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1. Wykaz stosowanych skrótów 
AGE – zaawansowane produkty glikacji, ang. advanced glycation end-products 

HBOT – tlenoterapia hiperbaryczna, ang. hyperbaric oxygen therapy 

IL – interleukina 

NAC – N-acetylocysteina 

PDGF – płytkopochodny czynnik wzrostu, ang. platelet-derived growth factor 

T.I.M.E.R.S. - tissue debridement – opracowanie tkanek, infection and inflammation control – 

kontrola infekcji i zapalenia, moisture balance – równowaga wilgoci, epidermization 

stimulation – pobudzenie naskórkowania, repair and regeneration – naprawa i regeneracja, 

social and individual-related factors – czynniki społeczne i indywidualne predyktory 

TNF – czynnik martwicy nowotworu, ang. tumor necrosis factor 

VAC – podciśnieniowa terapia ran, ang. vaccum assisted closure 



 
 

2. Streszczenie w języku polskim 
Cukrzyca typu II jest powszechną chorobą cywilizacyjną. Jednym z najpoważniejszych 

powikłań tej choroby jest upośledzone gojenie ran, które w swojej zaawansowanej formie 

przybiera kliniczną postać owrzodzeń stopy cukrzycowej. Obecnie istnieje niewiele interwencji 

z udowodnioną skutecznością działania, które można by stosować lokalnie celem poprawy 

procesu gojenia ran cukrzycowych. Nowe interwencje powinny być testowane w pierwszej 

kolejności w badaniach przedklinicznych z zastosowaniem modelu jak najwierniej imitującego 

procesy zachodzące u człowieka. Mysie modele db/db i ob/ob polegają na upośledzeniu 

funkcjonowania leptyny. Konsekwencją jest fenotyp przypominający cukrzycę typu II, 

wynikający z nadmiernego łaknienia, wtórnej otyłości oraz powiązanych problemów 

metabolicznych, włączając w to opóźnione gojenie ran. W niniejszej rozprawie w 

systematyczny sposób podsumowałem literaturę dotyczącą mechanizmów upośledzonego 

gojenia ran w mysim modelu z dysfunkcją leptyny. Wykazałem, że pomimo niektórych 

ograniczeń, model ten w pewnym stopniu odzwierciedla patofizjologię gojenia ran 

cukrzycowych u ludzi oraz był dotychczas szeroko stosowany w literaturze. Ze względu na 

potrzebę identyfikacji łatwo dostępnych oraz tanich substancji, mogących wspomagać gojenie 

ran cukrzycowych, w rozprawie tej skupiłem się na badaniu N-acetylocysteiny. Cząsteczka ta 

miała dotychczas udowodnione korzystne działanie we wspomaganiu regeneracji ran w 

modelach zdrowych zwierząt oraz modelach imitujących fenotyp cukrzycy typu I. W drugiej 

części niniejszej rozprawy opisany został eksperyment z wykorzystaniem hydrożeli 

uwalniających N-acetylocysteinę w różnych stężeniach. Porównano skuteczność tych hydrożeli 

z placebo, pokazując, że 5% N-acetylocysteina uwalniana w obrębie rany mogła przyspieszyć 

gojenie na wczesnym etapie regeneracji w mysim modelu db/db. Dalsze badania są wskazane 

celem potwierdzenia dotychczasowych wyników, optymalizacji drogi podania oraz stężenia N-

acetylocysteiny w kontekście gojenia ran cukrzycowych.  

3. Streszczenie w języku angielskim 
Type II diabetes mellitus is a common disease. One of the most severe complications of this 

disease is impaired wound healing, which in its advanced form takes the clinical form of 

diabetic foot ulcers. Currently, there are few interventions with proven efficacy that can be 

applied locally to improve diabetic wound healing. New interventions should be tested first in 

preclinical setting using a model that mimics the human processes as closely as possible. db/db 

and ob/ob murine models rely on impaired leptin function. The consequence is a phenotype 

resembling type II diabetes, resulting in excessive craving, secondary obesity and associated 



 
 

metabolic abnormalities, including delayed wound healing. In this thesis, I have systematically 

summarised the literature on the mechanisms of impaired wound healing in a murine model of 

leptin dysfunction. I have shown that, despite some limitations, this model reflects to some 

extent the pathophysiology of diabetic wound healing in humans and has been widely used in 

the literature to date. Due to the need to identify readily available and affordable substances 

that can promote diabetic wound healing, in this dissertation I focused on the study of N-

acetylcysteine. This molecule has so far been shown to have beneficial effects in supporting 

wound regeneration in healthy animal models and models mimicking the phenotype of type I 

diabetes mellitus. In the second part of this dissertation, an experiment using hydrogels 

releasing N-acetylcysteine at different concentrations is described. The efficacy of these 

hydrogels was compared with placebo, showing that 5% N-acetylcysteine released within the 

wound was able to accelerate healing at an early stage of regeneration in a murine model of 

db/db. Further studies are indicated to confirm the current results, optimise the route of 

administration and the concentration of N-acetylcysteine in the context of diabetic wound 

healing. 

4. Wstęp 
Cukrzyca typu 2 charakteryzuje się hiperglikemią, insulinoopornością i względnym 

upośledzeniem wydzielania insuliny. Choroba ta jest powszechnym zaburzeniem, którego 

częstość występowania znacznie wzrasta wraz ze wzrostem stopnia otyłości i wieku.1 Częstość 

występowania cukrzycy typu 2 wzrosła alarmująco w ciągu ostatniej dekady,2,3 w dużej mierze 

w związku z tendencjami do otyłości i siedzącego trybu życia.4 Według raportu Global Burden 

of Disease 2021 cukrzyca jest 10. główną przyczyną zgonów i 7. główną przyczyną obciążenia 

chorobami na całym świecie.5 Ryzyko wystąpienia owrzodzenia stopy cukrzycowej u osób z 

cukrzycą wynosi od 19% do 34%.6 Cukrzyca jest również często związana z powikłanym 

gojeniem się ran.7 Chociaż chirurgiczne oczyszczenie rany pozostaje złotym standardem w 

leczeniu ran cukrzycowych, pilnie potrzebne są dodatkowe metody leczenia w celu poprawy 

wyników pacjentów.8  

Jednym z głównych powikłań cukrzycy jest upośledzone gojenie ran.9 Jest to związane 

z czynnikami zewnętrznymi i wewnętrznymi. Do pierwszych należą powtarzalne urazy, na 

które osoby z cukrzycą mogą być mniej uważne ze względu na zaburzenia czucia spowodowane 

neuropatią obwodową oraz zaburzeniem krążenia w małych naczyniach. Hiperglikemia może 

mieć szkodliwy wpływ na gojenie się ran poprzez tworzenie zaawansowanych końcowych 

produktów glikacji (AGE), które indukują produkcję cząsteczek zapalnych (TNF-!, IL-1) i 

zakłócają syntezę kolagenu.10 Wysoki poziom glukozy jest także związany ze zmianami w 



 
 

morfologii komórek, zmniejszoną proliferacją i nieprawidłowym różnicowaniem 

keratynocytów.11 Zmieniona funkcja układu odpornościowego może również przyczyniać się 

do słabego gojenia się ran u pacjentów z cukrzycą. Zmniejszona chemotaksja, fagocytoza i 

zabijanie bakterii są związane z wczesną fazą gojenia się ran w cukrzycy.12 Upośledzona 

infiltracja leukocytów i IL-6 w płynie z rany charakteryzują późne fazy zapalne gojenia się ran 

w cukrzycy.13 Wydaje się zatem, że zmieniony wzór pojawiania się cytokin w środowisku rany 

może przyczyniać się do opóźnionego gojenia. 

Badanie skuteczności nowych interwencji często zaczynają się od badań in vitro lub in 

vivo. Wybór modelu jest jednak kluczowy dla zwiększenia prawdopodobieństwa translacji 

wyników z etapu przedklinicznego do badań klinicznych. W szczególności w kontekście 

wieloczynnikowego procesu upośledzenia gojenia ran w cukrzycy typu II wybór 

odpowiedniego modelu zwierzęcego stanowi wyzwanie.  

W poniższej rozprawie połączyłem dwie publikacje w jeden cykl tematyczny.14,15 

Pierwsza z nich to przegląd systematyczny, podsumowujący dotychczasową literaturę 

omawiającą mechanizmy upośledzenia gojenia ran w mysim modelu z deficytem leptyny 

(db/db lub ob/ob). Praca ta powstała z uwagi na potrzebę uporządkowania wiedzy w zakresie 

podobieństw i różnic pomiędzy gojeniem ran u pacjentów z cukrzycą oraz gojeniem ran w 

modelu, który mógłby imitować procesy, zachodzące u ludzi. Wybór modelu in vivo, który 

adekwatnie odwzorowałby ludzką dynamikę gojenia, stanowi wyzwanie.16 Zrozumienie 

patofizjologii gojenia ran jest niezbędne do zbadania nowych interwencji terapeutycznych. W 

związku z tym opracowano kilka modeli eksperymentalnych, głównie zwierzęcych, 

stosowanych w celu zbadania odpowiedzi komórkowych i molekularnych w gojeniu ran. 

Właściwy wybór tych zwierzęcych modeli ma kluczowe znaczenie, ponieważ każdy model ma 

swoje zalety i wady.  

 Jednym z wyzwań doboru odpowiedniego modelu zwierzęcego jest wybranie gatunku. 

Możliwe jest przeprowadzenie badań na świniach, świnkach morskich, królikach, szczurach 

czy myszach.16 Świński model jest uważany za standardowy przedkliniczny model gojenia się 

ran ze względu na uderzające podobieństwa do ran ludzkich, w tym reepitelializację zamiast 

obkurczania naskórka (jak u gryzoni). Anatomicznie, fizjologicznie i metabolicznie, świnie są 

bardziej podobne do ludzi na kilka sposobów, co czyni je lepszym wyborem w przypadku 

badania gojenia ran niż gryzonie.17 Królik jest najpowszechniej wykorzystywanym 

zwierzęciem laboratoryjnym po myszach i szczurach. U królików ucho jest najbardziej 

preferowanym narządem wykorzystywanym do tworzenia ran niedokrwiennych w celu badania 

wpływu niedotlenienia na gojenie się ran. Powodem jego szerokiego zastosowania jest ubogie 

unaczynienie, które prowadzi do dominującego mechanizmu epitelializacji i ziarninowania w 



 
 

celu gojenia się ran, a nie obkurczania skóry.18 Co więcej, niedokrwienie jest odwracalne i trwa 

około 14 dni, aby rozwinąć krążenie oboczne. Ponadto model ten oferuje większą 

powierzchnię, na której można tworzyć analogiczne rany w tym samym uchu, a drugie ucho 

można wykorzystać jako grupę kontrolną.19 Co więcej, model ucha królika został również 

wykorzystany do zbadania wpływu różnych miejscowych czynników wzrostu na gojenie się 

ran.  

 Szczur jest najczęściej wykorzystywanym modelem gryzonia, zwłaszcza w badaniach 

związanych z gojeniem się ran ostrych. Ponieważ są one stosunkowo mniejsze, łatwe w 

obsłudze i relatywnie tanie, mają przewagę w porównaniu z innymi zwierzętami. Co więcej, 

genetycznie zmodyfikowane szczury zostały opracowane w taki sposób, aby można je było 

wykorzystać do badania różnych szlaków i produktów pośrednich zaangażowanych w gojenie 

i reepitelializację. Jednak szczury mają inną fizjologię, krótszą żywotność i mniejsze rozmiary 

ciała niż ludzie. Nie są w stanie skutecznie odtworzyć pełnej patogenezy niektórych chorób, m. 

in. cukrzycy. Gojenie się ran u szczurów i ludzi ma podobne odrębne fazy złożonych zdarzeń 

komórkowych, takich jak zapalenie, proliferacja i przebudowa. Jednak pełne procesy 

molekularne nie są w pełni zrozumiałe. Chociaż szczur i ludzie mają podobne warstwy skóry, 

istnieje znaczna różnica w ich grubości. Ludzka skóra jest stosunkowo grubsza niż u 

jakiegokolwiek innego zwierzęcia, a skóra przylega do leżącej pod nią tkanki. Ludzki naskórek 

składa się z 5-10 warstw komórek. Z kolei skóra szczura jest delikatna i luźna. Naskórek 

szczura składa się z 2 lub 3 warstw. Co więcej, warstwa podskórna szczurów składa się z 

panniculus carnosus, który jest nieobecny w ludzkiej skórze. Ta cienka warstwa panniculus 

carnosus wpływa na biomechanizm gojenia poprzez promowanie szybszego kurczenia się ran 

o pełnej grubości u szczurów. Ludzka skóra właściwa jest przymocowana do warstwy 

podskórnej; w związku z tym rany pełnej grubości u ludzi goją się poprzez granulację i 

reepitelizację. Chociaż luźna skóra i skurcz utrudniają badanie zdarzeń zachodzących u ludzi, 

nie może to być powodem do wykluczenia modelu szczurzego w badaniach gojenia się ran, ale 

należy zachować ostrożność przy interpretacji wyników.20 

 Myszy są jednym z najczęściej wykorzystywanych modeli gryzoni do badania gojenia 

ran. Mają luźną skórę i warstwę panniculus carnosus podobną do szczurów, która sprawia, że 

gojenie odbywa się głównie poprzez skurcz, a nie reepitelializację. W kilku badaniach nad 

gojeniem się ran wykorzystano myszy jako model nie tylko ze względu na ich rozmiar, szeroką 

dostępność i większą zmienność genetyczną. Innym powodem jest dostępność szerokiej wiedzy 

zdobytej przez lata wcześniejszych badań. Co więcej, świnie nie są dobrze scharakteryzowane 

na poziomie komórkowym i fizjologicznym w porównaniu do myszy, a specyficzne odczynniki 

dla świń, takie jak przeciwciała i czynniki wzrostu, nadal nie są dostępne. Z tego powodu 



 
 

zdecydowana większość badań dotyczących gojenia się ran skóry jest przeprowadzana na 

myszach i szczurach.16 

 Kolejnym istotnym aspektem doboru modelu zwierzęcego do badania gojenia ran w 

modelu cukrzycy jest odpowiedni dobór metody, odpowiedzialnej za wzrost glikemii u 

zwierzęcia. Metody takie jak indukcja alloksanem czy streptozotocyną prowadzą do 

uszkodzenia komórek b trzustki produkujących insulinę, wtórnego zmniejszenia wydzielania 

insuliny i zwiększenia glikemii.21 Co istotne, upośledzenie gojenia ran nie jest skorelowane ze 

zwiększonym stężeniem glukozy w surowicy, ale raczej jest powiązane z metabolicznymi 

konsekwencjami otyłości.22 W istocie modele zwierzęce, w których cukrzyca była indukowana 

substancjami (przypominając tym samym fenotyp cukrzycy typu I), wykazywały mniejsze 

upośledzenie gojenia ran niż modele imitujące cukrzycę typu II.23 Wobec tego używanie 

modelu imitującego cukrzycę typu II wydaje się bardziej uzasadnione w kontekście 

eksperymentów badających opóźnione gojenie ran oraz potencjalne interwencje, mogące 

usprawniać ten proces.  

 Ze względu na dostępność, relatywnie niskie koszty zakupu i utrzymania oraz łatwość 

w obsłudze, gryzonie są chętniej wybieranym modelem zwierzęcym do badania gojenia ran. 

Wśród myszy, modele db/db oraz ob/ob są najczęściej używanymi zwierzętami, imitującymi 

fenotyp cukrzycy typu II. Pierwszy z nich polega na mutacji punktowej genu receptora dla 

leptyny, drugi zaś na mutacji punktowej genu odpowiedzialnego za ekspresję leptyny. 

Efektywnie, oba modele prowadzą do upośledzenia przekaźnictwa leptynowego, wtórnego 

odhamowania głodu oraz rozwoju otyłości ze wszystkimi konsekwencjami metabolicznymi, w 

tym upośledzonym gojeniem ran.14 

 Zrozumienie mechanizmów, które stoją za wadliwym procesem regeneracji skóry w 

tym modelu, jest niezbędne do prawidłowego planowania eksperymentów oraz interpretacji 

wyników badań, w których stosowane są nowe interwencje. W moim przeglądzie 

systematycznym podsumowałem dane dotyczące gojenia ran w modelach db/db oraz ob/ob, 

omawiając następujące aspekty:  

• Fenotyp oraz dynamikę gojenia ran 

• Czynniki wzrostu 

• Angiogenezę 

• Cytokiny i mechanizmy immunologiczne 

• Funkcjonowanie makrofagów 

• Konsekwencja dysfunkcji szlaku leptynowego 

• Działanie insuliny 



 
 

• Zaawansowane produkty glikacji, ang. Advanced Glycation End-Products (AGEs) 

• Fibroblasty i macierz pozakomórkową 

• Apoptozę i autofagię 

• Mechanizm działania komórek macierzystych pochodzenia szpikowego 

• Rolę niekodujących fragmentów RNA (ang. non-coding RNA) 

• Funkcję bakterii i biofilmu 

 

Ponadto omówiłem modyfikacje ww. modeli, które zostały opracowane przy okazji 

innych eksperymentów i służyły dopasowaniu do bardziej specyficznych pytań badawczych. 

Celem powyższego przeglądu było systematyczne przedstawienie mechanizmów, które 

zarządzają gojeniem ran w mysim modelu cukrzycy typu II, w którym upośledzony jest szlak 

leptynowy. Korzyścią tego badania dla badaczy jest to, że przy planowaniu swoich 

eksperymentów mogą posiłkować się zebraną literaturą, by planować dobór odpowiednich 

interwencji, a także wybierać pierwszo- oraz drugorzędowe punkty końcowe badań, które 

wykazałyby skuteczność stosowanych interwencji oraz tłumaczyły ich mechanizm działania. 

Przegląd też stanowił również wstęp do problemu adresowanego przez badanie oryginalne, 

które również stanowi część niniejszego cyklu.  

Wiele publikacji było dotychczas poświęconych poszukiwaniu interwencji, która 

byłaby skuteczna w gojeniu ran cukrzycowych, w szczególności powikłania, jakim jest 

owrzodzenie stopy cukrzycowej. Jednak tylko kilka z nich przeszło fazę przedkliniczną i 

weszło do badań klinicznych na ludziach.14 Płytkopochodny czynnik wzrostu (PDGF) był 

skuteczny w badaniach przedklinicznych, a jego rekombinowana forma, Becaplermin 

(REGRANEX® Gel), została zatwierdzona do miejscowego leczenia owrzodzeń 

neuropatycznych kończyn dolnych, które wykraczają poza tkankę podskórną.24 Niestety, w 

2008 r. do żelu dodano ostrzeżenie, ponieważ zaobserwowano zwiększony odsetek zgonów z 

powodu ogólnoustrojowych nowotworów złośliwych u pacjentów, którzy otrzymali trzy lub 

więcej dawek leku.25  

Obecnie pierwszą linią leczenia ran cukrzycowych, w szczególności stopy cukrzycowej 

jest usunięcie tkanki martwiczej (debridement).26 Częstotliwość oceny i właściwa opieka mogą 

mieć większy wpływ na gojenie się ran niż rodzaj oczyszczania. W przeglądzie, w którym 

badano opiekę nad ranami przewlekłymi wśród weteranów, szansa na wygojenie owrzodzenia 

cukrzycowego wzrosła 2,5-krotnie, gdy oczyszczenie rany było wykonywane podczas 80% 

wizyt i podwoiła się, gdy niedokrwienie zostało ocenione podczas pierwszej wizyty.27 



 
 

Interwencje pomocnicze stosowane lokalnie w przypadku owrzodzenia stopy 

cukrzycowej są ograniczone. Jedną z nich jest podciśnieniowa terapia ran (VAC), która polega 

na zastosowaniu kontrolowanego podciśnienia na powierzchni owrzodzenia. Metoda ta 

poprawia gojenie poprzez zwiększenie perfuzji rany, zmniejszenie obrzęku, zmniejszenie 

miejscowego obciążenia bakteryjnego i zwiększenie tworzenia się tkanki ziarninowej.28 

Przeszczepy ludzkiej skóry i bioinżynieryjne substytuty skóry (np. Dermagraft, Apligraf, 

TheraSkin, Graftskin, EpiFix, Zelen, Graftjacket, Hyalograft 3D, Kaloderm, OrCel) były 

badane u osób z niezakażonymi, niedokrwiennymi przewlekłymi owrzodzeniami stopy 

cukrzycowej. Przegląd systematyczny 17 badań z randomizacją wykazał, że częstość 

występowania całkowitego zamknięcia owrzodzeń stopy cukrzycowej była znacznie lepsza w 

przypadku przeszczepów skóry lub substytutów w porównaniu ze standardową opieką.29 

Tlenoterapia hiperbaryczna (HBOT) może być związana z poprawą gojenia jako element 

leczenia owrzodzeń cukrzycowych, ale wskazania do HBOT w leczeniu niegojących się 

owrzodzeń stopy cukrzycowej pozostają niepewne. Większość meta-analiz sugeruje, że 

hiperbaryczna terapia tlenowa może przynieść korzyści w leczeniu owrzodzeń stopy 

cukrzycowej; jednak jakość badań włączonych do przeglądów systematycznych jest 

zróżnicowana.30,31 Dostępne badania są ograniczone przez małą liczebność próby i 

niejednorodność leczonych ran (np. rozmiar owrzodzenia, głębokość owrzodzenia, środowisko 

mikrobiologiczne, obecność niedokrwienia). Wymienione opcje stanowią jednak formę 

wspomagającą terapii gojenia ran cukrzycowych.  

Po prawidłowym oczyszczeniu rany kluczowe jest nałożenie odpowiedniego opatrunku. 

Niektóre opatrunki po prostu zapewniają ochronę, podczas gdy inne promują nawilżenie rany 

lub zapobiegają nadmiernej wilgoci. Często stosowane są opatrunki z solą fizjologiczną, ale 

mogą one usuwać zarówno martwą, jak i żywą tkankę, co może skutkować wyschnięciem rany. 

Inne opatrunki są impregnowane środkami przeciwdrobnoustrojowymi, aby zapobiec infekcji 

i tworzeniu biofilmu bakteryjnego. W przypadku leczenia owrzodzeń stóp u pacjentów z 

cukrzycą nie ma wysokiej jakości dowodów sugerujących jakiekolwiek znaczące różnice w 

wynikach gojenia ran przy porównywaniu różnych rodzajów opatrunków.32 Do 

najpopularniejszych typów opatrunków należą opatrunki żelowe, hydrokoloidowe, włókniste, 

z alginianu wapnia, kolagenowe, foliowe, zawierając związki srebra oraz siatkowe. 

Heterogenność w badaniach ran przewlekłych oraz brak konkluzywnych wskazań optymalnych 

opatrunków wynika również ze złożonego procesu doboru opatrunków do etapu gojenia rany. 

W tym celu stosuje się zasady T.I.M.E.R.S (tissue debridement – opracowanie tkanek, infection 

and inflammation control – kontrola infekcji i zapalenia, moisture balance – równowaga 

wilgoci, epidermization stimulation – pobudzenie naskórkowania, repair and regeneration – 



 
 

naprawa i regeneracja, social and individual-related factors – czynniki społeczne 

i indywidualne predyktory) celem indywidualizacji leczenia opatrunkowego.33 Ze względu na 

światowe rozpowszechnienie cukrzycy oraz jej powikłań, istnieje potrzeba zidentyfikowania 

łatwo dostępnych substancji, które mogłyby być dodawane do opatrunków i byłyby skuteczne 

w poprawie gojenia ran cukrzycowych.  

N-acetylocysteina (NAC) jest przeciwutleniaczem i pochodną cysteiny, który silnie 

uzupełnia wewnątrzkomórkowe poziomy glutationu.34 Reguluje również ekspresję genów,35 

może zapobiegać apoptozie i promować przeżycie komórek oraz bezpośrednio zmniejszać 

aktywność wybranych białek.35 Choć niespecyficzna, substancja ta była szeroko stosowana: 

jako środek mukolityczny, antidotum na zatrucie paracetamolem, środek przeciwdziałający 

kardiotoksyczności doksorubicyny lub zmniejszający uszkodzenie serca w wyniku 

niedokrwienia/reperfuzji.36 Substancja ta była stosowana w dermatologii oraz testowana w 

psychiatrii.37,38 Dawki i drogi podania różnią się znacznie w zależności od wskazania. Wysokie 

dawki do 3000 mg/dobę doustnie lub w stężeniu 20% stosowane miejscowo były stosowane u 

ludzi z dobrą tolerancją.39,40 

Zastosowanie NAC było również badane w kontekście gojenia ran. Proces ten obejmuje 

cztery kolejne fazy: hemostazę, stan zapalny, proliferację i przebudowę.41 Ponieważ NAC może 

zmniejszać dysfunkcję śródbłonka i stan zapalny, a także przyspieszać proliferację 

komórkową,35 została uznana za kandydata do interwencji w celu poprawy gojenia ran. 

Miejscowo stosowana 3% NAC promowała ponowną epitelializację w szczurzym modelu ran 

oparzeniowych i, w tym samym stężeniu, poprawiała angiogenezę i szybkość gojenia ran w 

modelu rany wycięciowej.42,43 Tsai i wsp. wykazali, że korzystny efekt NAC był zależny od 

dawki i osiągał maksimum przy stężeniu 3% (maksymalne testowane w ramach badania).42 

Pojedyncze wstrzyknięcie 0,03% NAC zmniejszyło obszar i szerokość blizny w modelu gojenia 

się rany nacięciowej szczura.44  

W drugim badaniu w ramach niniejszej rozprawy wykazałem, że hydrożel wzbogacany 

5% NAC przyspiesza gojenie rany wycięciowej na wczesnym etapie u myszy z upośledzonym 

przekaźnictwem leptynowym. Poprawa ta była powiązana ze zwiększonym obszarem 

intensywnej proliferacji w obrębie skóry właściwej, bezpośrednio przylegającej do rany.15 

Praca ta stanowi pierwszą na świecie, w której badano wpływ N-acetylocysteiny na gojenie ran 

w zwierzęcym modelu imitującym cukrzycę typu II.   



 
 

5. Założenie i cel pracy 
5.1. Założenie i hipoteza badawcza 
Założeniem niniejszej rozprawy było to, że w świetle obecnie dostępnej literatury N-

acetylocysteina ma obiecujący potencjał w zakresie wspomagania gojenia ran. Dotychczasowe 

prace były poświęcone badaniu ran u zdrowych zwierząt lub ran, które były tworzone u 

zwierząt z indukowaną substancjami imitacją cukrzycy typu I. Dane wskazywały na korzystny 

wpływ N-acetylocysteiny we wszystkich tych przypadkach. Założeniem pracy było zatem, że 

N-acetylocysteina powinna również mieć korzystny wpływ na gojenie ran w bardziej 

skomplikowanym modelu ran, mianowicie u myszy z deficytem leptynowym, imitującym 

fenotyp cukrzycy typu II. Hipotezą badawczą było to, że hydrożele z N-acetylocysteiną 

przyspieszą czas gojenia ran wycięciowych w mysim modelu db/db.  

5.2. Cele pracy 
Pierwszorzędowym celem badawczym było określenie szybkości gojenia ran opatrzonych 

hydrożelami z różnym stężeniem N-acetylocysteiny (5%, 10%, 20%) lub placebo. Ten punkt 

końcowy był mierzony poprzez szacowanie obszaru rany co 3 dni od momentu wytworzenia 

ran na podstawie dokumentacji fotograficznej.  

Drugorzędowymi celami badawczymi było: 

• Określenie parametrów morfometrycznych preparatów histologicznych ran, 

barwionych hematoksyliną i eozyną. Miało to pozwolić określić zmiany zachodzące 

w obrębie rany na poziomie mikroskopowym. 

• Określenie gęstości oraz dystrybucji włókien kolagenowych w obrębie ran. 

• Określenie odsetka makrofagów o fenotypie M1, czyli prozapalnych oraz M2, które 

biorą udział w przebudowie macierzy pozakomórkowej na etapie remodelingu rany. 

Cel ten został obrany ze względu na opóźnione przejście fenotypu z M1 do M2 w 

przypadku ran cukrzycowych. Zastosowanie substancji łagodzącej proces zapalny 

teoretycznie mogło wspomóc ten proces.  

6. Kopie opublikowanych prac 
Na kolejnej stronie w pierwszej kolejności przedstawiony jest opublikowany przegląd 

systematyczny, a po nim praca oryginalna. 
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Abstract: Type II diabetes mellitus (T2DM) is one of the most prevalent diseases in the world,
associated with diabetic foot ulcers and impaired wound healing. There is an ongoing need for
interventions effective in treating these two problems. Pre-clinical studies in this field rely on
adequate animal models. However, producing such a model is near-impossible given the complex
and multifactorial pathogenesis of T2DM. A leptin-deficient murine model was developed in 1959
and relies on either dysfunctional leptin (ob/ob) or a leptin receptor (db/db). Though monogenic,
this model has been used in hundreds of studies, including diabetic wound healing research. In
this study, we systematically summarize data from over one hundred studies, which described the
mechanisms underlying wound healing impairment in this model. We briefly review the wound
healing dynamics, growth factors’ dysregulation, angiogenesis, inflammation, the function of leptin
and insulin, the role of advanced glycation end-products, extracellular matrix abnormalities, stem
cells’ dysregulation, and the role of non-coding RNAs. Some studies investigated novel chronic
diabetes wound models, based on a leptin-deficient murine model, which was also described. We
also discussed the interventions studied in vivo, which passed into human clinical trials. It is our
hope that this review will help plan future research.

Keywords: diabetes; wound; leptin; wound healing; db/db; ob/ob; mice; wound healing in metabolic
disease; wound healing in chronic disease; molecular mechanisms in wound healing

1. Introduction

Within the past three decades, the number of people with diabetes mellitus has
multiplied exponentially, making it the ninth major cause of death. Type II Diabetes
Mellitus (T2DM) leads to impaired wound healing and hence, diabetic foot ulcers are a
leading cause of non-traumatic lower-limb amputations worldwide [1–3]. The lifetime
risk of developing a diabetic foot ulcer is between 19% and 34% [4]. A variety of therapies
have been suggested for the treatment of diabetic ulcers; however, there is still an on-going
search for productive treatment. This may be due to the lack of knowledge regarding the
complex mechanisms involved in the development of unhealed wounds in diabetes.

Considerable resources have been devoted to developing animal models in order
to research wound healing in T2DM. Among the frequently used animal models are the
diabetic rodent models: db/db and ob/ob mice. Ob/ob mice lack functional leptin due to
a single autosomal recessive mutation on the obese gene (chromosome 6) whereas db/db
mice lack functional leptin receptors due to a single autosomal mutation on the leptin
receptor gene (chromosome 4). These rodent models classify diabetes as a monogenic
disease in comparison to the etiology of the human T2DM, which is polygenic as well as
multifactorial in nature. Thus, even though such models are useful for research purposes,
the information obtained from studies utilizing them is of limited use [5].
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The animal models available for diabetes research are most often more like maturity-
onset diabetes in humans. The same initial sequence of events occurs in both strains,
which includes hyperphagia that is followed by a further compensatory increase in insulin
secretion, and by an expansion of the Beta-cell mass. The two strains chosen for this review
differ in a subsequent manifestation of the db/db mutation. The C57BL/KsJ strain presents
only primary and transient hyperinsulinemia, which completely reverses and leads to
insulinopenia and hyperglycemia over time. This is caused by an expansion failure of
Beta cells and results in islet atrophy. C57BL/6J strain, on the other hand, manifests the
mutation with islet hyperplasia that causes permanent hyperinsulinemia. These metabolic
irregularities in both strains lead to obesity, specifically in the C57BL/KsJ case. Because of
a raised insulin level, we can observe increased activity of gluconeogenic enzymes. Both
mutants are infertile and have defects in thermoregulation. One of the main differences
between C57BL/KsJ and C57BL/6J strains is the intensity of developed diabetes, a mild
one in the 6J case and severe in KsJ [6,7].

In this review, we analyze the molecular mechanics of wound healing within these
leptin-deficient mice models. Though the models have been in use for decades, new data
accumulated gradually over time and have not been systematically described or analyzed.
This article is the first to provide a comprehensive overview of wound healing biology in
ob/ob and db/db mice. It also discusses different variants of wound creation (including
models of chronic infected wounds) and some interventions that have been studied using
this model, which passed into clinical trials. Lastly, we underline some of the key limitations
and points to be considered when interpreting studies utilizing these models or planning a
new experiment.

2. Methods

This study was conducted in accordance with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines [8], using a previously designed
protocol (Supplementary File S1). We searched for in vivo studies investigating leptin-
deficient mice (db/db or ob/ob) with wounds or ulcers. These included studies assessing
wound healing after an intervention or aimed to analyze the molecular mechanisms within
the leptin-deficient mice model. All articles written in English were included, excluding re-
views, letters, and editorials. Conference papers or papers without full text were excluded.

We searched using electronic databases: MEDLINE, EMBASE, Web of Science, and
Scopus. To identify all relevant articles, we used prespecified search engines for each
database (Supplementary File S1). On 5 May 2021, two independent reviewers (AS, IK)
conducted a systematic search of the literature.

2.1. Study Selection
Each relevant publication was categorized using the PICO model. Articles were in-

cluded based on predefined selection criteria, or the appropriate PICO: leptin-deficient mic
and db/db or ob/ob with wounds or ulcers, with any possible interventions or comparisons,
assessing wound healing. Wound healing was assessed macroscopically and histologically,
or molecular analyses were conducted. Exclusion criteria were human studies, review
letters and editorials, inadequate PICO, and a substantial lack of methodology.

Study eligibility was assessed by screening titles and if necessary, abstracts. Later, full
texts were assessed for inclusion and exclusion criteria. All disagreements were resolved
by a consensus between the two reviewers.

2.2. Data Extraction and Analyses
Studies were divided into two categories, intervention studies and model studies,

i.e., studies aiming to identify the molecular mechanisms within the leptin-deficient mice
model. The following information was extracted from each intervention study by IK and
PK: animal strain, wounding model (excisional, incisional, ischemic), type of intervention,
and the type of wound healing outcomes (macroscopic, histological, or molecular analyses).
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The following information was extracted from each model study by AS: animal strain,
age, and sex, as well as main outcomes. AS assessed the data extraction procedure and
implemented necessary corrections.

We did not perform quantitative statistical analysis of the selected studies because of
methodological heterogeneity. A systematic review of the methodology and outcomes was
undertaken instead.

The primary search yielded 1433 scientific papers (Figure 1). Eventually, 105 model
studies were included in this review. The most used interventions from 361 in vivo studies
were summarized at the end of the literature review.
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3. Results and Discussion

3.1. Literature Review
3.1.1. Phenotype and Wound Healing Dynamics

Both leptin-deficient mice strains are characterized by a specific phenotype and wound
healing dynamic. Animals have larger subdermal fat thicknesses and smaller dermal
thicknesses. Reepithelialization plays a bigger role than contraction in wound healing [9].
Aged db/db have lower wound breaking strength and stiffness than younger db/db and
healthy controls (young or aged). Hyperglycemia does not correlate with impaired wound
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healing [10]. Topically applied substances do not spread to adjacent wounds in db/db mice
when four 6 mm wounds are created on their backs [11]. Db/db strains do not differ in their
susceptibility to I/R (ischemia/reperfusion) injury from the controls [12]. Neither fasting
plasma glucose nor its change during the experimental process is a significant predictor
of wound closure. However, an increase in body weight significantly and independently
predicts wound closure [13].

Wounds become 10% larger after excision in db/db, and 16% smaller in healthy
counterparts due to contraction. One study showed that semi-occlusive dressing prolongs
wound closure (27.75 days vs. 13 days in db/db). No such differences were noted for
healthy counterparts. Interestingly, no statistically significant difference in wound closure
rates existed between uncovered wounds in db/db and healthy counterparts in this study.
There were, however, significant differences between gross epithelization and histological
assessment of epithelization [11]. Contrary to the previous study, Michaels et al. showed
that db/db wound healing is significantly delayed compared with the Akita strain, mice
with streptozotocin (STZ)-induced diabetes, and healthy controls. Mean wound areas
were larger after day 8 at all time points. Db/db also exhibited less intense granulation
tissue formation than other models. There was no difference in the epithelial gap or
epithelialization rate between the 3 models. Less cluster of differentiation 31+ (CD31)
cells were detected on day 14 compared with the Akita and STZ-induced diabetes model.
Similarly, the Ki67 index was lower in db/db than in all other models [14]. Another
study by Tkalcević et al. showed slower contraction, re-epithelialization rates and wound
closure, as well as less intense granulation tissue formation in db/db compared with
control [15]. Another study showed significantly delayed wound closure in db/db mice,
caused mainly by impaired wound contraction, not by slow reepithelialization. This
finding was associated with low transforming growth factor � receptor type I (TGF-�
RI) expression and attenuated small mothers against decapentaplegic 3 (SMAD3) nuclear
translocation in the granulation tissue leading to impaired fibroblast-to-myofibroblast
differentiation [16]. A transient increase in the wound volume appears in healthy mice
due to early inflammation, which resolves during the first 7 days after wounding. In
contrast, there is no such a transient increase in db/db mice due to prolonged inflammation
and there is a significantly larger wound volume on days 10 and 14 post-op compared
with healthy counterparts. Non-diabetic adult mice demonstrate full wound closure after
14 days, whereas in db/db animals, the wound bed shows persistent hypercellularity,
indicative of prolonged inflammation, as shown by ultrasound examination [17]. Trousdale
et al. found that by post-operative day 21, both wild-type and db +/� mice demonstrate
complete wound closure. In db/db mice, open wounds were still present at post-operative
day 21 with a range of percent wound closure from 24 to 81% with a mean of 55%. As in
previous studies, no significant correlation between wound closure rate and severity of
diabetes existed [18].

3.1.2. Growth Factors
During wound healing, a scab is formed. The scab serves as a source of bioactive

mediators, such as growth factors [19]. Endogenous growth factors are essential for normal
wound repair and compared to their healthy counterparts, db/db mice exhibit dysfunc-
tional changes in growth factors’ production (reduction and downregulation of their re-
ceptors), release, and distribution during wound healing. It prevents this process from its
physiological course.

The fibroblast growth factor (FGF) family consists of at least nine different mitogens.
A study investigating fibroblast growth factors found that the expression of keratinocyte
growth factor (KGF) is reduced and delayed in its release in db/db mice when wounded.
Basic FGF (bFGF) is released earlier, but with similar intensity in db/db mice compared
to their normal counterparts. Interestingly, levels of bFGF are upregulated in the non-
wounded skin. The receptors also tend to be dysfunctional in wound healing. The FGF
receptor (FGFR), particularly its 2nd isoform that binds KGF and acidic FGF (aFGF), is
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downregulated [20]. Both platelet-derived growth factor (PDGF) and its receptor are down-
regulated in db/db mice. PDGF receptor A (PDFGRA) is downregulated in db/db mice
in both non-wounded and wounded back skin. Furthermore, expression of the PDGFRB
is also reduced during the repair process [21]. Insulin-like growth factor (IGF) I affects
tissue repair whereas IGF-II influences fetal development. IGF-I is downregulated, and
its production is delayed upon wounding. IGF-II peaks higher in healthy animals than in
db/db mice during wound healing [22]. Hypoxia-inducible factor 1 alpha (HIF-↵) plays
a significant role in wound healing and hyperglycemia in db/db mice and impairs the
stability of HIF-1↵ and vascular endothelial growth factor (VEGF). The latter enhances the
permeability of local blood vessels. When destabilized, VEGF, a classical target gene for HIF,
is no longer modulated by hyperglycemia as the expression of Von Hippel-Lindau (VHL)
protein is downregulated. Similarly, another study found that there are decreased levels
of VEGF mRNA in db/db mice during the period of granulation tissue formation [23,24].
Destabilization of HIF-1↵ may also lead to downregulation of its target genes. When
hydroxylase inhibitors such as dimethyloxalylglycine (DMOG) and the iron chelator defer-
oxamine (DFX) were used, they stabilized the HIF-1↵ pathway, prompting the production
of granulation tissue, total vessels number, and increasing cytokine receptors’ expression in
endothelial precursor cells: CXC receptor 4 (CXCR4), C-Kit, Tie-2 [23]. Pigment epithelium-
derived factor (PEDF) levels are elevated in type II diabetic patients with diabetic foot ulcer
(DFU) as well as db/db mice. It has been proposed that overexpression of PEDF suppresses
the Wnt signaling pathway in the wounded skin. When PEDF was neutralized, wound
healing was accelerated, angiogenesis increased, and functions and numbers of endothelial
progenitor cells (EPCs) improved [25].

3.1.3. Angiogenesis
A central component of normal wound healing is angiogenesis. This process is signif-

icantly impaired in db/db mice by numerous pathological states, such as dysfunctional
receptors, reduction in the number of essential ligands or cells, and epithelial to mesenchy-
mal transition (EMT) failure (reducing the angiogenic capability).

Angiopoietins (Ang 1 through 4) target the vascular endothelium via their receptors,
Tie-1 and Tie-2. Levels of Ang 1 through 4 as well as their receptors Tie-1 and Tie-2 are
dysfunctional during angiogenesis in db/db mice. Both normal and db/db mice tend to
have a constitutive expression of Ang-1 and upon injury, levels of Ang-2 increase. After
7 days, levels of Ang-2 begin to decrease in normal mice, however, keep on increasing in
db/db mice. This overexpression of Ang-2 and the decreased levels of VEGF result in fewer
endothelial cells. Similarly, Tie-1 expression is induced during wound healing and is exces-
sively prolonged in db/db mice whereas the expression of Tie-2 is completely absent [26].
Similar to blood vessels, lymphatic vessels are necessary during wound healing. The
reduction of macrophages in db/db mice may result in a significant reduction in lymphatic
structures in the granulation tissue. These macrophages also show impaired recruitment via
lower expressions of VEGFR3 mRNA and its ligands VEGF-C and -A. Macrophages usually
express markers for lymphatic endothelium, including Lymphatic Vessel Endothelial Recep-
tor 1 (LYVE-1), podoplanin, and Prox-1. The reduction of macrophages results in reduced
lymphatic markers and hence, fewer lymphatic vessels are produced. In the normal coun-
terpart of db/db mice, lymphatic vessels are produced de novo on day 5 after injury [27].
Wound margin keratinocytes tend to have an increase in Akt1 phosphorylation; however,
this phosphorylation is dysfunctional in ob/ob mice. Insulin-mediated VEGF synthesis
in keratinocytes is controlled by a Phosphoinositide 3-kinases (PI3K)/Akt/mammalian
target of rapamycin (mTOR)-dependent post-transcriptional regulatory mechanism. Hence,
decreased Akt1 phosphorylation will lead to poor phosphorylation of the eukaryotic initia-
tion factor 4E-binding protein 1 (4E-BP1) and reduced levels of VEGF protein in chronic
wounds of diabetic ob/ob mice. Thus, the post-transcriptional control of insulin-stimulated
VEGF expression via Akt1 suggests a role of insulin in the control of keratinocyte angio-
genic potential in wound healing [28]. The wound margin in db/db shows a prolonged
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upregulation of CXC ligans (CXCL2, CXCL5) and colony stimulating factor 3 (CSF3), TGF↵,
and matrix metalloproteinase 9 (MMP9), leading to a decreased expression of CD31 on
days 2 and 7 after wounding [29]. Peroxisome proliferator-activated receptor � (PPAR�)
agonists improve the functions of endothelial cells and have been used as insulin sensitizers
in diabetic patients. Db/db mice tend to have a reduced angiogenic potential as evidenced
by isolated endothelial cells (ECs) and bone marrow-derived proangiogenic cells (PACs).
This effect was partially rescued by incubation of cells with rosiglitazone (PPAR� activator).
However, this effect did not manifest in vivo. Hence, db/db PACs have a decreased level
of PPAR� and dysfunctional expression of PPAR� regulated genes compared with their
normal counterparts [30]. Langer et al. established a model which allows high resolution
in vivo imaging of functional angiogenesis in diabetic wounds compared with wild-type
(WT) mice or BALB/c mice. They showed that db/db mice have a lower functional capil-
lary density (FCD) and lower angiogenesis positive area (APA) compared with the BALB/c
and WT mice [31]. Another study used a microCT analysis to visualize the 3D architecture
of the capillary bed in db/db mice. They have a significantly decreased vessel surface
area, branch junction number, total vessel length, and total branch number. They also have
increased capillary permeability and decreased pericyte coverage of capillaries. Similarly,
db/db mice tend to have a dysfunctional expression of factors associated with vascular
regrowth, maturity, and stability. Specifically, the expression of VEGF-A, Sprouty2, PEDF,
low-density lipoprotein receptor-related protein 6 (LRP6), Thrombospondin 1, CXCL10,
CXCR3, PDGFR-�, heparin-binding EGF-like growth factor (HB-EGF), EGFR, TGF-�1,
Sema-phorin3a, Neuropilin 1, angiopoietin 2, neural/glial antigen 2 (NG2), and regulator
of G protein signaling 5 (RGS5) are down-regulated in diabetic wounds [32]. Hypoxia (1%
O2) does not increase VEGF and heme oxygenase 1 (HO1) mRNA in db/db mice, unlike
in control. HIF-1↵ is stable in mature db/db adipocytes in vitro, but not in vivo. This
suggests that abnormal adipocyte response to hypoxia may play a role in the pathogenesis
of T2DM [33].

One more molecule plays a role in diabetic angiogenesis. ZEB1 (Zinc finger E-box
binding homeobox 1) is responsible for epithelial to mesenchymal transition (EMT)—a
key process in wound healing—and its levels in the skin of db/db mice are particularly
high. Successful depletion of ZEB1 in db/db mice improves perfusion and increases
vasculature density, as well as promotes EMT. Both improved angiogenesis and EMT are
associated with better wound closure. In epithelial cells, ZEB1 induces EMT toward wound
reepithelialization. Hyperglycemia impairs this process. Excessive ZEB1, under diabetic
conditions, may also contribute to persistent inflammation [34].

3.1.4. Cytokines and Immunological Apparatus
Inflammation is the key component of wound healing, and its proper resolution is

necessary for regeneration. In leptin-deficient diabetes, the course of inflammation is
disturbed by an increased level of many inflammatory cytokines and elongation of their
function. Upon wounding, expression of interleukin 18 (IL-18) (mainly unprocessed form) is
prolonged and strongly elevated. This is associated with a longer infiltration of lymphocytes
Th CD4+ and macrophages [35]. Other molecules also show prolonged expression upon
wounding: IL-1�, tumor necrosis factor ↵ (TNF-↵), as well as Macrophage inflammatory
protein-2 (MIP-2), and Monocyte Chemoattractant Protein-1 (MCP-1). The last two are
strongly associated with a prolonged infiltration of polymorphonuclear leukocytes (PMNs)
gathering below the epithelium with macrophages encircling them. CXCR2 and C-C
chemokine receptor type 2 (CCR2) in turn show lower expression compared with healthy
counterparts [36]. PMNs-rich wounds of ob/ob mice also show strong oncostatin M
mRNA and protein upregulation, suggesting the role of this molecule in cellular infiltration.
Systemic leptin administration decreases oncostatin M level, as well as PMNs count [37].
Leptin-deficient mice show low expression of IL-1�, VEGF and TNF-↵ compared with
control, when stimulated with lipopolysaccharide + interferon �. (LPS + IFN-�). Nitric
oxide (NO2�) levels, on the contrary, are higher than in control. Such a stimulus does
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not alter the respiratory burst in macrophages; however, they appear more rounded and
clustered [38].

On day 5, inflammation decreases, and tissue healing begins. On day 8, new matrix
formation is evident. There are relatively small changes between db/db and control in
mRNA expression of IL-6, IL-1, MIP-2, and MCP-1. On day 8, extracellular matrix (ECM) is
five-fold more abundantly present in control than in db/db mice [39]. Wound margin tissue
shows strong and prolonged upregulation of CXCL2, CXCL5, CSF3, TGF↵, and MMP9 [29].

Db/db mice suffer from neutrophil persistence impairing healing—treatment with
Cellular Communication Network Factor 1 (CCN1) accelerates neutrophil clearance [40].
Transcription factors Forkhead Box M1 (FOXM1) and STAT3, which function to activate
and promote the survival of immune cells, are inhibited in DFUs. Similar inhibition of
FOXM1 is seen in db/db, resulting in delayed wound healing and decreased neutrophil
and macrophage recruitment in diabetic wounds in vivo [41]. �� T cells are normally
responsible for producing cytokines and growth factors in response to damage. They
become dysfunctional in ob/ob mice, as hyperglycemia disturbs their proliferation due to
altered STAT5 signaling, diminishing their numbers in the epidermis. Those residing in
the skin are unresponsive to epithelial cell damage due to chronic inflammatory mediators,
including TNF↵. Neutralizing this cytokine partially restores �� T cells’ function [42].
Taylor et al. also showed that �� T cells are unable to properly regulate keratinocytes’
homeostasis in obesity, which also impairs cell–cell adhesion [43].

Both leptin-deficient and healthy mice exhibit high expression of cyclooxygenase-
1 (COX-1) and nearly absent COX-2 in non-wounded skin. Upon wounding, COX-1
expression declines, whereas COX-2 expression increases. On day 13 post-wounding, COX-
1 expression is still reduced, and COX-2 is drastically over-expressed in db/db and ob/ob,
compared with control. Systemic leptin treatment in ob/ob mice normalizes glycemia,
body weight, and wound healing. It also restores COX-1 expression in wound margin
keratinocytes and decreases COX-2 expression in the wound bed to levels comparable
to healthy counterparts. Macrophages in the wound bed express inducible nitric oxide
synthase (iNOS) and COX-2 [44]. Proper keratinocyte regeneration is associated with an
increased production of prostaglandins E2 (PGE2) and D2 (PGD2), mediated by normalized
COX-1 expression [45].

Upon wounding, several dysregulations occur in ob/ob mice: there are high levels
of lysozyme m and lipocalin mRNA, strong long-lasting macrophage signals, and high
MIP-2 levels (preceding cellular infiltration)—especially on days 5 and 7. IL-1� induced
upon wounding persists over 7 days. COX-2 expression, as mentioned earlier, is markedly
prolonged until at least 11 days. Importantly, even though Akt does not activate properly,
nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha (IB↵)
degrades, thus further activating the nuclear factor kappa-light-chain-enhancer of activated
B cells) NFB pathway even in late wounds, prolonging inflammation [46].

Chronic inflammatory signals and endoplasmic reticulum-specific stress are associated
with unfolded protein response (UPR). Wounds of ob/ob mice showed sustained induction
of UPR associated with an increased expression of MIP-2. Moreover, prolongation of UPR
impairs the angiogenic capacity of wound macrophages [47].

3.1.5. Macrophages
In non-diabetic mice on day 5, post-injury macrophages exhibit a pro-inflammatory

phenotype, manifesting itself with high expression of IL-1�, MMP9, and iNOS. This pheno-
type normally subsides by day 10. In db/db, however, the pro-inflammatory phenotype
persists through day 10 and is associated with decreased expression of IGF-1, TGF-�1,
and VEGF [48]. Such macrophages (as in humans) exhibit high expression and secretion
of IL-1�. Blocking the IL-1�-mediated pathway increases the level of growth factors,
as well as improves healing [49]. Rodero et al. identified a noninflammatory subset of
macrophages (Ly6cloMHCIIhi), which increases gradually during normal wound healing,
but is missing in ob/ob mice. Moreover, they pointed to IL-17 as a key factor inhibiting nor-
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mal wound closure. Blocking IL-17 markedly improved wound healing in leptin-deficient
animals [50]. Ob/ob mice also show an increased and prolonged (up until 13 days) expres-
sion of protein Ym1—a marker of the IL-4-mediated alternatively activated macrophage
phenotype. Interestingly, it seems that wound macrophages take up this protein from
neutrophils, which carry it to the wound bed. This represents another mechanism of
macrophages’ phenotype polarisation in the healing environment, possibly contributing to
inhibiting regeneration [51]. Another study presented an epigenetic mechanism skewing
macrophage polarization towards the M1 phenotype and is associated with fewer wound
macrophages. Hematopoietic stem cells (HSCs) derived from db/db mice exhibit markedly
elevated oxidative stress levels decreasing microRNA let-7d-3p, which in turn leads to
hypermethylation of genes responsible for macrophages’ differentiation [52].

Early after injury, the diabetic wound exhibits a significant delay in macrophage infil-
tration resulting from reduced CCL2 expression. Treatment with CCL2 stimulates healing
in diabetic wounds by restoring the macrophage response. The early diabetic wound
exhibits a decrease in essential macrophage response, rather than hyperactive inflamma-
tion [53]. Peritoneal macrophages exhibit impaired macropinocytosis, mediated partially by
a hyperglycemia-induced decrease in AMP-activated protein kinase (AMPK) activity [54].
Macrophages isolated both from diabetic humans and db/db mice show sustained high
inflammasome activity due to a lack of endogenous inflammasome inhibitors, debilitating
the switch from pro-inflammatory macrophages to healing-associated phenotype [55].

3.1.6. Leptin
Upon wounding, a rapid spike in leptin mRNA level is observed in db/db mice.

However, leptin protein is decreased after injury, but its level comes back to normal in the
period between the 3rd and the 13th day. After the injury, the functional leptin receptor
subtype (obRb) declines, but comes back to normal on the 13th day. Leptin acts as a mitogen
for primary epidermal keratinocytes (Figure 2) [56].
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Leptin, not caloric deficit, improves wound healing [19]. It activates c-fos via the obRb
leptin receptor in healthy keratinocytes, further signaling via Janus kinase (JAK) family ki-
nases and Signal Transducer and Activator of Transcription (STAT). JAK-2 is the only kinase
associated with leptin signaling. Its phosphorylation, however, differs between species
and remains unclear. Protein Tyrosine Phosphatase 1B (PTP1B) is a negative regulator of
leptin signaling (it dephosphorylates JAK-2). Moreover, PTP1B dephosphorylates VEGFR2,
which suppresses proliferation, migration, and tube formation of vascular endothelial cells.
Inhibiting this phosphatase rescues wound healing in ob/ob mice [57]. As mentioned
earlier, systemic leptin treatment in ob/ob mice normalizes COX-1 and -2 expression, as
well as PGE2/PGD2 biosynthesis [45]. Upon wounding and systemic leptin administration,
there is a higher phosphorylation of STAT-3 (Y705) in wound tissue. This mechanism is
noted both in human and murine keratinocytes [58]. Expression of VEGF protein upon
injury is reduced (30 to 40%) in ob/ob mice compared with wild-type C57BL/6 animals.
Systemic and topical administration of leptin reconstitutes normal wound VEGF expres-
sions but fails to reverse the strongly reduced angiogenic response in ob/ob mice (wound
vessel density) [56]. Moreover, neither systemic nor topical leptin administration induces
any significant changes in hemoglobin level. It suggests that leptin accelerates wound
repair by a mechanism other than stimulation of angiogenesis [59]. Immunohistochemistry
confirms that the epithelium and blood vessels located in the granulation tissue express
the functional leptin receptor obRb isoform during skin repair [56]. Systemic treatment of
diabetic ob/ob mice with leptin blunts PMNs influx, but not macrophage influx into the
wound site. Closed wounds of leptin-administered mice are characterized by tremendous
numbers of macrophages within the granulation tissue. Differential effects of leptin on
PMN and macrophage axes of inflammation must be indirect, as topical administration of
leptin onto wounds of ob/ob mice does not reduce PMN influx into the wounded areas [19].
In the human study, from the DU group (diabetic ulcer), NDU group (not diabetic ulcer),
and NC group (normal control), 10 biopsies each were examined. The cuticle thickness
was significantly greater, and the epidermal layer was significantly lesser in the DU and
NDU groups. Leptin protein expression was significantly higher in the DU and NDU
than in the NC group (p < 0.001), whereas OB-RL (leptin receptor-long form) mRNA and
protein expressions were significantly lower in the DU group and significantly higher in
the NDU group. Diabetic foot ulcer duration was negatively correlated with OB-RL protein
expression [60].

Ob/ob mice exhibit a marked overexpression of arginase-1 post-wounding with sub-
sequent inactivity of iNOS, leading to impaired NO production. Systemic leptin treatment
readjusts enzymatic expression and improves healing conditions [61].

3.1.7. Insulin
In leptin-deficient mice, obesity impairs wound contraction and lowers collagen

accumulation in the wound bed, regardless of the insulin treatment or diet restriction [62].
There are, however, severe dyregulations in insulin physiology in these models. Upon
wounding, insulin receptor (InsR) and Glucose transporter type 4 (Glut-4) mRNA levels are
significantly reduced in ob/ob mice compared with control. Protein tyrosine phosphatase
1B (PTP-1B), Insulin receptor substrate 1 (IRS-1), and IRS-2 mRNA expression profiles are
not changed. However, InsR and PTP-1B protein levels decrease. Similarly, IRS-1 and
IRS-2 proteins are less detectable in skin and wounds of ob/ob mice. This suggests a
post-transcriptional blockade in the insulin signaling. Phosphorylated Glycogen synthase
kinase-3 alpha (GSK3-↵) and GSK3-� are almost completely absent in ob/ob (normally
gradually increasing). No phosphorylation of GS in ob/ob is noticed, as opposed to normal
mice. Glut-4 is downregulated in leptin-deficient animals. InsR is normally expressed
in wound margin and in granulation tissue in healthy animals on day 5 post-wounding.
On the contrary, a barely detectable signal is observed in ob/ob mice. Systemic leptin
treatment restores IRS-1 and IRS-2 expression, as well as GKS3-� and GS phosphorylation,
and reduces TNF-↵ mRNA and protein levels. Topical leptin does not improve healing,
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unlike systemic administration. Protein expression of the InsR, IRS-1, PTP-1B, Glut-4, and
phosphorylation of GSK3-↵ and GS increase after leptin treatment in non-wounded skin
also. This study suggests that impaired insulin signaling in obese animals is linked to
increased levels of TNF-↵, which in turn enhances inflammation and reduces peripheral
uptake of glucose. This process is similar to the one seen in humans as human adipocytes
constitutively express TNF-↵ [63]. Importantly, InsR downregulation plays a key role
in debilitating cellular response to insulin in leptin-deficient model. This impairment,
however, seems to result from a systemic, rather than local mechanism, as evidenced by no
improvement after topical leptin administration [64]. It has been suggested that knockout
of GM3S (ganglioside GM3 synthase), which is upregulated in ob/ob mice skin, may
result in improved proliferation, migration, and activation of insulin receptor and IGF-1
receptor [65].

3.1.8. Advanced Glycation End-Products (AGEs)
AGEs are heterogenous moieties endogenously produced from the glycation of pro-

teins, lipids, and nucleic acids. Db/db mice have an accumulation of AGEs within the
wound area. A high AGE concentration delays wound closure, cellularity, and inflam-
mation at the early stages of wound healing (Figure 3). On the 14th day after wound
injury, there is impaired reepithelialization, granulation, angiogenesis, and cell infiltration.
The inflammation is prolonged until the 21st day post-wound injury [66]. The receptors
for advanced glycation end-products (RAGE) are also dysfunctional in diabetic wound
specimens. F4/80-positive macrophages and Heat shock protein 47 (HSP47)—positive
fibroblasts are the major cell populations expressing RAGE during diabetic wound healing.
Furthermore, diabetic wounds tend to have an increased expression of RAGE in fibroblasts
and macrophages during the last stage of the repair. Thus, these results may indicate that
elevated RAGE levels in diabetic wounds are associated with prolonged inflammation and
deficient healing [67]. One study aimed to elucidate the skin barrier impairment in patients
with T2DM and found this linked to AGEs. Murine models of diabetes presented with
severe hyperglycemia, impaired skin barrier hemostasis, decreased epidermal prolifera-
tion and lipid synthesis, and decreased lamellar bodies (LB) and epidermal antimicrobial
peptides (AMPs). In these animals, there is an increase in receptors for advanced glyca-
tion end-product (RAGE) in the epidermis as well as an increased serum AGE levels [68].
Db/db mice tend to have an increased expression of both RAGE and AGEs. One study
attempted to support this hypothesis by blockade of RAGE using soluble RAGE (sRAGE).
Administration of sRAGE accelerated the development of inflammatory cell infiltration
and activation in wound foci. Cytokines such as TNF-↵, IL-6, and MMP-2, -3 and -9 were
suppressed. Thick, well-vascularized granulation tissue was enhanced as well as increased
levels of PDGF-B and VEGF. Thus, blockade of this receptor may be a possible strategy to
restore effective wound repair [69].

3.1.9. Fibroblasts and Extracellular Matrix (ECM)
Fibroblasts play a pivotal role in wound healing by secreting numerous growth factors,

including VEGF. Fibroblasts cultured from db/db mice have impaired migration compared
with wild-type mice. Hypoxia upregulates wild-type fibroblast migration—an effect not
seen in the db/db mice. Db/db-derived fibroblasts have a greater activity and concentration
of MMP-9, however, no differences in MMP-2. Fibroblasts cultured from db/db mice
produce 13% of normally produced VEGF—the expression not increased by hypoxia.
Despite these impairments, the proliferation and senescence of fibroblasts are normal
in db/db mice [70]. In this strain, a higher rate of fibroblast-specific apoptosis is seen
compared with wild-type mice. This is attributed to enhanced levels of activated caspase-3
and coincides with diminished expression of collagen I and III. Hence, db/db mice tend to
have a lower fibroblasts’ density and less ECM compared with wild type mice [39]. When
treated with a TNF-↵ inhibitor (etanercept), caspase-3 levels decrease, alleviating fibroblasts’
apoptosis and increasing ECM production [71]. The pro-apoptotic transcription factor
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FOXO1 is excessively activated in db/db mice. Blocking TNF normalizes FOXO1 action,
decreasing fibroblasts’ apoptosis, and alleviating inflammation (measured with PMNs
count). In vitro analyses show that TNF-↵ enhances the expression of genes related to
apoptosis including Akt and p53, as well as those involved in inflammation, cytokines, toll-
like receptors, and NF- B pathways [72]. Db/db mice show insufficient FGF-7 induction
compared with wild-type mice, leading to a reduced wound contraction rate [73]. Substance
P is an amino acid peptide, which stimulates the mobilization of bone marrow-derived
mesenchymal stem cells into the bloodstream. It improves wound healing in both db/db
and wild-type mice. In db/db mice, it decreases fibroblasts’ apoptosis and increases their
proliferation by increasing the expressions of VEGF and stromal cell-derived factor-1 (SDF-
1) [74]. Db/db-derived dermal fibroblasts have lower expression levels of IGF-1, SDF-1,
connective tissue growth factor, and TGF-�. Yes-associated protein (YAP) is a mediator of
mechanotransduction in dermal fibroblasts and compared to wild-type fibroblasts, db/db-
derived fibroblasts have a lower expression of this protein [75].
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3.1.10. Apoptosis and Autophagy
Db/db mice have higher levels of apoptotic fibroblasts after a bacterial-induced wound.

This is primarily due to enhanced expression of pro-apoptotic factors, such as caspase 9
(CASP9), FAS, Fas Associated Via Death Domain (FADD), and TNF-↵. Compared with the
wild type mice, db/db mice have a two-fold increase in CASP3 activity. CASP 3, 8, and 9
activity remains high in db/db mice even eight days after wound induction. When treated
with a pan caspase inhibitor, a number of fibroblasts, expression of collagen I and III, and
ECM increase [76].

Another study showed that on day 4 post-wounding, TNF↵ mRNA and protein levels
are increased in db/db wounds. Higher caspase-3/7 activity is also detected, followed by
more pronounced fibroblast apoptosis. Antagonizing TNF↵ enhances healing in db/db
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from day 5 to 9, decreasing fibroblast apoptosis. TNF-↵ significantly increases mRNA
levels of genes involved in apoptosis by increasing apoptosis, Akt, and p53 gene sets but
not mitochondrial or cell-cycle gene sets [72].

Autophagy is associated with increased light chain 3 (LC3) protein levels. Enhanced
autophagy (increased LC3 levels) within db/db mice impairs the cutaneous healing process.
If autophagy is inhibited by 3-Methyladenine (3-MA), proper healing is restored. The major
cell type undergoing autophagy in wound healing are macrophages and it is the increased
autophagy in db/db mice that induces the mobilization of macrophages. Hence, due to
enhanced autophagy, db/db mice have increased expression of M1 macrophages with
elevated CD11c population and gene expressions of proinflammatory cytokines. Inter-
feron regulatory factor 8 (IRF8) is a mediator of autophagy and macrophage polarization
and administration of certain AGEs results in a two-fold increase of IRF8. Subsequently,
autophagic activity, and M1 macrophage polarization increase. Hence, modulating IRF8
activity could be a potential intervention for db/db mice [77].

Normally, apoptosis is limited to the wound edge and follows the advancing epithelial
edge towards the center of the wound as healing progresses. Db/db mice have significant
delays in the appearance of apoptotic patterns. This dysfunction is reversed after the topical
application of growth factors such as IGF-II and PDGF [78].

3.1.11. Stem Cells (Bone Marrow)
Stem cells also play a role in the impaired wound healing that occurs in diabetic

mice (Figure 4). The following section includes a discussion of mesenchymal stem cells
(MSCs), bone marrow progenitor cells (BM PCs), particularly the CXCR4-CXCL12 axis and
Nicotinamide phosphoribosyltransferase—Nicotinamide adenine dinucleotide (NAMPT-
NAD) pool, as well as the increased myelopoiesis in db/db mice.

Diabetic animals possess fewer MSCs than their healthy counterparts. In addition to
the limited number of MSCs, their proliferation and survival are impaired. Furthermore,
after wounding, significantly fewer endogenous MSCs are mobilized to the injury site.
Direct application of MSCs does not accelerate wound closure in diabetic and healthy
animals. However, there is a higher therapeutic outcome in healthy animals compared
with diabetic animals [79].

When diabetic mice are wounded, endogenous BM-PCs are naturally mobilized.
Wound re-epithelialization is the main mechanism contributing to wound closure when
high levels of BM-PCs occur. The CXCR4-CXCL12 axis enhances the mobilization of diabetic
BM-PCs. Treating mice with a CXCR4 antagonist increases the numbers of HSCs and EPCs
in the wound bed compared with non-treated mice, as well as improves vascularization.
As the CXCR4 antagonist increases, the release of these BM PCs wounds obtained from the
treated animals show higher levels of phosphorylated MAPK (pMAPK), i.e., a marker of
effective cell migration and activation. Further solidifying the role of the CXCR4-CXCL12
axis, when mice are treated with a c-Kit antibody (ACK2), which abrogates BM PCs
mobilization, the number of HSCs and EPCs in the wound bed decreases [80].

The CXCR4 ligand—CXCL12, also known as SDF-1↵, plays a role in wound clo-
sure. Unexpectedly, wild-type mice have fewer progenitor cells (PCs) than diabetic mice.
However, after cutaneous wounding, the wild-type bone marrow PC number increases
markedly. This does not happen in diabetic mice as the SDF-1↵ switch is dysfunctional.
In wild-type mice, bone marrow SDF-1↵ increases over time as opposed to diabetic mice,
where it remains constant. Thus, the mobilization of vasculogenic PCs into the circulation
is impaired. Upon treating diabetic mice with plerixafor, which restores the SDF-1↵ switch,
diabetic PC mobilization and wound closure improve [81].

Seven days post treatment with an SDF-1↵ inhibitor, the volume of granulation tissue
decreases, similar to the number of CD31+ cells and vessel density, and the number of
CD45+ cells (leukocytes) increases. There is a high expression of IL-6 in the db/db treated
with the SDF-1↵ inhibitor on day 3 but not on day 7. However, there are higher levels of
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MIP-2 on day 7. Inhibition of SDF-1↵ also leads to a dose-dependent reduced migration of
splenic leukocytes [82].
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NAMPT is the rate-limiting enzyme for the synthesis of NAD. NAMPT regulates
neovascularization after hind-limb ischemia by controlling the function of EPCs. It also
modulates the Notch 1 intracellular domain deacetylation in a sirtuin 1 (SIRT1)-dependent
manner. The concentration of NAD and the expression of NAMPT are significantly de-
creased in EPCs in db/db mice. When the NAD pool is enhanced, the number of circulating
EPCs increases, and post-ischemic wound healing and blood reperfusion improve. Nor-
mally, SDF-1↵ is downregulated and endothelial NOS (eNOS) is upregulated in the bone
marrow of wild-type mice. In db/db mice, this pathway works conversely. Treatment
with nicotinamide and enhancing the NAD pool restores the proper pathway needed for
wound healing. Additionally, enhancing the NAD pool inhibits the Poly (ADP-ribose) poly-
merase (PARP) and caspase-3 activates in db/db mice bone marrow. Thus, the intracellular
NAMPT-NAD pool is positively associated with blood EPCs [83].

Diabetic mice have enhanced myeloid cell production after skin wounding. This is
due to alterations in bone marrow progenitors present in db/db mice compared with
their non-diabetic counterparts. Db/db mice have greater numbers of Lin�Sca-1+cKit+
(LSK+) cells and an increased density of MyP cells in their bone marrow compared with
wild-type mice. Among the MyP subsets, only the granulocyte macrophage progenitors
are significantly increased in db/db mice. Hence, the increased frequency of LSK and MyP
shows that db/db mice have an increased myeloid lineage commitment at the progenitor
level. The levels of mRNA for critical transcription factors and growth factor receptors
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associated with myeloid differentiation are upregulated in the LSK cells derived from
db/db compared with WT mice. Furthermore, the expression of CSF1 receptor (CSF1R)
and CSF2R alpha subunit (CSF2R↵) in the DB LSK cells is increased. Db/db mice have
a significantly higher presentation of both neutrophils and Ly6Chi macrophages in the
circulation and spleen, however not in the bone marrow. Thus, these findings suggest
that stem cells in db/db mice may be intrinsically modified to produce myeloid lineage
commitment by upregulation of critical transcription factors and receptors associated with
myeloid differentiation [84].

Another study supports the claim that diabetic mice have enhanced myeloid cell
production particularly due to HSCs proliferation. Cxc112 is a retention factor that pro-
motes HSC quiescence. Endothelial cells in diabetic mice express fewer Cxc112, leading
to excessive HSC proliferation. Mice with a specific endothelial-specific deletion of EGFR
(Cdh5Cre Egfrfl/fl) were generated. These mice with the deletion had enhanced HSC
proliferation and increased myeloid cell production. Reduced EGFR signaling decreases
the expression of HSC retention factor angiopoietin-1. Inflammatory myeloid cells accu-
mulate in skin wounds of diabetic Cdh5Cre Egfrfl/fl mice, significantly delaying wound
closure. Cdh5Cre Egfrfl/fl mice also have increased atherosclerotic lesions in the aorta.
Mice with hypercholesterolemia tend to have increased LSK proliferation, indicating that
hypercholesterolemia may be the main driver of increased hematopoiesis in db/db mice.
On the other hand, hyperglycemia may be a main driver of myelopoiesis in the STZ- and
high-fat diet model [85].

Methylglyoxal (MGO) is a highly reactive dicarbonyl species that is formed during
the metabolism of glucose and fructose. It converts proteins, lipids, and DNA to AGEs,
which leads to cell dysfunction and organ damage. Thus, diabetic mice tend to have
higher levels of methylglyoxal (MGO) due to hyperglycemia. Glyoxalase 1 (GLO1) is an
MGO scavenger which reverses BMPCs dysfunction. It increases the expression of inositol-
requiring enzyme 1a (IRE1a), an endoplasmic reticulum stress sensor. When diabetic
mice were manipulated to augment tissue GLO1 expression, angiogenesis was enhanced,
resulting in improved wound closure. Hence, GLO1 rescues BMC dysfunction and reverses
MGO-induced impairment of IRE1a expression and activity [86].

3.1.12. Non-Coding RNAs
MicroRNAs are small, noncoding RNAs that bind to the 30-untranslated region and

interfere with mRNA translation. Several reports have identified the role of microRNAs in
the angiogenic response of wounds in db/db mice.

There is a decreased expression of miR-27b in bone marrow-derived angiogenic cells
(BMAC) of db/db mice, leading to dysfunctional angiogenesis. Normally, miR-27b is
required to enhance BMAC function. Firstly, miR-27b suppresses antiangiogenic molecules
such as Thrombospondin-1 (TSP-1) and Semaphorin 6A (Sema 6A). TSP-1 is an extracellu-
lar glycoprotein required to modulate cell-to-cell interactions. Hyperglycemia decreases
the expression of miR-27b leading to increased expression of TSP-1. Secondly, miR-27b
suppresses p66shc, which is a pro-oxidant protein and hence, contributes to the protection
of bone marrow aspirate concentrate (BMAC) function by preventing mitochondrial oxida-
tive stress. When miR-27b is given to db/db mice, BMAC function improves, including
proliferation, adhesion, tube formation, and delayed apoptosis, and hence, partly improved
wound healing [87]. Another study revealed that miR-26a is induced in db/db mice due to
the increased concentration of glucose in endothelial cells. MiR-26a in the wounds of db/db
mice is elevated compared with WT mice. Inhibiting miR-26a increases angiogenesis, and
granulation tissue thickness and accelerates wound thickness. MiR-26a enhances bone
morphogenetic protein (BMP)/SMAD1 signaling by decreasing the expression of SMAD1
and its downstream regulator inhibitor of DNA binding 1 (ID1), and further on, increases
the expression of cell cycle inhibitor p27. The use of the miR-26a inhibitor reverses this
effect [88]. Db/db mice also have reduced levels of miR-132, which plays an important role
in inhibiting inflammation and promoting the growth of epidermal keratinocytes. TGF-�
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plays a major role in wound healing and regulates the expression of miR-132; when dysfunc-
tional, it reduces miR-132 levels. miR-132 also suppresses the NF-B signaling pathway and
affects other inflammation-related signaling pathways, including the NOD-like receptor,
Toll-like receptor, and TNF signaling pathways [89]. Db/db mice also have an increased
expression of miR-615-5p within their wounds. It inhibits the VEGF-Akt/eNOS signaling
pathway in endothelial cells. Specifically, miR-615-5p targets IGF2 and the Ras-association
domain family 2 (RASSF2) which decrease the VEGF-AKT/eNOS signaling, impairing
angiogenesis. Furthermore, miR-615–5p inhibits the release of nitric oxide, which drives
endothelial cell angiogenic responses. Endothelial cell proliferation and migration are
reduced in db/db mice. Neutralization of the microRNA by local delivery of its inhibitors
increases angiogenesis and granulation tissue thickness enhancing wound closure [90].

3.1.13. Bacterial Burden and Biofilm
On average, 40 times more bacteria colonize db/db mice skin than healthy counter-

parts, which is also associated with a greater variety of species. The genera Staphylococcus
and Aerococcus are present more abundantly, whereas Streptococcus, Lachnospiraceae,
Incertae, and Sedis are scarce in db/db skin as compared with db/+ skin. Upon wounding,
the bacterial load increases, and the species’ colonizing skin changes. Gene transcripts were
compared between db/db and control with a punch biopsy at baseline and subsequent
days, showing little differences at day 0. Later, however, the gene expression seems to be
delayed in db/db mice compared with the control group. This finding is correlated with
the selective Staphylococcal shift [91]. Biofilm within the wound promotes chronicity as
bacteria express genes associated with cellular growth, thus exhausting oxygen resources
in the wound bed. Additionally, they promote immune cells’ migration to the wound site.
These in turn use oxygen for defense-related processes (such as oxidative burst performed
by PMNs). Overall, these effects lead to diminishing oxygen tensions and a prolonged
healing duration [92]. Importantly, a state of lasting hypoxia is present in db/db mice
even without any bacterial burden. Though it is difficult to assess it in an excisional
wound (as measurements are highly influenced by atmospheric oxygen), a more accurate
measurement is possible in pedicled flaps [93].

Db/db mice have an impaired ability to clear the wound of bacteria at days 5 and 10.
Additionally, 12 h after inoculation, the db/db inflammatory response is greater than in
healthy animals, and they also exhibit a higher myeloperoxidase (MPO) activity, which
normalizes by 24 h. The early inflammatory response in db/db is non-effective as the bacte-
ricidal activity of neutrophils is reduced, an effect not mediated directly by hyperglycemia.
PMNs present reduced respiratory bursts. Interestingly, bone-marrow derived neutrophils
showed no difference in bactericidal activity between the groups [94].

Some changes in the dermal connective tissue are noted between db/db and control
mice upon bacterial infiltration. On day 1, inflammation develops in both db/db and
control with comparable TNF-↵ levels between the groups. On day 3, inflammation is
prolonged in db/db with more PMNs, whereas it resolves in control. At the same time, the
expression of TNF-↵, MIP-1, and MCP-1 is prolonged in the former group [95].

3.1.14. Models of Chronic Diabetic Wounds
Some authors attempted to modify the original leptin-deficient murine model to reflect

more accurately clinical situations such as infected diabetic wounds (Table 1). Zhao et al.
challenged the wounds with P. aeruginosa biofilm two days post-wounding. This resulted
in prolonged epithelialization, more extensive inflammation, tissue necrosis, and epidermal
hyperplasia adjacent to wounds. The model proved reproducible and had low mortality
rates [96,97]. Their follow-up study showed deficient vascularization in the same model,
with HIF expression markedly elevated. Such wounds heal in approximately 6 weeks [98].
Later, Chen et al. showed that inoculating DB/db wounds with P. aeruginosa increased
the ratio of pro-inflammatory cytokines to anti-inflammatory cytokines, and increased
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numbers of both M1 and M2 macrophages with greater wound persistence in the former
group [99].

Table 1. Modifications of leptin-deficient mice models.

Animal Model Modification Ref.

db/db (BKS) 11 weeks old, females Pseudomonas aeruginosa
biofilm challenge [97,98]

db/db (C57BL/6)/db/db (BKS) 5–6
months old/db/db 11 weeks old, males

Increasing oxidative stress via
blocking catalase and glutathione

peroxidase
[100–102]

db/db (BKS) 12 weeks old, males Wound splinting to
prevent contraction [103]

Another group challenged db/db mice wounds with excess oxidative stress by block-
ing catalase and glutathione peroxidase. After such an intervention, the biofilm developed
within the wound spontaneously, rendering the wound chronic. Treatment with antioxi-
dants ↵-tocopherol and N-acetylcysteine reduced oxidative stress, and the biofilms had
increased sensitivity to antibiotics; furthermore, granulation tissue formation and mor-
phology were restored [100]. Another group used the same method to create a protocol
for chronic diabetic wounds. They showed that such an approach could prolong healing
to as long as 60 days. Here, however, they used db/db mice on BKS background and the
animals were 5–6 months old [101]. Panayi et al. argued that blocking antioxidant enzymes
results in high mortality, especially in older animals. They decided to use modified doses
of catalase and glutathione peroxidase inhibitors in 47 11-week-old db/db mice and noted
no deaths after this procedure. Wounds challenged in such a way showed an arrested
inflammatory state during healing [102].

As contraction plays an important role in wound regeneration in rodents, Park et al.
investigated the effect of splinting on the healing dynamics. They found that silicone splint
application reduced wound contraction in heterozygous and db/db mice, making the pro-
cess more similar to that in humans, in which wounds heal primarily by granulation [103].

3.1.15. Other Studies
The outcomes of several studies do not fit into any of the previous chapters, thus we

summarized them here.
NEP (neutral endopeptidase) degrades substance P—a neuropeptide stimulating

proliferation and migration of keratinocytes. The activity of NEP is usually increased in
patients with chronic wounds, as it is elevated is in unwounded skin of db/db mice [104].
HMG-CoA reductase (HMGR) is responsible for keratinocyte angiogenic and proliferative
responses, found mainly at the wound margin. Its mRNA expression peaks between
day 3 and 5, as well as on day 13. This biphasic expression is not present in ob/ob mice,
possibly contributing to wound healing impairment [105]. P38 is phosphorylated (peaks)
on days 1 through 7 after wounding in db/db mice, possibly accelerating inflammatory
processes. Blocking this protein results in accelerated wound healing (reduced wound
width, accelerated re-epithelialization, increased granulation, and reduced inflammatory
cell infiltration into the wound) [106].

One group investigated wound healing in db/db mice exposed to healthy peripheral
circulation. They performed parabiosis at week 4 and wounding at week 8. Wound healing
enhanced by parabiosis with WT animals showed an increased granulation tissue amount
and more collagen deposition. Platelet endothelial cell adhesion molecule-1 (PECAM-1)
and Ki-67 signals increased in chimeras, compared with db/db control. The blood exchange
rate in anastomoses also improved. Cell proliferation increased, though not reaching the
level of WT controls. Interestingly, WT fibrocytes may be recruited into the wound from
WT circulation and facilitate ECM deposition. Vessel formation, however, relies mainly on
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db/db cells. Approximately 20% of total cells in the wound area were derived from WT
animals in chimeras. Parabiosis did not influence glycemic control. Improvement in wound
healing was also observable when animals were separated 24 h after wound formation [107].
Skin flap tissue re-integration is also impaired under diabetic conditions in ob/ob mice.
Flap tissue loses early VEGF expression, as well as wound margin keratinocytes, associated
with reduced blood vessel formation. Importantly, HIF-1↵ is completely absent in diabetic
flap tissue. These findings suggest difficult conditions that may appear when performing
reconstructive surgeries under diabetic conditions [108]. Surprisingly, when creating a
myocutaneous flap in ob/ob or db/db mice, increased perfusion and revascularization
rates are observed, coupled with reduced flap necrosis on day 10, compared with healthy
littermates [109].

One group showed that topical application of 11�-hydroxysteroid dehydrogenase
(11�-HSD1) enhances wound healing in ob/ob mice, also proving that 11�-HSD1 neg-
atively regulates the proliferation of keratinocytes and fibroblasts [110]. A conflicting
study showed that 11�-HSD1 levels in intact db/db murine skin are in fact elevated and
argued that it may contribute to impaired wound healing in this model [111]. The issue
of corticosteroids’ synthesis in the skin under diabetic conditions seems to be unresolved.
Another study showed that systemic and topical administration of adiponectin improves
wound healing in db/db mice, augmenting proliferation and migration of keratinocytes
via AdipoR1/AdipoR2 and the Extracellular signal-regulated kinase (ERK) signaling path-
ways [112].

Sood et al. aimed to assess the metabolic profile of intact and wounded skin of
db/db mice 7 days after injury. They found 62 metabolites, which showed an altered
response to injury compared with healthy counterparts. It was the first study pointing to
glycine, kynurenate, and OH-phenylpyruvate being dysregulated in the wound healing
process [113]. Zhao et al. investigated the role of Epoxyeicosatrienoic acids (EETs)—
molecules, whose production is catalyzed by cytochrome P450. Ob/ob mice showed lower
mRNA and protein expression of cytochrome P450 2C65 and 2J6 (CYP2C65 and CYP2J6),
suggesting low EETs levels. Furthermore, 11,12-EET partially rescued wound healing
by modulating inflammation and angiogenesis, posing a potential therapeutic agents in
leptin-deficient model [114].

3.1.16. Interventions
Innumerable publications have attempted to find an intervention that would be viable

in wound healing in the leptin-deficient mice model. However, only a handful of these has
passed the preclinical phase and entered human clinical trials (Table 2).

PDGF had shown success in pre-clinical studies and its recombinant form, Becaplermin
(REGRANEX® Gel) [115], was approved for the topical treatment for lower extremity
diabetic neuropathic ulcers that extend beyond the subcutaneous tissue. Unfortunately,
in 2008, a black box warning was added to the gel as there had been an increased rate of
deaths from systemic malignancies seen in patients who received three or more tubes [116].
Beyond 2008, post-marketing studies have demonstrated no increased safety risk with the
use of the gel [117]. Other interventions, which successfully proceeded to clinical trials are
displayed in Table 2.
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Table 2. Interventions studied in leptin-deficient murine models, which progressed to clinical trials.

Intervention In Vivo Studies
Most Advanced

Clinical Trial
Reference

rPDGF-BB (Becaplermin) [118–124] Phase 3 [125]

Collagen application (scaffold) [126,127] Phase 4 [128]

Chitosan Gel Application [129–131] Phase 2 [132]

bFGF [119,133,134] Phase 3 [135]

VEGF, HIF1-↵ [136–139] Phase 2 [140]

Negative Pressure Wound Therapy [141] Phase 2 [142]

Cold Plasma Therapy [143,144] Phase 2 [145]

Topical Insulin [111,146] Phase 2 [147]

Low Magnitude High-Frequency
Vibration Platform [148] Phase 2 [149]

Nitric Oxide Releasing Patch [150–152] Phase 3 [153]
rPDGF-BB—recombinant human BB homodimeric platelet-derived growth factor; bFGF—basic fibroblast growth
factor, VEGF—vascular endothelial growth factor, HIF1-↵—hypoxia-inducible factor 1 alph.

3.2. Discussion
The study intended to comprehensively summarize both the mechanistic and func-

tional aspects of using T2DM murine models of leptin deficiency in wound healing research.
The wound healing process relies on numerous molecular and physiological pathways.
Thus, the coexistence of DM modulates the process. A vast majority of analyzed papers
focused on deepening the knowledge of shifts in molecular pathways as either a systemic
or local response to injury. The most prevalently described pathologies in wound healing
concerned: extension in complete wound healing time in both excisional and incisional set-
tings, impaired growth factor expression especially via distorted HIF1↵ pathway, severely
impaired angiogenesis at various stages, distorted macrophage role, prolonged proinflam-
matory cytokine excretion, and impaired apoptosis. Along with local discrepancies, also
systemic alterations are present, such as distorted stem cells function.

Conclusions drawn from the summary are limited by a few factors. The study aimed to
address only the leptin-deficient murine model of T2DM. Thus, it lacks findings concerning
diabetic wound healing on other rodent models such as Zucker diabetic Sprague Dawley
rats, Zuker fatty rat, SHR/N-cp Rat, or JCR/LA-cp Rat [5,154]. In addition, the review
did not cover dietary or pharmacologically induced T2DM models—such C57BL/6J mice
fed with a high-fat diet [155] or low-dose streptazocin-treated animals [156]. However,
small size, cost efficiency, obesity and hyperglycemia, easy availability of those mice,
widespread use in wound healing research, and delayed healing are still advantages
of the leptin-deficient murine model. The above-mentioned are counterbalanced with
unfavourable traits such as loose and hairy skin, wound healing with contraction (overcome
by wound splinting), difficulty in inducing partial thickness wounds, limited translational
efficiency, and an immune response distinct from that of humans [154]. Additionally, the
background strain of leptin-deficient mice influences the phenotype. C57BLKS background
leads to an uncontrolled rise in blood sugar, severe depletion of the insulin-producing
beta-cells of the pancreatic islets, and death by 10 months of age [157]. Mice with the
C57BL/6 background have compensatory hyperplasia of the islet B cells, and continued
hyperinsulinemia throughout an 18- to 20-month life span. Eventually, wound healing is
delayed and metabolic efficiency is increased [7]. Thus, researchers should be aware of
those details when designing a study or analyzing the literature.

Some important distinctions must be underlined between the human and murine
skin anatomy, physiology, and molecular signaling. Despite the same layers of cells in the
dermis and epidermis, human skin is relatively thick (over 100 µm) and adhered to the
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underlying tissues, whereas murine skin is thinner than 25 µm and loose. Human epider-
mis is composed of 5 to 10 cell layers, whereas murine skin contains only 2 or 3. Murine
dermis is thicker and 40% firmer in males compared to females, whereas the epidermis and
subcutaneous tissue are thicker in the latter. Further, panniculus carnosus found in murine
subcutaneous tissue is absent in humans, and thus influences skin biomechanics during
wound healing—up to 90% of excisional wounds in mice close by contraction. Histologi-
cally, epidermal ridges are present in human skin and absent in mice. However, collagen
types I and III, respectively, are similarly distributed in mice and human skin. There are
also several differences in skin immunology. The phenotypic markers of macrophages
differ between species. F4/80 adhesive glycoprotein, for instance, identifies both murine
macrophages and human eosinophils. Conversely, the macrophage mannose receptor
(CD206) found in murine M2 macrophages is expressed in human dermal fibroblasts and
keratinocytes. Langerhans and CD8-positive T cells populate the human epidermis. Murine
epidermis, in addition to these cell types, contains a specific population of �d dendritic
epidermal T cells (DETCs). They secrete FGF-9 in injured skin and promote the WNT path-
way, upregulating FGF-9 in dermal fibroblasts, finally leading to hair follicle regeneration.
Such a mechanism could explain hair follicles formation in mice scars but not in humans.
They play an exceptional role in murine wound healing, unlike in humans. Further, IL-8,
CXCL-7, CXCL-11, and monocyte chemoattractant were identified in humans but not in
mice wound healing. Human skin also specifically expresses CCL-13, CCL-14, CCL-15, and
CCL-18, whereas CCL-6, CCL-9, CXCL-15, CXCL-14, and CCL-12 are only expressed in
mice [158].

Noteworthy, the monogenic origin of db/db and ob/ob mice do not correspond with
the polygenic nature of T2DM in humans. Leptin deficiency is not the main causative
mechanism of T2DM. Thus, considering polygenic models such as NONcNZO10 seems
worthwhile. Compared with db/db and STZ-induced DM models, only NONcNZO10
preserved impaired wound healing phenotypes in different wound models compared with
the healthy origin strain. Db/db were inefficient in ischemia-reperfusion lesions [12].

The multifactorial nature of the wound healing process becomes even more complex
with coexisting diabetes. The aforementioned studies, despite their limitations, serve as
an important preclinical basis for translational applications. In total, 27 studies served
as in vivo preclinical studies, prior to further clinical trials (n = 10). The most promising
results concerned rPDGF-BB (Becaplermin), Collagen application (scaffold), Trafermin
(bFGF spray), and Nitric Oxide Releasing Patch which achieved phase III clinical trial.

The discrepancy between the number of in vivo intervention studies (n = 361) and
clinical trials confirms the inevitable need for use of the animal model in wound healing
studies—both basic and applicatory ones.

4. Conclusions

An impressive number of studies relies on db/db or ob/ob mice as T2DM models for
wound healing in both basic and applicatory research. Despite their limitations hindering
the transnationality of results into the human setting, they remain reliable and widely
studied animal models. Their strength is based on a diligently studied mechanisms of
wound healing on both local and systemic levels along with satisfactory reflection on
pathologies present in human diabetic wounds. Mechanistic studies revealed some degree
of resemblance and discrepancy between the animal models and human physiology. With
some precaution, especially concerning the monogenic nature of the model, they may be
further used in preclinical studies of wound healing for incisional and excisional lesions
with comorbid diabetes mellitus.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms23158621/s1.
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Abstract: Diabetes mellitus (DM) severely impairs skin wound healing capacity, yet few treatment 
options exist to enhance this process. N-acetylcysteine (NAC) is an antioxidant that improves cellu-
lar proliferation and enhances wound healing in healthy animals, yet its use in the context of type 
II DM has not been studied. The aim of our research was to investigate the effect of topically applied 
NAC-enriched hydrogels on wound healing in a leptin-deficient murine wound model. Four exci-
sional wounds were created on the backs of 20 db/db mice and were subsequently treated with 
hydrogels containing NAC at concentrations of 5%, 10% and 20% or placebo (control). Healing was 
monitored for 28 days; photographs of the wounds were taken on every third day. Wound tissues 
were harvested on days 3, 7, 14 and 28 to undergo histological examinations. Wounds treated with 
5% NAC showed improved wound closure speed accompanied by an increased dermal prolifera-
tion area on microscopic assessment compared with other groups. Higher concentrations of NAC 
failed to show a beneficial effect on wound healing. 5% NAC improved early stages of wound heal-
ing in a murine model of type II DM by increasing wound closure speed, likely mediated by im-
proved dermal proliferation.  

Keywords: wound healing; diabetes mellitus; acetylcysteine; biomedical hydrogels; hydrogel drug 
delivery systems; in vivo; db/db mice; leptin 
 

1. Introduction 
N-acetylcysteine (NAC) is an antioxidant and a cysteine prodrug that potently re-

plenishes intracellular glutathione levels [1]. It also regulates the expression of genes via 
inhibiting c-Jun N-terminal kinase, p38 MAP kinase or nuclear factor kappa B transcrip-
tion factor [2]. NAC may prevent apoptosis and promote cell survival and directly reduces 
the activity of several proteins [2]. Though nonspecific, this substance has been widely 
used: as a mucolytic agent, an antidote to paracetamol intoxication, for doxorubicin car-
diotoxicity, ischemia/reperfusion cardiac injury, acute respiratory distress syndrome and 
bronchitis [3]. Recently, it has been of interest to dermatologists and psychiatrists [4,5]. 
The dosages and administration routes vary greatly depending on the indication. High 
doses of up to 3000 mg/day orally or at a 20% concentration applied topically have been 
used in humans and were tolerated well [6,7].  

The use of NAC has also been studied in the context of wound healing. This process 
comprises four consecutive phases: hemostasis, inflammation, proliferation and remodel-
ing [8]. As NAC may reduce endothelial dysfunction and inflammation, as well as accel-
erate cellular proliferation [2], it has been considered a candidate intervention for wound 
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healing enhancement. Topically applied 3% NAC promoted re-epithelialization in a rat 
model of burn wounds and, at the same concentration, improved angiogenesis and 
wound healing rate in an incisional wound model [9,10]. Tsai et al. showed the beneficial 
effect of NAC was dose-dependent and peaked at the maximum concentration of 3% [9]. 
Also, a single injection of 0.03% NAC decreased scar area and width in an incisional rat 
wound healing model [11]. This was associated with numerous changes in the gene ex-
pression pa�erns [12].  

Diabetes mellitus (DM) severely impairs skin wound healing capacity. Factors con-
tributing to dismal outcomes in patients treated for diabetic foot ulcer are poor angiogen-
esis and reduced blood flow, altered inflammatory response (often prolonged), proneness 
to infection, diminished amount of growth factors, accumulation of advanced glycosyla-
tion end products (AGEs), increasing oxidative stress, etc. [13]. NAC, with its mechanism 
of action, could theoretically alleviate some of these issues. It indeed improved the 
wound-breaking strength in an incisional alloxan-induced diabetic murine wound model 
following peritoneal NAC administration [14]. When NAC was administered systemically 
and/or topically to wounds in a rat, streptozotocin (STZ)-induced diabetic excisional 
wound model, wound areas decreased compared with the control group, which was as-
sociated with favorable histological outcomes [15]. Despite showing beneficial effects, 
these studies were limited by utilizing substance-induced type I DM models, which show 
relatively smaller wound healing impairment than leptin-deficient db/db type II DM 
model [16]. The la�er model exhibits a wide range of healing dysregulations also seen in 
humans [17]. Moreover, the translatability of previous research is undermined by not ad-
dressing skin contraction—a major healing mechanism only present in rodents. A splint-
ing model has been developed so that wounds heal through granulation and re-epitheli-
alization, resembling the process occurring in patients with DM [18]. In our research, we 
took these methodological aspects into consideration.  

According to the Global Burden of Disease 2021 report, diabetes is the 10th leading 
cause of death and the 7th leading cause of disease burden worldwide [19]. The lifetime 
risk of developing a diabetic foot ulcer among people with diabetes mellitus ranges be-
tween 19% and 34% [20]. DM is also frequently associated with complicated wound heal-
ing [13]. Although surgical debridement remains the gold standard for the management 
of diabetic wounds [21], adjunct treatments are urgently needed to improve patients’ out-
comes. Interventions such as growth factors, collagen scaffolds, chitosan gels and cold 
plasma therapy have been investigated to treat diabetic wounds. These potential therapies 
are, however, often costly or require specialized equipment. To date, only Becaplermin 
was approved for topical treatment of diabetic ulcers but was withdrawn soon after reg-
istration due to serious side effects [17]. Therefore, new easily accessible and effective al-
ternatives should be investigated. As noted above, NAC was shown to improve wound 
healing in healthy animals and in some models of DM. It is also theoretically a more ap-
pealing molecule than modified growth factors as it is more easily accessible, cheaper and 
has a well-documented safety record [22]. This study aimed to broaden the understanding 
of NAC’s efficacy in improving diabetic wound healing using a hydrogel-based sustained-
release formula. 

Polymeric hydrogels are one of the most exciting medical materials for dermatology. 
One of the main advantages of hydrogels used in the topical treatment of skin diseases is 
their ease of application and significant minimization of side effects. Various combinations 
of natural, semi-synthetic and synthetic polymers are made into hydrogel formulations to 
use their potential as biomaterials. Hydrogels have numerous applications in the medical 
and pharmaceutical sectors [23–25]. This type of biomaterial can absorb large amounts of 
water or biological fluids while retaining integrity. Hydrogel drug delivery systems 
(DDSs) can change their properties in response to external or internal stimuli such as tem-
perature, pH, ionic strength, etc. They are capable of releasing drugs in a prolonged and 
controlled manner [23–26]. Hydrogels are obtained from natural or synthetic polymers 
[24,27]. Their use helps maintain adequate wound moisture, which allows cell growth and 
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migration. In a humid environment, keratinocytes can easily move around the wound’s 
surface, leading to its faster closure, and fibroblasts produce more collagen. A significant 
advantage of using hydrogels in wound treatment is their limited adhesion, which means 
they can be easily removed from the wound without causing further injury to the treated 
tissue [24,28]. Many hydrogel dressings have been developed for the treatment of difficult-
to-heal wounds: poly(vinyl alcohol)(PVA)/β-glucan (β-1,6-branched-β-1,3-glucan) [29], 
dextran hydrogel [30], self-crosslink able dextran-isocyanatoethyl methacrylate-ethyla-
mine hydrogel [31], hybrid dextran hydrogel with incorporated curcumin encapsulated 
(poly(lactide)-block-poly(ethylene glycol)) [32] and many others.  

The aim of this study was to discover the effect of topically applied NAC-enriched 
hydrogels on wound healing rate in a murine db/db excisional wound splinting model. 
Additionally, morphometric, histological and immunohistochemical staining analyses 
were performed to help elucidate the potential NAC mechanism of action. 

2. Results 
2.1. Hydrogel Characteristics  

Hydrogels were obtained using a previously developed and appropriately modified 
three-step method with some modifications [33]. In the first step, є-caprolactone (CL), rac-
lactide (LA) and poly(ethylene glycol) (PEG) (CL-LA-PEG 200) copolymer was synthe-
sized. The prepolymer of 1,6-diisocyanatohexane (HDI), CL-LA-PEG 200 copolymer and 
poly(ethylene adipate) diol (PEA) were obtained in the second step. Next, chitosan 
(CHIT)-HDI-CL-LA-PEG 200-PEA hydrogel (HYDROGEL-MS1) was prepared in the final 
step (Figure 1). 

 
Figure 1. CHIT-HDI-CL-LA-PEG 200-PEA hydrogel preparation. 
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The copolymer was synthesized by ring-opening polymerization (ROP) of CL, rac-
LA and PEG 200 in the presence of immobilized lipase B from Candida antarctica (CA). 
The molas mass of the obtained CL-LA-PEG 200 copolymer was Mn = 2700 g/mol (D = 
1.59). The copolymers’ molar content in the chain was 0.57 (CL): 0.38 (LA): 0.05 (PEG 200). 
The prepolymer was obtained in the polyaddition process of CL-LA-PEG 200 copolymer 
and PEA with HDI in an NCO/OH molar ratio of 0.9:0.1:2.1. Finally, the hydrogel was 
reacted with CHT in an NCO (prepolymer)/OH (or NH2) (CHT) ratio of 1.6:1. The dibu-
tyltin dilaurate (DBDLSn) was used as a polyaddition catalyst. The swelling capacity of 
the obtained hydrogel was determined. The value of the coefficient of the mass swelling 
ratio (MSR) was 334%, 387%, 428% and 443% after 2 h, 4 h, 8 h and 24 h. NAC was loaded 
into hydrogels using the incorporation method. The mean weight of the devices devel-
oped was approximately 0.45 g, containing 5%, 10% or 20% of NAC (HYDROGEL-MS1-
NAC-5, HYDROGEL-MS1-NAC-10 and HYDROGEL-MS1-NAC-20, respectively). In 
vitro studies of the release of NAC from obtained hydrogel materials were determined at 
pH 7.4 and 5.5 and at the temperature of 37 C for 72 h (Figure 2). The plot’s ordinate was 
calculated based on the cumulative amount of NAC released considering its initial 
amount in the hydrogels. 

 
Figure 2. NAC release profiles from the obtained hydrogels (at pH 5.5) (each point represents the 
mean ± SD of three points). 

The NAC release kinetics from obtained hydrogels were investigated (Figures 2 and 
3). The rate of NAC release at pH 7.4 decreased as follows: HYDROGEL-MS1-NAC-20 > 
HYDROGEL-MS1-NAC-10 > HYDROGEL-MS1-NAC-5. An identical trend was main-
tained for the experiments conducted at pH 5.5. 

 
Figure 3. NAC release profiles from the obtained hydrogels (at pH 7.4) (each point represents the 
mean ± SD of three points). 
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The results suggested that the NAC release rate increased as the pH of the solution 
decreased and the active substance contained in the hydrogel increased. For example, the 
percentage of the released NAC after 24 h incubation was about 83% from HYDROGEL-
MS1-NAC-20 at pH 7.4 and 86% from HYDROGEL-MS1-NAC-20 at pH 5.5. After 24 h 
incubation, the NAC release was 83% from HYDROGEL-MS1-NAC-20, 74% from HY-
DROGEL-MS1-NAC-10 and 71% from HYDROGEL-MS1-NAC-5 at pH 7.4. 

The data points obtained for the NAC release studies were subjected to zero- and 
first-order kinetics and the Korsmeyer–Peppas models to evaluate the kinetics and mech-
anism of NAC release from hydrogels (Table 1). According to the Korsmeyer–Peppas 
model, for the diffusion–degradation-controlled drug release system, the release exponent 
value n is in the range between 0.45 and 0.89 (anomalous, non-Fickian). In contrast, when 
n is close to 0.45, the diffusion (Fickian diffusion) predominates in the process, and, in the 
opposite case, n > 0.89, the model corresponds to the super case II transport [34]. 

Table 1. Analysis data of NAC release from the obtained hydrogels. 

No. 
Zero-Order 

Model 
First-Order 

Model 
Korsmeyer–Peppas 

Model 
NAC Transport Mecha-

nism 
 R2 R2 R2 n  

HYDROGEL-MS1-NAC-5 
pH 7.4 

0.912 0.905 0.951 0.561 non-Fickian transport 

HYDROGEL-MS1-NAC-10 
pH 7.4 

0.929 0.903 0.988 0.612 non-Fickian transport 

HYDROGEL-MS1-NAC-20 
pH 7.4 

0.835 0.989 0.998 0.536 non-Fickian transport 

HYDROGEL-MS1-NAC-5 
pH 5.5 

0.918 0.909 0.956 0.540 non-Fickian transport 

HYDROGEL-MS1-NAC-10 
pH 5.5 

0.861 0.954 0.996 0.486 non-Fickian transport 

HYDROGEL-MS1-NAC-20 
pH 5.5 

0.873 0.925 0.997 0.464 non-Fickian transport 

The NAC release kinetic at pH 7.4 from HYDROGEL-MS1-NAC-5 and HYDROGEL-
MS1-NAC-10 followed the near-zero-order model (R2 was 0.912 and 0.929, respectively). 
Furthermore, it was noted that NAC was released at pH 7.4 from HYDROGEL-MS1-NAC-
20 with first-order kinetics (R2 was 0.989). In turn, when conducting the release process at 
pH 5.5, it was observed that for HYDROGEL-MS1-NAC-5, the NAC release was also close 
to the zero-order kinetics (R2 = 0.918). Furthermore, it was found that NAC was released 
from HYDROGEL-MS1-NAC-10 and HYDROGEL-MS1-NAC-20 with first-order kinetics 
(R2 was 0.954 and 0.925, respectively). The analysis of NAC release data using the 
Korsmeyer–Peppas model suggested that all hydrogels were governed rather by non-
Fickian transport (n = 0.464–0.612).  

The biodegradation of the blank hydrogels was also carried out. The hydrolytic deg-
radation test of the resulting hydrogels was conducted under the same conditions as the 
NAC release experiments. The degradation process was characterized by plo�ing the 
weight loss (WL) of hydrogels against time. The results are shown in Figure 4. It was found 
that the biodegradation rate of hydrogels depended on the pH of the solution. Hydrogels 
biodegraded faster at pH 5.5 than at pH 7.4, which was found to be consistent with the 
NAC release experiment data. 
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Figure 4. The weight loss of the obtained hydrogels over 12 weeks at pH 7.4 and 5.5 (each point 
represents the mean ± SD of three points). 

The WL value for HYDROGEL-MS1 was 100% at pH 5.5 after 10 weeks of degradation. 
In turn, the WL value for HYDROGEL-MS1 was c.a. 100% at pH 7.4 after 12 weeks of deg-
radation. Generally, the degradation process of obtained hydrogels was relatively slow and 
regular. 

2.2. Wound Measurements 
During the first week, wounds treated with 5% NAC healed faster than those in the 

control group (Figure 5), and by day 7, their wound area was significantly smaller than those 
treated with 20% NAC. This difference remained significant until the end of week 2. On day 
14, wounds treated with the highest NAC concentration also had bigger wound sizes than 
in the control group. At the same time, wounds treated with 10% NAC had larger areas than 
those treated with 5% NAC but not larger than in the control group. During weeks 3 and 4, 
no significant differences were observed between the groups. At that time, only five animals 
remained in each cohort (Table 2).  

 
Figure 5. Wound area measurements on days 3–14. Displayed values represent the % of initial 
wound size. Statistically significant between-groups differences are marked with horizontal lines 
and significance levels (p-value): ** <= 0.01; *** <= 0.001; **** <= 0.0001 
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Table 2. Wound area measurements throughout the study period. Displayed values represent the 
% of initial wound size. 

Timepoint  Control 5% NAC 10% NAC 20% NAC p-Value * 

Day 3 
Median (IQR) 112.8 (106–118.7) 97.3 (94.8–101.5) 114.4 (101.3–135.6) 106.4 (96.6–121.9) 

0.009 
Min–max 91.2–156.4 87.3–115.9 77.8–146.7 87.4–150.7 

Day 7 
Median (IQR) 102.3 (92.9–106.8) 88.5 (76.6–94.3) 112.9 (81.9–123.8) 106 (100–128.7) 

0.005 
Min–max 81.3–114.2 66.4–99.7 65.5–151.1 71–160.9 

Day 10 
Median (IQR) 91.8 (77.1–102.5) 85.7 (72.3–90.7) 111.3 (78.9–132.6) 110 (101.3–120.6) 

0.005 
Min–max 46.3–138.7 57.8–94.7  55.8–156.8 96.5–154.5 

Day 14 
Median (IQR) 63.4 (46.2-74.1) 54.8 (43.3–64.7) 79 (70.6–104.7) 93.6 (80.5–108.7) 

<0.001 
Min–max 22–93.2 31.9–71.9 63.9–132.4 67.5–136.7 

Day 17 
Median (IQR) 52.6 (45.2–67.3) 41.4 (40.7–57.8) 63 (57.9–68.6) 83.5 (60.1–86.5) 

0.11 
Min–max 19.7–74.8 24–68.9 50.9–70.8 56.5–100 

Day 21 
Median (IQR) 0 (0–9.48) 37.9 (3.76–40.8) 14.3 (6.15–54.9) 57.9 (44.2–57.9) 

0.33 
Min–max 0–65.3 0–48.3 3.3–61.2 2.5–59.9 

Day 24 
Median (IQR) 0 (0–0) 0 (0–23.5) 0 (0–0) 40.5 (19.3–42) 

0.42 
Min–max 0–51.7 0–49.2 0–46.5 0–48.5 

Day 28 
Median (IQR) 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–41.9) 

0.89 
Min–max 0–56.4 0–59.4 0-44.5 0–57.5 

IQR—interquartile range, NAC—N-acetylcysteine; * Kruskal–Wallis tests. 

2.3. Morphometry 
Histomorphometric assessment included measurements of three key parameters: ep-

idermal thickness, neoepidermal thickness and dermal proliferation area, i.e., the area of 
intense cellular proliferation adjacent to the wound (Table 3). Epidermal thickness was 
comparable between groups at most time points. The epithelium distal to the wounds 
gradually increased in thickness from day 3 to day 7 through day 14 and came back to 
near-baseline values on day 28. On day 7, epidermal thickness in the 10% NAC group was 
smaller than in the 5% NAC group (p = 0.006). The newly formed epithelium adjacent to 
the wounds was thicker than its distal counterpart. Similarly, it became thicker over time, 
reaching peak values on days 7 and 14. The new epidermis was thinner on day 7 in the 
group treated with 10% NAC compared with all other groups (p < 0.001). The dermal pro-
liferation area was first measured on day 7, but its values became larger on day 14. DPA 
in the group treated with 5% NAC was more extensive than in the control group and 20% 
NAC group on day 7 (p < 0.006).  

Table 3. Histomorphometric measurement results in studied groups by time points. 

Timepoint Group 
Epidermis Thick-

ness [µm] 
p-Value 

Neoepidermis 
Thickness [µm] 

p-Value 
Dermal Prolifera-

tion Area [µm2] 
p-Value 

Day 3 

Control 32.7 ± 14.2 

0.07 

53.9 ± 26.1 

0.6 

- 

 
5% NAC 21.7 ± 7.75 57.5 ± 14.7 - 

10% NAC 32.3 ± 19.4 53.8 ± 14 - 
20% NAC 31 ± 11.9 61.3 ± 15.3 - 

Day 7 

Control 31.8 ± 21.2 

0.03 

96.9 ± 22.1 

<0.001 

57,551 ± 29,408 

0.003 
5% NAC 46 ± 33.8 104 ± 39.3 144,333 ± 28,204 *** 

10% NAC 24.5 ± 9.45 * 60.6 ± 18.1 ** 55,845 ± 33,352 
20% NAC 40 ± 24 120 ± 20.3 50,684 ± 20,496 

Day 14 

Control 45.8 ± 22.5 

0.08 

95.1 ± 33.3 

0.4 

248,247 ± 166,097 

0.88 ** 
5% NAC 49.3 ± 23.9 92.4 ± 44.9 379,831 ± 225,357 

10% NAC 60.9 ± 21.9 96.3 ± 38.7 279,145 ± 99,181 
20% NAC 51.7 ± 17.8 108 ± 39.2 416,778 ± 332,634 

Day 28 

Control 24.4 ± 16.7 

0.01 

55.1 ± 20.6 

0.2 

246,033 ± 111,744 

0.54 ** 
5% NAC 27.7 ± 15.1 60 ± 16.8 441,084 ± 293,005 

10% NAC 38 ± 21 69.7 ± 34.5 521,948 ± 468,316 
20% NAC 26.2 ± 14 63.4 ± 27.6 307,195 ± 323,883 

All p-values are for between-groups comparison with ANOVA except DPA comparisons on days 14 
and 28, where Kruskal–Wallis test was used due to non-normally distributed data. * p = 0.006 for 
comparison between 5% and 10% NAC. ** p < 0.001 for comparison between 10% NAC and all other 
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groups. *** p < 0.006 for comparisons between 5% NAC and both control and 20% NAC. Remaining 
differences were insignificant after applying Bonferroni correction. 

2.4. IHC and Masson’s Trichrome Staining 
Both iNOS and CD206 immunohistochemical staining resulted in high percentages 

of positively stained cells. No differences were detected between the studied groups. The 
signal from iNOS was least intense on day 7, whereas the CD206 signal was robust at the 
early stages of wound healing and decreased over time (Table 4).  

Table 4. Immunohistochemical staining analysis results. Values represent % of positively stained 
cells. 

 iNOS CD206 
Timepoint Control 5% NAC 10% NAC 20% NAC p-Value Control 5% NAC 10% NAC 20% NAC p-Value 

Day 3 
17.6 (13.6–

29.9) 
16.4 (15.8–

40.8) 
24.8 (22.2–

27.3) 
38 (34.5–

46.6) 
0.46 

39.8 (33.9–
47.6) 

43.8 (24.9–
59.8) 

53 (50.8–
56.2) 

44.5 (40.6–
52.5) 

0.72 

Day 7 
19.6 (17.7–

24.3) 
15.3 (11–

19.9) 
13.7 (13.5–

15.8) 
10 (9.4–17.1) 0.57 

32.4 (22.9–
40.3) 

30.2 (19.4–
41.2) 

30.3 (26.6–
36.8) 

36.1 (31.3–
38.2) 

0.98 

Day 14 
19.3 (15.2–

22.9) 
26.2 (19.4–

41.5) 
20.1 (16.5–

23) 
21.6 (19.9–

22.9) 
0.73 

20.3 (16.3–
39) 

22.6 (19.3–
22.8) 

14.6 (11.7–
27.7) 

17.6 (10.6–
26.3) 

0.59 

Day 28 
23.8 (16.6–

32.1) 
29.4 (20.6–

45.4) 
18 (10.6–

23.2) 
24.9 (10.6–

23.2) 
0.39 

19.7 (18–
33.3) 

10.2 (9.1–
29.9) 

14.8 (8.6–
16.5) 

18.3 (14.4–
19.1) 

0.3 

Masson’s trichrome allowed us to visualize collagen fiber orientation and density 
(Tables 5 and 6). Throughout the study period, the degree of collagen alignment and den-
sity were comparable between groups. Only on day 28, the local directional variance was 
smaller in the 5% NAC group compared with the 10% NAC group (p = 0.007). 

Table 5. Masson’s trichrome staining analysis results in the proximal regions of the wounded tissue. 
For directional variance, values range from 0 to 1, corresponding to completely aligned and ran-
domly aligned collagen fiber orientation, respectively. For collagen density, higher values indicate 
higher density. 

Timepoint Group 
Directional 

Variance 
p-Value 

Local Direc-
tional Variance 

p-Value 
Collagen Den-

sity 
p-Value 

Day 3 

Control 0.83 ± 0.05 

0.21 

0.65 ± 0.04 

0.24 

0.55 ± 0.12 

0.17 
5% NAC 0.76 ± 0.06 0.55 ± 0.13 0.47 ± 0.25 

10% NAC 0.85 ± 0.12 0.62 ± 0.1 0.45 ± 0.13 
20% NAC 0.76 ± 0.09 0.61 ± 0.04 0.66 ± 0.08 

Day 7 

Control 0.75 ± 0.12 

0.15 

0.61 ± 0.07 

0.19 

0.68 ± 0.15 

0.25 
5% NAC 0.81 ± 0.05 0.66 ± 0.04 0.61 ± 0.14 

10% NAC 0.79 ± 0.09 0.61 ± 0.07 0.58 ± 0.09 
20% NAC 0.86 ± 0.06 0.67 ± 0.04 0.52 ± 0.14 

Day 14 

Control 0.72 ± 0.07 

0.27 

0.59 ± 0.05 

0.66 

0.45 ± 0.13 

0.54 
5% NAC 0.75 ± 0.08 0.58 ± 0.07 0.47 ± 0.18 

10% NAC 0.79 ± 0.08 0.61 ± 0.06 0.49 ± 0.15 
20% NAC 0.79 ± 0.09 0.61 ± 0.08 0.57 ± 0.22 

Day 28 

Control 0.74 ± 0.13 

0.07 

0.59 ± 0.06 

0.04 

0.65 ± 0.13 

0.007 
5% NAC 0.73 ± 0.11 0.55 ± 0.06 0.47 ± 0.09 

10% NAC 0.83 ± 0.05 0.63 ± 0.05 * 0.66 ± 0.15 
20% NAC 0.7 ± 0.09 0.57 ± 0.06 0.53 ± 0.11 

* p = 0.007 for comparison with 5% NAC; other pairwise comparisons non-significant after applying 
the Bonferroni correction. 
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Table 6. Masson’s trichrome staining analysis results in the distal regions of the wounded tissue. 
For directional variance, values range from 0 to 1, corresponding to completely aligned and ran-
domly aligned collagen fiber orientation, respectively. For collagen density, higher values indicate 
higher density. 

Timepoint Group 
Directional 

Variance 
p-Value 

Local Direc-
tional Variance 

p-Value 
Collagen Den-

sity 
p-Value 

Day 3 

Control 0.77 ± 0.15 

0.05 

0.6 ± 0.1 

0.18 

0.53 ± 0.1 

0.95 
5% NAC 0.68 ± 0.03 0.5 ± 0.12 0.48 ± 0.28 

10% NAC 0.71 ± 0.12 0.53 ± 0.08 0.52 ± 0.09 
20% NAC 0.87 ± 0.04 0.62 ± 0.05 0.53 ± 0.11 

Day 7 

Control 0.72 ± 0.12 

0.09 

0.59 ± 0.08 

0.04 

0.59 ± 0.16 

0.84 
5% NAC 0.79 ± 0.07 0.65 ± 0.03 0.58 ± 0.1 

10% NAC 0.84 ± 0.03 0.63 ± 0.03 0.55 ± 0.04 
20% NAC 0.82 ± 0.08 0.67 ± 0.03 0.54 ± 0.09 

Day 14 

Control 0.67 ± 0.06 

0.09 

0.56 ± 0.05 

0.69 

0.51 ± 0.08 

0.84 
5% NAC 0.77 ± 0.07 0.57 ± 0.07 0.49 ± 0.11 

10% NAC 0.76 ± 0.11 0.6 ± 0.07 0.52 ± 0.13 
20% NAC 0.76 ± 0.07 0.59 ± 0.07 0.55 ± 0.19 

Day 28 

Control 0.79 ± 0.06 

0.66 

0.62 ± 0.05 

0.23 

0.65 ± 0.09 

0.72 
5% NAC 0.73 ± 0.11 0.56 ± 0.07 0.64 ± 0.1 

10% NAC 0.75 ± 0.14 0.56 ± 0.08 0.6 ± 0.14 
20% NAC 0.77 ± 0.05 0.6 ± 0.05 0.67 ± 0.09 

3. Discussion 
We found that treatment with 5% NAC improved wound closure speed at early 

stages of healing—a finding that was linked with an increased dermal proliferation area 
on a microscopic level. We did not find significant differences in the expression of iNOS 
and CD206 in wound beds and did not capture significant differences in collagen fibers’ 
deposition and alignment between groups. Higher concentrations of NAC failed to en-
hance the wound healing process compared with control. In our project, we used hydro-
gels, which released NAC in a controlled and extended fashion, facilitating a prolonged 
action on the wounded tissue. Moreover, using the extended-release formula instead of 
instant-release administration allowed the delivery of the molecule less frequently, de-
creasing the amount of stress the animals were subjected to. 

This is the first study investigating the effect of NAC on wound healing in an animal 
model of type II DM that we know of. Previously published research indicated a beneficial 
role of NAC in wound healing in the context of type I DM and healthy animals, both in 
excisional and incisional models. In our previous work, we showed that low-dose (0.03%) 
NAC reduced scar area and width at the early stages of wound healing in an incisional 
model in healthy rats [11]. This was associated with the persisting elevated expression of 
numerous genes involved in neoangiogenesis, proliferation and tissue remodeling [12]. 
Tsai et al. studied the effect of NAC on cell migration and proliferation in vitro and wound 
healing in a burn model in vivo. They found that NAC increased glutathione levels, cell 
viability and migration abilities in a dose-dependent manner. Additionally, topically ap-
plied 3% NAC improved re-epithelialization in vivo, and the effect was more pronounced 
in this group compared with lower concentrations [9]. Ozkaya et al. used NAC to treat 
excisional wounds in a streptozotocin-induced diabetic rat model [15]. They found that 
using either systemic or topical NAC resulted in improved epithelialization, lower fibrosis 
scores and reduced oxidative stress markers. Aktunc et al. applied NAC intraperitoneally 
to treat incisional wounds in two groups: healthy mice and mice with alloxan-induced 
diabetes [14]. They reported lower oxidative stress marker levels and increased wound-
breaking strength in both groups following NAC administration. Our findings align with 
previous reports suggesting that NAC may improve re-epithelialization, which was re-
flected by an increased wound closure speed at the early stages of healing and by an 
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increased dermal proliferation area, indicating improved proliferation and migration 
rates compared with other groups. Importantly, these effects were lost with NAC concen-
trations exceeding 5%.  

Despite encouraging preliminary in vivo reports, selecting an adequate dose and the 
NAC administration route is challenging. As shown above, NAC has not been repeatedly 
studied using uniform concentrations (literature reports range from 0.03% to 20%), routes 
of delivery (topical, intradermal injections or intraperitoneal), wound models (excisional, 
incisional or burn wound) and DM animal models (alloxan-induced, streptozotocin-in-
duced or leptin-deficient). Though all mentioned studies reported beneficial results using 
NAC, it remains unclear which approach is optimal when it comes to molecule admin-
istration and indications. NAC has been used successfully at high concentrations in the 
clinical context to treat atopic dermatitis or acne vulgaris [6,35]. Acute treatment with 
high-dose NAC exhibits strong antioxidative and anti-inflammatory functions [36]—both 
of which are dysregulated in wound healing in DM [17]. In vitro NAC loses its pro-pro-
liferative function in a dose-dependent manner [37]. We did not observe significant differ-
ences in iNOS and CD206 positively stained cells between groups at all time points. These 
are markers of M1 and M2 macrophages, respectively [38,39]. Faster a�enuation of inflam-
mation as measured with the density of these cells, as well as a quicker transition from 
predominant M1 to an M2 phenotype, has not been observed in NAC-treated groups.  

Given the pandemic of type II diabetes mellites and its global burden [40], as well as 
the scarcity of available topical treatments, future research should maximize its potential 
for clinical transferability. Excisional models using the splinting method allow the imita-
tion of the natural process of granulation within human wounds and help overcome con-
founding wound contraction [41]. The diabetes mellitus model itself should also be care-
fully selected as it has been shown that wound healing in streptozotocin-induced DM 
(imitating type I DM) is not as impaired as in leptin-deficient mice [16]. Although the lep-
tin-deficient model is not ideal, it has been used in many studies, and its biology is now 
well understood [17]. The authors of future studies should also consider choosing other 
animal models depending on available resources. Potential candidates for wound healing 
research include rabbit and pig models [42].  

Our work has limitations. Firstly, murine wound healing models do not fully reflect 
the processes observed in humans due to the presence of the panniculus carnosus muscle, 
which plays a potent role in skin contraction. Therefore, excisional wounds heal primarily 
by this mechanism, not via the formation of granulation tissue, like in humans. We aimed 
to protect against this limitation by implementing a splinting model [41] and following a 
previously optimized wound creation protocol [18]. Secondly, large amounts of fat within 
the subcutaneous tissue made the histological specimens less concise when mounting 
onto the slides, creating artifacts and hindering analyses. Due to this limitation, we se-
lected only those parameters that could have been measured reliably. Despite this step, 
the results of secondary analyses should be interpreted with caution. Thirdly, the sample 
size was sufficient to elucidate differences in the primary outcome measure between 
groups; however, secondary analyses may have been underpowered to detect small ef-
fects. Therefore, it cannot be stated that NAC does not influence the quantity of macro-
phages in the wound bed or does not have an impact on collagen alignment. These effects 
are possible, though a large effect is unlikely. Fourthly, splints mounted around the 
wounds could have fallen off throughout the study period and may have influenced con-
secutive assessments. We protected against unequal measurements of wound sizes by ran-
domly allocating wounds to receive different treatments within each animal.  

4. Materials and Methods 
4.1. Animals, Sample Size Calculation and Study Design 

Animal care and handling were carried out under the UK’s Animals (Scientific Pro-
cedures) Act 1986 and associated guidelines under the EU Directive 2010/63/EU for animal 
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experiments. The experiment was approved by the Second Local Ethics Commi�ee in 
Warsaw (protocol code WAW2/029/2021). A total of 20 male 10-week db/db mice (strain 
BKS(D)-Leprdb/JorlRj, Janvier, Le Genest-Saint-Isle, France) were used in this experiment. 
Their baseline mean glucose serum concentration was 483 ± 191.9 mg/dL, and they 
weighted on average 50.2 ± 6.3 g. The number of animals needed for the experiment was 
based on a priori sample size calculation using G*Power 3.1 [43] (ANOVA: fixed effects, 
omnibus, one-way test) assuming a moderate effect size of 0.55, α error probability of 0.05, 
power of 95% and 4 groups. The effect size was estimated for the primary endpoint—
wound healing rate. The final sample size was 64, but we increased the number of exper-
imental units (wounds) to 80 (20 animals with 4 wounds each) due to a high risk of infec-
tion or early animal deaths.  

Four excisional wounds were created on the backs of each animal, and each wound 
within one animal was randomly assigned to one of the four groups: a control group re-
ceiving hydrogel without any active substance or one of three groups receiving hydrogels 
with different NAC concentrations: 5%, 10% or 20%. Group allocation was based on a 
computer random number generator. The allocation had been concealed before the exper-
iment commenced by a person from outside of the research team, who tagged the hydro-
gel containers with one of four le�ers—A, B, C or D—representing one of the four inter-
ventions. Therefore, researchers were blinded to the intervention they were applying to 
each wound. Unmasking took place after the experiment had been finished. As each ani-
mal served as their own control, the risk of confounding was minimized.  

4.2. NAC Hydrogel Synthesis  
4.2.1. Reagents 

The following reagents were used for subsequent experiments: є-Caprolactone (2-
Oxepanone, CL, 97%, Aldrich, Poznan, Poland), rac-lactide (3,6-dimethyl-1,4-dioxane-2,5-
dione, rac-LA, 96%, Sigma-Aldrich, Poznan, Poland), 1,6-diisocyanatohexane (hexameth-
ylene diisocyanate, HDI, 98%, Aldrich, Poznan, Poland), poly(ethylene glycol) 200 (PEG 
200, Mn = 200 g/mol, pure, Sigma-Aldrich, Poznan, Poland), poly(ethylene adipate) diol 
(PEA) diol, Mn = 1000 g/mol, Sigma-Aldrich, Poznan, Poland), chitosan (CHIT, low molec-
ular weight, 75% deacetylated, Sigma-Aldrich, Poznan, Poland), dibutyltin dilaurate 
(DBDLSn, >96%, Sigma-Aldrich, Poznan, Poland), immobilized lipase B from Candida 
antarctica (CA) (Sigma-Aldrich, Poznan, Poland), N-Acetyl-L-cysteine (NAC, ≥99.9%, 
Sigma-Aldrich, Poznan, Poland), dichloromethane (DCM, CH2Cl2, 99.8%, POCH, Gliwice, 
Poland), toluene anhydrous (Acros Organics, 99.8%, Extra Dry, Gdansk, Poland) and N,N-
dimethylformamide (DMF, anhydrous, 99.8%, Sigma-Aldrich, Poznan, Poland). PEG 200 
was used for copolymer synthesis, and HDI was were heated at 80 °C for 2 h in a vacuum 
to remove water residues. Phosphate buffer solution (pH 7.40 ± 0.05, 0.1 M, PBS, potassium 
dihydrogen phosphate/di-sodium hydrogen phosphate, 20 °C, Avantor Performance Ma-
terials, Gliwice, Poland) and potassium acetate buffer solution (100 mM, pH 5.5, 0.2 µM 
filtered, Avantor Performance Materials, Gliwice, Poland) were also used as received. 

4.2.2. Synthesis of є-Caprolactone, Rac-Lactide and Poly(ethylene glycol) Copolymers 
The polymerization reactions were carried out according to our previously described 

method with some modifications [44–46]. Before the reaction, monomers (CL and rac-LA), 
PEG and CA were dried under a vacuum at room temperature for 2 h. Next, 0.05 mol CL 
and 0.05 mol rac-LA were placed in a three-neck flask equipped with a stirrer and ther-
mometer (under argon atmosphere), and 20 mL of toluene was added. The mixture was 
stirred at 80 °C for 3 h. Next, an appropriate amount of PEG 200 and CA (500 mg) was 
added to the mixture. Stirring was continued at 80 °C for 72 h under an argon atmosphere. 
After this time, the enzyme was filtered off. Toluene was removed by evaporation under 
reduced pressure at room temperature. Next, the cooled product was dissolved in DCM 
and extracted with cold methanol and distilled water.  
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Spectroscopy data of obtained copolymers are as follows: The 1H NMR: 1.40 ppm (-
CO-CH2-CH2-CH2-CH2-CH2-O-), 1.48 ppm (-CO-CH(CH3)-O-), 1.64 ppm (-CO-CH2-CH2-
CH2-CH2-CH2-O-), 2.30 ppm (-CO-CH2-CH2-CH2-CH2-CH2-O-) in -CO-Cap-Cap- se-
quences, 2.38 ppm (-CO-CH2-CH2-CH2-CH2-CH2-O-) in -CO-Lac-Cap- sequences, 3.63 
ppm (-CH2-CH2-O-), 4.05 ppm (-CO-CH2-CH2-CH2-CH2-CH2-O-) in -CO-Cap-Cap- se-
quences, 4.13 ppm (-CO-CH2-CH2-CH2-CH2-CH2-O-) in -CO-Cap-Lac sequences, 4.21 ppm 
(-CH2-CH2-O-CH2-CH2-O-Cap-), 4.27 ppm (-CH2-CH2-O-CH2-CH2-O-Lac-), 5.04 ppm (-
CO-CH(CH3)-O-); the 13C NMR: 17.02 ppm (-CO-CH(CH3)-O-), 20.49 ppm (-CO-CH(CH3)-
OH) end groups, 24.62 ppm (-CO-CH2-CH2-CH2-CH2-CH2-O-), 25.57 ppm (-CO-CH2-CH2-
CH2-CH2-CH2-O-), 28.39 ppm (-CO-CH2-CH2-CH2-CH2-CH2-O-), 32.36 ppm (-CO-CH2-
CH2-CH2-CH2-CH2-OH) end groups, 34.16 ppm (-CO-CH2-CH2-CH2-CH2-CH2-O-), 62.57 
ppm (-CO-CH2-CH2-CH2-CH2-CH2-OH) end groups, 63.49 ppm (-CH2-CH2-O-CH2-CH2-
O-CO-), 64.18 ppm (-CO-CH2-CH2-CH2-CH2-CH2-O-), 66.77 ppm (-CO-CH(CH3)-OH) end 
groups, 69.21 ppm (-CO-CH(CH3)-O-) and (-CH2-CH2-O-CH2-CH2-O-CO-), 70.60 ppm (-
CH2-CH2-O-), 170.90 ppm (-CO-CH(CH3)-O-) in lactyl units (L) in -Cap-L-Cap- sequences 
and 173.57 ppm (-CO-CH2-CH2-CH2-CH2-CH2-O-). 

4.2.3. Hydrogel Preparation and Characterization 
Hydrogels were obtained using a previously developed and appropriately modified 

three-step method [33,47]. In the first step, the CL-LA-PEG 200 copolymer was synthe-
sized. The prepolymer of DI and CL-LA-PEG 200 copolymer and PEA was obtained in the 
second step. Next, the CHIT-DI-CL-LA-PEG 200- PEA hydrogel was prepared. The pre-
polymers were obtained through a polyaddition reaction between HDI, CL-LA-PEG 200 
copolymer and PEA in an NCO/OH molar ratio of 2.1: 0.9: 0.1, using 3 drops of 0.1 wt % 
DBDLSn solution in toluene as a catalyst. The reactions were performed at 80 °C for 3 h 
under an argon atmosphere to form an isocyanate-terminated prepolymer. Next, the 
CHIT dispersion into a glacial acetic acid/DMF mixture (30 mL) in a volume ratio of 50/50 
was prepared. Next, the obtained prepolymer was added to the dispersion of CHIT. The 
reactions were carried out in an NCO (prepolymer)/OH (or NH2) (CHIT) molar ratio of 
1.6:1 at 80 °C for 4 h under an argon atmosphere. The reaction mixture was then trans-
ferred to the distilled water. Precipitated products were separated by filtration and 
washed with DMF, methanol, and acetone. The final products were dried under a vacuum 
for one week. The mass swelling ratio (MSR) of obtained hydrogels was determined at 37 
°C during 80 h of incubation in a buffer. Samples in triplicate were submerged in a buffer 
solution (20 mL) for a given time, and their weights were taken after removing the exces-
sive surface water. The mass swelling ratio was calculated using the following formula: 

MSR = ((W2 − W1)/W1)/100% 

where W1 is the weight of the initial hydrogel and W2 is the weight of the swollen hydro-
gel. 

To evaluate the percentage of degradation, the hydrogel samples were immersed in 
a buffer at 37 °C for 8 weeks; most importantly, the medium was replaced with a fresh 
buffer every week. At the end of the experiment, the samples were dried in a vacuum for 
48 h. The degree of degradation of hydrogels (in triplicate) was determined by the weight 
loss (WL) of the samples according to the following equation: 

WL = [(W1 − W2)/W1]/100% 

where W1 is the weight of the dry sample before degradation and W2 is the weight of the 
dry sample after degradation. 

4.2.4. In Vitro Release Studies of N-Acetyl-L-Cysteine from Hydrogels 
NAC was loaded to the hydrogel by physical mixing using the following procedure. 

A total of 5.0, 10.0 or 20% (m/m) of NAC in distilled water/Tween 80 mixture (2% (w/v) 
was added to three hydrogel samples (HYDROGEL-MS1-NAC-5, HYDROGEL-MS1-
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NAC-10 and HYDROGEL-MS1-NAC-20). The hydrogels were left sealed for 24 h. The 
mixtures were dried under vacuum at room temperature to obtain a NAC-loaded hydro-
gel film. The in vitro release of NAC from the hydrogels was performed in a buffer (pH 
7.4 or 5.5) containing 2% (w/v) Tween 80 at 37 °C under stirring. Vials containing hydrogel 
films were filled with 5.0 mL of a buffer, sealed and left at 37 °C for 2 h. The solutions were 
then removed for further testing and replaced by fresh buffer. Subsequent samples were 
collected at selected intervals. NAC concentration in the in vitro samples was also deter-
mined by the UV-Vis spectrophotometric method (detected at a wavelength of 593 nm) 
[48].  

The release data points were subjected to zero-order and first-order kinetics and 
Korsmeyer–Peppas models. Calculations were made based on formulas mentioned below 
[34]: 

Zero-order: F = kt 

First-order: log F = log F0 − ��
�.���

 

Korsmeyer–Peppas model: F = ktn (F < 0.6) 

where F is the fraction of the drug released from the matrix after time t; F0 is the initial 
amount of the drug, k is a model constant, and n is the drug release exponent in the 
Korsmeyer–Peppas model. 

4.2.5. Measurements 
The structure of the obtained copolymers, Mn, and the monomers conversion were 

evaluated using 1H and 13C NMR techniques. The spectra were recorded on an Agilent 
Technologies 400 MHz (Santa Clara, CA, USA) spectrometer. The synthesized copolymers 
Mn and Đ index values were determined using the GPC technique. The measurements 
were carried out on a Malvern Viscotek GPCMax TDA 305 (Malvern Panalytical, Malvern, 
UK) chromatograph equipped with a Jordi Gel DVB mixed bed column (Jordi Labs, Mans-
field, MA, USA). The mobile phase flow (DCM) was set to 1.0 mL/min, and the column 
temperature was set to 30 °C. The system was calibrated using polystyrene standards. The 
amount of released NAC was determined by UV–Vis spectrophotometry (UV-1202 Shi-
madzu, Shimadzu, Kyoto, Japan) using a 1 cm quar� cell. 

4.3. Surgical Procedure and NAC Administration  
All surgical procedures were performed using aseptic techniques. Male db/db mice 

aged 10 weeks (n = 20) were acclimatized to a 12 h light/dark cycle at 19 Celsius degrees, 
with water and high-energy-density food ad libitum. The animals were housed in a spe-
cific-pathogen-free room at the Central Laboratory of Experimental Animals, Medical 
University of Warsaw. 

All steps of the surgical procedure were performed according to a previously pub-
lished protocol with slight modifications [18]. Briefly, a few days before the experiment, 
0.5 mm-thick silicone splinting rings with an 8 mm inner and 18 mm outer diameter were 
prepared. They were first washed with a detergent, rinsed with water, then incubated in 
sodium hypochlorite (20,000 p.p.m.) for 30 min, washed with sterile water and incubated 
in 70% ethanol for 30 min. They were air-dried on sterile gauze and kept in a sterile bo�le 
before the surgical part commenced. On the day of surgery, all mice had the hair on their 
back cut, and removal cream was applied for 3–5 min and gently removed. Prior to sur-
gery, grease was removed from the skin with a mild detergent. 

The same anesthesia protocol was applied to all animals. Firstly, 2–3% isoflurane was 
used for induction in an anesthesia chamber, and later, anesthesia was maintained with 
1–2% isoflurane mixed with normal air delivered via a mask. The skin was disinfected 
with octenidine dihydrochloride and phenoxyethanol, and four full-thickness 6 mm exci-
sional wounds were created on the backs of each animal with a sterile single-use punch 
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biopsy tool. This approach enables minimizing the number of animals used for the exper-
iment and was previously validated in a leptin-deficient murine model [49]. An instant-
bonding adhesive was used to mount the silicone splint so that the wound was centered 
within the splint. All splints were secured with three sutures of 6.0 nylon. Following the 
surgical procedure, all animals received an intramuscular injection with enrofloxacin 10 
mg/kg and metamizole 30 mg/kg and a subcutaneous injection with buprenorphine 0.03 
mg/kg. To avoid the drying of the cornea, Vidisic gel was applied topically on the eyeballs 
of all animals. All above-mentioned steps were performed by a surgeon unaware of the 
intervention allocation.  

Photographs of the wounds were taken with a digital camera (Figure 6), and hydro-
gels were applied to the wounds according to the pre-determined allocation based on let-
ters representing study groups (A, B, C or D). The person applying hydrogels was blinded 
to the intervention used. The wounds and splints were covered with Tegaderm sterile 
transparent dressings, and mice were placed in separate cages with environmental enrich-
ment to avoid biting wounds by cohabitants.  

 
Figure 6. Examples of photographs taken to monitor the wound healing process throughout the 
experimental period. 

NAC was topically applied on the wounds on the day of the surgery and subse-
quently on days 3, 6, 9 and 12 as the hydrogels were expected to gradually release active 
substances for approximately 2–3 days. All hydrogels were removed on day 14, and from 
that time, all wounds continued healing without any additional interventions.  

4.4. Tissue Harvesting and Histological Staining 
Five animals chosen at random were sacrificed on days 3, 7, 14 and 28. These days 

were selected to reflect different stages of wound healing. Typically, day 3 reflects the 
inflammatory phase, day 7 the proliferative phase and days 14 and 28 the remodeling 
phases; however, in diabetic wounds, these phases are usually delayed and may overlap. 
Wounds/scars were excised, divided into two equal parts and preserved for histologic and 
further analyses. One half was fixed in 10% formalin and embedded in paraffin using an 
automated tissue processor (ASP 6026, Leica, Buffalo Grove, IL, USA). Samples were sec-
tioned into 3–5 µm slices, mounted on the histological slides and stained (1) with hema-
toxylin and eosin (Sigma-Aldrich, Saint Louis, MO, USA) using an automatic tissue stainer 
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(Autostainer XL, Leica, Buffalo Grove, IL, USA); as shown in Figure 7, (2) with Masson’s 
trichrome (Sigma-Aldrich, Saint Louis, MO, USA) to visualize collagen fiber alignment 
(Figure 8); and using immunohistochemistry, described in a separate section. Manual 
staining protocols were followed according to the manufacturer’s instructions. All stained 
sections were scanned at 40x magnification using NanoZoomer XR C9600-12 (Hamama-
tsu, Iwata City, Japan). 

 
Figure 7. Examples of hematoxylin and eosin tissue staining images on days 3, 7, 14 and 28. 

Some wounds were excluded from analyses due to early animal death post-anesthe-
sia (2 mice) or wound ulceration extending towards other wounds. Therefore, a total of 15 
experimental units were excluded from subsequent analyses. 

 
Figure 8. Examples of Masson’s trichrome staining images at two magnifications. 
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4.5. Macroscopic Wound Healing Assessment 
Standardized photographic documentation of wounds was performed on the day of 

surgery and on days 3, 7, 10, 14, 17, 21, 24 and 28 following surgeries (Figure 6). The cam-
era was placed on a stand 30 cm above the dorsal side of the animal. In each photo, there 
was a 1 cm-long millimeter scale placed on the skin. Photos were uploaded to ImageJ 1.48 
v. software (National Institutes of Health, Bethesda, MD, USA) by a blinded researcher 
who measured the total wound areas. Results at each time point were presented as per-
centages of the baseline wound areas.  

4.6. Histomorphometry 
Initially, we aimed to measure all critical wound parameters as described in our pre-

vious work [11]. However, as the subcutaneous tissue of leptin-deficient mice contains 
huge amounts of fat and the dermis is relatively thin, obtaining intact histological slides 
was challenging, particularly at the early stages of healing. To ascertain robust and reliable 
measurements and to reduce the chance of spurious findings, we decided to limit histo-
morphometric assessments to three parameters: thickness of the epidermis (measured 
thrice on each side of the wound), thickness of the newly formed epidermis (measured 
similarly) and dermal proliferation area excluding day 3. Measurements were performed 
as described in our previous work based on methods that had been introduced in works 
by Lemo et al. [50] and Schencke et al. [51].  

4.7. Immunohistochemical Staining and Analysis 
Following deparaffinization, immunohistochemistry staining was performed with 

REAL EnVision™ Detection System (DAKO, Agilent, Santa Clara, CA, USA, Code Num-
ber K5007). The following primary antibodies were used: anti-iNOS (Abcam ab115819) 
and anti-CD206 (Abcam ab64693) to visualize inflammatory cells, particularly different 
phenotypes of macrophages [38,39]. Two distinct staining methods were used as pro-in-
flammatory macrophages persist through day 10 following excisions in diabetic wounds 
and the macrophage polarization is skewed towards the M1 phenotype [17]. We aimed to 
assess whether NAC would improve the transition from the M1 to the M2 phenotype. 
Anti-iNOS antibodies were diluted 1:100 and incubated for 2 h, whereas anti-CD206 anti-
bodies were diluted 1:20,000 and incubated for 15 min. The following reagents from 
DAKO were utilized during immunohistochemical staining: Wash Buffer (Code Number 
S3006); Peroxidase-Blocking Solution (Code Number S2023); Dako REAL TM Antibody 
Diluent (Code Number S2022); and Target Retrieval Solution, Citrate pH 6 (Code Number 
S2369). Staining procedures were carried out manually according to the manufacturer’s 
guidelines. All stained sections were scanned at 40× magnification with NanoZoomer XR 
C9600-12 (Hamamatsu, Iwata City, Japan) to obtain WSI (whole slide image) scans (Figure 
9). WSIs underwent automated analysis in QuPath [52]. Uploaded files were manually 
checked for artifacts (stain traces, blood clots, folded tissue, etc.), and ROIs (regions of 
interest) were outlined. The process of nuclei identification was optimized, and the type 
of staining (intra- or extracellular) was selected. Results were presented as % of positively 
stained cells. 
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Figure 9. Examples of immunohistochemical staining images—anti-iNOS staining on the left and 
anti-CD206 staining on the right. Stained cells were marked with red arrows. 

4.8. Statistical Analysis. 
For all variables, data distribution was verified using the Shapiro–Wilk test and dou-

ble-checked if in doubt using QQ plots. For non-parametric data distribution, we used the 
Kruskal–Wallis test with the post hoc Wilcoxon test. For parametric data distribution, 
ANOVA was used with post hoc t-tests. All data were presented as means ± standard de-
viations for normally distributed data and as medians and IQR (interquartile ranges) for 
non-normally distributed data unless otherwise indicated. In the case of multiple compar-
isons, the Bonferroni correction was applied to avoid overstating significant differences. 
All statistical analyses were carried out in R version 4.2.3. 

5. Conclusions 
Topically applied hydrogel releasing 5% N-acetylcysteine improved the diabetic 

wound closure speed at early stages of healing, accompanied by an increased dermal pro-
liferation area adjacent to the wound on histological assessment compared with the con-
trol hydrogel. Higher concentrations of NAC did not have a beneficial effect on the wound 
healing process in the leptin-deficient murine model of type 2 diabetes mellitus. We did 
not identify substantial changes in collagen fiber alignment or macrophage phenotype 
transition speed following NAC treatment.  

Future research should focus on optimizing the NAC concentration and the route of 
delivery in diabetic wound healing. In vivo studies should focus on exploring the mecha-
nism of action of NAC, especially its potential to improve cellular proliferation. Experi-
ments should closely reflect the wound healing conditions in humans. Therefore, if per-
formed in murine models, they should apply splinting to counteract the robust contrac-
tion mechanism present in rodents. 
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7. Podsumowanie i wnioski 
Wiele badań nowych interwencji w gojeniu ran opiera się na mysim modelu db/db lub ob/ob 

jako imitujących fenotyp cukrzycy typu II. Pomimo ich ograniczeń utrudniających 

przenoszenie wyników na ludzi, pozostają one wiarygodnymi i szeroko badanymi modelami 

zwierzęcymi. Ich siła opiera się na starannie zbadanych mechanizmach gojenia ran zarówno na 

poziomie lokalnym, jak i ogólnoustrojowym, wraz z zadowalającym odzwierciedleniem 

patologii występujących w ludzkich ranach cukrzycowych. Badania mechanistyczne ujawniły 

pewien stopień podobieństwa i rozbieżności między modelami zwierzęcymi a fizjologią 

człowieka. Przy zachowaniu pewnych środków ostrożności, zwłaszcza w odniesieniu do 

monogenowej natury modelu, mogą one być dalej wykorzystywane w przedklinicznych 

badaniach gojenia się ran. 

W przeprowadzonym badaniu oryginalnym miejscowo stosowany hydrożel uwalniający 

5% N-acetylocysteinę poprawił szybkość zamykania się rany cukrzycowej na wczesnych 

etapach gojenia, czemu towarzyszyła zwiększona proliferacja skóry przylegającej do rany w 

ocenie histologicznej w porównaniu z hydrożelem kontrolnym. Wyższe stężenia NAC nie 

miały korzystnego wpływu na proces gojenia się ran w mysim modelu cukrzycy typu II z 

niedoborem leptyny. Przyszłe badania powinny koncentrować się na optymalizacji stężenia 

NAC i drogi podawania w procesie gojenia ran cukrzycowych. Badania in vivo powinny 

koncentrować się na badaniu mechanizmu działania NAC, zwłaszcza jej potencjału do poprawy 

proliferacji komórek. Eksperymenty powinny ściśle odzwierciedlać warunki gojenia się ran u 

ludzi. Dlatego też, jeśli są przeprowadzane na modelach mysich, należy zastosować 

szynowanie (splinting), aby przeciwdziałać silnemu mechanizmowi skurczu skóry, obecnemu 

u gryzoni. Wobec korzystnych wyników wspomagania gojenia oraz braku ewidentnych działań 

niepożądanych potencjalnie możliwa jest translacja badań na organizm ludzki.  

8. Opinia komisji etycznej 
Poniżej znajduje się zgoda komisji etycznej na przeprowadzenie opisanego wyżej 

doświadczenia.  
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II Lokalnej Komisji Etycznej do Spraw Do˙ wiadczeæ na ZwierzŒtach w Warszawie

*1

Na podstawie art. 48 ust. I pkt. 1˙ ustawy z dnia 15 stycznia 2015r. o ochronie zwierz„t
wykorzystywanych do cel̇ w naukowych lub edukacyjnych (Dz. U. z 2019 r. poz. 1392), zwanej dalej
˙ ustaw„̇ po rozpatrzeniu wniosku pt.: ˙ Wplyw N-acetylocysteiny na gojenie ran w modelu
cukrzycy u myszy db/dh˙ z dnia 15 stycznia 2021 roku, z‡o¿onego przez Centrum Badaæ
Przedklinicznych CBP WUM, adres: ul. Banacha 1B, 02-097 Warszawa, zaplanowanego przez Paw‡a
W‡odarskiego2
przy udziale:3 (nie dotyczy)

Lokalna Komisja Etyczna;
i WYRAZAZGOD˚

nrzeprowadzenie do˙ wiadczeæ na zwierzŒtach iy zakresie wniosku.

*2

W wyniku rozpatrzenia wniosku o kṫ rym mowa w * 1, Lokalna Komisja Etyczna ustali‡a, ¿e;

1. Wniosek nale¿y przypisȧ do kategorii: badania podstawowe: uk‡ad wewn„trzwydzielniczy
lub metabolizm.

2. Najwy¿szy stopieæ dotkliwo˙ ci proponowanych procedur to: dotkliwe.
3. Do˙ wiadczenia bŒd„ przeprowadzane na gatunkach lub grupach gatunk̇ w4:

Gatunek Wiek/stadium Liczba
Mysz domowa (Mzs niuscidus) szczepu BKS(D)Lepi/JorlRj 10 tygodni 20

4. Do˙ wiadczenia bŒd„ przeprowadzane przez: Pawe‡ W‡odarski, Wiktor Paskal, Albert
Stachura, Agata Gondek, Robert Wrzesieæ.

5. Do˙ wiadczenie bŒdzie przeprowadzane w terminie5 od 0‡.04.2O2 do 01.04.2025.
6. Do˙ wiadczenie bŒdzie przeprowadzone w o˙ rodku˙ : nie dotyczy.
7. Do˙ wiadczenie bŒdzie przeprowadzone poza o˙ rodkiem, w: nie dotyczy.
8. U¿yte do procedur zwierzŒta dzikie zostan„ od‡owione przez: nie dotyczy.
9. Do˙ wiadczenie zostanie/nic zwtunic poddane ocenie retrospektywnej na podstawie art. 53

ust. 1 ustawy w terminie do 6 miesiŒcy od dnia przekazania przez u¿ytkownika dokumentacji,
maj„cej stanowi̇ podstawŒdokonania oceny retrospektywnej. U¿ytkownik jest zobowi„zany
do przekazania Ww. dokumentacji niezw‡ocznie, tj. w terminie, o kṫ rym mowa w art. 52 ust.
2 ustawy.

Niew‡ȧ ciwy zapis usun„̇

imiŒi nazwisko osoby, kṫ ra zaplanowa‡a jest odpowiedzialna za przeprowadzenie do˙ wiadczenia
Wype‡ni̇ w przypadku dopuszczenia do postŒpowania organizacji spo‡ecznej.
Podȧ liczbŒ, szczep/stado, wiek/stadium rozwoju
Nie d‡u¿ej ni¿ 5 lat
Podȧ jė li test to inny o˙ rodek ni¿ u¿ytkownik



*3

Uzasadnienie:

Komisja oceni‡a wniosek zgodnie z art. 47 ust. li 2 ustawy z dnia 15 stycznia 2015 r. o ochronie
zwierz„t wykorzystywanych do cel̇ w naukowych lub edukacyjnych (Dz. U. 12019 r. poz. 1392). Po
zapoznaniu siŒ z problematyk„ badawcz„ przedstawion„ we wniosku komisja stwierdza, ¿e
przedstawiony projekt spe‡nia zasady dopuszczenia do˙ wiadczeæ na zwierzŒtach pod k„tem oceny
etycznej. Na podstawie art. 107 * 4 ustawy z dnia 14 czerwca 1960 r. ˙ Kodeks postŒpowania
administracyjnego z p˙ ˙ niejszymi zmianami (Dz. U. 2020 r. poz. 256) odst„piono od sporz„dzania
uzasadnienia decyzji, gdy¿ decyzja jest zgodna z wnioskiem strony.

*4

Integraln„ czŒ̇̇ niniejszej uchwa‡y stanowi kopia wniosku, o kṫ rym mowa w * 1.

Szkola G‡̇ wna Gospodaritwa Wiejskiego
w WarszaWie

II Lokalna Komisja Etyczna
ds Do˙ wiadczeæ na ZwierzŒtach

02-756 Warszawa, ui Ciszewskego B
tel. 22 59-35622

(Pleez„c lokalnej komisji etycznej)

Pouczenie:

PRZEWODNICZ¥ CA
II Lokalnej Komisji Etycznej

d3. Dowi Cz Tri ?wrerzŒtach przy SGGW

I Prof. dr b. Jo
(Podpis rze odniczacej Komisji)

Zgodnie z arU 33 ust. 3 i art. 40 ustawy w zw. z art. 127 li 2 oraz 129 * 2 ustawy z dnia z dnia 14
czerwca 1960 r. Kodeks postŒpowania administracyjnego (Dz. U. 2017, poz. 1257˙ tj.; dalej KPA) od uchwa‡y
Lokalnej Komisji Etycznej strona mo¿e wniė ˙ , za jej po˙ rednictwem, odwo‡anie do Krajowej Komisji
Etycznej do Spraw Do˙ wiadczeæ na ZwierzŒtach w terminie 14 od dnia dorŒczenia uchwa‡y.

Na podstawie art. 127a KPA w trakcie biegu terminu do wniesienia odwo‡ania strona mo¿e zrzec siŒ
prawa do jego wniesienia, co nale¿y uczyni̇ wobec Lokalnej Komisji Etycznej, kṫ ra wyda‡a uchwa‡Œ. Z
dniem dorŒczenia Lokalnej Komisji Etycznej o˙ wiadczenia o zrzeczeniu siŒprawa do wniesienia odwo‡ania
przez ostatni„ ze stron postŒpowania. decyzja staje siŒostateczna i prawomocna.

Otrzymuje:
U¿ytkownik.
Organizncja spoleczna dopuszczona do udzialu s postŒpowaniu (jė li dolyczy)
a/a

1)
2)
3)

U¿ytkownik kopie przekazuje:
˙ Osoba planuj„ca do˙ wiadczenie
˙ zespdl ds dobrostanu



 
 

9. Oświadczenia współautorów publikacji 
Poniżej znajdują się oświadczenia współautorów publikacji, określające indywidualny 

wkład każdego z nich w ich powstanie. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Warszawa, 18.09.2024r. 
(miejscowość, data)  

 Ishani Khanna 
(imię i nazwisko) 

OŚWIADCZENIE 

Jako współautorka pracy pt. Wound Healing Impairment in Type 2 Diabetes Model of 

Leptin-Deficient Mice—A Mechanistic Systematic Review oświadczam, iż mój własny wkład 
merytoryczny w przygotowanie, przeprowadzenie i opracowanie badań oraz przedstawienie 
pracy w formie publikacji stanowi: 
pisanie części manuskryptu, edycję tekstu, przegląd literatury. 

Mój udział procentowy w przygotowaniu publikacji określam jako 20%. 

Wkład Alberta Stachury w powstawanie publikacji określam jako 60%, 

       (imię i nazwisko kandydata do stopnia) 

obejmował on: przygotowanie koncepcji, opracowanie tematu pracy, opracowanie 

metodologii, przegląd literatury, ekstrakcję danych, interpretację wyników, pisanie 

manuskryptu, edycję tekstu. 
(merytoryczny opis wkładu kandydata do stopnia w powstanie publikacji)* 

Jednocześnie wyrażam zgodę na wykorzystanie w/w pracy jako część rozprawy doktorskiej 

lek. Alberta Stachury 
          (imię i nazwisko kandydata do stopnia) 

................................................... 

           (podpis oświadczającego) 

*w szczególności udziału w przygotowaniu koncepcji, metodyki, wykonaniu badań, interpretacji wyników 

ShaniR.



Warszawa, 18.09.2024r. 
(miejscowość, data)  

 Piotr Krysiak 
(imię i nazwisko) 

OŚWIADCZENIE 

Jako współautor pracy pt. Wound Healing Impairment in Type 2 Diabetes Model of 

Leptin-Deficient Mice—A Mechanistic Systematic Review oświadczam, iż mój własny wkład 
merytoryczny w przygotowanie, przeprowadzenie i opracowanie badań oraz przedstawienie 
pracy w formie publikacji stanowi: 
pisanie części manuskryptu, edycję tekstu, przegląd literatury. 

Mój udział procentowy w przygotowaniu publikacji określam jako 10%. 

Wkład Alberta Stachury w powstawanie publikacji określam jako 60%, 

       (imię i nazwisko kandydata do stopnia) 

obejmował on: przygotowanie koncepcji, opracowanie tematu pracy, opracowanie 

metodologii, przegląd literatury, ekstrakcję danych, interpretację wyników, pisanie 

manuskryptu, edycję tekstu. 
(merytoryczny opis wkładu kandydata do stopnia w powstanie publikacji)* 

Jednocześnie wyrażam zgodę na wykorzystanie w/w pracy jako część rozprawy doktorskiej 

lek. Alberta Stachury 
          (imię i nazwisko kandydata do stopnia) 

................................................... 

           (podpis oświadczającego) 

*w szczególności udziału w przygotowaniu koncepcji, metodyki, wykonaniu badań, interpretacji wyników 

Piotr Krysiak



Warszawa, 18.09.2024r.
(miejscowość, data) 

Wiktor Pascal
(imię i nazwisko)

OŚWIADCZENIE

Jako współautor pracy pt. Wound Healing Impairment in Type 2 Diabetes Model of
Leptin-Deficient Mice—A Mechanistic Systematic Review oświadczam, iż mój własny wkład 
merytoryczny w przygotowanie, przeprowadzenie i opracowanie badań oraz przedstawienie 
pracy w formie publikacji stanowi:

superwizja projektu, edycja tekstu, opracowanie metodologii. 

Mój udział procentowy w przygotowaniu publikacji określam jako 5%.

Wkład Alberta Stachury w powstawanie publikacji określam jako 60%,

      (imię i nazwisko kandydata do stopnia)

obejmował on: przygotowanie koncepcji, opracowanie tematu pracy, opracowanie 

metodologii, przegląd literatury, ekstrakcję danych, interpretację wyników, pisanie 

manuskryptu, edycję tekstu.
(merytoryczny opis wkładu kandydata do stopnia w powstanie publikacji)*

Jednocześnie wyrażam zgodę na wykorzystanie w/w pracy jako część rozprawy doktorskiej 

lek. Alberta Stachury
          (imię i nazwisko kandydata do stopnia)

...................................................

    (podpis oświadczającego)

*w szczególności udziału w przygotowaniu koncepcji, metodyki, wykonaniu badań, interpretacji wyników



Warszawa, 18.09.2024  
 
 
prof. Paweł Włodarski 

 
 

OŚWIADCZENIE 
 

Jako współautor pracy pt. Wound Healing Impairment in Type 2 Diabetes Model of 

Leptin-Deficient Mice—A Mechanistic Systematic Review oświadczam, iż mój własny wkład 
merytoryczny w przygotowanie, przeprowadzenie i opracowanie badań oraz przedstawienie 
pracy w formie publikacji stanowi: 
superwizja projektu, edycja tekstu, opracowanie metodologii.  

 

Mój udział procentowy w przygotowaniu publikacji określam jako 5%. 

Wkład lek. Alberta Stachury w powstawanie publikacji określam jako 60%, 

 

Wkład lek. Alberta Stachury obejmował: przygotowanie koncepcji, opracowanie tematu pracy, 

opracowanie metodologii, przegląd literatury, ekstrakcję danych, interpretację wyników, 

pisanie manuskryptu, edycję tekstu. 

 

Jednocześnie wyrażam zgodę na wykorzystanie w/w pracy jako część rozprawy doktorskiej 

lek. Alberta Stachury 

 

 

 

   (podpis oświadczającego) 

 

 
 









Warszawa, 18.09.2024r. (miejscowość, data)  
 
 
        Michał Kopka 

(imię i nazwisko)  
 

 

OŚWIADCZENIE 

 

Jako współautor pracy pt. The Influence of N-Acetylcysteine-Enriched Hydrogels on 

Wound Healing in a Murine Model of Type II Diabetes Mellitus oświadczam, iż mój własny 
wkład merytoryczny w przygotowanie, przeprowadzenie i opracowanie badań oraz 
przedstawienie pracy w formie publikacji stanowi: 
analiza danych, wykonanie badań, wizualizacja danych 

Mój udział procentowy w przygotowaniu publikacji określam jako 8%. 

Wkład Alberta Stachury w powstawanie publikacji określam jako 50%, 
       (imię i nazwisko kandydata do stopnia) 

obejmował on: przygotowanie koncepcji, opracowanie tematu pracy, opracowanie 

metodologii, wykonanie badań, analiza danych, interpretacja danych, wizualizacja danych, 

pisanie manuskryptu, edycja tekstu 
(merytoryczny opis wkładu kandydata do stopnia w powstanie publikacji)* 

 

Jednocześnie wyrażam zgodę na wykorzystanie w/w pracy jako część rozprawy doktorskiej 

lek. Alberta Stachury 
          (imię i nazwisko kandydata do stopnia) 

 

...................................................            (podpis 

oświadczającego) 

 

 

 

 

 

 
*w szczególności udziału w przygotowaniu koncepcji, metodyki, wykonaniu badań, interpretacji wyników 

 
 



Warszawa, 18.09.2024  
 
 
prof. Paweł Włodarski 

 
 

OŚWIADCZENIE 
 

Jako współautor pracy pt. The Influence of N-Acetylcysteine-Enriched Hydrogels on 

Wound Healing in a Murine Model of Type II Diabetes Mellitus oświadczam, iż mój własny 
wkład merytoryczny w przygotowanie, przeprowadzenie i opracowanie badań oraz 
przedstawienie pracy w formie publikacji stanowi: 
przygotowanie koncepcji, superwizja projektu, opracowanie metodologii 

Mój udział procentowy w przygotowaniu publikacji określam jako 4%. 

Wkład  lek. Alberta Stachury w powstawanie publikacji określam jako 50%, 
  

Wkład lek. Alberta Stachury obejmował: przygotowanie koncepcji, opracowanie tematu pracy, 

opracowanie metodologii, wykonanie badań, analiza danych, interpretacja danych, 

wizualizacja danych, pisanie manuskryptu, edycja tekstu 

 

Jednocześnie wyrażam zgodę na wykorzystanie w/w pracy jako część rozprawy doktorskiej 

lek. Alberta Stachury 

 

 

 

         (podpis oświadczającego) 
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