozuldugunu ve ¢ogu zaman
sag—sol sant veya paralel dolasim varligini diisiindiiriir. Yenidoganda
hizli kétiilesen klinik tablo, 6zellikle kompleks ve obstriiktif lezyonlarin
gostergesi olabilir.

--211--



9.2 Bebeklik ve Cocukluk Caginda Klinik Bulgular

Bebeklik ve ¢ocukluk déneminde konjenital kalp hastaliklarinm klinik
sunumu, ¢ogunlukla kronik hacim veya basing yiikiine adaptasyon ile
iligkilidir. Bu dénemde goriilen baslica bulgular sunlardir:

e Biiyiime ve gelisme geriligi

Cabuk yorulma ve efor intoleransi

Tekrarlayan solunum yolu enfeksiyonlar

Tasikardi ve dispne

Sol-sag santli lezyonlarda pulmoner dolagima artmis kan akimima bagl
semptomlar 6n plandayken, obstriiktif lezyonlarda basing yiikiine bagl
bulgular daha belirgindir. Klinik belirtilerin ortaya ¢ikis zamani, defektin
biiyiikliigii ve fizyolojik rezervlerle yakindan iliskilidir.

9.3 Eriskin Donemde Klinik Bulgular

Eriskin konjenital kalp hastalarinda klinik tablo, cocukluk déneminde
tolere edilmis anomalilerin uzun donem hemodinamik sonuglari ile
sekillenir. Bu hastalarda:

o Efor kapasitesinde azalma
e  Aritmiler

e Egzersiz dispnesi

e Senkop veya presenkop

gibi bulgular 6ne ¢ikabilir. Bazi hastalarda konjenital defektler uzun siire
sessiz kalmis ve eriskin donemde tesadiifen saptanmis olabilir. Bu durum,
konjenital kalp hastaliklarinin 6émiir boyu izlem gerektiren bir patoloji
grubu oldugunu ortaya koymaktadir.
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9.4 Siyanozun Klinik Degerlendirilmesi

Siyanoz, konjenital kalp hastaliklarinda en ayirt edici klinik
bulgulardan biridir. Santral siyanoz; dudaklar, dil ve oral mukozada
belirgin olup arteriyel oksijen satiirasyonunun diisiikliigiinii yansitir.

Siyanozun degerlendirilmesinde:
e Baslangi¢ zamani
e  Sirekliligi
e Eforla degisimi

onemli ipuglar saglar. Erken ve kalici siyanoz genellikle ciddi kardiyak
anomalilere isaret ederken, ge¢ baglayan siyanoz sekonder hemodinamik
degisikliklerle iliskili olabilir.

9.5 Fizik Muayene Bulgular:

Fizik muayene, konjenital kalp hastaliklarinin taninmasinda halen temel
6neme sahiptir. Sistematik bir muayene; genel goriiniim, nabizlar, kalp
sesleri ve iifiiriimler {izerinden degerlendirilmelidir.

Nabiz ve Kan Basinci

Ust ve alt ekstremite nabizlar1 arasindaki fark, obstriiktif lezyonlar igin
6nemli bir ipucudur. Nabiz amplitiidii ve ritmi, kardiyak debi hakkinda
bilgi verir.

Kalp Sesleri

Ikinci kalp sesinin ayrilmasi veya birlesmesi, 6zellikle santli lezyonlarm
degerlendirilmesinde yol gostericidir. Sabit ciftlesme, atriyal septal defekt
i¢in tipik bir bulgudur.
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Ufiiriimler

Ufiiriimlerin zamanu, siddeti ve yayilimu; altta yatan hemodinamik
bozuklugun niteligini yansitir. Ancak iifiirlim siddetinin her zaman
defektin ciddiyetiyle paralel olmadigi unutulmamalidir.

9.6 Klinik Bulgularin Fizyopatolojik Yorumu

Klinik bulgular, konjenital kalp hastaliklarinda anatomik defektin
dogrudan bir yansimasi olmaktan ziyade, organizmanin bu defekte
verdigi fizyolojik yanitin sonucudur. Bu nedenle klinik degerlendirme;
embriyoloji, anatomi ve hemodinami bilgilerinin birlikte yorumlanmasimi
gerektirir.

10. TANISAL YAKLASIMLAR

Konjenital kalp hastaliklarinda tanisal yaklagim, anomalinin erken
taninmasi, anatomik ve hemodinamik 6zelliklerinin dogru
tanimlanmasi ve dogal seyrinin éngoriilmesi acisindan kritik 6neme
sahiptir. Tan1 siireci; klinik degerlendirme ile baslar, noninvaziv
goriintilleme yontemleri ile derinlestirilir ve gerekli durumlarda ileri
tanisal tekniklerle tamamlanir. Modern tanisal stratejiler, prenatal
donemden eriskin yasa kadar uzanan yasam boyu bir perspektif
iginde ele alinmaktadir.

10.1 Prenatal Tam

Prenatal tani, konjenital kalp hastaliklarinin degerlendirilmesinde giderek
artan 6neme sahiptir. Fetal donemde kalp gelisiminin izlenebilmesi, agir
anomalilerin dogum 6ncesinde saptanmasina olanak tanir. Bu yaklagim,
kardiyak gelisimin zamansal seyrinin anlagilmasi agisindan da degerlidir.

Fetal Ekokardiyografi

Fetal ekokardiyografi, prenatal taninin temelini olusturur. Kardiyak
bosluklarin, septal yapilarin ve biiyiik damar baglantilarmin
degerlendirilmesine olanak saglar. Ozellikle ikinci trimesterde yapilan
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ayrintili incelemeler, kompleks konjenital kalp anomalilerinin biiyiik
boliimiinii ortaya koyabilmektedir.

Prenatal tani; yalnizca yapisal anomalilerin saptanmasini degil, ayni
zamanda ritim bozukluklari ve dolasim paternlerinin
degerlendirilmesini de kapsar. Bu durum, dogum sonrasi klinik tablonun
ongoriilmesine katki saglar.

10.2 Postnatal Tani: Klinik ve Noninvaziv Yontemler

Dogum sonrasi donemde tanisal yaklagim, klinik bulgularin sistematik
degerlendirilmesi ile baslar. Klinik siiphe varliginda, noninvaziv tani
yontemleri 6n planda kullanilir.

Ekokardiyografi

Ekokardiyografi, konjenital kalp hastaliklarinin tanisinda altin standart
noninvaziv yontem olarak kabul edilir. iki boyutlu, Doppler ve renkli
Doppler incelemeler; kardiyak anatomiyi, sant varligini ve akim
paternlerini ayrintili bicimde ortaya koyar.

Elektrokardiyografi (EKG)

EKG, kardiyak ritim, iletim bozukluklar1 ve ventrikiiler yiiklenme
bulgular1 hakkinda bilgi saglar. Tek basina tan1 koydurucu olmamakla
birlikte, klinik ve ekokardiyografik bulgulari tamamlayici niteliktedir.

Gaogiis Radyografisi

Gogiis radyografisi, kalp boyutu, pulmoner vaskiilerite ve mediastinal
yapilarin degerlendirilmesine katki saglar. Pulmoner kan akimimin artmig
veya azalmis olmasi, radyografik bulgularla dolayli olarak saptanabilir.

10.3 ileri Goriintilleme Yontemleri

Bazi konjenital kalp hastaliklarinda ekokardiyografi ile elde edilen
bilgiler yetersiz kalabilir. Bu durumlarda ileri goriintiileme yontemleri
tanisal stireci tamamlar.
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Kardiyak Manyetik Rezonans Goriintilleme (MR)

Kardiyak MR, ii¢ boyutlu anatomik degerlendirme ve fonksiyonel analiz
acisindan yiiksek dogruluk saglar. Ozellikle kompleks ve eriskin
konjenital kalp hastalarinda, ventrikiiler fonksiyonlarin ve biiyiik damar
anatomisinin degerlendirilmesinde 6nemlidir.

Bilgisayarh Tomografi (BT) Anjiyografi

BT anjiyografi, yliksek uzaysal ¢oziinlirliigii sayesinde vaskiiler anatomiyi
ayrmtili bigimde ortaya koyar. Biiylik damar anomalilerinin
degerlendirilmesinde dnemli bir tamamlayici yontemdir.

10.4 Kardiyak Kateterizasyon (Tanisal Amagch)

Kardiyak kateterizasyon, giiniimiizde cogunlukla tamsal amach ve
secilmis olgularda kullanilan invaziv bir yontemdir. Hemodinamik
Ol¢limler, basing degerleri ve oksijen saturasyonlar1 hakkinda dogrudan
bilgi saglar.

Kateterizasyon, dzellikle pulmoner vaskiiler diren¢ degerlendirmesi ve
kompleks hemodinamik yapilarin analizi i¢in énemli bir aragtir. Ancak
invaziv olmasi nedeniyle, noninvaziv yontemlerle elde edilemeyen
bilgilerin gerektigi durumlarla smnirl tutulur.

10.5 Tanisal Yaklasimin Biitiinciil Degerlendirilmesi

Konjenital kalp hastaliklarinda tani, tek bir yontemle smirh degildir.
Klinik degerlendirme, goriintiilleme bulgulari ve hemodinamik
analizlerin birlikte yorumlanmasi, dogru taniya ulasmanin temelini
olusturur. Tanisal stratejinin bagarisi, yontemlerin birbirini tamamlayici
sekilde kullanilmasiyla artmaktadir.
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11. DOGAL SEYiR VE KOMPLIKASYONLAR

Konjenital kalp hastaliklarmin dogal seyri, yapisal anomalinin tipi,
hemodinamik yiiklenmenin derecesi ve bireyin fizyolojik adaptasyon
kapasitesine bagli olarak zaman i¢inde degiskenlik gosterir. Ayni
konjenital defekt, yasamin farkli dénemlerinde farklh klinik ve
fizyopatolojik sonuglara yol agabilir. Bu nedenle KKH, statik bir
anatomik problemden ziyade dinamik ve ilerleyici bir siire¢ olarak
degerlendirilmelidir.

11.1 Hemodinamik Adaptasyon ve Zamanla Gelisen Degisiklikler

Dogum sonrast dénemde pulmoner vaskiiler direncin azalmas: ve fetal
santlarin kapanmasi, bircok konjenital kalp hastaliginin klinik olarak
belirgin hale gelmesine neden olur. Sol-sag santl lezyonlarda pulmoner
dolagima artmis kan akimi gelisirken, obstriiktif lezyonlarda ventrikiiller
basing yiikiine maruz kalr.

Uzun dénemde bu hemodinamik yiiklenmeler;
e  Ventrikiiler hipertrofi,
e Dilatasyon,
e Miyokardiyal yeniden sekillenme

ile sonuglanir. Baglangicta kompansatuvar olan bu adaptasyonlar, zamanla
fonksiyonel bozulmalara zemin hazirlar.

11.2 Pulmoner Vaskiiler Hastalik ve Hipertansiyon Gelisimi

Sol-sag santl1 konjenital kalp hastaliklarinda pulmoner dolasima kronik
hacim ve basing yiikii binmesi, pulmoner vaskiiler yapilarda geri
doniisiimsiiz yapisal degisikliklere yol agabilir. Medial hipertrofi,
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intimal proliferasyon ve vaskiiler reaktivitenin kaybi bu siirecin temel
patolojik 6zellikleridir.

Pulmoner vaskiiler direngteki ilerleyici artig, sant yoniiniin tersine
donmesine ve sistemik dolagima oksijenden fakir kan karismasina neden
olabilir. Bu durum, hastaligin dogal seyrinde 6nemli bir déniim noktasini
temsil eder.

11.3 Aritmiler ve iletim Bozukluklar:

Konjenital kalp hastaliklarinda aritmi gelisimi, hem dogrudan anatomik
bozukluklara hem de uzun dénem hemodinamik stresin olusturdugu
yapisal degisikliklere baglidir. Atriyal dilatasyon ve fibrozis, 6zellikle
supraventrikiiler aritmiler i¢in uygun bir zemin olusturur.

fletim sistemi anomalileri, septal defektler ve konotrunkal anomalilerle
birlikte daha sik goriiliir. Bu bozukluklar, ¢ocukluk ¢aginda asemptomatik
seyredebilirken, eriskin dénemde belirgin klinik sorunlara yol agabilir.

11.4 Kalp Yetmezligi Gelisimi

Kalp yetmezligi, konjenital kalp hastaliklarinin dogal seyrinde
karsilasilan en 6nemli komplikasyonlardan biridir. Hacim yiikii, basing
yiikil veya her ikisinin birlikte bulunmasi, ventrikiiler fonksiyonlarin
zamanla bozulmasima neden olur.

Yenidogan ve infant déneminde kalp yetmezligi genellikle hizli
gelisirken, daha biiyiik ¢ocuklar ve erigkinlerde siire¢ yavas ve sinsi
ilerleyebilir. Bu durum, klinik izlemde yasa 6zgii degerlendirmelerin
O6nemini ortaya koymaktadir.
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11.5 Norogelisimsel ve Sistemik Komplikasyonlar

Ozellikle agir ve kompleks konjenital kalp hastaliklarinda, kronik
hipoksemi ve diigiik kardiyak debi; norogelisimsel etkiler ile iligkilidir.
Bu etkiler; biligsel fonksiyonlarda azalma, motor gelisim gecikmesi ve
ogrenme giicliikleri seklinde ortaya ¢ikabilir.

Bunun yani sira konjenital kalp hastaliklari; biiylime geriligi, egzersiz
kapasitesinde azalma ve yasam kalitesinde diigiis gibi sistemik sonuclara
yol agabilir. Bu bulgular, hastaligin yalnizca kardiyak bir problem
olmadigini, biitiinciil bir saglik sorunu oldugunu gostermektedir.

11.6 Dogal Seyrin Klinik Onemi

Konjenital kalp hastaliklarinin dogal seyrinin anlasilmasi, hastaliklarin
klinik sunumunun yorumlanmasi ve uzun dénem sonuglarmin
6ngoriilmesi agisindan temel 6neme sahiptir. Dogal seyir bilgisi; anatomik
defektin biiyiikliigii kadar, zaman icinde gelisen fizyopatolojik
adaptasyonlarin da dikkate alinmasini gerektirir.

12. UZUN DONEM iZLEM VE YASAM BOYU ETKILER

Konjenital kalp hastaliklari, dogumda mevcut olmalarma karsin etkileri
yasam boyu siiren ve zaman i¢inde degisebilen bir klinik spektruma
sahiptir. Erken dénemde tolere edilen anatomik bozukluklar, ilerleyen
yillarda kronik hemodinamik yiiklenme, ventrikiiler yeniden
sekillenme ve sistemik adaptasyon bozukluklari ile klinik olarak
belirgin hale gelebilir. Bu nedenle KKH, pediatrik dénemle sinirli bir
sorun olmaktan ziyade 6miir boyu izlem gerektiren kronik bir durum
olarak degerlendirilmelidir.
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12.1 Biiyiime, Gelisme ve Fonksiyonel Kapasite

Cocukluk ve addlesan dénemde konjenital kalp hastaliklari, biiylime ve
gelisme siireglerini ¢ok yonlii bicimde etkileyebilir. Kronik hipoksemi,
artmis metabolik gereksinim ve diisiik kardiyak debi; boy-kilo artisinda
gerilik ve kas-iskelet sisteminde gecikmis gelisimle iligkilidir.

Fonksiyonel kapasite, uzun donemde hastalarin giinliik yagam
aktivitelerini ve fiziksel performanslarmi belirleyen temel
parametrelerden biridir. Efor toleransindaki azalma; ventrikiiler
fonksiyon, pulmoner dolagim ve ritim bozukluklari ile yakindan iligkilidir.
Bu durum, 6zellikle addlesan donemde sosyal ve sportif katilimi
sinirlayabilir.

12.2 Egzersiz Toleransi ve Kardiyopulmoner Adaptasyon

Uzun dénem izlemde egzersiz toleransi, konjenital kalp hastalarinin
kardiyopulmoner rezervini yansitan dnemli bir gdostergedir. Santl
lezyonlarda kronik hacim yiikii, obstriiktif lezyonlarda ise basing yiikii;
zamanla egzersiz sirasinda ortaya ¢ikan dispne ve ¢abuk yorulma ile
sonuglanabilir.

Kardiyopulmoner adaptasyonun sinirlanmasi, yalnizca kalp yapilariyla
degil; pulmoner vaskiiler sistem ve periferik kas fonksiyonlariyla da
iligkilidir. Bu goklu etkilesim, KKH’lerin uzun dénem etkilerinin
sistemik bir ¢cercevede degerlendirilmesi gerektigini ortaya koymaktadir

12.3 Norokognitif ve Psikososyal Etkiler

Konjenital kalp hastaliklari, 6zellikle agir ve kompleks formlarda,
norokognitif gelisim {izerinde kalic1 etkiler olusturabilir. Erken yagsam
donemlerinde maruz kalian hipoksemi ve hemodinamik instabilite;
dikkat, 6grenme ve yiiriitiicii islevlerde bozulma ile iligkilendirilmistir.
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Psikososyal agidan bakildiginda, KKH’li bireylerde anksiyete,
depresyon ve sosyal uyum sorunlart daha sik bildirilmektedir. Fiziksel
kisithlik algisi ve kronik hastalik bilinci, yagam kalitesi {izerinde
belirleyici rol oynar. Bu etkiler, cocukluk ¢agindan erigkinlige uzanan
stireklilik i¢cinde degerlendirilmelidir.

12.4 Eriskinlige Gegis ve Yasam Boyu izlem Gereksinimi

Giintimiizde konjenital kalp hastaligi olan bireylerin biiyiik bir bolimii
eriskin yaslara ulasmaktadir. Bu durum, eriskin konjenital kalp hastalig
(ACHD) kavramii klinik pratigin merkezine tagimstir. Eriskinlik
doneminde klinik tablo; ¢ocukluk déneminde mevcut olan anatomik
bozukluklara ek olarak, zamanla gelisen ikincil komplikasyonlar
tarafindan sekillenir.

Eriskinlige gecis siireci, yalnizca biyolojik degil; ayn1 zamanda
psikososyal ve fonksiyonel bir doniigiim siirecidir. Bu dénemde ortaya
cikan aritmiler, egzersiz intoleransi ve yasam kalitesindeki degisimler,
uzun dénem izlemde dikkatle degerlendirilmelidir.

12.5 Yasam Kalitesi ve Toplumsal Etkiler

Konjenital kalp hastaliklarinin uzun dénem etkileri, bireysel saglik
sonuglarmin 6tesine gegerek toplumsal ve ekonomik yansimalar
olusturur. Egitim siiregleri, is yasamina katilim ve sosyal roller; hastaligin
siddeti ve fonksiyonel kapasite ile dogrudan iliskilidir.

Yasam kalitesi degerlendirmeleri, KKH’li bireylerin uzun dénem
izleminde 6nemli bir tamamlayici dl¢iit olarak kabul edilmektedir. Bu
degerlendirmeler, hastaligin yalnizca klinik degil, insan merkezli bir
bakis acistyla ele alinmasini saglar.

12.6 Uzun Dénem izlemin Klinik Onemi
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Uzun donem izlem, konjenital kalp hastaliklarinin dogal seyri icinde
ortaya ¢ikan gec etkilerin erken fark edilmesi agisindan kritik dneme
sahiptir. Klinik, fonksiyonel ve psikososyal parametrelerin birlikte
degerlendirilmesi; KKH’nin yasam boyu etkilerinin dogru anlagilmasina
olanak tanir.

13. GUNCEL YAKLASIMLAR VE GELECEK PERSPEKTIiFLERI

Konjenital kalp hastaliklar1 alaninda son yillarda yasanan gelismeler, bu
hastalik grubunun yalnizca yapisal anomaliler olarak degil; genetik,
molekiiler ve sistemik diizeyde karmasik gelisimsel bozukluklar
olarak ele alinmasmi saglamistir. Tanisal olanaklarin genislemesi ve temel
bilimlerdeki ilerlemeler, KKH’nin etiyolojisi, dogal seyri ve yasam boyu
etkilerinin daha derinlikli bi¢imde anlagilmasina katki sunmaktadir.
Giincel yaklagimlar, hastaligin mekanizmalarimi ¢c6zmeye ve gelecege
yonelik ongorii modelleri gelistirmeye odaklanmaktadir.

13.1 Molekiiler Genetik ve Genomik Yaklasimlar

Yeni nesil dizileme tekniklerinin yayginlagmasiyla birlikte, konjenital
kalp hastaliklarinin genetik altyapisi daha ayrintili bicimde aydinlatilmaya
baslanmistir. Tek gen mutasyonlarimin yani sira, poligenik risk modelleri
ve nadir varyantlarin hastalik gelisimindeki rolii giderek daha iyi
anlagilmaktadir.

Genomik ¢alismalar, yalnizca yapisal anomalilerin nedenlerini
aciklamakla kalmayip; ayni zamanda fenotipik cesitliligin ve klinik
heterojenligin molekiiler temelini ortaya koymaktadir. Bu durum,
konjenital kalp hastaliklarinin klasik siniflandirmalarin 6tesinde,
genetik ve molekiiler profiller {izerinden degerlendirilmesini giindeme
getirmistir.
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13.2 Epigenetik Mekanizmalar ve Gelisimsel Programlama

Son yillarda epigenetik diizenleyicilerin kardiyak gelisimdeki rolii,
konjenital kalp hastaliklar1 aragtirmalariin énemli odak noktalarindan
biri haline gelmistir. DNA metilasyonu, histon modifikasyonlar1 ve
mikroRNA’lar; gen ekspresyonunu kalici bigimde degistirerek
embriyolojik gelisim siirecini etkileyebilmektedir.

Bu yaklasim, ¢evresel faktorlerin genetik yatkinlik iizerindeki etkilerini
actklamada kritik bir koprii gorevi gérmektedir. Ozellikle maternal saglik
durumu ve intrauterin ¢evrenin, epigenetik mekanizmalar araciligiyla
kardiyak gelisimi yonlendirdigi diisiiniilmektedir.

13.3 Rejeneratif Biyoloji ve Kok Hiicre Arastirmalar: (Kavramsal
Diizeyde)

Rejeneratif biyoloji alanindaki ilerlemeler, kardiyak dokunun gelisimsel
potansiyelinin yeniden degerlendirilmesine yol agmistir. Kok hiicre
biyolojisi ve kardiyak progenitdr hiicrelerin incelenmesi, kalbin
gelisimsel kapasitesinin statik degil, dinamik bir 6zellik tasidigini ortaya
koymaktadir.

Bu ¢alismalar, konjenital kalp hastaliklarinin yalnizca embriyolojik bir
“hata” degil, ayn1 zamanda gelisimsel programlamadaki sapmalarin
sonucu oldugunu diisiindiirmektedir. Rejeneratif yaklagimlar, simdilik
daha ¢ok deneysel diizeyde ele alinmakla birlikte, gelecekte kardiyak
gelisim bozukluklarinin daha iyi anlasilmasina katki saglayabilecek
6nemli bir arastirma alani olarak goriilmektedir.

13.4 Yapay Zeka ve Veri Temelli Analiz Yaklasimlar:

Biiyiik veri analitigi ve yapay zeka uygulamalari, konjenital kalp
hastaliklarinin tanimlanmasi ve siniflandirilmasmda yeni bir dénemi
temsil etmektedir. Goriintiileme verilerinin otomatik analizi, fenotip—
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genotip iliskilerinin ortaya konmasi ve uzun dénem sonuglarin
modellenmesi; bu teknolojilerin 6ne ¢ikan kullanim alanlaridir.

Veri temelli yaklagimlar, KKH’nin dogal seyrinin éngériilmesi ve klinik
heterojenligin daha iyi anlasilmasi agisindan 6nemli potansiyel
tasimaktadir. Bu durum, gelecekte konjenital kalp hastaliklarinin
degerlendirilmesinde biitiinciil ve dngoriicii modellerin gelismesine
zemin hazirlayabilir.

13.5 Gelecek Perspektifleri: Kavramsal Bir Degerlendirme

Gelecekte konjenital kalp hastaliklarinin degerlendirilmesinde,
morfolojik tammlarin 6tesine gecen, molekiiler, genetik ve sistem
biyolojisi temelli yaklagimlarin 6n plana ¢ikmas: beklenmektedir. Bu
perspektif, hastaliklarin yalnizca mevcut anatomik durumlarna degil;
gelisimsel ge¢mislerine ve uzun déonem potansiyellerine odaklanmay1
miimkiin kilacaktir.

Bu baglamda konjenital kalp hastaliklar, klasik pediatrik kardiyoloji
siirlarini asarak; gelisimsel biyoloji, genetik ve veri bilimiyle kesisen
disiplinler arasi bir arastirma alani haline gelmektedir.

13.6 Béliimiin Genel Degerlendirmesi

Giincel yaklagimlar ve gelecek perspektifleri, konjenital kalp
hastaliklarinin anlagilmasinda yeni kavramsal ¢erceveler sunmaktadir.
Bu gelismeler, KKH’nin yalnizca klinik bir sorun degil; insan gelisiminin
karmasikligini yansitan ¢ok boyutlu bir biyolojik olgu oldugunu
gostermektedir.
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YENIDOCANIMADL 0Jisi

Ahmet Kemal FILIZ

Giris

Yenidogan donemi, dogumdan sonraki ilk 28 giinii kapsar ve yagamin
en hizli fizyolojik uyum siirecinin ger¢eklestigi donemdir. Fetiisiin
intrauterin ortamdan ekstrauterine gegisi, solunum, dolasim,
termoregilasyon, metabolizma ve bagisiklik sisteminde 6énemli
degisiklikler gerektirir. Meydana gelen bu degisikliklerin basarisi,
yenidoganin sag kalimi ve uzun dénem sonuglarini dogrudan belirler.
Diinya Saglik Orgiitli verilerine gére, diinyadaki neonatal mortalitenin
biiyiik kismu bu gegisteki fizyolojik basarisizliklardan kaynaklanmaktadir.
Bu boliimde yenidoganin temel fizyolojik 6zellikleri, gegis donemi
adaptasyonlar1 ve klinik 6nemi ele alinacaktir.

Dogum Sonrasi I1k Dakikalarda Fizyolojik Gegis:
1. Solunum Sisteminin Baslatilmasi

Dogumla birlikte akcigerler s1vi dolu halden hava dolu hale geger. Tlk
nefes, negatif intratorasik basmecin 40-100 cmH:0’ya ulagmastyla olusur.
Bu yiiksek basing, amniyotik sivinin biiyiik kismini digari atar; kalan sivi
lenfatik ve vaskiiler yollarla temizlenir. Surfaktan salgisi artar, fonksiyonel
rezidiiel kapasite (FRK) olusur ve akciger kompliyansi hizla yiikselir.
Oksijen konsantrasyonu artis1 pulmoner vaskiiler direnci diistiriir,
pulmoner kan akimi 8-10 Kkat artar. Dolagim Sisteminde Fetal dolagima
0zgu olan foramen ovale, ductus arteriosus, ductus venosus dogumdan
sonra kapanir:

e Pulmoner vaskiiler direng | — sistemik vaskiiler direng 1
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Sol atrium basinci sag atrium basmcini asar — foramen ovale
fonksiyonel olarak kapanir (anatomik kapanma aylar-yillar alir)

Oksijen artis1 ve prostaglandin azalmasi — ductus arteriosus 10-15
saat i¢inde kapanmaya baglar, tam kapanma 2-3 hafta strer.

[1k 24 saatte kardiyak output sol ventrikiil kaynakl hale gelir.

2. Termoregulasyon

Yenidogan, dzellikle preterm bebekler, notr termal ortami korumada
yetersizdir:

Yiizey alani/viicut agirligi oram yiiksektir
Kahverengi yag dokusu azdir (termogenez kaynag)
Derialt1 yag dokusu incedir

Terleme yetenegi sinirlidir Dogumdan hemen sonra 1s1 kaybim
onlemek icin kurulanma, sicak zincir ve kanguru bakimi kritik
6neme sahiptir.

3. Solunum Sistemi

Solunum hizi: 40-60/dk (diizensiz, periyodik solunum sik)

Obligat nazal solunum (ilk 4-6 ay)

Gogiis kafesi yumusak, kostalar horizontal — paradoksal solunum
Alveol sayis1 dogumda 50 milyon, 8 yasta 300 milyona ulagir

Hipoksiye hizli desatiirasyon (diisitk FRK, yiiksek oksijen
tiketimi)
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4. Kardiyovaskuler Sistem

Kalp hiz1: 120-160/dk (sinus aritmisi normal)

Kan basinci: Termde 1. giin 70-80/40-50 mmHg, 1. haftada 90/60
mmHg

Sag ventrikiil dominanttir (dogumda sag ventrikiil hipertrofisi)

Patent foramen ovale (PFO) %70-80, patent ductus arteriosus
(PDA) %50-60 oraninda ilk giinlerde agik kalabilir, cogu spontan
kapanur.

5. Metabolizma ve Enerji

Oksijen tiiketimi: 6-8 mL/kg/dk (yetiskinden 2-3 kat fazla)
Glikojen depolar1 sinirli — ilk 12 saatte hipoglisemi riski
Karaciger glukoneogenez kapasitesi diisiik

Yagda ¢6ziinen vitamin depolar1 az (6zellikle pretermde K, E
vitamini eksikligi)

Yenidoganda keton iiretimi minimaldir — aclikta beyin enerji
kaynagi olarak glukoz zorunludur.

6. Bodbrek Fizyolojisi

Glomeriiler filtrasyon hiz1 (GFR) diisiik: Termde 30 mL/dk/1.73
m? (yetiskinden 1/3), ilk 2 haftada iki katina ¢ikar

Tiibiiler fonksiyon immatiir — bikarbonat, glukoz, sodyum kaybi
Konsantrasyon kapasitesi sinirli (maks 600-700 mOsm/L)

Asidoz diizeltme yetenegi az — gegici neonatal asidoz sik goriiliir.
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7. Bagisiklik Sistemi

Hiicresel immiinite zayif (T-lenfosit fonksiyonu azalmis)
Notrofil kemotaksisi ve fagositoz yetenegi diisiik
Kompleman sistemi immatur

Pasif immunite: Maternal 1gG plasentadan gecer (6zellikle 32.
haftadan sonra), IgA anne siitiiyle saglanir.

8. Karaciger Fonksiyonlar

Konjugasyon kapasitesi diisiik — fizyolojik sarilik (unconjugated
hiperbilirubinemi)

Pihtilagsma faktorleri (I1, VII, IX, X) vitamin K’ya bagimli ve
diisiik — vitamin K profilaksisi zorunlu

Albumin sentezi az — ila¢ baglanma kapasitesi diisiik

9. Sinir Sistemi

Beyin hizla biiyiir (dogumda 350-400 g — 1 yasta 1000 g)
Miyelinlesme devam eder (6zellikle ilk 2 yil)
Sucking-swallowing koordinasyonu 34. haftadan sonra olgunlagir

Primitive refleksler (Moro, yakalama, emme) dogumda mevcuttur,
3-6 ayda kaybolur.

10. Fizyolojik Sarihk

Giin 2-3’te baglar, 3-5. glinde pik yapar, 7-10. glinde geriler

Sebepler: Bilirubin iiretimi 1 (anne karninda ¢ok fazla miktarda
eritrosit bulunmasi ve dogum ile beraber bu eritrositlere ihtiyag
kalmamasi neticesinde hizlica eritrositlerin pargalanmasi),
konjugasyon | (UGT1A1 immatiir), enterohepatik dolagim 1

--230--



e Patolojik sarilik smirlari: Dogumdan sonraki ilk 24 saatte goriiliir,
total bilirubin >15-20 mg/dL, direkt bilirubin >2 mg/dL.

11. Preterm Yenidoganda Ozel Durumlar
e  Solunum distress sendromu (surfaktan eksikligi)
e Patent ductus arteriosus (PDA) sik agik kalir
o Intraventrikiiler kanama riski yiiksek
e Nekrotizan enterokolit (bagirsak immatiiritesi)
o Retinopati of prematurity (kontrolsiiz oksijen)
Sonug

Yenidogan fizyolojisi, fetiisiin ani ¢evresel degisime hizl1 adaptasyonunu
gerektirir. Tlk saatlerdeki basarili gecis, neonatal yogun bakimin temel
hedefidir. Giincel yaklasimlar (gecikmis kord klempleme, optimal termal
bakim, erken emzirme, vitamin K ve hepatit B profilaksisi) bu fizyolojik
gecisi destekler ve uzun dénem sonuglart iyilestirir.
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BOLUM I
BOLUM 14

EPILEPSI TEDAVISINDE YENI TRENDLER

Fiisun (AK) SONAT?
Ebru YORUKOGLU?

Giris

Epilepsi, merkezi sinir sisteminde ndronal hiperaktivite ve
senkronize desarjlar sonucu ortaya ¢ikan, kronik bir norolojik
bozukluktur. Diinya genelinde yaklasik 50 milyon kisiyi etkileyen
epilepsi, norolojik hastaliklar arasinda en yaygin olanlardan biridir
(Who, 2023). Hayvan hekimliginde de dzellikle pet hayvanlarinda
oldukca sik rastlanmaktadir. Giiniimiizde epilepsi tedavisinde
kullanilan geleneksel antiepileptik ilaglarin ¢ogu semptomatik
tedaviye yoneliktir ve %30’a varan oranda tedaviye direngli epilepsi
vakalart bildirilmektedir. Bu baglamda, yenilik¢i farmakolojik
ajanlar, hedefe yonelik tedaviler, ndromodiilasyon, diyet temelli
yaklagimlar ve genetik diizenleme yontemleri 6ne ¢ikmaktadir.
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Epilepsi

Merkezi sinir sisteminde ndron popiilasyonunun bozuk,
senkronize ve ritmik desarjlarina bagli olarak goriilen gecici
davranis degisikliklerine ndbet denir. Epilepsi ise néronal aglardaki
bu degisimlerin periyodik ve tahmin edilemeyen tekrarlanmalariyla
karakterize olan; beyinde ani, anormal, senkronize ve asir1 miktarda
elektriksel desarjlar sonucu meydana gelen; bas ve ekstremitelerin
istemsiz hareketleri ile sonuc¢lanan; beyin fonksiyonlarindaki bir
bozukluktur. Insanlarda ve hayvanlarda epizodlar halinde kisa siireli
olarak goriilmektedir ve genellikle kendiliginden sonlanmaktadir.
Epileptogenezis, epileptik nobetlerin etiyolojisinin baslangicindan
itibaren ilk  nobetlerin  goriildiigii  sitireci  ifade  eder.
Epileptogeneziste; konjenital bozukluklar, genetik yatkinlik,
enfeksiyonlar,  dejeneratif ve  demiyelinizan  hastaliklar,
eksitotoksisitenin neden oldugu mitokondriyal disfonksiyon,
degismis sitokin seviyeleri ve serbest radikallerin metabolizmadan
uzaklastirllamamast sonucu goriilen oksidatif stres gibi ¢esitli
faktorler rol oynamaktadir (Ak Sonat, 2008).

Epilepsi tedavi protokoliiniin baslangic asamasinda, epilepsi
tanisinin kesin olarak konulmasi ve farmakolojik miidahalenin
gerekliliginin degerlendirilmesi bulunur. Antiepileptik ilaglarin
(AEI) epileptojenezi, yani epilepsinin baslamasindan sorumlu temel
mekanizmayr Onleme yetenegine sahip olmadigimi anlamak
onemlidir. Bu ilaglarin temel islevi, kullanildiklar1 siire boyunca
ndbetleri azaltmak veya ortadan kaldirmaktir. Bu nedenle, tedaviye
baslama karari, en iyi olas1 sonuca ulagmak i¢in hastanin durumunu
dikkate alarak, hasta ve ailesi ile is birligi icinde yapilmalidir.
Antiepileptik ilaclarin epilepsiyi iyilestirici bir tedavi olarak degil,
durumla iligkilendirilen semptomlar1 yonetmeye yardimci olan bir
tedavi O6nlemi olarak diistinlilmemesi onemlidir. Tedaviye baslama
karar1; hastanin tibbi ge¢misinin, fiziksel muayenesinin ve tani
testlerinin detayli bir degerlendirmesine dayanmalidir. Ilag-direngli
epilepsilerde cerrahi yontemler, ketojenik diyet terapisi ya da
epilepsiye Ozel gelistirilen teknolojiler uygulanabilmektedir
(Wahab, 2010).
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Epilepsi tedavisindeki yeni trendler, hastalarin yasam
kalitesini artirmak ve ndbet kontroliinii iyilestirmek adina umut
verici geligmeler sunmaktadir. Son yillarda, insanlar ve hayvanlar
iizerinde yapilan arastirmalarda ortaya ¢ikan yeni trendler hem insan
sagliglt hem de veteriner hekimlik alaninda tedavi yontemlerinde
onemli gelismelere yol agmstir. Epilepsi tedavisindeki yeni trendler,
insanlar ve hayvanlar arasinda koprii kurarak, her iki diinyada da
etkili ve oOzellestirilmis c¢oziimler sunmaktadir. Noéromodiilator
sistemleri, genetik ve bireysellestirilmis tedavi yaklasimlari, yapay
zeka kullanimi ve farmakoloji alanindaki gelismeler, epilepsi
tedavisinde onemli bir evrimin habercisidir. Bu yenilikler hem
insanlarin hem de hayvanlarin epilepsi yonetiminde daha iyi bir
yasam kalitesine ulagmalarina yardimci olabilir.

Epilepsi Tedavisinde Teknolojik Gelismeler

Epilepsi ve ndbetler, diinya niifusunun %1'ini etkilemektedir.
Antiepileptik ilaglar (AEl'ler) temel tedavi ydéntemi olmasima
ragmen, son 25 yilda ortaya ¢ikan bazi yeni AEl'lerin sadece kismi
basar1 sagladigi gosterilmektedir. Epilepsi vakalarinin yaklasik iicte
birini, farmakolojik tedaviye yanit vermeyen nobetlere sahip hastalar
olusturmaktadir. Ayrica, AEl'lerin akut ve kronik yan etkileri ile
toksisite komplikasyonlarina bagli giivenlik ve tolerabilite sorunlari,
AEl'lerin etkinligini daha da azaltmaktadir. Epilepsi vakalarinda
yaygin olarak goriilen AEl'lere uyumsuzluk, tedavinin etkinligini
azaltmaktadir. Hastalarin %10-%25 kadar1 i¢in diger tedavi
secenekleri de mevcuttur; bu segenekler arasinda bazi ¢ocuklara
fayda saglayan ketojenik diyet ve kontrol edilebilen nobetleri
yonetebilecek veya azaltabilecek olan epilepsi cerrahisi
bulunmaktadir. Ancak, kontrolsiiz nobetlere sahip g¢ocuklar ve
yetiskinler, saglikli niifusa kiyasla daha yiiksek mortalite oranlari,
daha yiiksek kaza ve yaralanma oranlari, daha yiiksek biligsel ve
psikiyatrik bozukluk oranlari, diisiik O6zgiliven, yiiksek diizeyde
anksiyete ve depresyon, sosyal damgalama veya izolasyon gibi
sorunlarla kars1 karsiyadir. AEI'lerin, diyet terapisinin ve epilepsi
cerrahisinin epilepsi tedavisindeki eksiklikleri, ndromodiilatorler
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gibi diger tedavilere olan ihtiyact ortaya koymaktadir (Mesraoura
vd., 2023).

Noromodiilasyon cihazlari; 6nceden frekans, impuls
genisligi, amplitiit ve siire gibi 6zelliklerin belirlendigi elektriksel
impulslarm iletimi araciligiyla sinir aktivitesini degistirebilen, yani
"modiile" edebilen cihazlardir. Bir noral cevabi baglatmak icin belirli
bir miktarda elektrik yiikii gerektiginden dolayi, néromodiilasyon
cihazlar genellikle sabit akim uygulamasi gergeklestirir. Vagus
siniri, beyin yiizeyi, derin beyin bolgeleri, omurilik, isitme siniri ve
periferik sinirleri hedefleyen bircok noromodiilasyon cihazi
mevcuttur. Bu cihazlar; Parkinson hastalig1, siddetli bel agrisi, idrar
kacirma ve ilaca direngli epilepsi gibi ¢esitli hastaliklarin tedavisinde
kullanilmigtir. Birgok durumda, néromodiilasyon cihazinin klinik
faydas1 deneysel olarak gosterilmis olsa da terapotik etkinin tam
mekanizmasi tam olarak anlagilmamistir. Noral aktiviteyi modiile
ederek sinirlerin uyarilabilirligini diizenleyen norotransmitterlerin
ve diger kimyasal habercilerin salimimini tesvik etme veya
engelleme yoluyla gerceklestigini belirten calismalar mevcuttur.
Ayn1 zamanda, sinir hiicre zarlar tizerinde dogrudan etkilerin de rol
oynayabilecegi bir diger mekanizma olabilir.

Epilepsi icin néromodiilasyon tedavileri onlarca yildir
mevcut olmasina ragmen, hala geleneksel epilepsi cerrahisi ve
epilepsi farmakolojisini desteklemek amaciyla kullanilan yeni bir
yontem olarak kabul edilmektedir. Cagdas noromodiilasyon
cihazlari, vagus siniri stimiilasyonu (VNS) ile baslamistir. VNS,
1997'de yetiskinler ve 12 yasindan biiyiik genclerde tibben direncli
kismi nobetlerin yardimet bir tedavisi olarak FDA onay1 almistir. Bu
onay, 2017 senesinde 4 yasindan kii¢iikk ¢ocuklari da kapsayacak
sekilde genisletilmistir.

Bir responsif norostimiilasyon cihazi (RNS Sistemi), FDA
onaymi 2013 ve 2018 yillarinda almistir. Ayrica, 2018'de FDA,
epilepsi icin anterior talamus cekirdegini (ANT) hedef alan derin
beyin stimiilasyonu (DBS) cihazini da onaylamistir. Sinir sistemini
etkili bir sekilde uyarabilmek icin, geleneksel olarak
noromodiilasyon cihazlar1 cerrahi olarak implante edilmistir; ancak
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transkutan6z VNS gibi disaridan takilabilen cihazlar da
gelistirilmistir.

VNS, elektrik impulsu ile onuncu kraniyal siniri uyarir ve
uyarim, noral aksiyon potansiyeli lireterek afferent olarak beyincige
dogru ilerler. Bu sayede, elektrotlart dogrudan beyne cerrahi olarak
implante etmeden derin beyin bolgelerinin uyarilabilmesi miimkiin
olmugtur. RNS ise, intrakraniyal elektrotlar1 olan bir sistemdir ve
sadece yaklasan bir nobet algilandiginda, yani 'kapali-dongil'
stimiilasyonu olarak bilinen bir durumda, ndbet odaklarin1 dogrudan
uyarmaktadir. Bu sistemin onemli bir avantaji, ndbet kayitlarinin
saklanabilmesidir. ~Nobet  sikliginin  olgiilmesi  ve  cihaz
programlamasi, ilaglara veya diger klinik degiskenlere bagl olarak
beyin aktivitesinin zamana bagli paternlerini analiz etmeye yardimci
olmaktadir. Talamik DBS, ndbet olusturulmasinda rol oynayan bir
devreye dogrudan elektrotlarin implant edilmesini icerir. DBS ve
geleneksel VNS, her ikisi de "agik-dongii stimiilasyonu" veya
planlanmig aralikli stimiilasyon saglamaktadir. Bir hasta nobetin
geldigini  hissettiginde ek  stimiilasyon saglamak i¢in
caligabilmesidir. 2014 yilinda VNS, epilepsi hastalarindaki
nobetlerle sikca iliskilendirilen kalp problemlerinin tespiti {izerine
ek bir stimiilasyon saglamak amaciyla kardiyak algilama 6zelligini
de tanitmustir.

VNS, RNS ve DBS birbirlerinden olduk¢a farkli tedavi
yontemleri olarak biliniyor olsalar da hepsi benzer teknolojileri
icermektedir. Bunlar arasinda noéral arayiizleme, biyolojik sinyal
kaydi, stimiilasyon iletimi ve giivenlik 0&zellikleri birbirine
benzemektedir. Ayrica, cihaz tasarimi agisindan benzer kisitlamalari
da paylagirlar. Implante edilebilmeleri icin uygun kii¢iik boyutta
olmalariin gerekmesi, viicut tarafindan reddedilmeyi dnlemek i¢in
biyouyumluluk ihtiyaci, pil 6mriinii maksimize etmek igin diisiik gii¢
tiiketimi gerekmesi, tedavi edebilmeleri i¢in yeterli islevselliklerinin
bulunmasi bu néromodiilatorlerin kisitlarina 6rnek olarak verilebilir
(Hanef vd., 2023, Xue vd., 2022, Gonzales vd., 2019, Markert vd.,
2019, Boon vd., 2018).
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- Vagus Siniri Stimiilasyonu (VNS)

Vagus siniri stimiilasyonu, epilepsiyi tedavi etmek icin
onaylanan ilk cihazdir ve bu, epilepsi i¢in cihaz terapisi modern
donemini baslatmistir. VNS su anda epilepsi tedavisinde en yaygin
kullanilan  cihazdir ve epilepsi cerrahisinden daha sik
kullanilmaktadir. VNS tedavi sistemi; bir impuls iireteci, bir bipolar
VNS wucu, bir programlama c¢ubugu ve yazilm ve el
manyetiklerinden olusmaktadir. Ureteg, elektrik sinyallerini bipolar
uc aracilifiyla vagus sinirine iletmektedir. Yazilim, programlama
cubugunun {iretecinin iizerine yerlestirilmesine izin vererek
stimiilasyon parametrelerini okuma ve degistirme imkani tanir.
Birgok olas1 parametre segenegi bulunmaktadir. Bu sistem epilepsi
ve depresyon tedavisinde yaygin olarak kullanilmaktadir ve bir¢cok
klinik aragtirmada etkili oldugu gosterilmistir.

- Responsif norostimiilasyon (RNS)

Ilag direncgli epilepsi icin nobetleri durdurucu bir tedavi
bulunmamaktadir. Bu zor bulunan ndbet durdurucunun pesinden
giden NeuroPace sirketi arastiricilari, responsif norostimiilasyon
(RNS) sisteminin ortaya ¢ikmasini saglamis ve bu sistem, kronik
stimiilasyonlar sayesinde diren¢li ndbetleri azaltmistir. RNS hem
nobet aktivitesini bozmakta hem de modiile etmektedir. Responsif
norostimiilasyonun  baglica fonksiyonlar1 ndbet tespiti ve
stimiilasyondur. Nobetlerin tespiti, elektroensefalografi (EEG) veya
diger elektriksel yontemler {izerinden nébet aktivitesinin siirekli
izlenmesini gerektirir. Diger yontemler daha az giivenilirdir; EEG
izleme standarttir. Kas ve hareket artefaktlarinin karigmasini en aza
indirmek i¢in RNS, ndrostimiilatore gore hareket etmeyen uglarla
kranial olarak yerlestirilir. Bu konfigiirasyon, pektoral sistemlerle
ortaya c¢ikan kalp depolarizasyonu ve hareket artefaktlarini onler.
RNS sistemi, nobet baslangi¢lariyla uyumlu epileptiform desarjlar
tespit edebilirken ayn1 zamanda sistem igin gereken donanim
implante edilebilen kiigiik bir cihaza sigabilmektedir.

- Derin beyin stimiilasyonu (DBS)

Epilepsi icin néromodiilasyon genellikle palyatif bir tedavi
yontemidir, ancak rezektif cerrahiye gore birka¢c avantaji
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bulunmaktadir. Noromodiilasyon; beyin dokusunu korumaktadir.
Ayarlanabilir ve tersine cevrilebilir bir o6zellik tasir ve sinir
sisteminde ¢esitli hedeflere yonlendirilebilir. Noromodiilasyon i¢in
en uygun bolgelerden biri talamustur; ¢linkii talamus, koku diginda
kortekse gelen tiim duyusal girislerin gegis istasyonu olarak gorev
yapar. Farkli talamik ¢ekirdeklerin stimiilasyonu, korteks ve limbik
sistemde cesitli bolgeleri etkileyebilir. Bugiine kadar, yalnizca
talamusun anterior ¢ekirdegi (ANT) ndbetleri hafifletmek amaciyla
klinik stimiilasyon i¢in onaylanmistir, ancak birka¢ diger talamik
cekirdek de epilepsi hayvan modellerinde ve klinik denemelerde
incelenmistir (Hanef vd., 2023, Xue vd., 2022, Gonzales vd., 2019,
Markert vd., 2019, Boon vd., 2018).

- Transkraniyal statik manyetik stimiilasyon (tSMS)

Dravet sendromu, tekrarlayan ve uzun siireli ndbetlerle
karakterize, ciddi karakterli,genetik kokenli epilepsinin nadir
goriilen bir seklidir. Yasamin ilk y1l1 civarinda, nobet sikliginda hizli
bir artis yasanir, motor ve biligsel gelisimde bir gecikmeyle birlikte
ortaya ¢ikar ve antiepileptik ilaglara iyi yanit vermez. Transkraniyal
statik manyetik stimiilasyon (tSMS) ad1 verilen invaziv olmayan bir
prosediirle yapilan tedavi, Dravet sendromlu bir fare modelinde
onemli dlgiide daha az nobet aktivitesine yol agmistir. Invaziv
olmayan bir ndromodiilator teknik olan tSMS, Dravet fare
modelinde ndbetlerin sayisini, siiresini ve siddetini azaltabildigini
gostermektedir. tSMS, kafatasina giliglii bir manyetik alan
uygulanmasini igerir. Bunun beyin aktivitesini nasil etkiledigi tam
olarak bilinmemekle birlikte, nobetlere neden olan Dravet
sendromlu kisilerde meydana gelebilecek beyin hiicrelerinin asiri
aktivasyonunu  azaltabilecegini  goOsteren  kanitlar  vardir.
Arastirmacilar, farelerin yiiksek sicakliklara maruz birakilarak ndbet
gecirmeye tetiklendigi bir fare modelinde tSMS'yi test etmistir.
Deney, iki grupla gerceklestirilmistir: Ilkinde farelere alternatif
olarak aktif tSMS uygulanmis, diger gruba da sahte prosediir
verilmistir. Sonuclar, farelerin aktif tSMS sirasinda daha az ve daha
kisa nobet gecirdigini gostermistir. Nobet siiresi yaklasik %72
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oraninda azalmistir. Bu arastirma, gelecekteki ¢alismalar i¢in yararh
bir referans olabilecektir. Bu yaklasim, teorik olarak, nobet
aktivitesini azaltmak i¢in hastalarin beyinlerine siirekli olarak
manyetik uyar1 gonderebilen kask benzeri cihazlar yapmak igin
kullanilabilecektir, ancak bunun giivenli bir sekilde yapilmasim
saglamak ic¢in daha fazla calisma yapilmasi gerekmektedir
(Rivadulla vd., 2023).

Epilepsi Tedavisinde Genetik Gelismeler

Epilepsinin genetik temellerini anlamak, bireylerin neden bu
hastaliga yatkin oldugunu ve neden bazi tedavilere digerlerinden
daha iyi yanit verdiklerini anlamamiza yardimci olabilir. Genetik
aragtirmalar, epilepsinin altinda yatan genetik varyasyonlari
aydinlatarak, bireysellestirilmis tedavilere yonelik temel bilgileri
saglayabilmektedir. Gelisen gen tedavisi ve gen editasyon
teknolojileri, epilepsi tedavisinde yeni kapilar agmaktadir. Belirli
genlerdeki degisiklikleri diizeltme veya diizenleme, epilepsiye karsi
direncli vakalarda umut verici bir ¢6ziim olabilir.

Gelisimsel ve epileptik ensefalopatiler, erken ¢ocukluk
doneminde baslayan, nadir goriilen epilepsi tiirleridir.
Arastirmacilar, genetik epilepsinin en yaygin tiirlerinden biri olan
CDKLS5 eksikligi bozuklugu (CDD, CDKLS Deficiency Disorder)
icin potansiyel bir tedavi hedefi belirlemislerdir. CDD, ndbetlere ve
gelisim  bozukluguna neden olan bir hastaliktir. Protein
fosforilasyonunu saglayan CDKLS5 enzimini {iireten bir genin
fonksiyonunu kaybetmesi sonucunda olugsmaktadir. Spesifik olarak
bu hastalig1 hedef alan antiepileptik ilaglar mevcut degildir. Nature
dergisinde yayimlanan bu ¢alismada arastirmacilar, kalsiyum kanal1
Cav2.31i CDD i¢in potansiyel bir terapotik hedef olarak
tanimlamiglardir. Arastirmacilar, CDKLS5 geninden yoksun fareleri
incelemiglerdir. CDKLS5 enziminin hedefi olan proteinleri taramak
icin fosfoproteomik adi verilen bir teknik kullanmiglardir ve hedef
olarak voltaj kapili Ca?* kanali Cav2.3'ii belirlemislerdir. Cav2.3,
kalsiyumun sinir hiicrelerine girmesine, kalsiyumun hiicreleri
uyarmasina ve hiicrelerin elektrik sinyallerini iletmelerine izin
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vermektedir. Bu silire¢ sinir sisteminin diizglin ¢aligmasi ig¢in
gereklidir, ancak sinir hiicrelerine ¢ok fazla kalsiyum gelmesi asir1
uyarilmaya ve nobetlere neden olabilmektedir. Arastirmacilar daha
sonra CDKLS5 tarafindan fosforile edilmediklerinde neler oldugunu
gormek i¢in kalsiyum kanallarinin aktivitesini kaydetmislerdir.
Kanallar acilabilmis, ancak kapanmalar1 ¢ok daha uzun stirmiistiir.
Bu durum, kanallarin i¢cinden daha biiyiik ve daha uzun siireli
akimlarin akmasina yol agmaktadir. Bu da hiicrelere kalsiyum
girigini  sinirlamak i¢in CDKL5'in gerekli oldugu anlamina
gelmektedir. Bu sonuglar, Cav2.3 asir1 aktivitesinin nobetlere neden
olabilecegini ve Cav2.3"lin inhibe edilmesinin semptomlara yardimci1
olabilecegini diisiindiirmektedir. (Leonard vd., 2022, Sampedro-
Castafieda vd., 2023)

Cogu insanin viicudunun her hiicresinde ayn1 genetik bilgi
bulunmaktadir. Bununla birlikte, fetal gelisim sirasinda, genetik
olarak farkli hiicreler gelisebilir. Genetik olarak kusurlu bu hiicreler,
epilepsi gibi norolojik hastaliklara neden olabilir. Genetik kusur,
gelisimsel beyin malformasyonlar1 ve epilepsi de dahil olmak {izere
norolojik bozukluklarin bilinen bir nedenidir. Beyindeki kusurlu
hiicreler, genellikle fetal gelisim sirasinda ortaya ¢ikan genetik
degisikliklere bagli olarak meydana geldigi diisiiniilen bir durumdur
(Moog vd., 2020).

Infantil epilepsinin 800'den fazla farkli genetik nedeni
bulunmaktadir ve siddeti agisindan farklilik gosterse de hastalarin
birgogu bebeklik doneminde benzer semptomlar gostermektedir.
Epilepsinin nedenini belirlemeye yardimci olmak amaciyla genetik
testler yapilabilir, ancak kapsamli testler her zaman rutin olarak
gerceklesmemektedir ve aileleri uzun siire bekletebilmektedir. The
Lancet Neurology dergisinde yayimlanan bu uluslararasi galisma,
dort iilkeden (Ingiltere, ABD, Kanada ve Avustralya) 100'den fazla
nedeni aciklanamayan nobet gegiren bebeklerin genomlarini ve
ebeveynlerini siralayarak infantil epilepsi i¢in erken ve genis
kapsamli genom siralamanin potansiyel giiciinii daha iyi anlamay1
amaglamaktadir. Arastirmacilar, ilk kez hizli genom siralama (rGS)
metodu kullanarak hizlandirilmis  genetik teshisin etkilerini
incelediler. Hizl1 genom siralama, bir kisinin DNA'sindaki herhangi
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bir degisikligi arastirarak tibbi durumu agiklayabilecek analizleri
gergeklestirir ve biitlin genomu inceler. Calismaya katilan tiim
cocuklar arasinda, vakalarin neredeyse yiizde 90'ina tant kondu ve
tedavi segenekleri sunuldu. Bu ¢alismada hem biyolojik anne-baba
hem de bebek, 'trio' siralama olarak adlandirilan rGS'ye tabi tutuldu.
Bu siralama, ¢ocuklardaki gen degisikliklerinin genetik olarak miras
alimip alinmadigint veya ¢ocuga 6zgii olup olmadigini daha hizl
anlamak igin yapilan bir siralama yontemidir. Elde edilen bulgular,
epilepsi gegiren bebeklerin klinik bakimindan hizli genom siralama
uygulamanin uygulanabilirligini desteklemektedir. Hizli genetik
teshisin klinik, yagsam kalitesi ve ekonomik sonuglar1 iyilestirmedeki
roliinii daha fazla degerlendirmek igin uzun vadeli takip gereklidir.
Bu sonuglar, ailelerin yasamlarini ve gelecekteki aile planlamalarini

nasil etkileyebilecegini anlamalar1 i¢in 6nemlidir (D’Gama vd.,
2023).

Siklin bagimli kinaz benzeri 5 (CDKLY), ndronal gelisimi ve
noronal islevi diizenlemek i¢in 6n beyinde bulunan bir serin-treonin
kinazdir. CDKLS5 genindeki mutasyonlar, ciddi bir nérogelisimsel
durum olan CDKLS5 eksikligi bozukluguna (CDD) neden olur. Bu
hastalarda en belirgin olarak goriinen bulgu erken baglangigh
epilepsidir. Bununla birlikte, CDD'nin fare modellerinde spontan
nobetler bildirilmemistir, bu da insan-fare farkliliklar1 ve CDKL5'in
erken dogum sonrast beyindeki rolleri hakkinda hayati sorulari
giindeme getirmektedir. ilk olarak yenidogan farelerde video
kaydiyla birlikte kablosuz bir telemetri sistemi araciligiyla
elektroensefalografik (EEG) aktiviteler ol¢iilmiistir. CDKL5'i
olmayan fareler, 6zellikle dogum sonrasi 12. giinde (P12) spike
dalgalar ve iktal davranislarla birlikte spontan epileptik EEG
desarjlar sergilemistir. Bu epileptik ani artiglar P14'ten sonra ortadan
kaybolmustur. Daha sonra, farkli gelisim zaman noktalarinda
CDKL5’1 olmayan farelerin dorsal hipokampiisiinde ve motor
korteksinde bir transkriptom profili olusturulmus, epileptik
aktivitelere paralel olarak gen ekspresyonunda yasa bagli ve beyin
bolgesine 6zgili bircok degisiklik gosterilmistir. Bu c¢alismanin
bulgulari, CDD'nin fare modelinde erken baslangicli noronal
hipereksitabiliteyi ortaya koymakta ve CDD etiyolojisi ile inatg1
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neonatal epilepsiyi iyilestirmek icin potansiyel molekiiler hedefler
hakkinda yeni bilgiler saglamaktadir (Liao W., & Lee K. 2023).

International League Against Epilepsy (ILAE) / Uluslararasi
Epilepsiyle Miicadele Dernegi tarafindan koordine edilen, su ana
kadar yapilan en kapsamli genetik calisma sayesinde, insan
DNA'sinda epilepsi gelisme riskini artiran baz1  durumlar
kesfedilmistir. Nature Genetics'te yayimlanan bir aragtirma,
epilepsinin neden gelistigine dair birgok bilgi sunmaktadir. Pek ¢ok
farkli tiirli bulunan epilepsinin genetik nedenli olabilecegi ve bazen
aileden gecebilecegi bilinmektedir. Arastirmacilar, epilepsisi olan
yaklasik 30.000 kisiden olusan ¢esitli gruplarin DNA'sin1, epilepsisi
olmayan 52.500 kisinin DNA'siyla karsilastirmistir. Farkliliklar,
DNA'mizda epilepsi gelisiminde rol oynayabilecek alanlar1 ortaya
cikarmistir. Arastirmacilar, DNA'mizda epilepsiyle ilgili oldugu
anlasilan 26 farkli alan belirlemislerdir. Bunlarin arasinda 'genetik
generalize epilepsi' (GGE) adi verilen belirli bir epilepsi tiiriine 6zgl
19 hastalik geninin de mevcut oldugunu bulmuslardir. Ayrica bu
DNA bolgelerinde muhtemelen epilepsiye katkida bulunan 29 gene
isaret edebilmislerdir. Bilim insanlari, farkli epilepsi tiirlerini,
ozellikle de fokal ve generalize epilepsileri karsilastirirken genetik
tablonun olduk¢a farkli oldugunu buldu. Sonuglar ayrica
beynimizdeki noéronlar arasindaki bosluklar boyunca elektriksel
uyariy1 tastyan proteinlerin genel epilepsi tiirleri igin risklerin bir
kismini olusturdugunu da ortaya koymustur.

Epilepside rol oynayan, yakin zamanda tanimlanan iyon
kanali ailelerinden biri, hiperpolarizasyonla aktive edilen, siklik
niikleotid kapili kanallar veya HCN kanallaridir. HCN kanallar1, dort
gen tarafindan kodlanan tetramerik voltaj kapili iyon kanallaridir:
HCN1, HCN2, HCN3 ve HCN4. HCN kanallari, Th olarak
adlandirilan secici olmayan bir katyon iletkenligini gegtikleri
beyinde genis ¢apta eksprese edilir. HCN kanallar1 beyinde ve kalpte
onemli roller oynar, dinlenim membran potansiyelini ayarlamaya ve
sinaptik entegrasyonu modiile etmeye yardimei olan 'kalp pili' gorevi
goriir. HCN kanallarinin  disfonksiyonunu veya diizensizligini
epilepsi ile iliskilendiren ¢ok sayida kanit vardir. Bu kanallarin
ndronal membran potansiyelini stabilize etme ve senkronize néronal
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aktiviteyi modiile etmedeki anahtar rolleri goz 6niine alindiginda, bu
sagirtict  olmayan bir sonugtur. HCNI1 kanallari, noronal
uyarilabilirligi ve senkronizasyonu ayarlama ve stabilize etmede
anahtar rol oynamalarina olanak taniyan benzersiz lokalizasyona ve
biyofiziksel Ozelliklere sahiptir. Kanal disfonksiyonu yoluyla bu
ozelliklerin bozulmasi, néronal agir1 uyarilabilirlige ve hipersenkron
ateslemeye yol acabilir ve bu da daha sonra epilepsiye neden olabilir.
Ayrica, HCN1 kanallar1 beyin gelisimi sirasinda eksprese edilir ve
Ih'nin bu kanallardan geg¢isi kritik gelisimsel islevler oynar. Bu
nedenle, HCN1 islev bozuklugunun normal gelisimde ciddi
bozulmalara neden olarak gelisimsel bozukluklara yol agmasi
sasirtic degildir (Bleakley LE, & Reid CA., 2024).

Epilepsi Tedavisinde Ketojenik Diyet

Yapilan bir caligsmada arastirmacilar, ketojenik diyetin insan
bagirsak mikrobiyomunda (sindirim sisteminde yasayan trilyonlarca
bakteri ve diger mikroorganizmalardan olusan topluluk) farelerde
nobetlere karst1 koruma saglayabilecek degisikliklere neden
oldugunu gostermektedir. Diyetle iliskili bagirsak mikrobiyotasinin
fareleri nobetlere kars1 koruyup korumayacagini 6lgmek icin diyet
uygulayan pediatrik epilepsi hastalarindan alinan numuneler farelere
nakledilmistir. Calisma, diyetten bir ay sonra toplanan hastalardan
nakil alan farelerin, ketojenik diyet oncesi nakil alan farelere gore
nobetlere karst daha direngli oldugunu bulmustur. Bu calisma,
pediatrik epilepsi hastalar1 i¢in yeni mikrobiyom bazli tedavilerin
bulunmasina yonelik bir adim olarak umut vaat etmektedir. Yiiksek
yagli, disiik karbonhidratli ketojenik diyetin, 6zellikle epilepsili
cocuklarda, daha da 6zellikle birinci basamak ndbet dnleyici ilaglara
yanit vermeyenlerde nobetlerin kontrol altina alinmasina yardimci
oldugu bilinmektedir. Ketojenik diyet, birincil nébet onleyici
secenek olarak Onerilmez; c¢ilinkii hastalar genellikle gida
alimlarindaki ciddi degisikliklerden hoslanmazlar veya kati
gereklilikler ve mide bulantisi, kabizlik ve yorgunluk gibi potansiyel
yan etkiler nedeniyle diyete bagli kalmakta zorluk g¢ekerler.
Ketojenik diyetin epilepsiye karsi tam olarak nasil koruma sagladigi
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belirsizligini korumaktadir. Bagirsak mikrobiyomu, diyetin konak
metabolizmasi, sinirsel aktivite ve davranis tlizerindeki etkilerine
aracilik etmede tamamlayict bir rol oynar. Bu arastirma, direngli
epilepsisi olan ¢ocuklar iizerinde yapilan bir tedavi ¢alismasindan,
gnotobiyotik farelerde yapilan fonksiyonel testlerle birlikte, klinik
ketojenik diyet rejimlerinin bagirsak mikrobiyomunun islevini,
ndbet korumasina katkida bulunabilecek sekillerde degistirdigine
dair kanitlar sunmaktadir. Direngli epilepsisi olan 10 ¢ocukta, klasik
ketojenik diyet rejimlerine baslamadan kisa bir siire 6nce ve klasik
ketojenik diyet rejimlerine uyulduktan yaklagik 1 ay sonra
mikrobiyom kompozisyonu ve fonksiyonu degerlendirilmistir. Insan
ketojenik diyet ile iligkili mikrobiyomunun farelere aktarilmasi,
beyin transkriptomik degisiklikleriyle iligkili olan ndbet
korumasinda mikrobiyotaya bagl artislar1 ortaya c¢ikarmustir.
Farelerde bagirsak mikrobiyatasinin, nobet duyarliligini diizenledigi
goriilmiistiir (Olson vd., 2018).

Sonug¢

Epilepsi tedavisindeki yeni trendler, hastalarin yasam
kalitesini artirmak ve ndbet kontroliinii iyilestirmek adina umut
verici gelismeler sunmaktadir. Son yillarda, insanlar ve hayvanlar
tizerinde yapilan aragtirmalarda ortaya ¢ikan yeni trendler hem insan
sagligi hem de veteriner hekimlik alaninda tedavi yontemlerinde
onemli gelismelere yol agmistir. Epilepsi tedavisindeki yeni trendler,
insanlar ve hayvanlar arasinda koprii kurarak, her iki diinyada da
etkili ve ozellestirilmis ¢oziimler sunmaktadir. Epilepsi tedavisinde
yeni nesil AEI’ler, néromodiilasyon teknikleri, genetik diizenleme
ve 0Ozel beslenme yontemleri gibi coklu yaklasimlar 6nemli
kazanimlar sunmaktadir. Gelecekte multidisipliner entegrasyon,
tedaviye direngli vakalar i¢cin umut verici bir yol sunacaktir.

--245--



Kaynaklar

Ak Sonat F. (2008). Deneysel epilepside ¢inkonun rolii iizerine
topiramat tedavisinin etkilerinin arastirilmas1, Uludag Universitesi,
Saglik Bilimleri Enstitiisii.

Bleakley, L.E. & Reid C.A. (2024). HCNL1 epilepsy: From genetics
and mechanisms to precision therapies. J Neurochem 168(12):3891-
3910. doi: 10.1111/jnc.15928.

Boon, P., De Cock, E., Mertens, A. & Trinka, E. (2018).
Neurostimulation for drug-resistant epilepsy: a systematic review of
clinical evidence for efficacy, safety, contraindications and
predictors for response. Curr Opin Neurol. 31(2):198-210. doi:
10.1097/wWC0.0000000000000534.

Gonzalez, H.F.J., Yengo-Kahn, A., & Englot, D.J. (2019). Vagus
Nerve Stimulation for the Treatment of Epilepsy. Neurosurg Clin N
Am. 30(2):219-230. doi: 10.1016/j.nec.2018.12.005.

Haneef, Z.,, & Skrehot, H.C. (2023). Neurostimulation in
generalized epilepsy: A systematic review and meta-analysis.
Epilepsia, 64(4):811-820. doi: 10.1111/epi.17524.

Leonard, H. et al. (2022). CDKL5 deficiency disorder: clinical
features, diagnosis, and management. Lancet Neurol. 21, 563-576.

Liao, W. & Lee, K. (2023). CDKL5-mediated developmental tuning
of neuronal excitability and concomitant regulation of transcriptome.
Hum Mol Genet. 17;32(23):3276-3298. doi: 10.1093/hmg/ddad149.

Markert, M.S.& Fisher, R.S. (2019). Neuromodulation - Science and
Practice in Epilepsy: Vagus Nerve Stimulation, Thalamic Deep
Brain Stimulation, and Responsive NeuroStimulation. Expert Rev
Neurother. 19(1):17-29.doi: 10.1080/14737175.2019.1554433.

--246--



Mesraoua, B., Brigo, F., Lattanzi, S., Abou-Khalil, B., Al Hail, H.,
& Asadi-Pooya,A. (2023). Drug-resistant epilepsy: Definition,
pathophysiology, and management. J Neurol Sci., 15:452:120766.
doi: 10.1016/j.jns.2023.120766.

M D'Gama, A., Mulhern, S., Sheidley, B.R., Boodhoo, F., Buts, S.,
Chandler N.J. et al. (2023). Evaluation of the feasibility, diagnostic
yield, and clinical utility of rapid genome sequencing in infantile
epilepsy (Gene-STEPS): an international, multicentre, pilot cohort
study. Lancet Neurol. 22(9):812-825. doi: 10.1016/S1474-
4422(23)00246-6.

Moog, U., Felbor, U., Has, C. & Zirn, B. . (2020). Disorders Caused
by Genetic Mosaicism. Dtsch Arztebl Int 21;116(8):119-125. doi:
10.3238/arztebl.2020.0119. PMID: 32181732; PMCID:
PMC7081367.

Olson C.A., Vuong H.E., Yano J.M., Liang Q.Y., Nusbaum D.J., &
Hsiao E.Y. (2018). The Gut Microbiota Mediates the Anti-Seizure
Effects of the Ketogenic Diet. Cell. 14;173(7):1728-1741.e13. doi:
10.1016/j.cell.2018.04.027.

Rivadulla, C., Pardo-Vazquez, J.L. de Labra, C., Aguilar, J., Suarez,
E., Paz, C., Alvarez-Dolado, M. & Cudeiro. J. (2023). Transcranial
static magnetic stimulation reduces seizures in a mouse model of
Dravet syndrome. ExpNeurol.
370:114581.d0i:10.1016/j.expneurol.2023.114581.

Sampedro-Castafieda, M., Baltussen, L.L., Lopes, A.T. et al. (2023).
Epilepsy-linked kinase CDKL5 phosphorylates voltage-gated
calcium channel Cav2.3, altering inactivation kinetics and neuronal
excitability. Nat Commun 14, 7830 https://doi.org/10.1038/s41467-
023-43475-w.

--247--


https://doi.org/10.1038/s41467-023-43475-w
https://doi.org/10.1038/s41467-023-43475-w

Wahab, A. (2010). Difficulties in Treatment and Management of
Epilepsy nd Challenges in New Drug Development. Pharmaceuticals
(Basel), 5;3(7):2090-2110. doi: 10.3390/ph3072090.

World Health Organization. (2023). Epilepsy.
https://mwww.who.int/news-room/fact-sheets/detail/epilepsy

Xue, T., Chen, S., Bai, Y., Han, C., Yang, A., & Zhang J. (2022).
Neuromodulation in drug-resistant epilepsy: A review of current
knowledge. Acta Neurol Scand., 146(6):786-797. doi:
10.1111/ane.13696.

--248--



THE IMPACT OF ORAL HEARGH/ONIPHE PERFORMANCE OF SKi
ATHLETES

Hatice DUYMUS!
Muhammed Mustafa ILCIN?

1. INTRODUCTION

Recent studies indicate that oral health plays a decisive role in athletic performance,
recovery processes, and training continuity, particularly among elite and endurance athletes
(Needleman et al., 2015). It is emphasized that oral and periodontal diseases should be
considered not merely as localized health problems, but as systemic factors that indirectly
influence sports performance (Petersen & Ogawa, 2012).

In endurance sports performed under high-intensity, long duration, and cold
environmental conditions such as cross country skiing and Biathlon the physiological and
psychophysiological stress experienced by athletes is considerable (Holmberg et al., 2007). In
this context, oral health problems are reported to increase the overall physiological burden,
reduce exercise tolerance, prolong recovery processes, and ultimately become a performance-
limiting factor (Needleman et al., 2015).

2. Oral Health Problems: Systemic Inflammation, Recovery, and Performance
Mechanisms

Chronic oral pathologies such as dental caries, gingivitis, and periodontitis are not
confined to the oral cavity. Rather, they may trigger systemic inflammatory responses (Genco
& Borgnakke, 2013). In particular, periodontal diseases are associated with an increased
pathogenic bacterial load, which enhances the release of proinflammatory cytokines (IL-1p, IL-
6, TNF-a) into the circulation, leading to elevated levels of C-reactive protein (CRP) (D’Ercole
et al., 2018; Petersen & Ogawa, 2012).

Changes in hematological parameters constitute another important component of the
exercise response. It has been demonstrated in an experimental diabetes model that regular
treadmill exercise can significantly affect certain blood parameters (Ceylan et al., 2023). This
finding supports the notion that the systemic burden induced by chronic oral inflammation may
indirectly influence performance physiology not only through cytokine mediated pathways, but
also via circulatory and hematological indicators.
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In endurance athletes, chronic low grade inflammation has been shown to suppress muscle
protein synthesis (Pedersen & Febbraio, 2008), impair mitochondrial function (Gleeson et al.,
2011), and prolong post exercise recovery time (Smith, 2000). Within this framework,
inflammation originating from oral health problems may exert indirect yet physiologically
meaningful effects on the effective utilization of VO.max, submaximal exercise economy, and
tolerance to training loads (Needleman et al., 2015; Gleeson et al., 2011).

3. Pain and Neurophysiological/Cognitive Load: Attention, Perceived Exertion,
and In-Competition Performance

It has been reported that oral pain and infections generate continuous afferent
stimulation of the central nervous system, thereby increasing neurophysiological and cognitive
load (De la Cruz et al., 2017). Chronic dental pain may suppress cognitive performance due to
its adverse effects on the prefrontal cortex and attentional networks. It can reduce attention and
concentration capacity, elevate perceived exertion levels, and exacerbate psychological stress
and anxiety responses (De la Cruz et al., 2017).

At the level of the central nervous system, the sustainability of cognitive performance
is associated not only with pain perception but also with the effects of inflammation and
oxidative stress on neural tissues. In an experimental study using a streptozotocin induced
diabetes model, increased oxidative stress and proinflammatory cytokine expression were
demonstrated in hippocampal tissue, while curcumin administration was reported to improve
these parameters (Ozsan et al., 2025).

In skiing disciplines, performance determining phases such as technical descents,
balance-demanding transitions, and the shooting stage in biathlon require high levels of
attention, motor planning, and fine motor control (Higginson, 2002; Holmberg et al., 2007).
Therefore, attention disruption caused by oral pain may lead to motor errors during critical
moments of competition, reduced shooting accuracy, and overall performance decrements (De
la Cruz et al., 2017).

4. Occlusion, Temporomandibular Joint Dysfunction, and Postural Control:
Neuromuscular Efficiency

Neuromuscular connections between dental occlusion and postural control have been
demonstrated through posturographic and electromyographic (EMG) studies (Cuccia &
Caradonna, 2009). Malocclusion and temporomandibular joint (TMJ) dysfunction have been
reported to alter cervical muscle activation patterns, negatively affect scapular stability, and
disrupt balance and proprioceptive feedback (Cuccia & Caradonna, 2009).

Although force production in cross-country skiing primarily originates from the lower
extremities, the effective transmission of this force depends on the stability of the upper
segments of the kinetic chain, including the trunk, neck, and head (Holmberg et al., 2007). In
this context, dental and TMJ related problems that disrupt the jaw, neck, trunk relationship may
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indirectly impair propulsion efficiency, balance control, and postural stability (Cuccia &
Caradonna, 2009).

5. Mouth Breathing in Cold Environments, Dental Risks, and Training Continuity

The execution of winter sports such as cross-country skiing and biathlon in cold, windy,
and low-humidity environments constitutes a significant environmental risk factor for oral
health (Rafferty et al., 2019). During high intensity exercise, increased mouth breathing has
been reported to reduce salivary flow rate, disrupt oral pH balance, and increase the risk of
dental enamel demineralization (Rafferty et al., 2019).

A reduction in the protective functions of saliva such as mechanical cleansing, buffering
capacity, and remineralization combined with carbohydrate-rich athlete nutrition, further
increases the risk of dental caries and enamel erosion (Needleman et al., 2015; Rafferty et al.,
2019). Over the long term, this process may result in oral pain, infection development, and
subsequent declines in athletic performance (Needleman et al., 2015).

Studies conducted on elite athletes report that poor oral and dental health is associated
with a higher incidence of upper respiratory tract infections, an increased number of days
missed from training and competition, and elevated levels of perceived fatigue and malaise
(Needleman et al., 2015). Considering the high volume and high-intensity training loads applied
throughout the season in cross country skiing and biathlon, oral health problems are regarded
as a significant risk factor threatening training continuity (Needleman et al., 2015).

6. Oral and Dental Health Practice Recommendations Specific to Biathlon and Ski
Athletes

In biathlon and cross country skiing athletes, oral and dental health should be considered
an integral component of pre-season medical assessments (Ashley et al., 2014; Needleman et
al., 2015). Within this framework, systematic evaluation is recommended for the presence of
dental caries, gingivitis, and periodontitis; temporomandibular joint (TMJ) function; occlusion
and bite relationships. As well as previous histories of oral infection and pain (Ashley et al.,
2014). Treating chronic oral infection foci identified during the pre-season before entering
periods of intensive training is of critical importance for reducing systemic inflammatory
burden, lowering the risk of upper respiratory tract infections, and maintaining training
continuity (Needleman et al., 2015; Petersen & Ogawa, 2012).

The cold, windy, and low humidity environmental conditions typical of winter sports
impose additional physiological stress on the oral mucosa and dental tissues (Rafferty et al.,
2019). Increased mouth breathing during high intensity exercise has been reported to reduce
salivary flow rate and disrupt oral pH balance, thereby increasing the risk of enamel
demineralization, dental caries, and erosion (Rafferty et al.,, 2019). Therefore, preventive
strategies for cold environment athletes should include breathing awareness training aimed at
reducing mouth breathing, the use of equipment that partially protects the face and oral region,
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adequate post exercise hydration, and salivary flow supporting practices such as the use of sugar
free chewing gum (Rafferty et al., 2019; Needleman et al., 2015).

Frequent and repeated carbohydrate intake, which constitutes a component of
performance nutrition in endurance athletes particularly the intensive use of sugar containing
gels and beverages has been identified as a major factor increasing the risk of dental caries and
enamel erosion (Ashley et al., 2014; Needleman et al., 2015). In this context, rinsing the mouth
with water after consuming sugary products, avoiding immediate tooth brushing following
acidic beverages, and systematically ensuring oral hygiene after training are recommended
(Rafferty et al., 2019; Petersen & Ogawa, 2012). In this way, a practical balance can be
established between performance nutrition and dental protection (Ashley et al., 2014).

During the shooting phase in biathlon, controlled breathing techniques may support
motor control by reducing jaw tension and the tendency to clench the teeth, in addition to
promoting cardiorespiratory stabilization (Higginson, 2002; De la Cruz et al., 2017). In
particular, the implementation of end-expiratory shooting routines combined with jaw
relaxation has been reported to enhance shooting accuracy and technical consistency
(Higginson, 2002). Conversely, excessive tooth clenching and overactivation of the jaw
muscles may negatively affect TMJ function and postural control (Cuccia & Caradonna, 2009).
Therefore, integrating breathing control, jaw relaxation, and postural coordination into
technical and shooting training is important for both performance outcomes and long term oral
jaw health (Cuccia & Caradonna, 2009; De la Cruz et al., 2017).

In ski and biathlon athletes, postural control is a critical performance determinant for
the effective transmission of force along the kinetic chain and the maintenance of technical
efficiency (Holmberg et al., 2007). In light of evidence demonstrating neuromuscular and
proprioceptive connections between occlusion and postural control, it is recommended that
occlusion posture relationships be evaluated through collaboration among dentists,
physiotherapists, and sport scientists. Where necessary, the use of individualized night guards
or protective appliances, along with cervical and core stabilization exercises supported by
dental awareness and jaw relaxation strategies, may be considered (Cuccia & Caradonna, 2009;
Ashley et al., 2014). This multidisciplinary approach may contribute to balancing the load
placed on the temporomandibular joint and cervical region, thereby reducing injury risk and
enhancing technical movement efficiency (Cuccia & Caradonna, 2009).

In biathlon and ski athletes with intensive competition and travel schedules, neglecting
dental pain or oral infections that develop during the season may lead to increased systemic
inflammation, elevated perceived fatigue, and performance decrements (Needleman et al.,
2015). Accordingly, the planning of periodic, short duration dental check-ups throughout the
season, early reporting of pain and infection symptoms, and the implementation of necessary
clinical interventions while considering training load and recovery processes are of particular
importance (Needleman et al.,, 2015; Petersen & Ogawa, 2012). Athlete education and
awareness programs are regarded as fundamental components of the sustainable maintenance
of oral and dental health. Regular education on the relationship between oral health,
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performance, and recovery; the risks associated with mouth breathing in cold environments;
and the importance of daily preventive habits (oral hygiene, hydration, and post nutrition care)
has been reported to enhance the effectiveness of preventive strategies (Ashley et al., 2014;
Rafferty et al., 2019).

7. Oral and Dental Health Practice Recommendations for Alpine Ski Athletes

Alpine skiing is a discipline characterized by high speeds, hard surface contact, and
frequent sudden falls, placing it among sports with a high risk of orofacial trauma (Bahr &
Krosshaug, 2005; Flgrenes et al., 2009). A substantial proportion of head, neck, and facial
injuries has been reported to occur during high speed loss of balance and falls (Spérri et al.,
2017). Therefore, pre-season dental assessments in alpine ski athletes should not be limited
solely to caries and periodontal status, but should also encompass morphological and functional
factors that predispose athletes to dental trauma. The position and protrusion of the anterior
teeth, occlusion and bite relationships, previous dental or maxillofacial trauma, and
temporomandibular joint (TMJ) function should be evaluated in detail (Knapik et al., 2007;
Ashley et al., 2014). Given the magnitude of trauma energy associated with high-speed skiing,
planning preventive strategies during the pre season is critical for preventing performance
decrements and interruptions in training (Flerenes et al., 2009).

Alpine skiing competitions are often conducted at high altitude, under low temperature
and strong wind conditions. These environmental factors have been reported to alter breathing
patterns, increase mouth breathing, and impose additional stress on oral tissues (Sporri et al.,
2017; Walsh, 2019). The combined effects of high altitude and cold exposure may lead to oral
mucosal dryness, reduced salivary flow, and an increased risk of enamel demineralization
(Petersen & Ogawa, 2012; Walsh, 2019). Accordingly, ensuring adequate hydration before
training and competition, moisturizing the oral cavity with water following cold and wind
exposure, and implementing breathing awareness strategies aimed at reducing prolonged mouth
breathing are recommended (Spdrri et al., 2017). These practices may help mitigate the adverse
effects of alpine skiing specific environmental stressors on oral health.

Technical performance in alpine skiing requires an efficient kinetic chain between the
lower extremities, the core, and the cervical region. During high-speed turns and sudden loading
phases, head neck stability plays a decisive role in overall postural control (Bahr & Krosshaug,
2005; Sporri et al., 2017). Considering the relationship between the stomatognathic system
(jaw, teeth, and masticatory muscles) and posture, the assessment of tooth clenching tendencies
(bruxism like behavior), monitoring excessive jaw muscle tone, and when indicated the
prescription of individualized night guards may contribute to balancing cervical loading and
supporting postural stability (Cuccia & Caradonna, 2009; Ashley et al., 2014).

Because alpine skiing is characterized by short duration but high intensity efforts,
athletes may frequently consume carbohydrate rich and acidic foods and beverages. This
nutritional pattern, particularly during dense competition periods, increases the risk of dental
erosion and caries (Needleman et al., 2015; Walsh, 2019). Therefore, rinsing the mouth with
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water after consuming sugary or acidic drinks, avoiding tooth brushing immediately following
acidic exposure, and supporting salivary flow through the use of sugar free chewing gum are
recommended (Needleman et al., 2015). Such strategies facilitate a more practical balance
between alpine skiing performance demands and the preservation of oral and dental health.

In high risk disciplines such as alpine skiing, protective approaches against dental
trauma require specific structuring. Given that falls frequently involve the head, neck, and facial
regions, thereby increasing the risk of dental injury (Sporri et al., 2017), the use of
individualized mouthguards should be considered in high-risk athletes. In addition, athletes
with anterior restorations, enamel weakness, or a history of dental trauma should be closely
monitored, and post trauma early dental intervention protocols should be established during the
pre season (Knapik et al., 2007; Ashley et al., 2014). Protective mouthguards have been shown
in various sports to reduce the incidence of dental trauma and trauma related performance loss,
and their applicability is increasingly emphasized in high risk disciplines such as alpine skiing
(Knapik et al., 2007; Ashley et al., 2014).

The intensive competition and training schedules typical of alpine skiing may allow
minor oral problems to progress over time into systemic inflammation, pain, and performance
decline if neglected (Needleman et al., 2015). Dental pain and infections that are ignored during
the season have been associated with increased perceived fatigue and a greater number of
missed training days (Ashley et al., 2014). Accordingly, planning brief, targeted, and regular
dental check ups throughout the season; encouraging early reporting of symptoms such as
dental pain, sensitivity, and jaw fatigue; and scheduling dental treatments in alignment with
training and competition loads should be regarded as fundamental practices supporting
performance continuity (Needleman et al., 2015).

Finally, contemporary athlete health frameworks emphasize that oral and dental health
should be viewed not merely as a domain requiring treatment, but as an integral, performance
supporting component of holistic athlete care (Ashley et al., 2014; Needleman et al., 2015). In
this respect, regular education is recommended to inform athletes about the effects of oral
infections on systemic inflammation and performance, dental risks associated with cold
environments and mouth breathing, and the importance of daily preventive habits. Overall,
when oral and dental health practices for alpine ski athletes are planned with consideration of
trauma risk, environmental stressors, and high mechanical loads, they may become a strategic
factor that indirectly yet meaningfully supports performance continuity (Needleman et al.,
2015; Sporri et al., 2017).

Oral and Dental Health Practice Recommendations Specific to Cross Country
Skiers

Cross country skiing is defined as one of the sports disciplines with the highest aerobic
capacity requirements (Saltin & Astrand, 1967; Holmberg, 2015). During prolonged and high
volume exercise, increased ventilation rates and a tendency toward mouth breathing may lead
to reduced salivary flow and drying of oral tissues (Walsh, 2019). Studies in cross-country
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skiers have reported that minute ventilation reaches very high values during competition and
intensive interval training, thereby increasing the risk of oral dryness (Holmberg et al., 2007).
Accordingly, ensuring adequate hydration before training and competition, moisturizing the
oral cavity with water or neutral pH solutions after prolonged exertion, and implementing
breathing awareness strategies aimed at reducing mouth breathing are recommended. These
approaches may contribute to the protection of oral tissues under high aerobic stress
(Needleman et al., 2015; Holmberg, 2015).

Cross country skiing competitions are frequently conducted in cold, low humidity, and
windy environments, typically ranging from -15 °C to 0 °C. Cold air inhalation has been shown
to exert irritative effects on the airways and oral mucosa, particularly in endurance athletes
(Koskela, 2007). Studies involving cross-country skiers have reported that exposure to cold air
increases mouth breathing, thereby elevating the risk of oral mucosal dryness and sensitivity
(Sue Chu, 2012). Therefore, systematic planning of hydration before and after exercise in cold
environments, along with practices aimed at maintaining oral moisture balance (e.g., water
rinsing, neutral pH approaches), may help limit the adverse effects of cold environmental stress
on oral health (Petersen & Ogawa, 2012).

Because daily energy expenditure in cross-country skiers is extremely high, frequent
carbohydrate intake becomes essential for performance during competitions and periods of
intensive training (Burke et al., 2001; Holmberg, 2015). However, frequent consumption of
carbohydrate-based and acidic sports drinks has been identified as a major factor increasing the
risk of dental erosion (Needleman et al., 2015). For this reason, delaying tooth brushing after
the consumption of sugary or acidic beverages, rinsing the mouth with water, increasing
salivary flow through the use of sugar free chewing gum, and the regular use of fluoride or
remineralizing agents are recommended. In this way, a more practical balance can be
established between performance nutrition requirements and dental protection (Rafferty et al.,
2019; Holmberg, 2015).

During high intensity interval segments, prolonged uphill sections, and competition-
related stress, involuntary activation of the jaw muscles and tooth clenching behaviors may
develop. In endurance athletes, such responses have been associated with psychophysiological
stress and central fatigue (Cuccia & Caradonna, 2009; Walsh, 2019). Accordingly, regular
assessment of tooth clenching tendencies in cross country skiers, the use of individualized night
guards when indicated, and the integration of breathing-, relaxation and awareness ased
practices into training programs may contribute to balancing jaw and cervical region stress
associated with prolonged endurance loading (Cuccia & Caradonna, 2009).

Periodontal diseases and chronic oral infections may adversely affect endurance
performance by increasing systemic inflammatory responses beyond localized inflammation.
Proinflammatory cytokines released from periodontal tissues (e.g., IL-6, TNF-a) may enter the
circulation and contribute to the maintenance of low grade chronic inflammation (Chapple &
Genco, 2013). In endurance athletes, increased inflammatory burden has been associated with
prolonged recovery time, elevated perceived exertion, and reduced tolerance to training loads
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(Meeusen et al., 2013). Elite athletes presenting signs of periodontal inflammation have
reported performance limiting symptoms such as pain, fatigue, and impaired concentration
(Ashley et al., 2015). In athletes exposed to high aerobic loading, such as cross country skiers,
increased systemic inflammation may delay muscle recovery and contribute to performance
fluctuations throughout the season (Gleeson, 2007). Therefore, maintaining periodontal health
is of critical importance not only for oral hygiene, but also for supporting performance
continuity.

The long competitive season and high training volume characteristic of cross country
skiing create conditions under which the cumulative effects of oral health problems may
become pronounced. Epidemiological data indicate that the prevalence of dental caries and
periodontal disease is higher in elite athletes than in the general population (Needleman et al.,
2015). Within this framework, comprehensive pre season dental examinations, the scheduling
of short-interval preventive check ups during the season, and the timing of dental treatments
outside periods of intense competition are recommended. This approach may contribute both
to the prevention of acute dental problems and to the maintenance of training and competition
continuity (Solleveld et al., 2015). Moreover, raising athlete awareness regarding the effects of
oral health on performance enhances the effectiveness of preventive strategies. It has been
reported that a substantial proportion of athletes are insufficiently aware of the relationship
between oral health problems and performance (Needleman et al., 2013). Accordingly,
educational programs should emphasize the links between oral health and systemic
inflammation, the effects of cold environments and mouth breathing on oral tissues, and the
contribution of simple daily preventive habits to performance. Such education may help
establish sustainable behavioral foundations for reducing performance decrements associated
with oral inflammation (Ashley et al., 2015).

Conclusion

Oral health in ski athletes should not be regarded merely as a localized health issue.
Rather, it represents a strategic performance component that influences recovery, attention, and
performance continuity. Periodontal diseases and chronic oral infections may increase systemic
inflammation, thereby delaying muscle repair and recovery processes. This, in turn, may reduce
tolerance to training loads during high volume training periods and contribute to performance
fluctuations.

The neurophysiological burden imposed by oral pain and infections may impair
attention, concentration, and fine motor control, leading to technical errors during critical
moments of competition, reduced shooting accuracy in biathlon, and overall performance
decrements. In addition, occlusion- and temporomandibular joint-related problems may disrupt
postural control and the efficiency of the kinetic chain.

In cold and low humidity environments, increased mouth breathing reduces salivary
flow and disrupts oral pH balance, thereby elevating the risk of dental caries and erosion.
Frequent consumption of carbohydrate-rich and acidic beverages further exacerbates these
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risks. Therefore, systematic assessment of oral and dental health through pre-season screening,
continuous monitoring throughout the season, and integration of oral health education into
athlete support programs constitute a fundamental approach that not only reduces health related
risks but also strengthens the sustainability of athletic performance in skiing disciplines.
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SOME BEHAVIORAL TESTS EVAIRArEWANA PARKINSON'S DISEASE MODEL
CREATED IN EXPERIMENTAL ANIMALS
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1. Introduction

Parkinson's disease is a chronic and progressive neurodegenerative disease characterized by the
loss of dopaminergic neurons in the substantia nigra pars compacta and the resulting decrease
in striatal dopamine levels [1]. Clinically, it presents with motor findings such as bradykinesia,
resting tremor, rigidity, and postural instability, as well as non-motor symptoms such as
olfactory disorders, depression, anxiety, and sleep disturbances [2]. This multifaceted clinical
picture cannot be fully explained by examining only the changes at the cellular and molecular
level; therefore, assessments at the behavioral level in experimental animals are of great

importance in understanding the functional manifestations of the disease [3].

Animal models mimicking Parkinson's disease are often created using approaches based on 6-
hydroxydopamine (6-OHDA), MPTP, rotenone, or a-synuclein [4]. In these models,
demonstrating structural and biochemical abnormalities in the dopaminergic system through
behavioral tests makes it possible to understand the pathophysiology of the disease and to
evaluate the effectiveness of new pharmacological or neuroprotective agents. Therefore,
behavioral experiments have become an indispensable component of experimental Parkinson's

studies[5].

2. The Importance of Behavioral Tests in Experimental Parkinson's Models
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Behavioral tests in experimental animals are functional tools that allow for the evaluation of
practical and observable consequences of dopaminergic degradation. While histological and
biochemical analyses are extremely valuable in demonstrating the extent and mechanisms of
neuronal loss, they alone cannot explain how these findings are reflected in motor and non-
motor functions at the organism level. At this point, evaluating parameters such as motor
coordination, balance, locomotor activity, motivation, olfaction, and emotional state with

standard behavioral protocols provides a much closer look at the clinical picture[6].

Furthermore, behavioral tests provide practical and reproducible endpoint measures in
comparing different treatment strategies[7]. The effectiveness of agents such as dopamine
agonists, antioxidants, flavonoids, or nanoparticle-loaded bioactive compounds is interpreted
not only at the biochemical level but also through the improvement they create in the animal's
motor performance and behavioral profile[8]. Therefore, in a well-designed experiment,
behavioral tests play a central role in both validating the disease model and demonstrating the

treatment response.
3. Motor Function Tests
3.1. Rotarod Test

The rotarod test is a classic method for evaluating the balance, coordination, and motor learning
capacity of experimental animals. The time it takes for an animal placed on a rotating cylinder
to fall off the cylinder is measured. While protocols with constant speed rotation are sufficient
to demonstrate basic motor performance, accelerated protocols where the speed is gradually
increased are more sensitive, especially in cases with fine motor disorders such as the

Parkinsonian model[9].

In rats or mice with a Parkinsonian model, a significant decrease in rotarod performance is
observed due to dopaminergic neuron loss. The shortening of the fall time reflects more of an
impairment in coordination, balance, and motor planning than a decrease in muscle strength.
The increase in rotarod time during treatment or neuroprotective agent applications is often
associated with the preservation of striatal dopamine levels or the mitigation of damage in the
nigrostriatal pathway. Therefore, the rotarod test is considered a reliable and reproducible

parameter both in validating the model and monitoring the treatment response.
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3.2. Open Field Test

The open field test is based on evaluating locomotor activity, exploratory behaviors, and overall
activation level by allowing the animal to move freely within a large and limited arena. The
arena floor is usually divided into virtual or physical compartments, and the total distance
covered by the animal within a certain period, movement speed, number of pauses, and area
preferences are analyzed through video monitoring systems or automated software. In
Parkinson's models, a decrease in total movement distance due to dopaminergic loss, slower
and less frequent movements, and in some cases an increase in stereotypical behaviors are
noteworthy. This picture reflects both bradykinesia and loss of motivation. However, since the
open field test can also affect the anxiety level, motor and emotional factors should be evaluated
together when interpreting the results. The fact that the applied treatment or protective agents
bring locomotor activity closer to normal is an important indicator that the dopamine-mediated

motor networks have functionally improved [10].

3.3. Cylinder Test

The cylinder test is a method used to analyze the lateralization of forelimb use, particularly in
the evaluation of unilateral (one-sided) dopaminergic lesions. The animal, placed inside a
transparent cylinder, rises on its hind legs to explore its surroundings and touches the cylinder
wall with its forelimbs. The number of times and the proportions in which the animal uses its

right and left forelimbs are recorded in detail throughout the trial period.

In Parkinson's models created with unilateral 6-OHDA lesions, a significant decrease in the use
of the forelimb on the lesioned side and an increase in the use of the forelimb on the healthy
side are observed. This asymmetric behavior is a direct behavioral response to the unilateral
dopamine loss in the nigrostriatal pathway. The applied treatment strategies can be objectively
monitored by the increase in forelimb use on the lesioned side and the decrease in asymmetry.
Thus, the cylinder test stands out as a sensitive tool that reveals both the functional severity of

the lesion and the effectiveness of interventions [11].
3.4. Beam Walking Test

The beam walking test is based on the principle of the animal walking on a narrow beam to
reach a designated target point and is used especially in the evaluation of fine motor

coordination and balance control. The animal is placed at one end of the beam and encouraged
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to cross to the other side, usually with its own cage or an attractive stimulus at the other end.
During the evaluation, the beam crossing time, number of foot slips, pauses, and falls are
recorded. In Parkinsonian models, it is observed that walking performance on the beam
deteriorates, the crossing time lengthens, and foot slips increase significantly with increasing
dopaminergic system damage. This deterioration reflects postural instability and loss of fine
motor control in particular. Improvement observed in beam walking performance after
treatment or neuroprotective agent applications indicates functional recovery in motor
networks. In this respect, the beam walking test, when used together with rotarod and cylinder
tests, offers the possibility of evaluating the motor component of Parkinsonian disease in a

three-dimensional way[12].
3.5. Catalepsy and Bar Test

Catalepsy is a condition defined by an animal's tendency to maintain an unusual posture for an
extended period and is considered an experimental indicator of motor impairments associated
with muscle rigidity. In the bar test, the animal's forelimbs are placed on a bar at a certain height,
and the time it takes to break this artificial posture and return to its normal position is measured.
The prolongation of the postural rigidity duration observed in the bar test after Parkinsonian
models or pharmacological interventions affecting dopamine receptors is considered a
behavioral reflection of increased muscle tone and difficulty initiating movement. This test is
an important tool that complements other motor assessments, especially in models where
rigidity is prominent. Shortening the catalepsy duration after treatment suggests that rigidity

has lessened and the motor system has become more flexible[13].
4. Non-Motor Behavioral Tests
4.1. Olfactory Tests

Olfactory disorders are one of the early non-motor symptoms that can appear before motor
symptoms in Parkinson's disease. Assessing olfactory function in experimental animals is
important for modeling this condition observed in the clinic. The buried food test assesses
olfactory sensitivity by measuring the time it takes for the animal to find a food source hidden
in sawdust or bedding material. Olfactory discrimination tests, on the other hand, examine the
ability to distinguish different odors and the behavior of orienting towards a specific odor. In
animals with a Parkinsonian model, an increase in the time it takes to reach food, a decrease in
orienting towards the odor source, and impairment in olfactory discrimination performance can

be observed. These findings are considered a functional indicator of pathological changes
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developing in the olfactory pathway and related brain regions. Therefore, olfactory tests are an
important complementary tool for research that wants to examine non-motor areas outside the

dopaminergic system[14].
4.2. Tests Related to Depression and Anxiety

One of the non-motor components of Parkinson's disease is mood disorders such as depression
and anxiety. Standard protocols such as the forced swim test, elevated plus maze, and sucrose
preference test are used to assess this condition in experimental animals. In the forced
swimming test, the animal is placed in a water-filled cylinder; swimming, climbing, and
immobility times are recorded. An increase in immobility time is interpreted as depression-like
behavior. In the elevated plus maze, the animal moves freely on a raised platform consisting of
two open and two closed arms. A decrease in time spent on the open arms and an increase in
preference for the closed arms indicate an increase in anxiety levels. In the sucrose preference
test, the animal's preference between plain water and sugary water is evaluated; a decrease in
interest in sugary water is considered anhedonia, i.e., a loss of pleasure capacity. The
impairments observed in these tests in Parkinson's models support the involvement of the
dopaminergic reward system and limbic structures. The improvement in these parameters
by the applied treatment or preventive agents reveals that not only motor symptoms but also

non-motor symptoms are targeted, and that the treatment has a more holistic effect [15].
5. Evaluation of Neuroprotective and Therapeutic Approaches with Behavioral Tests

In experimental Parkinson's studies, the aim is often not only to demonstrate dopaminergic
damage but also to reveal the effectiveness of therapeutic or protective strategies developed
against this damage. Behavioral tests constitute key endpoints in the evaluation of different
pharmacological interventions such as compounds with antioxidant properties, flavonoids,
nanoparticle-loaded bioactive agents, or dopamine agonists. Improvement observed in motor
tests suggests that the structure and function of dopaminergic neurons in the nigrostriatal

pathway are preserved or have recovered to some extent[16, 17].

Improvements recorded in non-motor tests indicate that not only motor circuits but also a
broader neuronal network, including the limbic system, olfactory pathways, and reward
mechanisms, are positively affected. Therefore, in a well-designed Parkinson's study, it is
recommended to use multiple behavioral tests covering both motor and non-motor domains
together. Evaluations based on a single test limit the generalizability of results because they

cannot fully reflect the complex clinical nature of the disease. Interpreting behavioral tests
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together with histological, biochemical, and molecular data allows for much more robust and

reliable inferences about treatment approaches [18, 19].
6. Conclusion

Behavioral tests in experimental animal models of Parkinson's disease are indispensable
scientific tools for mimicking the clinical presentation of the disease and evaluating the
effectiveness of new treatment approaches. Rotarod, open field, cylinder, beam walking, and
catalepsy tests reveal the impairment in motor functions in detail, while olfactory tests and
behavioral assessments related to depression and anxiety help us understand the non-motor
aspects of the disease. Considering motor and non-motor parameters together allows for a more
holistic assessment of Parkinson's pathophysiology. Therefore, planning behavioral tests in
experimental studies should be seen not only as a technical step but also as a strategic process
in terms of hypothesis validation, determination of treatment goals, and correlation of results
with clinical reality. Appropriately selected and standardized behavioral experiments
significantly increase the scientific value of Parkinson's research and pave the way for the

development of more effective treatment options in the future.
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Introduction

Suddenly, evidence from many different disciplines began to emerge
suggesting that nitric oxide (NO) may actually be one of the essential
signaling mediators (general mediators) in the human body. With the
publication of thousands of clinical and experimental studies, NO
has been found to have indispensable functions in many areas, from
regulating blood pressure and the digestive system to nonspecific
resistance to bacteria; from neutralizing toxic radicals to protecting
the liver. NO is a messenger molecule. At first glance, its most
striking feature is that it is the simplest, smallest, and lightest
molecule among biological signal-transmitting mediator compounds
in mammals, and the only gas known to date. In this respect, nitric
oxide is highly likely to be the first of a new class of gaseous signal-
transmitting molecules: it readily and rapidly reaches many cells,
then disappears suddenly, is synthesized in almost every cell, and
affects systems in every cell. Gaseous mediators in this group are
also referred to as "universal" mediators. It is important not to
confuse the NO mentioned here with nitrous oxide (N2O; nitric
oxide), which is used in medicine for anesthesia to induce sleep and
reduce pain (Andrabi et al., 2023: 30).

Physiology of Nitric Oxide

For many years, endothelial cells were considered only as a
semipermeable barrier between blood and vascular smooth muscle,
protecting the vascular wall. However, studies over the past 20 years
have shown that the endothelium is a complex organ system that
plays an active role in vascular smooth muscle mitogenicity, vascular
tone, the antiadhesive and antiaggregant effects of platelets,
leukocyte functions, coagulation mechanisms, angiogenesis, and
tumor growth and spread. Indeed, the total endothelial mass in adults
is approximately 1.5 kg, roughly the mass of the liver, and comprises
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a total of 6 x 10?* cells, covering a surface area of 700-1000 m?
(Lundberg & Weitzberg, 2022: 2853).

Following the demonstration that NO is the active ingredient in
endothelial-derived relaxant factor (EDRF), the L-arginine nitric
oxide pathway was discovered in endothelial cells. Oxidation of L-
arginine by the nitric oxide synthase (NO synthase) enzyme results
in the formation of L-citrulline and NO. NO is not synthesized by
mechanical forces or by various agents acting on endothelial
receptors. The most crucial mechanical factor is the pressure (shear
stress) generated by circulating blood flow. Still, blood pressure and
pulsatile shear stress are among the mechanical factors that affect
NO synthesis (Cyr et al., 2020: 307). Agents acting on endothelial
receptors responsible for synthesis include acetylcholine, substance
P, bradykinin, calcium ionophore, thrombin, ATP, ADP,
thromboxane A2, peptidoleukotrienes, histamine, endothelin, and
aggregated platelets. The methylated analogue of l-arginine, NG-
monomethyl L-arginine (L-NMMA), is a competitive inhibitor of
this enzyme and provides essential insights into the role of NO in the
biological cycle. Studies have shown that L-NMMA administered to
the brachial artery causes vasoconstriction, but does not cause
contraction in endothelial-free vascular smooth muscle cells. NO
synthase has been isolated from human vascular endothelium, brain,
cerebellum, and macrophages, with molecular weights ranging from
130,000 to 155,000 (Tenopoulou & Doulias, 2020: 1190). A common
feature of the various types of isolated NO synthases is their presence
of tetrahydrobiopterin, which plays a significant role as a cofactor in
enzyme activity. NO synthesis is divided into two types: basal (short-
term NO synthesis in response to receptor stimulation) and
inducible. Inducible NO synthesis is faster than basal NO synthesis
and involves higher concentrations of NO, to the extent that
cytotoxic effects can be observed. Calcium and calmodulin are two
key regulators of NO synthase and are used to distinguish basal from
induced NO synthase. Calcium and calmodulin are involved in basal
NO synthesis; NO is produced in endothelial cells, platelets, and
neurons via this pathway. Inducible NO synthesis, on the other hand,

occurs mainly in macrophages and smooth muscle cells and is
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independent of calcium and calmodulin. Bacterial endotoxins and
cytokines are effective in this context. Indeed, glucocorticoids
inhibit calcium-independent and inducible NO synthesis, especially
in macrophages, while they are ineffective against basal NO
synthesis (Bender & Schwarz, 2018: 2126).

In this regard, the use of glucocorticoids as inducible NO synthase
inhibitors to prevent vasodilation and hypotension in septic shock is
being considered. L-Arginine analogs, a NO precursor, are used as
competitive inhibitors of NO synthesis. The inhibitors have different
affinities during both synthesis pathways. L-NMMA inhibits both
forms of the enzyme equally, while aminoguanidine is more
effective on inducible NO synthase. Both inhibitors are synthetic,
and naturally occurring methylarginines, hemoglobin, and
lipoproteins such as LDL, VLDL, and HDL found in human plasma
can also play physiological roles in the NO pathway (Wu et al., 2021:
167)

Nitric oxide is a colorless gas that dissolves in water in an oxygen-
free environment. In the air, however, it rapidly reacts with oxygen
to form the dark-colored nitrogen dioxide gas, which can damage
tissue. NO has an affinity for hemoglobin 3000 times greater than
for oxygen; therefore, it binds to hemoglobin before binding to
oxygen during inhalation. While it remains stable for hours in water
and plasma by oxidation to nitrite, it rapidly converts to nitrate in the
blood. Consequently, the nitrate concentration in the blood (30
pmol/liter) is 100 times higher than the nitrite concentration. In
septic shock, however, both nitrate and nitrite concentrations are
high. NO also oxidizes to various other nitrogen oxides and binds to
sulfhydryl-containing compounds such as glutathione, cysteine, and
albumin, as well as to heme-containing proteins and myoglobin,
thereby acting as a carrier when needed. Nitric oxide activates
guanylyl cyclase in smooth muscle cells in blood vessels, leading to
the formation of 3-5 cyclic guanosine monophosphate (c-GMP) from
guanosine thiphosphate. Subsequently, intracellular
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dephosphorylation of calcium and myosin light chains decreases,
leading to vasodilation (Okuyama et al., 2021: 14)

NO acts only in the very vicinity of the cells where it is synthesized;
in this respect, it is also considered a paracrine hormone. However,
due to its very short half-life and local effects, this molecule can also
be regarded as a systemic hormone (Bahadoran et al., 2020: 229).

Pharmacology of Nitric Oxide

NO has a wide variety of pharmacological effects in all organs. It
helps regulate vascular tone and exhibits a vasodilatory effect. It
inhibits platelet function. Pulmonary NO improves vascular tone and
reduces bronchospasm. NO gas has been shown to reduce lesions in
Acute Respiratory Distress Syndrome (ARDS)—NO acts as a
mucosal protector in the digestive system. Immune stimuli and
inflammation mediators release NO in macrophages. It has been
shown to have cytotoxic effects on tumor cells. Thus, it is understood
that NO has an essential place in the immune response. NO has been
shown to have a bactericidal effect in infected macrophages. NO has
been found to have a protective effect against the parasites and
bacteria responsible for malaria, kala-azar, and tuberculosis. NO can
have an additive effect on drugs used in cancer chemotherapy,
antiparasitics, and antibiotics. NO also plays a role in insulin-
dependent diabetes mellitus and rejection reactions following organ
transplantation (Gonzales et al., 2023: 660). In diabetic patients,
increased oxygen free radicals scavenge NO, reducing vasodilation.
Furthermore, macrophage activation, which releases NO, is
responsible for both conditions. It has been suggested that NO
deficiency may play a role in hypertension accompanied by
vasoconstriction. NO is considered an essential neurotransmitter in
the central nervous system. Studies have shown a relationship among
NO synthesis in glial and neuronal cells, cGMP synthesis, and
glutamate receptor activation. Changes in the levels and ratios of
glutamate and NO in the central nervous system are thought to be
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responsible for brain development and dysfunction. This
pathophysiology is also being investigated in Alzheimer's and
Parkinson's diseases. NO is thought to play a key role as a transmitter
in pain sensation (Bahadoran et al., 2023: 410).

As previously mentioned, intact vascular endothelium is a paracrine
organ that synthesizes and metabolizes many vasodilators,
vasoconstrictors, anticoagulants, and procoagulants. The most
critical vasodilators are NO (EDRF) and prostacyclin. NO is released
from endothelial cells by mechanical forces and by receptor-level
autocoids, which stimulate NO synthase, thereby forming L-
citrulline from the essential amino acid L-arginine. Oxygen-free
radicals can rapidly degrade this autocoid substance. NO,
synthesized in the endothelium, diffuses into vascular smooth
muscle cells and the lumen. In vascular smooth muscle cells, NO
activates guanylate cyclase, thereby increasing cyclic guanosine
monophosphate (¢cGMP) levels, which induces smooth muscle
relaxation (Mollace et al., 2023: 196). NO release from endothelial
cells occurs basally and in response to shear stress, blood pressure,
changes in vascular tension, and various vasoconstrictor-stimulated
agents. It is particularly considered a protective balancing
mechanism against these factors in coronary arteries with intact
endothelium. Prostacyclin (prostaglandin ) is a vasodilator
substance secreted by endothelial cells from arachidonic acid in
response to stimuli such as thrombin, bradykinin, histamine, HDL,
ADP, ATP, calcium ionophore A23187, platelet-derived growth
factor, hypoxia, and hemodynamic stress. The intracellular
mechanism of action of prostacyclin differs from that of NO,
occurring via cyclic adenosine monophosphate, and it can exhibit an
additive effect with NO (Chirkov et al., 2022: 1042).

Both prostacyclin and NO exhibit synergistic and additive effects in

preventing platelet adhesion and aggregation. NO stimulates

guanylate cyclase, a soluble substance in platelets, leading to cGMP

formation, which in turn increases the phosphorylation of the

45/50kDa protein, reduces intracellular calcium levels, and
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inactivates platelet adhesion molecules such as IIb/Illa integrin and
P-selectin. NO has also been shown to have an antiaggregant effect
on platelets in small coronary arteries. Contrary to prevailing belief,
platelet aggregation in healthy endothelial vessels induces
vasodilation by stimulating NO release. Adenine nucleotides
released from aggregated platelets are responsible for this effect. In
contrast, in vessels with endothelial dysfunction, aggregated
platelets induce vasoconstriction via the release of thromboxane A>
and serotonin. However, in healthy endothelial vessels, a balance is
established in which aggregated platelets stimulate NO release and
induce vasodilation, while NO also plays an antiaggregatory role. In
endothelial dysfunction, this balance is lost (Reid et al., 2016: 37).

NO and prostacyclin also inhibit leukocyte adhesion in healthy
endothelial vessel walls. On the other hand, leukocytes, particularly
polymorphonuclear leukocytes, release a NO-like compound that
promotes vascular relaxation. Many inflammatory mediators, such
as platelet-activating factor, endotoxin, and cytokines, facilitate
leukocyte chemotaxis and activation at the endothelium via adhesion
molecules (ELAM, ICAM, VCAM). Activated leukocytes release
proteolytic enzymes and convert oxygen molecules into superoxide
anions, which subsequently generate hydrogen peroxide, hydroxyl
radicals, and other toxic species. These toxic substances are vital in
cardiac reperfusion injury. The presence of abundant oxygen-free
radicals in the environment renders vascular smooth muscle cells
sensitive to o-agonists, thereby inactivating NO and reducing
vasodilation. In addition, proteolytic enzymes (especially elastases)
directly damage the myocardium in addition to the damage caused
by ischemia (Silva et al., 2017: 87)

EFFECT OF NITRIC OXIDE ON VASCULAR
ENDOTHEL

One of the most essential factors in the pathophysiology of ischemic

heart disease is the impairment of vasodilator function resulting from
--273--



endothelial damage. However, vasospasm, hyperlipidemia,
aggregation of monocytes and platelets, and the migration and
proliferation of vascular smooth muscle cells, driven by various
factors they secrete, are also essential milestones in atherosclerosis.
In stable angina pectoris, the dilating function of the coronary
arteries and arterioles is impaired. This leads to the inability to meet
the increased coronary flow demand during exercise and emotional
stress due to decreased coronary flow reserve, thus causing angina
pectoris. Studies have shown that treating hyperlipidemia and
hypertension improves vasodilator function in the impaired
endothelium (Shimokawa & Godo, 2020: 291). Neurohumoral
substances such as acetylcholine and serotonin, platelets, and
increased blood flow cause vasodilation in healthy vessels, whereas
they cause vasoconstriction in vessels with endothelial dysfunction.
Similarly, cold pressure tests and mental stress cause vasodilation in
normal coronary arteries. However, nitroglycerin administration
causes vasodilation in both intact and impaired endothelial coronary
arteries. The vasodilatory response in vessels with intact
endothelium and the vasoconstrictor response in vessels with
endothelial dysfunction to these stimuli are mediated by NO release.
Indeed, infusion of L-arginine, a precursor of NO, into
atherosclerotic coronary arteries has elicited a vasodilatory response
to acetylcholine. In the early stages of rejection that can occur after
heart transplantation, a vasoconstrictor response to acetylcholine is
observed in endothelial dysfunction that develops before the
morphological appearance of atherosclerosis in the vessels.
Although NO mediates the underlying pathophysiology, the question
is whether NO synthesis, release, or inhibition is practical
(Forstermann et al., 2017: 713).

Studies show that atherosclerotic endothelium secretes decreased,
normal, or excessive amounts of NO, but that excessive quantities of
superoxide radicals in the environment reduce NO activity. It is
thought that in the early phases of atherosclerosis, the G protein-
coupled receptor pathway for NO release is disrupted, impairing the
vasodilatory effects of acetylcholine, serotonin, and aggregated

platelets. The hypothesis that receptor-independent stimuli, such as
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the calcium ionophore A23187, are also rendered ineffective as
atherosclerosis progresses remains under investigation. Meanwhile,
impaired L-arginine availability, reduced cellular uptake, decreased
NO synthesis, reduced NO response in atherosclerotic vascular
smooth muscle cells, and increased NO degradation are among the
hypotheses currently under consideration (Kurhaluk & Tkaczenko,
2025: 665).

Table 1: Characteristics and differences of NO and prostacyclin.

Nitric Oxide Prostocycline
Source L — Arginine Arachidonic acid
Enzyme NO syntase Cyclooxygenase
Intracellular Mechanism | cGMP cAMP
Half Life (Seconds) 6 30
Inhibitor Oxycycmoglobin, Aspirin, non-steroidal
methylene blue anti-inflammatories
Excitator Acetylcholine, Ca | Acetylcholine, Ca
ionophore A23187, | ionophore A23187,
Thromboxane A2, | thrombin, sheer stress,
serotonin, thrombin, | hypoxia
sheer stress
Catabolism Superoxide radicals Hyrolysis

In constricted coronary arteries, endothelial dysfunction, leading to
vasospasm, further exacerbates the narrowing. Vasospasm is divided
into two types: endothelium-dependent and endothelium-
independent. It has been shown that, in stable or unstable angina
pectoris, there is an active vasoconstrictive component, mainly due
to endothelium-dependent vasodilation. Furthermore, the significant
release of endothelial cells during this process is also thought to

contribute to the vasoconstrictive component (Li et al., 2025: 455).
275



Hypoxia And Nitric Oxide

It has long been known that hypoxia causes vasoconstriction in
coronary arteries. However, its relationship with NO has only
recently been understood. Studies have shown that hypoxia does not
cause vasoconstriction in arterial segments with removed
endothelium and in arteries with intact endothelium treated with NO
inhibitors. In this case, it is thought that the vasoconstrictor effect of
hypoxia is due more to the inhibition of basal NO secretion than to
the release of a vasoconstrictor substance (Zhao et al., 2018: 621).

It has been shown that NO synthesis is significantly reduced after
reperfusion in totally or subtotally occluded coronary arteries.
Substances that commonly cause vasodilation, such as acetylcholine,
thrombin, ADP, and aggregated platelets, cause vasoconstriction in
these arteries. Furthermore, arterial responses to vasoconstrictors
such as thromboxane A, are increased. These mechanisms are
considered responsible for the development of reocclusion in
reperfused coronary arteries after thrombolytic therapy. In particular,
thrombin formation from the thrombus and platelet aggregation are
thought to play a triggering role here. Meanwhile, it is believed that
the reocclusion mechanism is not solely related to a decrease in NO
synthesis, but instead to the inhibition of NO by oxygen-free radicals
formed in the reperfused region. It has been found that administering
superoxide dismutase, an oxygen-free radical scavenger, during the
early reperfusion period prevents vasoconstriction caused by NO
inhibition. Another view is that nitrate or NO donors, after
reperfusion, reduce reperfusion injury by scavenging oxygen-
derived free radicals that cause it and by reducing neutrophil
aggregation (Piacenza et al., 2022: 1881).

The excessive presence of NO in the environment during the early
reactive hyperemia period after reperfusion or during the period

--276--



when neutrophil-induced NO synthase activity increases is
responsible. During this time, harmful NO-derived free radicals,
such as peroxynitrite, and respiratory mitochondrial iron-sulfur-
containing enzymes, which are accountable for cell viability, have
been shown to reduce the infarct area in reperfused rabbits. The
responsible mechanism is increased adenosine release, which has
cardioprotective properties. This view, based on the protective effect
of adenosine, is similar to ischemic preconditioning, except for the
inhibition of NO synthesis (Radi, 2018: 5839).

Hypertension And Nitric Oxide

Many pharmacological studies suggest that high blood pressure
increases NO release, while low blood pressure decreases it. NO
release from endothelial cells depends not only on shear stress but
also on mechanical factors such as blood pressure and pulsatile
vascular tension. However, it remains unclear whether hypertension
is caused by decreased NO release or whether there is reduced NO
release in the endothelia of hypertensive vessels. NO inhibitors have
been shown to cause vasoconstriction in isolated arteries, indicating
a constant NO release that provides vasodilatory tone in the vascular
system. Furthermore, NO's inhibitory role on vascular smooth
muscle proliferation and platelet function contributes to the
pathophysiology of hypertension (Wu et al., 2021: 1190). In guinea
pig studies, spontaneously hypertensive rats (SHR) showed a greater
increase in NO synthase activity compared to normotensive Wistar-
Kyoto rats (WKR). In SHRs, increased NO release is thought to be
a compensatory mechanism that reduces myocardial contractility
and promotes vasodilation. Simultaneously, NO's inhibitory effect
on muscle cell growth and migration appears to be a mechanism that
prevents cardiac hypertrophy, fibrosis, and failure that occur in
hypertension. Despite increased NO release in SHRs, vascular
smooth muscle cGMP levels do not increase sufficiently. Therefore,
it is thought that NO is unable to fulfill its intracellular message. It
is also suggested that the hypertrophic and fibrotic intima layer acts

as a mechanical barrier, reducing NO permeability, and that NO is
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exposed to greater oxidative stress in its environment (Jaitovich &
Jourd'heuil, 2017: 71).

In humans, basal NO release is decreased in hypertension. When the
NO inhibitor L-NMMA is administered, its vasoconstrictor response
in hypertensive patients is less pronounced compared to non-
hypertensive individuals. Most studies have found that the
endothelium-dependent vasodilator effect of acetylcholine is
reduced in both primary and secondary hypertension. Furthermore,
endothelial dysfunction and impaired response to vasoconstrictor
prostaglandin derivatives are also thought to play a role in the
pathophysiology of hypertension (Hannemann & Boger, 2022: 9).

NO plays a vital role in renal function. Low-dose NO inhibitors,
which do not affect blood pressure or endothelium-dependent
vasodilation, reduce renal blood flow and salt and sodium excretion.
Small changes in NO release have been reported in types of
hypertension where sodium retention and an increase in extracellular
fluid are particularly pronounced. Recent studies have also shown
that inhibitors of NO synthesis (e.g., asymmetric dimethylarginine)
accumulate in the body during renal failure (Leo et al., 2021: 870).

NO also plays an essential role in regulating pulmonary artery
pressure. NO is present in the exhaled air of living organisms. Under
physiological conditions, NO released into the pulmonary
circulation acts as a natural inhibitory mechanism against hypoxia-
induced vasoconstriction. Positive results have been observed when
L-arginine is administered to animals with pulmonary hypertension
that have low NO levels in their exhaled air. Studies are underway to
make the use of NO routine in the treatment of idiopathic, congenital
heart diseases, neonatal pulmonary hypertension, and pneumonia
(Lai et al., 2018: 15).
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Similarities Between Nitric Oxide And Organic Nitrites

Researchers found that nitroglycerin administration produced more
pronounced relaxation in the endothelialized thoracic aorta of guinea
pigs than in the nonendothelialized thoracic aorta. The same
researchers also demonstrated that nitroglycerin administration
caused even greater vasodilation when L-NMMA blocked
endogenous EDRF. These studies suggest that organic nitrites act
similarly by converting to NO. It is thought that blocking EDRF
increases the quantitative and qualitative sensitivity (upregulation)
of guanylate cyclase receptors, thus increasing sensitivity to
exogenously administered organic nitrites. Organic nitrates have
been used in the treatment of myocardial ischemia for over 100
years. The therapeutic efficacy of these agents is evidenced by their
conversion to NO and S-nitrosotiol in vascular smooth muscle. Since
endogenous NO activity is reduced in atherosclerotic coronary
arteries, there is hypersensitivity to exogenously administered
organic nitrates. Another effect of organic nitrates is their
antiadhesive and antiaggregant role on platelets, and their ability to
prolong bleeding time. The conversion of organic nitrates to NO is
responsible for this (Dent et al., 2021: 15918).

For organic nitrates to be converted to NO within platelets and to be
effective, S-nitrosotiols are required. Additionally, under
physiological conditions, NO plays a vital role in platelet inhibition
by inducing S-nitrosylation of thiols. Nitrates, whose antiplatelet
effects differ from those of acetylsalicylic acid, exhibit an additive
effect with acetylsalicylic acid. In conclusion, organic nitrates are
converted to NO and are effective, particularly in vessels with
endothelial dysfunction and impaired endogenous NO function.
However, organic nitrates have no effect in very small vessels. This
is explained by the fact that organic nitrates are not metabolized to
nitric oxide in small vessels. In these vessels, only endogenous NO
release occurs (Barbosa et al., 2024: 1475).
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Nitric Oxide As Treatment

NO, one of the most critical mediators in cardiology, is used
therapeutically as a donor and as an inhibitor of NO synthase. NO
donors are divided into two categories: selective and non-selective.
The in vitro chemical effect of NO gas is measured only within
seconds, whereas its biological half-life is between 1 and 4 minutes.
Platelet dysfunction in experimental animals exposed to NO
inhalation has been found to last longer (30 minutes) (Redaelli et al.,
2022: 20).

Organic  nitrates  (nitroglycerin, isosorbide-2, isosorbide-5
mononitrate,  isosorbide  dinitrate,  erythritol tetranitrate,
pentaerythritol tetranitrate, etc.) contain drugs that require metabolic
changes before NO release. In vitro studies show that organic nitrates
require a thiol cofactor for NO release; in vivo studies show that NO
release is faster under the influence of thiol. Nanitroprusside,
molsidomin, and SIN-1 are compounds that do not require metabolic
activation for NO release among NO donors. Nanitroprusside is an
agent used in hypertensive crises and ischemic heart disease; in vitro
studies have shown some antiplatelet effect. Molsidomine and its
active metabolite, SIN-1, have been shown in studies to inhibit
experimental thrombosis and platelet aggregation. However, they
may also cause platelet aggregation, thereby hindering the
antiplatelet effect of NO (Godwin et al., 2021: 14).

The addition of cysteine to organic nitrate structures and their
combination with cellular thiols have resulted in their efficacy in
inhibiting platelet and leukocyte function in both in vivo and in vitro
studies. S-nitrosoglutathione (NO), a platelet-selective NO donor, is
obtained by S-nitrosylation of glutathione, the most critical cellular
thiol. In rat experiments, it has been shown to inhibit platelet
aggregation at doses that cause very little change in blood pressure.
NO has also been shown to inhibit platelet activation in patients
undergoing angioplasty significantly (Xu et al., 2025: 152).
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Conclusion

In conclusion, currently used pharmacological agents can only
partially access NO, one of the most essential mediators in
cardiology. For example, nitrates have no effect in very small vessels
where endogenous NO secretion occurs. In contrast, NO dysfunction
in these resistant arterioles contributes to the pathophysiology of
many cardiovascular diseases. These examples can be multiplied by
the basic pathophysiologies partially described above. With ongoing
studies and documented advances, the areas of use for NO synthase
inhibitors, which may have fundamental roles in cardiology and
across a wide variety of systems, will continue to expand.
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