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2. Streszczenie w języku polskim 
 

Tytuł: Translacja wyników badań nad zwierzęcymi modelami ran na ich zastosowanie 
w praktyce klinicznej gojenia ran u pacjentów z cukrzycą

 
 

 

Wstęp 

W dobie starzenia się populacji problem leczenia trudno gojących się ran nabiera coraz 

większego znaczenia klinicznego. Generatorem opóźnionego procesu gojenia tkanek są 

wszystkie choroby, u podłoża których leży zmniejszenie utlenowania tkanek, zarówno na 

poziomie mikrokrążenia, jak i w łożysku dużych naczyń krwionośnych. Wiodącą jednostką 

chorobową wikłającą gojenie ran jest cukrzyca. Badania podstawowe kierowane są na 

poszukiwania zarówno cząsteczek, jak i metod optymalizujących proces gojenia ran, 

związanych szczególnie z wieloletnim niewyrównanym przebiegiem cukrzycy. Istotą takich 

terapii jest minimalizacja ryzyka zakażenia tkanek poprzez zmniejszenie wielkości owrzodzeń, 

a zatem wpływ na proces ich regeneracji. Rana bez cech zakażenia to mniejsze ryzyko takich 

powikłań jak sepsa, z możliwością zgonu włącznie. Utrzymywanie się cech infekcji to ryzyko 

potencjalnie nieodwracalnej utraty nie tylko stopy, ale także całej kończyny dolnej, w wyniku 

ich martwicy. Jednak zanim nowe formy terapii będą mogły być zastosowane u ludzi, 

niezbędne są badania kliniczne powstałe w oparciu o właściwie opracowane modele zwierzęce.  

Celem badań wchodzących w skład niniejszej rozprawy doktorskiej było stworzenie 

eksperymentalnego modelu zwierzęcego rany przewlekłej. Kolejne badania pozwoliły na 

uzyskanie warunków możliwie jak najwierniej odzwierciedlających zmiany patofizjologiczne 

obecne w tkankach pacjentów poddanych wpływowi hiperglikemii. Po wytworzeniu takiego 

modelu dokonano oceny wpływu dwóch form terapeutycznych na efektywność gojenia ran u 

zwierząt doświadczalnych. 

 

Prace nr 1 i 2 niniejszej rozprawy mają charakter oryginalny i zostały przeprowadzone 

po dogłębnej analizie dostępnego piśmiennictwa w zakresie projektowania badań na modelach 

zwierzęcych. Pierwsza praca stanowi opis badania pilotażowego z zaproponowanym autorskim 

modelem gojenia ran przewlekłych u szczurów rasy Wistar, u których wytworzono cukrzycę 

za pomocą streptozotocyny (STZ). Druga praca powstała na bazie wniosków wynikających z 

doświadczeń opisanych w pierwszej pracy. W drugiej pracy uporządkowano wnioski z badania 

pierwszego, modyfikując pierwotnie stworzony zwierzęcy model rany przewlekłej oraz 
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zastosowano dwie odrębne cząsteczki przeciwcukrzycowe celem porównania ich wpływu na 

sam proces gojenia rany, a więc wykorzystujące działania pozahipoglikemzujące leków 

rutynowo stosowanych w terapii cukrzycy per se. Podsumowaniem zebranych doświadczeń 

jest trzecia praca, która ma charakter poglądowy. Uwagi zawarte w pracy stanowią drogowskaz 

dla badaczy, którzy będą oceniali skuteczność nowych leków bazując na zwierzęcym modelu 

rany z towarzyszącą cukrzycą.  

 

Materiały i Metody 

Badania opisywane w pracach 1 i 2 przeprowadzono po uzyskaniu zgody II Lokalnej 

Komisji Etycznej ds. Doświadczeń na Zwierzętach w Warszawie. Badania przeprowadzono we 

współpracy z Zakładem Farmakologii Doświadczalnej i Klinicznej WUM. W obu 

przeprowadzonych badaniach wykorzystano szczury rasy Wistar, płci męskiej, o masie ciała 

około 300 g (+/-30g).  

Badanie nr 1 było badaniem pilotażowym. Jego celem było uzyskanie średnio-ciężkiej 

cukrzycy z jednoczesną stwierdzoną obecnością neuropatii, co miało imitować warunki 

analogiczne do tych, jakie można zaobserwować u osób z wieloletnią, niewyrównaną cukrzycą. 

Protokół badania zakładał ostateczne przygotowanie takiego modelu, który mógłby w 

przyszłości być wzorem dla różnych badań oceniających skuteczność nowych cząsteczek w 

leczeniu trudno gojących się ran w cukrzycy. Dotyczy to zarówno cząsteczek podawanych 

ogólnoustrojowo, jak i miejscowo do łożyska rany. Celem wywołania cukrzycy zwierzęta 

otrzymywały domięśniowo streptozotocynę (STZ) w dawce 35 - 38mg/kg masy ciała. 

Obecność oraz rozwój neuropatii oceniano odpowiednio po 7., 14., 21. i 28. dniu od podania 

STZ, uzyskując po tym okresie średnią redukcję antynocycepcji w zakresie 43,6 – 44% w

stosunku do wartości wyjściowych. Do właściwego etapu badania pilotażowego wybrano 14 

osobników, które utrzymywały glikemie w zakresie 250-350 mg/dl. Zwierzęta te podzielono 

na dwie grupy. Grupa I otrzymywała podskórne iniekcje insuliny NPH (neutral protamin 

Hagedorn) w dawce 5 j.m./kg masy ciała, natomiast grupa II (grupa kontrolna) otrzymywała 

iniekcje soli fizjologicznej (0.9% NaCl). Po 21 dniach stabilizacji glikemii w grupie I (glikemie 

w zakresie 80-150 mg/dl), w obydwu grupach dokonywano wytworzenia powierzchownej rany. 

Za pomocą skalpela usuwano z grzbietu cienką warstwę naskórka oraz skóry właściwej o 

wymiarach 1,5 cm x 2,5 cm, następnie ostrzykiwano roztworem lipopolisacharydu uzyskanego 

z Pseudomonas aeruginosa o stężeniu 5mg/dl (celem imitacji warunków miejscowego stanu 

zapalnego) i ostatecznie ranę zabezpieczano za pomocą opatrunku. Opatrunki zmieniano co 3 
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3. Streszczenie w języku angielskim 
 

Title: Translation of the studies results on animal wound models into their application to the 

clinical practice of wound healing in patients with diabetes

 

 

 

Introduction 

In an ageing population, the problem of treating hard-to-heal wounds is becoming 

increasingly clinically important. The generators of delayed tissue healing are all diseases with 

an underlying reduction in tissue oxygenation, both at the microvascular level and in the bed of 

large blood vessels. The leading disease entity complicating wound healing is diabetes. Basic 

research is directed towards the search for both molecules and methods to optimize the healing 

process in wounds associated particularly with long-term uncompensated diabetes. The essence 

of such therapies is to reduce the risk of tissue infection by decreasing the size of ulcerations 

and therefore influencing the regeneration process. A wound without infectious features also 

means a lower risk of complications, such as sepsis, including possible death. The persistence 

of infectious features is also a risk of potential irreversible loss not only of the foot, but also of 

the entire lower limb, as a result of necrosis. However, before new forms of therapy can be 

applied to humans, clinical trials based on properly developed animal models are required.  

 

The aim of the research forming part of this dissertation was to create an experimental 

animal model of chronic wounds. The initially created model was then modified, obtaining 

conditions that reflected as closely as possible the pathophysiological changes present in the 

tissues of patients affected by hyperglycaemia. Once such a model had been produced, the 

impact of two different therapeutic models on wound healing efficacy was assessed. 

 

Papers 1 and 2 of this dissertation are original and were designed after an in-depth 

analysis of the available literature on the design of animal model studies. The first paper is a 

description of a pilot study with the authors' proposed model of chronic wound healing in Wistar 

rats, in which diabetes was produced with streptozotocin. The second paper was based on the 

conclusions from the experiments described in the first paper. In the second paper, the 

conclusions of study 1 were structured by modifying the designed animal model of chronic 

wounds and two separate therapeutic regimens were used to compare their effects on the wound 

healing process itself, thus exploiting the non-hypoglycaemic effects of molecules routinely 
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used in diabetes therapy per se. The third paper summarizes the collected experience. The 

observations in the paper provide a signpost for researchers who will evaluate the efficacy of 

new molecules based on an animal model of wound healing with associated diabetes.  

Materials and Methods 

The studies described in papers 1 and 2 were carried out after obtaining approval from 

the 2nd Local Ethical Committee for Animal Experiments in Warsaw. The studies were 

conducted in collaboration with the Department of Experimental and Clinical Pharmacology, 

WUM. Both studies used Wistar rats, male, with out-bred characteristics, weighing 

approximately 300 g (+/-30g).  

Study 1 was a pilot study. Its aim was to obtain moderately severe diabetes with 

concomitant established neuropathy to mimic analogous conditions in subjects with long-term, 

uncompensated diabetes. The study protocol was to ultimately prepare such a model, which 

could in future serve as a model for various studies evaluating the efficacy of different 

molecules with potential use in the treatment of difficult-to-heal wounds in diabetes. This 

includes molecules administered systemically as well as topically to the wound bed. In order to 

induce diabetes, animals received streptozotocin intramuscularly (dose 38mg/kg body weight). 

The presence and development of neuropathy was assessed 7, 14, 21 and 28 days after 

streptozotocin administration, respectively, with a mean reduction in antinociception of 43.6 - 

44% from baseline. For the actual part of the pilot study, 14 individuals which maintained 

glycaemias in the range of 250-350 mg/dl were selected. These individuals were divided into 

two groups. Group I received subcutaneous injections of NPH insulin at a dose of 5 IU/kg, 

while group II (control group) received injections of saline (0.9% NaCl). After 21 days of 

glycaemic stabilization in group I (glycaemias in the range 80-150 mg/dl), a superficial wound 

was made in both groups. A thin layer of epidermis and dermis measuring 1.5 cm x 2.5 cm was 

removed from the dorsum using a scalpel, then injected with a 5mg/dl solution of 

lipopolysaccharide from Pseudomonas aeruginosa (to mimic local inflammatory conditions) 

and finally the wound was protected with a secondary dressing. Dressings were changed every 

three days in order to take wound measurements and wound biopsies for histopathological 

evaluation.  

Difficulties in, among other things, stabilizing the wound healing process in the first, 

pilot study (described in Chapter 4, which justifies combining the described papers into a series) 

became the basis for modifying the protocol of study 2. Study 2, was conducted in a group of 

200 male, inbred Wistar rats, in which diabetes was induced using the same method as in Study 
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NOWY MODEL RAN PRZEWLEKŁYCH W CUKRZYCY – BADANIE 
PILOTAŻOWE U SZCZURÓW RASY WISTAR
NEW MODEL OF CHRONIC WOUNDS IN WISTAR RATS – PILOT STUDY

STRESZCZENIE: W celu oceny modelu terapeutycznego wpływającego na gojenie ran w prze-
biegu cukrzycy, potrzebny jest powtarzalny zwierzęcy model rany przewlekłej. Dotychczas nie 
stworzono takiego uniwersalnego zwierzęcego modelu posiadającego warunki jak najbardziej 
zbliżone do warunków obserwowanych podczas gojenia u ludzi z wieloletnią cukrzycą. Celem 
badania była ocena przydatności stworzonego modelu rany przewlekłej u szczurów z cukrzycą 
streptozotocynową przy zastosowaniu insulinoterapii w warunkach względnej normoglikemii. 
Zarówno sposoby dokonywania pomiarów, jak i standaryzacja metod tworzenia oraz zaopatry-
wania rany były podobne do metod gojenia w warunkach klinicznych u ludzi.

SŁOWA KLUCZOWE: cukrzyca, insulina, rana, streptozotocyna, szczury, Wistar

ABSTRACT: To evaluate the therapeutic models of wound healing in diabetes, we need repe-
atable animal model of chronic wound. There has not been yet created a universal model si-
milar to conditions observed during wound healing in humans with long history of diabetes. 
The aim of the study was to evaluate the usefulness of the created model of chronic wound in 
rats with streptozotocin induced diabetes, using insulin at a relative normoglycemia. Methods 
of measuring as well as standardized methods for creating and obtaining the wound brings us 
closer to healing conditions observed in clinical practice in humans.

KEY WORDS: diabetes, insulin, rats, streptozotocin, Wistar, wound
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WSTĘP

Proces gojenia ran u chorych z cukrzycą jest w znacznym 
stopniu upośledzony w  stosunku do  analogicznego proce-
su u  osób bez cukrzycy. Trwa znacznie dłużej, a  ponadto 
stwarza ryzyko powikłań, takich jak: zapalenie kości i szpi-
ku kostnego, posocznica, konieczność resekcji ogniska za-
palnego (w  tym amputacji), a  nawet zgon chorego  [1–3]. 
W celu oceny przydatności różnych modeli terapeutycznych 
mających wpływ na proces gojenia rany w cukrzycy, waż-
ne jest stworzenie powtarzalnego zwierzęcego modelu rany 
przewlekłej. Zrozumienie patomechanizmów gojenia rany 
z zastosowaniem różnych substancji optymalizujących po-
szczególne fazy gojenia u zwierząt doświadczalnych powin-
no poprzedzać wdrożenie tych preparatów u ludzi [4].

Dotychczas nie stworzono uniwersalnego modelu zwie-
rzęcego rany przewlekłej, zbliżonego najbardziej do  wa-
runków obserwowanych podczas gojenia ran u  ludzi 

z wieloletnią cukrzycą [5, 6]. Wynika to z trudności odwzo-
rowania warunków generowania przewlekłych powikłań 
o charakterze mikro- i  makroangiopatii w  warunkach la-
boratoryjnych. Poza poszukiwaniem najbardziej homogen-
nych gatunków zwierząt, standaryzacją tworzenia oraz za-
opatrywania rany, ważne jest także uzyskanie optymalnego
rachunku ekonomicznego [7].

W niniejszej pracy dążono do stworzenia modelu speł-
niającego powyższe założenia. Dokonując jego oceny, jako 
metodę farmakologicznego wyrównywania glikemii u bada-
nych szczurów zastosowano insulinoterapię. Dotychczaso-
we dane z piśmiennictwa wskazują na konieczność dążenia 
do normoglikemii w celu poprawy warunków gojenia rany. 
Ma to znaczenie dla optymalnego czasu utrzymywania się 
poszczególnych faz gojenia, redukcji ryzyka narastania cech 
stanu zapalnego czy indukcji zagrażających życiu powikłań, 
takich jak: ryzyko zapalenia kości i szpiku kostnego, posocz-
nicy, a nawet zgonu [8–11].

6. K

 – 

Wistar. 

27



34 © Evereth Publishing, 2015

LECZENIE RAN 2015;12(1)

Celem badań była ocena przydatności stworzonego mo-
delu rany przewlekłej u szczurów z cukrzycą streptozotocy-
nową w warunkach względnej normoglikemii.

MATERIAŁ I METODY

Badanie przeprowadzono po  uzyskaniu zgody II Lo-
kalnej Komisji Etycznej ds. Doświadczeń na  Zwierzętach 
w Warszawie.

W  doświadczeniach wykorzystano szczury rasy Wistar, 
out-bred, płci męskiej, wagi około 300  g (±30  g). W  celu 
wywołania cukrzycy zwierzęta otrzymały domięśniowo 
streptozotocynę w dawce 38 mg/kg masy ciała (�rmy Sig-
ma-Aldrich) [12]. Poziom glukozy w krwi żylnej szczurów 
(żyła ogonowa) monitorowano za pomocą glukometru Ac-
cu-Chek® Active (Roche). Po 28 dniach od podania strepto-
zotocyny wybrano 14 zwierząt, które w największym stop-
niu spełniały kryteria średnio ciężkiej cukrzycy (glikemia 
w granicach 250–350 mg/dl).

Rozwojowi cukrzycy towarzyszyło pojawienie się neuro-
patii. Stopień uszkodzenia nerwów oceniano poprzez po-
miar progu czucia bodźca mechanicznego według mody�-
kacji metody Randall-Selitto w 7., 14., 21. i 28. dobie od po-
dania streptozotocyny  [13]. Zmiany progu czucia bodź-
ca mechanicznego badano przy użyciu analgezymetru Ugo 
Basile (typ 7200, Comerio-Varese). Bodziec mechanicz-
ny o narastającej sile nacisku, działający na zewnętrzną po-
wierzchnię tylnej kończyny szczura, był wyzwalany z anal-
gezymetru, aż do momentu pojawienia się reakcji drgnięcia 
lub wycofania kończyny. Wyniki uzyskane w gramach prze-
liczano na wartości procentowe w odniesieniu do otrzyma-
nych w  czasie ,,0” (przed podaniem streptozotocyny), dla 
każdego szczura zgodnie ze wzorem:

% analgezji = (100×B)
(A-100)

gdzie:
A: nacisk [g] w czasie ,,0”, przed podaniem streptozoto-

cyny;
B:  nacisk [g] w kolejnych dobach po podaniu streptozo-

tocyny.
Procent analgezji obliczony z przedstawionego wzoru dla 

poszczególnych zwierząt były następnie wykorzystywany 
do obliczenia średnich wartości i analiz statystycznych.

Szczury wybrane na podstawie opisanych kryteriów zo-
stały podzielone na  dwie grupy po  7 osobników każda. 
Zwierzęta w  grupie I  otrzymywały przez 21 dni 2×dzien-
nie iniekcje podskórne insuliny NPH w  dawce 5 j.m./kg 
masy ciała. Szczurom z  grupy II (grupa kontrolna) poda-
wano w tym samym schemacie czasowym podskórne iniek-
cje soli �zjologicznej. Dawki leków były ustalone na  pod-
stawie piśmiennictwa tak, aby stężenia glukozy we  krwi 

u zwierząt otrzymujących insulinę mieściły się w granicach
80–150  mg/dl  [14, 15]. W  trakcie doświadczenia szczury
miały nieograniczony dostęp do wody oraz pożywienia.

W celu wytworzenia ran szczury poddano anestezji z uży-
ciem dootrzewnowych wstrzyknięć mieszaniny ketaminy 
(87 mg/ml) z ksylazyną (13 mg/ml). Skary�kacje wykona-
no na  grzbietowej powierzchni skóry, po  uprzednim ogo-
leniu sierści na  zaplanowanym miejscu golarką elektrycz-
ną. Do skary�kacji użyto skalpela, za pomocą którego usu-
nięto z grzbietu cienką warstwę naskórka i skóry właściwej 
o grubości 0,3 mm–0,5 mm (do poziomu panniculus carno-
sus) oraz powierzchni 1,5 cm×2,5 cm [16–18]. Pobrano tak-
że wycinki z brzeżnych fragmentów odciętej zdrowej skóry,
które następnie umieszczono w formalinie. W celu bezinwa-
zyjnego odczytu ukrwienia oraz wykonania pomiarów pla-
nimetrycznych rany, zwierzęta poddano analizie w  obiek-
tywie kamery termowizyjnej. W każdej grupie rany zosta-
ły dodatkowo powierzchniowo ostrzyknięte 0,2 ml roztwo-
ru lipopolisacharydu otrzymanego z  Pseudomonas aerugi-
nosa (�rmy Sigma-Aldrich), o stężeniu 5 mg/ml, dla wytwo-
rzenia przewlekłego stanu zapalnego [19]. Ubytki zabezpie-
czono nowoczesnym opatrunkiem aktywnym (piankowym)
Allevyn™ Adhesive 5×5  cm (Smith&Nephew), a  następnie
bandażem ograniczającym ryzyko przesunięcia się opatrun-
ku (opaska Mollelast® ha´ 4 cm×4 m, Lohmann&Rauscher). 
Opaskę Mollelast® ha´ założono sposobem ósemkowym
wokół kończyn górnych i  ¾ górnych tułowia. Bandaż na-
cinano w newralgicznych miejscach (wokół stawu ramien-
nego) narażonych na powikłania kompresji (niedokrwienie,
ostra neuropatia), tworząc swoisty rękaw. Miejsca zakończe-
nia opaski zabezpieczano przylepcem. Przez kolejne 21 dni
kontynuowano pomiary glikemii oraz podawano insulinę
(grupa I) lub sól �zjologiczną (grupa II).

Opatrunki zabezpieczające zmieniano co  trzy dni. 
W tych dniach pobierano kolejne wycinki z obrzeża ubyt-
ku, a także przeprowadzano jego ocenę przy użyciu kame-
ry termowizyjnej. Rejestrowała ona rany z odległości 15 cm 
na specjalnie do tego celu przygotowanym statywie.

Do  badań wykorzystano kamerę pracującą w  bliskiej 
podczerwieni od 0,8 µm do 2,5 µm. Skorzystano z układów 
oświetlających z diodami LED, emitujących promieniowa-
nie od 800 nm do 930 nm. Zakres ten nie interferuje z in-
nymi urządzeniami oraz jest bezpieczny dla obiektów ży-
wych [20, 21].

Wycinki z obrzeża rany zebrane podczas badania zosta-
ły ocenione pod względem histologicznym. Materiał biop-
syjny utrwalono w  roztworze 2% formaldehydu i  pod-
dano standardowej procedurze, tj. preparaty o  grubości 
10 μm barwiono hematoksyliną i eozyną, a następnie oce-
niano w  mikroskopie świetlnym przy powiększeniu 100- 
i 400-krotnym.
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WYNIKI

Po wywołaniu cukrzycy u szczurów obserwowano zwięk-
szone zapotrzebowanie na  wodę, wzrost spożycia paszy, 
większe wydalanie moczu, a  także stopniowy spadek pro-
gu czucia bodźca mechanicznego: o 14,73%±1,3 w 7. dniu 
od  podania streptozotocyny, o 39,10%±1,1 w  14. dniu, 
42,09%±1,0 w 21. dniu oraz 42,95%±1,4 w 28. dniu w sto-
sunku do  wartości wyjściowych (przed wywołaniem cu-
krzycy).

U szczurów obserwowano również stopniowy wzrost po-
ziomu glukozy we krwi. Po 28 dniach od podania streptozo-
tocyny średnie wartości glikemii w poszczególnych grupach 
ustabilizowały się i wynosiły: 349,8±12,2 (grupa I – otrzy-
mująca insulinę) i 343,2±12,9 (grupa II – kontrola).

Po rozpoczęciu podawania insuliny w grupie I obserwo-
wano stopniowy spadek poziomu glikemii (w porównaniu 
do grupy kontrolnej). Średnie stężenia glukozy wynosiły od-
powiednio dla grupy I i grupy II:

w 7. dobie od wdrożenia podaży insuliny – 285,6±12,8 
i 346,6±8,7;
w 14. dobie – 216,8±9,8 i 344,4±14,5;
w 21. dobie – 120,4±9,2 i 339,8±9,7.

Następnie w grupie otrzymującej insulinę (grupa I) war-
tości utrzymywały się na  podobnym poziomie (tj. około 
120 mg/dl), który był znacznie niższy niż wartości glikemii 
w grupie kontrolnej (średnio 340 mg/dl).

W  celu oceny stopnia gojenia rany brano pod uwagę 
wielkość ubytku (pole powierzchni), temperaturę na jej po-
wierzchni i  obrzeżu oraz makroskopowo widoczne cechy 
stanu zapalnego.

Na  Ryc. 1 i  2 przedstawiono makroskopowy wygląd 
ran wybranych szczurów z  grupy I  i  II. Zaobserwowano, 
że  u  zwierząt leczonych insuliną, pomimo początkowego 
powiększenia powierzchni rany, w  dalszym okresie nastą-
piło jej szybsze (w porównaniu do grupy kontrolnej) goje-
nie. W konsekwencji podczas ostatniego pomiaru wielkość 
ubytku okazała się najmniejsza. Średnia powierzchnia rany 
w grupie I w 12. dniu od jej wytworzenia wynosiła 3808 pik-
seli (px), a w grupie II – 13104 px. Procentowy stosunek po-
wierzchni końcowej rany do  początkowej w  grupie I  wy-
niósł 8%, a w grupie II – 23%. Szczegółowe wyniki analizy 
dynamiki zmian powierzchni ran przedstawiono w  Tabeli 
1. Analiza termogra�czna wykazała, że temperatura na po-
wierzchni ubytku ulegała zmianom w  trakcie procesu go-
jenia. Pod koniec badania wykazano, że  u  zwierząt otrzy-
mujących insulinę temperatura w obrębie rany była wyższa
o 1,37°C w  stosunku do  temperatury w  grupie kontrolnej
(Ryc. 3).

Rany oceniane makroskopowo różniły się szybkością 
ustępowania cech stanu zapalnego (Ryc. 4, 5). Biopsje po-
brane w  pierwszym dniu (biopsja kontrolna) wykazywały 

Ryc. 1. Proces gojenia rany u szczura leczonego insuliną (grupa I).

Ryc. 2. Proces gojenia rany u szczura z grupy kontrolnej.

Ryc. 3. Zmiana temperatur na powierzchni rany.
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prawidłowy histologiczny obraz skóry i  tkanki podskórnej 
(Ryc. 4A, 4D oraz Ryc. 5A). Nie stwierdzono istotnych róż-
nic nasilenia cech stanu zapalnego pomiędzy badanymi gru-
pami zwierząt.

W grupie kontrolnej (otrzymującej roztwór 0,9% NaCl) 
w  preparatach biopsyjnych, pobranych w  drugim dniu 
po wytworzeniu rany doświadczalnej, zaobserwowano wy-
raźne nacieki zapalne, złożone głównie z granulocytów obo-
jętnochłonnych i makrofagów (Ryc. 4B). Umiarkowany, lecz 
o mniejszej intensywności naciek, stwierdzono w prepara-
tach biopsji pochodzących od  zwierząt otrzymujących in-
sulinę (Ryc. 4E).

Analiza materiału biopsyjnego, pobranego w  7. dniu 
po wytworzeniu rany doświadczalnej w grupie kontrolnej, 
wykazała masywne nacieki granulocytów i  makrofagów, 
obejmujące całą objętość ocenianych preparatów (Ryc. 4C 
i Ryc. 5B). W preparatach pochodzących z biopsji ran zwie-
rząt z grupy otrzymującej insulinę zaobserwowano jedynie 
niewielki naciek komórek zapalnych, występujący głównie 
w bezpośrednim sąsiedztwie brzegów gojącej się rany (Ryc. 
4F i Ryc. 5C).

OMÓWIENIE

Leczenie ran stanowi obecnie poważny problem me-
dyczny. Wprowadzenie skuteczniejszej farmakoterapii 
jest możliwe po  uprzednim lepszym poznaniu mechani-
zmów towarzyszących rozwojowi ran, w  oparciu o  odpo-
wiednio opracowane modele zwierzęce. W piśmiennictwie 
przedstawiono różne modele eksperymentalne wywoływa-
nia ran u  szczurów, niestety większość z  nich dotyczy ran 
ostrych [5, 6]. Obecnie nie jest dostępny uniwersalny model 
rany przewlekłej. Prawdopodobnie jest to związane z dużą 
ilością czynników, które mogą przyczyniać się do jej wywo-
łania. Według Davidsona i wsp. należą do nich: zaburzenia 
perfuzji tkankowej, niewłaściwe odżywianie, wiek, ograni-
czona aktywność �zyczna oraz przewlekłe niewyrównanie 
metaboliczne [5].

Rany pojawiające się w przebiegu cukrzycy są najczęst-
szą przyczyną amputacji kończyn dolnych u  ludzi, dlatego 
w badaniu własnym postanowiono stworzyć model możli-
wie jak najlepiej odzwierciedlający przewlekłe rany wystę-
pujące w  tym schorzeniu. Ponieważ w  praktyce klinicznej 
rany wywołane podwyższonym stężeniem glukozy we krwi 

Powierzchnia Dzień 1. 
(wytworze-
nie rany)

Dzień 3. Dzień 5. Dzień 9. Dzień 12. Stosunek powierzchni 
rany po leczeniu do  
powierzchni  
początkowej rany

Insulina 47328 53010 14442 9052 3808 0,08

0,9% NaCl 57330 34322 33280 18275 13104 0,23 

Tabela 1. Obserwacja zmian powierzchni ran 
w pikselach (px).

Ryc. 4. Wyniki badań histologicznych szczurów 
z grupy leczonej insuliną i z grupy kontrolnej, 
barwienie H+E.
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często ulegają nadkażeniu, w opracowywanym modelu eks-
perymentalnym zdecydowano się wywołać przewlekły stan 
zapalny za pomocą lipopolisacharydu bakteryjnego [19].

Wyniki wstępnego pilotażowego doświadczenia pokazu-
ją kierunek dalszych prac nad stworzeniem nowego mode-
lu ran przewlekłych w cukrzycy oraz nad wpływem insuliny 
na proces ich gojenia.

W oparciu o dane dostępne w piśmiennictwie oraz do-
świadczenia własne, w  celu uzyskania średnio ciężkiej cu-
krzycy zdecydowano się na jednorazowe podanie szczurom 
streptozotocyny [12, 22, 23].

Po  uszkodzeniu części endokrynnej trzustki obserwo-
wano wzrost glikemii, któremu już od czwartego dnia ba-
dania towarzyszyło pojawienie się hiperalgezji świadczącej 
o rozwoju neuropatii. Zaobserwowanie rozwoju neuropatii
u szczurów doświadczalnych wydaje się istotne, ponieważ
uszkodzenia nerwów są jedną z przyczyn powstawania ran
u ludzi. Jednak u pacjentów rozwój cukrzycy, zwłaszcza typu
2. wraz z towarzyszącą jej neuropatią, często przebiega bez-
objawowo, co przyczynia się do tego, że w chwili wykrycia
uszkodzenia nerwów niemożliwe jest już cofnięcie tego pro-
cesu. Jest to  jedna z podstawowych przyczyn powstawania
zespołu stopy cukrzycowej (ZSC).

W  badaniach własnych w  trakcie gojenia ran zwierząt 
dokonywano zmian opatrunku nową metodą opracowa-
ną specjalnie na potrzeby doświadczenia, a także w sposób 
wystandaryzowany pobierano wycinki z  ran. Badania wy-
kazały, że proces gojenia u szczurów przebiega szybciej niż 
u ludzi (dwa tygodnie), mimo hiperglikemii utrzymującej
się w grupie kontrolnej. Warto zwrócić uwagę, że u człowie-
ka – w zależności od stopnia nasilenia zaburzeń metabolicz-
nych – proces gojenia ran może trwać wiele miesięcy, a na-
wet lat.

Kolejnym elementem w  opracowywanym modelu eks-
perymentalnym, odzwierciedlającym procedury stosowa-
ne w praktyce klinicznej, był sposób pobierania wycinków 

z rany oraz jej zaopatrywanie. W celu dokładnej oceny wy-
cinków uzyskiwanych w poszczególnych fazach gojenia rany 
użyto atraumatyzujących opatrunków, które w minimalnym 
stopniu przylegały do uszkodzenia (opatrunki piankowe bez 
zawartości jonów srebra Allevyn™ Adhesive z  zewnętrzną 
warstwa klejącą, która pokrywała skórę nieobjętą owrzodze-
niem). Podczas kolejnych zmian opatrunków możliwa była 
zarówno dokładna ocena makroskopowa (w  tym przepro-
wadzenie pomiarów antropometrycznych), jak i  pobranie 
wystandaryzowanych próbek tkankowych do  badania hi-
stologicznego. Obraz, uzyskany po  zabarwieniu skrawków 
i ich ocenie pod mikroskopem, nasuwa wniosek o szybszym 
ustępowaniu nacieku zapalnego u szczurów z grupy leczonej 
insuliną w porównaniu z grupą kontrolną.

Problemem, który z reguły pojawia się w badaniach prze-
prowadzanych na grupie gryzoni, jest duża aktywność ru-
chowa tych zwierząt, przekładająca się na trudności w utrzy-
maniu zabezpieczenia rany (opatrunku). Jest to element nie-
zbędny w celu standaryzacji warunków gojenia. Dla uzyska-
nia takich warunków w  doświadczeniu zaprezentowanym 
w niniejszej pracy, jako ochronę opatrunku piankowego, za-
stosowano elastyczną opaskę podtrzymującą Mollelast® ha´. 
Cechuje się ona gładkim przyleganiem do  opatrunku ak-
tywnego, a jednocześnie nie powoduje nadmiernego ucisku 
(szczególnie w  obszarach powierzchni stawowych). Warto 
podkreślić, że są to nowoczesne opatrunki stosowane obec-
nie u ludzi.

Kolejnym elementem wyróżniającym metodykę zapre-
zentowanego badania jest zastosowanie nowoczesnych 
sposobów monitorowania procesu gojenia rany. W niniej-
szej pracy w  celu obserwacji gojenia ubytku wykorzysta-
no termowizję. Technika ta  łączy w  sobie dwie właściwo-
ści: z jednej strony umożliwia bardzo dokładną ocenę pola 
powierzchni rany, natomiast z  drugiej pozwala na  analizę 
rozkładu temperatury na powierzchni ubytku i w jego oto-
czeniu. Warto zwrócić uwagę, że w obrębie rany dochodzi 

Ryc. 5. Wyniki badań histologicznych szczurów z grupy leczonej insuliną i z grupy kontrolnej, barwienie H+E. Część 2.
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do obniżenia temperatury, co jest związane z większą utra-
tą ciepła z  tkanek niepokrytych skórą. Zatem wzrost tem-
peratury przekładający się na mniejszy ubytek promienio-
wania cieplnego poprzez zdrową skórę zwierzęcia świad-
czy pośrednio o szybkości gojenia. Cechą wyróżniającą dia-
gnostykę termogra�czną od innych stosowanych powszech-
nie metod diagnostyki (ultrasonogra�a, rentgenodiagnosty-
ka, scyntygra�a itp.) jest całkowity brak ingerencji w orga-
nizm zwierzęcia. Kamera termowizyjna rejestruje jedynie 
naturalne promieniowanie podczerwone emitowane przez 
ciało pacjenta, jest ono proporcjonalne do  ciepłoty ciała. 
Ograniczeniem tej metody jest możliwość bezpośredniej 
obserwacji zmian temperatury tylko na  powierzchni rany, 
co w przypadku doświadczenia zaprezentowanego w niniej-
szej pracy było wystarczające. Porównując zmiany lokalnych 
rozkładów temperatury na powierzchni rany i w jej sąsiedz-
twie oraz wartości temperatur pozornych w tych obszarach, 
można skutecznie wnioskować o stanie ubytku.

W przeprowadzonym badaniu wykazano spadek tempe-
ratury badanej na powierzchniach generowanych ran w po-
równaniu z tkankami je otaczającymi. Obserwacja ta nie jest 
zaskoczeniem, ponieważ –  tak jak wspomniano – w miej-
scach pozbawionych skóry (w porównaniu z obszarami po-
krytymi jej warstwą) dochodzi do zwiększonego parowania.

Dane dostępne w  piśmiennictwie wskazują, że  warun-
kiem prawidłowego procesu gojenia rany w przypadku cu-
krzycy jest uzyskanie normoglikemii. Nasuwa się jednak py-
tanie, czy wymóg ten spełnia jedynie insulinoterapia. W wa-
runkach klinicznych postępowanie takie dotyczy szczegól-
nie chorych w ciężkich stanach, ponadto insulinoterapia jest 
zalecana w przypadku upośledzenia funkcji narządów me-
tabolizujących leki, takich jak nerka lub wątroba.

Obserwacje zaprezentowane w niniejszej pracy potwier-
dzają związek między lepszym wyrównaniem metabolicz-
nym a szybszym procesem gojenia ran w cukrzycy, co od-
notowywano już w  badaniach innych autorów  [9]. Chri-
stman i wsp. w  latach 2004–2010 obserwowali gojenie ran 
u 183 pacjentów z cukrzycą podczas kolejnych wizyt kon-
trolnych i  porównywali je  z  laboratoryjnymi parametra-
mi wyrównania glikemii oraz stopniem neuropatii. Oso-
by, u których średni odsetek HbA1c wynosił 5,6%, uzyski-
wały współczynnik gojenia rany 0,35 cm2/dzień (z czasem
całkowitego zamknięcia rany około 64 dni od czasu pierw-
szej wizyty), podczas gdy u pacjentów z wysokim odsetkiem
HbA1c (średnio 11,1%) nawet po 727 dniach nie dochodzi-
ło do wygojenia ubytku. Wyniki badań własnych wydają się
potwierdzać, że obniżenie glikemii poprzez przewlekłe po-
dawanie insuliny przyspiesza szybkość gojenia ran (w sto-
sunku do grupy przyjmującej placebo).

Nasuwa się jednak pytanie, czy gojące działanie insuli-
ny jest związane jedynie z jej właściwościami obniżającymi 
stężenie glukozy we krwi, czy także z dodatkowym mecha-
nizmem działania. Dane zaprezentowane w piśmiennictwie 

dowodzą, że  insulina może pełnić neutro�czną funk-
cję, m. in.: stymuluje odrost neurytów, jest włączona w rege-
nerację obwodowych nerwów oraz jest niezbędna do prze-
życia neuronów współczulnych  [24, 25]. Wyjaśnienie me-
chanizmu działania insuliny na gojenie ran jest przedmio-
tem dalszych badań Autorów niniejszej pracy.

WNIOSKI

Badanie pilotażowe wskazuje, że  zaproponowany przez 
Autorów model gojenia rany przewlekłej u szczurów z cu-
krzycą streptozotocynową może w przyszłości stać się po-
wszechnie wykorzystywanym narzędziem badawczym. 
Standaryzacja metod tworzenia rany (wprowadzenie lipo-
polisacharydu bakteryjnego, zastosowanie specjalistycznych 
opatrunków aktywnych, atraumatyczna metoda zamocowa-
nia opatrunku) oraz sposób oceny stopnia jej gojenia (ter-
mogra�a) są zbliżone do warunków gojenia i zabezpiecza-
nia rany w praktyce klinicznej.

KONFLIKT INTERESÓW: nie zgłoszono.
DEKLARACJA PRZEJRZYSTOŚCI: Na przeprowadzenie badania uzyskano zgodę 
II Lokalnej Komisji Etycznej ds. Doświadczeń na Zwierzętach w Warszawie.
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Abstract: Chronic wounds are becoming an increasingly common clinical problem due to an aging
population and an increased incidence of diabetes, atherosclerosis, and venous insufficiency, which
are the conditions that impair and delay the healing process. Patients with diabetes constitute a group
of subjects in whom the healing process is particularly prolonged regardless of its initial etiology.
Circulatory dysfunction, both at the microvascular and macrovascular levels, is a leading factor in
delaying or precluding wound healing in diabetes. The prolonged period of wound healing increases
the risk of complications such as the development of infection, including sepsis and even amputation.
Currently, many substances applied topically or systemically are supposed to accelerate the process
of wound regeneration and finally wound closure. The role of clinical trials and preclinical studies,
including research based on animal models, is to create safe medicinal products and ensure the
fastest possible healing. To achieve this goal and minimize the wide-ranging burdens associated
with conducting clinical trials, a correct animal model is needed to replicate the wound conditions in
patients with diabetes as closely as possible. The aim of the paper is to summarize the most important
molecular pathways which are impaired in the hyperglycemic state in the context of designing an
animal model of diabetic chronic wounds. The authors focus on research optimization, including
economic aspects and model reproducibility, as well as the ethical dimension of minimizing the
suffering of research subjects according to the 3 Rs principle (Replacement, Reduction, Refinement).

Keywords: animal model; molecular mechanism; diabetic foot syndrome; chronic wound

1. Introduction

Epidemiological data clearly show that diabetes mellitus (DM) has long been a chal-
lenge for the representatives of the medical world and healthcare-financing entities. Es-
timates show that the number of DM cases and diabetic complications worldwide is
increasing, including difficult-to-heal wounds, with the most representative example being
diabetic foot syndrome (DFS). It is assessed that during the lifetime of a patient with DM,
the probability of DFS occurrence ranges from 5 to 25%, according to various authors. DFS
is found in 10 to 20% of patients with diabetes, and detailed data from the USA report even
25% [1,2]. There are no exact data on what percentage of patients with DM have wounds
of ischemic etiology or those resulting from venous insufficiency. The lack of such precise
epidemiologic data may be due to the fact that the abovementioned etiologic factors of
wounds, i.e., atherosclerotic lesions or venous insufficiency, which is less frequent, may
coexist in a patient with DM at different rates simultaneously. In addition, impaired wound
healing in diabetic patients results from comorbidities. Cellulitis is often the triggering
factor for wound formation, which might be an indicator of increasing swelling resulting
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from heart or kidney failure, a large percentage of which is due to changes caused by
DM. Additionally, patients with DM are more vulnerable to injuries due to neuropathy.
Regardless of its etiology, any wound that develops initially on the lower leg may become
a precursor to DFS when it spreads below the ankle. When ulceration becomes infected,
especially in the case of DFS due to impaired immune response in these patients, it can gen-
erate complications such as sepsis, amputation, and even death. In patients with DM who
developed active ulceration within five years, the mortality rate has been reported to be as
high as 40% [3]. Considering mortality following amputation, the figures are even more
terrifying since they range from 13% to 40% at one year, 35% to 65% at three years, and 39%
to even 80% at five years [1]. For this reason, research is conducted in scientific laboratories
worldwide to produce molecules of both local and systemic action, which could accelerate
wound healing and inhibit the development of inflammation at the lowest possible stage.
Before these molecules can be used in humans, it is necessary to carry out studies in an
animal model, which could demonstrate the safety and efficacy of such molecules. To
achieve this goal, the protocol of animal studies should be optimized. Moreover, the variety
of the choice of models for preclinical studies and related problems closely reflecting the
pathophysiology of wound development in human DM can be challenging. In this paper,
we summarize the current information related to the pathogenesis of impaired wound
healing in DM in the context of the design of an animal model. Additionally, the paper
presents the most important practical aspects of designing and selecting an animal model
for preclinical studies on wound healing in DM.

2. Molecular Pathways of the Development of Chronic Wounds in DM

The source of impaired wound healing in DM is related to several overlapping mecha-
nisms, presented in Figure 1. Endotheliopathy, which results in micro- and macrovascular
changes, can lead to neuropathic changes, which significantly increase the risk of injury
and delay in wound healing [4]. Macroangiopathic lesions, which usually occur later
than microvascular changes, affect the supply of nutrients to the wound during vascu-
lar complications in DM. Importantly, although the studies investigating microvascular
complications of DM, such as diabetic retinopathy, diabetic nephropathy and neuropathy,
have used various animal models (e.g., streptozotocin or alloxan-induced DM in mice
and rats, DM induced by transgenic procedures as in Akita mice), the mechanism lead-
ing to microvascular complications (microangiopathy) and created in these models is the
same—hyperglycemia and other important changes such as impaired immune response or
altered intracellular pathways [5]. Investigations of macrovascular changes are focused
on animal models of specific macrovascular lesions, e.g., myocardial infarction or stroke.
At a certain stage of the development of microangiopathic and macroangiopathic wound
progression, revascularization is the only chance for wound healing. As yet, no vascular
surgery techniques have allowed the restoration of the flow in microcirculation vessels
(known as resistance subcutaneous arteries) due to the mostly irreversible nature of vessel
wall remodeling and thrombotic and embolic closure. Firstly, the aim of the current studies
should be to find optimal and possibly non-invasive assessment methods for the flow in
the microvascular bed. This is extremely important when the changes in small arteries are
potentially reversible, before significant thickening of the basement membrane and throm-
botic and embolic occlusions occur. New MRI-based techniques used in preclinical studies
on cerebral microcirculation in rodents might also be useful in diabetic wound studies [6].
Secondly, searching for microvascular revascularization methods and/or molecules and
drugs preventing the occurrence of thrombotic and embolic changes and basal membrane
thickening should be independent research directions [7,8]. Studies on both of these prob-
lems require designing an adequate animal model of wounds in DM, which will imitate
impairment related to DM.
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(developed in streptozotocin-induced diabetic mice) caused a significant increase in PKC-δ
expression, which resulted in subsequent SHP-1 activation, PDGF downstream signaling
reduction, cellular apoptosis, and the presence of acellular capillaries within the retina
compared to non-diabetic control mice. These changes in diabetic mice were not reversible
by insulin treatment. However, the aforementioned changes were not developed in trans-
genic Prkcd −/− mice that lacked PKC-δ signaling. This study highlights the role of
PKC-δ in the development of endotheliopathy [16]. In addition, a study on rat mesangial
cells demonstrated that advanced glycation end products (AGEs) induced intracellular
oxidation stress, which contributes to the development of pathological changes in DM [17].
Moreover, hyperglycemia in streptozotocin-induced diabetic mice causes neuronal injury,
especially in the frontal cortex and amygdala, through inducible nitric oxide synthase
(iNOS) overexpression [18]. The imitation of this process can be achieved by induction of
hyperglycemia, which can induce enzyme synthesis and overactivation of the PKC pathway.
Importantly, the PKC pathway, which seems to be crucial in the pathogenesis of DM is also
up-regulated in ob/ob mice, which reflects type 2 DM, not only in streptozotocin-induced
diabetic mice [18].

The polyol pathway leads to endotheliopathy through the decreased supply of NO
in dysfunctional vessels by reducing NADPH in the cytosol. NADPH is necessary for the
regeneration of glutathione, which has antioxidant properties, and also for the produc-
tion of nitric oxide synthase (NOS) [19]. In the case of cytosolic deficiency of NADPH,
uncoupling of eNOS does not occur, which results in decreased production of NO and
increased production of oxygen free radicals, including ONOO− and O2−. The formation of
ROS products exacerbates endothelial cell dysfunction, thus mediating DNA damage [20].
Increased activity of the hexosamine pathway occurs due to hyperglycemia. The final stage
of this pathway is related to the formation of UDP-N-Acetylglucosamine, which results in
increased expression of TGF-β1 and PAI-1. Under hyperglycemic conditions, a four-fold in-
crease is reported in O-GlcNAcylation of the transcription factor Sp1, which participates in
the development of endotheliopathy by activating TGF-β1 and PAI-1 in arterial endothelial
cells and the PAI-1 promoter in vascular smooth muscle cells. Additionally, activation of
receptors for AGEs (RAGE) triggers NADPH oxidase, which enhances redox reactions and
consequently causes further endothelial damage [21]. Not only does AGE cause damage to
endothelial cells, but it also causes changes in the structure and function of extracellular
(ECM) and intracellular (ICM) matrix proteins [19]. These processes delay wound healing
due to the impaired activation of fibroblasts which secrete the ECM proteins. Moreover, it
should be stressed that RAGE and PKC pathway upregulation results in increased NF-κB
factor signaling, mediating the synthesis of endothelin-1 and ICAM adhesion molecules,
which results in increased migration of immune cells [22]. A study on obese hyperglycemic
mice showed that administration of sEH inhibitor t-AUCB inhibited the degradation of
epoxyeicosatrienoic acids (EETs) and could increase EDHF secretion, which resulted in
the inhibition of microangiopathic lesion formation [23]. Animal models should imitate
the impaired activation of the EDHF pathway due to its essential role in the pathogenesis
of microangiopathy.

2.2. Diabetic Neuropathy

Most of the processes responsible for the development of endotheliopathy, including
increased polyol pathway activity, AGE formation, and the PKC pathway, simultaneously
lead to the development of neuropathy [24]. In addition to hyperglycemia, other factors
such as glycemic variability, lipid disturbances, smoking, and alcohol abuse may influence
the occurrence and severity of neuropathy symptoms [25]. Damage to the vasa nervorum,
which supply various nerve fibers, such as C-type and delta fibers responsible for specific
functions of the nervous system, is mainly responsible for impaired wound healing in
DM and its recurrence, especially in DFS [26]. This highlights the importance of imitating
neuropathic changes in the design of the animal model [27]. Impaired microcirculation
in the skin in patients with DM occurs due to damage to the vasa nervorum caused
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DNA damage [20]. Increased activity of the hexosamine pathway occurs due to hyper-
glycemia. The final stage of this pathway is related to the formation of UDP-N-
Acetylglucosamine, which results in increased expression of TGF- 1 and PAI-1. Under
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Besides autonomic responses, unmyelinated C-type fibers are responsible for pain
perception. Up to 70% of multifunctional C-fibers are present in the skin [32,33]. Their
stimulation initiates neurogenic inflammation in response to neuropeptides released from
sensory nerve endings. These neuropeptides include substance P and calcitonin gene-
related peptide (CGRP), and their role is to regulate the activation of dendritic cells, mast
cells, and T cells. Microangiopathy, which causes impaired secretion of these neuropeptides
and neurotransmitters, results in not receiving signals by the immune system, whose cells
cannot undertake their functions [32–34]. Thus, the cell signaling processes responsible
for a normal immune response are strongly disrupted [35]. In the natural course of DM,
particularly if long-standing and poorly compensated, the C-fiber function permanently
deteriorates, inevitably causing impaired neurogenic inflammation responsible for neuro-
pathic pain and the inadequate response to inflammation [36]. In this process, especially
TRPV1, which is the transient receptor potential vanilloid subfamily member, plays a
significant role [29]. TRPV1 receptors are located in sensory nerve fibers and some vascular
endothelial and smooth muscle cells. Of note, they participate in the integration of pain
stimulus transmission. Besides inflammation in the wound, activation of TRPV1 is an
additional factor that triggers pain sensation. Paradoxically, due to this neurogenic damage
and due to lesions, the transmission of information about the emerging features of infection
in a wound occurs with a delay or does not occur at all (e.g., in DFS). With regard to the
immune changes occurring in the microcirculation in DM, the term immunocompromised
district theory has been adopted [37].

2.3. Diabetic Immunopathy

Impaired wound healing in the course of ulceration results most often from an ongo-
ing infectious process. A typical feature of chronic wounds is an increased concentration
of metalloproteinases, which causes damage to the formation of granulation tissue [38].
A chronic wound in a hyperglycemic environment is subjected to special conditions. Due
to the impaired functioning of immune system cells in this environment, some processes
can be overactivated, with simultaneous underactivation of others. The immune system
plays an important role in sustaining subclinical inflammation under conditions of devel-
oping hyperglycemia, as seen in individuals with obesity or in those who have already
developed type 2 DM (Figure 3). It seems that hyperglycemia causes significant impair-
ment of cell-dependent and humoral defense functions, which results in the long-term
persistence of bacteria in the biofilm form in wounds in diabetic patients. Additionally,
decreased myeloperoxidase and superoxide dismutase activities have been demonstrated
in azurophilic granules of neutrophils in patients with persistent long-term hyperglycemia,
which also causes delayed wound healing. Moreover, the aerobic mechanisms (production
of ROS and respiratory burst) responsible for microbial inactivation by neutrophil granu-
locytes are impaired in DM. This is caused by, among others, excessive activation of the
polyol pathway in DM, inducing NADPH deficiency, which prevents the generation of
oxygen free radicals. It results in an impaired non-specific removal of pathogens, which is
one of the key mechanisms of innate immunity. Furthermore, reduced activity of insulin-
dependent enzymes in neutrophil granulocytes, causing impaired neutrophil migration, is
also affected by relative insulin deficiency associated with insulin resistance in type 2 DM,
or its complete absence in type 1 DM. Monocyte- and macrophage-dependent processes,
such as chemotaxis and phagocytosis, are also impaired [39–41]. A decrease in adaptive
immunity is observed due to the impaired activation of antigen-presenting cells (APCs).
In the hyperglycemic milieu, increased mast cell degradation and increased recruitment
of proinflammatory M1 macrophages were also shown to be responsible for the impaired
cellular response and prolonged inflammation, which can also cause a delay in wound
healing [42]. All the above processes are collectively defined as diabetic immunopathy [4].
It is important to imitate all these changes during the design of animal models due to their
vital role in wound healing. Although diabetes also causes changes to the immune system
in animals, these changes differ from the corresponding changes in humans. First, immune
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vascular surgeons or interventional radiologists do not always result in the expected
revascularization outcomes due to the characteristic location of atherosclerotic lesions
in DM.

3.1. Endotheliopathy as the Primary Factor Promoting Atherosclerosis

An impaired activation of many overlapping processes is the molecular basis of such
a phenotype of changes as the ones observed in DM. Diabetic endotheliopathy is the
initial process that facilitates the formation of vascular stenosis that initiates atherosclerotic
plaque formation. Endothelial dysfunction is initiated not only by hyperglycemia but
also by other factors such as increased arterial pressure, causing turbulent flow in vessels,
high concentration of oxidized LDL, high concentrations of free oxygen radicals as well
as homocysteine, genetic factors, inflammatory changes resulting from viral or bacterial
infections, and the response to proinflammatory cytokines [47]. One of the final effects
of these changes is a reduced NO synthesis in the endothelium, which leads to impaired
reactivity of the vessel wall and a reduced antiatherosclerotic effect on plaque formation.
The ability of optimal NO secretion depends on numerous factors such as the availability
of tetrahydrobiopterin (BH4) and the activity of enzyme heme oxygenase-1 (HO-1). Their
vital role in the homeostasis of NO was adopted for designing one of the mouse models of
atherosclerosis development by knocking out the gene of the enzyme that participates in
NO production (human HO-1 deficiency and Hmox1 −/− mice) [48]. This model seems to
imitate the vascular changes but does not induce hyperglycemia. Therefore, it cannot be
used as the model for the wound healing process in DM unless it is combined with other
mutations or interventions which cause hyperglycemia. NO deficiency is not always the
initiating factor for atherosclerotic lesions. Some studies have shown that NO synthesis
may increase due to a higher concentration of free oxygen radicals, which was observed
in patients with DM where abnormal vascular reactivity to NO was found [49]. Despite
paradoxically increased NO production, endothelial cells showed simultaneously enhanced
production of O2− when treated with high concentrations of glucose [50]. This phenomenon
requires further research to explain the dualistic role of glucose in these processes. Despite
the above, the hyperglycemia milieu is a specific example of the potentially destructive
effect of oxygen free radicals on the development of endotheliopathy [51]. The role of
nitric oxide in the pathogenesis of DM has been widely investigated in animal models. An
interesting study on neuronal nitric oxide synthase (nNOS) expression in pancreatic islets
was performed on a rat model. It revealed that nNOS levels in beta cells disappeared after
12 h from the onset of DM [52].

The adhesion of platelets to damaged endothelial cells is one of the factors enabling
the formation of atherosclerotic plaque and embolism. In DM, this process is enhanced
by increased stimulation of growth factors, fibrin, thromboxane A2, integrins, and P-
selectin. Activated platelets secrete numerous molecules which maintain local inflammation
by stimulating endothelial cells. This leads to a constant mutual reaction between the
endothelial cells and the atherosclerotic plaque, including the transformation of monocytes
into macrophages by enhancing diapedesis [53].

3.2. Subclinical Inflammation as the Trigger of the Atherosclerotic Process
3.2.1. Adhesion Molecules

Moreover, according to the current views, this subclinical inflammation is responsible
for initiating and maintaining the atherosclerotic process. Indeed, there is a relationship
between the activity of the innate and adaptive immune responses and the propagation of
atherosclerotic lesions, which is particularly seen in DM. The innate immune response is ac-
tivated by the subendothelial accumulation of cholesterol deposits and foam cells (fat-laden
cells with an M2 macrophage-like phenotype), oxidation, and glycation [47,54,55]. It has
been shown that the atherosclerotic plaque contains activated B cells, T cells, macrophages,
mast cells, and dendritic cells that also send signals to the surrounding lymph nodes and
around the area of the vascular lesion. The permanently damaged vessel wall becomes more
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permeable to leukocytes adhering to endothelial cells, mainly due to vascular (VCAM-1)
and intercellular (ICAM-1) adhesion molecules [56]. The process of leukocyte adhesion and
migration is also possibly due to chemokines such as fractalkine CX3CL1, which maintains
the migration of macrophages to the site of the vessel wall and causes its damage [57].
Increased blood levels of VCAM and ICAM were observed in clinical conditions related to
subclinical inflammation and hyperinsulinemia associated with insulin resistance, such
as obesity or pre-DM [58,59]. It seems that peroxisome proliferator-activated receptors
(PPARs), which are present in the walls of endothelial cells and monocytes, macrophages,
and T cells, are one of the key regulators of this process. Oliver et al. showed that the use of
PPAR-activating molecules (GW501516) in DM leads to the inhibition of the atherosclerotic
process and the improvement of the lipid profile (increase in plasma HDL-C and decreased
plasma triglyceride, LDL-C and insulin levels) [60,61]. PPAR pathways with KLF5 also
participate in the development of diabetic cardiomyopathy, which has been demonstrated
on transgenic mice [62].

3.2.2. Toll-like Receptors

In DM, chronic inflammation is responsible for the long-lasting wound healing process,
which is another factor stimulating the development of atherosclerotic lesions. The activa-
tion of Toll-like receptors (TLRs) in the damaged tissue that are part of the innate immune
system is the phenomenon linking these two processes [63]. During injury and infection,
e.g., due to DFS, the TLRs are stimulated and mediate the expression of proinflammatory
cytokines. In humans, increased expression of TLR receptors in the atherosclerotic plaque
has been demonstrated [64]. In an ApoE −/− mouse model of atherosclerosis, deprivation
of TLR4 receptors resulted in a reduction in atherosclerotic severity, with an associated
decrease in the circulating levels of pro-inflammatory cytokines such as IL-12 and monocyte
chemoattractant protein 1 (MCP-1), despite chronic persistent hypercholesterolemia [65].
Although the relations refer to the animal model, similar pathophysiological relations
characteristic of the atherosclerotic process were observed in humans with long-lasting
DM [66]. Li et al. showed an increase in the expression of immune response factors such as
NFκB, ICAM-1, IL6, and IL8 after treatment with TLR2 and TLR4 agonists in a group of
patients with type 1 DM and advanced coronary atherosclerosis [67]. Enhanced secretion
of these cytokines may accelerate the progression of the atherosclerotic plaque and increase
the risk of its rapture. TLR receptors are responsible not only for signaling associated with
infection but also for non-infectious factors, such as those resulting from excess visceral
adipose tissue and the secretion of activating factors. Properties of these receptors may find
application in the future as targets of treatment for macroangiopathic complications of DM.
Therefore, it is important to adequately imitate its role in animal models [68].

3.2.3. Pentraxins

Pentraxins (e.g., PTX3) constitute another group of factors that link the atherosclerotic
process and the wound healing process. PTX3 is synthesized during neutrophil differentia-
tion, it is accumulated in their mature follicles, and is ready for secretion under hypoxia
in response to increased concentrations of proinflammatory cytokines such as TNF alpha,
IL-1 beta, or the presence of lipopolysaccharides [69–71]. Therefore, PTX3 levels can be
used not only as prognostic markers in myocardial ischemia but also in tissue recovery [72].
Increased levels of PTX3 were found in obese patients and in conditions of elevated insulin
levels characteristic of insulin resistance, such as metabolic syndrome and DM [73,74].
The role of this molecule has not been well investigated in the context of wound healing.
However, it seems that it can play an essential role in inflammation associated with tissue
regeneration, and higher levels of it can be associated with delayed wound healing.
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3.3. How Proteases Affect the Severity of the Atherosclerotic Process
3.3.1. Matrix Metalloproteinases

Additional factors linking the pathogenesis of atherosclerotic lesions and the healing
process are cathepsins and matrix metalloproteinases (MMPs), whose dominant role is the
degradation of extracellular matrix components. Under physiological conditions, they are
responsible not only for the reconstruction of vascular wall structures as well as formation
and destabilization of the atherosclerotic plaque, but also for the regeneration of superficial
injuries of the epidermis or mucosa [75–77]. Knock-out studies on animal models have
provided knowledge about the role of these enzymes in the pathogenesis of atherosclerosis.
Overactivity of different subtypes of metalloproteinases has been found in DM depending
on the location of the pathological process. Increased levels of metalloproteinases -1,-2,-3
have been shown to be associated with markers of vessel wall stiffness in patients with
type 1 DM and may represent a potential therapeutic target [78]. In contrast, in type 2 DM,
elevated levels of MMPs-7 and -12 were associated with a more severe course of atheroscle-
rosis and an increased frequency of coronary incidents [79]. Furthermore, atherosclerotic
lesions in the arterial vessel wall showed increased activity of metalloproteinases MMP-7
in addition to MMP-1,-2,-3,-9 [80–82]. It seems that inhibition of these enzymes can reduce
the risks of plaque rupture and further narrowing of the vessel. Moreover, overexpression
of MMP-9 was associated with delayed wound healing, and MMP-1,-8,-9 were found in
diabetic wounds [83–86]. During healing, there is a dynamic balance between the activity
of metalloproteinases and tissue inhibitors of metalloproteinases (TIMPs) in the wound,
especially in patients with DM. Yu Liu et al. demonstrated that in wound exudates of
patients with DFS, the assessment of MMP-9 and TIMP-1 activity could help to evaluate
patients with a high risk of delayed wound healing [87]. In a study evaluating carotid
atherosclerotic plaque composition in patients with type 2 DM, overactivity of domain
17 (ADAM17) and MMP-9 was found to be associated with the inadequate expression of
TIMP-3 via SirT1 [88].

3.3.2. Cathepsins

Furthermore, cathepsins play an essential role in wound healing. Depending on
their site of action, they affect not only cardiac remodeling (cathepsins B and S) but also
bone (K) and adipose tissue (S) metabolism [89,90]. Moreover, cathepsin L plays a role in
adipogenesis and insulin action. It was shown that inhibition of cathepsin L can result
in the reduction of serum insulin, body weight gain, and protection of fibronectin from
degradation [91]. An animal model should imitate the impaired function of ECM enzymes
in DM. One of them is CatK −/− mice, which received bone marrow lacking cathepsin K.
The mice presented with impaired functional recovery following hindlimb ischemia [92].
Cathepsins may also play a role in TLR9 receptor-mediated innate immunity, which may
accelerate atherosclerotic lesions [93]. Diabetic patients have been shown to be deficient in
the endogenous cathepsin inhibitor cystatin C, which suggests a correlation with increased
serum cathepsin S. [94].

3.4. The Role of Procoagulant Factors in Atherosclerosis

The formation of atherosclerotic lesions would not be possible without the influence of
procoagulant factors. Activation of the plasmin system appears to be particularly important
in DM [95,96]. Plasminogen-activating factors have been found to mediate atherosclerotic
plaque destabilization [97]. In the abovementioned mouse model of ApoE knockout, a
lower plasminogen concentration was observed in addition to faster development of the
atherosclerotic plaque. Factors inhibiting the NF-κB pathway may affect the inhibition
of plasminogen activation. This can be observed in humans and experimental animals
treated with drugs inhibiting this pathway, e.g., peroxisome proliferator-activated receptor
gamma (PPAR-γ) agonists. An example of such an effect was demonstrated by Hao
et al. on a mouse model with the use of rosiglitazone, which showed that angiotensin
II inhibited plasminogen activating inhibitor 1 (PAI-1) and extracellular matrix (ECM)
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production, probably through interactions between PPAR-γ and TGF-β1/Smad2/3 and
c-Jun N-terminal kinase (JNK) signaling pathways [98]. In clinical practice, two classes
of drugs from this group are already used, i.e., fibrates (PPAR-α agonists), commonly
used in diabetic dyslipidemia, and thiazolidinediones (PPAR-γ agonists), used in type
2 DM [98]. A rabbit model of hypercholesterolemia demonstrated an improvement in
endothelial relaxation dependent on pioglitazone administration that was not directly
related to lowering serum lipid levels [99].

3.5. Mast Cells and Their Significance in Plaque Formation

Mast cells play a special role among inflammatory cells involved in the development
of atherosclerosis. They mature in the vessel wall under the influence of stem cell factor
(SCF). They produce and secrete proteolytic substances which play a significant role in
vessel wall remodeling. These proteolytic enzymes modify the composition and function of
LDL and HDL lipoproteins [100]. In rodent mast cell cultures with a high content of LDL
and HDL particles, accelerated formation of atherosclerotic plaques was observed on the
inner vessel wall. On the other hand, after incubation of stimulated mast cells collected
from the peritoneal cavity (peritoneal mast cells) with LDL particles, rapid proteolytic
degradation of these particles was observed [101]. This degradation was caused by mast
cell chymase present in cytosolic granules and was termed “granule-mediated uptake of
LDL” [102]. It seems that the role of these cells depends on their phenotype which is also
modified by hyperglycemia. Therefore, it is one of the mechanisms which ensures faster
wound healing if the metabolic control of DM is accurate.

Mast cells, which secrete paracrine and autocrine proinflammatory cytokines such
as tumor necrosis factor (TNF), IL-33, and IL-6, participate in the mechanism of insulin
resistance by activating kinases [103]. IL-37 (a member of the IL-1 7 family), continu-
ously sustains chronic inflammation. It has been postulated that combining IL-37 (IL-1
family member 7) with the IL-18 receptor alpha (IL-18Rα) causes silencing of the innate
and acquired immune response in type 2 DM, inhibiting the development of insulin
resistance [104]. The impact of this modification on the wound healing process needs
further investigation.

3.6. Lipid Disorders—A View beyond the Atherosclerotic Plaque

The influence of lipid disorders on the development of the atherosclerotic process is
indisputable in the present era of research. Foam cell formation on the macrophage core is
mediated by endocytosis of oxidized lipoproteins via their receptors [105]. This process
is multiplied by the glycation of apolipoproteins due to the defective action of insulin,
impairing the ability of macrophages to cope with apoptosis [106]. Macrophages loaded
with lipid masses secrete proinflammatory cytokines, chemokines, and reactive oxygen
species, further stimulating inflammatory cells and causing the death of surrounding
healthy tissues and impairing wound healing [105].

Two classes of receptors play an important role in maintaining readiness for foam cell
activity, i.e., class A scavenger receptors (SR-A) and class B scavenger receptors (CD36).
The role of these receptor types is to engulf modified lipids in the vessel wall for clearance.
CD36 appears to be more important in activating monocytes and macrophages in the
adipose tissue, liver, and arteries, leading to increased levels of soluble sCD36 in plasma
and consequently maintaining the atherosclerotic process [107,108]. Increased levels of
soluble forms of CD36 receptors have been found in the plasma of patients with DM and
those with an unstable atherosclerotic plaque in carotid atherosclerosis. Several authors
have demonstrated an association between sCD36 levels and glycemia measured as fasting
glucose and HbA1C [109–111]. Therefore, the levels of these receptors may be considered
markers of cardiovascular risk in the future.

Moreover, expression of the transmembrane lectin-like oxLDL receptor 1 (LOX-1),
which is responsible for trapping oxidized LDL, has been found in endothelial cells, vessel
wall smooth muscle cells, platelets, and macrophages [112]. The constant movement of
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foam cells between the bloodstream and the vessel wall is stimulated by a large influx of
oxLDLs and overexpression of adhesion molecules on the endothelial surface due to their
interaction with scavenger receptors on the foam cell surface. The macrophages loaded
with oxLDLs have a reduced capacity to move to inflammatory sites and lymph nodes. The
final result of this process is an increase in the number of foam cells. [113].

4. Animal Models versus Human Models—Similarities and Differences
4.1. Animal Model of Diabetic Wound—A Challenge

Wound progression and healing in DM in humans is a complicated process, as has
previously been described in detail. As a result, the design of appropriate and potentially
successful therapies requires optimal preclinical models of these processes. Several animal
models have already been created, such as mouse, rat, hamster, and pig models (widely
used models are given in Table 1). However, none of them perfectly reflects the process
of diabetic wound healing in humans [114]. Most of them do not imitate all factors which
are impaired in patients with DM (particularly immune reactions and metabolomic and
transcriptomic changes specific to a certain organism). This should be considered during
the analysis of the results.

Table 1. Selected animal models of diabetic wound healing (based on [114]). NOD—non-obese
diabetic; BB—bio-breeding; 1—streptozotocin-mediated destruction of beta-islets, generating type
1 diabetes; 2—a spontaneous development of autoimmune reactions leading to type 1 diabetes;
3—selected line of hamsters presenting with glucosuria and exhaustion of beta cells [115]; 4—leptin
receptor deficiency, severe obesity; 5—a point mutation in the leptin receptor gene, severe obesity;
6—recombinant strain, polygenic background of diabetes, moderate obesity; 7—fa gene homozygous
mutation in the leptin receptor gene OB-R, resistance to leptin [116].

Mice Rats Other Animals

Type 1 diabetes
Streptozotocin-

induced 1 diabetic
mice NOD mice 2

Streptozotocin-
induced 1 diabetic

rats BB rats 2
Chinese hamster 3

Type 2 diabetes
Obese ob/ob mice 4

db/db mice 5

NONcNZO mice 6
Zucker fa/fa rats 7

In an established pig model (streptozotocin-injected Yorkshire pigs) of diabetic wound,
the wounds healed within 18 days, which makes this model incoherent with the analogous
process in humans [117]. Streptozotocin-induced models did not mimic type 1 DM because
this disease is not caused by xenobiotic-mediated destruction of beta cells [118]. Similarly,
type 2 DM in humans is not caused by the dysfunction of the leptin axis as in the case of
ob/ob mice or db/db mice [119]. Although the stages of wound healing are similar and
include coagulation, the inflammatory phase (immune cell infiltration, cytokine secretion),
the proliferative phase (extracellular matrix generation, angiogenesis, epithelialization) and
the remodeling phase (collagen crosslinking and reorganization), there are differences in
skin ultrastructure and physiology between different species, which makes wound healing
different in human and animals. In mice and rats, the skin is thin and fragile, whereas the
subcutaneous layer consists of a special muscular striatum, panniculus carnosus (absent
in humans), which causes more rapid contraction and facilitates wound healing [120].
Nevertheless, rodents are widely used in experimental models of diabetic wound healing
and a number of them provided experience, which allows for further optimization of
models in the aspects such as glycemic levels, the method of induction of DM, or duration
of DM [121]. The advantages and disadvantages of different animal models used in the
studies on diabetic wounds are given in Table 2.
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4.2. How to Recreate the Neuropathic Component Observed in Patients with Long-Term Diabetes
in an Animal Model?

A study conducted by the authors of this review showed that the duration of hyper-
glycemia in rats might reflect the long-term uncompensated course of DM in humans [123].
The results of pain threshold measurements confirm the onset of developing sensory neu-
ropathy in the studied rats as early as day seven after administration of streptozotocin.
In humans, the development of neuropathy is more spread out over time. In addition
to the existence of DM per se, the development of complications is also influenced by
other factors such as age, glycemic control, elevated cholesterol and triglyceride levels,
hypertension, obesity, and smoking. EURODIAB IDDM, which was a study assessing the
presence of DM complications in which more than three thousand patients from sixteen
countries were treated with insulin, initially found neuropathy in 28% of patients, and an
increase to 51.5% was recorded after a seven-year follow-up [124]. Therefore, the authors’
observations based on a rat model can provide answers to important clinical questions,
because in an immeasurably shorter time it is possible to obtain the conditions for which
researchers would need many years in the case of a human model. In many studies based
on an animal model, Bujalska et al. used such a methodology to evaluate the process of
developing diabetic neuropathy [125].

Table 2. Advantages and disadvantages of different animal models in studies on human diabetic
wounds (based on [114,122]).

Model Advantages Disadvantages

Mice

• Relatively low cost
• High rate of breeding
• Short time of a single experiment
• Easy transgenic model generation

• Differences in:

1. mechanism of wound
healing (contraction)

2. skin ultrastructure
3. innate and adaptive

immune systems

Rat

• Similar to mice
• Larger dimensions, better

endurance—more stable
experimental conditions

• Different mechanism of wound
healing (contraction)

• A paucity of specific reagents
(compared to mice)

Rabbit

• Relatively low costs
• Rapid breathing
• Similar response to different

factors as in human skin
• Ear model (contralateral ear as

a control)

• Difficulties in transgenic
organisms generation

• A paucity of specific reagents

Pig

• Anatomical and physiological
similarities with humans

• Similar mechanism of wound
healing as in
humans—re-epithelialization
and granulation

• Incoherence with humans (rapid
wound healing)

• High cost
• Long time of a single experiment

4.3. Ischemic Model—Is It Really a Chronic Wound Model?

Of note, the chronic wound model described in the vast majority of studies is in fact
an acute wound model. One example is the rabbit model, in which two of the three arteries
supplying the area with blood were ligated in the rabbit’s ear [126]. Next, a wound was
created in the ischemic site. This model was mainly used to study the effect of growth
factors on a wound. One modification of the rabbit model is the model proposed by
Constantine and Bolton, describing the formation of an ischemic skin wound of a guinea
pig [127]. This model involves the subcutaneous placement of a plunger tip of a disposable
plastic syringe, wound closure, and ligation of the plunger base with a nylon fastening
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strap. In the experiments, a necrotic lesion developed after 9 h. Another model currently
used in research for the analysis of chronic wounds is a model in which a rat or other
rodent has a metal plate implanted into the skin. Then, with an external magnet, this
plate compresses the skin, causing ischemia and ulceration. Over time, the blood supply
is restored, which allows the inflow of inflammatory mediators [128]. These models do
not fully reflect the wound in humans due to the physiological and anatomical differences
between the species. They offer the possibility of controlled restoration of tissue perfusion.
The above models allow for the creation of ischemic wounds, whereas in the case of chronic
wounds in DM, there is an important neuropathic component, even if ischemic features
coexist in the vascular bed. Moreover, these models do not imitate the activation of many
impaired molecular pathways in patients with DM. This should be considered during the
interpretation of the results and the analysis of potential utility for humans.

Another concept for model selection is the anatomical recreation of the human skin
model of a chronic wound in pigs [129]. As in the rabbit model, the blood supply to the
wound site is also surgically restricted, causing tissue hypoxia. Due to the anatomical and
physiological similarities to the conditions of wound healing in humans, this model offers
very good conditions for testing. However, it is rarely used in preclinical studies due to
the very high price of raising and keeping pigs. Choosing a rat as the basis for our model
is also in line with the “replacement” principle recommended in animal model studies.
However, skin transplantation onto animals may have an impact on wound healing due to
the activation of inflammatory pathways and differences in MHC molecules.

4.4. Is It Possible to Translate the Conditions of Chronic Inflammation in DM from a Human to an
Animal Model?

Most current animal models are based on the formation of acute wounds and then sub-
jecting the wounds to factors responsible for the formation of chronic wounds, i.e., ischemia
(e.g., damage associated with pressure) or DM. In the above study, a model imitating
chronic wound conditions in patients with DM was presented [123]. The presence of
DM means that different stages of wound healing exhibit changed characteristics. The
inflammation phase is lengthened, the concentration of growth factors and number of cells
in the proliferation phase are reduced, and neovascularization is impaired [130]. Due to the
applied procedures, such as the maintenance of hyperglycemia for a long time, eventually
causing sensory neuropathy, the use of bacterial lipopolysaccharide, and the inhibition of
the participation of musculus panniculus carnosus in the species-specific process of rapid
wound healing after an injury, it was possible to best reflect the conditions in the wound
environment in a patient with long-term uncontrolled DM. If Lee et al. had not applied the
above modifications, the healing time would have been much shorter (5–7 days) than that
obtained in our study, and could not have accurately reflected the healing conditions of the
chronic wound [131].

Another modification in out abovementioned study was the use of bacterial lipopoly-
saccharide placed directly on the wound as an additional factor for improving the model to
recreate the conditions in the human model. The presence of DM in humans is a widely
recognized factor for an increased risk of wound infection through hyperglycemia and
also macro- and microangiopathy, causing worse tissue perfusion, as well as autonomic
neuropathy, which is the cause of excessive drying of the skin and, as a consequence, its
poorer regeneration. In their meta-analysis, Biancari and Giordano put forward a thesis
about the existence of a positive correlation between the worse metabolic control of DM
manifested in objective laboratory tests as a higher percentage of glycated hemoglobin and
the frequency of postoperative complications in the form of wound infection after cardiac
surgery [132]. For this reason, in patients with uncontrolled DM, multiple bacterial flora
is reported, including multi-drug resistant strains such as Ps. aeruginosa. Therefore, the
authors used this bacterium in the lipopolysaccharide rat model.
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5. What Features Should the Best Model Have? Do We Know the Model Closest to
the “Target”?
5.1. How to Prevent the Mechanism of Contraction Observed in Wounds Generated in the
Musculus Panniculus Carnosus in Rats?

In the above paper, special modifications were applied to the model after the pilot
study [133]. This included the use of silicone discs placed on the dorsal skin around the
periphery of the wound to stabilize the wound healing process. As a result, a proliferation
of neoplastic granulation tissue could be observed, which was not possible in the pilot
study due to the different biomechanics of wound healing in rats. Galiano et al. [134]
described such modifications in the literature. Another method for preventing premature
wound healing by inhibiting constriction is that proposed by Yao et al. [135]. Their study
was conducted in mice and featured a membrane used in, e.g., vacuum therapy, which
was sutured to the shaved skin of the rodent’s dorsum, which prevented wound healing
through skin contraction. According to Yao et al., after 48 h, the wound maintained 80%
of the baseline area, while under normal conditions the wound decreased to 30% of the
baseline area during this time, which roughly corresponds to the surface area reduction
values obtained in our study. The undoubted advantage of the method is its low cost, as
well as the simplicity of implementation. However, the problem is related to the durability
of the membrane when it comes into contact with cage elements, other animals or even
during research procedures.

Another concept for choosing a chronic model is the wound model presented by
Reiss et al., who used a special Xanthan gum carrier applied to the wound. Recombinant
collagenase (metalloproteinase-9) was suspended in Xanthan gum to a concentration
parallel to that found in chronic wounds [136]. In the present study, the carrier delayed
wound healing. The indisputable advantage of this scheme is the simplicity of using it, but
due to the complex production process of the carrier and its significant costs, such a model
could not be considered to be generally available or universal.

5.2. Does the Strain of Animal Matter in the Preparation of the Animal Model?

As mentioned before, the species of animals present different advantages and disad-
vantages in an animal model of diabetic wounds. The selection of the appropriate strain is
also important. For instance, Zucker Diabetic Fatty (ZDF) rats or Zucker-Diabetic-Sprague
Dawley rats are more specific for investigation of type 2 DM than Wistar-Kyoto (WKY) rats
(used in studies on hypertension) [137–139]. However, modified WKY rats have also been
used in diabetic studies [140]. Importantly, the arrangement of the experiment requires
careful strain selection.

6. Conclusions

The risk of a wound in a diabetic patient lies not only in the fight against potential
infection but above all in its long-term persistence, which, with a decreased immune barrier,
exposes the patient to life-threatening complications such as sepsis. Patients with DM are
also at greater risk of wound tissue resection due to severe infection or irreversible ischemia
of the wound area. Since consequences such as high amputation significantly shorten the
life of patients with DM, intensive treatment is needed as early as possible in the course of
the disease to prevent its chronicity [141]. Hyperglycemia impairs many of the described
pathways, which can cause a delay in wound healing. Intensive research is conducted
worldwide and its aim is to develop medicinal products which would result in the closure
of the wound as quickly as possible and would also prevent the development of infection.
Preparation of such molecules requires the development of an animal wound model that
reflects as closely as possible the conditions and molecular differences of a chronic wound
in a patient with DM. In individual subsections, we described the molecular mechanism
of the development of endotheliopathy, immunopathy, and neuropathy. Additionally, we
presented the difficulties researchers may encounter when choosing an animal species for
the model, the way of creating the wound, and even the mapping of the desired dominant
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etiopathological factor of the wound. We also discussed what innervations may be applied
to obtain the best imitation of chronic wound in an animal model. Such information can
help in designing an adequate animal model which could ensure the development of new,
safe, and effective medicinal products for the treatment of chronic wounds in patients
with DM.
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