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Summary - Czech
HOJENI RAN SE ZAMERENIM NA DIABETICKE DEFEKTY.

Zhorsené hojeni diabetickych ran je dulezity problém aktudlni mediciny, tykajici se zejména
starSich pacientll zotavujicich se po komplikovanych operacich anebo pacientli s ulceracemi na
nohach.

Hyaluronan (HA) podporuje hojeni poSkozené pokozky a proto je pouzivan na 1éc¢bu
komplikovanych ran. Smés hyaluronanu o vysoké molekulové hmotnosti s jodovym komplexem
Kl; (Hyiodine) urychluje hojeni ran u pacientii s diabetem a pacientd po chirurgickych zékrocich. V
této praci jsme zkoumali jak Hyiodine ovlivituje kontrakci rany, parametry granulacni tkané (GT) a
epitelizaci okrajii ran u potkanii. Hyiodine byl aplikovan na excizni rany vytvofené na zadech
potkantll. Zkoumali jsme plochu ran a histologii migrujicich okrajl ran v prib&hu hojeni. Vlastnosti
GT byly studovany v ranach, které kvili vlozenému plastikovému krouzku nekontrahovaly. Efekt
Hyiodinu byl porovnan s efektem vysokomolekuldrniho a nizkomolekularniho HA, a s Kls.
Z nasich vysledki vyplyva, ze Hyiodine signifikantné zrychluje kontrakei rany v prvnich 5 dnech
hojeni. Zatimco kontrolni rany oSetfené fyziologickym roztokem se ve tietim dni zmenSily na 75 %
své pivodni velikosti, Hyiodinem 1é¢ené rany vykazovaly 63 % plvodni velikost. Zjistili jsme
rovnéz, ze v sedmy den je proliferujici epidermis ran oSetfenych Hyiodinem byla silngjsi.
V nekontrahujicich ranach Hyiodine zpiisobil malé zmény v GT, ale hmotnost krusty s exudatem
vytvofené na povrchu rany byla vyssi o 351% ve srovnani s kontrolou. Samotné komponenty
Hyiodinu nem¢li vliv na hmotnost exudatu. Zjistili jsme, ze Hyiodine miize podporovat hojeni ran
stimulaci kontrakce a epidermalni proliferace.

Obézni potkani Zucker Diabetic Fatty (ZDF) s mutaci v leptinovém receptoru mohou byt vhodnym
modelem ke studiu zhorSeného hojeni ran. Samci a samice potkant byli krmeni diabetogenni dietou
s vysokym obsahem tukii. Zmény ve velikosti nekrytych ran o poloméru 2 cm byly sledovany do
desatého dne, u bandazovanych ran do zahojeni. Tkan byla analyzovana morfologicky, histologicky
a imunohistochemicky. Byl stanoven obsah hydroxyprolinu v GT. Exprese mRNA byla sledovana
pomoci DNA-array analyzy a pomoci kvantitativni PCR. Hojeni ran bylo opozdéné u diabetickych
potkant a liSilo se mezi pohlavimi. Pro diabetické rany byla charakteristickd snizend kontrakce,
zvysena produkce krusty a zvySeny zanét s tvorbou hnisu. GT u diabetické skupiny obsahovala
desaty den signifikantn¢ vice vmezefené tukové tkané a pfitomna kolagenni vlakna byla
neuspofadand. Piekvapivé délka nové-vytvoren¢ho epitelu byla zvySend v diabetickych ranach.
Koncentrace hydroxyprolinu byla snizend na polovinu vici kontrole. Exprese interleukinu-6,
myeloperoxidazy, stromelyzinu-1, kolagenzy-3 byla v ranach diabetickych potkani zvySena,
naopak exprese kolagenu typu I a elastinu byla snizend. Zjistili jsme, Ze potkan ZDF vykazoval
zpomalené hojeni rany, intenzivni zédnétlivou odpovéd’ a naruSeni organizace a obratu pojivové
tkan¢. Z naSich vysledka vyplyva, Ze potkan ZDF je vhodnym modelem pro studium zhorSeného
hojeni ran.



Summary - English
WOUND REPAIR AND DIABETIC WOUND DEFECTS.

Impaired diabetic wound healing is an important current medical issue, mainly concerning
patients recovering from complicated operations or patients with ulcers on their feet.

Hyaluronan (HA) plays an important role in the repair of damaged skin and has been used for the
treatment of wounds. A mixture of high molecular weight HA with the antiseptic iodine complex
Kls (Hyiodine) was reported to accelerate wound healing in patients with diabetes and patients after
surgery. We investigated how this mixture affects wound contraction, granulation tissue (GT) and
wound edges in excision skin wounds in rats. Hyiodine was applied to full-thickness wounds made
on the back of rats. The areas of the contracting wounds were calculated from digital photographs.
The migrating edges of the wound were studied by histological methods. The properties of GT were
studied in wounds in which contraction was prevented by the insertion of plastic rings. The effects
of Hyiodine were compared with those of high molecular weight HA, low molecular weight HA
and Klssolution. Hyiodine accelerated wound contraction significantly in the first 5 days of healing.
On day 3, Hyiodine-treated wounds had reduced to 63% of the original area, whereas the wound
area in saline-treated animals was 75% of the original size. The proliferating epidermis was thicker
in Hyiodine-treated animals on day 7. In the wounds with inserted rings, Hyiodine caused little
change in GT, but the weight of the exudate with crust formed on the top of the wound was
increased by 351% compared with only minor changes caused by the Hyiodine components alone.
Hyiodine may support wound healing by stimulating wound contraction and epidermal
proliferation.

Obese Zucker Diabetic Fatty rat, with a mutation in leptin receptors, may be a good choice for
studying impaired wound healing. Male and female rats were fed a diabetogenic high-fat diet.
Wound size changes of excisional 2 cm circular wounds, were measured until sampling on day 10
in air-exposed wounds and until complete wound closure in bandaged wounds Wound tissue was
analyzed morphologically, histologically, immunohistochemically. Hydroxyproline content in the
granulation tissue (GT) was determined. mMRNA expression was assayed by DNA-array analysis
and realtime RT-PCR. Wound size changes were retarded in diabetic rats and differed between the
sexes. Diabetic wounds were characterized by impaired contraction, abundant crust production,
increased inflammation and pus formation. On day 10, the GT contained significantly increased
amount of intercalated fat tissue and showed irregular arrangement of collagen fibres. Interestingly,
the length of new epithelium was increased in diabetic wounds. The concentration of
hydroxyproline in the GT of diabetic animals was significantly decreased to about one half when
compared with non-diabetic controls. The expression of interleukin-6, myeloperoxidase,
stromelysin-1, collagenase-3 was increased in the GT of diabetic rats on day 10, while the
expression of type | collagen and elastin was decreased. Taken together, Zucker Diabetic Fatty rats
exhibited impairments in wound size reduction, inflammatory response, tissue organization and
connective tissue turnover and thus are proposed as a new model for studying impaired repair.



Background

Diabetes mellitus is the most common metabolic disorder characterized by the
hyperglycemia and general metabolic disruption of regulatory and signaling pathways in the body.
Diabetes mellitus (DM) is a medical problem with increasing importance: 246 million adults
worldwide were suffering from DM in 2007 and it is estimated to increase to 380 million in 2025
(Gan 2007). Pathophysiological changes may include neuropathy, vasculopathy, micro- and
macroangiopathy, especially in the legs. These disorders cause tissue hypoxia and ischemia of
peripheral tissues. The condition may result in poorly healing chronic wounds, venous ulcers,
bedsores, diabetic foot syndrome, and eventually in tissue necrosis. Approximately 4-10% of
patients with diabetes suffer from diabetic foot ulcers and diabetic patients are often required
surgery potentially causing chronic wounds. Impaired wound repair is connected to increased
morbidity, mortality and quality of life (Bakker 1999). The pathogenesis of a diabetic wound is
complicated. The formation of wounds is connected to neuropathies with the loss of sensibility,
microangiopathies, macroangiopathies, decreased blood flow and impaired ability to fight infection
(Brem et al. 2007). Recently, new procedures have been developed for treating complicated
wounds. One possibility is to use hyaluronic acid. This glycosaminoglycan has a clinically
beneficial effect on wound healing and is a component of various products used for wound
treatment. Hyaluronic acid supports tissue hydration, interacts with several receptors, and affects
the cells, extracellular matrix and factors regulating wound healing (Chen et al. 1999; Jiang et al.
2007).

The balance between extracellular matrix (ECM) synthesis and its degradation is important for
normal wound healing, as is the induction of formation of fibrous granulation tissue (GT) and blood
vessels. So far, several cellular and molecular factors were identified as contributors to wound
healing deficiencies. These include impaired keratinocyte, fibroblast and macrophage function, as
well as aberrant angiogenic response and growth factor production (Brem et al. 2007). The presence
of diabetes can cause unfavorable proteolytic wound environment due to increased production of
several matrix metalloproteases along with lowered levels of tissue inhibitor of matrix
metalloproteases (TIMP) (Lobmann et al. 2002). Nonetheless, the exact cellular and molecular
mechanisms underlying the pathogenesis of impaired wound repair are not fully understood. One
way to clarify impaired wound healing during DM is to study wound repair in animals.
Investigators need a variety of well described models to choose from in order to closely mimic the
issue they are planning to study.

There are more than 10 different rodent models of experimental DM (Rees et al. 2005). However,
researchers are still asking themselves which model(s) is the most suitable for a new insight into
the mechanisms of impaired wound repair (Michaels et al. 2007). The obese male ZDF rat has
been an important model for studying the mechanism of onset and treatment of type 2 diabetes
(Peterson 2007), (Finegood et al. 2001), (Leonard et al. 2005), thus we have anticipated that obese
ZDF rat could be suitable model to mimic certain aspects that are present in diabetic patients
suffering complicated wounds. The ZDF rat is an inbred strain and rats with fa/fa genotype develop
a genetically dependent obesity and subsequently diabetes due to a point missense mutation in
extracellular domain of the leptin receptor (Peterson 2007). Lean ZDF animals, with fa/+ or +/+
genotype do not develop obesity or diabetes, and serve as controls. ZDF rats are characterized by
non-insulin dependent DM accompanied by hyperglycemia, neuropathies, nephropathies, insulin
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resistance, mild hypertension, hypertriglyceridemia, hypercholesterolemia, polyuria, polydipsy
(Peterson et al. 1990), and microvascular damage (Danis et al. 1993). Animals gradually evolve
from hyperinsulin-euglycemic state to hyperglycemic state with relative insulin deficiency
(Finegood et al. 2001; Leonard et al. 2005) and the development of DM is connected with
pancreatic beta cells dysfunction (Finegood et al. 2001). Whereas in ZDF rats DM starts to develop
in early age, in humans, the manifestation of type Il diabetes is usually after the age of 40 or later.
In spite of the usefulness of obese ZDF rats as a model for studying experimental type 11 DM and
metabolic syndrome, an extensive characterization of skin wound repair has not been published
before this study.

Objectives

The aim of this work was to study mechanism of the action of hyaluronic acid-iodine complex
in the models of experimental rat wounds and also to study molecular changes associated with
wound repair occurring in the model of rat diabetes. Details of impairments in wound repair in ZDF
rats and the molecular-biological aspect of our work could be helpful in wound therapeutic research
and development.

Materials and methodology
Animals

All the projects with animals were acknowledged by the Ethics Committee of Faculty of
Medicine in Hradec Kralové, Charles University (FMHK-CU) and a Committee for Animal
Protection of Ministry of Education, Youth and Sport of Czech Republic. Animals were maintained
in an air-conditioned room in vivarium of FMHK-CU.

Experiments with permanent wounds in Wistar rats

Wistar rats (Biotest, Konarovice) weighing about 350 g, and 9 - 10 weeks old were used.
The work was divided into 3 experiments with 25 animals. In each of 3 experiments, the animals
were divided into 5 groups with n =5 animal (SALINE; HA11l - 1.5% HA with 11 kDa molecular
weight (m.w.); HA1200 - 1.5% HA with 1200 kDa m.w.;KI3 - 0.1% 1,/0.15% KI; HYIO — 1200
kDa HA with addition of 0.1% I, and 0.15% KI ). In each group 0.6 ml of the solution was applied
on the wound with a syringe.

Experiments with contractile wounds

Male Wistar rats (Biotest), 9 - 10 weeks old and weighing 300 — 380 g were used. 16 rats
were observed until full wound closure (2 groups, n = 8), 24 rats were used for the histological
assessment of wound tissue (2 groups, 4 time intervals — 3, 7, 11, 15 days, n = 3). In desired time
interval the rats were euthanized and the wound tissue was taken for the histological analysis. 1 ml
of saline or Hyiodine (see above) was applied on the gauze with a syringe and then applied on the
wound.

ZDF animals and experiments with ZDF animals

Male and female ZDF rats originated from Charles River (USA). For the purposes of
experiment the offsprings were bred by mating non-obese heterozygous (fa/+) carrier parents or by
mating fa/fa males with fa/+ females. This resulted in approximately 25% and 50% obesity rates,
respectively. All animals were fed standard laboratory diet ST-1 (8% kcal fat, Velaz, Lysa nad
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Labem, Czech Republic) until the age of 6 - 8 weeks. Diabetes was then induced by feeding high
fat diet (Peterson 2007) ad libitum : PURINA 5008 (17% kcal fat, IPS supplies) to males and
C13004 (48% kcal fat, Research Diets, New Brunswick, NJ, USA) to females. Animals were
considered to be diabetic when their non-fasting glucose levels reached 14 mmol/l in males and 9
mmol/l in females and when they possessed obese phenotype. Portable glucose meter, Accu-Chek
Go was used for glucose measurement using a drop of blood collected from the tail vein. As ZDF
animals were difficult to breed and were bred continuously in smaller numbers, there were many
small experiments that were combined. In one experiment, animals with similar age and diabetic
status were used. Totally 24 experiments with 2 — 12 animals in each experiment were done
without bandage (air exposed wound) and 30 experiments with 2 — 16 animals in each experiment
were done with bandage (bandaged wound).For both sexes lean non-diabetic (genotype +/+ or fa/+),
and obese diabetic (fa/fa) groups were created. Animals were fed high fat diet from 6 - 8 week of
life. Males were fed Purina 5008 (16% of kcal fat). Females were fed with RD 13004 (48% kcal of
fat), (Peterson 2007).

Genotypization of ZDF animals

ZDF animals were genotyped by using a PCR followed by a cleavage by restriction
endonuclease Mspl (Sudre et al. 2002). The DNA was obtained by using Viagen Direct PCR
solution or QIAGEN DNeasy kit. Bands for the +/+ (wild type) genotype were 118 bp in size, for
+/fa genotype had size 118, 79 and 39 bp and for +/+ genotype had size 79 and 39 bp.

Creation of a permanent wound and granulation tissue collection

The permanent wounds (Fig. 1) were created as described by (Rudas 1960). Every day 0.6
ml of the solution was applied for seven days. Application was made with a syringe and a needle
piercing through a nylon cap. After the biopsy whole tissue was weighted, part of it was put used

for histological analysis, for hydroxyproline determination and for RNA isolation.
" \ R

Fig. 1: The picture of permanent wound. In the upper part an implanted plastic ring without the cover is shown.

Induction of contractile wounds, tissue sampling

Full-thickness, 2 cm large in diameter, excisional wounds were made on the back of
experimental animals and bandaged (Fig. 2). Every one to three days (according to plan of
experiment) the treatment was performed and bandage was changed. The wound was photographed
during the bandage change and the wound size was measured using ImageJ.



Fig. 2: Picture of the treated rat with a gauze pad, gauze and tape.

Hydroxyproline and uronic acids determination

Hydroxyproline content was determined by the method of (Hurych et al. 1962). In short,
neutralized HCI hydrolysate of tissue was analyzed using oxidation reaction with Chloramine-T and
reaction with p-dimethylaminobenzaldehyd. The crust with exudate was extracted with 0.5 mol /L
NaOH at 60 °C for 2 h. The mixture was neutralized and ethanol was added to the final
concentration of 80% (v /v). After centrifugation, the precipitate was re-dissolved in 0.5 mol /L
NaOH and used for protein and uronic acid determinations. Protein was measured using a
commercial protein assay (DC Protein Assay; Bio-Rad,) with bovine serum albumin (Sigma) as a
standard. The carbazole method was used to determine uronic acid levels.

Determination of leptin, insulin, PAI-1, IL-6 and CRP in plasma

The blood was taken from the orbital plexus. Plasma made of heparinized blood was
analyzed using ELISA kits (Insulin, Mercodia; IL-6, Alpco, and Bender MedSystem; PAI-1,
American Diagnostica Imunoclone; Leptin and CRP, Biovendor, Brno).

Histological analysis of uninjured skin and granulation tissue

The skin that was removed during the wound induction was used for the histological
analysis of uninjured skin. Wound biopsies that included wound tissue and approximately 3 mm of
surrounding uninjured skin were taken. Tissue was fixed in 10% neutral buffered formalin and
embedded in paraffin. Six pm sections from the center of the wound were stained with blue
trichrome for collagen and also with haematoxylin and eosin at the Department of Embryology and
Histology of FMHK-CU.  For the image analysis the samples were scanned with a scanner
Epson Perfection V700 Photo. Samples were analyzed for: length of epithelization tongue, fat
content in tissue (wound, skin), granulation tissue content, and thickness of crust (wound), fat layer
and dermis (skin) using software ImageJ (NIH).

Processing and statistical evaluation of data

Data were accumulated into MS Excel. Graphs were made in this program and where
suitable, the differences between groups were evaluated using unpaired t-statistical test. The
significance levels are shown in the captions of graphs or in tables.

Microarray analysis and isolation of RNA

The software OligoArray 2.1 was used to design in average 50 bp oligonucleotide probes for
microarray. Whole genome Rattus norvegicus mRNA database was obtained from the ftp server of The
National Center for Biotechnology Information (NCBI). 92 genes were used in the first part of this
study (effect of Hyiodine and hyaluronic acid in Wistar rats). 115 genes were used in the second
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part of this work, in the studies of wound repair on ZDF rats. Genes were selected from these
groups: hyaluronan metabolism, apoptosis/cell cycle, cytoskeleton, NO metabolism,
ECM/ligamentous proteins, protease and their inhibitors, proteoglycans. The procedure of cDNA
synthesis, biotin-dUTP labeling and hybridization was based on the recommendation of the
manufacturer (Bioscience, Jena — previously Clondiag).

A slice of granulation tissue (without surrounding intact skin, without wound crust) was
homogenized in the lysis buffer (Qiagen) with Ultra-turrax (IKA). Homogenate was extracted using
the RNeasy Fibrous Tissue Mini-Kit (Qiagen). With use of random primers, RNA was transcribed
to the cDNA using reverse transcriptase MuMLV (Fermentas) and deoxyribonucleotides (Abgene)
plus biotin labeled deoxyuridintriphosfate (Fermentas). cDNA was then hybridized overnight with
the probes on the array tube (AT) chip surface, which contained immobilized 50 bp DNA
oligonucleotides probes specific for selected genes. After the washing and the peroxidase produced
spots of the array was captured in AT reader. The signal was analyzed using IconoClust-AT array
analysis software.

Analysis of mMRNA gene expression using quantitative RT-PCR

For the real-time reverse-transcription PCR, total RNA (1 pg) was transcribed to cDNA
using the cDNA archive kit and quantified with TagMan Gene Expression Assays (both Applied
Biosystems) in ABI 7500 Real-Time PCR System or ABI 7900 (Applied Biosystems). The results
were normalized to 18S RNA and GAPDH expression. Data were analyzed using SDS software
with absolute quantification module. Calibration curve was calculated from the signal of three
dilutions of a calibration sample.

Immunohistochemistry

For immunohistochemical staining, the epitopes were de-masked thermally (98-100°C) in
citrate buffer, pH = 6. Polyclonal antibodies against IL-6 (interleukin-6, Abcam), MPO
(myeloperoxidase, Abcam), polyclonal antibody against MMP-3 (Santa Cruz Biotechnology) and
polyclonal antibody against MMP-13 (Santa Cruz) were used at concentrations of 1:400, 1:50,
1:200 and 1:100, respectively. LSAB plus system-HRP was used as secondary antibody, samples
were stained with DAB Chromogen (Dako) and counterstained with Mayer’s haematoxylin.

Results

Part 1: Effects of hyaluronan and iodine on wound contraction and granulation
tissue formation in rat skin wounds

Determination of wound contraction and histological analysis

Wound contraction in control rats was rapid in the first week of the experiment and it was
almost complete by day 15. The contraction was significantly accelerated in the first few days by
Hyiodine treatment. The wound area in control rats on day 5 was 60% of the original size. When the
wounds were treated with Hyiodine, this percentage was reached almost 2 days earlier (Fig. 3). The
wounds treated with Hyiodine did not adhere to the bandage and bleeding was little compared to
control group.



1009,
80.
© -+ Saline
o = Hyiodi
= yiodine
o 607
c
o=}
s
%5 40
ES
20.
c T T T T 1
0 3 12 15

days

Fig. 3: Wound area as a percentage of the original area measured immediately after wounding. Data are means
+ SEM, * significant results, p<0.05.

Fig. 4 shows the thickening of the epithelium in the wound on day 7 of Hyiodine treatment. The
thickness of the epithelial layer measured immediately after wounding was 30 pm. It increased to
102 um in both saline and Hyiodine treated wounds on day 3. However, it was 109 pm and 146 pum,
respectively, in saline and in Hyiodine treated wounds on day 7. The difference was statistically

significant.

Fig. 4: Histological sections of saline (a) and Hyiodine (b) treated wounds. Blue trichrome; E epithelium, C crust,
GT granulation tissue, D dermis.

Analysis of the granulation tissue from permanent wound

Seven-day treatment of GT with the mixture of HA1200 and Kl3 (Hyiodine) resulted in a
18% increase in the wet weight of the GT compared to saline treatment. The changes caused by
HA1200 and by Kl alone were smaller and were not statistically significant. The concentration of
hydroxyproline, the index of collagen, was decreased by Hyiodine treatment when compared to
saline or other solutions but little changes were found in total hydroxyproline content (Tab. 1).
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Weight (mg) 363+ 18 | 410+16 | 375+ 14 428 + 172 409 + 27

% dry weight 16.0£09 | 16.1+0.7 | 16.1£0.6 159+0.8 183+1.2
Hyp concentration (mg/g) | 4.03 +0.22|3.99 +0.19| 425+ 0.24 | 3.66+0.14° [3.88+0.22
Hyp content (mg) 145+0.09(1.63+0.09[1.58 £0.09| 1.56+0.08 |1.56=+0.11

Tab. 1: Changes in granulation tissue weight, dry weight and hydroxyproline (hyp) content after treatment of
the wounds with saline, hyaluronan, iodine or Hyiodine. Means + SEM. Statistical significance (p<0.05). a
Hyiodine vs. saline, b Hyiodine vs. HA1200.

Analysis of the crust and exudate of permanent wound

The crust was formed on the top of the granulation tissue. It could not be separated from the
exudate gel that was abundant especially after Hyiodine treatment. HA1200 caused a 37% increase
in the crust/exudate weight and Kl alone did not have any effect. When applied together, these
substances increased the weight of the layer by 351% (Tab. 2). Proteins and uronic acids were
extracted from the crust/exudate with hot alkali. Protein concentration was similar in all groups but
the total amount of protein was by far the highest in the Hyiodine group, 349% when compared
with saline. The important source of the protein was blood plasma. SDS-PAGE showed that the
protein pattern of 4 different exudate samples from Hyiodine group resembled that of plasma and
serum. The band at 66 kDa corresponding to albumin was prominent. Total uronic acid content in
dried crust/exudate was increased about 3fold by HA1200 and 14fold by Hyiodine when compared
to saline (Tab. 2).

. 428.0 + 812

Weight (mg) 95.0+19.9 | 153.3+22.3 | 130.0+31.0 o 96.1 +25.1

Protein concentration | g g5 | 914459 | 93.8468 | 925495 | 853+8.9
(% dry weight)

3+27.

Protein content (mg) 36.8+7.1 | 38.7£5.6 36.6+£9.0 128 3a,b,c27 0 482 +11.3

Uronic acid concentration || ¢ . o 25 | 1 554014 | 2.83+0.52 | 4.07<0.64%"9 | 1.42 +0.20
(% dry weight)

Uronic acid content (mg) | 0.37 +0.06 | 0.49+0.05 | 1.08+0.34 |5.10+0.94*"%%10.53 +0.10

Tab. 2: Changes in the weight, protein and uronic acids content in the crust and exudate after treatment with
saline, hyaluronan, iodine or Hyiodine. Means + SEM. Statistical significance (p<0.05). ? Hyiodine vs. saline, b
Hyiodine vs. HA11, ¢ Hyiodine vs. HA1200, ¢ Hyiodine vs. K15,
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Gene expression analysis in granulation tissue by DNA arrays

The mean expression of 92 genes studied was made equal to 1. Studied genes were cell
cycle regulators, cytokines and growth factors, part of ECM, proteinases and their inhibitors, and
receptors. No statistically significant differences were found by DNA arrays when Hyiodine- and
saline-treated tissues were compared. Nonetheless, it was observed that many ECM proteins and
proteoglycans mRNAs were highly expressed in the granulation tissue (collagens 1, 3 and 5,
fibrilin-1, fibronectin, osteonectin, osteopontin, thrombospondin-1, vitronectin, biglycan, decorin,
lumican, perlecan).

Gene expression analysis in granulation tissue by quantitative RT-PCR

Selected genes expression was also analyzed by qPCR. The results are shown in Tab. 3.
None of the studied genes were significantly differentially expressed in none of the studied groups.
MMP-7 and osteopontin were non-significantly elevated in HA1200 group and MMP-13 was
slightly elevated in Hyiodine group.

MMP-2 0.89+0.06 | 0.99+0.09 | 0.837+0.07 | 0.83+0.07 | 0.969+0.09
MMP-7 4.32+1.22 | 4.9+1.53 | 7.27£1.83 | 2.65+0.54 | 2.14+0.53
MMP-13 0.37+0.08 | 0.24+0.06 | 0.37+£0.10 | 0.58+0.20 | 0.41+0.14
Osteopontin | 0.58+0.08 | 0.56+0.15 | 0.84+0.18 | 0.50+0.09 | 0.42+0.07
COL1A2 0.39+0.06 | 0.42+0.08 | 0.34+0.13 | 0.33+0.10 | 0.34+0.11
VEGF 1.27+0.18 | 1.39+0.17 | 1.32+0.24 | 1.33+0.25 | 1.27+0.17
HYAL-2 1.13£0.08 | 1.24+0.10 | 1.11+£0.06 | 1.04+0.06 | 1.11+0.06

Tab. 3: Relative gene expression of selected genes in granulation tissue on day 7 as assayed by qPCR. Means +
SEM are shown. N=14-15.

Part 2: Zucker Diabetic Fatty rat - a new model of impaired cutaneous wound
repair with type 1l diabetes mellitus and obesity

The rate of progeny genotype from carriers breeding (fa/+) was expected at 1:2:1 and this
was confirmed by PCR-RFLP genotypization. Offsprings were: 26.5% with +/+ genotype, 47%
with fa/+ genotype and 26.5% with fa/fa genotype.

Development of diabetes in ZDF rats

Non-fasting glycemia was increased in diabetic males and usually began to increase
significantly at the age of 12-14 weeks. It was 3fold higher at the age of 20 weeks (Fig. 5).
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Fig. 5: Changes in blood glycemia in ZDF males fed by Purina 5008. Average of five animals is shown.

Non-fasting glycemia was increased in diabetic females during the diabetes development, however,
it did not increase to such an extent as in males. It reached the level of approximately 50% higher
compared to controls at the age of 20 weeks (Fig. 6).
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Fig. 6: Development of blood glycemia in ZDF females fed with C13004. The mean of five animals is shown.

Physiology of ZDF rats

As shown in Fig. 7 there was an expected difference in the growth curves of diabetic and
non-diabetic animals.

600 - 500
500 ~ 400 +
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300
300 - —
= =2 200 -
£ 200 4 ——diabetic =
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age[week] age [week]

Fig. 7: Typical weight curve of ZDF males (left) and females (right). n=4, means + SEM
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The difference in weight increased at a steady pace during whole period of observation. Females did
not show signs of metabolic deterioration at such an extent that was observed in males. At the start
of the experiment with wounds, the body weight of diabetic animals was increased in both sexes
and it was more pronounced in females, doubling that of control (Tab. 4). Elevated glucose levels,
on the other hand, were more pronounced in diabetic males. Diabetes in the ZDF rats was
associated with higher levels of plasma insulin, PAI-1, leptin and CRP (Tab. 4) compared to
controls. Levels of MDA were elevated in males (Tab. 4) and correlated with glycemia (R=0.82,

not shown). Levels of interleukin-6 were not elevated in diabetic groups (Tab. 4).

Weight (g) 36317 | 466+13% | 13 | 218+ 4 | 436 £+7 **| 2.0
n=13-18
Glucose (mmol/l) 17.8+0.7 114+0.3
7 £0. ) 3+0. .
1=13-18 6.7 £0.2 e 2.7 73+0.3 . 1.6
Insulin (ng/ml) 10.8 +1.48 1.63 + 17.57 £
28 £0. ) )
n=11-14 1.28+0.08 fakad 84 0.15 1.64** 108
PAI-1 (ng/ml) 4.89+0.75 2.62 + 5.06 +0.71
45 +0. )
N=0-11 2.45+0.17 - 2 0.21 o 1.93
Interleukin-6
J+ 3. .0+ 5. . 4+ 6. S5+ 4. .
(pg/mi) n=10-12 62.7+ 30 | 640+ 5.1 1.02 | 644+ 63| 62.5+ 4.6 0.97
C - reactive protein 474+ 53
45,5+ 25+10.2 | 1.37 443, 1.57
(ug/ml ) n=7-10 55+5 625+ 10 3 30 3.3 * 5
i + 4+
Lepnt'_”lg_'%m') 5055044 | 1532 77 | assx030 | 210 g0

Tab. 4: Parameters of ZDF animals at the age of 18-20 weeks. Data are expressed as mean = SEM, *: p<0.05,
**: p<0.01 (diabetic animals compared to non-diabetic controls).

Wound closure of bandaged wounds in ZDF rats.

The appearance of bandaged wounds is shown in Fig. 9. On day 0 there was visible
underlying fat tissue in diabetic wounds. On day 5 and day 10 wounds were larger in diabetic
animals than in the control ones. When the wounds were covered with gauze dressing, the crust
formation was suppressed (Fig. 9) as the exudate was absorbed by the gauze.
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Fig. 8: Wound healing of bandaged wounds - ZDF females. n=5, mean + SEM. *: p<0.05, **: p<0.01

day 0 day 5 day 10

Fig. 9: Healing of excisional wounds in ZDF males and females. A: Photographs of bandaged wounds on day 0,
day 5, and day 10. ND stands for non-diabetic animals, D stands for diabetic animals.

Fig. 8 and Fig. 10 show that the healing progress of diabetic wounds was retarded in both sexes,
resulting in healing times about 80% longer in males and 60% in females.
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Fig. 10: Healing of bandaged wounds - ZDF males. n=6-7, mean + SEM. *: p<0.05, **: p<0.01

Wound closure of non-bandaged wounds in ZDF rats.

Fig. 11 illustrates the macroscopic appearance of non-bandaged wounds. Wound size
diminution in diabetic males was significantly retarded during 10 days after wounding (Fig. 12).
The wounds were covered with a crust that was more pronounced in diabetic rats (Fig. 11).

A day 0 day 5 day 10  day 10 w/o crust

oz ©

Fig. 11: Healing of excisional wounds. Photographs of wounds on day 0, day 5, on day 10 and on day 10 without
crust that was removed. Note large crusts over diabetic wounds on day 10. ND stands for non-diabetic, D stands
for diabetic.
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Fig. 12: Wound size changes of excisional wounds - males. Data are shown as means = SEM. n=9-12. **: p<0.01
(diabetic animals compared to non-diabetic controls)

In diabetic females, the wound size diminution was even more profoundly retarded. The wounds
tended to increase in size (peak on day 5, 128% of original size) diminishing below to their original
size by day 8, whereas non-diabetic wounds were already half of their original size at that time (Fig.
13).

At the end of the experiment, on day 10, the male diabetic wounds were about 50% larger and
female diabetic wounds were about 150% larger than control non-diabetic wounds.
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Fig. 13: Wound size changes of excisional wounds — females. Data are shown as means + SEM. B: n=8-10, **:
p<0.01 (diabetic animals compared to non-diabetic controls)

Histological analysis of adipose, epithelial, granulation and dermal tissue, and crust.

The unwounded dermis on the back of animals was slightly thinner in diabetic animals,
notably in males by 30% (Tab. 5). Diabetic skin contained a thick layer of underlying adipose
tissue, most notably in females (Tab. 5, Fig. 14A). The wound tissue retrieved on day 5 contained
a significant amount of adipose tissue in both non-diabetic (37+5%) and diabetic animals
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(70%=+3%) with significantly (p<0.01) greater amount in diabetic animals (Fig. 14B). Fibrous
granulation tissue was thicker in non-diabetic animals and it covered the entire surface of the
wound, whereas in diabetic animals the granulation tissue had been infiltrated by adipose tissue and
covered the wound only partially, mainly at the periphery (Fig. 14B). The wound tissue retrieved
on day 10 (Fig. 14C) generally contained more granulation and fibrous tissue, and less adipose
tissue compared to day 5. The granulation tissue in diabetic animals was poorly developed and
irregular (tissue was not organized in a single continuous fibrous layer parallel to wound surface),
and was infiltrated by adipose tissue (Fig. 14C). Diabetic wounds were characterized by an
increased amount of crust (red in Fig. 14, Tab. 5). Large amount of polymorphonuclear infiltration
was found under and inside the crust of diabetic animals. The proportion of adipose tissue in wound
tissue was 4 to 5 times higher in diabetic than in non-diabetic animals (Tab. 5). The crust was 2 and
3 times thicker in diabetic animals in males and females, respectively (Tab. 5). The total length of
the epithelial tongue over the wound was significantly increased in diabetic animals by 50% (Tab.
5).

Dermis thickness in unwounded
skin[um] 1668+52 1159+44** 758423 68327
Adipose tissue thickness in
unwounded skin[um] 58+19 509+104** 45+6 12044+213%**
Adipose tissue in wound tissue [%] | 7.4£2.6 32.1+10% 7.242.4 34.2+4 2%*
Crust thickness [um] 421447 806+£59%* 280+29 915+176**
Epithelial tongues [mm)] 2.1+0.2 3.2+0.2% 2.3+0.1 3.4+0.2%%*

Tab. 5: Histological assessment of uninjured skin and wound tissue on day 10 in ZDF rats. Data are shown as
means = SEM. *: p<0.05, **: p<0.01 (diabetic animals compared to non-diabetic controls, n = 5). Length of
epithelial tongues is a sum of epithelial tongues lengths from both sides of a histological sample.

Analysis of scar tissue

The wounds were closing by secondary intention, with significant contraction and resulted
in the formation of scar tissue. The healed diabetic scars were thinner (Fig. 14D). Scars formed
only 26% and 15% of original wound surface in non-diabetic males and females respectively. Scar
size in diabetic animals was significantly increased: by 40% in males and by 140% in females.
Epithelization made significantly increased contribution to wound repair in diabetic animals most
notably in diabetic females.

Hydroxyproline

Hydroxyproline content per gram of wet tissue was lowered significantly in the skin of
diabetic females. Accumulation of hydroxyproline during diabetic wound healing on days 5 and 10
was lowered to approximately half that of healthy controls. Lowered accumulation could be caused
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by lower collagen production or more likely by partial expulsion/substitution of fibrous tissue by
adipose tissue in wounds (Fig. 14 B, C).

MRNA analysis: DNA-arrays and real-time RT-PCR.

Using DNA-array analysis, simultaneously studying expression of 115 genes, it was shown
that gene expression differed between diabetic and non-diabetic animals in wound tissue on day 10.
In diabetic males the most up-regulated mRNAs were those of IL-6 and PAI-1, while tropoelastin
MRNA was down-regulated (Tab. 6) when compared to controls. In female wounds the expression
pattern was different. The mRNA levels of MMP-3 and MMP-13 were notably up-regulated in the
diabetic group (Tab. 7). Significantly changed gene expressions are shown in Tab. 6 and Tab. 7.

Interleukin-6 (NM_012589) 1.38 *
Plasminogen activator inhibitor-1 (NM_012620) 1.23
MMP-3 (stromelysin-1, NM_133523) 1
MMP-13 (collagenase-3, M60616) 0.94
Tropoelastin (NM_012722) 0.71*
MMP-12 (macrophage metalloelastase, NM_053963) 0.68*
Interleukin-10 (NM_012854) 1.15*

Tab. 6: Relative gene expression of selected genes in granulation tissue in males on day 10 as assayed by DNA
array (totally assayed 115 genes), ratio = gene expression in diabetic animals/ gene expression in non-diabetic
animals, n = 7-8, *: p<0.05, **: p<0.01 (diabetic animals compared to non-diabetic controls).

Interleukin-6 (NM_012589) 0.93

Plasminogen activator inhibitor-1 (NM_012620) 1.20

MMP-3 (stromelysin-1, NM_133523) 2.52**
MMP-13 (collagenase-3, M60616) 1.5%*
Tropoelastin (NM_012722) 0.96

INOS ( nitric oxide synthase 2, inducible, NM_01261) 0.69 *
Laminin gama 2 ( XM_213902.4) 0.4 **
calgranulin B (MRP14, NM_053587) 0.79*
Plasminogen (NM_053491.1) 0.73*
Tumor necrosis factor alpha (NM_012675) 0.72*

Tab. 7: Relative gene expression of selected genes in granulation tissue on day 10 in females as assayed by DNA
array (totally assayed 115 genes), ratio = gene expression in diabetic animals/ gene expression in non-diabetic
animals, n = 7-8, *: p<0.05, **: p<0.01 (diabetic animals compared to non-diabetic controls).


http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=55742708
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=55742708

4 mm

Fig. 14: Histological and immunohistochemical image of skin and wound tissue, blue trichrome-staining (1x magnification), A: skin on day 0, B: wound tissue on day
5, C: wound tissue on day 10, D: healed wound - scar on day 30. D - diabetic, ND - non-diabetic, e - epithelium, d - dermis, m - muscle layer, ¢ -crust, g - granulation
tissue, a - adipose tissue, s - scar.
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As shown by real-time PCR analysis, the mRNA levels of IL-6, myeloperoxidase (MPO), p22-
phox and rac2 subunits of NADPH-oxidase were up-regulated in males on day 10. The expression
of tropoelastin and type | procollagen was down-regulated (Tab. 8). In females, the levels of IL-6,
MPO, MMP-3 and MMP-13 were substantially up-regulated in diabetic wound tissue (Tab. 8).

~ mRNAexpression ratio - diabetic to non-diabetic animals |
| \

Inflammation

Interleukin-6 (NM_012589) 3.30* 2.76 *
Interleukin-18 (NM_031512) 1.54 1.15
Connective tissue metabolisms

Plasminogen activator inhibitor-1 (NM_012620) 1.17 1.17
MMP-3(stromelysin-1, NM_133523) 1.33 5.70 **
MMP-13 (collagenase-3, M60616) 1.31 1.99 *
Tropoelastin (NM_012722) 0.39* 0.83
Type | procollagen alpha Il (NM_53356) 0.7* 0.85
Metabolism of reactive oxygen species

Myeloperoxidase (XM_220830) 2.40 ** 4,10 **
P22-phox —~NADPH oxidase (NM_024160) 1.39* 1.04
Rac2 - NADPH oxidase (NM_001008384) 1.64 ** 1.11

Tab. 8: Relative gene expression of selected genes in granulation tissue on day 10 as assayed by quantitative
RT-PCR, ratio = gene expression in diabetic / gene expression in non-diabetic animals, n = 10-14. *: p<0.05, **:
p<0.01 (diabetic animals compared to non-diabetic controls).

Immunohistochemistry

Myeloperoxidase and interleukin-6

Immunohistochemical staining showed increased MPO and IL-6 positive signals at the
very top inflammatory layer of diabetic wounds. This layer was composed mainly of pus and
wound exudate. IL-6 positive signal was found in immune cells (Fig. 15A) and in granulation
tissue fibroblasts. MPO was found in PMN cells and macrophage-like cells (Fig. 15B, C).

Matrix metalloproteinase 3 and 13

MMP-3 staining was more intense in wound tissue of diabetic females compared to
control. Wound fibroblasts located on the top of granulation tissue under inflammatory layer were
MMP-3 positive (Fig. 16D). Some immune cells and giant cells were also positive (Fig. 16C).
The tip of the epithelial tongue was MMP-3 negative or very weak positive. MMP-13 staining
was elevated in granulation tissue of diabetic females compared to control. MMP-13 was strongly
positive in the epithelial cells at the bottom of the new epidermis leading edge (Fig. 16B). These
positive epithelial cells were in contact with granulation tissue and were present in all studied
groups. Fibroblastic cells inside the top layer of the granulation tissue were also MMP-13 positive
and were parallel to would surface (Fig. 16A). This layer was located under the very top
inflammatory layer.
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Fig. 15: Immunohistochemical image of wound tissue, peroxidase staining, wound on day 10 (60x
magnification). A: Interleukin-6 in immune cells, B: myeloperoxidase in PMN cells, C: myeloperoxidase in
macrophage-like cells in the wound pus, D: granulation tissue - negative control without antibody.
Representative illustrative images from four to five stained tissues are shown.

Fig. 16: Immunohistochemical image of wound tissue, peroxidase staining, wound on day 10 (60x
magnification). A: MMP-13 in fibroblast-like cells on the top of granulation tissue, B: MMP-13 in epithelial
cells at the tip of newly forming epithelial tongue, C: MMP-3 in multi-nucleated giant cell in the granulation
tissue, D: MMP-3 in fibroblastic cell on the top of granulation tissue. Representative illustrative images from

four to five stained tissues are shown.
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Discussion

Part 1: Hyaluronan, Hyiodine - a potential for wound healing

Hyiodine, the combination of hyaluronate and iodine, is a novel product combining high
m.w. HA and iodine. It was reported that the complex of hyaluronate-iodine had beneficial effect
on wound repair in diabetic foot ulcers and hard-to-heal wound of different etiology (Sreenan et
al. 1996; Sobotka et al. 2006; Sobotka et al. 2007). However, the exact mechanism of its action on
wound repair is unknown. High m.w. HA has beneficial effects on wound healing (Balazs et al.
2000). It is highly viscous and when it was applied on rat skin wounds in our experiments, it made
wound redressing easier because Hyiodine soaked gauze did not stick to the wound. Hyiodine
applied on the wounds immediately after skin excision accelerated wound contraction in the first
days of healing. Later on the course of wound closure was similar in the Hyiodine-treated and
saline-treated group. The influence of added HA may be greatest in the proliferative phase of
healing. The antiseptic properties of iodine may be more important in humans than in rats.
Wounds treated with Hyiodine showed thickened epithelium on day 7. HA is a component of
granulation tissue but its synthesis is not limited to mesenchymal cells. HA is contained in normal
epidermis and it is synthesized by epidermal keratinocytes. Epidermal injury activates hyaluronan
synthases in keratinocytes and causes an increase in epidermal HA. Keratinocyte migration is
retarded when hyaluronan synthesis is blocked (Tsuboi et al. 1992). Exogenous HA may support
epithelial hyperplasia (Arnold et al. 1995). The role of iodine in wound healing is not clear
(Selvaggi et al. 2003) but PVP-iodine hydrogel was reported to improve epithelialization (Vogt et
al. 2006). Hyiodine application did not change collagen accumulation in the granulation tissue.
The expression of other ECM components, proteinases and cytokines was not changed when
studied on mRNA level. Together, expression of 92 genes were studied, however it is now known
that thousands of genes are differentially expressed during the wound repair in comparison to
uninjured skin (Roy et al. 2008; Greco et al. 2010). It is possible that several important targets had
been missed in our selection. Therefore, for the future clarification of the mode of action, the
whole-genome wide approach is more advisable. lodine greatly potentiated the ability of HA1200
to stimulate exudate formation. The protein composition of the exudate reminded of that of rat
plasma with a prominent albumin band suggesting that a large part of exudate came from the
plasma. Uronic acid content in the exudate was also increased. HA is a normal component of
wound fluid but plausibly some HA applied on the wound have been retained on its surface. The
nature of the interaction between iodine and HA is not clear. lodine may bind to the
glycosaminoglycan or it may oxidize it. The action of HA may be more powerful or its absorption
may be slowed down and the effect of HA may be protracted in the presence of iodine.

Part 2: Characteristics of cutaneous healing of diabetic and obese ZDF rats

Diabetic wounds were accompanied by inflammation and were covered by larger crusts.
During the healing, diabetic wounds were filled with a large amount of adipose tissue, poorly
filled with granulation tissue and their contraction was impaired. Whereas non-diabetic wounds
were almost entirely closed by contraction, in diabetic wounds, the epithelization had a more
pronounced contribution to repair. Consequently, diabetic animals developed larger scars.
Different fibroblast phenotype in adipose as opposed to dermal tissue could provide different
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paracrine stimulation of epithelium. Adipose tissue could influence wound healing by limiting
cell migration or by its adipokine production. The retardation in contraction could be mediated
through physical changes such as tension in skin due to obesity. The organization of fibroblasts
and myofibroblasts network could be impaired by abundant adipose tissue (Goodson et al. 1986;
Bauer et al. 2004). Lower hydroxyproline concentrations and slightly lower type | collagen
MRNA expression in granulation tissue was most probably caused by a displacement of collagen
producing fibroblastic cells by adipocytes. The study of obese insulin resistant JCR rat showed
impaired wound repair, contraction and wound collagen content (Bauer et al. 2004) comparable
to our results. In our study, diabetic males had very high increase in blood glucose and relatively
low increase in body weight. On the other hand, diabetic females showed a high increase in body
weight and a relatively low increase in blood glucose compared to non-diabetics. We observed
impaired wound repair in both sexes and therefore we propose that both factors (high obesity and
high glucose) had negative effect on wound repair. Most probably the combination of high obesity
and high glycemia would result in even higher impairment of wound repair due to cumulating
effect. Together their study (Bauer et al. 2004) and our study suggest that obesity significantly
impairs wound healing and that this parameter is as least as important as hyperglycemia.

In our work, epithelization played an important role in diabetic rats, as wound contraction was
impaired. The length of epithelization tongue was increased. Increased epithelization could be
caused by high levels of insulin (Apikoglu-Rabus et al. 2010) present in diabetic ZDF rats.
Therefore the use of the present model for studying impaired epithelization is limited. The model
we report could be modified for further studies by lowering rat insulin levels. Also increased
leptin levels in diabetic rats could play a role in this phenomena, as leptin influences epithelial
cells in vitro and in vivo, and epithelial tongue in wounds expresses leptin receptors (Frank et al.
2000). In db/db mice, epithelization was severely disturbed (Wall et al. 2002), and leptin levels
were reported to be increased (Sahai et al. 2004) alike in ZDF rats. This difference in
epithelization could be explained by different mutations of leptin receptor in ZDF fa/fa rats and in
C57BL/KS-Leprdb/J db/db mice (Phillips et al. 1996).

Our study showed different patterns of the expression of several genes, some of them connected to
inflammation, thus supporting observed abundant inflammation in diabetic animals. Wounds were
possibly inflamed due to deregulated endogenous inflammation control or higher susceptibility to
microbial infection. We have shown increased expression of IL-6 in diabetic wounds and
established its spatial distribution on the very top of the wound. The role of IL-6 is complex. IL-6
is essential in the regulation of early immune response to trauma that is necessary for proper
wound repair (McFarland-Mancini et al. 2010). It is produced by fibroblasts, keratinocytes,
neutrophils and macrophages (Mateo et al. 1994) and its deficiency leads to impaired healing (Lin
et al. 2003; McFarland-Mancini et al. 2010). However, a surfeit of IL-6 can slow down tissue
repair (Gallucci et al. 2001) and decrease fibroblast proliferation (Mateo et al. 1994). IL-6 levels
were elevated in patients with diabetic ulcers (Fu et al. 1999). We have observed higher levels of
MMP-3 and MMP-13 mRNA, and immunohistochemical signal in diabetic females. Abundant
expression of metalloproteinases could be partially responsible for lower collagen
(hydroxyproline) content in diabetic wounds. Over-expression of wound MMPs can lead to
proteolytic tissue damage (Lobmann et al. 2002). In chronic wounds, MMP-3 was expressed by
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keratinocytes located above the basement membrane behind the leading edge of the
hyperproliferative epithelium and was also detected in the granulation tissue (Saarialho-Kere et al.
1994). In our experiments, MMP-3 was not present in the epithelium, but we have detected MMP-
3 in the granulation tissue in rats. MMP-3 has a role in wound contraction and activation of the
contraction phenotype in fibroblasts (Bullard et al. 1999). In vitro, MMP-1 and MMP-3 can be
induced by a shock via IL-6 autocrine stimulation in dermal fibroblasts (Park et al. 2004) and 1L-6
can increase the MMP-13 gene expression in rat fibroblasts (de la Torre et al. 2005). We
hypothesize that the abundant presence of IL-6 in diabetic wounds could cause the increased
expression of MMP-3 and MMP-13. As MMP-1 is not present in rat tissues, rat MMP-13 is
considered to play a predominant role in matrix degradation, comparable to the role of MMP-1 in
humans (Okazaki et al. 2001). MMP-1 is produced by migrating epithelial cells (Parks 1999). In
ZDF rats, MMP-13, playing similar role as human MMP-1, was clearly detected in keratinocytes
located near wound edge and in upper layers wound fibroblasts. The limitation of our study is that
only one time interval (day 10) was used for the analysis of mRNA and proteins using
imunohistochemistry.

Conclusion

Positive action of hyaluronan-iodine complex observed on hard-to-heal wounds in diabetic
patients was supported by our animal model study. Hyiodine speeded up the process of wound
closure in the early phase of healing. The positive effect could be mediated by an effect on wound
epithelium. Accentuated exudation keeps the wound moist and makes wound redressing easier.
The influence of HA is supported by iodine that is not only a mere disinfectant but potentiates
some effects of HA. The formation of granulation tissue and its main component, collagen, is not
changed as was not the mRNA expression of the set of studied genes.

The present work revealed an impaired mode of cutaneous healing, and the structure of wound
tissue in obese diabetic and lean non-diabetic ZDF rats. This model could be useful for further
studies of molecular changes in wound repair caused by obesity and diabetes. The reported results
warrant further research into the regulation and resolution of inflammation response, the role of
adipose tissue, the deregulation of MMPs during wound repair in ZDF rats. Also the role of leptin
and its receptor in epithelization could be studied on molecular level. Obese ZDF rats seem to be a
suitable model for the testing substances designed to influence tissue repair and are proposed as a
novel model of impaired cutaneous wound repair with type Il diabetes mellitus and obesity.
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