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ONSOZ

Bu kitap, “Bitkisel Biyoaktifler ve Redoks Biyolojisi:
Biyokimyasal Mekanizmalar, Immiinoanalitik ve Terapotik
Yaklagimlar” baslig1 altinda, alaninda uzman akademisyenlerin
katkilariyla hazirlanmis 10 6zgiin kitap boliimiinden olusmaktadir.
Eserde, temel biyokimyasal siire¢lerden hiicresel ve molekiiler
mekanizmalara, redoks biyolojisinin fizyolojik ve patolojik rolleri
ile bitkisel biyoaktiflerin terapétik potansiyeline kadar genis bir
konu yelpazesi ele alinmistir.

Kitap boliimlerinde; serbest radikaller ve redoks dengesi,
tiyol temelli redoks diizenlenmesi, glikozaminoglikanlarin yapisal
ve biyolojik rolleri, apelin ve metabolik sinyalizasyon, bitkisel
biyoaktiflerin antikanser etkileri, immiinoanalizlerde interferanslar
ile birlikte, glinlimiizde 6nemli bir halk sagligi ve klinik problem
olan vitamin D eksikligi; prevalansi, belirleyici faktorleri ve tedavi
stratejileri ve hemoglobinin allosterik bir oksijen tasiyicisi olarak
yapisal  dinamikleri, enerjetik kooperativitesi ve  klinik
biyokimyadaki onemi ele alinmaktadir. Bunun yani sira, periostin
ve endokan gibi hiicre disi matriks ve endotelyal kokenli
biyobelirteglerin okiiler hastaliklarin patogenezindeki ve klinik
kullanimindaki rolleri yer almaktadir. Bu kapsamiyla eser, klinik
biyokimya, molekiiler biyoloji, farmakoloji ve ilgili saglik bilimleri
alanlarinda giincel bilgileri bir araya getirmektedir.

Yazarlar, uzmanlik alanlar1 dogrultusunda ele aldiklar
konulari, bilimsel dogruluk ve giincel literatiir 15181nda; 6grenmeyi
kolaylastiran, anlasilir ve akict bir dil ile sunmaya 6zen
gostermistir. Kitabin, biyokimya ve iligkili disiplinlerde c¢alisan
bilim insanlarina katki saglamasi ve yeni arastirmalara ilham
vermesi temennimizdir.

Bu kitabin ortaya c¢ikmasinda emegi gecen tiim degerli
boliim yazarlarina ve basim siirecinde gosterdikleri titiz ¢alismadan
dolay1 Bidge Yayinevi ¢alisanlarina ictenlikle tesekkiir ederim.

Dog. Dr. Serap OZER YAMAN
Trabzon Universitesi
T1p Fakiiltesi Tibbi Biyokimya AbD
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BOLUM 1

SERBEST RADIKALLER

ELIiF DEMIR?

Giris

Iyonize radyasyon etkisinin kimyasal kademesinde serbest
radikaller 6nemli bir yer tutar. Serbest radikaller iyonlarin veya
uyaritlmig  molekiillerin  ayrilmalar1 sonucunda olusan, dis
yoriingelerinde eslesmemis bir elektrona sahip atom ya da
molekiillerdir. Serbest radikaller pozitif yiiklii, negatif yiiklii veya
elektriksel olarak notral olabilirler. Son derece reaktif molekiiller
olup, bir baska radikalin ayni1 durumdaki elektronu ile esleserek
kararli hale gelme egilimleri vardir. Bu sebeple serbest radikaller,
elektron alici ya da elektron verici Ozeliklere sahiptir. Serbest
radikallerin yasam siireleri cok kisadir. Serbest radikallerin olusum
hiz1 ile ortadan kaldirilma hiz1 arasinda denge bozulmadig: siirece
organizma bundan etkilenmemektedir (Halliwell, 1994; Vallyathan
& Shi, 1997). Bu denge bozuldugunda, oksidanlarin arttig1 veya
antioksidanlarin yetersiz kaldigi durumlarda organizma oksidatif
strese maruz kalir (Demir & ark., 2021). Bunun sonucunda, hiicresel

! Dog. Dr., Harran Universitesi Viransehir Saghk Yiiksekokulu, Hemsirelik
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metabolizma isleyisi bozulur, olusan molekiiler yikim ile kalp,
bobrek, karaciger, mide, akciger, beyin gibi birgogu yasamsal 6neme
sahip organlarda doku hasar1 meydana gelir (Halliwell, 1994;
Vallyathan & Shi, 1997).

Aerobik metabolizmada baslica serbest radikal kaynagmin
oksijen tiirevi radikaller olusturmaktadir. Oksidanlar, reaktif oksijen
tirleri (ROT), reaktif nitrojen tiirlert (RNT), siilfiir merkezli
radikaller vb. molekiillerden olusurlar. Reaktif oksijen tiirleri, oksjen
merkezli radikaller ve oksjen merkezli non radikaller olarak
smiflandirilabilir. Oksjen merkezli radikaller; sliperoksit (02"),
OH™, alkoksil (RO™) ve peroksil radikalidir (ROO™). Oksijen
merkezli non radikaller ise H>O; ve singlet oksijendir ('0,). Reaktif
nitrojen tiirleri ise nitrik oksit (NO), nitrik dioksit (NO2") ve
peroksinitrit (OONQO™) gibi nitrit tiirevleridir (Cavdar & ark., 1997;
Akkus, 1997; Lee & ark., 2004).

Radikal kavramindan bahsedildiginde genel olarak oksijen
merkezli radikaller akla gelir. Bu kavramm baglica gerekgeleri
sunlardir.

1. Diger atom merkezli radikaller biiyiik bir hizla oksijenle
tepkimeye girerler ve tepkimede paylasilmamis elektron oksijen
atomu Tlizerine kayar ve boOylece radikal 6zelligi oksijen atomu
iizerinde devam eder.

2. Molekiiler oksijen hiicrelerde devamli  olarak
kullanilmaktadir. Oksijeni kullanabilmek i¢in elektron transferi ile
spin kisitlamasinin asilmasi gerekir. Bu nedenle de oksijen
metabolizmas1 sirasinda reaktif radikal tiirlerinin  olusmasi
kaginilmazdir.

3. Elektrofilik bir atom olan oksijen, dig orbitaline elektron
alarak biyomolekiilleri oksitler. Bu sirada kendisinin radikal tiirleri
olusur. Metal iyonlar1 oksijenin bu tiir oksitleyici etkilerini
hizlandirirlar (Kiling & Kiling, 2002).

--2--



1. Serbest Radikaller Nasil Olusur

Iginde bulundugumuz gevrede cesitli fiziksel ve kimyasal
olaylar nedeniyle devamli bir radikal yapimi1 vardir. Hiicre icerisinde
de gerek metabolik faaliyetler sonucu gerekse baska nedenlerden
dolaytr siirekli olarak radikaller iiretilmektedir. Nerede ve nasil
iiretildiklerine bakilmaksizin radikaller baslica 3 temel mekanizma
ile olugsmaktadir.

1. Kovalent bagl normal bir molekiiliin, her bir par¢asinda
ortak elektronlardan her birinin bir molekiilde kalarak homolitik
bolinmesi.

XY —» X +Y

2. Normal molekiilden tek bir elekronun kaybi veya bir
molekiiliin heterolitik boliinmesi. Heterolitik boliinmede kovalent
bag1 olusturan her iki elektron atomlarin birinde kalirlar. Boylece
serbest radikaller degil, iyonlar meydana gelirler.

XY — X+Y°
3. Normal bir molekiile tek bir elektronun eklenmesi.
A+e- —p A

Biyolojik sistemlerde serbest radikaller en fazla elektron
transferi sonucu meydana gelirler (Akkus, 1997; Kiling & Kiling,
2002). Viicutta iiretilen radikaller her zaman tehlikeli kimyasal tiirler
olarak degerlendirilmemelidir. Oksijenin biyokimyasal tepkimelerde
kullanilmasi i¢in reaktif formlarma ¢evrilmesi zorunludur. Ornegin,
ksenobiyotiklerin detoksifikasyonu, steroid yapidaki bilesikler ile
eikozanoidler gibi biyolojik aktif molekiillerin sentezi, pek ¢ok
oksidaz ve hidroksilaz enzimlerin etkileri ile sitotoksik etkilere sahip
hiicrelerin fonksiyonlar1 i¢in radikal yapimina ihtiyag vardir. Oksijen
radikallari gibi, nitrik oksit radikalinin yapimi da onemlidir. Bu
radikallerin ne kadar iyi ya da ne kadar kot olduklarini belirleyen

faktor, nerede ve ne kadar iiretildiklerine baglidir. Biyolojik ihtiyacin
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iizerinde iretilen radikaller toksik etkilerden sorumludurlar.
Cevresel faktorler, viicuda alinan gesitli kimyasal bilesikler, ¢esitli
enfeksiyonlar, doku travmalari ve pek c¢ok sayidaki patolojik
durumlar viicutta radikal yapiminda artisa neden olmaktadir. Diigiik
miktarda radikal yapimimin etkileri yaglanma seklinde goriiliirken,
yiiksek miktarda ve yaygin radikal yapimini etkileri kisa siirede ve
ciddi bir patolojik durum olarak ortaya ¢iktig1 ifade edilmektedir
(Kiling & Kiling, 2002).

En Onemli Serbest Oksijen Radikalleri Sunlardir (Bur¢ak &
Andican, 2004).

1. Ox" radikali

2. H202

3. HO™ radikali

4. Singlet Oksijen ('021])
1.1. Siiperoksit Radikali (0:")

Canlilarda olustugu ilk gosterilen radikaldir. Hemen hemen
tiim aerobik hiicrelerde oksijenin bir elektron alarak indirgenmesi
sonucu olusur (Halliwell, 1994). Serbest bir radikal olmakla birlikte
kendisi direkt olarak fazla zarar vermez (Akkus, 1997). Siiperoksit
radikali, H>0,, HO™ veya 'O gibi diger reaktif oksijen tiirlerinin
olusumunda 6nemli bir rol oynar (Lee & ark., 2004). Siiperoksit
radikali mitokondrilerde direkt olarak otooksidasyon sirasinda veya
enzimatik olarak ksantin oksidaz (XO), sitokrom P4so ve diger
oksidazlar tarafindan {retilir. Siiperoksit radikali, siiperoksit
dismutaz (SOD) enzimi aracilifiyla veya spontan olarak siiratle
H>O>’e inaktive edilir (Vallyathan & Shi, 1997). Siiperoksit radikali
mitokondriyal elektron transfer zincirinde rediikte nikotinamid
adenin diiikleotid (NADH)’ 1n okside nikotinamid adenin niikleotid
(NAD)’e okside olmasi ile de olugmaktadir. Ayrica pek ¢ok oksidaz
enzimler tarafindan da diretilir. Siiperoksit radikali genel olarak
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anyon seklinde tarif edildigi halde, ortamm pH’ma bagl olarak
protanlanarak katyon seklinde doniisebilir. Bu durumda perhidroksi
radikali (HO;") ismini alir (Memisogullari, 2005). Bu radikal de ¢ok
reaktif olup, hiicre zarlarinda lipid peroksidasyonunu (LPO)
baslatabilir. O™ ile HO;" reaksiyona girince, biri okside olurken
digeri indirgenir. Bu reaksiyon sonucunda O> ve H,O> meydana gelir
(Akkus, 1997; Kiling & Kiling, 2002).

Siiperoksidin, fizyolojik bir serbest radikal olan NO™ ile
birlesmesi sonucu da reaktif bir nitrojen tiirevi olan ONOO-
meydana gelir.

0"+ NO® ——» ONOO

Olusan ONOO™ dogrudan proteinlere zararl etkileri vardir ve
azot dioksit (NO>), OH" radikali ve nitronyum iyonu (NO,") gibi
daha bagka toksik lriinlere doniisebilir. Siiperoksit radikali ayrica
gecis metallerinin otooksidasyonu sonucunda da meydana gelebilir
(Akkus, 1997).

1.2. Hidrojen Peroksit (H.0-)

Hidrojen peroksit molekiilii eslesmemis elektron tagimaz ve
bu yiizden de radikal degildir (Halliwell, 1994; Lee & ark., 2004).
H>0; oksijen molekiiliiniin baska bir molekiilden iki elektron alarak
peroksit olusturmasindan ve peroksit molekiiliiniin de iki H
molekiilii ile birlesmesiyle olusur (Lee & ark., 2004; Memisogullari,
2005). Ancak biyolojik sistemlerde H>O> asil idiretimi Oz™
dismutasyonu ile olur. Iki O>™ iki proton alarak H,O, ve molekiiler
oksijeni olusur (Halliwell, 1994; Kilin¢ & Kiling, 2002).

20, + 2H" —S90 , H,0,+ O,

Hidrojen peroksit, reaktif oksijen tiirleri arasinda en az
reaktif olandir ve ortamda metal iyonlar1 yoksa fizyolojik pH ve 1s1da
stabildir. Hidrojen peroksit zayif bir okside edici ve indirgeyici
ajandir. Bu nedenle daha zayif bir reaktif molekiil olarak olarak
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degerlendirilir. Hidrojen peroksit, metal iyonlar1 ve O, varliginda
OH™ {iretebilir.

0O,y + HOp ——» OH"+ OH + O

Bu reaksiyona Haber-Weiss reaksiyonu adi verilir (Lee &
ark., 2004; Burcak & Andican, 2004). Haber-Weiss reaksiyonu
katalizorlii veya katalizorsliz olusabilir. Katalizorsiiz reaksiyon
olduk¢a yavas ilerler ve katalizor olmayinca ortamdaki H>O, ve O2™
antioksidanlar tarafindan kolayca detoksifiye edilirler. Demir gibi
gecis metalleri ile katalizlenen ikinci sekli ise ¢ok hizhidir. Bu
reaksiyonda once ferri demir (Fe®™), Oy" tarafindan ferro demire
(Fe*?) indirgenir. Sonra bu ferro demir kullanilarak “Fenton
Reaksiyonu” ile H>O,’den OH™ ve OH™ iretilir. Reaksiyon
mekanizmas1 asagidaki sekildedir (Kiling & Kiling, 2002;
Memigogullari, 2005).

0, "+ Fe® » (,+ Fe™
Fe'?+ H»0, » Fe+OH™ + OH"
0"+ H,0, > OH" +OH + O,

1.3. Hidroksil Radikali (OH™)

Hidroksil radikali en reaktif radikaldir. Bu ylizden canli
organizmada liretildiginde olusum yerinin yakinindaki molekiillerle
tepkiye girer. Biyolojik ve kimyasal sistemlerde iiretebilen OH™
canlilarda iki mekanizma ile olusabilir.

1- Suyun yiiksek enerjili iyonize edici radyasyona maruz
kalmas1 sonucunda olusur.

2- Hidrojen peroksitin ge¢is metallerinin  varhiginda
indirgenmesiyle meydana gelir.



Hidroksil radikali, lipid, polipeptid, protein, DNA ve diger
molekiillerle reaksiyona girer. Ozellikle niikleik asitlerdeki tiamin ve
guanozin bazlartyla reaksiyona girerek bagka radikaller
olusturmaktadir. Canlilarda OH™ lipitlerle reaksiyona girerek
LPO’nu baglatir. LPO ise hiicre zar1 yapisini bozarak hiicre
disfoksiyonuna neden olmaktadir (Memisogullari, 2005; Akkus,
1997; Kiling & Kiling, 2002).

1.4. Singlet Oksijen (102)

Singlet oksijen, bir non radikaldir. Yapisinda iki adet
eslesmemis elektron tasir. Oksijen molekiiliindeki ayn1 yone dénen
iki elektrona sahip 2p son orbitali dnemlidir. Bu orbitallerden
herhangi birindeki elektron, bir orbitali birakip digerine gectiginde
veya farkli yonde dondiigiinde "singlet oksijen" olusur (Halliwell,
1994; Lee & ark., 2004). Baslica su mekanizmalarla viicutta
olusabilir.

a) Pigmentlerin (6rnegin flavin igeren niikleotidler, retinal,
bilirubin) oksijenli ortamda 15181 absorplamasiyla,

b) Hidroperoksitlerin metaller varhigindaki yikim
tepkimelerinde,

¢) Kendiliginden dismutasyon tepkimeleri sirasinda (6rnegin
fagozom i¢inde),

d) Prostoglandin endoperoksit sentaz, bazi sitokrom Pyso
tepkimelerinde, miyelo/kloro/ laktoperoksidaz enzimlerinin
etkileri sirasinda.

Singlet oksijen diger molekiillerle etkilestiginde ya icerdigi
enejiyi transfer eder, ya da kovalent tepkimelere girer. Ozellikle
karbon-karbon ¢ift baglar1 'O,’nin tepkimeye girdigi baglardur.
Singlet oksijen hiicre membranindaki poliansatiire yag asidleriyle
dogrudan reaksiyona girerek lipid peroksitlerin olusumuna yol acar
(Cavdar & ark., 1997; Kiling & Kiling, 2002).
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1.5. Reaktif Nitrojen Tiirleri (NO’, NO2, NO*)

Nitrik oksit, tek bir eslenmemis elektrona sahip olan bir
serbest radikaldir. Paylasilmamis elektron aslinda nitrojen atomuna
ait ise de, bu elektronun hem nitrojen hem de oksijen atomu iizerinde
delokalize olmasi nedeniyle tam radikal 6zelligi tasimaz. Bunun
sonucu, bilinen diger radikallere gore reaktivitesi baskilandigindan
olduk¢a uzun omiirliidiir. (Pham-Huy & ark., 2008; Marletta 1993).
Nitrik oksit sinir iletimi, kan basinci diizenlenmesi, savunma
mekanizmasi, kas gevsemesi ve bagisiklik diizenlenmesi gibi ¢ok
cesitli fizyolojik silireglerde Oonemli bir sinyal molekiilii olarak
hareket eden bir radikaldir. Diisiik konsantrasyonlarda iken, ortamda
oksijen varliginda dahi stabilitesini koruyabilen NO°, bilinen en
diisik molekiil agirlikl, biyoaktif memeli hiicresi sekresyon
irliniidiir (Marletta 1993). Bu radikal damar endotel hiicrelerinde
Nitrik oksit sentaz (NOS) enzimi aracilifiyla L-arjininden
sentezlenir. Nitrik oksit sentazin bir¢ok izoformu tanimlanmuistir.
Nitrik oksit hem sulu hem de yagh ortamda ¢6ziilebilir oldugu i¢in
sitoplazma ve plazma zarlarindan kolaylikla gecebilir. Nitrik oksit
bazi durumlarda bir antioksidan gibi davranarak LPO’nu engeller.
Bununla birlikte O>™ diizeylerinin arttig1 durumlarda O>" reaksiyona
girer ve bir prooksidan olan OONO™’in olusmasina sebep olmaktadir
(Kiling & Kiling, 2002, Marletta 1993).

1.6. Peroksinitrit (OONO")

Nitrik oksit ile siiperoksidin reaksiyon iriinii olan
peroksinitrit ¢ok kisa yar1 Omiirlii ancak oksidatif doku hasarmna
neden olan son derece reaktif bir molekiildiir (Memisogullari, 2005;
Akkus, 1997). Hidroksil radikali benzeri aktiviteye sahip olup
radikalik tepkimeleri baglatmakla birlikte biyomolekiillerin
nitrasyonuna da neden olur (Kiling & Kiling, 2002).



2. Serbest Radikallerin Kaynaklan

Baslica serbest radikal kaynaklarini su sekilde siniflandirilir (Akkus,
1997; Cavdar & ark., 1997; Akkus, 1997).

Endojen Kaynaklar:

Mitokondrial elektron transport zinciri

Redoks Dongiisii

Aragidonik asit metabolizmasi

Fagositik Hiicreler (monosit ve makrofajlar vs) ve endotelyal
hiicrelerdeki oksidatif reaksiyonlar

Ksantin oksidaz, NADPH oksidaz vs.enzimler

Otooksidasyon reaksiyonlari

Ekzojen Kaynaklar:

Diyet fakorleri

Cevresel faktorler (hava kirligi)
[laglar, ksenobiyotikler

Sigara ve alkol

Zararli 1g1nlar (x-ray, U.V.)
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BOLUM 2

THIOL-BASED REDOX REGULATION:
MECHANISMS, BIOLOGICAL ROLES, and
CLINICAL IMPLICATIONS

Muzaffer KATAR1

Introduction

Thiol-based redox regulation is a cornerstone of cellular
homeostasis, integrating bioenergetics, signaling, antioxidant
defense, and metabolic control. Among biomolecules, thiols—
particularly cysteine (Cys) residues in proteins and low-molecular-
weight thiols such as glutathione (GSH)—possess unique chemical
properties that make them highly reactive toward reactive oxygen
species (ROS), electrophiles, and redox-active metabolites.
Reversible thiol oxidation and reduction constitute a central
mechanism through which cells sense and respond to environmental
and intracellular stress.

The early concept of oxidative stress—defined as an
imbalance between oxidants and antioxidants—has evolved

! Dogent Doktor, Tokat Gaziosmanpasa Universitesi Tip Fakiiltesi,Temel Tip
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significantly. Modern redox biology recognizes that many regulatory
redox events are radical-independent, mediated instead through
controlled production of peroxides, electrophiles, and redox couples.
This “radical-free” paradigm forms the foundation of contemporary
redox signaling.

Ageing, metabolic diseases, inflammation, cancer, and
neurodegeneration all involve dysregulated thiol chemistry. As
highlighted in recent clinical research, impaired thiol-disulfide
homeostasis emerges early in metabolic dysfunction—even in
childhood obesity—suggesting thiol imbalance is not only a marker
but also a mechanistic driver of disease processes.

Chemical Properties of Biological Thiols: Cysteine isunique
among amino acids due to its sulthydryl (—SH) side chain, which
exists in equilibrium with its deprotonated thiolate (S—) form. The
thiolate is a potent nucleophile with high reactivity toward oxidants
and electrophiles.

Biological thiols undergo reversible and irreversible
oxidative modifications, including sulfenylation, nitrosylation,
glutathionylation, and disulfide bond formation.

Radical-Free Biology of Oxidative Stress: Modern redox
biology demonstrates that non-radical species—especially hydrogen
peroxide (H202)—are the primary mediators of redox signaling.
H202 selectively oxidizes reactive thiols, regulating transcription
factors, metabolic enzymes, and phosphatases.

Thiol-Based Redox Systems: Major thiol systems include the
GSH/GSSG system, thioredoxin system, peroxiredoxins, and
glutaredoxins. These systems govern cellular antioxidant defense,
protein structure, and redox signaling.

Thiol-Dependent Redox Signaling in Ageing: Ageing is
characterized by chronic low-level oxidative stress and progressive
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thiol oxidation. Declines in mitochondrial GSH contribute to
impaired respiration, increased apoptosis susceptibility, and protein
misfolding.

Thiol-Disulfide Homeostasis in Metabolic Disorders:
Clinical studies reveal profound thiol dysregulation in obesity and
metabolic syndrome, including decreased GSH and cysteinyl-
glycine, elevated homocysteine, and increased oxidative stress
markers.

Clinical Implications of Thiol Biology: Thiol-disulfide
balance serves as a biomarker for cardiovascular risk, metabolic
dysfunction, oxidative stress burden, and inflammatory status.

Analytical approaches include HPLC, mass spectrometry,
redox Western blotting, and total antioxidant capacity assays.

Therapeutic Modulation of Thiol Redox Pathways:
Interventions include precursor supplementation (NAC, cysteine,
glycine), dietary modification, Nrf2 activation, and mitochondrial
thiol antioxidants.

Emerging fields include redox omics, single-cell redox
biology, personalized redox medicine, and advanced thiol detection
technologies.

Thiol-based regulation underlies key processes in signalling,
metabolism, ageing, and disease. Understanding thiol chemistry
provides a unifying framework for interpreting oxidative stress,
metabolic dysfunction, and therapeutic opportunities.

Thiol-based redox regulation is a cornerstone of cellular
homeostasis, integrating bioenergetics, signaling, antioxidant
defense, and metabolic control (Obita & Alkhatib, 2022). Among
biomolecules, thiols—particularly cysteine (Cys) residues in
proteins and low-molecular-weight thiols such as glutathione
(GSH)—possess unique chemical properties that make them highly
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reactive toward reactive oxygen species (ROS), electrophiles, and
redox-active metabolites. Reversible thiol oxidation and reduction
constitute a central mechanism through which cells sense and
respond to environmental and intracellular stress (Lobstein et al.,
2015).

The early concept of oxidative stress—defined as an
imbalance between oxidants and antioxidants—has evolved
significantly. Modern redox biology recognizes that many regulatory
redox events are radical-independent, mediated instead through
controlled production of peroxides, electrophiles, and redox couples.
This “radical-free” paradigm forms the foundation of contemporary
redox signaling(Usman et al., 2021).

Ageing, metabolic diseases, inflammation, cancer, and
neurodegeneration all involve dysregulated thiol chemistry. As
highlighted in recent clinical research, impaired thiol-disulfide
homeostasis emerges early in metabolic dysfunction—even in
childhood obesity—suggesting thiol imbalance is not only a marker
but also a mechanistic driver of disease processes(Organization,
2020). For example, children with obesity display decreased GSH
and Cys-Gly, increased homocysteine (Hcy), and elevated oxidative
stress markers, demonstrating that thiol-based redox dysregulation
manifests early in life (Keane, Cruzat, Carlessi, de Bittencourt Jr, &
Newsholme, 2015).

This chapter synthesizes fundamental mechanisms of thiol
chemistry, integrates cutting-edge concepts in radical-free oxidative
signaling, and contextualizes thiol biology in ageing and metabolic
diseases.

a. Chemical Properties of Biological Thiols

e Structure and reactivity of cysteine residues

Cysteine is unique among amino acids due to its sulfhydryl
(—SH) side chain, which exists in equilibrium with its deprotonated

thiolate (S7) form. The thiolate is a potent nucleophile with high
--14--



reactivity = toward oxidants and electrophiles.  Protein
microenvironments modulate the pKa of cysteine, often lowering it
to promote thiolate formation under physiological conditions.

e Oxidation states of thiols

Biological thiols undergo a spectrum of reversible and
irreversible oxidative modifications (Lind et al., 2018):

1. Reversible:

S-sulfenylation (—SOH)

S-nitrosylation (-SNO)

S-glutathionylation (-SSG)

Disulfide bond formation (protein—protein or protein—-GSH)
2. TIrreversible:

Sulfination (—SO-H)

Sulfonation (-SOsH)

Often associated with chronic oxidative damage and
ageing.Reversible thiol oxidation—reduction serves as a regulatory
switch controlling enzyme activity, receptor function, and
transcriptional networks (Pastore et al., 2012).

e Low-molecular-weight thiols

Key intracellular thiols include (Pastore et al., 2022):
Reduced glutathione (GSH): primary redox buffer

Cysteine (Cys): precursor for GSH synthesis
Cysteinyl-glycine (Cys-Gly): GSH breakdown intermediate

Homocysteine (Hcy): methionine cycle intermediate linked
to metabolic and cardiovascular risk
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Clinical data show that disturbances in these thiols reflect
altered metabolic and redox status, particularly in obesity where
Cys-Gly and GSH are markedly reduced and Hcy levels elevated
(Pastore et al., 1998).

b. Radical-Free Biology of Oxidative Stress

Classical oxidative stress frameworks emphasized free
radical damage (e.g., hydroxyl radicals). Modern redox biology
demonstrates that non-radical species—especially hydrogen
peroxide (H20:)—are the primary mediators of redox signaling
(Blachier, Andriamihaja, & Blais, 2020).

e H:0O: as a signaling molecule

Hydrogen peroxide:

Is produced by controlled enzymatic pathways (NADPH
oxidases, mitochondria).

Diffuses across membranes.

Selectively oxidizes reactive thiols, particularly on
transcription factors and phosphatases.

This selective oxidation underlies pathways such as:
Nrf2 activation

Inhibition of protein tyrosine phosphatases

Redox regulation of metabolic enzymes
Electrophilic lipids and metabolic intermediates

Electrophiles form Michael adducts with thiols, acting as
endogenous signals but also contributing to oxidative stress when
dysregulated (Bajic et al., 2019).

Examples:

4-Hydroxynonenal (4-HNE)
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Cyclopentenone prostaglandins

Products of lipid peroxidation

e Redox potentials and compartmentalization

Different  cellular compartments maintain  distinct

GSH/GSSG ratios and redox potentials, enabling precise regulation
of thiol-dependent processes.

e Dynamic thiol-disulfide exchange

Protein thiols undergo continuous exchange with cellular
GSH pools through enzymatic (glutaredoxin-mediated) and non-
enzymatic mechanisms (Bajic et al., 2019; Nguyen, Samson, Reddy,
Gonzalez, & Sekhar, 2013).

Together, these radical-free reactions orchestrate cellular
adaptation, proliferation, and stress resistance.

c. Thiol-Based Redox Systems
e  Glutathione (GSH/GSSG) system

Glutathione is the most abundant intracellular thiol (Nguyen
etal., 2013).

Functions include:

Detoxifying peroxides via glutathione peroxidase (GPx)
Regeneration via glutathione reductase (GR)

Protection of proteins through S-glutathionylation
Maintaining redox homeostasis

In the obesity study:

GSH was significantly reduced in children with obesity
(6.06 = 2.45 pmol/L) vs controls

--17--



This suggests impaired redox buffering and increased oxidative
burden.

e Thioredoxin (Trx) system

The Trx/TrxR system controls (Alves, Bassot, Bulteau,
Pirola, & Morio, 2019):

DNA synthesis
Antioxidant responses
Apoptosis regulation

e Peroxiredoxins (Prx)

Serve as highly sensitive H20: Sensors.
Act as “redox relays” transmitting oxidative signals to target proteins
through thiol exchange.

e  Glutaredoxins (Grx)
Critical for reversible S-glutathionylation regulation.
e Thiol-Dependent Redox Signaling in Ageing

Ageing is characterized by chronic low-level oxidative stress
and progressive thiol oxidation (Nguyen et al., 2013).

d. Decline in GSH with age

Mitochondrial GSH decreases with age, contributing to:
Impaired mitochondrial respiration

Accumulation of damaged proteins

Increased susceptibility to apoptosis

e Redox modulation of ageing pathways

Key targets include:
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FOXOs (longevity factors)

NF-kB (inflammation)

Nrf2 (antioxidant gene expression)

e Cysteine oxidation and proteostasis

Protein misfolding increases as thiol-based chaperones

become oxidized. Overall, thiol redox imbalance is both a hallmark

and a driver of biological ageing.

e. Thiol-Disulfide Homeostasis in Metabolic Disorders

e Insights from pediatric obesity

The clinical study of 283 pediatric patients revealed profound

alterations in thiol metabolism (Tobisch, Blatniczky, & Barkai,

2015):

Lower Cys-Gly (glutathione synthesis intermediate)
Lower GSH
Higher Hey

Higher oxidative stress markers (T-BARS, 8-isoprostane,

protein carbonyls)

Lower total antioxidants

This indicates:

Increased utilization and insufficient synthesis of GSH
Early onset metabolic stress

f. Association between thiol imbalance and insulin
resistance

e  Mechanistic interpretation

1. Glycine deficiency
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Glycine availability limits GSH synthesis; obesity is
associated with reduced glycine—explaining low GSH despite
elevated Cys.

2. Excess ROS formation
Elevated T-BARS and 8-isoprostane suggest lipid peroxidation
injury.

3. Insulin resistance link

Positive correlations between BMI, insulin, HOMA-IR, and thiol
parameters (e.g., Hcy, Cys) were observed.

e Homocysteine and metabolic risk
High Hcy is associated with:
Cardiovascular dysfunction
Endothelial injury

Perturbed methylation and epigenetics

The study demonstrates that even children with obesity show
significantly elevated Hcy (10.00 + 4.43 umol/L)

g. Clinical Implications of Thiol Biology(Elmas et al.,
2017)

Biomarker potential

1. GSH/GSSG ratio reflects metabolic stress and antioxidant
capacity.

N

. Plasma thiol/disulfide status predicts cardiovascular risk.

(O8]

. Hcy is a sensitive marker of one-carbon metabolism
disturbances.

Disease associations
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1. Obesity and metabolic syndrome
2. Type 2 diabetes

3. Non-alcoholic fatty liver disease
4. Neurodegenerative disorders

5. Cancer progression

e Predictive and diagnostic use

Thiol-based markers may detect metabolic imbalance before
overt disease develops.

h. Methods for Measuring Thiol Status (Elmas et al.,2017)
e High-performance liquid chromatography (HPLC)
Used in the referenced obesity study:

1. detects Cys, Cys-Gly, GSH, Hcy

2. fluorescence detection (exc. 390 nm; em. 478 nm)

3. separation using Hypersil ODS columns

e  Mass spectrometry

Highly sensitive for protein thiol modifications.

e Redox Western blot

Tracks oxidized vs reduced forms of Trx, Prx, and GSH-
bound proteins.

e Total antioxidant capacity assays

Reflect global redox capacity but lack specificity.

1. Therapeutic Modulation of Thiol Redox Pathways
e Precursor supplementation

1. Cysteine (e.g., NAC)
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2. Glycine

Clinical and experimental evidence indicates precursor
supplementation restores GSH and improves mitochondrial function
(Pastore, Federici, Bertini, & Piemonte, 2003).

The pediatric obesity study concludes that GSH deficiency
may be restored through dietary supplementation, offering a low-
cost intervention strategy

e Diet and lifestyle

Anti-inflammatory diets improve oxidative stress markers
(Sekhar et al., 2011). Early nutritional intervention in children may
prevent long-term metabolic damage.

e Pharmacological regulators
1. Nrf2 activators
2. Redox-modulating drugs in clinical trials

3. Mitochondria-targeted thiol antioxidants

Future Directions

Integration of proteomics, metabolomics, and redox mapping
will identify disease-specific thiol fingerprints. Revealing
heterogeneity in redox states within tissues. Using thiol profiles to
tailor antioxidant and metabolic therapies. Improved thiol detection
tools will refine our understanding of dynamic redox networks.

Conclusion

Thiol-based redox regulation lies at the heart of cellular
signaling, metabolic control, and defence against oxidative stress.

The radical-free model of oxidative biology has reframed our
understanding of H-0- and electrophile-driven signaling, while thiol
-20--



modifications serve as key molecular switches orchestrating cellular
responses.

Clinical evidence—including the pediatric obesity study—
demonstrates that thiol dysregulation manifests early, long before
overt disease, highlighting its value as a biomarker and therapeutic
target. Reduced GSH and Cys-Gly, elevated Hcy, and increased
oxidative stress collectively indicate a compromised redox
environment that can drive metabolic and inflammatory disorders
throughout life.

Understanding thiol chemistry thus provides a unifying
framework connecting ageing, oxidative stress, metabolism, and
disease—and offers new opportunities for intervention, prevention,
and personalized medicine.
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BOLUM 3

GLIKOZAMINOGLIKANLAR

1. Elif DEMIR!
2. Zeliha DEMIR GIDEN?

Giris

Glikozaminoglikanlar  (GAG), tekrarlayan disakkarit
initelerinin  diiz ~ polimerlerinden  olusmus  bilesiklerdir.
Heteropolisakkaritlerdeki tekrarlayan birimlerde aminosekerler
bulundugu icin bunlara glikozaminoglikan denir.
Heteropolisakkaritler, canlilardaki hiicreler arasi  boslugu
doldururarak disaridan destek saglarlar. GAG’daki yapiya ek olarak
sulfat iyonu eklenmistir. GAG, negatif yikli heteropolisakkarit
zincirleri ile kiigiik miktarda ¢ekirdek proteinden olusan polianyonik
biiyiik kompleks yapilardir. Her polisakkarid zinciri N-Asetil-D-
Glukozamin  (GIcNAc) vya da N-Asetii D-Galaktozamin
(GalNAc)den olusan ¢ogunlukla dallanmamais ve yaklasik 50 - 1000
arasi degisen oranlarda tekrarlayan disakkarit birimlerinden olusur
(Sekil 1.) (Murray, 1993).

GAG’lar, ait olduklar1 dokularda kismen de olsa proteine
bagl bir sekilde ve mukoprotein halinde bulunurlar. GAG’da siilfat
gruplar1 ve iironik asit kalintilarinin karboksilat gruplari, molekiile

! Dog. Dr., Harran Universitesi Virangehir Saglk Yiiksekokulu, Hemsirelik
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cok yiiksek bir negatif yiikk yogunlugu verir. Bu molekiiller, ¢ozeltide
komsu yiiklii gruplar arasindaki itme giiciinii en aza indirmek i¢in
uzamig bir yap1 alirlar; bunun sonucu olarak da bu uzun ve ince
molekiillerin ¢ozeltilerinin viskozitesi ¢ok yiksektir (Demir, 2007).

Sekil 1. Tekrarlayan disakkarid birimleri.
HOCH~ HOCHz HOCH;

et

H HN CO-CHs H HN CO-CHs H HN-CO-CHs

N-Asetil-D-glukozamin  N-Asetil-D-glukozamin  N-
Asetil-D-glukozamin

Heteropolisakkarit ~ zincirlerinin  proteinlere  kovalent
baglanmasiyla  proteoglikan  (PG) olusur. PG’ler, ilk
tanimlandiklarinda da ge¢mis literatiirde mukopolisakkarit adi
verilmekteydi. PG’lerin makro molekiiler yapisinda % 95'den fazla
karbonhidrat ve % 5 kadar protein bulunur. Bu nedenle
proteoglikanlarin  Ozellikleri, proteinlerden ¢okpolisakkaridlere
benzemektedir. Bu zincirlerin her biri 100 ya da daha fazla
monosakkarit icerir ve ¢ekirdekte bulunan proteinden disa dogru
uzanir. Baska bir ifadeyle proteoglikani olusturan bu polisakkarit
zincirlerine GAG’da denir. PG, ekstraselliiler matriksin meydana
gelmesinde kollajen, elastin, fibronektin, laminin ve benzer
proteinlerle birlikte rol alirlar. PG’lerin bulundugu yere ve
yapilarindaki GAG’larin farkliligmma gore viicutta destek, agirlik
taginmasi, hiicre migrasyonu, filtrasyon gibi gérevlerde yer alirlar
(Smith & ark., 1988; Shcwartz, 1986; Stryer, 1988; Gliner, 1999).

Monosakkaritler; fizyolojik pH’da negatif yiiklii olan
karboksil gruplar1 ve siilfat gruplariyla GAG’a yiiksek oranda
polianyonik ozellik kazandirmaktadir. Bu yapi sayesinde yiliksek
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oranda Na* ve su absorbsiyonu ile GAGs yiiksek viskozite ve
esneklik gosteren koyu kivamli, kaygan c¢ozelti ya da jeller
olustururlar. Bunun sonucunda GAG, bag dokusunun desteklenmesi
ve kayganlastinci 6zellik almasinda 6nemli bir gorev tistlenirler.
Ayni1 zamanda osmotik basing araciligiyla ekstraselliiler matrikse
suyu cekerek vicuttaki su-elektrolit dengesine ve bazal
membranlarda filtrasyon fonksiyonlarina katkida bulunmaktadir
(Smith & ark., 1988; Shcwartz, 1986; Stryer, 1988; Guner, 1999;
Chanpe & Harvey, 1997).

GAG ve bunlarin yapilarindaki ¢ekirdek proteine
baglanmalarinda gorev alan kimyasal baglar genel olarak fig¢
sekildedir (Sekil 2.).

a) L-seril-D-Ksilozil bagi tiim proteoglikanlara 6zgiidiir.

b) Keratan siilfat I 'de GIcNAc ile asparagin arasinda N-
glikozid bagi bulunur.

c) Keratan siilfat II’de, GalNAc ile serin ya da treonin
arasinda O-glikozid bag1 bulunur.

Sekil 2. Proteoglikanlarin genel yapisi ve
glikozaminoglikanlarin baglanma bolgeleri.

Cekirdek Protein

Glikozaminoglikan Baglayics trisakkarid
= : iy

- . N-H

[ et | /. N

‘&e >*<£\_>I'§Galaktoz/)—</ Galakioz_/\j \43‘1077-0—(;;-1:—? H Serin
1 o=C

Uronik asit

Asetillenmis heksozamin

1. GAG Sentezi

Glikozaminoglikanlarin sentezi endoplazmik retikulum (ER)
ve golgi cisimciginde gergeklesir. Graniillii ER’de sentezlenen
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proteine, mannoz igeren N-bagl oligosakkaritve ksiloz kalintilari
eklenir. GAG zincirlerinin uzamasi, bu zincirlere siilfat eklenmesi,
epimerizasyon, O-glikozid bagi ile oligosakkaridlerin baglanmasi ile
D-glukuronik asit ve L-idiironik asit eklenmesi golgi cisimciginde
olur. Sentezi tamamlanan glikozaminoglikanlar, golgi cisimciginden
hiicre membranma gecerek burada salgilanirlar. Mast hcreleri,
kondrositler, fibroblastlar ve endotel hiicreleri GAG sentezlerler.
Dokuda GAG dagilimi yasla birlikte degisir (Murray, 1993; Demir,
2007; Smith & ark., 1988).

2. GAG Yikim ve Atilim

Glikozaminoglikanlarin yikimi, lizozomda birbirini takip
eden asit hidrolaz enzimlerle ger¢eklesir. Bu amagla;

e Ekzoglikozidaz (p-Glukuronidaz, p-D-Asetil
Heksozammidaz, p-Galaktozidaz, a-L-Iduronidaz)

e Endoglikozidaz (Hyaluronidaz)

e Siilfataz (Iduronat Siilfataz, N-asetil galaktozamin siilfataz)
enzimleri gorev alirlar.

GAG’lardan bir kismi1 fibroblastlarin yiizeyine baglanip bu
hiicrelerin i¢cine alinarak yikilirlar. Proteoglikanlar kartilaj
kollejeninden daha hizli bir dongiiye sahiptir. Bununla birlikte
PG’lerin bulundugu doku ve yapisal 6zelliklerine gére metabolik
degiskenligi vardir. PG’lerin kii¢iik bir kisminin dongiisii sekiz glin
gibi kisa bir siire olmasma ragmen PG’leri olusturan GAGs’in
yarilanma Omiirleri yaklasik 250 -600 gind(r.

Giinde yaklasik 250 mg GAG sentezlenmekte ve ayni
miktarlarda metabolize edilmektedir. Bunun ancak % 10 kadar1 idrar
yolu ile atilmaktadir. Kalan1 dokularda lizozomal enzimler,
glikozidaz ve siilfatazlar tarafindan, son olarak da karacigerde
tamamen yikilmaktadir. Yikim, dokulardaki proteaz enzimleriyle
baglar. Yikimmnda en Onemli basamak yapisindaki stilfatin
ayrilmasidir. Ciinkii lizozomal glikozidaz enzimleri siilfat igeren
oligosakkaritleri hidroliz edemezler. Idrarla atilan GAG ise herhangi
bir proteine baglanmazlar ve serbest olarak bulunurlar. Ayrica
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buyuklikleri lizozomal glikozidazlar ile kismen yikildiklarini
gostermektedir.  Idrar  GAG’lar1  elektroforez  ydntemiyle
incelendiginde  kan  ve dokudaki  dagilima  paralel
oldugugozlenmistir. Yaklasik % 60-85’1 kondroitin siilfat, %10™u
hyaluronik asit, %15 -20’si heparan siilfat ve kalan1 keratan siilfat ile
diger birimleri oldugu belirtilmistir. Ancak bobrek dokusunda bu
dagilimindan farkl olarak en fazla heparan siilfat, hiyaluronik asit,
dermatan sulfat ve kondroitin sulfat icermektedir (Smith & ark.,
1988; Parildar & ark., 2002; Hesse & ark., 1986).

Bir endoglikozidaz olan kondroitin stlfat ve hyaluronik
asitin yikiliminda goérev alan hyaluronidaz, tekrarlayan disakkarit
birimleri arasmdaki B(1-4) glikozid baglarini hidroliz ederek
tetrasakkaride  doniistiiriir.  Diger  lizozomal  glikozidazlar
tetrasakkaridi monosakkaridlere doniistiiriir (Smith & ark., 1988).
3. GAG Smiflandirmasi

Glikozaminoglikanlar; viicut i¢indeki dagilimi ile molekiil
yapilarindaki monosakkaridlerin tipi ve dizilisi, siilfat gruplariin
miktar1  ve dagilimi, glikozid baglarmm pozisyonu ve
konfiglrasyonu gibi yapisal farkliliklara gére 7 ayr1 grupta incelenir
(Stryer, 1988; Giner, 1999).

1. HiyaluronikAsit (HA)
Kondrotin-4-Silfat (CS)
Dermatan Silfat (DS)
Heparin (HP)

Heparan Silfat (HS)
Keratan Sulfat -1 (KS1)
Keratan Sulfat-11 (KSI)

N oo g bk~ w DN

3.1. Hiyaluronik Asit (HA)

Fizyolojik pH’da hiyaluronat halindedir; hayvansal
dokularm ekstraselliiler matriksinin GAG’idir. Hiyaluronik asit,

genel olarak sinoviyal sivida, korpus vitreumda, g0bek kordonunda
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bulunur, bag doku ve baska dokularin jel benzeri ana maddesinin
yapisina katilir. Biyiilk molekiil agirligi ve yapisindaki karboksil
yiiklerinin verdigi anyonik 6zellikle olusturdugu viskoz jel yapisi
sayesinde, bulundugu yapilarda kayganlastirici ve emici gorevi
tistlenir. Kikirdagim kompresyon yetenegine katkida bulunur (Smith
& ark., 1988; Shcwartz, 1986; Guner, 1999).

Sekil 3. Hiyaluronik Asit.

H/H \I
: H_:/H

I
H OH H HNCOCH:

GleUA : GleNAc

Diger GAG’lardan farkl bir¢ok 6zelligi vardir. Yapilarinda
sulfat grubu icermez ve buna bagh olarak diger GAG’larin aksine
pozitif yik tasir (Sekil 3.). Yikiliminda hiyalurinidaz enzimi gérev
alir. (Stryer, 1988; Giiner, 1999).

3.2. Kondroitin Sulfatlar (CS)

Kikirdag: olusturan en 6nemli GAG’dir. Art arda gelen
GIcUA ve N-asetil-galaktozamin siilfat (GaINAcSO4°) Uinitelerinden
kurulmuslardir (Sekil 4.): GalNAc' e silfat grubunun kovalent
baglanma yerine gore kondroitin-4-stilfat (CS A) ve kondroitin-8-
stilfat (CS B) ad1 verilir (Smith & ark., 1988; Murray, 1993).

Korneada gevsek bag dokusunda, enkondral kemigin
kalsifikasyon bdlgesinde tendon aorta ve ndron yapisinda bulunur.
Yetiskin insan kemiginde temel GAG, kondroitin-4-siilfattir.
(Coziiniir kollajenlerin tiimii, CS baglar. Ayrica GS ve HS elastine
baglanmaktadir. Hyalurinidaz enzimi, CS’y1 hidrolize eder (Smith &
ark., 1988; Giiner, 1999).
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Sekil 4. Kondroitin-4-silfat.

COO- CH20H
0 :
H/H O—
O
OH H H
H OH H HNCOCH;
GIcUA + GalNAc-4- veya 6- stilfat

3.3. Dermatan Sulfat (DS)

Yapisal olarak heparan siilfat ve CS A' ya benzeyen GAG’dir
(Sekil 5.). Kondroitin stilfat C ad1 da verilmektedir. Arterial diiz kas
hiicreleri tarafindan sentezlenir. Bag dokusunun biiyiik molekiilli
bileseni olmakla birlikte; baslica deride, kan damarlari, kalp
kapakgiklar1 ile akcigerde, daha az miktarlarda kemiklerde ve géziin
sklera tabakasinda bulunur. {1k olarak deriden izole edilmistir.

Sekil 5. Dermatan silfat.

COO- “0sSOCHz

H/h G H /4 3 H
OH H/—O O ==
H  0S0s H HNSOs

IdUA-2-s(ilfat + Glc-NAc-6-stilfat

Dermatan  sllfatin  fizyolojik  gorevi tam  olarak
belirlenememistir. Buna ragmen, heparin etkisinden daha az
olmakta birlikte anti-trombotik aktivite gosterdigi sanilmaktadir.

Ayrica sentezlendikleri arteriel diiz kaslarin aterosklerozda
prolifere olmasiyla plazmada LDL baglayarak ateroskleroz plagin
olusmasinda rol oynadigi da diistiniilmektedir (Shcwartz, 1986)
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3.4. Heparan Sulfat (HS)

Ekstraseliiler yerlesen, reseptdr davranist gdsteren GAG’dur.
Kan damarlar1 ¢eperlerinde, beyin dokusunda, fibroblastta ve
glomeriler bazal membranda bulunur (Smith & ark., 1988;
Shcwartz, 1986).

Heparine gore yapisinda, daha ¢ok N-asetil, daha az N-sulfat
grubu ile ¢cok diisiik oranda O-stilfat grubu igerir (Sekil 6.). Heparin
10-15 oligosakkarid zinciri igerirken HS 4-5 tane icerir. Ancak
heparin gibi antikoagulan aktivite gostermez 68-71. (Smith & ark.,
1988; Shcwartz, 1986; Stryer, 1988; Gliner, 1999).

Sekil 6. Heparan siilfat.

COO O3 SOL L‘io
/l H /
>’ S O N _J\ ()H
H OoOz H HNSOz
IdUA -2-suifat + GicNAc-8-stilfat

HS, 6zellikle GBM yapisin1 olusturan énemli ve temel GAG
bilesenidir. Biiylikk oranda su baglama yetenegine sahiptir. Bu
anyonik 0Ozelligi sayesinde elektronegatiflik ve GBM’deki
ultrafiltrasyon mekanizmasmi etkiler. Normalde anyonik yUkIU
albumin molekilleri ayn1 ylkteki HS gibi GAG kompleksleri
tarafindan itilerek membrandan uzaklastirilir. Boylece proteinlri
olusumu engellenir (Khedun & ark., 2002).

3.5. Heparin (HP)

Antikoagiilan 6zelligiyle bilinen, giiniimiizde tedavi amagl
en sik kullanilan glikozaminoglikan tiirevidir. Heparin, diger
GAG’dan farkli bir¢cok 6zelligi vardir. Heparinin fiziksel gériiniimii
beyaz renkli sodyum tuzu seklindedir. Digerlerinden farkli olarak
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suda ve daha az oranlarda etil alkol ve kloroformda ¢ozunebilir
(Smith & ark., 1988; Murray, 1993; Shcwartz, 1986). Antikogilan
fonksiyonunu, plazma o2-glikoproteini olan antitrombin-III"tin lizin

kalintilarina baglanip trombini inaktive ederek yapar (Smith & ark.,
1988; Murray, 1993).

3.6. Keratan Sulfat (KS 1-11)

Karbonhidrat icerigi ve viicuttaki dagilimina gore iki tiir
keratan sulfat tanimlanmistir. Keratan siilfat-1 ( KS | ) korneada,
keratan silfat-11 ( KS II ) kikirdak, intervertebral disk, nikleus
pulposus ve gevsek bag dokusunda bulunur.

Sekil 7. Keratan sulfat.

CH20OH "03SOCH:

— -0
HO H O~
0
H H/4 HH
H OH H HNCOCH;

D-Galaktoz + GlcNAc-6-silfat

KS | ve KS Il molekiiler bilesiminde mannoz, sialik asit,
fukoz, GaINAc monosakkaridler bulunur (Sekil 7.). Korneadaki KS
I'de GIcNAc, proteine asparagin bagi ile baglanir. Kikirdakta
bulunan KS II’'de polisakkaridler, ¢ekirdek proteine serin veya
treonin'in hidroksil gruplariyla ile GalNAc arasinda ise O-glikozid
bagi ile baglanir. HA, CS ile birlikte KS 11 PG agregatlarini olusturur
(Shcwartz, 1986; Glner, 1999).

4. Mukopolisakkaridozlar

Mukopolisakkaridozlar (MPS’ler), bag dokusunun yapisal
bilesenlerinden olan glikozaminoglikanlarin lizozomlarda yikimini
saglayan enzimlerin eksikligi sonucu gelisen, kronik, ilerleyici ve
cok sayida sistemi etkileyen lizozomal depo hastaliklaridir.



Glikozaminoglikanlarin hiicre i¢i birikimi doku ve organlarda
fonksiyon bozukluguna neden olmaktadrr (Khan & ark., 2017).
Toplam 11 enzim eksikligi meydana gelip, yedi tipe ayrilir. Hangi
enzimin eksik olduguna bagl olarak MPS bozukluklarinin farkli
tipleri vardir. MPS | (Hurler, Hurler—Scheie, Scheie Sendromu),
MPS Il (Hunter Sendromu), MPS I1ll (Sanfilippo A, B, C, D
Sendromu), MPS IV (Morquio A, B Sendromu), MPS VI
(Maroteaux—Lamy Sendromu), MPS VII (Sly Sendromu), MPS 1X
(Natowicz Sendromu) gibi farkl tiplerde belirtiler, hastaligin siddeti
ve ilerleme hizina gore degiskenlik gosterir. Mukopolisakkaridozlar,
farkl genlerdeki bozukluklardan kaynaklanmasma karsin MPS Tip
IT disinda hepsinin ortak bir 6zelligi vardir. Genlerde aktarim,
otozomal c¢ekinik kalitim seklinde gerceklesir. Yani hastaligin
cocukta ortaya ¢ikmasi igin hem anneden hem de babadan gelen
genlerde hastaligi olusturacak kusurun bulunmasi gerekir.
Etkilenmis bireyler genellikle dogum sirasinda ve yenidogan
doneminde normal goriinime sahiptir ve zamanla Klinik bulgular
ortaya ¢ikar. MPS’lerin fenotipi hafiften siddetli forma kadar
degisen genis bir spektruma sahiptir. Genel olarak hastaligin siddeti,
hastanin genotipi ile iliskili rezidiiel enzim miktarma baghdir.
Rezidiiel enzim aktivitesi varligina yol agan mutasyonlar, daha hafif
klinik fenotipe neden olur (Scott& ark., 1995) .

Etkilenmis kardesler arasindaki fenotip, bilinmeyen diger
genetik ve c¢evresel faktorlere bagli olarak farklilik gdosterebilir.
Cocukluk doneminde normal biiyiime gergeklesse de, ilerleyen
yaslarda biiylime yavaglayabilir veya durabilir. MPS’lerin Klinik
bulgular1 arasinda; kaba yliz gériiniimii, zihinsel gerilik, gelisme
geriligi, isitme kaybi, tekrarlayan solunum yolu enfeksiyonlari ve
otitis media, obstriiktif ve restriktif akciger hastaligi, kalp hastaligi,
hepatosplenomegali, korneal bulaniklik, inguinal herni, umblikal
herni, eklem kontraktiirleri, boy kisalig1 ve kemik deformiteleri yer
almaktadir. Ozellikle kaba yiiz goriiniimii, hepatosplenomegali ve
kemik deformiteleri olan cocuklarda MPS’lerden siiphelenilmelidir.

Fizik muayene, periferik yayma, radyolojik bulgular ile
stiphelenilen olgularda idrar GAG analizi, enzim aktivitesi 6l¢limil
ve molekiiler genetik analiz ile kesin tan1 konulmaktadir. Hastaligin
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tedavisinde multidisipliner yaklasim oOnemlidir. Destekleyici ve
semptomatik tedavi hastalarin yasam kalitesinin artmasmi saglar.
MPS I, MPS Il, MPS IVA, MPS VI ve MPS VII’de enzim replasman
tedavisi veya enzim yerine koyma tedavisi kullanilmaktadir.
MPS’lerde kullanilan diger tedavi yontemleri hematopoetik kok
hiicre transplantasyonu ve gen tedavisidir (Prasad & Kurtzbeg, 2010;
Fraldi & ark., 2018).
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BOLUM 4

BITKISEL BIYOAKTIFLERIN APELIN DUZEYINE ETKISi

MUSTAFA ORHAN TUNCEL!

Giris

Metabolik hastaliklarin, kardiyovaskiiler bozukluklarin ve kronik inflamatuvar durumlarin
diinya genelinde artig gostermesi, enerji homeostaz1 ve hiicreler arasi sinyal aglarini diizenleyen
endojen molekiillere olan bilimsel ilgiyi belirgin bicimde artirmistir. Bu baglamda, yag dokusunun
yalnizca enerji depolayan pasif bir yap1 olmadigi; aksine ¢ok sayida biyolojik olarak aktif molekiil
salgilayan 6nemli ve dinamik bir endokrin organ oldugu artik belirgin bicimde kabul edilmektedir.
Adipokinler olarak tanimlanan bu molekiiller, glukoz ve lipid metabolizmasinin diizenlenmesinden
inflamatuvar yanitlarin kontroliine, vaskiiler fonksiyonlardan hiicresel enerji dengesine kadar genis
bir fizyolojik ¢er¢evede rol oynamaktadir.

Bu adipokinler arasinda yer alan apelin, son yillarda metabolik ve kardiyovaskiiler biyolojinin
merkezinde konumlanan ¢ok yonlii bir peptid olarak dikkat cekmektedir. Apelin, G proteinine kenetli
bir reseptdr olan APJ (APLNR) reseptoriiniin endojen ligandi olup, ilk tanimlandigi donemden
itibaren yalnizca kardiyovaskiiler sistemle sinirli olmayan, sistemik etkiler sergileyen bir biyolojik
diizenleyici olarak ele alinmaktadir. Apelin geninin farkli proteolitik islemler sonucunda Apelin-36,
Apelin-17, Apelin-13 ve [Pyr']-Apelin-13 gibi biyolojik aktivitesi farkli izoformlara ayrilmasi, bu
peptidin dokuya 6zgii ve baglama duyarl etkilerini agiklayan temel etkenlerden biridir.

Apelin—AP]J sistemi; kalp, damar endoteli, iskelet kasi, adipoz doku, karaciger, pankreas ve
santral sinir sistemi basta olmak iizere ¢ok sayida dokuda eksprese edilmekte olup, bu genis dagilim
apelin’in fizyolojik ve patofizyolojik siire¢lerdeki merkezi roliinii desteklemektedir. Kardiyovaskiiler
sistemde pozitif inotropik etki, vazodilatasyon ve endotel fonksiyonlarinin korunmasi; metabolik
dokularda ise glukoz alim, insiilin duyarlilig1 ve lipid metabolizmasinin diizenlenmesi apelin’in en
iyi tamimlanmis biyolojik etkileri arasinda yer almaktadir.

Hiicresel diizeyde apelin’in etkileri, basta PI3K/Akt, AMPK, MAPK/ERK ve eNOS/NO
yolaklar1 olmak iizere ¢ok sayida sinyal mekanizmasi iizerinden gerceklesmektedir. Ozellikle
AMPK’nin aktivasyonu, apelin’i yalnizca bir hormon degil ayn1 zamanda hiicresel enerji dengesinin
onemli bir sensorii haline getirmektedir. Bu yolaklar araciligiyla apelin; mitokondriyal biyogenez,
yag asidi oksidasyonu ve oksidatif stresin baskilanmasi gibi siireglerde diizenleyici rol gorevini
tistlenmektedir. Bu 6zellikleri, apelin’i metabolik sendrom, obezite, tip 2 diyabet ve kardiyovaskiiler
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hastaliklar gibi kompleks klinik tablolarin merkezine yerlestirmektedir. Bununla birlikte, apelin
diizeylerinin fizyolojik ve patolojik kosullarda tek yonlii ve sabit bir degisim gostermedigi; aksine
baglama duyarli, dinamik ve ¢cogu zaman kompansatuvar yanitlar sergiledigi belirtilmistir. Obezite,
insiilin direnci ve kronik inflamasyon durumlarinda apelin diizeylerinde artis veya azalig
gozlenebilmekte; bu degisimlerin klinik anlami, eslik eden metabolik yiik, inflamatuvar durum ve
enerji dengesine gore farklilik gosterebilmektedir. Bu durum, apelin’in basit bir biyobelirtegten
ziyade, organizmanin metabolik adaptasyon kapasitesini yansitan etkin bir diizenleyici oldugunu
diistindiirmektedir.

Apelin—AP]J sisteminin oksidatif stres ve inflamasyonla yakin iligkisi, bu ekseni fitoterapotik
ve yagsam tarzi temelli miidahaleler acisindan da cazip bir hedef héline getirmistir. Reaktif oksijen
tiirlerinin asir1 tiretimi, mitokondriyal disfonksiyon ve kronik inflamasyon; apelin ekspresyonu ve
sinyalizasyonunu dogrudan etkileyen faktorler arasinda yer almaktadir. Bu nedenle oksidatif stres ve
inflamasyonu baskilayabilen yaklasimlarin, apelin diizeyleri iizerinde dolayl fakat biyolojik olarak
anlamli etkiler olusturabilecegi ongdriilmektedir.

Son yillardaki ¢aligmalarda, bitkisel biyoaktif bilesikler bu baglamda giderek daha fazla
arastirtlmaktadir.  Polifenoller, flavonoidler, fenolik asitler, saponinler ve alkaloidler gibi
fitokimyasallarin; AMPK ve PI3K/Akt gibi apelin ile ortak sinyal yolaklarin1 modiile edebildigi,
oksidatif stres yiikiinii azalttig1 ve inflamatuvar yanitlar1 baskiladigina dair gii¢lii deneysel kanitlar
bulunmaktadir. Bu o6zellikler, bitkisel biyoaktiflerin apelin—APJ sistemi iizerinde dogrudan veya
dolayl diizenleyici etkiler gosterebilecegi hipotezini desteklemektedir.

Ayrica, egzersiz gibi fizyolojik uyaranlarin apelin diizeylerini degistirebildigi; egzersizle
indiiklenen metabolik adaptasyonlarin, bitkisel desteklerle kombine edildiginde daha dengeli ve
stirdiiriilebilir biyolojik yanitlar olusturabildigi gosterilmistir. Bu durum, apelin’i yalnizca
farmakolojik degil, ayn1 zamanda fitoterapotik ve yasam tarzi temelli miidahalelerin kesisim
noktasinda konumlandirmaktadir.

Bu calisma, apelin biyolojisinin temel mekanizmalarini ortaya koyduktan sonra; resveratrol,
Lepidium sativum, Moringa oleifera, beyaz ve yesil cay, Graviola (Annona muricata), Aralia
taibaiensis ve Zataria multiflora—egzersiz kombinasyonu gibi bitkisel ve fizyolojik miidahalelerin
apelin—APJ sistemi iizerindeki potansiyel etkilerini giincel literatiir 1s13inda ele almayi
amaclamaktadir. Boylece apelin hedefli fitoterapdtik yaklasimlar i¢in biyolojik bir ¢cergeve sunulmasi
hedeflenmektedir.

Apelin Biyolojisi ve Molekiiler Etki Mekanizmalari

Apelin, ilk olarak endojen bir ligand olarak tanimlanan ve G proteinine kenetli APJ (APLNR)
reseptoriine baglanan biyolojik olarak aktif bir peptittir. Apelin geni, farkli proteolitik islemler
sonucunda Apelin-36, Apelin-17, Apelin-13 ve biyolojik aktivitesi en yiiksek formlardan biri olan
[Pyr']-Apelin-13 gibi ¢esitli izoformlar olusturmaktadir. Bu izoformlar dokuya 6zgii olarak farkl
ekspresyon profilleri sergilemekte ve fizyolojik yanitlarin farkli yontemlerle ¢esitlendirilmesine katki
saglamaktadir (Folino, Montarolo, Samaja, & Rastaldo, 2015; Kleinz & Davenport, 2005; Kurowska
et al., 2018).

Apelin—APJ Sisteminin Genel Ozellikleri

APJ reseptorti, klasik anjiyotensin II tip 1 reseptoriine (AT 1R) yapisal benzerlik gdstermesine
ragmen, anjiyotensin II’ye baglanmaz ve bagimsiz bir sinyal ag1 iizerinden islev goriir. Apelin—APJ
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sistemi; kalp, damar endoteli, iskelet kasi, adipoz doku, karaciger, pankreas ve santral sinir sistemi
basta olmak iizere ¢cok sayida dokuda salgilanmakta olup, bu genis dagilim apelin’in ¢ok yonlii
biyolojik etkilerini gdstermektedir (Kinjo, Higashi, Uno, & Kuramoto, 2021; Kleinz & Davenport,
2005).

Apelin Sinyalizasyonu ve Hiicre I¢i Yolaklar

Apelin’in APJ reseptoriine baglanmasiyla birlikte basta Gi, proteinleri olmak iizere ¢ok sayida
hiicre i¢i sinyal yolaklar1 aktive edilir. Bu stirecte belirgin olarak PI3K/Akt, AMPK, MAPK/ERK ve
eNOS/NO eksenleri 6n plana ¢ikmaktadir (Kinjo et al., 2021; Respekta et al., 2022).

PI3K/Akt yolunun aktivasyonu, apelin’in hiicre sagkalimi, glukoz alimi ve metabolik
homeostaz iizerindeki etkilerinde kritik rol oynamaktadir. Ozellikle iskelet kas1 ve adipoz dokuda Akt
fosforilasyonunun artmasi, GLUT4 translokasyonunu kolaylastirarak insiilin bagimsiz glukoz alimini
giiclendirmektedir (Alipour, Ashoori, Pilehvar-Soltanahmadi, & Zarghami, 2017; Respekta et al.,
2022).

AMPK aktivasyonu ise apelin’in enerji sensorii roliinii gii¢lendiren temel mekanizmalardan
biridir. AMPK araciligiyla mitokondriyal biyogenez, yag asidi oksidasyonu ve hiicresel enerji dengesi
desteklenirken, es zamanli olarak oksidatif stres baskilanmaktadir (Kurowska et al., 2018; Respekta
et al., 2022).

Kardiyovaskiiler Sistem ve Endotelyal Fonksiyonlarda Apelin

Apelin—-APJ  sistemi kardiyovaskiiler fizyolojide giiglii bir diizenleyici olarak
tanimlanmaktadir. Apelin, pozitif inotropik etkisi sayesinde miyokardiyal kontraktiliteyi artirirken,
ayni zamanda sistemik vaskiiler diren¢te azalmaya yol agarak kan basincinin diizenlenmesine katki
saglar (Antushevich & Wojcik, 2018; Folino et al., 2015; Kleinz & Davenport, 2005).

Endotel hiicrelerinde apelin sinyalizasyonu, eNOS aktivasyonu ve nitrik oksit (NO)
iiretiminin artisi ile iligkilidir. NO aracili vazodilatasyon, endotelyal disfonksiyonun baskilanmasi ve
damar esnekliginin korunmasi, apelin’in anti-aterosklerotik potansiyelini ortaya koymaktadir
(Antushevich & Wojcik, 2018; Folino et al., 2015).

Apelin, Oksidatif Stres ve Inflamasyon iliskisi

Apelin’in biyolojik etkileri yalnizca metabolik ve hemodinamik diizenleme ile sinirli degildir;
ayni1 zamanda gii¢lii antioksidan ve antiinflamatuar 6zellikler sergilemektedir. Apelin sinyalizasyonu,
reaktif oksijen tiirlerinin (ROS) asir1 iiretimini baskilayarak mitokondriyal fonksiyonlarin
korunmasina katki saglar (Kurowska et al., 2018; Pisarenko & Studneva, 2023; Respekta et al., 2022).

Inflamatuvar sitokinlerin (TNF-a, IL-6 gibi) artis1 ile apelin ekspresyonu arasinda ¢ift yonlii
bir iliski oldugu bildirilmektedir. Kronik inflamasyon durumlarinda apelin diizeylerinde
diizensizlikler gozlenirken, apelin’in inflamatuvar yanit1 baskilayici etkisi NF-kB sinyal yolunun
inhibisyonu ile iliskilendirilmektedir (Gandham, Sumathi, & CD, 2019; Kinjo et al., 2021; Pisarenko
& Studneva, 2023).

Apelin ve Metabolik Hastahklarla iliskisi

Obezite, insiilin direnci, tip 2 diyabet ve kardiyovaskiiler hastaliklarda apelin diizeylerinin
degiskenlik gosterdigi bildirilmektedir. Adipoz dokudan salgilanan bir adipokin olarak apelin, yag
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dokusu—kas—karaciger ekseninde metabolik iletisimi sekillendirmektedir (Alipour et al., 2017;
Antushevich & Wojcik, 2018).

Patolojik kosullarda apelin diizeylerindeki artis veya azalis, cogu zaman kompansatuvar bir
yanit olarak degerlendirilmektedir. Bu durum, apelin’in tek basina bir biyobelirtegten ziyade,
metabolik dengenin dinamik bir gostergesi oldugunu diisiindiirmektedir (Gandham et al., 2019; Kinjo
etal., 2021).

Bitkisel Biyoaktifler i¢in Biyolojik Zemin

Apelin—APJ sisteminin AMPK, PI3K/Akt ve oksidatif stres yolaklariyla yakin iliskisi, bitkisel
biyoaktiflerin bu sistem tizerindeki potansiyel diizenleyici etkilerine giiclii bir biyolojik temel
olusturmaktadir. Polifenoller, flavonoidler ve fenolik asitler gibi bitkisel bilesiklerin bu yolaklar
iizerindeki etkileri goz oniine alindiginda, apelin diizeylerinin fitoterapdtik miidahalelerle modiile
edilebilecegi diisiincesi giderek giiglenmektedir (A Ghanbari-Niaki et al., 2020; Kleinz & Davenport,
2005; Pisarenko & Studneva, 2023).

Bitkisel Biyoaktiflerin Apelin Uzerindeki Diizenleyici Etkileri
Resveratrol

Resveratrol, polifenolik yapist ve gli¢lii antioksidan kapasitesi sayesinde metabolik,
kardiyovaskiiler ve noroinflamatuvar siireclerde diizenleyici etkiler gosteren onemli bir bitkisel
biyoaktiftir. Enerji metabolizmasi, adipokin dengesi ve inflamasyonla iligkili sinyal yolaklar
iizerindeki etkileri dikkate alindiinda, resveratroliin apelin—APJ sistemiyle etkilesime girebilecek
biyolojik bir modiilator oldugu gosterilmektedir (Pisarenko & Studneva, 2023; Szkudelska et al.,
2019; Zarei et al., 2016).

Deneysel bulgular, resveratrol uygulamasinin AMPK ve PI3K/Akt yolaklarini aktive ederek
hiicresel enerji homeostazini destekledigini ve oksidatif stres yiikiinli azalttigin1 gostermektedir
(Szkudelska et al., 2019; Yamagata, Tagawa, Matsufuji, & Chino, 2012). Bu yolaklarin apelin
ekspresyonunun diizenlenmesinde kritik rol oynamasi, resveratroliin apelin diizeylerini dogrudan
hiicre i¢i sinyalizasyon lizerinden etkileyebilecegini diisiindiirmektedir (Eseberri, Lasa, Churruca, &
Portillo, 2013; Sabry et al., 2022).

Metabolik bozukluk modellerinde yapilan ¢alismalarda, resveratroliin inflamatuvar sitokin
dretimini baskiladigi, adipokin profilini iyilestirdigi ve insilin duyarliligim artirdigi bildirilmistir
(Eseberri et al., 2013; Giirsu, Altag, Donder, Giirsu, & Karaman, 2023). Bu etkilerin, adipoz doku
fonksiyonlar1 ve metabolik inflamasyonun azalmasi yoluyla apelin diizeylerinde ikincil diizenleyici
degisikliklere yol acabilecegi degerlendirilmektedir (Sabry et al., 2022; Zarei et al., 2016).

Son yillarda yayimlanan giincel ¢alismalar, resveratroliin yalnizca periferik dokularda degil,
sinir sistemi ve noroinflamasyon ile iligkili stire¢lerde de belirgin biyolojik etkiler gosterdigini ortaya
koymustur (Fan et al., 2018). Apelin—APJ sisteminin santral sinir sistemi ekspresyonu goz oniine
alindiginda, resveratroliin ndroinflamatuvar yanit1 baskilayici etkilerinin apelin sinyalizasyonu ile
iligkili olabilecegi diisiiniilmektedir (Duan et al., 2019).

Ayrica resveratroliin mitokondriyal fonksiyonlart koruyucu, reaktif oksijen tiirlerini azaltici
ve hiicresel stres yanitlarini diizenleyici etkileri, apelin’in kardiyometabolik ve hiicre koruyucu rolii
ile 6nemli oOlgiide oOrtiismektedir (Alipour et al., 2017; Yamagata et al., 2012). Bitkisel kaynakli
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biyoaktiflerin apelin aracili etkilerinin bu ¢ok katmanli mekanizmalar {izerinden sekillenmesi,
resveratrolii apelin hedefli fitoterapétik yaklasimlar agisindan 6nemli bir aday haline getirmektedir.

Tim bunlarla birlikte, mevcut veriler agirlikli olarak deneysel modellere dayanmaktadir ve
resveratrol-apelin etkilesiminin klinik doz, siire ve dokuya 6zgii yanitlar1 agisindan ileri ¢alismalara
ihtiya¢ bulunmaktadir (Alipour et al., 2017; Giirsu et al., 2023; Szkudelska et al., 2019).

Lepidium sativum (Tere Tohumu)

Lepidium sativum (bahge teresi/tere tohumu), zengin fitokimyasal igerigi ve antioksidan
kapasitesi nedeniyle metabolik stres, dislipidemi ve oksidatif hasar gibi siireclerde destekleyici bir
bitkisel ajan olarak ele alinmaktadir (Al-Snafi, 2019). Bu cercevede, obezite ve insiilin direncinde
belirginlesen adipokin diizensizliginin bir bileseni olan apelin diizeylerinin, L. sativum’un
antioksidan/antimetabolik etkileriyle ikincil olarak modiile edilebilecegi diigiiniilmektedir.

Lepidium sativum

Kaynak: (Basagaoglu & Kavalali, 2019)

Deneysel obezite modelinde yapilan bir ¢calismada, yliksek yagh diyetin adipokin profili ve
oksidatif parametrelerde bozulma olusturdugu; L. sativum’un antioksidan oOzellikleri ile bu
biyokimyasal = baskimin  azaltilmasinin, apelin  diizeylerindeki  degisimlerle  birlikte
degerlendirilebilecegi raporlanmistir (El-Shawwa, 2019). Bu bulgu, L. sativum’un apelin yanitini tek
basina “dogrudan artirici/azaltict” bir ajan gibi degil; daha ¢ok insiilin duyarliligi, oksidatif stres,
adipoz doku yaniti ekseni tlizerinden sekillenen bir diizenleyici g¢ercevede etkileyebilecegini
distindiirmektedir (ElI-Shawwa, 2019).

Diyabet/metabolik bozukluk modellerinde L. sativum’un glisemik kontrol ve doku hasariyla
iligkili parametreleri iyilestirebildigini bildiren deneysel veriler, apelin gibi metabolizma ile iliskili
adipokinlerin de bu genel iyilesme zemini icinde yeniden dengelenebilecegi goriisiini
desteklemektedir (Doghmane, Aouacheri, Laouaichia, & Saka, 2021; El-Emary, 2021). Nitekim
streptozotosin ile indiiklenen diyabet modelinde cress seed (L. sativum) suplementasyonu
hiperglisemiye eslik eden biyokimyasal bozulma ve oksidatif stres yiikiinii azaltmis; histolojik
diizeyde iyilesme ile degerlendirilmistir (Doghmane et al., 2021). Bu tiir sonuglar, apelin
degisimlerinin tek bir mekanizmaya indirgenemeyecegini; bitkisel miidahalenin ¢coklu hedefli etkileri
iizerinden okunmasi gerektigini géstermektedir (Doghmane et al., 2021; El-Shawwa, 2019).
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Ote yandan L. sativum’un lipit profili ve bdbrek parametreleri iizerine etkilerini inceleyen
giincel bir deneysel calisma, bitkinin/metabolitlerinin metabolik yiikii azaltabildigine isaret
etmektedir (Ahmed et al., 2025). Apelin—APJ sisteminin kardiyometabolik homeostazla iliskisi goz
oniline alindiginda, bu tarz sonuglar apelin diizeyinde gozlenebilecek degisimleri dolayli bigimde
destekleyebilecek bir biyolojik arka plan sunar (Ahmed et al., 2025). Daha erken donem farmakolojik
degerlendirmeler de L. sativum tohum ekstraktlarinin anti-inflamatuvar/analjezik etkileri ve
giivenlilik profiline dair temel kanitlar sunarak, metabolik ve inflamatuvar eksende yapilacak
caligmalar i¢in ¢ergeve olusturmaktadir (Al-Yahya, Mossa, Ageel, & Rafatullah, 1994).

Moringa oleifera (Morinya Agaci)

Moringa oleifera (morinya agaci), igerdigi cesitli fenolik bilesikler, flavonoidler ve
antioksidan fitokimyasallar sayesinde metabolik ve oksidatif stres diizenleyici Ozellikleri ile
farmakolojik ilgi odagi haline gelmistir (Fadhillah et al., 2025; Qi et al., 2019). Bu biyoaktif igerikler,
lipid ve glukoz metabolizmasi, inflamasyon ve adipoz doku homeostazi gibi apelin—APJ sistemi ile
iliskilendirilebilecek pek ¢ok biyolojik siire¢ tizerinde etkili olabilmektedir.

Moringa oleifera. (A) Moringa agac1. (B) Moringa yapraklari. (C) Moringa ¢igekleri. (D)
Moringa meyvesi.

Kaynak:(Abdull Razis, Ibrahim, & Kntayya, 2014)

Bilimsel ¢aligmalar, M. oleifera 6zlerinin antioksidan kapasitesini gli¢lendirdigini ve oksidatif
stres belirteclerini azalttigini gostermektedir; drnegin 6ziitler, glutatyon (GSH), siiperoksit dismutaz
(SOD) ve katalaz (CAT) gibi endojen antioksidan enzimlerin aktivitesini arttirarak hiicresel stres
yanitlarini diizenleyebilmektedir (Q1 et al., 2019). Bu etki, apelin’in hiicresel enerji dengesi ve
oksidatif stres yaniti ile iligkili sinyal yolaklariyla ortiismektedir.

Ayrica M. oleifera’nin farkli dokular ve sistemler iizerinde antiinflamatuar ve metabolik
diizenleyici etkileri oldugu bildirilmistir (Pareek et al., 2023). Bitkinin ¢esitli par¢alarindan elde
edilen 6zlerin, serbest radikal olusumunu inhibe ettigi ve inflamatuar sitokinlerin iiretimini azalttig1
gosterilmistir (Bayraktar et al., 2023; He et al., 2022). Bu kapsamda, M. oleifera’nin biyoaktif
bilesenlerinin apelin—APJ sistemiyle etkilesime girerek metabolik inflamasyonu ve adipoz doku
disfonksiyonunu iyilestirebilecegi hipotezi ortaya ¢cikmaktadir.

Fonksiyonel beslenme ve fitoterapi alaninda M. oleifera’nin fenolik ve flavonoid profili,
kardiyometabolik diizenleme, antioksidan savunma ve enerji metabolizmasinin modiilasyonu gibi
temel mekanizmalar lizerinden apelin seviyelerini dolayl olarak etkileyebilecek bir biyolojik zemin



saglar (Fadhillah et al., 2025; Yueyan et al.,, 2025). Ancak mevcut c¢alismalar ¢ogunlukla
antioksidan/antiinflamatuar etki modelleri iizerine odaklanmis olup, Moringa oleifera’nin dogrudan
apelin diizeylerini 6lgen klinik veya molekiiler ¢aligmalarinin eksikligi dikkat ¢ekmektedir. Bu
nedenle apelin—APJ sistemi iizerindeki etkilerin netlestirilmesi i¢in ileri molekiiler ve deneysel
caligmalar gereklidir.

Beyaz ve Yesil Cay

Camellia sinensis bitkisinden elde edilen beyaz ve yesil caylar, isleme diizeylerindeki
farkliliklara bagli olarak degisen oranlarda katesinler, polifenoller ve antioksidan bilesikler
icermektedir. Ozellikle yesil ¢ay, epigallokatesin gallat (EGCG) basta olmak iizere biyolojik olarak
aktif katesinler agisindan zengin olup, metabolik ve inflamatuvar siiregler tizerindeki etkileri yogun
bigimde arastirilmistir (Soori, Safei, Pournemati, & Ghram, 2018). Beyaz ¢ay ise daha minimal
islenmis yapisi1 sayesinde bazi durumlarda daha yiiksek toplam antioksidan kapasite
sergileyebilmektedir (Hamdy et al., 2022).

Deneysel ve klinik caligmalarda, yesil ¢ay veya yesil ¢cay ekstrakti uygulamasinin metabolik
parametreler, inflamatuvar belirtecler ve enerji metabolizmasiyla iligskili hormonlar {izerinde
diizenleyici etkiler gosterdigi bildirilmistir (Bagheri et al., 2020) . Ozellikle egzersizle kombine edilen
yesil ¢ay uygulamalarinda, adipokin dengesinde ve inflamatuvar yanitin baskilanmasinda anlamli
iyilesmeler bildirilmistir (Bagheri et al., 2020; Stimer, Demirtas, Piarbas, Kutlu, & Kilig, 2024). Bu
bulgular, apelin gibi enerji metabolizmasi ve inflamasyonla iliskili adipokinlerin dolayli olarak
etkilenebilecegini diislindiirmektedir.

Beyaz cay lizerine yapilan ¢aligmalar daha sinirl olmakla birlikte, mevcut veriler beyaz ¢ayin
antioksidan savunmay1 gii¢lendirdigini, oksidatif stres kaynakli doku hasarini azalttigini1 ve metabolik
dengeyi destekledigini gostermektedir (Hamdy et al., 2022). Oksidatif stresin apelin ekspresyonu ve
APJ sinyalizasyonu iizerindeki diizenleyici rolii goz Oniine alindiginda, beyaz cayin bu sistem
iizerinde dolaylh etkiler olusturabilecegi degerlendirilmektedir (Siimer et al., 2024).

Son yillarda yayimlanan deneysel ¢aligmalar, ¢ay polifenollerinin merkezi sinir sistemi, enerji
homeostazi ve inflamasyon ekseni lizerindeki etkilerine dikkat ¢gekmektedir (Karimi, Daryabor, &
Masjedi, 2024; Soori et al., 2018). Apelin—APJ sisteminin hem periferik dokularda hem de santral
sinir sisteminde eksprese edilmesi, ¢ay polifenollerinin néroinflamasyon ve metabolik sinyallesme
iizerindeki etkilerinin apelin aracili mekanizmalarla kesisebilecegini diisiindiirmektedir (Karimi et al.,
2024). Bununla birlikte, beyaz veya yesil cay tiiketiminin apelin diizeylerini dogrudan olcen
caligmalarin sayist siirlidir. Mevcut literatiir, daha ¢ok inflamasyon, oksidatif stres ve metabolik
belirtecler lizerinden dolayl ¢ikarimlara dayanmaktadir (Bagheri et al., 2020; Cardoso, Salgado,
Cesar, & Donado-Pestana, 2013). Bu nedenle, ¢ay polifenollerinin apelin—APJ sistemi iizerindeki
etkilerinin netlestirilmesi icin, apelin Ol¢limlerini igeren kontrollii deneysel ve klinik ¢aligmalara
ihtiya¢ bulunmaktadir.

Graviola (Annona Muricata)

Graviola (Annona muricata), 6zellikle yaprak ve meyve kisimlarinda bulunan zengin
fitokimyasal igerigi sayesinde antioksidan, antiinflamatuar ve metabolik diizenleyici 6zellikler
sergileyen oOnemli bir tropikal bitkidir. Bitkinin baglica biyolojik aktif bilesenleri arasinda
annonaceous asetogeninler, flavonoidler, alkaloidler ve fenolik bilesikler yer almakta olup, bu



bilesiklerin hiicresel redoks dengesi ve enerji metabolizmasi iizerinde belirgin etkiler gosterdigi
bildirilmektedir (Erkilic & Bayraktar, 2025; Rady et al., 2018).

Deneysel ve derleme temelli ¢alismalar, Annona muricata’nin oksidatif stres belirteglerini
azalttigini, lipid peroksidasyonunu baskiladigini ve antioksidan savunma sistemlerini giiclendirdigini
ortaya koymaktadir (Erkili¢ & Bayraktar, 2025). Oksidatif stresin apelin ekspresyonu ve APJ reseptor
sinyalizasyonu ile yakin iliskisi gz oniine alindiginda, graviola kaynakli bu antioksidan etkilerin
apelin aracilt metabolik ve kardiyovaskiiler yanitlari dolayli olarak modiile edebilecegi
distintilmektedir.

Ayrica graviolanin inflamatuar yanit1 baskilayici etkileri, 6zellikle NF-kB iliskili yolaklarin
inhibisyonu ve proinflamatuar sitokin iiretiminin azalmasi ile iliskilendirilmistir (Rady et al., 2018).
Apelin—APJ sisteminin inflamasyon ve metabolik stres kosullarinda diizenleyici bir rol iistlendigi
bilindiginden, Annona muricata’nin antiinflamatuar etkileri apelin diizeyleri lizerinde ikincil ve
dolayli bir diizenleme potansiyeli tasimaktadir(Erkilic & Bayraktar, 2025).

Bununla birlikte mevcut literatiirde Annona muricata’nin apelin diizeylerini dogrudan 6lgen
deneysel veya klinik caligmalara rastlanmamaktadir. Dolayisiyla graviola—apelin iliskisi, bitkinin
oksidatif stres, inflamasyon ve enerji metabolizmas1 lizerindeki 1yi tanimlanmis etkileri {izerinden
mekanistik bir ¢ercevede degerlendirilmektedir. Bu durum, apelin hedefli fitoterapotik yaklagimlar
acisindan Annona muricata’nin potansiyelini ortaya koymakla birlikte, bu iliskinin netlestirilmesi
icin ileri caligsmalara ihtiya¢ oldugunu gostermektedir.

Aralia Taibaiensis

Aralia taibaiensis, Araliaceae familyasina ait, ¢ok yillik ve otsu bir bitki tiirii olup, Cin’in
Shaanxi eyaletinde yer alan Qinba Daglar1 basta olmak tizere siirh bir cografyada dogal olarak
yetismektedir. Bu bitki, Cin geleneksel tibbinda uzun siiredir kullanilmakta ve 6zellikle metabolik
hastaliklar, inflamatuar durumlar ve kardiyovaskiiler bozukluklar ile iligkili rahatsizliklarda halk
hekimliginde yer almaktadir (Li et al., 2025).

Bitkinin en o6nemli farmakolojik bilesenlerini, kok ve kok kabugundan izole edilen
triterpenoid saponinler olusturmaktadir. Bu saponinler, modern farmakolojik ¢aligsmalarda
antioksidan, antiinflamatuar ve metabolik diizenleyici 6zellikleriyle 6ne ¢ikmustir (Li et al., 2025).
Ozellikle Aralia taibaiensis kaynakli saponinlerin, hiicresel oksidatif stresi baskiladig1, mitokondriyal
fonksiyonlar1 korudugu ve enerji metabolizmasiyla iliskili sinyal yolaklarmi modiile edebildigi
bildirilmektedir (Weng et al., 2014).

Fitokimyasal analizler, Aralia taibaiensis’in saponin igeriginin yapisal olarak zengin ve
biyolojik olarak aktif oldugunu ortaya koymus; bu bilesiklerin farmakolojik etkilerinin, bitkinin
geleneksel kullanim alanlariyla yiliksek derecede uyumlu oldugu gdésterilmistir (Weng et al., 2014).
Bu 6zellikleriyle Aralia taibaiensis, hem etnofarmakolojik hem de molekiiler diizeyde incelenmeye
deger bir tibbi bitki olarak degerlendirilmektedir.

Egzersiz + Zataria Multiflora Kombinasyonu ve Apelin

Apelin—-APJ sistemi; glukoz homeostazi, insiilin duyarlilifi ve kardiyometabolik
adaptasyonlarla iliskili bir adipokin ekseni oldugundan, egzersizle birlikte fitoterapdtik desteklerin
bu eksen tizerindeki etkisi 6zellikle metabolik sendrom riskinin arttig1 gruplarda 6nem kazanir. Bu
cergevede, postmenopozal kadinlarda yapilan ¢alismada 8 haftalik “devre” direng antrenmaninin
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plazma apelin diizeyini artirdig1; bununla birlikte Zataria multiflora’nin tek basina apelin tlizerinde
bagimsiz bir etkisinin olmadigi, ancak kan glukozunu diisiirerek antrenman etkileriyle kismi sinerji
gosterebilecegi bildirilmistir (A Ghanbari-Niaki et al., 2020). Ayn1 ¢alismada insiilin ve glukozda
diistis ile insiilin direnci/duyarliligt parametrelerinde iyilesme yoOniindeki bulgular, apelin
degisimlerinin “yalnizca bitkisel destekten” ziyade egzersiz kaynakli metabolik yeniden
diizenlenmenin bir ¢iktis1 olabilecegini diisiindiiriir (A Ghanbari-Niaki et al., 2020).

Zataria multiflora’nin egzersizle birlikte “endokrin” yanitlart modiile edebildigine dair ek
insan verisi, apelin disindaki egzersizle iligkili bir bagka sinyal molekiilii iizerinden de
desteklenmektedir: postmenopozal kadinlarda yiiriitiillen randomize bir ¢alismada, egzersiz + Zataria
multiflora kombinasyonunun serum irisin diizeylerini artirdigi bildirilmis; bu bulgu, Zataria’nin
fenolik igerigi/antioksidan kapasitesi ile egzersizin kas kaynakli sinyal yanitlarin1 aynmi biyolojik
zeminde etkileyebilecegi fikrini gliglendirmistir (Abbass Ghanbari-Niaki et al., 2018). Bu iki ¢alisma
birlikte incelendiginde, Zataria’nin apelin iizerine “dogrudan” bir belirleyiciden ¢ok, glisemik
yiik/oksidatif stres/inflamasyon gibi araci bilesenleri iyilestirerek egzersiz adaptasyonlarina eslik
eden bir destek olabilecegi yorumu daha tutarli goriiniir (Abbass Ghanbari-Niaki et al., 2018; A
Ghanbari-Niaki et al., 2020).

Kardiyometabolik acidan apelin odagina daha dogrudan yaklasan deneysel kanit ise iskemi-
reperfiizyon hasari modelinde sunulmustur: siganlarda yapilan ¢alismada apelin ve egzersizin birlikte
uygulanmasinin, kardiyak hiicresel hasar1 azaltmada sinerjik bir etki gosterebilecegi vurgulanmigtir
(Nazari & Chehelcheraghi, 2020). Ote yandan apelin yanitinin y&nii; popiilasyon (obez/saglikls,
kadin/erkek), eslik eden takviye ve protokole gore degisebilmektedir. Nitekim fazla kilolu/obez
erkeklerde 8 haftalik diren¢ antrenman1 + Spirulina miidahalesinde, gruplar arasi fark apelin igin
belirgin olmasa da antrenman igeren gruplarda apelin diizeylerinde azalma egilimi ile glukozda diistiis
bildirilmistir (Mohammad et al., 2022). Bu bulgular, ¢alismamiz agisindan 6énemli bir mesaj verir:
apelin yaniti baglama duyarlidir; “artis” her zaman hedef olmayabilir ve klinik/deneysel amag
(glisemik kontrol, inflamasyon, kardiyak korunma) apelin yorumunu belirler (A Ghanbari-Niaki et
al., 2020; Mohammad et al., 2022; Nazari & Chehelcheraghi, 2020).

Tartisma

Bu calisma da sunulan veriler, apelin—APJ sisteminin metabolik homeostaz, kardiyovaskiiler
fonksiyonlar ve inflamatuvar yanitlarin diizenlenmesinde merkezi bir role sahip oldugunu agik
bicimde ortaya koymaktadir. Apelin’in PI3K/Akt, AMPK ve MAPK/ERK gibi temel hiicre i¢i sinyal
yolaklar1 {izerinden enerji metabolizmasi, oksidatif stres ve hiicresel sagkalim mekanizmalarini
diizenlemesi, bu peptidin yalnizca bir adipokin degil; cok yonlii bir biyolojik diizenleyici olarak
degerlendirilmesini gerekli kilmaktadir (Kleinz & Davenport, 2005; Kurowska et al., 2018; Kinjo et
al., 2021).

Mevcut literatiir, apelin diizeylerinin obezite, insiilin direnci ve tip 2 diyabet gibi metabolik
bozukluklarda degiskenlik gosterdigini; bu degisimin cogu zaman patofizyolojik siirece kars1 gelisen
kompansatuvar bir yanit niteligi tasidigini diisiindiirmektedir (Alipour et al., 2017; Gandham et al.,
2019). Bu durum, apelin’in tek basina “artis1” ya da “azalis1” ilizerinden degil, baglam-duyarli bir
biyobelirte¢ olarak yorumlanmasi gerektigini géstermektedir. Nitekim egzersiz, beslenme durumu,
inflamasyon diizeyi ve oksidatif stres yiikii gibi faktorler, apelin yanitinin yoniinii belirleyen kritik
degiskenlerdir (Antushevich & Wojcik, 2018; Kinjo et al., 2021).
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Bu baglamda bitkisel biyoaktiflerin apelin—APJ sistemi iizerindeki potansiyel diizenleyici
etkileri, 6zellikle AMPK ve PI3K/Akt eksenleri lizerinden anlam kazanmaktadir. Resveratrol basta
olmak iizere polifenolik bilesiklerin bu yolaklar1 aktive ederek hiicresel enerji homeostazini
desteklemesi, oksidatif stresi baskilamasi ve inflamatuvar sitokin {iretimini azaltmasi; apelin
sinyalizasyonu ile giiclii bir mekanistik ortlisme sergilemektedir (Eseberri et al., 2013; Szkudelska et
al., 2019; Pisarenko & Studneva, 2023). Bu nedenle resveratrol, apelin hedefli fitoterapotik
yaklasimlar acisindan yalnizca “destekleyici” degil, biyolojik olarak rasyonel bir modiilatér olarak
degerlendirilebilir.

Lepidium sativum, Moringa oleifera ve Annona muricata gibi bitkilerde ise apelin diizeylerini
dogrudan 6l¢en calismalarin sinirli olmasi, bu bitkilerin apelin ile iliskisini dolayli mekanizmalar
iizerinden tartismay1 gerekli kilmaktadir. Antioksidan savunmanin gili¢lendirilmesi, inflamasyonun
baskilanmasi ve glisemik kontroliin iyilestirilmesi gibi etkiler; apelin ekspresyonunu etkileyebilecek
biyolojik bir zemin olusturmaktadir (El-Shawwa, 2019; Doghmane et al., 2021; Rady et al., 2018).
Bu durum, bitkisel miidahalelerin apelin yanitin1 tekil bir hedef {lizerinden degil, coklu sistem
regiilasyonu yoluyla sekillendirdigini diisiindiirmektedir.

Aralia taibaiensis 6rnegi ise bu alanda dikkat ¢ekici bir istisna sunmaktadir. Bitkiden izole
edilen triterpenoid saponinlerin apelin ve APJ reseptor ekspresyonunu artirdigi ve bu etkinin AMPK
yoluyla gerceklestiginin gdsterilmesi, bitkisel bir kaynagin apelin sistemini dogrudan
hedefleyebilecegini ortaya koymustur (Xu et al., 2025; Weng et al., 2014). Bu bulgu, apelin odakli
fitoterapdtik stratejiler icin deneysel diizeyde giiglii bir kanit sunmakta ve literatiirde 6nemli bir
boslugu doldurmaktadir.

Egzersizle iliskili veriler, apelin yanitinin baglama duyarliligimi en net sekilde ortaya
koymaktadir. Diren¢ ve dayaniklilik egzersizlerinin apelin diizeylerini artirabildigi; ancak bu artigin
her zaman metabolik iyilesme ile paralel seyretmedigi bildirilmistir (A Ghanbari-Niaki et al., 2020;
Mohammad et al., 2022). Zataria multiflora ile kombine edilen egzersiz protokollerinde ise bitkinin
apelin iizerinde dogrudan bir etkisinden ziyade, glisemik yiik ve oksidatif stresin azaltilmasi yoluyla
egzersiz adaptasyonlarin1 destekledigi goriilmektedir (Abbass Ghanbari-Niaki et al., 2018; A
Ghanbari-Niaki et al.,, 2020). Bu sonuglar, apelin yanmtiin “artis/fayda” seklinde
basitlestirilemeyecegini; klinik hedefe gére yorumlanmasi gerektigini ortaya koymaktadir.

Sonug¢ olarak degerlendirilen bu veriler, apelin—APJ sisteminin bitkisel biyoaktifler ve
egzersiz miidahaleleri ile ¢ok katmanli ve baglama bagimli bir etkilesim icinde oldugunu
gostermektedir. Gelecekte yapilacak g¢alismalarin, apelin diizeylerini yalnmizca ikincil bir sonug
degiskeni olarak degil; mekanistik hedef olarak ele almasi, bitkisel miidahalelerin doz—siire—doku
ozgilligilini iceren kontrollii tasarimlarla degerlendirilmesi gerekmektedir. Bu yaklasim, apelin
merkezli fitoterapotik stratejilerin translasyonel potansiyelini gli¢lendirecektir.

Sonuc¢

Bu c¢alisma kapsaminda degerlendirilen literatiir, apelin—APJ sisteminin metabolik,
kardiyovaskiiler ve inflamatuvar diizenlemede merkezi bir konuma sahip oldugunu ve bu sistemin
bitkisel biyoaktifler ile egzersiz gibi yasam tarzi miidahaleleri tarafindan modiile edilebilecegini
gostermektedir. Bitkisel kaynakli polifenoller, flavonoidler ve saponinler; dogrudan apelin dl¢timleri
siirlt olsa da apelin sinyalizasyonuyla oOrtiisen AMPK, PI3K/Akt ve oksidatif stres yolaklari
tizerinden biyolojik etkiler sergilemektedir.
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Elde edilen bulgular, apelin diizeylerindeki degisimlerin “artig” ya da “azalis” olarak tek yonlii
degerlendirilmemesi gerektigini; aksine bu degisimlerin metabolik yiik, inflamasyon durumu ve
enerji dengesi baglaminda yorumlanmasinin daha anlamli oldugunu ortaya koymaktadir. Bu yoniiyle
apelin, fitoterapotik ve egzersiz temelli miidahalelerde hem bir hedef hem de bir adaptasyon
gostergesi olarak ele alinmalidir.

Sonugta apelin hedefli fitoterapdtik yaklasimlar, metabolik hastaliklarin 6nlenmesi ve
yonetiminde umut vadeden bir alan sunmaktadir. Ancak bu potansiyelin klinik pratige aktarilabilmesi
icin, apelin diizeylerini dogrudan Olgen, iyi tasarlanmis, doz-siire iligkisini netlestiren ve farkl
poplilasyonlar1 kapsayan ileri ¢caligmalara ihtiya¢ bulunmaktadir.
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BOLUM 5

MYRTUS COMMUNIS L. (MERSIN BITKiSi)’NIN
KIMYASAL OZELLIKLERI, AKTIF
BILESENLERI VE TERAPOTIK POTANSIYELI

SEFA CELIK'

1. Giris

Myrtus communis L. (Mersin bitkisi), Akdeniz havzasina 06zgi,
ylzylllardir hem mutfak hem de geleneksel tipta kullanilan,
Myrtaceae familyasina ait aromatik bir c¢alhidir. Bitki, sadece
kiiltiirel 6nemiyle degil, ayn1 zamanda yapisindaki zengin ve ¢esitli
biyoaktif bilesenler nedeniyle bilimsel arastirmalarin odak noktasi
haline gelmistir. Bu bilesenler, bitkiye giliclii antioksidan,
antienflamatuar, antimikrobiyal ve antikanser gibi ¢ok sayida
farmakolojik aktivite kazandirmaktadir (Alipour, Dashti, &

Hosseinzadeh, 2014). Bu derleme, Mersin bitkisinin kimyasal

! Prof. Dr., Afyonkarahisar Saglik Bilimleri Universitesi, Tip Fakiiltesi, 1bbi
Biyokimya AD, Orcid: 0000-0002-5187-378x.
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profilini, baslica etken maddelerini ve bu maddelerin ¢esitli
hastaliklarin tedavisindeki potansiyel roliinii ve mekanizmalarini,
ozellikle antioksidan kapasitesi merkezinde sistematik bir sekilde

ele almay1 amaglamaktadr.

2. Kimyasal Bilesenler ve Etken Maddeler

M. communis, yaprak, meyve, c¢icek ve tohum gibi farkli
kisimlarinda cesitli siniflardan biyoaktif bilesikler igermektedir. Bu
bilesenlerin tiir ve miktari, bitkinin yetistigi cografya, iklim, hasat
zamant  ve  ckstraksiyon = yOntemine  gbére  degisiklik

gosterebilmektedir (Ozkan & Giiray, 2009).

2.1. Ugucu Yag Bilesenleri

Bitkinin karakteristik kokusunu ve bircok biyolojik aktivitesinin
temelini  olusturur. Ana bilesenler arasinda monoterpen

hidrokarbonlar ve oksijenli tiirevleri bulunur:

1,8-Sineol (Okalipol): Genellikle en baskin bilesendir. Giiglii
antimikrobiyal, balgam soktiirlicii ve antiinflamatuar O6zelliklere

sahiptir (Mohamed, Mohafez, Khalil, & Alhaider, 2019).

a-Pinen ve B-Pinen: Diger 6nemli monoterpen hidrokarbonlardir.



Linalool, a-Terpineol, Linalil Asetat: Hos kokulu monoterpen
alkol ve esterlerdir. Sakinlestirici ve antimikrobiyal etkileri ile

bilinirler (Caputo vd., 2022).

Mirtenil Asetat ve Mirtenol: Mersin bitkisine 6zgii sayilabilecek

bilesiklerdir.

2.2. Fenolik Bilesikler ve Flavonoidler

Bu grup, bitkinin gii¢lii antioksidan kapasitesinden biiyiik 6lciide
sorumludur. Hem yapraklarda hem de meyvelerde yiiksek miktarda

bulunurlar.

Tanenler (Gallotaninler ve Ellajitaninler): Ozellikle yapraklarda
yogundur. Biiziicii, antimikrobiyal ve antioksidan 6zellik gosterirler

(Amensour vd., 2009).

Flavonoidler: Quercetin, mirisetin, katesin tlirevleri ve flavon

glikozitleri igerir.

Fenolik Asitler: Gallik asit, kafeik asit, ellajik asit ve bunlarin

tirevleri yaygindir.
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2.3. Benzersiz Acylfloroglukinoller: Mirtukommulon ve

Tiirevleri

Bu bilesik smifi, M. communis'i benzersiz kilan ve son yillarda
ozellikle antikanser arastirmalarinin  odagi  haline  gelen

molekillerdir.

Mirtukommulon-A: Yapraklardan izole edilen, prenillenmemis bir
asilfloroglukinoldiir. 5-Lipoksijenaz ve siklooksijenaz-1'i dogrudan
inhibe ederek giiclii antiinflamatuar aktivite gosterir (Feisst,
Franke, Appendino, & Werz, 2005). Ayrica, mitokondriyal yol
araciligiyla kanser hiicrelerinde apoptozu (programh hiicre
oliimii) indiikler ve saglikli hiicrelere kiyasla segici bir toksisite

sergiler (Tretiakova vd., 2008).

Semi-Mirtukommulon ve Diger Oligomerik Tiirevler: Benzer
yapida olup ¢esitli biyolojik aktivitelere sahiptirler (Appendino vd.,
2002).

3. Hastahklarin Tedavisindeki Geleneksel ve Potansiyel

Kullanimlari

Geleneksel tip bilgisi ve modern bilimsel ¢aligmalar, Mersin'in

asagidaki alanlarda terapdtik potansiyelini ortaya koymaktadir:
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3.1. Solunum ve Enfeksiyon Hastahklar:

Ugucu yagmin antimikrobiyal ve balgam soktiiriicii o6zellikleri
nedeniyle, bronsit, sinilizit ve soguk alginligi semptomlarinin
hafifletilmesinde geleneksel olarak kullanilmistir. 1,8-sineoliin
antibakteriyel ve antiviral etkileri bu kullanimi destekler
niteliktedir (Hoch vd., 2023). Yeni ¢alismalar, etanolik ekstraktinin
tiiberkiiloz dahil c¢esitli mikobakterilere karsi etkili oldugunu
gostermistir (Mir vd., 2024).

3.2. Sindirim Sistemi Rahatsizliklar1

Yapraklarinin biiziicii (tanen igerigi nedeniyle) Ozelligi, ishal
tedavisinde yaygin kullaniminin temelini olusturur. Ayrica, mide
iilseri, hazimsizlik ve istahsizlik i¢cin de geleneksel recetelerde yer

almaktadir (Sumbul, Ahmad, Asif, & Akhtar, 2011).

3.3. Dermatolojik Durumlar ve Yara Iyilesmesi

Antiseptik ve antiinflamatuar 6zellikleri, akne, egzama, yanik ve
enfekte yarlarin tedavisinde harici uygulamalarini popiiler kilmistir.
Hem wucucu yagt hem de sulu/etanolik ekstrelerinin yara
iyilesmesini hizlandirdigi deneysel c¢alismalarla gdsterilmistir

(Aleksic & Knezevic, 2014).
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3.4. Metabolik ve inflamatuar Hastaliklar

Diyabet: Bazi in vivo caligmalar, Mersin yaprak ekstresinin kan
sekeri dilizeylerini diisiirdiiglinii ve insiilin direncini iyilestirdigini
bildirmistir. Bu etki, antioksidan aktivitesi ve a-glukozidaz enzim

inhibisyonu ile iliskilendirilmistir (Alipour vd., 2014).

Inflamasyon: Mirtukommulon'un spesifik enzim inhibisyonu
(Feisst vd., 2005) ve diger fenolik bilesiklerin sitokin {iretimini
modiile etmesi, artrit gibi kronik inflamatuar durumlar igin

potansiyel bir tedavi secenegi olabilecegini diisiindiirmektedir.

3.5. Kanser

Onceki boliimlerde ayrintil deginildigi gibi,
0zellikle mirtukommulon, kanser arastirmalarinda umut verici bir
molekiildiir. Meme, prostat, kolon ve l6semi hiicre hatlar {izerinde,
saglikli hiicrelere zarar vermeden apoptozu tetikleyebilme yetenegi
("secici sitotoksisite"), onu gelecek vaat eden bir kemoterapdtik

ajan aday1 yapmaktadir (Tretiakova vd., 2008; Mir vd., 2024).

4. Antioksidan Etki ve Mekanizmalari

M. communis'in belki de en iyl belgelenmis ve en genis kabul

gormiis farmakolojik ozelligi giiclii antioksidan kapasitesidir. Bu
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etki, icerdigi c¢oklu fenolik ve flavonoid bilesiklerin sinerjistik

hareketinden kaynaklanir.

4.1. Antioksidan Mekanizmalar

Serbest Radikal Siipiiriicii Aktivite: Bitki ekstraktlar1 ve ucucu
yagl,  2,2-difenil-1-pikrilhidrazil ~ (DPPH), 2,2'-azino-bis(3-
etilbenzotiyazolin-6-siilfonik  asit) (ABTS) radikallerini ve
stiperoksit anyon radikallerini etkili bir sekilde siipiiriir (Rosa vd.,
2003). Fenolik bilesikler, elektron veya hidrojen atomu vererek bu

kararsiz radikalleri stabilize eder.

Metal Selatlama: Demir (Fe*") ve bakir (Cu?*') gibi gecis
metallerini baglayarak, bunlarin katalize ettigi Fenton reaksiyonu
yoluyla hidroksil radikali (¢*OH) gibi daha zararl reaktif oksijen

tiirlerinin (ROS) olusumunu engeller.

Indirgeyici Gii¢c: Yiiksek fenolik icerigi sayesinde gii¢lii bir

indirgeyici ajan olarak davranir, redoks reaksiyonlarin1 dengeler.

Lipit Peroksidasyonunun Inhibisyonu: insan diisiik yogunluklu
lipoprotein (LDL) oksidasyonunu inhibe ederek, ateroskleroz gibi
oksidatif stres kaynakli hastaliklarin 6nlenmesine katkida
bulunabilir (Rosa, Melis, Deiana, Atzeri, Appendino, Corona, &

Dessi, 2008).
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4.2. Antioksidan Etkinin Terapotik Sonuclar:

Yiiksek antioksidan kapasite, bitkinin bir¢ok terapotik 6zelliginin

altinda yatan temel mekanizmadir:

Hiicre Koruyucu Etki: Oksidatif DNA hasarini, protein

oksidasyonunu ve lipit peroksidasyonunu azaltarak hiicreleri korur.

Anti-inflamatuar Etki ile Iliski: Oksidatif stres ve inflamasyon
birbirini besleyen siireclerdir. ROS'u azaltmak, NF-kB gibi pro-

inflamatuar sinyal yollarini inhibe ederek iltihab1 hafifletebilir.

Antikanser Potansiyel ile Baglanti: Kronik oksidatif stres kanser
gelisimini tesvik eder. Antioksidanlar, kanserojen baslatma ve
ilerleme siireglerine karst koruyucu bir rol oynayabilir. Ayrica,
mirtukommulon gibi  bilesikler, kanser hiicrelerinde ROS
seviyelerini artirarak (pro-oksidan etki) da apoptozu tetikleyebilir;

bu, "antioksidan paradoksu" olarak bilinen duruma bir 6rnektir.

5. Sonug ve Gelecek Perspektifi

Myrtus communis L., hem geleneksel kullanim ge¢misi hem de
modern bilim tarafindan dogrulanan genis farmakolojik aktivite
spektrumu ile degerli bir bitkisel kaynaktir. Zengin kimyasal

icerigi, Ozellikle fenolik bilesikler, ugucu yaglar ve benzersiz
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mirtukommulon tiirevleri, onun gii¢lii antioksidan, antienflamatuar,

antimikrobiyal ve antikanser 6zelliklerinin temelini olusturur.

Gelecekteki aragtirmalar i¢in Oneriler:

Klinik Calismalar: Umut vericiin vitro ve in vivo sonuglarin,
insanlar {izerinde gilivenilir klinik deneylerle dogrulanmasi

gerekmektedir.

Standartizasyon ve  Formiilasyon:  Terapotik  etkinin
tekrarlanabilirligi icin, aktif bilesen igerigi standart hale getirilmis
ekstraktlarin ve uygun ila¢ formiilasyonlarinin gelistirilmesi kritik

oneme sahiptir.

Hedef ve Mekanizma Arastirmalari: Mirtukommulon gibi
spesifik bilesiklerin molekiiler hedeflerinin ve farmakokinetik
ozelliklerinin (emisyon, dagilim, metabolizma, atilim) daha

derinlemesine incelenmesi.

Sinerjistik Etkilerin Incelenmesi: Bitki icindeki ¢oklu
bilesenlerin bir arada nasil ¢alistiginin ("fitokompleks" etkisi) ve

geleneksel tedavilerle olasi sinerjilerinin arastirilmasi.

Sonug olarak, M. communis sadece geleneksel bir sifali bitki
olmanin 6tesinde, modern tip i¢in yeni ila¢ adaylar1 ve fonksiyonel
gida bilesenleri sunan, bilimsel aragtirmalara konu olmaya devam

edecek onemli bir dogal kaynaktir.
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M. communis'in gli¢lii antioksidan kapasitesi, yapisinda bulunan ve
sinerjistik olarak ¢alisan ¢esitli fitokimyasal siniflarindan
kaynaklanmaktadir. Asagidaki tabloda (Tablo 1), bitkinin ana
antioksidan bilesenlerini, yapisal o6zelliklerini, bulunduklar

kisimlari ve temel antioksidan mekanizmalar1 6zetlenmektedir.
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Tablo 1: Myrtus communis'in Baslica Antioksidan Bilesenleri

Bilesen Etken madde Antioksidan etki Kaynak
Fenolik Asitler asit, Kafeik asit, P Y - e . " | 2009; Alipour vd.,
L Metal Selatlama: Fe** ve Cu?*" iyonlarim1 baglayarak
Siringik asit 2014
*OH olugsumunu engeller.
Radikal  Siipiiriicii: Lipid  peroksidasyon  zincir
Mirisetin, reaksiyonunu kirar.
. Kersetirin, Katesin | Indirgeyici Ajan: Ferrik iyonu (Fe*") ferroz iyona (Fe?*") | Rosa vd., 2003;
Flavonoidler .. . N
tirevleri, Quercetin | indirger. Sumbul vd., 2011
glikozitleri Pro-oksidan Inhibisyonu: Oksidaz enzimlerini (6rn.,
ksantin oksidaz) inhibe eder.
Genis Radikal Notralizasyonu: Lipid
Gallotaninler (Orn., | peroksidasyonuna ve DNA oksidatif hasarmna karsi
Tanenler Penta-galloyl- koruma. Amensour  vd.,
glukoz), Enzimi nhibisyonu: 2009
Ellajitaninler Lipoksijenaz gibi oksidatif stresle iligkili enzimleri
inhibe eder.
1.8-Sineol Llpoﬁllk Radlka} Siipiiriicii: Hucr‘e membranlndakl Caputo vd., 2022;
U . . lipit peroksidasyonunu inhibe eder.
Ugucu Yag Bilesenleri (Okalipol), ® | indirgeyici Potansiyel: Orta  diizeyde indirgeyici Mohamed  vd,
Terpineol, Linalool ey yek Y gey 2019

aktivite gosterir.
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Mirtukommulon-A,

* Giiclii Radikal Siipiiriicii: DPPH radikallerine karsi
cok yiiksek aktivite.

Appendino  vd.,

Oligomerik . + LDL Oksidasyon Inhibisyonu: Insan  kotii
A . Semi- - L . . . | 2002; Rosa,
Asilfloroglukinoller . kolesteroliiniin (LDL) oksidatif modifikasyonunu giiclii .
Mirtukommulon . . Melis, vd., 2008
sekilde engeller, ateroskleroza karsi koruyucu potansiyel
gosterir.
Petunidin 3-O- . N “ .
Antosiyaninler elukozit, Malvidin Radikal Siipiiriicii: Meyve ekstraktinin toplam | (Ozkan & Giiray,

3-O-rutinozit

antioksidan kapasitesine dnemli katkida bulunur.

2009)

Bu tablo, M. communis'in antioksidan savunmasinin ¢ok bilesenli ve ¢ok mekanizmali oldugunu agikca

gostermektedir. Her bilesen sinifi farkli bir antioksidan strateji sunar: fenolik asitler ve flavonoidler suda

¢ozunur,

giiclii elektron bagiscilari

iken; ucucu yag bilesenleri

lipofilik ortamlarda etkilidir.

Ozellikle yapraklar, tanenler ve benzersiz mirtukommulon tiirevleri agisindan; meyveler ise fenolik asitler,

antosiyaninler ve flavonoidler bakimindan zengindir.
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BOLUM 6

MERSIN BITKIiSININ (MYRTUS COMMUNIS L.)
ANTIKANSER ETKINLIGI

SEFA CELIK'
1.Giris

Myrtus communis L. (Mersin bitkisi), Akdeniz bolgesine 6zgii, hem
kiiltiirel hem de geleneksel tibbi 6neme sahip herdem yesil bir
calidir. Bitki yiizyillardir c¢esitli inflamatuar, gastrointestinal ve
solunum yolu hastaliklarinin tedavisinde kullanilmaktadir (Ozkan
&  Giray, 2009). Modern farmakolojik  arastirmalar,
M. communis'in antimikrobiyal, antioksidan, antidiyabetik ve
antiinflamatuar 6zelliklerini ortaya koymustur (Alipour vd., 2014;
Aleksic & Knezevic, 2014). Son yillarda, 6zellikle kanser biyolojisi
alaninda, bitkinin ve onun aktif bilesenlerinin antikanser potansiyeli
tizerine odaklanilmistir. Giincel arastirmalar, bitkinin etanolik
yaprak oziitiiniin ve 6zgilin bileseni mirtukommulonun (MC) ¢esitli
kanser hiicre hatlarinda secici sitotoksisite ve apoptoz indiikleme
yetenegine sahip oldugunu gostermektedir (Ogur, 2014; Mir vd.,
2024). Bu kitap boliimii, son donem arastirmalar 1s18inda Myrtus
communis'in antikanser mekanizmalarini, aktif bilesenlerini ve
gelecekteki  terapdtik  potansiyelini  sistematik  bir  sekilde
degerlendirmeyi amacglamaktadir.

! Prof. Dr., Afyonkarahisar Saglik Bilimleri Universitesi, Tip Fakiiltesi, 1bbi
Biyokimya AD, Orcid: 0000-0002-5187-378x.
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2. Kimyasal Bilesenler ve Ana Aktif Molekiiller

M. communis'in terapotik etkileri, yaprak, meyve ve tohumlarinda
bulunan zengin ve ¢esitli fitokimyasallara baglanmaktadir. Bitkinin
biyolojik aktivitelerinden 6zellikle fenolik bilesikler, ugucu yaglar
ve benzersiz asilfloroglukinoller sorumludur.

Fenolik Bilesikler ve Antioksidan Kapasite: Bitkinin meyve
kabugu ve yapraklarinda yiliksek konsantrasyonda antosiyaninler
(petunidin 3-O-glukozit, malvidin 3-O-rutinozit), flavonoidler ve
fenolik asitler bulunur. Bu bilesikler, giiclii serbest radikal siipiiriicii
aktivite sergileyerek, kanser patogenezinde kritik bir rol oynayan
oksidatif stresin azaltilmasina katkida bulunur (Amensour vd.,
2009).

Ucucu Yag Bilesenleri: Mersin ugucu yaginin ana bilesenleri
arasinda 1,8-sineol (Okalipol), a-pinen, linalool, mirtenil asetat ve
limonen bulunur (Mohamed vd., 2019). Bu monoterpenler ve
terpenoidler,  bitkinin  antimikrobiyal = ve  antiinflamatuar
ozelliklerinden sorumlu olmakla birlikte, baz1 ¢aligsmalar 6zellikle
1,8-sineoliin sitotoksik etkiler gosterdigini bildirmistir.

Mirtukommulon (MC): Bitkinin en dikkat ¢ekici spesifik
metaboliti, yapraklarda bulunan prenillenmemis bir
asilfloroglukinol olan mirtukommulondur (Appendino vd., 2002).
MC, gii¢li antiinflamatuar (5-lipoksijenaz ve siklooksijenaz-1
inhibisyonu yoluyla) ve antikanser aktiviteleriyle 6ne ¢ikmaktadir
(Feisst vd., 2005; Rossi vd., 2009). Yapi-aktivite iliskisi ¢aligmalari,
aromatik floroglukinol ¢ekirdeginin sitotoksik aktivite i¢cin gerekli
oldugunu gostermistir (Cottiglia vd., 2012).

3. Antikanser Etkiler ve Hiicresel Mekanizmalar

M. communis oziitleri ve oOzellikle MC, c¢esitli in vitro ve in
vivo modellerde ¢ok yonlii antikanser etkiler sergilemektedir. Bu
etkiler, hiicre dongiisii arresti, apoptoz indiiksiyonu ve segici
sitotoksisite gibi temel mekanizmalara dayanur.

--69--



Secici Sitotoksisite ve Hiicre Canhligi Uzerine Etkiler: Erken
tarama g¢alismalar1, Mersin ugucu yaginin meme ve prostat kanseri
hiicre hatlarinda yiiksek inhibisyon oranlar1 gosterirken (%81.4 -
%95.2), normal 3T3 fibroblast hiicrelerine karst minimal etki (%3.7
- %6.5) gosterdigini ortaya koymustur (Stevens, 2005). Benzer
sekilde, MC'nin losemik hiicre hatlarinda (HL-60, Mono Mac 6)
EC50 degerleri 3-9 uM araligindayken, transforme olmamis insan
periferik kan mononiikleer hiicreleri (PBMC) veya fibroblastlar i¢in
bu deger 20-50 uM'nin iizerindedir, bu da kanser hiicrelerine karsi
belirgin bir secicilik olduguna isaret eder (Tretiakova vd., 2008).

Hiicre Dongiisii Arrestinin Indiiklenmesi: Yakin tarihli bir
calisma, M. communis etanolik yaprak 6ziitiiniin meme (MCF-7),
karaciger (HepG2), serviks (HeLa) ve kolon (HCT116) kanseri
hiicrelerinde, hiicre popiilasyonunun G1 fazinda 6nemli bir artisa
yol agarak hiicre dongiisiinii durdurdugunu gostermistir (Mir vd.,
2024). Bu arrest, 06ziitiin proliferasyonu inhibe etmesinde temel bir
mekanizma olarak goriinmektedir.

Apoptozun Indiiklenmesi ve Molekiiler Yollar: MC'nin
antikanser etkisinin merkezinde mitokondriyal (i¢sel) apoptoz
yolunun aktivasyonu yatmaktadir. Bununla birlikte p53 aracili
mekanizma ile apoptozu tetikleyerek melanom G361 hiicrelerinde
Oliimlere neden olmaktadir (Celik & Kurbasevic, 2021).

Mitokondriyal Yolak: MC, kanser hiicrelerinde mitokondriyal
membran potansiyelinin (A¥m) kaybina ve mitokondrilerden
sitokrom c saliimina neden olur (Tretiakova vd., 2008). Salinan
sitokrom c, apoptotik peptidaz aktive edici faktor-1 (Apaf-1) ile
kompleks olusturarak kaspaz-9'un aktivasyonunu tetikler.

Kaspaz Kaskadimin Aktivasyonu: Aktif kaspaz-9, efektor kaspaz-
3'li parcalar ve aktive eder. Bu siire¢, poli(ADP-riboz) polimeraz
(PARP) gibi hiicre onarim proteinlerinin karakteristik pargalanmasi
ve niikleozom salinimi ile sonuglanir (Tretiakova vd., 2008).
Kaspaz-9 eksikligi olan Jurkat hiicrelerinin MC kaynakli hiicre
Olimiine direngli olmasi, bu yolun merkezi Onemini
dogrulamaktadir.
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Oliim Reseptor Yolaginin Rolii: MC, kaspaz-8 veya FADD
eksikligi olan hiicrelerde de apoptozu etkili bir sekilde
indiikleyebilmektedir. Bu bulgu, MC'nin etkisinin CD95 (Fas) gibi
olim reseptorlerini iceren digsal yoldan ziyade, mitokondri

merkezli igsel yol aracihifiyla gerceklestigini gostermektedir
(Tretiakova vd., 2008).

In Vivo Etkinlik: Hayvan modellerinde yapilan caligmalar, bitki
Oziitlerinin  terapdtik  potansiyelini  desteklemektedir. Ehrlich
tiimorli farelerde, Mersin su 6ziitli veya damitilmis yagi ile tedavi,
kontrol grubuna kiyasla hayatta kalma siiresini 6nemli o6l¢iide
artirmig, bazi ¢aligmalarda ise histopatolojik olarak tam iyilesme
gdzlenmistir (Oztekin vd., 1998; Ogur vd., 2005).

4. Diger Ilgili Biyolojik Aktiviteler ve Kanser Iliskisi

Mersin'in antikanser profilini giiclendiren, kanserle dogrudan veya
dolayli yoldan iliskili ek farmakolojik 6zellikleri bulunmaktadir.

Antiinflamatuar Aktivite: Kronik inflamasyon, kanser gelisimini
ve ilerlemesini destekleyen oOnemli bir faktordir. MC, 5-
lipoksijenaz ve siklooksijenaz-1'1 inhibe ederek lokotrien ve
prostaglandin ~ sentezini  baskilar  (Feisst vd., 2005). In
vivo modellerde, MC'nin karagenan kaynakli paw oOdemini ve
ploreziyi,  pro-inflamatuar  sitokinlerin ~ (TNF-a, IL-1p)
ekspresyonunu ve notrofil infiltrasyonunu azaltarak baskiladig
gosterilmistir (Rossi vd., 2009). Benzer sekilde, Mersin ugucu yagi,
IL-1pB ile uyarilmis bronsiyal epitel hiicrelerinde IL-6, IL-10 ve NF-
kB ekspresyonunu inhibe etmistir (Duran & Terzi, 2021).

Antimikrobiyal ve Antibiyofilm Aktivite: Enfeksiyonlar ve
kronik inflamasyon arasindaki baglanti goz Oniline alindiginda,
Mersin'in antimikrobiyal 6zellikleri de dolayli olarak Onem tasir.
Yeni bir ¢alisma, etanolik yaprak oziitlinlin, hiicre duvarina zarar
vererek, hem tiliberkiiloz dis1 mikobakterilere (M. abscessus, M.
fortuitum) hem de M. tuberculosis'e karst genis spektrumlu bir
inhibisyon gosterdigini ortaya koymustur (Mir vd., 2024). Daha da
Oonemlisi, Oziit M. smegmatis ve S. aureus'ta biyofilm olusumunu
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engellemis (MBIC: 9.7 pg/mL) ve halihazirda olusmus olgun
biyofilmleri ortadan kaldirmistir (Mir vd., 2024).

5. Tartisma ve Gelecek Perspektifi

Mevcut bilimsel veriler, Myrtus communis L.'nin, Ozellikle aktif
bileseni mirtukommulon araciligiyla, ¢ok yonlii ve segici antikanser
ozelliklere sahip oldugunu agik¢a gostermektedir. Bitki oziitleri ve
MC, kanser hiicrelerinde G1 fazinda hiicre dongiisii arrestini
tetikleyerek ve mitokondriyal apoptoz yolunu aktive ederek etki
gostermekte, ayn1 zamanda saglikli hiicrelere karsi nispeten diisiik
toksisite sergilemektedir. Ek olarak, giicli antiinflamatuar ve
antimikrobiyal/antibiyofilm aktiviteleri, bitkinin kanser tedavisi ve
onlenmesindeki potansiyel roliinii daha da karmasik ve umut verici
hale getirmektedir.

Ancak, bu umut verici preklinik bulgularin klinik uygulamaya
doniistiiriilebilmesi i¢in Oniinde Onemli engeller ve arastirma
gereksinimleri bulunmaktadir:

Farmakokinetik ve Giivenlik Profilinin Aydinlatilmasi: MC'nin
insanlardaki emilimi, dagilimi, metabolizmasi, atilimi ve uzun
vadeli toksisitesi sistematik olarak incelenmelidir (Gerbeth vd.,
2012).

Hedef Spesifisitesinin  ve Kombinasyon Stratejilerinin
Arastirillmasi:  MC'nin  kanser hiicrelerinde segici  olarak
mitokondriyal apoptozu nasil tetikledigi (6rn., Bcl-2 ailesi
proteinleri veya diger i¢sel yol diizenleyicileri lizerindeki etkisi)
tam olarak anlagilmalidir. Ayrica, geleneksel kemoterapdtikler veya
immiinoterapiler ile sinerjistik etkileri degerlendirilmelidir.

Standardizasyon ve Formiilasyon Gelistirme: Terapotik etkinin
tekrarlanabilirligi i¢in, aktif bilesen icerigi standart hale getirilmis
ekstraktlarin veya saf MC'nin stabil farmasoétik formiilasyonlari
gelistirilmelidir.

In Vivo Kanser Modellerinde Kapsamh Validasyon: Mevcut in
vivo veriler daha ¢ok Ehrlich asit tiimorii gibi genel modellerle
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sinithidir. Insan kanserinin immiinokompetent veya hasta tiirevi
ksenograft (PDX) modellerinde daha kapsamli etkinlik ve
mekanistik ¢aligsmalara ihtiya¢ vardir.

6. Sonuc¢

Myrtus communis L., zengin bir biyoaktif bilesen kaynagi olarak,
kanser kemoterapisi i¢in yeni nesil ila¢ adaylarinin kesfinde dnemli
bir dogal kaynak konumundadir. Ozellikle mirtukommulon,
mitokondriyal apoptoz yolu iizerinden kanser hiicrelerine karsi
gosterdigi segici sitotoksisite ile dikkat c¢ekmektedir. Bitkinin
antikanser etkilerine, antiinflamatuar ve antimikrobiyal 6zellikleri
de eslik etmekte, bu da onu ¢ok yonlii bir terapétik profil i¢in giicli
bir aday haline getirmektedir. Mevcut bulgular, preklinik
aragtirmalarin devam etmesi ve yukarida belirtilen kritik engellerin
astlmasi kosuluyla, Mersin tiirevi bilesiklerin gelecekte kanser
tedavi protokollerinde tamamlayici veya ana ajanlar olarak yer
alabilecegine isaret etmektedir.

M. communis'in antikanser potansiyelini gosteren ¢alismalar, cesitli
ekstrakt tiirleri, aktif bilesenler, kanser modelleri ve etki
mekanizmalar1 iizerine odaklanmistir. Asagidaki tablolar (Tablo 1
ve Tablo 2), bu alandaki ana bulgular1 6zetlemektedir.
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Tablo 1: Myrtus communis Ekstraktlarinin In Vitro ve In Vivo Antikanser Etkileri

Ekstrakt Kanser Modeli/Hiicre Ana Bulgular Calisma
Hatt1
Aril Hidrokarbon Hidroksilaz (AHH)
Etanolik Ekstrakt Sl(;.an karaciger akt1v1te51'n1 ve ?H-Benzo(z‘i)pl.ren in (§H-BP) Alwan vd., 1989
mikrozomlar1 proteine baglanmasini inhibe etmistir.
Karsinojen aktivasyonunu engelleyici etki.
In vitro 3H-BP'min DNA'ya baglanmasini inhibe
nButanol Ekstrakt DNA baglanma testi etmistir. Sulu ekstraktlar etkisiz bulunmustur. Alwan vd., 1989

Ehrlich asit timorlia

Tiim6r enjeksiyonu ile es zamanli

dongiisii G1 fazinda arrest.

Sulu Ekstrakt S uygulandiginda, histopatolojik olarak Ogur vd., 2005
fareler (In vivo) S . -
dogrulanmis tam iyilesme saglamusgtir.
Tiim hatlarda doza bagimli biiyiime
Etanolik Yaprak MCF-7, HepG2, HelLa, inhibisyonu. En diisitk IC50 degeri HeLa Mir vd.. 2024
Ekstrakti HCT116 hiicreleri hiicrelerinde (33.3 pg/mL) gézlenmistir. Hiicre ?

Bu tablo, bitkinin farkli hazirlanma sekillerinin ¢esitli deneysel modellerdeki etkinligini gostermektedir.
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Tablo 2: Aktif Bilesen Mirtukommulon (MC)'un Antikanser Mekanizmalar1

Etki Mekanizmasi Spesifik Bulgu Deneysel Kanit Calisma
. HL-60 ve Mono Mac 6 16semi
Kaspaz-9, -3 aktivasyonu ve hiicrelerinde 24 saat iginde
Apoptoz Indiiksiyonu PARP proteininin Karakteristik ¢ Tretiakova vd., 2008
arcalanmasi arakteristi _ apoptoz
P ) belirtegleri gozlendi.
MM6 hiicrelerinde MC,
Mitokondriyal Yol potansivelinde  kayip ve | potansiyel kaybin ve stosole | Tretakova vd., 2008
Aktivasyonu P Y yip P Y Y °

sitokrom ¢ salinimi.

sitokrom ¢ salimmina neden
oldu.

Secici Sitotoksisite

Kanser  hiicrelerine  Kkarst
normal  hiicrelere  kiyasla
belirgin  derecede  yiiksek
potens.

EC50: Losemi hiicreleri igin 3-
9 uM; normal insan PBMC'leri
icin >20-50 pM.

Tretiakova vd., 2008

Oliim Reseptér Yolundan
Bagimsizhik

FADD veya kaspaz-8 eksik
hiicrelerde apoptoz indiikleme.

FADD veya kaspaz-8 eksik
Jurkat hiicreleri MC'ye duyarli
kald.

Tretiakova vd., 2008

Kaspaz-9 Bagimhihk

Igsel apoptoz yolunun merkezi
rolii.

Kaspaz-9 eksik Jurkat hiicreleri
MC'ye direngliydi; kaspaz-9
geri getirildiginde duyarlilik
yeniden kazanildi.

Tretiakova vd., 2008
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Bu tablo, MC'nin  molekiiler diizeydeki spesifik etki
mekanizmalarini ozetler.
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BOLUM 7

VIAMIN D DEFICIENCY: PREVALENCE,
DETERMINANTS, and TREATMENT
STRATEGIES

Muzaffer KATAR1

Introduction

Vitamin D deficiency has emerged as one of the most
widespread micronutrient deficiencies globally and represents a
substantial public health challenge affecting populations across all
age groups and geographic regions(M. F. Holick, 2005). Vitamin D,
a fat-soluble secosteroid hormone, is essential for maintaining
calcium and phosphorus homeostasis, ensuring optimal skeletal
mineralization, and supporting a wide range of physiological
processes. Traditionally, vitamin D deficiency was primarily
associated with classical skeletal disorders such as rickets in children
and osteomalacia in adults(tM Holick, 2007). However,
contemporary research has expanded this perspective, demonstrating
that inadequate vitamin D status is associated with a broad spectrum
of adverse health outcomes, including osteoporosis, muscle
weakness, increased fracture risk, immune dysregulation, metabolic
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disorders, and susceptibility to infectious diseases (M Holick, 2007,
Mogire et al., 2020).

Despite increased scientific attention and public awareness,
vitamin D deficiency remains highly prevalent worldwide.
Importantly, deficiency is not confined to regions with limited
sunlight exposure. Epidemiological studies consistently show high
prevalence rates in sun-rich regions, challenging the assumption that
ultraviolet radiation availability alone is sufficient to maintain
adequate vitamin D status. This paradox highlights the multifactorial
nature of vitamin D deficiency and underscores the importance of
behavioral, environmental, sociocultural, and dietary determinants
(Mogire et al., 2020; Palacios & Gonzalez, 2014).

Rapid urbanization, changes in occupational patterns,
reduced outdoor activity, and increased time spent indoors have
substantially altered human exposure to sunlight. These lifestyle
transitions are particularly pronounced in low- and middle-income
countries, where urban growth has accelerated over recent
decades(WHO, 2011). Concurrently, air pollution in urban
environments reduces ultraviolet B (UVB) penetration, further
limiting cutaneous vitamin D synthesis. Cultural practices, including
clothing styles that limit skin exposure, and intentional sun
avoidance due to cosmetic or health concerns also contribute
significantly to reduced vitamin D production (Ovesen, Andersen, &
Jakobsen, 2003).

Dietary intake represents another critical factor influencing
vitamin D status. Natural food sources of vitamin D are limited, and
in many regions, food fortification policies are absent or
inconsistently implemented. Consequently, populations that rely
primarily on unfortified diets are at increased risk of
deficiency(Tylavsky, Cheng, Lyytikdinen, Viljakainen, & Lamberg-
Allardt, 2006). These challenges are compounded by socioeconomic
disparities that influence dietary quality, healthcare access, and



opportunities for preventive interventions. Collectively, these factors
explain why vitamin D deficiency persists across diverse populations
despite advances in nutritional science and healthcare delivery
(Cashman et al., 2016).

From a public health perspective, vitamin D deficiency poses
a significant burden due to its association with musculoskeletal
disorders, increased healthcare utilization, and long-term morbidity.
The global scale of the problem necessitates a comprehensive
understanding of vitamin D biology, epidemiology, and population-
level determinants. This chapter therefore aims to synthesize current
evidence on vitamin D metabolism and physiological roles, followed
by a detailed examination of the global prevalence of vitamin D
deficiency, drawing primarily on large-scale systematic reviews and
meta-analyses(Islam, Bhuiyan, Akhtaruzzaman, Allardt, &
Fogelholm, 2022).

Vitamin D Metabolism and Physiological Roles

Vitamin D is unique among vitamins in that it functions as a
hormone and can be synthesized endogenously in the skin following
exposure to ultraviolet B radiation. Cutaneous synthesis begins when
UVB photons convert 7-dehydrocholesterol to previtamin Ds, which
is subsequently isomerized to cholecalciferol (vitamin Ds). In
addition to endogenous production, vitamin D can be obtained
through dietary intake, primarily from fatty fish, egg yolk, liver, and
fortified foods, as well as from supplements in the form of vitamin
D: (ergocalciferol) or vitamin Ds (cholecalciferol) (Michael F Holick
& Chen, 2008).

Following synthesis or ingestion, vitamin D undergoes two
sequential hydroxylation steps to become biologically active. The
first hydroxylation occurs in the liver, producing 25-hydroxyvitamin
D [25(OH)D], which is the major circulating form and the most
reliable indicator of vitamin D status. The second hydroxylation
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takes place predominantly in the kidneys, generating 1,25-
dihydroxyvitamin D, the hormonally active form that exerts its
effects through binding to the vitamin D receptor (VDR). This tightly
regulated process ensures precise control of calcium and phosphate
metabolism (M Holick, 2007).

The vitamin D receptor is expressed in a wide variety of
tissues, including bone, skeletal muscle, immune cells, pancreas,
cardiovascular tissue, and the brain. This widespread distribution
explains the pleiotropic effects of vitamin D and its involvement in
numerous physiological processes beyond bone health. In skeletal
tissue, vitamin D promotes intestinal calcium absorption and
facilitates proper bone mineralization. Deficiency disrupts these
processes, leading to secondary hyperparathyroidism, increased
bone turnover, and reduced bone density(M Holick, 2007).

In skeletal muscle, vitamin D plays a role in muscle fiber
composition and function. Low vitamin D levels have been
associated with muscle weakness, impaired balance, and increased
risk of falls, particularly among older adults. These effects contribute
indirectly to fracture risk and functional decline. The presence of
VDRs in muscle tissue supports a direct mechanistic role for vitamin
D in maintaining neuromuscular integrity(Mogire et al., 2020).

Vitamin D also exerts important immunomodulatory effects.
It influences both innate and adaptive immune responses by
regulating cytokine production, enhancing antimicrobial peptide
synthesis, and modulating T-cell differentiation(Pludowski et al.,
2013). Observational studies summarized in large-scale reviews
suggest that vitamin D deficiency is associated with increased
susceptibility to respiratory infections and may influence the severity
of infectious diseases, although causal relationships continue to be
investigated (Mogire et al., 2020).
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Metabolic functions of vitamin D have gained increasing
attention in recent years. Vitamin D receptors and activating
enzymes are expressed in pancreatic fB-cells and adipose tissue,
suggesting a role in glucose metabolism and insulin
sensitivity(Autier, Boniol, Pizot, & Mullie, 2014). Epidemiological
evidence indicates an association between low vitamin D status and
metabolic disorders, including type 2 diabetes mellitus, although
interventional studies have yielded mixed results(Grant et al., 2015).
These findings highlight the complexity of vitamin D biology and
the need for further research to clarify its role in metabolic
regulation(Palacios & Gonzalez, 2014).

Global Prevalence of Vitamin D Deficiency

Vitamin D deficiency is a global health problem of
considerable magnitude, affecting an estimated one billion
individuals worldwide. Systematic reviews and meta-analyses
consistently demonstrate that low serum 25(OH)D concentrations
are prevalent across continents, regardless of latitude or level of
economic development. These findings challenge earlier
assumptions that vitamin D deficiency is primarily a concern in high-
latitude regions and underscore its global relevance (Cashman et al.,
2016; Mogire et al., 2020).

In Europe, population-based studies report high prevalence
rates of vitamin D deficiency, particularly during winter months
when UVB radiation is insufficient for cutaneous synthesis. Older
adults, institutionalized individuals, and ethnic minorities are
disproportionately affected. Seasonal fluctuations in serum
25(OH)D concentrations are well documented, with nadirs observed
in late winter and early spring (Cashman et al., 2016).

In Asia and the Middle East, vitamin D deficiency is highly

prevalent despite abundant sunlight. Sociocultural practices that
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limit skin exposure, combined with urban living and dietary
insufficiency, contribute significantly to low vitamin D status.
Women of reproductive age are particularly vulnerable in these
regions, reflecting the intersection of biological and sociocultural
determinants (Palacios & Gonzalez, 2014).

Africa presents a unique and paradoxical epidemiological
profile. A comprehensive systematic review and meta-analysis
published evaluated vitamin D status across multiple African
countries and reported that approximately one-third of the
population had serum 25(OH)D concentrations below commonly
accepted deficiency thresholds (Mogire et al., 2020). Notably,
substantial heterogeneity was observed between regions, with higher
prevalence rates in Northern Africa and South Africa compared with
sub-Saharan regions.

Urbanization emerged as a consistent determinant of vitamin
D deficiency across African populations. Urban residents exhibited
significantly lower vitamin D levels compared with rural
populations, reflecting reduced outdoor activity, occupational shifts,
and increased air pollution. Vulnerable groups included newborns,
infants, women, and older adults. These findings highlight the
influence of rapid socioeconomic transitions on nutritional status and
challenge the notion that geographic location alone determines
vitamin D sufficiency(Mogire et al., 2020).

Globally, the persistence of vitamin D deficiency reflects the
convergence of environmental, behavioral, and structural factors.
Limited dietary sources, inadequate fortification policies, and
unequal access to supplementation contribute to widespread
insufficiency(Calvo, Whiting, & Barton, 2004). From a public health
standpoint, the global prevalence of vitamin D deficiency
underscores the need for coordinated strategies that integrate
nutritional policy, clinical practice, and population-level

interventions(Cashman et al., 2016).
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Vitamin D deficiency represents a significant and
underrecognized public health issue across the African continent.
Despite Africa’s generally favorable climatic conditions and high
levels of annual sunlight, population-based studies consistently
demonstrate a substantial burden of vitamin D deficiency. A
comprehensive systematic review and meta-analysis synthesized
data from multiple African countries and reported that
approximately one-third of individuals had serum 25-
hydroxyvitamin D concentrations below commonly accepted
deficiency thresholds (Mogire et al., 2020).

Marked heterogeneity in vitamin D status exists across
African regions. Northern Africa and South Africa exhibit higher
prevalence rates of deficiency compared with many sub-Saharan
regions(Barendregt, Doi, Lee, Norman, & Vos, 2013). This variation
reflects differences in latitude, skin pigmentation, cultural practices,
dietary patterns, and levels of urbanization(Durazo-Arvizu et al.,
2014). Importantly, the meta-analysis demonstrated that geographic
location alone does not adequately explain vitamin D status,
emphasizing the role of social and behavioral determinants (Mogire
et al., 2020).

Urban populations consistently showed lower serum
25(OH)D concentrations compared with rural populations.
Urbanization in Africa has accelerated rapidly over recent decades,
leading to profound changes in occupational patterns, housing
structures, and daily activities (Arabi, El Rassi, & El-Hajj Fuleihan,
2010). Increased indoor work, reduced engagement in outdoor labor,
and limited exposure to direct sunlight contribute substantially to
reduced cutaneous vitamin D  synthesis among urban
residents(Wahlqvist, 2013). These effects are further exacerbated by
air pollution, which attenuates ultraviolet B radiation and limits
effective vitamin D production in the skin (Mogire et al., 2020).
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Vulnerable population groups in Africa include newborns,
infants, women of reproductive age, and older adults (Mahmood et
al., 2017). Neonates are particularly at risk due to their reliance on
maternal vitamin D stores, which are often inadequate. Studies
summarized in the meta-analysis indicate that vitamin D deficiency
is common among pregnant women, thereby predisposing newborns
to low vitamin D status at birth (Boyle et al., 2016; Mogire et al.,
2020). These findings highlight the intergenerational nature of
vitamin D deficiency and underscore the importance of maternal
nutrition and supplementation strategies.

From a public health perspective, the high prevalence of
vitamin D deficiency in Africa has important implications. Skeletal
disorders such as rickets and osteomalacia remain prevalent in
certain regions, while emerging evidence suggests that vitamin D
deficiency may also contribute to the burden of infectious and
metabolic diseases. Addressing vitamin D deficiency in Africa
therefore requires context-specific interventions that account for
sociocultural norms, dietary practices, and rapid urban
development(M Holick, 2007).

Age- and Sex-Specific Patterns of Vitamin D Deficiency

Vitamin D status exhibits pronounced variation across age
groups and between sexes, reflecting differences in physiological
requirements, behavior, and sociocultural factors (Autier et al.,
2014). Evidence from African populations demonstrates that
newborns and infants represent one of the most vulnerable groups.
Serum 25(OH)D concentrations in neonates are closely correlated
with maternal vitamin D status, and maternal deficiency is highly
prevalent in many African settings (Mogire et al., 2020).

During childhood, vitamin D deficiency remains common,

particularly in urban environments. Although children generally
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spend more time outdoors than adults, factors such as school
attendance, indoor leisure activities, and limited dietary intake of
vitamin D contribute to insufficient levels. Inadequate vitamin D
during periods of rapid growth may impair bone mineralization and
increase the risk of rickets, which remains a public health concern in
several African countries (Bouillon et al., 2019; Mogire et al., 2020).

Adolescence represents a critical period for skeletal
development, characterized by increased vitamin D requirements to
support peak bone mass acquisition. However, adolescents often
experience declining vitamin D status due to lifestyle changes,
including reduced outdoor activity and increased sedentary behavior.
Although data on adolescents in Africa are relatively limited,
available evidence suggests that deficiency rates remain substantial,
particularly among females (Barendregt et al., 2013; Mogire et al.,
2020).

Sex-specific differences in vitamin D status are consistently
reported across African populations. Women, especially those of
reproductive age, tend to have lower serum 25(OH)D concentrations
compared with men. This disparity is largely attributable to
sociocultural practices that limit sun exposure, such as clothing
styles that cover most of the body, as well as gender-specific roles
that reduce time spent outdoors. Pregnancy further increases vitamin
D requirements, placing women at heightened risk of deficiency
during this period (Mogire et al., 2020; Saraf, Morton, Camargo Jr,
& Grant, 2016).

Older adults constitute another high-risk group due to age-
related reductions in cutaneous vitamin D synthesis, limited
mobility, and chronic comorbidities(Barendregt et al., 2013). In
African settings, older adults may also experience nutritional
inadequacies and reduced healthcare access, compounding the risk
of deficiency. The convergence of biological aging and social

vulnerability underscores the need for age- and sex-specific
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approaches to vitamin D assessment and intervention (Bouillon,
2017).

Lifestyle, Urbanization, and Environmental Factors

Lifestyle factors play a central role in shaping vitamin D
status, particularly in the context of rapid urbanization and
socioeconomic transformation (Olimid & Olimid, 2019). Across
Africa, traditional lifestyles characterized by outdoor labor and sun
exposure are increasingly being replaced by sedentary, indoor
occupations. This shift has profound implications for vitamin D
synthesis, as reduced skin exposure to ultraviolet B radiation directly
limits endogenous production (Manios et al., 2017; Mogire et al.,
2020).

Urbanization is consistently associated with lower vitamin D
levels. Urban residents are more likely to work indoors, live in high-
density housing with limited outdoor space, and experience
environmental barriers to sun exposure. High-rise buildings, narrow
streets, and indoor-oriented lifestyles reduce the opportunity for
direct sunlight exposure. These factors collectively contribute to the
observed urban—rural gradient in vitamin D status reported across
African populations (Lenhardt, 2024; Mogire et al., 2020).

Environmental pollution further exacerbates the impact of
urbanization on vitamin D synthesis. Airborne particulate matter
absorbs and scatters ultraviolet radiation, reducing the amount of
UVB that reaches the skin. Studies summarized in the African meta-
analysis suggest that populations living in highly polluted urban
centers exhibit lower serum 25(OH)D concentrations compared with
those in less polluted environments, independent of latitude and
season (MF Holick, 2007; Mogire et al., 2020).
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Lifestyle-related sun avoidance behaviors also contribute to
vitamin D deficiency. Concerns about skin damage, heat exposure,
and cosmetic preferences may lead individuals to limit sun exposure
intentionally. In some cultural contexts, lighter skin tone is socially
valued, further encouraging sun avoidance. These behaviors
disproportionately affect women and urban populations, reinforcing
existing sex- and location-based disparities in vitamin D status (T
KADAKIA & Galea, 2023; WHO, 2011).

Dietary patterns intersect with lifestyle and environmental
factors to influence vitamin D status. In many African countries,
diets are predominantly plant-based and contain minimal natural
sources of vitamin D. Limited access to fortified foods and
supplements further constrains dietary vitamin D intake(Manios et
al., 2017). Urbanization often leads to dietary transitions toward
processed foods that may still lack adequate fortification, thereby
failing to compensate for reduced endogenous synthesis (Mogire et
al., 2020).

Climate and seasonal variation also modulate vitamin D
status, although their effects are less pronounced in equatorial
regions. Nonetheless, seasonal changes in cloud cover, rainfall, and
outdoor activity patterns can influence sun exposure and contribute
to intra-annual fluctuations in serum 25(OH)D concentrations. These
effects may be amplified in urban settings where baseline sun
exposure is already limited(Lips et al., 2019).

Dietary and Nutritional Determinants of Vitamin D Deficiency

Dietary intake constitutes a fundamental determinant of
vitamin D status, particularly in populations where endogenous
synthesis is limited by lifestyle, environmental, or cultural factors.
Unlike many other micronutrients, vitamin D is naturally present in
a relatively small number of foods, primarily fatty fish, liver, egg
yolk, and certain animal-derived products. Consequently,
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populations that rely predominantly on plant-based diets are at
increased risk of vitamin D deficiency, especially in the absence of
food fortification strategies (Manios et al.,, 2017; Mogire et al.,
2020).

Across African populations, dietary patterns are
characterized by limited consumption of vitamin D-rich foods.
Traditional diets in many regions emphasize cereals, legumes, and
vegetables, which contain negligible amounts of vitamin D. The
systematic review data indicate that inadequate dietary intake
contributes substantially to the high prevalence of deficiency
observed across diverse African settings, particularly among
socioeconomically disadvantaged groups (Mogire et al., 2020; Ross
et al.,, 2011). This dietary insufficiency is further compounded by
limited access to fortified foods, which remain uncommon in many
African countries.

Food fortification represents a critical nutritional determinant
influencing population vitamin D status. In regions where
fortification policies are absent or inconsistently implemented,
dietary intake alone is insufficient to meet physiological
requirements(Spiro & Buttriss, 2014). Evidence summarized in the
reviewed PDFs highlights that countries lacking mandatory
fortification programs exhibit higher prevalence rates of vitamin D
deficiency compared with regions where fortification of staple foods
is routinely practiced (Calvo et al., 2004; Mogire et al., 2020). These
findings underscore the importance of policy-level nutritional
interventions in addressing deficiency.

Calcium intake interacts closely with vitamin D metabolism
and influences the functional consequences of deficiency. Low
dietary calcium intake, which is common in many African diets due
to limited dairy consumption, exacerbates the skeletal effects of
vitamin D deficiency by increasing parathyroid hormone secretion

and accelerating bone resorption. The coexistence of low calcium
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and vitamin D intake therefore represents a synergistic risk factor for
bone disease in affected populations (Mogire et al., 2020; Prentice,
Schoenmakers, Jones, Jarjou, & Goldberg, 2009).

Nutritional vulnerability is particularly pronounced among
women of reproductive age, pregnant women, and infants. Maternal
dietary inadequacy directly influences fetal and neonatal vitamin D
status, as fetal stores depend entirely on maternal supply. Studies
included in the meta-analysis demonstrate a strong association
between maternal deficiency and low neonatal 25(OH)D
concentrations, highlighting the intergenerational transmission of
nutritional risk (Adger, 2006; Mogire et al., 2020).

Urbanization has also altered dietary patterns in ways that
affect vitamin D intake. While urban diets may include more
processed foods, these products are not necessarily fortified with
vitamin D. As a result, dietary transitions associated with urban
living do not reliably compensate for reduced sun exposure. This
nutritional gap reinforces the urban—rural disparity in vitamin D
status observed across African populations (Lenhardt, 2024; Mogire
et al., 2020).

Health Consequences of Vitamin D Deficiency

Vitamin D deficiency has well-established adverse eftects on
skeletal health and is a recognized cause of rickets in children and
osteomalacia in adults. These conditions arise from impaired
calcium absorption, secondary hyperparathyroidism, and defective
bone mineralization. In African populations, where dietary calcium
intake is often low, the skeletal consequences of vitamin D
deficiency may be particularly severe (Michael F Holick et al., 2011;
Mogire et al., 2020).

--90--



In children, vitamin D deficiency disrupts normal bone
growth and development, leading to rickets characterized by bone
deformities, delayed growth, and increased fracture risk. The
persistence of rickets in several African countries reflects ongoing
nutritional inadequacies and highlights the continued public health
relevance of vitamin D deficiency in pediatric populations (Abdel-
Mohsen, El-Braky, Ghazal, & Shamseya, 2018; Mogire et al., 2020).

Among adults, chronic vitamin D deficiency contributes to
osteomalacia, reduced bone mineral density, and osteoporosis. These
conditions are associated with increased fracture risk, chronic pain,
and functional impairment. Older adults are particularly vulnerable
due to age-related declines in cutaneous synthesis, limited mobility,
and coexisting comorbidities. The resulting increase in falls and
fractures imposes a substantial burden on healthcare systems and
families (Mogire et al., 2020; Munns et al., 2016).

Beyond skeletal outcomes, vitamin D deficiency has been
associated with a range of non-skeletal health consequences. The
reviewed PDFs highlight associations between low vitamin D status
and increased susceptibility to infectious diseases, reflecting the
immunomodulatory role of vitamin D(Michael F Holick et al.,
2011). Vitamin D influences innate immune responses by regulating
antimicrobial peptide production and modulating inflammatory
pathways. Deficiency may therefore impair host defense
mechanisms, particularly in populations already burdened by
infectious diseases (Arabi et al., 2010; Mogire et al., 2020).

Metabolic and cardiometabolic consequences of vitamin D
deficiency have also been reported. Observational studies
summarized in the systematic reviews suggest associations between
low serum 25(OH)D concentrations and insulin resistance, type 2
diabetes mellitus, and adverse cardiovascular outcomes. Although
causality cannot be definitively established from observational data,

these associations raise important concerns given the high
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prevalence of vitamin D deficiency and the growing burden of non-
communicable diseases in Africa (Mogire et al., 2020; Piskorz et al.,
2024).

Maternal and neonatal health outcomes represent another
critical domain affected by vitamin D deficiency. Maternal
deficiency has been linked to adverse pregnancy outcomes,
including low birth weight and impaired fetal skeletal development.
Neonates born to vitamin D—deficient mothers often exhibit low
vitamin D status, increasing their risk of early-life deficiency and
associated complications (Mogire et al., 2020; Saraf et al., 2016).

Diagnosis and Assessment of Vitamin D Deficiency

Accurate diagnosis and assessment of vitamin D status are
essential for identifying at-risk individuals and guiding appropriate
interventions.  Serum  25-hydroxyvitamin D  [25(OH)D]
concentration is widely accepted as the most reliable biomarker of
vitamin D status, as it reflects both endogenous synthesis and dietary
intake. The reviewed PDFs consistently utilize serum 25(OH)D as
the primary outcome measure in prevalence studies and meta-
analyses (Islam et al., 2022; Mogire et al., 2020).

Although there is ongoing debate regarding optimal
thresholds, many studies define vitamin D deficiency using cut-off
values below 50 nmol/L. Some analyses also classify insufficiency
as serum concentrations between 50 and 75 nmol/L. These
thresholds provide a practical framework for epidemiological
assessment and clinical decision-making, particularly in population-
based studies (Mogire et al., 2020; Prentice et al., 2009).

Interpretation of serum 25(OH)D concentrations must
account for several methodological considerations. Assay variability
remains a significant challenge, as different laboratory methods may
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yield differing results. Seasonal variation also influences serum
vitamin D levels, with lower concentrations typically observed
during periods of reduced sun exposure. These factors complicate
cross-study comparisons and underscore the need for standardized
measurement approaches (Mogire et al., 2020).

Population-specific factors further influence the assessment
of vitamin D status. Skin pigmentation, body composition, age, and
comorbid conditions can affect vitamin D metabolism and
circulating concentrations. In African populations, darker skin
pigmentation reduces cutaneous synthesis efficiency, necessitating
longer sun exposure to achieve equivalent vitamin D production
compared with lighter-skinned populations (Martin, Gowda, &
Renzaho, 2016; Mogire et al., 2020).

Screening strategies should prioritize high-risk groups,
including pregnant women, infants, older adults, urban residents, and
individuals with limited sun exposure or poor dietary intake. In
resource-limited settings, widespread population screening may not
be feasible; therefore, targeted assessment approaches are
recommended to optimize resource allocation and public health
impact (Jago et al., 2006; Mogire et al., 2020).

Treatment of Vitamin D Deficiency

The treatment of vitamin D deficiency aims to restore
adequate serum 25-hydroxyvitamin D concentrations, alleviate
clinical manifestations, and prevent long-term skeletal and non-
skeletal complications (Michael F Holick, 2011). Evidence
synthesized in large-scale reviews and meta-analyses indicates that
oral vitamin D supplementation is the most effective and practical
therapeutic approach across diverse populations, including those in
African settings (Mogire et al., 2020).

The choice of treatment strategy should be guided by

baseline vitamin D status, age, physiological state, and the presence
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of comorbid conditions. Individuals with severe deficiency require
more intensive supplementation regimens compared with those with
mild insufficiency. In populations with chronically low sun
exposure, dietary inadequacy, or increased physiological demand,
sustained supplementation is necessary to achieve and maintain
optimal vitamin D levels (Mogire et al., 2020; Ochs, 2013).

Loading-dose regimens are commonly used to rapidly correct
severe vitamin D deficiency. These regimens involve administering
higher doses of vitamin D over a defined period to replenish depleted
body stores. Evidence summarized in the reviewed PDFs suggests
that such approaches are effective in increasing serum 25(OH)D
concentrations in both adult and pediatric populations, provided that
appropriate monitoring is undertaken (Mogire et al., 2020).
Following repletion, therapy is essential to prevent recurrence,
particularly in individuals with persistent risk factors. Maintenance
dosing strategies aim to sustain adequate vitamin D levels over time
(Hollis, 2005). These regimens are particularly important in African
populations experiencing rapid urbanization, where lifestyle-related
reductions in sun exposure are unlikely to be reversed. Long-term
supplementation has been shown to be safe when administered
within recommended ranges and is critical for populations such as
older adults, women of reproductive age, and individuals with
limited dietary intake of vitamin D (Mogire et al., 2020).

Calcium intake plays a complementary role in the treatment
of vitamin D deficiency. Low dietary calcium intake, which is
common in many African diets, can blunt the skeletal benefits of
vitamin D supplementation. The reviewed evidence emphasizes that
combined strategies addressing both vitamin D and calcium
insufficiency are necessary to optimize bone health outcomes,
particularly in populations at risk of rickets, osteomalacia, and
osteoporosis (Craviari et al., 2008; Mogire et al., 2020).
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Special consideration should be given to high-risk groups.
Pregnant women represent a key target population, as maternal
vitamin D status directly influences fetal and neonatal vitamin D
stores. Supplementation during pregnancy has been shown to
improve maternal serum 25(OH)D concentrations and reduce the
risk of neonatal deficiency. Similarly, infants born to vitamin D—
deficient mothers benefit from early supplementation to prevent
rickets and support normal skeletal development (Mogire et al.,
2020; Tylavsky et al., 2006).

Older adults also require tailored treatment strategies due to
age-related reductions in cutaneous synthesis and dietary intake. In
this population, vitamin D supplementation contributes not only to
improved bone health but also to enhanced muscle function and
reduced fall risk. These benefits are particularly relevant in African
settings where access to fracture care and rehabilitation services may
be limited (Craviari et al., 2008; Mogire et al., 2020).

Monitoring treatment response is an important component of
clinical management. Measurement of serum 25(OH)D
concentrations allows clinicians to assess the effectiveness of
supplementation and adjust dosing as needed. However, the
reviewed PDFs acknowledge that routine monitoring may not be
feasible in all settings due to resource constraints. In such contexts,
standardized supplementation protocols for high-risk groups may
represent a pragmatic alternative (Islam et al., 2022; Mogire et al.,
2020).

Overall, the treatment of vitamin D deficiency requires a
context-specific approach that accounts for local dietary patterns,
healthcare infrastructure, and population risk profiles. In African
populations, strategies that combine supplementation with broader
nutritional and public health interventions are likely to yield the
greatest benefit.

--05--



Prevention and Public Health Strategies

Preventing vitamin D deficiency at the population level
necessitates comprehensive public health strategies that address the
underlying determinants of inadequate vitamin D status. Evidence
from systematic reviews indicates that prevention efforts are more
cost-effective and sustainable than treatment alone, particularly in
resource-limited settings (Michael F Holick et al., 2011; Mogire et
al., 2020).

Food fortification is widely recognized as one of the most
effective public health strategies for improving vitamin D status
across populations. Fortification of commonly consumed staple
foods can increase dietary vitamin D intake without requiring
individual behavior change. However, the reviewed PDFs highlight
that fortification policies are inconsistently implemented across
African countries, contributing to persistent dietary insufficiency
(Mogire et al., 2020; Spiro & Buttriss, 2014).

Targeted supplementation programs represent another key
preventive strategy. High-risk groups, including pregnant women,
infants, young children, and older adults, benefit most from routine
supplementation. Integrating vitamin D supplementation into
existing maternal and child health programs offers an efficient means
ofreaching vulnerable populations. Such approaches are particularly
relevant in African settings, where antenatal and immunization
services provide established platforms for nutritional interventions
(Mogire et al., 2020; Spiro & Buttriss, 2014).

Public education and awareness campaigns play an important
role in prevention by promoting safe sun exposure practices and
improving understanding of vitamin D’s health benefits. However,
the effectiveness of such campaigns depends on cultural

acceptability and environmental feasibility. In urban environments
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characterized by high temperatures, air pollution, and limited
outdoor space, behavioral interventions alone may be insufficient to
ensure adequate vitamin D synthesis (Ahmed et al., 2020; Mogire et
al., 2020).

Urban planning and environmental policies also influence
vitamin D status (Lenhardt, 2024). The reviewed evidence suggests
that urban design features that limit access to outdoor spaces and
natural sunlight may inadvertently contribute to vitamin D
deficiency. While large-scale structural changes are challenging,
incorporating considerations of health-promoting environments into
urban development may yield long-term benefits (Mogire et al.,
2020).

Addressing dietary determinants through agricultural and
food system interventions represents another important preventive
approach. Encouraging the production and consumption of vitamin
D-rich foods, where culturally acceptable and economically
feasible, may complement fortification and supplementation
strategies. Nonetheless, the reviewed PDFs emphasize that dietary
approaches alone are unlikely to meet population vitamin D
requirements in the absence of fortification (Manios et al., 2017,
Mogire et al., 2020).

Monitoring and surveillance systems are essential for
evaluating the effectiveness of prevention strategies. Population-
level assessments of serum 25(OH)D concentrations provide
valuable data for guiding policy decisions and identifying emerging
risk groups. However, limited laboratory capacity and resource
constraints pose challenges to widespread surveillance in many
African countries. In such settings, periodic national surveys and
targeted studies may represent feasible alternatives (Cashman et al.,
2016; Mogire et al., 2020).
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From a policy perspective, addressing vitamin D deficiency
requires multisectoral collaboration involving healthcare systems,
nutrition  policymakers, urban planners, and community
stakeholders. National nutrition guidelines that incorporate vitamin
D recommendations, combined with evidence-based fortification
and supplementation policies, are essential for reducing the burden
of deficiency. The reviewed evidence underscores that without
coordinated public health action, vitamin D deficiency is likely to
persist despite favorable environmental conditions (Mogire et al.,
2020).
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BOLUM 8

IMMUNOANALIZLERDE INTERFERANSLAR

Aysun EKINCi'

Giris

Immiinoanalizler gii¢lii niteliksel ve niceliksel analitik
tekniklerdir. 1959'da bir immiinolojik test yonteminin ilk
tanimindan bu yana, test tasarimlarinda ve analitik Ozelliklerde
ilerlemeler kaydedilmis ve bunlarin klinik laboratuvarlarda yaygin
olarak uygulanmasina kap1 ag¢ilmistir. Klinik endokrinoloji
laboratuvar tibbiyla yakindan baglantilidir ¢linkii hormon 6l¢limii,
endokrin bozukluklarinin tanisi, tedavisi ve prognozu igin
onemlidir (Ghazal K, 2022).

Klinik kimyada interferans kavrami, numune bilesenlerinin
etkisi nedeniyle analizi yapilan analit konsantrasyonunda dogru
sonugta 6onemli sapmaya neden olan etken olarak tanimlanmaktadir

(Ward G, 2017).

Yillar boyunca immiinolojik testlerde ¢esitli miidahaleler
tespit edilmistir; bazilarina artik giinliik pratikte rastlanmasa da
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capraz reaksiyon, heterofil antikor (Ab) lar, biyotin ve anti-analit
antikorlar hala sorunlara neden olmaktadir. Interferans nedenleri
icinde heterofil Ab sik goriilenler arasindadir (Bolstad N, 2013).

Rekabetci ve rekabetci olmayan/sandvi¢ veya iki bolgeli
olmak iizere laboratuvarlarda yaygin olarak kullanilan iki
immunolojik test yontemi vardir (Ghazal K, 2022).

Rekabetci immiinolojik testler

Rekabet¢i immiinolojik analizlerde, antijen (Ag) yani analit,
siirlt miktarda Ab igin sinyal etiketli Ag (izleyici) ile rekabet eder.
Bir yikama adimindan sonra bagli sinyal iiretilir ve numunedeki

analit konsantrasyonu, iretilen sinyalle ters orantilidir (Ghazal K,
2022).

Rekabetci olmayan/sandvi¢ veya '"iki bdolgeli" immiinolojik
testler

Rekabet¢i olmayan immiinolojik analizlerde, yakalama
Ab'si kat1 bir faza sabitlenir ve ardindan analit (numunedeki) ve
etiketli Ab (izleyici) eklenir. Iki Ab, analit iizerindeki farkli
epitoplart tanir. Yakalama ve etiketli Ab'ler monoklonal, poliklonal
veya her ikisi birden olabilir. Bir yilkama adimindan sonra izleyici
sinyali iretilir ve numunedeki analit konsantrasyonu, iiretilen
sinyalle dogrudan iliskilendirilir (Ghazal K, 2022).

Sandvi¢ immiinoanalizleri daha biiyiik molekiiller (6rnegin,
polipeptit hormonlari, hipofiz hormonlari, paratiroid hormonu
(PTH), kalsitonin, tiroglobulin (Tg), insiilin, C-peptit, insiilin
benzeri biiyiime faktori-1 (IGF-1), anti-miilleryen hormonu
(AMH), inhibin i¢in uygundur. Oysa rekabet¢i immiinolojik testler
daha kiiclik molekiilleri tespit etmek i¢in daha uygundur (6rnegin,
tiroid hormonlar1 T3 ve T4 (total veya serbest), steroidler, 25
hidroksi D vitamini); ¢iinkii bir Ab tarafindan yalnizca bir antijenik
bolge taninacaktir (Darwish IA, 2006).
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Hem rekabet¢ci hem de sandvig immiinolojik testlerin
avantajlar1 ve dezavantajlar1 vardir. Rekabet¢i immiinolojik testler
kiigiik molekiiller i¢in zorunludur ancak analitin Onciileri veya
metabolitleri veya ilaclarla ¢apraz reaksiyonlara ve biyotin-
streptavidin ~ kompleksi immiin  kompleksi ayirmak igin
kullanildiginda endojen Ab'ler ve biyotinden kaynaklanan
etkilesime karsi hassastir. Sandvi¢ immiinoanalizleri Ab
reaktiflerinin fazla miktarda verilmesinden dolay1 genellikle daha
saglamdir. Ayrica daha yliksek 6zgiillik ve daha diisiik bir miktar
belirleme limiti sunar; ancak bu analizler, endojen Ab'ler, biyotin
ve sandvi¢ formatina 6zgii kanca (hook) etkisi nedeniyle bazi
girisimlere agiktir (Ghazal K, 2022).

interferans Tiirleri

Heterofil Ab ve anti-hayvan Ab

Heterofil Ab'ler, insan numunelerinde bulunan ve farkli
tiirlerden elde edilen analiz reaktifi Ab'lerle reaksiyona girebilen
poliklonal Ab'lerdir. Cogunlukla yanlis yiiksek veya yanlis diisiik
sonuglara yol agcabilirler. Immiinolojik testlerde bu etkilesimin
yayginligina iligkin ¢aligmalarda %0.4 ile %0.5 arasinda degisen
degerler vermistir (Bolstad N, 2013), (Ismail A. , Identifying and
reducing potentially wrong immunoassay results even when
plausible and "not-unreasonable™, 2014).

Heterofil ve insan anti-hayvan Ab'lerinin tanimi1 [(HAAA:
human anti-animal Ab) ¢ogunlukla insan anti-fare Ab (HAMA:
human anti-mouse Ab)] kafa karistiricidir, ¢iinkii bazi yazarlar
mekanizmadan bagimsiz olarak herhangi bir endojen miidahale
eden Ab'yi belirtmek i¢in "heterofilik Ab" terimini kullanmiglardir.
Heterofil Ab'ler tipik olarak insan kaynakli, endojen ve zayif
derecede polispesifik Ab'lerdir; dogal olarak olustuklari ve birden
fazla tirden gelen Ab'lerle reaksiyona girebildikleri kabul
edilmektedir. Buna karsilik, HAAA'lar monospesifik, yiiksek
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afiniteli Ab'lerdir ve hayvanlara veya hayvan {irlinlerine maruz
kaldiktan sonra, viral veya bakteriyel enfeksiyonlardan sonra,
otoimmiin klinik baglamda veya tanimlanmis herhangi bir neden
olmadan ortaya ¢ikabilmektedir. Ancak bunlarin  girisim
mekanizmas1  heterofil antikorlarinkine benzer. Laboratuvar
uygulamasinda, "heterofil Ab" terimi tipik olarak endojen bir
Ab'nin test Ab'lerine baglandigindan siiphelenildiginde kullanilir
(Bolstad N, 2013), (Favresse J, 2018). Diagnostik veya terapotik
Ab'lere daha 6nce maruz kalma bilgisi onemlidir; “Heterofil” terimi
teorik olarak yalnizca hayvan immiinglobulin (lg)'sine maruz
kaldigina dair bir kanit olmadiginda kullanilmalidir (Favresse J,
2018), (Kricka, 1999). Heterofil Ab'ler 1gG, IgM veya IgA
izotipinde olabilir. Cogunlukla analiz Ab'lerinin Fc bdlgesine
baglansalar da, bu miidahaleci Ab'lerin analiz Ab'lerinin diger
kisimlarina (idiyotop veya mentese bolgesi gibi) baglandigina dair
raporlar vardir (Bergman D, 2019), (Boscato LM, 1988).

Ab girisim mekanizmasi test tasarimina bagl olarak degisir.
Sandvi¢ immiinolojik testlerde, bir heterofil Ab, yakalama ve
etiketli Ab'ler arasinda bir koprii olusturabilir (iki Ab'yl capraz
baglayarak), ¢ogu durumda yanlis pozitif girisime neden olabilir
(Hattori N, 2016). Nadir durumlarda, heterofil bir antikor, test
antikorlarindan yalnizca birine baglanip bloke ederek Ag-Ab
kompleksinin olusumunu engelleyebilir ve sterik etkiler yoluyla
analitin baglanmasini Onleyerek yanlis negatif girisime neden
olabilir. (Kricka, 1999), (Giovanella L G. A., 2007). Her ne kadar
bu etkilesim ¢ogunlukla sandvi¢ immiinolojik testlerle ilgili olsa
da, rekabet¢i immiinolojik testlerde, girisime neden olan Ab,
Ab'nin yakalanmasin1 bloke ederek (bdylece test sinyalini
azaltarak) yanlis yiiksek sonuglar veya yanlis disiik sonuglar
verebilir (Ramaeker D, 2008), (Saleem M, 2009). Bazen,
heterofilik Ab etkilesimi aym1 anda birden fazla hormon
immiinolojik testini etkileyebilir (Gulbahar O, 2015), (Garcia-

Gonzalez E, 2015).
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HAAA'ar, teorik olarak bir tlire 6zgii olmalar1 ve daha
yiiksek aviditeye sahip olmalari nedeniyle heterofil Ab'lerden
farklilik gosterir. Anti-hayvan Ab'leri (IgG, IgM, IgA sinifi, anti-
izotip ve anti-idiyotip spesifikligi) insan anti-fare, anti-tavsan, anti-
keci, anti-koyun, anti-inek, anti-domuz, anti- sican ve at karsiti
Ab'ler ve karisik spesifiklige sahip olanlar1 igerir (Kricka, 1999).
HAAA'lar gecici olabilir ve birka¢ giinden birka¢ aya veya yila
kadar siirebilir (Oei AL, 2008). Bunlar, hayvan Ag'lerine maruz
kalmanin iatrojenik ve iatrojenik olmayan nedenlerinden
kaynaklanmaktadir. Maruziyet, hayvan yetistirme tesisi ¢alisanlari,
laboratuvar hayvani teknisyenleri ve kasaplar gibi ¢esitli
calisanlarin yani sira evcil hayvanlar ve diyet kaynaklarindan da
olusabilir (Klee, 2004). Fare monoklonal Ab (mAb)'leri tibbi
amaglar icin kullanildigindan, HAMA'lar en sik karsilagilan
mildahaleci HAAA tiriidir. %1'den daha az olan HAAA
etkilesiminin rapor edilen prevalansi diisiik goriinebilir, ancak
immiinolojik test sonuglarina gore teshis edilen hastaligin
prevalanst gbz Oniine alindiginda etki beklenenden daha biiyiik
olabilir. Ismail (Ismail A., 2007), %2 prevalansla (her yastaki her
iki cinsiyet i¢in de) subklinik hipotiroidizm i¢in %0.4'liik analitik
girisim olasiliginda, sonuglarin yalnizca %83'tiniin tanisal olarak
dogru oldugunu, yani vakalarin %]17'sinin yanls teshis edilecegini
gostermistir.

Kanserlerin, otoimmiin hastaliklarin ve diger klinik
durumlarin tedavisine yonelik immiinoterapilerde son zamanlarda
devrim niteliginde ilerlemeler kaydedilmistir. Aralik 2019
itibartyla, Amerika Birlesik Devletleri Gida ve Ila¢ Idaresi kurumu
79 terapotik mAb'yi onayladi (Lu RM, 2020). Bu durum, terapotik
bir antikorun antijen gorevi gérerek HAMA'larin olusmasina yol
acabilecegi igin antikorla ilgili girisim olasithgmni artirir. Immiin
kontrol noktasi inhibitorleri, distiroidizm, hipofizit ve adrenal
yetmezlik gibi ger¢ek endokrin bozukluklara neden olabilir ve bu
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nedenle 6nemli bir sorun teskil eder. Klinik tablo ile laboratuvar
sonuclart arasindaki uyumsuzluk, oOzellikle tedavide kullanilan
mADb tamamen insanlagtirllmamigsa, immiinolojik testlerde olasi
girisim sorusunu giindeme getirir; HAAA'larin saptanma olasili1
teorik olarak bir fare mAb icin %90, kimerik bir mAb i¢in %40 ve
insanlastirilmis bir terap6tik mAb i¢in %10'dur (Lahlou N, 2018).
2010 yilinda Koshida ve ark. (Koshida S, 2010) HAMA igin bir test
gelistirdi ve yatan ve ayakta tedavi goren hastalar arasinda %11.7
pozitif numune kaydetti. HAMA'larin ¢ok kiigiik bir yiizdesi hatali
sonug verecektir. Bununla birlikte, klinik sonuglar1 olan potansiyel
hatalarin sayisi, gerceklestirilen immiinolojik testlerin ¢ok sayida
olmasi nedeniyle endise vericidir (Emerson JF, 2013) . Ornegin,
Jonklaas (Jonklaas, 2016), metastatik melanom igin kontrol noktasi
inhibitorii fare mAb'leri ile tedaviye basladiktan sonra bir hastada
serbest tiroksin (FT4) konsantrasyonunun yanlislikla yiikseldigi bir
vakay1 bildirmistir.

Romatoid faktorler (RF'ler)

RF'ler, heterofil Ab'lerle ayn1 mekanizmalar yoluyla immiinolojik
testlere miidahale edebilir. RF'ler agirlikli olarak insan IgG'sinin Fc
kismi ile etkilesime giren IgM izotipindendir, ancak fare 1gG'ye
afiniteleri diistik gibi goriinse de, ayn1 zamanda degisken afiniteye
sahip farkl tiirlerinkiyle de reaksiyona girebilir (Holm BE, 2015).
RF'ler romatoid artrit ve diger otoimmiin hastaliklar1 olan
hastalarin  %70'inden fazlasinda bulunur. RF konsantrasyonu
iltihapl1 enfeksiyon sirasinda da artabilir. RF'ler siipheli
numunelerde Ol¢iilebilir ve farkli tekniklerle ortadan kaldirilabilir.
Astarita ve ark. (Astarita G, 2015), diferansiye tiroid kanseri ve
romatoid artrit ge¢misi olan bir kadinda tiroglobulin (Tg)
konsantrasyonu ol¢iimlerinde bir miidahale vakasi bildirdi; burada,
polietilen glikol (PEG) tedavisi yoluyla RF'ler ortadan
kaldirildiktan sonra saptanabilir Tg saptanamaz hale geldi. RF
girisimi birden fazla parametreyi ayni anda etkileyebilir, Mongolu
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ve ark. (Mongolu S, 2016), liiteinlestirici hormon (LH), folikiil
uyarict hormon (FSH), seks hormonu baglayici globiilin (SHBG),
prolaktin, insan koryonik gonadotropin (HCG) ve tiroid uyarici
hormon (TSH)'nin yiiksek serum konsantrasyonlarma sahip
romatoid artrit Oykiisi olan 60 yasinda bir erkek hastanin
durumunu bildirmistir. Test miidahalesinden siiphelendiler ve
RF'leri  ortadan  kaldirdiktan  sonra  normal  hormon
konsantrasyonlarin1 ortaya c¢ikaran baska testler yaptilar. Cogu
durumda, Ab miidahalesinden siiphelenildiginde alternatif
immiinolojik test sonuglartyla karsilastirma faydahidir, ¢iinki
girisim yapan ADb, belirli bir sinif/alt sinif veya izotipteki Ab'lerle
en giiclii etkiye sahiptir ve farkli yontemler ile carpici derecede
farkli sonuglar verir (Cheng X, 2021). Dogrusalliktan yoksun
seyreltme testleri, heterofil bloke edici tiiplerin (HBT'ler) kullanimi1
ve protein A On tedavisi de bir sonucun hatali oldugunu gostermek
icin faydalidir (Saleem M, 2009). Ancak higbir test tek basina kanit
olarak veya hatali bir sonucu diglamak i¢in kullanilamaz (Ward G,
2017).

Bu tiir girisimi azaltmak i¢in treticiler, reaktif Ig'ler ile ayni
tiirden immiin olmayan hayvan Ig'sinin dahil edilmesi, kiimelenmis
lg, kimerize veya insanlastirilmis Ab'lerin kullanilmasi veya kati
fazlarda Ig yerine iki F(ab) fragmaninin kullanilmasi gibi bazi
stratejiler gelistirmiglerdir (Ward G, 2017), (Bolstad N, 2013).
Bununla birlikte, heterofilik Ab'ler dogas1 geregi oldukga
heterojendir, konsantrasyonlari hastalar arasinda biiyiikk Olglide
farklilik gosterir ve higbir bloke etme reaktifi/yontemi bu tiir
etkilesimi 6nlemede tamamen basarili olamaz.

Heterofilik Ab girisiminin siklig1 azaliyor olsa da, PTH,
FSH, LH ve prolaktin konsantrasyonlarinin hatali bir sekilde
yiikselmesine iligkin son raporlar, bu tiir bir girisimin herhangi bir
immiinolojik testte hala meydana gelebilecegini gostermektedir
(Laudes M, 2019), (Fruzetti F, 2020), (Aliberti L, 2021).
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Kanca efekti (Hook etkisi)

Bu fenomen, cok yiliksek hormon konsantrasyonlarini
Olcerken sandvi¢ immiin testlerinde ortaya cikabilir; kanca etkisi
ozellikle fizyolojik ve patolojik konsantrasyonlar arasindaki
varyasyonun asirl olabilecegi ilerleyici tiimor patolojilerinde
(6rnegin prolaktinoma, tiroid karsinomasi ve hidatiform mollerde)
goriiliir (Haddad RA, 2019). ki bolgeli sandvi¢ immiin testlerinde,
fazla Ag, yakalama ve sinyal antikorlarinin ayri ayr1 Ag'ye
baglanmasiyla sandvi¢ olusumunu engelleyebilir ve sinyal antikoru
yikanarak goriiniirde daha diisiik bir konsantrasyona neden olabilir.
Bu, ciddi durumlar i¢in gecikmis tani1 ve tedaviye veya hatta ciddi
sonuglart  olan  yanlis taniya yol acabilir.  Ornegin,
makroprolaktinoma durumunda fark edilmeyen bir kanca etkisi,
islevsiz bir hipofiz tiimdriinlin hatali tanisina yol agabilir ve hastayi
dopamin agonistleri regete etmek yerine gereksiz ameliyata maruz
birakabilir (Frieze TW, 2002). Kanca etkisi yalnizca sandvig
immiin testlerini etkiler ve numune seyreltmesi fazla analit varligini
ortaya cikaracaktir; seri seyreltmelerle, iki tutarli ardisik seyreltme
elde edilene kadar analitin konsantrasyonu artacaktir. Ureticiler,
olast antikor doygunlugunu ve kanca etkisinin sikligimi en aza
indirmek i¢in genellikle fazla antikor kullanir veya gerekli numune
hacmini azaltir.

Capraz reaksiyon

Biyolojik 6rnekte Ag ile yapisal olarak iligkili molekiillerin
varlig1, capraz reaksiyona ve Ab tarafindan istenmeyen taninmaya
yol agarak 6zgiillik sorunlarina yol agabilir. Bu capraz reaktanlar,
analitin veya ilaglarin metabolitleri veya dnciileri olabilir. Ostrojen
reseptorii  pozitif meme kanserli hastalarda tedavi stratejisinin
belirlenmesi  igin  menopozal durumun dogru estradiol
konsantrasyonu Olctimleriyle biyokimyasal olarak
degerlendirilmesine  ihtiyag  vardir. Fulvestrant, reseptoriin
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bozulmasini tetikleyen segici bir Gstrojen reseptdr antagonistidir.
Meme kanseri hastalarinda fulvestrant, yapisal benzerlikler
nedeniyle estradiol immiinolojik testlerinde belirgin c¢apraz
reaksiyonlara yol agar (Owen LJ, 2019). Benzer sekilde, aromataz
inhibitorii eksemestan, meme kanseri tedavisinde recete edilen
estradioliin yapisal bir analogudur. Eksemestan tedavisinde
Ostradioliin ~ biyokimyasal degerlendirmeleri, eksemestan
metabolitleri ile ¢apraz reaksiyon nedeniyle ¢ogu 0Ostradiol
immiinolojik testinde yanlhs pozitif sonuglara neden olur (Mandic
S, 2017).

Capraz reaktanin varligi test formatina bagli olarak hatali
sonuglara yol agabilir; rekabet¢i immiinolojik testler bu soruna en
duyarli olanlardir. Rekabet¢i bir immiinolojik testte, ¢apraz reaktan
(estriol immiinolojik testi hari¢) genellikle yanlis bir artisa neden
olur (Valdes R, 2002). Ozellikle, dogrudan steroid immiinolojik
analizler (organik bir solvent ile numunenin ekstraksiyon asamasi
olmaksizin) capraz reaksiyondan etkilenebilir (6rn. kortizol
metabolitleri,  kortizol = immiinolojik  testlerinde  sentetik
glukokortikoidler) (Lopez AG, 2019).

Testosteron konsantrasyonu Ol¢limlerinde, ikinci nesil
immiinolojik testler dehidroepiandrosteron siilfat (DHEAS) capraz
reaksiyonunu onler (Groenestege WM, 2012), (Benton SC, 2011).
Bununla birlikte, diger capraz reaktanlara karsi koruma saglamak
amactyla kadinlardan ve ¢ocuklardan alinan numuneler igin
immiinolojik testten once bir ekstraksiyon adimi gereklidir (JW,
2010).

Iki engelsiz spesifik epitopu tasiyabilecek kadar biiyiik
molekiiller i¢in, iki bolgeli sandvi¢ analizleri, rekabetci analizlere
gore Ustiin 6zgiilliik sergiler. Cift epitop tanima nedeniyle sandvig
immiinolojik testinde girisim daha az siklikta goriiliir. Ancak bunun
tezahiirii, sandvi¢ olusumunda yer alan epitoplara bagli olacaktir;
hem yakalama hem de sinyal Ab'si yapisal olarak iliskili bir capraz
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reaktani baglarsa, yanlig bir artis meydana gelecektir (6rnegin, bazi
GH analizleri i¢in pegvisomant) (Paisley AN, 2007),
(Manolopoulou J, 2012). Tersine, yapisal olarak ilgili ¢apraz
reaktana yalnizca bir Ab (yakalama ya da sinyal Ab) baglanirsa,
yanlis bir azalma elde edilecektir ¢linkii sandvig kompleksi
tamamlanamayacak ve ayirma adimindan sonra Ab sinyali yikanip
gidecektir (Paisley AN, 2007). Baska bir 06rnek, insiilin
farmakolojik analoglarinin tanimmmasimin, nadir goriilen gizli
uygulama vakalarinda faydali olabilecegi insiilin immiinolojik
testleridir (Parfitt C, 2015).

Spesifikligin eksikligi veya ¢ok yiiksek olmasi bazi
durumlarda hatali sonuglara yol agabilir. Uygun 06zgilligi
tanimlayacak olan klinik baglama bagli olarak genis ozgiilliik
bliylik deger tasiyabilir; saptanacak epitoplarin se¢imi ¢ok
onemlidir ve testin klinik kullanimina bagli olacaktir. Reaktif
ureticileri, 6zgiillik sorunlarimi azaltmak ve immiinolojik testlerini
gelistirmek i¢in siirekli olarak yeni Ab'ler segmektedir (Ward G,
2017). Her durumda, sonucun uygun sekilde yorumlanmasi testin
ozgiilliigline iliskin bilgiye baghidir.

Anti-analit Ab’ler ve makro-analitler

Prolaktin

Bir Ab, antijenitesini korurken, yar1 dmriinii ve fizyolojik
roliinii degistirerek, in vivo olarak analite baglanabilir veya in vitro
immiinolojik teste dogrudan miidahale edebilir. Dolagimdaki
monomerik prolaktin, in vivo olarak IgG Ab'lere baglanabilir, bu
da artik "makroprolaktin"olarak adlandirilan, ¢ok daha uzun yari
omre sahip inaktif bir formla sonu¢lanir ve immiinolojik testlerde
daha  yiiksek  prolaktin  konsantrasyonlari  saglar.  Bu,
hekimin/jinekologun kadinlarin yaklasik %4-10'unda gereksiz

--112--



incelemeler yapmasina yol agabilir (Overgaard M, 2017).
Makroprolaktin kompleksi, prolaktin immiinolojik testlerinde bir
etkilesim kaynagidir ve siklikla hiperprolaktineminin yanlis
tanisiyla sonuglanir. Klinik laboratuvarlar, hiperprolaktinemi ile
bagvuran tiim hastalarda makroprolaktinemiyi dislamak igin
onaylanmig bir tarama prosediiriinii uygulamalidir. PEG ¢okeltme,
¢esitli hormon immiinolojik testlerinde (prolaktin, TSH ve FSH)
etkili olan ve en az %60 oraninda iyilesme saglayan Ig icermeyen
bir numunenin iretilmesine olanak tanir. PEG ¢okeltmesi spesifik
olmadigindan, birlikte c¢okeltme nedeniyle analitin bir kismi
kaybolur. PEG, proteinlerin ¢ozinirligiiniin asilmasina bagh
olarak solvent kullanilabilirligini azaltir ve bunlarin ¢okelmesine
yol acar (Fahie-Wilson M, 2008). Ancak IgA'nin ¢okelmesi
yalnizca kismidir; yanlis negatif PEG tarama testiyle birlikte IgA
makroprolaktinemi vakasi rapor edilmistir (Fahie Wilson M, 2013).
Makroprolaktin varlig zamanla degisebileceginden,
makroprolaktinemiyi saptamak igin bir test tekrarlanmalidir ve
daha 6nce dislanmis olsa bile makroprolaktin hala gelisebilir (Barth
JH, 2018).

Makro-FSH, makro-LH ve makro-TSH

Daha az yaygin olmasina ragmen makroprolaktin gibi
makro-FSH, makro-LH ve makro-TSH da tanimlanabilir.
Patogenez tam olarak agik olmasa da, PEG tarama testi ile infertil
kadinlarin %0.17'sinde makro-TSH tespit edildi (Webster R, 2010),
(Ohba K, 2020). Ticari TSH immiinolojik testleri makro-TSH'yi
tanir ve bu da yanlis hipertirotropinemi tanisina yol agar (Hattori N,
2016), (Ohba K, 2020). PEG ¢okeltme, seyreltme ve geri kazanim
testleri bu durumun tespitinde faydali olabilir (Loh TP, 2012). Bu
bulgu ayn1 zamanda transplasental olarak anneden gegen anti-TSH
Ab'ler nedeniyle Gtiroid yenidoganlarda da gozlenmistir (Rix M,
2011), (Halsall Dj, 2006 ).
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Biyotin interferansi

Biyotin etkilesimi onlarca yildir bilinmektedir, ancak
yalnizca nadir kalitsal metabolik bozukluklar baglaminda
bilinmektedir (Henry JG, 1996). Ancak son dort yilda, streptavidin-
biyotin teknolojisinin yaygin kullanim1 ve fizyolojik iistii dozlarda
biyotinin daha sik terapotik veya terapdtik olmayan kullanimi,
hatal1 hormon ve hormon dis1 immiinolojik test sonuglarina iliskin
¢ok sayida rapora yol agmustir (Trambas, 2019), (Elston MS, 2016
). Biyotin, immiinkompleks ayrilmasini engelleyebilir, bu da
streptavidin-biyotin ayrimini igeren teknikler kullanilarak rekabetgi
veya sandvig immiinolojik testlerde  sirasiyla  hormon
konsantrasyonlarinin yanlis sekilde yiikselmesi veya azalmasi gibi
ters hatali sonuglara yol agar (Trambas, 2019), (Elston MS, 2016 ),
(Piketty ML P. M.-B., 2017). Zit etkilere sahip bu ¢ift yonlii
davranig, endojen bir endokrin patolojik durumu taklit edebilir ve
endokrinoloji  testleri i¢in 6zel bir zorluk teskil eder:
hipertiroidizmin biyokimyasal tanisiyla tutarli goriinen sonuglar,
"miitkemmel bir firtina"y1 gosterir (FT4, serbest T3 (FT3), anti-TSH
reseptdor Ab'mnin yanhs yiiksek konsantrasyonlart ve TSH
konsantrasyonunun yanlis diisiik olmas1) (Elston MS, 2016 ).

D vitamini zehirlenmesi, testosteron iireten tiimorler,
hiperandrojenizm, hiperkortizizm veya PTH baskilanmasi da
yiiksek biotin alimiyla ilgili "sahte haberler" olarak bildirilmistir
(Carter GD, 2020), (Stieglitz HM, 2018), (Koehler VF, 2018).
Bunun aksine, birincil hipotiroidizm de dahil olmak {izere bazi
gercek endokrin bozukluklari, biyotinin testlerdeki bozulmasi
nedeniyle yiiksek TSH konsantrasyonunu diistirdiigii i¢in gdzden
kagabilir (Henry JG, 1996). Subat 2019'dan bu yana, Avrupa Ilag
Ajansi, 150 pg'dan daha yiiksek biyotin dozu igeren tiim biyotin
takviyelerinin yaninda hatali laboratuvar sonuglari riskiyle ilgili bir
uyart mesaji bulunmasini zorunlu kilmistir (genellikle Onerilen
giinlik 30 pg alim miktarini igeren popiiler vitamin kokteylleri,
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herhangi bir testte in vitro laboratuvar bozulmasina neden olmaz)
(Katzman BM, 2018).

Ilerleyen multipl skleroz i¢in ¢ok yiiksek dozlarda biyotin
(300 mg) iceren yeni terapdtik protokoller, son dort yilda biyotin
problemini 6n plana ¢ikarmistir (Goldschmidt CH, 2020). En son
caligmalar bu ¢ok yiiksek dozlarin ilerleyici multipl skleroz igin
etkisizligini, hatali laboratuvar sonuglar1 ve buna bagli olumsuz
sonuclar riskiyle birlikte gosterdiginden, bu protokoller artik terk
edilecektir (Motte J, 2020). Son olarak, dogustan metabolizma
hatalarinin tespiti konusunda uzmanlasmis hastane departmanlari,
biyotinidaz eksikligi, holokarboksilaz sentetaz eksikligi ve biyotin-
tiamin bazal ganglion hastaligi gibi biyotin duyarli gesitli tibbi
durumlar i¢in protokollerinde biyotin kullanmaktadir ve yiiksek
biyotin dozlar regete edilmektedir (Wolf, 2019), (Evans N, 2016).
Biotin neonatal epileptik ensefalopati i¢in ampirik olarak regete
edilebildiginden, biyotinle iligkili risk yenidogan bakimiyla ilgilidir
(Lefevre CR, 2020).

Biyotin ¢ogunlukla bobrekler yoluyla elimine edildiginden
en sorunlu durumlar, biyotin metabolizmasindaki dogustan gelen
hatalar, multipl skleroz ve bdobrek yetmezligi i¢in uygulanan
yiiksek dozlardir (Piketty ML P. D., 2017). Duyarli immiinolojik
testler icin bu tiir hatalarin ana belirleyicileri, biyotin dozu, son
alimdan bu yana gecen silire ve degistirilmigsse bdbrek
fonksiyonudur. Maksimum biyotin  konsantrasyonu alimdan
yaklagik 1,5 saat sonra gdzlenir ve biyotinin yar1 omrii ortalama 15
saattir (Grimsey P, 2017). Duyarli yontemler igin biyotin ile iligkili
riski en aza indirmek amaciyla farkli stratejiler Onerilmistir
(Gifford JL, 2019). Her laboratuvar, kullanilan yontemlere ve 6zel
hasta alimina (6rnegin, dogustan metabolizma bozukluklar1) gore
bu riski degerlendirmelidir (Trambas, 2019).

Bu gelismeleri beklerken halkin bu konuda egitilmesi ve

hastalarin bilinglendirilmesi gerekmektedir. Laboratuvar testlerine
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ihtiya¢ duyan hastalara, herhangi bir takviye almaktan kacinmalari
ve herhangi bir kalint1 biyotini "temizlemek" i¢in birka¢ saat veya
giin beklemeleri bildirilmelidir. Ihtiyag duyulan armma siiresi,
yapilan tahlile gore degiseceginden, arinma siiresi i¢in tek bir 6neri
verilemez (Zhang Y, 2020).

Dogustan metabolizma bozuklugu olan hastalarda biyotin
uygulamasi durdurulamaz ve acil durumlarda biyotin temizligi i¢in
saatlerce, giinlerce beklemek miimkiin degildir; bu nedenle,
kullanilan yontemlerin biyotin etkilesimine duyarli olmasi
durumunda laboratuvar tarafindan bu vakalar i¢in bir acil durum
prosediirii olusturulmalidir (Avery, 2019).

Tiim laboratuvarlarin biyotin Ol¢limii yapma yetenegi
yoktur, bu da fizyolojik dstii biyotin aliminin belirlenmesini
zorlastirir. Seyreltme testleri ve ndtralizasyon testleri, bir hastada
bu sorundan siiphelenildiginde yardimei olabilir (Piketty ML P. D.,
2017), (Lam L, 2017) (Trambas C, 2018).

Girisim siiphesinde ¢6ziim onerileri

Laboratuvar uzmanlari interferanstan siiphelendiginde farkl
yaklagimlar miimkiindiir. Olgiimlerin tekrarlanmasi ve ardindan
tlim test silirecinin sorgulanmasi baslangi¢ adimidar.

Bazi yontemler HBT veya PEG 6n tedavisinden sonra
gecerli olmadigindan, her laboratuvar her immiinolojik test icin
girisim testi protokoliinii dogrulamalidir (Ellis MJ, 2005). Ikinci bir
Ab ayirma asamasini igeren yontemler, bir fare bileseni igeren
herhangi bir bloke edici ajanin kullanimini yasaklar (Choy KW,
2017). Yararli bir yaklasim, klinisyenlere testin olasi bir tuzagi
veya siirlamasini hatirlatmak igin belirli bir miidahaleye iliskin bir
uyar1 eklemek olabilir. Mimkiin oldugunda, hastanin terapdtik
dosyasinda eksojen bir girisimin tanimlanmas1 durumunda, arinma
siresinden sonra elde edilen yeni bir numuneye ihtiyag

duyulacaktir. Bir analitin baska bir yontemle 6l¢lilmesi, kullanilan
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metodolojinin farkli olmas1 kosuluyla ¢ok yararli ve gereklidir; bu,
ornegin yakindaki laboratuvarlarda alternatif bir yontemin mevcut
oldugu anlamina gelir. Steroid immiin testleri icin, tandem kiitle
spektrometrisine (LC-MS/MS) bagli sivi kromatografisi en uygun
kontrol yontemi olacaktir (Ghazal K, 2022).

Girisimden siiphelenildiginde (veya kanca etkisi igin)
numunenin seri seyreltilmesi en basit yaklasimdir. Bu, yonlendirici
bir test olabilir ve uyarlanmis bir seyreltici kullanilmalidir. Bazi
immiin testler, matris etkisi nedeniyle veya seyreltmeye "direng
gosterdikleri" icin (Ornegin, serbest tiroid hormonu testleri)
numune seyreltmesini desteklemez (JD., 2013). Bununla birlikte,
seyreltme testi sonuglarini yorumlamak zor olabilir, ¢iinkii heterofil
antikorlara sahip bazi numuneler dogrusal bir yanit verebilir
(orijinal sonuclar1 yanlis bir sekilde dogrulayabilir) veya dogrusal
olmayan bir yamt verebilir (siiphelenilen girisimin yanlis
dogrulanmasina neden olabilir) (Bolstad N, 2013), (Ismail, 2007).
Hayvan serumu veya Ig (aymi tiirden) igeren bir seyreltme testi
yararlt olabilir (Cole LA, 2004).

Hicbir tek test, endojen bir antikorun girisimini
belirleyemez veya dislayamaz. Antikor girisiminin belirlenmesi,
HBT'lerin (Scantibodies Laboratuvari, Santee, CA, ABD),
seyreltme testinin, RF emicilerinin, PEG ¢okeltmesinin ve protein
A ve G 0n adsorpsiyonunun veya hayvan serumu veya Ig'nin
eklenmesinin kullanimni icerebilir. Ug basit testin (seyreltme testi,
HBT 6n islemi ve PEG ¢okeltme) kullanilmasi, siipheli 6rneklerin
%90'inda girisimi belirleyebilir (Ismail A., 2009).

Romatoid artrit veya RF varligiyla iliskili diger otoimmiin
hastaliklar Oykiisii bilinen hastalardan alinan Ornekler, girisimin
nedenini belirlemeye yardimci olabilir. Bazi ticari testler HAMA
pozitif drnekleri tespit edebilir. Biyotin girisimi yonteme 6zgiidiir
ve sonuglart farkli bir aymrma metodolojisinin sonuglariyla

karsilastirarak kolayca asilabilir (Santhana Krishnan SG, 2006).
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Heterofilik antikorlar serumda, plazmada veya tam kanda bulunur.
Bu tiir bir girisim idrarda bulunmaz; Bu nedenle, idrarda atilan
molekiiller i¢in idrarla uyumsuz sonuglar, bu girisimi tespit
etmenin mitkemmel bir yoludur (HCG, kortizol) (Cole LA, 2004).
Yenidoganlarda elde edilen sonuglarin (6rnegin, yiiksek TSH
tarama sonucu) annede gozlemlenenlerle karsilastirilmasi yardimer
olabilir (Rix M, 2011). Heterofilik Ab girisiminden kaynaklanan
yanlis yiiksek kalsitonin sonucunu dislamak i¢in prokalsitoninin es
zamanl Sl¢iimleri yararli olabilir (Giovanella L G. 1., 2018).
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BOLUM 9

HEMOGLOBIN AS AN ALLOSTERIC OXYGEN
CARRIER: STRUCTURAL DYNAMICS,
ENERGETIC COOPERATIVITY, AND CLINICAL
IMPLICATIONS

ERGIN TASKIN!

Introduction

Hemoglobin (Hb) is a molecule that consists of one part heme
and one part globin. It was once thought that oxygen transport is
simply a binding event with the heme group of hemoglobin, but it is,
in fact, a very complex process involving dynamic structural and
functional changes of hemoglobin influenced by many
environmental factors such as pH, CO: and 2,3-BPG
(Kosmachevskaya & Topunov, 2018).

Hb consists of two alpha and two beta chains. The iron (Fe*")
ion in each heme group of the chain binds the oxygen. The more
oxygen binds, the more hemoglobin goes from the low-affinity T
(tense) state to the high-affinity R (relaxed) state; this change in
structure enables cooperative binding. The affinity of hemoglobin
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for oxygen is regulated by the allosteric factors such as 2,3-
bisphosphoglycerate (2,3-BPG), pH (Bohr effect), CO-, and chloride
ions. 2,3-BPG and low pH promote the T state thereby increasing the
oxygen release, whereas high pH and some ligands promote the R
state thereby making it easier for the oxygen to bind. Some
hemoglobin variants will shift this balance causing the diseases.
Also, some drugs can use these allosteric properties of hemoglobin
to modulate the oxygen carrying capacity for therapeutic purposes.
Recent studies have provided a lot of data, presenting clues to the
marvelous molecular mechanisms behind the physiological
functions of Hb. Hemoglobin is a multi-functional molecule that has
a role in different functions, such as, metabolic reprogramming, pH
regulation, and maintenance of redox balance. This section will
cover hemoglobin structure, oxygen binding curve, and the main
physiological and pathological factors influencing this process.

Structure of Hemoglobin

Hemoglobin, primordial protein that enables human body to
breathe, has been completely and accurately defined in terms of
structure. It is the tetrameric protein made up of four subunits, two
of which are alpha (o)) and the others beta () chains. Each of the four
subunits resides in a typical “globin” fold of eight alpha helices (A-
H). At the center of each globin chain, there is a heme group. The
heme contains an iron (Fe**) ion at its center which plays the role of
binding to the oxygen (Salvatore & et al., 2025). The iron atom in
hemoglobin is directly coordinated with the amino acid termed as
HisF8, which is also known as “proximal histidine”; after doing the
4 bonds with the pyrrole rings he makes 1 more bond with this. The
oxygen molecule, on the other hand, is stabilized by “distal
histidine” (HisE7). Thus, these two histidine residues lay the
foundation of hemoglobin’s oxygen binding capacity. Moreover,
other amino acids like ValE11l are also involved in the oxygen's
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entrance and binding geometry. This very delicate arrangement
around heme is what gives hemoglobin its proficiency in oxygen
transport. The role of hemoglobin is not limited to this chemical
binding; it also involves the conformational changes of the protein.
During the attachment and release of oxygen, hemoglobin undergoes
a transition between two main structural states: the “Tense” (T) form
with low oxygen affinity and the “Relaxed” (R) form with high
oxygen affinity. The transformation between these two states is
regulated by physiological factors such as pH, temperature, and 2,3-
bisphosphoglycerate (2,3-BPG). This dynamic change gives
hemoglobin the flexibility to release oxygen in the tissues and rebind
it in the lungs (Salvatore & et al., 2025; Seneo & et al., 2024). A
ChemBioChem article published in 2025, the new subunit “p-
globin” having a crystal-like structure that is similar to the classical
o and B chains and still preserving the typical globin structure.
Moreover, it has been stated that the oxidation of Met62 in the region
can lead to the formation of methionine sulfoxide (Met-SO) and this
may have an effect on the redox properties of the hemoglobin. In
other words, hemoglobin does not only transport oxygen but also
gets involved in biochemical reactions under oxidative stress
conditions. All these studies have enabled to analyze and map the
regions of the structure that are functionally the most sensitive
through all possible amino acid changes of hemoglobin. It is
particularly stressed how critical the conservation of the neighboring
amino acids (HisE7, HisF8, ValEll) is for the function of
hemoglobin. In addition, the disruption of the intersubunit interface
regions that hold the tetrameric structure together may have a serious
impact on the oxygen affinity or protein stability (Salvatore & et al.,
2025; Seneo & et al., 2024). In another study, interpretations have
been made regarding the “HID2” domain of Shr protein binding to
both the a and B chains of hemoglobin, occupying the front surface
of the heme group, that is, the bacterium using this area to draw iron
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from the hemoglobin. No significant change in the hemoglobin
structure has been observed during this interaction. This shows how
structurally stable hemoglobin is and that it recognizes outside
molecules through a “lock-key” tiipe interaction mechanism (Seneo
& et al., 2024).

When these studies are evaluated together, it can be seen that
hemoglobin is not only a molecule that carries oxygen, but also a
biomachine with extraordinary structural stability, sensitivity to
environmental conditions, and selective interaction with other
proteins. Structurally, each globin chain has a heme group in its
center, and the histidine-iron coordination that is formed around this
heme makes it possible for hemoglobin to perform its indispensable
function for life (Salvatore & et al., 2025; Seneo & et al., 2024; Han
& et al., 2025).

Heme Group

Hem group forms a complex and highly organized structure
that is at the center of the oxygen transport ability of hemoglobin. It
1s composed of the iron (Fe*") ion placed in a protoporphyrin IX ring.
This iron ion is the one that gives hemoglobin the property of
reversible binding to oxygen. The iron atom forms 6 bonds in +2
oxidation state. Thus, while forming 4 bonds with the porphyrin ring,
it directly coordinates with the proximal histidine (HisF8) of the
hemoglobin polypeptide chain and oxygen is stabilized by the distal
histidine (HisE7) on the opposite side. So, this coordination
geometry gives hemoglobin the capability of high efficiency in both
the oxygen binding and the releasing processes. The chemical
arrangement of the heme group is an absolute necessity for
hemoglobin carrying out the function of an oxygen carrier
(Perumcheril, 2017). The biological significance of the heme group
is not only limited to oxygen binding. A study conducted in 2020
revealed that the interactions of the heme region of hemoglobin with
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environmental molecules have a direct effect on the protein stability.
In particular, during the experiments with Gemini-type surfactants,
it was observed that these amphiphilic compounds weakened the
folding of the protein by disrupting the hydrophobic interactions
around the heme. This situation has shown that the heme group is
not only involved in the transport of oxygen but also in the protection
of the protein structure that has become central to the roles of
hemoglobin (Tandon & et al., 2020). The heme group is also a center
involved in redox (reduction-oxidation) cycles. The transition of the
iron ion between Fe?*" and Fe** forms enables the coordination of the
hemoglobin's chemical stability during oxygen transport.
Nevertheless, the Fe** form (methemoglobin) cannot bind to oxygen,
thus the reduced form of hemoglobin must be maintained
biologically. It has been demonstrated in studies that heme
biosynthesis starts in mitochondria, finishes in cytosol, and the
alteration of this process is linked with diseases like porphyria
(Perumcheril, 217). Changes in the chemical environment around
heme directly influence the oxygen binding behavior of hemoglobin.
This situation was for the first time defined as the Bohr effect: the
decrease in the pH of the environment increases the protonation
around heme, thus reducing the oxygen affinity. This chemical
relationship was hinted at the mid-20th century studies, by the shift
of the ionization constants of acidic groups in the heme. In particular,
a new acidic group has been defined in the case of ferrihemoglobin
(methemoglobin), and the sensitivity of this group to the surrounding
ionic conditions has played a crucial role in elucidating the
mechanism of hemoglobin's oxygen release (Coryell & Pauling,
1940).

Currently, these findings are being confirmed by modern
spectroscopic and computational biochemistry methods. The
placement of heme and the interactions of surrounding amino acids
have been proven to be the main governing factors of the entire
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structural stability of hemoglobin. This means that the heme group
is not only an "auxiliary" for hemoglobin but also the chemical
center of the whole functional capacity. The tiny yet complex
structure of hemoglobin performs the oxygen transport that is
essential for life through the dynamic oxidation-reduction properties
of the iron ion. The sensitivity to environmental interactions
determines the biochemical balance of hemoglobin, while the
structural stability has been one of the main reasons for the
evolutionary success of this protein over billions of years.

Oxygen Binding Curve

Hemoglobin's oxygen binding curve is one of the leading
biophysical parameters which define the blood's oxygen carrying
ability and the tissues' oxygen releasing. The curve illustrates the
relationship between the partial pressure of oxygen (pO:) and the
degree of hemoglobin's oxygen saturation. The typical S (sigmoid)
shape of the curve indicates that hemoglobin is binding the oxygen
molecules in a cooperative manner, meaning that the binding of one
oxygen molecule is increasing the affinity of the other binding sites.
This cooperative behavior is linked to the transition between the T
(Tense, low-affinity) and R (Relaxed, high-affinity) conformations
of hemoglobin. A 2023 published work has, for the first time, come
up with a mathematical model that is entirely based on physical
principles and has it to explain the shape of this curve. The model
has been able to reconstitute all the characteristic features of the
curve by employing only four fundamental binding energies to
describe the interaction of hemoglobin with oxygen. The research
has indicated that the cooperative nature of oxygen binding is due to
the small differences in these binding energies. These findings have
demonstrated that the oxygen-hemoglobin interaction is a process
that can be modeled thermodynamically as well as structurally
(Standnes, 2023).
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Another study has also shown how the drug Voxelotor
changed the oxygen binding properties of hemoglobin in sickle cell
anemia. Voxelotor was found to exert its action by binding to the R
form of hemoglobin and shifting the curve to the left, thus increasing
oxygen affinity. This, in turn, decreases the tendency of the tissues
to take up the oxygen, thus preventing cell deformation. The Monod-
Wyman-Changeux (MWC) allosteric model used in the study has
quantitatively explained the conformational effects of drug binding
on hemoglobin and has brought a new clinical dimension to classical
oxygen curve theory (Harper & et al.,, 2021). The third major
development in this area was the publication in 2019 of a study that
examined not only how classical oxygen binding curves behave
under equilibrium conditions but also under the transient conditions
of real tissues. The researchers have shown that hemoglobin's
cooperativity is actually composed of two different components.
These findings have revealed that the oxygen exchange of
hemoglobin has a more complex dynamics in real time than classical
models (Scrima & Fugetto, 2019). When the recent studies are taken
together, it is understood that the oxygen binding curve of
hemoglobin is no longer just a physiological notion, rather it is a
multi-layered biophysical phenomenon composed of energetic,
structural, and clinical factors. The physical modeling study in 2023
has strengthened the mathematical foundation of the curve while the
allosteric model study in 2021 has shown how the curve can be
directed by drugs. The non-equilibrium research in 2019 has
redefined the oxygen exchange of hemoglobin in real biological
conditions.

As aresult, the current literature is redefining the hemoglobin
oxygen binding curve as a model of a dynamic system that is at the
center of cellular energy balance, drug interactions and physiological
adaptations, rather than being just a curve explaining the oxygen
transport process.
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The Cause of the Sigmoidal Curve

Hemoglobin's oxygen binding curve typically shows a
sigmoid (S-shaped) structure. The behavior of this curve is due to
hemoglobin's cooperative binding with oxygen. That is, when a
molecule of oxygen attaches to hemoglobin, this event enhances the
oxygen affinity of the other binding sites of hemoglobin. This
character seems to be the result of the tetrameric structure of
hemoglobin consisting of four subunits and the interactions between
these subunits. A study published in 2023 has provided an
explanation for this sigmoidal curve based entirely on
thermodynamic principles. The researchers concluded that the small
differences in binding energy of the four oxygens had a gradual
increase in the whole curve as a side effect. These differences cause
the initial binding of oxygen to textually the subsequent ones
becoming of less cost in terms of energy. According to the study,
these energy differences are the main physical reason for the
sigmoidal shape, and this situation can even be reproduced
mathematically without making an assumption of structural change.
Thus, the cooperativity of hemoglobin has been defined as a
consequence of the reaction enthalpy differences (Standnes, 2023).
This finding is supportive of the concept of conformational change
postulated by the classical Monod-Wyman-Changeux (MWC)
model. However, according to Standnes' findings, it is not necessary
for hemoglobin to undergo a structural change to explain the
sigmoidal shape of the curve; the differences in binding energies
alone can give rise to such behavior. On the other hand, a study
carried out in 2022 showed that hemoglobin's sigmoid binding curve
was also applicable under non-equilibrium conditions. The study
concluded that the cooperativity of hemoglobin consists of two
components:

1. Sequential cooperativity is caused by the successive
binding of oxygen and accounts for about 70% of the total effect.
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2. Conformational cooperativity is due to the transition of
hemoglobin between the T (tense) and R (relaxed) forms and is
around 30%.

These findings indicate that the sigmoid curve is the product
of the combined effects of both the order of binding and the
conformational changes (Scrima & Fugetto, 2019).

Thus, the sigmoid oxygen-binding curve of hemoglobin is
the result of two major factors: First, the effect of sequential binding,
resulting from the gradual increase in the four oxygen binding
energies; second, the positive cooperativity, provided by the
transition (T«<>R) of the conformational changes that occur upon
oxygen binding. These two processes enable hemoglobin to finely
tune oxygen intake and release under physiological conditions.

2.3 Bisphosphoglycerate (2.3 BPG)

2,3-Bisfosfogliserat (2,3-BPG) is one of the most important
allosteric effectors that regulate the oxygen binding capacity of
hemoglobin. This molecule, which is the by-product of the
glycolysis pathway in erythrocytes, gets attached to the central
cavity between the B-chains of hemoglobin and thus alters the
conformation of the protein. As a result, the oxygen affinity of
hemoglobin decreases, that is to say, hemoglobin releases the oxygen
more easily. Therefore, 2,3-BPG takes the critical physiological
regulatory role of enabling the efficient movement of oxygen to
tissues. A study published in 2025 has examined how the levels of
2,3-BPG change under high altitude conditions. In the study, healthy
individuals who were exposed to a hypobaric hypoxia environment
equivalent to 3,500 meters were found to have a significant increase
in the erythrocyte levels of 2,3-BPG and ATP after 96 hours. This
increase has shifted the oxygenation curve of hemoglobin to the right
thus, reducing the affinity for oxygen, and creating a physiological
adaptation mechanism to hypoxia. The researchers have shown that

--136--



the rise in 2,3-BPG is accelerating the adaptation of the body to low
oxygen pressure by facilitating oxygen release to the tissues (Woyke
& Oberacher, 2025). Another important study conducted in 2017
examined plant compounds that could mimic the natural effect of
2,3-BPG. Phthalate derivatives obtained from the Angelica sinensis
plant, when used in combination with 2,3-BPG, stabilized the T
(tense) form of hemoglobin, thereby reducing oxygen affinity. The
study demonstrated that these phthalates are novel allosteric
modulators that enhance the effect of 2,3-BPG. Molecular modeling
analysis has shown that these compounds are connecting to the ou/02
interface of the hemoglobin and reinforcing salt bridges thus
facilitating the oxygen release (Chen & Yu, 2017). Another recent
study addressing the physiological importance of 2,3-BPG at the
genetic level has studied the impact of the mutations in
bisphosphoglycerate mutase (BPGM) enzyme. The research
released in 2022 has revealed that the heterozygous variants in the
BPGM gene reduce the synthesis of 2,3-BPG and the consequent
increase of hemoglobin’s oxygen affinity. It has been found that
these individuals develop congenital erythrocytosis due to the
decreased release of oxygen to the tissues. These findings strongly
suggest that 2,3-BPG is not only a metabolic by-product but also a
critical genetic regulator of oxygen transport in the body (van Dijk
& et al., 2023).

All these studies clearly show that 2,3-BPG is one of the
major factors in determining the position of the hemoglobin oxygen
binding curve. The increase in the level of this molecule shifts the
curve to the right which in turn makes it easier for the oxygen to be
released to the tissues. Conversely, a deficiency of 2,3-BPG results
in the curve shifting to the left and hemoglobin keeping oxygen more
tightly. Therefore 2,3-BPG acts as a vital biochemical key
controlling the structural equilibrium of hemoglobin, oxygen
distribution and physiological adaptation mechanisms.
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Mechanism of Action

Glycolysis results in the formation of 2,3-BPG as a byproduct
and this binds to hemoglobin making it easier for the oxygen to be
released and thus it also moves the oxygen binding curve to the right.
In this way, 2,3-BPG binds with hemoglobin, which leads to the
change of its shape, the stabilization of the T-form and the facilitation
of the oxygen release to the tissues. This mechanism is a major factor
in the body’s adaptation to low oxygen levels, in the influence of
blood pH (together with the Bohr effect), and in the equilibrium of
oxygen transport.

Clinical and Physiological Significance

Normally pituitary conditions can fine-tune the bodies as per
with oxygen needs in respect of placement of the oxygen-binding
curve of the hemoglobin controlled by 2,3-BPG. High levels of 2,3-
BPG cause a rightward shift of the curve which leads to a decrease
in hemoglobin's oxygen affinity and an increase in the release of
oxygen to the tissues. In contrast, low levels of 2,3-BPG move the
curve to the left, resulting in a higher oxygen affinity and thus,
making it more difficult for oxygen to be released to the tissues
(Standnes, 2023). This mechanism serves a critical role, particularly
in hypoxia, high altitude, anemia and chronic lung diseases. In the
case of hypoxia, the amount of 2,3-BPG produced in red blood cells
increases rapidly (Woyke & Obaracher, 2025). Moreover, levels of
2,3-BPG are related to the Bohr effect: the factors like lowering of
blood pH or rising CO: levels not only trigger the formation of 2,3-
BPG, but also make hemoglobin freer to part with oxygen. Hence,
this alteration in body mechanism guarantees that oxygen is used
effectively in, say, muscle tissues, during physical activity.

Deficiency or excess of 2,3-BPG may lead to deleterious
effects clinically. Mutations in the BPGM gene cause 2,3-BPG
deficiency, which results in the hemoglobin's incapacity to condense
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in the T form. Here, the hemoglobin's affinity for oxygen rises to an
abnormal level, the oxygen is not delivered to the tissues, and
therefore, blood cell formation gets stimulated. This scenario is
termed as congenital erythrocytosis. A genetic investigation that
came out in 2022 pointed out that the low levels of 2,3-BPG along
with the high concentrations of hemoglobin in people with BPGM
mutations account for this clinical manifestation (van Dijk & et al.,
2023). Conversely, the pharmacological enhancement of 2,3-BPG is
likely to be a treatment for any condition where the transport of
oxygen is reduced (e.g., shock, heart failure, or anemia) (Chen & Yu,
2017). In medical practice, the diminished levels of 2,3-BPG are a
critical issue in blood transfusions. The gradual decline of 2,3-BPG
in erythrocytes that are stored results in the inability of the transfused
blood to deliver oxygen to the tissues efficiently. Consequently,
blood preservation techniques or 2,3-BPG resynthesis have been the
mainstay of modern blood banking.

Clinical Connections

Anemia

Anemia is a medical issue that manifests through a drop in
the volume of hemoglobin in the blood and, thus, the oxygen supply
to the tissues is also affected directly. In response to the deficiency
of oxygen transported, the human organism turns on adaptive
mechanisms; one of the most significant ones is the rise in 2,3-
Bisphosphoglycerate (2,3-BPG) concentrations in erythrocytes. 2,3-
BPG does this by attaching itself to the interstitial area of the B-
chains of hemoglobin. This interaction not only stabilizes the T
(tense) state but also leads to easier dissociation of oxygen from
hemoglobin, thus constituting a compensatory response to the low
oxygen state in the tissues. That is, in the case of anemia, there is a
rise in 2,3-BPG levels, the oxygen binding curve is advanced to the
right, and the amount of oxygen delivered to the tissues is increased
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(Charache & Grisolia, 1970). This fact is especially clear in sickle
cell anemia and hemolytic anemias. In patients with sickle cell
anemia, the levels of 2,3-BPG in red blood cells have been found to
be above the normal range. The effect of this increase is twofold: it
lowers oxygen affinity and at the same time it makes more oxygen
available to tissues through hemoglobin; however, it also tightens the
grip of deoxygenated hemoglobin on polymerization, therefore, it
plays a role in the disease's pathophysiology (Muhammad & et al.,
2019). In the same way, there was a case reported in the year 2021,
where a kid with a de novo mutation in B-globin gene was diagnosed
with a low oxygen affinity hemoglobin variant (Hb St. George). The
consequence of this variant was that oxygen was released more
readily, leading to mild anemia without the associated increase in red
blood cell production (erythrocytosis). The scientists said that 2,3-
BPG is the primary factor influencing the oxygen transport
equilibrium in those hemoglobin variants (Meznarich & et al.,2021).
Furthermore, alterations in the BPGM gene result in a lower
production of 2,3-BPG and a higher oxygen affinity, leading to a
distinct clinical scenario. In this situation, the hemoglobin bonds
with oxygen more strongly, the tissues become hypoxic, and the
erythropoietin level rises as a reaction. Consequently, congenital
erythrocytosis is formed (van Dijk & et al., 2023). Amazingly, a
molecular-level analysis performed in 2019 discovered that the
antioxidant flavonoid rutin mediates interactions between the 2,3-
BPG mutase enzyme and deoxyhemoglobin thus upholding the
structure of the cells and enhancing the delivery of oxygen in sickle
cell erythrocytes. The results suggest that 2,3-BPG not only impacts
the binding of oxygen but also the metabolism and the stability of
the membrane of the red blood cells (Muhammad & et al., 2019).

Carbon Monoxide (CO) Poisoning
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Carbon monoxide (CO) is a gas that cannot be seen or
smelled and does not cause irritation. It is also one of the most
frequent poisons that lead to unnoticed suffocation in people. The
affinity of CO for hemoglobin is 230-300 times greater than that for
oxygen, thus CO quickly attaches to the sites of hemoglobin where
oxygen binds and produces carboxyhemoglobin (COHb) (Lee &
Chen, 2025).

Molecular Mechanism of Action
The binding of CO to hemoglobin creates two critical effects:

Disabling Oxygen Transport: CO operates by forcing the
hemoglobin to refuse oxygen since the COHb cannot thereafter bind
oxygen.

Rise in Oxygen Affinity: The decline in the delivery of
oxygen to the tissues is attributed to the fact that the remaining
oxygen-saturated hemoglobin molecules are now binding more
tightly. This results in a leftward movement of the oxygen
dissociation curve (Fabre & et al., 1999).

On top of that, carbon monoxide affects the cytochrome
oxidase enzyme at the cellular level, thereby interrupting
mitochondrial respiration and causing tissue to lack oxygen (Gemelli
& Cttani, 1985).

Physiological Results

The whole oxygen transport system is impacted by CO
poisoning. The blood loses the total amount of oxygen due to the
impairment of oxygenation; thus, the organs that are highly sensitive
to oxygen, like the brain, heart, and kidneys, get the most injury.
Carbon monoxide binds to hemoglobin, which eventually blocks
oxygen from reaching the tissues, causing tissue hypoxia and lactic
acidosis. Oxygen will be less likely to unload from hemoglobin due
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to left-shifted oxygen dissociation curve (Alarbi & et al., 2023). In
chronic low-dose exposures, neuronal degeneration and cardiac
dysfunction may occur due to long-term hypoxia.

In a case report published in 2023, both cardiomyopathy and
delayed neuropsychiatric complications (DNPS) were diagnosed in
patients poisoned by acute CO (Alarbi & et al., 2023).

A clinically comparable study that was also published gave
an account of two patients who, despite receiving hyperbaric oxygen
treatment, developed delayed encephalopathy and made evident that
carbon monoxide could cause a metabolic alteration in nerve tissue
that would be irreversible (Thelen & et al., 2025).

Methemoglobinemia

Methemoglobinemia is the condition where the iron atom in
hemoglobin gets oxidized from its ferrous (Fe?*") state to its ferric
(Fe*") state. Because the ferric form is incapable of binding oxygen,
the result is functional anemia and tissue hypoxia. Under normal
circumstances, the erythrocyte-located NADH-cytochrome b5
reductase enzyme reverts methemoglobin to hemoglobin.
Nevertheless, if the system is disturbed or if it is simply
overwhelmed with oxidizing agents, then the methemoglobin
content rises to more than %I, and the condition called
methemoglobinemia occurs (Mansouri & Lurie, 1993). The presence
of increased methemoglobin causes the blood to have greater affinity
for oxygen and at the same time, less oxygen is released to the
tissues. In this situation, even though the PaO: value is normal, the
blood is seen as dark brown, and the pulse oximeter measures a low
SpO: value. This “dissociation” type of phenomenon causes the
tissues to suffer from lack of oxygen (do Nascimento & et al., 2008).

Conclusion
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Hemoglobin is a unique molecule that can transport oxygen
very accurately due to its structural properties and allosteric
regulation. Physiological adaptations and various clinical conditions
rely on mechanisms such as the oxygen binding curve, the Bohr
effect, and 2,3-BPG. As a result, the understanding of the
biochemical properties of hemoglobin is crucial for clinical
biochemistry and medical education.
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BOLUM 10

THE ROLE OF PERIOSTIN AND ENDOCAN IN
EYE DISEASE

NURDAN GAMZE TASLI!

Introduction

Periostin

Periostin is a matricellular protein that was first isolated from
osteoblasts and was found to be expressed at a higher level in the
periosteum (Takeshita & et al.,1993). Periostin is comprised of an
N-terminal secretory signal peptide, succeeded by a cysteine-rich
domain (EMI domain), four internal homologous repeats (FAS
domains), and a C-terminal hydrophilic domain that is alternatively
spliced (Takeshita & et al., 1993; Horiuchi & et al.,1999). The four
internal repeats exhibit homology to the axon guidance protein
fasciclin I, which is involved in the development of the nervous
system in invertebrates. Consequently, they were designated
fasciclin domains. The EMI domain, so designated due to its
association with the EMILIN family, has been observed to bind to
collagen I and fibronectin. In contrast, the FAS-domains have been
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demonstrated to bind to tenascin-C and bone morphogenic protein
1 (BMP1) (Maruhashi & et al.,2010; Norris & et al.,2007).

The C-terminal domain exhibits a high degree of alternative
splicing, has been shown to bind heparin and heparan sulfate
proteoglycans (HSPGs), and has been demonstrated to modulate the
binding mediated by the other domains (Kii & Ito, 2017). As a
matricellular protein, periostin is primarily localised in the
extracellular matrix (ECM), with some of its activities being
mediated by its binding to cell surface receptors belonging to the
integrin family (Kudo A& Kii, 2018). It has been demonstrated that
periostin is expressed in a manner that is distinct from its
neighbouring tissues (typically with an increased level of
expression), in a range of allergic manifestations, inflammation and
tumours. Periostin expression in a tissue-specific context is subject
to regulation by several proteins, including transforming growth
factor-B1 (TGF-B1) , bone morphogenetic proteins (BMPs) 2 and 4
(Lindner & et al.,2005) , various interleukins (IL-3, 4, 6 and 13) ,
erbB3 activation involving neuregulins (NRGs) ,vascular
endothelial growth factor, vitamin K and others (Conway & et
al.,2014). It is acknowledged that different splice variants generate
different isoforms of periostin, and it is conceivable to assume that
the different isoforms could be contributing to the huge variety of
functions reported for periostin (Hoersch & et al.,2010). These
multifaceted  functions  encompass epithelial-mesenchymal
transition, niche formation, regeneration, tissue repair, inflammatory
processes, fibrosis and angiogenesis Regeneration and repair are
delayed in the absence of periostin (Shimazaki & et al.,2008).
However, its expression is not always beneficial, as periostin can
also be a driver of fibrosis (Naik & et al.,2012). EMT has been
demonstrated to be implicated in fibrosis , and periostin has been
identified as a pivotal factor in EMT (Hu & et al.,2017). It has been
demonstrated that cell proliferation is enhanced by periostin during
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normal development in disease (Bible,2012).Angiogenesis, which
is a prerequisite for a variety of processes in development and
disease, is also positively influenced by the expression of periostin
(Keklikoglou & et al.,2018). Another function of periostin is to
facilitate migration(Sonnenberg&Miehe,2018). Several of the
pathways activated by periostin during these processes have been
elucidated. However, there is little information available on the
different isoforms and their potential contribution to these processes
(Kii & et al.,2010).

Periostin in Eye Diseases

The transparency of the eye can be affected by various eye
diseases. It has recently been reported that periostin plays a pivotal
role in the pathogenesis of various eye diseases, including diabetic
retinopathy, age-related macular degeneration, glaucoma, corneal
dystrophy and chronic ocular allergic disease.

Diabetic retinopathy (DR) is one of the leading causes of vision
loss in  working-age populations  worldwide.  Retinal
neovascularisation (NV) arises at an advanced stage of DR, leading
to proliferative DR (PDR) (Yoshida & Ishibashi,1999). Vision loss
can result from abnormal FVM formation, which can lead to
intravitreal haemorrhage and tractional retinal detachment (Hiscott
et al.,2000). The mRNA of periostin was detected in all of the FVMs
obtained from the patients with PDR. In contrast, it was barely
detectable in the normal retinas (Nakama & Ishikawa,2016). In a
study conducted, the amount of periostin in vitreous samples
collected from patients with proliferative diabetic retinopathy (PDR)
during vitrectomy and from patients undergoing secondary epiretinal
membrane (ERM) or macular hole presence of FVMs, suggesting
that periostin is closely related to FVM formation in PDR ( Yoshida,
Ishikawa & Asato,2011).
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Age-related macular degeneration (AMD) is a leading cause
of a severe vision loss in the older population of developed countries
(De Jong PT ,2006). It is estimated that the prevalence of AMD will
increase, which would then accelerate both the medical and social
burdens of the countries. At the advanced stage of AMD that is
choroidal FVMs, which is made up of choroidal neovascularization
(CNV) and choroidal fibrosis, can lead to severe vision loss
(Schlingemann, 2004). In this process, there is proliferation,
migration and adhesion of various types of cells, including vascular
endothelial cells, RPE cells, fibroblasts, glial cells and
macrophages/monocytes. There is also deposition of matricellular
proteins (Bloch et al.,2013) . Several growth factors, such as VEGFs,
placental growth factor, tenascin-C, connective tissue growth factor
and TGF-Bs and their receptors, are involved in this process
(Kobayashi, Yoshida & Zhou,2016). To investigate the potential
involvement of periostin in the formation of choroidal FVMs, the
expression of periostin mRNA in RPE-choroid complexes following
laser injury was compared with that in normal RPE-choroid
complexes using a mouse model of laser-induced CNV. The
expression of periostin mRNA in the CNV model group was
significantly higher than in the control group, reaching a peak on
day 14 (Nakama et al.,2015).

Glaucoma is an optic neuropathy that affects approximately
60 million people worldwide, and is the second most common cause
of irreversible vision loss. The major risk factor for developing
glaucoma is elevated intraocular pressure (IOP), which is caused by
disturbed aqueous humour drainage through the trabecular
meshwork (TM) and Schlemm’s canal (SC). In primary open-angle
glaucoma (POAG), elevated IOP leads to deformation of the optic
nerve head (ONH), especially in the lamina cribrosa (LC) region,
where there is deposition of extracellular matrix (ECM) molecules,
such as collagen and fibronectin (Wallace et al.,2014). Zhao et al.
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showed a significant role for periostin in the structural integrity of
TM tissues.)The collagen fibers in periostin TM were significantly
disrupted, with larger empty spaces, representing abnormal
distribution or even absence of collagen fibers. In addition, because
of lack of support from normal collagen fibers, the trabecular
cytoplasm became uneven and showed severe distortions (Zhao et
al.,2013).Overall, these results substantiate a role for periostin in
maintaining the mechanical strength and structural integrity of TM
tissue. Human glaucomatous TM tissues expressed decreased levels
of periostin in comparison to the levels expressed in normal human
™.

Corneal dystrophies are characterized by the progressive loss
of corneal transparency as a result of extracellular amyloid and non-
amyloid deposits, which accumulate in different layers of corneal
tissues. 5q31-linked corneal dystrophies are pathologically
heterogeneous, autosomal dominant disorders caused by mutations
in the TGFBI (transforming growth factor-B-induced) gene,
encoding the TGFBI protein (also known as keratoepithelin or Big-
H3) (Stone et al.,1994). The different mutations in TGFBI cause
clinically different types of corneal dystrophies, which are classified
according to the accumulation patterns of the deposits. Corneal
dystrophy-linked mutations in TGFBI disrupt its subcellular
localization and impair its association with periostin. Moreover, it
was reported that periostin accumulates in extracellular corneal
deposits in GCD II patients caused by homozygous R124H
mutations in TGFBIL.These findings indicate that TGFBI and
periostin may play coordinated cellular roles, and that periostin
might be involved in the pathogenesis of 5q31-linked corneal
dystrophies (Kim et al.,2009).

The clinical courses and responses to treatment differ among
the various ocular allergic diseases. Vernal keratoconjunctivitis
(VKC) and atopic keratoconjunctivitis (AKC) are chronic and more
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severe conditions that can result in corneal changes, tissue
remodelling and fibrosis, such as corneal ulcers and giant papilla
formation, which can lead to vision loss (Takamura et al.,2011). It
is crucial to accurately diagnose and determine the severity of each
chronic ocular allergic disease in order to decide on therapeutic
strategies and prevent severe comorbidities. Fujishima et al. showed
that tears from patients with ocular allergic disease contained
significantly higher levels of periostin than those from patients with
allergic conjunctivitis and from patients with VKC, AKC and SAC,
in that order. Tear periostin was associated with serious
comorbidities including large papilla formation and corneal
disturbance in AKC, although both tear IL-13 and serum periostin
had little or no such abilities (Fujishima et al.,2016). They concluded
that periostin, produced in conjunctival tissues stimulated by IL-13,
may be involved in the pathogenesis of ocular allergic diseases. In
addition, tear periostin could potentially be used as a biomarker to
diagnose allergic conjunctivitis and evaluate disease severity and
the efficacy of treatments in AKC.

Endocan

Endocan, also referred to as endothelial cell-specific molecule-
1 (ESM-1) was first identified in human umbilical vein endothelial
cells in 1996 (Lassalle & et al.,1996). It is a soluble proteoglycan
bearing a dermatan sulfate side chain that is primarily produced and
released by endothelial cells following activation, with prominent
expression in the vascular endothelium of the lungs and kidneys
(Scuruchi & et al.,2021). Its expression profile is strongly influenced
by inflammatory signaling pathways. Several pro-inflammatory
mediators, including tumor necrosis factor-o (TNF-a), interleukin-
1B (IL-1B), bacterial lipopolysaccharide, as well as angiogenic
stimuli such as vascular endothelial growth factor (VEGF), have
been proved to enhance endocan synthesis and secretion. In contrast,

interferon-y suppresses endocan expression (Scuruchi & et al.,2021).
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Functionally, endocan is involved in several key cellular events,
including cell differentiation, migration, and adhesion. Although the
regulatory mechanisms controlling its synthesis are not fully
clarified, it is well established that mediators such as VEGEF-A,
VEGF-C, TNF-a, IL-1, fibroblast growth factor-2 (FGF-2), and
transforming growth factor-Bl enhance its expression, whereas
phosphoinositide 3-kinase (PI3K) signaling and interferon-y
suppress it. VEGF stimulation leads to increased endocan levels,
and endocan, in turn, potentiates VEGF-induced mitogenic and
migratory signaling, forming a positive autocrine feedback loop that
strengthens VEGF-driven responses (Kali & Shetty ,2014). Due to
this close interaction, endocan has emerged as a critical mediator in
inflammatory processes and angiogenesis, thereby contributing to
the pathogenesis of multiple diseases. Indeed, endocan is considered
a key molecule through which VEGF exerts its vascular growth-
promoting effects (Kali & Shetty ,2014). Clinical studies have
demonstrated a significant positive correlation between serum
endocan and VEGF concentration (Kilic & et al.,2014).
Additionally, there was a significant positive correlation between
serum endocan and TNF-a levels in the patient group. Endocan has
also been identified as a regulator of lymphangiogenesis, suggesting
it could serve as a potential target for blocking abnormal growth and
activation of lymphatic vessels driven by VEGF-A or VEGF-C
(Shin & et al.,2008).

The Structure of Endocan

Endocan is a proteoglycan with an approximate molecular
weight of 50 kDa, consisting of a protein core to which a linear
glycosaminoglycan (GAG) chain is covalently attached. The protein
core is composed of two main domains: a cysteine-rich region
containing 110 amino acids and a cysteine-free region comprising
55 amino acids (Balta & et al.,2015). The cysteine-free domain is
further subdivided into three distinct segments, namely an epidermal
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growth factor (EGF)-like region, a phenylalanine-rich region, and a
C-terminal region (Delehedde , Devenyns & Maurage et al.,2015).
During post-translational processing, the GAG chain is specifically
linked to serine residue 137 of the protein core . In contrast to most
proteoglycans, which are typically localized within the extracellular
matrix or transiently associated with the cell surface, endocan is
predominantly secreted into the circulation, and its soluble form can
be readily detected in human serum ( Bechard & et al.,2001).

Regulation of Endocan Expression

The stimulatory effect of pro-inflammatory cytokines on
endocan production was first reported by Lassalle et al. (Lassalle &
et al.,2015). Their findings demonstrated that exposure of
endothelial cells to TNF-a or IL-1p leads to a time-dependent
increase in endocan expression, whereas IL-4 or interferon-y (IFN-
v) alone does not induce a similar response. Although TNF-a and
[FN-y are known to act synergistically to promote the expression of
pro-inflammatory mediators in endothelial cells, endocan appears to
counteract the influence of IFN-y on TNF-a-induced endocan gene
expression (Lassalle & et al.,2015).This observation suggests that
endocan may exert context-dependent regulatory functions during
inflammatory responses. Subsequent studies by Hsiao et al. (Hsiao
& et al.,2018). corroborated these results in the setting of sepsis and
further revealed that VEGF-A selectively enhances endocan
transcription, whereas other growth factors such as FGF-2, PDGF-
BB, HGF/SF, and EGF do not produce a comparable effect (Rennel
& et al.,2007). From a clinical perspective, circulating endocan
levels have been shown to correlate positively with IL-6 and
negatively with IL-10 concentrations (Wu & et al.,2020). Structural
variability in endocan, including differences in the composition of
its dermatan sulfate chains, may partially explain its wide range of
biological effects, similar to other proteoglycans regulated by TGF-
B and FGF-2 (Brown & et al.1999). In addition, endocan contributes
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to inflammatory processes by enhancing the expression of
endothelial adhesion molecules such as ICAM-1, VCAM-1, and E-
selectin. ICAM-1 plays a central role in leukocyte adhesion,
endothelial activation, and cell migration, events that may initiate
angiogenic processes. VCAM-1 is particularly important for the
recruitment of monocytes and lymphocytes during early
atherosclerosis and acute inflammatory states, while ICAM-1
expression persists throughout all stages of atherosclerotic disease
(Sun & et al.1999). Intermittent hypoxia has been shown to further
increase endocan levels through activation of the HIF-1a/VEGF
signaling pathway, thereby augmenting ICAM-1 and VCAM-I
expression and promoting monocyte adhesion (Sun & et al.1999).
These findings indicate that endocan may function as either a pro-
inflammatory or anti-inflammatory modulator depending on the
surrounding microenvironment(Balta & et al.,2015).

Reactive Oxygen Species and Endocan

Disruption of endothelial integrity is associated with excessive
generation of reactive oxygen species (ROS), which leads to
decreased bioavailability of nitric oxide (NO) through calcium-
dependent intracellular mechanisms (Balta & et al.,2015). Persistent
oxidative stress combined with impaired NO signaling promotes
chronic inflammation, enhances leukocyte adhesion, and accelerates
lipid and lipoprotein accumulation within the subendothelial space
(Shin & et al.,2008). These processes underscore the relevance of
endocan as a potential biomarker of endothelial dysfunction and
inflammatory activity. Accordingly, endocan is considered a novel
indicator of endothelial cell activation and plays a significant role in
mediating leukocyte—endothelial interactions.

Endocan in Eye Diseases
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In Behget’s disease, endocan is considered to affect both the
inflammatory process and endothelial function in the pathogenesis
(Kilig & et al.,2014). Elevated serum endocan levels have been
reported in patients with branch retinal vein occlusion (BRVO)
compared with healthy controls (Onder & et al.,2020). Similarly,
increased aqueous humor concentrations of VEGF and endocan
have been observed in patients with central retinal vein occlusion
(CRVO), suggesting that endocan, together with VEGF, participates
in the pathophysiology of retinal vein occlusion (Yasuda & et
al.,2024). Increased expression of endocan-1 in hypoxic retinal
tissue may be associated with reduced tight junction protein
expression and enhanced endothelial permeability, thereby
contributing to macular edema development (Yildirnmé& et al.,2025).
Furthermore, significantly higher serum endocan levels have been
documented in patients with diabetic retinopathy (Yildirirm & et
al.,2025). and elevated vitreous endocan concentrations have been
detected in individuals with proliferative diabetic retinopathy (PDR),
where it has been linked to angiogenic activity (Abu El-Asrar & et
al.,2015). These findings raise the possibility that therapeutic
strategies targeting endocan may offer an alternative or adjunct to
existing anti-VEGF therapies. Although intravitreal anti-VEGF
injections remain the standard treatment for macular edema, a
proportion of patients exhibit suboptimal responses or experience
recurrent disease ( Wallsh & et al.,2016). In experimental mouse
models, intravitreal inhibition of endocan has been shown to reduce
retinal, choroidal, and subretinal neovascularization, along with a
decrease in several pro-angiogenic mediators, supporting the
potential of endocan as a therapeutic target in retinal and subretinal
neovascular disorders (Su & et al.,2018). In a separate investigation,
endocan was identified as a direct downstream target of microRNA-
181a-5p. The inhibitory effect of miR-181a-5p on retinal
neovascularization ~ was  confirmed  through  intravitreal

administration, and this effect was shown to be mediated via the
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ERK1/2 signaling pathway. These findings indicate that the miR-
181a-5p—endocan axis modulates retinal angiogenesis through
ERK1/2 signaling and may offer a promising therapeutic approach
for the treatment of retinal neovascularization (Zhang & et al.,2020).

--158--



References

Abu El-Asrar AM, Nawaz MI, De Hertogh G, et al. (2015) Endocan
is upregulated in proliferative diabetic retinopathy and correlates
with VEGF. Curr Eye Res.;40(3):321-331.

Bible E. Nephrol (2014) Polycystic Kidney Disease: Periostin is
Involved in Cell Proliferation and Interstitial Fibrosis in Polycystic
Kidney Disease. Nat Rev 10(2):66.

Bloch SB, Lund-Andersen H, Sander B et al (2013) Subfoveal
fibrosis in eyes with neovascular agerelated macular degeneration

treated with intravitreal ranibizumab. Am J Ophthalmol
156:116—-124. el11

Brown CT, Nugent MA, Lau FW, Trinkaus-Randall V.(1999)
Characterization of proteoglycans synthesized by cultured corneal
fibroblasts in response to transforming growth factor-f. J Biol Chem.
274:7111-71109.

Bechard D, Scherpereel A, Hammad H, Gentina T, Tsicopoulos A,

Aumercier M, et al. (2001) Human endothelial cell-specific
molecule-1 binds integrin CD11a/CD18 and blocks ICAM-1
binding. J Immunol.;167:3099-3106.

Balta S, Mikhailidis DP, Demirkol S, et al. (2015)Endocan: a novel
inflammatory indicator in cardiovascular disease? Front Cardiovasc
Med.;243(1):339-343. doi:10.3389/fcvm.2021.798699

Bechard D, Gentina T, Delehedde M, Scherpereel A, Lyon M,
Aumercier M, et al.(2001) Endocan is a novel chondroitin
sulfate/dermatan sulfate proteoglycan that promotes hepatocyte
growth factor/scatter factor mitogenic activity. J Biol

Chem. ;276:48341-48349. do1:10.1074/jbc.M 108395200

--150--



Conway SJ, Izuhara K, Kudo Y, Litvin J, Markwald R, Ouyang G,
et al. (2014) The Role of Periostin in Tissue Remodeling Across
Health and Disease. Cell Mol Life Sci 71(7):1279-88.

De Jong PT (2006) Age-related macular degeneration. N Engl J Med
355:1474-1485

Delehedde M, Devenyns L, Maurage CA, Vives RR.(2013)
Endocan in cancers: a lesson from a circulating dermatan sulfate
proteoglycan. Int J Cell Biol. ;2013:705027.
doi:10.1155/2013/705027

Fujishima H, Okada N, Matsumoto K et al (2016) The useliilness
of measuring tear periostin for the diag-nosis and management of
ocular allergic diseases. J Allergy Clin Immunol 138:459—467
e452

Gaudet A, Portier L, Prin M, Copin MC, Tsicopoulos A, Mathieu
D, et al.(2019) Endocan regulates acute lung inflammation through
control of leukocyte diapedesis. J Appl Physiol.;127:668—678.

Gaudet A, Portier L, Mathieu D, Hureau M, Tsicopoulos A,
Lassalle P, et al.(2020) Cleaved endocan acts as a biologic
competitor of endocan in ICAM-1-dependent leukocyte diapedesis.
J Leukoc Biol.;107:833-841.

Hu WW, Chen PC, Chen JM, Wu YM, Liu PY, Lu CH, et al. (2017)
Periostin Promotes Epithelial-Mesenchymal Transition via the
MAPK/miR-381 Axis in Lung Cancer. Oncotarget 8(37):62248—60.

Hiscott P, Wong D, Grierson I (2000) Challenges in ophthalmic
pathology: the vitreoretinal membrane biopsy. Eye 14(Pt 4):549-559

Horiuchi K, Amizuka N, Takeshita S, Takamatsu H, Katsuura M,
Ozawa H, et al. (1999) Identification and Characterization of a
Novel Protein, Periostin, With Restricted Expression to Periosteum
and Periodontal Ligament and Increased Expression by

--160--



Transforming Growth Factor Beta. J Bone Miner Res
14(7):1239-49.

Hsiao SY, Kung CT, Tsai NW, Su CM, Huang CC, Lai YR, et
al.(2018) Concentration and value of endocan on outcome in adult
patients after severe sepsis. Clin Chim Acta.;483:275-280.

Kili¢ L, Kiigliksahin O, Aydin SZ, et al.(2014) Serum endocan levels
and  disease  activity in = Behget’s  disease. Arch
Rheumatol. ;70(2):291-296

Keklikoglou I, Kadioglu E, Bissinger S, Langlois B, Bellotti A,
Orend G, et al. (2018) Periostin Limits Tumor Response to VEGFA
Inhibition. Cell Rep 22(10):2530-40.

Kobayashi Y, Yoshida S, Zhou Y et al (2016) Tenascin-C promotes
angiogenesis in fibrovascular membranes in eyes with proliferative
diabetic retinopathy. Mol Vis 22:436-445

Kim BY, Olzmann JA, Choi SI et al (2009) Corneal dystrophy-
associated R124H mutation disrupts TGFBI interaction with
periostin and causes mislocalization to the lysosome. J Biol Chem
284:19580-19591

Kii I, Ito H. (2017) Periostin and its Interacting Proteins in the
Construction of Extracellular Architectures. Cell Mol Life Sci
74(23):4269-77.

Kudo A, Kii I. (2018) Periostin Function in Communication With
Extracellular Matrices. J Cell Communication Signaling
12(1):301-8.

Kali A, Shetty KS.(2014) Endocan: a novel circulating
proteoglycan. Indian J Pharmacol.;46(6):579-583.

Kechagia M, Papassotiriou I, Gourgoulianis KI.(2016) Endocan
and the respiratory system: a review. Int J Chron Obstruct Pulmon
Dis.;11:3179-3187.

--161--



Lindner V, Wang Q, Conley BA, Friesel RE, Vary CP. (2005)
Vascular Injury Induces Expression of Periostin: Implications for
Vascular Cell Differentiation and Migration. Arterioscler Thromb
Vasc Biol 25(1):77-83.

Lassalle P, Molet S, Janin A, Van Heyden J, Tavernier J, Fiers W,
et al. (1996) ESM-1 is a novel human endothelial cell-specific
molecule expressed in lung and regulated by cytokines. J Biol
Chem. ;271:20458-20464. doi:10.1074/jbc.271.34.20458

Lassalle P, Molet S, Janin A, Van Heyden J, Tavernier J, Fiers W,
et al.(1996) ESM-1 is a novel human endothelial cell-specific
molecule expressed in lung and regulated by cytokines. J Biol
Chem. ;271:20458-20464. doi:10.1074/jbc.271.34.20458

Maruhashi T, Kii I, Saito M, Kudo A. (2010) Interaction Between
Periostin and BMP-1 Promotes Proteolytic Activation of Lysyl
Oxidase. J Biol Chem 285(17):13294-303.

Naik PK, Bozyk PD, Bentley JK, Popova AP, Birch CM, Wilke CA,
et al. (2012) Periostin Promotes Fibrosis and Predicts Progression
in Patients With Idiopathic Pulmonary Fibrosis. Am J Physiol Lung
Cell Mol Physiol 303(12):L1046-56.

Nakama T, Yoshida S, Ishikawa K et al (2016) Different roles
played by periostin splice variants in retinal neovascularization. Exp
Eye Res 153:133-140.

Nakama T, Yoshida S, Ishikawa K et al (2015) Inhibition of
choroidal fibrovascular membrane formation by new class of RNA
interference therapeutic agent targeting periostin. Gene Ther
22:127-137

Norris RA, Damon B, Mironov V, Kasyanov V, Ramamurthi A,
Moreno-Rodriguez R, et al. (2007) Periostin Regulates Collagen
Fibrillogenesis and the Biomechanical Properties of Connective
Tissues. J Cell Biochem 101(3):695-711.

--162--



Nirala BK, Perumal V, Gohil NK.(2015) Glycated serum albumin
stimulates expression of endothelial cell-specific molecule-1 in
human umbilical vein endothelial cells. Diab Vasc Dis
Res.;12:290-297.

Onder F, Kogak N, Y1lmaz G, et al.(2020) Serum endocan levels in
patients with branch retinal vein occlusion. Retina-Vitreus. ;29:238-
241.

Rennel E, Mellberg S, Dimberg A, Petersson L, Botling J, Ameur
A, etal.(2007) Endocan is a VEGF-A and PI3K-regulated gene with
increased expression in human renal cancer. Exp Cell
Res.;313:1285-1294.

Shimazaki M, Nakamura K, Kii I, Kashima T, Amizuka N, Li M, et
al. (2008) Periostin is Essential for Cardiac Healing After Acute
Myocardial Infarction. J Exp Med 205(2):295-303.

Schlingemann RO (2004) Role of growth factors and the wound
healing response in age-related macular degeneration. Graefes Arch
Clin Exp Ophthalmol 242:91-101

Stone EM, Mathers WD, Rosenwasser GO et al (1994) Three
autosomal dominant corneal dystrophies map to chromosome 5q.
Nat Genet 6:47-51

Sun H, Zhang H, Li K, Wu H, Zhan X, Fang F, et al.(2019) ESM-1
promotes adhesion between monocytes and endothelial cells under
intermittent hypoxia. J Cell Physiol. ;234:1512—-1521.

Scuruchi M, D’Ascola A, Avenoso A, Mandraffino G, Campo S,
Campo GM. (2021) Endocan, a novel inflammatory marker, is
upregulated in human chondrocytes stimulated with IL-1f. Mol Cell
Biochem.;476:1589—-1597. doi:10.1007/s11010-020-04001-4

Su T, Zhong Y, Demetriades AM, et al.(2018) Endocan blockade
suppresses experimental ocular neovascularization in mice. Invest

Ophthalmol Vis Sci. ;59:930-939.
--163--



Shin JW, Huggenberger R, Detmar M.(2008) Transcriptional
profiling of VEGF-A and VEGF-C target genes in lymphatic
endothelium reveals endothelial-specific molecule-1 as a novel
mediator of lymphangiogenesis. Blood;112(6):2318-2326.

Takeshita S., Kikuno R., Tezuka K, Amann E. (1993) Osteoblast-
Specific Factor 2: Cloning of a Putative Bone Adhesion Protein
With Homology With the Insect Protein Fasciclin I. Biochem J
294(Pt 1)

Takamura E, Uchio E, Ebihara N et al (2011) Japanese guideline for
allergic conjunctival diseases. Allergol Int 60:191-203

Wallace DM, Murphy-Ullrich JE, Downs JC et al (2014) The role
of matricellular proteins in glaucoma. Matrix Biol 37:174-182

Wu X, Luo J, Huang W, Jia B, Luo T.(2020) Role of ascitic endocan
levels in the diagnosis of spontaneous bacterial peritonitis in
decompensated cirrhosis. Biomarkers. 25:360-366.

Wallsh J, Sharareh B, Gallemore R. (2016) Therapeutic effect of
dexamethasone implant in retinal vein occlusions resistant to anti-
VEGF therapy. Clin Ophthalmol. ;10:947-954.

Yoshida S, Ishikawa K, Asato R et al (2011) Increased expression
of periostin in vitreous and fibrovascular membranes obtained from
patients with proliferative diabetic retinopathy. Invest Ophthalmol
Vis Sci 52:5670-5678.

Yildirim M, Cinici E, Celik M, igtas S.(2025) Assessment of serum
endothelial cell-specific molecule-1 (ESM-1, endocan) levels in
patients with diabetic retinopathy. Eurasian J Med. 57(4), 1038,
doi:10.5152/eurasianjmed.2025.251038.

--164--



Yasuda K, Noma H, Mimura T, Nonaka R, Sasaki S, Ofusa A,
Shimura M.(2024) Role of novel inflammatory factors in central
retinal vein occlusion with macular edema. Medicina. ;60(1):4.

Y18.Yoshida A, Yoshida S, Ishibashi T et al (1999) Intraocular
neovascularization. Histol Histopathol 14:1287-1294

Zhao Y, Wang S, Sorenson CM et al (2013) Cyplbl mediates
periostin regulation of trabecular meshwork development by
suppression of oxidative stress. Mol Cell Biol 33:4225-4240

Zhang Y, et al. (2020) MicroRNA-181a-5p inhibits retinal
neovascularization by targeting endocan via ERK1/2 signaling. J
Cell Physiol. ;235:9323-9335. do0i:10.1002/jcp.29733

--165--






