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The ability to eliminate any form of oxygen debt by transporting oxygen
to organs and tissues, by dissolving it in body fluids, brings hyperbaric
oxygenation to a new level of application in transplantology. The review
discusses the pathophysiological aspects of hyperbaric oxygenation
during ischemia and reinfusion, especially when used in transplantology,
and also investigations on the use of hyperbaric oxygenation in model
experiments and in clinical practice. Analysis of the efficacy of
hyperbaric oxygenation therapy at various stages of the transplantation

process (preconditioning, donation, organ storage, in the early and late
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post-transplant periods) allows us to conclude that this method should be
more widely involved in transplantation practice.
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AO, antioxidants

ATA, Absolute Atmosphere

ATP, adenosine triphosphate

CD45+, cluster of differentiation, leukocyte differentiation antigen
cyt C, cytochrome C

HBO, Hyperbaric oxygenation therapy

HIF-1a, Hypoxia-induced factor 1-alpha
HIF-2a, Hypoxia-induced factor 2-Alpha

IL-1B, Interleukin-13

IL-6, Interleukin-6

IRP, ischemia-reperfusion injury

LPO, Lipid Peroxidation

MHC, the major histocompatibility complex
mPTP, mitochondrial permeability transition pore
mtDNA, mitochondrial DNA

NADPH oxidase, nicotinamide adenine dinucleotide phosphate, reduced
form

NO, Nitric oxide

NOS, NO-synthase, nitric oxide synthase

NOX, NAD(P)H oxidase

0O,, oxygen

PBMC, peripheral blood mononuclear cells

PO,, partial pressure of oxygen

ROS, reactive oxygen species



SOD, superoxide dismutase
TNF-a, tumor necrosis factor-alpha

VEGF, vascular endothelial growth factor

Introduction

One of the urgent problems in transplantology remains the
ischemia-reperfusion injury (IRI) of the graft, leading to the development
of complications in the early postoperative period [1]. Hyperbaric
oxygenation (HBO) is recognized as a method capable of eliminating any
form of oxygen debt, and providing the oxygen delivery to organs and
tissues by oxygen dissolution in body fluids [2, 3]. Since the 1960s HBO
has gained an increasing recognition as a universal therapeutic method.
The list of indications for HBO is constantly expanding, and the Society
of Underwater and Hyperbaric Medicine (UHMS) has indicated HBO as
a treatment method for 14 diseases and syndromes with various etiologies
and pathogenesis: carbon monoxide poisoning, severe anemia, crash
syndrome, compartment syndrome, and other acute ischemia types of
traumatic origin [4, 5].

Throughout these years, numerous laboratory studies and clinical
observations have been trying to expand the list of indications that should
include the use of HBO to combat diseases and disorders of vital organs.
The use of hyperbaric oxygen against the acute ischemia, hemorrhagic
and traumatic brain injuries was noted in most promising studies. So, in
the early 1960s and 1970s, the first results of the clinical HBO therapy
observations in patients with acute cerebral ischemia were published [6,
7]. In those studies, the assessment of the HBO impact was based on
neurological and electroencephalographic data. Despite the diversity of
the course and severity of ischemic stroke, the authors note a general

positive effect of HBO on the condition of those patients. However, the
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speed and degree of recovery in different patients who had a stroke
varied.

In the 1990s, one of the significant events in strengthening the
position of HBO was the introduction of new technologies for monitoring
the blood flow and brain metabolism in stroke. The clinic of Dr.
Neubauer for the first time showed the presence of a penumbra and
reperfusion zone for cerebral ischemia, and also demonstrated the
effectiveness of HBO therapy for this pathology using single-photon
emission computed tomography [8, 9]. The use of this technology created
a real objective basis for assessing the restoration of blood flow and
metabolism in the presence of ischemic lesions in the brain, directly
during the course of HBO [10-12].

Basic operating principles

The therapeutic effect of HBO is based on breathing with pure
oxygen under high pressure, which allows increasing the partial oxygen
tension in tissues suffering from hypoxia, enhancing the degree of
oxidative phosphorylation and stimulating the mechanisms of energy
production, providing not only a substitutional, but also metabolic effect.
It is difficult to find a method that most effectively affects all organs and
systems with a minimum of contraindications and side effects [13-15].
When 100% oxygen is inhaled under a pressure above atmospheric
during a session, the oxygen dissolved in plasma is delivered, which
ensures an increase in the oxygen capacity of body fluids that in this case
become effective carriers of oxygen to cells. With increasing the pressure
in the pressure chamber during the HBO session, the content of plasma
oxygen increases by 2.3 vol. for each excess atmosphere, the content of
plasma oxygen increases by 2.3 vol.%. So, at a pressure in the pressure

chamber equal to 1.5-2 ATA, the oxygen content in the plasma is 4.34
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vol.%, and the partial pressure of oxygen increases to 1000-1400 mm Hg
due to the oxygen dissolved in the plasma.

A significant increase in the oxygen tension in the blood plasma
accelerates its diffusion into the intercellular fluid and lymph, providing
the replacement effect of hyperbaric oxygen. So, with an excess pressure
of 3 ATA, the increased oxygen capacity of the plasma can satisfy the
body's need for oxygen without the participation of hemoglobin. The
positive effects of hyperbaria are the result of eliminating not only
hypoxia itself, but also largely occur due to the effect of hyperbaric o, on
the neurohumoral regulation of organs and systems of the body.

The oxygen capacity of body fluids during HBO increases mainly
due to the dissolution of oxygen in them. The ability of HBO to increase
the oxygen capacity of the blood served as the basis for using this method
in conditions where hemoglobin is completely or partially excluded from
the breathing process, i.e. with anemic and toxic forms of hemic hypoxia.

Even with a relatively low capillary blood flow velocity, high
arterial PO, provides a more intense diffusion of gas into the tissue.
However, an increase in o, tension in the arterial end of the capillary does
not lead to a similar (strictly linear) rise of PO, in tissues and cells. The
degree of its growth in various organs depends on their vascularization,
local blood flow conditions, as well as on the oxygen capacity of tissues
and the intensity of metabolism. By increasing the oxygen capacity of
body fluids, HBO creates certain opportunities for the deposition of a
certain amount of o, in tissues. The life span of a person depends on the
size of this oxygen reserve when the blood circulation is completely off,
as well as the life span of the tissues does in case of its regional violation.

Compared with conventional oxygen therapy, HBO has the

following advantages:



- compensates for virtually any form of oxygen deficiency and,
above all, the hypoxia due to the loss or inactivation of a significant part
of the circulating hemoglobin;

- lengthens the extent of effective diffusion in tissues;

- provides the metabolic needs of tissues while reducing the
volumetric blood flow velocity;

- creates a certain reserve of oxygen in the body.

The direct effect of hyperbaric oxygen can be divided into
compression, antinypoxic and hyperoxic ones.

The replacement (antihypoxic) effect of HBO is well studied and is
the pathophysiological basis for the use of HBO, mainly in hypoxic
situations (in case of poisoning, acute circulatory failure, shock
conditions, etc.). The replacement effect of HBO, which is important in
eliminating hypoxia and its consequences, is limited by the exposure time
to HBO and quickly disappears after the end of the session; the final
effect, which persists for a long time, is determined by the hyperoxic
effect of hyperbaric oxygen. It is known that HBO can lead to both
positive (therapeutic effect) and negative (toxic effect) consequences. It is
not always easy to draw a clear line between these effects, since the
metabolic changes associated with the realization of a higher oxidative
potential occur long before the clinical manifestation of its toxic effect. In
vivo oxygenation of the body, histotoxic hyperoxia is most common.
Despite the fact that with a combination of various causative factors of
hyperoxia (for example, an increase in the volume of tissue blood flow
while reducing oxygen consumption), the cellular PO, can significantly
increase, not a single one of the endogenous forms of hyperoxia leads to
the development of oxygen poisoning. This is the prerogative of
exogenous hyperoxia only, in which there is an abrupt increase in arterial

and tissue PO,.



Hyperoxia is associated with metabolic activity, and, first of all,
with intracellular consumption of oxygen. Under conditions of hyperoxia,
the oxygen diffusion into a cell is facilitated, the oxidative
phosphorylation is activated with an increase in synthesizing macroergs,
the microsomal oxidation is stimulated, the utilization of toxic products is
increased, the glucose oxidation is accelerated, and lactose levels are
reduced, which indicates the activation of the Krebs cycle. The basis for
the therapeutic use of hyperbaria is a change in the parameters of the
body's oxygen regime and the resulting clinical and physiological effects:

- Bioenergetic (the normalization of the energy balance of a cell);

- Detoxification (the prevention of the formation of toxic
metabolites and the activation of their destruction);

- Regulation of metabolic activity;

- Biosynthetic (the acceleration of protein synthesis);

- Morphoreparative (the activation of repair processes);

- Immunocorrection (the stimulation or, depending on the o, dose,
the suppression of the immune system);

- Antibacterial (the suppression of the vital activity of
microorganisms);

- Pharmacological (strengthening or weakening of the effect of

drugs);

- Release (release of inactivated hemoglobin and cytochrome
cydase);

- Radio modifying (an increased radiosensitivity of malignant
tumors);

- Vasopressor (an increased spasm of arterioles, decreased

intracranial pressure, a decongestant effect);



- compression (the reduction in the volume of intestinal gases, free
gas bubbles in the blood vessels in a decompensation disease, pulmonary
barotrauma and post-traumatic embolism);

- economizing (reducing the functioning level of organs and
systems of the body);

- Microcirculatory (an increase in the number of functioning
vessels thanks to lymphatic capillaries) [15].

Thus, hyperbaric o, can be considered, first, as a specific factor that
provides the functions of oxygen-dependent redox systems, and second,
as a non-specific factor that mobilizes physiological and metabolic
adaptation reactions in different pathological processes of hypoxic and
nonhypoxic origin.

In addition to its antihypoxic (replacement) effect, HBO also has a
nonspecific (metabolic) effect, which affects the pathogenesis and

sanogenesis of a wide range of diseases.

Pathophysiological aspects of hyperbaric oxygenation

One of the main problems in organ transplantation is ischemic-
reperfusion injury of the graft, which can cause complications in the post-
transplant period, including the acute rejection [1].

In the stage of ischemia, when the blood flow to tissues
discontinues and oxygen is lacking, the metabolic pathway switches from
mitochondrial oxidative phosphorylation (Fig. 1A), in which 36
adenosine triphosphate (ATP) molecules are formed per one glucose
molecule, into a less energy-efficient anaerobic glycolysis (Fig. 1B),
proceeding in the cytosol with the formation of only 2 ATP molecules.
Additionally, metabolic products, including lactate, accumulate in the
cell, which leads to a decrease in intracellular pH and to acidosis [16].

Under conditions of ATP deficiency, the enzyme dysfunction, a decrease
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in the transmembrane potential and efficiency of mitochondrial and cell
membrane pumps are observed; in addition, a low pH is an inducer of
mitochondrial pore (mPTP) closure , which generally leads to an increase
in the concentration of Na* and Ca®* in mitochondria [17, 18 ]. Disorders
of the membrane transport also lead to a deficiency of antioxidant defense
components [19], which causes the accumulation of reactive oxygen
species (ROS) generated in mitochondria [20]. An increase in the Ca®*
concentration in mitochondria also plays a significant role in enhancing
the production of ROS through the factor induced by 1-alpha hypoxia
(HIF-1a-induced activation of NOX (NADPH oxidase)) [16]. Under
conditions of the excess ROS and activation of their generation processes,
the intensification of lipid peroxidation (LPO) is observed, which causes
damage to lipids, the oxidation chain proteins, and cell membranes in
mitochondria [16].
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However, the most significant effects occur during reperfusion

(Fig. 1B), since a cascade of metabolic, molecular, cellular, and other



reactions is triggered [16]. Reoxygenation leads to a reverse transition
from the anaerobic glycolysis activated during ischemia to the oxidative
phosphorylation, which allows mitochondria to synthesize ATP again.
However, due to the damage inflicted by ROS to the mitochondrial
structures, an even greater formation of active radicals occurs [21], which
causes irreversible damage, involving mitochondrial DNA (mtDNA)
[22], and the inhibition of ATP synthesis [18, 23]. Normalization of
intracellular pH during reinfusion, as well as an increase in ROS,
activates the opening of the mitochondrial pore [16, 18], which, on the
one hand, leads to a supersaturation of mitochondria with Ca** and to a
subsequent activation of calpain [17], and, on the other hand, promotes
the release of active radicals and several other compounds, including
cytochrome C (cyt C), which cause the activation of caspases [16].
Further, a decrease in the level of nitric oxide [16], the activation of
leukocytes [24], neutrophils [16], the expression of cytokines [17] and
adhesion molecules [17, 24] are observed. The combination of processes
is the reason for the activation of cascades of cell death reactions due to
apoptosis and necrosis. In addition, the complement system and the
coagulation cascade are activated, which ultimately can lead to
thrombosis in the microvasculature of the graft [16, 24].

Understanding the processes occurring during ischemia and
reperfusion, allows us to identify a significant number of target points for
the application of HBO therapy in order to minimize the degree of IRI at
an early stage.

Thus, the effectiveness of HBO was shown both at the stage of
ischemia (Fig. 2A) and reperfusion (Fig. 2B), which is characterized by a
decrease in mitochondrial damage [25], a restoration of the activity of
oxidative enzymes [26], an increase in the activity of nitric oxide

synthase (NOS) and an increase in the synthesis of nitric oxide (NO) [27],
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the activation and proliferation of peripheral blood mononuclear cells
(PBMC) [28], the decreased lipid peroxidation [29-31], leukocyte
adhesion to endothelial cells [32], neutrophil sequestration [33], cytokine
levels (TNF-a, IL-1pB, IL-6) [34, 35], expression HIF-1a [36, 37], the
affinity of the molecules of the major histocompatibility complex (MHC)
class I [35], inhibiting the leukocyte differentiation antigen SD45+ [28],
the inhibition of apoptosis [35, 36, 38].

A ISHEMIA B REPERFUSION

Ca® 5] Ca?

activation F N T

of various —RO
\’ | pathological .. cth

AOD processes
: .

. : apoptosis, necrosis,
" pHSE mPTP is open  *F9R 0 Been

| o, (hvp xia) ~ npo HBO = | 0, (reoxygenation)

e T wihw‘y anaerobic ghycolysi melabolic pathway: oxidalive phosphorylation

metabolic pathway: 1
oxidative phosphorylation Il

- ATP lactate —<—> l pH

ROS TATP
L

v
S activation of caspases, leukocytes, cytokines,
tcaz tNa* - “:1“ []' ondrial acidosis ¥ expression of adhesion moleeules
[y on

X v i
THI.F 1 ' LA AR i activation of the eomplement system aclivation

BOos AD and coagulation cascade | ofinflammatory
s i ; processes,
LPO | thrombosis apoplmub. cell necrosis

v
mitochondrial damage

Fig. 2. The scheme of pathophysiological processes in ischemia (B)

and reperfusion (C) under HBO conditions (author’s illustration)

Additionally, at this stage, the effect of IRP can be reduced due to
pharmacological regulation, for example, it is known that cyclosporine is
an inhibitor of mitochondrial pores [39]. Thus, the use of additional
inhibitory processes occurring during ischemia and reperfusion in

combination with HBO can lead to a decrease in the IRI severity.
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Hyperbaric oxygenation is an organ protective tool

The first studies on the use of HBO in the field of transplantation
were conducted in the 60s of the last century [40] and aimed at studying
the effect of HBO on the safety of organs during their storage. So, in
model experiments on the example of the transplant kidney [41, 42], liver
[43-45], it was shown that storing the organ under hyperbaric conditions
could significantly increase the viability of the transplanted organ.
Despite the declining interest in this topic associated with the emergence
of new preservative solutions in the 80s, and the complexity of HBO
equipment, but thanks to the recently emerged new knowledge about the
cellular and molecular mechanisms of HBO, and the commercially
available small and light hyperbaric pressure chambers, the studies of the
effect of HBO on transplanted organs during their storage again begin to
attract attention [46, 47]. For example, the development of new perfusion
devices using HBO technology can increase the safety of the
ultrastructure of hepatocytes and glycogen [48].

In addition, a pre-treatment under HBO conditions showed a
positive effect on the survival rate of organ and tissue grafts when used in
wound reconstructive surgery [34, 49, 50].

One of the noteworthy studies was the description of 2 clinical
cases of HBO therapy use in donors with brain death before organ
harvesting and transplantation, which showed that organs stored in this
way in vivo may have less cellular damage due to ischemia, reperfusion,

and absence of reflux phenomena [51].

Hyperbaric oxygenation in the post-transplant period
The studies on the impact of HBO therapy in the post-transplant
period, which, in our opinion, deserve special attention, are mainly

represented by animal model experiments. For example, a positive effect
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was shown for transplantation of bone fragments in rabbits [52],
transplantation of pancreas islet cells in mice [36, 53], ischemic
reperfusion injury to the kidney in rats [29, 54-56], and ischemic
reperfusion injury to the liver in rats [57], and liver regeneration in rats
after resection [58, 59]. In addition, HBO causes an increase in the
synthesis of vascular endothelial growth factor (VEGF) [36, 60], induces
tolerance [28], and increases transplant survival [33, 61].

And only a small number of studies have been devoted to the study
of the HBO therapy effect in the post-transplant period in humans. Most
of them are the studies of patients with impaired liver function [62—-69].

As in the model experiments described above, a favorable effect of
HBO therapy after hepatectomy was found in liver cancer patients, which
manifested itself in a decreased risk of developing hyperbilirubinemia or
liver failure [63], a decreased level of bilirubin, aspartate
aminotransferase, bile acids, and an increased hepatocyte proliferation
after liver resection in living donors [64], lowering the risk of developing
liver necrosis [65]. The HBO therapy was shown to speed up the
inclusion of collateral blood flow during hepatic artery thrombosis (31
days in the control group versus 14 days in the group of HBO-treated
patients), which can reduce the risk of early graft dysfunction and the
need for retransplantation, and also increases the length of the period to
liver transplantation (12.7 days in the control group and 157 in the study
group) [66]. A number of studies [67, 68] present similar data reflecting
the effect of HBO therapy on the recanalization of the hepatic artery in its
thrombosis and restoration of liver function to normal or close to normal
condition. In addition, there is evidence of the HBO effect on the
reduction of graft edema [67]. An important study is the one reflecting an
improvement in the condition of patients in a waiting list before liver

transplantation [69]. So, there was a decrease in the number and intensity
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of episodes of encephalopathy, the absence of signs of spontaneous
bacterial peritonitis, gastrointestinal bleeding and a decrease in the degree
of ascites; a general improvement in the state of recipients was observed
within a few weeks after a series of HBO sessions.

As for the transplantation of other organs (kidney, heart, lungs),
only a few studies have been found, however, showing very encouraging
results of the HBO therapy use in transplantation practice. For example, it
was shown that in the early post-transplantation period after a kidney
transplant, the recipients treated with HBO sessions showed an
accelerated recovery of diuresis, normalization of the level of urea
compared with the control group of patients [70]. The patients after heart
transplantation who received the HBO therapy showed a stimulated
formation of collagen matrix [71]. There is a positive effect of HBO
therapy in patients after lung transplantation, in particular, in those with
infectious complications, when other methods were ineffective or
unsuitable [72, 73].

Conclusion

Although the mechanisms of hyperbaric oxygenation action are not
yet fully understood and some aspects of physiological processes under
conditions of hyperoxia remain unclear, the efficacy of this therapy at
various stages of the transplantation process (preconditioning, organ
donation, organ storage, in the early and late post-transplant periods)
allows us to conclude that this method should be more widely involved
transplantation practice.
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