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Abstract

Diabetes leads to widespread complications including pancreatic -cell damage, nephropathy and
impaired wound healing. Hyperbaric oxygen therapy (HBOT) has been shown to improve wound
healing through induction of stem cell recruitment and the potential to inhibit progression of di-
abetic complications. We aimed to determine the efficacy of HBOT in wound healing and organ
preservation in a diabetic rat model. Diabetes was induced in male Wistar rats (n = 10/group) us-
ing streptozotocin (20 mg/kg sc) daily for 3 days. A wound was inflicted on the skin over the back
and the rats were given HBOT (2.3 ATA for 1 h/day) for 1, 3, 5, 7 or 10 days or were not treated.
Blood glucose, pancreatic -cell damage, diabetic nephropathy and wound healing progression
were assessed. Diabetic rats not treated with HBOT had significantly higher blood glucose levels
compared to controls (26.7 + 3.3 mmol/L vs. 5.8 + 0.4 mmol/L; P < 0.05). This was associated with
significant increase in the percentage of -cell damage (72% * 9% vs. 10% * 2%; P < 0.05) and di-
abetic nephropathy. HBOT for 3 days and longer in diabetic rats reduced hyperglycemia to control
levels. Pancreatic B-cell damage was negligible in rats treated with HBOT for 5 days and longer
while diabetic nephropathy was diminished in animals treated for 10 days. Similarly HBOT in-
duced wound healing and accelerated epithelial closure from 5 days of HBOT. In summary, our
findings show the efficacy of HBOT in this diabetic rat model. There was significant reduction of
hyperglycemia and inhibition of diabetic complications in the form of preservation of pancreatic
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and kidney structure and accelerated wound healing.
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1. Introduction

Diabetes affects people worldwide and is currently viewed as the major epidemic of this century. The incidence
of new diabetics has been reported to be increased by 50% over the last 10 years [1] [2]. An estimated 7.7% of
adults in developed countries have type 2 diabetes [3]. By 2030, it is predicted that the number of diabetes suf-
ferers will increase by 20% in developed countries and by 70% in developing countries [4] [5]. It is a major in-
dependent risk factor for cardiovascular disease with up to 10 fold increased risk of cardiovascular events com-
pared to age-matched non-diabetic patients. However, the cause of diabetes is still not known [6] [7]. The pres-
ence of hyperglycemia and associated vascular dysfunction in diabetes has multiple confounding effects mani-
fested in various diabetic complications. Vascular defects in diabetes are known to be associated with endotheli-
al dysfunction and reactive oxygen species (ROS) have been implicated in the pathogenesis of diabetes mellitus
[8] [9]. Persistent hyperglycemia induces ROS production which subsequently alters the regulation of eNOS,
von Willebrand factor and nitric oxide production [10]-[13]. The condition affects stem cell function contribut-
ing to poor wound healing and low grade chronic inflammation. This is ultimately manifested in multiple diabe-
tic complications including pancreatic g-cell damage, retinopathy, neuropathy, nephropathy, atherosclerosis and
myocardial infarction [12]. Diabetic foot ulcers are estimated to occur in 15% of all patients with diabetes and
are the leading cause of hospital admissions for people with diabetes in developed countries [14]. Foot ulcers are
a major diabetic associated morbidity often leading to a poor quality of life and precede most diabetes related
lower leg amputations [4].

Type 1 diabetes mellitus is characterized by the autoimmune destruction of the insulin-expressing pancreatic
p-cells resulting in dependency on exogenous insulin to control blood glucose levels. Sufferers are prone to di-
abetic complication due partly from physiological fluctuations in insulin secretion and higher than normal glu-
cose levels [15]. Previous studies have indicated the importance of preservation of functional s-cells. The use of
exogenous cell replacement such as progenitor cell transplantation has been studied [16] [17]. Based on current
limited knowledge of progenitor cell differentiation and maturation however, this is a complicated technique
with unpredictable outcomes. Preservation of existing functional g-cells is more favourable and treatment strate-
gies should be directed towards endogenous regeneration where possible.

Wound hypoxia is typically found following disruption of the microcirculation at the time of an injury. Oxy-
gen tension of less than 3 mmHg is commonly found within the wound in comparison to oxygen tension of ap-
proximately 20 mmHg in the peri-wound area [18]. Wound hypoxia is necessary in early wound phase for leu-
kocyte adherence and induction of neovascularization and collagen formation. The persistence of hypoxia in
chronic wound conditions however blunts polymorphonuclear and antibacterial activity as well as collagen syn-
thesis and neovascularization [19] [20]. A hypoxic environment also decreases epithelialization due to reduced epi-
thelial growth factor activity and greatly reduced macrophage bacterial phagocyte activity [20]. An oxygen environ-
ment of 40 mmHg is needed to sustain fibroblast activity that will lead to collagen deposition in wound repair [18].

Hyperbaric oxygen therapy (HBOT) is a treatment modality where subjects breathe 100% O, while exposed
to increased atmospheric pressure (2 - 3 atmospheres absolute; 2 - 3 ATA). Treatment is usually given for 1 to 2
h daily for various periods of time. It is well accepted that breathing greater than 1 ATA of O, increase the pro-
duction of ROS [21]. HBOT is used to treat refractory diabetic wounds which are associated with decreased
growth factor production, chronic inflammation, fibrosis and impaired keratinocyte function [22]. HBOT has
been shown to induce wound healing and reduced the risk of major amputations in human subjects [23]. The
mechanism of action is still not clear but its efficacy is associated with a combination of systemic induced fac-
tors and local factors in the wound margin. HBOT induces local neovascularisation and vasculogenesis through
local angiogenesis and enhancement of endothelial progenitor cell mobilisation and homing in the absence of
circulating leucocyte elevation [17] [24]-[26]. The efficacy of HBOT in diabetic complications such as retino-
pathy, neuropathy and nephropathy has been reported. The effects may be related to reduced neutrophil g inte-
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grin adhesion and thus temporary inhibition of circulating neutrophils to adhere to target tissues without reduc-
ing neutrophil viability and functions such as degranulation, phagocytosis, and oxidative burst in response to
chemoattractants [21].

In this study, we investigated the capacity of HBOT to inhibit the progression of diabetic complications in-
cluding organ preservation and wound healing. It is known that hyperglycemia in diabetes induces 1) chronic in-
flammation associated with organ damage including destruction of the insulin-expressing pancreatic S-cells and
nephropathy and 2) endothelial progenitor cell dysfunction associated with abnormal angiogenesis, vasculoge-
nesis and impaired wound healing. We hypothesised that HBOT inhibits hyperglycemia with associated inhibi-
tion of diabetic complications including damage to pancreatic s-cells and nephropathy, endothelial cell and mi-
crovessel function and poor wound healing. We have used our established diabetic Wistar rat model where we
are able to induce hyperglycemia without instigating irreversible damage to functional pancreatic S-cells thus
enabling us to conduct a regeneration study.

2. Methods
2.1. Preparation of Animals for the Study

Wistar diabetic rats (male, 250 g + 30 g) used for the study were purchased from Brawijaya University Animal
Resource Centre, Malang, Indonesia. They were housed at 25°C * 2°C with daily 12 hour light on and off cycle,
fed standard chow diet and water ad libitum. The study was approved and conducted in accordance to the local
Institution guidelines for animal research at Brawijaya University, Malang, Indonesia. The experiment protocol
for animal was in accordance with the standard animal welfare guideline. Diabetes was induced by injection of
streptozotocin (20 mg/kg/day) for 3 days. The model has been established and fully tested in our centre so as to
induce diabetes without causing irreversible damage to the pancreas. Two weeks after diabetic induction the
level of glycemia was measured and animals with blood glucose level of 11.1 - 22.2 mmol/L were selected for
the study [12]. They were divided into 7 groups: non-treated non-diabetic rats (control rats), non-treated diabetic
rats and 5 groups of HBOT diabetic rats (n = 10/group).

Three weeks after diabetic induction all groups of animals were anesthetised with an intramuscular injection
of ketamine (20 mg/kg). The dorsum were clipped free of hair and a full thickness wound incision (2 cm long)
was made along the spine at the upper back of the rats following techniques previously published [27].

2.2. HBOT

HBOT of 2.4ATA was given for 60 minutes once per day for periods of 1, 3, 5, 7 or 10 days post wounding to
the diabetic treated groups in the small animal hyperbaric chamber at the same time in the morning to exclude
the possible effect on the circadian rhythm. The Lakesla Dr. Ramelan Naval Hospital, Surabaya, Indonesia has
fully operational hyperbaric facilities for studies of human and small animal models. Figure 1 shows the equip-
ment used for animal studies.

Figure 1. Hyperbaric chamber in Lakesla Dr. Ramelan
Naval Hospital. This equipment is routinely used for
small animal experiments.
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2.3. Blood and Tissue Harvest

At the end of the experiment the animals were sacrificed by overdose of intramuscular injection of ketamine
(100 mg/kg). Blood was collected in EDTA coated tubes. Blood glucose levels were measured using standard
procedures at the end of the experiment in each group. The pancreas and kidney were removed and fixed in 10%
buffered formalin for histological study. Histological samples were processed and embedded in paraffin, cut at 5
um thickness and stained in hematoxylin and eosin (H & E). The severity of pancreatic damage was assessed
based on the degree of insulitis. Scoring was made based on the degree of islet of Langerhans-specific inflam-
mation as reported previously [28]. Higher number of inflammatory cell infiltration indicates worse pancreatic
damage. Diabetic nephropathy was assessed morphologically using H & E staining. Scoring was based on the
classification of diabetic nephropathy using the presence (score of 1) or absence (score of 0) of each of 3 scoring
categories, i.e. glomerulosclerosis, tubular atrophy [29] and inflammatory cell infiltration. An average score for
each animal was determined by adding together the individual category score and the results were averaged for
each group. Scores were then compared between groups.

2.4. Skin Wound Harvest

Photographs were taken of the wound area 3 h post wounding and prior to sacrifice at the end of each experi-
ment. The entire wound area including the skin and tissue surrounding the wound was dissected and fixed in 10%
buffered formalin, processed and embedded in paraffin. The histological sections were cut at 5 um thickness and
stained with H & E. Histological assessment was carried out on sections derived from the widest part of the
wound following the published methods of wound skin harvest [30]. Wound closure was analysed based on the
macroscopic observation of skin closure and histological evidence of epidermal closure.

2.5. Statistical Analysis

Comparisons between groups are presented as mean * standard deviation (SD). Statistical significance was de-
termined using unpaired t-test analysis of GraphPad Prism version 6.04 statistical program with a P value of at
least <0.05 considered significant.

3. Results
3.1. Blood Glucose Level Measurement

Significant increase of blood glucose level was found in non-treated diabetic rats compared to non-treated
non-diabetic rats (26.7 £ 3.3 mmol/L vs. 5.8 £ 0.4 mmol/L; P <0.05).

HBOT reduced the blood glucose level of diabetic rats in a time dependent manner. No significant difference
in the blood glucose level was found in HBOT diabetic rats from Day 3 onwards compared to control non-
treated non-diabetic rats (Figure 2).

3.2. Pancreatic -Cell Damage

Histological study showed the presence insulitis associated with significant loss in the number of pancreatic
S-cells in non-treated diabetic rats compared to non-treated non diabetic rats and increase inflammatory cell in-
filtrate. HBOT resulted in the increase number of pancreatic S-cell content and reduction of inflammatory infil-
trate in time dependent manner (Figure 3). Quantitative analysis showed significant increase in the number of
inflammatory cells in non-treated diabetic rats compared to non-treated non-diabetic rats (72 + 9 vs. 10 + 2;
mean = SD, P < 0.05). HBOT reduced the number of inflammatory cell infiltrate in a time dependent manner.
HBOT diabetic rats treated for 5 days onwards showed statistically significant increase in pancreas regeneration
where the number of inflammatory cell infiltrate was significantly reduced and no difference compared to non-
treated non-diabetic rats (Figure 4).

3.3. Diabetic Nephropathy

Based on our scoring system there was nephropathy in non-treated diabetic rats in two markers with glomeru-
losclerosis and tubular atrophy. We also found substantial inflammatory cell infiltration in the interstitial tissue



S. Prabowo et al.

40+

Wi,

<=4o<\,\v@
+e~e~e~.§»

Blood glucose level (mmoliL)

o

Group Control Diabetic HBOT-1 HBOT-3 HBOT-5 HBOT-7 HBOT-10
MeanSD

(mmol/L) | 5.840.4 | 26.7+3.3"" | 16.6+2.7* | 10.9+1.1| 8.3+0.6 |7.0+0.5| 6.2+0.5

Figure 2. Blood glucose levels of control non-diabetic rats and diabetic non-
reated and diabetic HBOT groups (mmol/L); “P < 0.05, “P < 0.01.

Figure 3. Insulitis identification associated with pancreatic g-cell loss and in-
flammatory cell infiltration in non-treated diabetic rat and diabetic rat with
HBOT for 1, 3, 5, 7 or 10 days. Hematoxylin & Eosin staining; magnification
400x.
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Insulitis degrees
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Group | Control | Diabetic | HBOT-1 | HBOT-3 | HBOT-5 | HBOT-7 | HBOT-10

Meantsp | 10+2% 72+9%* | 60£6%* | 44+9%* | 25+4% 22+5% 18+4%

Figure 4. Analysis of insulitis degrees. The number of inflammatory cell in-
filtration in the islets of Langerhans resembled insulitis severity. Comparison
was made between control non-diabetic rats vs. diabetic non-treated and di-
abetic HBOT groups; P < 0.05.
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while non-treated non-diabetic control rats were negative of these markers. HBOT reduced the severity of di-
abetic nephropathy and animals treated with HBOT for 10 days showed complete recovery of renal histology
with zero scores for each of the 3 markers of diabetic nephropathy and absence of inflammatory cell infiltration
(Figure 5).

3.4. Wound Healing

Classification of wound healing stages was done based on the previous published report of wound healing se-
quence of events [27]. Macroscopic views of the skin incision showed significant improvement of wound clo-
sure at 10 days following HBOT compared to the non-treated diabetic rats (Figure 6). Histological assessment
of the wound incision again showed significant improvement in the degree of epithelial closure with HBOT.
Diabetic rats treated for 5 days with HBOT onwards showed complete closure of the epithelial flap compared to
the diabetic non-treated rats where at the end of the experiment (Day 10) the degree of epithelial closure were
similar to findings following HBOT at Day 3 (Figure 7).

4. Discussion

Despite extensive studies the cause of diabetes remains elusive. Sedentary life style in combination with modern
dietary content increases the prevalence of diabetes. HBOT has been used worldwide to treat decompression
sickness as well as to assist in the problem of wound healing in both diabetic and non-diabetic conditions. The

Area of damage | Glomerulosc | Inflammatory Tubular

lerosis cells atrophy
Diabetic NT 1 1 1
Control 0 0 0
HBOT 1 1 1 1
HBOT 3 0 1 1
HBOT 5 1 1 1
HBOT 7 1 0 0
HBOT 10 0 0 0

Figure 5. Diabetic nephropathy scores based on glomerulosclerosis (arrow), tubular atrophy (arrow-
head) and inflammatory cell infiltration (block arrow). Comparison was made between non-diabetic
rats and non-treated diabetic rats and HBOT diabetic groups. Magnification 200x (left panel) and
40x (right panel).

Wound closure — macroscopic view of skin

Diabetics non

HBOT 1 HBOT 3 HBOT 5 HBOT 7 HBOT 10 treated

Figure 6. Gross images of wound injury. Non-treated diabetic rat showed
persistent wound gap whereas the HBOT diabetic rats showed improved

wound healing.
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Figure 7. Histological view of wound closures. Non-treated diabetic rat showed
persistent wound gap whereas the HBOT diabetic rats showed improved wound
closure. Hematoxylin & Eosin staining; magnification 40x.

treatment has been shown to have a favourable impact on accelerated wound healing. Despite the highly suc-
cessful effects in treating various conditions the underlying mechanism of action of HBOT is still not clear and
further studies are needed.

The commonly investigated rat models of diabetes have beenWistar and Sprague Dawley rat strains induced
by a single injection of streptozotocin (40 - 60 mg/kg) [12] [31]. In our previous experience, however, diabetes
induction by single higher doses of streptozotocin in these animal models is often associated with the occurrence
of complete and irreversible damage of the pancreas. We have established a modified diabetic rat model using
the Wistar rat strain. We induced diabetes by multiple low dose injection of stretozotocin (20 mg/kg/day) for 3
days. We have noted that using this modified technique we are able to consistently induce diabetes. In addition,
the presence of diabetes was not associated with irreversible damage of the pancreas. We believe our model
more closely resembles human diabetes in which the insulin producing g-cells in the pancreas still have some
degree of function. The model is thus more appropriate for studies to determine the possible regeneration of the
pancreas and f-cell function when diabetes is reversed.

In the present study, we have shown that HBOT suppresses hyperglycemia in diabetic rats. The reduction of
blood sugar level was correlated with reduction in the percentage of S-cell damage in the pancreas. Previous
studies have shown that clinically recommended HBOT significantly enhanced oxidative stress and induced
ROS production and apoptosis in pancreatic g-cells in diabetic rats [12]. In contrast our findings show decreased
degree of the pg-cell damage in the pancreas. The difference may be due to different methods of assessment of
cell loss. An apoptotic marker was not used in the present studies while in other studies HBOT was used for
longer time periods. Our findings are very promising as they show lowering of blood sugar level with HBOT is
not just a temporary effect but potentially can permanently reverse diabetes if regeneration of g-cells can be ful-
ly induced and function fully restored. Further long term study is needed to determine whether the regeneration
of the S-cells observed after HBOT in this study is maintained long term. More importantly further long term
study will determine whether the reduction of the percentage of pancreatic S-cells damage observed in this study
is associated with recovery of insulin producing function in these cells and maintenance of stable blood sugar
levels.

We have also shown that non-treated diabetic rats develop diabetic nephropathy and HBOT is associated with
reduction in severity of nephropathy. Animals treated with HBOT for 10 days showed no difference in histologi-
cal renal markers of nephropathy compared to the non-diabetic rat group. This further confirms previous inves-
tigators’ findings that HBOT inhibits or at least slows down the progression of diabetic complications. In this
study, we showed that HBOT reduced blood sugar level. This is associated with the regeneration of kidney
structure and reduced severity of the nephropathy observed histologically. Similar to our findings in the pan-
creas further long term study is needed to determine whether the inhibition of nephropathy observed in this
study after HBOT can be maintained and more importantly whether kidney function can be restored.

Accelerated wound healing was also demonstrated in our diabetic rats after HBOT. This finding confirms
previous investigators’ findings suggesting efficacy of HBOT in wound healing [32]-[36]. Gross wound healing
observations showed significant improvement of wound closure in diabetic rats treated with HBOT compared to
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non-treated diabetic rats. Our histological study supports the macroscopic observations of wound healing show-
ing the degree of epithelial closure in non-treated diabetic rats on Day 10 is similar to the degree of epithelial
closure at Day 3 of HBOT. This significant improvement of wound healing in this model can be attributed to the
reduction of hyperglycemia after HBOT. It is likely that reduction of blood sugar level is associated with norma-
lisation of vasculogenesis and progenitor endothelial cell function. Normalisation of microvascular function is
vital for wound healing induction and most likely is the cause of accelerated wound healing in the diabetic rat
model receiving HBOT.

In conclusion, our study has shown efficacy of HBOT in our diabetic animal model. Reduction of blood sugar
level after HBOT is associated with regeneration of pancreatic f-cells and improvement in diabetic nephropathy.
The frequency and dose of HBOT still needs to be determined to achieve the maximum efficacy and lowest side
effects. Further study is needed to determine the long term effect of HBOT and whether organ regeneration
found in the pancreas and kidney is associated with the recovery of organ function. Finally long term study will
be define the role of HBOT in diabetes and whether additional treatment will be required to maintain suppres-
sion of blood sugar levels and normal organ function recovery.
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