
© 2016 Med Gas Res | Published by Wolters Kluwer - Medknow20

IntroductIon
Brain injury is the leading cause of death and disability 
worldwide. In the United States, brain injury accounts for 
one million hospital admissions per year. Brain injury can 
occur at birth, or later from an illness or a trauma, and cause 
physical, cognitive, and behavioral/emotional impairments-
-ranging from subtle to severe and may be either temporary 
or permanent. Despite advances in treatment, clinical man-
agement to prevent neurological damage after brain injury 
remains inefficacious. Although some promising strategies 
have been reported in animal models, they often fail to work 
in clinical practice (No authors listed, 1990; Kaste et al., 
1994; Majid, 2014), therefore, novel treatment strategies 
protecting against brain injury should be developed and 
exploited. Hyperbaric oxygen preconditioning (HBO-PC) 
has been experimentally demonstrated to be neuroprotec-
tive, and has shown efficiency in patients undergoing on-
pump coronary artery bypass graft (CABG) surgery (Li et 
al., 2011). Compared with other preconditioning stimuli, 
HBO is benign and has clinically translational potential 
(Camporesi and Bosco, 2014). In this review, we will sort 
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out the studies of HBO-PC in experimental and clinical 
brain injury, elaborate its mechanisms in neuroprotection, 
and discuss regimes and opinions for future research.

IntroductIon of precondItIonIng and HBo-pc
Preconditioning is the treatment of a noxious stimulus near 
the threshold of damage and activates certain advantageous 
intrinsic mechanisms for protection and repair, creating a 
tolerance in the organ to the insult and, thus, protecting it 
from subsequent injury (Dirnagl et al., 2009). The concept 
of preconditioning was first proposed by Murry and his 
colleagues in 1986 (Murry et al., 1986). They documented 
that multiple brief ischemic episodes (four cycles of 5 min-
utes occlusion/5 minutes reperfusion) protected the heart 
from a subsequent sustained ischemic insult in dogs. And 
subsequently, the protective effects of preconditioning were 
shown in the brain in 1991. Kitagawa et al. (1991) confirmed 
non-lethal ischemic insult prevented neuronal death in dif-
ferent brain regions after global ischemia in gerbils, and 
the authors coined this phenomenon ‘ischemic tolerance’. 
To date, preconditioning has been applied in various organ 
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systems, including liver (Yu et al., 2005), kidney (Islam et 
al., 1997), lung (Du et al., 1996), pancreas (Dembinski et 
al., 2003) and skeleton muscles (Mounsey et al., 1992), and 
the protective effects of preconditioning have been dem-
onstrated in multiple species (Murry et al., 1986; Schott et 
al., 1990; Osada et al., 1991) and clinical trials (Alkhulaifi 
et al., 1994; Koneru et al., 2005; Pimentel et al., 2006).

Preconditioning can be induced by various stimuli. Brief 
ischemia or hypoxia serves as prototypical preconditioning 
stimuli in stroke (Gidday, 2006; Liu et al., 2014). Ischemic 
tolerance can also be induced by spreading depression, pro-
longed hypoperfusion, ischemia of remote skeletal muscle, 
hyperthermia and physical exercise (Zemke et al., 2004). 
Molecules known to cause ischemic brain injury — such 
as glutamate, reactive oxygen species (ROS), inflammatory 
cytokines and caspases, delivered exogenously at the lower 
levels could duplicate the protective effects of ischemic tol-
erance (Gidday, 2006). Moreover, volatile anaesthetics and 
some metabolic inhibitors could trigger ischemic tolerance 
pharmacologically (Gidday, 2006). 

Hyperbaric oxygen (HBO) refers to 100% oxygen at 
twice to three times the atmospheric pressure at sea level 
(Wang et al., 2014). HBO might mimic hypoxia precondi-
tioning (HPC) to attenuate ischemia/reperfusion injury. In 
1996, a Japanese group demonstrated that repeated HBO 
(2 atmosphere absolute [ATA] for 1 hour daily for 5 days) 
could increase the tolerance of the brain against ischemic 
neuronal damage in gerbils, in which the induction of heat 
shock protein (HSP) 72 played an important role (Wada 
et al., 1996). Four years later, Xiong et al. (2000) found 
HBO preconditioning (2.5 ATA 1 hour daily for 3 or 5 
days) could improve the neurological outcome and decrease 
infarct volume in transient middle cerebral artery occlusion 
(MCAO) rats in a “dose-dependent” manner. Since then, 
the protective effects of HBO preconditioning have been 
investigated in various animal models, such as myocardial 
ischemia (Kim et al., 2001), spinal cord ischemia (Dong 
et al., 2002), hepatic ischemia (Yu et al., 2005), neonatal 
hypoxia-ischemia (Li et al., 2008b), intestinal ischemia 
(Bertoletto et al., 2008), surgical brain injury (Jadhav et 
al., 2009), intracerebral hemorrhage (Qin et al., 2008), 
traumatic brain injury (Hu et al., 2010) and renal ischemia 
(He et al., 2011). Freiberger et al. (2006) showed that HBO 
preconditioning elicited similar preconditioning efficacy 
as HPC and defended against oxidative stress in neonatal 
brain. The results of these laboratory studies suggested that 
HBO can produce a wide range of protective effects and 
may be a safer preconditioning stimulus compared with 
other stimuli such as ischemia/hypoxia and chemical agents. 
Recently HBO-PC has shown potent efficacy in prevent-
ing neuron death and improving neurological functions in 
many experimental acute brain injury models (Jadhav et 

al., 2010; Cheng et al., 2011; Soejima et al., 2012; Yan et 
al., 2013). In clinical practice, HBO-PC exhibited cerebral 
protective effects in patients undergoing CABG surgery 
(Li et al., 2011). 

In contrast to conventional neuroprotection trials that 
target intervention post-insult, preconditioning strategies 
are advantageous in up-regulating mechanisms of innate 
cytoprotection and attenuating the deleterious cascades at 
the earliest possible time points, due to the intervention 
preceding the injury (Bahjat et al., 2013). HBO-PC provides 
new hope and window for the treatment of brain injury com-
pared to the traditional post-insult neuroprotective agents.

HBo-pc In BraIn Injury models 
Neonatal hypoxic-ischemia (HI)
Neonatal hypoxic-ischemic brain damage is a significant 
cause of acute mortality and chronic neurologic morbidity 
in infants and children worldwide (Shankaran, 2012). The 
pathogenesis of perinatal hypoxic-ischemic brain damage 
is highly complex and involves impaired blood-brain bar-
rier permeability, energy failure, acidosis, excitotoxicity, 
oxidative stress and activation of inflammatory cascades 
in the immature brain (Biagas, 1999). Despite extensive 
research on neonatal HI, no effective strategy for treatment 
of HI has been developed yet. 

The ability of HBO-PC to alleviate brain injury after 
HI was tested in two studies. Freiberger et al. (2006) 
demonstrated for the first time that HBO-PC and hypoxic 
preconditioning elicited similar effects on a neonatal brain 
and those effects were mediated by activating intrinsic de-
fenses against oxidative stress. Further, it was shown that 
three days of HBO-PC (2.5 ATA for 2.5 hours each day) 
generated sufficient oxidative stress in order to suppress the 
mitochondrial aconitase activity in neonatal rats, resulting in 
a reduced infarction volume (Freiberger et al., 2006). After 
one year, Li et al. (2008b) reported that a single session of 
HBO-PC (2.5 ATA for 2.5 hours) significantly decreased 
the infarct size and reduced apoptosis via suppressing the 
activities of caspase-3 and -9 after hypoxia-ischemia brain 
injury. Although the authors concluded that HBO-PC is an 
effective, safe and non-invasive therapy for neonatal HI, it 
is hard to administrate HBO-PC in clinical practice. 

Ischemic stroke
Ischemic stroke is a leading cause of disability and is con-
sidered now the fourth leading cause of death (Hafez et 
al., 2014). Ischemic stroke is characterized by the sudden 
loss of blood circulation to an area of the brain, resulting 
in the loss of neurologic function. About 85% of strokes 
are ischemic strokes and there are two major forms of 
ischemic stroke: focal and global ischemia.
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at 3.5 ATA produced stronger neuroprotective effects than 
at 1 or 2 ATA. The neuroprotective effects were associated 
with suppression of p38 phosphorylation (Yamashita et al., 
2009). In another study, Hirata et al. (2007) investigated 
the therapeutic window of HBO-PC and demonstrated that 
HBO induced neuroprotection against ischemic injury if 
applied at 6, 12 and 24 hours, but it had no beneficial ef-
fects at 72 hours forebrain ischemia. The genes/proteins 
relevant to neurotrophin and inflammatory-immune system 
were involved in HBO-PC-induced neuroprotection.

Global cerebral ischemia
Global cerebral ischemia occurs when blood flow to the 
brain is drastically reduced or completely stopped. Global 
ischemia can be the result of a heart attack, drowning, suf-
focation, or any sort of blockage that results in lack of blood 
flow to the head. Thus, it could also be a consequence of 
cardiac arrest or happen during major surgery. Because of 
the high risk of neurological complications associated with 
cardiac surgery, coronary artery bypass grafting and carotid 
endarterectomy, patients scheduled for these procedures 
could potentially benefit from therapeutic HBO-PC. The 
earliest study of HBO-PC on experimental global ischemia 
began in 2008 in John H. Zhang’s lab. The lab demonstrated 
that in four-vessel occlusion model in rats, five sections of 
HBO-PC had significantly larger beneficial effects than 3 
HBO-PC treatments. HBO-PC improved neurobehavioral 
scores and reduced the number of early apoptotic cells by 
increasing the level of brain brain-derived neurotrophic 
factor (BDNF) and by suppression of p38 activation 
(Ostrowski et al., 2008). Two years later, the same group 
published two more papers, investigating the molecular 
mechanisms underlying HBO-PC-induced neuroprotec-
tion in a four-vessel occlusion model of global cerebral 
ischemia. Ostrowski et al. (2010) found the mechanism of 
HBO-PC is dependent on the induction of matrix metal-
loproteinase-9 (MMP-9) in the pre-ischemic phase and is, 
at least, partly mediated by exhaustion of MMP-9 stores 
in cerebral tissues. Another study by Cheng et al. (2011) 
reported that HBO preconditioning reduced the expression 
of cyclooxygenase-2 (COX-2) and neuronal apoptosis at 1 
and 3 days after global ischemia and suggested COX-2 is 
a mediator of HBO-PC in the ischemic brain. The data of 
these studies demonstrated HBO-PC is neuroprotective for 
global ischemia and might be an alternative strategy for the 
patients, which will undergo major surgeries. 

In conclusion, the positive findings in the experimental 
studies of HBO-PC on brain ischemia indicate that HBO-PC 
may have neuroprotective potentials in the clinic. Patients 
who have pre-existing vascular diseases in brain or heart 
and will undergo procedures resulting in temporary clipping 

Focal cerebral ischemia
Focal ischemia occurs due to a blockage of a brain blood 
vessel, usually the middle cerebral artery, and results in 
sudden brain dysfunction; this represents the majority of 
human ischemic stroke. Currently, tissue plasminogen 
activator (tPA) is the only Food and Drug Administration-
approved treatment for acute ischemic stroke (No authors 
listed, 1995). However, tPA has several limitations, first, 
a short therapeutic time window restricts the treatment 
use to only about 2–5% of stroke patients (Brainin et al., 
2007) and creates a demand for the development of new 
neuroprotective therapies. While many treatments have 
been effective in research, but neuroprotectants have failed 
in clinical trials thus far. Recent trials, with approaches 
focusing on preconditioning, postconditioning, and hypo-
thermia, have been shown to be neuroprotective and have 
shifted the development of treatments for brain ischemia.

The first pre-clinical study of HBO-PC in focal brain 
ischemia, conducted by Xiong et al. (2000), proved that 
HBO-PC induced ischemic tolerance after transient but 
not permanent middle cerebral artery occlusion (MCAO) 
rats in a “dose-dependent” manner; 5 days of HBO-PC 
was more effective compared with 3 days of HBO-PC. 
Several years later, Sun’s group published three studies 
investigating the molecular mechanisms underlying the 
HBO-PC-induced neuroprotection after MCAO. They 
demonstrated that the HBO-PC-induced neuroprotection 
is mediated, at least partly, by up-regulation of hypoxia-
inducible factor-1α (HIF-1α) and its target gene erythro-
poietin (EPO) (Gu et al., 2008). Furthermore, HBO-PC 
increased the activity of antioxidant enzymes, catalase 
(CAT) and superoxide dismutase (SOD) (Li et al., 2008a), 
and suppressed mitochondrial apoptotic pathways (Li 
et al., 2009). On the other hand, Gao-Yu et al. (2011) 
reported that HBO-PC stabilized the glucose level and 
decreased both the lactate/pyruvate ratio and glycerol in 
the peri-infarct area, as well as inhibited the increase of the 
glutamate level. The enhancement of energy metabolism 
and decrease of glutamate level are factors contributing to 
the neuroprotective property of HBO-PC. Recently, Yan 
et al. (2011) reported two new mechanisms involved in 
HBO-PC-induced protection after MCAO in rats. They 
found that HBO-PC increased the protein expression of 
microtubule-associated protein 1 light chain 3-II (LC3-II) 
and Beclin 1, as well as both mRNA expression and protein 
level of sirtuin1 (Sirt1). HBO-PC induced tolerance to ce-
rebral ischemia/reperfusion through promoting autophagy 
and decreasing of apoptosis after MCAO. 

The effects of HBO-PC were also investigated in rat 
models of forebrain ischemia (Hirata et al., 2007; Yamashi-
ta et al., 2009). A previous study demonstrated a dose de-
pendent effect of HBO-PC and they proved that HBO-PC 
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research will continue to investigate the mechanisms of 
HBO-PC-induced neuroprotection, and possibly expand 
HBO-PC use for ICH patients.

Surgical brain injury (SBI)
There are over 800,000 cranial and spinal neurosurgi-
cal operations performed each year in the United States. 
Neurosurgical procedures cause inevitable brain damage 
resulting from the procedure itself. Unavoidable cortical 
and parenchymal incisions, intraoperative hemorrhage, 
brain lobe retraction and thermal injuries from electro-
cautery cause brain injuries attributable exclusively to the 
neurosurgical operations and collectively referred as SBI 
(Frontczak-Baniewicz et al., 2011). SBI causes localized 
neuronal cell death, oxidative stress, inflammation, brain 
edema and BBB disruption (Di et al., 2008). Presently, 
there are no therapeutic regimens used to prevent SBI 
during neurosurgical procedures. However, results of 
pre-clinical studies on different models of brain injury 
and the fact that the time of injury by SBI is well predict-
able make preconditioning very lucrative. Jadhav et al. 
(2010) showed that HBO-PC at 2.5 ATA for 1 hour for 5 
consecutive days attenuated post-operative brain edema 
and improved neurological outcomes following SBI in 
mice; they also proved that the COX-2 inhibitor effectively 
blocked neuroprotection induced by HBO-PC (Jadhav et 
al., 2009). They suggested HBO preconditioned the brain 
by increasing COX-2 expression/activation to sub-injuri-
ous levels. Ongoing research will continue to investigate 
the efficacy of HBO-PC in patients who intent to have 
vascular neurosurgery or surgical procedures with a high 
risk of cerebral ischemia, and possibly expand HBO-PC 
not only in neurosurgery but also in other surgery fields.

Subarachnoid hemorrhage (SAH)
SAH, predominantly caused by a ruptured aneurysm, is a 
devastating neurological disease that has a morbidity and 
mortality rate higher than 50% (King, 1997). A ruptured an-
eurysm brings on many physiological derangements such 
as increased intracranial pressure (ICP), decreased cerebral 
blood flow (CBF), and global cerebral ischemia. These 
events initiate secondary injuries such as blood-brain bar-
rier disruption, inflammation, and oxidative cascades that 
all ultimately lead to cell death (Tso and Macdonald, 2014). 
Despite advances in diagnosis and surgical treatment of 
SAH, effective therapeutic interventions are still limited 
and clinical outcomes remain disappointing. Most studies 
suggest a beneficial role of HBO treatment in experimental 
SAH previously (Ostrowski et al., 2005, 2006). However, 
no experimental studies have been conducted to investigate 
the neuroprotective effects of HBO-PC on SAH.

of major intracranial vessels might have a more important 
role to take HBO-PC.

Hemorrhagic transformation
Hemorrhagic transformation (HT) is a multifactorial phe-
nomenon in which ischemic brain tissue converts into a 
hemorrhagic lesion with blood-vessel leakage, extravasa-
tion, and further brain injury (Wang and Lo, 2003). Ap-
proximately 10–40% of all ischemic stroke patients suffer 
spontaneous HT. HT is the major complication of treatment 
with the only one FDA-approved medication for acute 
ischemic stroke, treatment with tPA (Hafez et al., 2015). 
Many efforts have been made in searching for the effective 
treatment of HT. Recently, HBO-PC has been shown as 
a promising strategy. The combination of HBO with tPA 
treatment decreased incidence of hemorrhagic transforma-
tion compared with tPA treatment alone (Kuppers-Tiedt et 
al., 2011). Molecular mechanisms underlying this effect 
were not investigated but results clearly have significant 
clinical relevance. Well in agreement with this finding, 
several studies from John H. Zhang’s lab demonstrated 
the neuroprotective effects of HBO-PC in HT after MCAO 
(Soejima et al., 2012, 2013; Bian et al., 2015; Guo et 
al., 2015). They revealed that molecular mechanisms of 
HBO-PC were mediated by decreasing the level of HIF-1α 
(Soejima et al., 2013), increasing 15d-PGJ2 (Bian et al., 
2015) and activating reactive oxygen species/thioredoxin-
interacting protein/nod-Like receptor protein 3 (NLRP3) 
pathway (Guo et al., 2015).

In light of the positive results of these studies, HBO-PC 
appears to be a promising treatment for HT, especially as 
an adjunctive treatment combined with tPA to prevent HT. 
Further studies are needed to confirm the effects of HBO-
PC during tPA infusion and explore the clinic translation. 

Intracerebral hemorrhage (ICH)
Non-traumatic intracerebral hemorrhage results from rup-
ture of blood vessels in the brain. Multiple mechanisms, 
including early hematoma enlargement, mass effect, and 
iron-induced neuronal toxicity, contribute to brain damage 
following ICH (Pandey and Xi, 2014). In animals, ischemic 
preconditioning can protect the brain by decreasing brain 
edema through activating p44/42 mitogen-activated pro-
tein kinases (MAPKs) and upregulation of HO-1 after ICH 
(He et al., 2012). HBO-PC has been used in experimental 
ICH models. Qin et al. (2007, 2008) compared single and 
multiple HBO-PC in ICH rats and found that five sessions 
of HBO-PC significantly reduced perihematomal edema 
24 and 72 hours after ICH. Recently Fang et al. (2015)
showed HBO-PC might down-regulate AQP-4 expression 
to reduce the intracerebral edema in ICH rats. Ongoing 
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Traumatic brain injury (TBI)
TBI is defined as a severe intracranial injury due to external 
impact force. In the United States it has been estimated 
that more than 1.7 million individuals suffer a TBI an-
nually (Coronado et al., 2011). TBI is a highly complex 
disorder that includes varying degrees of contusion, diffuse 
axonal injury, hemorrhage and hypoxia (Saatman et al., 
2008). Collectively, these effects induce biochemical and 
metabolic changes that lead to progressive tissue damage 
and associated cell death (McIntosh et al., 1996). Although 
preclinical studies have suggested many promising phar-
macological agents, more than 30 phase III prospective 
clinical trials have failed to show significance (Schouten, 
2007). Emerging non-pharmacological approaches such 
as pre/post-conditioning or exercise have shown neuro-
protective in experimental TBI studies. Hu and his team 
proved that HBO-PC improved neurological deficits and 
attenuated pathological injuries by increasing regional 
cerebral blood flow and brain tissue oxygen pressure in 
rats at high altitude (Hu et al., 2010). They further proved 
that suppression of the expression of MMP-9 is another 
mechanism for HBO-PC in TBI rats (Hu et al., 2008). 

Clinical trials of HBO-PC in neuroprotection
Despite the increasing number of pre-clinical studies on 
HBO-PC in neuroprotection, studies describing HBO-
PC in the clinical practice of acute brain injury remain 
scarce. To date, only a few studies have investigated the 
preconditioning effects of HBO in the human brain and 
myocardium. Alex et al. (2015) observed that repetitive 
pretreatment with 3 sessions of HBO (2.4 ATA, 30 minutes 
each time) before on-pump CABG surgery reduced neuro-
psychometric dysfunction and modulated the inflammatory 
response after cardiopulmonary bypass. Li et al. reported 
that preconditioning with repeated HBO (2.0 ATA, 35 
minutes, twice daily for 5 consecutive days) suppressed 
the elevation of biomarkers of neurologic injury and im-
proved clinical outcomes in Chinese patients undergoing 
on-pump CABG surgery by increasing the antioxidant 
activity of catalase (Bahjat et al., 2013). However, no 
clinical implications of HBO-PC in human neurological 
disease have been conducted presently. Further random-
ized, double-blinded and placebo-controlled studies are 
needed by other investigators to confirm these findings. 
Application of HBO-PC before surgery may be a direction 
in further clinical studies.

Potential mechanisms of HBO-PC
Experimental studies on HBO-PC have clarified the di-
verse adaptive mechanisms leading to HBO-PC induced 
neuroprotection. It appears that many of the pathways 

work in parallel, or together, to induce preconditioning 
in the brain. These factors include: 1) generation reactive 
oxygen species (ROS) and inhibiting inflammatory respon-
siveness; 2) induction of HIF-1α and its target genes; 3) 
decreasing apoptosis and promoting neuron survival; 4) 
other mechanisms, for example increasing oxygen pressure 
in brain tissue, promoting autophagy, and stimulating fac-
tors with neuroprotective properties. The identification of 
intrinsic cell survival pathways should provide more direct 
opportunities for HBO-PC in translational neuroprotection 
trials. For the purpose of this review, a brief summary of 
the recent discoveries in the mechanism of HBO-PC will 
be discussed. Most recent exciting discoveries in animal 
models were listed in Table 1, potential mechanisms in-
volved in HBO-PC were summarized in Figure 1.

Generation of ROS and inflammation suppression
Oxidative stress is essentially an imbalance between the 
production of free radicals and the ability of the body to 
counteract or detoxify their harmful effects through neu-
tralization by antioxidants (Rahal et al., 2014). Increasing 
evidence suggests that oxidative stress and inflammation 
are closely linked phenomena in the pathophysiology of 
both acute brain injury (Chan, 1996; Collino et al., 2006; 
Wong and Crack, 2008) and neurodegenerative diseases 
(Smith et al., 1991; Mecocci et al., 1994; Gonfloni et al., 
2012; Koppula et al., 2012). Numerous experimental and 
clinical observations have shown increased free radical 
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formation during all forms of stroke, especially in isch-
emia/reperfusion injury (Chan, 1996). Several enzymes, 
including SOD, glutathione peroxidase (GSHPx), gluta-
thione reductase, and CAT, are endogenous antioxidants 
that process specific free radical scavenging properties. 
Reoxygenation during reperfusion provides oxygen to 
sustain neuronal viability and also provides oxygen as a 
substrate for numerous enzymatic oxidation reactions that 
produce reactive oxidants. In addition, reflow after occlu-
sion often causes an increase in oxygen to levels that cannot 
be utilized by mitochondria under normal physiological 
flow conditions. The overproduction of oxygen radicals, 
inactivation of detoxification systems, consumption of an-
tioxidants, and failure to adequately replenish antioxidants 
in the ischemic brain tissue resulted in accumulation of 
reactive oxidants and damage to brain tissue.

It is well accepted that exposure to HBO will increase 
production of ROS (Benedetti et al., 2004; Korkmaz et 
al., 2008; Thom, 2009; Matsunami et al., 2011; Gasier 
and Fothergill, 2013). ROS are produced intracellularly 
through multiple mechanisms and their production de-
pends on the cell and tissue types. The major source of 
ROS is from mitochondria (Adam-Vizi, 2005). Under 
normal conditions, mitochondria reduce O2 completely to 
H2O through oxidative phosphorylation. When exposed 
to HBO, oxygen is instead prematurely and incompletely 
reduced to give the superoxide anion (•O2

–). Superoxide 
anion is not particularly reactive by itself, but can inacti-
vate specific enzymes or initiate lipid peroxidation in its 
protonated form, hydroperoxyl HO2•. Superoxide anion 
also rapidly dismutates to hydrogen peroxide (H2O2) 
either spontaneously or enzymatically via manganese 

SOD. HBO has been shown to elevate O2 partial pressure 
and increase mitochondrial generation of H2O2 in pigeon 
hearts (Boveris and Chance, 1973). In rats, HBO has been 
shown to increase oxidative stress (Zhang et al., 2010; Guo 
et al., 2015). In vitro, Conconi et al. (2003) showed that 
exposure to HBO at 2.5 ATA enhanced ROS production 
in cultured fibroblasts. 

Another important reason for ROS accumulation after 
HBO exposure is the dysfunction of antioxidant defense 
system. Many studies have reported the alteration of enzy-
matic antioxidant activity after HBO exposure (Camporesi 
and Bosco, 2014). Gregorevic et al. (2001) observed that 
acute HBO exposure (60 mm at 3 atmospheres absolute) 
reduced CAT activity by approximately 51% in rat skeletal 
muscles, and that repeated HBO (twice daily for 28 days) 
increased SOD activity by approximately 241%. Harabin 
et al. (1990) in their experimental study regarding the 
effects of HBO on oxidative parameters in both rats and 
guinea pigs, used continuous and intermittent (10 minutes 
of O2 followed by 2.5 minutes of ambient air) exposure 
to 2.8 ATA HBO. They reported a slight increase in SOD 
and decrease in GSHPx and CAT in both the lung and the 
brain that was more marked in guinea pigs. 

The increased ROS can serve as signaling molecules 
in transduction cascades, or pathways, for a variety of 
inflammatory cytokines. The pre-increased inflammatory 
cytokines by HBO-PC will exhaust the reservation of in-
nate inflammatory cytokines and generate tolerance against 
subsequent brain injury. HBO-PC involves the induction of 
COX-2 in cerebral tissues before ischemia, which leads to 
a suppression of COX-2 and its downstream targets after 
global ischemic insult (Cheng et al., 2011). Qi et al. (2013) 

Figure 1: Potential mechanisms involved in neruoprotection of HBO-PC.
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reported HBO-PC reduced interleukin-1, tumor necrosis 
factor-α, and interleukin-6 levels and increased skin flap 
survival in rats. HBO-PC could protect rat spinal neurons 
in vitro against oxidative injury and oxygen-glucose de-
privation (OGD) by up-regulating the expression of heat 
shock protein-32 (HSP-32) (Huang et al., 2014), and by 
increasing expression of HO-1 (Li et al., 2007).

HIF-1α and its target genes
HIF-1α is a transcription factor specifically activated by 
hypoxia. Under normoxic conditions, HIF-1α is constitu-
tively transcribed and translated. However, the stability 
of the protein is drastically reduced by the hydroxylation 
of HIF-1α at prolines 402 and 564 by HIF-1α prolyl hy-
droxylases. The prolyl hydroxylases, which are involved 
in regulating HIF-1α stability, are oxygen-dependent 
(Maxwell, 2004). Hydroxylated HIF-1α recruits the E3-
ubiquitin ligase Von Hippel Lindau protein, which tags 
HIF-1α with ubiquitin groups and targets it for degrada-
tion by the proteasome. Under hypoxic conditions, prolyl 
hydroxylases function with low efficiency, resulting in 
HIF-1α that is not hydroxylated and cannot interact with 
Von Hippel–Lindau (VHL) protein. The stable HIF-1α can 
then bind to its heterodimeric partner HIF-1β, and together 
these proteins can act in the nucleus to transactivate genes 
involved in adaptation to hypoxic-ischemic stress.

HBO has been demonstrated to increase the expression 
HIF-1α (Salhanick et al., 2006; Duan et al., 2015; Sunkari 
et al., 2015). However, the mechanisms of HBO-PC-
induced HIF-1α accumulation remain to be established. 
There are, however, some hypotheses about it. First, ex-
posure to HBO increased arterial oxygen tension and arte-
rial O2 pressure (PaO2) in tissues (Tibbles and Edelsberg, 
1996; Bai et al., 2009). After HBO-PC, brain tissues will 
experience a relative hypoxia because the oxygen level is 
reduced to normal level at 21%. Repeating HBO-PC may 
produce a cycle of hyperoxia and then hypoxia and lead 
to HIF-1α accumulation. Another possible mechanism for 
HIF-1α accumulation is the generation of ROS by HBO-
PC. HBO induced HIF-1α accumulation may involve the 
formation of ROS that are produced during HBO exposure. 
ROS could regulate HIF-1α by activation of PI3-K/PKB 
(Gao et al., 2004) and MAPK (Wang et al., 2004). ROS 
may also have the potential to inhibit the activity of prolyl 
hydroxylases (Metzen et al., 2003).

HIF-1α induces the expression of hundreds of gene 
products in response to hypoxia or ischemia, and plays an 
important role in neuroprotection after brain injury. HIF-
1α activates the transcription of several genes involved 
in angiogenesis, glycolysis, inflammation, proliferation 
and growth, which collectively initiate cell survival 

mechanisms under ischemic/hypoxic injury. Semenza 
et al. (1991) reported that EPO was the first target gene 
for HIF-1α. Gu et al. (2008) showed HBO-PC induced a 
marked increase of HIF-1α and EPO after focal cerebral 
ischemia. Vascular endothelial growth factor (VEGF) is 
the most potent angiogenic factor and one of the down-
stream target genes of HIF-1α. Upregulation of HIF-1α 
and VEGF promote endothelia cells proliferation and 
remediation of brain injury after stroke (Mu et al., 2003). 
In addition, HIF-1α regulates genes involved in govern-
ing inflammation such as HO-1 (Dawn and Bolli, 2005), 
which has immunomodulatory and anti-inflammatory 
properties (Paine et al., 2010). Moreover, HIF-1α induces 
genes involved in growth such as insulin-like growth fac-
tor-2 (IGF-2) (Feldser et al., 1999), transforming growth 
factor-α (TGF-α) (Krishnamachary et al., 2003) and BDNF 
(Avramovich-Tirosh et al., 2010). Binding of such growth 
factors to their cognate receptors activates signal transduc-
tion pathways that lead to cell survival and stimulates the 
expression of HIF-1α itself (Sullivan et al., 2008). 

Inhibition of apoptosis 
Apoptosis is the term given to programmed cell death, 
which has been proved to play an important role in neuron 
loss after brain injury. There are two general pathways of 
apoptosis: the intrinsic pathway which originates from 
mitochondrial release of cytochrome c and associated 
stimulation of caspase-3, and the extrinsic pathway which 
originates from the activation of cell surface death recep-
tors and subsequent stimulation of caspase-8 (Broughton 
et al., 2009). Several studies have shown that HBO-PC 
prevents apoptosis in experimental ischemic models (Wang 
et al., 2010; Lu et al., 2013). Lou et al. (2006) found that 
HBO therapy prevented apoptosis and promoted neurologi-
cal functional recovery after focal cerebral ischemia by 
opening mitochondrial ATP-sensitive potassium channel. 
Simultaneously, Li et al. (2009) showed that HBO-PC 
reduced cytochrome c and decreased caspase-9 and cas-
pase-3 in the hippocampus and ischemic penumbra in an 
MCAO models. They concluded HBO-PC protected brain 
tissues from ischemia/reperfusion injury by suppressing 
mitochondrial apoptotic pathways. Ostrowski et al. (2009) 
reported HBO-PC both inhibited early apoptosis in a tran-
sient global cerebral ischemia rat model through decreas-
ing phosphorylated p38 and increased the expression of 
BDNF. Additionally, HSP-70 can also be involved in anti-
apoptosis mechanism of HBO-PC. HSP-70 overexpression 
reduced ischemic injury and protected both neurons and 
glial cells, which attributed to the prevention of protein 
aggregation, refolding of partially denatured proteins, re-
duction of inflammatory responses, and inhibition of cell 
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death pathways (Brown, 2007). Vince et al. (2011) recently 
noted two circles of 20 minutes of HBO-PC did not induce 
the expression of HSP-70 in circulating blood cells. That 
could be, however, because the chosen regime of HBO was 
not potent enough to induce the stress response.

Other mechanisms
The neuroprotective mechanisms of HBO-PC are compli-
cated. There are many other mechanisms underlying HBO-
PC in neuroprotection. In focal brain ischemia models, 
HBO-PC was demonstrated to be beneficial by stabilizing 
the glucose level and decreasing both the lactate/pyruvate 
ratio and glycerol (Gao-Yu et al., 2011). HBO-PC increased 
the formation of autophagosomes by increasing the expres-
sion of proteins of LC3-II and Beclin-1 (Yan et al., 2011), 
and inhibited apoptosis through up-regulating the protein 
level of Sirt1 (Yan et al., 2013). In hyperglycemia-induced 
HT, HBO-PC reduced bleeding volume via increase of 15d-
PGJ2 and activation of PPARγ (Bian et al., 2015). HBO-PC 
also was found to increase regional cerebral blood flow and 
brain tissue oxygen pressure after traumatic brain injury (Hu 
et al., 2010). To date, the mechanisms of neuroprotection 
involved in HBO-PC are still elusive and therefore worthy 
of further study.

Regime of HBO-PC
Pressure, frequency, and period of time of HBO are criti-
cal factors that decide the efficacy of preconditioning. Ya-
mashita et al. (2009) tested HBO-PC at 1, 2, and 3.5 ATA 
and found 3.5 ATA produced more pronounced protective 
results compared with 1 or 2 ATA. Because 3 ATA is the 
upper limit in clinical practice for the oxygen toxicity 
(Wolfe and DeVries, 1975), the most used pressure is 2–3 
ATA. The duration of each HBO exposure ranges from 60 
to 90 minutes and the sessions for HBO-PC vary from 1 
to 6 in different studies. Prolonged HBO exposure is unac-
ceptable due to the central nervous system oxygen toxicity 
and impracticality (Hampson and Atik, 2003). 

The time window between the last HBO-PC and the 
subsequent brain insult is another critical factor that affects 
the efficiency. The therapeutic effects of preconditioning 
wane within hours and days after the stimulus. Hirata et al. 
(2007) investigated the therapeutic time window of HBO-
PC against ischemic brain injury and found that HBO-PC at 
3.5 ATA for 1 hour for 5 consecutive days is neuroprotective 
at 6, 12 and 24 but not at 72 hours after last HBO session. 
In present, the interval of 24 hours is the most commonly 
applied in HBO-PC. 

Another concern is the efficiency of different HBO-PC 
paradigms. A short-lasting protective phenotype can be 
induced within minutes of exposure to HBO and requires 

long-time and multiple exposure to become fully manifest. 
Longer-term HBO-PC paradigms appear to be more effec-
tive than acute paradigms in establishing of brain toler-
ance following injury. Ostrowski et al. (2008) compared 3 
HBO-PC (2.5 ATA for 1 hour at 24, 12 and 4 hours before 
ischemic insult) with 5 HBO-PC (2.5 ATA for 1 hour for 5 
consecutive days) and showed preconditioning with 5 HBO 
treatments proved more beneficial than with 3 HBO. Xiong 
et al. (2000) also reported HBO-PC induced ischemic toler-
ance in transient MCAO rats in a “dose-dependent” manner 
and showed that 1 hour of HBO at 2.5 ATA every day for 5 
days was more effective than for 3 days. Currently, the com-
monly used regime of HBO-PC in rodents is at 2.5 ATA for 
1 hour for 5 consecutive days (Xiong et al., 2000; Jadhav et 
al., 2009; Li et al., 2009; Cheng et al., 2011; Soejima et al., 
2013) or at 2.5 ATA for 1 hour twice every day for 2 days (Li 
et al., 2008a, 2009). In clinical application, preconditioning 
for 5 days might be problematic for the practical reasons. 
Recently, 3 HBO treatments applied within 24 hours before 
anticipated brain insult established a clinically effective 
preconditioning regimen (Alex et al., 2005).

Current issues and future directions
Despite the promising pre-clinical studies outlined above, 
the translation of evidentiary experimental results of HBO-
PC into clinical implementation remains difficult. Several 
issues need to be addressed before routinely recommending 
HBO-PC as additional therapy in clinical practice.

First, in clinical practice, HBO-PC is mainly applied in 
aged subjects with high risk for neurological diseases; pre-
clinical studies, however, typically use healthy and young 
adult rodents to mimic these diseases in animal models. 
These models do not mimic common comorbidities such as 
hypertension, and diabetes, which could elicit endogenous 
neuroprotection and reduce the effects of preconditioning 
(Wang et al., 2002; Purcell et al., 2003). Indeed aged ani-
mals do not respond to preconditioning as well as younger 
animals do, suggesting that age is an important limitation to 
translate results of pre-clinical HBO-PC studies into clinical 
situations (He et al., 2005). Therefore, the applicability of 
experimental findings should be re-evaluated before HBO-
PC is widely used in the clinic.

Second, tailoring HBO-PC to the patient population will 
be critical. Although hyperbaric oxygen therapy is usually 
well tolerated and has few side effects, subpopulations of 
patients may respond differently to HBO-PC stimuli. Such 
factors as gender, aging, smoking, diabetes and hypertension 
need to be taken into consideration before use of HBO-PC 
on patients. Some patients with diabetes experience a rapid 
drop in blood glucose during HBO exposure (Plafki et al., 
2000). Prolonged exposure to HBO can be detrimental to 
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the lungs (Clark and Lambertsen, 1971; You et al., 2014). 
In addition, HBO can be toxic to the central nervous system 
and result in seizure activity (Hampson and Atik, 2003). 
Thus, the optimal pressure, duration as well as numbers 
of HBO sessions need to be specified to avoid undesirable 
effects (Hu et al., 2015).

Third, one of the inherent weaknesses of preconditioning 
is that the preconditioning response usually fades within a 
week or two and has a very narrow therapeutic window. 
Preconditioning is best suited to clinical situations with 
predictable brain damage such as coronary artery bypass 
grafting, carotid endarterectomyor neurosurgery. Applica-
tion of HBO-PC during tPA infusion or before surgery may 
be a direction in further clinical studies.

conclusIons
Though much progress has been made in medicine and 
technology, there is no effective therapy for neuroprotec-
tion after brain injury in clinic. However, as a promising 
nondrug and noninvasive treatment, HBO-PC represents 
safe, well-tolerated and feasible therapy for brain injury. 
HBO-PC shows great potential in patients who intent to 
have vascular neurosurgery or surgical procedures with 
a high risk of cerebral ischemia. Furthermore, HBO-PC 
combined with thrombolysis seems promising in reducing 
secondary hemorrhage of ischemic stroke patients, which 
is worthy of further studies. It is important to conduct 
clinical trials, based on solid and rigorous preclinical 
testing, and to design trials using optimized HBO-PC 
protocols. Further preclinical testing is needed to make 
HBO-PC a reliable option for brain injury and other neu-
rology diseases. 
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