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Abstract

Hyperbaric oxygen therapy (HBOT) has been provedragnportant tool in healing of CO poisoning, ress,
ischemic wounds, inflammatory diseases or braiorieg. Reactive oxygen species (ROS) play a key irol
healing potential of HBOT however potential sidéeefs must be taken into account. Equally importaraso
duration of HBOT. We can conclude, that despiteesgivdecades of HBOT use in clinical therapy, traeestill
not known it’s detailed mechanisms of action onrtteéecular level and considerable part of informatomes
of animal experiments. Apart from the results adibaesearch is necessary to obtain a larger vohfmaemplex
data from clinical trials of HBOT.
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1 Introduction

Hyperbaric oxygen therapy (HBOT) is a therapeupipgraach where the patient is exposed
to 100% oxygen at pressures higher than ambieAT@). This leads to an increased blood
oxygen level, which than can penetrate to ischeareas more deeply than under normobaric
conditions [1]. Normally 97% of the oxygen trangedrfrom the lungs to the tissues is carried
in chemical combination with hemoglobin or red [ocells, and the remaining 3% in a
dissolved state in plasma. Under hyperbaric cammbti it is possible to dissolve sufficient
oxygen, i.e., 6 vol% in plasma, to meet the useqlirements of the body [2].

HBOT is a standard therapy for decompression sgkngas embolism and CO poisoning
[3, 4]. HBOT is also effective for gas gangreneaemobic infection, diabetic foot, Burger’'s
disease and other oxygen-deficient conditions [5,Ir6 addition, HBOT has been proved
effective in the healing of chronic wound, suchiadiation-induced soft tissue necrosis [7-10].
Meanwhile, many studies reported the therapeutipreventive effect of HBOT in various
kinds of inflammatory or immune-mediated diseasegh as systemic lupus erythematosus
[11, 12], atherosclerosis [13], collagen-inducetthrdtis [14], Crohn’s disease [15], ulcerative
colitis [16, 17] and atopic dermatitis [18], altlghuthese diseases are not included in the current
indication of HBOT [19, 20].

Although there is large body evidence that HBOTgsful as a therapy, there is also data
indicating that the use of hyperbaric oxygen carehserious side effects. The main concern in
HBOT is oxidative stress and/or oxygen toxicity ttikan affect multiple organs [1]. The
severity of oxygen poisoning increases progresgivath increase of the inspired partial
pressure of oxygen and with greater duration obexpe [21].

2 Freeradicalsand other reactive species

Increased concentrations of free radical internmtediduring exposure to hyperoxia provided
a biochemical basis for oxygen toxicity of HBOT [21

Oxygen radicals represent the most important aésadical species generated in living
systems. Reactive oxygen species (ROS) is a coketetrm that includes both oxygen radicals
and certain non-radicals that are oxidizing agant¥or are easily converted into radicals. All
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oxygen toxic species are ROS, but not all ROS »aygen radicals. They can be produced from
both endogenous and exogenous substances. RO8& gay role in biological systems, since

they can be either harmful or beneficial to liveygtems [22]. As ROS are highly reactive and
interact with many bio-molecules, they are likebydestroy biological structures, promoting

cellular damage and tissue destruction [19]. Tleeefan excessive generation of highly
reactive oxidants results in tissue damage, calkedxidative stress [23]. In contrast, many
recent evidences are accumulating on the protetleeof ROS in immune-mediated diseases
[19].

In HBOT conditions activated neutrophils can reéeado the extracellular environment a
variety of reactive species including superoxidgdrbgen peroxide, hydroxyl radical,
hypochlorous acid, and peroxynitrite. Free radia@mage can occur as lipid peroxidation,
amino acid oxidation, protein strand scission, @adous cross-linking reactions among lipids
and proteins. Peroxidation of membrane unsaturfattyl acids, structural protein oxidation,
and inactivation of membrane-bound enzymes canec#us loss of secretory and other
important membrane functions by increasing membrg@meability and reducing
transmembrane ion gradients [21].

Sharing many biophysical characteristics with oxygeitric oxide (NO) is another
physiologic gas that provides an important sourcére® radicals. At a rate that is nearly
diffusion limited,-NO reacts with superoxide to produce the powerkilant peroxynitrite.
Much of the peroxynitrite formeth vivo reacts rapidly with carbon dioxide to produce a
nitrocarbonate intermediate that is an efficieritating agent. This reaction also produces
intermediates that can affect other tissues inrsday reactions [21].

3 Antioxidant defences

Antioxidant defences have been characterized asilalayered system that evolved to
counteract the adverse effects triggered by thealemt reduction of molecular oxygen. A first
line of defense in this system involves the actbanzymes, such as cytochrome oxidase, that
can reduce molecular oxygen to water without produceactive intermediates, thereby
avoiding the univalent pathway and reducing thel pbactive radicals that must be opposed
by other means. Metalloenzymes known as SODs ¢otesta second line of defense by
catalyzing the dismutation of superoxide aniondm¥ hydrogen peroxide. A third line of
antioxidant defense is provided by enzymes, sudatsase and glutathione peroxidase, that
catalyze the removal of hydrogen peroxide produeitker indirectly by superoxide anion
dismutation or directly by reoxidation of reducéavbenzymes. Biologic antioxidants such as
vitamin E act as a fourth line of defense by rewrtapidly with chain propagating fatty acid
radicals to form a stable-tocopherol radical and terminate the chain react®eversal of
oxidant damage by reactivation of oxidized enzynamsl reduction of oxidized tissue
components constitutes a fifth line of defense dipgiears to be provided mainly by interactions
with reduced glutathione, producing oxidized glotahe as a by-product. Concurrent
activation of the pentose shunt pathway of glucosgabolism supplies the nicotinamide
adenine dinucleotide phosphate that is requireddenerate reduced glutathione [21, 24, 1].

Heme oxygenase-1, also known as heat shock pr&eis highly induced by oxidant stress
and has been proposed for a possible protective aghinst oxidant-induces lung injury.
Potential mechanisms for an antioxidant actionudel catalysis of the oxidative degradation
of heme, which can function as a cellular pro-owigd@and production of bilirubin as an end
product that has antioxidant properties. Incredseels of heme-oxygenase-1 were measured
in lymphocytes obtained from healthy humans 24 fiafter breathing £at 2.5ATA (252 kPa)
for 60 minutes on a 20-minutex/5-minute air intermittent schedule. Reversibleakege of
DNA strands found in lymphocytes after a singleastpe to this profile did not occur after the
second or subsequent exposures. In addition, lyoyses isolated from blood obtained 24
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hours after the initial exposure were resistarDiA damage by hydrogen peroxidevitro.

In a related investigation, synthesis of heat shwokein 70 was also induced in lymphocytes
by a single 3 x 20-minute Oexposure at 2.5 ATA (252 kPa), whereas red bloed c
concentrations of SOD, catalase, and glutathion@qase were not altered. The principle that
the heat shock proteins can provide cross-protectgainst oxidant injury is supported by the
observation that hyperthermic preconditioning oftumed human umbilical vein endothelial
cells significantly reduced the cellular damageseauby subsequent exposure to hydrogen
peroxide. In addition, heat acclimation of ratsdnefQ exposure at 6.0 ATA (606 kPa) doubled
the period of latency before the onset of electtephalographic spikes in association with
increased brain levels of heat shock protein 72iigua 4-week period of deacclination to heat,
reversal of the gain in seizure latency correlateectly with decreasing levels of heat shock
protein 72 [21].

Furthermore, there is increasing evidence aboutathikty of HBO to induce cellular
protection in a similar manner with other proteetoxidative stress mechanisms. It was shown
that an initial HBO treatment of human subjectsite the induction of adaptive response that
protects cells against the induction of DNA dambagea second HBO treatment. It is also
evident that ROS generated by HBO triggers theguation of antioxidant enzyme activities,
thereby induces tolerance against ischemia inissadg23].

4 EXAMPLES OF PROPOSED MECHANISMSOF ACTION

Autism

Numerous studies document oxidative stress andnmflation in individuals with autism
[25-27]. There exist concerns that HBOT might iase oxidative stress via the production of
reactive oxygen species (ROS). These concernseleant because some individuals with
autism express evidence of increased oxidativestneluding lower serum glutathione levels,
and decreased activities of antioxidant enzymesudntg superoxide dismutase (SOD),
glutathione peroxidase, and catalase [25]. Somistaundividuals also demonstrate evidence
of increased lipid peroxidation. Rossignol et &8][ studied the oxidative stress and
inflammation in children with autism, which undemte0 hyperbaric sessions of 45 minutes
duration each at 1.5 ATA and 100% oxygen, or atAll.3 and 24% oxygen because a review
of the literature indicates that oxidative stress occur with HBOT but appears to be less of a
concern at hyperbaric pressures under 2.0 ATA. Thegsured concentrations of C-reactive
protein (CRP) and markers of oxidative stressuiiclg plasma oxidized glutathione (GSSG),
which were assessed by fasting blood draws cotldméore and after the 40 treatments. HBOT
did not appreciably worsen oxidative stress anahisggntly decreased inflammation as
measured by CRP levels. The proposed explanatiorbeahe fact, that the long-term and
repeated administration of HBOT below 2.0 ATA cartually decrease oxidative stress by
reducing lipid peroxidation, and by up-regulatihg fctivity of antioxidant enzymes including
SOD, glutathione peroxidase, and catalase. Howdwverffects of HBOT on oxidative stress
in autistic individuals are still unknown [28].

| schemic wounds

HBOT accelerates the healing of chronic woundsisnéw primarily used as an adjunctive
therapy in managing selected problem wound he§®8h Despite multiple inciting etiologies,
the final common pathobiology of chronic woundsludes oxidative stress caused by high
levels of reactive oxygen and nitrogen species (RDS). In ischemic wounds, neutrophils
and macrophages are the major source of ROS/RNB,gpb1-phox (Nox2) in phagocytes
being the primary source of SA and inducible nitmiade synthase (iINOS) producing high
levels of NO. Unless removed by SOD, SA rapidly boraes with NO to form peroxynitrite, a
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powerful oxidant and inducer of cell death, liperpxidation, protein nitration, and oxidation.
It is understood that ROS signaling is fundametaaiBOT but the exact manner in which
HBOT modulates ROS signaling pathways in the woand protects ischemic tissue from
oxidative stress remains unclear [24].

Zhang et al. [24] investigated whether HBOT modegeROS regulation in ischemic wound
tissue. Using validated ischemic wound model wigagie-Dawley rats, they detected high
levels of INOS, gp91-phox, and 3-nitrotyrosine,igading high-oxidant stress. HBOT not only
increased antioxidant enzyme expression, such dZn€aOD, catalase, and glutathione
peroxidase, but also significantly decreased plidaoxX enzyme levels, such as INOS and gp91-
phox, thereby decreasing net oxygen radical préciudty means of negative feedback. They
proposed that the negative feedback regulatiorbeaan important mechanism to maintain the
dynamic balance of ROS/RNS production and removtieatissue level. They proposed that
HBO treatment of ischemic wounds transiently insesaROS levels, activating the negative
feedback loop that downregulates the inducing ersy(tess production of ROS/RNS) and
upregulates the antioxidant enzymes (increasedveainod ROS) thereby limiting subsequent
higher levels of ROS production. They results farth imply that ROS/RNS-related enzymes,
such as INOS and nicotinamide adenine dinucleqifdesphate oxidase, rather than the ROS
itself, could be important therapeutic targetsifibribiting oxidative stress.

Boykin and Baylis [29] documented general somatid wound nitric oxide (NO) levels
during and after HBOT. They reported significantigreased local wound NO levels (by NOx
measurements) after HBOT in patients successfefiganding to it. In contrast, HBOT had in
their study no effect on systemic NO productiomoeADMA and L-Arg levels, suggesting no
systemic impact of HBOT on the NO system. Thesa daggested that enhanced local NO-
mediated processes may provide an important mesinaior the improved wound healing and
closure observed in patients responding to HBOT.

Brain injury

It has been demonstrated, that ROS, if exceedab@otty of the anti-oxidative defense, lead
to oxidative stress and cellular damage after bir@nma. In different brain pathologies, the
induction of manganese superoxide dismutase (SODRAries and depends on the type of
injury, and most data point out the neuroprotectode of SODZ2 in brain injury. Parabucki et
al. [1] evaluated the effect of HBOT on SOD2 expies pattern after the cortical stab injury
in Wistar rats. The pattern of SOD2 expression egltlilar localization was analyzed using
real-time polymerase chain reaction, western blaid adouble-label fluorescence
immunochemistry. Wistar rats were exposed to tlessure of 2.5 ATA for 60 minutes once
a day for consecutive 3 or 10 days. Exposure af tatHBO for 3 days considerably down-
regulated SOD2 protein levels in the injured cartekile after 10 days of HBOT an up-
regulation of SOD2 was observed. HBOT significamtigreased mRNA levels for SOD2 at
both time points. According to their results, HB@Ters SOD2 protein and mRNA levels after
brain injury in a time-dependent manner. The resofttheir study imply that application of
HBOT, via altering SOD2 expression, may attenuatdalance between oxidants and
antioxidants that occurs after brain injury, andhat way contributes to the maintenance of
pro-/antioxidant homeostasis.

Duration of HBOT

Xeu et al. [30] evaluated the therapeutic effect Hre oxidative stress effect of 9 and 18
hour HBOT protocols on the earliest stage of apetenanent middle cerebral artery occlusion
in rats. The level of ROS determined by SOD, malaidehyde (MDA) and NO in ischemic
brain tissue were separately examined at the 1&ndi8120 hour post-ischemia time points
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using spectrophotometry. The SOD and MDA level#hef9 and 18 hour application of HBOT
were remarkably lower than those of control grofipréboth 18 and 48 hours. The levels of
NO in both HBOT groups were remarkably higher tfathe control at 18 and 48 hour time
points. While the level in 18 hour group was renabti lower than that of 9 hour group at 18
hour time period, at the 120 hour mark, the NO Iewveere basically the same in all three
groups. They concluded the study with the factf tha longer duration may aggravate the
oxidative stress in ischemic tissue.

5 Conclusion

HBOT has a number of physiological and pharmacckigmodels of action. These
properties constitute the rationale for treatmeina caumber of different conditions. Some
indications are relatively well documented in dgiistudies, but many are supported only by
studies that do not comply with modern criteria &onigh level of evidence. When HBOT is
used appropriately, however, serious adverse sféeetrare, and those that do occur are nearly
always reversible. Increasing evidence exists ttiafprotective roles of classical antioxidant
enzymes such as SOD, catalase, and glutathioneigase may be supplemented by other
cellular and molecular responses to oxidative sties mammalian cells. However, the
unwelcome side-effects have often been dependemiteatment parameters - pressure and
duration of the treatment. Further investigatiorexplore their full biological potential may
prove to be worthwhile.
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