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Hyperbaric oxygen therapy in wound healing in mice
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ABSTRACT

We investigated the local and systemic effects of hyperbaric oxygen therapy in BALB/C mice, exposed to
two different exposure times, under 2.4 atmosphere (ATM). Fifteen animals were divided into three
groups (GlI, GII and Control) and underwent a surgical excision of a skin fragment of approximately one
square centimeter of the dorsal region. The wounds were treated and monitored for 21 days. In the control
group, the wound was cleaned once a day with sterile 0.9% NaCl solution. GI and GII mice were
submitted to daily hyperbaric oxygen therapy of 30 or 60minutes sessions, respectively. The wounds were
photographed every three days and their surfaces were analyzed by an image analyzer. At 21 days, all
animals were euthanatized for histopathological analysis of the skin, lungs and liver in order to identify
eventual alterations in wound healing or in the analyzed organs. Animals belonging to GI showed a faster
skin wound healing in comparison to the other groups. Animals from GlI, however, showed a delayed
wound healing process and exhibited lung and microcirculatory alterations. These findings allow us to
conclude that the exposure time to the oxygen in hyperbaric environment is crucial and can help or
disturb skin wound healing or even be deleterious to other organs.

Keywords: regeneration, adjuvants, skin lesions
RESUMO

Investigaram-se os efeitos locais e sistémicos da oxigenoterapia hiperbarica em camundongos BALB / C,
submetidos a dois tempos de exposicao diferentes, sob atmosfera 2,4 (ATM). Quinze animais foram
divididos em trés grupos (G, Gll e controle) e submetidos & excisdo cirurgica de fragmento de pele de
aproximadamente um centimetro quadrado da regido dorsal. As feridas foram tratadas e acompanhadas
por 21 dias. No grupo controle, a ferida foi limpa uma vez ao dia, com solucéo estéril de NaCl 0,9%.
Camundongos Gl e Gll foram submetidos a oxigenoterapia hiperbarica diaria de 30 ou 60 minutos de
sessoes, respectivamente. As feridas foram fotografadas a cada trés dias, e suas superficies analisadas
por um analisador de imagens. Aos 21 dias, todos os animais foram submetidos a eutanasia para analise
histopatoldgica da pele, do pulmédo e do figado, em busca de eventuais alteragdes na cicatrizagdo da
ferida ou nos dérgdos analisados. Animais pertencentes ao Gl apresentaram cicatrizagcdo mais rapida de
feridas cutdneas em comparacgdo aos outros grupos. J& os animais do GIlI apresentaram retardo na
cicatrizacdo da ferida e alteragdes pulmonares e microcirculatdrias. Esses achados permitem concluir
que o tempo de exposi¢do ao oxigénio em ambiente hiperbarico é fundamental e pode auxiliar ou
atrapalhar a cicatrizacéo de feridas cutdneas ou mesmo ser deletério para outros 6rgaos.
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INTRODUCTION

Clinical management of cutaneous wounds has
great relevance in veterinary medicine, especially
in extensive lesions and in patients with healing
disorders, such as diabetics (Vermeulen et al.,
2005; Waldron and Zimmerman-Pope, 2007).
Hyperbaric oxygen therapy (HBOT) has been
used in wound treatment and consists in the
administration of a breathing fraction of pure
oxygen (100%) in a hyperbaric environment,
with pressure higher than atmospheric at sea
level. The elevation of two to three times the
atmospheric pressure results in an increase of
arterial and tissue oxygen concentration,
triggering physiological and therapeutic effects
(Ulkur et al., 2007). Previous studies observed
that HBOT increases tissue tolerance to ischemia
and reduces their effects, improves tissue
microcirculation by reducing platelet aggregation
and increasing plasma capacity to transport
oxygen to the capillary extremities. It has anti-
oedematose, antimicrobial and antibacterial
effects (Kiumehr et al., 2005; Millar et al.,
2015).

In injured tissues, along with contributing to the
reversion of hypoxia, HBOT stimulates the
formation of the collagen matrix, which is
essential for angiogenesis and healing (Kiumehr
et al., 2005; Zhang et al., 2007). Zhang et al.
(2007) studied the effects of HBOT associated to
conventional wound healing treatment in rats and
observed a reduced healing time, which could
decrease treatment costs of the patients.

The effects of pressure oscillations, however,
may lead to barotraumatic events, with most
frequently described lesions in tympanums,
paranasal sinuses, lungs and hollow organs.
Pulmonary toxicity can also occur after
prolonged exposure to hyperbaric oxygen
(Olszewer, 2008, Lima et al., 2014). For all these
reasons, the importance of establishing safe
protocols for patients undergoing hyperbaric
therapy is highlighted (Kiumehr et al., 2005). In
this study, we built a hyperbaric chamber in
order to evaluate the effects of hyperbaric
oxygen therapy on the wound healing in
BALB/C mice and tested different HBOT
exposure times.
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MATERIALS AND METHODS

The project was approved by the Committee on
Ethics in the Use of Animals (CEUA) of the
Regional University of the Northwest of the
State of Rio Grande do Sul - UNIJUI, ljui, RS,
according to the National Council for Control of
Animal Experimentation (CONCEA), under
protocol number 003/2013. In order to obtain
hyperbaric conditions, we designed and built a
hyperbaric chamber, with an iron cylinder with
0.058m?3 (58 liters), a digital and analog gas
flowmeter for pressure control and maintenance
(0-5 ATM), an internal temperature monitoring
system and a safety valve. The chamber was also
connected with a mobile computer camera,
which allowed the permanent monitoring and
recording the animals during exposure to the
hyperbaric environment.

To illuminate the chamber, we used LED lamps,
in order to avoid heat generation and to prevent
possible explosions of the oxygen. An internal
filter containing soda lime, which was changed
when saturated with the gas, absorbed the CO2
generated by the breathing of the mice. Fifteen
Specific Pathogen Free (SPF) isogenic BALB/C
mice (Musmusculus) were divided into three
groups of five each. The mice were housed in
cages with sterilized shavings, water and food ad
libitum, in a controlled environment with as
Table temperature of 22°C, relative air humidity
between 50-55% and a light/dark cycle of 12/12
hours.

In order to study the effect of hyperbaric
conditions on wound healing, we produced skin
lesions surgically in mice. Pre-anesthetic
medication consisted of ketamine hydrochloride
(50mg.kg™) and midazolam (1mg.kg™?), followed
by trichotomy of the interscapular region.
Anesthesia was induced and maintained with
isoflurane administered with a facial mask. Anti-
inflammatory therapy consisted of ketoprofen
(1.5mg.kg™t) preoperatively and extended for two
more days, every 24 hours. After antisepsis and
under anesthesia, a circular 10mm diameter skin
fragment was removed using a biopsy punch.
Subsequently, the animal was kept under
observation in the surgical room until complete
recovery from anesthesia. The wound treatments
were performed for 21 days after surgery and the
images of each lesion were obtained on the day
of the procedure and every three subsequent
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days, always maintaining the same optical and
focal distance, and resolution of the camera.

For treatment, the mice were divided in three
groups: control group (CG), the wounds were
cleaned with sterile 0.9% NaCl water solution
and gauze cover; group | (GI) and group Il (GII)
animals had the lesions cleaned with sterile 0.9%
NaCl water solution and gauze and then placed
in the hyperbaric chamber for 30minutes and
60minutes, respectively. On the twenty-first day
of treatment, animals were euthanized, and
lungs, heart, kidneys, liver and scar fragment of
the cutaneous lesion samples were collected for
histopathological evaluation.

The  fragments were fixed in 4%
paraformaldehyde solution and stained with
hematoxylin-eosin and masson's Trichrome for
microscopic evaluation. In addition, the wound
regression in different treatments was compared
by the size of the lesions during the treatment.
For this parameter, we estimate the area in
square millimetres (mm?) using an image analyze
software (Matlab, Version 7.9.0, mathWorks,
USA). The obtained values were transformed

into percentage, standardizing the wound area at
day zero, as 100%. From the percentage data, the
means were compared by univariate analysis
using the Scott-Knott test.

RESULTS AND DISCUSSION

There are several hyperbaric oxygen therapy
protocols to stimulate wound healing, with
pressures ranging from 1 to 3 ATM and exposure
times of up to 180minutes (Flegg et al., 2010). In
our study, exposure times to HBOT were 30 (GI)
and 60minutes (GII), under 2.4 ATM. Table 1
represents the percentage reduction in wound
area for the different groups throughout the
experiment and evidences the highest reduction
in Gl (P<0.05). By observing the Table 1 it is
possible to see a better response of wound
reduction in the control group on day 3
(57.85%), in comparison to 77.66 and 79.68
reduction in Gl and GllI, respectively. On days 9
and 12 Gl and control saline solution group
presented a similar wound evolution and, from
day 15 to day 18, the GI showed the highest
wound reduction in comparison to GIlI and
control group.

Table 1. Analysis of wound healing in BALB/C mice by relative reduction of wound areas (mm?) in two
different exposure times (30 and 60minutes) of Hyperbaric Oxygen Therapy (HBOT), and control at 3, 6,
9, 12 and 18 days post-surgery. The numbers in the columns refer to the relative reduction (%) of the

wound area for each day. Analysis of averages by Scott & Knott

Day
Treatment 3 9 1 15 18
Oxygen. Hyper. 30min* 77.66°  61.49° 35.818 11.652 6.372 0.822
Oxygen. Hyper. 60min 79.68° 64.72 52.63" 24.41° 14.7° 2.05P
Control — SS 57.852 48.972 34.23% 17.82 10.77° 1.71°

*Min minute; averages followed by the same letter in the column did not differ significantly by the Scott & Knott test
at the 5% error probability level. SS: saline solution (0,9% NaCl).

The Figure 1 illustrates representative images of
the progress of wound healing of the three
groups GlI, GlI and Control — saline solution) at
three different stages (days 0, 9 and 21). GI mice
presented complete wound healing at day 18
(Figure 1-A3), in comparison to Gll (Figure 1-
B3) and control group (Figure 1-C3). In addition,
the reduction of GI lesions in comparison to the
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other groups is evident and significant already on
the 15th day of evaluation (Table 1). Oxygen,
when offered in high concentrations, associated
to the hyperbaric environment, resulted in greater
arterial and tissue distribution, favoring
oxygenation to the ischemic regions (Tibbles and
Edelseberg, 1996).
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Figure 1. Wound healing in three different groups: A, GI group, treated with Hyperbaric Oxygen Therapy
(HBOT) for 30 minutes; B, Gl group, treated with HBOT for 60 minutes and C, control group, treated
with sterile NaCl 0,9% saline solution. (A1, B1 and C1), at nine days (A2, B2 and C2) and at 21 days

(A3, B3 and C3), respectively.

The histopathological analysis of biopsies
collected on the 21st day of treatment, revealed a
discrete  mononuclear infiltrate, with the
formation of granulation tissue composed of
vessels and collagen, with no presence of
inflammatory cells in Gl and in control samples.
According to (Zhang et al., 2007), oxygen
supplied in large amounts, during adequate time,
promotes the diffusion of gas at distances up to
four times higher, reaching low oxygenated
tissues. In the presence of higher O;
concentrations,  the  fibroblasts  stimulate
angiogenesis, collagen matrix synthesis and
growth of structural cells of the skin. Oxygen is
crucial to the hydroxylation of lysine and proline,
a fundamental step in the synthesis of collagen,
angiogenesis and epithelization (Zhang et al.,
2007).

An opposite effect of HBAT was observed in
Gll, when the time of exposure was 60minutes,
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suggesting a deleterious effect of higher
exposure times for healing. As shown in Table 1,
from the ninth day of evaluation, animals
exposed to 60 minutes of daily HBOT had a
slower wound healing in comparison to Gl and
control group. This was also evidenced in
histopathology of biopsies at 21 days, where a
moderate presence of collagen in the superficial
dermis, a marked inflammatory mononuclear
infiltrate, as well as hemorrhagic areas due to
rupture of blood capillaries was seen.

No histopathological alterations were observed
in the kidneys, heart and liver in any group.
However, the lungs, of GIlI mice presented
moderate multifocal congestion, moderate
presence of mononuclear inflammatory cells in
the perivascular and peribronchiolar regions,
although the cells were preserved and no oedema
was present. According to Buras (2000) the
respiratory system is sensitive to changes in
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atmospheric pressure. In the lungs, bleeding,
inflammation and emphysema can occur during
exposure to excessive HBOT. In hyperbaric
medicine, these changes are called pulmonary
barotraumas and initially manifest as
tracheobronchitis (transient with cessation of
exposure), which, with continued exposure,
progresses to acute respiratory distress syndrome
and, finally, interstitial pulmonary fibrosis
(Obiagwu et al., 2015).

Based on the three proposed treatments of clean
open wounds, the evolution of healing for 21
days was evaluated. We observed that three days
after the injury, animals treated with sterile saline
solution of NaCl 0,9% presented a better
reduction of the wound to those treated with
HBOT. This inflammatory phase of healing
occurs in the first three days after the injury. It
starts on the first day and extends to the third
after the injury and is characterized by the
migration of defense cells to the lesion, whose
functions are phagocytosis of bacteria and
foreign bodies and the development of
granulation tissue (Mandelbaum et al., 2003).
The cells are attracted by moisture, a fact that
facilitates the diapedesis towards the lesion
(Fazio et al., 2000). Considering that the
hyperbaric oxygen therapy sessions resect the
exposed surface, it is conceivable that this
dryness was responsible for the reduction of
cellular migration and initial delay in healing, as
observed.

The second stage of healing is debridement,
which extends until the sixth day after the injury.
It has the function of clearing the region,
cleaning contaminated wounds (Townsend et al.,
2014). The model we used here was the surgical
wound, resulting in clean wounds with a very
low degree of contamination, and, consequently,
the debridement phase practically did not occur,
evolving rapidly to the next step of wound
healing, the proliferation stage. In Table 1 it is
possible to observe that there is no difference
between the three groups on day six, precisely
because it is an equal condition among the
animals, all having clean wounds.

The proliferation phase begins after wound
cleansing and extends to the 14th day after injury
and is the beginning of the closure of the injury
(Townsend et al., 2014). Keratinocytes move
attracted by moisture from the wound bed, as
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previously mentioned. Therefore, fibroplasia and
the formation of the matrix begins, resulting in
granulation tissue. The formation of this tissue
depends on the fibroblast, which produces not
only collagen, but also elastin, fibronectin,
glycosaminoglycans and proteases, responsible
for physiological remodeling (Mandelbaum et
al., 2003).

Even at this stage, angiogenesis occurs to
increase the supply of oxygen and nutrients for
healing (Fazio et al., 2000). The primary basic
stimulus for onset of angiogenesis is hypoxia.
Considering that HBOT causes an increase in the
pressure gradient between injured tissues and
healthy tissues, with healthy tissues being more
oxygenated than those injured, this relative
hypoxia acts as a stimulus for the onset of
angiogenesis (Lima et al., 2001). In the
histological evaluation of the skin, it was
possible to observe a higher number of micro
vessels in the animals submitted to HBOT in
comparison to the control group.

However, on the 15th day of treatment, wound
aspect of GIl was worse compared to the other
groups, with hemorrhagic spots and blackened
staining in the cutaneous lesions, as well as
irregularities at the edges on the wounds’ edges.
These signs suggest that prolonged exposure of
open wounds to HBOT can cause increased
tissue dryness. In these animals, a discrete
cyanosis of the skin and mucous membranes was
observed. Experimental studies have shown that
HBOT generates transient vasoconstriction
secondary to elevated tissue oxygen pressure and
can be extended according to the time of
exposure. According to Nylander et al. (1985),
this transient vasoconstriction is beneficial, by its
action in preventing oedema formation. Our
results  suggest that the  degree of
vasoconstriction may negatively influence
healing, since they were observed only in GlI.

The last stage of healing is recognized as
remodeling or maturation, and occurs in collagen
and matrix, lasting from 14 days to one year. It
exhibits action on the tensile strength of the skin
and decrease in the size of the scar and erythema.
The neovasculature decreases and, over time, the
scar is considered avascular (Fazio et al., 2000).
In this study, although the animals were
evaluated until 21 days after the procedures, at
the 18th day, only the Gl lesions were considered
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macroscopically healed, with small portions of
granulation tissue. At 21 days, all injuries were
considered healed macroscopically. This finding
suggests an acceleration of the healing process in
Gl group in comparison to GIlI and control
group. In addition, the time of exposure to
hyperbaric conditions is an important parameter
to be considered.

CONCLUSION

Based on our results, we conclude that HBOT
time is crucial for the results, since 30minutes
exposure allowed a shorter time of wound
healing in comparison to control, and an
exposure of 60minutes had the opposite effect.
HBOT is a promising therapy for wound healing
and protocols should be established for different
animal species.
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