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ICINDEKILER

Renal Ischemia—Reperfusion Injury: Cellular and
Molecular Mechanisms..........c.ccoocvviinininiene e
Meltem KUMAS

Embriyonik Gelisimde Hiicre Dis1 Matriks ve
Mekanobiyoloji: Hiicresel Farkhllasmadan
Organ0QeNEZE .....cceeiiieiiee ettt
Nursin AYDIN



"Bu kitapta yer alan boliimlerde kullanilan kaynaklarin, goriislerin,
bulgularin, sonuglarn, tablo, sekil, resim ve her tiirlii icerigin
sorumlulugu yazar veya yazarlarina ait olup ulusal ve uluslararast
telif haklarina konu olabilecek mali ve hukuki sorumluluk da
yazarlara aittir."”
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RENAL ISCHEMIA-REPERFUSION INJURY:
CELLULAR AND MOLECULAR MECHANISMS

Meltem KUMAS!

1. INTRODUCTION

Renal ischemia—reperfusion injury (IRI) is a major cause
of acute kidney injury (AKI) and occurs in various clinical
settings, including kidney transplantation, partial nephrectomy,
sepsis, trauma, and hemorrhagic shock (Bonventre & Yang, 2011;
Kalogeris et al., 2012). Renal IRI begins with reduced renal blood
flow and disruption of cellular energy metabolism. Although
restoration of perfusion is essential for tissue survival, reperfusion
may paradoxically exacerbate injury through oxidative stress,
endothelial dysfunction, inflammation, and cell death (Kumas et
al., 2019).

The kidney is particularly susceptible to ischemic injury
because of its high metabolic demand. Proximal tubular epithelial
cells and cells of the thick ascending limb are especially
vulnerable due to their high ATP requirements (Bonventre &
Yang, 2011). Reduced oxygen delivery impairs oxidative
phosphorylation, leading to ATP depletion, ionic imbalance, and
loss of cellular homeostasis. These early metabolic disturbances
initiate a cascade of mitochondrial dysfunction, oxidative stress,
microvascular impairment, and inflammatory responses that
collectively determine the extent of renal injury (Ferenbach &
Bonventre, 2015; Sanz et al., 2023).
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Current understanding of renal IRI has evolved beyond
the traditional model of ATP depletion and reactive oxygen
species generation. Renal injury is now recognized as a dynamic
process involving interconnected metabolic, vascular,
inflammatory, and regulated cell death pathways (Galluzzi et al.,
2018; Sanz et al., 2023; Chen et al., 2024). Recent single-cell and
spatial  transcriptomic  studies have further revealed
heterogeneous responses among tubular epithelial cells,
endothelial cells, pericytes, and immune cells following ischemic
injury (Kirita et al., 2020). These cellular interactions influence
not only the severity of acute injury but also the subsequent
balance between successful regeneration and maladaptive repair,
thereby contributing to the transition from AKI to chronic kidney
disease.

This chapter provides an integrated overview of the major
mechanisms underlying renal IRI, with emphasis on metabolic
and mitochondrial dysfunction, microvascular alterations,
inflammatory responses, regulated cell death, and maladaptive
tissue repair. Understanding the interactions among these
processes may provide a basis for identifying therapeutic
strategies aimed at limiting acute injury and promoting effective
renal recovery.

2. ISCHEMIC PHASE

The ischemic phase begins with reduced or interrupted
renal blood flow, resulting in inadequate oxygen and nutrient
delivery (Kumas et al., 2019; Kulualp et al., 2025). Proximal
tubular epithelial cells and the thick ascending limb of the loop of
Henle are particularly vulnerable because of their high
dependence on oxidative phosphorylation. Reduced oxygen
availability rapidly suppresses mitochondrial ATP production,
while compensatory anaerobic glycolysis is insufficient to meet
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cellular energy demands and contributes to lactate accumulation
and intracellular acidosis (Bonventre & Yang, 2011; Kalogeris et
al., 2012; Sanz et al., 2023).

ATP depletion impairs energy-dependent ion transport,
particularly Na*/K*-ATPase and Ca*"-ATPase activity, resulting
in ionic imbalance, cellular swelling, and cytosolic calcium
overload. Increased intracellular calcium activates proteases,
phospholipases, and other degradative enzymes, further
contributing to cellular injury (Kumas et al., 2019). At the same
time, disruption of the actin cytoskeleton causes loss of epithelial
polarity, redistribution of membrane proteins, and impairment of
tight junction integrity. These alterations compromise tubular
transport and promote detachment of epithelial cells into the
tubular lumen (Molitoris & Sutton, 2004; Ferenbach &
Bonventre, 2015).

During early ischemia, adaptive responses such as
hypoxia-inducible factor signaling, metabolic reprogramming,
autophagy, and mitochondrial quality control attempt to preserve
cellular homeostasis. However, when ischemia is prolonged,
these protective mechanisms become insufficient, and reversible
cellular dysfunction progresses to irreversible tubular injury and
cell death (Ferenbach & Bonventre, 2015; Sanz et al., 2023; Chen
etal., 2024).

3. THE REPERFUSION PHASE

Reperfusion restores renal blood flow and oxygen
delivery after ischemia but may paradoxically exacerbate tissue
injury. Mitochondria damaged during ischemia cannot
immediately restore normal oxidative phosphorylation, and re-
exposure to oxygen promotes excessive production of reactive
oxygen species (ROS). When ROS generation exceeds
antioxidant capacity, oxidative damage to lipids, proteins, and
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nucleic acids further compromises cellular function (Murphy,
2009; Sies & Jones, 2020; Sanz et al., 2023).

Reperfusion also aggravates mitochondrial calcium
overload, loss of membrane potential, and impaired ATP
production, promoting mitochondrial permeability transition and
activation of cell death pathways (Hausenloy et al., 2003;
Bernardi & Di Lisa, 2015). At the same time, endothelial
dysfunction and impaired microvascular perfusion may persist
despite restoration of global renal blood flow, contributing to the
no-reflow phenomenon and continued tissue hypoxia. Oxidative
and cellular injury also promotes the release of damage-
associated molecular patterns (DAMPSs), initiating sterile
inflammatory responses and leukocyte recruitment that further
amplify renal injury (Jang & Rabb, 2015; Sanz et al., 2023; Chen
etal., 2024).

Thus, reperfusion represents a critical phase in which
oxidative stress, mitochondrial dysfunction, microvascular
impairment, and inflammation interact to determine the extent of
renal injury. The balance between these injurious mechanisms
and endogenous protective and repair responses ultimately
influences whether damaged tissue undergoes recovery or
progresses toward persistent dysfunction (Ferenbach &
Bonventre, 2015; Chen et al., 2024).

4. INFLAMMATORY RESPONSE IN RENAL IRI

Inflammation in renal IRl occurs primarily as a sterile
response triggered by endogenous danger signals released from
injured cells. Damage-associated molecular patterns (DAMPS),
including HMGB1, ATP, mitochondrial DNA, histones, and uric
acid, activate pattern recognition receptors such as Toll-like
receptors and NOD-like receptors, promoting NF-xB signaling
and the production of pro-inflammatory mediators (Tang et al.,
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2012; Takeuchi & Akira, 2010). NLRP3 inflammasome
activation further amplifies this response through the maturation
of IL-1p and IL-18 (Broz & Dixit, 2016; Swanson et al., 2019).

Leukocyte recruitment further contributes to renal injury
following reperfusion. Neutrophils rapidly infiltrate the kidney
and aggravate tissue damage through the release of reactive
oxygen species and proteolytic enzymes. Monocyte-derived
macrophages subsequently regulate both inflammation and tissue
repair, exhibiting heterogeneous functional phenotypes shaped by
the local microenvironment (Naved et al., 2022).

Persistent inflammatory signaling may impair tissue
recovery and contribute to maladaptive repair and chronic renal
damage. Thus, sterile inflammation represents an important link
between acute ischemic injury and subsequent renal remodeling
(Ferenbach & Bonventre, 2015; Sanz et al., 2023).

5. REGULATED CELL DEATH MECHANISMS

Regulated cell death (RCD) encompasses genetically and
molecularly controlled pathways that play important roles in
tissue homeostasis and disease (Conrad et al., 2016; Galluzzi et
al., 2018). In renal IRI, cell death is no longer viewed solely in
terms of apoptosis and necrosis; necroptosis, pyroptosis, and
ferroptosis also contribute to tubular injury and inflammation.
These pathways are closely interconnected and influenced by
common cellular stressors, including mitochondrial dysfunction,
oxidative stress, calcium imbalance, and inflammatory signaling.
Thus, the extent and pattern of cell death following renal IRI
reflect the dynamic interaction of multiple RCD pathways rather
than the activation of a single mechanism (Galluzzi et al., 2018;
Pandian & Kanneganti, 2022; Sanz et al., 2023).
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5.1. Apoptosis

Apoptosis is a form of programmed cell death that
preserves plasma membrane integrity and involves caspase
activation. In IRI, both the extrinsic death receptor pathway and
the intrinsic mitochondrial pathway may be activated. Disruption
of the Bax/Bcl-2 balance and release of cytochrome c activate
caspase-9 and caspase-3, resulting in the controlled removal of
tubular epithelial cells (Gobé et al. 2000; Haylor et al. 2011).
Although apoptosis is generally considered a non-inflammatory
form of cell death, its biological outcome depends on efficient
efferocytosis. Clearance of apoptotic cells by macrophages
promotes the resolution of inflammation, whereas defective
efferocytosis leads to secondary necrosis, additional DAMP
release, and persistent sterile inflammation. Apoptosis should
therefore be regarded as an integral component of tissue repair
rather than simply a mechanism for eliminating damaged cells
(Elmore, 2007; Elliott & Ravichandran, 2016; Galluzzi et al.,
2018).

5.2. Necroptosis

Necroptosis is a regulated form of lytic cell death
mediated by the receptor-interacting protein kinases RIPK1 and
RIPK3 and the executioner protein mixed lineage kinase domain-
like pseudokinase (MLKL) (Sun et al. 2012; Chen et al. 2022).
Following necroptotic signaling, activated RIPK3 phosphorylates
MLKL, triggering its oligomerization and translocation to the
plasma membrane, where it compromises membrane integrity
and ultimately leads to cell rupture. The subsequent release of
damage-associated molecular patterns (DAMPs) can further
amplify sterile inflammation, thereby linking necroptotic cell
death to the inflammatory response characteristic of IRI.
Experimental studies have demonstrated activation of the
RIPK1-RIPK3-MLKL pathway in ischemic kidneys and have
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shown that genetic or pharmacological interference with
necroptotic signaling can attenuate tubular injury and preserve
renal function. However, necroptosis does not occur as an isolated
process; extensive crosstalk with apoptosis and other regulated
cell death pathways may influence both the magnitude and
outcome of tissue injury. This mechanistic overlap may partly
explain why inhibition of a single cell death pathway often
provides incomplete protection against IRl (Linkermann &
Green, 2014; Vanden Berghe et al., 2014; Jun et al., 2020;
Kolbrink et al., 2023).

5.3. Pyroptosis

Pyroptosis is a pro-inflammatory form of regulated cell
death that contributes to the amplification of tissue injury in IRI.
Activation of the NLRP3 inflammasome promotes caspase-1-
mediated cleavage of Gasdermin D, whose N-terminal fragments
form pores in the plasma membrane, leading to loss of membrane
integrity and the release of IL-1p and IL-18 (Ma et al. 2024,
Zheng et al., 2022). Mitochondrial dysfunction and excessive
ROS production can further promote NLRP3 activation, whereas
mitophagy may limit pyroptotic signaling by removing damaged
mitochondria. Thus, pyroptosis links cellular injury to
inflammatory amplification and may contribute to the progression
of renal IRI (Yang et al., 2014; Xin et al., 2025; Ding et al., 2025).

5.4. Ferroptosis

Ferroptosis has become a focal point among regulated cell
death pathways implicated in IRI, due to its close association with
mitochondrial dysfunction, oxidative stress, and metabolic
failure. In contrast to apoptosis or necroptosis, ferroptosis is
defined by iron-dependent phospholipid peroxidation, which
gradually disrupts membrane integrity and ultimately impairs
tubular epithelial cell viability (Dixon et al. 2012; Friedmann et
al., 2014, Jiang et al., 2021; Chen et al. 2024; Wen et al. 2025).
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The ischemic kidney creates a metabolic environment that
strongly promotes ferroptotic cell death. Reperfusion restores
oxygen to metabolically compromised tubular cells, initiating a
cascade of excessive ROS generation, antioxidant depletion, and
iron dysregulation. Together, these metabolic disturbances create
a permissive environment for ferroptosis, which is now
recognized not simply because of oxidative stress but as a central
mechanism amplifying tubular injury during IRI (Wen et al. 2025;
Hosohata et al. 2022).

In addition to its direct role in tubular cell death,
ferroptosis influences several aspects of IRI pathogenesis. Lipid
peroxidation products released from ferroptotic cells can intensify
sterile inflammation, promote macrophage activation, and worsen
endothelial dysfunction, thereby connecting metabolic injury
with  immune-mediated tissue damage. This evolving
understanding has repositioned ferroptosis as an integral
component of the broader pathological network that coordinates
oxidative stress, inflammation, and maladaptive tissue repair
(Chen et al. 2024).

5.5. Panoptosis

PANoptosis is an emerging concept describing
coordinated inflammatory cell death driven by molecular
crosstalk among pyroptosis, apoptosis, and necroptosis. Rather
than representing an independent cell death pathway, it reflects
the integrated activation of these mechanisms through shared
regulatory complexes and signaling networks. Growing evidence
suggests that PANoptotic signaling may contribute to ischemia—
reperfusion injury by linking cell death with inflammatory
amplification; however, its specific role in renal IRI remains
incompletely defined and requires further investigation (Pandian
& Kanneganti, 2022; Yan et al. 2023; Chen et al., 2026).



Veteriner Histoloji ve Embriyolojisi Alaninda Giincel Konular ve Akademik Degerlendirmeler

6. MALADAPTIVE REPAIR AND AKI-TO-CKD
TRANSITION

Recovery from IRl does not always result in complete
restoration of normal tissue architecture. Following severe or
persistent injury, adaptive regeneration may shift toward
maladaptive repair, characterized by incomplete tubular recovery,
persistent inflammation, microvascular rarefaction, fibroblast
activation, and extracellular matrix accumulation. This process
provides an important mechanistic link between AKI and
subsequent progression to CKD (Ferenbach & Bonventre, 2015;
Humphreys, 2018; Kellum et al., 2021).

A subset of injured tubular epithelial cells fails to fully
redifferentiate and instead acquires a persistent maladaptive
phenotype associated with cell-cycle arrest and sustained
production of inflammatory and profibrotic mediators. Through
interactions with fibroblasts, endothelial cells, and immune cells,
these dysfunctional tubular cells contribute to persistent
inflammation, capillary loss, and interstitial fibrosis (Duffield,
2014; Kumas et al., 2019). Recent single-cell RNA sequencing
studies have further identified failed-repair proximal tubular
cells, a distinct population that persists after severe AKI and
exhibits sustained inflammatory, profibrotic, and metabolically
altered transcriptional programs (Kirita et al., 2020).

Thus, the transition from AKI to CKD reflects not merely
incomplete recovery but a coordinated maladaptive repair
response involving persistent tubular dysfunction and
pathological epithelial-stromal-immune interactions. Targeting
these maladaptive cellular states may therefore provide an
important strategy for preventing progressive fibrosis and long-
term loss of renal function.
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7. CONCLUSION

Renal ischemia—reperfusion injury is increasingly
understood as a complex and dynamic process involving
mitochondrial dysfunction, oxidative stress, endothelial injury,
sterile inflammation, and regulated cell death, all operating
through interconnected molecular networks rather than as isolated
mechanisms. The progression of IRI is influenced by both the
severity of the initial insult and the interplay between adaptive
regeneration and maladaptive repair, which together determine
the transition from acute kidney injury to chronic kidney disease.

Recent advances in single-cell technologies, spatial
transcriptomics, and multi-omics approaches have significantly
enhanced understanding of the cellular heterogeneity underlying
renal injury and repair, thereby creating new opportunities for
biomarker discovery and targeted therapeutic development.
Future strategies are anticipated to emphasize modulation of
shared regulatory pathways, preservation of mitochondrial and
microvascular integrity, and promotion of adaptive tissue repair,
rather than focusing on individual pathogenic mechanisms. These
integrated approaches are expected to improve long-term renal
outcomes following ischemic kidney injury.
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EMBRIiYONIK GELiSIMDE HUCRE DISI
MATRIKS VE MEKANOBIYOLOJI
HUCRESEL FARKLILASMADAN
ORGANOGENEZE

Nursin AYDIN!

1. GIRIS

HDM (Hiicre Dis1 Matriks) dokularin hiicresel olmayan
bilesenidir ve fibriler matriks ile bazal membran olmak iizere iki
temel histolojik diizende bulunur(Walma & Yamada, 2020).
Klasik histoloji HDM'yi morfogenetik hareketleri yalnizca
yonlendiren bir yapi1 olarak tanimlar, giincel bulgular ise
embriyonik HDM'in dinamik oldugunu, morfogenezi
yonlendirdigini  ve doku seklini  hiicreden bagimsiz
belirleyebildigini gostermektedir(Diaz-de-la-Loza & Stramer,
2024). Bu bolim HDM'in gelisimdeki yapisal ve mekanik
ozelliklerini,  hiicrelerin ~ bunlar1  algilama ve iletme
mekanizmalarint ve bunlarin farklilagma ile organogenez
tizerindeki etkilerini histoloji ve embriyoloji g¢ergevesinde ele
alan literatiire dayal1 bir derlemedir. Kanit taban1 agirlikli olarak
fare, civciv, zebra baligr ve Xenopus modellerine dayanir, sigur,
koyun ve ke¢i i¢in dogrudan gelisimsel mekanobiyolojik veri
tespit edilememistir.

1 Dr., ORCID: 0000-0003-0265-3163.

19



Veteriner Histoloji ve Embriyolojisi Alaninda Giincel Konular ve Akademik Degerlendirmeler

2. HDM'NIN YAPISI VE GELiSiIMSEL DEGIiSiMi

HDM embriyonik hiicreler tarafindan en erken evrelerden
itibaren sentezlenir ve kollajenler, yapisal glikoproteinler,
proteoglikanlar ile elastinler olmak iizere dort siifa ayrilir.
Farede yiiriitiilen genetik ¢alismalar HDM'nin yalnizca yapisal
destek saglamadigini gostermistir; HDM adezyon, proliferasyon,
hiicre belirlenmesi, go¢, yasam ve farklilasmay1 diizenler,
morfojenlerle etkileserek go¢ yolu olusturur ve morfojen
gradyanlarin1 bi¢imlendirir. Bazal membran laminin ve tip IV
kollajen aglarindan olusur ve bu aglar nidogen ile perlekan
tizerinden baglanir(Sekiguchi & Yamada, 2018); kollajen 1V
kendiliginden polimerlesir, ancak bu model biiyiik 6l¢iide in vitro
deneylere dayanir ve sterik engeli hesaba katmaz(Bonche et al.,
2022). Drosophila yumurta odaciklarinda BM sertliginin esas
olarak kollajen IV'e baglh oldugu gosterilmistir(TOpfer, Guerra
Santillan, Fischer-Friedrich, & Dahmann, 2022). Farede kollajen
IV kayb1 embriyolarin E9.5'e kadar gelismesine izin verir, letalite
E10.5-E11.5 arasinda BM'lerdeki yapisal yetersizlikle ortaya
cikar; kollajen IV baslangic montaj1 i¢in gerekli degildir, ancak
artan mekanik talepler altinda BM biitiinliigii igin temeldir(Poschl
et al., 2004).

BM'nin kompozisyonu ve mekanik ozellikleri gelisim
boyunca degisir. Laminin ve tip IV kollajen en kararl
bilesenlerdir ve bildirilen yar1 Omiirleri yaklasik 1-10 saat
arasindadir, nidogen gibi bazi yapisal proteinler yaklagik 15-30
dakikalik daha hizli doniisiim gosterir(Stramer & Sherwood,
2024). Memelilerde endojen etiketli kollajen IV modelleri hizl
epidermal biiyiime donemlerinde bile BM kollajen IV'liniin son
derece kararli oldugunu gostermistir(R. A. Jones et al., 2024). BM
mekanigi dokuda homojen degildir; Drosophila yumurta
odaciginda BM'de belirgin mekanik anizotropi saptanmuis,
epitelde saptanmamugstir ve belirleyici olan mutlak sertlik degil
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goreli sertliktir(Crest, Diz-Munoz, Chen, Fletcher, & Bilder,
2017).

Dokuya 6zgii profiller gelisim boyunca degisir. Insan
derisinde fetal dokunun kollajen tip II/tip I oran1 ile
glikozaminoglikan diizeyi eriskine gore daha yliksektir ve elastin
erigkin dermiste %2-4 oraninda bulunur(Coolen, Schouten,
Middelkoop, & Ulrich, 2010); insan fetal posterior tibial
tendonunda tip III kollajen gelisim boyunca kademeli
azalir(Macedo et al., 2022). Akcigerde fertilizasyon sonrast 8-10.
haftalar ile 11-14. gestasyonel haftalar arasinda dekorin, lumikan
ve kollajen tip I, III ve VI bronsiyoler kanallarin ¢evresinde kilif
olusturur(Godoy-Guzman, San Martin, & Pereda, 2012) ve kalpte
erken evrede hyaluronik asitten zengin kardiyak jel yer alir,
farede kalp dongiilenmesi E8.5'te gerceklesir ve trabekiil olusumu
E8.0'da baslar(Derrick & Noél, 2021).

3. MEKANOBIYOLOJININ TEMEL
KAVRAMLARI

Mekanotransdiiksiyon hiicrelerin HDM'nin elastikiyet,
viskozite ve nanotopografi gibi  Ozelliklerini  algilayip
biyokimyasal sinyallere doniistiirdiigii siirectir; embriyonik
gelisimde baslica mekanik uyarilar HDM sertligi, akiskan kayma
gerilmesi ve doku gerilmesidir. Doku sertligi organizmada genis
aralikta degisir; beyin dokusu yaklagik 0,1-1 kPa ile en yumusak
dokulardandir, ¢izgili kas yaklasik 10 kPa, kemik dnciisii osteoid
20-40 kPa diizeyindedir(Zajac & Discher, 2008), dogal dokularin
sertligi genel olarak 0,01 kPa ile 100 kPa arasinda degisirken
kiiltiirde kullanilan plastik yiizeyler gigapaskal
diizeyindedir(Kratochvil et al., 2019). Embriyonik dokularda
mekanik parametreler tek bigimli degildir; zebra balig1 presomitik
mezoderminde hiicrelerin algiladig1 mekanik parametrelerin ¢ogu
farklilasma sirasinda On-arka eksen boyunca degisir ve bu
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gradyanlar morfojenler gibi hiicrelere konumsal bilgi
saglayabilir(Mongera et al., 2023).

Hiicrelerin sertligi algilamasinda adezyon kompleksleri
ve aktin-miyozin iskeleti kilit rol oynar; yumusak substratta
aktomiyozin kasilma kuvveti agirlikli olarak substrati deforme
eder, sert substratta ise adezyon kompleksini deforme ederek
proteinlerinde konformasyon degisikliklerine yol acar(Mitrossilis
et al., 2009). Substrat sertligi arttikga (6rnegin 3—-14 kPa) fare
embriyonik fibroblastlarinda g¢eki kuvveti artar ve vinkiilinin
odak adezyonlardaki lokalizasyonu belirginlesir(Putra, Kilian, &
Knothe Tate, 2023). Sertlik hiicre kaderinin belirlenmesinde
kritik bir etkendir ve insan mezenkimal kok hiicreleri yalnizca
substrat elastikiyeti degistirilerek farkli soylara
yonlendirilebilir(Muncie & Weaver, 2018). Embriyonik
gelisimde mekanigin roliiniin anlagilmasini, mekanik uyarilarin in
vivo nicel Ol¢iimiinii  saglayan yontemlerin  yoklugu
geciktirmistir(Campas, 2016).

4. MEKANIK ILETIM YAPILARI

Integrinler hiicre zarin1 gegen heterodimerik reseptdrlerdir
ve HDM ligandlarini hiicre iskeletine baglar. Farede Bl integrin
kuyrugundaki iki sitoplazmik tirozinin (Y783 ve Y795) alanin ile
degistirilmesi B1 integrin islevlerini ortadan kaldirir ve bu
mutasyonu tasiyan fareler canli dogmaz(Chen et al., 2006).
Integrin ile fibronektin etkilesiminin hiicre protriizyonlar:
tizerindeki etkisi Xenopus gastrulasyonunda ¢alisilmigtir;
fibronektinin azaltilmas1 konverjan uzamayi ve mediolateral
protriizyon davranigim1  bloke eder ve integrin aS5PB1
baglanmasinin bozulmast konverjans hareketlerinin konverjan
uzama yerine konverjan kalinlasma ile sonug¢lanmasina yol
acar(Davidson, Marsden, Keller, & Desimone, 2006).
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Fokal adezyonlar kontraktil aktomiyozin demetlerini
plazma zarma baglar, hiicre iskeletinin iirettigi kuvveti HDM'ye
iletir ve mikrogevrenin mekanik 6zelliklerini biyokimyasal
sinyallere doniistiirlir; olgunlagmalar1 miyozin II aracili iskelet
gerilimine baglidir ve miyozin II etkinligi FAK/Src aracili
paksillin fosforilasyonunu (Y31 ve Y118) destekler(Pasapera,
Schneider, Rericha, Schlaepfer, & Waterman, 2010). Sert
substratlarda kiiltiir edilen hiicrelerde toplam fokal adezyon sayisi
iki kat, 1 um*den biiyiikk olgun fokal adezyon sayis1 dort kat
artar(Peng et al., 2019). Durotaksi hiicrelerin HDM sertlik
gradyan1 boyunca yukar1 dogru goc¢ etmesidir ve c¢ok hiicreli
kiimeler izole tek hiicreler durotaksi gostermese bile durotaksi
sergiler(Sunyer et al., 2016). RhoA hiicre adezyonu ve iskeletinin
kritik diizenleyicisidir, baslica alt hedefi serin-treonin kinaz
ROCK'tur ve ROCK aktomiyozin kontraktil kuvvetini tetikler;
meme kanseri hiicrelerinde substrat sertligi integrin f1 ve FAK"t
dogrudan aktive edereck RhoA/ROCK yolunu tetikler(Jerrell &
Parekh, 2016).

YAP ve TAZ Hippo sinyal yolunun temel efektorleridir ve
hiicrenin fiziksel yapisini, seklini ve polaritesini algilayan birincil
sensorler olarak tanimlanir; etkinlikleri esas olarak hiicre ici
dagilimlar1 diizeyinde diizenlenir ve niikleusta birikmelerini
gerektirir. Epitel hiicrelerinde YAP ve TAZ yumusak HDM
tizerinde (tipik olarak 1,5 kPa'nin altinda) veya kii¢lik adezyon
alanina sahip (300 pum?) yuvarlak hiicrelerde sitoplazmada
yerlesir, sert substratlarda (tipik olarak 5 ile 10 kPa iizerinde) veya
3000 um*yi asan alana  yayillan  hiicrelerde  ise
niikleustadir(Totaro, Panciera, & Piccolo, 2018). iki boyutlu
kiiltiirde substrat sertligi ile giiclii korelasyon gosteren niikleer
lokalizasyon, ii¢ boyutlu ortamlarda sertlik ile artabilir, azalabilir
veya degismeden kalabilir(Scott, Fraley, & Rangamani, 2021).
Organ boyutu kontroliinde Hippo kinaz kaskadi YAP/TAZ"
fosforile ederek inhibe eder ve bu inhibisyondan kaynaklanan gen
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ifadesi degisiklikleri hiicre sayisini, proliferasyonu baskilayarak
ve apoptozu tesvik ederek sinirlar(Zhao, Li, Lei, & Guan, 2010).
Kuvvetin niikleusa iletilmesi YAP"in niikleer lokalizasyonu i¢in
gereklidir; LINC kompleksi nesprin ile SUN proteinlerinden
olusarak aktin stres liflerini niikleoskelete baglar(Fischer, Rikeit,
Knaus, & Coirault, 2016) ve nesprin baskilanmasi gerilme sonrasi
YAP'!n niikleer yeniden yerlesmesini engeller(Kirby &
Lammerding, 2018).

PIEZO1 gelisimde en iyi tanimlanmig mekanoduyarlt
iyon kanallarindandir; farede gelisen kan damarlarinin endotel
hiicrelerinde ifade edilir ve eksikligi olan embriyolar, kan
akisindan  giicli  bigimde  etkilenen damar  yeniden
sekillenmesindeki kusurlar nedeniyle orta gestasyon doneminde
olir(Ranade et al., 2014). TRPV4 ise iskelet gelisiminde
mekanodiizenleyici rol iistlenir; fare embriyo arka bacaklar1 ekz
vivo kiiltiirde mekanik olarak uyarildiginda diz kikirdag:
bliyiimesi ve morfogenezi artar ve yiiklenmeye bagli eklem
kikirdagr gelisimi TRPV4 etkinligine baghidir(N. S. Khatib et al.,
2023). Kanaldaki kazang-islev mutasyonlar iskelet displazilerine
yol acar, V620l mutasyonu brakiyolmiye, T891 mutasyonu
metatropik displaziye neden olur(Harissa, Kim, Dicks, Steward,
& Guilak, 2025).

5. HUCRESEL DAVRANISLAR VE ERKEN
GELIiSIiM

HDM hiicre gogiinii hem fiziksel izin vericilik hem sinyal
saglama diizeyinde belirler; yonlii gocte hiicreler kemotaksi,
haptotaksi ve durotaksi sinyallerini biitiinlestirir ve adezyon
kinetigi, aktomiyozin kontraktilitesi ile reseptor sinyali arasindaki
denge gb¢ hizin1 ve yoOnelim kararliligini belirler(Shellard &
Mayor, 2020). HDM'ye bagl biiytime faktorii gradyanlart da rol
alir ve Xenopus gastrulasyonunda PDGF-A'nin fibronektine
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baglanmasi1 yonlii hiicre gogii icin kritik bulunmustur(Smith,
Mitsi, Nugent, & Symes, 2009). Erken embriyoda mekanik ¢evre
farklilagsmay1 yonlendirir ve embriyonik kok hiicreler mekanik
yiklenme altinda pluripotansiyelerini hizla kaybeder(Nelson,
2022). Epitelyal-mezenkimal gegis gelisimde kardiyak yastik¢ik
olusumu, noral krest gocii ile palatogenez gibi olaylarda goriiliir
ve substrat sertligi ile HDM bilesimi bu siireci tetikleyebilir veya
baskilayabilir(Lindsey, Butcher, & Yalcin, 2014); Kkalpte
endokardiyal hiicrelerin EMT ile mezenkime doniismesi kardiyak
jel i¢indeki hyaluronik asite baglhidir(Camenisch et al., 2000).
Gastrulasyonda fibronektin matrisi sivi haldeyken epiboli ve
mezoderm gogli gerceklesebilirken fibriler matris konverjan
uzama ic¢in gereklidir(Rozario, Dzamba, Weber, Davidson, &
DeSimone, 2009) ve Wnt/PCP yolu hiicre polaritesini
diizenleyerek bu hareketleri etkiler(Roszko, Sawada, & Solnica-
Krezel, 2009).

6. ORGANOGENEZDE MEKANOBIYOLOJi

Kalp gelisiminde matris sertligi belirgin bigimde degisir.
Fare kalbinde sertlik 500 Pa'min altindaki bir mezodermden
baslayip E14'e kadar 10 kPa'ya yiikselmekte ve yarilanma siiresi
yaklasik 60 saat olarak bildirilmektedir(Young, Kretchmer,
Ondeck, Zambon, & Engler, 2014); civciv kalbinde 36. saatten
408. saate kadar yaklasik 9 kat artis (0,9 £ 0,2 kPa'dan 8,2 + 1,3
kPa'ya) rapor edilmistir(Young & Engler, 2011). Miyokard
sertligi fetal-eriskin geciste 2—3 kat artis gosterir(Rajendran et al.,
2023) ve bu artis kardiyomiyosit olgunlagsmasiyla es zamanlhdir.
10 kPa sertligindeki hidrojeller eriskin miyokard: taklit ederek
olgun kardiyomiyositlerde ritmik atimi siirdiiriitken 50 kPa ara
sertlik erken mezodermal indiikleme asamasinda embriyonik kok
hiicre farklilagmasin1 desteklemektedir(Scuderi & Butcher,
2017). Kardiyak yastik¢ik olusumu endokardiyal hiicrelerin EMT
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ile mezenkime doniismesine dayanir ve hiyaluronan sentaz-2
eksikligi bu siireci bloke eder(Armstrong & Bischoff, 2004).

Akciger gelisiminde dallanma morfogenezi epitel ile
mezensim arasindaki karsilikli etkilesime dayanir ve mekanik
kuvvetlerin ~ kimyasal  sinyalleri  gegersiz  kilabildigi
gosterilmistir(Shao, De Coppi, & Michielin, 2023). Fare
akcigerinde diiz kas farklilagsmasinin manipiilasyonu dallanma
Ortintiisiinii degistirir; diiz kasin kayb1 ektopik dallanmaya yol
acarken diiz kasin artis1 dallanma baslangicint ve uzamasini
baskilamaktadir(Goodwin et al., 2019). Transmural basing hava
yolu dallanmasmi ve  gelisimsel olgunlasma  hizm
denetler(Nelson et al., 2017) ve Fgfl0/Fgfr2b sinyali epitel
burusmasi ile diiz kas farklilasmasi gibi fiziksel siiregleri
koordine eder(M. R. Jones, Chong, & Bellusci, 2021).

Iskelet gelisiminde fetal hareketler iskeleti stres, gerilme
ve hidrostatik basing gibi mekanik bigimlerde etkiler ve
yuklenmenin frekansi ile siiresi kondral ve kemik gelisimini farkli
bicimde etkiler(N. Khatib, Parisi, & Nowlan, 2021). Blyume
plaginda uzunlamasina biiyiime mekanik yiiklenmeye baghdir ve
proliferatif zondaki kondrosit sayisi ile hipertrofi miktar1 mekanik
yiik ile modiile edilir(Villemure & Stokes, 2009), mekanik yiikiin
kaldirilmast kondrosit kolon olusumunu ve uzuv uzunlugunu
etkiler(Serra, 2020). iskelette mekanik sinyalizasyon kemik
morfogenetik  proteinleri ve  hedgehog gibi  yollarla
kesisir(Ghuloum, Johnson, Riobo-Del Galdo, & Amer, 2022).

7. SENTEZ VE SINIRLILIKLAR

HDM'nin kompozisyonel olgunlasmasi ile mekanik
olgunlagmasi arasinda belirgin eslesme vardir; gelisim ilerledikce
HDM bilesimi kollajen agirlikli yapiya kayar, capraz baglanma
ve mineralizasyon artar ve doku sertligi yiikselir. Metodolojik
sinirhiliklar bu alanin yorumlanmasinda belirleyicidir; in vivo
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kuvvet 6l¢lim yontemlerinin ¢ogu yapay sistemler ve kiiltiir
hiicreleri i¢in gelistirilmistir ve iki boyutlu kiiltiir bulgular1 ii¢
boyutlu ortama sinirli dl¢iide genellenebilir. Tiir dagilimi belirgin
bicimde dengesizdir; organogenez mekanobiyolojisi agirlikli
olarak fare, civciv, zebra baligi ve Xenopus modellerine dayanr,
BM mekanik katki analizleri ise Drosophila'da yiiriitiilmiistiir.
S1g1r, koyun ve kegi i¢in gelisimsel mekanobiyolojik kanit tespit
edilememistir; sigir embriyolar1 {izerine bulunan mekanik
caligmalar gelisimsel mekanobiyoloji degil yardimci {ireme
teknolojileri optimizasyonu kapsamindadir. In vitro iiretimde
mekanik mikro-vibrasyon uygulamasi (60 dakika araliklarla 5
saniye, 20, 40 veya 80 Hz) degerlendirilmis ve 40 Hz grubunda
blastosist gelisim orani kontrol grubuna gore anlamli bicimde
artarken 80 Hz grubunda blastosist hiicre sayis1 anlamli olarak
azalmistir(TAKAHASHI et al., 2018). Diisiik kaliteli oositlerden
elde edilen sigir embriyolarinda 15 dakikalik araliklarla
uygulanan vibrasyon(Takehisa, Kondo, Imai, Dochi, & Koyama,
2013), oositlerin 10 dakika santrifiijlenmesinin in vitro gelisim ve
kriyotolerans lizerindeki etkisi(Moreski et al., 2025) ile IVF
sirasinda rocking uygulamasi(Serita, Kubota, & Kojima, 2008) da
degerlendirilmistir.
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