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ONSOZ

Fizyoloji bilimi insan ve hayvan organizmasinin normal isleyis
mekanizmalarini inceleyen, saglik bilimlerinin temelini olusturan
onemli bir bilim dalidir. Molekiiler diizeyden hiicresel yapilara,
organ sistemlerinden organizma biitlinliigline kadar uzanan genis
caligma alami sayesinde fizyoloji tip, veteriner hekimlik, dis
hekimligi ve saglik bilimlerinin bircok alanina bilimsel katki
sunmaktadir.

Gilinlimiizde fizyoloji alanindaki bilimsel gelismeler, deneysel
caligmalar, klinik arastirmalar ve multidisipliner yaklagimlarla
birlikte daha da ©nem kazanmistir. Ozellikle nérofizyoloji,
kardiyovaskiiler fizyoloji, egzersiz fizyolojisi, endokrinoloji,
hiicresel ve molekiiler fizyoloji gibi alt alanlarda yiiriitiilen
caligmalar, saglik alanindaki tani, tedavi ve koruyucu uygulamalara
onemli katkilar saglamaktadir.

Bu kitapta yer alan bdliimler, fizyoloji alaninda c¢alisan
aragtirmacilarin giincel bilimsel calismalarini bir araya getirerek
akademik bilgi paylagimina katki sunmay1 amaclamaktadir. Kitabin
tip, veteriner hekimlik, dis hekimligi ve saglik bilimleri alanlarinda
egitim goren Ogrenciler, akademisyenler ve arastirmacilar igin
yararli bir kaynak olacagina inaniyoruz.

Bilimsel calismalariyla kitaba katki saglayan tiim yazarlara,
degerlendirme siirecinde emegi gecen hakemlere ve yayin siirecinde
destek veren tiim paydaslara tesekkiir ederim. Hazirlanan bu eserin
bilim diinyasina katki saglamasini temenni eder, okuyuculara faydali
olmasini dilerim.

Dr. Ogr. Uyesi MEHMET OZSAN
NiGDE OMER HALISDEMIR UNIVERSITESI
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BOLUM 1

ENDOCRINE PHYSIOLOGY OF HEMODIALYSIS
PATIENTS

Serap BILEN!
Mehmet OZSAN?

Giris

Chronic kidney disease (CKD) is a major global public health
problem with an increasing prevalence worldwide and is associated
with substantial morbidity and mortality. It is estimated that
approximately 10-13% of the adult population is affected by CKD at
various stages. As the disease progresses, the decline in glomerular
filtration rate (GFR) not only impairs fluid and electrolyte balance
and the elimination of metabolic waste products but also profoundly
disrupts the diverse endocrine functions of the kidneys. Patients who
progress to end-stage kidney disease (ESKD) require renal
replacement therapy to sustain life, and hemodialysis remains the
most widely used treatment modality worldwide. However, although
hemodialysis effectively removes uremic toxins and excess fluid, it
cannot fully replace the physiological and endocrine functions of the
kidneys. Consequently, numerous metabolic alterations affecting
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hormonal homeostasis persist despite adequate dialysis treatment
(Hall, 2021; Kidney Disease: Improving Global Outcomes
[KDIGO], 2024; Johnson et al., 2023).

The kidney is not merely a filtration organ but also an
essential endocrine organ that plays a central role in maintaining
systemic homeostasis. Its principal endocrine functions include the
synthesis of erythropoietin, secretion of renin, activation of vitamin
D into its biologically active form, 1,25-dihydroxyvitamin D,
production of prostaglandins and various local mediators, and
regulation of mineral metabolism through the Klotho protein and
fibroblast growth factor-23 (FGF-23) axis. As nephron loss
progresses in CKD, the synthesis, metabolism, and biological
activity of these hormones become progressively impaired, leading
to anemia, secondary hyperparathyroidism, chronic kidney
diseasemineral and bone disorder (CKD-MBD), hypertension,
cardiovascular complications, and a wide spectrum of metabolic
abnormalities. Furthermore, the accumulation of uremic toxins,
chronic inflammation, oxidative stress, and alterations in hormone
receptor sensitivity further aggravate endocrine dysfunction in
patients with CKD (Hall, 2021; KDIGO, 2024).

Although hemodialysis prolongs survival by removing
uremic toxins and excess fluid, it does not completely restore
endocrine homeostasis. During dialysis, circulating hormone
concentrations may fluctuate depending on their molecular weight,
protein-binding characteristics, and volume of distribution, resulting
in increased clearance of certain hormones while others continue to
accumulate in the circulation. In addition, bioincompatibility
reactions during dialysis sessions, inflammatory cytokine release,
and activation of the sympathetic nervous system may further
influence endocrine responses. Consequently, thyroid dysfunction,
insulin resistance, gonadal hormone deficiency, disturbances of the
growth hormone-insulin-like growth factor-1 (GH-IGF-1) axis,
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adrenal hormone dysregulation, and disorders of mineral metabolism
are highly prevalent among patients undergoing maintenance
hemodialysis. Early recognition of these endocrine alterations and a
comprehensive understanding of their underlying
pathophysiological mechanisms are essential not only for optimizing
metabolic control but also for reducing cardiovascular events,
preserving bone health, improving anemia management, enhancing
quality of life, and ultimately decreasing mortality in this patient
population (Hall, 2021).

Endocrine Functions of the Kidney

The kidney is not only responsible for the elimination of
metabolic waste products and the maintenance of fluid and
electrolyte balance but also serves as a vital endocrine organ that
plays a central role in preserving systemic hormonal homeostasis.
One of its best-known endocrine functions is the synthesis of
erythropoietin (EPO) by peritubular interstitial fibroblast-like cells
located in the renal cortex. Tissue hypoxia activates the hypoxia-
inducible factor (HIF) signaling pathway, which enhances
erythropoietin gene expression and stimulates the proliferation and
differentiation of erythroid progenitor cells in the bone marrow. As
the number of functional nephrons progressively declines in chronic
kidney disease, erythropoietin production decreases substantially,
resulting in the development of normocytic, normochromic anemia.
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Figure 1. Contribution of renal erythropoietin-producing
cells (REPCs) to the circulating erythropoietin pool in the normal
kidney and in chronic kidney disease. In the healthy kidney,
erythropoietin is synthesized primarily by peritubular interstitial
fibroblasts in the renal cortex. In chronic kidney disease, however,
these cells undergo transdifferentiation into myofibroblasts and lose
their erythropoietin-producing capacity, leading to reduced
erythropoietin production and the development of renal anemia.
Although the liver contributes only minimally to the circulating
erythropoietin pool in adults, hepatic erythropoietin synthesis may
increase under conditions of severe hypoxia (Souma et al., 2019).

In addition, renin, which is secreted by the granular cells of
the juxtaglomerular apparatus, represents the first and rate-limiting
step of the renin-angiotensin-aldosterone system (RAAS) and plays
a pivotal role in the regulation of blood pressure, sodium
homeostasis, and extracellular fluid volume. Renin secretion is
stimulated by decreased perfusion pressure in the afferent arteriole,
reduced sodium chloride delivery to the macula densa, and activation
of the sympathetic nervous system, whereas it is suppressed through

-l



angiotensin II-mediated negative feedback. Persistent activation of
the RAAS in patients with chronic kidney disease contributes to
hypertension, glomerular hyperfiltration, renal fibrosis, and
cardiovascular complications. Therefore, erythropoietin and renin
should be regarded not only as classical hormones but also as critical
biological regulators involved in preserving renal function and
maintaining systemic homeostasis (Hall, 2021; KDIGO, 2024; Taal
et al., 2020).

Another major endocrine function of the kidney is the
synthesis of the biologically active form of vitamin D, 1,25-
dihydroxyvitamin D (calcitriol). In the proximal tubular cells, 25-
hydroxyvitamin D produced by the liver is converted into its active
form by the enzyme 1a-hydroxylase (CYP27B1). This conversion is
tightly regulated by several hormonal mechanisms, particularly
parathyroid hormone (PTH), serum calcium, and phosphate
concentrations. Calcitriol enhances intestinal calcium and phosphate
absorption while also exerting important effects on bone remodeling,
immune function, and cellular proliferation. In CKD, decreased 1a-
hydroxylase activity impairs calcitriol synthesis, leading to
hypocalcemia, secondary hyperparathyroidism, and chronic kidney
disease-mineral and bone disorder (CKD-MBD). In recent years, a-
Klotho, which is predominantly expressed in distal tubular epithelial
cells, has been recognized not only as an anti-aging protein but also
as a key regulator of mineral metabolism. Klotho functions as an
essential co-receptor for fibroblast growth factor-23 (FGF-23),
thereby enabling its biological actions in the kidney. Reduced Klotho
expression, which occurs early in CKD, is closely associated with
phosphate retention, vascular calcification, oxidative stress,
inflammation, and renal fibrosis (Hall, 2021; Haussler et al., 2012;
KDIGO, 2024; Kuro-o, 2019; Nakagawa & Komaba, 2024).

FGF-23, a hormone produced primarily by osteocytes and
osteoblasts, is currently recognized as one of the principal endocrine
regulators of the bone-kidney axis. Elevated serum phosphate
concentrations and increased levels of active vitamin D stimulate
FGF-23 secretion. In turn, FGF-23 suppresses renal sodium-
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phosphate cotransporters, thereby promoting urinary phosphate
excretion, while simultaneously inhibiting 1a-hydroxylase activity
and reducing calcitriol synthesis. Together with Klotho, FGF-23
establishes a crucial negative feedback mechanism that maintains
phosphate homeostasis. In CKD, despite declining Klotho
expression, circulating FGF-23 concentrations increase markedly
from the early stages of the disease and have been associated with
secondary hyperparathyroidism, left ventricular hypertrophy,
vascular calcification, and increased mortality. Furthermore,
prostaglandin E: (PGE-:), prostacyclin (PGIlz), and other locally
synthesized eicosanoids regulate renal blood flow, glomerular
filtration rate, tubular sodium transport, and renin secretion through
autocrine and paracrine mechanisms. Prostaglandins are particularly
important in maintaining renal autoregulation by promoting afferent
arteriolar vasodilation during periods of reduced renal perfusion,
whereas inhibition of prostaglandin synthesis by nonsteroidal anti-
inflammatory drugs (NSAIDs) may impair these protective
mechanisms and increase the risk of acute kidney injury.
Collectively, erythropoietin, renin, active vitamin D, Klotho, FGF-
23, and prostaglandins constitute an integrated endocrine network
that plays indispensable roles in hematopoiesis, mineral metabolism,
blood pressure regulation, and the preservation of renal function
(Acharya & Olivero, 2018; Carullo et al., 2024; Haussler et al., 2012;
Nakagawa & Komaba, 2024; Johnson et al., 2023).

Endocrine Pathophysiology in Chronic Kidney Disease

In chronic kidney disease (CKD), the progressive decline in
glomerular filtration rate (GFR) not only impairs the excretory
function of the kidneys but also profoundly disrupts systemic
endocrine homeostasis. As renal function deteriorates, the
accumulation of uremic toxins in the circulation leads to significant
alterations in hormone synthesis, metabolism, and degradation.
Protein-bound uremic toxins, including indoxyl sulfate and p-cresyl
sulfate, suppress endocrine cell function by modulating hypoxia-
inducible factor (HIF), nuclear factor-kappa B (NF-xB), and
multiple intracellular signaling pathways. Experimental studies have



demonstrated the detrimental effects of oxidative stress and
inflammation on endocrine and metabolic homeostasis, suggesting
that these mechanisms constitute important contributors to the
hormonal disturbances observed in CKD (Ozsan et al., 2025).
Consequently, erythropoietin production declines, while the
metabolism of insulin, growth hormone, thyroid hormones, and
gonadal hormones becomes impaired. Furthermore, because the
kidneys play a major role in hormone degradation, reduced renal
function prolongs the circulating half-lives of parathyroid hormone
(PTH), insulin, prolactin, and several peptide hormones. A
substantial proportion of endocrine abnormalities in CKD results not
only from reduced hormone synthesis but also from hormone
resistance at the target tissue level. In particular, decreased
sensitivity of insulin receptors, vitamin D receptors (VDR), PTH
receptors, and erythropoietin receptors attenuates hormonal
responses. Chronic inflammation, oxidative stress, and endothelial
dysfunction associated with the uremic milieu further aggravate
these receptor abnormalities, thereby contributing to widespread
endocrine dysfunction (Hall, 2021; KDIGO, 2024; Kuro-o, 2019;
Taal et al., 2020). Experimental models of renal injury have also
demonstrated that oxidative stress exacerbates cellular damage
within renal tissue, whereas antioxidant therapies exert
renoprotective effects by reducing inflammation and oxidative
injury (Kaya et al., 2023).

Disturbances in mineral metabolism represent one of the
earliest endocrine abnormalities in CKD and progressively evolve
into the systemic disorder known as chronic kidney disease-mineral
and bone disorder (CKD-MBD). As glomerular filtration declines,
phosphate excretion becomes inadequate. Although serum
phosphate concentrations may initially remain within the normal
range, osteocyte-derived fibroblast growth factor-23 (FGF-23)
levels increase markedly during the early stages of CKD. FGF-23
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enhances urinary phosphate excretion by inhibiting renal sodium-
phosphate cotransporters while simultaneously suppressing 1a-
hydroxylase activity, thereby reducing the synthesis of active
vitamin D (1,25-dihydroxyvitamin D). Reduced calcitriol levels
decrease intestinal calcium absorption, predisposing patients to
hypocalcemia. The combined effects of hypocalcemia,
hyperphosphatemia, and calcitriol deficiency stimulate the
parathyroid glands, resulting in secondary hyperparathyroidism.
Persistently elevated PTH levels accelerate bone resorption and may
ultimately lead to high-turnover renal osteodystrophy, bone pain,
increased fracture risk, and skeletal deformities. Recent studies have
further demonstrated that elevated FGF-23 levels are associated not
only with phosphate homeostasis but also with left ventricular
hypertrophy, vascular stiffness, systemic inflammation, and
increased cardiovascular mortality (Carullo et al., 2024; Haussler et
al., 2012; KDIGO, 2024; Nakagawa & Komaba, 2024).

Another key regulator at the center of CKD-MBD
pathophysiology is the a-Klotho protein. Synthesized primarily by
renal tubular epithelial cells, Klotho serves as an essential co-
receptor for FGF-23 while also exhibiting antioxidant, anti-
inflammatory, and anti-aging properties. Reduced Klotho expression
from the early stages of CKD contributes to FGF-23 resistance,
enhanced phosphate retention, and further suppression of active
vitamin D synthesis. Consequently, elevated FGF-23 levels, Klotho
deficiency, hyperphosphatemia, hypocalcemia, and secondary
hyperparathyroidism establish a self-perpetuating pathogenic cycle.
In addition, chronic inflammation and oxidative stress suppress
osteoblast function while promoting osteoclast activity through
increased production of reactive oxygen species. These mechanisms
also induce the osteogenic transformation of vascular smooth muscle
cells, thereby contributing to vascular calcification. Therefore,
CKD-MBD should be regarded not merely as a disorder of bone
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metabolism but as a systemic endocrine syndrome involving the
coordinated dysfunction of the bone, kidney, parathyroid glands, and
cardiovascular  system. According to current KDIGO
recommendations, regular monitoring of serum phosphate, calcium,
PTH, alkaline phosphatase, and vitamin D concentrations, together
with the use of phosphate binders, active vitamin D analogs,
calcimimetics, and optimized dialysis strategies, constitutes the
cornerstone of CKD-MBD management and may help slow disease
progression (Carullo et al., 2024; Hall, 2021; KDIGO, 2024; Kuro-
0, 2019; Johnson et al., 2023).

Hematopoietic and Neuroendocrine Responses

Erythropoietic and Cardiovascular Responses

In chronic kidney disease (CKD), impairment of the
endocrine functions of the kidney leads to significant
pathophysiological alterations affecting not only the hematopoietic
system but also the cardiovascular and metabolic systems.
Erythropoietin (EPO), synthesized primarily by peritubular
interstitial cells of the kidney, is the principal regulator of erythrocyte
production by stimulating the proliferation and differentiation of
erythroid progenitor cells within the bone marrow. Under hypoxic
conditions, hypoxia-inducible factors (HIFs), particularly HIF-2q,
activate erythropoietin gene expression, thereby maintaining
adequate oxygen-carrying capacity. However, in CKD, progressive
nephron loss, interstitial fibrosis, and chronic inflammation
markedly reduce erythropoietin synthesis, resulting in the
development of normocytic, normochromic renal anemia. The
pathogenesis of anemia involves not only erythropoietin deficiency
but also impaired iron metabolism, elevated hepcidin levels, chronic
inflammation, shortened erythrocyte lifespan, and suppression of
bone marrow activity. Currently, erythropoiesis-stimulating agents
(ESAs) combined with intravenous iron supplementation constitute
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the cornerstone of renal anemia management. More recently,
hypoxia-inducible factor prolyl hydroxylase inhibitors (HIF-PHIs)
have emerged as an important therapeutic option because they
enhance endogenous erythropoietin production, improve iron
utilization, and reduce circulating hepcidin levels.

In addition, reduced renal perfusion, increased sympathetic
nervous system activity, and alterations in sodium chloride delivery
to the macula densa result in chronic activation of the renin-
angiotensin-aldosterone system (RAAS) in patients with CKD.

L Extracellular }
volume
ﬁ Arterial pressurej
/ S i

= —— L ¥ — ¥

g Distal tubule [Mac) ] sl :;’:ﬂ"sgtt?j:cj } Afferent artericle
| ¥ pressure

S~ ,/ " —

A

A T ™ j
Py v = Aesangial = 2 cells
Macula densa —|-l-ce“S Granule cells

p— _sphieNCEERE S _ L =

Angictensinogen | Angictensin |

ACE

Angiotensin 1|

“ 3 Aldostercne
| + release from |

ﬁ Wasoconstriction
o / \ adrenal cortex /!

/—\_I —\
K | + R |'/ MNa conservation |
and K excretion
- — = - -

e —

Figure 2. Activation of the renin-angiotensin-aldosterone
system (RAAS) and its physiological effects. Reduced extracellular
fluid volume and arterial blood pressure, decreased perfusion of the
afferent arteriole, reduced sodium chloride (NaCl) delivery to the
macula densa, and activation of the renal sympathetic nervous
system stimulate renin release from the juxtaglomerular cells. Renin
converts liver-derived angiotensinogen into angiotensin I, which is
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subsequently converted to angiotensin II by angiotensin-converting
enzyme (ACE). Angiotensin II promotes systemic vasoconstriction
and stimulates aldosterone secretion from the adrenal cortex, thereby
enhancing sodium and water retention. These mechanisms
contribute to the maintenance of extracellular fluid volume and
arterial blood pressure homeostasis (Hall, 2021; Feher, 2017).

The increased production of angiotensin II following
enhanced renin secretion not only induces systemic vasoconstriction
but also accelerates disease progression by promoting oxidative
stress, inflammation, glomerular hypertension, and renal fibrosis. In
patients undergoing hemodialysis, fluctuations in fluid volume,
episodes of intradialytic hypotension, and chronic sympathetic
nervous system activation contribute to persistent stimulation of the
RAAS. Moreover, elevated aldosterone levels are closely associated
with myocardial fibrosis, left ventricular hypertrophy, endothelial
dysfunction, and increased cardiovascular mortality. Therefore, the
erythropoietic response and RAAS activation are regarded as two
fundamental endocrine mechanisms that interact closely and play a
major role in determining disease progression and prognosis in
chronic kidney disease (Babitt & Lin, 2012; Noonan et al., 2020;
Hall, 2021; Taal et al., 2020; McEvoy et al., 2024).

Thyroid Endocrinology

Thyroid hormone metabolism is also profoundly affected in
chronic kidney disease. Under normal physiological conditions, the
kidneys play an essential role in iodine excretion, peripheral
metabolism of thyroid hormones, and maintenance of hormone-
protein binding equilibrium. As renal function deteriorates, iodine
retention, accumulation of uremic toxins, and chronic inflammation
reduce the activity of type 1 deiodinase, thereby slowing the
conversion of thyroxine (T4) into its biologically active form,
trilodothyronine (T3). Experimental studies have demonstrated that
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disturbances in mineral homeostasis and oxidative stress can
adversely affect thyroid hormone synthesis and the histological
architecture of the thyroid gland (Donmez et al., 2002). These
findings support the proposed pathophysiological mechanisms
underlying thyroid dysfunction in patients with chronic kidney
disease. Consequently, the low T3 syndrome, which is particularly
common among patients receiving maintenance hemodialysis,
develops frequently, and reduced serum T3 concentrations have been
strongly associated with systemic inflammation, protein-energy
wasting, cardiovascular events, and increased mortality. Although
thyroid-stimulating hormone (TSH) concentrations generally remain
within the reference range, alterations in circadian rhythm and
pulsatile secretion may occur. The prevalence of clinical
hypothyroidism is higher in patients with CKD than in the general
population and increases with disease progression. In contrast,
hyperthyroidism is less common; however, diagnostic evaluation
may be complicated by alterations in hormone-protein binding and
the uremic milieu.

The effects of hemodialysis on thyroid hormone homeostasis
vary according to the type of dialysis membrane, dialysis adequacy,
inflammatory status, and residual renal function. Experimental
studies have further demonstrated that metabolic disturbances
adversely affect thyroid hormone concentrations and cortisol
metabolism, whereas regular aerobic exercise may improve TSH,
T3, and T4 levels while reducing circulating cortisol concentrations
(Ceylan et al., 2023). Although transient changes in free thyroid
hormone concentrations may occur following dialysis sessions,
endocrine homeostasis is not completely restored because chronic
inflammation and metabolic abnormalities persist. Recent evidence
indicates that low serum T3 concentration is an independent
prognostic biomarker of cardiovascular mortality, hospitalization,
and all-cause mortality in patients with CKD. Therefore,
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comprehensive evaluation of the erythropoietic response, RAAS
activation, and thyroid function is essential for monitoring disease
progression, assessing cardiovascular risk, and optimizing
therapeutic strategies in patients with chronic kidney disease
(Noonan et al., 2020; Hall, 2021; Iglesias & Diez, 2009; Rhee et al.,
2017; Taal et al., 2020).

Hypothalamic-Pituitary Axis (GH-IGF-1, ACTH, Cortisol, and
ADH)

The hypothalamic-pituitary axis is one of the principal
neuroendocrine systems profoundly affected in chronic kidney
disease (CKD). Although growth hormone (GH) secretion is
generally normal or even increased in most patients, peripheral
resistance to GH results in reduced synthesis of insulin-like growth
factor-1 (IGF-1), thereby attenuating the anabolic effects of the GH-
IGF-1 axis. This disturbance contributes to growth retardation in
pediatric patients and to sarcopenia, protein-energy wasting, and
reduced physical performance in adults. Chronic inflammation,
metabolic acidosis, and the accumulation of uremic toxins suppress
GH receptor signaling, increase circulating levels of insulin-like
growth factor-binding proteins (IGFBPs), and reduce the
bioavailability of circulating IGF-1. It is now recognized that GH
resistance is not limited to impaired linear growth but is also
associated with muscle wasting, malnutrition, immune dysfunction,
and increased cardiovascular mortality. Therefore, alterations of the
GH-IGF-1 axis are considered important determinants of metabolic
status and long-term prognosis in patients with CKD (Hall, 2021;
Melmed et al., 2024; Taal et al., 2020).

Within the hypothalamic-pituitary-adrenal (HPA) axis,
circulating adrenocorticotropic hormone (ACTH) concentrations are
generally preserved; however, cortisol metabolism is substantially
altered. Reduced renal clearance of cortisol, changes in the activity
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of 11B-hydroxysteroid dehydrogenase type 2, and chronic
inflammation may increase serum cortisol concentrations, which
have been associated with insulin resistance, skeletal muscle protein
catabolism, cardiovascular risk, and immune dysfunction. In
addition, secretion of antidiuretic hormone (ADH, vasopressin) is
regulated by changes in plasma osmolality, intravascular volume,
and arterial blood pressure. Although vasopressin concentrations are
frequently elevated in end-stage kidney disease, its physiological
effects are diminished because of the reduced number of functional
nephrons capable of responding to the hormone. Rapid fluid shifts
and osmotic fluctuations during hemodialysis may further influence
ADH secretion, contributing to intradialytic hypotension, thirst, and
cardiovascular instability. In recent years, copeptin and vasopressin
have emerged as promising biomarkers for predicting cardiovascular
events, disturbances in fluid balance, and mortality in patients with
CKD. Consequently, assessment of hormonal alterations within the
hypothalamic pituitary axis has become increasingly important for
optimizing metabolic homeostasis, monitoring nutritional status, and
evaluating cardiovascular risk in patients undergoing maintenance
hemodialysis (Hall, 2021; Iglesias & Diez, 2009; Melmed et al.,
2024).

Gonadal, Metabolic, and Stress Endocrinology

Chronic kidney disease and maintenance hemodialysis
profoundly affect the hypothalamic-pituitary-gonadal axis, resulting
in significant reproductive dysfunction in both male and female
patients. In men, disturbances in gonadotropin secretion, impaired
Leydig cell function, and the direct deleterious effects of uremic
toxins on testicular tissue lead to reduced serum testosterone
concentrations, which contribute to decreased libido, erectile
dysfunction, impaired spermatogenesis, and infertility. Experimental
animal studies have demonstrated that protein deficiency results in
reduced testosterone levels, impaired spermatogenesis, and
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histopathological alterations of the testes (Karaca et al., 2003).
Furthermore, chronic inflammation, oxidative stress, and
hyperprolactinemia further aggravate hypogonadism. In women,
alterations in gonadotropin secretion together with impaired ovarian
steroidogenesis and reduced estrogen and progesterone synthesis
frequently result in amenorrhea, oligomenorrhea, anovulation,
menstrual irregularities, premature menopause, and infertility.
Although advances in dialysis technology and successful kidney
transplantation have been associated with partial recovery of
reproductive  function, complete restoration of hormonal
homeostasis remains uncommon.

Pancreatic endocrine function is also substantially affected
by renal failure. Because the kidneys are responsible for the
degradation of approximately one-third of circulating insulin,
declining glomerular filtration rate reduces insulin clearance and
prolongs its circulating half-life. Simultaneously, chronic
inflammation, metabolic acidosis, vitamin D deficiency, and uremic
toxins promote peripheral insulin resistance, resulting in both
hyperinsulinemia and impaired glucose utilization. Reduced renal
elimination of glucagon leads to elevated circulating glucagon
concentrations, increased hepatic glucose production, and worsening
glycemic control. In diabetic patients undergoing hemodialysis,
glucose loss during dialysis, diminished renal gluconeogenesis, and
alterations in insulin clearance substantially increase the risk of
hypoglycemia. Therefore, individualized glycemic monitoring and
careful adjustment of antidiabetic therapy are essential in patients
receiving maintenance  hemodialysis (American  Diabetes
Association, 2025; KDIGO, 2022).

Hormones derived from adipose tissue and stress-related
hormones also undergo significant pathophysiological alterations in
CKD. As renal function declines, reduced renal clearance results in
elevated circulating leptin concentrations. Increased leptin levels
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have been associated with anorexia, protein-energy wasting, chronic
inflammation, and cardiovascular complications. Although
adiponectin possesses insulin-sensitizing and anti-inflammatory
properties, its biological role in CKD remains complex. Several
studies have reported increased circulating adiponectin
concentrations; however, this elevation appears to have limited
protective effects and may instead reflect malnutrition and increased
mortality risk. Circulating resistin concentrations increase because
of reduced renal elimination and persistent inflammation, thereby
contributing to insulin resistance, endothelial dysfunction, and
accelerated atherosclerosis. Furthermore, disruption of the balance
between active and inactive forms of ghrelin, the so-called hunger
hormone, impairs appetite regulation and energy homeostasis,
promoting sarcopenia and protein-energy wasting.

In addition, chronic kidney disease represents a persistent
physiological stress state that chronically activates both the
hypothalamic-pituitary-adrenal axis and the sympathoadrenal
system. Experimental ACTH-induced stress models have
demonstrated that oxidative stress causes significant alterations in
immune responses and hematological parameters, whereas
antioxidant treatment partially reverses these abnormalities
(Donmez et al., 2007). Altered cortisol metabolism, elevated
catecholamine concentrations, and chronic sympathetic activation
contribute to hypertension, insulin resistance, skeletal muscle
protein catabolism, and cardiovascular disease. Moreover,
persistently elevated concentrations of pro-inflammatory cytokines,
including interleukin-1p (IL-1pB), interleukin-6 (IL-6), and tumor
necrosis factor-a (TNF-a), reduce hormone receptor sensitivity
while simultaneously increasing oxidative stress, thereby
accelerating the progression of multiple endocrine disorders.
Experimental diabetic models have further demonstrated that
antioxidant therapies reduce lipid peroxidation while enhancing

--16--



antioxidant defense systems such as superoxide dismutase,
glutathione, and catalase, thereby attenuating the endocrine and
metabolic consequences of oxidative stress (Salgintas et al., 2021).
Collectively, the complex interactions among gonadal hormones,
pancreatic hormones, adipokines, and stress hormones constitute one
of the principal pathophysiological mechanisms underlying
metabolic disturbances, nutritional impairment, reproductive
dysfunction, and adverse cardiovascular outcomes in patients
undergoing maintenance hemodialysis (McEwen, 2021; Melmed et
al., 2024; Taal et al., 2020).

Effects of Hemodialysis on the Endocrine System, Clinical
Consequences, and Current Therapeutic Approaches

Although hemodialysis is an indispensable renal replacement
therapy for sustaining life in patients with end-stage kidney disease,
it cannot fully replace the complex endocrine functions of the
kidneys. During dialysis, circulating hormone concentrations are
influenced by the biocompatibility of the dialysis membrane, pore
size, ultrafiltration capacity, molecular weight, protein-binding
characteristics, and volume of distribution of individual hormones.
Low-molecular-weight peptide hormones may be partially removed
during dialysis, whereas the clearance of larger molecules or
hormones tightly bound to plasma proteins remains markedly
limited. Consequently, prolactin, leptin, fibroblast growth factor-23
(FGF-23), B2-microglobulin, and several inflammatory mediators
continue to accumulate in the circulation. Rapid fluid and electrolyte
shifts, osmotic fluctuations, and bioincompatibility reactions
occurring during hemodialysis sessions also trigger acute hormonal
responses involving the hypothalamic pituitary axis, the sympathetic
nervous system, and the renin angiotensin aldosterone system
(RAAS). Although improved dialysis adequacy reduces the burden
of uremic toxins, persistent endocrine abnormalities indicate that the

endocrine functions of the kidney cannot be restored solely through
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filtration replacement. In recent years, online hemodiafiltration (OL-
HDF) has gained increasing attention because its enhanced
convective clearance enables more efficient removal of middle-
molecular-weight uremic toxins and inflammatory mediators. OL-
HDF has been reported to reduce chronic inflammation, improve
erythropoietin  responsiveness, decrease circulating FGF-23
concentrations, and partially alleviate hormonal disturbances;
however, additional prospective studies are required to clarify its
long-term endocrine benefits. Persistent endocrine dysfunction in
patients undergoing maintenance hemodialysis contributes to
numerous clinical complications, including cardiovascular disease,
left ventricular hypertrophy, vascular calcification, osteoporosis,
renal osteodystrophy, sarcopenia, frailty syndrome, protein-energy
wasting, malnutrition, and impaired immune function. In particular,
low T3 syndrome, elevated FGF-23 concentrations, secondary
hyperparathyroidism, hypogonadism, and chronic inflammation are
recognized as independent predictors of reduced quality of life,
impaired physical function, increased hospitalization rates, and all-
cause mortality (Canaud et al., 2023; Hall, 2021; Kidney Disease:
Improving Global Outcomes [KDIGO], 2024; Taal et al., 2020).

The management of endocrine disorders in patients receiving
maintenance hemodialysis requires a multidisciplinary approach,
with the primary goal of restoring hormonal homeostasis as
effectively as possible while preventing long-term complications.
Erythropoiesis-stimulating  agents (ESAs) combined with
intravenous iron supplementation have long represented the standard
treatment for renal anemia, whereas hypoxia-inducible factor prolyl
hydroxylase inhibitors (HIF-PHIs) have recently emerged as
promising therapeutic agents because they stimulate endogenous
erythropoietin  production and improve iron metabolism.
Disturbances of mineral and bone metabolism are managed
primarily with active vitamin D analogs, phosphate binders, and
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calcimimetics to control secondary hyperparathyroidism. Renin
angiotensin aldosterone system inhibitors continue to play a central
role in blood pressure control, reduction of proteinuria, and
cardiovascular protection. In selected patients with preserved
residual kidney function, sodium glucose cotransporter-2 (SGLT2)
inhibitors have gained increasing importance because of their
renoprotective and cardioprotective effects. In addition, testosterone
replacement therapy, thyroid hormone replacement, growth hormone
therapy, and individualized hormone replacement strategies may be
considered in carefully selected patient populations. Emerging
therapeutic approaches-including Klotho-based therapies, FGF-23-
targeted biological agents, next-generation HIF modulators, anti-
inflammatory therapies, and artificial intelligence-assisted
personalized endocrine monitoring systems-have become major
focuses of both experimental and clinical research. These advances
aim not only to correct endocrine abnormalities but also to reduce
cardiovascular complications, preserve physical performance,
improve quality of life, and enhance long-term survival. Therefore,
comprehensive assessment of endocrine function and individualized
therapeutic strategies have become fundamental components of
contemporary nephrology practice (American Diabetes Association,
2025; Noonan et al., 2020; Kidney Disease: Improving Global
Outcomes [KDIGO], 2022, 2024; Melmed et al., 2024; McEvoy et
al., 2024).

Conclusion

Chronic kidney disease and maintenance hemodialysis
profoundly affect not only the filtration capacity of the kidneys but
also their diverse endocrine functions that are essential for
maintaining  systemic  hormonal = homeostasis. = Reduced
erythropoietin synthesis, dysregulation of the renin angiotensin
aldosterone system, impaired vitamin D metabolism, alterations of

the FGF-23/Klotho axis, dysfunction of the hypothalamic pituitary,
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thyroid, gonadal, and pancreatic endocrine systems, together with
disturbances in adipokines and stress hormones, collectively
constitute the complex endocrine abnormalities observed in patients
undergoing hemodialysis. These hormonal alterations do not occur
independently but rather interact through a multifactorial
pathophysiological network involving chronic inflammation,
oxidative stress, accumulation of uremic toxins, and reduced
hormone receptor sensitivity.

Although hemodialysis is an effective life-sustaining renal
replacement therapy, it cannot fully restore the endocrine functions
of the kidneys. Membrane characteristics, hormone molecular
weight, protein-binding affinity, and dialysis adequacy directly
influence endocrine responses, and the circulating concentrations
and biological activities of many hormones remain abnormal despite
treatment. Consequently, patients remain susceptible to numerous
clinical complications, including renal anemia, secondary
hyperparathyroidism, chronic kidney disease mineral and bone
disorder (CKD-MBD), cardiovascular disease, insulin resistance,
reproductive dysfunction, sarcopenia, malnutrition, and frailty
syndrome. These complications not only impair quality of life but
also substantially increase hospitalization rates and mortality.

Current therapeutic strategies-including erythropoiesis-
stimulating agents, hypoxia-inducible factor prolyl hydroxylase
inhibitors, active vitamin D analogs, calcimimetics, RAAS
inhibitors, and SGLT?2 inhibitors in appropriate patient populations-
have significantly improved the management of endocrine disorders
associated with CKD. Nevertheless, Klotho- and FGF-23-targeted
therapies,  anti-inflammatory  biological = agents,  online
hemodiafiltration, and artificial intelligence-assisted personalized
treatment models represent promising future directions.
Comprehensive  evaluation of endocrine function, early
identification of hormonal abnormalities, and individualized
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therapeutic interventions are expected not only to improve metabolic
homeostasis but also to reduce cardiovascular complications,
preserve functional capacity, enhance quality of life, and improve
long-term survival. Accordingly, a thorough understanding of renal
endocrine physiology and the hormonal alterations associated with
chronic kidney disease remains a major area of ongoing research and
clinical importance in both basic science and modern nephrology.
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BOLUM 2

EFFECTS OF PESTICIDES ON GLOMERULAR
AND TUBULAR FUNCTIONS

Mehmet OZSAN!
Canan CEYLAN?
Nurcan DONMEZ3

Introduction

Pesticides have become an indispensable component of
modern agricultural practices and play a critical role in ensuring food
security and controlling disease vectors worldwide. They are defined
as chemical or biological agents widely used to increase agricultural
productivity, control harmful organisms, and minimize crop losses.
A broad spectrum of pesticide classes, including insecticides,
herbicides, fungicides, rodenticides, and fumigants, is currently used
across the globe (Valcke et al., 2017).

The extensive and often uncontrolled application of these
chemicals has raised significant toxicological concerns regarding
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their adverse effects on non-target organisms, particularly mammals.
Increasing pesticide consumption in regions with intensive
agricultural activities has substantially contributed to environmental
contamination and human exposure, making pesticide-related
toxicity an important public health issue. Human exposure is not
restricted to agricultural workers but also occurs through
contaminated food, drinking water, soil, and air, thereby affecting
the general population. The biological consequences of pesticide
exposure depend on multiple factors, including the chemical
structure of the compound, exposure dose, duration of exposure, and
individual susceptibility. Recent epidemiological and experimental
evidence has demonstrated that pesticide exposure may induce
significant adverse effects on several organ systems, particularly the
kidneys, liver, nervous system, and endocrine system (Sule et al.,
2022; Hsu et al., 2025; Lu et al., 2026).

The kidneys are highly susceptible to environmental
toxicants because of their high renal blood flow, intense metabolic
activity, and essential role in the elimination of endogenous and
exogenous compounds. Receiving approximately 20-25% of the
cardiac output, the kidneys continuously filter blood and eliminate
numerous endogenous metabolites and Xxenobiotics through
glomerular filtration and tubular transport processes (Hall, 2021,
Barrett et al., 2019). These physiological characteristics also
facilitate the accumulation of pesticide metabolites within renal
tissues, thereby increasing the vulnerability of both glomerular and
tubular cells to toxic injury (Valcke et al., 2017). Experimental
studies have consistently demonstrated that many pesticides induce
nephrotoxicity through oxidative stress, inflammatory responses,
mitochondrial dysfunction, and apoptosis. These pathological
mechanisms may subsequently lead to a reduction in glomerular
filtration rate, proteinuria, tubular dysfunction, and, ultimately, the
development of chronic kidney disease (Qi et al., 2024; Hsu et al.,
2025; Lu et al., 2026).

Recent epidemiological investigations have reported a
significantly increased incidence of acute kidney injury (AKI) and
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chronic kidney disease (CKD) among populations occupationally or
environmentally exposed to pesticides. Chronic kidney disease of
unknown etiology (CKDu) has emerged as a particularly important
clinical entity among agricultural workers, in whom pesticide
exposure, heavy metal contamination, and recurrent dehydration are
considered major contributing factors (Valcke et al., 2017).
Accumulating evidence has strengthened the association between
commonly used pesticides, including glyphosate, paraquat, atrazine,
organophosphate compounds, and pyrethroids, and impaired renal
function. Occupationally exposed agricultural workers have been
shown to exhibit elevated serum creatinine concentrations, reduced
estimated glomerular filtration rate (eGFR), and increased levels of
biomarkers indicative of early tubular injury. Experimental animal
studies have also demonstrated characteristic histopathological
alterations, including glomerular degeneration, tubular necrosis,
interstitial inflammation, and renal fibrosis. Growing evidence
indicates that, in addition to conventional renal function tests, novel
biomarkers such as Kidney Injury Molecule-1 (KIM-1), Neutrophil
Gelatinase-Associated  Lipocalin ~ (NGAL),  N-acetyl-B-D-
glucosaminidase (NAG), and cystatin C may facilitate the early
detection of pesticide-induced kidney injury. This chapter
comprehensively reviews the current understanding of the effects of
pesticides on glomerular and tubular function, with particular
emphasis on the underlying molecular mechanisms and the evidence
derived from recent experimental and clinical studies (Shearer et al.,
2021; Andreotti et al., 2025; Qi et al., 2024).

Renal Glomerular and Tubular Physiology

The kidneys are vital organs responsible for maintaining fluid
and electrolyte balance, eliminating metabolic waste products,
regulating acid-base homeostasis, and controlling blood pressure.
Each kidney contains approximately one million nephrons, the
functional units of the kidney, each consisting of the glomerulus,
Bowman's capsule, proximal tubule, loop of Henle, distal tubule, and
collecting duct. The nephron coordinates glomerular filtration and
tubular reabsorption through highly integrated physiological
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processes. The glomerular filtration barrier is composed of
fenestrated endothelial cells, the glomerular basement membrane
(GBM), and podocyte foot processes connected by slit diaphragms.
This specialized filtration barrier represents the first renal structure
exposed to circulating pesticides and their metabolites during
filtration (Hall, 2021; Barrett et al., 2019).

Urine formation depends on three complementary
physiological processes: glomerular filtration, tubular reabsorption,
and tubular secretion. These mechanisms maintain body water
balance, regulate electrolyte concentrations, preserve metabolic
homeostasis, and facilitate the elimination of endogenous
metabolites and exogenous compounds from the body (Hall, 2021;
Barrett et al., 2019).

The glomerulus serves as the primary filtration unit of the
kidney and contains a trilaminar filtration barrier consisting of
fenestrated endothelial cells, the glomerular basement membrane,
and podocyte foot processes. This barrier exhibits selective
permeability based on molecular size and electrical charge, allowing
water, electrolytes, and low-molecular-weight solutes to enter
Bowman's space while retaining large plasma proteins within the
circulation. In healthy adults, the glomerular filtration rate (GFR) is
approximately 120-125 mL/min and is precisely regulated by the
tone of the afferent and efferent arterioles, systemic blood pressure,
and the tubuloglomerular feedback mechanism. Maintenance of this
physiological balance is essential for preserving normal renal
function (Hall, 2021; Barrett et al., 2019).

Approximately %99 of the ultrafiltrate generated by
glomerular filtration is reabsorbed along the nephron. Most
reabsorption occurs in the proximal tubule, where the majority of
filtered water, sodium, glucose, amino acids, and bicarbonate is
returned to the circulation. The loop of Henle contributes to the
establishment of the medullary osmotic gradient, whereas the distal

--28--



tubule and collecting ducts regulate the final volume and
concentration of urine under the influence of aldosterone and
antidiuretic hormone. The kidneys therefore function not only as
filtration organs but also as dynamic regulators of water and
electrolyte homeostasis.

The tubular system is also responsible for the active secretion
of numerous endogenous metabolites, pharmaceutical agents, and
environmental toxicants. Organic anion and organic cation
transporters mediate the uptake of a wide variety of xenobiotics into
tubular epithelial cells, allowing their subsequent excretion into the
urine. The proximal tubular epithelium is particularly vulnerable to
nephrotoxic agents because of its high mitochondrial density and
substantial energy demand. Environmental toxicants and pesticides
initially interfere with tubular transport systems, disrupt cellular
energy metabolism, and subsequently impair glomerular and
interstitial structures. The proximal tubular epithelium possesses an
extensive brush border composed of microvilli, providing a large
absorptive surface area, and highly expresses basolateral transport
proteins, including organic anion transporters (OAT1 and OAT3)
and the organic cation transporter OCT2 (Valcke et al., 2017). A
substantial proportion of pesticides enters proximal tubular cells
through these specialized transporters and accumulates
intracellularly, making the proximal tubule the primary target of
pesticide-induced nephrotoxicity.

In addition to their filtration and tubular transport functions,
the kidneys represent one of the body's major detoxification organs.
Numerous pesticides and their metabolites are filtered through the
glomerulus and subsequently undergo tubular secretion and
reabsorption before being eliminated in the urine. Prolonged or high-
dose pesticide exposure may increase reactive oxygen species
production, induce mitochondrial dysfunction, and activate
inflammatory pathways, ultimately leading to structural and
functional damage of both the glomerular filtration barrier and
tubular epithelial cells. A thorough understanding of normal
glomerular and tubular physiology therefore provides the
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fundamental basis for elucidating the mechanisms underlying
pesticide-induced nephrotoxicity (Hsu et al., 2025).

Renal Uptake of Pesticides and Mechanisms of Nephrotoxicity

Pesticides enter the human body primarily through oral,
inhalational, and dermal routes. The inhalation of pesticide aerosols
during agricultural applications, consumption of contaminated food
and drinking water, and direct skin contact represent the most
common exposure pathways. Following absorption, pesticides are
distributed through the systemic circulation to highly perfused
organs, where they undergo biotransformation into various
metabolites. The kidneys are particularly vulnerable to pesticide
exposure because they receive approximately one-quarter of the
cardiac output and serve as one of the principal organs responsible
for the elimination of xenobiotics. Water-soluble pesticide
metabolites are readily delivered to the nephron through glomerular
filtration, whereas a substantial proportion of lipophilic compounds
accumulates within renal cells via tubular transport systems (Hsu et
al.,2025; Qi et al., 2024).

Oxidative stress is widely recognized as the principal
mechanism underlying pesticide-induced nephrotoxicity. Numerous
pesticides increase the intracellular generation of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) while
simultaneously reducing the activity of endogenous antioxidant
defense systems, including superoxide dismutase, catalase, and
glutathione peroxidase. Excessive oxidative stress promotes lipid
peroxidation, protein oxidation, and DNA damage, leading to
disruption of cellular membrane integrity and impairment of
mitochondrial function (Sule et al., 2022; Gyuraszova et al., 2020).

Experimental models of aluminum-induced nephrotoxicity
have similarly demonstrated that oxidative stress represents one of
the principal determinants of renal tissue injury, whereas antioxidant
compounds such as N-acetylcysteine significantly attenuate
histopathological damage (Kaya et al., 2023). Proximal tubular
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epithelial cells, characterized by high energy requirements and
abundant mitochondrial content, are particularly susceptible to
oxidative injury. Reduced ATP production disrupts the function of
membrane ion pumps and ultimately impairs tubular transport
mechanisms (Sule et al., 2022; Kaya et al., 2023).

Experimental evidence indicates that several classes of
pesticides, including organophosphates, pyrethroids, glyphosate,
and paraquat, induce nephrotoxicity through similar molecular
pathways. These compounds initially trigger subclinical oxidative
stress and inflammatory responses, whereas prolonged exposure
may result in disruption of the glomerular filtration barrier, tubular
necrosis, interstitial fibrosis, and progressive chronic kidney disease.
Clinical studies have consistently reported associations between
pesticide exposure and elevated serum creatinine concentrations,
reduced estimated glomerular filtration rate (eGFR), and increased
levels of early renal injury biomarkers, including Kidney Injury
Molecule-1 (KIM-1), Neutrophil Gelatinase-Associated Lipocalin
(NGAL), and N-acetyl-p-D-glucosaminidase (NAG). These findings
suggest that pesticides not only induce acute renal toxicity but also
represent important environmental risk factors for the development
and progression of chronic kidney disease (Shearer et al., 2021;
Andreotti et al., 2025; Lu et al., 2026).

Pesticide-induced nephrotoxicity develops through the
coordinated activation of multiple interconnected molecular
mechanisms  following renal exposure. Oxidative stress,
inflammatory signaling, mitochondrial dysfunction, endoplasmic
reticulum stress, and apoptotic cell death collectively contribute to
structural and functional renal injury. A comprehensive
understanding of these pathogenic mechanisms is essential for the
early detection of pesticide-related kidney damage and for the
development of effective antioxidant and nephroprotective
therapeutic strategies (Sule et al., 2022; Hsu et al., 2025).
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Effects of Pesticides on Glomerular Function

Glomeruli are exposed to both direct chemical injury and
indirect damage mediated by systemic immune and inflammatory
responses following pesticide exposure.

Pesticide Exposure

>

|——> Podocyte Injury and Slit Diaphragm Dysfunction

Proteinuria / Albuminuria

|—> Glomerular Basement Membrane Thickening and

Glomerulosclerosis » Reduced Glomerular Filtration Rate

(GFR)

L—p Mesangial Cell Proliferation » Glomerulonephritis-

like Lesions

The glomerulus is the primary filtration unit of the kidney
and possesses a highly selective filtration barrier that permits the
passage of water and low-molecular-weight solutes while retaining
plasma proteins and cellular components within the circulation.
Pesticide exposure may compromise the structural integrity of this
barrier, which consists of glomerular capillary endothelial cells, the
glomerular basement membrane, and podocytes, thereby resulting in
significant alterations in glomerular filtration function. Podocytes
are highly differentiated cells with limited regenerative capacity and
play a critical role in preserving the integrity of the glomerular
filtration barrier. Experimental and clinical evidence indicates that
pesticide-induced oxidative stress, inflammation, and mitochondrial
dysfunction can impair podocyte function and increase glomerular
permeability. Progressive disruption of the filtration barrier
promotes proteinuria and albuminuria and may ultimately contribute
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to a decline in glomerular filtration rate and the development of
chronic kidney disease (Hsu et al., 2025; Lu et al., 2026).

Commonly used pesticides, including organophosphates,
glyphosate, and paraquat, have also been reported to enhance
oxidative stress and inflammatory responses in glomerular
endothelial cells, increasing filtration barrier permeability and
promoting the development of albuminuria and proteinuria.
Prolonged exposure may induce progressive structural alterations,
including reduced glomerular filtration rate (GFR), mesangial cell
proliferation, and glomerulosclerosis (Qi et al., 2024; Hsu et al.,
2025). Progressive focal segmental glomerulosclerosis (FSGS)
further decreases the effective glomerular filtration surface area,
leading to persistent reductions in GFR (Valcke et al., 2017).

Experimental animal studies have demonstrated that
numerous pesticides induce pronounced histopathological
alterations within glomerular structures. Comparable glomerular
lesions have also been observed in experimental models of aflatoxin-
induced nephrotoxicity, in which degenerative changes affecting
glomerular capillaries were significantly attenuated by the
administration of protective agents (Colakoglu & Donmez, 2013).
Histopathological findings include dilation of glomerular capillaries,
narrowing of Bowman's space, thickening of the glomerular
basement membrane, effacement of podocyte foot processes, and
accumulation of mesangial matrix. These structural abnormalities
not only increase protein leakage across the filtration barrier but also
predispose downstream nephron segments to secondary functional
impairment. Recent experimental evidence further suggests that
pesticide exposure represents an important environmental risk factor
for renal fibrosis and the progression of chronic kidney disease in
addition to its direct effects on glomerular injury (Sule et al., 2022;
Gyurészova et al., 2020).

Human studies have yielded comparable findings, with
significant associations reported between occupational pesticide
exposure and impaired renal function, particularly among
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agricultural workers. Individuals with high levels of occupational
exposure exhibit elevated serum creatinine concentrations, reduced
estimated glomerular filtration rate (eGFR), and an increased
prevalence of microalbuminuria. Early indicators of glomerular
injury, including the urinary albumin-to-creatinine ratio and serum
cystatin C levels, have also been shown to correlate with pesticide
exposure. These observations indicate that pesticides produce not
only acute nephrotoxic effects but may also contribute to the
development and progression of chronic kidney disease through
persistent impairment of glomerular filtration function (Shearer et
al., 2021; Andreotti et al., 2025).

Effects of Pesticides on Tubular Function

Renal tubules are nephron segments responsible for
reabsorbing the majority of the ultrafiltrate generated by glomerular
filtration and actively secreting numerous endogenous and
exogenous compounds. Proximal tubular epithelial cells are
particularly susceptible to pesticide-induced toxicity because of their
high metabolic activity, abundant mitochondrial content, and
extensive expression of membrane transport proteins. Experimental
and clinical evidence indicates that tubular injury often represents
one of the earliest manifestations of pesticide-induced
nephrotoxicity and may precede overt glomerular dysfunction
(Alamilla-Sanchez et al., 2025; Hsu et al., 2025; Lu et al., 2026).

Pesticides are transported into tubular epithelial cells through
organic anion and organic cation transporters, resulting in
intracellular accumulation. This process disrupts cellular energy
metabolism and impairs tubular reabsorptive capacity.
Consequently, the reabsorption of essential substances, including
sodium, glucose, amino acids, and bicarbonate, is compromised,
ultimately contributing to the development of tubular dysfunction
(Hsu et al., 2025; Qi et al., 2024).

Histopathological examination of pesticide-induced renal
injury typically reveals degeneration of the proximal tubular



epithelium, tubular dilation, cellular necrosis, and interstitial
inflammation. These structural abnormalities impair the reabsorptive
and secretory functions of the nephron and may progressively reduce
overall renal function. Similar pathological findings have been
reported in experimental models of aluminum-induced
nephrotoxicity, in which prominent tubular degeneration was
observed and treatment with N-acetylcysteine exerted significant
renoprotective effects (Kaya et al., 2023).

Herbicides, particularly paraquat and glyphosate-based
formulations, exert direct cytotoxic effects on proximal tubular
epithelial cells. Acute exposure to high doses results in loss of the
brush border, cytoplasmic vacuolization, and ultimately acute
tubular necrosis (ATN), characterized by detachment and shedding
of necrotic tubular epithelial cells into the tubular lumen (Mohamed
et al., 2015; Qi et al., 2024; Lu et al., 2026). Cellular debris
subsequently accumulates within the tubular lumen, forming casts
that contribute to intrarenal obstruction and the development of acute
kidney injury (Hall, 2021; Kellum et al., 2012).

Several biomarkers are currently used for the assessment of
tubular injury, including Kidney Injury Molecule-1 (KIM-1),
Neutrophil Gelatinase-Associated Lipocalin (NGAL), N-acetyl-p-
D-glucosaminidase (NAG), and p2-microglobulin.  These
biomarkers increase before detectable changes occur in serum
creatinine concentrations, thereby allowing the early identification
of tubular injury. Their combined assessment with conventional
renal function tests provides substantial advantages for the early
diagnosis and clinical monitoring of individuals with chronic
pesticide exposure (Shearer et al., 2021; Vaidya et al., 2010).

Distal nephron segments are metabolically less active than
proximal tubules; nevertheless, their location within the renal
medulla exposes them to high osmotic stress and elevated
concentrations of filtered toxicants. Pesticide-induced injury in these
nephron segments may impair urinary concentrating capacity and
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disrupt water and electrolyte homeostasis, particularly following
prolonged or high-dose exposure (Hsu et al., 2025; Lu et al., 2026).

Clinical and epidemiological studies indicate that chronic
pesticide exposure may contribute substantially to the development
of chronic kidney disease through persistent tubular dysfunction.
Structural and functional alterations in tubular epithelial cells
gradually promote interstitial inflammation and fibrosis,
accelerating nephron loss over time. Glyphosate, paraquat,
organophosphate compounds, and several pyrethroid pesticides have
been consistently associated with marked toxicity in proximal
tubular cells, subsequently contributing to progressive impairment
of glomerular function. Comprehensive evaluation of pesticide-
induced nephrotoxicity should therefore include biomarkers of
tubular injury in addition to conventional indicators of glomerular
filtration, as this integrated approach facilitates the early detection of
renal damage and improves clinical assessment of nephrotoxicity
(Andreotti et al., 2025; Hsu et al., 2025; Qi et al., 2024).

Molecular and Cellular Mechanisms of Pesticide-Induced
Nephrotoxicity

The loss of renal function induced by pesticide exposure is
primarily mediated by three closely interconnected cellular
mechanisms: oxidative stress, mitochondrial dysfunction, and
apoptosis (Valcke et al., 2017).

Oxidative Stress and Lipid Peroxidation

Oxidative stress is considered the universal mechanism
underlying pesticide-induced nephrotoxicity. Numerous pesticides
stimulate excessive production of reactive oxygen species (ROS)
while suppressing endogenous antioxidant defense systems,
including superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GPx) (Evran et al., 2014). Excessive ROS
generation initiates lipid peroxidation by attacking polyunsaturated
fatty acids within tubular cell membranes, resulting in increased
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malondialdehyde (MDA) production. These events irreversibly
impair membrane fluidity and permeability, ultimately disrupting
normal cellular function.

Mitochondrial Dysfunction and Cellular Energy Failure

Proximal tubular epithelial cells rely almost entirely on
mitochondrial ATP production to sustain active transport processes.
Pesticides such as rotenone and paraquat directly inhibit Complex |
and Complex Il of the mitochondrial electron transport chain
(ETC), thereby impairing oxidative phosphorylation (Mohamed et
al., 2015). Loss of mitochondrial membrane potential results in
depletion of intracellular ATP stores and disruption of calcium
(Ca?") homeostasis, leading to severe impairment of tubular cell
function.

Apoptotic and Necrotic Cell Death Pathways

Persistent oxidative stress and mitochondrial dysfunction
induced by pesticide exposure ultimately result in tubular epithelial
cell death through both apoptotic and necrotic pathways. Excessive
production of reactive oxygen species disrupts mitochondrial
integrity, leading to ATP depletion, loss of membrane potential, and
irreversible cellular injury. Mild to moderate injury generally
activates apoptotic signaling, whereas severe oxidative damage
promotes necrotic cell death. Progressive loss of tubular epithelial
cells contributes to tubular atrophy, interstitial fibrosis, nephron loss,
and the subsequent decline in renal function (Gyurdszova et al.,
2020; Hsu et al., 2025; Lu et al., 2026).

Biomarkers of Pesticide-Induced Kidney Injury

Early detection of pesticide-induced kidney injury is
essential for preventing irreversible renal dysfunction. Conventional
indicators of renal function, including serum creatinine, blood urea
nitrogen (BUN), and estimated glomerular filtration rate (eGFR),
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remain widely used in clinical practice (Kellum et al., 2012; Hall,
2021). These parameters generally become abnormal only after
substantial nephron damage has already occurred and therefore have
limited sensitivity for detecting early glomerular or tubular injury.
The development of novel molecular biomarkers has made it
possible to identify subclinical kidney injury associated with
pesticide exposure at considerably earlier stages (Vaidya etal., 2010;
Hsu et al., 2025).

Glomerular Injury Biomarkers: Several biomarkers have
demonstrated greater sensitivity than conventional renal function
tests for evaluating glomerular injury. These include
microalbuminuria, the urinary albumin-to-creatinine ratio (UACR),
and serum cystatin C concentrations, all of which provide valuable
information regarding early impairment of glomerular filtration (Hsu
etal., 2025; Lu et al., 2026).

Tubular Injury Biomarkers: Tubular injury can be assessed
more accurately using biomarkers released from injured tubular
epithelial cells into the tubular lumen, including Kidney Injury
Molecule-1 (KIM-1), Neutrophil Gelatinase-Associated Lipocalin
(NGAL), N-acetyl-p-D-glucosaminidase (NAG), B2-microglobulin,
and retinol-binding protein (Kellum et al., 2012; Ostermann et al.,
2020). Experimental studies have demonstrated that exposure to
glyphosate, paraquat, and organophosphate pesticides causes
elevations in these biomarkers before detectable increases in serum
creatinine occur. Their concentrations also correlate strongly with
histopathological evidence of renal injury. Combined assessment of
conventional biochemical parameters and these novel biomarkers is
therefore recommended, particularly for individuals with
occupational pesticide exposure, to facilitate early diagnosis and
clinical monitoring of nephrotoxicity (Shearer et al., 2021; Qi et al.,
2024).
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Recent advances in omics technologies have enabled the
identification of novel biomarkers for pesticide-induced
nephrotoxicity. Proteomic, metabolomic, and microRNA-based
investigations have identified numerous candidate biomarkers
reflecting oxidative stress, inflammatory responses, and cell death
pathways that may eventually become applicable in clinical practice.
Additional validation studies involving larger populations and
different classes of pesticides are still required to establish their
diagnostic sensitivity and specificity before routine clinical
implementation. Future integration of conventional renal function
tests with molecular biomarkers is expected to substantially improve
the early diagnosis, risk assessment, and therapeutic management of
pesticide-induced kidney injury (Hsu et al., 2025; Gyuraszova et al.,
2020).

Effects of Different Pesticide Classes on Renal Function

Although pesticides are classified into different groups
according to their chemical structures, the underlying mechanisms
of renal injury are largely shared and primarily involve oxidative
stress, inflammation, and disruption of cellular energy metabolism.
Nevertheless, the specific renal targets and the resulting
histopathological alterations vary among pesticide classes.
Organophosphates, organochlorines, carbamates, pyrethroids, and
herbicides are among the most extensively investigated pesticide
groups and have been associated with both glomerular and tubular
dysfunction in experimental and epidemiological studies. The
severity of renal injury is influenced by several factors, including
exposure duration, dose, route of exposure, and individual
susceptibility (Sule et al., 2022; Hsu et al., 2025).

Although organophosphates and carbamates primarily exert
their toxic effects through inhibition of acetylcholinesterase, they
also induce significant structural alterations in renal tissue.
Experimental studies have demonstrated that these compounds cause
proximal tubular degeneration, glomerular congestion, interstitial
edema, and tubular necrosis. Organochlorine pesticides possess high
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lipophilicity, allowing prolonged retention within tissues, and
chronic exposure has been associated with reduced glomerular
filtration rate, proteinuria, and an increased risk of chronic kidney
disease. Pyrethroid pesticides have been reported to induce renal
injury predominantly through oxidative stress and mitochondrial
dysfunction, resulting primarily in tubular epithelial cell damage
(Gyuraszova et al., 2020; Sule et al., 2022).

Among herbicides, glyphosate and paraquat have received
considerable attention because of their nephrotoxic potential. High-
dose or chronic exposure to glyphosate has been shown to disrupt
the glomerular filtration barrier, damage tubular epithelial cells, and
promote interstitial fibrosis. Paraquat is recognized as one of the
leading environmental causes of acute kidney injury because of its
potent ability to generate reactive oxygen species. Severe paraquat
poisoning may result in acute tubular necrosis and rapidly
progressive renal failure. Human studies have consistently
demonstrated that long-term occupational pesticide exposure,
particularly among agricultural workers and pesticide applicators, is
associated with elevated serum creatinine concentrations, reduced
estimated glomerular filtration rate (eGFR), and increased levels of
early biomarkers of renal injury. These findings indicate that, despite
differences in their molecular mechanisms of action, various
pesticide classes ultimately lead to progressive deterioration of renal
function (Qi et al., 2024; Shearer et al., 2021; Andreotti et al., 2025).

Prevention and Treatment of Pesticide-Induced Kidney Injury

The most effective strategy for preventing pesticide-induced
kidney injury is to minimize or completely avoid exposure whenever
possible. The wuse of personal protective equipment during
agricultural activities, safe storage and proper application of
pesticides, reduction of environmental contamination, and
implementation of educational programs substantially decrease
exposure risk. Regular health surveillance and periodic assessment
of renal function among agricultural workers and individuals
employed in pesticide manufacturing facilitate the early detection of
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subclinical kidney injury. Increasing implementation of biological
monitoring programs and environmental risk assessment strategies
has become an important public health approach for preventing
pesticide-associated chronic kidney disease (Shearer et al., 2021;
Hsu et al., 2025).

No specific antidote is currently available for pesticide-
induced nephrotoxicity, and treatment is therefore largely based on
supportive care. Maintenance of fluid and electrolyte balance,
avoidance of additional nephrotoxic agents, and initiation of renal
replacement therapy when clinically indicated constitute the
fundamental principles of management following acute pesticide
exposure. Experimental studies have demonstrated that antioxidant
compounds, including N-acetylcysteine, melatonin, resveratrol,
curcumin, quercetin, and various polyphenols, reduce oxidative
stress and attenuate both glomerular and tubular injury. Recent
preclinical investigations have further confirmed the renoprotective
effects of natural antioxidants and polyphenolic compounds against
pesticide-induced renal damage at the molecular level. Large-scale
randomized controlled clinical trials evaluating the efficacy of these
agents remain limited, and additional evidence is required before
their routine clinical use can be recommended (Sule et al., 2022;
Gyurészova et al., 2020).

Future management of pesticide-induced kidney injury is
expected to benefit substantially from the widespread application of
early diagnostic biomarkers, biological monitoring of individual
pesticide exposure, and the development of artificial intelligence-
based risk prediction models. Combined assessment of conventional
renal function tests and molecular biomarkers, particularly in high-
risk occupational populations, may facilitate early therapeutic
interventions capable of preventing the progression of chronic
kidney disease. Continued development of environmentally friendly
pesticides, increased utilization of biopesticides with lower toxicity
profiles, and implementation of more stringent pesticide regulatory
policies will also contribute significantly to the protection of renal
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health at both individual and population levels (Hsu et al., 2025;
Andreotti et al., 2025).

Pathophysiological Renal Responses to Pesticide Exposure

The renal effects of pesticides have been extensively
investigated in both experimental animal models and human
populations over recent years. Experimental studies have
consistently demonstrated that pesticide-induced renal injury
depends on both exposure dose and duration and is characterized by
structural  alterations  affecting glomerular and tubular
compartments. Animal models exposed to pesticides such as
organophosphates, glyphosate, and paraquat frequently exhibit
disruption of the glomerular filtration barrier, proximal tubular
degeneration, interstitial inflammation, and renal fibrosis. Increased
concentrations of biomarkers including serum creatinine, blood urea
nitrogen (BUN), Kidney Injury Molecule-1 (KIM-1), and Neutrophil
Gelatinase-Associated Lipocalin (NGAL) have been shown to
correlate closely with histopathological alterations, emphasizing
their value in the early detection of pesticide-induced kidney injury
(Sule et al., 2022; Qi et al., 2024).

Epidemiological studies conducted in human populations
have largely confirmed these experimental findings. Agricultural
workers, pesticide applicators, and populations with chronic
environmental exposure have been reported to exhibit elevated
serum creatinine concentrations, reduced estimated glomerular
filtration rate (eGFR), and an increased prevalence of albuminuria.
Long-term pesticide exposure has therefore been proposed as an
independent risk factor for the development of chronic kidney
disease. Establishing a definitive causal relationship remains
challenging because individuals are often exposed to multiple
pesticides simultaneously, while lifestyle factors, coexisting medical
conditions, and genetic susceptibility may also influence renal
outcomes. Current epidemiological findings should therefore be
interpreted with caution and supported by long-term prospective
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studies conducted in diverse populations (Shearer et al., 2021;
Andreotti et al., 2025).

Although substantial evidence demonstrates that pesticides
adversely affect both glomerular and tubular function, several
important knowledge gaps remain. Additional research is required to
clarify the long-term consequences of chronic low-dose exposure,
the combined toxicity of multiple pesticide classes, the contribution
of genetic susceptibility to renal injury, and the renal safety profiles
of emerging biopesticides. Future multicenter studies integrating
artificial intelligence-based risk prediction models, omics
technologies, and novel molecular biomarkers are expected to
improve the early diagnosis, prevention, and risk assessment of
pesticide-induced kidney injury (Hsu et al., 2025; Lu et al., 2026).

Conclusion

Despite their indispensable role in modern agriculture,
pesticides may exert significant adverse effects on renal health when
exposure is prolonged or inadequately controlled. Structural
alterations affecting the glomerular filtration barrier together with
functional impairment of tubular epithelial cells may produce a
broad spectrum of renal disorders ranging from acute kidney injury
to chronic kidney disease. Oxidative stress, inflammation,
mitochondrial dysfunction, and programmed cell death constitute
interconnected pathogenic mechanisms that collectively contribute
to the initiation and progression of renal damage.

Current experimental and clinical evidence indicates that
pesticide exposure can impair renal function not only following
high-dose exposure but also after prolonged low-dose exposure.
Reducing occupational exposure, promoting the consistent use of
personal protective equipment, and implementing regular
monitoring of renal function are therefore essential, particularly
among individuals engaged in agricultural activities. The
incorporation of novel molecular biomarkers into routine clinical



practice may facilitate the identification of pesticide-induced
nephrotoxicity while renal injury remains potentially reversible.

Future investigations should further clarify the long-term
renal effects of different pesticide classes, the toxicological
consequences of combined pesticide exposure, and the contribution
of individual genetic susceptibility to pesticide-induced kidney
injury. Integration of artificial intelligence-assisted analytical
approaches, omics technologies, and emerging molecular
biomarkers has the potential to substantially improve the early
diagnosis and risk  assessment of pesticide-associated
nephrotoxicity. Continued development of environmentally friendly
pesticides, broader implementation of safe pesticide use policies, and
expansion of multidisciplinary research efforts will contribute not
only to the preservation of individual renal health but also to the
improvement of public health.
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BOLUM 3

PATOFiZYOLOJIK MEKANIiZMALAR iLE
VAGAL SINIR STIMULASYONU

Sezin KIROGLU!

Giris
Periferik otonomik sinir sistemi ile santral sinir sistemi
arasindaki ¢ift yonlii iletisimin en kritik kopriisiinli olusturan nervus
vagus, homeostatik dengenin siirdiiriilmesinde ve sistemik
inflamatuar siireclerin regiilasyonunda temel bir rol oynamaktadir.
Son dekadlarda, vagal afferent ve efferent liflerin karmasik
norofizyolojik yolaklar1 {izerindeki fonksiyonel hakimiyetimiz,
Vagal Sinir Stimiilasyonu (VNS) gibi  biyoelektrik  tip
uygulamalarinin  gelisimine zemin hazirlamistir.  Baslangicta
norolojik  ve  psikiyatrik  patolojilerin  tedavisinde  bir
ndromodiilasyon stratejisi olarak klinikte yer bulan VNS,
giiniimiizde hiicresel diizeydeki kolinerjik antiinflamatuar yolagin
(CAP) kesfiyle birlikte kardiyovaskiiler, immiinolojik ve
gastrointestinal sistem hastaliklarinin patofizyolojisini manipiile
edebilen ¢ok yonlii bir terapotik arag haline gelmistir. Bu boliim,
nervus vagus’un anatomik ve fizyolojik altyapisini merkeze alarak,

1 Ogr. Goér. Dr., Saglik Bilimleri Universitesi, Hamidiye Tip Fakiiltesi, Fizyoloji
Anabilim Dali, ORCID: 0000-0003-4190-1553
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VNS’nin molekiiler ve sistemik etki mekanizmalarini incelemekte
ve glincel klinik endikasyonlar 15181inda gelecegin tip pratigindeki
yerini patofizyolojik bir perspektifle ele almaktadir.

Nervus vagus anatomisi ve fonksiyonlari

Otonom sinir sisteminin en uzun ve en genis dagilim 6zelligi
gosteren siniri olan nervus vagus onuncu kafa ¢ifti olup miks sinir
ozelligi tagimaktadir. %80-90 oraninda miyelinsiz afferent lifler
icerirken, %10-20 oraninda miyelinli efferent liflerden meydana
gelmektedir. Karotis kilifi icinde boynun her iki yaninda arteria
karotis kommunis ve vena jugularis interna ile seyreder. Bu kilifin
icinde ayrica derin servikal lenf nodlar1 ve ansa servikalis de yer
almaktadir. Nervus vagus baslangicindan itibaren trasesi boyunca
kritik dallar vererek 6nemli doku ve organ innervasyonlar1 yapar.
Boyun ve torasik bolgedeki dallar, yumusak damak ve farenks
kaslari, vokal kord hareketlerini  diizenleyen  kaslari,
atriyoventrikiiler nod (AV) ve siniis nod (SA) innervasyonunu saglar.
Ayn1 zamanda brons diiz kasina ve 6zofagus ¢evresine uzanan dallari
da bronkokonstriksiyon ve 6zofagus diiz kas innervasyonundan
sorumludur. Ek olarak karin i¢i seyreden dallar1 gastrointestinal
sistem organlarina ulasarak motilite, sekresyon gibi otonomik
fonksiyonlarin diizenlenmesinde belirleyici rol oynar (Patros et al.,
2025).

Vagal afferent lifler beyin sap1 ¢ekirdeklerine ve kortekse
ulagarak beyin aktivitesini diizenler. Bu diizenleme norotransmitter
diizeylerinin degistirilmesi ve hipotalamus-hipofiz-adrenal bez aksi
iizerinden ndrohormonal olarak meydana gelir.  Primer
fonksiyonlarmin yaninda ilgili doku ve organlarda innervasyon
derecesi ve sekline gore ndéroimmunolojik fonksiyonlarin
diizenlenmesinde, mikrobiyota fonksiyon-disfonksiyon dengesinde,
hemodinamik kontroliin diizenlenmesinde ve metabolik olaylarin
seyrinde de rol oynamaktadir. Nervus vagusun genis bir etki alanina
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sahip olmasi, vagal sinir stimiilasyonu (VNS) uygulamalarinin
diizenleyici ve/veya tedavi edici bir yontem olarak bilimsel
literatiirde yer bulmasini saglamistir (Patros et al., 2025).

VNS: Klinik pratige giris

Vagal sinir  stimiilasyonunun  epilepsi  tedavisinde
kullanilabilecegi ilk kez 1880lerde norolog James Corning
tarafindan ortaya atilarak bu yontemin tibbi bir uygulama olarak
literatiire girdigi goriilmektedir. 1938°de Bailey ve Brenner; 1951°de
ise Dell ve Oslon bu alanda ¢alismalar yaparak epilepsi iizerine bu
yontemin etkinligini gozlemlemislerdir. Bu gozlemler 1987°de
implante edilebilir VNG cihaz1 gelistirilmesine olanak saglamis ve
1988°de ilk kez insana implantasyon gerceklestirilmistir. 1997 ye
gelindiginde FDA tamamlayict bir tedavi araci olarak parsiyel
nobetler ile seyreden erigkin epileptik hastalarda bu cihazlarin
kullanimina onay vermistir. VNS uygulanan epileptik hastalarda
gozlenen duygu durum diizelmeleri, emosyonel yanitlarin
stabilizasyonu ve kognitif fonksiyonlarin iyilesmesi gibi hastanin
hayat kalitesini artiran gelismelerin gézlenmesi VNS’nun 2005
yilinda major depresif bozukluk tedavisinde kullanilmasina yonelik
FDA onay1 almasini saglamistir. Uygulama alaninin ve uygulanan
hasta popiilasyonunun artis1 ile birlikte yeni endikasyonlara aday
olmaya devam eden bu uygulama 2015 yilinda FDA onayz1 ile obezite
tedavisinde de yer bulmustur. Giiniimiizde de devam eden
arastirmalarda elde edilen sonuclar, yaygin inflamasyon ile seyreden
hastaliklarda, kalp yetmezliginde otonomik disfonksiyonun
diizeltilmesinde, bagirsak disbiyozunun iyilestirilmesinde de VNS
ile olumlu etkiler elde edilebilecegini ortaya koymaktadir (Goggins
et al., 2022; Hilz, 2022).

VNS: Yontem ve etki yollar:

Vagal sinir stimulasyonu implante edilerek ya da invaziv
olmayan yontemlerle vagal sinire elektriksel sinyaller gonderip
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fonksiyonel bir modiilasyon olusturmayr hedeflemektedir. Bu
kapsamda geleneksel uygulama sol servikal vagal sinir etrafina
yerlestirilen elektrotlar ve bunlara elektriksel uyar1 {iretip
gonderebilen bir enerji kaynaginin sol 6n gogiis duvarinda subkutan
mesafeye cerrahi olarak implante edilmesi ile gergeklestirilmektedir.
Invaziv olmayan VNS yonteminde ise elektriksel uyarilar vagal
sinire servikal bolgeden ya da aurikiiler vagal sinir dallarinin
uyarilmast seklinde transkutanéz olarak gergeklestirilmektedir
(Austelle et al., 2024).

Vagal sinire uygulanan sinyaller retrograd yolla beyin
sapinda Nucleus tractus solitarius (NTS)’a ulasir. VNS nun etkili
oldugu santral néromodulasyon yolaklarini baglica ii¢ baslik altinda
incelemek miimkiindiir. Bu yolaklardan birincisi noradrenerjik
sistem {lizerinden c¢alismaktadir. NTS kaynakli sinyaller, locus
cereleus (LC) bolgesindeki noradrenerjik ndronlari uyarir ve
noradrenalin salinimini artirir. Bu yolak epilepsi gibi talamokortikal
uyarilabilirligin arttigt durumlarda olusturdugu inhibisyon ile
kortikal hipereksitasyonun 6nlenmesini saglar. Ikinci énemli yolak
ise serotonerjik sistem iizerinden gercgeklesir. LC’tan dorsal raphe
nukleusa uzanan noradrenerjik lifler burada yer alan serotonerjik
noronlarin atesleme hizini ve serotonin salgisini artirir. Bu
mekanizma ilaca direngli depresyondaki terapotik etkinligin
mekanizmalarindan biridir.  Son olarak dopaminerjik sistem
iizerinden de prefrontal korteks ve nucleus accumbens diizeyinde
dopamin salgisint  artirarak  beyindeki motivasyon, &diil
mekanizmalart  ve  kognitif  esneklik  {lizerindeki  etkiler
olusturabilmesine olanak saglamaktadir (Austelle et al., 2024; Z.
Chen & Liu, 2025; Hilz, 2022).

Yukarida bahsedilen santral modiilasyon yolaklarmma ek
olarak VNS’nin antiinflamatuar ve ndéroimmunolojik etkinliginde
temel rol oynayan ‘Kolinerjik antiinflamauar yolak (Cholinerjik
anti-inflammatory pathway-CAP) olduk¢a oOnemlidir. Dalakta
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gerceklesen hiicresel etkilesim bu yolagin temel mekanizmasini
olusturmaktadir. Efferent vagal sinyaller Colyak ve superior
mezenterik gangliyon iizerinden sempatik splenik sinire iletilir.
Splenik sinirden salinan noradrenalin dalakta kolin asetiltransferaz
enzimini eksprese eden 6zel bir T lenfosit grubunu beta adrenerjik
reseptorler araciligr ile aktive eder ve asetilkolin salinmasini uyarir.
Asetilkolin  periferik makrofajlarin  ve dentritik hiicrelerin
(mikrogliyalar dahil olmak {izere) metabotropik 6zellik gosteren
a7nACh reseptorlerine baglanarak Jak2/STAT3 yolagi iizerinden
NFkB’nin niikleer translokasyonunu engeller. Bu sayede
proinflamatuar sitokin sekresyonu baskilanir. VNS uygulamasi bu
mekanistik yolak ile inflamatuar zeminde seyreden hastaliklarin
tedavisinde diizeltici etkinlik saglayabilmektedir (Keever et al.,
2023).

VNS: Giincel yaklasim
Noroloji alaninda yeri
Ilaca direncli epilepsi

Epilepsi beyinde ndronlarda lokal ya da yaygin olarak
meydana gelen kontrolsiiz ve diizensiz elektriksel desarjlar sonucu
gelisen, ataklar halinde seyreden kronik bir hastaliktir. Diizensiz
elektriksel aktivite ndbetler sirasinda beyin fonksiyonlarda gegici
bozulmalara sebep olabilmekte ve ndbetin tipine gore degisen
diizeylerde kognitif fonksiyonlarda bozulma, emosyonel yanitlarda
degisiklikler, depresif semptomlar gibi duygu durum degisikliklerine
de neden olabilmektedir. Yaygin ve kronik bu etkilerin hastanin
hayat kalitesini bozacagi ve fonksiyonelligini  olumsuz
etkileyebilecegi agiktir.

Epilepsi tedavisinde ilk segcenek anti ndbet ilaclar olmaktadir.
Cogu kez nobetleri kontrol etmede oldukca etkin olmakla beraber
doz ve etki mekanizmalarina bagli olarak yan etki profilleri bazi
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durumlarda ilag tercihlerini siirlandirabilmektedir. Bunun yaninda
klasik tedavi protokollerine yanitsiz epileptik ndbetler ile seyreden
vakalarda alternatif tedavi arayiglar1 kagmilmazdir. Hastalarin
%30’unda anti nobet tedaviler ile yeterli nobet kontrolii
saglanamadig bildirilmektedir. ilaca direngli epilepsi, International
League Against Epilepsy (ILAE) tarafindan uygun sec¢ilmis ve iyi
tolere edilebilen anti nobet ilaglarin monoterapi ya da kombine
tedavilerinin iki kez denenmesine ragmen nobetsiz donemin (en az
12 ay ndbet goriilmemesi) saglanamamasi olarak tanimlanmaktadir.
Bu hastalarda rezektif cerrahiler, norostimiilasyon cihazlarinin
kullanirmi1  ve diyet terapileri gibi ilag dis1 tedaviler
degerlendirilmektedir (Lampros et al., 2021; Makkawi et al., 2025).

VNS, 25 yili asan bir siiredir ilaca direngli epilepsi
tedavisinde kullanimi onaylanmis bir noérostimiilasyon tedavisidir.
Implante edilebilir bir akim iireticisinden ¢ikan elektriksel uyarilarin
bir elektrot yardimi ile vagal sinire aktarilmasi prensibi ile ¢alisan bu
cihazlara son yillarda nobetleri tespit edebilme farkli modlarda
elektriksel uyar1 olusturabilme 6zellikleri de eklenmistir. Standard
mod uygulamasinda diizenli araliklarla uyar1 saglanirken, alternatif
modlarda (magnet mod) hastanin ya da bakim verenin bir miknatis
yardimi ile nébetin 6nlenmesi i¢in disaridan ek uyar1 verebilmesine
de olanak saglamaktadir. Gelistirilen cihazlarda yer alan otomatik
stimiilasyon ayarlarinin ¢esitliligi ve hastaya 6zel programlamalarin
yapilabilmesi, nobet sirasinda kalp hizindaki goreceli artigin
saptanarak otomatik stimiilasyonun aktive olmasi, gerek olmasi
halinde uyar1 siddetinin otomatik olarak degistirilebilmesi gibi
ozellikler sayesinde tedavi tolerasyonu artmis ve hastane
basvurularinda azalmalar saglanabilmistir. 2024 yilinda yapilan
gozlemsel calisma ilag direncgli epilepside VNS tedavisine yonelik
onemli sonuglar ortaya koymustur. 822 katilimci ile yiiriitiilen bu
calismada 16 tlke ve 61 merkez verileri kullanilmistir. Fokal,
jeneralize ve kombine tipte epileptik nobetler ile seyreden bu
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hastalar 36 siire ile takip edilmistir. Calismanin sonuglart VNS
tedavisinin erken donemlerinde daha belirgin olmak iizere bilinci
etkileyen ve yaralanma riski yiiksek nobet sikliginda azalmalarin
oldugunu, ndbet siddetinin azaldigini, post iktal donemin kisaldigini
ve bu bulgulara paralel olarak hastalarin yarisinin hayat kalitelerinde
artis oldugunu ifade ettigini ortaya koymustur. Bir diger onemli
sonlanim ise epilepsi iliskili acil servis bagvurularinda %55’e varan
azalma oranidir. Baska bir meta analizde nobet sikligi ve siddeti
iizerine VNS tedavisinin olumlu etkileri ortaya koyulurken ek olarak
hastalarin kognitif fonksiyonlarinda ve duygu durumlarinda da
iyilesmeler oldugunu belirtilmistir (Kong et al., 2024; Kwan et al.,
2024; Yang et al., 2023).

VNS birden farkli mekanistik yolak ile beyindeki epileptik
nobet aktivitesini etkileyebilmektedir. LC bdlgesinde noradrenalin
salinimin1 artirmasi hipokampiis, amigdala ve korteks lizerine etkiler
ortaya cikarir. Akut donemde néron membran stabilizasyonu ve
artmis elektriksel desarjin baskilanmasi s6z konu iken kronik
donemde epileptik desarjlara kars1 direng saglayacak olan sinaptik
plastisitenin uyarilmasi1 gergeklesir. Ek olarak temel inhibitor bir
norotransmitter olan GABA seviyelerinin artmasi saglayip, eksitator
norotransmitter olan  glutamatin  etkilerini  module ettigi
gosterilmistir. Bu sayede eksitasyon yoniinde bozulan dengenin
normale donmesini ve glutamat iliskili eksitotoksisitenin
onlenmesini saglamaktadir. VNS ile talamokortikal
senkronizasyonun baskilanmas1 ve bu sayede epileptik aktivitenin
seyreldigi de gosterilmistir (Alqahtani et al., 2020).

Epileptik nobetlerin siklikla uyku sirasinda ya da uykuya
gecis sirasinda meydana geldigi g6z onlinde bulunduruldugunda
VNS uyaniklik halini taklit eden bir durum yaratarak nobet esigini
yiikseltebilecegi ve bu durumun ndbet sikliginda azalma olarak
gozlemlenebilecegini diisiindiirmektedir. Deneysel calismalar ise
VNS uygulamasinin kronik dénemde noral proliferasyonu BDNF
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lizerinden artirarak noroplastititeyi uyardigini gostermistir. Bu
baglamda epilepsi {izerine etkileri erken donemde elektriksel
aktivitenin  degistirilmesi iizerinden agiklanabilirken, kronik
donemde ise beyinde meydana gelen yapisal degisiklikler {izerinden
gergeklesebilecegini goz ardi etmemek gerekir (Austelle et al., 2024;
Downes et al., 2023).

Iskemik inme sonrasi rehabiltasyon

Iskemik inme &liimciil seyredebilen ve  hareket
kisitliliklarinin eslik ettigi komplikasyonlara neden olan 6nemli bir
saglik sorunudur. Inme sonrasi akut dénem gectiginde hastalarin
bliylik kisminda noérolojik sekellerin tedavisinde uzun siiren
rehabilitasyon siireclerine gerek duyulmaktadir. Iyilesmeyi
hizlandiracak yardimci tedavilere duyulan ihtiyacin arttigi bu
sartlarda VNS destekleyici bir tedavi olarak 6n plana ¢ikmaktadir.
Daha Once de bahsedildigi gibi serebral dokuda antiinflamatuar
etkinlik artisin1 uyarmasi, oksidatif stres bilesenlerini azaltici
etkileri, apoptoz ve otofajik yolaklarin {izerindeki inhibitor etkisinin
lyilesme siirecinin hizlanmasina katkida bulundugu bilinmektedir.
Kan beyin bariyeri gegislerindeki bozulmanin 6nleyici ve serebral
dokuda anjiogenezi artiran etkileri sayesinde iskemik inme
tablosunda serebral dolasimi da destekleyici rolii olabilecegi
diistiniilmektedir. VNS’ nun ndroplastisite lizerindeki pozitif etkileri
akut donemde BDNF/cAMP/PKA/p-CREB iligkili yolaklar
iizerinden gelisen ndoroprotektif etkinlik ile aciklanirken; uzun
donemde ilgili ekstremitenin projeksiyon gosterdigi serebral korteks
bolgesinde sinaptik iletkenligi artirmasi ile kortikospinal yolakta
lyilesme saglamasindan bahsedilebilir (Andalib et al., 2023; L. Chen
et al., 2024).

Literatiirde antiinflamatuar etkinligin arastirildig1 ¢aligmalar
incelendiginde VNS tedavisinin IL-1, IL-6, TNF-a, IF-1b gibi
inflamatuar sitokin diizeylerini azalmasi, serebral kortekste CD68+
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hiicre sayisini ve konneksin-43 fosforilasyonunu baskilanmasi,
mikrogliya hiicrelerinde M2 polarizasyonunun artmasi iizerinden
iliskili oldugunu ortaya koymaktadir. Bu etkilerin sonucu olarak
noroproteksiyon, infarkt alaninda kii¢iilme ve norolojik defisitlerin
azaldig1 ortaya koyulmustur. VNS ’nun iskemik kortekste PPAR-
gama ekspresyonunu ve BDNF sentezini uyararak noéronal hasari
azalttigl; uyardigt VEFG ve eNOS ekspresyonu ile yeni kapiller
damar olusumunu hizlandirdigini ortaya koyan ¢alismalar literatiirde
yer almaktadir. Son bes yil igerisinde yayinlanan iskemik inme
sonrasi rehabilitasyon ihtiyact olan hastalarin dahil oldugu bir¢ok
caligmada 6 haftaya kadar siirede ve degisen sikliklar ile uygulanan
VNS tedavilerinin Fugl-Meyer Assessment - Upper Extremity
(FMA-UE) skorlarinda yiikselmeler oldugu gosterilmistir. Bu
skorlama sistemi ile inme gegiren kisilerde iist ekstremite motor
fonksiyonlarindaki diizelmeyi degerlendirmek miimkiindiir. Baig ve
arkadaslarinin 2019 tarihli klinik ¢alismada ise hastalarin %92’si
duysal kayip tanimlarken bu oran VNS tedavisi sonrasinda %64’e
gerilemis; motor iyilesmenin yani sira propipsepsiyon, hafif
dokunma ve bu modalitelerin her ikisinde de olacak seklide duysal
tyilesme oldugu da veriler arasinda sunulmustur (Baig et al., 2019;
Kimberley et al., 2025).

Bas agris1

Bas agris1 bir¢ok norolojik ve ndrolojik olmayan hastalik ya
da metabolik siireglerin eslik¢isi olarak klinik pratikte sikca
karsilagilan bir bulgudur. Karakter 6zellikleri ve patogenez
farkliliklar1 bas agrilarin1 farkli gruplandirmalar ile ele almay:
gerektirmistir. Invaziv olmayan VNS uygulamasmin belirli bas
agrist tiplerinde bir tedavi se¢cenegi olup olamayacagi bir¢ok bilimsel
caligmanin konusu olmus; olumlu sonuglarin elde edilmesiyle de
ozellikle kiime tipi bas agrist ve migren tedavilerinde bir secenek
haline gelmistir. Kullanim alanimin biiylik bir kismini olusturan
kiime tipi bas agris1 patofizyolojisi detaylandirildiginda trigeminal
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vaskiiler sistemin, trigeminal otonomik refleksin ve hipotalamusun
icinde bulundugu bir ndronal agdan bahsetmek miimkiindiir.
Trigemino-servikal kompleks kranium ile meninksler arasindaki
iliski lizerinden patofizyolojik silirece dahil olurken; trigemino
vaskiiler sistem aktive oldugunda salinimlar artan kalsitonin gen
iligkili peptid (CGRP) gibi noropeptidler agr1 duyusunun olusmasini
tetiklemektedir. Trigeminal otonomik refleks parasempatik sinir
sitemi aktivasyonu yaparak kiime tipi bas agrisinin klasik bulgulari
olan lakrimasyon artis1, nazal konjesyon ve sempatik sinir sitemi
baskilanmasina bagli miyozis ve pitozis olusmasina neden
olmaktadir. Kiime tip bas agris1 yakinmasi olan kisilerde sikga
gozlenen sirkadiyan ritim paternleri ve ndrohormonal degisimler ise
hipotalamik etkilenmenin de gelistigine isaret etmektedir (Goadsby
et al., 2025).

Farmakolojik tedavinin kontrendike oldugu ya da ilag
tedavisine direncin gelistigi durumlarda invaziv ve cerrahi riskler
barindiran sfenoplatin gangliyon ya da okiiler sinir stimiilasyonu
yerine invaziv olmayan VNS uygulamasi glivenli ve etkili bir tedavi
secenegi olarak hem akut donemde hem de profilaktik olarak 6n
plana c¢ikmaktadir. Avrupa Noroloji Akademisi’nin kiime tipi bas
agris1 tedavisine yoOnelik 2023 tarihli kilavuzunda, randomize
kontrollii iki klinik calisma verilerine gére VNS’nin ozellikle
epizodik tipte kiime tipi bas agrisinin sikligini plaseboya gore 4
kattan fazla azalttig1 belirtilmis ve klinik kullanimin1 6nerilmistir
(May et al., 2023; Noninvasive Vagus Nerve Stimulation for Cluster
Headache and Migraine: A Health Technology Assessment -
PubMed,). Agrinin siklig1 ve siddetindeki azalmanin altinda yatan
baz1 mekanistik iliskiler ise preklinik calismalarla agiklandig
literatiirde goriilmektedir. Buna gore bu ndrofizyolojik yollardan bir
tanesi trigeminal nucleus caudaliste glutamat etkinliginin bloke
edilmesi ve ekstraselliiler glutamat saliniminin baskilanmasidir. Bu
etki GABA, glisin, noradrenalin ve serotonin diizeylerinde belirgin
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degisiklik olmadan meydana gelmektedir. Ayrica trigeminal
ndronlarda atesleme sikliginin azaldigi da gosterilmistir.

Bir diger bas agris1 tipi olan migren kisinin iglevselligi bozan
orta-ciddi diizeylerde ataklar ile seyreden; bulanti, kusma ve 1g1k/ses
hassasiyetinin eslik ettigi norobiyolojik bir hastalik olarak
tanimlanabilir. Genis farmakolojik tedavi secenekleri mevcut
olmasina ragmen daha etkili tedavi ve profilaksi olasiliklarinin
arastirtlmast VNS uygulamasini migren tedavisi i¢in giindeme
getirmistir. PRESTO (Prospective Study of nVNS fort he Acute
Treatment of Migraine) ¢alismasina dahil olan katilimeilarin yarisi
ilk kullanimda agrinin ilk iki saat i¢inde sonlandigini ifade etmistir.
[k iki saatte agr1 yakinmasinin gectigini ifade eden bircok katilime1
ise bu etkininin 48 saate kadar devam ettigini belirtmistir. Ancak
VNS iliskili migren tedavisi ¢alismalarinda noéromodulasyon
iizerinden etki gosteren bu uygulamalarin tedavi basarisina yonelik
verilerin tam olarak ortaya koyulabilmesinin 6niinde bazi engeller
dikkat ¢ekmektedir. Bu alanda yapilan caligmalarin diisiik hasta
sayilar ile yiriitiilmesi ve plasebo kontrollii ¢alisma dizayninin
yontemin olusturdugu ‘parestezi’ etkisinin dogas1 geregi kor sekilde
test edilmeye uygun olmamasi bu sinirlamalarin basinda gelmektedir
(Hervias, 2024).

Psikiyatri alaninda yeri
Tedaviye direnc¢li major depresyon (TRD)

VNS uygulamasimin epileptik hastalarin tedavilerinde
kullanilmasinin siklagmasini takip eden dénemde hastalarin duygu
durumlarinda diizelmelerin olmasi1 vagal sinir uyarilmasinin
depresyon belirtilerinin iyilesmesinde etkili olabilecegi goriislinii
ortaya cikarmustir. Ozellikle birgok kez uygulanan antidepresan
tedaviler sonrasinda klinik yanit alinamamasi, remisyona giren hasta
sayisinin azlig1 ve niiks oranlariin yiiksekligi tedaviye direncli bu
hastalarda geleneksel farmakolojik tedavilere alternatif olarak
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néromodulasyon iizerinden etkili olabilecek tedavi seceneklerinin
aragtirilmasini - gerektirmistir. 2005 yilinda FDA, kronik veya
nilkseden TRD tedavisinde VNS’nu bir idame ve stabilizasyon
stratejisi olarak onaylamistir (Austelle et al., 2024). Literatiir
incelendiginde VNS’nun etki mekanizmasinin birden fazla yolla
oldugu soylenebilir. Vagal sinirin uyarilmasi ile anterior singulat
kortekste baskilanma olmaktadir. Depresif belirtilerin ortaya
citkmasi, anhedoni ve iiziinti ile iliskili bu merkezin
baskilanmasinin, major depresyonun bulgularinin siddetinde
azalmalara aracilik ettigi disiiniilmektedir. VNS ayni1 zamanda
amigdala tiizerinden korku ve kaygi duygularinin da kontrol
edilmesinde rol oynamaktadir (Kucia et al., 2019; Lysik et al., 2025).

Bir diger mekanizma ise BDNF ekspresyonunu ve TrkB
reseptor aktivitesini artirarak hipokampal atrofi iizerindeki geri
dondiiriicti etkisi olmaktadir. Bu sayede sadece fonksiyonel degil
yapisal degisiklikler ile de depresyon belirtilerinin azalmasina
aracilik ettigi soylenebilir. Onemli bir etki yolagi olan CAP
iizerinden de proinflamtuar sitokinlerin kan beyin bariyerini
gecislerini azaltarak bu mediyatorlerin serotonin ve dopamin
metabolizmasi1 ilizerindeki olumsuz etkilerini de azaltmakta; bu
sayede beyindeki norotransmitter dengesizliginin diizelmesine
aracilik etmektedir. Mikrobiyota — Bagirsak -Beyin aks1 tizerinden
gastrointestinal noropeptidler aracili dolayli etkisi ise giincel
arastirma konular1 arasinda yer almaktadir (Z. Chen & Liu, 2025;
Faraji et al., 2025).

VNS tedavisinin klinik yansimalarin1 6nemli 6l¢iide ortaya
koyan RECOVER calismasinda dort ya da daha fazla antidepresan
tedavisi denemesinde basarisiz olunan major depresif bozukluk
tanil1 214 hastanin verileri degerlendirilmistir. Bu hastalarin 24 aylik
takipleri sonunda VNS tedavisine %80 orasinda yanit verdigi,
hastalarin %20 sinde remisyon gelistigi ve niiks oranlarinin 6zellikle
uzun siireli tedavide ¢ok diisiik olarak gozlendigi belirtilmistir. Bu
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haliyle VNS kalicy, siirdiiriilebilir ve kilo alimi, cinsel disfonksiyon,
ag1z kurulugu gibi sistemik yan etkilerin goriilmedigi bir tedavi
stratejisi olarak degerlendirilmektedir (Aaronson et al., 2025).

Travma sonrasi stres bozuklugu (TSSB) ve kaygi bozukluklari

TSSB ve anksiyete bozuklugu olan kisilerde tehdit
olusturmayan uyarilara kars1 verilen korku yaniti bozulmustur.
Fonksiyonel gorlintileme c¢aligmalart bu durumun ventromedial
prefrontal korteks (vmPFC) aktivitesinin belirgin sekilde azalmasi
ve amigdalanin hiperaktivitesi ile iliskili oldugunu gostermistir. Bu
degisiklikler korku soniimlenmesinin olumsuz etkilemekte ve
travmatik anilarin tekrarlanmasima neden olmaktadir. Geleneksel
farmakolojik tedavilerin yeterli olmadigi durumlarda VNS,
vmPFC’den amigdalaya uzanan GABAerjik inhibitdr yolaklarin
plastisitesini giiclendirerek bellek konsolidasyonunu
giiclendirmektedir (O’Reardon et al., 2006). Sinaptik plastisitenin
kalici olarak giiglendirilmesindeki bir diger faktor ise locus
sereleustan hizli ve yogun noradrenalin salgilanmasidir. VNS, NTS
aracili  olarak LC’un uyarilmasina aracilik etmekte ve
ndrotransmitter salinmasint  giiclendirerek kaygi belirtilerinin
gerilemesine aracilik edebilmektedir. Uzun donemde gerceklesen bu
yapisal degisikliklerin korunmas: icin gerekli bir diger faktor ise
TSSB ve anksiyete bozuklugunda beyin dokusunda gelisen kronik
inflamatuar degisikliklerin baskilanmasidir. Bu noktada VNS
asetilkolin diizeylerini artirip, mikrogliyalar iizerindeki a7nAChR
reseptorleri lizerinden inflamatuar sitokinerin salinimini baskilar ve
sinaptik baglantilarinin siirdiiriilebildigi bir mikro ¢evre olusturur (Z.
Chen & Liu, 2025; Hilz, 2022).

Litreatlirde gerek preklinik gerekse klinik ¢aligmalarda VNS
ile kaygt bozukluklarinin giderilmesi temelinde olumlu sonuglar
alinmaktadir. Rodentlerde yapilan c¢alismalarda yogun stres
protokolleri ile olusturulan TSSB modellerinde korku ve agir

--60--



anksiyete benzeri davranislar incelenmistir. VNS tedavisi ile korku
soniimlenmesine kars1 direncin ortadan kalktigi, anksiyete ve sosyal
kaginma davraniglarinin tama yakin diizeldigi belirtilmistir (Butler
et al., 2025; Mathew et al., 2020).

Sizofreni

Rutin tedavi protokollerinde yer almasa da VNS birden fazla
norofizyolojik yolak iizerindeki etkileri nedeniyle antipsikotiklere
direncli sizofreni olgularinda tedavi secenegi olarak arastirmalara
konu olmaktadir. Daha fazla randomize kontrolli klinik ¢alismaya
ihtiya¢ olmasina ragmen mevcut ¢aligmalardaki olumlu etkiler yiiz
giildiirticiidiir.

Sizofreni patogenezi ve vagus siniri arasindaki iliski bazi
temel mekanizmalar lizerinden Ozetlenebilir. Otonom aktivitenin
sempatik sistem lehine degismesi ve vagal tonus yetersizliginin
sizofreni hastalarinda goriilen duygusal kiintliik, sosyal ¢ekilme ve
cevresel uyaranlara uygun olmayan davranigsal yanitlarin
olusmasinda etkili oldugu diisliniilmektedir. Ayn1 zamanda diistik
dereceli santral inflamasyon artis1 da hastalifin patogenezinde yer
alabilecegine dair kanitlar giderek artmaktadir. Inflamatuar
stireclerin EEG’de kendini uyarilmis potansiyel dalgalar1 ve gama
band1 osilasyonlarindaki dalgalanmalar ile gdsteren bir defisite de
aracilik edebilecegi diisiiniilmektedir. Bu defisit ise sizofreni
hastalarindaki duysal bilgileri filtreleme yetenegindeki bozulma ve
haliisinasyonlara yol acabilecek asir1 algisal yiiklenmeye ile iligkili
olabilmektedir (Richter et al., 2024). Literatiirde sizofreni
tedavisinde VNS uygulamasina yonelik tercihin 6zellikle invaziv
olmayan sekline dogru daha fazla oldugu goriilmektedir. 2018 tarihli
bir randomize ¢ift kor pilot calisma 26 haftalik takiplerde VNS
uygulamasiin hastalifin skorlama sisteminde kontrol gruplarinda
onemli bir farklilik ortaya koyamadig belirtilmistir ve bu durum
biiyiik 6l¢iide hastanin cihaz uyumunun yetersizligi ile agiklanmigtir
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(Hasan et al., 2015). Daha yakin tarihli baska bir randomize ¢alisma
ise antipsikotiklere direngli 50 hasta {izerinde planlanmis ve 2
haftalik aktif VNS uygulamasi ardindan negatif semptomlarda
anlamli diislislerin meydana geldigi gozlenmistir. Bu bulgular EEG
degisiklikleri ve serum TNF-a diizeyindeki diisiis ile de konfirme
edilmistir. Literatiirde olumlu 6rnekler giderek artiyor olsa da farkl
tipte sizofreni tablolarinda VNS uygulamalarinin arastirildigr daha
fazla sayida randomize kontrollii ¢alismalara ihtiyacin ortak bir
gorlis oldugunu belirtmek gerekir(das Gragas Corsi-Zuelli et al.,
2017; Rosso et al., 2020).

Kardiyoloji alaninda yeri

Kalp yetmezligi (KY; 6zellikle diisiik ejeksiyon fraksiyonlu),
norohormonal degisikliklerin ve kronik otonomik disfonksiyonun
patogenezde Onemli oldugu sistemik sonuglari olan kronik bir
hastaliktir. Diisiik ejeksiyon fraksiyonlu kalp yetmezligi (DEF-KY)
otonom sinir sistemindeki dengesizliklerin neden oldugu yapisal ve
hemodinamik disfonksiyon zemininde progresyon gostermektedir.
DEF-KY’de otonomoik disfonksiyon sempatik hiperaktivasyon
yoniinde degismistir ve vagal tonus ciddi sekilde baskilanmistir.
Bunun sonucunda miyokardiyal fibrozis, sol ventrikiil duvarinda
yeniden sekillenme, kardiyomiyositlerin apopitozu ve kalp
yetmezliginde 6nemli bir 6liim nedeni olan ventrikiiler aritmiler
gelisebilmektedir (Hanna et al., 2018).

VNS, kalp yetmezliginde bir otonomik regiilasyon tedavisi
(Automomic Regulatory Treatment-ART) olarak ele alinmaktadir.
VNS tedavisinin c¢aligmalarda ortaya konan mekanistik etki
yollarinin basinda asetilkolin saliniminin artis1 ile miyositler
lizerinde beta adrenerjik uyar: ile meydana gelen hiicre i¢i cAMP
artis1 ve kontraksiyon yanitlarinin yine miyositlerde bulunan M2
tipte muskarinik reseptorler araciligr ile baskilamasi gelmektedir.
Asetilkolin sadece miyositler iizerinde degil sempatik sinir sistemi
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presinaptik lifleri iizerindeki M2 reseptorlere de baglanarak bir
inhibisyon etkisi olugturmaktadir. Bu sayede sempatik sinir sitemi
hiperaktivasyonu  baskilanabilmektedir. ~ Onceki  béliimlerde
anlatildig1 tizere VNS aracili antiinflamatuar etki kardiyak doku
iizerinde de mevcuttur ve miyosit fibrozisi ve remodelling
stireglerinin 6nlenmesinde etkili rol oynamaktadir. Bu baglamda
kalp yetmezligi progresyonunun o&nlenmesinde yapisal destek
sunmaktadir. Hemodinamik iyilestirici  etkiler ise NO
biyoyararlannmin1  artirarak  kendisini = gdstermektedir. VNS
tedavisinin eNOS ve nNOS ekspresyonunu ve aktivitesinde artisi
desteklemesi ile NO diizeyleri artmakta ve miyokard perfiizyonunda
iyilesme olmaktadir. Kalp yetmezliginde iskemik kosullara daha
hassas hale gelen miyokard dokusunda oksijen tiiketiminin bu yolla
dengelenmesi kardiyomiyosit sag kalimim1 desteklemektedir
(Sabbah et al., 2011).

Kalp yetmezliginin en 6nemli komplikasyonlarindan biri
olan oliimciil ventrikiiler aritmiler miyokard hiicrelerindeki
Konneksin/43  gap junction baglantilarimin  azalmast ile
iliskilendirilmektedir. VNS tedavisi bu yapilarin stabilizasyonunu
destekleyerek ventrikiiler efektif refrakter periyodun patolojik olarak
kisalmasi azaltarak ventrikiiler aritmi gelisme riskini azaltmaktadir
(Bazoukis et al., 2023).
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BOLUM 4

DENEYSEL YARA iYILESMESI MODELLERI VE
ILERi DEGERLENDIRME PARAMETRELERI

PERVIN KOKSEL!
AHMET KEMAL FiLiz?

ONUR EREN KOKSEL?

Giris
Yara iyilesmesi, viicudun biitlinliiglinii korumak ve hasarl
dokuyu onarmak amaciyla devreye soktugu hemostaz, inflamasyon,
proliferasyon ve yeniden sekillenme asamalarindan olusan dinamik
bir mekanizmadir (Grada vd., 2018). Akut yaralarda bu siirecler
diizenli bir sekilde ilerlerken, diyabet veya iskemi gibi durumlar
iyilesmeyi "kalict inflamasyon" evresinde duraklatarak yaranin
kroniklesmesine neden olur (Lazarus vd., 1994). Bu baglamda,
cerrahi girisimler sonrast doku onarimini optimize etmek ve
perioperatif bakim standartlarin1  gelistirmek icin yiiriitiilen
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biyomedikal arastirmalar, yara fizyolojisini anlamak ve yeni
farmakolojik ajanlarin etkinligini test etmek admna standardize
edilmis in vivo modellere dayanmaktadir (Sami vd., 2019).
Arastirmacilar, doku onariminin farkli 6zelliklerini inceleyebilmek
amaciyla akut ve kronik yaralanma mekanizmalarimi taklit eden
cesitli hayvan modelleri gelistirmislerdir (Masson-Meyers vd.,
2020). Deneysel fizyoloji ¢alismalarinda akut iyilesmeyi incelemek
iizere; epitelizasyon hizini 6l¢en "eksizyonel yara modelleri", skarin
yapisint ve doku kopma direncini degerlendiren "insizyonel yara
modelleri", doku onarimin1 zorlayan "yanik modelleri" ve
graniilasyon dokusu gelisimini izole olarak analiz etmeyi saglayan
"0l bosluk (dead space) modelleri" kullanilmaktadir (Grada vd.,
2018). Her bir model, hiicresel canlilik, oksidatif stres, kolajen
birikimi ve mekanik dayaniklilik gibi siireclerin kantitatif olarak
analiz edilebilmesi icin 6zel biyokimyasal ve makroskobik
degerlendirme parametrelerini zorunlu kilmaktadir (Masson-Meyers
vd., 2020).

In vivo yara iyilesmesi c¢aligmalarinda, hayvan refahinin
azami Ol¢lide gozetilmesi ve uluslararas1 3R (Replacement,
Reduction, Refinement - Yerine koyma, Azaltma, lyilestirme)
prensiplerine uyulmasi bilimsel ve etik bir zorunluluktur (Russell ve
Burch, 1959). Bu baglamda, tiim deneysel cerrahi prosediirler ve
post-operatif takip siirecleri, yerel hayvan deneyleri etik
kurullarindan (HADYEK) alinan resmi onaylar ve uluslararasi
laboratuvar  hayvanlari  bakim  kilavuzlari  dogrultusunda
yuriitiilmelidir.

In Vivo Yara Iyilesme Modeli

Yetiskin memelilerde akut yara iyilesmesi, birbirini izleyen
ve zaman zaman Ortlisen dort temel asamada gergeklesir (Rodrigues
vd., 2019).

Hemostaz (Pihtilagsma): Kanamanin durdurulmasi.
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Inflamasyon: ~Patojenlerin  temizlenmesi ve iyilesme
faktorlerinin ortama cagrilmasi.

Migrasyon-Proliferasyon: Hiicre gog¢ii, yeni doku olusumu ve
hiicre dis1 matris birikimi (reepitelizasyon ve graniilasyon).

Yeniden Sekillenme (Remodeling): Dokunun olgunlasmasi
ve giiclenmesi.

Yara tipleri etiyolojik olarak akut ve kronik olarak iki sinifta
incelenir. Ameliyat veya travma gibi aniden ortaya cikan akut
yaralar, bu asamalar1 Ongoriilebilir bir siirede tamamlar. Ancak
diyabet, vaskiiler yetmezlik veya uzun siireli bas1 gibi sistemik/lokal
faktorler bu diizenli gegisi sekteye ugrattifinda yara kroniklesir.
Kronik yara mikrogevresinin en belirgin patofizyolojik 6zelligi,
iyilesme siirecinin "kalici inflamasyon" fazinda takili kalmasidir
(Lazarus vd., 1994).

AKut Yara lyilesme Modelleri

Dogal iyilesme mekanizmalarini incelemek ve yeni
farmakolojik ajanlarin doku onarimindaki hizlandirict etkilerini test
etmek i¢in olusturulan standart modellerdir (Grada vd., 2018).

Eksizyon Yara Modeli

Eksizyonel yara modelleri, hasarin derinligine bagl olarak
ylzeysel ve tam kat yaralar seklinde kategorize edilmektedir.
Yiizeyel yaralar; hayvanin sirt tarafindaki belirli bir alana (6rn. 2
cm?) giiclii bir yapiskan bant art arda 7 ila 10 kez yapistirilip
cekilerek derinin en istiindeki stratum corneum tabakasinin
soyulmasiyla olusturulur (Grada vd., 2018). Bu, epidermisin alt
tabakalarinin biiylik 6l¢iide saglam kaldigi en basit yiizeyel yara
modelidir. Ozellikle yeniden epitelizasyon (reepitelizasyon) hizini
ve deri bariyer fonksiyonlarini incelemek i¢in ¢ok pratiktir (Sami
vd., 2019).

—-72--



Eksizyonel tam kat yaralar ise, genellikle hayvanin dorsal
bolgesinde derinin epidermis, dermis ve deri alt1 dokularini igerecek
sekilde dairesel veya oval doku pargalarinin tamamen kesilerek
cikarilmasiyla olusturulur (Sami vd., 2019). Kemirgenlerde ve
domuzlarda siklikla uygulanan bu prosediirde klinik uyumu
zorlastiran temel faktor, kemirgen derisinde bulunan panniculus
carnosus kasinin yarayi giiglii bir sekilde kontraksiyon kapatmasidir.
Insan derisindeki doku yenilenmesi siirecini taklit edebilmek ve bu
biiziilmeyi mekanik olarak engellemek amaciyla, kemirgenlerde
acilan yaranin ¢evresine silikon bir atel (splint) dikilmesi tercih edilir
(Galiano vd., 2004). Ote yandan tavsan modellerinde eksizyonel
yaralar, sirttan ziyade kulaklarin karin (ventral) yiizeyinde kikirdaga
kadar inen tam kalinlikta olusturulur. Tavsan kulagindaki bu altta
yatan rijit kikirdak doku, disaridan herhangi bir atele ihtiyag
duyulmaksizin yaranin biiziilmesini fiziksel olarak engeller ve
boylece insanlardaki iyilesme dinamiklerini olduk¢a basarili bir
bicimde yansitir (Sami vd., 2019).

Eksizyon yara modelinin degerlendirme parametreleri

Eksizyonel yara modelinde iyilesme siireci; makroskobik,
analitik ve klinik gozlemlerle multidisipliner bir yaklasimla
degerlendirilir.

Yara Alanmin Olciimii

Iyilesme siireci boyunca yara boyutlarinda meydana gelen
degisimler, yara tamamen kapanincaya dek onceden planlanmis
giinlerde (6rnegin 0., 4., 8., 12., 16. ve 20. giinler) yiiksek
¢cozlinlirliikli bir dijital kamera ile kayit altina alinir. Elde edilen
goriintiiler, yara sinirlarinin kesin belirlenmesi i¢in dijital planimetri
yazilimlar1 (6rnegin ImagelJ, NIH, ABD) kullanilarak analiz edilir
(Nayak vd., 2006). Yara kapanma orani (Yara Kontraksiyonu),
baslangictaki yara alanina oranla asagidaki formiil kullanilarak
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yiizde (%) cinsinden hesaplanir (Galiano vd., 2004; Masson-Meyers
vd., 2020):

Yara Kontraksiyonu (%) = [(0. Giin Alani - n. Giin Alan1) / 0.
Gtlin Alan1] x 100

Epitelizasyon Siiresinin Saptanmasi

Yara dokusunun {iizerini kaplayan eskarin kendiliginden
diismesi, tam epitelizasyonun saglandigt ve iyilesmenin
tamamlandig1 klinik son nokta olarak kabul edilir. Yaralanmanin
olustugu andan kabugun ayrildig1 ana kadar gegen toplam giin sayisi
"epitelizasyon siiresi" olarak tanimlanir (Patil vd., 2012).

Yara Indeksinin Degerlendirilmesi (Semi-Kantitatif Analiz)

Yaranin genel klinik durumu, piiriilan eksiida varligi ve doku
sagligi, Tablo 1'de belirtilen yari-nicel (arbitrary) puanlama
sistemine dayal1 bir yara indeksi ile degerlendirilir (Sadaf vd., 2006).

Tablo 1: Makroskobik Yara Lyilesme Indeksi

Skor Gozlenen Fizyolojik Degisim (Briit Durum)

4 Piiriilan akint1 olusumu veya belirgin nekroz varhgi

3 Iyilesme belirtisi yok, ancak yara yatag temiz ve saghkl
2

1

Yara ortam saghkl ancak iyilesme siireci yavas/gecikmis
Saghikl seyreden ancak heniiz tamamlanmamus iyilesme
0 Epitelizasyonun ve iyilesmenin tam olarak gerceklesmesi

(Sadaf vd., 2006).

Kollajen Miktarinin Belirlenmesi (Hidroksiprolin Analizi)

Memeli kollajeninin yaklasik ylizde 13-14'i hidroksiprolin
amino asidinden olusur; bu nedenle dokudaki hidroksiprolin
seviyesi, yara iyilesmesinin ve matris birikiminin temel biyobelirteci
olarak kabul edilir. Analiz siireci su agsamalardan olugsmaktadir:

Analiz i¢in 50 mg doku Ornegi alinarak cam bir tiipe
yerlestirilir ve iizerine 1.0 ml 6.0 N hidroklorik asit (HCI) eklenir.
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Tiipler, agz1 pamukla veya sizdirmaz kapakla kapatildiktan sonra
otoklavda (veya 110 derecelik etiivde 24 saat) hidrolize edilir.

Elde edilen hidrolizatin pH degeri, sodyum hidroksit (NaOH)
kullanilarak 7.0 (notr) seviyesine getirilir.

Olgiimler; numune, kor (blank) ve standart olmak iizere ii¢
grup halinde yiiriitiiliir. Numune tiipiine 1.0 ml doku hidrolizati, kor
tiipe 1.0 ml ¢ift distile su ve standart tiipe 1.0 ml hidroksiprolin
standart sollisyonu konur. Ardindan tiim tiiplere sirasiyla: 1.0 ml 0.01
M bakir stilfat (CuSO4), 1.0 ml 2.5 N sodyum hidroksit (NaOH), 1.0
ml ylizde 6 hidrojen peroksit (H202) ilave edilir.

Karigim 80 derecelik su banyosunda 5 dakika inkiibe
edildikten sonra hizla buz banyosuna alinarak sogutulur. Soguyan
tiiplere 4.0 ml 3 N siilfiirik asit (H2SO4) ve 2.0 ml Ehrlich reaktifi
eklenerek homojenize edilir. Cozeltiler son olarak 70 derecelik su
banyosunda 15 dakika daha 1sitilir.

Olusan renk yogunlugu, kolorimetre veya spektrofotometre
ile 540 nm dalga boyunda okunur (Neuman ve Logan, 1950;
Woessner, 1961).

Toplam Protein Tayini

Doku homojenatlarindaki veya serum drneklerindeki toplam
protein miktarinin saptanmasi i¢in c¢alismada, hassasiyet ve
giivenilirlik diizeylerine gore iki farkli kolorimetrik yontem esas
alimastir.

1. Lowry Yontemi (Folin-Ciocalteu Metodu)

Protein miktarinin belirlenmesinde alkali bakir reaktifi ile
Folin reaktifi arasindaki etkilesime dayanan Lowry yOntemi
kullanilir. Analiz protokolii su adimlar1 igermektedir:

0.2 ml test 6rnegi, 1.8 ml 0.1 N sodyum hidroksit (NaOH) ile
birlestirilir.
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Hazirlanan karigima 5.0 ml alkali bakir reaktifi (0.5 ml yiizde
0.5 bakir siilfat, 0.5 ml yiizde 1 sodyum potasyum tartarat ve 50 ml
yilizde 2 sodyum karbonat karigimi) ilave edilerek oda sicakliginda
15 dakika bekletilir.

Stire sonunda karisima, distile suile 1:1 oraninda seyreltilmis
0.5 ml Folin reaktifi eklenir. Karisim, reaksiyonun tamamlanmasi
icin 30 dakika boyunca karanlik ortamda bekletilir.

Orneklerin optik yogunlugu 675 nm dalga boyunda &lgiiliir.
Hesaplamalarda kér numune igin distile su; standart i¢in ise 0.1 N
NaOH i¢inde hazirlanmis Sigir Serum Albiimini (BSA) kullanilir
(Waterborg ve Matthews, 1984).

2. Bradford Yontemi (Coomassie Brilliant Blue Metodu)

Protein miktarini saptamak i¢in alternatif ve oldukga hizli bir
yontem olan Bradford analizi uygulanir. Bu yontem, asidik ortamda
Coomassie Brilliant Blue G-250 boyasinin proteinlerdeki bazik ve
aromatik amino asitlere baglanarak renk degistirmesi prensibine
dayanr.

0.1 ml doku homojenati veya serum Ornegi tiiplere alinarak
iizerine 5.0 ml Bradford reaktifi ilave edilir.

Karisim vortekslenerek homojen hale getirilir ve protein-
boya kompleksinin olusabilmesi i¢in oda sicakliginda 5 ila 10 dakika
boyunca karanlikta inkiibe edilir.

Reaksiyon sonucu olusan mavi rengin siddeti 595 nm dalga
boyunda 6lgtiliir (Bradford, 1976).

Numunelerdeki protein konsantrasyonu, Sigir Serum
Alblimini (BSA) kullanilarak hazirlanan standart kalibrasyon egrisi
iizerinden kantitatif olarak hesaplanir.
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Heksozamin Diizeyinin Olciilmesi

Graniilasyon dokusunda biriken heksozamin miktarini tespit
etmek amaciyla, temel olarak Boas (1953) yontemi kullanilir. Bu
parametre, yara iyilesmesinin erken donemlerindeki hiicre disi
matris olusumunu degerlendirmek i¢in kritik dneme sahiptir. Analiz
siireci su agsamalardan olusur.

Kollajen tayininde oldugu gibi, 50 mg doku 6rnegi 1.0 ml 6.0
N hidroklorik asit (HCI) ile otoklavlanarak hidrolize edilir ve
ardindan pH 7.0’ye nétralize edilerek protein hidrolizati hazirlanir.

Hazirlanan numune, asetil aseton ¢ozeltisiyle karistirildiktan
sonra 96°C'de 40 dakika boyunca isitilir. Reaksiyonu durdurmak
amaciyla tiipler derhal buz banyosuna alinir.

Karisima %96'lik etanol ve Ehrlich reaktifi eklenerek oda
sicakliginda 1 saat bekletilir.

Cozeltinin absorbanst 530 nm dalga boyunda Olgiiliir.
Sonuglar, D(+) Glukozamin HCI standart egrisinden elde edilen
verilerle kiyaslanarak "mg heksozamin / g doku agirlig1" cinsinden
hesaplanir (Boas, 1953).

Histopatolojik Inceleme

Calisma gruplarindaki hayvanlar, deneyin sonlandirilacagi
giin yiiksek doz ketamin HCI uygulanarak etik standartlara uygun
sekilde sakrifiye edilir. Mikroskobik hiicresel analizin saglikli
yapilabilmesi i¢in su prosediir takip edilir:

Her bir hayvanin yara bolgesinden, saglam doku sinirlarini
da igerecek sekilde doku biyopsileri eksize edilir.

Doku mimarisinin korunmasi ve otolizin dnlenmesi amaciyla
ornekler, %10'luk formalin soliisyonu icerisinde fikse edilerek oda
sicakliginda saklanir (Masson-Meyers vd., 2020).
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Fiksasyonun ardindan dokular rutin doku takibi
asamalarindan (dehidratasyon, seffaflandirma ve parafinizasyon)
gegirilerek bloklanir ve mikrotom ile kesitler alinir.

Fikse edilen doku Orneklerinden alinan kesitlerin
mikroskobik incelemesinde hedeflenen hiicresel yapiya gore farkl
histolojik boyama teknikleri tercih edilir. Yara bolgesindeki genel
hiicresel mimariyi, polimorfoniikleer 16kosit infiltrasyonunu,
neovaskiilarizasyonu (anjiyogenez) ve epitelizasyon kalinligini
degerlendirmek i¢in standart Hematoksilen-Eozin boyamasi
kullanilir. Ote yandan, yara yatagindaki kollajen liflerinin
yogunlugunu, yonelimini, fibroblast proliferasyonunu ve bag doku
olgunlagmasini spesifik olarak kantifiye etmek amaciyla Masson
Trikrom (MT) boyamasi uygulanir (Masson-Meyers vd., 2020).
Doku onarim siireci, bu histopatolojik parametreler {izerinden
literatiirde kabul gormiis yari-nicel skorlama sistemleri ile
degerlendirilir.

Insizyonel Yara Modeli

Bu model, doku kaybindan ziyade cerrahi kesilerin iyilegsme
dinamigini ve 6zellikle skar olusumunu incelemek i¢in tercih edilen
en yaygin ikinci modeldir. Insizyonel yara modeli, doku onarim
kapasitesini ve 0zellikle derinin mekanik gerilme dayanimini analiz
etmek i¢cin kullanilan standart bir prosediirdiir (Grada vd., 2018).
Uygulama basamaklari ise sunlardir:

Hayvanlara 80 mg/kg dozunda ketamin HCI intraperitoneal
yolla enjekte edilerek genel anestezi saglanir. Cerrahi miidahale
sirasinda ve sonrasinda hayvanin fizyolojik homeostazisinin
korunmasi, yara iyilesme dinamiklerinin, 6zellikle oksidatif stres ve
inflamatuvar yanitin standardize edilmesi i¢in kritik 6neme sahiptir.
Anestezi altindaki kemirgenlerde viicut yiizey alanv/kiitle oraninin
yiikksek olmasi nedeniyle hizla gelisebilen hipotermiyi Onlemek
amacityla, operasyon siiresince 1sitici pedler kullanilarak normotermi

--78--



dikkatle saglanmalidir (Flecknell, 2015). Perfiizyonun korunmasi
graniilasyon dokusu gelisimi i¢in elzemdir. Ayrica, doku hasarinin
neden oldugu agr1 ve buna bagl fizyolojik stresin hiicresel onarim
stirecini  geciktirmesini engellemek icin post-operatif donemde
uygun analjezik ve antipyretik protokolleri (6rnegin buprenorfin,
meloksikam veya metamizol sodyum tiirevleri) titizlikle
uygulanmalidir (Flecknell, 2015).

Dorsal (sirt) bolge tiras edildikten sonra, 9 numarali cerrahi
bistiiri kullanilarak yaklagik 6 cm uzunlugunda ve 2 mm derinliginde
(parapapiller) dogrusal bir kesi olusturulur.

Agilan doku defekti, 3-0 ipek siitiir ve cerrahi igne
kullanilarak, 5 mm araliklarla basit ayr1 siitiir teknigi ile kapatilir.

Yaralanmanin yapildigi giin "0. giin" olarak kabul edilir.
Siitiirler post-operatif 8. giinde dokudan uzaklastirilir. Dokunun
gerilme direncini dlgmek i¢in biyomekanik testler, yaralanmadan
sonraki 10. giinde gerceklestirilir (Sami vd., 2019).

Cekme (Gerilme) Dayanimimin Olgiilmesi

Insizyonel yara onarrmmin kalitesini belirleyen en kritik
parametre, iyilesen dokunun mekanik direncidir. Bu direncin 6l¢iimii
icin asagidaki biyomekanik analiz prosediirii uygulanir:

Deneyin 10. giiniinde hayvanlar yiliksek doz anestezi ile
sakrifiye edilir. Dorsal bolgeden, iyilesen kesi hattin1 tam merkeze
alacak bi¢cimde, standart genislikte dikdortgen doku seritleri eksize
edilir.

Cikarilan doku ornekleri, her iki ucundan paslanmaz celik
klipsler ile tutturularak tansiyometre sistemine yerlestirilir.

Ust klips sabit bir aparata asilirken, alt klips icerisine su
doldurulacak polietilen bir hazneye baglanir. lyilesen yara dokusu,
artan kiitlenin yarattigi mekanik gerilime direng gosteremeyip
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tamamen ayrilana (riiptiir) dek hazneye sabit bir hizda su akisi
saglanir.

Dokunun koptugu anda su akisi kesilir ve haznede biriken
toplam suyun kiitlesi tartilir. Bu deger, yaranin biyomekanik "kopma
dayanimi1" olarak gram (g) cinsinden kaydedilir (Lee, 1968).

Yanik Yarasi1 Modeli

Sirt bolgesine sicak yilizey (6rn. 80-110 °C 1sitilmis metal
tarak veya piring ¢ubuk), sicak balmumu veya buhar/sicak hava
uygulanarak yiizeysel veya tam kalinlikta derin yaniklar olusturulur.
Deneysel fizyoloji ¢alismalarinda, 6zellikle nekroz ve hipertrofik
skar (asir1 yara izi) gelisimi ile yeni jenerasyon ajanlarin (6rnegin
bitkisel yaglar veya antioksidanlar) doku onarimindaki etkilerini test
etmek icin ¢ok kullanighdir (Bagheri vd., 2025; Sami vd., 2019).

Yara Dokusunda Oksidatif Stres ve Antioksidan Parametreler

Yara onarim siirecinde doku homeostazisinin bozulmasi,
lipid peroksidasyonuna ve enzim aktivitelerinde degisimlere yol
acar. Bu degisimler asagidaki biyokimyasal belirtecler lizerinden
analiz edilir.

Lipid Peroksidasyonu

Malondialdehit (MDA) Tayini: MDA, ¢oklu doymamis yag
asitlerinin peroksidasyonu sonucu olusan ve doku hasarinin en
onemli gostergelerinden biri kabul edilen bir son {iriindiir.

MDA seviyeleri, tiyobarbitiirik asit (TBA) ile reaksiyona
girmesi sonucu olusan renkli kompleksin spektrofotometrik olarak
oOl¢iilmesine dayanan Ohkawa yontemi ile belirlenir.

Doku homojenati, TBA ¢ozeltisi ile asidik ortamda 95°C'de
inkiibe edilir. Olusan pembe renkli kompleksin yogunlugu 532 nm
dalga boyunda okunur. Sonuglar "nmol MDA / mg protein" veya
"nmol / g doku" cinsinden ifade edilir (Ohkawa vd., 1979).
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Siiperoksit Dismutaz (SOD) Aktivitesi

SOD, siiperoksit radikallerini  hidrojen  perokside
doniistiirerek hiicreyi oksidatif hasardan koruyan ilk savunma hatti
enzimlerinden biridir.

Genellikle ksantin/ksantin oksidaz sistemi kullanilarak
stiperoksit radikali olusturulmasi ve bu radikalin bir boyay1 (6rn.
nitroblue tetrazolium - NBT) indirgemesinin engellenmesi
prensibiyle Ol¢iiliir. Renk degisiminin engellenme oran1 560 nm'de
izlenir. Enzim aktivitesi, NBT indirgenmesini %50 oraninda inhibe
eden enzim miktar1 (1 Unite) iizerinden hesaplanir (Sun vd., 1988).

Katalaz (CAT) Aktivitesi

Katalaz, inflamasyon sirasinda olusan hidrojen peroksiti
(H202) su ve oksijene pargalayarak dokuyu korur.

H202'in katalaz tarafindan parcalanmasi sonucu absorbans
degerindeki azalmanin zamana karsi izlenmesine dayanan Aebi
yontemi kullanilir.

Reaksiyon karistmina H202 eklendikten sonra 240 nm dalga
boyunda absorbans diislisii kronometre ile kaydedilir (Aebi, 1984).

a. Indirgenmis Glutatyon (GSH) Seviyesi

GSH, hiicre i¢indeki en Onemli enzimatik olmayan
antioksidan molekiildiir ve serbest radikallerin dogrudan nétralize
edilmesinde gorev alir.

GSH'nin Ellman reaktifi (DTNB) ile reaksiyona girerek sar1
renkli bir bilesik olusturmasi prensibine dayanir.

Olusan rengin siddeti 412 nm dalga boyunda okunur ve
standart egri lizerinden "mg / g doku" olarak hesaplanir (Ellman,
1959).

b. Toplam Antioksidan Kapasite Tayini (FRAP Analizi)
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Yara dokusundaki antioksidan savunma sistemini her bilesen
icin ayrt ayrt Olgmek yerine, dokunun toplam indirgeme
potansiyelini saptamak amaciyla literatlirde yaygin olarak kullanilan
FRAP (Ferric Reducing Antioxidant Power) analizi yapilir. Bu
yontem, diisiik pH ortaminda antioksidanlarin ferrik iyonlar1 (Fe*")
ferr6z iyonlara (Fe®") indirgeme yetenegine dayanir.

Analiz, ferrik-tripiridiltriazin (Fe**-TPTZ) kompleksinin,
ornekteki antioksidanlar tarafindan yogun mavi renkli ferréz-
tripiridiltriazin (Fe**-TPTZ) formuna doniistiiriilmesini esas alir.

Taze hazirlanan FRAP reaktifi (asetat tamponu, TPTZ
cozeltisi ve FeCls-6H2O karisimi), doku homojenat1 veya serum
ornegi ile birlestirilerek 37 derecede belirli bir siire inkiibe edilir.

Olusan mavi rengin yogunlugu spektrofotometre ile 593 nm
dalga boyunda okunur.

Sonuglar, bilinen konsantrasyonlardaki demir siilfat
(FeSO4:7H20) standart egrisi ilizerinden "mikromol / g doku" veya
"mikromol / mg protein" cinsinden hesaplanir (Benzie ve Strain,
1996).

Olii Bosluk (Dead Space) Modeli

Olii bosluk (dead space) modeli; yaranin yiizeyel kapanma
hiz1 veya reepitelizasyon siirecinden ziyade, dogrudan graniilasyon
dokusunun gelisimini, interstisyel sivi birikimini ve doku
derinliginde olusan inflamatuvar yanit1 (yabanci cisim reaksiyonu)
analiz etmek i¢in tasarlanmisti. Bu model, yaranin hem
biyomekanik hem de biyokimyasal 6zelliklerini izole bir ortamda
test etmek icin ideal bir altyapr saglar (Wong vd., 2011). Bu
kapsamda, cilt altina yerlestirilen slinger (sponge) veya silikon
implant etrafinda gelisen graniilasyon dokusunun onarim potansiyeli
ve sentezlenen kollajenin giicii degerlendirilerek; hidroksiprolin,
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heksozamin, heksuronik asit, toplam protein ve DNA seviyeleri
kantitatif olarak dl¢iilmektedir (Nayak vd., 2009).

Deneysel Uygulama Protokolii

Laboratuvar ortaminda kemirgenlerde (sican veya fare) bu
modeli olusturmak i¢in temel prensip, deri altinda cerrahi bir "cep"
yaratilmasi ve bu bosluga hiicresel yanit1 tetikleyecek standart bir
yabanct materyalin yerlestirilmesidir. Uygulama asamasinda,
hayvanlara 80 mg/kg dozunda ketamin HCI intraperitoneal yolla
enjekte edilerek anestezi saglanir. Literatiirde 6lii bosluk olusturmak
icin iki temel varyasyon one ¢ikmaktadir:

Cim Ozii (Grass Pith) Teknigi: Hayvanin koltuk alt1 (aksilla)
veya kasik (groin) bolgesine atilan kiiciik bir kesi (nick) araciligiyla
deri altinda bir bosluk (pouch) ag¢ilir. Bu cebin igerisine standart
Olciilerde (genellikle 2,5 cm uzunlugunda ve 0,3 cm ¢apinda)
silindirik ¢im ozleri (grass pith) veya benzeri steril materyaller
yerlestirilerek kesi disaridan dikilir. Genellikle her hayvana farkli
lokalizasyonlarda iki adet implant yerlestirilir (Udupa vd., 1995).

Polipropilen Tiip Teknigi: Hayvanin sirtindaki paravertebral
lomber bdlgede (bel hizasinda) acilan kiiciik bir enine kesi ile deri
altina 2,5 x 0,5 cm boyutlarinda bir polipropilen tiip yerlestirilerek
ol bosluk yaratilir (Gottrup vd., 2000; Sami vd., 2019).

Uygulanan 10 giinliik tedavinin ardindan, anestezi altindaki
hayvanlardan tiip veya materyal c¢evresinde gelisen graniilasyon
dokusu 10. giinde dikkatlice toplanir ve bu dokunun kirilma
dayanimi 6l¢iiliir (Gottrup vd., 2000).

Degerlendirme Parametreleri

Biyokimyasal analizler i¢in doku hidrolizati su asamalarla
hazirlanir: Yaklasgik 150 mg 1slak graniilasyon dokusu, hava
sizdirmaz cam bir kapta 3 ml 6N HCl igerisinde ezilir. Karisim, 121
°C sicaklikta 15-20 dakika silireyle otoklavlanarak hidroliz edilir.
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Hidrolizat oda sicakliginda sogutulduktan sonra, ortamdaki fazla asit
10N NaOH ¢ozeltisi ile nétralize edilir. Elde edilen bu son hidrolizat;
hidroksiprolin, heksozamin, heksuronik asit, protein ve DNA
konsantrasyonlarinin saptanmasinda kullanilir.

Hidroksiprolin Tayini

Kollajenin temel bir bileseni olan hidroksiprolin miktari,
yara dokusundan tahmin edilir. Analiz siireci, graniilasyon
dokusundan elde edilen protein hidrolizat 6rnekleri kullanilarak,
daha once eksizyonel yara modeli degerlendirme parametreleri
boliimiinde detayli prosediirii verilen Neuman ve Logan (1950)
yontemine uygun olarak kolorimetrik sekilde gergeklestirilir.

Heksozamin (HXA) Tayini

Graniilasyon dokusunda sentezlenen heksozamin diizeyleri,
daha once detaylandirildig: tlizere Boas (1953) ydntemine uygun
olarak degerlendirilir. Elde edilen doku hidrolizatinin asetil aseton
ve Ehrlich reaktifi ile muamele edilmesinin ardindan
spektrofotometrik olarak 530 nm'de Olgiilmesiyle belirlenen
heksozamin miktari, D (+) glukozamin hidrokloriir standart egrisiyle
karsilastirilarak hesaplanir ve sonuglar "mg/g kuru doku agirlig"
cinsinden ifade edilir.

Heksuronik Asit (HUA)

Analizi Oncelikle 2,5 ml 0,025 M Boraks konsantre siilfiirik
asit ¢ozeltisi tliplere alinarak 4 °C’ye sogutulur. Diger yanda 0,125
ml hidrolizat 6rnegi distile su ile 0,5 ml’ye seyreltilir ve 4 °C'de rafta
bekleyen Boraks-siilfiirik asit karigimimin {izerine dikkatlice
katmanlanir. Cam tikagla kapatilan tiipler kaynar su banyosunda 10
dakika 1sitilip oda sicakligina sogutulur. Ardindan her tiipe mutlak
etanol i¢inde hazirlanmis 0,1 ml %0,125 karbazol reaktifi eklenerek
kaynar su banyosunda 10 dakika daha sitilir ve 1 saat bekletilir.
Renk yogunlugu bos (kor) oOrnege karsi 530 nm’de Olgiliir.
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Numunelerin heksuronik asit igerigi, D (+) Glukurono-6, 3-lakton
standart egrisi kullanilarak hesaplanir (Bitter ve Muir, 1962).

DNA Tahmini

Dokudan DNA ¢ikarmak i¢in cam bir tiipe 0,5 ml doku
hidrolizat 6rnegi veya standart ¢dzelti konulur. Uzerine 0,5 ml IN
perklorik asit eklenerek 70 °C’de 7 dakika siireyle hidrolize edilir.
Sogutulan ¢ozelti 1500 rpm hizda 5 dakika santrifiijlenir. Elde edilen
stipernatanta 1 ml 0,5N perklorik asit ilave edilir ve bu islem t¢li
olarak (triplike) gerceklestirilir. Difenilamin (LR) ve siipernatantlar
2:1 oraninda karistirilarak 30 °C’de 18 saat inkiibe edilir. Absorbans,
0 pg/ml standartlar bos 6rnek olarak kullanilarak 595 ve 650 nm
dalga boylarinda 6l¢iiliir (Burton, 1956).

Cekme Dayanim

Olii bosluk modelinde dokunun kopma dayanimini
belirlemek i¢in, graniilomlar yara olusumunun 10. giiniinde hafif
anestezi altinda ¢evre dokulardan dikkatlice ayristirilir. Yaklasik 15
x 8 mm boyutlarinda alinan doku pargasinin direnci, Insizyonel Yara
Modeli boliimiinde mekanizmasi detaylandirilan siirekli su akisi
(tansiyometre) teknigi kullanilarak ol¢iiliir ve sonuglar gram (g)
cinsinden kaydedilir (Lee, 1968; Udupa vd., 1995).

Sonuc¢

Deneysel yara iyilesmesi arastirmalari, yeni farmakolojik
ajanlarin ve biyomateryallerin etkinligini degerlendirmede klinik
oncesi siirecin en kritik basamagidir. Eksizyonel, insizyonel, yanik
ve Olii bosluk gibi akut yara modelleri, onarim siirecinin farkl
yonlerini (epitelizasyon, doku gerilme dayanimi, graniilasyon
dokusu gelisimi ve hiicresel stres) spesifik olarak simiile etme
imkani sunar. Bu modellerden elde edilen verilerin insan klinigine
aktarilabilirligi  (translasyonu), dogrudan uygulanan ileri
degerlendirme parametrelerinin dogruluguna baghdir. Yalnizca
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makroskobik kapanma hizina dayanmak yerine; hidroksiprolin,
toplam protein, heksozamin ve oksidatif stres analizleri gibi
biyokimyasal tayinlerin, histopatolojik ve biyomekanik dl¢iimlerle
(cekme dayanimi) desteklenerek multidisipliner bir yaklasimla ele
alimmas1 sarttir. Sonug¢ olarak, deneysel metodolojinin literatiir
standartlarina uygun olarak kurgulanmasi, yara bakimi ve
rekonstriiktif cerrahi alaninda ¢i1g1ir acacak yenilik¢i tedavilerin
gelistirilmesi i¢in en saglam temeli olusturacaktir.
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BOLUM 5

YARA IYILESMESI ARASTIRMALARINDA iN
ViVO HAYVAN MODELLERININ
KARSILASTIRILMASI

PERVIN KOKSEL'
AHMET KEMAL FILiZ?
ONUR EREN KOKSEL?

Giris
Doku onarimi; hemostaz, inflamasyon, proliferasyon ve
remodelling evrelerinin  birbirini izledigi, bagisiklik sistemi
hiicreleri, vaskiiler aglar, ekstraseliiler matris (ECM) bilesenleri ve
sinyal molekiillerinin ortaklasa rol aldig1 son derece kompleks ve
dinamik bir fizyolojik slirectir (Masson-Meyers vd., 2020).
Gliniimiiz ~ biyomedikal arastirmalarinda, spesifik hiicresel

etkilesimleri ve molekiiler sinyal yolaklarini izole bir ortamda
aydinlatmak amaciyla in vitro hiicre kiiltiirii ¢aligmalar1 yaygin
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olarak kullanilmaktadir. Ancak bu statik modeller; kan akimi
dinamiklerini, sistemik immiin yanitlari, doku gerilimini ve ndral
regiilasyonu icermekten olduk¢a uzaktir. Ozellikle cerrahi kesiler
gibi akut doku hasarlarinin veya yaslanma, diyabet, kronik iskemi
gibi yara iyilesmesini dogrudan sekteye ugratan sistemik
hastaliklarin doku tizerindeki biitlinciil etkilerini in vitro kosullarda
taklit etmek neredeyse imkansizdir (Goldberg ve Diegelmann, 2020;
Flynn vd., 2023). Bu nedenle, yara onarim mekanizmalarimin tiim
sistemik degiskenlerle birlikte tam olarak anlasilabilmesi ve
gelistirilen yenilik¢i terapotik ajanlarin insan klinigine gilivenle
aktarilabilmesi (translasyonu) i¢in in vivo hayvan modelleri bilimsel
bir zorunluluk olmaya devam etmektedir. Bununla birlikte, literatiir
incelendiginde insan derisinin anatomik mimarisini, hiicre
poplilasyonunu, epidermal eklentilerini ve yara kapanma hizini
%100 oraninda yansitabilen evrensel bir "altin standart" hayvan
modelinin bulunmadig1 agik¢a goriilmektedir (Grada vd., 2018).
Laboratuvardan hasta yatagina uzanan zorlu translasyonel siiregte
aragtirmacilarin karsilastig1 en biiylik metodolojik engel, tiirler arasi
fizyolojik farkliliklardir. Arastirmalarda siklikla tercih edilen
kemirgenler, domuzlar, tavsanlar veya zebra baliklar1 gibi her bir in
vivo model; evrimsel ve filogenetik yapisina bagl olarak klinik
insana kiyasla ¢esitli laboratuvar avantajlar1 ve anatomik kisitliliklar
barindirir (Zomer ve Trentin, 2018). Yara iyilesmesi arastirmalarinda
giiniimiizde en sik tercih edilen in vivo hayvan modellerinin
karakteristik 6zellikleri, kullanim avantajlar1 ve insan fizyolojisi ile
olan temel yapisal farkliliklar1 Tablo 1’de 6zetlenmistir.

Bilimsel arastirmalarin basariya ulasmasi ve elde edilen
klinik verilerin giivenilirligi; aragtirmacinin incelemek istedigi
spesifik fizyolojik parametreye (6rn. reepitelizasyon hizi, yara
kontraksiyonu, hipertrofik skar gelisimi veya iskemik hasarin
onarimi) en uygun modeli kurgulamasina ve bu tiirler aras1 anatomik
sapmalar1 rasyonel bir bi¢imde yorumlamasina baghdir. Elbette tiim
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bu deneysel cerrahi tasarim siirecleri, sadece bilimsel
gereksinimlerle degil, uluslararasi 3R prensiplerinin (Yerine Koyma,
Azaltma, lyilestirme) merkeze alindig1 etik standartlar gergevesinde
yuritilmelidir (Grada vd., 2018).

Bu kitap boliimiiniin amaci; yara iyilesmesi aragtirmalarinda
laboratuvar pratiginin temelini olusturan giincel in vivo hayvan
modellerini karsilastirmali ve elestirel bir analize tabi tutmaktir.
Boliim kapsaminda, 6ne ¢ikan hayvan tiirlerinin deriye ait anatomik
yapilari, immiinolojik yanit 6zellikleri, pratik laboratuvar avantajlari
ve onarim dinamiklerinin insan fizyolojisinden ayrilan yonleri
kapsamlt  bir sekilde incelenecektir. Boylece, deneysel
arastirmalarin1 planlayan ve laboratuvar bulgular ile klinik pratik
arasinda giiclii bir koprii kurmay1 hedefleyen bilim insanlarina,
hedefe yonelik dogru model secimi konusunda yol gdsterici,
biitlinciil bir perspektif sunulmasi hedeflenmektedir.

In Vivo Modellerde Etik Yaklasimlar ve 3R Prensibi

Yara iyilesmesi arastirmalarinda hayvan modellerinin
kullanim1 klinik basari i¢in bilimsel bir zorunluluk olmakla birlikte,
bu calismalarin uluslararast1 etik standartlar ¢ergevesinde
ylriitiilmesi biliylikk 6nem tasimaktadir (European Commission,
2010; Grada vd., 2018). Modern biyomedikal arastirmalarda, tiim in
vivo deney tasarimlarinin temelinde 3R Prensibi (Replacement,
Reduction, Refinement) yer almalidir (Russell ve Burch, 1959).

Yerine Koyma (Replacement)

In vivo hayvan modellerine gegilmeden once, spesifik
hiicresel yanitlar1 test etmek amaciyla in vitro hiicre kiiltiirleri, 3D
biyo-basim (bioprinting) ile liretilmis yapay deri esdegerleri veya
bilgisayar destekli (in silico) modellemeler gibi alternatif
yontemlerin  kullanilip  kullanilamayacagi  degerlendirilmelidir
(Masson-Meyers vd., 2020).
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Azaltma (Reduction)

Deney tasarimlari, ¢aligmanin istatistiksel gecerliligini ve
giiclinli kaybetmeyecek sekilde, hedeflenen sonuglara ulasmak icin
gerekli olan en az sayida hayvan kullanilacak bigimde optimize
edilmelidir (Grada vd., 2018).

Iyilestirme (Refinement)

Hayvanlarin ~ refahin1  korumak, yara  iyilesmesi
aragtirmalarinin  en kritik etik bilesenidir. Yara olusturma
prosediirlerinde strese ve agriya bagli fizyolojik sapmalar1 6nlemek
adina uygun anestezi ve postoperatif analjezi protokolleri titizlikle
uygulanmalidir. Ayrica, steril cerrahi tekniklerin kullanimi,
enfeksiyon riskinin asgari diizeye indirilmesi ve deney
sonlandirildiginda  etik  standartlara  uygun  sakrifikasyon
yontemlerinin tercih edilmesi bu prensibin temelini olusturur
(European Commission, 2010; Russell ve Burch, 1959). Sonug
olarak, deneysel yara modellerinde fizyolojik siireclerin dogru analiz
edilebilmesi, ancak hayvan refahin1 merkeze alan ve stresi en aza
indiren etik bir metodolojik yaklagimla miimkiindiir.

Yara Iyilesmesi Modellerinde Kullanilan Hayvan Tiirleri

Etik prensipler ve laboratuvar standartlari cergevesinde,
aragtirmanin spesifik amacina (reepitelizasyon, anjiyogenez, skar
olusumu vb.) ve kurgulanacak yara modeline en uygun canli tiiriiniin
secilmesi klinik basarmin temelini olusturur (Grada vd., 2018).
Literatiirde, yara iyilesmesi patofizyolojisini anlamak ve yeni
hiicresel/farmakolojik tedavileri test etmek amaciyla tasarlanan in
vivo modellerde; kiiciik memelilerden (kemirgenler, tavsanlar,
kobaylar) biiyiikk memelilere (domuzlar) ve alternatif omurgali
canlilara (zebra balig1) kadar genis bir yelpazede deney hayvanlar
kullanilmaktadir (Flynn vd., 2023; Masson-Meyers vd., 2020).
Tercih edilen her bir hayvan tiiriiniin, olusturulan modelin insan

klinigine aktarimui siirecinde kendine has morfolojik, immiinolojik ve
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pratik avantajlari ile kisitliliklart bulunmaktadir (Zomer ve Trentin,
2018). Asagida, laboratuvar pratiginde yara modelleri kurgulanirken
en c¢ok tercih edilen canli tiirleri anatomik ve hiicresel 6zellikleriyle
detaylandirilmistir.

Kemirgenler

Kemirgenlerin dokusu, insan anatomisinden belirgin
farkliliklar tagir. Insanlarda yalnizca boyun bolgesindeki platizma
kasinda sinirli olarak bulunan ince panniculus carnosus kas tabakasi,
kemirgenlerde tiim viicudu sarar (Flynn vd., 2023; Zomer ve Trentin,
2018). Derinin altindaki dokulardan bagimsizca hareket etmesini
saglayan bu yapi, literatiirde "gevsek deri" kavramiyla ifade
edilmektedir (Grada vd., 2018). Buna karsin insan derisi, kas
dokusunun iizerinde yer alan olduk¢a kalin bir hipodermis
tabakasina sikica tutunmustur (Flynn vd., 2023). Kemirgenlerdeki
bu panniculus carnosus tabakasi, doku kenarlarini hizla birbirine
yaklagtirarak yaranin major oranda kontraksiyon mekanizmasiyla
kapanmasini saglarken; insanlarda onarim siireci, ¢ok daha siirl bir
biiziilme esliginde keratinosit farklilasmasi ve reepitelizasyon ile
gerceklesmektedir (Seaton vd., 2015). Bu anatomik dezavantaji
onlemek ve insanlardaki gibi reepitelizasyonu goézlemleyebilmek
adina literatiirde yara kenarlarina silikon bir halkanin dikildigi 'atel
(splint)' modelleri gelistirilmistir (Galiano vd., 2004).

Kemirgen modellerinin kullanimindaki bir diger kisithlik,
farkli yapisal bilesenlerin etkisiyle yara iyilesme siiresinin insana
kiyasla oldukg¢a kisa olmasidir. Kemirgen derisinde kil folikiilleri
gibi epidermal eklentilerin yogunlugu ¢ok fazladir (Seaton vd.,
2015). Kul folikiilii ¢cikintisindaki (bulge) kok hiicreler, yaralanma
aninda hizla epidermal hiicrelere doniiserek reepitelizasyon siirecini
hizlandirirlar (Ito vd., 2005).

Epidermal tabaka kalinligi da bu hiz iizerinde etkilidir;
farelerin epidermisi daha ince olup daha az keratinosit katmani igerir,
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bu durum onlarin siganlara kiyasla daha hizli iyilesmesini agiklar
(Goldberg ve Diegelmann, 2020). Nitekim tam kat yara onarim
dongiisii farelerde 7 giin, sicanlarda 12-14 giin gibi kisa siirelerde
tamamlanirken, insanlarda bu siire¢ aylar hatta yillar stirebilmektedir
(Flynn vd., 2023; Goldberg ve Diegelmann, 2020).

Ek olarak, cinsiyet faktorii de kemirgenlerde yara onarim
ozelliklerini etkiler; erkek kemirgenlerin daha kalin bir dermise
sahip olmasi, derilerini daha kalin epidermis ve hipodermise sahip
disilere gore yaklasik %40 daha dayamikli kilmaktadir (Rai vd.,
2022).

Kemirgen modellerinde yara onarimi sirasinda aktive olan
imminolojik, inflamatuvar ve genomik mekanizmalarin
insanlardaki siireclerle ne derece ortiistiigii literatiirde gilincel bir
tartisma konusudur. Literatiirde bazi aragtirmacilar travma, yanik ve
endotoksemi sonrasinda fareler ile insanlardaki spesifik gen
ifadelerini kiyaslamis ve gruplar arasinda anlamli sapmalar bularak
kemirgen verilerinin insanlara dogrudan aktarilamayacagi sonucuna
varmistir (Flynn vd., 2023; Takao ve Miyakawa, 2015; Wong vd.,
2011). Ancak Takao ve arkadaslari tamamen zit bir sonuca ulasmis
ve fare modeli ile insan inflamatuvar yanitlarinin aslhinda ytiksek
oranda benzerlik gdsterdigini kanitlamislardir (Takao ve Miyakawa,
2015; Zomer ve Trentin, 2018).

Ozetle kemirgenler; diisiik maliyetleri, kolay temin
edilebilmeleri, laboratuvar sartlarindaki pratiklikleri ve literatiirde
birikmis devasa veri tabanlari sebebiyle yara iyilesmesi
arastirmalarinda hala en ¢ok tercih edilen tiir konumundadir. Ne var
ki, deride yapisal farkliliklarin neden oldugu onarim mekanizmasi
degisiklikleri gbéz Oniine alindiginda, kemirgen in vivo hayvan
caligmalarindan elde edilen yara kapanma verilerinin insan klinigine
translasyonu asamasinda arastirmacilarin son derece dikkatli ve
rasyonel bir degerlendirme yapmasi gerekmektedir (Zomer ve

Trentin, 2018).
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Domuz

Domuzlar, anatomik ve fizyolojik acidan insanlara
gosterdikleri biiylik benzerlik sayesinde yara onarim siireclerinin
incelenmesinde iist diizey bir in vivo model olarak kabul
edilmektedir. Domuz derisinde kismi kalinliktaki yaralar
epitelizasyon siireciyle onarilirken; dermise kadar uzanan tam kat
doku kayiplari, tipki insanlarda skar dokusu olusumuna yol acan
derin lezyonlarda oldugu gibi, biiyiikk oranda kontraksiyon
mekanizmasiyla iyilesmektedir (Grada vd., 2018). Derinin temel
katmanlar1 olan epidermis ve dermis kalinliklart insanlarla
esdegerdir ve domuzlar diger hayvan modelleriyle kiyaslandiginda
cok daha az epidermal eklenti barindirirlar (Masson-Meyers vd.,
2020). insan dokusuna gére hafifce daha kalin olan domuz derisinde
kil folikiilleri seyrek yerlesimlidir; ancak bu folikiillerin anatomik
dizilimi insan kil folikiilii mimarisine tam uyum gostererek alt
dermisten {ist hipodermal yag dokusuna kadar uzanmaktadir
(Masson-Meyers vd., 2020). Tiim bu yapisal benzerliklerin yani sira
dokudaki biiylime faktorleri, immiin sistem hiicreleri, kolajen ve
elastin gibi yapitaglart da insan derisindekine benzer bir yanit
sergiler (Grada vd., 2018; Sullivan vd., 2001).

Diger deney hayvanlarindan farkli olarak domuz epidermisi,
tipk1 insan derisindeki "rete" cikintilarina benzeyen ve epitel
hiicrelerinde alkalin fosfataz popiilasyonu bulunduran uzantilara
sahiptir (Meyer vd., 1978). Bu anatomik avantaj, hem kismi hem de
tam kat yaralanmalarin ardindan dermo-epidermal bileskenin
yeniden yapilanmasini incelemek amaciyla arastirmalarda sikga
kullanilmaktadir (Summerfield vd., 2015).

Doku mimarisi ve fizyolojik agidan saglanan bu gii¢lii uyuma
ragmen, modelin bazi kisitlayic1 farkliliklar1 da bulunmaktadir.
Domuz derisi biiyiik oranda apokrin ter bezleriyle kaplidir; ekrin ter
bezleri ise sadece dudak, burun ve bilek gibi belirli bolgelerde yer

alir (Montagna ve Yun, 1964). Oysa insan fizyolojisinde ekrin ter
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bezleri tiim viicut yiizeyinde bolca bulunurken (Sato vd., 1989)
apokrin bezler daha cok kasik ve koltuk alti bolgelerinde kil
koklerine agilacak sekilde konumlanmistir. Ekrin ter bezlerinin yara
onariminda kritik bir epidermal kok hiicre kaynagi oldugu
distintildiiglinde, ter bezi dagilimindaki bu farkliligin hiicresel
iyilesme dinamiklerini dogrudan etkiledigi ifade edilebilir (Rittié
vd., 2013). Bununla birlikte yiiksek laboratuvar maliyetleri, zorlu
bakim gereksinimleri ve 6zel olarak tasarlanmis genis barinma
tesislerine duyulan ihtiyag, domuzlarin bir¢cok ¢aligmada oncelikli
tiir olarak secilmesini engellemektedir (Seaton vd., 2015).

Tavsan

Tavsanlar, bilhassa kulak bolgesinden ¢ok sayida biyopsi
aliabilmesine olanak taniyan anatomik yapilar1 sayesinde yara
iyilesmesi arastirmalarinda degerli bir in vivo model olarak 6ne
cikmaktadir. Tavsan kulaginda bulunan dermis tabakasi dogrudan
altindaki kikirdak dokuya sikica tutunmus haldedir ve bu 6zellik,
yaranin kontraksiyon kapanmasini dogal yollarla engeller (Masson-
Meyers vd., 2020). Kikirdak desteginin sagladigt bu durum,
lezyonun tipki insan derisinde oldugu gibi graniilasyon dokusu
gelisimi ve yeniden epitelizasyon mekanizmalariyla iyilesmesine
olanak tanir (Masson-Meyers vd., 2020). Literatiirde kemirgen
modellerinde kontraksiyonu oOnlemek amaciyla yara cevresine
disaridan splint yapistirilan yontemler bulunsa da tavsan kulaginin
kendine has bu dogal mimarisi, yabanci cisim uygulamalarindan
dogabilecek enfeksiyon risklerini ortadan kaldirarak 6nemli bir
metodolojik avantaj sunar (Davidson vd., 2013).

S6z konusu model, kulagin kikirdak ozellikleri sayesinde,
doku hasarin1 takiben proteoglikan icerigi ve biiylime faktorii
degisimlerinin incelenmesi amaciyla da kullanilmaktadir. Bu
caligmalar, kikirdak yikiminin kisitli bir onarim siireciyle karakterize
oldugu osteoartrit gibi insan hastaliklarinin patofizyolojisine dair
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kiymetli veriler saglamistir (Abdullahi vd., 2014). Tavsan modelinin
bir diger uistiinliigli ise, derin dermis hasarlarini takiben ortaya ¢ikan
hipertrofik skar patolojilerinin incelenebilmesidir. Domuz ve
kemirgen gibi diger bir¢ok hayvan modelinde, dermisin altinda yer
alan fibromiiskiiler tabaka nedeniyle hipertrofik skar gelisimi pek
gozlenmez (Li vd., 2020). Ancak tavsan kulaginda hipertrofik skar
olusumunu basarili bir sekilde tetikleyen spesifik modeller
tasarlanmis olup, bu sayede skarin patogenezi ve potansiyel tedavi
yaklagimlar1 ayrintili bicimde arastirilabilmektedir (Li vd., 2020;
Morris vd., 1997).

Tavsan kulagi modelinin literatiirdeki en  bilinen
kullanimlarindan biri de iskemi etkisinin incelendigi ¢alismalardir.
Kulak bolgesindeki genis ve zengin damar agi, ligasyon yontemiyle
kolayca manipiile edilebilir niteliktedir (Ahn ve Mustoe, 1990;
Lovasova vd., 2022). Dahasi, tavsan kulagindaki vaskiiler agin
insanlardakine benzer bicimde kollateral dolagim gelistirme
kapasitesine sahip olmasi, indiiklenen iskemik tablonun geri
dondiiriilebilmesine olanak tanir (Flynn vd., 2023). Spesifik
arastirma alanlarinda sundugu tiim bu ustiinliiklere ragmen; genetik
izlenebilirligin kisith olmast ve tiire 6zgli reaktiflerin eksikligi,
tavsanlarin yara onarimi ¢aligmalarindaki rutin  kullanimim

sinirlandiran temel dezavantajlar olarak karsimiza c¢ikmaktadir
(Abdullahi vd., 2014).

Kobaylar (Gine Domuzlari)

Kobaylar, kii¢iik boyutlari, kolay temin edilebilmeleri ve
laboratuvar sartlarindaki pratik bakimlar1 sayesinde in vivo yara
lyilesmesi aragtirmalarinda tercih edilen bir diger 6nemli tiirdiir
(Grada vd., 2018). Tipk: fare ve siganlarda oldugu gibi, kobaylarda
da yara kapanma mekanizmasi biiylik oranda doku kontraksiyonu
(biliziilme) ile gerceklesir (Masson-Meyers vd., 2020). Ancak
kobaylar1 yara onarim literatiiriinde 6zel ve arastirmacilar igin
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vazgecilmez kilan temel faktér, onarim anatomisinden ziyade
metabolik yapilaridir. Kobaylar, memelilerin biiyiik bir kismindan
farkli olarak, L-gulonolakton oksidaz enziminden yoksundur ve tipki
insanlar gibi kendi viicutlarinda C vitamini (askorbik asit)
sentezleyemezler; bu nedenle disaridan besin yoluyla almalari
zorunludur (Grada vd., 2018).

Yara iyilesmesinin proliferasyon evresinde, Ozellikle de
kolajen sentezinde ve liflerin ¢capraz baglanarak (cross-linking) skar
dokusunun mekanik dayaniklilik kazanmas1 asamasinda C vitamini
mutlak gerekli bir kofaktdrdiir. Bu benzersiz fizyolojik benzerlik,
kobaylar1 nutrisyonel yetersizliklerin ve spesifik vitamin
eksikliklerinin yara onarimi, graniilasyon dokusu gelisimi ve skar
kalitesi tiizerindeki biitiinciil etkilerini aragtirmak i¢in insan
fizyolojisine en yakin ve en ideal in vivo model haline getirmektedir
(Masson-Meyers vd., 2020; Flynn vd., 2023).

Zebra Bah@

Geleneksel memeli modelleri yara onarim evrelerine dair
kritik bulgular saglasa da, canli dokuda hiicresel etkilesimlerin,
gecici sinyal yolaklarinin ve iyilesme dinamiklerinin uzun siireli ve
yiiksek ¢Oziiniirliiklii olarak izlenmesine imkan tanimaz. Bu
metodolojik engelleri agmak amaciyla arastirmacilar, genetik
miidahalelere ve in vivo optik goriintiilemeye son derece elverisli
olan zebra baligina yonelmistir. Ortalama 2,5 cm boyutlarindaki bu
omurgali model; dar alanlarda diisiik maliyetlerle yetistirilebilmesi,
haftalik periyotlarda 300'e yakin yumurta {retebilmesi ve dis
dollenme sayesinde embriyonik gelisimin her asamasinda deneysel
gozleme agik olmasi nedeniyle laboratuvar caligmalarinda biiyiik
kolaylik saglar (Greenspan vd., 2024).

Zebra balig1, insan organ ve doku mimarisiyle biiyiik 6l¢iide
ortlisen, evrimsel olarak korunmus bir anatomiye sahiptir (Aman
vd., 2018). Genomu tam olarak dizilenmis olan bu canlinin
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genlerinin %70'1 insan genleriyle ortolog yapidadir (Greenspan vd.,
2024). Zebra baliklarinda yara onarim siireci temel olarak
memelilerdeki hemostaz, inflamasyon, proliferasyon ve yeniden
modellenme evrelerini takip eder (Greenspan vd., 2024; Richardson
vd., 2013). Ancak klinik acidan c¢ok kritik farklar barindirir.
Memelilerde lezyonun derinligine gore pihtilagma saatler hatta
giinler stirebilirken, zebra baliklarinda dakikalar i¢inde gercgeklesir
(Greenspan vd., 2024; Lee vd., 2014). Inflamasyon ve proliferasyon
evreleri benzer zaman ¢izelgelerinde ilerlerken, zebra baliklarinda
tipki memeli fetiislerinde goriildiigii gibi aninda reepitelizasyon
meydana gelir (Greenspan vd., 2024). En c¢arpict fark ise
remodelling asamasindadir: Memelilerde skar dokusuyla sonuglanan
kolajen birikimi ve vaskiiler budanma siirecleri zebra baliklarinda
goriilmez; yani lezyon iz birakmadan iyilesir (Gemberling vd., 2013;
Richardson vd., 2016). Bu hizli ve skarsiz iyilesme kapasitesi,
insanlarda kullanilabilecek yeni nesil rejeneratif tedavilerin
tasarlanmast i¢in essiz bir rehber niteligindedir.
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Tablo 1: Yara Iyilesmesi Arastirmalarinda Kullanilan In Vivo

Hayvan Modellerinin Karsilastirmasi

disaridan C vitamini
(Askorbik asit)
almalar1 zorunludur.

Tiirler Avantajlar Insanlara Insandan
Benzerlikleri farkliliklar

Kemirgenler Ucuz, bakimi Deri katmanlari ve Gevsek deri yapist

(fareler ve kolay, veri taban1 hiicresel/genetik ve yogun kil

sicanlar) genistir. yanitlar1 benzerdir. vardir. Yaralar

epitelizasyonla
degil, biiziilerek
iyilesir.

Domuzlar Viicut yiizeylerinin | Insana en benzer Derin yaralar
biiyiik olmasi deridir (kalinlik, biiziiliir. Farkli ter
sayesinde, cok seyrek kil). Yiizeysel | bezlerine sahiptir
sayida veya biiylik | yaralar doku ve enfeksiyon riski
capli yara yenilenmesiyle daha yiiksektir.
modellerinin ayn1 kapanur.
anda
incelenmesine
olanak tanir.

Tavsanlar Ekonomiktir. Tavsan kulagindaki Cok tiiylidiir.
Kulak bolgesi yara | yara modelleri, Kulak digindaki
izi (skar) insandakine benzer bolgelerde yaralar
¢alismalart igin sekilde epitel biiziilerek kapanur.
idealdir. dokunun

yenilenmesi yoluyla
iyilesme gdsterir.

Kobaylar Boyutlan kii¢iik, Tipki insanlar gibi, Yaralarin iyilesme
temini ve bakimi yara iyilesmesinin mekanizmasi doku
diisiik maliyetlidir. | saglikl kasilmasina

ilerleyebilmesi igin (biiziilmeye)
besinler yoluyla dayanr.

Zebra Baligi

Fiziksel olarak ¢ok
kiiciik ve oldukca
uygun maliyetli
canlilardir.

Iyilesme siireci
insandakine benzer
sekilde ardisik
asamalar halinde
ilerler ve yaralar
epitelizasyon
mekanizmasi ile
kapanir.

Memelilerdeki
gibi klasik bir cilt
yapisina sahip
degildir. Doku
yenilenmesi
(epitelizasyon)
insana kiyasla ¢ok
daha hizlidir.

(Flynn vd., 2023; Grada vd., 2018; Greenspan vd., 2024, Masson-Meyers vd.,
2020; Zomer ve Trentin, 2018).

Sonuc¢
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Deneysel yara iyilesmesi aragtirmalarmin ulastigi giincel
noktada elde edilen sonug; insan doku onarim siirecini tiim fizyolojik
bilesenleriyle yansitan tek tip bir laboratuvar modelinin
bulunmadigidir. Bu béliimde detaylandirildigi tizere, laboratuvardan
insan klinigine uzanan zorlu translasyon yolculugunda bilimsel
basari, "kusursuz modeli aramak" yerine, "arastirma hipotezine en
uygun modeli kurgulamak" ilkesine dayanmaktadir.

Her hayvan tiirlinlin yara iyilesmesi literatiiriine sundugu
katki kendi iginde spesifiktir. Kemirgenler, genis genetik veri
tabanlart ve laboratuvar pratiklikleri sayesinde molekiiler ve
hiicresel diizeydeki ©6n tarama c¢alismalarinin  omurgasini
olusturmaya devam etmektedir. Ancak panniculus carnosus kasinin
yol actig1 kontraksiyon temelli onarim dongiisii, buradan elde edilen
sonuclarin insanlara dogrudan aktariminda metodolojik bir bariyer
olusturmaktadir. Klinik insan senaryosuna, reepitelizasyon hizina ve
cilt mimarisine en yakin hiicresel yanitlar hedeflendiginde, yiiksek
maliyetli ancak giivenilirlik oran1 yliksek domuz modelleri 6n plana
cikmaktadir. Diger taraftan, iskemik lezyonlar veya hipertrofik skar
gibi daha spesifik patofizyolojik durumlar inceleneceginde tavsan
kulaginin sundugu kisitlayici anatomik ortam arastirmacilara essiz
bir stratejik avantaj saglar. Memeli disina ¢ikildiginda ise zebra
baligi, rejeneratif tibbin amact olan "skarsiz onarim"
mekanizmalarini hiicresel ve genetik diizeyde izleme firsati sunarak
gelecegin yenilikgi tedavilerine 151k tutmaktadir.

Sonu¢ olarak; yeni nesil yara bakim Ortiilerinin, akilh
biyomateryallerin veya farmakolojik ajanlarin basarili bir sekilde
ticarilesip klinik kullanima girebilmesi, in vivo deneylerden elde
edilen verilerin dogru yorumlanmasina baghdir. Arastirmacilar;
sectikleri hayvan modelinin anatomik ve immiinolojik sinirlarini
titizlikle analiz etmeli, 3R etik prensiplerini deney tasariminin
kalbine yerlestirmeli ve deneysel bulgulari daima "tilirler arasi
farkliliklar" stizgecinden gecirerek degerlendirmelidir. Gelecekteki
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biyomedikal ve terapdtik ilerlemeler, tek bir mucizevi modelden
degil, farkli hayvan modellerinden elde edilen bu spesifik verilerin
yapbozun parcalar1 gibi dogru bir sekilde bir araya getirilmesiyle
miimkiin olacaktir.
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