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On Soz

“Matematik ve Fen Alanlarinda Agik Problemler” baglikli bu kitap,
Matematik, Matematik Egitimi, Kimya ile Molekiiler Biyoloji ve Genetik
alanlarinda giincelligini koruyan agik problemlere odaklanan disiplinler
arasi bir ¢aligmadir. Bilimsel ilerlemenin temel dinamiklerinden biri olan
agik problemler, mevcut bilgi sinirlarini ortaya koymakta ve yeni aragtirma
yonlerinin gelismesine olanak saglamaktadir. Bu eser, farkli disiplinlerden
uzman aragtirmacilarin katkilariyla hazirlanmis olup, hem kuramsal hem de
uygulamali nitelikteki problemlere yer vermektedir. Kitap, akademisyenler,
aragtirmacilar, 6gretmenler ve lisansiistii 6grenciler igin yol gosterici bir
kaynak olmay1; bilimsel meraki tegvik etmeyi ve disiplinler arasi etkilegimi
giiglendirmeyi amaglamaktadir.

1ii
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Bolum 1

Degisken Cekirdekli Kaba Kesirli Maksimal
Operatorlerin Komiitatorleri igin Degisken Uslii
Lebesgue Uzaylarinda Lipschitz Tipi Tahminler 3

Ferit Giirbiiz!

Ozet

Bu ¢alismada, degisken c¢ekirdeklere sahip kaba kesirli maksimal operatorlerce
iretilen komiitatorlerin degisken islii Lebesgue uzaylarindaki sinirlilik
Ozellikleri incelenmektedir. Harmonik analiz yontemleri, degisken iislii
fonksiyon uzaylarina ait modiiler esitsizliklerle birlestirilerek, uygun ¢ekirdek
ve isli kosullart altinda bu komiitatorler igin Lipschitz tipinde tahminler elde
edilmektedir. Elde edilen sonuglar, hem klasik hem de degisken iisli Lebesgue
uzaylarinda bilinen ¢esitli smirlilik  sonuglarini  genellestirmekte ve
iyilestirmektedir. Ozellikle, degisken cekirdekler ile kesirli yap1 ve standart
olmayan biiylime kosullari arasindaki etkilesimin komiitatorlerin siirekliligi
izerindeki etkisi ortaya konulmaktadir.

1 Giris ve On Bilgiler

Harmonik analizde maksimal operatdrler ve bunlarin komiitatorleri, fonksiyon
uzaylarmin yapisini ve diizenlilik 6zelliklerini anlamada temel araglar arasinda
yer almaktadir. Ozellikle kesirli maksimal operatorler, potansiyel teorisi ve
kismi diferansiyel denklemlerle olan giiglii baglantilart nedeniyle uzun siiredir
yogun bicimde incelenmektedir. Klasik ¢aligmalar, bu operatdrlerin Lebesgue
ve agirlikli Lebesgue uzaylarindaki smirlilik 6zelliklerini ortaya koymus; daha
sonraki arastirmalar ise bu sonuclarin daha genel fonksiyon uzaylarina nasil
taginabilecegini ele almistir.

Son yillarda LPO) degisken iislii Lebesgue uzaylari, standart olmayan biiyiime
kosullarin1 modelleyebilme yetenekleri sayesinde biiyiikk ilgi gdrmiistiir.
Ozellikle elektroreolojik akiskanlar, dogrusal olmayan elastisite ve goriintii
isleme gibi alanlarda ortaya ¢ikan problemler, sabit iisli uzaylarin 6tesine
gecilmesini  zorunlu kilmaktadir. Bu nedenle, klasik harmonik analiz
operatorlerinin degisken iisli ortamlardaki davraniglarinin incelenmesi hem
kuramsal hem de uygulamali agidan 6nemlidir.

Bu calismada, degisken cekirdeklere sahip kaba kesirli maksimal operatorler
tarafindan dretilen komiitatorlerin degisken {islii Lebesgue uzaylarindaki
sinirlilik ve siireklilik 6zellikleri ele alinmaktadir. Amag, uygun cekirdek ve
islit kosullart altinda bu komiitatorler i¢in Lipschitz tipinde tahminler elde
etmek ve bilinen klasik sonuclar1 daha genel bir ¢ergevede genisletmektir.

1 Prof. Dr., Kirklareli Universitesi Matematik Boliimii, feritgurbuz@klu.edu.tr, 0000-0003-3049-688X

@88 A1 hpsjoi.or/10.58830/ozgupub] 114.c4499 1



2 | Lipschitz Tipi Talminler

R™ {izerinde normalize edilmis Lebesgue olgiisii da(x") ile donatilmis
birim kiire S*~1(n > 2) olsun.

Eger Q) asagidaki kosullari sagliyorsa:
l. Herx,z€ R"vel> 0igin
Q(x,Az) = Q(x, 2);
2. Herz € R™\{0} i¢in 8 = z/|z| olmak lizere
12 loqampeasisnsy: = sup (fones 1 95,6 1 do(6)): < o,

R"™ x R™ {izerinde tanimli bir Q(x, z) fonksiyonunun, s > 1 igin
L®(R™) x LS(S™1)
sinifina ait oldugu soylenir.

Bu calismanin ana sonucunu sunmadan &nce, bazi gerekli tanim ve
gosterimleri (notasyonlari) hatirlatalim.

0 < B < 1igin, Lipg(R") Lipschitz uzay:

re-rol _ Oo}

x,yER™x £y =yl

Lipg(R") = {f= IfllLipy =  sup

olarak tanimlanir.

0 < a < n olmak iizere, degisken ¢ekirdege sahip kaba kesirli maksimal
operatdr, uygun bir ¢ekirdek fonksiyonu () yardimiyla tanimlanir. Cekirdegin
diizgiinliik varsayimlarinin zayiflatilmasi, daha genel ve gergek¢i modellerin
ele alinmasina imkan tanir.

b € Lipg(R™) olmak iizere, bir Lipschitz fonksiyonu b ile iligkili komiitatdr,

[b, Mg o]f(x) = b(x)Mgq,qf (x) — Mq o (bf)(x)
seklinde tanimlanir. Bu kaba kesirli maksimal operatdriin b ile olan
etkilesimini dlgen M, 5, , komiitator operatorii

Map,af (): = supre® fy ) 10X =) 116G = bO) ™I F () 1 dy

seklindeki ifade ile tanimlanir, burada 0 < a < n ve f uygun bir fonksiyondur.
Bu tiir komiitatorler, fonksiyonlarin yerel diizenliligini incelemede énemli rol
oynar ve Lipschitz uzaylariyla yakindan iligkilidir.

cx = (X1, Xg, ey Xp), € = (&1, &5, .., &) -+, R™ uzayinin noktalari
olsun. n boyutlu R™ alisilmig Oklid uzay1; x. &€ = ¥ x;&, R™ de alisilmis ig

1
carpimi ve buna karsilik gelen |x| = (Zf xl-z)2 normu ile tim x = (x4,...,Xy,)
noktalarinin kiimesidir, burada x4, ..., x, € R" dir.

-x" ile her zaman x e karsilik gelen birim vektoriinii kastedecegiz,
yani, herhangi bir x # 0 igin x' = % dir.
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-§"1 ={x € R*|x| =1}, n boyutlu R*(n >2) Oklid uzayinda
birim kiireyi ve dx’ ise onun ylizey 6l¢iisiinii temsil eder.

- Olgiilebilir bir E © R™ kiimesi i¢in, |E| ve yj ile sirastyla Lebesgue
olciistinii ve karakteristik fonksiyonu gosterecegiz.

-B =B(x,7) = {y € R™ |x — y| < r} merkezi x, yarigap1 r > 0 olan
acik yuvari ve B(x,r)¢ ise onun tiimleyenini ifade etsin. v,, = |B(0,1)| =
ZFL(z), E c R™ bir agik kiime ve B(x,7) = B(x,7) N E olmak iizere B(x,r)
(™

2
yuvarinin Lebesgue 6l¢iisii

|B(x,7)| = vyr™
bi¢imindedir.
- C, acik¢a ifade edilmeksizin her bir ifadedeki degerini degistirebilen
pozitif bir sabiti ifade eder. Bu ¢alisma boyunca C farkli sabitleri gosterecektir.
-p'(-) ve s'(-) Usleri her zaman herhangi 1 <p(x) <o ve 1<

1
—— V€

s(x) < oo islerinin konjuge indekslerini gosterir, yani et 1 ~ 20

1 1 .
s’(x)'_ 1—S(—x)d1r.

“p(:):R™ - [1,00) bir Oolgiilebilir fonksiyon olsun. p_(R™):=

ess gﬁ{ p(x) ve py(R™):=esssup p(x) olmak iizere 1<p_(R") <
xeR™ Xx€ERM
p+(R™) < oo oldugunu varsayalim. Sonug olarak, bu notasyonlar1 (p_(R™) ve

p+ (R™)) kullanarak, agsagidaki gibi bir degisken tis siniflarin1 tanimlayabiliriz:
P(R™) = {p(-) olciilebilir: 1 < p_ < p(:) < p, < o}
ve
Po(R™) = {p(-)dl¢iilebilir: 0 < p_ < p(-) < p, < o}
Eger 6l¢iilebilir p(-) fonksiyonu

1
lp(x) —pM)| < lx—yl<5,vx,y €R,C>0 (1)

c
—log(lx-y)’

Ve

c

|P(X)—Poo|Sm. P ER,C >0 (2)
kosullarini saglarsa, bu p(-) € P(R™) fonksiyonuna global olarak log-Holder
stirekli ad1 verilir. (1) ve (2) kosullarin1 saglayan p(-) lerin kiimesi B(R") ile
gosterilir.

- Degisken tislii Lebesgue uzaylari, klasik LP uzaylarimim esnek bir
genellemesidir  ve  konuma  baglhi  degisken integrallestirilebilirlik
gereksinimlerini modellemek i¢in kullanilir. Hem matematiksel analizde hem
de uygulamali bilimlerde 6nemli bir aractir. Klasik Lebesgue uzaylarinda
norm, sabit bir p € [1,00) {ssiine baghdir. Degisken {sli Lebesgue
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uzaylarinda ise integrallestirilebilirlik derecesi uzaym her noktasinda
degisebilir. Bunun igin dlgtilebilir bir fonksiyon olan p(-): R™ — [1,00) alinir
ve asagidaki fonksiyonel tanimlanir:

pp()(f) = fRn |f(x)|p(x)dx

Bu durumda, degisken iislii Lebesgue uzaymin normu su sekilde verilir:

I 1l oo gny = inf{’l > 0: fin Ppe) (%) < 1}-
Buradan, degisken iislii Lebesgue uzay1
LPO(R™) = {f:R"™ - R &lgiilebilir: p, ¢, (f) < oo}

seklinde tanimlanir ve bu uzay uygun kosullar altinda bir Banach uzayidir. Bu
uzay, klasik LP uzaylarinin dogal bir genellemesidir:

Degisken Tislii Lebesgue uzayinda integrandin davranist su Ozellik ile
belirlenir:

| £(x) |p(X)_

Burada p(x) biiyiidiikge, s etkisi su sekilde degisir:
1. Eger | f(x) I< 1ise:
p1 <Pz = f(x) IP2<] f(x) P2

Dolayistyla, kiiciik degerler daha yiiksek iis altinda daha hizlh sifira yaklasir.
Bu durum literatiirde genellikle su sekilde ifade edilir:

"Birimden Kkiiciik genlikler, biiyiik iislere kars1 daha giiclii sekilde
bastirihr."

2.Eger | f(x) > 1ise:
1 <p2 2| f(x) IP2>] f(x) IP1.

Bu da fonksiyonun biiyiik genliklerinin, yiliksek tsli bolgelerde daha hizh
biiyiidiigiinii gosterir.

Buna karsilik gelen standart ifade:

"Birimden biiyiik genlikler, biiyiik iislere kars1 daha giiclii sekilde siser
(p(x) arttik¢a aniden biiyiik sayilara firlamasi)."

3. Sonuc: Degisken iislii uzayin temel davranisi

Bu iki durum birlestiginde, degisken iislii Lebesgue uzay1 i¢in matematiksel
gbzlem sudur:
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Eger p(x) biiyiikse,
| f(x) IP™) Kkiiciik degerleri daha hizli bastirir, biiyiik degerleri daha hizli biiyiitiir.

Dolayisiyla integral

p(f) = jﬂ | @) PO dx

icinde yliksek slii bolgeler, fonksiyonun hem kiigiik hem biiyiik genliklerine
kars1 daha hassastir.

o p(x) arttikga
| f(x) 1< 1= f(x) PDLO

(daha giiclii kiiciilme)
e p(x) arttik¢a
| f() 1> 121 f(x) IPOT 00

(daha hizh biiyiime)

Bu, degisken iislii uzaylarin normunun “lokal olarak daha sert” veya “daha
gevsek” davranmasinin matematiksel temelidir.

Ornek: Periyodik iisler

p(x) =2+ %cos(an), f(x) = sin(mx)
ve x € (0,1) olsun.

1. Us fonksiyonunun temel 6zellikleri

1
p(x) =2+ Ecos(an)

igin:
e cos(2mx) € [—1,1]
e Dolayisiyla

1 1
Pmin =2_E= 15;pmaX= 2+E= 25

olur. Yani:
1.5 < p(x) < 2.5 Vx € (0,1)
dir.
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Ayrica,
cos(2rm(x + 1)) = cos(2mx)

dir. Dolayisiyla
p(x+1) =p)

oldugundan, p(x) fonksiyonu periyodu 1 olan bir periyodik iisliidiir.

Bu, p(x) in periyodik, siirekli ve Log-Holder siirekliligini sagladigini
gosterir (¢linkii diizglin sinirh tiirevlidir).

v “Diizgiin siirh tiirevlidir” ne demek?

Bir fonksiyonun tiirevi tiim tanim arali@inda var ve ayrica bir iist simirla
siirh ise, o fonksiyona:

¥ diizgiin sirh tiirevli (Ingilizce: uniformly bounded derivative) denir.
Bu su anlama gelir:
p'(x) her x de tamimli ve | p’(x) |< M olacak bir M > 0 vardir.

Yani:

e tilirev var,

e tiirev “asir1 bilyimiiyor”,

e tiirev her yerde kontrollii.
v Bu ne ise yarar?
Bu 6zellik sunlar1 saglar:

e Fonksiyon Lipschitz olur
(Clinkii tiirevin sinirli olmas1 — Lipschitz siireklilik)

e Log-Holder kosulu ise kiiresel davrams gerektirir (6zellikle
sonsuzda). Eger fonksiyon diizglin smirl tiirevli ve ayrica sonsuzda
uygun logaritmik kontrol kosulunu sagliyorsa, bu durumda global log-
Holder siirekli olur.

o Degisken isli Lebesgue uzaylarinda teorik bir¢ok sonug¢ (maksimal
operatoriin sinirliligi, gdmiilme teoremleri vb.) bu sinirh tiirevlilikten
¢ikar.

v Bizim 6rnegimizde bu durum neden énemliydi?

p(x) fonksiyonu:

1
p(x)=2+ Ecos(Zﬂx)
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tlirevi:

p'(x) = —msin(2mx)

ve bu agikga sinirhidir:

| p' (%) IS .

Bu su anlama gelir:

e p(x) ¢ok hizli degismez

e p(x) siirekli kontrollii degisir

e Degisken {islii uzaymin iyi ¢aligmasini saglayan kosullar saglanir.
v Kisacasi:

“Diizgiin smirh tiirevlidir” — “tiirevi her yerde var ve belli bir sayidan
biiyiik olamaz.”

2. Fonksiyonun davranisi
f(x) = sin(mx).
Bu fonksiyon i¢in:
e f(®=0,f(1)=0
«  maksimum: £(3) =1
e Heryerde| f(x) I< 1.

Dolayisiyla bu érnek |f| < 1 rejimi (fonksiyonun mutlak degerinin 1 den
kii¢iik oldugu ¢alisma bolgesi) igindedir.

Bu su matematiksel sonucu dogurur:
Eger | f(x) I< lise,
p1<pz = |f(x)IP2<] fx) 1P

Yani biiyiik tislii bolgelerde integrand daha hizh kiigiiliir.
3. Modiilerin ifadesi

Degisken iislii Lebesgue uzayindaki modiiler:

1 1
p(f) zf |Sln(Tl'X) |2+ECOS(21UC) dx.
0

Bu integralin kapali bir formu yoktur, ancak davranisi matematiksel olarak
acik sekilde anlasilabilir.
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4. Matematiksel davranis analizi
A) f(x) kiiciikken p(x) biiyiik ise

| sin(mx) 12°<| sin(mx) 1*5.

Ozellikle ug noktalar yakininda:

sin(rtx) = mx (0 a yakin).

Kiiciik bir saymin yiiksek iis ile kuvveti ¢ok hizh kiigiiliir:
(mx)?° < (mx).

Dolayisiyla:

p(x) biiyiik oldugu bélgelerde integrand daha da kiiciiliir.

B) f(x) maksimumdayken p(x) orta degerdedir.

L =1
f@=1
Bu noktada:
| si ! =1
sin(m 2) =1.
Fakat:
1P =1,V p.

Dolayisiyla maksimum noktada integrandin degeri is degisiminden
etkilenmese bile, ¢evresindeki lokal davranis integralin toplam katkisimm
belirler.

Sonug olarak, biiytik {islii bolgelerde “tepe degerleri” degismez Fakat tepeye
yakin bolgelerde fonksiyon daha hizh diiser.

5. Sonu¢: Matematiksel olarak iissiin etkisi
Bu 6rnek su matematiksel olguyu gosterir:

1.5 < p(x) < 2.5 arahi@ boyunca, |f(x)| <1 oldugu icin integrand
yiiksek iislii bolgelerde daha fazla bastirilir.

Yani:
e p(x) = 2.5o0lan yerde

| sin(mx) |*>
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cok kiigtiktiir.

e p(x) = 1.50lan yerde

| sin(mx) |*°

daha biiyliktiir.
Bu nedenle integralin biiyiik katkisi:
p(x) kiigiik = 1.5 olan bolgelerden gelir.
p(x) biiyiik = 2.5 olan bolgelerde ise:
f (x) integrale daha zayif katki yapar.
6. Matematiksel Ozet

1 1
p(f) = .[0 | sin(zrx) [P dxilep(x) = 2 + Ecos(an)

igin:
1. p(x) periyodiktir ve 1.5 — 2.5 araligindadir.

2. f(x) ug¢ noktalarda kiigiiktiir — yliksek iislii bolgelerde daha hizli
sifirlanir.

3. f(x) = 1 noktasinda iisten etkilenmez — integral katkisi sabittir.
4. Integral ¢ogunlukla p(x) in kiiciik oldugu bolgelerden katki alir.
Simdi de bu integrandin, yani

g(x) =| sin(mx) [PX)

in grafigini de ¢izersek

f(x), p(x) ve |f(x)]~ {p(x)}

1.0 e S fix)msinin x)
5 \ )1~ {p(x))
: N\ — Bigeklenmis pix)
0.8 =
b 0.6 / \
]
o
>
S04
0.2
0.0
0.0 0.2 0.4 0.6 08 1.0

olur.
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Grafikte sunlar agikga goriityoruz:

v Turuncu egri:

f(x) = sin(mx)

— klasik siniis tepesi
—ortada 1 e ulasiyor
—ugclarda O dir.

v Mavi egri:
g(x) =| sin(mx) | PP

Bu egri f(x) in p(x) ile kuvvetlendirilmis halidir.
Dikkat edersek:

e Uclara yakin bolgelerde f(x) kiigiik — p(x) biiylik oldugunda daha
hizli kiigiiliiyor — mavi egri turuncudan daha daha diisiiktiir.

e Tepede f(x) = 1 oldugu igin
1) = 1
— Mavi egri tepe noktasinda turuncu ile ¢akisiyor.
Bu, degisken iislii giliclin matematiksel etkisini tam olarak gosteriyor.
v Yesil egri (6lceklenmis p(x))

Bu sadece gorsel referans igin:

1
p(x) =2+ Ecos(an)

fonksiyonunun 1/3 ile 6l¢eklenmis hali.
— Gergek p(x) degerlerini géstermeyi amagliyor.

;? Grafigin gosterdigi temel gercek

p(x) bityiik oldugunda, |f| < 1 olan bélgelerde |f(x)|"{p(x)} ¢cok daha
hizh kiiciiliir.

Bu yilizden mavi egri turuncudan daha asagidadir.

Diger taraftan tekrar degisken {islii Lebesgue uzaylarmin tanimina donersek,
eger p(x) = p, (sabit) ise

)40 (R™) = LPo(R™)

olur.
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Uygun kosullar altinda (6rnegin 1 < p_(R™) < p,(R") < ), LPO(RM)
uzay1 tamdir ve bir Banach uzay1 olusturur.

Simdi de degisken islii Lebesgue uzaylarinda genellestirilmis Holder
esitsizligini hatirlatalim.

p(-) € P(R™) olsun. Bu durumda, tim f € LPO(R") ve g € LP'O(R™) igin
genellestirilmis Holder esitsizligi

|fRn f(X)g(X)dX| < fRn |f(x)g(x)|dx < rp”f”Lp(‘)(]Rn)”g”Lp'(J(Rn) (3)
formunda tanimlanir, burada r, = 1 + pi - pi dir (bkn: [[4], Teorem 2.1]).

- +
Eger p(x) = 2 +sinx ise bu durumda LPO)(R™) uzayinda fonksiyonlarm
"yerel integrallestirilebilirlik derecesi" konuma gore degisir:

e p(x) biiyiikse yiiksek iistel — daha kiigiik biiyiikliikte fonksiyonlara
izin verir.

o p(x) kiiglikse diisiik iistel — daha genis fonksiyon sinifina izin verir.
Bu tiir uzaylar 6zellikle:

e Nonlineer PDE (p(x) —Laplasyeni, elektroreolojik akigkanlar)

e Harmanlanms (adaptive) goriintii isleme

o Fonksiyonel analizde degisen diizgiinliik

¢ Elektromanyetik alan modelleri

gibi alanlarda ortaya ¢ikar. Ciinkii fiziksel modellerdeki malzeme o6zellikleri
(6rnegin viskozite, elastisite) uzayda konuma bagl olarak degisebilir.

- f € L},.(R™) olsun. Bu durumda Hardy-Littlewood maksimal operatdrii

Mf =sup———— d
f = TG Dy, 1
ile tanimlanir, burada B(x, ) = {y € R™:|x — y| < r} dir.

Asagida LP™) () degisken iislii Lebesgue uzaylari i¢in kavramsal olarak
faydali ve klasik 6rnekler listelenmistir. Her biri, degisken iislii yapinin neden
kullanildigint anlamaya yardim eder.

1. Parcal sabit iisler 6rnegi
En temel 6rnek, tisliin bolgeler arasinda sabit ama tiim bolgede farkli olmasidir.
Tanim:

(2, x€(01),
p(x)‘{4, x € (1,2)

Bu durumda:
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e (0,1) araliginda klasik L?normuna benzer davranis,
e (1,2) araliginda daha “dar” L* normuna benzer davranis gozlenir.

Yorum:
Ayni1 fonksiyon bazi bolgelerde daha diizenli, baz1 bolgelerde daha serbest
davranabilir.

2. Siirekli degisen iisler 6rnegi
Hafif salinimh degisim:

p(x) =2 +sinx, x € (0,2r)

Bu ornekte
p(x) € [1,3] araliginda dalgalanir. Boylece integrabilite kosulu siirekli degisir.

Yorum:
Bu tiir Gisliiler PDE analizinde ¢ok kullanilir (6r. p(x)-Laplasyen).

3. Logaritmik degisime sahip iisler

p(x) =2 ,x €(0,1)

+ —_—
1+ log | x I
Bu slii:
e x — 0 yaklasirken 2 ye dogru gider,
o merkezden uzaklastikca yavasga artar.

Yorum:
Bu tiir degisimler ¢ok yavas degiskenlik icin tipik bir 6rnektir. “Log-Holder
siirekli”” kosullarini incelemek i¢in idealdir.

4. Donemsel (periyodik) degisken iisler

1
p(x) =2+ Ecos(an),x ER

Bu durumda:
e p(x) €[3/2,5/2] araliginda kalir.
e Uslii periyodik davranis gosterir.

Yorum:
Malzeme bilimi ve kompozit ortam modellerinde sik¢a kullanilir.

5. Uzunlukla birlikte artan iisler

p(x)=2+Ix,x€R
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Bu 6rnek:
e Orta bolgede p(x) = 2,

e Uzaklarda p(x) biiyiliyerek fonksiyonun daha giiclii sekilde
baskilanmasin1 saglar.

Yorum:
Fonksiyonun sonsuzda ¢ok hizli bilyiimesini engelleyen iyi bir drnektir.

6. PDE kokenli 6rnek: p(x) —Laplasyeni icin
Tipik bir uygulama 6rnegi:

p(x)=pot+alxl|?>x€QcR"

Burada:
e Kkiiclik | x | igin p(x) yaklasik sabittir,
e Dbiylik | x | igin p(x) daha hizl artar.

Yorum:
Lineer olmayan eliptik problemler de ¢cok kullanilir.

7. Genislemeye izin veren iisler (akiskan dinamigi icin)

3,1
PO =2+ 37

Bu tslii:
o merkezde daha biiyiik,
e sonsuzda 3/2 ye diiser.

Yorum:
Bu tiir Gisliilere Newtonyen olmayan akis modellerinde karsilasilir.

;? Son olarak, ornek fonksiyonlarla norm hesaplamalar: yapip bu
boliimii tamamlayalim.

Yani, f(x) = x% veya f(x) = xg gibi fonksiyonlarm || f |l,»x) ve integral
kosullarinin nasil degistigini gosterelim. Hem hesap mantigini, hem de farkh
p(x) secimleriyle ortaya ¢ikan ilging durumlar1 gérelim.

@ 1. Temel 6rnek: Karakteristik fonksiyonun normu

f) = x00,0x)
alalim ve usli olarak:

p(x) =2 +sinx,x € (0,m)

olsun.
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Degisken iislii Lebesgue normunda 6nce modiiler hesaplanir:
Ppo)(f) = fol |11P™) dx = fol 12+sinx gy = 1
olur. Bu durumda:
e Egerpp(f) < lisell f lipen< 1dir.
Bu ornekte:
I fllpey=1
dir.

Yorum:
Sabit {lislii durumundan farki yoktur ¢iinkii f mutlak degerce 1 ve {islii integral
icinde dallanmiyor.

% 2. Giic¢ fonksiyonu 6rnegi
f(x)=x%x€(0,1)
alalim ve tslii olarak
p(x)=2+x

olsun.

Modiiler:

1
pp(x)(f) = fo xa(2+x) dx

olup, bu integral
p= f01x2axax dx = f01x2a’ e@OInx g,
seklini alir.
Bu integraller genellikle kapali formda yoktur, ama davranis ¢ok nettir:
e [Eger a > 0: integral kii¢iik ¢ikar — f daha ¢ok entegre edilebilir.
e Eger a < 0: integral biiylir — 6zellikle 0 a yakn Usli artist etkili olur.

Bu 6rnek, p(x) in kiiciik x lerde diisiik, biiyiik x lerde yliksek olmasi
nedeniyle, fonksiyonun sonlara dogru daha siki kontrol edildigini gosterir.

@) 3. Parcal iisler ile ilgili 6rnek

Uslii olarak

(2, x€(0,1),
p(")‘{z}, x € (1,2),



ve fonksiyon olarak

flx)=x
olsun.
Modiiler:
1 2
Ppeo(f) = fo x?dx + f1 x*dx
olur.

Bu integralleri ayr1 ayr1 hesaplarsak:

1 5, 1
fo x dxs— 3
2 4 _2°-1° 31
Jixtdx ==—==
bulunur.
Dolayisiyla,
1 1 1
p =§+?=§+6.2 = 6.5333 ...
olur.
I £ Il normunu elde etmek i¢in
a0
=1
P (u £

secilir.
Yaklasik sonug (=):

Il f Ly~ 6.5333%/2 ~ 2.556
olur.

Yorum:
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Ussiin 4 oldugu ikinci aralik, normu dramatik sekilde biiyiitiir. Degisken iislii

uzaylar tam da bu duyarlilik i¢in kullanilir.
% 4. Sonsuzda biiyiiyen iisler ile ilgili 6rnek
Uslii olarak

p(x) =2+lx|,x ER,

ve fonksiyon olarak

fx) = e

secelim.
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Modiiler:
p(f) = fRe—(ZHxI)IxI dx = fme—ZIxI—lxl2 dx

olur. Bu integral son derece hizli yakinsar.

Yorum:
Bu, degisken iisliilerin “sonsuza giderken daha sert normlar” olusturmak i¢in
ideal oldugunu gosterir.

@ 5. Donemsel(periyodik) iisler + siniis fonksiyonu
1
p(x)=2+ Ecos(an),f(x) = sin(mx), x € (0,1)

alalim.
Modiiler:

1 1
p(f) = j | sin(mx) 17+2°5%™) gy,
0

o  maksimum gii¢: 2.5
e  minimum gii¢: 1.5
Dolayisiyla:

e p(x) = 2.5 oldugu yerlerde
| £(x) IP®)— tepe bolgesi daha gok bastirilir.

e p(x) = 1.5 oldugu yerlerde
| f(x) IP™)— tepe bolgesi daha az bastirilir.

Bu davranig modiileri, normu ve integrali belirgin bigimde degistirir.

sin(mx) sinirda kiiglildiigii igin gii¢ yiiksek oldugu bolgelerde daha da
baskilanir.

Bu integral kapali formda olmasa bile:
e s kiigiikken fonksiyon daha rahat,

e iis bilyiikkken fonksiyonun tepe noktalar1 daha ¢ok cezalandirilir (yani,
tepe bolgesine lis fonksiyonun daha fazla bastirma/kiiciiltme
uyguladig1 anlamina gelir.).

2 Ana Sonug

Bu béliimde ¢alismanin temel sonucu sunulmaktadir. Uygun ¢ekirdek
varsayimlari ve degisken iislii kosullar altinda, kaba kesirli maksimal
operatorlerin komiitatorlerinin degigken iislii Lebesgue uzaylarinda Lipschitz
tipinde sinirh oldugu gosterilmektedir. Bu sonug, klasik uzaylarindaki
Lipschitz tipli komiitator tahminlerinin, degisken {islii ve degisken ¢ekirdekli
ortama dogal bir genislemesini vermektedir.
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Teoremin ispati, noktasal tahminler, Holder tipi esitsizlikler ve degisken iislii
maksimal operatorlerin bilinen sinirlilik sonuglarinin birlestirilmesine
dayanmaktadir.

Teorem 1.

n = 2 olsun. b € Lipg(R™) olmak iizere, 0 <f <1, me€N,a =>0,y:=a +
mp ve

p(-) € B(R™) i¢in

oldugunu varsayalim. q(-) noktalari her x € R™ igin
1 1y

p®  aC  n
seklinde tanimlansin.

Eger Q(x, z) ¢ekirdek fonksiyonu (1) ve (2) kosullarint sagliyorsa, bu durumda
C > 0 olmak iizere her f € LPO(R™) igin

Il Mopaf lpaogmy< C Il b ||ﬁpﬁ I f llppo @y
esitsizligi gecerlidir.

ispat.
Hazirhik — tanimlar ve sabitler

o y:=a+mf yazalim. (bu pozitif ve y/n < 1/p,varsayimindan
kaynaklidir).

e  Kesirli maksimal operatorii (klasik)
My g(x): = supr?™* Joem 1 9O 1 dy

ile tanimlanair.

e [S-ortalama tipi kesirli maksimal operatorii (kullanacagimiz sekliyle):

My g ()= supr” s (f 19O 1 dy)M*,
>0 ’

olsun, burada s > 1ve s’ = Si—l (yani 1/s + 1/s" = 1) dir. (Bu tanim, klasik

kesirli maksimal operatorin 2 € L5(S™™') ¢ekirdegi ile genellestirilmis
bigimidir ve [1,2] de kullanilan tanimlarla esdegerdir.).

*  Sabitolarak | Q ll,5, == sup( Jonea 1 (%, 0) |5 da(6))M/* < 0
XERM

olsun.
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Teorem 1 in ispatin1 asagidaki gibi adim adim yapacagiz.
Adim 1 — Noktasal dominasyon (Lipschitz kullanimi)

Tanim geregi (standart form)
Mopof (x):= sup T ey | QG X =) 11b(X) =b() 1™ f(¥) | dy
dir.
b € Lipg oldugu igin
| b(x) = b) I™<I b I}, 1 x =y 1™
yazilir.
Bunu Mg, j, , tamimina koyarsak ve y = a + mf8 alirsak

Mopof(x) <l b IIﬁpB ililo)r“_" B(xr) 1Qx,x—y) | lx—y ™| f(¥) | dy

olur.

Sonra, igteki ¢arpanlari birlestirip, y = a + mf alirsak

Mo paf () I b TG, Srlig ry fB(x'r) | Q0o x—y) 1l f(¥) | dy 4)
elde edilir.
Adim 2 — Héolder ile Q-ortalamasim ayirma ( L;n_l hipotezini kullanma )

Her x sabitleri ve B: = B(x,r) yuvarlari i¢in integral iizerinde Holder
esitsizligi uygularsak (kullanilacak tisler s ve s’ = s/(s — 1)):

o190 =) 1L FO) 1y < (J 120k (= 9)) 15 d) (S, 1 FO) 15 dy)s (5)
olur.
Simdi R"™ de kutupsal koordinatlara gegilirse,
Jo 1900 (=) 1P dy = f7p" " dp [s 1 Q(x,60) I° do(6) =
= Jons 1 202, 0) 1° do (6)

bulunur. Buradan,

(1060 =) 1 )i = Cur (| 10600 1 o))t
B

sn—1
SCpTV 1 Q ||L?Lssn_1

elde edilir. Bu ifadeyi (5) de yazarsak

Jo 1900 =) N FO) 1y < ol Qllgs,,, 7 ([ 1 FO) I dn)™* (6)

olur.
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(6) ya (4) igindeki 6n ¢arpani uygularsak

m
Mapaf (¥) < Gl Q g, I D NLip, su
T

pry_n . rn/s( | f IS’)I/S’
0 B(x,1)

buluruz. Buradan iistteki tisleri birlestirip gerekli sadelestirmeleri yaparsak

—_ +£ ’ !
Mopaf(x)<CIQ "L?colf;n—lll b ||ﬂpﬁ igg Py n S(fB(x,r) L fIs )1/5 .

()

= M, (f)®)

elde edilir, burada M, o+ bizim daha 6nce tamimladigimiz LS -ortalama kesirli
maksimal operatordiir. Sonug olarak, (7) den

Mopaf () < C N QNgps,, 11D IITE,, My, (F) () 8)
bulunur.
Adim 3 — M, icin degisken-iislii simrhlik (“Bilinen simrhiik sonucu

kullanilarak...”)
Simdi tek yapmamiz gereken, M, operatdriintin
M, g Lp(')(]R") — L‘I(')(R")
y S S 4

arasinda sinirlt oldugunu kullanmaktir (burada q(+) tanimi o 7w —n
seklindedir). Bu smurlilik i¢in gereken kosullar:

e p(-) € B(R") ve log-Holder stirekliligi (bizim varsayiminiz mevcut),

e 0<y<n(bizimy = a+ mf durumu),

e ve sabit s >1 ile tammli s’ kullamm; literatiirde M, ¢ tipindeki

ortalama operatorlerin  LP) — 190 smirlihg, M, igin bilinen

teoremlerle ayni tipte sonug verir — gerekli sartlart (p(+) igin (1) ve
(2) kosullar1 vb. ) saglayinca sonug gecerlidir.

Bu siirlilik, [1-3] de verilen kesirli maksimal operator sonuglarinin dogrudan
bir genellemesidir. Yani, dyle bir C' sabiti vardir ki

I My, o (f) g < C" 1L f ey )

esitsizligi gecerlidir.
Adim 4 — Birlestirme ve sonu¢
Son olarak, (8) ve (9) u birlestirirsek,
Il Mo pof g <C N0 IIL;oLgn_lll b IIﬁpBII M, o (f) a0

< CNQNgess, I b I, €1 F lpo
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= C" b I, f llp0,

elde edilir, burada C"" = CC" || Q Il 0 Lo dir. Bu da tam olarak istenen
esitsizliktir.
3 Sonu¢ ve Degerlendirme

Elde edilen sonuglar, degisken ¢ekirdeklerin, kesirli yapinin ve standart
olmayan biiyiime kosullarinin birlikte ele alindig1 daha genel bir ¢cergevede
komiitatorlerin davranisini agiklamaktadir. Bu yaklagim, hem teorik harmonik
analizde hem de dogrusal olmayan problemlerin analizinde kullanilabilecek
yeni genellemelere kap1 aralamaktadir.

Caligmanin ilerleyen arastirmalarda, agirlikli degisken dslii uzaylar veya daha
genel integral operatorleri i¢in benzer sonuglara genisletilmesi miimkiindiir.

4 Kaynakca

[1] C. Capone, D. Cruz-Uribe and A. Fiorenza. The fractional maximal operator and
fractional integrals on variable LP spaces. Rev. Mat. Iberoam. 23(3), 743-770 (2007).

[2] D. Cruz-Uribe and A. Fiorenza. Variable Lebesgue spaces. Foundations and
Harmonic Analysis. Appl. Numer. Harmon. Anal. Springer, 2013.

[3] L. Diening, P. Harjulehto, P. Hastd and M. Riizicka. Lebesgue and Sobolev Space
with variable exponents, Springer Lecture Notes, Vol. 2017, Berlin: Springer-Verlag,
2011.

[4] O.Kovacik and J. Rakosnik. On spaces LP®) and W*P®)_ Czechoslovak Math. J.
41,592-618 (1991).



Bolim 2

Problem Cozme Siirecinde Matematiksel
Muhakeme ile Metabiligsel Stiregler Arasindaki
Iiskinin Incelenmesi 8

Ferit Giirbiiz!

Ozet

Matematiksel muhakeme, matematik egitiminin temel unsurlarindan
biridir. Bu gahiymada, 6grencilerin problem ¢oézme siirecinde kullandiklar
matematiksel muhakeme ile metabiligsel stiregler arasindaki iligki incelenmistir.
Aragtirma, nitel yaklagim benimsenerek yorumlayict paradigma gergevesinde
yiriitiilmiis ve yinelemeli gorsellestirme diigiinme dongiisii temel alinmugtir.

Veriler, ogrencilerin problem ¢ozerken diigsiinme siireglerini agik bigimde
yansitmalarini amaglayan yapilandirilmig bir anket aracihigiyla toplanmugstir.
Bulgular, 6grencilerin problemlere farkli ¢oziim yollarryla yaklagtiklarini
ve bu gesitliligin kavramsal anlamay: destekleyen 6nemli bir pedagojik
unsur oldugunu gostermektedir. Ayrica, matematiksel tanimlarin tutarlt ve
dogru bigimde uygulanmasinin, muhakemenin niteligini ve agiklamalarin
biitiinliigiinii belirgin bi¢imde etkiledigi goriilmiistiir. Dogru ¢6ziime ulagan
ogrencilerin, ¢oziim siireglerini daha agik ve sistematik bigimde ifade ettikleri;
bunun da geligmis problem ¢6zme stratejileri ve artan metabiligsel farkindaliga
igaret ettigi sonucuna vartlmugtir.

1 Giris

Matematikse] muhakeme, matematik egitiminin temel amaglarindan
biri olup mantiksal argiimanlar olugturma, sonuglar1 gerekgelendirme ve
problemleri sistematik bigimde ¢6zme becerilerini kapsar. Son yillarda yapilan
aragtirmalar, matematiksel muhakemenin gelistirilmesinde metabiligin
(stbilig, metakognisyon) — bireyin kendi diigiinme siiregleri iizerine
diigiinmesi — kritik bir rol oynadigini ortaya koymustur. Bu alanyazin

1 Prof. Dr., Kurklareli Universitesi Matematik Boliimi, teritgurbuz@klu.edu.tr, 0000-0003-
3049-688X

@ A hrps://doi.ory/10.58830)ozgurpub1114.04500 2
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incelemesi, metabiligsel siiregler ile matematiksel muhakeme arasindaki
iligkiyi kuramsal yaklagimlar ve ampirik bulgular ¢ercevesinde ele almaktadir.

Bu tiir aragtirmalar egitimciler agisindan biiyiik 6nem tagimaktadur.
Schoenfeld (16, s. 19), “Ogrencilerin diisiinme siireglerine dair sunduklari
ipuglarinin, Ogretmenlerin biligsel talep diizeyini ayarlamalarina olanak
sagladigini ve 6grencileri tiretken bir biligsel miicadele iginde tuttuklarini”
belirtmektedir. Ogrencilerin muhakeme ve anlamlandirma siireglerini
inceleyen aragtirmalar, 6gretimin anlam olugturmaya ve derin kavramsal
ogrenmeye yonelik olarak diizenlenmesine katki sunmaktadir.

Gurat’a (4, s. 53) gore, matematikte olgusal bilgi ve igerik 6grenimi 6nemli
olmakla birlikte yeterli degildir; 6grencilerin bu bilgileri problem ¢6zme
stireglerinde diislinme becerilerini geligtirmek amaciyla kullanabilmeleri
gerekmektedir. Bu durum, stratejik diigiinmenin ve 6z-diizenlemenin
gelistirilmesinin -~ 6nemine igaret etmektedir. Metabiligsel —beceriler,
ogrencilerin probleme nasil yaklagacaklarini planlamalarina, ilerlemelerini
izlemelerine ve ¢oziimlerinin makulliigiinii degerlendirmelerine olanak tanur.
Bu 6z-diizenleyici kapasite, 6grencilerin hata yaptiklarinda ya da kavramsal
giigliiklerle karsilagtiklarinda stratejilerini yeniden diizenlemelerini miimkiin
kilar.

Garofalo ve Lester (3, s. 173), matematik egitimcilerinin yalnizca
algoritma ve sezgisel stratejilerin 6gretimine degil, ayn1 zamanda 6grencilerin
matematiksel performanslarina yonelik metabiligsel bir durug gelistirmelerine
de rehberlik etmeleri gerektigini vurgulamaktadir. Matematikte bagar1
yalnizca formiil uygulama ya da prosediir ezberleme ile sinirli degildir; bu
bilgi ve yontemlerin ne zaman, neden ve nasil kullanilacaginin anlagiimasini
gerektirir. Bu goriisii destekleyen sonraki ¢aligmalar da metabiligin artan
onemine dikkat ¢ekmektedir.

Hargrove ve Nietfeld (5, s. 309-310), metabiligsel becerilerin etkili
ogrenme ve Oz-diizenleme agisindan kritik oldugunu; bu  becerilerin
gelismesinin karmagik problem ¢6zmede gerekli olan kogullu anlama ve
esnekligi artirdigint ortaya koymustur.

Mattingly ve arkadaglar1 (7, s. 1257) ise metabiligsel bilginin, beklenen
sonug olasihigt ile sebat etme (1srar) arasindaki iligki tizerinde olumlu bir
diizenleyici etkisi oldugunu gostermistir. Metabiligsel bilgi, bireyin nasil
ogrendigine ve diigiindiigiine dair farkindahgini ifade eder ve zorluklar
kargisinda devam etme kararini agiklamada 6nemli bir rol oynar. Metabiligsel
tarkindalig1 yiiksek olan bireyler, zor problemlerle karsilagtiklarinda problemi
yeniden yapilandirabilir, daha kiigiik pargalara ayrabilir ve alternatif ¢6ziim
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yollarin1 degerlendirebilir. Bu durum, hayal kirikligini azaltarak 6grenme
stirecinde siirekliligi destekler.

Metabilis, yalnizca biligsel siiregleri degil, ayn1 zamanda 6zgiiveni yiiksek
ve bagimsiz 6grenen bireylerin geligimini de destekler. Sesli diisiinme (think-
aloud) protokolleri, 6z-sorgulama ve yansitict giinliikler gibi metabiligi
destekleyen Ogretim stratejileri, 6grencilerin matematiksel bagarilarini ve
derse katilimlarini 6nemli 6l¢lide artirabilmektedir.

1.1 Metabilisin Anlagilmasi

Flavell (1), metabiligi bireyin kendi diigiinme siireglerine iligkin bilgisi
olarak kavramsallagtirmistir. Daha sonra Flavell (2), metabiligi “diigiinme
tizerine diisiinme” geklinde tanimlamugtir. Bu tiir bir farkindalik, 6grenenin
biligsel kapasitesini tanimasini ve kargilagtigi problemlere nasil yaklagacagina
iligkin stratejiler gelistirmesini saglar. Bireyler kullandiklar1 teknikleri,
yontemleri ve argiimanlar1 gozlemleyerek, karmagik kavramlart anlama

bigimlerinde 6nemli degisiklikler yapabilirler.

Schoenfeld (14) de matematik baglaminda metabilisin, Ogrencilerin
problemleri stratejik bigimde ele almalarini, ilerlemelerini izlemelerini ve
¢oztimlerinin etkililigini degerlendirmelerini sagladigini ifade etmistir.

Quigley ve arkadaslar1 (13, s. 9), metabiligte 6grenenin 6grenme siirecini
bilingli bigimde izlemesi ve yonlendirmesinin 6nemine dikkat ¢ekmektedir.
Verdikleri o6rnekte, bir Ogrenenin sectigi bir ezberleme stratejisinin ige
yaraylp yaramadigini izledigi ve elde ettigi kanita gore stratejisini bilingli
olarak degistirdigi vurgulanmaktadir. Ornegin, “Eskenar obtuse (genis
agili) bir tiggen miimkiin miidiir?” sorusu kargisinda, 6grenenin sectigi
metabiligsel stratejiler hem bellek geri ¢agirma siireglerini hem de en uygun
biligsel yaklagimin belirlenmesini desteklemektedir.

Problem ¢6zme siireci genellikle problemin anlagilmasiyla baslar
ve ardindan bellekte daha once kullamilan yontem ya da formiillerin
hatirlanmasiyla devam eder. Eger dogrudan bir ¢oziim elde edilemezse,
yeni bir strateji gelistirilir ve uygulanir. Bu stireg, ¢ogunlukla yinelemeli bir
yapiya sahiptir; zihin olast stratejileri degerlendirir, gerekirse reddeder ve
daha uygun bir yaklagim belirler. Elde edilen ¢6ziim test edilir, dogrulugu
degerlendirilir ve gerektiginde yeni planlamalar yapilir.

1.2 Metabilis ve Matematiksel Muhakeme

Arastirmalar, metabiligsel farkindalik ile matematiksel muhakeme bagarisi
arasinda giiglii bir iligki oldugunu gostermektedir. Lestari ve Jailani (6, s. 6),
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metabiligsel stratejilere maruz kalan 6grencilerin matematiksel muhakeme
diizeylerinin arttigini ve matematiksel diistincelerini yazili olarak daha iyi
ifade edebildiklerini ortaya koymustur. Metabilig, problemin anlagilmasindan
strateji segimine, ¢Oziimiin degerlendirilmesinden hatalar kargisinda yeni
planlamalar yapilmasmna kadar problem ¢6zmenin tiim agamalara katki
sunmaktadir.

Kramarski ve arkadaglar1 (8), metabiligsel stratejilerle egitilen 6grencilerin,
geleneksel Ogretim alan Ogrencilere kiyasla matematiksel muhakeme
gorevlerinde anlamli diizeyde daha bagarili olduklarini bulmustur. Metabiligsel
ogrenenler, hesaplamalara gegmeden 6nce problemi netlestirir, ilgili bilgileri
belirler ve uygun stratejileri seger. Siire¢ boyunca her adimi sorgulayarak
hatalarin biiyiimesini engeller ve gerektiginde etkisiz bir yontemi terk edip
yeni bir yaklagim benimseyebilirler. Bu yansitici siireg, matematiksel ilkelerin
yalnizca nasil uygulanacagini degil, neden ise yaradigini da anlamayi saglar
ve iligkisel 6grenmeyi destekler.

Schoenfeld (15) de bagarili problem ¢oziiciileri ayiran temel unsurun
yalnizca matematiksel bilgi degil, aym1 zamanda bireyin kendi biligsel
kaynaklarini ydnetme, yansitma ve uyarlama becerisi oldugunu vurgulamistir.

1.3 Gorsellestirme ve Matematiksel Diisiinme

Bu kisim, gorsellestirmenin siirekli ve yinelemeli bir dongii olarak nasil
gergeklestigini gostermektedir (bkn., 9). Ogrenenler kavramla etkilesime
girdikge anlam derinlesir ve her donglide kavram daha st diizeyde
uygulanabilir hale gelir. Model dort asamadan olugmaktadr.

Birinci agama, 6grenenin gorsel bir uyaranla etkilesime girdigi “yapma”
agamasidir. Bu asamada ¢izim yapma ve kavram iizerine diistinme gibi
etkinlikler yer alir. On bilgi diizeyi ne kadar giiglii ise bu yansitma siireci o
kadar verimli olur.

Ikinci asama olan “anlama” asamasinda, 6grenen igsel ve digsal siiregler
yoluyla kavrami anlamlandirir ve zihinsel olarak kavrami yapilandirir.

Ugiincii asama, 6grenenin kavrami sembolik bi¢ime déniigtiirebildigi
agamadir. Bu agamada yazili ispatlar iiretilebilmesi beklenir.

Dordiincli agama ise uygulama asamasidir; burada 6grenen, edindigi
bilgiyi yeni problemleri agiklamak ve ¢6zmek i¢in kullanir. D6ngii, yeni bir
kavramla yeniden baglayabilir ya da mevcut kavram derinlestirilebilir.

Bu model, 6grencilerin matematiksel bir problem {iizerinde ¢aligirken
metabiligsel siiregleri ile matematiksel muhakeme becerileri arasindaki
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iliskiyi ortaya koymaktadir. Ogrencilerin yeni bilgileri mevcut kavramlarla
iligkilendirebilme yetkinligi, derin kavramsal anlayigin olugsmasinda belirleyici
bir rol oynamaktadir. Model, 6gretmenlerin 6grencilerin muhakeme siiregleri
tizerindeki farkindaliklarini ve bu siiregleri ne Olgiide kontrol edebildiklerini
degerlendirmelerine olanak tanimakta; ayni zamanda 6grencilerin zihinsel
baglantilarini ve akil yiiriitme bigimlerini goriiniir kilmaktadir. Bu yontiyle
model, 6grencilerin islemsel akiciliklarini ve kanita dayali, uyarlanabilir
ve kavramsal agidan zengin diistinme becerilerini incelemek i¢in giiglii bir
gergeve sunmaktadir.

2. Amag

Bu ¢alismanin amaci, fenomenolojik aragtirma deseni kullanilarak
lisansiistii matematik 6grencilerinde metabilig, akil yiiriitme ve matematiksel
anlama arasindaki iligkilerin incelenmesidir. Caligma, lisansiistii matematik
ogrencilerinin matematiksel problem ¢6zme siireglerine iligkin deneyimlerini
nasil algiladiklarini ve anlamlandirdiklarini ortaya koymayr amaglamaktadir.
Bu baglamda, katilimcilarin verdikleri yanitlar ve gelistirdikleri ¢oztimler
tizerinden metabiligsel ve akil yiiriitme siiregleri analiz edilmistir.

Aragtirmanin temel sorusu su sekildedir:

“Lisansiistii matematik Ogrencilerinin problem ¢6zme stratejileri ve
matematiksel diigslinmeleri, metabiligsel ve akil yiirlitme becerileriyle nasil
iligkilidir?”

Bu temel soruya ek olarak agagidaki alt soru ele alinmugtir:

Lisansiistii matematik o6grencilerinin yazili agiklamalarinin agikhigr ve
yapisal diizeni, matematiksel kavramsal anlama diizeyleriyle nasil iligkilidir?

3. Yontem

Bu galigma, lisansiistii matematik 6grencilerinin metabiligsel problem
¢ozme etkinliklerini inceleyen nitel ve yorumlayict (interpretivist) bir
aragtirmadir.  Arastirmanin  galijma  grubunu, farkli sosyo-ekonomik
ge¢miglere sahip lisansiistii matematik Ogrencileri  olugturmaktadir.
Katilmcilar, zorunlu temel egitimi ve lisans egitimlerini tamamlamus,
ogretmenlik yeterligine sahip bireylerdir.

Arastirmaya katilim goniilliiliik esasina dayahdir. Katilimcilar, ¢alismanin
yalnizca aragtirma amagli oldugunu ve herhangi bir akademik degerlendirmeye
dahil edilmedigini bilerek siirece katilmiglardir. Bu durum, katilimcilarin
problem durumlarini rahat bir gekilde ele almalarini ve ¢6ziimlerini ayrintili
bi¢imde ifade etmelerini miimkiin kilmugtir.
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Arastirmada veri toplama araci olarak yalnizca bir anket kullanilmistir.
Ancak anket, katihhmcilarin matematiksel bilgilerini ve metabiligsel stireglerini
en iist diizeyde ortaya gikaracak sekilde yapilandirilmugtir. Sorular, yalmzca
dogru cevaba veya matematiksel sonuca ulasmay1 degil; problem ¢6zme
oncesi, sirast ve sonrasindaki diigiinme siireglerini ayrintii bicimde agiga
¢tkarmay1 amaglamigtir. Bu dogrultuda, katihmcilardan problemleri nasil ele
aldiklarini, hangi diisiinsel adimlart izlediklerini ve problem ¢6zme siirecinde
gergekte ne yaptiklarini agiklamalarr istenmigtir.

Toplanan veriler, yorumlayici paradigma gergevesinde nitel olarak analiz
edilmistir. Tlk asamada veriler genis temalar altinda gruplandirilmas, ardindan
bu temalar daha sinirl ve anlamli kategorilere indirgenmistir.

4. Bulgular ve Tartigma

Bu boliimde o6grencilerin geometri problemlerine verdikleri yanitlar
analiz edilmig; ortaya ¢ikan diigiinme bigimleri, kavramsal anlayis diizeyleri
ve problem ¢6zme stratejileri tematik baghklar altinda sunulmugtur. Bulgular,
matematik egitimi literatiirli ¢ergevesinde tartigilarak yorumlanmistir.

4.1. Ag1 Problemlerinde Ogrenci Yaklagimlart

Matematiksel problem ¢6zme, yalnizca dogru sonuca ulagmayi degil; akil
yiirlitme, stratejik diiglinme ve diisiincelerin agik bigimde ifade edilmesini
igeren gok agamali bir siireci kapsar. Bu durum, “Bir aginin biitiinleri ile
tiimlerinin toplami 150° dir. Aginin 6lgiisii nasil bulunur?” sorusuna verilen
égrenci yanitlarinda agik bigimde goriilmektedir. Tlk bakigta basit bir cebirsel
islem gerektiriyor gibi goriinen bu problem, daha yakindan incelendiginde,
bagarili bir ¢oziim i¢in cebirsel yeterligin yani sira geometrik iligkilerin
kavramsal olarak anlagiimasini da gerektirdigini ortaya koymaktadir.

Problem, her ne kadar cebirsel diigslinmeyi harekete gegirse de,
ogrencilerin ¢oziim stireglerinde gorsel diigiinmenin 6nemli bir rol oynadigt
gozlemlenmigtir. Agi iliskilerine dair bilgi biiyiik 6lglide gorsel nitelik
tagimaktadir. Bu baglamda, zihinsel imgeleme (mental imagery), biligsel
stireglerin temel bir bileseni olarak degerlendirilmektedir (bkn., 10, s.1).
“Tiimler” kavramu, zihinde 90° yi tamamlayan agilart; “biitiinler” kavrami
ise 180° yi olusturan dogrusal agilari ¢agristirmaktadir. Dolayisiyla bu
kavramlar, 6grencilerin zihninde 90°—x ya da 180°—x bigiminde temsiller
olugturmakta ve ¢oziim siirecini yonlendirmektedir. Ogrenci yanitlarimin
analizi, katilimcilarin geometri ve cebir bilgilerini farkli diizeylerde
biitlinlestirdiklerini ve matematiksel diigiincelerini ifade etme bigimlerinin
gesitlilik gosterdigini ortaya koymustur. Problemin matematiksel ifadesi
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(180°—x)+(90°-x)=150°
seklinde kurulmakta ve bu denklem x=60° sonucuna ulagmaktadir.

Katimailarin biiyiik bir kismi dogru sonuca ulagmis olmakla birlikte,
yanitlarin sunum bigimleri, ¢ogu Ogrencinin ¢oziimii zihinsel ve gorsel
stratejiler kullanarak gergeklestirdigini  gostermektedir. Bazi Ogrenciler,
ayrintil bir iglem siireci sunmaksizin, yalnizca aginin olgiisiinii belirtmis ve
cebirsel denklemler kurmaya gerek olmadigini ifade etmistir.

Diger bir 6grenci grubu ise agiyt x olarak tanimlamig, tiimlerini
ve biitlinlerini dogru bigimde ifade etmis ve bu ifadelerden hareketle bir
denklem kurarak ¢6ziim yoluna gitmistir. Bu yanutlar, ag1 iligkilerine dayali
matematiksel akil yiirtitmenin yami sira diizenli ve agik bir cebirsel ifade
kullanimini da igermektedir.

Kavramsal akil yiirtitmenin belirgin oldugu bazi yanitlar, 6grencilerin
once tiimler ve biitiinler agilarin anlamlarmi sozel olarak agikladiklarini,
ardindan denklemi kurduklarini gostermektedir. Bu tiir agiklamalar, cebirsel
ayrintilar sinirlt olsa bile, problemin yapisinin dogru bi¢imde kavrandigini
ortaya koymaktadir. Ayrica bazi 6grenciler, bulduklar sonucu denkleme geri
yerine koyarak dogrulama yoluna gitmis ve bu durum metabiligsel farkindalik
gostergesi olarak degerlendirilmigtir.

Buna kargin, az sayida 6grencinin problemin anlamini yanhs yorumladig:
goriilmiistiir. Bu Ogrencilerden biri, agimin Olgiistinii dogrudan 180° ile
150° arasindaki fark olarak hesaplamig ve tiimler a¢i kavramim dikkate
almamustir. Bir bagka 6grenci ise tiimler ve biitiinler agilar1 ayr1 ayr ele alarak
her birini 150° ye esitlemis, bu durum tammlarin ve problem yapisinin
dogru biitiinlestirilemedigini gostermistir. Ayrica, bu yaklagimda, tiimler ag1
ifadesinin negatif bir sonug dogurabilecegi fark edilmemistir. Bu tiir yanitlar,
kavramsal anlayigtaki eksikliklerin cebirsel siirece nasil yansidigini agikga
ortaya koymaktadir.

4.1.1. Zihinsel ve Gorsel Yaklasimlar

Baz1 6grenciler problemi zihinden ¢ozdiiklerini ifade etmistir. Bu durum,
geometrik sezginin problem ¢6zme siirecinde 6nemli bir rol oynadigini
gostermektedir. Gorsel ipuglarina dayanan 6grenciler, ara adimlar1 yazmadan
dahi cebirsel denklemi hizli bir bigimde kurabilmistir. Ancak bu gorsel
ipuglar yalnizca anlik sezgiye degil, ayn1 zamanda bellege de dayanmaktadir;
clinkii bellek, zihinsel imgelerden giiglii bigimde etkilenen bir biligsel iglevdir
(bkn., 10, s.1).
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Gorsel bellege dayali bu yaklagim, matematik egitimi alan yazinda gorsel
temsillerin sembolik akil yiiriitme igin birer destek (scaffold) islevi gordiigiinii
ortaya koyan bulgularla ortiigmektedir (bkn., 12). Bununla birlikte, ¢6ziim
siirecinin yazili olarak ifade edilmemesi bazi riskler de tagimaktadir. Ozellikle
muhakemenin agik bi¢imde iletilmesi, 6gretmenlik becerileri agisindan ve
matematik okuma becerisi zayif bireyler i¢in kritik neme sahiptir.

4.1.2. Acik Cebirsel Modelleme

Birgok Ogrenci ¢oziim siirecinde sembolik akil yiirtitmeye giiglii bir
vurgu yapmistir. Ogrenciler bilinmeyen agiy1 agik¢a x olarak tanimlamus, bu
aginin tiimlerini ve biitlinlerini cebirsel ifadelerle gostermig ve buna bagh
olarak denklemi kurmugtur. Coziimler ¢ogunlukla adim adim sadelestirme
icermektedir:

Agl =x

Biitiinler agt =180°—x

Tiimler a1 =90°—x

Denklem: (180°—x)+(90°—x)=150°
Sadelestirme: 270°-2x=150°
Coztim: x=60°.

Bu yaklagim, islemsel akicilik ile kavramsal anlayigin birlikte kullanildigin
gostermektedir. Ayrica ¢oziim siirecinin agik ve izlenebilir bigimde sunulmas,
matematiksel diiglincenin bagkalarina aktarilabilmesini saglamaktadir. Bu
durum, ozellikle pedagojik agidan 6nemli bir beceri olan matematiksel
iletigime igaret etmektedir.

4.1.3. Tanimlar Uzerinden Kavramsal Akil Yiiriitme

Baz1 Ogrenciler ¢oziim siirecine tiimler ve biitiinler agilarin tanimlarim
sozel olarak ifade ederek baglamustir. Ornegin: “Biitiinler agilar toplami
180°, tiimler agilar toplam1 90° dir. Bu nedenle

(180°—x)+(90°—x)=150°
olur. Buradan a¢1 60° bulunur.”

Bu tiir yamtlar, ogrencilerin sembolik islemlere gegmeden Once
muhakemelerini matematiksel tanimlara dayandirabildiklerini
gostermektedir. Bu yaklagim, tanimlara agik bi¢gimde bagvurmanin kavramsal
gelisgimi destekledigini ve ezbere dayali 6grenmeyi azalttigini vurgulayan

aragtirma bulgulartyla uyumludur (bkn.,17).
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4.1.4. Dogrulama ve Metabiligsel Farkindalik

Bulgular, bazi O6grencilerin  ¢oziim siirecinde yalnizca  sonuca
odaklanmadigini, ayni zamanda sonucun dogrulugunu kontrol etmeye
yonelik stratejiler kullandigint gostermektedir. Ozellikle elde edilen degerin
denkleme geri yerine konularak dogrulanmasi, 6grencilerin 6z denetim (self-
monitoring) becerilerine sahip olduklarini ortaya koymustur. Ornegin, elde
ettikleri sonucu denkleme geri yerine koyarak dogrulama yapmuglardir:

“Her iki tarafin 150° olup olmadigini kontrol etmek i¢in x=60°
degerini denklemde yerine koyarim.”

Bu durum, problem ¢6zmenin yalnizca iglemsel bir siire¢ olmadigini; ayn
zamanda ¢Ozlimiin gegerliligini sorgulamay1 igeren metabiligsel bir boyuta
sahip oldugunu gostermektedir. Literatiirde metabiligsel farkindahigin,
matematiksel bagariyr ve 6grenmenin kalicihgini artiran temel bir unsur
oldugu vurgulanmaktadir. Dolayisiyla bu tiir dogrulama davransslari,
ogrencilerin daha geligmis problem ¢6zme profiline sahip olduklarini
diisiindiirmektedir.

4.1.5. Yanlis Yorumlamalar ve Kavram Yanilgilar:

Bulgular, baz1 6grencilerin verilen kogullar1 biitiinciil olarak ele almakta
zorlandigint ortaya koymustur. Ozellikle 150° lik kosulun dogrudan 180°
ile iliskilendirilmesi, 6grencinin problemdeki iliskileri yiizeysel bigimde
yorumladigini gostermektedir. Bu tiir yamitlar, tiimler ve biitlinler ag
kavramlarmin iglevsel olarak biitiinlestirilemedigine isaret etmektedir.
Ornegin bir 6grenci su ifadeyi kullanmigtir:

“x=180°-150°=30°""

Bu ¢oziim, problemin yanlg yorumlandigim gostermektedir. Ogrenci,
150° yi dogrudan 180° den ¢ikarmig; boylece biitiinler agt kavramini nihai
kogulla karigtirmig ve tiimler aginin roliinii goz ardi etmistir.

Benzer bigimde, bazi 6grencilerin verilen kosullar1 tek bir denklem
altinda birlestirmek yerine ayr1 ayr1 ele aldigr gozlemlenmigtir. Bu bulgu,
ogrencilerin cebirsel modelleme siirecinde iligkisel diigtinme yerine pargal bir
yaklagim benimsediklerini gostermektedir. Tartiyma baglaminda bu durum,
ogrencilerin cebiri bir “hesaplama aracr” olarak goriip, matematiksel iligkileri
temsil eden bir dil olarak kullanmakta zorlandiklarini diigiindiirmektedir.
Ornegin, bir bagka 6grenci ise su ifadeyi kullanmigtur:

“Tumler =90°-x, biitlinler =180°-x. O halde
(180°—x=150°,90°~x=150°) .”
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Buyaklagimda kogullar tek bir denklemde birlegtirilmemis, iligkili durumlar
ayr1 ayri ele alinmistir. Bu durum, 6grencinin verilen bilgileri biitiinctil bir
matematiksel yap1 ig¢inde birlestirmekte zorlandigini gostermektedir.

4.2. Eskenar ve Genis Acili Uggen Problemi

Matematik egitiminde, Ozellikle geometrik kavramlarin 6gretiminde
kavramsal netlik biiyiik 6nem tagimaktadir. Bu baglamda “egkenar genis agili
bir tiggen miimkiin miidiir?” sorusu, 6grencilerin tanimlari, a1 iligkilerini
ve mantiksal ¢ikarimi nasil kullandiklarin ortaya koyan 6gretici bir 6rnektir.
Bu soru, 6grencilerin yalnizca bilgi diizeylerini degil, aym1 zamanda akil
yuriitme bigimlerini ve matematiksel dili kullanma becerilerini de goriiniir
kilmaktadir.

Ogrencilere yoneltilen soru su sekildedir:

“Eskenar ve genig agili bir iiggen miimkiin miidiir? Neden? Nasil
diigtindtigiinii agiklayimz.”

Bu sorunun yamitlanabilmesi igin temel tanimlarin  bilinmesi
gerekmektedir. Eskenar tiggen, ii¢ kenar1 ve iig agis1 esit olan iiggendir. Bir
tiggenin i¢ agilarinin toplam1 180° oldugundan, eskenar tiggende her bir ag1
60° dir ve bu a1 dar agidir. Genig agrise 90° den biiyiik, 180° den kiigiiktiir.
Dolayistyla bu iki 6zellik birbiriyle bagdasmamaktadir. Ogrencilerin biiyiik
gogunlugu, eskenar genig agili bir tiggenin miimkiin olmadigr sonucuna
ulagmugtir. Gerekgeleri belirli temalar altinda toplanabilmektedir.

Bu problem, oOgrencilerin geometrik tanimlar1 kullanma, mantiksal
¢tkarim yapma ve matematiksel dili dogru bigimde kullanma becerilerini
incelemek agisindan 6nemli bulgular sunmugtur.

4.2.1. Ac1 Toplamu ve Sabitlik Temelli Gerekgelendirme

Birgok 6grenci, dogrudan tiggenlerin ig agilar1 toplamu ve eskenar tiggenin
ozelliklerinden hareket etmistir:

“Hayir. Egkenar tiggende ii¢ ag1 da 60° dir. Genig agt 90° den biiyiik
oldugu i¢in bu miimkiin degildir.”

Bu yaklagim, o6grencilerin temel geometrik Ozellikleri iglevsel bigimde
kullanabildiklerini gostermektedir. Tartigma agisindan bakildiginda, bu tiir
gerekgelendirmeler gorsel sezgi ile tanimsal bilginin bir arada kullanildigini
ve saglam bir kavramsal temele dayandigini gostermektedir.

Bulgular, 6grencilerin  biiyiik ¢ogunlugunun egkenar tiggenin ag1
ozelliklerini dogru bigimde kullandigini gostermektedir. Ogrenciler, eskenar
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tiggende tiim agilarin 60° oldugu bilgisinden hareketle genis agili bir eskenar
tiggenin miimkiin olmadigini ifade etmistir.

4.2.2. Tanimlar Aras1 Mantiksal Celiski Kurma

Baz1 6grenciler ise agiklamalarini dogrudan tanimlar arasindaki geligki
tizerine kurmustur:

“Eskenar tiggende tiim agilar esit ve 60° dir. Genig agili tiggende ise en az
bir ag1 90° den biiyiiktiir. Bu iki durum aymi anda gergeklesemez.”

Eskenariiggenve genigagilitiggentanimlarininayniandasaglanamayacagin
ifade eden bu agiklamalar, 6grencilerin matematiksel diigiinmede mantiksal
tutarlihg gozetebildiklerini gostermektedir.

Bu bulgu, tanimlarin yalmzca ezberlenmedigini; aymi zamanda
kargilagtirilarak akil = yiirtitme araci olarak kullanilabildigini  ortaya
koymaktadir. Literatiirle uyumlu olarak, bu tiir tamim temelli ¢ikarimlar
yiiksek diizeyde kavramsal anlayisin gostergesi olarak degerlendirilebilir.

4.2.3. Gorsellestirme ve Geometrik Sezgi

Bazi Ogrenciler ¢oziim siirecinde egkenar bir {iggeni zihinsel olarak
canlandirmig ve genig aginin bu yapr iginde miimkiin olmadigini ifade
etmistir:

“Eskenar tiggende tiim agilar zorunlu olarak 60° dir. Genis aginin varlig
bu tanimi dogrudan ihlal eder.”

Bu yaklagim, sembolik islemlerden ziyade seklin yapisina odaklanmaktadir.
Gorsel temelli bu akil yiiriitme, giiglii bir geometrik sezgiyi yansitmaktadir.
Ancak bu tiir zihinsel kanmitlarin yazili ve sistematik bir agiklamayla
desteklenmesi pedagojik agidan 6nemlidir.

Ancak bulgular, bu gorsel temelli akil yiirlitmenin ¢ogu zaman yazili ve
sistematik bir agiklamayla desteklenmedigini de ortaya koymustur. Tartigma
baglaminda bu durum, gorsel sezginin giiglii bir biligsel ara¢ olmakla birlikte,
matematiksel iletisim agisindan agik ifadelerle desteklenmesi gerektigini
gostermektedir.

4.2.4. Matematiksel Dil Kullanimi
Ogrencilerin ¢ogu “esit agilar”, “90° den biiyiik”, “180° lik toplam”

gibi dogru matematiksel terimleri kullanmugtir. Bu durum, matematiksel
dilin dogru kullaniminin hem diigiinmeyi hem de iletigimi destekledigini
gostermektedir. Az sayida yanitta goriilen dilsel hatalar (6rnegin “genig
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kenar”) ise daha ¢ok ifade ecksikligine isaret etmekte, ciddi bir kavram
yanilgis1 gostermemektedir.

Ogrenci yanitlarinin biiyiik bir kisminda dogru geometrik terminolojinin
kullanildigy goriilmistir. “Esit agilar”, “90° den biyiik”, “180°” gibi
ifadeler, 6grencilerin matematiksel dili genel olarak dogru kullandiklarini
gostermektedir.

Bununla birlikte, az sayida yanitta kavramlarin yer degistirdigi veya
yanlg terimlerin kullanildigr goézlemlenmistir. Tartigma agisindan bu durum,
dilsel hatalarin her zaman kavramsal yamilgiya kargilik gelmedigini; ancak
matematiksel diigiincenin agik bi¢imde ifade edilmesini zorlagtirdigini
gostermektedir.

4.2.5. Kavram Yanilgilar:
Bazi yanitlar ag1 ve kenar kavramlarini birbirine karigtirmistir:
“Eskenar ti¢genin kenarlar1 180° eder.”

Bu ifade, kavramlarin yanlig kullanilmasina ragmen 6grencinin sonuca
dogru bigimde ulagabildigini gostermektedir. Bu durum, kismi bir anlayiga
isaret etmektedir.

4.3. Dortgende A¢1 Problemi ve Problem C6zme Siiregleri

Problem ¢6zme, 6grencilerin matematiksel diigiinme stireglerini ortaya
koyan temel bir 6grenme alamidir. Ogrencilere yoneltilen su soru bu agidan
zengin bir baglam sunmugtur:

“Bir dortgende iki ag1 esittir. Ugiincii a1 bu iki agimin toplamina egittir.
Dordiincti ag1 ise diger ti¢ aginin toplaminin iki katindan 60° eksiktir. Agilart
nasil bulursunuz?”

Bu soruda 6grencilerden yalmzca sonuca ulagmalari degil, ¢6ziim siirecini
agiklamalar1 beklenmistir. Ancak bir¢ok 6grenci dogrudan hesaplama yapmug,
¢Oziim yontemini ayrintilandirmamistur.

Bu problem, ogrencilerin yalmzca ¢6ziim iiretme degil, ¢oziim siirecini
planlama ve ifade etme becerilerini de degerlendirmeyi amaglamustir.

4.3.1. Cebirsel Modelleme Becerileri

Bulgular, bazi 6grencilerin sozel kogullart cebirsel ifadelere doniistiirme
konusunda basaril olduklarini  gostermektedir. Degisken tanimlama,
agilar1 cebirsel olarak ifade etme ve dortgenin i¢ agilar toplamini kullanarak
denklem kurma gibi adimlar, giiglii bir islemsel yeterlilige isaret etmektedir.
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Bu tiir yanitlar, 6grencilerin cebiri iligkileri temsil eden bir ara¢ olarak
kullanabildiklerini gostermektedir.

Bagarili 6grenciler su adimlari izlemigtir:

* Esit agilar igin bir degigken tanimlama

¢ Ugiincii ve dordiincii agiy1 cebirsel olarak ifade etme

Dortgenin i¢ agilar toplamini (360°) kullanarak denklem kurma

Denklemi ¢ozerek tiim agilart bulma.

Bu siireg, sozel bilgilerin cebirsel modele doniistiiriilebildigini ve iglemsel
yeterliligin geligmis oldugunu gostermektedir.

4.3.2. Sistematik ve Adimli Akil Yiiriitme

Bazi1 6grenciler ¢6ziimii sistematik bigimde planlamugtir:

“Degiskenleri tanimla, denklemi kur, ¢6z ve dogrula.”

Bu yaklagimda bazi 6grencilerin ¢oziim siirecini agik ve sirali adimlar
halinde yapilandirdigy goriilmiistiir. Bu durum, 6grencilerin problem ¢6zme
stirecinde planlama ve siireci diizenleme becerilerinin geligmis oldugunu
gostermektedir. Bulgular, s6z konusu yaklagimin problemi anlama, ¢oziim
i¢in plan olugturma, plani uygulama ve sonucu kontrol etme agamalarini
iceren Polya’nin problem ¢dzme modeliyle Ortiistiigiine isaret etmektedir
(bkn., 11).

4.3.3. Gorsel Temsillerin Kullanimi
Bir 6grenci su ifadeyi kullanmugtir:

“Once dortgeni giziyorum, sonra denklemi kuruyorum.”

Bu durum, gorsellestirmenin o6zellikle ¢ok kogullu problemlerde biligsel
yikii azalttigini gostermektedir. Bu bulgu, diyagram kullaniminin problem
¢ozmeyi destekleyen etkili bir strateji oldugunu ortaya koymaktadir.

4.3.4 Problem Co6zme Siireglerine Yansitic1 Bakas

Bir 6grenci, problem ¢6zme siirecine iliskin diigiincelerini agik¢a su
sekilde ifade etmigtir:

“1) Degiskenleri belirle ve tanimla 2) Denklem kur 3) Coz 4) Dogrula.”

Bu ifade, 6grencinin problem ¢6zme siirecini planlama ve ¢oziimiini
dogrulama agamalarini bilingli bir gekilde ele aldigimi gostermektedir. Bu
durum, matematiksel gelisim agisindan kritik 6neme sahip olan metabilisin
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gelismekte olduguna, yani 6grencinin kendi diigiinme siireglerinin farkinda
olduguna isaret etmektedir. Ogrencilerin bir problemi nasi ¢ozdiikleri
tizerine diigiinmeye tegvik edilmeleri, yalmzca mevcut problemi daha etkili
¢ozmelerini saglamakla kalmaz; ayni zamanda edinilen problem ¢6zme
becerilerinin farklt ve yeni baglamlara aktarilmasini da destekler. Bu tiir
agik yansitma, problem ¢ozme stratejilerinin baglamlar arasi transferini
giiglendiren metabiligsel izleme becerisinin varligini ortaya koymaktadir.

4.4 Geometrik Ayristirma Yoluyla Alan ve Cevreye Iliskin
Kavramsal Anlayis

Ogrencilerin {izerinde ¢alistigi son problem, geometrik ayristirma
yoluyla alan ve ¢evre kavramlarina iliskin kavramsal anlayiglarini incelemeyi
amaglamaktadir. Alan ve gevre, geometri 6greniminin temel kavramlari
arasinda yer almakta olup, her ne kadar her ikisi de sekillerle iligkili olsa da
farkli matematiksel anlamlara sahiptir. Alan, bir geklin kapladigr igsel yiizey
miktarini ifade ederken; ¢evre, seklin dig sinirini olusturan toplam uzunlugu
temsil etmektedir. Bu ayrim, 6zellikle bir gekil tizerinde ¢ikarma, ekleme ya
da yeniden diizenleme gibi degisiklikler yapildiginda 6grenciler igin siklikla
kavramsal karigikliga yol acabilmektedir.

Bu soru, Ogrencilerin geometrik bir doniigiim kargisindaki diigiinme
bigimlerini incelemektedir. Sol tarafta verilen bir dikdortgen, sag tarafta
iki kiiciik dikdortgen gikarilarak yeniden olugturulmugtur. Ogrencilerden
agagida verilen ifadelerden birini segmeleri istenmistir:

* Alan ve gevre ayn1 kalir.

 Alan aymi kalir, ancak ¢evre degisir.

* Alan degigir, ancak gevre ayni kalir.

* Hem alan hem gevre degisir.

* Yorum yapmak zordur.

Ogrencilerin verdikleri yamtlar su sekilde siiflandirilngtir:

¢ Dogru kavramsal anlayis: Ogrencilerin biiyiik ¢ogunlugu “alan
degisir, ancak ¢evre ayni kalir” ifadesini dogru sekilde se¢misgtir.

* Kismi kavramsal yanilgi: Birka¢ 6grenci “hem alan hem gevre
degisir” yanitini vermigtir.

* Kavramsal karigiklik: Bir 6grenci “alan ayni kalir, ancak ¢evre degisir”
ifadesini se¢mistir.
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* Yanlis genelleme: Bir 6grenci “alan ve gevre ayni kalir” yanitin
vermistir.

4.4.1 Baskin Dogru Kavrayis: Alan Degisir, Cevre Ayn1 Kalir

Ogrencilerin biiyiik bir kismi dogru yamiti vermistir. Bu 6grenciler, bir
seklin i¢ kismindan pargalar ¢ikarilmasinin kaplanan alani azalttigini; ancak
dig sinirda herhangi bir degigiklik yapilmadig siirece gevrenin sabit kaldigini
dogru bigimde fark edebilmiglerdir.

“Alan degisir, ancak gevre ayni kalir.”

Bu vyanit, Ogrencilerin su kavramsal anlayiglara sahip olduklari
gostermektedir:

e Alanin, sekli olusturan pargalarin alanlarinin  toplamma dayali
eklenebilir bir biiyiikliik oldugunun farkinda olunmasi; dolayisiyla ig
bilesenlerin gikarilmasinin toplam alani azaltacag bilgisi.

* Cevrenin yalmzca geklin dis smurlarr tarafindan belirlendigi ve bu
sinirlar degismedigi siirece ¢evrenin korunacagi yoniinde bir anlayis.
Bu durum, gevrenin korunumu fikrinin olustugunu gostermektedir.

Seklin i¢ yapist degismesine ragmen dig hatlarinin sabit kaldigini zihinsel
olarak canlandirabilmek, o6grencilerin geometrik ayrigtirmaya dayali akil
yuriitme becerilerinin gelistigini ve kavramsal olgunluga ulagtiklarin
gostermektedir.

4.4.2 Alan ve Cevrede Degisim Yanilgisi

Baz1 6grenciler hem alanin hem de gevrenin degistigini ifade etmisgtir.
Bu durum, alani1 ve gevreyi etkileyen degisiklikler arasindaki farkin yeterince
netlesmedigine isaret etmektedir. Ogrenciler, sekil iizerinde yapilan her
degisikligin her iki oOl¢iiyli de zorunlu olarak etkileyecegini diigiiniiyor
olabilirler.

Bu yanilginin olast nedenleri sunlardir:

¢ Olgeklendirme ya da biiyiitme-kiigiiltme deneyimlerine dayal asir1
genelleme, bu tiir durumlarda hem alanin hem ¢evrenin birlikte
degismesi.

* Seklin gorsel olarak yanhs yorumlanmasi; ¢ikarilan parcalarin yeni
sinirlar olugturdugu varsayimu.

e Iki boyutlu sekillerde alan ve cevre kavramlarina iliskin yetersiz
kavramsal ayrim.
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4.4.3 Alan ve Cevrenin Birbirine Karistirilmasi
Bir 6grenci su ifadeyi kullanmugtir:
“Alan ayni kalir, ancak gevre degisir.”

Bu yanit, kavramsal olarak ters bir iliskiyi yansitmaktadir. $ekilden
pargalar ¢ikarildiginda kaplanan alanin azalmasi kaginilmazdir. Cevrenin
degistigi diisiincesi ise, Ogrencinin ¢evreyi tim kenarlarin toplami olarak
algilamasindan kaynaklanmug olabilir. Baz1 durumlarda i¢ bosluklarin yeni
kenarlar olusturmasi ¢evreyi etkileyebilir; ancak bu, seklin dig sinurlarryla

iligkilidir ve her geometrik durumda gegerli degildir.

Bu yamit, Ogrencinin alan ve ¢evre hesaplamalarma iligkin eksik bir
zihinsel model gelistirdigini ve gorsel akil yiirlitme siirecini yeterince
kullanmadigin1  gostermektedir. Bu durum, geometri 6gretiminde agik
tanimlara, dogru matematiksel dile ve gorsellestirmeye dayali etkinliklerin
Onemini ortaya koymaktadir.

4.4.4 Yanlis Genelleme: Hicbir Sey Degismez

“Alan ve gevre ayn1 kalir” seklindeki yanit, tamamen yanlis olup 6grencinin
ya tahmine dayali bir se¢im yaptigini ya da soruyu yiizeysel bir sekilde
degerlendirdigini diisiindiirmektedir. Bu yanit, bir seklin kopyalanmasinin,
iginden pargalar ¢ikarilsa bile Olgiileri etkilemeyecegi gibi hatali bir
genellemenin varligina igaret etmektedir.

Bu durum, 6grencinin gorsel bilgiyi etkin bi¢imde kullanamadigini ve
alan—gevre kavramlarini yeterince igsellestirmedigini gostermektedir. Bu tiir
vanitlar, kavramsal pekistirme, somut materyallerle ¢aligma ve deneyim temelli
ogrenme etkinliklerine duyulan gereksinimi agik¢a ortaya koymaktadir.

5. Sonug

5.1 Elde Edilen Ogretimsel Cikarimlar

Her bir soruda ortaya gikan yanit gesitliligi, 6grenciler dogru sayisal sonuca
ulagsalar dahi, bu sonuca ulagirken kullandiklar1 akil yiiriitmenin derinligi
ve agikhiginin 6nemli Olgiide farklihk gosterdigini ortaya koymaktadir.
Lisanstistii matematik 6grencileri agisindan, cebirsel akil yiirtitmeyi agik ve
seffaf bicimde modelleyebilme becerisi kritik bir Sneme sahiptir. Bu bulgular,
ogretmen egitiminde yalmzca dogru sonuca ulagmanin degil; ayni zamanda
akil ytriitmenin gerek¢elendirilmesinin, tanimlarin bilingli kullaniminin
ve ¢Oziimlerin dogrulanmasinin da 6zellikle vurgulanmasi gerektigini
gostermektedir.
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Caligmada ele alinan problemler, geometride tanimsal akil yiiriitme,
gorsellestirme ve mantiksal celigki kullaniminin nasil kesigtigini  agik¢a
ortaya koymaktadir. Lisansiistii matematik Ogrencileri igin, eskenar genis
agill bir tiggenin neden miimkiin olmadigini gerekgelendirebilmek, bunun
miimkiin olmadigini bilmekten ¢ok daha 6nemlidir. Bu bulgular, matematik
egitiminde kavramsal agiklik ve dilsel kesinligin temel kazanimlar arasinda
yer almasi gerektigi goriigiinii desteklemektedir.

Dortgen probleminde ise cebirsel modelleme, gorsellestirme ve yansitic
diisiinmenin etkilesimi gézlemlenmigtir. Yapilandirilmig yaklagimlar kullanan
ve ¢Oziim siirecini agikga dogrulayan ogrencilerin daha yiiksek diizeyde
akil yiirtitme olgunlugu sergiledikleri goriilmiigtiir. Lisansiistii matematik
ogrencileri igin bu tiir bir yansitict farkindalik, hem kendi problem ¢6zme
stireglerini gelistirmeleri hem de 6grenci 6grenmesini yapilandirabilmeleri
agisindan vazgegilmezdir.

Ortaya ¢ikan kavram yanilgilari, sekillerin igsel ve digsal Ozellikleri
arasindaki ayrimi yapmada yaganan giigliikleri ortaya koymaktadir. Alan
ve gevre kavramlarinin karistirilmasi, 6zellikle ilkokul diizeyinde yaygin bir
hata oldugundan, lisansiistii matematik 6grencileri i¢in bu ayrimlarin net ve
dogru bigimde igsellestirilmesi biiyiik 6nem tagimaktadir.

5.2 Lisansiistii Matematik égrencﬂerinin Problem C6zme
Stratejileri ve Matematiksel Diisiinmelerinde Metabilis ve Akil
Yiirtitmenin Roli

Ogrencilerin problemlere verdikleri yanitlar; gorsel diistinme, kavramsal
anlayig, gorsel akicilik ve matematiksel iletisim becerileri agisindan farkll
diizeyler ortaya koymaktadir. Cogu 6grenci dogru yanita ulagmig olsa da,
izledikleri ¢6ziim yollar1 matematiksel diigiinmenin farkli bigimlerde ifade
edilebilecegini gostermektedir. Ogrenciler problemleri ¢ozerken farkl:
stratejiler segmiglerdir. Birer egitimci olarak, bu gesitlilik; akil yiiriitme,
modelleme ve iletisim becerilerinin giiglendirilmesi i¢in 6nemli bir firsat
sunmaktadir. Bu beceriler, etkili matematik 6gretiminin temel yapr taglaridir.

Bu tiir kazanimlar, tanimlarin bilingli kullanimi, cebirsel modelleme,
geometrik akil yiiriitme ve gorsel diigiinmenin ozellikle vurgulanmasi
yoluyla desteklenebilir. Ogrencilere yalnizca “problemi ¢6zmeleri” degil,
“bu problem ka¢ farkli yolla ¢oziilebilir?” sorusunun da yoneltilmesi,
matematiksel diigiinmeyi derinlestiren 6nemli bir pedagojik yaklagimdir.

Genig agili eskenar tiggen probleminde oldugu gibi 6zenle segilmis
sorular, 6grencilerin tiggen 6zelliklerine iligkin anlayiglarini ve matematiksel
akil yiiriitme becerilerini degerlendirmek igin etkili bir aragtir. Ogrencilerin
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tanimlart tutarhh ve dogru bigimde uygulayabilmeleri, soyut diigiinme
diizeylerini ve tutarli matematiksel agiklamalar kurma becerilerini dogrudan
yansitmaktadir. Ayni zamanda, agiklamalardaki ince farkliliklar, 6grencilerin
matematiksel kavramlart nasil yapilandirdiklarini ve ifade ettiklerini ortaya
koymakta; bu da geometride ileri diizey 6grenme igin kritik bir yeterliktir.

Tanimlarin  igsellestirilmesi, onlarin yerinde ve dogru kullanimini
miimkiin kilarak daha agik ve kendinden emin yanitlarin ortaya ¢itkmasini
saglamaktadir. Ayn1 problem, birbirini diglayan 6zellikler tizerine mantiksal
celiski yoluyla akil yiiriitmeyi tegvik etmek i¢in de etkili bigimde kullanilabilir.
Tiim bu siireglerde, dilin dogru kullanimi ve agiklik biiytik 6nem tagimaktadir.
Ogrencilerin diisiincelerini nasil ifade ettikleri {izerine geri bildirim verilmesi,
kavramsal anlayigin derinlegmesine katki saglamaktadir.

Dortgen probleminde, matematikte modelleme, mantiksal akil yiiriitme
ve iletisim acisindan zengin 6grenme firsatlar1 sunulmugtur. Ogrencilerin
biyitk bir kismi dogru ¢oziimlere ulagmig ve siireglerini agikga ifade
edebilmigtir; bu durum, problem ¢6zme stratejilerinde gelisen bir yetkinlige
isaret etmektedir. Bununla birlikte, yanitlarin agiklik ve yapi bakimindan
tarklilik gostermesi; 6zellikle gosterim, notasyon ve dogrulama agamalarinda
ogretimsel iyilestirme alanlarinin bulundugunu ortaya koymaktadir.

Ogrenci yamitlari, problem ¢6zme siirecinde su Gnemli becerilerin
desteklenebilecegini gostermektedir:

¢ Sozelipuglarinin denklemlere doniistiiriilmesi stirecinin modellenmesi,
* Gerektiginde gorsellestirmeden yararlanilmast,
* Cebirsel islemlerin yapisinin ve dogru notasyonun pekistirilmest,

* Problem ¢6zme siireci tizerine yansitict diigiinmenin tegvik edilmesi
yoluyla matematiksel akil yiirtitmenin gelistirilmesi.

Alt boliimleri ¢ikarilmig bir dikdortgenin analizine dayali gorev ise,
ogrencilerinalan ve ¢evre arasindaki iligkiyi nasil yorumladiklariniagikga ortaya
koymustur. Cogu 6grenci alanin azaldigini, ancak gevrenin degismedigini
dogru bigimde belirlemigtir. Bununla birlikte, baz1 6grencilerde gézlemlenen
kavram yanilgilari; geometri 6gretiminde dogru gorsellestirme, agik dil
kullanimi1 ve farkli temsillerin 6nemini bir kez daha vurgulamaktadir. Bu
bulgular, 6gretmenler i¢in ilkokul geometrisinde yaygin hatalar1 6nlemeye
yonelik 6gretim stratejileri geligtirme agisindan yol gostericidir.

5.3 Lisansiistii Matematik Ogrencilerinin Yazili Agiklamalarinin
Aciklig1 ve Yapisinin Kavramsal Anlayisla Tligkisi
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Lisanstistii matematik Ogrencilerinin yazili agiklamalarinin  agiklig
ve yapisal diizeni, genellikle sahip olduklar1 kavramsal anlayig diizeyiyle
yakindan iligkilidir. Diigtincelerin nasil organize edildigi ve gerekg¢elendirildigi
(metabilig ve akil yiiriitme), 6grencinin kavramlari ne 6lgiide anladiginin bir
yansimasidir. Matematiksel kavramlar1 derinlemesine anlayan ogrenciler,
diyagramlar1 dogru ve yerinde kullanma konusunda daha yetkindir.

Buna karsilik, diizensiz ve pargali agiklamalar gogu zaman yalnizca iglemsel
bilgiye dayali, yiizeysel bir anlayisa isaret etmektedir. Kavramsal agidan giiglii
ogrenciler ise diyagramlari, sembolik gosterimleri ve sozel agiklamalar:
biitlinctil ve tutarli bir bigimde kullanabilmektedir. Kendi akil yiirtitmesini
degerlendirebilen ve lizerine diigiinebilen 6grenciler, agiklamalarini daha agik
ve anlagilir hale getirme egilimindedir.

Bununla birlikte, istisnalar da s6z konusudur: Bazi 6grenciler kavramsal
olarak yeterli olmalarina ragmen yazili ifade becerilerinde zorlanabilirken,
bazilari ise bigimsel olarak diizgiin goriinen agiklamalar tiretebilmekte ancak
derin bir anlayis sergilemeyebilmektedir. Bu durum, matematik egitiminde
yalnizca dogru yanitin degil, bu yanitin nasil gerekgelendirildiginin ve ifade
edildiginin de degerlendirilmesi gerektigini gostermektedir.
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Bolum 3

Cesitli Adsorbanlar Kullanilarak Lineer
Alkilbenzen Siilfonatin Analitik Dogrulamas:

ve LABS Atiklarindan Ger1 Kazanimin
Degerlendirilmesi 3

Ilgim Ozdemir!
Cemile Bal Ozcan?

Ozet

Endiistriyel ilerlemeler ve artan niifus yogunluguyla birlikte ortaya gikan
ihtiyaglar ve temizlik iriinlerinde yaygin olarak tercih edilen anyonik
ylizey aktif olan Lineer alkil benzen siilfonatin (LABS) dogru ve giivenilir
metotlarla geri kazanimi ve tayini olduk¢a 6nem tagimaktadir. Bu sebeple
caliyma kapsaminda LABS bileseninin adsorbanlar (silikajel, aktif karbon,
regine ve XAD-7) ile geri kazanimi arastirilmigtir. Aktif karbonun LABS geri
kazaniminda en iyi performanst gosterdigi tespit edildi ve galigmalar aktif
karbon tizerinde gergeklestirildi. Optimum kogullart belirlemek igin pH,
adsorban miktar1 ve siire gibi kritik adsorpsiyon parametrelerinin etkileri
degerlendirilmistir. LABS geri kazanim ol¢iimleri, aktif karbon, UV ve
HPLC yontemleri kullamlarak optimum kosullar altinda gergeklestirildi ve
sirastyla %95-97 geri kazamim oranlar1 elde edildi. Bu galiyma, LABS geri
kazanmimu i¢in aktif karbonun adsorpsiyon siirecini kontrol eden faktorler
hakkinda 6nemli yeni bilgiler sunmaktadir. Bu bilgiler, uygulanabilir ve
verimli adsorpsiyon tabanli atik su aritma tekniklerinin gelistirilmesinde
faydali olacaktir.
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1. Girig

Anyonik aktif maddeler, iyi kopiik olusturucu maddeler olduklar: igin
deterjan endiistrisinde en yaygin kullanilan yiizey aktif maddelerden biridir
[1-3]. Yiizey aktif Ozelliklere sahip deterjanlar, sivilar arasindaki yiizey
gerilimini degistirir ve gogunlukla onu azaltma yoniinde etki eder, boylece
ylizey gerilimini azaltarak kiri giderir [4-10]. Lineer alkil benzen siilfonat
(LABS), ozellikle temizlik sektoriinde kullanilan leke gikarma giictinde etkili
ana hammaddelerden biridir [10-21]. LABS, LAB’nin (lineer alkil benzen)
stilfonlanmasiyla olugur [11]. Siilfonasyon tesislerinde LABS olugum
reaksiyonu, ¢ok tiiplii bir film reaktoriinde gergeklesir [12]. LAB, film reaktor
tiipiiniin duvarlar1 iginde ince bir film halinde akarken stirekli olarak SO,
gazina maruz kalir [7]. Film reaktoriinde SO, gazina maruz kalan LAB’nin
viskozitesi, reaksiyon ilerledik¢e artar. Reaktiflerin azalmasi, reaksiyonun
yavaglamasina neden olur ve viskoziteyi artirarak fazlar arasindaki taginma
hizint siirlandirir [12]. Dolayisiyla yan triinlerin artmasina ve istenmeyen
renk olusumuna yol agar. LABS, temizlik {irinlerinde yaygin olarak
kullanilmas: nedeniyle konsantrasyonlar1 0,1-100 g/L (algler {izerinde su
toksisitesi EC, | degeri) arasinda degisen yaygin bir su kirleticisidir [13-17].

Niifus yogunlugunun artmast ve sanayilesmenin gelismesiyle beraber,
evsel atiklar zamanla belirgin gekilde artmaktadir, bu da LABS bilegeninin
izlenmesi, tanimlanmasi ve aritilmasinin 6nemini artirmaktadir. Bu nedenle,
bu ¢aligmada, siilfonasyon tesislerinde LABS iiretimi sirasinda reaksiyon
sonucu ortaya ¢ikan koyu renkli atik olarak tanimlanan yan {iriiniin geri
kazanimi saglanmugtir. Bu kapsamda aktif karbon, XAD-7, silikajel ve regine
adsorbanlar1 kullanilarak lineer alkil benzen siilfonatin analitik yontem
dogrulamasi ve geri kazamim performansi incelenmistir. Lineer alkil benzen
stilfonatin  yontem dogrulamasi, ultraviyole-goriiniir spektroskopisi ve
HPLC-DAD teknikleri kullanilarak yapilmig; boylece bertarat edilen aktif
bilesenin geri kazanmilarak tekrar kullanima kazandirilmasi hedeflenmigtir.

2. Materyal Metot

HPLC-DAD (Agilent 1260 Infinity), UV-Vis (Shimadzu UV2600),
santrifiij (Hettich Universal 320 R), ultrasonik banyo (Isolab 621.05. 022)
vb. tiim deneysel ¢alismalarda kullanilmugtir. Ayrica, deneysel ¢aligmalarda
kullanilan kimyasallar HPLC saflikta idi.

LABS geri kazanimi igin silikajel (Merck 2-5 mm), regine (Sigma-
Aldrich Dowex 50WX8 hidrojen formu), amberlite XAD-7 (Sigma-Aldrich
polimerik regine) ve aktif karbon (Sigma-Aldrich Toz) adsorbanlar olarak
kullanilmigtir.
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2.1. Yontem Dogrulamasi Prosediirii: Silikajel, regine, XAD-7
ve aktif karbon gibi farkhi adsorbanlarin kullanilmasiyla attk LABS’nin
uzaklastiriimasi tizerine deneysel aragtirmalar gergeklestirilmis ve Olgiimler
UV-Vis yontemleriyle degerlendirilmistir. Bu amagla, 1000 mL saf suya 0,5
mg/L LABS standardi ilave edilmistir. Farkli pH parametrelerinde, LABS
igeren ¢ozeltilere 100 mg, 250 mg ve 500 mg adsorban (silica gel, resin,
XAD-7, aktif karbon) miktarlar1 eklenmis ve ultrasonik banyo cihazinda
ekstrakte edilmistir ve UV-Vis cihazi ile Olglimleri alinmistr. Elde edilen
veriler “Bulgular” boliimiinde sunulmugtur. LABS geri kazanimi agagidaki
parametrelere gore sirastyla yapilmugtir: pH taramasi>Eliient tiirii ve
derigimi taramasi=>Adsorban miktariNumune hacmi->Ekstraksiyon stiresi
[21-23].

3. Bulgular

Uygun geri kazanim kogullarinin prosediir se¢iminde, spektroskopik ve
kromatografik teknikler kullanilarak LABS’1n maksimum geri kazanilabilirligi
igin en kritik adimlardan biridir bu nedenle galiymada 6ncelikle maksimum
adsorbanin hangisi oldugu ve geri kazanimi i¢in en uygun metot belirlenmeye
calisilmustur.

3.1. UV-Vis Prosediriu

Oncelikle farkli pH parametrelerinde, LABS igeren ¢ozeltilere 100
mg, 250 mg ve 500 mg adsorban (silica gel, resin, XAD-7, aktif karbon)
miktarlar1 eklenmig ve ultrasonik banyo cihazinda ekstrakte edilmistir (Sekil
3.1).
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Adsorban Miktari, mg
BAC BRe¢ine HSihikajel OXAD-7

Sekil 3.1. LABS yonteminin gegerliligini dogrulamak icin kullanilan farkls
adsorbanlarm karsilastirmas: (n=06).
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Yontem dogrulama galigmasinda adsorban miktari taramasinda UV-Vis’de
maksimum absorbans vermig ve maksimum geri kazanim sonuglarina gore
250 mg segilmistir. Adsorban miktar1 belirlendikten sonra 2-10 araliginda
pH taramasi yapilmustir. Elde edilen sonuglar Sekil 3.2°de verilmigtir.

—+Silika —@-Recine —2—=AC =XAD-7

% Verim
o~ o oo
= = =3

6
pH Degisimi

Sekil 3.2. LABS geri kazanumnda pH tavamast (n=6).

Uygun pH araligini belirlemek amaciyla, 0,5 mg/L LABS derigimine
sahip model ¢ozeltilere adsorbanlar eklenmistir. Cozeltilerin pH’1 seyreltik
NaOH ve seyreltik HCI ile istenen degerlere ayarlanmistir. Sekil 3.2° de
goriilebilecegi gibi, aktif karbon {izerinde LABS i¢in en iyi adsorpsiyon
verimliligi pH 7°de elde edilmistir.
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Sekil 3.3. LABS gevi kazanumnda ckstvaksiyon siivesi taramast (n=0).
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pH ayarlamasindan sonra farkli ekstraksiyon siireleri (2, 5, 10, 30, 60
dk) incelenmis ve optimum bekletme siiresi 30 dk olarak belirlenmig ve elde
edilen sonuglar Sekil 3.3’te verilmistir. UV-Vis’de gizilen LABS kalibrasyon
grafigi Sekil 3.4’te, LABS geri kazaniminda adsorbanlarin nicel verileri ise
Tablo 3.1°de sunulmugtur.
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Sekil 3.4. Farkly konsantrasyonlarda LABS bileseninin UV-Vis absorbans-
konsantrasyon grafigi (n=6).

Tablo 3.1. LABS geri kazanumnda farkls adsorbanlavin nicel analizi (n=6).

Adsorban Geri kazanim, %

miktan, mg Aktif karbon Regine Silikajel XAD-7
100 77,5 1,2 78,5 = 0,9 72,3 =09 77,6 = 1,1
250 99,6 = 0,3 99,5 = 0,2 99,5 = 0,5 99,1 = 0,2
500 99,5 = 0,2 99,3 £ 0,2 99,4 £ 0,2 99,1 £ 0,2

UV-Vis analizlerinden elde edilen bulgular, kullanilan adsorbanlar
arasinda en yiiksek verimin aktif karbon ile elde edildigini gostermistir; bu
baglamda, kromatografik tayinde yiiksek performansl sivi kromatografisi
(HPLC-DAD) ve geri kazanim ¢aligmasinda ise adsorban olarak aktif karbon
kullanilmasina karar verilmistir.
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3.2. HPLC-DAD Yo6ntem Dogrulama Caligmalar:

LABSA standard1 (%95 saflikta), ultra saf su igerisinde ¢oziindiiriilerek
1000 mg/Llik ana stok ¢ozelti olusturulmustur. Bundan saf su igerisinde 10
mg/Llik ara stok ¢ozeltisi hazirlanmig ve HPLC-DAD cihaz parametrelerinin
optimize edilmesi sirasinda kullamilmigti. LABS igin geri kazanim ve
dogrulama ¢ahgmalarinda Sekil 3.5’teki gematik diyagram g¢aligmanin
ekstraksiyon prensibi hakkinda bilgi vermektedir. HPLC’de ¢aligilirken dalga
boyu, akig hizi, kolon sicakligr gibi parametrelerin de taranmasi oldukga
onemlidir [24-28]. Bu nedenle Sekil 3.5’te agiklanan prosediir uygulanmistir.

Q
o] o
Oe o Oo 25°C w([E]|]
— Silikajel,Regine, pa— 30 dakika
= XAD-7,Aktif Karbon = ’U'U'Lﬂ
= "= - (}
= — = v
250 mg
LABS Cozeltisi + NaOH ‘._;.-_;_?,'- )
pH7 4500 rpm “‘
15 dakika =3
84 “—
&7 10 mL 1
" Metanol
LB (B[ g|mE
— R ]
3 il
L
HPLC-DAD UV-vis Elilsyon Dekantasyon

Sekil 3.5. LABS yontemi geri kazanum ve dogrulama calismalar:y sematik gostevimi.

Dogrulama galigmasi yapilirken HPLC-UV-DAD sisteminde dalga boyu
taramasi oldukga onemlidir [24-35]. Dalga boyu taramasinda elde edilen
veriler Sekil 3.6’da sunulmugtur. Dalga boyu taramasinda akig hiz1 0,7 mL/
dk, kolon sicakhig1 30 °C, enjeksiyon hacmi 20 L, izokratik eliisyon ¢oziiciisii
ACN:su: KH,PO, (60:40 (h:h) + 0,5 g KH,PO,) olarak optimum dalga
boyu 210 nm olarak belirlenmistir.
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mAl

Sekil 3.6. HPLC-DAD ile elde edilen LABS bileseninin dalga boyn tarvama
kromatograma (akss bize 0,7 mL/dk; kolon sicaklyjr 30 °C; enjeksiyon hacmi 20 wL;
soziicii ACN:su: KH,PO,) (n=06).

Optimum akig hiz1 belirlenirken de sabit parametrelerin yaninda sirasiyla
degisken akig hiz1 kolon sicakligi ve enjeksiyon hacmi taramasi yapilmugtir.
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T |
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Sekil 3.7. HPLC-DAD ile elde edilen LABS nin aks izt tavama kromatogram: (dalga
boyn 210 nm; kolon swcaklyjr 30 °C; enjeksiyon hacmi 20 uL; ¢oziicii ACN:su: KH PO4)
(n=6).
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Sekil 3.8. HPLC-DAD ile elde edilen LABS nin kolon swcaklyj tavama kromatogram:
(dalga boyn 210 nm; akas iz 0,7 mL/dk; enjeksiyon hacmi 20 uL; ¢ozvicti ACN:su:
KH,PO,) (n=6).

mAU
1404 v\ 40l

120 30ul /

100+

Sekil 3.9. HPLC-DAD ile elde edilen LABS enjeksiyon hacmi tavama kromatograma
(dalga boyu 210 nm; akss bz 0,7 mL/jdk; swaklik 25°C; ¢iziicii ACN:su KH ,PO,)
(n=6).

Elde edilen kromatogramlar calistirilarak Sekil 3.7, 3.8 ve 3.9da
sunulmustur. Optimum akis hizi 0,7 mL/dk, kolon sicakhigr 25 °C ve
enjeksiyon hacmi ise 20 uLL olarak belirlenmistir. Tarama igleminden sonra,
optimum kogullar belirlenmig ve kalibrasyon grafigi olusturularak Sekil
3.10°da, validasyon sonuglar1 ise Tablo 3.1°de sunulmugtur. HPLC’de %95’in
tizerinde geri kazanim elde edilmis ve LABS igin LOQ ve LOD degerleri
sirastyla 0,48 ppm ve 0,14 mg/L olarak belirlenmigstir. Ayrica relatif standart
sapma (%RSD) degeri 5’ten kiigiik belirlenmigtir.
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Sekil 3.10. LABS igin ¢alisma grafigi (HPLC-DAD) (n=06)

Analitik prosediirlerin gegerliligi sonuglar Tablo 3.1°’de sunulmus olup

yontemin gegerliligi giincel klavuzlar referans alinarak kanitlanmugtir [36-

38]. ICH kilavuzlarina gore dogrusallik, dogruluk, hassasiyet, ve tespit
limitleri gibi 6zellikler dahil olmak iizere kapsamli dogrulama yapilmig [38]
ve ger¢ek orneklere uygulamasi yapilmugtir.

Tablo 3.1. LABS’1n HPLC metod validasyon parametreleri [36-38]

Parametreler Optimum Degerler
Dalga Boyu, nm 210 £ 2

Akig Hizi, mL/dk 0,700 = 0,001
Kolon Sicaklig, °C 25,0 £0,2
Enjeksiyon Hacmi, uLL 20,0 = 0,0
Lineerite, y=mx+n 130,67x + 33,17
Korelasyon Katsayisi, R? 0,9976 = 0,998
Tespit Sinir1 (LOD), mg/L 0,14

Tayin Siirt (LOQ), mg/L 0,48

Relatif Standart Sapma (RSD), % 0,2-4,8

3.3. Optimum Kosullarin Gergek Ornekler Uygulanmast

Ger¢ek LABS atigimnin geri kazaniminda UV-Vis yontem dogrulama
caliymasinda ve HPLC-DAD ¢aligmalarinda belirlenen en iyi sartlar
kullanilarak analizler yapilmugtir. Aktif karbonun LABS adsorpsiyon oraninin

pH degerinin artmasiyla arttigi belirlenmistir. Bu durum, LABS’nin anyonik

ozelligi, elektrostatik etkilesime ilaveten molekiil boyutuyla tarif edilebilir
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[30-33]. Yiiksek pH kosullarinda, LABS iyonlarinin tasidigi negatif yiik
ile adsorban yiizeyinin yikii arasinda elektrostatik itme olugmaktadir.
Ayrica, molekiil biyiikliigli ve zincir uzunlugunun artmasi, LABS tiirlerinin
¢oziiniirliigiinii azaltarak van der Waals etkilesimlerinin giiglenmesine ve buna
bagl olarak adsorpsiyon kapasitesinin yiikselmesine katki saglayabilmektedir
[31]. Burada, hidrofobik yapmnin daha baskin olmasi da belirleyicidir.
HPLC-DAD yonteminin gegerliligi dogrulandiktan sonra, aktif karbon
adsorpsiyonu ile analizler ger¢cek numuneler {iizerinde uygulanmugtir.
Uzunkoprii Ergene bolgesinden alinan nehir suyu numunesine ve deniz
suyuna HPLC-DAD igin optimize edilmis kogullar uygulanarak LABS tayin
caliymast gergeklestirilmigtir. Elde edilen kromatogramlar Sekil 3.11 ve
3.12°’de sunulmustur. Standart LABS 6rneklerine gore, nehir suyu ve deniz
suyunda LABS tespit edilmemigtir.
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Sekil 3.11. HPLC-DAD ile neliv suyunda LABS tayini

Al

Sekil 3.12. HPLC-DAD teknigi ile deniz suyundn LABS analizi
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Renk ¢aligmasi, siilfonasyon reaksiyonundan sonra proses ¢ikigindan
toplanan atik LABS ile gergeklestirilmistir. Siirekli SO, gazina maruz kalan ve
bir yan iirtin haline gelen LABS, standart LABS’ye gore daha koyu renklidir
(Sekil 3.13). Ticari tiriinlerde bu koyu renkli yan tiriiniin kullanilmasi, renk
uyumsuzlugu agisindan nihai iiriinde stabilite sorunlarina neden olmaktadir.

Standart LABS Atk LABS

..

Sekil 3.13. Standart ve atik LABS n gorsel karsidastumas:.

UV-Vis ile belirlenen en iyi sartlar atk LABSa uygulanmustir. Bu
sayede, standart ve atik LABS ve geri doniistiiriilmiiy LABS ile uygun
standardizasyona sahip el bulagik deterjani irtini eldesi gergeklestirilmistir
(Sekil 3.14).

Sekil 3.14. El bulagik deterjaninin gorsel karsidastwmas:.
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Standart LABS kullanimi sonucunda iiretilen bulagik deterjani saydam
goriiniime sahiptir. Attk LABS ile iiretilen bulagik deterjaninda, atigin renk
yapisindan kaynaklanan bir sararma meydana gelmistir. Geri doniigtiiriilmiig
LABS, atik LABS’ye gore daha agik sar1 bir renk vermis ve atik LABS
kullanilarak iiretilen el bulagik deterjani, titrasyon yontemiyle anyonik aktif
madde agisindan analiz edilmigtir. Boylece atik LABS daki aktif LABS orani
%18 olarak hesaplanmugtir. Ayrica atik LABS i¢in HPLC’de optimize edilen
kosullar geri kazanmilmis LABS’a uygulanmig ve elde edilen kromatogram
Sekil 3.15’te sunulmugtur.
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Sekil 3.15. HPLC-DAD analizinden elde edilen geri kazanilmas LABS kromatograma

4. Sonuglar ve Oneriler

Bu ¢aligma, insanlar tarafindan temizlik amaciyla kullanilan LABS anyonik
yizey aktif maddenin aktif karbon, regine, silika jel ve XAD-7 tizerinde
belirlenmesi ve geri kazanilmasini kapsamaktadir. Bu ¢aligmada LABS tayini
icin HPLC-DAD ve UV-Vis cihazlar kullanilmugtir.

Caligmada, en iyi verimliligi saglayan adsorban UV-Vis cihaz1 kullanilarak
belirlenmigtir. Yapilan ¢aligmada, 6nemli adsorpsiyon parametreleri (pH,
adsorban dozu, temas siiresi vb.) sistematik olarak incelenmis ve optimum
kosullar belirlenmigtir. Literatiir incelemesinde, adsorpsiyonu etkileyen en
onemli parametrelerden birinin adsorpsiyonun gergeklestigi pH ortami
oldugu goriilmiistiir. pH etkisi, liganin tiiriine, adsorban tiiriine, matriksteki
davranigina, adsorbe edilen iyonlarin ¢egidine vb. degisir. pH 7’de LABS
%90"1n {izerinde verimlilikle geri kazanilmistir. Geriye kalan degigkenler
uygun kosullarda tutuldugunda ve farkli karigtirma stireleri uygulanmug
ve 30 dakikadan uzun tutulsa bile, verimlilikte kayda deger bir artig
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meydana gelmedigi goriilmiigtiir. Bu nedenle, diger tiim degigkenlerde 30
dk kullanilmigtir. Caligmanin sulu ¢ozelti boliimiinde, adsorban miktari,
temas siiresi, sicaklik, ¢ozeltinin baslangic pH1 ve ¢Ozeltinin baglangig
konsantrasyonunun LABS giderimi tizerindeki etkisi aragtirilmig ve metanol
ile eliisyon gergeklestirilmistir. XAD-7, silika jel, regine ve aktif karbon
adsorbanlarinin  uygulamasi neticesinde alinan Olgiimler sonucunda en
yiiksek geri kazanimin aktif karbon ile elde edildigi belirlenmigtir.

HPLC-DAD yontem dogrulamasinda, UV-Vis analizlerinde en verimli
adsorban olarak belirlenen aktif karbon tercih edilmistir. Validasyon
kapsaminda  gergeklestirilen dalga boyu taramalarinda  maksimum
absorbansin 210 nm’de oldugu saptanmugtir. Ramcharan ve Bissessur (2016)
HPLC-UV ve UV-vis spektrofotometrisi ile ¢gamagir atik suyunda lineer
alkilbenzen siilfonat analizini 653 nm dalga boyunda ve LAS seviyeleri 116
ile 454 mg/L arasinda degistigini belirlemigler. Yapilan ¢aligmada izokratik
eliisyon teknigi ayni yaptigimiz ¢aligma ile ayni olmakla birlikte mobil faz
olarak %95 ACN ve %5 0,7 M asetik asit mobil faz kullanilmig [34]. Yapmug
oldugumuz ¢aliymada ise mobil faz olarak ACN:su: KH,PO, (60:40 (h:h)
+ 0,5 g KH,PO,) belirlenmistir.

de Sousa ve ark. (2025) ve yapmug oldugumuz ¢aliymada korelasyon
degerleri birbirine ¢ok yakin bulunmus (R?*=0,998) ve yapmis oldugumuz
validasyon yontemi ile uyum igerisinde oldugu goriilmektedir. Akig hizi, kolon
sicakhigr ve enjeksiyon hacmi gibi yontem parametreleri optimize edilerek
elde edilen ideal kogullar ger¢ek numunelerin analizinde kullanilmistir.
HPLC olgiimlerinden hesaplanan geri kazanim degerleri %97-102 arasinda
degismig; yontemin LOD ve LOQ degerleri ise sirastyla 0,14 mg/L ve 0,48
mg/L olarak belirlenmistir.

Deterjan tiretim tesisleri su anda normal ortam LABS konsantrasyon
arabigmmn st smirinda bulunmaktadir, bu nedenle ¢alismada %97°nin
tizerinde geri kazanim elde edilmistir. Geri kazanim ve iiriin galigmalari,
stilfonasyon isleminin sonucunda atik olarak tretilen LABS i¢in UV-Vis ve
HPLC-DAD’la en iyi sartlarda gergeklestirilmistir. Bu islem sirasinda aktif
karbonun, attk LABS’nin hem geri kazanilmasinda hem de renk azaltiminda
etkili oldugu tespit edilmigtir. Geri kazanilan LABS’nin renginin agilmasi,
atgin ticari kullanimina katkida bulunmug ve atikla yapilacak iiriiniin nihai
renginin miigteri beklentilerine uygun olarak pazarlanabilir hale gelmesini
saglamustir. Geri kazanilan LABS’nin, formiillerdeki diger bilesenlerle birlikte
toplam aktif madde miktarini yiikseltmek amaciyla yardimer aktif bilegen
olarak degerlendirilebilecegine olanak saglamugtir. Ayrica, gelecekte de, geri
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kazanilmig LABS ¢ozeltisi, rengi ayarlamak igin peroksit ile islenebilir ve
tarkli sektorlerde kullanilabilir.

Sonug olarak; aktif karbon, atik sudan LAB’lerin geri kazanilmasinda en
etkili adsorbanlardan biridir. Yiiksek yiizey alani, kimyasal direnci ve uygun
kosullar altinda yiiksek geri kazanim oranlart ile ¢evre dostu ve uygulanabilir
bir ¢6zlim sunar.
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Bolum 4

Heterosiklik Bilesiklerde Yeni Nesil
Antimikrobiyal Ajan Tasarimi: A¢ik Problemler
ve Gelecek Yonelimlerine Yonelik Bir Derleme

Yildiz Uygun Cebeci'

Ozet

Antimikrobiyal direng, kiiresel 6l¢ekte halk sagligini tehdit eden en 6nemli
sorunlardan biri olup, mevcut antibiyotiklerin etkinliginin giderek azalmasina
neden olmaktadir. Budurum, kla-sik tek hedefli antimikrobiyal ajanlarin 6tesine
gegen, daha rasyonel ve ¢ok boyutlu tasarim stratejilerinin gelistirilmesini
zorunlu kilmaktadir. Heterosiklik bilegikler; yapisal gesitlilikleri, elektronik
ozellikleri ve biyolojik hedeflerle giiclii etkilesim kurabilme kapasiteleri
nedeniyle modern antimikrobiyal ila¢ tasariminda “ayricalikli iskeletler”
olarak 6ne ¢ikmaktadir. Bu kitap boliimii, heterosiklik bilesik temelli yeni
nesil antimikrobiyal ajan tasarimma iliskin giincel yaklagimlar1 kapsamli bir
bicimde ele almakta; sentez, molekiiler tasarim, mekanizma, hesap-lamali
yontemler ve biyolojik degerlendirme boyutlarini biitiinciil bir perspektifle
tartigmakta-dir.

Bolim kapsaminda; benzimidazol, triazol, oksadiazol ve azol tiirevleri
bagta olmak iizere hete-rosiklik sistemlerin antimikrobiyal tasarimdaki
stratejik rolleri incelenmis, hibrit farmakofor yaklagimlarinin ok hedefli etki
potansiyeli ve direng gelisimini baskilama avantajlari deger-lendirilmistir.
Bununla birlikte, docking—deneysel sonu¢ uyusmazliklari, hedef 6zgiilliigii
prob-lemleri, biyofilm formasyonuna kargt sinirlt etkinlik, ADME/Toksisite
uyumsuzluklari ve 6lgek biiyiitmeye iligkin zorluklar literatiir destekli olarak
ayrintih bicimde analiz edilmistir. Ayrica, molekiiler dinamik simiilasyonlarin
sinirliliklar: ve mevcut hesaplamali modellerin klinik ger-gekligi yansitma
konusundaki yetersizlikleri ele alinmugtir.

Son olarak, yapay zeka ve derin 6grenme destekli molekiil kesfi, mekanizmaya
dayali hibrit molekiil tasarimi ve teorik—deneysel verilerin entegre edildigi
yeni nesil tasarim dongiilerinin, gelecekte heterosiklik antimikrobiyal ajan

1 Dog. Dr., Kirklareli Universitesi, yuyguncebeci@klu.edu.tr, Orcid: 0000-0001-7712-8625
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gelistirme  siireglerini nasil doniisgtiirebilecegi tarti-gilmigtir. Bu  boliim,
heterosiklik bilesikler {izerinden yiiriitiilecek disiplinler arast ¢aligmalar igin
hem mevcut agik problemleri ortaya koymayr hem de gelecege yonelik
bilimsel yol harita-lar1 sunmay1 amaglamaktadir.

1. GIRIS

Antimikrobiyal diren¢ (AMR), modern tibbin en 6énemli tehditlerinden
biri olarak degerlendirilmektedir ve her yil artan vaka sayilari, bakteriyel
enfeksiyonlarin  kontroliinde giderek daha giiglii farmasotik ajanlara
duyulan ihtiyaci ortaya koymaktadir (Bassetti et al., 2021). Antibiyotiklerin
gelistirilmesindeki klasik stratejiler, mikroorganizmalarin genetik adaptasyon
hizina ayak uyduramamakta; direng genlerinin hizli yayihmi, diinya genelinde
etkili tedavi se¢eneklerinin daralmasina neden olmaktadir (De Oliveira et al.,
2020). Bu nedenle, molekiiler tasarimda kokli bir paradigma degisikligine

gidilmekte ve 6zellikle heterosiklik yapilar temelinde yeni nesil antimikrobiyal
ajanlarin geligtirilmesi 6nemli bir aragtirma alani haline gelmektedir.

Heterosiklik bilegikler, farmasotik kimyada “privileged scaffold” olarak
tanimlanan molekiiler iskeletlerin baginda gelmektedir. Yapilarinda bir
veya birden fazla heteroatom bulundurmalari, yiiksek rezonans stabilitesi,
tarkli elektronik dagilimlar olusturabilmeleri ve ¢ok sayida fonksiyonel
grup ile tiirevlenebilmeleri, bu bilesiklerin biyolojik hedeflere yiiksek
afiniteli baglanmasini kolaylagtirmaktadir (Aatif, 2022). Aromatik karakter
ile heteroatomlarin elektron giftleri arasinda kurulan denge, hem enzim
hedeflerine hem de DNA yiizeylerine baglanmayr miimkiin kilmakta;
bu nedenle triazoller, benzimidazoller, oksadiazoller ve azol tiirevleri gibi
heterosiklik halkalar, gok yonlii etki profilleriyle dikkat gekmektedir.

Modern antimikrobiyal tasarimin temel sorunlarindan biri, tek hedefli
gjanlarin  bakteriler tarafindan hizla tolere edilebilmesidir. Bu durum,
aragtirmacilart hibrit farmakofor stratejilerine yonlendirmis ve iki veya
daha fazla heterosiklik halkayr aym1 molekiil tizerinde birlestiren yapilar
gelistirilmigtir (Singh & Kumar & 2023). Bu hibrit sistemler, ayn1 anda
birden fazla biyolojik hedefi etkileyebilmekte, Ornegin bir boliim enzim
inhibisyonu saglarken bir diger boliim DNAya baglanarak cift yonli bir
antimikrobiyal mekanizma olugturabildigi literatiirde bildirilmigtir (Rasras,

2022).

Bu boliimiin amaci, heterosiklik bilegik temelli antimikrobiyal ajan
tasariminda  kargilagilan bilimsel sorunlar1 ayrintili bicimde tartigmak,
literatiirde halen ¢oziilemeyen bogluklar1 tanimlamak ve gelecegin aragtirma
yonelimlerini bilimsel kanitlar igiginda ortaya koymaktir. Ozellikle hedef
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ozgiilligii, molekiiler dinamik simiilasyonlarin siurhiliklari, biyofilm
tabakalarina karg1 yetersiz etki, ADME/Tox uyumsuzluklar1 ve 6l¢ek biiyiitme
problemleri, yeni nesil ilag tasariminda dikkate alinmasi gereken ¢ok 6nemli
alanlardir.

2. HETEROSIKLIK BILESIKLERIN ANTIMIKROBIYAL
TASARIMDAKI STRATEJIK KONUMU

Heterosiklik bilesikler farmasotik kimyada benzersiz bir yere sahiptir.
Bunun temel nedeni, heteroatomlarin molekiil igindeki elektronik dagilimi
koklii sekilde degistirmesidir. Azot, oksijen, kiikiirt gibi heteroatomlar,
ligand-hedef etkilesimlerinde kritik rol oynayan hidrojen bagi olusumu,
dipol-dipol etkilesimleri, koordinatif baglanma ve aromatik yiizeylerle 7—m
etkilesimleri gibi mekanizmalar1 giiclendirir (Miroslaw, 2020). Bu nedenle
heterosiklik yapilar, antimikrobiyal ajan tasariminda en fazla ¢aligilan molekiil
siiflarindan biridir.

Benzimidazol tiirevleri, DNA interkalasyonu ve topoizomeraz
enzimlerinin inhibisyonu gibi mekanizmalarla gii¢lii antimikrobiyal aktivite
gosterdigi literatiirde bildirilmistir (P Barot, 2013). Triazoller ise molekiiler
diizeyde hem enzimlerin aktif bolgelerine hem de hiicre zarindaki sterollere
giiclii baglanma yetenegi sunmaktadir; bu nedenle pek ¢ok antifungal ilacin
gekirdegini olugtururlar (Singh, 2023). Oksadiazoller, yiiksek elektrofilik
karakterleri ve gii¢lii rezonans stabiliteleri sayesinde, lipofilik membran
bolgelerine ve enzim hedeflerine etkin gekilde etkilesim saglayabilmektedir
(Aragén-Muriel, 2025).

Hibrit farmakofor stratejileri, heterosiklik bilesiklerin  biyolojik
etkinligini artirmak igin kullamlan en 6nemli modern yaklagimlardan biridir.
Ornegin triazol-benzimidazol hibritleri, hem DNA ile giiglii bir etkilegim
saglayan benzimidazol halkasini hem de enzim inhibitorii olarak iglev
goren triazol ¢ekirdegini ayn1 molekiil tizerinde birlestirerek {iistiin biyolojik
performans sergileyebilmektedir (Keri et al., 2015). Bu hibrit yapilar, klasik
antibiyotiklerin aksine, direng gelisimine neden olan tek bir molekiiler yolu
degil, birden fazla biyolojik siireci ayni anda hedefleme kapasitesine sahiptir.

Heterosiklik bilegiklerin antimikrobiyal tasarimindaki bir diger 6nemli
ozelligi, membran gegirgenligi {izerinde yiiksek kontrol sunmalaridir.
Lipofilisite—polarite dengesinin ayarlanmasi, Ozellikle Gram negatif
bakterilerin ¢ift katmanli zar yapisini agabilmek igin kritik 6neme sahiptir.
Bu nedenle heterosiklik halkalarin tiirevlenme kapasitesi, molekiillerin hiicre
igine girigini optimize etmede 6nemli avantajlar saglamaktadir (Nikaido,
2003).
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3. ANTIMIKROBIYAL TASARIMDA KARSILASILAN
YAPISAL VE MEKANISTIK PROBLEMLER

3.1 Sentez Odakli Yaklasgimin Sinirlart

Modern heterosiklik kimya aragtirmalarinin biiyiik kismi yeni yapilarin
sentezlenmesine odaklanmaktadir; ancak bu sentezlerin 6énemli bir boliimi
biyolojik hedeflere yonelik kapsamli bir rasyonel tasarimdan yoksundur. Pek
gok caligma yalnizca yapisal gesitlilik iiretmeyi amaglamakta ve sentezlenen
bilegiklerin molekiiler diizeyde hangi biyolojik mekanizmalara etki ettigi
yeterince agiklanmamaktadir (Faisal, 2019). Bu durum, sentezlenen
bilegiklerin optimizasyon siirecinin gecikmesine ve ayni iskelet iizerinde
verimli SAR iligkilerinin kurulmasini zorlagtirmaktadir.

3.2 Docking-Deneysel Sonuglarin Uyusmamasi

Docking analizleri teorik olarak hizli ve maliyeti diigiik bir tarama yontemi
sunsa da, heterosiklik bilesiklerde gozlenen rotasyonel esneklik ve goklu
konformasyon durumlari, docking sonuglarinin dogrulugunu ciddi bigimde
etkilemektedir (Prieto-Martinez, 2018). Bununla birlikte proteinlerin kristal
yapt modellerinin ¢ogu statik modellerdir ve biyolojik ortamdaki dinamik
davraniglarini  yansitmaz. Bu nedenle docking skorlarmin laboratuvar
sonuglartyla uyumlu olmamasi sik rastlanan bir durumdur (Choudhuri,
2023).

3.3 ADME ve Toksikolojik Problemler

Heterosiklik bilegiklerin  biyoyararlanimi, kararhiligi ve toksikolojik
profili tasarim agamasinda biiyiik belirsizlikler igerebilir. Baz1 benzimidazol
ve triazol tiirevleri yiiksek karaciger metabolizmasina ugramakta; bazi
oksadiazol tiirevleri ise plazma proteinlerine yiiksek oranda baglanarak
serbest fraksiyonun azalmasina neden olmaktadir (Daina, 2017). Bu nedenle
yalnizca in silico modellerle yapilan ADME tahminleri ¢ogu zaman klinik
gergeklikle ortiigmemektedir.

3.4 Biyofilm Formasyonuna Kars:1 Yetersiz Etki

Bakterilerin  biyofilm olusturmasi, klasik antimikrobiyal ajanlarin
etkinligini baskilayan en oOnemli diren¢ mekanizmalarindan biridir.
Heterosiklik hibrit bilegiklerin biyofilm matriksine niifuz mekanizmasi
yeterince aydinlatilamamug, 6zellikle quorum sensing baskilanmasi ve matriks
polimerlerinin bozunmasi1 konularinda literatiirde hala biiytik bosluklar
bulunmaktadir (Nadar, 2022).
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4. ACIK PROBLEMLERIN DERINLEMESINE BILIMSEL
ANALIZI

Heterosiklik bilesikler {izerine yapilan modern antimikrobiyal tasarim
caliymalarinda, literatiirde hala ¢6ziilmemis olan ve yeni molekiil gelistirme
stireglerini sinirlayan ¢ok sayida bilimsel problem bulunmaktadir. Bu
problemler yalnizca deneysel tasarimi degil, hesaplamali kimya ve farmasotik
modelleme yaklagimlarim1  da  dogrudan etkilemektedir. Bu  boliim,
heterosiklik farmakoforlarin tasariminda aragtirmacilarin kargilastigi temel
zorluklar literatiir destekli bigimde tartigmaktadir.

4.1 Hedef Ozgiilliigii Problemi

Heterosiklik hibrit bilegiklerin ¢ok hedefli etki profili bazi durumlarda
avantajsaglasada, kontrolsiizhedef gesitliligi toksisite riskini artirabilmektedir.
Ozellikle benzimidazol ve triazol tiirevlerinin DNAya baglanma egilimi,
yalnizca bakteriyel DNAy1 degil konak DNAsin1 da etkileyebildiginden
terapotik araligin daralmasina yol agabilmektedir (Singu, 2021).

Ayrica tek bir molekiiliin birden fazla enzime baglanmasi, istenmeyen
metabolik yolaklarin etkilenmesine neden olarak yan etki profilini
genigletebilmektedir. Bu nedenle hedef o6zgiilliigiiniin yalmzca docking
skorlarmna dayali olarak degerlendirilmesi vyeterli degildir; baglanma
etkilesimlerinin protonasyon durumu, su molekiilleri ve yan zincir
esnekligi gibi faktorler dikkate alinarak ¢ok boyutlu bigimde analiz edilmesi
gerekmektedir (Agarwal, 2016).

4.2 Docking-Molekiiler Dinamik-Deneysel Uyum Sorunu

Heterosiklik bilegiklerin elektron dagilim: ve konformasyonel esnekligi,
tek bir docking skorunun gergek baglanma davranigini temsil etmesini ¢ogu
zaman yetersiz kilmaktadir. Molekiiler dinamik (MD) simiilasyonlar1 bu
siurlilig agmak i¢in 6nemli bir arag olmakla birlikte, yaygin olarak kullanilan
50-100 ns siireler proteinlerin tam dinamik davramigini yakalamakta gogu
zaman yetersiz kalmakta ve yiiksek hesaplama maliyeti nedeniyle uygulamada
sinirlamalar ortaya ¢itkmaktadir (Markwick, 2011). Bu durum, heterosiklik
tasarimin hesaplamali boyutunda 6nemli metodolojik bosluklara isaret
etmektedir.

Literatiirde docking sonuglari ile in vitro MIC degerleri arasinda
stk gortlen uyumsuzluklar rapor edilmistir; bu durum 6zellikle
triazol-oksadiazol hibritlerinde belirgindir (Shah, 2022). S6z konusu
uyumsuzluklar, sterik sikigma, metal iyonlariyla koordinasyon ve su kopriileri
gibi etkilesimlerin docking algoritmalar1 tarafindan yeterince hesaba
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katilamamasindan kaynaklanmaktadir. Bu nedenle gelecekte docking, MD ve
QM/MM yaklagimlarini birlestiren hibrit yontemlerin kullanimi kaginilmaz
goriinmektedir.

4.3 Biyofilm Uzerinde Etki Mekanizmalarinin Belirsizligi

Biyofilm formasyonu, klinik enfeksiyonlarin biiyiik ¢ogunlugunda
gozlenen direng mekanizmasinin merkezinde yeralmaktadir. Biyofilminyogun
polisakkarit matriksi, antimikrobiyal ajanlarin diftizyonunu engelleyerek etkin
konsantrasyonun hedef bolgeye ulagmasini zorlagtirmaktadir (Melander,
2014). Heterosiklik hibrit bilegiklerin biyofilm tabakasina nasil niifuz
ettigi, hangi kimyasal 6zelliklerin difiizyon hizini etkiledigi ve hiicre-hiicre
iletisiminde (quorum sensing) nasil bir baskilama mekanizmas: olugturdugu
hélen tam olarak anlagilmamustir (Yan, 2020).

Bazi caliymalar triazol-tiirevli ajanlarin quorum sensing sinyallerini
bozabildigini gostermis olsa da, mekanizma hiicre yiizeyi reseptor diizeyinde
tam olarak agiklanamamistir (Kovdcs, 2020). Ayrica biyofilm ortaminda
olusan diisiik pH ve hipoksik kogullarin heterosiklik bilegiklerin stabilitesi
tizerindeki etkisi de yeterince ¢aligilmamugtir. Bu nedenle biyofilm inhibitorii
olarak kullanilacak hibrit farmakoforlarin tasariminda iyonizasyon profili,
pKa degerleri ve lipofiliklik dengesi optimizasyon gerektiren kritik
parametrelerdir.

4.4 ADME/Tox Verilerinin Klinik Gergeklikle Uyumsuzlugu

Yeni antimikrobiyal ajanlarin klinik bagari oranmmnin diigiik olmasinin
baglica nedenlerinden biri, mevcut ADME/Tox modellerinin heterosiklik
bilesiklerin biyolojik davraniglarini yeterli dogrulukla 6ngorememesidir.
Ornegin oksadiazol tiirevlerinin yiiksek lipofilik yapilar1 plazma proteinlerine
baglanmayr artirarak serbest fraksiyonu azaltmakta ve oral biyoyararlanimi
diisiirmektedir (Pires et al., 2015). Benzer sekilde triazol ve benzimidazol
tiirevlerinde karaciger metabolizmasina bagli hizli eliminasyon, etkin
konsantrasyonun kisa stirede azalmasina yol agmaktadir (Daina et al., 2017).

Mevcut ADME modelleri ¢ogunlukla lineer yaklagimlara dayandigindan,
gok halkal heterosiklik yapilarin karmagik metabolik yollarini agiklamakta
yetersiz kalmaktadir. Ozellikle ¢oziiniirlilk—permeabilite dengesi ile CYP450
inhibisyonu, mitokondriyal toksisite ve reaktif ara iirtin olusumu gibi
toksikolojik risklerin giivenilir bigimde Ongoriilmesi, literatiirde halen
onemli bir agik problem olarak varhigini siirdiirmektedir.
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5. GELECEKTE ANTIMIKROBIYAL TASARIMI
SEKILLENDIRECEK BILIMSEL YONELIMLER

5.1 Yapay Zeka ve Derin Ogrenme Destekli Molekiil Kesfi
Son yillarda kimya ve ilag kesfi alaninda yapay zeka destekli molekiil

tretimi 6nemli bir ivme kazanmustir. Derin 6grenme modelleri, genig
kimyasal uzayda milyonlarca potansiyel heterosiklik bilesigi saniyeler iginde
tarayabilmekte ve spesifik enzim hedeflerine uygun farmakofor profilleri
tiretebilmektedir (Merk, 2018). Bu yaklagimlar, ligand tabanli ve yap1 tabanl
tasarimin  birlikte kullamldigr hibrit modellerin gelismesini saglamistir.
Ozellikle graf tabanli yapay zekid modelleri, benzimidazol, triazol ve
oksadiazol gibi halkalarin elektronik 6zelliklerini yiiksek dogrulukla tahmin
edebilmektedir.

Gelecekte heterosiklik bilegikler iizerinde yapilacak tasarimlarda yapay
zekd ile optimizasyon dongiisiiniin standart bir siire¢ haline gelmesi
beklenmektedir:

(1) yapay zeka destekli aday {iretimi,

i1) docking-MD dogrulamas,

(

(ii1) hizli sentez,
(iv) mekanistik biyolojik testler,
(

v) ADME/Tox degerlendirmesi.

Bu entegrasyon, klasik ilag gelistirme dongiisiinii 6nemli 0Slglide
hizlandiracaktir.

5.2 Mekanizmaya Dayali Hibrit Molekiil Tasarimi

Hibrit farmakofor yaklagimi artik rastgele iki halkayr birlegtirme
agamasini geride birakmig, mekanizmaya dayal tasarim donemine ge¢mistir.
Ornegin DNAya baglanma egilimi yiiksek bir benzimidazol ¢ekirdegi ile
enzim inhibitorii Ozelligi tagiyan triazol halkasinin kombinasyonu, cift
yonlii antimikrobiyal etki olugturmak igin rasyonel bir stratejidir (Bérubé,
2016). Hibrit molekiil tasarimina yonelik bagarili 6rneklerden biri, indol,
azol ve florokinolon farmakoforlarinin tek bir molekiiler iskelet iizerinde
birlestirildigi indol-azol-florokinolon hibritleridir. Bu yaklagimda, her bir
heterosiklik yaps farkli biyolojik etkilesimlere katki saglayarak antimikrobiyal
etkinligin artirlmast hedeflenmistir. Ozellikle florokinolon gekirdeginin
DNA giraz/topoizomeraz IV inhibisyonu tizerindeki giiglii etkisi, azol ve
indol birimlerinin eklenmesiyle genisletilmig bir etki profili kazanmistir.
S6z konusu hibrit molekiil tasariminin genel yapist Sekil 1’de gosterilmigtir.
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Literatiirde rapor edilen bu tiir hibrit adaylarin, geleneksel tek farmakoforlu
antibiyotiklere kiyasla daha yiiksek etkinlik ve direng gelisimine karg
potansiyel avantajlar sundugu bildirilmektedir (Uygun Cebeci, 2023).
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Sekil 1: Hibrit Molekiil Gosterimi

Gelecekte hibrit tasarimlarinin  yalmizca aktiviteye degil; biyofilm
penetrasyon kapasitesine, metabolik kararliliga ve toksisite profilini azaltmaya
yonelik olarak optimize edilmesi beklenmektedir.

5.3 Teorik ve Deneysel Verilerin Entegre Edildigi Yeni Nesil
Tasarim Dongiisti

Antimikrobiyal ajan tasariminin  gelecegi, hesaplamali yontemlerle
deneysel verilerin kesintisiz bir gekilde birbirini dogruladigi entegre bir
dongiiye dayanmaktadir. Tsvigre Modeli, AlphaFold2 gibi yapisal biyoloji
araglartyla elde edilen yiiksek ¢oziiniirliiklii protein modelleri, docking ve
MD analizleri igin giiglii bir temel sunmaktadir (Shah, 2022). Bu analizler
sonrasinda elde edilen adaylar sentezlenmekte ve spesifik enzim, DNA ve
membran hedefleri tizerindeki etkileri mekanistik diizeyde test edilmektedir.
ADME/Tox verileri ile dogrulanan bu dongii, klinik adaya doniigme
potansiyeli tagtyan gok daha giiglii molekiil portfoyleri olugturacaktir.

6. SONUC
Heterosiklik bilesikler, sahip olduklar: yapisal gesitlilik ve fonksiyonel

esneklik sayesinde modern antimikrobiyal ila¢ tasariminin merkezinde yer
almaya devam etmektedir. Bunun temel nedeni, triazoller, benzimidazoller,
oksadiazoller ve diger heterosiklik sistemlerin biyolojik hedeflerle ¢ok yonlii
etkilesim kurma kapasitesidir. Bu smuflar, elektron yogunluklari, hidrojen
bag1 olugturma yetenekleri, lipofilisite—polarite dengeleri ve konformasyonel
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esneklikleri sayesinde hem enzim hedeflerine hem DNAya hem de hiicre
zar1 bilegenlerine giiclii bir gekilde baglanabilmektedir (Brown, 2016). Bu
nedenle heterosiklik iskeletler, hem yiiksek aktivite hem de tiirevlenebilirlik
agisindan benzersiz avantajlar sunmaktadir.

Bununla birlikte, literatiirde giderek artan sayida heterosiklik tiirev
raporlanmasina ragmen, bu bilesiklerin yalnizca kiigtik bir kisminimn klinik
adaya doniigmesi, antimikrobiyal ilag gelistirme siirecinde hala ¢oziilmesi
gereken ¢ok sayida temel bilimsel sorun bulundugunu gostermektedir.
Sentezin tek bagina yeterli olmadigi; mekanizmanin, hedefin, ADME
profilinin, biyofilm davramiginin ve toksikolojik ozelliklerin molekiiler
diizeyde anlagilmasinin zorunlu hale geldigi agiktir (Hall, 2017). Ayrica
docking—deneysel uyusmazligi, biyofilm penetrasyonu, metabolik kararlilik
ve pilot ol¢ege uygunluk gibi konular, yeni nesil tasarim siireglerinin
kargisinda duran 6nemli engellerdir (Cournia, 2017).

Gelecegin antimikrobiyal tasarim stratejileri, bu problemlere yonelik
gelistirilecek  biitiinlegik ~ ¢oziimler iizerine kurulacaktir. Yapay zeka
destekli molekiil kesfi, hibrit farmakofor tasarimlarinin mekanizmaya
dayali rasyonellestirilmesi, siirekli akig kimyas1 gibi siirdiiriilebilir sentez
yontemlerinin yayginlagmasi ve teorik—deneysel verilerin entegre edildigi
yeni nesil tasarim dongiileri, farmasotik aragtirmalarin yoniinii belirleyecektir
(Jumper, 2021). Bu yaklagimlar sayesinde yalnizca yiiksek aktivite gosteren
degil, ayn1 zamanda biyolojik sistemlerde kararli, toksikolojik agidan giivenli
ve klinik basar1 sansi yiiksek olan heterosiklik antimikrobiyal adaylar
gelistirilebilecektir.

Sonug olarak, heterosiklik bilegikler gelecegin antimikrobiyal ajanlarini
olusturma potansiyeline sahip en giiglii molekiiler platformlardan biridir.
Bu platform {izerinde yapilacak aragtirmalarin bagarisi, yalnizca sentez
yontemlerinin degil; biyolojik mekanizmalarin, hesaplamali modellerin,
farmakokinetik siireglerin ve endiistriyel iiretim gereksinimlerinin birlikte
ele alindigr disiplinler arasi bir yaklagimi gerektirmektedir. Bu biitiinciil
perspektif, antimikrobiyal direng sorunuyla miicadelede bilimsel ilerlemeyi
hizlandiracak ve yeni nesil etkili terapotik ajanlarin geligtirilmesine 6nemli
katkilar saglayacaktir.



70 | Heterosiklik Bilesiklerde Yeni Nesil Antimikrobiyal Ajan Tasarvma: Agik Problemler ve Gelecek...

Kaynakga

Aatif, M., Raza, M. A., Javed, K., Nashre-ul-Islam, S. M., Farhan, M., & Alam,
M. W. (2022). Potential nitrogen-based heterocyclic compounds for tre-
ating infectious diseases: a literature review. Antibiotics, 11(12), 1750.

Agarwal, S., & Mehrotra, R. J. J. C. (2016). An overview of molecular docking.
JSM chem, 4(2), 1024-1028.

Aragon-Muriel, A., Ausili, A., Lima, L. S., Santos, C. B., Morales-Morales, D.,
& Polo-Cer6n, D. (2025). Heteroaromatic Hybrid Benzimidazole/Oxa-
diazole (BZ/OZ) Ligand and Its Sm (IIT) Complex: Study of Their Anti-
bacterial Activity, Toxicological Prediction and Interaction with Difterent
Model Membranes. Biomolecules, 15(11), 1568.

Bassetti, M., & Garau, J. (2021). Current and future perspectives in the treat-
ment of multidrug-resistant Gram-negative infections. Journal of Anti-
microbial Chemotherapy, 76(Supplement_4), iv23-iv37.

Bérubé, G. (2016). An overview of molecular hybrids in drug discovery. Expert
opinion on drug discovery, 11(3), 281-305.

Brown, E. D., & Wright, G. D. (2016). Antibacterial drug discovery in the re-
sistance era. Nature, 529(7586), 336-343.

Choudhuri, S., Yendluri, M., Poddar, S., Li, A., Mallick, K., Mallik, S., & Ghosh,
B. (2023). Recent advancements in computational drug design algorith-
ms through machine learning and optimization. Kinases and Phosphata-
ses, 1(2), 117-140.

Cournia, Z., Allen, B., & Sherman, W. (2017). Relative binding free energy cal-
culations in drug discovery: recent advances and practical considerations.
Journal of chemical information and modeling, 57(12), 2911-2937.

Daina, A., Michielin, O., & Zoecte, V. (2017). SwissADME: a free web tool to
evaluate pharmacokinetics, drug-likeness and medicinal chemistry friend-
liness of small molecules. Scientific reports, 7(1), 42717.

De Oliveira, D. M., Forde, B. M., Kidd, T. J., Harris, . N., Schembri, M. A.,
Beatson, S. A.; & Walker, M. J. (2020). Antimicrobial resistance in ES-
KAPE pathogens. Clinical microbiology reviews, 33(3), 10-1128.

Faisal, M., Saeed, A., Hussain, S., Dar, P, & Larik, E A. (2019). Recent deve-
lopments in synthetic chemistry and biological activities of pyrazole deri-
vatives. Journal of Chemical Sciences, 131(8), 70.

Hall, C. W,; & Mah, T. E (2017). Molecular mechanisms of biofilm-based an-
tibiotic resistance and tolerance in pathogenic bacteria. FEMS microbio-
logy reviews, 41(3), 276-301.

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O.,
Hassabis, D. (2021). Highly accurate protein structure prediction with
AlphaFold. nature, 596(7873), 583-589.



Yildiz Uygun Cebeci | 71

Keri, R. S., Hiremathad, A., Budagumpi, S., & Nagaraja, B. M. (2015). Comp-
rehensive review in current developments of benzimidazole-based medi-
cinal chemistry. Chemical biology & drug design, 86(1), 19-65.

Kovics, R., & Majoros, L. (2020). Fungal quorum-sensing molecules: a re-
view of their antifungal effect against Candida biofilms. Journal of Fungi,
6(3),99.

Markwick, P. R., & McCammon, J. A. (2011). Studying functional dynamics in
bio-molecules using accelerated molecular dynamics. Physical Chemistry
Chemical Physics, 13(45), 20053-20065.

Melander, R. J., & Melander, C. (2014). Innovative strategies for combating
biofilm-based infections. Biofilm-based Healthcare-associated Infections:
Volume II, 69-91.

Merk, D., Friedrich, L., Grisoni, E, & Schneider, G. (2018). De novo design of
bioactive small molecules by artificial intelligence. Molecular informatics,
37(1-2), 1700153.

Miroslaw, B. (2020). Homo-and hetero-oligonuclear complexes of platinum
group metals (PGM) coordinated by imine Schiff base ligands. Internati-
onal journal of molecular sciences, 21(10), 3493.

Nadar, S., Khan, T, Patching, S. G., & Omri, A. (2022). Development of anti-
biofilm therapeutics strategies to overcome antimicrobial drug resistance.
Microorganisms, 10(2), 303.

Nikaido, H. (2003). Molecular basis of bacterial outer membrane permeability
revisited. Microbiology and molecular biology reviews, 67(4), 593-656.

P Barot, K., Nikolova, S., Ivanov, 1., & D Ghate, M. (2013). Novel research
strategies of benzimidazole derivatives: a review. Mini reviews in medici-
nal chemistry, 13(10), 1421-1447.

Prieto-Martinez, E D., Arciniega, M., & Medina-Franco, J. L. (2018). Molecu-
lar docking: current advances and challenges. TIP. Revista especializadn en
ciencias quimico-biologicas, 21.

Pires, D. E., Blundell, T. L., & Ascher, D. B. (2015). pkCSM: predicting
small-molecule pharmacokinetic and toxicity properties using graph-ba-
sed signatures. Journal of medicinal chemistry, 58(9), 4066-4072.

Rasras, A. J., El-Naggar, M., Safwat, N. A., & Al-Qawasmeh, R. A. (2022).
Cholyl 1, 3, 4-oxadiazole hybrid compounds: design, synthesis and an-
timicrobial assessment. Beilstein Journal of Organic Chemistry, 18(1),
631-638.

Sajini, T, & Joseph, J. (2025). Microwave-assisted synthesis of nanomaterials:
a green chemistry perspective and sustainability assessment. RSC Sustai-
nability, 3(11), 4911-4935.

Shah, A., & Jain, M. (2022). Limitations and future challenges of computer-a-
ided drug design methods. In Computer aided drug design (CADD):



72 | Heterosiklik Bilesiklerde Yeni Nesil Antimikrobiyal Ajan Tasaruma: Agik Problemler ve Gelecek...

From ligand-based methods to structure-based approaches (pp. 283-
297). Elsevier.

Sharma, U. K., & Van der Eycken, E. V. (Eds.). (2018). Flow chemistry for the
synthesis of heterocycles.

Singh, P, & Kumar, V. (2023). Special Issue “Hybrid Drugs: Design and App-
lications”. Pharmaceuticals, 16(10), 1358.

Singh, A., Singh, K., Sharma, A., Joshi, K., Singh, B., Sharma, S., & Mohin-
der Singh Bedi, P. (2023). 1, 2, 3-Triazole Derivatives as an Emerging
Scaffold for Antifungal Drug Development against Candida albicans: A
Comprehensive Review. Chemistry & Biodiversity, 20(5), €202300024.

Singu, P. S., Chilakamarthi, U., Mahadik, N. S., Keerti, B., Valipenta, N., Moka-
le, S. N., Kumbhare, R. M. (2021). Benzimidazole-1, 2, 3-triazole hyb-
rid molecules: Synthesis and study of their interaction with G-quadruplex
DNA. RSC medicinal chemistry, 12(3), 416-429.

Uygun Cebeci, Y. (2023). Synthesis and antimicrobial activity evaluation of in-
dole-azole-fluoroquinolone hybrids with highly functionalized functional
groups. Journal of the Iranian Chemical Society, 20(5), 1085-1094.

Yan, L., Xia, K., Yu, Y., Miliakos, A., Chaturvedi, S., Zhang, E, Linhardt, R.
J. (2020). Unique cell surface mannan of yeast pathogen Candida auris
with selective binding to IgG. ACS infectious diseases, 6(5), 1018-1031.



Chapter 5

Free Radicals and Their Biological Mechanisms:
A Paradox Between Benefit and Harm
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Abstract

Free radicals are chemical species containing one or more unpaired electrons
in their outer shell, a characteristic that renders them highly reactive and
intrinsically unstable in biological environments. At the cellular level, they
rapidly interact with surrounding molecules in an effort to attain lower-
energy, more stable configurations. This pronounced reactivity supports
essential biological processes such as signal transduction, fine-tuning of
immune responses and maintenance of redox homeostasis. However, when
their production becomes dysregulated, these species initiate oxidative
damage to lipids, proteins and nucleic acids, thereby compromising cellular
structure and function.

Under physiological conditions, a dynamic equilibrium exists between free
radical generation and antioxidant defense systems. As long as this balance
is maintained, radical species act as regulatory intermediates in intracellular
communication, host defense and adaptive response pathways. In contrast,
increased radical burden arising from endogenous sources such as the
mitochondrial respiratory chain, inflammation-activated oxidase systems
and cytochrome P450 metabolism—or from exogenous factors including
cigarette smoke, air pollution, pesticides, pharmaceuticals, ultraviolet
light and ionizing radiation—leads to oxidative stress. This condition
contributes to the development of numerous chronic disorders, particularly
cancer, cardiovascular disease, metabolic syndrome and neurodegenerative
conditions.
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This chapter discusses the classification, chemical properties, major
endogenous and exogenous sources and biological formation mechanisms
of free radicals. Additionally, the beneficial and detrimental cellular effects of
reactive oxygen and nitrogen species are examined within the framework of
the “benefit-harm paradox,” based on current literature.

1. Introduction

Reactive oxygen species (ROS) arise continuously as an inherent
consequence of oxygen-dependent metabolism and influence a broad
spectrum of cellular processes. At physiologically controlled concentrations,
ROS function as redox-sensitive regulators that shape cell growth,
differentiation, metabolic flexibility and immune signaling (Droge, 2002).
In contrast, excessive ROS accumulation overwhelms antioxidant capacity
and gives rise to oxidative stress, leading to structural and functional damage
of lipids, proteins and nucleic acids (Sies, 2017).

Maintenance of redox balance depends on an integrated antioxidant
network composed of both enzymatic and non-enzymatic components.
Enzymes such as superoxide dismutases (SODs), catalase, glutathione
peroxidases (GPx), peroxiredoxins and thioredoxin-linked systems rapidly
detoxify reactive intermediates, whereas small-molecule antioxidants,
including glutathione, vitamins C and E and dietary polyphenols, restrict
radical chain reactions (Pizzino et al., 2017). Breakdown of this protective
network is strongly associated with the development of malignancies,
cardiovascular and neurodegenerative diseases, diabetes and chronic
inflammatory conditions (Scialo et al., 2020).

Mitochondria represent the dominant intracellular source of ROS under
normal conditions. During oxidative phosphorylation, electron leakage at
complexes I and IIT generates superoxide, which is rapidly converted to
hydrogen peroxide by mitochondrial superoxide dismutase (SOD2). Due
to its relative stability and ability to diffuse across membranes, hydrogen
peroxide serves as a central redox signaling intermediate. However,
mitochondrial dysfunction, metabolic excess or damage to mitochondrial
DNA substantially elevate ROS output, promoting oxidative injury and
activation of cell death pathways (Brand, 2016).

Beyond mitochondria, ROS are produced by specialized enzyme
systems such as NADPH oxidases, xanthine oxidase and cytochrome P450
monooxygenases, particularly in contexts of inflammation, hypoxia and
xenobiotic metabolism (Forrester et al., 2018). External stressors, including
ionizing radiation, environmental pollutants, heavy metals and selected
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pharmaceuticals, further intensify ROS generation, highlighting the context-
dependent nature of ROS as both indispensable signaling molecules and
potent drivers of cellular injury (Sies & Jones, 2020).

2. Free Radicals

Free radicals are chemically reactive species defined by the presence of
one or more unpaired electrons, a feature that renders them energetically
unstable and highly prone to participate in electron transfer reactions
(Sies, 2017). Through their capacity to donate or abstract electrons, these
molecules can initiate self-propagating reaction cascades that spread rapidly
across biological macromolecules. By comparison, oxidants with fully
paired electrons display lower intrinsic reactivity; however, many remain
biologically significant because they can generate radical intermediates under
appropriate chemical or enzymatic conditions (Pham-Huy et al., 2008).

Reactive oxygen species (ROS) form a major subset within this oxidant
spectrum and encompass both radical and non-radical entities. Radical ROS
include hydroxyl (¢ OH), superoxide (O2*"), alkoxyl (RO*) and lipid peroxyl
(LOQOv¥) species, whereas hydrogen peroxide (H20:), singlet oxygen (1Oz),
ozone (Os), hypochlorous acid (HOCI), organic hydroperoxides (ROOH)
and peroxynitrite (ONOQO") represent non-radical but redox-active oxidants
(Fang et al., 2002). Despite lacking unpaired electrons, non-radical ROS
play central roles in oxidative biology because they readily oxidize cellular
targets or act as precursors for secondary radical formation via processes
such as Fenton-type reactions, myeloperoxidase-mediated oxidation and
light-driven photochemical pathways (Forman et al., 2021).

In living systems, radical generation arises from a limited number of
fundamental chemical mechanisms, including homolytic bond dissociation,
one-electron redox reactions, xenobiotic redox cycling and radiation-induced
water radiolysis (Kiling & Kiling, 2002). While these routes enable tightly
regulated radical production under physiological conditions, they also permit
excessive accumulation during metabolic imbalance, inflammation or toxic
insult. This context-dependent behavior underlies the paradoxical nature of
reactive species in biological systems, including free radicals, which function
both as essential modulators of cellular signaling and as potent drivers of
oxidative injury when redox control is lost.

2.1. Formation of Free Radicals and Oxidants

Cells continuously generate reactive oxygen species (ROS), a collective
term encompassing both radical and non-radical oxidants, through a
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combination of enzyme-driven reactions and non-enzymatic chemical
processes. Major enzymatic sources include the mitochondrial electron
transport chain, NADPH oxidases, xanthine oxidase and cytochrome P450
monooxygenases, all of which produce superoxide and related reactive
intermediates as inherent consequences of redox catalysis (Halliwell &
Gutteridge, 2015). In professional phagocytes, activation of NADPH oxidase
initiates the respiratory burst, leading to rapid production of superoxide and
hydrogen peroxide, which are further converted by myeloperoxidase into
hypochlorous acid (HOCI), a potent antimicrobial oxidant (Klebanoff et al.,
2013; Winterbourn & Kettle, 2013).

Hydrogen peroxide (H20:), a non-radical ROS, is generated primarily
through oxidase-catalyzed reactions and functions as a central intermediate
linking ROS formation to redox signaling and, indirectly, to oxidative
damage pathways. Although H:O: exhibits moderate intrinsic reactivity,
its interaction with redox-active transition metals such as Fe?* and Cu*
promotes Fenton chemistry and the formation of highly reactive hydroxyl
radicals (*OH), which directly initiate extensive macromolecular damage
(Sies, 2017). In parallel, nitric oxide synthases generate nitric oxide (NO*),
a diftusible signaling molecule that rapidly reacts with superoxide to form
reactive nitrogen species, thereby integrating ROS and RNS pathways
(Forstermann & Sessa, 2012).

In addition to enzymatic reactions, non-enzymatic processes including
spontaneous oxygen reduction, xenobiotic redox cycling, photoactivation of
endogenous chromophores and radiation-induced water radiolysis further
contribute to the generation of reactive radical species. Among endogenous
sources, mitochondria represent a dominant site of ROS generation.
The mechanisms underlying mitochondrial ROS production and their
modulation under physiological and pathological conditions are discussed
in detail in Section 2.4.1.

2.2. Free Radicals and Reactive Oxygen Species (ROS)

The majority of biologically significant free radicals arise from oxygen-
and nitrogen-containing molecules. Oxygen-derived species constitute the
main component of reactive oxygen species (ROS) and include several
radical forms, such as superoxide, hydroxyl and peroxyl radicals, as well
as non-radical oxidants. In parallel, nitrogen-based radicals such as nitric
oxide and nitrogen dioxide, together with their downstream products, are
grouped as reactive nitrogen species (RNS) (Pacher et al., 2007). Rather than
functioning independently, these redox systems are tightly interconnected;
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a prominent example is the near diffusion-controlled reaction between
nitric oxide and superoxide, which generates peroxynitrite (ONOO"),
a potent non-radical oxidant capable of giving rise to secondary radical
species and strongly associated with inflammation, vascular dysfunction and
neurodegenerative pathology (Radi, 2018).

In addition to oxygen- and nitrogen-centered radicals, other transient
radical species centered on sulfur, carbon or hydrogen atoms may be
produced, particularly under conditions of metabolic dysregulation or
sustained inflammatory stress. The emergence of these radicals further
perturbs intracellular redox balance and amplifies oxidative burden (Forman
et al., 2021). At the chemical level, radical formation is typically driven by
single-electron transfer reactions, yielding neutral or charged intermediates
that readily propagate chain reactions unless efficiently restrained by
antioxidant systems (Halliwell & Gutteridge, 2015).

Importantly, redox biology is not limited to species bearing unpaired
electrons. Non-radical oxidants such as hydrogen peroxide (H20:) and
peroxynitrite (ONOO") play pivotal roles because they act both as relatively
stable redox signaling mediators and as precursors of highly reactive radical
species under specific chemical or enzymatic conditions. Despite their greater
chemical stability, these oxidants function as key amplifiers of redox signaling
and oxidative stress within cells (Radi, 2018). The principal physicochemical
features, reactivity patterns and biological effects of major ROS and RNS
are summarized in Table 1 and examined in detail in Section 2.5.
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Table 1. Conceptual overview of major veactive oxygen and nitrogen species within redox
balance, signaling and oxidative stvess.

Feature

Reactive Oxygen Species (ROS)

Reactive Nitrogen Species
(RNS)

Chemical origin
Major species

Radical | non-
radical forms

Primary cellular
sources

Dominant biological
context

Primary functional
outcome

Key signaling
intermedintes
Major damaging
mechanisms

Critical ROS-RNS
interaction
Associated
pathological processes
Detoxification
systems

Derived from molecular
oxygen

O:2¢7, *OH, H20,, ROO-,
LOOe-, 10;

Both radical and non-radical
species

Mitochondria, NADPH
oxidases, peroxisomes,
cytochrome P450
Metabolic regulation, redox
signaling, oxidative stress

Redox signaling at low levels;
macromolecular damage at
excess levels

H:0: (redox messenger)

Lipid peroxidation,
DNA oxidation, protein
carbonylation

0Oz —» H:0: — *OH

Cancer, diabetes, aging,
neurodegeneration
SOD, catalase, GPx,
peroxiredoxins

Derived from nitric oxide and
nitrogen oxides
NO-¢, NO:°, ONOO, N.Os

Both radical and non-radical
species

nNOS, eNOS, iNOS; immune
and endothelial cells

Vascular signaling, immune
modulation, inflammatory
stress

Signal modulation at low
levels; nitrative and oxidative
damage when dysregulated
NO- (vasodilator,
neurotransmitter)

Protein nitration,
mitochondrial inhibition

Oz + NO* — ONOO~

Endothelial dysfunction,
inflammation, neurotoxicity
NOS regulation, GSH-
dependent pathways

The table is intended to provide a conceptual framework for redox

balance and signaling rather than an exhaustive catalog of oxidant species.

2.3 Sources of Free Radicals

Free radicals are continuously generated in living organisms as

a result

of both endogenous metabolic activity and external influences. Under

physiological conditions, their formation and elimination are

tightly

controlled, allowing radical species and related reactive oxidants to support
cellular signaling and metabolic regulation rather than disrupt them. When
this control is compromised, excess radical accumulation promotes oxidative
stress and leads to widespread molecular damage.
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2.3.1. Endogenous Sources

Endogenous free radical formation is an intrinsic consequence of cellular
metabolism and is tightly coupled to energy-producing and biosynthetic
pathways. Among intracellular sources, mitochondria represent a major site
of physiological reactive oxygen species (ROS) generation. During oxidative
phosphorylation, electrons may prematurely escape from complexes I and
III of the electron transport chain and react with molecular oxygen, yielding
superoxide (O:¢7). Early experimental studies have suggested that only a
small fraction of total cellular oxygen consumption, historically estimated at
approximately 0.1-2% under certain experimental conditions, may follow
this route; nevertheless, this output is biologically significant and is normally
constrained by antioxidant enzymes, particularly superoxide dismutases
(Brand, 2016).

Mitochondria are not the sole contributors to endogenous ROS and
radical formation. Several enzyme systems generate reactive species either as
part of their catalytic cycles or upon activation. Xanthine oxidase, NADPH
oxidases, cytochrome P450 enzymes, lipoxygenases and cyclooxygenases
all contribute to intracellular oxidative flux. For example, cyclooxygenase-
dependent prostaglandin synthesis transiently generates peroxyl radicals,
whereas stimulation of NADPH oxidase complexes in neutrophils and
macrophages triggers the respiratory burst, resulting in rapid formation of
superoxide and secondary non-radical oxidants such as hydrogen peroxide
and hypochlorous acid (Winterbourn & Kettle, 2013).

Reactive nitrogen species (RNS) arise in parallel through endogenous
biochemical reactions. Nitric oxide (NO®), synthesized from L-arginine
by nitric oxide synthases, functions as a key signaling molecule in vascular
regulation, neurotransmission and immune control (Férstermann & Sessa,
2012). However, NO* readily reacts with superoxide to form peroxynitrite
(ONOO"), a non-radical oxidant capable of generating secondary radical
species and inducing protein nitration, mitochondrial dysfunction and
inflammatory tissue damage. This reaction exemplifies the close functional
and chemical coupling between ROS and RNS pathways (Radi, 2018).

2.3.2. Exogenous Sources

In addition to endogenous metabolism, external environmental and
lifestyle-related factors substantially amplify radical and oxidant generation.
Ultraviolet radiation, ionizing radiation, ozone, cigarette smoke, airborne
particulate matter, pesticides, heavy metals and polycyclic aromatic
hydrocarbons increase oxidative burden either directly or following
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metabolic activation (Pham-Huy et al., 2008). Ionizing radiation promotes
water radiolysis, yielding hydroxyl radicals, hydrogen atoms and hydrated
electrons, whereas ultraviolet exposure excites endogenous chromophores
that transfer energy to oxygen and generate singlet oxygen (10z).

A broad range of pharmaceuticals and environmental chemicals further
contribute to oxidative load through redox cycling mechanisms. Agents such
as anthracyclines, acetaminophen and various xenobiotics sustain continuous
radical production, which may exceed antioxidant buffering capacity under
conditions of high exposure or impaired detoxification (Sies, 2017; Forman
et al., 2021). Persistent or repeated exposure to these stressors elevates
cellular oxidative pressure, reinforces inflammatory signaling and accelerates
the development of degenerative and inflammatory diseases.

2.4. Endogenous Formation Mechanisms

The continuous formation of reactive oxygen species (ROS) is an
unavoidable outcome of aerobic life. In eukaryotic cells, the vast majority
of oxygen consumption takes place in mitochondria, where oxidative
phosphorylation generates ATP. While molecular oxygen is normally reduced
tully to water at complex IV, incomplete reduction at earlier stages of the
electron transport process results in the generation of ROS, predominantly
the radical superoxide and its downstream derivatives.

2.4.1. Mitochondrial Electron Transport Chain

Within the mitochondrial electron transport chain (ETC), a small
fraction of electrons deviates from the canonical transfer pathway and reacts
directly with molecular oxygen, leading to the formation of superoxide
(O2¢7). Experimental and biochemical studies have identified complexes I
(NADH:ubiquinone oxidoreductase) and III (cytochrome bc[] complex) as
the primary sites of this electron leakage (Brand, 2016; Santos et al., 2018).
Early experimental studies have historically suggested that a small fraction of
total cellular oxygen consumption, often cited in the range of approximately
0.1-2%, may contribute to mitochondrial ROS formation under certain
experimental conditions. Superoxide generated at these sites is rapidly
converted to hydrogen peroxide (H:0:) by mitochondrial manganese-
dependent superoxide dismutase (SOD2), thereby limiting its immediate
reactivity while enabling downstream redox signaling or detoxification.

Under physiological conditions, mitochondrial ROS  production
remains tightly regulated and contributes to cellular signaling and metabolic
adaptation. However, disturbances such as impaired electron flow, altered
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membrane potential or mitochondrial dysfunction markedly enhance electron
leakage and ROS output. Excessive mitochondrial ROS accumulation
amplifies oxidative stress within the organelle, damages mitochondrial DNA
and proteins and promotes a self-reinforcing cycle of redox imbalance and
cellular injury.

2.4.2. Cytochrome P450 and Oxidative Metabolism

Beyond mitochondria, oxidative metabolism itself contributes to
endogenous ROS formation. The cytochrome P450 (CYP) monooxygenase
system, essential for xenobiotic metabolism and numerous biosynthetic
reactions, generates reactive oxygen species as a consequence of incomplete
catalytic coupling. During CYP activity, electrons may leak from the catalytic
cycle, favoring the production of superoxide and hydrogen peroxide (Wang
et al., 2010). Additional metabolic reactions, including those mediated
by peroxisomal oxidases, amino acid oxidases and oxidative deamination
pathways, further contribute to intracellular H-O: generation during normal
cellular function.

2.4.3. Physiological Significance

At controlled, low to moderate levels, endogenously produced ROS
support redox signaling, immune defense and metabolic flexibility. When
ROS formation exceeds the neutralizing capacity of antioxidant systems,
these same metabolic sources shift from regulatory roles to major drivers of
oxidative damage. Thus, cellular outcome depends critically on the dynamic
balance between mitochondrial ETC activity, other redox-active enzymes
and the efficiency of antioxidant defenses, which together determine whether
ROS function primarily as signaling mediators or as agents of cellular injury
(Halliwell & Gutteridge, 2015; Sies & Jones, 2020).

2.5. Reactive Oxygen Species (ROS)

Reactive oxygen species (ROS) encompass a broad spectrum of oxygen-
derived molecules that vary widely in stability, chemical behavior and
biological consequences. Depending on their concentration, localization
and lifetime, non-radical ROS primarily function as finely tuned regulators
of redox signaling, whereas highly reactive radical species exert cytotoxic
effects through uncontrolled interactions with cellular macromolecules
(Halliwell & Gutteridge, 2015). Dissecting the chemical properties and
cellular actions of individual ROS is therefore essential to explain how these
molecules contribute both to physiological regulation and to pathological
damage (Sies, 2017; Jones & Sies, 2020).
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ROS comprise both radical species containing unpaired electrons and
non-radical oxidants that actively participate in redox reactions and frequently
serve as precursors of secondary radicals. The principal ROS species and
their defining characteristics are outlined below.

2.5.1. Hydrogen Peroxide (H:0:)

Hydrogen peroxide (H20:) is a non-radical oxidant characterized by its
relative chemical stability and capacity to diffuse across biological membranes.
It is generated primarily through superoxide dismutation and a wide range
of oxidase-mediated reactions. Due to its selective reactivity toward protein
thiol groups, H>0O: occupies a central position at the interface between ROS
formation and redox-dependent cellular regulation (Rhee, 2006; Shadel &
Horvath, 2015). However, excessive accumulation of H>O: promotes metal-
catalyzed reactions that generate highly reactive hydroxyl radicals, thereby
linking H-O: indirectly to oxidative damage under pathological conditions
(Halliwell & Gutteridge, 2015). The role of H20: in redox signaling and
cellular homeostasis is discussed in detail in Sections 2.10 and 2.12.

2.5.2. Superoxide Anion (O:°")

Superoxide is commonly the initial radical ROS formed in cells,
particularly within mitochondria and through NADPH oxidase activity.
Its limited reactivity and short lifetime restrict direct molecular damage;
however, its biological importance lies in its role as a progenitor of other
oxidants. In addition, rapid reaction with nitric oxide yields peroxynitrite,
thereby coupling superoxide formation to nitrosative stress pathways (Pacher
et al., 2007; Brand, 2016).

2.5.3. Hydroxyl Radical (*OH)

Among all ROS, the hydroxyl radical displays the highest reactivity.
Generated primarily through Fenton and Haber-Weiss chemistry, *OH
reacts at near diffusion-controlled rates and damages biomolecules at the
site of formation. Because it cannot diffuse appreciably, hydroxyl radical-
mediated injury is highly localized and irreversible, affecting DNA, proteins
and membrane lipids alike (Valko et al., 2007; Cadet & Wagner, 2013).

2.5.4. Hydroperoxyl Radical (HO:*)

The hydroperoxyl radical represents the protonated form of superoxide
and exhibits enhanced lipid solubility compared with O.¢". Although
it constitutes only a minor proportion of superoxide under physiological
conditions, its ability to penetrate hydrophobic environments allows it to
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initiate and propagate lipid peroxidation reactions efficiently (Pham-Huy et
al., 2008).

2.5.5. Alkoxyl Radicals (RO*)

Alkoxyl radicals are typically generated through metal-dependent cleavage
of organic hydroperoxides. These species readily abstract hydrogen atoms
from neighboring lipid chains, accelerating oxidative chain reactions and
contributing to structural destabilization of cellular membranes (Yin et al.,
2011).

2.5.6. Nitric Oxide (NO*)

Nitric oxide is formally categorized as a reactive nitrogen species but
occupies a pivotal position at the intersection of ROS and RNS biology.
Produced enzymatically by nitric oxide synthases, NO® regulates vascular
tone, neuronal signaling and immune responses. Its rapid combination with
superoxide to form peroxynitrite links nitric oxide signaling to oxidative and
nitrosative stress and to mitochondrial redox regulation (Forrester et al.,
2018).

2.5.7. Singlet Oxygen (10Oz)

Singlet oxygen is an electronically excited, high-energy form of molecular
oxygen generated during photochemical reactions and inflammatory
processes. It preferentially targets unsaturated lipids and susceptible amino
acid residues, including histidine, tryptophan and methionine, thereby
contributing to oxidative injury and immune-mediated cytotoxic mechanisms
(D1 Mascio et al., 2019).

2.5.8. Organic Hydroperoxides (ROOH) and Lipid Peroxyl
Radicals (LOO®)

Organic hydroperoxides arise as intermediates of lipid oxidation and
readily decompose into alkoxyl and peroxyl radicals. Lipid peroxyl radicals
form when oxygen reacts with carbon-centered lipid radicals and act as
key propagators of lipid peroxidation. Together, these species sustain
oxidative chain reactions, compromise membrane integrity and participate
in ferroptosis-associated oxidative pathways (Dixon et al., 2012; Ayala et
al., 2014).



84 | Free Radicals and Their Biological Mechanisms: A Paradox Between Benefit and Harm

2.5.9. Peroxynitrite (ONOO")

Peroxynitrite is generated through the diffusion-controlled reaction of
nitric oxide with superoxide. This non-radical oxidant promotes nitration,
oxidation and fragmentation of biomolecules and plays a central role in
inflammatory tissue injury and vascular dysfunction. Under acidic conditions,
protonation of ONOO™ yields ONOOH, which decomposes into secondary
radicals such as hydroxyl and nitrogen dioxide, further amplifying redox
imbalance (Pacher et al., 2007; Radi, 2018).

2.6. Physiological and Pathological Effects of ROS

Reactive oxygen species (ROS) influence cellular systems across a wide
functional spectrum, ranging from indispensable physiological regulation to
overt pathological injury. The biological outcome of ROS exposure depends
on their concentration, chemical identity, subcellular origin and temporal
persistence. When maintained within narrow limits, ROS contribute to
redox signaling and cellular homeostasis; excessive or prolonged ROS
accumulation, by contrast, overwhelms antioxidant defenses and precipitates
oxidative stress, cellular malfunction and tissue damage (Sies et al., 2017;

Sies & Jones, 2020).

2.6.1. Physiological Functions of ROS

Reactive oxygen species (ROS) influence cellular systems across a wide
functional spectrum, ranging from indispensable physiological regulation to
overt pathological injury. The biological outcome of ROS exposure depends
on their concentration, chemical identity, subcellular origin and temporal
persistence. When maintained within narrow limits, ROS contribute to
redox signaling and cellular homeostasis; excessive or prolonged ROS
accumulation, by contrast, overwhelms antioxidant defenses and precipitates
oxidative stress, cellular malfunction and tissue damage (Sies et al., 2017;

Sies & Jones, 2020).

2.6.1. Physiological Functions of ROS

At low to moderate levels, reactive oxygen species (ROS) function as
essential components of intracellular signaling networks and physiological
regulation. Controlled ROS production enables reversible redox
modifications of target proteins, thereby fine-tuning kinase and phosphatase
activities and coordinating cellular processes such as growth, differentiation,
immune regulation and stress adaptation (Finkel, 2011; Sies & Jones, 2020).



Kadriye Urug Pariak | Munzzez Celik | 85

In immune cells, ROS generated by NADPH oxidases contribute to
microbial killing, antigen processing and cytokine-mediated communication.
Beyond host defense, physiological ROS participate in vascular homeostasis
by modulating nitric oxide bioavailability and support metabolic flexibility
through regulation of mitochondrial function, autophagy and hypoxia-
responsive signaling pathways (Sena & Chandel, 2012). Collectively,
these observations underscore that ROS are not accidental byproducts of
metabolism but tightly regulated mediators of redox-controlled physiology.

2.6.2. Pathological Effects of ROS

When ROS production exceeds the buffering capacity of antioxidant
systems, oxidative stress develops and progressively compromises cellular
integrity. Sustained redox imbalance disrupts normal signaling networks
and promotes degenerative processes associated with chronic inflammation,
metabolic dysfunction and aging (Powers et al., 2011).

2.6.3. Lipid Peroxidation

Polyunsaturated fatty acids within cellular membranes are highly
susceptible to oxidative damage due to their multiple double bonds. Highly
reactive radical species derived from ROS initiate lipid peroxidation, a chain
reaction that compromises membrane structure, alters fluidity and generates
bioactive secondary products with cytotoxic and signaling-disruptive
properties. Lipid peroxidation therefore represents a central pathological
consequence of oxidative stress and contributes to the progression of
numerous chronic diseases, including atherosclerosis, neurodegeneration
and metabolic disorders. The molecular mechanisms and biological
consequences of lipid peroxidation are discussed in detail in Section 2.8.1.

2.6.4. Protein Oxidation

Proteins are frequent targets of oxidative modification because of their
abundance and functional diversity. Radical-mediated reactions alter amino
acid side chains, induce carbonyl formation, disrupt disulfide bonding and
cause backbone fragmentation. These structural changes impair enzymatic
activity, receptor signaling and cytoskeletal stability (Dalle-Donne et al.,
20006). Sustained protein oxidation promotes proteotoxic stress, compromises
proteostasis and autophagic clearance and contributes to disorders such as
Alzheimer’s disease, Parkinson’s disease and type 2 diabetes.
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2.6.5. DNA Damage

Highly reactive hydroxyl radicals attack both nucleobases and the sugar—
phosphate backbone of DNA, generating lesions including 8-hydroxy-2'-
deoxyguanosine (8-OHdAG), single-strand breaks and double-strand breaks.
Accumulation of oxidative DNA damage increases mutational burden,
destabilizes the genome and facilitates carcinogenesis (Cooke et al., 2003;
Kauppila et al., 2017). Mitochondrial DNA is especially susceptible owing
to its proximity to ROS-generating sites and limited repair capacity.

2.6.6. Mitochondrial Dysfunction

Mitochondria represent both major sources and critical targets of ROS.
Oxidative damage to mitochondrial membranes, proteins and mtDNA
disrupts oxidative phosphorylation, diminishes ATP production and
enhances electron leakage, creating a self-reinforcing cycle of ROS generation
(Brand, 2016). This vicious cycle accelerates cellular aging and contributes
to metabolic and neurodegenerative pathologies.

2.6.7. Inflammation and Cell Death

ROS activate redox-sensitive transcription factors, inflammasomes
and stress-response pathways, driving cytokine production and sustained
inflammatory signaling. Depending on intensity and duration, oxidative
stress can initiate apoptosis, necrosis or ferroptosis, thereby shaping the
extent of tissue injury and disease progression (Forman & Zhang, 2021).

2.7. Oxidative DNA Damage and Mechanisms

Excessive production of reactive oxygen species (ROS), particularly
highly reactive radical species, poses a serious threat to genomic integrity,
making oxidative DNA damage one of the most consequential outcomes of
redox imbalance. DNA is inherently vulnerable to oxidative attack because
of its high cellular abundance, nuclear localization and frequent unwinding
during replication and transcription. Among the various ROS, hydroxyl
radicals (*OH) are the most potent DNA-damaging agents. Generated
mainly through Fenton and Haber-Weiss chemistry, *OH reacts at near
diffusion-controlled rates and induces localized, irreversible lesions at the
site of formation (Cooke et al., 2003).

Oxidative insults to DNA give rise to a broad array of lesions, including
modified bases, abasic sites, single-strand breaks, double-strand breaks and
DNA-protein cross-links. These alterations disrupt replication fidelity and
transcriptional accuracy, thereby undermining genomic stability,. Among
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oxidative base lesions, 8-hydroxy-2'-deoxyguanosine (8-OHdG) is the most
extensively studied and is widely used as an indicator of oxidative stress and
increased carcinogenic risk (Cadet & Wagner, 2013).

Double-strand breaks (DSBs) constitute the most deleterious form of
oxidative DNA damage and may occur when closely spaced lesions arise
on opposing DNA strands. Failure to repair DSBs accurately promotes
chromosomal rearrangements, mutagenesis and genomic instability,
establishing a mechanistic link between ROS-induced DNA damage and
cancer, neurodegenerative diseases and age-related functional decline
(Kauppila et al., 2017).

To counteract oxidative genomic injury, cells employ multiple DNA
repair pathways, including base excision repair (BER), nucleotide excision
repair (NER) and double-strand break repair via homologous recombination
or non-homologous end joining. Persistent or excessive oxidative stress,
however, can overwhelm or dysregulate these repair systems, leading to the
gradual accumulation of mutations and progressive loss of cellular function
(Wallace, 2014; Degtyareva et al., 2021).

Beyond structural genome damage, elevated ROS levels strongly activate
poly(ADP-ribose) polymerase (PARP), a key sensor of DNA strand breaks.
Prolonged PARP activation consumes substantial amounts of NAD" and
ATP, resulting in metabolic collapse and cell death. Thus, oxidative DNA
damage driven by ROS not only destabilizes the genome but also perturbs
cellular energy homeostasis and influences fundamental cell fate decisions
(Andrabi et al., 2014; Pommier et al., 2016).

2.8. Oxidative Damage to Lipids and Proteins

Reactive oxygen species (ROS), particularly highly reactive radical
species, play a central role in oxidative injury affecting lipids and
proteins, two macromolecular classes fundamental to cellular architecture,
compartmentalization and biochemical function. Oxidative modification
of these targets compromises membrane organization, disturbs enzymatic
activity and signaling fidelity and ultimately contributes to cell dysfunction,
death and disease progression (Sies et al., 2017).

2.8.1. Lipid Peroxidation

Polyunsaturated fatty acids (PUFAs) are particularly vulnerable to
oxidative attack because their multiple double bonds facilitate radical-
mediated hydrogen abstraction. Lipid peroxidation is initiated when reactive
oxygen species, especially hydroxyl radicals (¢OH), abstract hydrogen
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atoms from PUFAs, generating lipid-centered radicals that rapidly react
with molecular oxygen to form lipid peroxyl radicals (LOO*). These highly
reactive intermediates propagate self-sustaining chain reactions that extend
oxidative damage across membrane lipid networks (Ayala et al., 2014).

During the propagation and decomposition phases, lipid peroxidation
yields a range of secondary reactive products, most notably malondialdehyde
(MDA) and 4-hydroxy-2-nonenal (4-HNE). MDA is a mutagenic and
cytotoxic aldehyde, whereas 4-HNE forms covalent adducts with cysteine,
histidine and lysine residues in proteins, leading to carbonyl formation,
enzyme inhibition and disruption of intracellular signaling pathways (Negre-
Salvayre et al., 2010). Accumulation of these lipid-derived aldehydes reduces
membrane fluidity, increases permeability and interferes with membrane-
bound receptors and transport systems.

As a consequence, lipid peroxidation is closely associated with the
pathogenesis of atherosclerosis, neurodegenerative diseases, diabetes and
terroptosis-related cell death. The extent of lipid peroxidation is tightly
controlled by antioxidant defense systems, including glutathione peroxidases,
catalase and lipid-soluble antioxidants such as vitamin E, which collectively
limit chain propagation and preserve membrane integrity (Gaschler &
Stockwell, 2017; Butterfield & Boyd-Kimball, 2020).

2.8.2. Protein Oxidation

Proteins constitute another major class of oxidative stress targets due
to their abundance and functional complexity. Radical-mediated oxidative
reactions induce a range of chemical modifications in proteins, including
oxidation of amino acid side chains, formation of carbonyl groups, sulfoxides,
aberrant disulfide bonds and nitrotyrosine residues. Oxidative stress may
also promote peptide backbone cleavage, protein aggregation and loss of
catalytic activity. Sulfur-containing amino acids, particularly methionine
and cysteine, are highly susceptible to oxidation, leading to structural and
functional alterations in affected proteins (Dalle-Donne et al., 2006).

Protein carbonylation is widely used as a relatively irreversible marker of
oxidative stress and is associated with impaired protein function, reduced
enzymatic efficiency and altered signal transduction. Under physiological
conditions, oxidatively modified proteins are removed by proteasomal and
lysosomal degradation pathways. When these quality-control systems are
overwhelmed or compromised, damaged proteins accumulate, contributing
to cellular aging and disease pathogenesis (Hohn & Grune, 2014; Sies et
al., 2017). Consistent with this, protein oxidation is strongly implicated in
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neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease, as
well as in diabetes mellitus and chronic inflammatory conditions. Oxidative
modifications affecting enzymes, transporters and receptors further
reprogram metabolic networks and cellular communication, amplifying
pathological processes (Butterfield & Boyd-Kimball, 2020; Grueninger et
al., 2021).

2.9. Cellular Antioxidant Defense Systems

Maintenance of cellular redox balance relies on a highly coordinated
antioxidant network that counteracts reactive oxygen species (ROS),
particularly radical intermediates and their secondary products, and limits
oxidative damage. This network integrates enzyme-based defenses with
small-molecule antioxidants that neutralize reactive intermediates, interrupt
radical chain reactions and facilitate recovery of oxidized biomolecules.
Together, these mechanisms are indispensable for cell viability, metabolic
regulation and controlled redox signaling (Sies & Jones, 2020).

2.9.1. Enzymatic Antioxidants

Enzymatic antioxidants constitute the first and most immediate line
of protection by converting specific ROS into less reactive products and
preventing the uncontrolled propagation of oxidative reactions.

2.9.1.1. Superoxide Dismutases (SODs)

Superoxide dismutases catalyze the conversion of superoxide (O:¢") into
hydrogen peroxide (H:0:) and molecular oxygen. Distinct isoforms operate
in specific cellular compartments: Cu/Zn-SOD (SODI1) in the cytosol,
Mn-SOD (SOD2) in mitochondria and extracellular SOD (SOD3) in the
interstitial space. Through this compartmentalized activity, SODs prevent
superoxide accumulation and limit its toxic and pro-oxidant potential (Fukai
& Ushio-Fukai, 2011).

2.9.1.2. Catalase (CAT)

Catalase is predominantly localized in peroxisomes, where it rapidly
decomposes H20: into water and oxygen. By lowering intracellular H-O:
concentrations, catalase reduces the likelihood of hydroxyl radical formation
via metal-catalyzed reactions and thereby limits secondary radical generation
(Chelikani et al., 2004).
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2.9.1.3. Glutathione Peroxidase (GPx) and Glutathione Reductase (GR)

Glutathione peroxidases detoxify H20: and lipid hydroperoxides
(ROOH) wusing reduced glutathione (GSH) as an electron donor,
providing critical protection against membrane lipid oxidation. Glutathione
reductase sustains this defense by regenerating GSH from its oxidized form
(GSSG), thereby preserving intracellular redox buftering capacity and thiol
homeostasis (Brigelius-Flohé & Maiorino, 2013; Lu, 2013).

2.9.1.4. Peroxiredoxin/Thioredoxin (Prx/Tix) Systems

Peroxiredoxins reduce H:O:, peroxynitrite (ONOO") and organic
hydroperoxides through thiol-dependent reactions. The thioredoxin—
thioredoxin reductase system maintains these enzymes in a reduced,
catalytically active state and regulates protein thiol redox balance, supporting
redox signaling while preventing excessive cysteine oxidation (Netto &
Antunes, 2016).

2.9.2. Non-Enzymatic Antioxidants

Low-molecular-weight antioxidants complement enzymatic defenses by
directly scavenging radical species, terminating oxidative chain reactions and
stabilizing redox-sensitive cellular environments.

2.9.2.1. Glutathione (GSH)

Glutathione is the most abundant intracellular thiol and plays a central
role in peroxide detoxification, preservation of reduced protein thiols and
conjugation of electrophilic compounds. The cellular GSH/GSSG ratio is
widely used as an indicator of intracellular redox status and antioxidant
capacity (Lu, 2013).

2.9.2.2. Vitamins C and E

Vitamin E (a-tocopherol) functions as the primary lipid-phase
antioxidant, protecting cellular membranes from peroxidative damage,
whereas vitamin C (ascorbic acid) acts in the aqueous phase as a radical
scavenger and regenerates oxidized vitamin E. Together, these antioxidants
provide coordinated protection across distinct cellular compartments (Traber
& Stevens, 2011).

2.9.2.3. Carotenoids and Flavonoids

Diet-derived carotenoids, such as B-carotene and lycopene, along with
tlavonoids, efficiently quench singlet oxygen and peroxyl radicals. Their
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conjugated ring structures enable resonance stabilization of unpaired
electrons, contributing to antioxidant, anti-inflammatory and cytoprotective
effects (Krinsky & Johnson, 2005; Williamson & Manach, 2005).

2.9.2.4. Uric Acid, Bilirubin and Coenzyme Q

Several endogenous molecules also contribute to antioxidant capacity.
Uric acid and bilirubin exhibit strong radical-scavenging properties in
plasma and tissues, while coenzyme Q (ubiquinone/ubiquinol) serves a dual
role as an electron carrier in mitochondrial respiration and as a lipid-soluble
antioxidant within cellular membranes (Ernster & Dallner, 1995).

2.10. Cellular Redox Homeostasis and ROS Signaling

Cellular redox homeostasis is sustained through a dynamic equilibrium
between the generation of reactive oxygen species (ROS) and the capacity
of antioxidant defense systems. When this balance is preserved, restrained
and spatially controlled production of primarily non-radical ROS supports
intracellular signaling and adaptive responses to physiological, environmental
and metabolic cues. In contrast, a shift toward excessive ROS accumulation
disrupts redox control and promotes oxidative stress and cellular injury (Sies
& Jones, 2020).

At the molecular level, redox signaling is mediated primarily by reversible
oxidative modifications of cysteine residues within regulatory proteins. These
thiol-based modifications influence protein conformation, catalytic activity,
subcellular localization and interaction networks, thereby regulating key
biological processes such as cell cycle progression, differentiation, immune
regulation and metabolic control. Signaling specificity is achieved through
localized ROS generation, strict compartmentalization and continuous
modulation by antioxidant systems including glutathione (GSH), thioredoxin
(Trx) and peroxiredoxins (Rhee, 2006; Paulsen & Carroll, 2013).

Within this framework, hydrogen peroxide (H20:), a non-radical oxidant,
serves as a principal redox signaling intermediate. Its relative chemical stability,
membrane permeability and selective reactivity toward protein thiols allow
H:0: to transmit redox information efficiently across cellular compartments.
Through these properties, H-O: modulates multiple signaling networks
that coordinate stress responses, antioxidant gene expression, inflammatory
signaling and cellular energy metabolism (Holmstrom & Finkel, 2014; Sies
& Jones, 2020).

Mitochondria play a dual role in redox regulation, functioning both
as major sources of ROS and as highly sensitive redox targets. Under
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physiological conditions, low-level mitochondrial ROS contribute to
signaling and adaptive processes. However, impaired electron transport,
mitochondrial DNA damage or sustained alterations in membrane potential
markedly increase ROS production, thereby amplifying redox imbalance and
promoting cellular dysfunction (Brand, 2016; Shadel & Horvath, 2015).

Antioxidant defenses counteract ROS accumulation to preserve redox
stability. Enzymatic antioxidants such as superoxide dismutase, catalase
and glutathione peroxidase act in concert with non-enzymatic components
including glutathione, vitamins C and E and carotenoids to limit radical
propagation and prevent indiscriminate macromolecular oxidation (Halliwell
& Gutteridge, 2015).

Disruption of redox homeostasis is closely associated with a wide
range of pathological conditions, including cancer, neurodegenerative
and cardiovascular diseases, diabetes and chronic inflammatory disorders.
Excessive ROS promote mitochondrial dysfunction, DNA and protein
damage, apoptotic signaling and persistent inflammation, whereas
insufficient ROS production can impair redox-dependent signaling and
immune defense mechanisms (Schieber & Chandel, 2014). Collectively,
cellular redox homeostasis reflects a finely tuned, context-dependent balance
between ROS generation, antioxidant capacity and the cellular machinery
that senses and responds to oxidative signals.

2.11. Measurement and Detection Methods for ROS

Reliable evaluation of reactive oxygen species (ROS) is a prerequisite
for dissecting their roles in redox signaling, oxidative injury and disease
pathogenesis. Such assessment is inherently challenging because ROS
encompass chemically diverse radical and non-radical species with extreme
reactivity, short half-lives and marked spatial heterogeneity. To address
these constraints, a diverse array of analytical strategies has been developed
that capture ROS either directly or through relatively stable molecular
footprints of oxidative reactions. Each approach offers distinct strengths
and limitations that must be matched carefully to the specific ROS species,
cellular compartment and experimental setting under investigation (Sies,
2017).

While numerous methods are available for assessing ROS, the choice
of an appropriate technique should be guided primarily by the underlying
biological question rather than by analytical sensitivity alone. Approaches
based on fluorescent or chemiluminescent probes are generally suited for
monitoring relative changes in intracellular redox dynamics, particularly
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in live-cell systems, but provide limited chemical specificity. In contrast,
compartment-specific probes and genetically encoded sensors are better
suited for addressing spatially resolved or organelle-targeted redox signaling.
Methods that quantity stable oxidation products, including lipid peroxidation
adducts, protein carbonyls or oxidized nucleic acids, offer indirect yet robust
measures of cumulative oxidative damage rather than real-time signaling
events. Accordingly, careful alignment between experimental objectives and
methodological design is essential for accurate interpretation of ROS-related
measurements.

2.11.1. Spectrophotometric and Fluorometric Techniques

Optical methods based on absorbance or fluorescence remain widely
used owing to their operational simplicity, high sensitivity and compatibility
with live-cell systems. Among the most frequently applied probes are
2,7’-dichlorodihydrofluorescein diacetate (DCFH-DA), dihydroethidium
(DHE) and Amplex Red (Kalyanaraman et al., 2012). Following cellular
uptake, DCFH-DA is deacetylated and oxidized to fluorescent DCE
providing a general indication of intracellular oxidative activity DHE
exhibits preferential reactivity toward superoxide (Oz¢"), yielding fluorescent
ethidium derivatives, whereas Amplex Red detects hydrogen peroxide
(H20:) through horseradish peroxidase-mediated conversion to resorufin.
Despite their broad utility, these probes are susceptible to confounding
influences such as pH variation, subcellular distribution, redox cycling and
interference by non-target oxidants, necessitating cautious interpretation of
fluorescence signals (Murphy et al., 2022).

2.11.2. Electron Spin Resonance Spectroscopy

Electron spin resonance (ESR) spectroscopy provides a direct and
highly specific means of detecting free radical species by exploiting their
unpaired electrons. Because most radical ROS are extremely transient, ESR
measurements typically rely on spin-trapping agents such as DMPO or PBN,
which form more stable radical adducts amenable to detection (Buettner,
1993). While ESR offers unmatched chemical specificity, its dependence
on specialized instrumentation and technical expertise restricts its routine
application in many biological laboratories (Finkel, 2011).

2.11.3. Chemiluminescence-Based Assays

Chemiluminescence methods quantify ROS by measuring light emitted
during oxidation of luminescent substrates, including luminol, lucigenin
and coelenterazine. These assays are exceptionally sensitive and capable of
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detecting very low ROS levels; however, limited selectivity, susceptibility to
metal ion interference and dependence on peroxidase activity can complicate
data interpretation (Khramtsov & Yermilov, 2021).

2.11.4. Chromatographic and Mass Spectrometric Analyses

High-performance liquid chromatography (HPLC) and mass
spectrometry (MS) approaches assess oxidative stress indirectly by
quantifying chemically stable products generated by ROS-mediated damage.
Widely used biomarkers include 8-hydroxy-2'-deoxyguanosine (8-OHAG)
as an index of oxidative DNA damage, malondialdehyde (MDA) and
4-hydroxynonenal (4-HNE) as indicators of lipid peroxidation and protein
carbonyls as markers of protein oxidation (Cadet & Wagner, 2013; Lee et
al., 2020). Although these methods provide high analytical precision and
structural insight, they require extensive sample preparation and advanced
analytical platforms.

2.11.5. Genetically Encoded Fluorescent Sensors

Genetically encoded probes such as roGFP, HyPer and Peredox permit
dynamicvisualizationofintracellularredoxchangesinliving cells. Thesesensors
respond to redox fluctuations through reversible optical or conformational
shifts, enabling time-resolved and compartment-specific measurements
(Belousov et al., 2006; Pak et al., 2020). Their implementation, however,
requires gene delivery strategies, careful calibration and consideration of
potential perturbations to endogenous redox balance.

2.11.6. Emerging and Complementary Approaches

Additional methodologies include electrochemical sensors for rapid
detection of H20: and nitric oxide, confocal imaging with targeted fluorescent
probes for spatial mapping of ROS and flow cytometry for population-
level quantification of oxidative signals (Kang et al., 2018; Murphy et al.,
2022). In complex biological systems, combining multiple complementary
techniques often provides the most robust and reliable assessment of ROS
dynamics and oxidative stress.

2.12. ROS in Cell Signaling and Disease Mechanisms

Reactive oxygen species (ROS) act as critical modulators of intracellular
signaling networks that integrate metabolic status, environmental stressors
and cellular fate decisions. Under physiological conditions, tightly regulated
production of primarily non-radical ROS supports adaptive signaling
processes that enable cells to respond dynamically to changing internal and
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external cues. These redox-dependent mechanisms allow cells to coordinate
growth, survival and functional specialization in a context-dependent manner
(Rhee, 2006; Holmstrom & Finkel, 2014).

When ROS generation exceeds the buffering capacity of antioxidant
systems, this finely tuned signaling framework becomes dysregulated. Loss
of redox control shifts ROS activity from reversible signaling modulation
toward irreversible molecular damage. Excess ROS impair mitochondrial
and endoplasmic reticulum function, destabilize cellular membranes and
disrupt redox-sensitive signaling circuits, thereby promoting maladaptive
cellular responses (Valko et al., 2007). To illustrate the transition from
redox-dependent signaling to oxidative and nitrosative stress, an overview
of ROS-RNS interactions under physiological and pathological conditions
is presented in Figure 1.
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redox signaling . nitrosative stress
i Reversible
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Immune signaling
& = Cellular DNA damage
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Catalase sgn;:ng ONOO-
Peroxiredo xin Lipid peroxidation
GSH DNA damage
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Figure 1. Integrated redox balance model illustrating ROS-RNS signaling and
oxidative stress.

The figure provides a schematic overview of the coordinated roles of reactive
oxygen and nitrogen species in cellular redox homeostasis, immune and
metabolic regulation, and highlights the shift from physiological redox
signaling to oxidative and nitrosative stress when ROS accumulation exceeds
antioxidant buffering capacity.
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Sustained redox imbalance facilitates activation of pathological pathways
associated with chronic disease. Persistent oxidative stress contributes to
aberrant activation of stress-responsive kinases, inflammatory signaling
cascades and cell death programs, including apoptosis, necrosis and
terroptosis. Through these mechanisms, ROS-driven signaling dysfunction
plays a central role in the initiation and progression of diverse pathological
conditions, underscoring the context-dependent transition of ROS from
essential signaling mediators to drivers of tissue injury and disease (Schieber
& Chandel, 2014).

2.12.1. ROS-Mediated Signaling Pathways

A defining feature of redox signaling is the reversibility of cysteine
oxidation. Controlled redox-dependent conversion of thiol groups into
disulfides, sulfenic acids or S-glutathionylated forms alters protein structure
and function without permanent damage. Through these mechanisms,
ROS-sensitive signaling pathways regulate several core cellular axes. Growth
and survival responses are shaped through redox modulation of mitogen-
activated protein kinase (MAPK) cascades, whereas phosphoinositide
3-kinase (PI3K)/Akt signaling links redox status to metabolic regulation and
cell growth. In parallel, inflammatory and immune responses are controlled
through redox-sensitive regulation of NF-«B, while activation of the Nrf2
pathway induces transcriptional programs that reinforce antioxidant and
cytoprotective capacity.

Mitochondria represent a critical signaling hub within this network.
Mitochondrial ROS participate in oxygen-sensing mechanisms by modulating
hypoxia-inducible factor-la (HIF-1la) and regulate cellular quality control
through coordinated effects on autophagy, AMP-activated protein kinase
(AMPK) and mTOR signaling. Through these pathways, redox signals
connect mitochondrial metabolism to adaptive cellular remodeling (Sena &
Chandel, 2012; Sies & Jones, 2020).

2.12.2. Contribution of ROS to Disease Pathogenesis

Persistent oxidative stress plays a multifaceted role in human disease,
acting either as an initiating factor or as an amplifier of ongoing pathology.
In neurodegenerative disorders such as Alzheimer’s, Parkinson’s and
Huntington’s disease, excessive ROS promote protein misfolding,
mitochondrial impairment and progressive neuronal loss. Accumulation of
lipid peroxidation products, including 4-hydroxynonenal (4-HNE), disrupts
synaptic function, while oxidative damage to mitochondrial DNA accelerates
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neurodegenerative progression (Kauppila et al., 2017; Butterfield & Boyd-
Kimball, 2020).

In the cardiovascular system, elevated ROS compromise nitric oxide
bioavailability, leading to endothelial dysfunction and increased susceptibility
to hypertension and atherosclerosis. Oxidative modification of low-density
lipoproteins facilitates foam cell formation and vascular inflammation,
processes frequently driven by NADPH oxidase—derived ROS (Brandes et
al., 2014; Forstermann et al., 2017).

Metabolic diseases are similarly shaped by redox imbalance. Sustained
hyperglycemia enhances mitochondrial ROS production and activates
NADPH oxidases, thereby impairing insulin signaling, damaging
pancreatic B cells and contributing to both microvascular and macrovascular
complications of diabetes (Giacco & Brownlee, 2010; Yaribeygi etal., 2020).

In cancer biology, ROS exert stage-dependent effects. Early in
tumorigenesis, oxidative DNA damage and genomic instability favor
malignant transformation. In established tumors, moderate ROS levels
support proliferation, angiogenesis and metastatic behavior, whereas
excessive ROS accumulation can exceed tumor antioxidant capacity and be
therapeutically exploited to induce selective cancer cell death (Trachootham

et al., 2009; Reczek & Chandel, 2017).

Chronic inflammatory conditions are also sustained by ROS-driven
signaling. Activation of NF-kB, inflaimmasomes and pro-inflammatory
cytokine networks is reinforced by oxidative stress, while reactive nitrogen
species such as peroxynitrite (ONOO™) promote protein nitration,
mitochondrial dysfunction and persistent redox imbalance, thereby
perpetuating inflammatory tissue damage (Forrester et al., 2018).

3. Therapeutic Approaches Targeting ROS

The recognition that reactive oxygen species (ROS) participate not
only in oxidative injury but also in essential regulatory processes has
reshaped therapeutic strategies in redox biology. Rather than viewing ROS
solely as harmful byproducts, current approaches aim to either constrain
pathological ROS accumulation or deliberately manipulate redox imbalance
for therapeutic gain, most notably in oncology. These interventions operate
by reducing excessive ROS formation, reinforcing endogenous antioxidant
capacity or selectively amplifying ROS within diseased tissues (Sies & Jones,
2020; Forman & Zhang, 2021).
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3.1. Antioxidant-Based Interventions

One major therapeutic avenue involves the use of exogenous antioxidants
to limit oxidative damage and attenuate stress-driven pathology. Compounds
such as vitamins C and E, carotenoids, polyphenols and thiol donors
including N-acetylcysteine (NAC) act as electron donors that neutralize
reactive radical intermediates and protect cellular lipids, proteins and nucleic
acids from oxidation (Bouayed & Bohn, 2010; Sies, 2017).

Beyond direct scavenging, pharmacological activation of endogenous
defense systems has gained prominence. Stimulation of the nuclear factor
erythroid 2-related factor 2 (Nrf2) pathway by agents such as sulforaphane
or bardoxolone methyl induces coordinated expression of antioxidant
enzymes and phase II detoxification machinery, including glutathione
peroxidases, superoxide dismutases, catalase and conjugating enzymes. This
transcriptional response enhances cellular resilience against oxidative injury
and inflammation (Jaramillo & Zhang, 2013; Dodson et al., 2019).

Despite strong mechanistic rationale, clinical outcomes of generalized
antioxidant supplementation have been inconsistent. In some contexts,
excessive antioxidant exposure blunts adaptive ROS-dependent signaling
and stress responses, underscoring the importance of disease specificity,
dosing and temporal control when designing antioxidant-based therapies
(Bjelakovic et al., 2014; Schmidt et al., 2021).

3.2. Suppression of ROS at Their Sources

An alternative strategy targets the enzymatic origins of ROS generation.
Inhibition of major ROS-producing systems such as NADPH oxidases
(NOX), xanthine oxidase (XO) and mitochondrial electron transport—
derived ROS has demonstrated protective effects in experimental and clinical
settings. NOX inhibitors, including apocynin and GKT137831, reduce
ROS-driven inflammation and vascular injury, whereas XO inhibitors such
as allopurinol decrease superoxide formation during purine metabolism and
are widely used in gout and ischemia-reperfusion injury (Gray et al., 2017;
Battelli et al., 2018).

Targeting mitochondria has further refined this approach. Mitochondria-
directed antioxidants, including MitoQ and SkQI, accumulate selectively
within the mitochondrial matrix and neutralize ROS at a critical intracellular
source (Murphy & Smith, 2007; Zielonka et al., 2017). However, excessive
suppression of mitochondrial ROS may disrupt physiological redox signaling,
highlighting the need for precision rather than complete inhibition.
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3.3. ROS-Responsive Drug Delivery Systems

Advances in nanotechnology have enabled the development of drug
delivery platforms that exploit the oxidative microenvironment of diseased
tissues. ROS-responsive nanocarriers incorporate redox-sensitive linkers or
polymers that undergo cleavage or structural transformation under high-
ROS conditions, resulting in localized drug release. This strategy enhances
targeting efficiency while minimizing systemic toxicity and is particularly
suited to tumors and inflamed tissues characterized by elevated oxidative
stress (Wang et al., 2018; Kim et al., 2020).

3.4. Pro-Oxidant Strategies in Cancer Therapy

Many malignant cells operate close to the upper limit of their antioxidant
buftering capacity. This intrinsic vulnerability forms the basis of pro-oxidant
cancer therapies, which deliberately elevate intracellular ROS beyond
tolerable thresholds to induce selective tumor cell death (Trachootham et

al., 2009; Sabharwal & Schumacker, 2014).

Such approaches include mitochondria-targeted agents that disrupt
electron transport and enhance ROS leakage, photosensitizers used in
photodynamic therapy that generate singlet oxygen (1O:) upon light
activation and redox-active chemotherapeutics such as doxorubicin and
arsenic trioxide, which promote oxidative stress—mediated apoptosis
(Conklin, 2004; Cairns et al, 2011). Emerging thermo-responsive
nanoplatforms further amplity tumor-specific oxidative stress through
temperature-dependent redox reactions, although stringent spatial control is
required to avoid collateral tissue damage (Zhao et al., 2021).

4. Conclusion

Reactive oxygen species (ROS), including both radical and non-radical
forms, should be viewed as context-sensitive regulators rather than uniformly
deleterious entities. Within tightly regulated ranges, these reactive molecules
participate directly in the coordination of cellular behavior by modulating
signaling pathways that control proliferation, differentiation, immune
surveillance and metabolic flexibility. Their involvement in host defense
mechanisms, mitochondrial cross-talk and redox-dependent transcriptional
control underscores their fundamental integration into normal cellular

physiology.
Pathological consequences arise when the balance between ROS generation

and antioxidant buffering is disrupted. Sustained oxidative pressure results
in cumulative injury to lipids, proteins and nucleic acids, fostering cellular
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dysfunction and promoting the development of cancer, neurodegenerative
and cardiovascular disorders, metabolic disease and chronic inflammatory
states. In parallel, excessive oxidative burden accelerates biological aging
through mitochondrial impairment and loss of genomic integrity, reinforcing
oxidative stress as a central driver of disease progression.

An improved understanding of this redox equilibrium has reshaped
therapeuticstrategies. Ratherthanindiscriminateantioxidantsupplementation,
current approaches emphasize context-dependent modulation of redox
pathways. Antioxidant-based interventions seek to reinforce endogenous
defense systems, whereas pro-oxidant strategies deliberately exploit the
reduced redox tolerance of malignant cells to induce selective cytotoxicity.
Emerging advances in redox biology and nanotechnology, including
ROS-responsive delivery systems and mitochondria-targeted agents, offer
promising avenues for precise therapeutic control, although preserving
essential redox signaling remains a critical challenge.

Overall, the biological impact of ROS is dictated not by their mere presence
but by the dynamic interplay between their production, neutralization and
spatial regulation within cells and tissues. Continued investigation into
redox signaling networks and targeted redox interventions will be essential
for refining therapeutic strategies and improving outcomes in oxidative
stress—related diseases.



Kadriye Urug Pavlak | Muazzez Celi | 101

References

Andrabi, S. A.; Dawson, T. M., & Dawson, V. L. (2014). Mitochondrial and
nuclear cross talk in cell death: Parthanatos. Annals of the New York Aca-
demy of Sciences, 1336(1), 18-32. https://doi.org/10.1111/nyas. 12744

Ayala, A., Munoz, M. E, & Argiielles, S. (2014). Lipid peroxidation: Produ-
ction, metabolism, and signaling mechanisms of malondialdehyde and
4-hydroxy-2-nonenal. Oxidative Medicine and Cellular Longevity, 2014,
360438. https://doi.org/10.1155/2014/360438

Battelli, M. G., Polito, L., Bolognesi, A., & Buonamici, L. (2018). Xanthi-
ne oxidoreductase in atherosclerosis pathogenesis: Not only oxidati-
ve stress. Atherosclerosis, 273, 184-192. https://doi.org/10.1016/;.
atherosclerosis.2018.04.015

Belousov, V. V,, et al. (2006). Genetically encoded fluorescent indicator for int-
racellular hydrogen peroxide. Nature Methods, 3(4), 281-286. https://
doi.org/10.1038/nmeth866

Bjelakovic, G., Nikolova, D., & Gluud, C. (2014). Antioxidant supplements
and mortality. Current Opinion in Clinical Nutvition and Metabolic Care,
17(1), 40—44. https://doi.org/10.1097/MCO.0000000000000009

Bouayed, J., & Bohn, T. (2010). Exogenous antioxidants—Double-edged swor-
ds in cellular redox state. Oxidative Medicine and Cellular Longevity, 3(4),
228-237. https://doi.org/10.4161/oxim.3.4.12858

Brand, M. D. (2016). Mitochondrial generation of superoxide and hydrogen
peroxide as the source of mitochondrial redox signaling. Mitochondrion,
31, 2-13. https://doi.org/10.1016/j.mit0.2016.01.008

Brigelius-Flohé, R., & Maiorino, M. (2013). Glutathione peroxidases. Biochimi-
ca et Biophysica Acta (BBA) - General Subjects, 1830(5), 3289-3303. htt-
ps://doi.org/10.1016/j.bbagen.2012.11.020

Buettner, G. R. (1993). The spin trapping of superoxide and hydroxyl radi-
cal. Free Radical Research Communications, 19(Suppl 1), S79-S87. htt-
ps://doi.org/10.3109/10715769309056534

Butterfield, D. A., & Boyd-Kimball, D. (2020). Oxidative stress, amyloid-
peptide, and altered key molecular pathways in the pathogenesis and
progression of Alzheimer’s disease. Journal of Alzheimer’s Disease, 74(1),
1-17. https://doi.org/10.3233/JAD-191179

Cadet, J., & Wagner, J. R. (2013). DNA base damage by reactive oxygen spe-
cies, oxidizing agents, and UV radiation. Cold Spring Harbor Perspecti-
ves in Biology, 5(2), a012559. https://doi.org/10.1101/cshperspect.
a012559

Cairns, R. A., Harris, I. S., & Mak, T. W. (2011). Regulation of cancer cell meta-
bolism. Nature Reviews Cancer; 11(2), 85-95. https://doi.org/10.1038/
nrc2981



102 | Free Radicals and Their Biological Mechanisms: A Paradox Between Benefit and Harm

Chelikani, P, Fita, I., & Loewen, D. C. (2004). Diversity of structures and pro-
perties among catalases. Cellular and Molecular Life Sciences, 61(2), 192—
208. https://doi.org/10.1007/s00018-003-3206-5

Conklin, K. A. (2004). Chemotherapy-associated oxidative stress: Impact on
chemotherapeutic effectiveness. Integrative Cancer Therapies, 3(4), 294—
300. https://doi.org/10.1177/1534735404270335

Cooke, M. S., Evans, M. D., Dizdaroglu, M., & Lunec, J. (2003). Oxidati-
ve DNA damage: Mechanisms, mutation, and disease. FASEB Journal,
17(10), 1195-1214. https://doi.org/10.1096/1j.02-0752rev

Dalle-Donne, 1., Rossi, R.; Colombo, R., Giustarini, D., & Milzani, A. (20006).
Biomarkers of oxidative damage in human disease. Clinical Chemistry,
52(4), 601-623. https://doi.org/10.1373/clinchem.2005.061408

Degtyareva, N. P, Heyburn, L., Sterling, J., Carr, A. M., & Doetsch, . W. (2021).
Oxidative stress-induced mutagenesis in single-strand DNA. DNA Repa-
i, 101, 103077. https://doi.org/10.1016/j.dnarep.2021.103077

Di Mascio, P, Martinez, G. R., Miyamoto, S., Ronsein, G. E., Medeiros, M. H.
G., & Cadet, J. (2019). Singlet molecular oxygen reactions with nucleic
acids, lipids, and proteins. Chemical Reviews, 119(3), 2043-2086. htt-
ps://doi.org/10.1021/acs.chemrev.8b00554

Dixon, S. J., et al. (2012). Ferroptosis: An iron-dependent form of nonapop-
totic cell death. Cell, 149(5), 1060-1072. https://doi.org/10.1016/j.
cell.2012.03.042

Dodson, M., et al. (2019). Modulating NRF2 in disease: Timing is everyt-
hing. Annual Review of Pharmacology and Toxicology, 59, 555-575. htt-
ps://doi.org/10.1146/annurev-pharmtox-010818-021856

Droge, W. (2002). Free radicals in the physiological control of cell functi-
on. Physiological Reviews, 82(1), 47-95. https://doi.org/10.1152/
physrev.00018.2001

Ernster, L., & Dallner, G. (1995). Biochemical, physiological and me-
dical aspects of ubiquinone function. Biochimica et Biophysica Acta
(BBA) - Molecular Basis of Disease, 1271(1), 195-204. https://doi.
org/10.1016/0925-4439(95)00028-3

Fang, Y. Z., Yang, S., & Wu, G. (2002). Free radicals, antioxidants, and
nutrition.  Nutrition, 18(10), 872-879. https://doi.org/10.1016/
S0899-9007(02)00916-4

Finkel, T. (2011). Signal transduction by reactive oxygen species. Journal of Cell
Biology, 194(1), 7-15. https://doi.org/10.1083/jcb.201102095

Forman, H. J., & Zhang, H. (2021). Targeting oxidative stress in disease: Pro-
mise and limitations of antioxidant therapy. Nature Reviews Drug Disco-
very, 20(9), 689-709. https://doi.org/10.1038/s41573-021-00261-5



Kadriye Urug Parlak | Munzzez Celi | 103

Forrester, S. J., Kikuchi, D. S., Hernandes, M. S., Xu, Q., & Griendling, K. K.
(2018). Reactive oxygen species in metabolic and inflammatory signa-
ling. Circulation Research, 122(6), 877-902. https://doi.org/10.1161/
CIRCRESAHA.117.311401

Forstermann, U., Xia, N., & Li, H. (2017). Roles of vascular oxidati-
ve stress and nitric oxide in the pathogenesis of atherosclerosis. Cir-
culation  Research, 120(4), 713-735. https://doi.org/10.1161/
CIRCRESAHA.116.309326

Forstermann, U., & Sessa, W. C. (2012). Nitric oxide synthases: Regulation
and function. European Heart Journal, 33(7), 829-837. https://doi.
org/10.1093/eurheartj/ehr304

Fukai, T., & Ushio-Fukai, M. (2011). Superoxide dismutases: Role in redox sig-
naling, vascular function, and diseases. Antioxidants & Redox Signaling,
15(6), 1583-1606. https://doi.org/10.1089/ars.2011.3999

Gaschler, M. M., & Stockwell, B. R. (2017). Lipid peroxidation in cell de-
ath. Biochemical and Biophysical Research Communications, 482(3), 419—
425. https://doi.org/10.1016/j.bbrc.2016.10.086

Giacco, E, & Brownlee, M. (2010). Oxidative stress and diabetic complicati-
ons. Circulation Research, 107(9), 1058-1070. https://doi.org/10.1161/
CIRCRESAHA.110.223545

Gray, S. P, et al. (2017). NADPH oxidase 1 plays a key role in diabetes mel-
litus—accelerated atherosclerosis. Circulation, 135(7), 639-654. https://
doi.org/10.1161/CIRCULATIONAHA.116.024330

Halliwell, B., & Gutteridge, J. M. C. (2015). Free radicals in biology and me-
dicine (5th ed.). Oxford University Press. https://doi.org/10.1093/
acprof:0s0/9780198717478.001.0001

Holmstrém, K. M., & Finkel, T. (2014). Cellular mechanisms and physiological
consequences of redox-dependent signalling. Nature Reviews Molecular
Cell Biology, 15(6), 411-421. https://doi.org/10.1038/nrm3801

Hohn, A., & Grune, T. (2014). The proteasome and the degradation of oxidized
proteins: Part IV—Protein oxidation and proteasomal degradation. Re-
dox Biology, 2, 19-24. https://doi.org/10.1016/j.redox.2013.12.029

Jaramillo, M. C., & Zhang, D. D. (2013). The emerging role of the Nrf2—
Keapl signaling pathway in cancer. Genes & Development, 27(20), 2179-
2191. https://doi.org/10.1101/gad.225680.113

Kalyanaraman, B., et al. (2012). Measuring reactive oxygen and nitrogen
species with fluorescent probes: Challenges and limitations. Free Ra-
dical Biology and Medicine, 52(1), 1-6. https://doi.org/10.1016/j.
freeradbiomed.2011.09.030



104 | Eree Radicals and Their Biological Mechanisms: A Paradox Between Benefit and Harm

Kauppila, T. E. S., Kauppila, J. H. K., & Larsson, N.-G. (2017). Mammalian
mitochondria and aging: An update. Cell Metabolism, 25(1), 57-71. htt-
ps://doi.org/10.1016/j.cmet.2016.09.017

Khramtsov, V. V., & Yermilov, V. (2021). Chemiluminescent methods for reac-
tive oxygen species detection. Methods in Enzymology, 628, 1-24. https://
doi.org/10.1016/bs.mie.2019.10.012

Kiling, A., & Kiling, S. (2002). Oksidatif stres ve antioksidan savunma sistem-
leri. Tiirk Biyokimya Dergisi, 27(1), 1-6.

Kim, H., et al. (2020). Reactive oxygen species—responsive nanomaterials for
targeted cancer therapy. Journal of Controlled Release, 325, 110-126. htt-
ps://doi.org/10.1016/j.jconrel.2020.06.005

Klebanoft, S. J., et al. (2013). Myeloperoxidase: A front-line defender against
phagocytosed microorganisms. Journal of Leukocyte Biology, 93(2), 185—
198. https://doi.org/10.1189/j1b.0712349

Krinsky, N. I., & Johnson, E. J. (2005). Carotenoid actions and their relation
to health and disease. Molecular Aspects of Medicine, 26(6), 459-516. htt-
ps://doi.org/10.1016/j.mam.2005.10.001

Lee, Y. J., et al. (2020). Analytical methods for the measurement of oxidative
stress in humans. Redox Biology, 29, 101397. https://doi.org/10.1016/].
redox.2019.101397

Lobo, V., Patil, A., Phatak, A., & Chandra, N. (2010). Free radicals, antioxi-
dants and functional foods: Impact on human health. Pharmacognosy Re-
views, 4(8), 118-126. https://doi.org/10.4103/0973-7847.70902

Lu, S. C. (2013). Glutathione synthesis. Biochimica et Biophysica Acta (BBA)
- General Subjects, 1830(5), 3143-3153. https://doi.org/10.1016/].
bbagen.2012.09.008

Meister, A., & Anderson, M. E. (1983). Glutathione. Annual Review of
Biochemistry, 52,  711-760.  https://doi.org/10.1146/annurev.
bi.52.070183.003431

Murphy, M. P, & Smith, R. A. J. (2007). Targeting antioxidants to mito-
chondria by conjugation to lipophilic cations. Annual Review of Pharma-
cology and Toxicology, 47, 629-656. https://doi.org/10.1146/annurev.
pharmtox.47.120505.105110

Murphy, M. P, et al. (2022). Guidelines for measuring reactive oxygen species
and oxidative damage in cells and in vivo. Nature Metabolism, 4(6), 651
662. https://doi.org/10.1038/542255-022-00584-z

Negre-Salvayre, A., etal. (2010). 4-Hydroxynonenal, a lipid peroxidation produ-

ct, and vascular cell dysfunction. Free Radical Biology and Medicine, 48(2),
169-180. https://doi.org/10.1016/j.freeradbiomed.2009.10.023



Kadriye Urug Parlak | Munzzez Celik | 105

Netto, L. E. S., & Antunes, E (2016). The roles of peroxiredoxin and thiore-
doxin in hydrogen peroxide sensing and signal transduction. Molecules and
Cells, 39(1), 65-71. https://doi.org/10.14348/molcells.2016.2326

Pacher, P, Beckman, J. S., & Liaudet, L. (2007). Nitric oxide and peroxynitrite
in health and disease. Physiological Reviews, 87(1), 315—424. https://doi.
org/10.1152/physrev.00029.2006

Pak, V. V, et al. (2020). Ultrasensitive genetically encoded indicator for hyd-
rogen peroxide identifies roles for the oxidant in cell migration and mi-
tochondrial function. Cell Metabolism, 31(3), 642-653.¢6. https://doi.
org/10.1016/j.cmet.2020.02.003

Paulsen, C. E., & Carroll, K. S. (2013). Cysteine-mediated redox signaling:
Chemistry, biology, and tools for discovery. Chemical Reviews, 113(7),
4633-4679. https://doi.org/10.1021/cr300163¢

Pham-Huy, L. A., He, H., & Pham-Huy, C. (2008). Free radicals, antioxidants
in disease and health. International Journal of Biomedical Science, 4(2),
89-96.

Pizzino, G., et al. (2017). Oxidative stress: Harms and benefits for human he-
alth. Oxidative Medicine and Cellular Longevity, 2017, 8416763. https://
doi.org/10.1155/2017/8416763

Pommier, Y., et al. (2016). Poly(ADP-ribose) polymerase inhibitors in cancer
therapy: Use as single agents and in combination. Cancer Journal, 22(6),
345-353. https://doi.org/10.1097/PP0O.0000000000000223

Powers, S. K., et al. (2011). Reactive oxygen species and exercise: The good
and the bad. Physiology, 26(4), 259-268. https://doi.org/10.1152/
physiol.00018.2011

Radi, R. (2018). Oxygen radicals, nitric oxide, and peroxynitrite: Redox pat-
hways in molecular medicine. Proceedings of the National Academy of Scien-
ces, 115(23), 5839-5848. https://doi.org/10.1073/pnas.1804932115

Reczek, C. R., & Chandel, N. S. (2017). The two faces of reactive oxygen spe-
cies in cancer. Annual Review of Cancer Biology, 1(1), 79-98. https://doi.
org/10.1146/annurev-cancerbio-041916-065808

Rhee, S. G. (2006). Cell signaling—H:0, a necessary evil for cell signaling. Scien-
ce, 312(5782), 1882-1883. https://doi.org/10.1126/science.1130481

Sabharwal, S. S., & Schumacker, P. T. (2014). Mitochondrial ROS in cancer:
Initiators, amplifiers or an Achilles” heel? Nature Reviews Cancer; 14(11),
709-721. https://doi.org/10.1038/nrc3803

Santos, C. X. C., Tanaka, L. Y., Wosniak, J., & Laurindo, E R. M. (2018). Me-
chanisms and implications of reactive oxygen species generation during
the unfolded protein response: Roles of endoplasmic reticulum oxidore-
ductases, mitochondrial electron transport, and NADPH oxidase. Anti-



106 | Free Radicals and Their Biological Mechanisms: A Paradox Between Benefit and Harm

oxidants & Redox Signaling, 29(9), 891-908. https://doi.org/10.1089/
ars.2017.7369

Schieber, M., & Chandel, N. S. (2014). ROS function in redox signaling and
oxidative stress. Current Biology, 24(10), R453-R462. https://doi.or-
2/10.1016/j.cub.2014.03.034

Schmidt, H. H. H. W,, Stocker, R., Vollbracht, C., Paulsen, G., Riley, D., Da-
iber, A., & Cuadrado, A. (2021). Antioxidants in translational medici-
ne. Antioxidants & Redox Signaling, 35(9-10), 653-691. https://doi.
org/10.1089/ars.2020.8141

Scialo, E, Ferndndez-Ayala, D. J. M., & Sanz, A. (2020). Role of mitochond-
rial reverse electron transport in ROS signaling and metabolic adap-
tation. Cell Metabolism, 32(3), 368-379. https://doi.org/10.1016/j.
cmet.2020.05.009

Sena, L. A.; & Chandel, N. S. (2012). Physiological roles of mitochondrial
reactive oxygen species. Molecular Cell, 48(2), 158-167. https://doi.or-
£/10.1016/j.molcel.2012.09.025

Shadel, G. S., & Horvath, T. L. (2015). Mitochondrial ROS signaling in or-
ganismal homeostasis. Cell Metabolism, 21(3), 450-459. https://doi.or-
2/10.1016/j.cmet.2015.02.001

Sies, H. (2017). Hydrogen peroxide as a central redox signaling molecule in
physiological oxidative stress: Oxidative eustress. Redox Biology, 11, 613—
619. https://doi.org/10.1016/j.redox.2016.12.035

Sies, H., & Jones, D. . (2020). Reactive oxygen species (ROS) as pleiotro-
pic physiological signalling agents. Nature Reviews Molecular Cell Biology,
21(7), 363-383. https://doi.org/10.1038/s41580-020-0230-3

Sies, H., Berndt, C., & Jones, D. P (2017). Oxidative stress. Annu-
al Review of Biochemistry, 86, 715-748. https://doi.org/10.1146/
annurev-biochem-061516-045037

Stadtman, E. R., & Levine, R. L. (2003). Free radical-mediated oxidation of
free amino acids and amino acid residues in proteins. Amino Acids, 25(3—
4),207-218. https://doi.org/10.1007/s00726-003-0011-2

Stockwell, B. R., et al. (2017). Ferroptosis: A regulated cell death nexus linking
metabolism, redox biology, and disease. Cell, 171(2), 273-285. https://
doi.org/10.1016/j.cell.2017.09.021

Traber, M. G., & Stevens, J. E (2011). Vitamins C and E: Beneficial eftects
from a mechanistic perspective. Free Radical Biology and Medicine, 51(5),
1000-1013. https://doi.org/10.1016/j.freeradbiomed.2011.05.017

Trachootham, D., Alexandre, J., & Huang, P. (2009). Targeting cancer cells by
ROS-mediated mechanisms. Nature Reviews Drug Discovery, 8(7), 579-
591. https://doi.org/10.1038/nrd2803



Kadriye Urug Pavlak | Munzzez Celi | 107

Valko, M., Leibfritz, D., Moncol, J., Cronin, M. T. D., Mazur, M., & Telser, J.
(2007). Free radicals and antioxidants in normal physiological functions
and human disease. International Journal of Biochemistry & Cell Biology,
39(1), 44-84. https://doi.org/10.1016/j.biocel.2006.07.001

Wang, H., et al. (2010). Role of cytochrome P450 in reactive oxygen species
formation and cancer. Journal of Envivonmental Science and Health, Part
C, 28(4), 267-297. https://doi.org/10.1080/10590501.2010.52577
3

Wang, Y., etal. (2018). Reactive oxygen species—responsive nanomaterials for tar-
geted cancer therapy. Advanced Healthcare Materials, 7(8), 1701500. ht-
tps://doi.org/10.1002/adhm.201701500

Williamson, G., & Manach, C. (2005). Bioavailability and bioefficacy of pol-
yphenols in humans. II. Review of 93 intervention studies. American
Journal of Clinical Nutrition, 81(1 Suppl), 243S-255S. https://doi.
org/10.1093/ajcn/81.1.2438

Winterbourn, C. C., & Kettle, A. J. (2013). Redox reactions and microbial
killing in the neutrophil phagosome. Antioxidants <& Redox Signaling,
18(6), 642-660. https://doi.org/10.1089/ars.2012.4827

Yaribeygi, H., et al. (2020). Oxidative stress and inflammation in diabetic comp-
lications: The role of antioxidant therapy. Life Sciences, 253, 117641. htt-
ps://doi.org/10.1016/;.1£s.2020.117641

Yin, H., Xu, L., & Porter, N. A. (2011). Free radical lipid peroxidation: Mecha-
nisms and analysis. Chemical Reviews, 111(10), 5944-5972. https://doi.
org/10.1021/cr200084z

Zhao, Z., et al. (2021). Thermo-ROS nanoplatforms for cancer therapy. Ad-
vanced Functional Materials, 31(12),2008324. https://doi.org/10.1002/
adfm.202008324

Zielonka, J., Joseph, J., & Kalyanaraman, B. (2017). Mitochondria-targeted
antioxidants and reactive oxygen species: A critical review. Pharmacoloygi-
cal Reviews, 69(2), 292-320. https://doi.org/10.1124/pr.116.013821



108 | Eree Radicals and Their Biological Mechanisms: A Paradox Between Benefit and Harm



Matematik ve Fen Alanlarinda
Acik Problemler

Editor:
Ferit GURBUZ

OZGUR
YAYINLARI



