Hyperbaric oxygen enhances collagen 111 formation in wound of ZDF rat
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Summary

Diabetic foot ulcer (DFU) is a serious complication of diabetes and hyperbaric oxygen
therapy (HBOT) is also considered in comprehensive treatment. The evidence supporting the
use of HBOT in DFU treatment is controversial. The aim of this work was to introduce a DFU
model in ZDF rat by creating a wound on the back of an animal and to investigate the effect
of HBOT on the defect by macroscopic evaluation, quantitative histological evaluation of
collagen (types I and I11), evaluation of angiogenesis and determination of interleukin 6 (IL6)
levels in the plasma. The study included 10 rats in the control group (CONT) and 10 in the
HBOT group, who underwent HBOT in standard clinical regimen. Histological evaluation
was performed on the 18" day after induction of defect. The results show that HBOT did not
affect the macroscopic size of the defect nor IL6 plasma levels. A volume fraction of type |
collagen was slightly increased by HBOT without reaching statistical significance (1.35 +
0.49 and 1.94 £ 0.67%, CONT and HBOT, respectively). In contrast, the collagen type IlI
volume fraction was ~120% higher in HBOT wounds (1.41+£0.81%) than in CONT ones (0.63
+0.37%; p=0.046). In addition, the ratio of the volume fraction of both collagens in the wound
((1+111)w) to the volume fraction of both collagens in the adjacent healthy skin ((I1+111)n) was
~65% higher in rats subjected to HBOT (8.9+£3.07 vs 5.38+1.86%, HBOT and CONT,
respectively; p=0.028). Vessels density (number per 1 mm?) was found to be higher in CONT
vs. HBOT (206.5 + 41.8 and 124 + 28.2, respectively, p<0.001). Our study suggests that
HBOT promotes collagen Il formation and decreases the number of newly formed vessels at

the early phases of healing.
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Introduction

Diabetic foot syndrome and its clinical manifestation in chronic defect — diabetic foot ulcer
(DFU) remains a serious medical issue. It affects up to 34% of patients suffering from
diabetes and it is the most common cause of non-traumatic amputation of the lower limb,
where amputation is in 85% of cases preceded by DFU. The prevalence of DFU is about 4 to
10%. (Jirkovska 2011, Apelquist 2008).

DFU has two principal pathophysiologic mechanisms that frequently overlap and potentiate
each other: vasculopathy and neuropathy. Macroangiopathy typically affects infrapopliteal
vessels, which leads to peripheral arterial disease of the lower extremities (Hobizal and
Wukich 2012). Microangiopathy is associated with a loss of the elasticity of arterioles and
capillaries due to lipid deposition and thickening of the basement membrane that results in
altered nutrient exchange, tissue hypoxia and microcirculation ischemia. Diabetic neuropathy
damages autonomic, sensory and motor nerves predisposing diabetic patients to trauma due to
decreased protective sensation, impaired stability of joints due to muscle weakness and further
impairment of microvascular blood flow due to direct damage to autonomic neurones caused
by sorbitol accumulation, changes in the NAD:NADH ratio, and increased oxidative and
nitrosative stress (Vinik et al. 2003; Packer et al. 2021).

Treatment of DFU must be complex, consisting of local and systemic approaches and adjunct
methods if applicable in the given specific case (Waniczek et al. 2013). The basic principles
of standard care are described in the International Working Group on the Diabetic Foot
(IWGDF) guidelines (Lipsky et al. 2019). Standard treatment of the defect consists of
assessment for infection, debridement, cleaning and proper dressings in addition to systemic
glucose control and maintenance of adequate perfusion to the wound and lower extremities
(Dreifke et al. 2015). In addition, 13 adjunct therapies were evaluated by IWGDF in 2019 and

only 6 of them were recommended to be used in addition to the best standard of care (Rayman



et al. 2020). Among them, the judicious use of hyperbaric oxygen therapy (HBOT) in certain
non-healing ischaemic ulcers was recommended (Rayman et al. 2020, Wu 2018).

Although the rationale for using HBOT in the treatment of DFU is well supported by the idea
that overcoming wound hypoxia could expedite the healing process and promote
epithelialisation (Aydin et al. 2013), many clinical and experimental studies on the putative
beneficial effects of HBOT on wound healing brought about inconsistent results. Meta-
analyses of clinical studies dealing with the impact of HBOT on the outcome of DFU
concluded both beneficial and neutral effects of hyperbaric oxygen on the healing process of
the defect and the risk of above-the-knee amputation (Brouwer et al. 2020, Kranke et al.
2015, Elraiyah et al. 2016, Margolis et al. 2013) pointing out the relatively high risk of bias
and methodological limitations of some clinical studies taken into analyses. In addition, some
recent clinical studies have suggested that HBOT may be used as a useful adjuvant to
conservative standard therapy in the healing of DFU (Kumar et al. 2020, Teguh et al. 2020).
Animal studies dealing with the analyses of the efficiency of HBOT in the treatment of DFU
also brought about controversial results. In an extensive study of HBOT effect on both non-
ischemic and ischemic defects induced on the dorsal aspect of the hind feet of diabetic vs.
normoglycemic rats, HBOT sped up the healing of ischemic and diabetic defects, but had no
effect on non-ischemic and normoglycemic defects (André-Lévigne et al. 2016). In a recent
study performed on streptozotocin-diabetic mice, HBOT facilitated wound healing in DFU,
promoted angiogenic activities of endothelial cells, activated HIF-1a (hypoxia inducible
factor) signalling, and promoted the expression of VEGF/SDF-1 (vascular endothelial growth
factor/stromal cell derived factor) in fibroblast and the expression of the VEGF-R/CXCR4
receptor in endothelial cells (Huang et al. 2020). In contrast, other studies focused on HBOT
effects in diabetic rodents did not show any improvement in macroscopic nor microscopic

structure of the defect, perfusion of tissue in defect, long-term capillary-venous oxygen



saturation, level of haemoglobin nor flow in microcirculation or formation of granulation
tissue (or neo-dermis) after HBOT (van Neck et al. 2017, Tuk et al. 2014).

It should be noted that all the above mentioned experimental studies used animal model
diabetes induced by streptozotocin, which corresponds more with Type 1 diabetes. Although
DFU occurs in both Type 1 and Type 2 diabetes mellitus, Type 2 diabetes accounts for 90 to
95% of cases worldwide (Packer et al. 2021). As an animal model suitable for studying
wound repair in Type 2 diabetes, Zucker Diabetic Fatty (ZDF) rat has been suggested
(Slavkovsky et al. 2011). To our best knowledge, no study focusing on the effect of HBOT on
DFU in ZDF rat has been performed so far.

The aim of the present study was to analyse the effect of HBOT on wound repair in ZDF rats.
Standard square wounds were induced on the back of the experimental animals randomly
assigned to control (ZDF rats) and experimental groups (ZDF rats subjected to HBOT in a
clinically relevant protocol). The wounds were macroscopically evaluated twice per week in
the course of 18 days. In addition, quantitative histological evaluation of collagens I and Il
was performed on day 18 of the experiment, along with microscopical evaluation of
angiogenesis. The results of our study revealed a moderate beneficial effect of adjunct HBOT

on the skin defect repair that should be further explored.

Methods

The model of Type 2 diabetes mellitus

Zucker Diabetic Fatty rats (ZDF rats) with a congenital mutation of the leptin receptor were
used to develop the DFU model. ZDF rats were obtained from the Department of Toxicology
and Laboratory Animals Breeding at the Institute of Experimental Pharmacology &
Toxicology of the Slovak Academy of Sciences. The experimental animals, homozygous

(fa/fa) males, were subsequently obtained by reproduction and selection at the author’s



workplace. The rats were housed individually throughout the experiment and received
standard care according to EU directive 2010/63/EU including a 12/12 light schedule and free
access to food and water.

Two months after birth rats were fed with high-fat diet type 5008 (Purina 5008, Charles River,
USA). After 4 months, the animals developed Type 2 diabetes mellitus with confirmed values
of glycaemia higher than 15 mmol/l (glucometer MediTouch 2, Medisana, Germany) and
possessed an obese phenotype. Twenty rats were randomly assigned to control (CONT; ZDF
rats, n = 10) and experimental groups (HBOT; ZDF rats subjected to HBOT, n = 10). The
study was approved by the Animal Welfare Advisory Committee at the Faculty of Medicine
in Pilsen and by the Ministry of Education, Youth and Sports of the Czech Republic (approval
ID: MSMT 26570/2017-3). All experiments were performed in the Central Animal Facility of

the Biomedical Centre at the Faculty of Medicine in Pilsen.

Induction of wounds and evaluation of the wound size

Wounds were induced in male diabetic rats at the average age of 140 + 12 days and the
average weight of 392 + 49 g. The animals were premedicated with tramadol (10 mg/kg;
Tramadol, Kalcex, Latvia) administered intraperitoneally in 4 ml of tempered sterile saline
and anaesthetised by inhalation of 2-3% isoflurane (Aerrane, Baxter, Belgium) in oxygen
using a face mask. Two square full-thickness 1.5 x 1.5 cm wounds were made in the skin of
the dorsal area of the rat, with the upper edge of the first wound reaching the scapula (Figure
1). Tramadol in drinking water (100 mg/l; Tramal, oral solution, Stada Pharma, Germany)
was then administered for the following 3 days. Pictures of wounds were taken (day 0) and
wounds were covered with non-adhering dressing Cosmopor® E (Hartmann, Germany) and
fixed by medical adhesive tape. The fourth day after induction of the wounds, the HBOT

group began treatment in a hyperbaric chamber.



Twice per week the wounds in both CONT and HBOT groups were re-bandaged and pictures
of them were taken until complete recovery or tissue sampling. Isoflurane anaesthesia was
used during the replacement of wound dressings and the documentation of wounds. Samples
of wounds were taken at day 18 after wound induction followed by animal sacrifice and blood

collection.

Hyperbaric oxygen therapy (HBOT)

Standard animal cage (3H "800 cm?, Bioscape, Germany, EU directive 2010/63/EU) was
technically improved to administer pure oxygen and to get air samples from the inner part.
Our air pressurized hyperbaric chamber (CKD Prague, Czech Republic) was adapted to house
this animal cage and equipped with connectors to supply gas into the cage and to take gas
samples. On the day of treatment, animals were placed into this adapted cage. The cage in the
chamber was washed with pure oxygen continuously. Each isocompression phase during the
HBOT session lasted for 90 min at a pressure of 0.25 MPa, 5 times per week. This protocol is
similar to the one used in clinical practice (Teguh et al. 2020, Kumar et al. 2020). During the
whole treatment gas samples from the cage were taken in 10 min intervals to check if more

than 95% oxygen levels were maintained.

Macroscopic evaluation of wound area

Pictures of skin defects were taken twice a week after the wound induction, i.e. on days 0, 4,
7,11, 14, and 18. The wound area (mm?) was measured using ImageJ software (NIH,
Bethesda, USA; Schneider et al. 2012). Wound size at each experimental animal was
expressed in %, calculated as wound area at a particular time point divided by wound area at
day 4 (i.e. the day of initiation of HBOT). The exactness of measurements was raised by

multiple evaluations (10 times) of one wound area.



Quantitative histological evaluation of collagen

The skin samples were fixed in 10% formaldehyde, dehydrated in ethanol and embedded in
paraffin blocks. Two 5 um-thick sections were stained using the haematoxylin-eosin (HE) to
visualize the overall morphology. Other two sections were stained using picrosirius red (PSR,
Merck Millipore, Darmstadt, Germany) to visualize type I collagen (yellow-red colour when
observed under polarized light) and type 111 collagen (green colour under polarized light). The
advantages of this method were well described (Rich and Whittaker 2005) and recently
demonstrated in tissue engineering and in detail in the healing of skin wounds (East et al.
2018).

Briefly, the picrosirius red enhances the birefringence of co-aligned type I collagen fibrils and
fibres. This phenomenon can be used for reproducible morphological quantification of the
type | collagen content with high specificity and sensitivity (Junqueira et al. 1979). According
to the thickness, type | collagen fibres appear in yellow (thinner fibres), orange, and red
colour (thick bundles of fibres). The green colour and a weak birefringence represents type 11l
collagen with loosely packed fibrils or very thin sections of the type I collaged fibres. The
green colour is not completely specific for the immature collagen, because the colour and
intensity of birefringence depends also on the section thickness (Junqueira et al. 1982). Linear
polarization does not visualize all collagen fibres — those aligned parallel to the transmission
axis remain dark, which results in underestimation of the total collagen content. To eliminate
this orientation-mediated drawback, we applied circularly polarized illumination by using a
circular polarizer (Hama, Monheim, Germany), while the analyser was constructed from a
combination of a quarter-wave lambda plate placed below a linear polarizer (U-GAN,
Olympus, Tokyo, Japan). Both filters were aligned in the crossed position using an Olympus

CX41 microscope.



The samples stained with PSR were observed under circularly polarized light using the 20x
objective. From each sample, two micrographs were captured representing the healthy skin
adjacent to the healing lesion. Other two micrographs were sampled from the healing lesion.
The amounts of the type | and the type 111 collagen were quantified as their volume fractions
(Vv) within the two regions of interest, i.e. within the healthy skin, and within the healing
lesion (Figure 2). The volumes were quantified using the stereological grid point and the
Cavalieri principle. This method of quantification of collagen has been previously established,
extensively tested and proved as reliable and reroducible in several studies (Tonar et al. 2015;
Horakova et al. 2018; Buzgo et al. 2019). The values are further presented as arithmetic mean
values calculated from the micrographs per each animal and reference space. Moreover, the
ratio of type 11l to type | collagen was calculated to investigate a possible reduction of type Il
collagen. This ratio is used as a measure of ongoing fibrillogenesis in early stages of wound

healing (Mohammadzadeh et al. 2014).

Quantitative histological evaluation of angiogenesis

The skin samples were fixed in 10% formaldehyde, dehydrated in ethanol and embedded in
paraffin blocks. Two 5 um-thick histological sections were cut from each sample. The
sections were deparaffinized and rehydrated. The blood vessels in the skin were detected
immunohistochemically using polyclonal rabbit anti-human von Willebrand factor antibody
(dilution 1:1000; DakoCytomation, Glostrup, Denmark). The reaction was visualized using
diaminobenzidine as a part of the BOND polymer refine detection (Leica Biosystems

Division of Leica Microsystems Inc., Buffalo Grove, United States).

Using 40x microscope objective, four micrographs were taken from each slide using
systematic uniform random sampling (Tonar et al. 2008). The two-dimensional density of the

microvessels profiles were quantified using the unbiased counting frame (Gundersen 1977)



(Figure 2). Stereological counting procedure was done using the Ellipse software (ViDiTo,

Kosice, Slovak Republic) (Witter et al. 2010).

IL6 concentrations in the plasma

Blood samples were taken from animals after their sacrifice by cardiac puncture to Li-heparin
collection tubes. Samples were immediately centrifuged at 2000xg 10 min at 4°C and plasma
was collected and stored at -80°C until analysis. IL6 concentration in plasma was determined
by the Enzyme-Linked ImmunoSorbent Assay (ELISA) method using the RayBio® Rat 1L-6
ELISA Kit (RayBiotech, Peachtree Corners, Georgia, USA) according to the manufacturer’s

protocol.

Data presentation and statistics

Data are presented as means + standard deviation. Statistical inference was performed using R
statistical software (R Development Core Team 2020). Residuals of all models were visually
checked to detect potential heteroscedasticity and biased predictions. All statistical models
were extended by a permutational approach (5,000 randomizations), which estimates
statistical significances reliably even if sample sizes are small and assumptions of the fully
parametric methods are not met (Good 2005).

The effect of HBOT on the volume fractions of collagen (types | and Ill) in the scar were
modelled via beta regression with logit-link function using the ‘mgcv’ R package (Wood 2011).
The ratio between collagen | and Ill in the scar (log2-transformed to eliminate
heteroscedasticity) and the relative volume fraction of both collagens in the wound compared
to the volume fraction in the adjacent healthy skin were modelled with a general linear model.
As the volume fractions of collagen 111 and the ratio between the collagen types I and 111 within
wound correlated with the values from the adjacent healthy skin (within-subject correlation),

and inclusion of the out-of-scar measurements into models improved parsimony of the models
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(reflected by the decrease of ‘Bayesian Information Criterion’ [BIC], Burnham and Anderson
1998), the measurements from the healthy skin were included as covariates. In these cases, only
the factor ‘treatment” was randomized in a permutation test whereas the response variable and
the covariate were unchanged.

Similarly to analysis of collagen, angiogenesis was evaluated in wounds of both groups and in
adjacent healthy tissue.

To evaluate the effect of HBOT on the speed of wound area shrinking (from day 4 to day 18),
we employed a linear mixed-effects model (using the ‘nlme’ R package; Pinheiro et al. 2018)
with animal identity representing a random-effect factor (random intercept) and ‘day’,
‘treatment’ and ‘day X treatment’ interaction representing fixed-effects predictors. We used the
square root transformation of the wound size to eliminate heteroscedasticity in residuals. As
categorization of the ‘day’ led to increased BIC and the wound size decreased approximately
linearly with time, the ‘day’ was treated as a numerical (non-categorical) variable. Only

‘treatment’ was randomized (between the individuals) during the permutation test of the model.

Results
In the course of the first week after operation, 2 HBOT and 4 CONT rats died; these animals
were excluded from the study that continued with 8 and 6 rats in the HBOT and CONT groups,

respectively.

Macroscopic evaluation of wound area

The results of macroscopic evaluation are presented in Figure 3 as a relative change in the
defect size compared to the size on day 4, when HBOT was initiated (i.e. relative to the day 4
defect area). The data indicated that the rats subjected to the HBOT group had no tendency to
heal faster than the CONT rats. The difference did not reach statistical significance at any time

point evaluated.
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Quantitative histological evaluation of collagen

The results of histological analyses of the defects are shown in Figure 4A-D. HBOT had no
significant effect on the volume fraction of collagens in the skin outside the defect. As
expected, the volume fractions of both collagen subtypes were substantially smaller in the
defects than in the surrounding skin. The fraction of type | collagen was ~40% higher in the
HBOT wounds than in the control ones, but the values did not reach statistical significance
(1.35+0.49 and 1.94 + 0.67%, CONT and HBOT, respectively; p=0,1). In contrast, collagen
type Il fraction was ~120% higher in HBOT wounds (1.41+0.81%) than in CONT ones (0.63
+0.37%; p=0.046). In addition, the ratio of the volume fraction of both collagens in the wound
((1+111)w) to the volume fraction of both collagens in the adjacent healthy skin ((1+111)n) was
~65% higher in rats subjected to HBOT (8.9+3.07 vs 5.38+1.86%, HBOT and CONT,
respectively; p=0.028). The collagen I/collagen Il ratios did not differ significantly between
the two groups (2.49+0.83 and 1.63+1.22 in CONT and HBOT groups, respectively; p=0.2) in
the defects and reached the values 5.63 + 4.18 and 4.52 + 3.17 in the adjacent healthy skin of

CONT and HBOT rats.

Quantitative histological evaluation of angiogenesis

Results are expressed as microvessel density (MVD), e.g. number of vessel profiles per 1
mm?. As expected, MVD was much higher in the wounds compared to adjacent healthy tissue
(206.5 + 41.8 in the wound of CONT, 78.1 + 20.8 in the healthy skin, p<0.001). On the
contrary, HBOT did not enhance vessel generation, our results show rather opposite effect

(MVD 124 + 28.2 in HBOT vs. 206.5 + 41.8 in CONT, p<0.001).

IL6 concentrations in the plasma
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IL6- levels in the plasma of both CONT and HBOT rats did not exceed the detection limit of

the kit, i.e. 30 pg/ml.

Discussion

The present study analyses the effects of HBOT on several parameters of wound healing in
ZDF rats. The selected animal model is widely used in experimental practice to study the
pathophysiology and secondary complications of Type 2 diabetes (Siwy et al. 2012). The
ZDF model has also proven to be useful in evaluating the impact of diabetes on wound
healing and neuropathy (Otto et al. 2011, Slavkovsky et al. 2011). Nevertheless, the effect of
HBOT on the skin repair processes has been analysed so far only in streptozotocin-induced
diabetic rats with conflicting results (see Introduction).

Our study focused not only on the speed of reduction of the wound area, but also on the
quantitative analysis of collagens I and 111 in the wound tissue and surrounding intact skin
since the new production of collagen, its spatial distribution and metabolism play a major role
in the restoration of homeostasis during the repair of skin defects (Wynn 2008). Histological
evaluation of healing wounds often includes the rating of type I and type 111 collagens
expressed as volume fractions (Clore et al. 1979; Dale et al. 1996; Wang et al. 2017).
Although macroscopic evaluation of the wound area did not show any trend to faster skin
repair after HBOT, histological analysis brought about interesting outcomes. HBOT had a
significant impact on collagen formation in the injured tissue leading to an increased volume
fraction of collagen Il at day 18 of the experiment, i.e. after 10 completed sessions of HBOT.
In the study performed on B6.BKS(D)-Lepr db/db adult diabetic mice (spontaneous Type 2
diabetic mouse model with a low capacity to regenerate skin), the skin defect was created on
the dorsal surface of the animal and a silicone O-ring was placed surrounding the wound and
attached to the skin to prevent wound-healing by contraction. In this setting, the authors

documented accelerated healing in animals subjected to HBOT (Pena-Villalobos et al. 2018);
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however, no such ring was used in our study. The authors hypothesised that faster skin repair
in hyperbaric oxygen conditions might improve collagen synthesis and epithelization in the
wound bed. In our experiments, contraction of the wounds was not prevented, which might
overlay the potential beneficial effect of HBOT on other repair processes. Nevertheless, the
wound skin area of rats subjected to HBOT displayed a ~120% higher volume fraction of
collagen 111 and a ~65% higher ratio of both collagens in the healing wound to intact
surrounding skin, suggesting that the repair process was indeed accelerated by HBOT.
Wound healing is a complex sophisticated series of events resulting in the replacement of
injured or missing tissue. The process of skin repair is usually described in three overlapping
stages: inflammation, proliferation and tissue remodelling (Guo and DiPietro 2010; Velnar et
al. 2009; Young and McNaught 2011). The inflammatory response to injury is mediated by
damaged cells, resident immune cells and neutrophils and macrophages recruited in response
to chemokines released from the tissue. The proliferative stage comprises angiogenesis,
reepithelialisation, and fibroplasia aiming to decrease the area of lesioned tissue and create a
new efficient barrier against the external environment. Fibroblasts recruited from the dermis
of the adjacent skin proliferate in response to a number of cytokines, e.g. transforming growth
factor-B8 (TGF-B) or platelet-derived growth factor (PDGF) (Guo and DiPietro 2010; Velnar et
al. 2009; Young and McNaught 2011) and participate in collagen synthesis in the proliferative
and remodelling phases of wound healing. The highest amounts of type 111 collagen appear
five days after injury and contribute to the scar formation. During later phases of healing, i.e.
remodelling, type I collagen is formed from the precursor type I11 collagen. The resulting new
type | collagen, made of thicker and longer fibrils than the type 11l collagen, provides strength
and mechanical stability (Campelo et al. 2018; Wang et al. 2015; Young and McNaught

2011).
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We have not found any positive effect of HBOT on angiogenesis, on the contrary HBOT
seemed to inhibit new vessel formation. This controversial result might be explained by
complex reasons. Our evaluation (18" day after operation) was performed relatively late,
when defects were almost healed. It should be noted that angiogenesis is rapid in the early
phase of healing, supported by inflammation and in the later phases of healing, number of
vessels decreases again (Di Pietro 2016). Other studies suggest that angiogenesis is supported
by HBOT only in hypoxic tissues like in defects on leg after arterial ligation, skin grafts,
contused mussels etc. (Huang et al. 2020, Yamamoto et al. 2020, Buckley and Cooper 2021,
Yu et al. 2019). It is thus possible that in our setting, HBOT accelerated angiogenetic
processes and at the time of evaluation, we did not detect the peak value of the density of
newly formed vessels. In addition, our defects on rat back probably did not suffer from
hypoxia.

In our study, we have not revealed any trend to general inflammation as documented by IL-6
levels in the plasma that barely exceeded the detection limit of the assay with no difference
between CONT and HBOT rats. Collagen | volume fraction in the healing skin of HBOT rats
was ~40% higher than in CONT animals, however this difference did not reach statistical
significance (p = 0.09). Taken together, our study suggests that HBOT promotes collagen 111
formation at least in the early phases of healing of uncomplicated skin defects in ZDF rats as
documented by its increased volume fraction and elevated ratio of collagen 1+I11 content in

the wound area to intact surrounding skin.

Study limitations
Increased collagen 111 content in the wound area after HBOT does not necessarily mean that
the healing process was really improved as this type collagen formation is typical for the

initial phase of healing and final mechanical stability of the scar is mainly dependent on the
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conversion of type Il to type | collagen. The collagen I/111 ratio in healthy rat skin ranges
between 4.6 and 8.5 and it is taken as an indicator of the quality of the collagen fibres network
(Clore et al. 1979; Dale et al. 1996; Wang et al. 2017). In our analysis of the skin outside the
wound this ratio reached the values 5.63 + 4.18 and 4.52 + 3.17 in CONT and HBOT rats,
respectively. The decreased collagen I/111 ratio could imply lower connective tissue tensile
strength (Klinge et al., 2000) and typically occurs in immature skin wounds before the final
scar remodelling (Fleischmajer et al. 1990). Although no significant difference in this ratio
was noticed in the wound area, HBOT tended to decrease it to 1.63 + 1.22 compared to
CONT wounds (2.49 + 0.83).

It thus would be useful to extend the experiment duration to also map the later phases of
healing and final collagen composition of the scarred tissue to verify the putative beneficial
effect of HBOT on the final quality of the scar.

Although the original area of the skin defect was relatively large (200 to 300 mm?), the
wounds nearly completely closed by day 18 of the experiment in both CONT and HBOT rats.
For the following experiments focused on wound healing in ZDF rats, prevention of the defect
contraction could be helpful in the detailed evaluation of individual healing stages.

Another limitation was that our study did not follow any damage to the innervation of the
wound, although loss of cutaneous innervation from sensory neuropathy is included among
mechanisms for impaired healing of diabetic skin wounds (Cheng et al., 2013). However, it
was previously shown that the Type 2 diabetes in ZDF rats is accompanied with functional

alteration of peripheral nerves (Katsuda et al. 2014).
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List of figures:

Figure 1. Example of wounds created on the back of rat. A —day 0, B —day 7, C — day 18
of experiment.

Figure 2. Examples of histological evaluation. A — skin without defect, Picrosirius red
staining using polarized light to visualize type I collagen (yellow- red) and type Il collagen
(green), scale bar 50 pm. B — healing skin defect, the same staining like A. C - quantification
of the microvessel density of the von Willebrand factor - positive vascular profiles (stained
brown) in healing skin defect, red and green bars delimit area of interest, scale bar 50 pm.
Figure 3. Macroscopic evaluation of the wound. Wound area is relative to the area just
before the first HBOT session (day 4 of the experiment). Data are means + SD.

Figure 4. Type | and type 111 collagen in the wound of control animals (CONT) and
animals receiving hyperbaric oxygenotherapy (HBOT) after 18 days of healing. The
volume fraction of type I collagen (A) and type Il collagen (B) within the healing wound.
The ratio between type I/type Il collagens (C). The ratio between the volume fractions of
both types of collagens within the wound to the volume fractions of both types of collagens
within the adjacent healthy skin ((1+111)w/(I+111)n) (D). Values are means + SD, r. u. = relative

units; *p < 0.05.
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