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Факултет             Фармацеутски  

 
      01 број 2260 /1-1 

 УНИВЕРЗИТЕТ У БЕОГРАДУ 

 
 Већу научних области медицинских наука 

(Број захтева) 

 

       10.09.2026. 
 

(Датум) 

З А Х Т Е В 

(Назив већа научне области коме се захтев упућује) 

 

за давање сагласности на одлукe о усвајању извештаја Комисије за оцену 

докторске дисертације и о именовању комисије за одбрану 

Молимо да, сходно члану 47. ст. 5. тач. 4. Статута Универзитета у Београду ("Гласник Универзитет", број 186/15- 

пречишћени текст и 189/16), дате сагласност на одлуку о усвајању извештаја Комисије за оцену докторске дисертације: 
 

 
 

КАНДИДАТ                                                 САЊА (ЗОРАН)  ВУЈЧИЋ  
(име, име једног од родитеља и презиме) 

 

студент докторских студија на студијском програму  ДОКТОРСКЕ АКАДЕМСКЕ СТУДИЈЕ, ФАРМАЦЕУТСКЕ НАУКЕ,    

МЕДИЦИНСКА БИОХЕМИЈА  

пријавио је докторску дисертацију под називом: 

 

„Испитивање степена глобалне метилације ДНК код болесника са типом 2 дијабетес мелитуса: 

повезаност са биомаркерима оксидативног стреса, инфламације и дислипидемије“ 

 
из научне области:                                   МЕДИЦИНСКА БИОХЕМИЈА 

 

Универзитет је дана  28.01.2025.године својим актом под бр. 02-01 број 61206-271/2-25 дао сагласност на 

предлог теме докторске дисертације       која је гласила: 

„Испитивање степена глобалне метилације ДНК код болесника са типом 2 дијабетес мелитуса: 

повезаност са биомаркерима оксидативног стреса, инфламације и дислипидемије“ 
 

 Име и презиме ментора : 1. Др сц. Јелена Векић, редовни професор, Универзитет у Београду –  
                                                     Фармацеутски факултет (Ужа научна област: Медицинска биохемија) 

2.  Др сц. Миљанка Вуксановић, доцент, Универзитет у Београду – Медицински 

факутет (Ужа научна област : Интерна медицина – ендокринологија) 

  

 

Комисија за оцену докторске дисертације именована је на седници одржаној    14.05.2026.године  

одлуком факултета под бр.         01 бр.1059/2 , у саставу: 

Име и презиме члана 
комисије 

звање научна област Установа у којој 
је запослен

 

1. Др сц. Александра Зељковић, редовни професор, Универзитет у Београду - 

Фармацеутски факултет (Ужа научна област: Медицинска биохемија) 

2. Др сц. Ана Нинић, редовни професор, Универзитет у Београду - Фармацеутски факултет 

(Ужа научна област: Медицинска биохемија) 

3. Др сц. Ива Перовић Благојевић, научни сарадник, Клиничко-болнички центар „Др Драгиша 

Мишовић –Дедиње“ (Ужа научна област: Медицинска биохемија) 
 

 

                  Напомена: уколико је члан Комисије у пензији навести датум пензионисања. 



Датум стављања извештаја Комисије и докторске дисертације на увид јавности: 18.06.2026.године. 
 

Наставно-научно веће факултета усвојило је извештај Комисије за оцену докторске дисертације на седници одржаној 

дана             10.09.2026.године___. 

 

 

Комисија за одбрану докторске дисертације именована је на седници одржанoj     14.05.2026.године_________ 

одлуком факултета под бр. 01 број 1059/2, у саставу: 

Име и презиме члана 

комисије 

звање научна област Установа у којој 

је запослен 

1. Др сц. Александра Зељковић, редовни професор, Универзитет у Београду - Фармацеутски 

факултет (Ужа научна област: Медицинска биохемија) 

2. Др сц. Ана Нинић, редовни професор, Универзитет у Београду - Фармацеутски факултет (Ужа 

научна област: Медицинска биохемија) 

3. Др сц. Ива Перовић Благојевић, научни сарадник, Клиничко-болнички центар „Др Драгиша 

Мишовић –Дедиње“ (Ужа научна област: Медицинска биохемија) 
 

                  Напомена: уколико је члан Комисије у пензији навести датум пензионисања. 

 

 

 

 

 

 

 

ДЕКАН ФАКУЛТЕТА 
 

 

 
 

 
 

Прилози: 1. 
Одлука Наставно-научног већа о усвајању извештаја Комисије за оцену докторске дисертације 
и одлука о именовању Комисије за одбрану докторске дисертације 

2. Извештај Комисије о оцени докторске дисертације 

3. Примедбе на извештај Комисије о оцени докторске дисертације (уколико их је било) и 
мишљење Комисије о примедбама 

 
 

Напомена: Факултет доставља Универзитету захтев са прилозима у електронској форми и у једном писаном примерку 

за       архиву Универзитета 



 

 

УНИВЕРЗИТЕТ У БЕОГРАДУ 

ФАРМАЦЕУТСКИ ФАКУЛТЕТ 

11000 - БЕОГРАД 

Ул. Војводе Степе 450. 

01. број 2260/1 

10.09.2026. године 

 

На основу члана  28.  Статута и предлога Комисије за последипломске студије – 

докторске студије, Наставно-научно веће Универзитета у Београду – Фармацеутског 

факултета на седници одржаној  10.09.2026.године, донело је 

 

О Д Л У К У 
 

ПРИХВАТА СЕ позитиван извештај Комисије за оцену и одбрану завршене докторске 

дисертације,  кандидата  маг. фарм. - мед. биохем. Сање Вујчић под насловом: 

„Испитивање степена глобалне метилације ДНК код болесника са типом 2 

дијабетес мелитуса: повезаност са биомаркерима оксидативног стреса, 

инфламације и дислипидемије“ и упућује Већу научних области медицинских наука 

на усвајање, а по добијеној писаној сагласности одобрава јавна одбрана пред Комисијом  

у саставу: 

1. Др сц. Александра Зељковић, редовни професор, Универзитет у 

Београду - Фармацеутски факултет (Ужа научна област: Медицинска 

биохемија) 

2. Др сц. Ана Нинић, редовни професор, Универзитет у Београду - 

Фармацеутски факултет (Ужа научна област: Медицинска биохемија) 

3. Др сц. Ива Перовић Благојевић, научни сарадник, Клиничко-болнички 

центар „Др Драгиша Мишовић –Дедиње“ (Ужа научна област: Медицинска 

биохемија) 

Универзитет је дана 28.01.2025.године својим актом бр.: 02-01 бр: 61206-271/2-25 дао 

сагласност на предлог  теме докторске дисертације.  

Кандидат маг. фарм. - мед. биохем. Сања Вујчић, објавила је резултате из ове 

докторске дисертације у два рада категоријe М21 у међународним часописима са СЦИ 

листе: 

 

1. Vujčić S, Kotur-Stevuljević J, Vekić J, Perović-Blagojević I, Stefanović T, Ilić-

Mijailović S, Koprivica Uzelac B, Bosić S, Antonić T, Guzonjić A, Mastilović 

AM, Marković Z, Rizzo 

M. Oxidative Stress and Inflammatory Biomarkers in Patients with Diabetic Foot. 

Medicina (Kaunas) 2022; 58(12):1866; DOI: 10.3390/medicina58121866. 

IF(2022) = 2,6; Medicine, General & Internal (91/328) M21 

 

2. Vujcic S, Kotur-Stevuljevic J, Vujcic Z, Stojanovic S, Beljic Zivkovic T, Vuksanovic 

M, Marjanovic Petkovic M, Perovic Blagojevic I, Koprivica-Uzelac B, Ilic-

Mijailovic S, Rizzo M, Zeljkovic A, Stefanovic T, Bosic S, Vekic J. Global DNA 



 

 

Methylation in Poorly Controlled Type 2 Diabetes Mellitus: Association with Redox 

and Inflammatory Biomarkers. Int J Mol Sci 2025; 26(14):6716; DOI: 

10.3390/ijms26146716. 

IF(2024) = 4,9; Biochemistry & Molecular Biology (72/320) M21 

Одлуку доставити: кандидату, Универзитету, члановима комисије, декану, секретару, 

продекану за последипломске студије, Одсеку за наставу и студентска питања, 

менторима (Проф. др Јелени Векић и Доц. др Миљанки Вуксановић), Одсеку за правне 

и опште послове, пословном секретару, председнику Комисије за последипломске 

студије – докторске студије (Проф. др Биљана Антонијевић) и архиви.                                           

                                                                                       

ПРЕДСЕДНИК 

НАСТАВНО-НАУЧНОГ ВЕЋА 

ФАРМАЦЕУТСКОГ 

ФАКУЛТЕТА 

 

 

 

 

Проф. др Наташа Богавац 

Станојевић 

 











































»Zvezdara« - Univenlty Medical Center 
Office for Hum1n Research Protecdon, 1 

Zvezdara University Medical Center IRBIIJ (renewed) No JRB0000!1457, IORG0007877 A roved b Federalwlde Assurance • FW A00024 I 80 
Etifld odbor 'e I funkclonlle u sldadu II nafellm1 ICH-GCP i lo'··I k k I I 

,... nom za on, om re u at vom. 
Dlmltrlja Tucovlf1161, 11000 Belgrade, Serbia 

Tel: +381 11 JO 88 672, ru: +381 ll JO 88 673, e-mail: rtJJy/q@mtu1 

Members or the Ethics Board: 
Prof. Dr Neboj§a Despotovic, Cardiologis~ Chairman LEC 
Prof. dr Nata!a Markovic-Nikolic, Cardiologist, member 
Prof. dr Teodora Beljic-Zivkovic, Endocrinologis~ member 
Dr Srdjan Markovic, Gastroenterologist, member 
Ass. dr Radoslav A§ceric, Surgery, member 
Nenad Radie, Lawyer, external member 
Slavko Babic, Lawyer, external member 
Suzana Nedelkov, Bachelor economist, Secretary LEC 

ODLUKA ETICKOG ODBORA 

Mr ph Sanja Vujcic, 
student doktorskih akademskih studija, 

asistent na Farmaceutskom fakultetu Univerziteta u Beogradu 

U periodu od 09. - 15. 0kt 2020. god. odrzana je elektronska sednica Etickog odbora KBC 
"Zvezdara" tako sto je svim clanovima Etickog odbora prosledjen materijal dostavljen za 
razmatranje i odobrenje sprovodjenja dole navedenih projekata. 

Zakljucno sa 15.10.2020. god, Predsednik Etickog odbora, Prof. dr Nebojsa Despotovic i clanovi 
Etickog odbora: Prof. dr Teodora Beljic-Zivkovic, Prof. dr Natasa Markovic-Nikolic, Dr Srdjan 
Markovic i Slavko Babic, dipl.pravnik, dostavili su svoja pozitivna misljenja i jednoglasno 
odobrili sprovodjenje dole navedenog projekta. 
Ass. dr Radoslav Asceric i Nenad Radie, dipl. pravnik, nisu dostavili svoja misljenja u 
ostavljenom roku. 

Clanovi Etickog odbora razmatrali su molbu Mr ph Sanje Vujcic, studenta doktorskih 
akademskih studija i asistenta na Farmaceutskom fakultetu Univerziteta u Beogradu, za 
odobrenje sprovodjenja naucnog istrazivanja u cilju izrade doktorske disertacije pod nazivom: 
"Znacaj ispitivanja ·epigenetskih promena i njihove veze sa biomarkerima oksidativnog 
stresa dislipidemije i inflamacije u proceni rizika za razvoj komplikacija dijabetes 
melitusa". 

Istrazivanje se sprovodi u saradnji sa lekarima Odeljenja za endokrinologiju KBC "Zvezdara", 
Ass dr Milica Marjanovic Petkovic i Ass dr Miljanka Vuksanovic. 
Mentori su dr sc Jelena Vekic i dr sc Jelena Kotur-Stevuljevic, profesori Farmaceutskog fakulteta 
Univerziteta u Beogradu. 



Na uvid i razmatranje dostavljena je kompletna dokumentacija koja je clanovima Etickog odbora 
pruzila sve informacije potrebne za donosenje ispravne odluke o etickoj podobnosti i 
sprovodjenju predmetne studije: molba sa detaljnim obrazlozenjem same metodologije 
sprovodjenja ovog istrazivanja, obrazac pisane saglasnosti i informacija za pacijente, Saglasnost 
Nacelnika Odeljenja za endokrinologiju, Prof. dr Teodore Beljic Zivkovic, da se studija moze 
sprovoditi u okviru Odeljenja za endokrinologiju i Upitnik za pacijente ucesnike. 

Loka\ni Eticki odbor koji je konstituisan i radi po nacelima i principima ICH-GCP, 
predmetno klinicko istrazivanje je ocenio eticki podobnim i odobrio sprovodjenje istog. 

i~kog odbora 
Datum: 15.10.2020.g !aD~ 







KB~ ,,D~ DRAGISA MISOVIC-DEDINJE" 
HeoJa M1lana Tepica 1 
Broj: 01-5656/24 
Datum: 24.04.2019.godine 

Na osnovu odredbe clana 148a Zakona d · · • 
88/2010, 99/2010 i 57/201 l) i odredbe xol z ra3v8st3v9enSoJ zast1t1 (,,Sluzbeni glasnik RS" 107/2005, 
E . ana - tatuta KBC o D ·x M'x •,1, o d' · " ticki odbor na sednici odrfanoj 24 04 2019 d. ,, r rag1::.a 1::.ov1~- e mJe 
Biblioteke Ustanove doneo je sledec~ · .go me sa pocetkom u 12:00 casova u prostorijama 

ODLUKU 

Usvaja se Molba za odobrenje naucnog istrdivanja 
. . . Obrazlozenje 

Naucno istrazivanJe ce se sprovediti u saradnji KBC "Dr Dragi§a Mifovic-Dedinje" i Katedre za 
medicinsku biohemiju Farmaceutskog fakulteta Univerziteta u Beogradu. Ovo istrazivanje bi se 
odvijalo u sklopu naucnog projekta Ministarstva prosvete, nauke i tehnoloskog razvoja Republike 
Srbije pod nazivom ,,Interaktivna uloga dislipidemije, oksidativnog stresa i inflamacije u 
aterosklerozi i drugim bolestima: geneticki i biohemijski markeri" (broj projekta 175035), a u 
svrhu izrade doktorskih disertacija mr ph Sanje Vujcic, studenta doktorskih akademskih studija i 
istrazivaca pripravnika na Farmaceutskom fakultetu Univerziteta u Beogradu i mr sc. med. dr 
Branke Koprivice Uzelac sa Odeljenja endokrinologije Klinike za internu medicinu KBC ,,Dr 
Dragi§a Misovic-Dedinje". Studija bi bila sprovedena u skladu sa smernicama dobre klinicke 
prakse, dobre laboratorijske prakse, Helsinskom deklaracijom i vazecom lokalnom regulativom. 
Pacijenti bi najpre bili detaljno upoznati sa ciljevima i protokolom istrazivanja, a u studiju bi se 
ukljucili nakon potpisane saglasnosti. Za ucesce pacijenata u studiji nije predvidena novcana 
nadoknada. 
Glavni istrazivaci iz KBC ,,Dr Dragisa Misovic-Dedinje" 

Dr sc. med. dr Sanja Jlic-Mijailovic, spec. interne medicine, subspecijalista endokrinologije, 
nacelnik Odeljenja endokrinologije, Klinike za internu medicinu KBC ,,Dr Dragisa Misovic-
Dedinje" 

Mr sc. med. dr Branka Koprivica Uzelac, spec. interne medicine, subspecijalista endokrinologije, 
Odeljenje endokrinologije, Klinike za internu medicinu KBC ,,Dr Dragisa Misovic-Dedinje" 

Dr sc. med. Iva Perovic-Blagojevic, spec. medicinske biohemije, sef Odseka biohemije, Sluzbe za 
Jaboratorijsku dijagnostiku KBC ,,Dr Dragisa Misovic-Dedinje" 

Glavni istrazivaci sa Farmaceutskog fakulteta Univerziteta u Beogradu 

Mr ph Sanja Vujci6, student doktorskih akademskih studija, istrazivac pripravnik na 
Farmaceutskom fakultetu Univerziteta u Beogradu 

Prof. dr Jelena Veki6, vanredni profesor Farmaceutskog fakulteta Univerziteta u Beogradu 



Prof. dr Jelena Kotur-Stevuljevic, redovni profesor Farmaceutskog fakulteta Univerziteta u 
Beogradu 

Obrazlozenje 

Prema aktuelnim epidemioJoskim podacima, dijabetes mellitus spada u najucestalija hronicna 
oboljenja i predstavlja veliki javno-zdravstveni problem. Prema podacima Svetske zdravstvene 
organizacije, 2016. godine u svetu je od dijabetesa bolovalo 415 miliona ljudi, a procenjuje se da 
ce taj broj do 2040. godine dostici 642 miliona. Najveci porast broja obolelih ocekuje se u 
zemljama u razvoju, u koje se ubraja i Srbija. Na osnovu podataka Instituta za javno zdravlje 
Srbije za 2016. godinu, u nafoj zemlji od dijabetesa boluje priblizno 750 000 osoba, odnosno 
13,2% stanovnistva (Incidencija i mortalitet od dijabetesa u Srbiji, Beograd 2016.). Broj obolelih 
od dijabetes melitusa tip 2 je visestruko veci u odnosu na broj pacijenata sa ti porn l. S obzirom na 
to da je potvrdeno da su rano dijagnostikovanje i pravovremena terapija u cilju postizanja 
adekvatne rnetabolicke kontrole kljucni faktori za prevenciju razvoja komplikacija u dijabetesu, 
posebno zabrinjava cinjenica da veliki broj osoba sa ti porn 2 dijabetesa · nema postavljenu 
dijagnozu i ne zna za svoju bolest. 
Dijabetes rnelitus je udruzen sa razvojem mikrovaskularnih i makrovaskularnih komplikacija. lako 
centralno mesto zauzima hiperglikemija, veliki broj studija je doveo u vezu razvoj komplikacija u 
dijabetesu sa povecanom produkcijom slobodnih radikala i smanjenom antioksidativnom zastitorn. 
Rezultati dosadasnjih istrazivanja ukazuju na cvrstu vezu izmedu hiperglikernije i oksidativnog 
stresa, mada molekularni mehanizmi odgovorni za nastanak komplikacija u dijabetesu nisu u 
potpunosti rasvetljeni. U tom smislu, rezultati predlozenog istrazivanja doprineli bi rasvetljavanju 
uloge oksidativnog stresa u razvoju komplikacija, a analiza koncentracija krajnjih proizvoda 
uznapredovale glikacije, kao i proizvoda uznapredovale oksidacije proteina i drugih rnarkera 
redoks statusa kod pacijenata sa i bez komplikacija mogla bi da ukaze na prognosticki potencijal 
ovih biomarkera (Park S, Kang HJ, Jeon JH, et al. Recent advances in the pathogenesis of 
microvascularcomp/ications in diabetes. Arch. Pharm. Res. 2019;42:252-62.). 
Na osnovu medunarodnih preporuka, pacijenti sa dijabetesom se svrstavaju u kategoriju visokog 
rizika za razvoj kardiovaskularnih bolesti (ekvivalent koronarne bolesti), a ovaj stav podrzava i 
Nacionalni vodic dobre klinicke prakse za dijagnostikovanje i lecenje dijabetes rnelitusa. Iako su 
mehanizmi koji povezuju identifikovane faktore rizika sa razvojem kardiovaskularnih bolesti jos 
uvek nepotpuno razjasnjeni, raspolozivi dokazi upucuju na zakljucak da poremecaji lipidne 
homeostaze, inflamacija i oksidativni stres udruzeno deluju u procesu aterogeneze. U skladu sa 
prethodnim, razumevanje biohemijske osnove i rana identifikacija potencijalnih serumskih 
biomarkera korisnih u proceni rizika za razvoj ateroskleroze je vazan deo strategije za prevenciju 
razvoja buducih kardiovaskularnih komplikacija u dijabetesu. Stoga bi jedan od ciljeva 
predlozenog istrazivanja bio i identifikacija biomarkera dislipidemije, oksidativnog stresa i 
inflamacije, kao i definisanje multimarkerskih pristupa, koji bi omogucili predvidanje rizika za 
razvoj mikrovaskularnih komplikacija i kardiovaskularnih bolesti kod pacijenata sa dijabetesom. 



Kod pacijenata sa dijabetes l't . 2 . 1• • . . . . me I usom tip Jav JaJu se karakteristicne promene u struktur1 
h'..oprotemski_h cestica, te se nalaz malih, gustih LDL cestica smatra jednom od komponenti tzv. 
dtJabetesne dtslipidemije. Kvalitativne i kvantitativne promene LDL i HDL subfrakcija u tipu 1 
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Abstract

Although emerging evidence suggests that epigenetic mechanisms contribute to the patho-
genesis and progression of type 2 diabetes mellitus (T2DM), data remain limited for patients
with suboptimal metabolic control. The aim of this study was to assess global DNA methy-
lation in patients with poorly controlled T2DM and to identify diabetes-related factors
associated with DNA methylation levels. The study included 107 patients and 50 healthy
controls. Global DNA methylation (5mC) was measured by UHPLC-DAD method. Pro-
oxidant and antioxidant biomarkers, advanced glycation end-products, high-sensitivity
C-reactive protein (hsCRP) and complete blood count were determined and leukocyte
indices calculated. Patients had a significantly lower 5mC than controls (3.56 ± 0.31% vs.
4.00 ± 0.68%; p < 0.001), with further reductions observed in those with longer disease du-
ration and diabetic foot ulcers. Oxidative stress and inflammatory biomarkers were higher
in the patient group. DNA hypomethylation was associated with a higher monocyte-to-
lymphocyte ratio and hsCRP, pro-oxidant–antioxidant balance, ischemia-modified albumin,
and advanced oxidation protein products levels. Conversely, 5mC levels showed positive
correlations with total antioxidant status and total sulfhydryl groups. Principal component
analysis identified five key factors: proinflammatory, pro-oxidant, aging, hyperglycemic,
and antioxidant. The pro-oxidant factor emerged as the sole independent predictor of
global DNA hypomethylation in T2DM (OR = 2.294; p = 0.027). Our results indicate that
global DNA hypomethylation could be a biomarker of T2DM progression, reflecting the
complex interactions between oxidative stress, inflammation, and epigenetic modifications
in T2DM.
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1. Introduction
Type 2 diabetes mellitus (T2DM) and its related complications continue to pose a major

public health challenge [1]. Recent studies emphasize the role of epigenetic dysregulation
in T2DM, particularly in the development of microvascular and macrovascular complica-
tions [2]. One of the most studied epigenetic modifications is DNA methylation, in which
a methyl group is added to the 5-carbon of cytosine in CpG dinucleotides. This process
is catalyzed by DNA methyltransferases (DNMTs) [3]. DNA methylation is considered a
crucial epigenetic mechanism due to its role in regulating gene expression, including genes
involved in glucose [4] and lipid metabolism [5].

Oxidative stress and inflammation are frequently present in poorly controlled
T2DM [6]. Novel findings suggest that these factors may cause changes in DNA methy-
lation [7]. Chronic hyperglycemia through several metabolic pathways contributes to the
overproduction of reactive oxygen species (ROS), which can overcome the body’s own
antioxidant defense, leading to oxidative stress [8]. Additionally, persistent hyperglycemia
leads to the formation of advanced glycation end-products (AGEs), which may further
increase ROS production through their interaction with receptors for AGEs (RAGE) [9]. Gly-
coxidative modifications of proteins such as IgG have been implicated in the immunopathol-
ogy of T2DM, supporting the pathological relevance of AGEs in the disease process [10]. It
has been established that ROS may affect DNA methylation through direct DNA damage or
interaction with DNMTs [11]. Although a direct link between AGEs and DNA methylation
has not yet been fully established, it may involve common pathways. Both oxidative stress
and AGEs promote the production of proinflammatory cytokines and activate the nuclear
factor kappa-B (NF-κB) pathway, which can alter the activity of DNMTs, leading to changes
in DNA methylation [12]. These epigenetic alterations can further affect genes involved in
inflammation and the oxidative stress response, creating a feedback loop that accelerates
the progression of T2DM.

Laboratory assessment of global DNA methylation, by estimating the 5-methylcytosine
(5mC) percentage in total cytosine within DNA, could be a potentially useful epigenetic
biomarker for screening DNA methylation status. While it is known that hypermethylation
of gene promoters leads to their silencing, the effects of alterations in global DNA methy-
lation on the pathophysiology of complex diseases, particularly T2DM, are not yet fully
understood [13]. Previous studies have reported conflicting results, finding both global
DNA hypomethylation [14] and hypermethylation [15] in T2DM. However, data are limited,
especially regarding DNA methylation in patients with poorly controlled diabetes. This
study focuses on its interplay with oxidative stress and inflammation, aiming to address
the still-existing gap in the current understanding of the role of DNA methylation in the
pathophysiology of T2DM.

The aim of this study was to examine DNA methylation patterns in patients with
poorly controlled T2DM. Specifically, we aimed to determine whether significant differ-
ences in DNA methylation levels exist between patients with and without diabetes-related
complications and to identify the diabetes-related factors that influence global DNA methy-
lation levels.
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2. Results
The demographic and laboratory data of the T2DM patients and the control group

(CG) are summarized in Table 1. The patients were older and had a higher proportion
of males. In addition, T2DM patients had higher systolic blood pressure and prevalence
of hypertension, as well as a higher body mass index (BMI) and prevalence of obesity, as
compared to the CG. The proportion of smokers was also higher in the T2DM group. As
expected, the patients had significantly higher levels of glucose and glycated hemoglobin
(HbA1c). The analysis of lipid status showed that the patients had higher triglycerides (TG),
but lower levels of total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C),
and low-density lipoprotein cholesterol (LDL-C) than the controls.

Table 1. Demographic and laboratory data of study participants.

Parameters CG
(N = 56)

T2DM
(N = 107) p

Age, years 52.6 ± 9.3 (57) 62.0 ± 11.3 (62.5) <0.001
Gender, m/f 20/36 60/47 0.021
BMI, kg/m2 25.6 ± 3.6 (25.9) 31.5 ± 6.8 (29.6) <0.001
Obesity, % 7.1 49.5 <0.001

Systolic blood pressure, mm Hg 122.4 ± 20.3 (124) 133.9 ± 20.7 (130) 0.001
Diastolic blood pressure, mm Hg 80.5 ± 10.8 (85) 80.5 ± 11.7 (80) 0.990

Hypertension, % 35.7 88.7 <0.001
Smoking, % 5.4 38.3 <0.001

Glucose, mmol/L 5.23 ± 0.61 (5.20) 10.60 ± 4.08 (10.05) <0.001
HbA1c, % 3.4 ± 1.1 (3.2) 9.9 ± 1.9 (10.0) <0.001

TC, mmol/L 6.17 ± 1.14 (6.27) 4.61 ± 1.21 (4.70) <0.001
LDL-C, mmol/L 3.88 ± 1.01 (4.29) 2.64 ± 0.99 (2.70) <0.001
HDL-C, mmol/L 1.65 ± 0.39 (1.50) 1.06 ± 0.39 (1.00) <0.001

TG, mmol/L # 1.19 (0.98–1.54) 1.75 (1.10–2.65) <0.001
Abbreviations: BMI—body mass index; HbA1c—glycated hemoglobin; TC—total cholesterol; LDL-C—LDL-
cholesterol, HDL-C—HDL-cholesterol, TG—triglycerides. Data were shown as mean ± standard deviation and as
medians (in parentheses) and as absolute or relative frequencies. # Data were shown as median (Q1–Q3).

In our T2DM group, the median duration of diabetes was 10 years (interquartile range:
3–15 years), with approximately one-third (35.5%) of patients having had T2DM for more
than 10 years. Regarding complications of diabetes, 48 patients (44.9%) had cardiovascular
disease (CVD), and 66 patients (58.9%) had microvascular complications. Neuropathy
was present in 51 (47.7%), retinopathy in 8 (7.5%), and nephropathy in 17 (15.9%) patients,
while 25 patients (23.4%) had diabetic foot ulcers. Almost a third of our patients (39.9%)
experienced both microvascular and macrovascular complications.

The levels of global DNA methylation in T2DM patients and CG are shown in
Figure 1. T2DM patients had significantly lower 5mC levels (3.56 ± 0.31%) than con-
trols (4.00 ± 0.68%; p < 0.001). The observed difference persisted even after adjustment for
age and gender (adjusted means for 5mC: 3.57 ± 0.45% in T2DM vs. 3.98 ± 0.55% in CG;
p < 0.001).
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Figure 1. Global DNA methylation in CG and T2DM patients. Abbreviations: CG—control group;
T2DM—type 2 diabetes mellitus; 5mC—5-methylcytosine. Data were shown as mean ± standard
deviation and compared by Student’s t-test.

A correlation analysis showed that the global DNA methylation level was inversely
associated with age (r = −0.213; p = 0.009) and serum glucose concentration (r = −0.388;
p < 0.001). On the other hand, a positive association was found between global DNA
methylation and HDL-C level (r = 0.228; p = 0.008).

We further analyzed whether the level of global DNA methylation differs depending
on the clinical characteristics of the T2DM patients studied (Table 2). This analysis showed
that patients with a T2DM duration of ≥10 years had significantly lower global DNA
methylation levels than those who had diabetes for less than 10 years. Reduced global DNA
methylation was also observed in T2DM patients who smoke, although the difference did
not reach statistical significance. Regarding T2DM complications, there was no difference
in 5mC levels between patients with and without CVD. However, a trend towards reduced
global DNA methylation was observed in patients with microvascular complications.
Patients with diabetic foot ulcers exhibited significantly lower global DNA methylation
levels than patients without this complication.

In order to elucidate factors affecting global DNA methylation, we first analyzed the
levels of F-AGEs in both groups. The results showed that F-AGEs levels in T2DM patients
(median: 5.44 U/mL, Q1–Q3: 4.91–7.71 U/mL) were comparable to those of CG (median:
5.82 U/mL, Q1–Q3: 4.57–6.71 U/mL; p = 0.139). There was no significant correlation
between global DNA methylation and F-AGEs levels (r = 0.060; p = 0.478).
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Table 2. Global DNA methylation according to the clinical characteristics of T2DM patients.

Category of T2DM Patients N 5mC, % p

Gender
Male 60 3.56 ± 0.27 0.912

Female 47 3.56 ± 0.35

BMI
<25 kg/m2 54 3.53 ± 0.33 0.246
≥25 kg/m2 53 3.60 ± 0.29

Diabetes duration
<10 years 69 3.62 ± 0.33 0.027
≥10 years 38 3.48 ± 0.24

Smoking
No 66 3.53 ± 0.28 0.090
Yes 41 3.64 ± 0.34

CVD
No 59 3.58 ± 0.34 0.676
Yes 48 3.55 ± 0.27

Microvascular
complications

No 41 3.63 ± 0.36 0.060
Yes 66 3.51 ± 0.26

Neuropathy
No 56 3.60 ± 0.36 0.236
Yes 51 3.52 ± 0.24

Retinopathy
No 99 3.55 ± 0.32 0.324
Yes 8 3.67 ± 0.16

Nephropathy
No 90 3.58 ± 0.31 0.097
Yes 17 3.45 ± 0.30

Diabetic foot ulcers
No 82 3.60 ± 0.32 0.037
Yes 25 3.45 ± 0.26

Data are shown as mean ± standard deviation.

Next, we analyzed inflammatory and redox biomarkers in T2DM patients and con-
trols (Table 3). Inflammatory markers such as high-sensitivity C-reactive protein (hsCRP)
and blood-count derived biomarkers (neutrophil-to-lymphocyte ratio (NLR), monocyte-
to-lymphocyte ratio (MLR), monocyte-to-white blood cell ratio (MWR)) were significantly
elevated in T2DM patients. Pro-oxidant biomarkers (total oxidant status (TOS) and
pro-oxidant-antioxidant balance (PAB)) and biomarkers of oxidative damage (ischemia-
modified albumin (IMA) and advanced oxidation protein products (AOPP)) were sig-
nificantly increased in T2DM patients (p < 0.001), while antioxidant defense biomarkers
(total antioxidant status (TAS), total sulfhydryl (SH) groups) were significantly reduced
(p < 0.001).
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Table 3. Inflammatory and redox biomarkers in the studied groups.

Biomarkers CG
(N = 56)

T2DM
(N = 107) p

Inflammatory
biomarkers

hsCRP, mg/L 0.30 (0.10–0.85) 5.80 (1.85–13.55) <0.001
NLR 1.95 (1.35–2.17) 2.19 (1.63–2.93) 0.013
NWR 0.60 (0.53–0.63) 0.60 (0.54–0.67) 0.407
MLR 0.16 (0.13–0.20) 0.24 (0.20–0.31) <0.001
MWR 0.05 (0.04–0.06) 0.06 (0.05–0.08) <0.001
LWR 0.31 (0.29–0.38) 0.28 (0.23–0.34) 0.001

PLR 106.90
(89.75–138.80)

111.00
(91.10–150.70) 0.326

Pro-oxidant
biomarkers

TOS, µmol/L 4.5 (4.0–6.0) 6.60 (4.7–8.0) <0.001
PAB, U/L 74.24 (60.30–84.10) 88.33 (67.60–127.20) <0.001

Oxidative damage
biomarkers
IMA, AU 0.28 (0.20–0.33) 0.55 (0.47–0.62) <0.001

AOPP, µmol/L 19.20 (18.25–27.35) 48.90 (36.60–58.90) <0.001

Antioxidant
defense biomarkers

TAS, µmol/L 1290.0
(1217.0–1384.5)

962.00
(714.0–1120.0) <0.001

SH-groups,
mmol/L 0.35 (0.31–0.39) 0.25 (0.19–0.31) <0.001

SOD, U/L 133 (124–141) 136 (126–142) 0.162
Abbreviations: hsCRP—high-sensitivity C-reactive protein; NLR—neutrophil-to-lymphocyte ratio;
NWR—neutrophil-to-white blood cell ratio; MLR—monocyte-to-kymphocyte ratio; MWR—monocyte-
to-white blood cell ratio; LWR—lymphocyte-to-white blood cell ratio; PLR—platelet-to-lymphocyte ratio;
TOS—total oxidant status; PAB—pro-oxidant antioxidant balance; IMA—ischemia-modified albumin;
AOPP—advanced oxidation protein products; TAS—total antioxidant status; SH-groups—total sulfhydryl groups;
SOD—superoxide dismutase. Data are shown as median (Q1–Q3).

Further analysis was performed to investigate the correlations of 5mC levels with
inflammatory and redox biomarkers (Table 4). It was found that the 5mC levels were
significantly negatively correlated with hsCRP and MLR. Regarding redox biomarkers, 5mC
levels exhibited significant negative correlations with PAB, IMA, and AOPP. Conversely,
5mC levels showed positive correlations with the levels of antioxidative defense biomarkers
TAS and SH-groups.

Multiple linear regression analysis with stepwise selection was performed to identify
potential independent associations between global DNA methylation and variables that
showed significant correlations with 5mC levels in univariate analysis. In particular, the
following variables were included in the model: age, gender, glucose, hsCRP, MLR, PAB,
IMA, AOPP, TAS, and SH-groups. In the multivariate analysis, global DNA methylation
level remained significantly inversely associated with age (β = −0.254; p = 0.004), while
showing positive associations with the antioxidant biomarkers TAS (β = 0.342; p < 0.001)
and SH-groups (β = 0.204; p = 0.023).

To test which of the investigated variables are possible independent predictors of
DNA hypomethylation in T2DM, we first reduced the number of parameters by principal
component analysis (PCA). The factors extracted by PCA analysis were composed of
parameters with a comparable level of variability. The Kaiser–Meyer–Olkin index, as a
measure of sampling adequacy, was 0.562 (fulfilling the condition of KMO >0.500), and the
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Bartlett’s test of sphericity, which yielded p = 0.001 (the condition for the Bartlett’s test p is
below 0.05), established the analysis’s significance. The extracted factors with loadings of
the included variables are presented in Table 5.

Table 4. Correlations of 5mC level with inflammatory and redox biomarkers.

5mC, %

r p

Inflammatory biomarkers
hsCRP, mg/L −0.388 <0.001

MLR −0.174 0.035

Redox biomarkers
PAB, U/L −0.343 <0.001
IMA, AU −0.412 <0.001

AOPP, µmol/L −0.214 0.009
TAS, µmol/L 0.386 <0.001

SH-groups, mmol/L 0.316 <0.001
Abbreviations: hsCRP—high-sensitivity C-reactive protein; MLR—monocyte-to-lymphocyte ratio; PAB—pro-
oxidant–antioxidant balance; IMA—ischemia-modified albumin; AOPP—advanced oxidation protein products;
TAS—total antioxidant status; SH-groups—total sulfhydryl groups.

Table 5. Factors extracted in PCA.

Factors Variables Included in the
Factor

Loadings of the
Variables

Factor Variability, %
(Total Variance: 58%)

Proinflammatory factor

hsCRP, mg/L
SOD, U/L

NLR
PAB, U/L
IMA, AU

0.774
−0.689
0.621
0.607
0.576

18

Pro-oxidant factor
TOS, µmol/L

AOPP, µmol/L
BMI, kg/m2

0.708
0.643
0.599

12.5

Ageing factor Age, years
Diabetes duration, years

0.757
0.723 10.5

Hyperglycemic factor
F-AGEs, U/mL

Glucose, mmol/L
Gender

0.687
−0.544
0.525

9

Antioxidant factor SH-groups, mmol/L 0.715 8
Abbreviations: hsCRP—high-sensitivity C-reactive protein; SOD—superoxide dismutase; NLR—neutrophil-to-
lymphocyte ratio; PAB—pro-oxidant-antioxidant balance; IMA—ischemia-modified albumin; TOS—total oxidant
status; AOPP—advanced oxidation protein products; BMI—body mass index; F-AGEs—fluorescent advanced
glycation end-products; SH-groups—total sulfhydryl groups.

The factors extracted in the PCA analysis explained 58% of the variance of the in-
cluded parameters. The first factor was characterized by positive loadings for hsCRP, NLR,
PAB and IMA, and a negative loading for superoxide dismutase (SOD) activity. It was
interpreted as the “proinflammatory factor” and explained 18% of the total variance. The
second factor explained 12.5% of the total variance and was denoted as the “pro-oxidant
factor” due to positive loadings for TOS, AOPP levels and BMI. The third factor captured
10.5% of the total variance and was named the “ageing factor” due to positive loadings
for patients’ age and diabetes duration. The fourth factor was termed the “hyperglycemic
factor,” and was characterized by positive loadings for F-AGEs and gender and negative
loading for glucose concentration. This factor explained 9% of the total variance. The
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fifth factor included SH-groups with a positive loading, and was therefore labelled the
“antioxidant factor”, which explained 8% of the total variance.

Binary logistic regression analysis with the PCA-derived factor scores as independent
variables was used to assess their potential independent association with DNA hypomethy-
lation (5mC < 3.40%). As shown in Table 6, among the extracted factors, the sole significant
predictor of DNA hypomethylation was the “pro-oxidant factor”. Specifically, an increased
“pro-oxidant factor” significantly increased the probability of low 5mC levels (OR= 2.294;
p = 0.027).

Table 6. Logistic regression analysis for prediction of DNA hypomethylation by PCA-derived factors.

Predictors B (SE) Wald
Coefficient OR (95% CI) P

Proinflammatory factor −0.777 (0.476) 3.074 0.460 (0.193–1.096) 0.080
Prooxidant factor 0.830 (0.377) 4.863 2.294 (1.097–4.798) 0.027

Ageing factor −0.120 (0.346) 0.120 0.887 (0.450–1.749) 0.730
Hyperglycemic factor 0.278 (0.410) 0.460 1.321 (0.591–2.949) 0.498

Antioxidant factor 0.173 (0.406) 0.181 1.188 (0.537–2.631) 0.671
Abbreviations: SE—standard error; OR—odds ratio; CI—confidence interval.

3. Discussion
In the presented study, we have demonstrated that poorly controlled T2DM patients

have decreased global DNA methylation. In addition, our data suggest a further decrease
in global DNA methylation levels with increasing age and duration of diabetes, as well as in
the presence of microvascular complications, particularly diabetic foot ulcers. Furthermore,
significant associations were observed between global DNA methylation and biomarkers
of inflammation and redox status, while the “pro-oxidant factor” emerged as the only
significant predictor of DNA hypomethylation in poorly controlled T2DM.

DNA methylation is a fundamental epigenetic modification in which a methyl group
is added to DNA, typically to cytosine in CpG dinucleotides, leading to changes in gene
expression without altering the DNA sequence [3]. In T2DM, aberrant DNA methylation
patterns have been observed in genes involved in glucose metabolism and insulin signal-
ing pathways [16,17]. These epigenetic changes can be further influenced by oxidative
stress and chronic inflammation, which typically occur in poorly controlled T2DM. DNA
methylation, in addition to serving as a link between environmental factors and genetic pre-
disposition to T2DM, could also be a valuable biomarker for monitoring disease progression.
However, while global DNA methylation has been extensively studied in cancer, studies in
T2DM have been very limited, and the reported results are conflicting. In the current study,
T2DM patients had significantly lower 5mC levels compared to control subjects (Figure 1).
Consistent with our results, Luttmer et al. [14] found DNA hypomethylation in individuals
with high fasting plasma glucose levels. In addition, Thongsroy et al. [18] found a decrease
in DNA methylation with increased HbA1c levels. In contrast, Pinzón-Cortés et al. [15]
reported no difference in 5mC levels in T2DM patients compared to healthy controls, but
found hypermethylation in poorly regulated T2DM. Recently, Muka et al. [19] conducted a
systematic review, and established an inconsistent association between global DNA methy-
lation and T2DM, highlighting the current lack of studies in this area, and the need for
further research.

One of the possible reasons for such inconsistencies could be the use of different
methods for assessing global DNA methylation across studies. While the HPLC method
is considered the gold standard, other techniques such as ELISA, Alu, and LUMA are
commonly used due to their simplicity and cost-effectiveness [20]. However, the use of
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different methodological approaches complicates result interpretation and limits the com-
parability of findings across studies, indicating the need for harmonization. Furthermore,
discrepancies in the results may also be influenced by the characteristics of the patients
included in the studies. For instance, our patients were older and had higher HbA1c levels
than the patients included in the study by Pinzón-Cortés et al. [15]. In addition, our study
had a higher proportion of male patients and a greater obesity rate in the T2DM group. Of
note, although our patients were older and included a higher proportion of males compared
to the CG, the observed difference in global DNA methylation levels remained significant
even after adjustment for age and gender. In the current study, we did not perform a
gender-specific analysis, despite a significant difference in the gender distribution among
participants. Future studies with larger and more balanced cohorts are needed to explore
potential sex-specific effects on global DNA methylation and its association with oxidative
stress and inflammation.

Analysis of global DNA methylation in relation to the clinical characteristics of our
patients revealed that patients with a longer duration of diabetes and those with diabetic
foot ulcers had lower global DNA methylation levels (Table 2), suggesting that chronic
hyperglycemia and severe complications might exacerbate epigenetic changes, and vice
versa. Current data on patients with poorly controlled T2DM and developed complications
are very limited. Maghbooli et al. [21] found that global DNA methylation is a potential
biomarker of diabetic retinopathy, by comparing global DNA methylation between T2DM
patients with and without retinopathy. In this study, however, no difference in 5mC levels
was found between patients with and without retinopathy, likely due to the small number
of patients with this microvascular complication. Zhang et al. [22] found a decrease in
DNA methylation in diabetic neuropathy. Consistent with this finding, a trend towards de-
creased 5mC levels was observed in our patients with neuropathy, while it was significantly
decreased in patients with diabetic foot ulcers. Additionally, we detected a trend towards
global DNA hypomethylation in patients with nephropathy, although the difference did
not reach statistical significance. Although meaningful trends were observed, the relatively
small number of participants in certain subgroups, particularly those with diabetic retinopa-
thy, may have limited the ability to detect statistically significant associations. As such,
some findings should be interpreted with caution, bearing in mind the limited statistical
power rather than the lack of a true association. Future studies with larger and more evenly
distributed patients are needed to confirm and expand upon these observations.

Studies investigating the link between global DNA methylation and CVD risk have
reported significant associations with both increased [23] and decreased [24] global DNA
methylation levels. It is important to note that global hypomethylation has been specifically
associated with atherosclerotic plaques [25]. Wang et al. [26] found global hypomethylation
and the subsequent upregulation of genes implicated in cytokine–cytokine receptor interac-
tions and the MAPK signaling pathway. These molecular changes promote inflammatory
responses by recruiting immune cells, thereby contributing to both plaque formation and
instability. Additionally, activation of the MAPK signaling pathway by cytokines and
stress signals facilitates smooth muscle cell proliferation, macrophage foam cell formation,
and apoptosis, processes that drive plaque progression and increase the risk of rupture.
Similarly, Zuo et al. [27] demonstrated a correlation between hypomethylation of the
interleukin-6 promoter and the development of coronary artery disease. In the current
study no significant differences in 5mC levels were observed in relation to the presence of
CVD. A possible explanation could be that DNA methylation is affected by both genetic
and environmental factors, which could contribute to the inconsistency in the association
with CVD observed in the studies. Patient-related factors, such as lifestyle habits, med-
ication use and other comorbidities might also contribute to inconsistent results among
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studies. Furthermore, since CVD encompasses a broad spectrum of conditions, changes in
DNA methylation could occur at earlier stages of disease development, making it difficult
to detect differences at a single time point. Finally, global DNA methylation may vary
between tissues. In the current study, peripheral blood mononuclear cells (PBMCs) were
used, as liquid-biopsy is considered the most convenient minimally invasive procedure for
obtaining biological samples for DNA methylation analysis [28].

One of the known consequences of chronic hyperglycemia is the accumulation of
AGEs and increased expression of RAGE, whose interaction activates the NF-κB signaling
pathway [9]. This leads to the production of proinflammatory and prothrombotic factors
and further ROS generation, which promotes angiogenesis, oxidative stress, and cell
proliferation, thereby contributing to the development of microvascular and macrovascular
complications [29]. In the current study, no significant difference in F-AGEs levels was
observed between T2DM patients and controls, and there was no significant correlation
between global DNA methylation and AGEs levels. Previous studies have emphasized the
role of AGEs in the pathogenesis of diabetic complications [30,31], but their direct impact on
DNA methylation remains unclear. At this point, it should be mentioned that the method
used for the assessment of AGEs has certain limitations, as it only detects fluorescent AGEs,
which represent a smaller fraction of the total AGEs in serum. Furthermore, AGEs in serum
represent only a part of the body’s AGE pool, which includes both circulating AGEs and
AGEs accumulated in tissues, whose contribution remains unknown [31]. Our finding of
an inverse correlation between 5mC levels and both age and serum glucose concentration
(Table 3) suggests that advanced age and poor glycemic control may contribute to altered
DNA methylation patterns. However, although PCA analysis (Table 5) extracted “ageing”
and “hyperglycemic” factors, including glucose and F-AGEs levels, these factors were not
shown to be independent predictors of global DNA hypomethylation in this patient group
(Table 6). This brings to attention the need to further investigate the role of glucose itself
and F-AGEs on DNA methylation in patients with poorly controlled diabetes.

Another feature of poorly regulated T2DM is the presence of oxidative stress and
inflammation (Table 2), both of which can promote DNA hypomethylation by affecting key
enzymes involved in epigenetic regulation, namely DNMTs and ten-eleven translocation
(TET) enzymes [32]. DNMTs are responsible for maintaining established DNA methylation
patterns and adding new methyl groups, a process known as de novo methylation. In
contrast, TET enzymes catalyze the reverse process, by initiating DNA demethylation
through the oxidation of 5mC to 5-hydroxymethylcytosine (5hmC), ultimately resulting in
the demethylation of cytosine. Since molecular oxygen is required for TET activity, oxidative
stress could increase TET activity due to the increased bioavailability of oxygen, leading
to the production of 5hmC and subsequent DNA demethylation [33]. In addition, ROS
inhibit DNMT activity by directly oxidizing the enzyme, altering its structure and function,
and damaging DNA, which prevents proper DNMT binding [34]. Besides, ROS can
interfere with the availability of the essential cofactor S-adenosylmethionine (SAM), which
serves as a methyl group donor, further reducing DNA methylation. Indeed, multivariate
regression analysis identified older age and exhausted antioxidative defense mechanisms
as significant independent predictors of reduced global DNA methylation levels in our
T2DM patients. More importantly, PCA analysis has identified the “pro-oxidant factor”
as the only independent predictor of DNA hypomethylation (Table 6). These associations
suggest that exacerbated OS is a major driver of aberrant DNA methylation in poorly
controlled T2DM.

Our findings contribute to the growing body of evidence linking oxidative stress and
inflammation to global DNA methylation alterations in T2DM. In our cohort, patients with
poorly controlled T2DM exhibited significantly disturbed redox balance, as reflected by
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increased TOS, PAB, IMA, and AOPP levels, alongside decreased TAS and SH-groups
(Table 3). As previously described, oxidative stress can affect global DNA methylation
through both direct DNA damage and modulation of DNMT and TET enzymes [32,33]. In
support of this, we observed negative correlations between 5mC levels and pro-oxidant
biomarkers, and positive correlations with antioxidative defense biomarkers (Table 4), sug-
gesting redox-influenced regulation of global DNA methylation. Inflammation also appears
to influence the observed epigenetic patterns. Previous studies have shown that inflamma-
tory cytokines such as TNF-α and IL-6 can modulate DNMT expression via NF-κB signaling,
ultimately leading to global DNA hypomethylation [35]. Moreover, chronic inflamma-
tion, particularly TNF-α, contributes to ROS production, thereby indirectly promoting
DNA hypomethylation [36]. In our study, hsCRP and MLR were significantly elevated in
the T2DM group (Table 3) and showed negative correlations with 5mC levels (Table 4),
suggesting that sustained inflammation may contribute to global DNA hypomethylation.
In line with our results, Cucoreanu et al. [37] reported a link between elevated CRP and
reduced global DNA methylation in obese individuals. Taken together, these findings
suggest that persistent oxidative stress and inflammation in poorly controlled T2DM may
contribute to epigenetic remodeling, and that such molecular changes are reflected in
accessible blood-based redox, inflammatory and epigenetic biomarkers.

Emerging evidence suggests that nicotinamide N-methyltransferase (NNMT), an
enzyme that catalyzes the methylation of nicotinamide, may play a role in the patho-
physiology of T2DM and metabolic syndrome. NNMT activity affects both methyl group
availability, by consuming SAM, and NAD+ biosynthesis, by depleting nicotinamide and
limiting the NAD salvage pathway [38,39]. These metabolic effects have been linked
to increased oxidative stress, insulin resistance, and enhanced production of proinflam-
matory mediators such as TNF-α, IL-6, and CRP [40]. In this context, elevated NNMT
expression may represent a shared upstream mechanism contributing to the observed
alterations in global DNA methylation, redox imbalance, and chronic inflammation in
poorly controlled T2DM. Although NNMT expression was not investigated in our study,
its potential relevance to the epigenetic landscape warrants further exploration. Notably,
several NNMT inhibitors have already been developed, some of which show promise in
restoring metabolic balance and attenuating inflammation and oxidative stress [41–43]. The
inclusion of NNMT-related pathways in future epigenetic and biomarker studies may offer
new mechanistic and therapeutic perspectives.

At present, DNA methylation is considered an integral part of the “metabolic memory”
concept, which has been proposed to explain the long-term effects of glycemic control
on the risk of diabetes complications. Metabolic memory refers to the phenomenon in
which past episodes of hyperglycemia leave lasting effects on cellular function and gene
expression, even after glycemic control is improved [44]. Our findings, which demonstrate
significantly altered DNA methylation patterns in poorly controlled T2DM patients and
their association with redox and inflammatory biomarkers (Table 4), are consistent with
the assumption of Dong et al. [44] that the persistence of metabolic memory can lead to
sustained oxidative stress and inflammation, further exacerbating epigenetic modifications
and promoting the progression of diabetic complications.

Our study has several limitations. First, the relatively small sample size and the
limited number of patients within subgroups restrict the strength of conclusions related to
specific complications. Second, the cross-sectional design precludes assessment of causality
or temporal dynamics, thereby limiting the interpretation of global DNA methylation as a
potential predictor of disease progression. Longitudinal studies with repeated measure-
ments are needed to confirm these associations over time. Third, since F-AGEs represent
only a fraction of the total AGE pool, sole reliance on F-AGEs may not fully capture the
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complexity of AGE-related oxidative damage and may partially explain the lack of correla-
tion with DNA methylation levels. Finally, the potential confounding effects of medication
use among patients cannot be excluded. To better understand the interplay between global
DNA methylation, oxidative stress and inflammation in poorly controlled T2DM, further
studies with larger cohorts, longitudinal follow-up and more comprehensive assessment of
AGEs and other confounding factors are needed.

4. Materials and Methods
4.1. Study Participants

This multicentric study involved 107 patients with poorly regulated T2DM and
56 controls. The control subjects were healthy volunteers employed at the Faculty of
Pharmacy, University of Belgrade, while the patients were recruited from the Clinical
Hospital Center Zvezdara, the Clinical Hospital Center Dr. Dragisa Misovic—Dedinje, in
Belgrade, and the General Hospital in Pozarevac. Patients were selected on the basis of
glycated hemoglobin (HbA1c) values (>7%), indicating poorly controlled diabetes. The
collected data encompassed demographic and clinical variables, including age, gender,
weight and height, smoking habits, duration of diabetes, hypertension, medications, and
presence of complications. The patients’ data were collected from medical records by the
attending clinicians. The data of the control subjects were collected through interviews.
Hypertension was defined as systolic blood pressure of ≥130 mmHg and/or diastolic
blood pressure of ≥80 mmHg, or ongoing antihypertensive treatment. Obesity was defined
as a body mass index (BMI) of ≥30 kg/m2. BMI was calculated for each patient by dividing
weight in kilograms by the square of height in meters.

In the T2DM group, 27 patients (25.2%) received insulin, 37 patients (34.6%) were
treated with oral hypoglycemic agents (OHAs), and 31 patients (29.0%) received a com-
bination of insulin and OHAs. The remaining 12 patients (11.2%) reported no prior use
of antidiabetic therapy. In particular, of the 68 patients receiving OHAs, 29 patients
(42.65%) used metformin, 6 patients (8.82%) used sulfonylureas, 3 patients (4.41%) used
SGLT2 inhibitors, one patient (1.47%) used dipeptidyl peptidase-4 (DPP-4) inhibitors, and
one patient (1.47%) used thiazolidinediones, while 28 patients (41.2%) used two or more
types of OHAs. In addition, 19 patients (17.8%) received statins and 66 patients (61.7%)
received antihypertensives.

The study adhered to the ethical principles outlined in the Declaration of Helsinki and
received approval from the Ethics Committees of all three hospitals: Clinical Hospital Cen-
ter Dr. Dragisa Misovic—Dedinje (protocol number: 01-5656/24), Clinical Hospital Center
Zvezdara (protocol number: 15/10/2020) and General Hospital in Pozarevac (protocol
number: 7190/2020) and University of Belgrade—Faculty of Pharmacy (protocol number:
835/2 and 2566/3). Written informed consents were obtained from all study participants.

4.2. Laboratory Analyses

The blood samples were collected after overnight fasting. Serum TC, TG, and HDL-C
levels were determined using routine laboratory tests (Beckman Coulter, Brea, CA, USA).
The LDL-C levels were then calculated by the Friedewald equation. Serum glucose levels
were measured enzymatically (Dimension RxL Max, Siemens, Erlangen, Germany), and
HbA1c levels were measured using an immunoturbidimetric method (Innova Star, DiaSys;
Dimension EXL, Siemens, Erlangen, Germany). The complete blood count (CBC) analysis
was performed using the Sysmex XN-1000 analyzer (Sysmex, Kobe, Japan). Leukocyte-
based indices were calculated as follows: NLR by dividing the number of neutrophils by
the number of lymphocytes, NWR by dividing the number of neutrophils by the number
of leukocytes, MLR by dividing the number of monocytes by the number of lymphocytes,
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MWR by dividing the number of monocytes by the number of leukocytes, LWR by dividing
the number of lymphocytes by the number of leukocytes, and the platelet-to-lymphocyte
ratio (PLR) by dividing the number of platelets by the number of lymphocytes.

The assessment of redox status included spectrophotometric measurement of pro-
oxidant biomarkers: TOS and PAB; oxidative damage biomarkers: IMA and AOPP; and
antioxidant defense biomarkers: TAS, SOD activity, and SH-groups content. These mea-
surements were performed according to previously published methods [45] using the ILAB
300 Plus analyzer (Instrumentation Laboratory, Milan, Italy).

The concentration of fluorescent AGEs (F-AGEs) was measured in serum using a rapid
spectrofluorimetric detection method, as previously described [46]. In brief, serum samples
were diluted 50-fold with phosphate-buffered saline (PBS) and thoroughly mixed. Then,
300 µL of the diluted serum was transferred into black 96-well plates. Absorbance was
measured at excitation and emission wavelengths of 355 nm and 460 nm, respectively, using
a Spectrofluorimeter Appliskan (Thermo Fisher Scientific, Vantaa, Finland) with SkanIt
Software 2.3 RE for Appliskan. PBS was used as a blank control. Fluorescence intensity
was expressed in arbitrary units per milliliter of serum (AU/mL).

4.3. Assessment of Global DNA Methylation

Global DNA methylation was assessed in PBMCs. The analysis of global DNA methy-
lation included several consecutive steps: isolation of PBMCs from whole blood, extraction
of DNA from PBMCs, hydrolysis of DNA to nucleosides, and quantification of nucleo-
sides using ultra-high-performance liquid chromatography with diode array detection
(UHPLC-DAD).

PBMCs were isolated from whole blood using the optimized Ficoll density gradient
method. Briefly, whole blood was collected with the K2EDTA anticoagulant and centrifuged
at 1800 g for 10 min. The white blood cells were then mixed with an equal volume of
PBS. After several centrifugation and washing steps with PBS, the PBMCs were stored
at −80 ◦C until use. DNA was extracted from the PBMCs using the FlexiGene DNA Kit
(Qiagen, Hilden, Germany), according to the manufacturer’s instructions. DNA quantifi-
cation was performed using the Spectrostar NANO LVis Plate (BMG Labtech, Ortenberg,
Germany). DNA purity and integrity were validated by measuring absorbance at 260 nm
and 280 nm, comparing the absorbance ratios at these wavelengths, and by agarose gel
electrophoresis. Hydrolysis of 6 µg DNA per sample was carried out using the DNA
Degradase PlusTM (Zymo Research, Irvine, CA, USA), according to the manufacturer’s
instruction. All hydrolysates were freshly prepared prior to UHPLC analysis.

The reversed-phase chromatography method was adapted from Crescenti et al. [47]
for use with small sample volumes and for faster separation. UHLPC was performed on an
UltiMate™ 3000 Basic Automated System (Thermo Fisher Scientific, Waltham, MA, USA)
with a ZORBAX Eclipse Plus C18 column (Agilent Technologies, Santa Clara, CA, USA) and
a ZORBAX Eclipse X DB-C18 HPLC guard column (Agilent Technologies, Santa Clara, CA,
USA) using methanol/water as the mobile phase. The gradient chromatography conditions
that provided the best separation were as follows: for the first 10 min, 5% methanol was
used, followed by a gradual increase to 100% methanol over the next 5 min. From 15 to
25 min, the flow was maintained with 100% methanol. Then, over the next 5 min (up
to 30 min), methanol was decreased back to 5%, and this concentration was maintained
until the end of the analysis at 60 min. The flow rate was kept constant at 1 mL/min. The
column was heated to 30 ◦C. Calibration curves for 5mC and deoxycytidine (dC) were
constructed, based on serial dilutions of commercially available standards. In hydrolyzed
DNA, the percentage of global DNA methylation was calculated as the percentage of 5mC
in total cytosine (5mC + dC), where concentrations were derived from the area under the
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curve (AUC) of HPLC peaks, using Chromeleon™ Chromatography Data System software
v7.2.4.8179 (Thermo Fisher Scientific, Waltham, MA, USA).

4.4. Statistical Analysis

Data were presented as means ± standard deviations or medians with interquartile
ranges for continuous variables and as relative or absolute frequencies for categorical
variables. Comparisons between groups were performed using Student’s t-tests or Mann–
Whitney U tests for continuous variables and Chi-square tests for categorical variables.
Spearman correlation coefficients were calculated to examine associations between vari-
ables. Multiple linear regression analysis was employed to identify independent predictors
of global DNA methylation levels. PCA with varimax-normalized rotation was performed
to extract factors, which were than included in a binary logistic regression analysis to test
for a possible independent association with DNA hypomethylation in T2DM, defined as
5mC levels below the 25th percentile (5mC < 3.40%). In PCA analysis, an eigenvalue >1
was used to extract factors, and variables with factor loadings >0.5 were considered for
interpretation. Statistical analysis was performed using PASW® Statistic v.18 (Chicago, IL,
USA). A significance level of p < 0.05 was considered statistically significant.

5. Conclusions
Our research revealed that patients with poorly controlled T2DM have global DNA

hypomethylation that worsens with increasing age, longer duration of diabetes, and the
presence of microvascular complications, particularly diabetic foot ulcers. However, the
relatively small number of participants in subgroups with microvascular complications
limits the strength of conclusions that can be drawn regarding specific complications.
Additionally, we identified the “pro-oxidant factor” as a significant predictor of DNA
hypomethylation in poorly controlled T2DM. Overall, these results highlight the complex
interplay between epigenetic modifications, inflammation, and oxidative stress in poorly
controlled T2DM. Lower global DNA methylation levels in T2DM patients, particularly
in those with longer disease duration and severe complications, point out the potential
of global DNA methylation as a biomarker for disease progression. Future longitudinal
studies are essential to validate the predictive potential of 5mC for disease progression.
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Abstract: Background and Objectives: Diabetic foot (DF) development is driven by complex interac-
tions of hyperglycemia, inflammation, and oxidative stress (OS). We aimed to investigate OS and
inflammatory biomarkers in patients with DF and their potential to improve early diagnosis and
management of DF. Materials and Methods: The prooxidant–antioxidant balance (PAB), superoxide
dismutase (SOD), total oxidative status (TOS), total sulfhydryl groups (SHG), routine biochemical
parameters, and complete blood count were determined in 42 patients with type-2 DM, of which
23 patients had DF, while 19 patients were without DF complications. The neutrophils-to-lymphocyte
ratio (NLR) was evaluated as a biomarker of inflammation. Results: Patients with DF had signifi-
cantly higher (p < 0.05) PAB levels (170 ± 33.9 U/L) compared to those without DF complications
(142 ± 31.3 U/L). In addition, patients with DF had significantly reduced SOD activities (p < 0.01).
NLR values were significantly higher in the DF group (median: 2.8; interquartile range: 2.0–4.3) than
in the group without DF (median: 1.4; interquartile range: 1.4–2.1; p < 0.01). A positive correlation
was found between the PAB and NLR index (r = 0.449; p < 0.05). The diagnostic accuracy of both PAB
(AUC = 0.741; p < 0.01) and NLR (AUC = 0.760; p < 0.01) was estimated as acceptable. Conclusions: In
conclusion, the development of DF is associated with enhanced OS and inflammation processes. PAB
and NLR could be useful non-invasive biomarkers of DF development.

Keywords: diabetic foot; oxidative stress; diabetes mellitus; PAB; NLR

1. Introduction

Type-2 diabetes mellitus (T2DM) is a leading cardiometabolic disorder of the modern
age. Despite constant advances in preventive medicine, the global incidence of T2DM
remains high [1]. Furthermore, T2DM is often diagnosed too late, when one or more
complications have already developed [2,3]. Diabetic foot (DF) is one of the most severe
complications of diabetes [4], which considerably worsens the quality of life of the pa-
tients [2]. Without adequate early intervention, ischemic foot changes may progress to
necrosis and gangrene of the foot [2]. Hence, DF is considered to be the major cause of
non-traumatic lower limb amputations [5]. In addition, patients with DF are characterized
by increased morbidity and mortality due to cardiovascular disease (CVD) [6]. These data
imply that the development of DF and atherosclerosis share common mechanisms.

Evidence-based guidelines consider long-standing diabetes, poor metabolic control,
smoking, and the presence of other microvascular and macrovascular complications as the
main risk factors for DF development [1,2]. In addition, patients with diabetes are also
characterized by enhanced oxidative stress (OS) [7–9], which plays an active role in the
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pathogenesis of complications [10]. Recent studies suggest that patients with DF have in-
creased levels of serum prooxidants, including malondialdehyde (MDA) and prooxidative–
antioxidative balance (PAB) [11–13]. Furthermore, a depletion of antioxidative mechanisms
has been demonstrated in both wound tissue [14] and blood samples [15] of patients with
DF. Although serum OS biomarkers are widely used as a non-invasive approach for a redox
status assessment, their clinical importance in the etiology of DF has been less studied. To
overcome the gaps in the literature, further studies are necessary.

The hyperglycemia-induced overproduction of reactive oxygen species (ROS) sig-
nificantly contributes to endothelial dysfunction and inflammation [10]. Earlier studies
have demonstrated increased levels of inflammatory biomarkers, such as high sensitivity
C-reactive protein (hsCRP), procalcitonin, and interleukin-6, in serum of patients with
DF [16,17]. As recently suggested, these biomarkers could add diagnostic and prognostic
information in terms of concomitant infection and the risk of amputation and post-operative
mortality [18]. The neutrophil-to-lymphocyte ratio (NLR) is a readily available and econom-
ical biomarker, and a growing body of evidence suggests its clinical significance in patients
with cardiometabolic diseases [19]. In line with the previous information, Duman et al. [20]
demonstrated increased NLR in patients with poorly regulated T2DM. Recently, a higher
NLR index has been demonstrated in patients with DF [21]; moreover, a positive correlation
has been reported between elevated NLR and osteomyelitis, increased risk of amputation,
and septic complications in patients with DF ulcerations [22].

The aim of this study was to examine the significance of OS and inflammatory biomark-
ers determination in patients with DF, as well as to investigate their potential to improve
early diagnosis and management of DF.

2. Materials and Methods
2.1. Study Participants

This cross-sectional study included 23 patients who were consecutively diagnosed
as having DF based on a medical history and standard foot examination according to the
national guidelines [2]. These patients were hospitalized at the surgical department of
the General Hospital in Požarevac between December 2020 and March 2021 in order to
assess the requirement for amputation. Thirteen patients underwent surgery, while the
remaining ten were treated conservatively. The study also included 19 patients with T2DM
who were treated at the Clinical Hospital Center “Dr Dragiša Mišović” in Belgrade between
April 2019 and March 2020. Additional inclusion criteria for patients treated at the Clinical
Hospital Center “Dr Dragiša Mišović” was poor metabolic control and no previous history
or clinical evidence of DF complications. The exclusion criteria for both groups of patients
were previous history of COVID-19, which has been confirmed to affect inflammation, OS,
and the further course of the underlying disease.

The following demographic and clinical data were collected: age, gender, smoking
status, duration of diabetes, presence of comorbidities (hypertension, CVD), and prescribed
medications, including oral antidiabetic agents (OAD) and insulin. Following the interna-
tional guidelines, hypertension was defined as systolic blood pressure (SP) ≥ 130 mmHg
and/or diastolic blood pressure (DP) ≥ 80 mmHg and/or current antihypertensive therapy,
and obesity was considered in patients who had a body mass index (BMI) ≥ 30 kg/m2,
while the presence of anemia was determined if hemoglobin (Hgb) levels were <135 g/L in
men or <120 g/L in women [23,24]. The study was conducted under the ethical principles
of the Declaration of Helsinki with the approval of the Ethics Committees of the Clinical
Hospital Center “Dr Dragiša Mišović” and the General Hospital in Požarevac. All patients
gave written, informed consent.

2.2. Laboratory Analyses

Blood samples were obtained after the overnight fasting period. In DF patients
who required amputation, the sampling was performed before the surgery. The serum
glucose concentration was measured by a standard enzymatic method on the Dimension
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RxL Max analyzer (Siemens Health Care Diagnostics, Erlangen, Germany). The level of
glycohemoglobin (HbA1c) was determined by the immunoturbitimetric method on the
Innova Star (DiaSys Diagnostic Systems, GmbH, Germany) and Dimesion EXL (Siemens
Health Care Diagnostics, Erlangen, Germany) analysers. Complete blood count (CBC) was
obtained using the hematologic analyser XN-1000 (Sysmex Corporation, Kobe, Japan). The
NLR index was calculated as a ratio of absolute neutrophil-to-leukocyte counts. Redox
status assessment included determination of total oxidative status (TOS), prooxidative–
antioxidant balance (PAB), SOD activity, and total sulfhydryl groups (SHG) content by
spectrophotometric methods, as previously described [25–28].

2.3. Statistical Analysis

The Shapiro–Wilk test was used for testing normality of the data. Normally distributed
continuous variables were presented as arithmetic means with standard deviations, while
skewed data were presented as medians and interquartile ranges. Normally distributed
continuous variables were compared with the Student’s t test, while skewed variables were
compared using the Mann–Whitney U test. Chi-square and Fisher Exact tests were used to
analyze categorical variables. Spearman’s non-parametric correlation analysis was used to
investigate associations between OS and inflammatory and metabolic control biomarkers.
Binary logistic regression analysis was used for testing the association of PAB and NLR with
DF, while ROC (Receiver Operating Characteristics Curve) analysis was performed to test
diagnostic accuracy of these parameters. The discriminatory ability of the test was evaluated
according to the Hosmer and Lemeshow criteria. Based on the area under the ROC curve
(AUC), the models can be classified as: weak (0.5 ≤ AUC < 0.7), acceptable (0.7 ≤ AUC < 0.8),
excellent (0.8 ≤ AUC < 0.9), or extraordinary (AUC ≥ 0.9). The probability p ≤ 0.05 was
taken as a condition for the existence of statistical significance. SPSS software (version 18.0 for
Windows, SPSS Inc., Chicago, IL, USA) was used for statistical analysis.

3. Results

The demographic and clinical data of patients are shown in Table 1. Patients with DF
were older than patients without DF (p < 0.05), while the distributions of gender, smokers,
and patients with hypertension and obesity were similar. The group with DF was also
characterized by a longer duration of diabetes (p < 0.05) and a higher prevalence of patients
treated with insulin (p < 0.001). An evaluation of biochemical parameters showed that
glucose concentration did not differ significantly between the groups, while the level of
HbA1c was significantly lower in patients with DF (p < 0.05).

Table 1. Demographic and clinical data of study participants.

Parameter Without DF With DF p

N 19 23
Age, years 59.2 ± 12.9 66.74 ± 9.4 <0.05
Gender, male/female, % 57.9/42.1 82.6/17.4 0.098
BMI, kg/m2 31.7 ± 5.7 28.7 ± 4.7 0.116
Diabetes duration, years 7.1 ± 5.6 13.7 ± 7.8 <0.05
Obesity, % 69.2 45.5 0.293
Hypertension, % 88.9 77.3 0.427
Smoking, % 18.8 40.9 0.178
HbA1c, % 9.6 ± 1.7 7.8 ± 1.3 <0.05
Glucose, mmol/L 10.1 ± 3.7 9.7 ± 2.6 0.665
Therapy
OAD 43.7 30.4 <0.001
OAD + Insulin 43.8 0 <0.001
Insulin 12.5 69.6 <0.001

Abbreviations: BMI, body mass index; OAD, oral antidiabetic drugs; HbA1c, glycated hemoglobin. Data were
presented as means ± standard deviations and as relative frequencies. Continuous variables were compared by
Student’s t test and categorical variables by Chi-square and Fisher Exact tests.
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We further analyzed the complete blood count (CBC) parameters in both groups. As
shown in Table 2, hemoglobin (Hgb) levels and red blood cell (RBC) counts were signifi-
cantly lower (p < 0.05) in patients with DF. Accordingly, a significantly higher prevalence of
patients with anemia was presented in the DF group (60.9% in the DF group vs. 20.3% in
the group without DF; p < 0.001). An analysis of the distribution of white blood cell (WBC)
subpopulations showed significantly increased neutrophil and reduced lymphocyte counts
in patients with DF. In line with the previous findings, the NLR ratio was significantly
higher in the DF group (p < 0.01).

Table 2. CBC parameters and NLR index in patients without DF and with DF.

Parameter Without DF With DF p

RBC (×1012/L) 4.74 ± 0.61 4.04 ± 0.71 <0.05
Hgb, g/L 137.3 ± 19.7 121.2 ± 10.8 <0.05
WBC (×109/L) 7.8 ± 1.8 8.9 ± 2.5 0.123
Neutrophils (×109/L) # 4.0 (3.3–5.3) 5.6 (4.2–6.6) <0.05
Lymphocytes (×109/L) # 2.4 (2.1–2.8) 1.9 (1.6–2.3) <0.05
Monocytes (×109/L) # 0.6 (0.5–0.7) 0.7 (0.5–0.8) 0.331
NLR # 1.6 (1.3–2.1) 2.8 (2.0–4.3) <0.01

Abbreviations: RBC, red blood cells; Hgb, hemoglobin; WBC, white blood cells; NLR, neutrophils to lymphocytes
ratio. Data were presented as means ± standard deviations and compared by Student’s t test variables. # Data
were presented as medians (interquartile ranges) and compared by Mann-Whitney U-test.

The parameters of the redox status were presented in Figure 1. We found that the
levels of PAB in the DF group (170.4 ± 33.9 U/L) were significantly higher than the
levels (142.5 ± 31.2 U/L) in patients without DF (p < 0.01). On the other hand, super-
oxide dismutase (SOD) activities were significantly lower (p < 0.05) in patients with DF
(118.1 ± 13.6 U/L) as compared to patients without DF complications (134.6 ± 13.7 U/L).
The levels of total oxidative status (TOS) and total sulfhydryl groups (SHG) did not differ
significantly between the groups (p = 0.397 and p = 0.123, respectively).

Further analysis of the DF group showed that levels of PAB (182.4 ± 26.7 U/L) in
patients who underwent amputation (N = 13) were higher than the levels (154.9 ± 37.2 U/L;
p = 0.05) in patients who did not require amputation (N = 10). In addition, DF patients who
underwent amputation had significantly reduced levels of SHG (median: 0.15 mmol/L;
interquartile range: 0.12–0.28 mmol/L; p < 0.01) as compared to those who did not undergo
the surgery (median: 0.29 mmol/L; interquartile range: 0.26–0.35 mmol/L). No difference
was found in NLR values between the groups (p = 0.203).

Next, we examined the association of OS biomarkers with parameters of inflammation
in patients with and without DF. In the DF group, a strong positive correlation was found
between PAB and NLR values (r = 0.449; p < 0.05). In contrast, no significant correlations
were found between NLR and OS biomarkers in patients without DF (data not shown).

A binary logistic regression analysis revealed that increased levels of both PAB and
NLR were significantly associated with the presence of DF (Table 3), while decreased activity
of SOD was not (OR = 0.964; 95%CI: 0.930–1.000; p = 0.05). The observed associations of
PAB and NLR remained significant even after adjustment for age, smoking status, and
HbA1c levels. After adjustment for diabetes duration, PAB remained a significant predictor
of DF, while the association between the NLR ratio and DF was lost (p = 0.068). In the
multivariable model that included all confounding variables, PAB remained significantly
associated with DF (OR = 1.072; 95%CI: 1.008–1.140; p < 0.05) while NLR did not (p = 0.066).

Finally, we examined the diagnostic accuracy of PAB and NLR to identify the patients
with DF. The diagnostic accuracy of both PAB (AUC = 0.741; 95%CI: 0.590–0.893; p < 0.01)
and NLR (AUC = 0.760; 95%CI: 0.608–0.911; p < 0.01) was acceptable. ROC curves for PAB
and NLR were presented in Figure 2. For the PAB cut-off value of 149 U/L, the sensitivity
of the test was 82.6%, while the specificity was 68%. For the NLR cut-off value of 1.9, the
sensitivity of the test was 78.3% and the specificity was 64.7%. Furthermore, we found
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that a combination of PAB and NLR additionally improved the diagnostic accuracy for DF
(AUC = 0.790; 95% CI: 0.651–0.930; p < 0.01).

1 
 

 
Figure 1. Biomarkers of OS in patients without DF and with DF. The levels of PAB and SOD were
presented as means and standard deviations, and the levels of TOS and SHG as medians and
interquartile ranges. Abbreviations: PAB, prooxidative-antioxidative balance; SOD, superoxide
dismutase; TOS, total oxidative status; SHG, total sulfhydryl groups.

Table 3. Logistic regression analysis for the association of PAB and NLR with DF.

PAB NLR

OR (95% CI) p OR (95% CI) p

Univariate 1.026 (1.005–1.048) <0.05 2.812 (1.206–6.568) <0.05
Adjusted for:
Age (years) 1.024 (1.003–1.046) <0.05 2.684 (1.106–6.513) <0.05
Diabetes duration (years) 1.043 (1.008–1.080) <0.05 2.915 (0.924–9.196) 0.068
Smoking 1.035 (1.009–1.062) <0.05 2.621 (1.101–6.230) <0.05
HbA1c (%) 1.057 (1.014–1.102) <0.05 4.632 (1.090–19.677) <0.05

Abbreviations: OR, odds ratio; CI, confidence interval.
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4. Discussion

In this study, we found that patients with DF are characterized by proinflammatory and
prooxidative states, which are reflected by elevated levels of inflammatory biomarker NLR,
increased serum prooxidants, and a concomitant decrease of antioxidative mechanisms. In
addition, our data showed that elevated PAB and NLR are associated with the presence
of DF. We wish to clarify that in the present study we included all patients consecutively
diagnosed with DF in a 4-month period in the General Hospital. Given that the study
was conducted during the COVID-19 pandemic, we only included patients who did not
have a history of COVID-19 in order to avoid the impact of SARS-CoV-2 virus infection on
inflammation or oxidative stress, as well as the impact of COVID-19 itself on the course of
diabetes. As a result of this, our study has a relatively small sample size of 23 patients with
DF, although previous studies in DF patients also had similar sample sizes.

Diabetic foot is one of the most serious complications of diabetes, which reduces the
quality of life and life expectancy of the patients. For this reason, timely recognition of
risk factors in order to improve prevention of DF development and delay amputation
is of critical importance. Among the risk factors for DF development, a longer duration
of diabetes has been recognized as one of the principal contributors [2]. In line with
the previous statement, DF patients included in our study suffered from diabetes longer
than patients without DF (Table 1). In both groups, the majority of patients had poorly
regulated diabetes and hypertension, a common T2DM comorbidity (Table 1). Similarly,
the prevalence of obese patients in the DF group did not differ from the group without
DF. This finding is consistent with the study of Lavery et al. [29], which demonstrated that
obesity, although a risk factor for T2DM, is not directly associated with the development of
foot ulcerations.

Hyperglycemia due to poor metabolic control is recognized as the main initiator of
cellular damage, which precedes the development of DF [10]. In the current study, signifi-
cantly lower HbA1c levels were observed in the DF group (Table 1), and such an unexpected
result was further ascribed to a high percentage of anemic patients in the DF group (Table 2).
The most common form of anemia in DF patients is anemia of chronic disease [30]. Namely,
chronic inflammation is characterized by cytokine overproduction, which may suppress
the synthesis of erythropoietin [31]. In addition, intestinal absorption of iron is inhibited by
hepcidin upregulation, which reduces its availability for erythropoeisis [32]. Thus, inability
to increase erythropoietin concentration in response to decreased Hgb is considered to
be the main cause of anemia in DF [30]. Our data clearly demonstrate the limitation of
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HbA1c testing in patients with anemia. It should also be mentioned that, according to ADA
criteria, the introduction of insulin into the treatment of T2DM begins when—despite the
use of two different OAD medications—HbA1c levels remain above target values (<7%).
In our study, patients with DF mostly received insulin therapy (Table 1), which may also
contribute to lower HbA1c levels in this group.

Although patients with T2DM are characterized by enhanced OS [7–9], the results
of the current study showed an even more disturbed redox status in patients with DF,
as indicated by increased levels of PAB—with concomitantly reduced activities of SOD
(Figure 1). PAB is a biomarker of the balance between serum prooxidants and antioxidants
and its elevation indicates ROS overproduction [33]. Some previous studies have suggested
that redox imbalances could have a pivotal role in the development and delayed healing of
DF ulcers [11]. Accordingly, serum OS biomarkers were recently recognized as potentially
valuable tools in diagnostics and management of DF [11,12]. The results of the study by
Yarahmadi et al. [13] showed that PAB levels in DF patients highly exceed reference values.
The authors also found a positive correlation between PAB levels and hsCRP [13], which
indicates that both oxidative stress and inflammatory processes are exacerbated in patients
with DF. It is firmly established that hyperglycemia contributes to the development of
OS by overproduction of superoxide anion radicals through the mitochondrial electron
transport chain [10]. Another potential explanation for increased PAB could be the fact that
40% of our patients with DF were smokers, while the number of smokers was markedly
lower in the group without DF (Table 1). Although smoking is a strong risk factor for the
development of DF ulcerations and subsequent amputations [4], it had no impact on the
observed association between PAB and DF (Table 3), suggesting the role of other potential
sources of ROS generation during DF development.

Previous studies have established the depletion of antioxidant protective mechanisms
as an important risk factor for the development of diabetic complications. So far, the activity
of SOD in patients with DF has been investigated to a lesser extent. Bolajoko et al. [15]
reported reduced SOD activity in patients with DF compared to healthy controls. Our
current study further demonstrated that patients with DF had lower SOD activity than
DM patients without this complication (Figure 1). The finding of reduced SOD activity in
patients with DF implies a potential exhaustion of the enzyme activity due to superoxide
anion radical overproduction. Indeed, superoxide anion radicals are considered the main
contributors to oxidative damage of foot tissue [34]. The observed reduced activity of SOD
in patients with DF may also be a consequence of glycation of the enzyme, since it has been
demonstrated that the degree of glycation is proportional to the duration of diabetes [31],
which was significantly higher in our DF group (Table 1). Another important finding of
our study is the reduced serum content of SHG in DF patients who underwent amputation.
Gluthatione is one of the main contributors to the serum pool of thiols, which is usually
estimated as a content of total SHG. Reduced gluthatione is among the most important
endogenous antioxidants due to its scavenger role in neutralizing electrophilic and oxidant
species. Other authors also reported depleted levels of reduced gluthatione in patients with
DF [14]. Our data suggest that the activity of antioxidant mechanisms further decrease
with DF progression toward amputation, which should be confirmed in further studies.

In recent years, the importance of low-grade inflammation in the development of DF
has been increasingly recognized [16]. The NLR index has been previously demonstrated
as a potentially useful biomarker of systemic inflammation, but also as a predictor of future
development of CVD [19]. More recently, its significance has been reported in diabetes [20].
The NLR index comprises the main components of the chronic inflammatory response. In
this respect, an increased neutrophil proportion indicates an active inflammatory process,
while a reduction of the lymphocyte proportion reflects an inadequate immune response,
which is one of the characteristics of T2DM [35]. Recent studies have shown that NLR
values are higher in patients with peripheral neuropathy and foot ulcerations compared to
patients without DF [20,21,35]. Consistent with these findings are the results of our study,
which showed that the NLR index was significantly higher in patients with DF compared
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to those without this complication (Table 2). Taken together, these results suggest a further
increase of NLR values with the exacerbation of the disease. In a recent follow-up study of
patients with DF ulcers, a marked difference in NLR between the patients with complete
healing ulcers and those who underwent amputation was demonstrated. On the other
hand, the patients with chronic wounds and those who underwent major amputation
had similar NLR [22]. These data suggest that NLR determination might be useful in the
prediction of DF outcome. In our current study, there is no difference in NLR between the
DF patients who did and did not undergo amputation, which could be the consequence of
its cross-sectional design, as well as due to a relatively small number of included patients.
Future studies with a larger sample size would be needed to assess whether NLR may be
used as a biomarker of amputation risk.

Furthermore, we found a positive correlation between PAB and NLR, which may
reflect the interactive role of OS and inflammation in the development of DF. Namely,
enhanced OS triggers the activation of the nuclear factor kappa B (NF-κB) pathway, which
leads to increased production of proinflammatory mediators [16]. On the other hand,
infiltration of leukocytes to the site of injury further contributes to ROS generation. Among
them, stimulated neutrophils are considered to be a major source of ROS as a consequence
of the upregulated activities of myeloperoxidase (MPO) and NADPH-oxidase [36]. Thus,
elevated NLR might be regarded as an indicator of potential feedback loops between
inflammation and OS processes.

Oxidative stress and inflammation affect the wound healing process, but whether
these processes could differentiate between an infectious and non-infectious state is still
insufficiently explored. Vatankhah et al. [22] recently evaluated the association between
NLR and the treatment outcomes in patients with DF and found that higher NLR was
associated with higher odds for non-healing ulcers. Since the observed association was
independent of main risk factors, including wound infection, the authors suggested that
NLR could serve as a biomarker of inflammatory mechanisms per se, rather than infec-
tion [22]. Indeed, increased oxidative stress and inflammation are common features of both
infectious and non-infectious diseases, such as cardiometabolic diseases, including diabetes
mellitus [37–39].

The results of our study extended previous findings by demonstrating that both PAB
and NLR levels are independently associated with DF (Table 3), suggesting a possible
additive effect on the risk for DF development. Indeed, both biomarkers had acceptable
diagnostic accuracy (Figure 2), which could be further improved by their simultaneous
determination. Recently, Chen el al. [40] reported higher NLR values in patients with
diabetic neuropathy in relation to patients without this complication. However, they found
that NLR had a weak diagnostic accuracy for diabetic neuropathy only in type-1 diabetes
mellitus patients [40]. To the best of our knowledge, no previous study investigated the
diagnostic accuracy of NLR for DF in patients with T2DM. These data emphasize the need
for further studies on the clinical importance of NLR determination in the assessment of
diabetic complications in both type-1 and type-2 diabetes mellitus patients.

This study has several limitations. Its cross-sectional design allowed us to demonstrate
associations, but conclusions regarding causality cannot be drawn. Due to a lack of wound
tissue cultures, we could not determine the impact of infection on the NLR ratio in patients
with DF, and consequently whether NLR could differentiate between an infectious and
non-infectious state. Further, the treatment of DF and indication for amputation was at the
discretion of the experienced treating surgeon and we are unable to provide full data since,
for the purpose of the current study, data on the detailed indications for amputation were
not collected. We can only assume that the indication for amputation was the extended
infection and gangrene, which follows the national guidelines; still, we wish to be fully
transparent by stating that the data availability on the indications for surgery would have
been valuable to further support our obtained results. In addition, we haven’t collected
any data about infection, with the only exception being the information on SARS-CoV-2
infection that was applied as exclusion criteria—since our main aim was to explore the
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significance of OS and inflammatory biomarkers in patients with DF. It should be noted
that NLR is a biomarker of an infection, although in the present study it was evaluated
as a biomarker of systemic inflammation. Finally, due to a relatively small sample size,
conclusions from the multivariate analysis could be biased, as a larger number of predictors
were included in the model.

Still, one of the strengths of this observational study is the fact that it was conducted
during the COVID-19 pandemic. We only included patients who did not have a history of
COVID-19 in order to avoid the impact of SARS-CoV-2 virus infection on inflammation or
oxidative stress, as well as the impact of COVID-19 itself on the course of diabetes, since
it has been shown that the consequences of post-COVID syndrome (i.e., “long COVID”)
are even more pronounced in patients with diabetes, including persistent tachycardia,
sarcopenia, and microvascular dysfunction [41].

5. Conclusions

In conclusion, the results of our study showed increased PAB levels and NLR in
patients with DF. Both PAB and NLR were independently associated with DF and could be
suggested in clinical practice to improve the early detection of DF. Further investigations
are required to confirm our preliminary findings.
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Ha iCHr-rB\ Crarl.ra YuunepSlrreTa j Eeorpa4y, npoAeKaH @axylrera je 4aHa

oAJ)-KI/

oAoEpABA ce CABII ByJtIUh, crygenry @apnaaqeyrcKor $-arylrera, rIHAeKc

6p.33/2011, rpoAyxeraK poKa 3a 3aBprrrerax cryaraja 3a IxKorIcKy 202312024.

O6pa3.iou(.eIbe

CAILA ByJIIIltB., cryAeHr Ha c1':rrjcrorvr nporpaMy AAC MeAuIluncrca

6noxeuuja, noAHerra je saxren 6poj 31159 o: )8.09.2023. roAI4He npoAeKaHy @axylrera ga

joj ce o,qo6pN npoAyxerax poKa 3a 3aBplxerax cryanja'

llpogexau @axylrera je pasrraarpaJra 3a\reB 28.09.2023.fo4rrHe Ir oIleHlrna AaJe 3axreB

ocHoBaH, re je ,uonero peuleibe Kao y Alrcno3IIrIIBy'

IIPABHA IIOYKA: Ilporrzn oBe OAJ-TYKe HMeHOBaHH IIMa npaBo npuroBopa.{eKaHy

@aryrrera y poKy og 8 (ocarra) aaua oA AaHa npujeua rlcror'

O4lyxy AocraBHTH: I,INreHoeanoj-ovr, reKaHy n O4cercy 3a HacraBy ir cryAeHTcKa

tlvTArba.
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l13. ,10 LoLs

HACTABY
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yHr4BEP3r4TET v EEO| PAAy
oAPMAUE yTCKI4 OAKyTITE T
lloc"rr.6po jz 51169

lana 27 .09.2024.roAuue

Ha ocnony qJraHa 107. 3axoua o Bucoxrrr o6pa":onarry Peny6nnxe Cp6uje, npoAeKaH

@axyrrera je 4aua 27 .09.2024. roAlrHe, .{oHe--Il

PEIIIEIbE

OAOEPABA ce BYJIIIIh CAI6E, cry4eury @aprvraueyrcKor tfaxy.nrera, uH.(eKc

6p.33/2017, rpoAyxeram poKa 3a 3aBprrrerax cryluja y rrrrcoJrcrcoi 2024/2025.

O6pas.1 o)rcetue

ByJtIUh CABA, cryAeHr Ha cq:njcxorur nporpaMy AAC MeAuIluncxa
6uoxeruuja, ro,(Herla je 3axreB 6p. 51159 oA 27.09.2024. roAHHe npo,(eKaHy 3a

nocJreArrnJroMcxe cryauje @axy"rrrera aa joj ce ogo6pu rpoAyxeram pora 3a 3aBplrreraK

cryauja y urrco.ircroj 202412025.
flpo4eran @axylrera je pasrvrarpaJra 3axreB 27.09.2A24. roAHHe u ouenula Aa je

3axreB ocHoBaH, re je gouero peurerbe Kao y f,ttc[o3IITIrBy.

IIPABHA trOYKA: flporan oBor peuerba rrMeHoBaHVuMa npaBo npplroBopa AeKaHy

@axyrrrera y poxy o4 8 (ocarra) xana oA AaHa np{ervra Ilcror.

Pelreme AocraBr4Trr: I4rvlenonanoM, AeKaHy, npoAeKaHy 3a HacraBy, ceKperapy, Ogcexy

3a HacraBy 11 cryAeHTcKa nrlTalba u apxuBll.

rrPoreKAH 3A IIOCJIET{IIIOMCKy HACTABy
14 KOHTHHyT{PAHy EAyKAITIJy

IIpoS. Kosa.Iesuh



yHT4BEP3I4TET v EEO|PAIy
oAPMA{EyT CKI4 @AKyJITET
lloc.n.6poj: 3/115

fiaua 0 4.II.2425. roAuue

Ha ocHony Craryra Ynueepsurera y EeorpaAy, [poIeKaH 3a nocJIeArIrInoMcKy HacraBy

H KoHrr4HyllpaHy eAyKaqlrjy @alcyrlrera je,Uana 0411.2425. roAIIHe, AoHeJIa

oAr)'KI/

OAOEPABA ce BYJIIIIh CABE, cry.ueHry @apnaaqeyrcKor tpaxylrera, I{HAeKc

6p.3312017, rpoAyxerar poKa 3a 3aBprrrerar( cryAl{ja 3a IrrKorIcrcy 202512026-

OdpaslaJ{erue

ByJtII4h CAILA, cryAeHr Ha cr1,':rrjcxor'a nporpaMy AAC MeAurluscra

6uoxeuuja, roAHerra je 3axreB 6poj 31115 o,{ 04.11.2025. roAuHe npoAeKaHy 3a

nocne.{IIrJloMcKy HacTaBy 14 KoHTHHyrrpaHy e1yxaUnjy @arylrera aa joj ce o4o6prE

npoAyxeTaK poKa 3a 3aBpIxeTaK STyAIIJa y urxo;rcxoj 202512026 p6AI1HII.

llpo4exan 3a nocJreAunJroMcr(y HacraBv rr KoHrHHyvpaHy e4yxaqnjy @axynrera je

pa3MaTpana 3axTeB 04.ll.2025.roAHHe lI oUeHlt.-ta.la je saxreB ocHoBaH, re je 4ouero peuerbe

Kao y Arrcno3r{TIIBy.

TIPABHA fIOYKA: flporun oBe oAnyKe rrMeHoBaHa uMa npaBo npl{foBopa AeKaHy

@axyrrera y poKy o4 8 (ocavr) aasa oA AaHa nplrjeua rrcror.

Oalyxy AocraBrrrrr: ZMeHosanoj-ou, Oacexy 3a HacraBy rr cryAeHTcKa nrrrarba I4

MeHTOpy

nPoreKAH 3A fIOCJIET'rrnoMcKv
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