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Abstract

Objective: To investigate the neovascularization effect of
hyperbaric oxygen (HBO) therapy on human retinal
pigment epithelium (REP) cells.

Methods: Human REP cells were cultured in vitro, and
divided into normoxic control group and hypoxic control
group randomly. The experimental groups were then
divided into three subgroups via the different HBO
pressure, 0.15 MPa exposed group, 0.2 MPa exposed
group, and 0.25 MPa exposed group. The experimental
groups were exposed to 100% pure oxygen for 60 and 90
minutes twice, with a 24 hours interval. After HBO
exposure the expression of pigment epithelium-derived
factor (PEDF) and tumor necrosis factor alpha (TNF- a) by
RPE cells were measured by western blot.

Results: The western blot result showed that the level of
PEDF expression in both experimental groups had an
increased trend as the pressure increases with statistical
significance (P<0.01). The expression of PEDF in the
normoxic group was higher than the hypoxic group. The
results showed that the level of TNF-a expression by RPE
cells in both experimental groups have a decrease trend
as the pressure increases with statistical significance
(P<0.01). The results showed that the expression of TNF-a
in the hypoxic group was higher when compared to the
normoxic group. The duration of HBO exposure has no
statistical significance on the level of PEDF and TNF- a
expression.

Conclusion: This study supports the idea that HBO
increases the release of PEDF by RPE cells whither in
normoxic and hypoxic conditions, and decreases the
release of TNF- a by RPE cells in both conditions,
especially in hypoxic state. We also found that HBO can
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raise the level of PEDF and decrease the level of TNF- a in
RPE cells, and has an anti-angiogenic effect which can
suppress the formation of neovascularization.

Keywords: Hyperbaric oxygen; Human retinal pigment
epithelial cells; Pigmented epithelium derived factor;
Tumor necrosis factor alpha; Neovascularization

Introduction

Oxygen is a vital element in all metazoan life forms, it is
essential for utilization of metabolic processes, such as energy
production, intracellular signaling and regulation of gene
expressions [1]. In high energy demanding circumstances such
as in a dark condition, oxygen becomes one of the most
limited metabolites in the retina, where the retina becomes
highly sensitive to the fluctuation of oxygen tension such as in
hypoxia [2]. Oxygen tension is critical for normal vascular
growth and retinal neurogenesis. The study showed that
senescent eye may be particularly prone to oxidative damage
as exemplified by conditions such as macular degeneration
and cataract. Because of its high consumption of oxygen, the
retina is particularly susceptible to oxidative stress, which
plays a major role in retinopathy [3]. The human retina is
constantly at risk of hypoxia and ischemia, retina must be able
to respond to the threat of pathological conditions where the
oxygen tension may vary. The cells have different factors in
action to respond to these changes. These factors include
vascular endothelial growth factor (VEGF), fibroblast growth
factors (FGFs), transforming growth factor alpha and beta
(TGF-a, TGF-B), TNF-a, PEDF [4]. Pigment epithelium-derived
factor (PEDF) has anti-angiogenic, anti-tumorigenic and
neurotropic functions. PEDF is one of the most potent
angiogenesis inhibitors. PEDF also inhibits endothelial cell
migration via down regulating angiogenic inducers, platelet-
derived growth factor, interleukin-8, acidic fibroblast growth
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factor and lysophosphatidic acid. During Hypoxia PEDF is
proteolytically degraded by matrix metalloproteinase (MMPs)
[5].

Tumor necrosis factor alpha is a cell signaling protein mainly
involved in systemic inflammation. Tumor necrosis factor alpha
(TNF-a) is a cell signaling protein mainly involved in systemic
inflammation. When TNF-a binds to TNFR1 (tumor necrosis
factor receptor 1) in the retina it leads to the dissociation of
inhibitory protein SODD (silencer of death domains), which
enables the adaption protein TRADD (Tumor necrosis factor
receptor type 1-associated death domain protein) and initiates
the activation of NF-kB pathway and mitogen-activated
protein kinase (MAPK) pathway. NF-kB pathway activates cell
survival, proliferation and cell inflammatory responses.

Hyperbaric oxygen therapy (HBO) is used a medical
treatment, where it delivers 100% oxygen, that is higher than
the atmosphere gas mixture of 21% oxygen, the 100% pure
oxygen is delivered at a level that is higher than the
atmospheric pressure (0.101325 MPa) [6]. HBO induces a state
of hyperoxia, which is beneficial at a molecular, cellular and
biochemical level. HBO caused changes in the pressure
gradient due to the increase of oxygen in the blood, which
allowed oxygen to distribute throughout the whole body and
maintained the tissues in a hyperoxygenated state. The
increased in oxygen delivering pressure has many therapeutic
effects that is used in different areas of medicine, such as,
decompression sickness, air embolism, carbon monoxide
poisoning, enhance in healing, delay radiation injury. HBO has
the ability to drastically increase the partial pressure of oxygen
in the tissues of the body. The oxygen partial pressures
achievable using HBO is much higher than those achievable
while breathing pure oxygen at normobaric conditions (i.e., at
normal atmospheric pressure, 0.101325 MPa) [7]. In
ophthalmology HBO is beneficial for diabetic retinopathy and
CRAO patients [8,9]. HBO has been one of the most studied
alternative treatments for many ocular diseases. HBO
increases the oxygen tension in the ocular system, which is
proven to interfere the production of angiogenic factors-TNF-a
and angiogenic inhibitors —PEDF. This study used ARPE-19 cells
and hyperbaric oxygen intervention to detect the expression of
PEDF and TNF-a by western blot to observe the
neovascularization effect on RPE cells after HBO intervention
and find the relationship between duration, HBO pressure and
the production value between these factors can highly benefit
future treatment and allowed individualized treatment for
different types of ocular diseases for maximum benefits.

People can breathe 100% oxygen continuously for 24-36
hours at one standard atmosphere (101325 MPa), any longer
can cause pulmonary oxygen toxicity symptoms to manifest.
Pressure greater than one standard atmosphere can cause a
faster development of the toxicity. When pressure is greater
than two standard atmospheres, cerebral oxygen toxicity can
lead to the development of seizure. The risk of oxygen toxicity
can be reduced if patients were to breathe air during the HBO
intervals for 5 minutes every 20-25 minutes of treatment [10].
During HBO, the excess production of reactive oxygen,
nitrogen species and lack of antioxidant supplements can
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result in pathological oxidative stress, affecting the enzymatic
antioxidant defense system [11]. Hence, prolonged HBO
treatment can cause failure in the antioxidant defense system,
leading to oxidative damages to ocular structures and cause
the development of myopia, nuclear cataracts and keratoconus
[12-14].

The retinal pigment epithelium (RPE) is a highly specialized
neuroepithelium of the eye. It plays a critical role in retinal
homeostasis; it is positioned between the choriocapillaries and
the retinal photoreceptor cells [15]. The presence of tight
junction between cells allowed the RPE to serve as a major
part of the blood-retinal barrier and to function as a
transporting and absorbing epithelium, controlling the milieu
of the photoreceptor elements. Any disruption with the neural
retina could cause photoreceptor cell pathology and thus
adversely affect the visual process [16].

In the absence of disease, the vasculature of the
mammalian eye is quiescent, as the angiogenic inhibitors
prevent blood vessels from invading the cornea and vitreous.
The eye consists of inhibitors responsible for the avascularity
of the ocular compartments. Interruption toward the balance
between the angiogenic factors and the inhibitors can cause
retinal neovascularization, which is one of the most common
complications in ocular diseases such as Dr. HBO has been one
of the most studied alternative treatments for many ocular
diseases. HBO increases the oxygen tension in the ocular
system, which has being proven to interfere with the
production of angiogenic factors- TNF-a and angiogenic
inhibitors -PEDF. Finding the relation between duration, HBO
pressure and the production value between these factors can
highly benefit future treatments and allow individualized
treatment for different types of ocular diseases for maximum
benefits.

Materials and Methods

ARPE-19 cells were obtained from the American Type
Culture Collection (ATCC), (USA). The study was submitted for
Ethics committee approval and has ruled that approval was not
required for the study. Well grown ARPE cells was selected,
when the cells had cover about 80% of the Petri dish, Change
into bovine serum free broth 12 hours before intervention,
The cells were then divided into control and experimental
groups randomly and treated with different HBO pressures
(0.15 MPa, 0.2 MPa, and 0.25 MPa) under normal condition
with DMEM/F12 broth and hypoxic condition with with CoCl,
DMEM/F12 broth.

Experimental material

Object of study: ARPE-19 cells were obtained from
American Type Culture Collection, ATCC (USA).

Experimental procedures: Select well grown ARPE cells
which were obtained from the American Type Culture
Collection, ATCC (USA), the cells had to cover about 80% of the
petri dish, Change into bovine serum free broth 12 hours
before intervention, the cells were then divided into control
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and experimental groups randomly and treated with different
HBO pressures (0.15 MPa, 0.2 MPa, and 0.25 MPa) under
normal conditions with DMEM/F12 broth and hypoxic
condition with CoCl, DMEM/F12 broth.

Divided into groups: We divided to group A 60 minutes and
group B 90 minutes two groups.

1. Control group Normoxic (C1l) (does not undergo HBO
treatment)

2. Control group Hypoxic (C2) (does not undergo HBO
treatment)

3. Experimental group (A1/B1) 0.15 MPa 60/90 minutes with
DMEM/F12 broth

4. Experimental group (A2/B2) 0.20 MPa 60/90 minutes with
DMEM/F12 broth

5. Experimental group (A3/B3) 0.25 MPa 60/90 minutes with
DMEM/F12 broth

6. Experimental group (A4/B4) 0.15 MPa 60/90 minutes with
CoCl, DMEM/F12 broth

7. Experimental group (A5/B5) 0.20 MPa 60/90 minutes with
CoCl, DMEM/F12 broth

8. Experimental group (A6/B6) 0.25 MPa 60/90 minutes with
CoCl, DMEM/F12 broth

HBO exposure method: Disinfect the chamber with
ultraviolet light for 20 minutes, and wipe down the surface
with 75% alcohol. Place the petri dishes inside the chamber,
flush the chamber with 100% pure oxygen for 5 minutes to
flush out the air (none pure oxygen) and then close the
chamber. Slowly increase the pressure to desired amount (0.15
MPa, 0.2 MPa, 0.25 MPa). Normalized pressure for 60 minutes
and 90 minutes. After the cells have been exposed to HBO for
the desired duration, slowly decompress. The decompression
process should be controlled within 5 minutes, after 24 hours
interval repeat process again. After complete HBO exposure,
the cells were then tested for PEDF and TNF-a expression with
western blot.

Statistical analysis

All experiments were repeated three times and western
blots were scanned using a gel documentation system, Band
Scan 5.0 western blot analysis software and PEDF, TNF-a
relative level were normalized to beta-actin values. Results are
expressed as mean and standard error of mean, statistical
analysis were performed by comparing the means using a
standard two way ANOVA.

Results

The changes in the PEDF expression after ARPE-19 cells had
under gone HBO intervention for normoxic condition and
hypoxic condition.

After normoxic and hypoxic ARPE-19 cells had undergone
different HBO pressures (0.15 MPa, 0.20 MPa, 0.25 MPa), the
PEDF protein expressions are as follow. For 60 minutes with
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HBO intervention, the PEDF protein expression increased as
the pressure increased with statistical significance (P=0.0149)
(Figures 1 and 2). When compared to hypoxic cells with non-
hypoxia cells, the normoxic cells had a higher PEDF protein
expression. After normoxic and hypoxic ARPE-19 cells had
undergone different HBO pressures (0.15 MPa, 0.20 MPa, 0.25
MPa), the PEDF protein expressions are as follow. For 90
minutes with HBO intervention, the PEDF protein expression
increased as the pressure increased with statistical significance
(P=0.0208) (Figures 1 and 2). When compared to hypoxic cells
with non-hypoxia cells, the non- hypoxic cells had a higher
PEDF protein expression.

The changes in the TNF-a expression after ARPE-19 cells had
undergone HBO intervention for normoxic condition and
hypoxic condition.

After non-hypoxic and hypoxic ARPE-19 cells had undergoing
different HBO pressures (0.15 MPa, 0.20 MPa, 0.25 MPa), the
TNF-a protein expressions are as follows. For 60 minutes with
HBO intervention, the TNF-a protein expression decreased as
the pressure increased with statistical significance (P=0.0131)
(Figures 3 and 4). When compared to hypoxic cells with non-
hypoxia cells, the hypoxic cells had a higher PEDF protein
expression.
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Figure 1 The expression of PEDF after different HBO
pressure exposure (A) after 60 minutes of HBO exposure (B)
after 90 minutes of HBO exposure.
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Figure 2 The expression of PEDF via western blot after
different HBO pressure exposure (A) after 60 minutes of
HBO exposure (B) after 90 minutes of HBO exposure 1.
normoxic control, 2. hypoxic control, 3. normoxic at 0.15
MPa, 4. normoxic at 0.20 MPa, 5. normoxic at 0.25 MPa, 6.
hypoxic at 0.15 MPa, 7. hypoxic at 0.20 MPa, 8. hypoxic at
0.25 MPa.
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Figure 3 The expression of TNF alpha after different HBO

pressure exposure.
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Figure 4 The expression of TNF alpha via western blot after
different HBO pressure exposure 1. normoxic control, 2.
hypoxic control, 3. normoxic at 0.15 MPa, 4. normoxic at
0.20 MPa, 5. normoxic at 0.25 MPa, 6. hypoxic at 0.15 MPa,
7. hypoxic at 0.20 MPa, 8. hypoxic at 0.25 MPa.

Discussion

The retina is a ten-layered structure consisting of several
layers of neurons interconnected by synapses. In the retina,
the only neurons that are sensitive to the light directly are the
photoreceptors [17]. Fluctuating oxygen concentrations are
primarily responsible for retinal neovascularization [18]. The
cells in the retina consume a large amount of oxygen to
convert light energy into readable neuronal signals for the
brain to translate. Sufficient amount of blood flow through the
retina and choroid to ensure the sufficient amount of oxygen is
delivered. In the retina, the oxygen is used to generate ATP by
mitochondria to provide the necessary energy for proper cell
functioning [17]. In the human eye, there are two separate
oxygen delivery systems, the retina and the choroid
vasculatures [18]. The two systems provide oxygen to different
parts of the retina [18]. The choroid vasculature, which is
highly vascularized, with little auto-regulatory response to
oxygen fluctuation provides the necessary oxygen for the outer
retinal layers, including the photoreceptors and the greater
portion of the outer plexiform layer. The retina vasculature,
which are the branches of the central retinal artery, are
sparser than the choroid vasculature, it has a more sensitive
auto- regulatory response toward oxygen fluctuation, and
provides oxygen to the inner retinal layers [19]. The two
vasculatures create a complex change of oxygen tension in the
eye. Oxygen tension is the highest near the choroid
vasculature, providing about 50 mmHg of oxygen to the RPE
layer. The oxygen tension falls dramatically toward the
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photoreceptor layer, where it requires large amounts of
oxygen as energy. In the inner retina, which is supplied by the
retinal vasculature, the oxygen tension is lowest in the inner
plexiform layer and highest at the region where the retinal
vasculature is found [16]. In diseases such as diabetic
retinopathy, branched retinal vein occlusion or retinopathy of
prematurity, the retinal tissue develops pathological changes
after experiencing tissue ischemia. Ischemia develops when
the blood supply is inadequately provided to allow sufficient
amount of oxygen and nutrients for proper cell functioning
[20]. Ischemia deprives tissues of three survival requirements:
oxygen, metabolic substrates and removal of waste products.
During the initial loss of these three requirements, the cells
will lower the homeostatic responses to cope with the
environmental changes, but prolonged ischemia will induce
injury to the tissues. Ischemia can result from local or systemic
circulatory defects, retinal ischemia causing local impairment,
such as central retinal artery occlusion and branch retinal
artery occlusion [21]. As the retinal system has retinal
vasculature and the choroidal vasculature, impairment to the
retinal vasculature normally only affects the inner retinal
layers as the outer retinal layers is metabolically supported by
the choroidal vasculature. The separate choroidal vasculature
serves a protective function during ischemia, as hypoxia occurs
in the inner layer of the retina causing neuronal damage. The
photoreceptors also gain oxygen and nutrients from the
choroidal vasculature, it does not suffer a great deal during
ischemia, thus protecting the visual acuity [22]. However,
when the choroidal vasculature is also affected, both the inner
and the outer retinal layers will suffer from hypoxic damage
[23]. When total arterial blood occlusion occurs, it can lead to
the development of ischemic edema in the inner layers of the
retina and that eventually can lead to inner retinal atrophy
[24]. Whereas when partial arteriolar occlusions occur, it can
lead to hemorrhage, micro-aneurysm formation and retinal
edema in the affected areas. When total or partial venous
outflow occlusion occurs, the retina may develop micro-
aneurysms, hemorrhages, exudates and edema [25,26].
Diabetic retinopathy (DR), is a common complication in
patients with diabetes mellitus, most patients with 20 years of
diabetes mellitus and with the disease onset before the age of
30, show signs of DR [27]. 50% of DR is proliferative diabetic
retinopathy. DR is the most common microangiopathy in the
retina and it is also one of the leading causes of blindness and
visual impairment. During proliferative diabetic retinopathy
(PDR), the retinal cells go through bi-phasic progression with
an initial vaso-obliterative phase and subsequent uncontrolled
vaso-proliferative period [27]. In patients with diabetes
mellitus, the insulin levels or/and activity is decreased
resulting in abnormal glucose metabolism and increased levels
of blood glucose. The increase in blood glucose can cause
pathological structural and physiological effect on the retinal
capillaries and result in incompetence, both functionally and
anatomically.

Conclusion

Hyperbaric oxygen has been one of the most studied
alternative treatments for many ocular diseases. Hyperbaric
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oxygen increases the oxygen tension in the ocular system,
which is proven to interfere with the production of angiogenic
factors TNF-a and angiogenic inhibtors—PEDF. The study
showed, in this experiment the duration of HBO intervention
does not affect the release of PEDF and TNF- a by RPE cells,
which is contradictory to the hypothesis, this may be due to
the limited sessions of HBO treatment given to the cells. HBO
can raise the level of PEDF and decrease the level of TNF-a in
RPE cells, and has an antiangiogenic effect that can suppress
the formation of neovascularization.
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