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Abstract
Stroke, also known as cerebrovascular disease, is a common and serious neurological disease,
which is also the fourth leading cause of death in the United States so far. Hyperbaric medi-
cine, as an emerging interdisciplinary subject, has been applied in the treatment of cerebral
vascular diseases since the 1960s. Now it is widely used to treat a variety of clinical disorders,
especially hypoxia-induced disorders. However, owing to the complex mechanisms of hyper-
baric oxygen (HBO) treatment, the therapeutic time window and the undefined dose as well
as some common clinical side effects (such as middle ear barotrauma), the widespread pro-
motion and application of HBO was hindered, slowing down the hyperbaric medicine devel-
opment. In August 2013, the US Food and Drug Administration declared artery occlusion as
one of the 13 specific indications for HBO therapy. This provides opportunities, to some ex-
tent, for the further development of hyperbaric medicine. Currently, the mechanisms of HBO
therapy for ischemic stroke are still not very clear. This review focuses on the potential mech-
anisms of HBO therapy in acute ischemic stroke as well as the time window.

© 2014 S. Karger AG, Basel

Introduction

Stroke is the fourth leading cause of death in the United States. One in 6 people worldwide
will have a stroke during their lifetime and one third of the survivors will experience a recur-
rence [1-3].Inthe past 4 decades, the incidence rates of stroke decreased by 42% in the econom-
ically developed nations, while they increased in the developing countries [4]. Stroke contributes
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to a series of complications, such as motor and cognitive deficits [5], aphasia [6], dysphagia [7]
and some psychological disorders [8], which aggravate the patient’s family and socioeconomic
burden [9]. A recent study reported that the total direct and indirect costs of cardiovascular
disease and stroke have been estimated to be USD 297.7 billion in the United States [10].
Actually, due to the uncertainty and unpredictability of indirect losses, they are lower than the
real data. Of course, the stroke rate in China shows regional differences [11]. Cerebrovascular
diseases can be divided into hemorrhagic stroke and ischemic stroke, and approximately 80%
of them are ischemic brain injury [12]. Acute ischemic stroke (AIS), characterized by an occlu-
sion of the cerebral artery, is the major cause of high morbidity and mortality in the aging popu-
lation worldwide [13]. However, the therapeutic strategies for AIS are, to a large extent, still
limited. Recombinanttissue plasminogen activator is the only therapeutic drug for AIS approved
by the US Food and Drug Administration [14]. Only 2-5% of the patients [15] who experienced
acute ischemic brain injury have received thrombolytic treatment, mainly due to the limited
time window of thrombolysis, bleeding complications, or high costs. Accordingly, seeking a
comprehensive multidisciplinary treatment for AIS is indispensable.

To date, no optimal neuroprotective agent for the clinical treatment of AIS has been
developed yet. Hyperbaric oxygen (HBO) is a nondrug and noninvasive treatment, in some
cases applied as the primary treatment modality, which has been widely used in clinical
practice for many diseases and has led to satisfactory outcomes, especially in the areas of
acute carbon monoxide poisoning [16], gas gangrene [17] and decompression sickness [18].
Lee etal. [19] observed that the annually published number of HBO therapy papers has grad-
ually increased during the past decade. In addition, stroke, carbon monoxide poisoning, radi-
ation injury and wounds formed a major area of HBO research. Numerous studies have
demonstrated that HBO treatment is capable of increasing oxygen supply, ameliorating
cerebral circulation, reducing ischemia-reperfusion injury and alleviating the extent of irre-
versible neurological impairment. Interestingly, a recently randomized, prospective trial [20]
has shown that HBO therapy can activate the neuroplasticity of brain tissues in post-stroke
patients, even in the chronic phase. This provides a brilliant prospect for the further in-depth
study of HBO. At present, HBO treatment for cerebral infarction has been applied for several
decades. However, current studies are still based on animal experiments, and there are few
randomized controlled trials in the literature. Actually, 6 randomized controlled trials
involving 283 participants updated the former summary by Bennett et al. [21]. This review
focuses on the underlying molecular mechanisms of HBO therapy in acute ischemic stroke,
and the therapeutic time window will also be mentioned.

Basic Physiological Effects of HBO Therapy

HBO therapy is a treatment in which the patient breathes 100% oxygen while being
exposed to increased atmospheric pressure [22, 23]. [schemic stroke immediately contributes
to the reduction of regional cerebral blood flow as well as the deficiency of brain tissue oxygen
supply. Compared with other organs, brain tissue is the most vulnerable to hypoxia with low
antioxidant defenses. If not promptly treated, serious outcomes will follow. The primary ther-
apeutic goal for acute stroke, therefore, is to restore or ameliorate the reperfusion of the
ischemic core and penumbra. HBO treatment has long been proposed as acommonly available
therapeutic schedule to ameliorate AlS-induced brain tissue hypoxia [24]. Previous studies
have demonstrated that HBO therapy can enhance the arterial partial pressure of oxygen
(Pa03) [25], increase the oxygen content [26], stabilize the blood-brain barrier [27], decrease
the intracranial pressure and relieve cerebral edema [27, 28]. Some clinical studies [29, 30]
have justified that intravenous thrombolysis with alteplase, 3-4.5 h after the onset of AIS, may
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be effective for clinical outcomes. Few people actually received thrombolytic therapy since
the safety and efficacy of thrombolysis, to some extent, is also elusive. Meanwhile, with the
continuous development of medical technology, newer diagnostic techniques and thera-
peutic strategies have emerged in clinical stem cell transplantation, such as anticoagulation
and antiplatelet interventions. It is worth mentioning that HBO is a relatively safe therapeutic
method and holds great promise [31].

Effects of HBO on Oxidative Stress

The pathogenesis of AIS is highly complex and involves multiple mechanisms including
excitotoxicity, acid toxicity, ionic imbalance, oxidative and nitrosative stress, inflammation
and apoptosis [32]. Increasing evidence suggests that oxidative stress is considered to be one
of the most important contributing factors causing cerebral ischemia-reperfusion injury.
Oxidative stress leads to excessive production of free radicals, directly or indirectly triggering
necrosis and apoptosis. From the perspective of molecular mechanisms, cerebral ischemic
stroke initiates a series of connected events, involving the generation of reactive oxygen
species (ROS) and reactive nitrogen species [33]. Prolonged hypoxia eventually contributes
to the oxidation and antioxidant system imbalance and tissue injuries. In animal models, HBO
preconditioning (2.5 ATA, 1 h, 2 days) reduces the ischemia-reperfusion injury of the middle
cerebral artery occlusion (MCAO) via increasing the expression of antioxidant enzymes [34].
Appropriate HBO therapy can effectively alleviate oxidative stress [35]. Nevertheless, HBO
also increases the generation of ROS and reactive nitrogen species [36]. Large doses or a long-
term schedule of HBO therapy may exacerbate peroxidation injury of ischemic penumbra and
destroy the integrity of the blood-brain barrier.

ROS contains many species, such as hydrogen peroxide (H,0;), hydroxyl radical (OH"),
and superoxide (0;7) [37]. Although many of the ROS may contribute to cytotoxicity, it is
generally considered that hydroxyl free radicals are one of the most active and toxic matters
associated with killing erythrocytes, and deteriorating cell membranes and deoxyribonucleic
acid as well as polysaccharide compounds. They are mainly responsible for irreversible cell
injury and lethal effects [38]. Yang et al. [39] using HBO therapy (2.8 ATA, 1 h) for MCAO rats
indicate that HBO can dramatically reduce the formation of hydroxyl free radicals in the
striatum. However, longer duration of HBO treatment may upregulate the expression of
oxidase in permanent ischemic stroke models [40]. The specific mechanisms of HBO therapy
on oxidative stress remain to be proven. Currently, in mechanism and efficacy research of
HBO, the common indicators include superoxide dismutase (SOD), glutathione peroxidase
(GSH-px), catalase, lipid peroxidation, and malondialdehyde, and SOD and GSH-px, as free
radical scavengers, are the main antioxidant enzymes. The activity of SOD and GSH-px can
reflect the body’s ability to eliminate oxygen free radicals. Malondialdehyde is the product of
lipid peroxidation, which indirectly reflects the severity of ischemic tissues attacked by free
radicals. A large number of studies have proven that early HBO treatment is able to signifi-
cantly ameliorate the conditions of ischemic core and penumbra, associated with the
enhancement of SOD and catalase activity as well as the reduction of malondialdehyde and
lipid peroxidation levels [34, 41, 42]; however, GSH-px shows insignificant changes [34, 41].
These studies proved that HBO plays a critical role in the antioxidant procedure by activating
endogenous antioxidant enzyme activity. In addition, excessive duration of the treatment and
dose will have opposite effects.

In recent years, the effects of nitrogen monoxide (NO) on cerebral ischemia-reperfusion
injury attracted the investigators’ attention. NO, a neurotransmitter of the central nervous
system, plays an essential role in regulating the cerebral vascular tone, participating in cell
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information transfer among others. It is a gaseous molecule produced by NO synthase (NOS)
involving neuronal NOS, inducible/inflammatory NOS (iNOS), and endothelial NOS (eNOS)
[36]. NOS needs oxygen and L-arginine to produce NO [35], while in the condition of ischemic
stroke both of them increased. A growing number of studies show that NO plays a dual role
in the function of neuroprotection and neurotoxicity for the nervous system [43]. Baynosa et
al. [44] found that the effects of HBO (2.5 ATA) on ischemia-reperfusion injury may be related
to a series of transduction cascades, an early increase in eNOS enzymatic activity followed by
a late-phase increase in eNOS protein expression within the pulmonary tissues. Zhou et al.
[45] studied the acute cerebral injury models with HBO therapy and found that HBO might
have a positive effect on the central nervous system by influencing the expression of neuronal
NOS mRNA/iNOS mRNA. These studies indicate a possible mechanism of HBO therapy to
suppress oxidative stress by inhibiting the activity of NOS. However, whether there is an
interaction between the activation of eNOS and iNOS is unclear. Further studies need to illu-
minate the specific pathways that HBO exert on the expression of NOS and NO.

HBO Alleviates Inflammation

Neuroinflammation is an endogenous protective mechanism associated with neutral-
ization of an insult and restoration of the normal structure and function of the brain [46]. It
is generally beneficial to an organism [47]. Inflammatory reaction induced by leukocyte infil-
tration plays a critical role in the development and progression of ischemic injury. The
protective mechanisms of inflammation after brain injury are reflected by the following two
aspects: leukocytes inhibit the proliferation and spread of invading pathogens; immune cells
generate a variety of neurotrophic factors and promote nervous tissue repair and survival.
However, neuroinflammation is usually too severe for self-termination. Therefore, inflam-
mation is the therapeutic objective in stroke [48]. Comprehensive and timely treatment for
brain ischemia is essential [49].

Rink et al. [24] found that HBO can significantly decrease the infarct volume during the
ischemia-reperfusion of AIS, which is calculated by histological determinations. The main
mechanism is to limit leukocyte accumulation of the ischemic-hypoxic area by reducing the
reaction of inflammatory chemokine. Unfortunately, the outcomes turned out to be detri-
mental for identical treatment immediately after reperfusion. Opposite results were also
found in some previous experiments for several hours after ischemia-reperfusion by using
HBO therapy [50, 51]. Recently, a new study [52] has testified that HBO might attenuate
inflammation in transient MCAO rats with a long-course schedule (3 weeks or 2 days after
MCAO, repeated for 3 weeks). This point has also been reflected in the HBO therapy of trau-
matic brain injury [53].

Simultaneously, myeloperoxidase (MPO), akey inflammatory enzyme, is a sign of function
and activity of neutrophil granulocytes. MPO is usually used as a biomarker to identify
leukocyte levels in ischemic injury and indirectly reflects the effect of HBO on inflammatory
response. Breckwoldt et al. [54] has demonstrated that MPO is widely distributed in the
ischemic penumbra and positively correlated with infarct size. It can be detected even 3
weeks following ischemic stroke. Miljkovic-Lolic et al. [55] found that HBO therapy is asso-
ciated with reduced MPO activity and inhibition of neutrophil infiltration. Cyclooxygenase
(COX) has two different cyclooxygenase genes including COX-1 and COX-2. In physiological
conditions, COX-1 is persistently expressed. COX-2 is inducible to produce inflamed cells such
as endotoxin, mitogen and cytokines [56], which is an important element of post-ischemic
neuroinflammation. Recent studies [57, 58] have shown that the mechanism of HBO to alle-
viate inflammation may be through inhibiting the COX-2 signaling pathway.
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Matrix metalloproteinases (MMPs) is a family of enzymes that participate in both physi-
ological and pathological tissue remodeling. Romanic et al. [59] demonstrated that brain
ischemia contributes to the overexpression of MMP-9, which may give rise to secondary brain
injury such as apoptosis, brain edema, hemorrhage, and blood-brain barrier damage. Ostrowski
et al. [60] found that HBO therapy can reduce brain MMP-9 activity, tissue expression as well
as cell death in global brain ischemia. The same result is shown in traumatic brain injury [61].
Noteworthy, Zhang and Gould [62] further detected that HBO promotes endogenous antioxi-
dants to establish a dynamic balance of the oxidant and antioxidants system via activating the
ROS/MAPK/MMP signaling axis in ischemic wounds. Although the anti-inflammatory mecha-
nisms of HBO are undefined, the conclusion may be roughly drawn that HBO comes into effect
by a series of cascade reactions, involving the inhibition of MMP-9 activity.

HBO Inhibits Apoptosis and Neuroprotective Effects

[t is well known that mitochondria are the control center of cellular activities. However,
they are not only the center of cellular respiratory chain and oxidative phosphorylation, but
also play an irreplaceable role in neuronal apoptosis and necrosis. Apoptosis is a major
pattern of neuronal cell death in ischemic penumbra [63]. Broughton et al. [64] reviewed the
papers and summarized that the signaling pathways of apoptosis are diverse; the mitochon-
drial pathway is one of the most important way by releasing cytochrome c as well as stimu-
lating caspase-3. Li et al. [65] showed that HBO preconditioning can reduce cytochrome c in
the hippocampus and ischemic penumbra analyzed by Western blot in an MCAO model.
Simultaneously, several studies [66, 67] have shown that HBO therapy inhibits the expression
of caspase-3 in the cortex and hippocampus of an ischemic model. Lou et al. [68] found that a
mitochondrial ATP-sensitive potassium channel has an effect on the anti-apoptotic procedure
with early HBO therapy. Additionally, heat shock protein 70 may also be a significant anti-
apoptosis mechanism of HBO therapy [69].

Hypoxia-inducible factor-1a (HIF-1a), a transcription factor, is one of the principal medi-
ators of homeostasis in human tissues exposed to hypoxia [70]. HIF-1a has a dual function
[71]. During the hypoxic-ischemic period, HIF-1a has neuroprotective and neurotoxic effects.
HIF-1a comes into effect through the following ways. (1) HIF-1la administrates the tran-
scription of erythropoietin, which has an anti-apoptotic effect. (2) HIF-1a promotes the
neovascularization by stimulating the expression of vascular endothelial growth factor.
However, the neurotoxic effect of HIF-1a reflects on the reinforcing expression of tumor
suppressor genes, such as p53 protein. HIF-1a also increases the permeability of the blood-
brain barrier in AIS, contributing to the exacerbation of brain edema. Therefore, we could not
rashly come to the conclusion that increased HIF-1a is beneficial or detrimental to our body.
Several basic researches [72-74] suggest that HBO significantly reduces the expression of
HIF-1a and its downstream effector proteins and suppresses apoptosis.

At present, neuroprotective agents for ischemic stroke are various, such as radical scav-
engers, excitatory amino acid (EAA) receptor antagonists, aspirin, and erythropoietin. The
molecular pathways and therapeutic targets of neuroprotective agents correspond. These
agents have proven to be effective to some extent. However, the utility still remains to be
further verified. The neuroprotective mechanisms of HBO are extremely complex. Consid-
ering previous studies, the effects of HBO on neurological function can be roughly summa-
rized as follows.

Firstly, HBO increases the expression of brain-derived neurotrophic factor (BDNF), glial-
derived neurotrophic factor (GDNF) and nerve growth factor (NGF), which can nourish the
cranial nerve, and promote the proliferation and restoration of the neurons. Numerous
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studies have shown that HBO significantly improves the levels of BDNF, GDNF and NGF in
ischemic injury. Simultaneously, studies have shown that the positive effects still exist in
brain damage [75] and spinal cord injury [76]. Long-course and repeated HBO therapy for
cerebral ischemia can also generate similar outcomes [52, 77].

Secondly, HBO promotes the mobilization and migration of pluripotent mesenchymal
stem cells. Regenerative medicine has been a ‘hot topic’ in recent years, especially regarding
stem cell research. A recent study suggests that under the condition of HBO, bone marrow
stromal cells increased, which is related to the regulatory factor of Wnt3a [78]. Bone marrow
stem cells are a kind of adult stem cells, which have the capacity of self-replication and
multiple differentiation. Previous studies proved that bone marrow stem cells have the ability
to secrete GDNF, BDNF and NGF, and play a role in anti-inflammatory, anti-apoptotic, as well
as host immune response [79, 80]. Lee et al. [52] have shown that HBO therapy is more likely
to promote the mobilization and migration of bone marrow stem cells in MCAO rats via
CD34-DAPI double staining.

Thirdly, HBO stimulates the proliferation of astrocytes and inhibits the secretion of
microglial cells. Astrocytes, an important component of the central nervous system, play
significant roles in nourishing and supporting neurons, repairing injury, and participating
immune response [81]. Microglial cells are associated with oxidative stress and secretion of
inflammatory cells, which will produce neurotoxicity in the overabundant conditions [82]. An
increasing number of studies [83-86] indicated that the attenuation of microglial cells and
proliferation of astrocytes are closely linked to HBO therapy.

Fourthly, as is known to us that motor and cognitive functions are indispensable abilities
of the human body, ischemic stroke results in varying degrees of motor and cognitive
disorders, which aggravates the patient’s family and socioeconomic burden. Currently, the
principal method of assessment of the motor and cognitive functions for post-ischemic stroke
is evaluation forms, such as the National Institutes of Health Stroke Scale, Montreal Cognitive
Assessment, Fugl-Meyer Assessment Scale, and Modified Barthel Index. HBO can effectively
improve the function of movement and cognition, which reflects on a prospective single-blind
controlled trial [87], as well as a case report of acute carbon monoxide poisoning [88]. In
addition, HBO combined with acupuncture or modern rehabilitation techniques may generate
more favorable outcomes for neurological and motor function [89], which deserved to be
investigated for further study. However, HBO therapy is not applicable to all neurological
diseases, which seems to be ineffective in children with cerebral palsy [90].

Noteworthy, a recent study [91] proved that autophagy is associated with the neuropro-
tective effect of ischemia-reperfusion injury. HBO preconditioning gives rise to the alleviation
of ischemia-reperfusion injury via stimulating autophagy [65], while the opposite outcome
appears in traumatic brain injury [92]. To sum up, the neuroprotective mechanism of HBO is
still elusive and therefore worthy of further study.

HBO Modulates Cerebral Blood Flow and Brain Metabolism

The therapeutic strategy for AIS is aimed to restore cerebral blood flow and minimize the
detrimental effects of ischemia on neurons [93]. Previous studies have focused on the effects
of HBO on cerebral blood flow, although hyperoxia is associated with the suppression of brain
metabolic rate and cerebral blood flow in normal people [94]. Accumulating evidence impli-
cates that HBO therapy significantly ameliorates cerebral blood flow and promotes microcir-
culation and collateral circulation of ischemic-induced stroke [28, 95]. HBO therapy shows a
greater positive effect than normobaric oxygen in increasing cerebral blood flow and
prompting cerebral metabolism with severe traumatic brain injury patients [96]. In recent
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years, the researchers are more interested in the effect of HBO on molecular mechanisms of
cerebral metabolism. EAA, such as glutamate, is the excitatory neurotransmitter of the central
nervous system. Excessive release of EAA plays an extremely important role in ischemia-
reperfusion injury, activating the corresponding receptor and producing excitotoxicity.
Gao-Yuetal.[97] demonstrated that permanent MCAO of male rabbits contributes toincreased
lactate and EAA, as well as decreased glucose, and further confirmed that HBO precondi-
tioning could stabilize the glucose level and attenuate glutamate. A similar result is also
shown in the experiment of Yang et al. [39]. These studies manifest that HBO therapy may
inhibit excessive release of EAA, which is induced by ischemia-reperfusion, and reduce the
neurotoxicity levels as well as regulate brain metabolism.

Time Window of HBO Therapy

To date, the therapeutic time window of HBO treatment for AIS still has no uniform
standard. It is generally acknowledged that HBO interventional therapy is more efficient the
sooner it is applied. A previous finding [98] suggests that the ideal timing of HBO therapy is
the first 3 h in the post-ischemic stroke, and it may also be effective within 6 h. Intermittent
air breaks during HBO treatment is associated with reduced pulmonary and central nervous
system toxicity [99]. Wang et al. [100] found that the time window of HBO can be delayed
12 h after the onset of ischemic injury since the anatomic structure and metabolism of
neonatal are quite different from the senior. Yin and Zhang [101] demonstrated that delayed
and multiple HBO treatment for MCAO models can significantly decrease the infarct ratio,
ameliorate neurological deficits and expand the therapeutic window. Mu et al. [102] further
explain that delayed daily HBO therapy stimulate cell proliferation and generate neuropro-
tective effects via stabilizing the cAMP responsive element binding protein pathway. Based
on the knowledge from some preclinical and clinical studies, HBO therapy has recently been
shown to be effective when started 2-5 days after ischemic stroke onset [52, 77], or even in
the chronic phase [20]. These studies provide references, as well as directions, for further
studies of the mechanisms and clinical applications of HBO treatment.

Conclusion

There is no definitive proof for the efficacy of HBO treatment in AIS. However, as a prom-
ising nondrug and noninvasive treatment, HBO is still used in basic research and clinical
studies of brain ischemia, especially with the extensive application of imaging technology,
such as neuroimaging facilities (CT, SPECT and MRI), which provides an opportunity for early
diagnosis and timely HBO treatment of AIS. Furthermore, HBO combined with thrombolysis
seems promising in reducing secondary hemorrhage of ischemic stroke patients [103], which
is worthy of further studies.

Currently, the safety and effectiveness of HBO treatment on acute ischemic stroke remains
to be further studied. Even though commonly used in clinical, HBO therapy for ischemic
stroke still raises some questions. (1) The molecular mechanisms of HBO exert effects on the
anti-inflammatory and anti-apoptotic response and need to be further elucidated, such as the
role of reactive species in the therapeutic outcomes of HBO, and the exact signaling pathway
of MMP. (2) In clinical studies, there are no explicit inclusion criteria and intervention time,
there may be an inadequate sample size as well as execution, resulting in detrimental or
invalid outcomes. Therefore, future studies should be strictly enforced and executed with the
standards of evidence-based medicine.
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