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_________________________________________________________________________________

ABSTRACT
There is a constant search for new techniques that induce more extensive and rapid wound healing. Hyperbaric 
oxygen therapy (HBO2T) involves placing a patient in a sealed chamber and elevating its pressure several-fold 
above ambient air pressure while the patient breathes 100% oxygen. HBO2T induces a number of physiological 
actions, and which wounds are selected for HBO2T depends on the specific actions of HBO2T relative to the 
wound’s healing requirements. Although nerve traumas are not yet indicated for HBO2T, there are many animal 
and clinical examples showing the benefits of HBO2T in inducing neurological recovery following nerve trauma. 
This review examines the general mechanisms required to induce wound healing and the actions of HBO2T which 
meet these requirements. It then examines the requirements for inducing axon regeneration and how many are 
met by HBO2T. Finally, we discuss anecdotal evidence that HBO2T enhances the rate and extent of axon 
regeneration in both animal models and clinically. We conclude that HBO2T triggers most of the mechanisms 
required to induce axon regeneration._________________________________________________________________________________

Wounds and Wound Healing
certain characteristics of wounds (ischemic appear-
ance, a history of a lack of healing, physical examination 
yielding no pulse or a transcutaneous oxygen evaluation 
suggesting tissue hypoxia), identify a wound as hypoxic, 
or related to arterial disease. What factors allow one to 
identify and classify patients with arterial wounds? How 
does one manage those primarily caused by peripheral 
arterial occlusion or damage? When and how does one 
use transcutaneous oximetry to evaluate this subgroup 
of patients and the use of endovascular interventions 
such as arteriography, angioplasty and arterial stenting? 
When is the use of hyperbaric oxygen therapy 
(HBo2T) appropriate, and when should it be used to
provide arterial revascularization to manage wounds? 
 collagen production is maximal at 250mm Hg and 
falls to almost zero in severe clinical hypoxia (Km=25 
mm Hg po2) [1-4] due to the failure of collagen fibril 
cross-linking, which requires the hydroxylation of pro-
line and lysine to synthesize mature collagen [5]. cell 
motility decreases as available cell energy production 
via oxygen decreases to or below 10mm Hg po2 [6-8]. 
re-epithelization, essential to wound healing, is oxy-
gen-dependent [9-11]. Similarly, elimination of bacteria 

within a wound is oxygen-dependent due to oxidative 
killing of bacteria [12-14], and reaches its maximal effect 
at several hundred mm Hg po2, and drops to almost 
zero in hypoxic patients [15,16]. Thus, since enhanced 
oxygen presentation induces events required for wound 
healing, HBo2T, which provides enhanced oxygen to 
tissues, is a reasonable place to start wound healing 
therapy [8,17,18]. However, before discussing HBo2T 
itself, it is important to consider the potential influ-
ences of oxygen on wound healing.

Bacterial infection
although many factors contribute to poor wound healing, 
the most common is wound infection caused by foreign 
debris and necrotic tissue [19,20]. Therefore, debride-
ment of all necrotic tissue and debris, whether performed 
by surgical means, the use of enzymatic agents or wound 
dressings, is critical for achieving wound healing [21]. 
 However, wound hypoxia predisposes tissue to 
bacterial infection and inhibited wound healing by 
hypoxia by blocking fibroblast proliferation, collagen 
production and capillary angiogenesis [22], and also 
because leukocytes’ oxidative phosphorylation bacteri-
cidal activities are severely impeded without normal 
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tissue oxygen levels [23]. Therefore, re-establishing 
vascularization and providing enhanced oxygen should 
lead to increased antibacterial activity within a wound 
[12-14,23].

angiogenesis
angiogenesis is a dynamic, oxygen-stimulated, oxygen- 
dependent and growth factor-dependent process [11,24-
26], and is directly sensitive to oxygen as a function of 
local lactate delivery [27]. Therefore, once tissue oxygen 
tension decreases to 10mm Hg there is no angiogenesis, 
which leads to further oxygen deficiency, preventing 
tissue granulation and blocking tissue healing [11]. 

groWtH and Wound Healing Factors
at the moment of trauma involving vascular injury, 
tissue factors and intracellular calcium are released, 
activating factor Vii and initiating the extrinsic coagula-
tion cascade [28]. Concomitant reflex vasoconstriction 
occurs to aid in hemostasis [29]. Hemostasis is ultimately 
secured by the end product of the coagulation cascade, 
the fibrin plug. The fibrin fibers become a provisional 
wound matrix and are the lattice on which platelets 
aggregate. activated platelets are the most abundant cells 
in the wound in the early post-injury period. Platelets 
release proinflammatory substances, such as tissue 
growth factor-beta (Tgf-beta) and platelet-derived 
growth factor (Pdgf) [30], as well as a host of other 
wound healing and regeneration-promoting factors 
[31-33]
 Growth factors are peptides that act on inflammatory 
cells, fibroblasts and endothelial cells to direct the pro-
cesses involved in wound healing [34] and in promoting 
axon regeneration [35]. They are observed in the earliest 
period post-injury because PDGF and basic fibroblast 
growth factor (bfgf) are produced by injured cells at the 
time of trauma. Subsequently, activated platelets release 
Tgf-beta and Pdgf that mediate chemotaxis of neu-
trophils, monocytes and fibroblasts into the wound [36]. 
recruited monocytes within the wound bed differentiate 
into macrophages, which play a central role in all stag-
es of wound healing and orchestrate the wound healing 
process. During the early and short inflammatory phase 
macrophages exert pro-inflammatory functions like 
antigen-presenting, phagocytosis and the production of 
inflammatory cytokines and growth factors that facilitate 
the wound healing process [37]. Wound healing and 
neurotrophic factors can also be administered directly 
to wound sites by the application of autologous 
platelet-rich fibrin [34,38].

Patient nutritional status
a patient’s good nutritional status is essential for wound 
healing to take place. Protein deficiency contributes to 
poor healing rates due to reduced collagen formation and 
wound dehiscence [39]. Proteins, co-factors, essential 
fatty acids and proper calorie intake must be optimized 
for the collagen deposition, angiogenesis, epithelization 
and ground substance to facilitate wound healing. Skin 
breakdown resulting in high exudate loss can result in
a deficit of as much as 100 gm of protein per day [40].
 There is a correlation between low serum albumin 
and body mass index (BMi) and the development of 
pressure ulcers [41]. Because fatty acids are critical 
constituents of the cell membrane and are the source of 
prostaglandins that mediate inflammation, deficiency 
of essential fatty acids causes impaired wound healing. 
Deficiency of vitamins C or K leads to scurvy and coagu-
lopathy, respectively [42]. Minerals, including calcium, 
iron, copper, zinc and manganese, must be delivered to 
the wound milieu to act as co-factors for vital reactions 
in the synthesis of proteins needed in the healing process
[43]. 
 Topical application of essential fatty acids to the 
entire body, including potential wound sites, improves 
tissue hydration and elasticity and helps prevent skin 
breakdown in individuals with a poor nutritional status 
[39]. Such application results in a 36% reduction in the 
development of pressure ulcers [44]. The influences 
of the topical application of essential fatty acids may
be especially effective for the severely malnourished. 

WHat is HyPerBaric oxygen tHeraPy?
a typical clinical hyperbaric oxygen therapy (HBo2T) 
protocol involves placing a patient in a chamber once 
or twice a day and raising the air pressure to 1-3 at-
mospheres (aTa). Under these conditions the patient 
breathes 100% oxygen via a head hood for several cycles 
of about 45 minutes, with 20 minutes in between of 
breathing normal air [45]. However, sessions may last up 
to three hours and be repeated several times per day [46]. 
The number of HBo2T treatments can vary depending 
on the type and severity of a wound. The importance and 
success of HBo2T in wound healing is well established, 
making HBo2T widely applied for this purpose, especi-
ally as an important adjunct to the management of 
problem wounds caused by chronic oxygen deficiency,
where local oxygen tension is below that required for 
optimal healing. 
 When the normal reparative process of wound 
healing is interrupted, a chronic wound develops. 
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Definitions of wound, acute wound, chronic wound, 
healing and forms of healing, wound assessment, 
wound extent, wound burden and wound severity are 
well defined in the paper by G. S. Lazarus et al., 1994 
[47]. Similarly, the cascade of cellular and molecular 
events involved in wound healing is discussed thor-
oughly elsewhere and will not be discussed in detail here.

a brief history of the development 
of hyperbaric medicine 
in 1662, a British clergyman named Henshaw started 
recompression chamber history with an organ bellows-
driven air control device that could create hyperbaric 
(above normal) and hypobaric (below normal) conditions 
within a large chamber. Although he had no scientific basis 
for his theories, Henshaw believed patients suffering 
from acute conditions would benefit from increased air 
pressure, while those suffering chronic ailments would 
profit from a lower-pressure environment. The primary 
drawback to this device was the lack of oxygen with 
which to fill the chamber because it was not discovered 
until 1774 by Joseph Priestley.
 Physicist and chemist robert Boyle contributed to 
understanding the use of pressurized gas by describing the 
behavior of an ideal gas as stated in Boyle’s law (1660) 
in the paper “New experiments Physio-Mechanical, 
Touching the Spring of the air and its effects.” Boyle 
described the effects of decompression illness in 1670 
after using a vacuum pump to decompress a snake. 
Subsequently together with physicist robert Hooke he 
designed an air pump to study the “elastic properties 
of air.” in the 1830s the study of hyperbaric medicine 
began, in which hyperbaric chambers were used con-
taining 2 and 4 atmospheres of absolute pressure to 
increase blood circulation to the internal organs, improve 
cerebral blood flow and produce a feeling of well-being.  
 However, not until 1917 did the german company 
dräger design a system in which oxygen under pressure 
started being used to treat individuals suffering from 
diving accidents. it was not until 1937 that physicians 
albert Behnke and louis Shaw started using hyperbaric 
oxygen to treat decompression sickness and when HBo2T 
became a real research and clinical tool. 
 in 1965, dr. i. Boerema reported that HBo2T 
assisted in cardiopulmonary surgery, the transposi-
tion of great vessels and for pulmonic stenosis [48,49]. 
Subsequently, W.H. Brummelkamp published findings 
that anerobic infections were inhibited by HBo2T [50]. 
Boerema then published the article “life Without Blood” 

reporting on fatally anemic pigs that were successfully 
treated with volume expansion and pressurized hyper-
oxygenation, which led to Boerema often being credited 
as the father of modern-day hyperbaric medicine [51].

actions of HBo2T benefiting wound healing
delayed wound healing leads to increased complica-
tions for the patient and significantly increased medical 
expenses associated with prolonged hospitalization 
(a consensus conference, ravenna, 2006). elemental 
oxygen is required to maintain cellular respiration and 
allow normal cellular protein production. Therefore, 
HBo2T is considered a method for augmenting oxygen 
availability to tissues. oxygen is also an important medi-
ator of wound healing and its availability influences 
wound healing rates. Tissue trauma leads to decreased 
oxygen delivery precisely to the damaged tissue which 
needs the oxygen most because of the tissue’s immedi-
ate increased demand for oxygen to perform the wound 
healing process [52]. Therefore, trauma-related blood 
flow reduction or elimination induces hypoxia, which 
stops cell energy production, stops wound healing [1,2,6,7]
and interferes with many components of wound healing, 
causing the slowing of the healing process [52], especial-
ly during the critical inflammatory phase of wound heal-
ing [53]. The presence of oxygen, especially in increased 
concentrations, reduces wound edema [54,55] and signifi-
cantly enhances the rate of wound healing [52]. Thus, 
there is a direct relationship between the available 
amount of oxygen in the wound and the rate of the 
healing processes [56], with part of this being directly 
related to the need for oxygen in the inflammatory 
phase of wound healing [53]. 
 for the treatment of hypoxic and ischemic wounds, 
the most important effects of hyperbaric oxygenation 
are stimulating fibroblast proliferation and differen-
tiation, increasing collagen formation and cross-linking, 
augmenting vascularization, stimulating leukocyte micro-
bial killing, and inducing the release of various wound 
healing factors [11-14,22-26]. ischemic soft tissues also 
benefits from hyperoxygenation through improved 
preservation of energy metabolism and the reduction 
of edema. Therefore, application of HBo2T is an 
extremely reasonable adjunct to standard wound healing 
techniques [17]. in some cases, such as when neuro-
protection is required against transient focal cerebral 
ischemia, higher pressure (3 aTa) is more effective [57]. 
However, for anoxic brain injuries, autism and other brain 
problems, the typical pressures used are 1.3-1.8 aTa.



 HBo2T is critical to the treatment of chronic non-
healing wounds due its inducing angiogenesis, which 
is promoted by the increased oxygen gradient caused 
by HBo2T [58-60]. decreased edema noted following 
HBo2T allows better diffusion of oxygen and nutrients 
through tissues while also relieving pressure on surround-
ing vessels and structures [61]. in this light, HBo2T has 
been used for treating venous and arterial insufficien-
cies, burn wounds, crush injuries, marginal flaps and skin 
grafts. Before initiating HBo2T, it is important to opti-
mize the patient’s overall medical status, facilitate 
nursing care of the patient and address local wound 
care and dressing [62]. 
 HBo2T is advocated for the treatment of severe 
trauma of the limbs in association with surgery because 
of its effects on peripheral oxygen transport, muscular 
ischemic necrosis, compartment syndrome and infection 
prevention [63,64]. Thus, HBo2T is effective in improv-
ing wound healing and reducing repetitive surgery and 
is a useful adjunct in the management of severe crush 
injuries of the limbs [63,64].
 delivery of 100% oxygen under elevated pressure 
causes a systemic increase in blood oxygen concentra-
tion, while the elevated pressure leads to a significantly 
increased oxygen transfer from the blood to all body 
tissues. But with the specific aims of increasing oxygen 
transfer to tissues under stress are enhancing the rate of 
wound healing, reducing wound edema [54,55], reducing 
muscular ischemic necrosis and compartment syndrome, 
and preventing infection by killing bacteria within a 
wound in an oxygen-dependent manner [15,16,63], thus 
leading to recovery from trauma or stress [65]. an 
appropriate candidate for HBo2T treatment is a patient 
who has local ischemia but responds to the oxygen 
challenge [66].

oxygen mapping of tissues and organs 
important for promoting general wound care and heal-
ing is the determination of the oxygen-related wound 
pathophysiology to allow for an understand of the chang-
ing status of wound tissue during the wound healing 
process as a patient undergoes HBo2T [67]. Transcuta-
neous oxygen measurements determine the local ramifi-
cations of macrovascular and microvascular disruption. 
it is an easy, reliable and non-invasive technique for 
measuring local oxygenation relative to healthy body 
regions and can be performed while non-healing wounds
undergo HBo2T to speed the healing process [67]. 
 determining transcutaneous oxygen levels can be af-
fected by local factors such as improper electrode place-
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ment, cellulitis, edema and increased skin thickness. 
Systematically, ventilation and cardiac output, limb 
macroperfusion and the patient’s hemoglobin can also 
influence the results of transcutaneous oxygen measure-
ments. The vasoconstrictive effects of smoking also may 
interfere with transcutaneous oxygen levels. 
 determining the increased hemoglobin oxygen 
saturation in the blood within the tissue of interest can 
be achieved using field-mapping quantitative magnetic 
resonance imaging (Mri). The technique involves Mri 
susceptometry-based oximetry measuring blood oxygen 
saturation in the tissue of interest versus that of the 
surrounding tissue [68]. Similar analysis can be per-
formed using picosecond diode lasers, fast photo-
detectors, and time-correlated single photon-counting 
electronics which enable depth-resolved estimations 
of changes in the absorption, and as a consequence, 
assessment of changes in hemoglobin concentrations 
from oxyhemoglobin (Hbo2) to deoxyhemoglobin (Hb) 
in the tissue of interest [69]. The use of transcranial 
magnetic stimulation (TMS) motor mapping together 
with functional near-infrared spectroscopic imaging 
(NirS imaging) can provide information about the rela-
tionship between neuronal activity and oxygenation re-
sponses [70]. increased neuronal activity with increased 
oxygen indicates an improvement in the neurological stat-
ue of the tissue. increased oxygen consumption is mani-
fested by deoxygenation, which consists of a significant 
increase in deoxygenated hemoglobin concentration 
(HbR) and a non-significant decreasing tendency in 
oxygenated hemoglobin concentration (Hbo2). The 
delayed response phase represents an excess of in-
coming blood flow, which appears as an increase in
Hbo2/total Hb and a decrease in Hbr following the 
early response [70]. 
 The normal lower extremity transcutaneous oxygen 
measurement should be approximately 50mm Hg. Minor 
physiologic variations may occur in the same individual. 
a standard control on the trunk of the patient (usually 
the second intercostal space) is used in conjunction with 
the local wound and surrounding tissue transcutaneous 
oxygen mapping. Measurements should be obtained from 
at least four sites at equal distances around the ulcer. 
 Under normal conditions, 97.5% of oxygen is 
carried in the bloodstream bound to hemoglobin, with 
the remaining 2.5% dissolved in plasma. oxygen is 
combined with hemoglobin in the bloodstream, with 
each gram of hemoglobin combined with 1.34 cm3 of 
oxygen, the maximum physiologic maximum carrying 
capacity. Under normal conditions at sea level, the 
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arterial hemoglobin saturation is 97%, and the venous 
hemoglobin saturation is 70%. The oxygen content can 
be calculated according to Henry’s law, which states 
that “at a constant temperature, the amount of a 
gas that will dissolve in a liquid is proportional to 
the partial pressure of the gas” [71,72].
 a hyperoxic challenge (100% oxygen for 20 
minutes) normally increases the transcutaneous oxygen 
reading to greater than 300mm Hg [65]. generally, 
responses of less than 50mm Hg require a vascular 
workup, and HBo2T is likely of little benefit. Patients 
with intermediate responses may benefit from HBO2T. 
an appropriate candidate for HBo2T is a patient who has 
local ischemia but responds to the oxygen challenge [66]. 
The response to the HBo2T by further transcutaneous
oxygen should be tested after 14-20 HBo2 treatments. 

systemic vs. topical HBo2t
it is critical to make a distinction between systemic 
HBo2 and topical oxygen, because they are entirely 
different [73-75]. Topical oxygen involves the use of 
an airtight chamber or polyethylene bag sealed around 
a limb or the trunk by a constriction/tourniquet device 
or tape. High oxygen flow (usually 10 liters per minute) 
is introduced into the bag and over the wound at a 
pressure only slightly above 1.0 atmosphere [76]. 
Systemic HBo2T involves 100% oxygen presentation 
in an environment in which the entire body is 
introduced to pressures of up to 2.4 times atmos-
pheric pressure [57]. an additional difference between 
the two techniques is that topical oxygen therapy 
does not provide the oxygen penetration of the tissue 
to which it is delivered at the same concentration as 
when it is inspired. 
 The use of topical oxygen has been explored 
because its delivery is less complex and less expensive 
than systemic HBo2T [77]. Data on the influences 
of topical oxygenation come mostly from small and 
non-randomized studies on a variety of wound types 
[78]. it is not a recommended form of therapy by the 
UHMS due to its unproven efficacy. 

other uses
HBo2T benefits the acceptance of ischemic split-
thickness skin grafts when there is a risk of their not 
taking, flap survival and salvage, wound re-epithelization, 
recovery from techniques in plastic and reconstructive 
surgery [79], and repair of crush injuries and acute post-
traumatic limb ischemia [80]. additional areas in which 
HBo2T is useful for healing include: traumatic brain 

injuries preorbital reconstruction, gas gangrene, com-
partment syndromes, acute traumatic ischemia, 
enhancement of healing in selected problem wounds 
(ulcers and diabetic ulcers), exceptional blood loss 
anemia, necrotizing soft tissue infections, thermal burns 
[81]. HBo2T has been advocated, both as an adjunc-
tive or primary form of treatment, for a variety of 
disorders, including, osteoradionecrosis, carbon mon-
oxide poisoning and irradiation of non-healing wounds 
to improve ischemic wounds before skin grafting [82].

caution in using HBo2t
HBo2T is very safe under appropriate supervision and 
use, although toxic effects of oxygen are observed at 
extremely high doses over prolonged periods. However, 
because HBo2T increases the relative dose of oxygen, 
susceptible patients must be identified and HBO2T 
protocols modified to prevent oxygen toxicity [83]. 
damaging or toxic effects of oxygen therapy are likely 
related to the unbridled formation and release of 
reactive oxygen species such as superoxide, hydroxyl 
radical and hydrogen peroxide [84]. Superoxide dis-
mutase, catalase, glutathione and glutathione reductase 
keep the formation of these radicals in check until 
the oxygen load overwhelms the enzymes, resulting 
in detrimental effects on cell membranes, 
proteins and enzymes [85]. other antioxidants 
used by the body include Vitamins c and e, 
selenium and glutathione [85].
 caution is required when applying HBo2T to 
patients with diabetes mellitus, because HBo2T may 
affect glucose uptake and metabolism [86]. The vaso-
constricting effects of HBo2T therapy may impair 
subcutaneous absorption of insulin as well, rendering the 
patient hypoglycemic [87].

HBo2t protocols
HBo2T for wound healing, compromised skin graft and/
or flaps, thermal burns, crush injury and/or compart-
ment syndrome involves 2.0-2.5 atmospheres with 100% 
oxygen [88]. in some cases, such neuroprotection 
against transient focal cerebral ischemia, even higher 
pressures (3 atmospheres) are more effective [57]. 
Similarly, in cases such neuroprotection against transient 
focal cerebral ischemia, 3 atmospheres are more effective 
than lower pressures [57], while for anoxic brain 
injuries, autism and other brain research, atmospheres 
of 1.3-1.8 pressure are used.
 HBo2T induces an eight- to ninefold increased 
vascular density over both normobaric oxygen and 
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air-breathing controls, and oxygen appears to require 
hyperbaric pressures to generate its therapeutic effects 
on chronically hypovascular irradiated tissue [89]. 
Therefore, researchers conducting wound healing studies 
continue to try to take advantage of the angiogenic prop-
erties of increasing oxygen gradients resulting from 
HBo2T [79]. Prospective blinded randomized trials 
and well-executed laboratory studies continue to define
further the role of HBo2T in medical therapeutics. 
 appropriate HBo2T use and patient recovery 
requires proper supervision by a physician trained in 
its use, and who works closely with a surgeon. 
When ethically used for appropriate indications, it 
is a useful adjunct to surgical practice. 
 local wound management, with appropriate debride-
ment, irrigation, infection control and daily dressing 
changes, is required to aid in healing. Patient positioning 
and pressure relief with special beds, orthosis or splints 
may be necessary to optimize the local wound milieu. 
Patients should be advised to stop smoking, since nicotine 
adversely affects the wound’s vascularity and increases 
potential complications of HBo2T. The general approach 
to these problem wounds is therefore multidisciplinary.

Foot wounds of diabetic patients 
foot wounds of patients with diabetes offer a particu-
larly difficult problem because these patients often 
have an impaired immune system, predisposing them to 
infections [90]. Blood supply to the wounds is hin-
dered because the red blood cells are sticky and non-
pliable, which leads to capillary occlusion and distal 
ischemia. Neuropathies render the foot insensitive and 
impair motor function; this can lead to a flattened foot 
so the metatarsal heads become prominent and promote 
further susceptibility to ulceration via pressure [91]. 
 early work with HBo2T in foot wounds of patients 
with diabetes engendered much controversy, with many 
anecdotal reports [92]. There is now an increasing body 
of evidence to suggest efficacy for this condition [93],
and HBo2T is now widely used by wound care clinics.
 
reperfusion injuries 
The benefits of HBO2T on ischemic insults, ischemia 
reperfusion injuries, and crush injuries also have been 
subject to controversy. These injuries result from the 
reperfusion that follows an extended period of ischemia 
[94]. oxygen free radicals rise, thromboxane a2 and 
adhesion molecules are activated, platelet aggregation 
occurs and vascular vasoconstriction activity is increased. 
The endothelium is damaged, which promotes vascular 

leakage, edema and thrombosis. Tissue necrosis ensues, 
and the activation of white blood cells is pivotal to the 
reperfusion injury. Using HBo2T that may increase 
oxygen free radicals to benefit the reperfusion injury 
seems paradoxical. HBo2T promotes hyperoxygenation 
and vasoconstriction to decrease edema and neuro-
vascularization and inhibits neutrophil activation, 
preventing margination, rolling and accumulation of 
white cells [95]. Neutrophils therefore are not per-
mitted to produce detrimental oxygen free radicals. 

Mechanisms by which HBo2t induces wound healing
Wound healing is a dynamic process requiring oxygen 
for optimal restoration of tissue integrity and re-estab-
lishment of function. Healing results from a cascade of 
processes, including blood coagulation, inflammation 
and its reduction, ground substance and matrix syn-
thesis, angiogenesis, fibroplasia, epithelization, wound 
contraction and tissue remodeling [96]. These complex, 
overlapping processes are best organized into four phases 
of healing: hemostasis, the inflammatory phase, the pro-
liferative phase and the maturation phase [97]. if any 
of these reparative processes is interrupted, a wound 
remains chronic. 
 Wound healing requires increased collagen produc-
tion, fibroblast proliferation and enhanced vasculariza-
tion. arterial occlusion or vasoconstriction, hypotension, 
hypothermia and peripheral venous congestion delay 
wound healing by slowing the production of collagen. 
As tissue oxygen levels falls, collagen fibril cross-linking 
begins to fail because oxygen is required for the hydroxy-
lation of proline and lysine to synthesize mature collagen 
[5]. 

deposition of collagen
collagen synthesis, deposition and reduced collagen 
degradation, which are critical for wound healing [4,98-
102], and requires oxygen dependent prolyl-hydroxylase 
hydroxylation of proline [103]. Wound healing takes 
place where the rate of collagen synthesis is maximum 
and is also associated with the enhanced presence of 
hyaluronic acid (HA) and fibronectin (FN), which leads 
to an increased number of fibroblasts and an increased
deposition of oriented collagen fibers [22,104,105]. 

Macrophage activation and recruitment
During the progression of the inflammatory phase, eico-
sanoids interact with other cells to increase the ratio of 
PGF2-alpha to PGE2 during late inflammation, which is 
a stimulus for fibroblasts to begin to synthesize collagen 
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and ground substance [106]. additionally, macrophages 
that are recruited to wound sites release growth factors at 
optimal levels to strongly induce the influx of fibroblasts, 
then keratinocytes and endothelial cells, into the wound 
[34,37]. The cellular population of the wound becomes 
predominantly mononuclear, with a declining number of 
neutrophils and macrophages, signaling the end of the 
inflammatory phase and the initiation of the proliferative 
phase [37]. At this time fibroblasts are driven by macro-
phage-derived bfgf, Tgf-beta and Pdgf to proliferate 
and synthesize glycosaminoglycans and proteoglycans, 
the building blocks of the new extracellular matrix of 
granulation tissue, and collagen [107], which fibroblasts 
assemble extracellularly into collagen fibers. These 
fibers are then cross-linked and organized into bundles, 
the major component of acute wound connective tissue. 
finally, with decreasing hyaluronic acid concentration 
and rising chondroitin sulfate levels there is a slowing 
of the in-migration of fibroblast migration and prolifera-
tion, leading to the maturation phase of wound healing.

t-cells
after hemostasis has been obtained, polymorphonu-
clear (PMN) leukocytes enter the area of injury, drawn 
by chemotactic substances released by platelets and re-
lease cytokines [108,109]. Other leukocytes, specifically 
helper T-cells, are sources of the cytokine interleukin 
(il)-2 that promote the proliferation of further T-cells 
to aid in the immunogenic response to injury [110]. 
T-cells are also important for stimulating and activating 
macrophages [109]. The macrophages are primarily 
responsible for wound debridement, but as discussed 
earlier, also secrete substances such as bfgf, a chemo-
tactic and mitogenic factor for fibroblasts and endothelial 
cells, and interleukin (il)-1, which stimulates the prolif-
eration of multiple cells of inflammation and induces the 
replication of endothelial cells, promoting angiogenesis. 

Inflammation
Inflammation following tissue trauma provides both ben-
efits and hindrances to wound healing. The physiologic 
processes underlying wound inflammation begin im-
mediately upon tissue injury. The inflammatory phase 
of wound healing is clinically characterized by signs of 
redness, heat, swelling, pain and loss of function [111] 
with the inflammation generated by metabolites and red-
ness caused by vasodilation, primarily a result of prosta-
cyclin (Pgi2) [112]. The edema is potentiated by Pge2 
and prostaglandin f2-alpha (Pgf2-alpha), where Pgi2 
and PGE2 promote local blood flow, causing the local-

ized warmth in the area of inflammation, but also allows 
for the entry of inflammatory cells into the wound, due to 
increased vascular permeability [113-116]. These cells 
then release cytokines responsible for fever production 
[117]. Pain is elicited by the effects of Pgi2, Pge, and 
Pge2 on peripheral sensory nerve endings [118, 119]. 
Simultaneously, the coagulation cascade, the arachidonic 
acid pathways and the synthesis and release of growth 
factors and cytokines initiate and maintain the inflam-
matory phase and the sequence of cells involved in the 
process [120]. However, in the presence of an uncon-
trolled pathological inflammatory response in the 
wound bed, HBo2T enhances wound healing by 
its anti-inflammatory effects [121].

HBo2t and peripheral axon regeneration 
for HBo2T to promote and enhance axon regeneration, 
it must trigger mechanisms associated with axon regen-
eration, such as enhanced metabolism of neurons and 
other associated cells, angiogenesis, increased oxygen 
presentation, collagen synthesis and deposition, macro-
phage recruitment, protein synthesis, Schwann cell pro-
liferation, synthesis and release of neurotrophic factors, 
the induction of axotomized neurons to extend axons, 
axon elongation, increased axon diameters, axon myeli-
nation, and development of appropriate axon conduction 
velocities. 

animal models
of critical importance to re-establishing neurological 
function following nerve trauma is the maintenance of the 
integrity of the nerve and associated tissues at the trauma 
site. constriction or pressure nerve trauma results in 
the production of oxygen-derived free radicals that lead 
to neurogenic inflammation ischemia and reperfusion. 
Working with the adult rat sciatic nerve constriction 
model, experimental animals underwent HBo2T at 3 
aTa for two hours. Non-HBo2T-treated animals showed 
marked tissue edema at the constriction site as well as 
swollen mitochondria, loss of cellular integrity, multiple 
vacuole formations in nerve and muscle tissue, widened 
sarcomeres in muscle, and degenerative changes in the 
nerve myelin sheaths [61]. However, HBo2T-treated 
animals had minimal to no edema and had preserved 
cellular structure including mitochondrial integrity, no 
vacuole formation, and maintenance of normal, easily 
identifiable nerve structures [61]. These results 
indicate that by maintaining tissue integrity, HBo2T 
should enhance the rate and extent of neurological 
recovery following nerve trauma. 



 following a facial nerve crush, rabbits treated with 
HBo2T had an increase in the mean diameter of regen-
erating axons but showed no difference in number of 
myelinated axons compared to untreated animals [122]. 
Using the rat cavernous nerve (cN) crush injury model, 
HBo2T preserved nerve function mediated via preservation 
of neurotrophic and endothelial factor expression [123]. 
in other experiments, HBo2T has been shown to promote 
more extensive and faster axon regeneration than is seen in 
control animals, such as in the adult rat nerve crush model 
HBo2T at 0.5 and 2.5 aTa po2, which induced no differ-
ence in the total number of regenerating axons, although 
the axons regenerated 15% further than those of non-
HBo2T-treated animals [124]. However, the beneficial 
influence of HBO2T showed no significant dose-depen-
dence in the range of 0.5 and or 2.5 aTa po2, although 
at 2.5 aTa of po2 axon regeneration was moderately 
enhanced [124]. Significantly more extensive axon 
regeneration induced by HBo2T has been reported. 
following a nerve crush, or when a nerve was transected 
and the ends anastomosed, HBo2T significantly
increased the rate of axon regeneration [125]. 
 for transected peripheral nerves, HBo2T induces 
longer nerve action potential propagation latency 
and greater signal amplitude, axons and blood vessel 
numbers and faster neurological recovery than was 
seen for non-treated control animals [126]. 
 The standard clinical technique for repairing peri-
pheral nerves with a gap is to graft lengths of sensory 
nerve into the gap so the grafts can serve as a pathway 
through which the transected axons can regenerate. 
animals with nerve gaps bridged with nerve grafts given 
HBo2T while breathing 100% oxygen showed enhanced 
rates of regeneration [127-129]. data from another 
series of experiments found that HBo2T induced signifi-
cantly larger numbers of axons to regenerate, the axon 
had faster conduction velocities and greater signal am-
plitudes – both signs of the advanced axon regeneration 
and myelination – larger numbers of blood vessels, and 
the animals had more rapid and extensive neurological 
recovery [126]. However, other data indicate that HBo2T 
does not induce more extensive axon regeneration and 
neurological recovery than is seen in control animals 
[130]. The differences in these data as to whether HBo2T 
influenced axon regeneration may be related to the differ-
ences in the HBo2T protocols use, which differed in pres-
sure, as well as in the duration and number of sessions. 
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clinical
clinically HBo2T induced axon regeneration in a patient 
who had suffered 34 months of paraplegia, associated 
with progressive muscle atrophy, indications of muscle 
denervation. The patient was treated at 2 aTa daily for 
one month and then once per week for one year. Within 
one month of initiating HBo2T, muscle fibrillation 
decreased and muscle strength increased, both indica-
tions of axon reinnervation of the denervated muscle 
fibers [131]. It was hypothesized that the induction of 
muscle fiber reinnervation resulted from HBO2T en-
hancing motor neuron oxygen metabolism, allowing 
them to maintain enhanced metabolic activity that is re-
quired to maintain extensive muscle fiber innervation.
 in another clinical study, of 114 patients with 
transected nerves who had been anastomosed or received 
nerve grafts, 65 underwent HBo2T while 54 served as 
controls. Neurological recovery was significantly better 
in the HBo2T versus non-HBo2T-treated patients, 
regardless of the type of nerve repair that had been 
performed [132]. The influence of HBO2T on neuro-
logical recovery was equal if the nerve repair was per-
formed at short or prolonged times post-nerve injury 
[132]. Interestingly, the influence of HBO2T on the 
extent of neurological recovery was greater when 
initiated at increased time post-nerve trauma [132]. 
 These data from animal and clinical studies show 
that HBo2T significantly increases the rate, distance and 
number of axons that regenerate, leading to more 
extensive neurological recovery than is seen in controls 
[61,124-127,133-138]. 

HBo2t and induction of cns neurological recovery
following brain injury, HBo2T decreases cerebral edema, 
normalizes water content in the brain, decreases the 
severity of brain infarction and maintains blood-brain 
barrier integrity [139]. in addition, HBo2T attenuates 
motor deficits, decreases the risks of sequelae and pre-
vents recurrent cerebral circulatory disorders, thereby 
leading to improved neurological outcomes and clini-
cal survival [140]. HBo2T also accelerates the regres-
sion of atherosclerotic lesions, promotes antioxidant de-
fenses and suppresses the proliferation of macrophages 
and foam cells in atherosclerotic lesions [141]. HBo2T 
improves the function of damaged cells, by inducing the 
production of antioxidant enzymes and reducing antioxi-
dative stress [142], improving immune function [142,143] 
inducing anti-inflammatory actions [142,144], attenuating 
the effects of hypoxia on the neonatal brain, enhancing 
gross motor function and fine motor control and 
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alleviating spasticity in children with cerebral palsy 
[139, 145]. HBo2T reduces the infiltration of neutro-
phils into sites of traumatic brain injury (TBi), where 
they play a deleterious role in recovery due to their 
release of MMP-1 and MMP-9 [144]. HBo2T inhibits 
neuronal death, improves blood flow in regions affected 
by chronic neurologic disease, as well as aerobic met-
abolism in brain injury, and accelerates the resolution 
of clinical symptoms [146]. HBo2T increases the pro-
duction of reactive oxygen intermediates (rois), 
responsible for producing cellular oxidative stress 
throughout the body and thereby providing antiviral 
protection [147].
 Hyperbaric oxygen has also been reported to accel-
erate neurologic recovery after spinal cord injury by 
ameliorating mitochondrial dysfunction in the motor 
cortex and spinal cord, arresting the spread of hemor-
rhage, reversing hypoxia, and reducing edema [141]. 
for additional information see the recent review by 
edwards [148].
 HBo2T increases the number of bone marrow stem 
cells in systemic circulation which may provide new cells 
that can assist in promoting axon regeneration [142].

HBo2t and recovery from spinal cord trauma
in the case of spinal cord lesions induced in rats, HBo2T 
accelerates neurologic recovery after spinal cord in-
jury by ameliorating mitochondrial dysfunction in the 
motor cortex and spinal cord, arresting the spread of 
hemorrhage, reversing hypoxia and reducing edema [139]. 
Spinal cord-lesioned rats treated with gM1 ganglio-
side and HBo2T showed improved neurological function 
in terms of locomotor function [149]. in another series 
of experiments on rats with spinal cord injury, combin-
ing HBo2T with hypothermia reduced secondary tissue 
damage [150]. 
 Methylprednisolone is typically administered im-
mediately following spinal cord trauma to reduce tissue 
damage caused by oxidative stress. However, HBo2T has 
been found to provide greater prevention against oxida-
tive spinal cord injury than methylprednisolone [151].

HBo2t and motor neuron disease 
The Wobbler mouse is a model of human motor neuron 
disease involving the impairment of mitochondrial 
complex iV in the central nervous system, including 
motor cortex and spinal cord [152]. HBo2T at 2 aTa, 
one hour/day for 30 days, has been shown to induce a 
40% improvement in respiration by complex iV in mito-
chondria isolated from motor cortex neurons, and to 

delay the onset of motor deficits [152]. This suggests 
that HBo2T significantly ameliorates mitochondrial 
dysfunction in the motor cortex and spinal cord and 
greatly delays the onset of the disease in an animal 
model of motor neuron disease.
 When HBo2T was applied clinically to patients 
with amyotrophic lateral sclerosis, they were observed to 
show decreased motor fatigue and voluntary muscle 
contraction strength, as well as delays in the onset of 
motor weakness [153]. although not directly related to 
axon regeneration, these data indicate that HBo2T 
is beneficial for maintaining the integrity of motor 
neurons and their axonal functions.
 for the damaged brain, HBo2T inhibits neuronal 
death due to ischemia [139,154-156], arrests the pro-
gression of radiation-induced neurologic necrosis [139, 
157,158], improves blood flow in regions affected by 
chronic neurologic disease as well as aerobic metabo-
lism in brain injury, and accelerates the resolution of 
deleterious neurological symptoms [146,159]. Hyper-
baric oxygen has also been reported to accelerate 
neurologic recovery after spinal cord injury by amelio-
rating mitochondrial dysfunction in the motor cortex 
and spinal cord, arresting the spread of hemorrhage, 
reversing hypoxia and reducing edema [139,140]. 
 HBo2T can even reverse hydrogen peroxide gas 
embolism-triggered mental state deterioration [160]. 
Clinical studies have shown that following fluid-
percussion and cortical contusion brain injury, HBo2T 
combined with moderate systemic hypothermia reduced 
the mortality rate and led to neurological improve-
ments [161]. 
 in addition, hyperbaric oxygen combined with 
nicardipine administration accelerates neurologic 
recovery after cerebral ischemia [162]. finally, the 
positive results of HBo2T in the treatment of patients 
with stroke, atherosclerosis, cerebral palsy, intracra-
nial pressure, headache and brain and spinal cord injury 
indicate that HBo2T is promising and warrants further 
testing for inducing neurological recovery following 
cNS trauma.

Why is HBo2t not used more extensively 
to promote axon regeneration?
HBo2T is not used more extensively to promote axon 
regeneration because most of the early published data 
showing that HBo2T enhanced axon regeneration were 
considered anecdotal. This created a continued reluc-
tance to test HBo2T for its influences on axon regen-
eration, even though the more recent data supporting 



the influences of HBO2T significantly outweigh the 
weaker earlier data and data in which no HBo2T in-
fluences were observed. Other reasons for skepticism 
remains that different HBo2T studies have involved small 
sample sizes; many variables, such as pressure, time and 
duration of treatment; number of treatments; animal 
models; and types of injuries. clearly, some of these 
issues could be easily resolved by performing larger-
scale animal model studies in which consistent HBo2T 
protocols are used. However, one difficulty in doing 
this is the dispute about what should be considered 
the “optimal protocol.” 
 as an example, data from one study found that a 
short initial period of HBo2T is equally effective in 
enhancing the rate of axon regeneration as HBo2T 
applied every eight hours over several days [134]. 
Finally, additional reluctance to accept the influences of 
HBo2T on the rate and extent of axon regeneration is that 
most studies have not addressed the mechanisms by which 
HBo2T might achieve its influences. For example, is 
HBo2T exerting its influences directly on damaged 
axons or the cells associated with them, and if so, what 
are the mechanisms? Understanding the mechanisms 
would lend great strength to the argument that 
HBo2T promotes axon regeneration. 
 The data published more recently on the influences 
of HBo2T on axon regeneration is of better quality and 
more strongly supports the beneficial actions of HBO2T 
in promoting axon regeneration than earlier data. This 
data could be even further strengthened by releasing 
unpublished data on the actions of HBo2T in which the 
treatment involved the same types of injuries treated un-
der identical HBo2T protocols. These publications should 
make more clinicians inclined to order HBo2T treat-
ments for their patients soon after the patient presents, 
rather than using HBo2T as a treatment of last resort. 

Mechanisms by which HBo2t could promote 
axon regeneration
differences are seen in the published data from animal 
and clinical studies, which could result from the effective 
HBo2T conditions for animal models being different from 
those that are effective clinically, or the fact that effective 
parameters applied in animal studies were not applied 
clinically. Therefore, the lack of a positive HBo2T out-
come should not be seen as a failure of the technique but
failure to use the appropriate conditions. following 
are discussions of the actions of HBo2T from animal 
and clinical studies.

increased oxygen delivery
Trauma reduces or eliminates blood flow and oxygen 
delivery, thus denying energy production by the cells 
precisely where oxygen is needed most to fill that tis-
sue’s increased demand for oxygen to perform the wound 
healing process [52]. This need for oxygen is especially
critical during the inflammatory phase of wound 
healing [53]. 
 inhalation of 100% oxygen under pressure increases 
the systemic concentration of oxygen in a patient’s 
blood, while the increased pressure leads to significantly 
increased oxygen transfer from the blood to all body 
tissues. Thus, the specific aim of HBO2T is to increase 
oxygen transfer to tissues under stress, and thereby, in 
an oxygen-dependent manner, improve wound healing, 
reduce wound edema, reduce muscular ischemic 
necrosis, reduce compartment syndrome and prevent 
infection by killing bacteria within a wound [15]. 
 Because HBo2T increases the relative dose of 
oxygen, susceptible patients must be specially managed 
to avoid oxygen toxicity [83]. damaging or toxic ef-
fects of oxygen therapy are likely related to the unbridled 
formation and release of reactive oxygen species, such 
as superoxide, hydroxyl radical and hydrogen peroxide 
[84]. Superoxide dismutase, catalase, glutathione and 
glutathione reductase keep the formation of these radicals 
in check [85]. other antioxidants used by the body in-
clude vitamins c and e, selenium, and glutathione [85].

increased oxygen metabolism
one mechanism by which HBo2T induces the recon-
struction of motor nerve terminals is by increasing 
oxygen metabolism of motor neurons [163] which do 
not otherwise have the metabolic capacity required 
to support axon sprouting and extension [164]. 

angiogenesis
angiogenesis is a dynamic, hypoxia-stimulated and 
growth factor-dependent process that is acutely sensitive 
to oxygen levels as a function of local lactate delivery 
[27]. Therefore, the absence of oxygen prevents angio-
genesis, which leads to further oxygen deficiency and 
prevents tissue granulation and blocks tissue healing. 
HBo2T increases nerve vascularization [136,165], 
which allows additional access of oxygen to neurons 
and cells associated with axon regeneration 
 Many patients suffer trauma that destroys a length 
of the original nerve. To induce neurological recovery, 
the standard clinical approach is to bridge the nerve gap 
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with a length of sensory nerve. although this technique 
leads to neurological recovery, it has significant limita-
tions, among which are that good regeneration is gen-
erally limited to gaps <5 cm and for repairs performed 
fewer than eight months post-trauma. one explanation 
is the cells of the nerve graft suffer toxicity and death 
due to ischemia and reperfusion-induced generation of 
reactive oxygen species, which creates a toxic environ-
ment that inhibits extensive axon regeneration [166,167]. 
The idea that limited axon regeneration results from 
limited nerve graft revascularization comes from studies 
showing that the number of regenerating axons is signifi-
cantly increased when a vascularized nerve graft is 
used [168,169]. 
 HBo2T immediately following nerve grafting 
could help prevent reperfusion toxicity. The angio-
genesis induced by HBo2T could also provide the 
oxygen required to support axon regeneration that
takes place in association with the nerve graft.

HBo2t induces the synthesis and release 
of neurotrophic factors and cytokines required 
for axon regeneration
HBo2T induces the synthesis of a number of neuro-
trophic factors and other factors that are crucial for 
promoting axon regeneration and neurological recovery 
such as: nerve growth factor (Ngf), brain-derived neuro-
trophic factor (BdNf) [170], endothelial nitric oxide 
synthase factor [171-175], GDNF [176,177], basic fibro-
blast growth factor (bfgf) [8, 178], hepatocyte growth 
factor (Hgf) expression [178], neuro-trophin-3 (NT-3) 
[176] and neurotrophin- (NT-4) [179]. 
 HBo2T also induces axon regeneration by increas-
ing nerve vascularization [79,171,172,176] by promoting 
the synthesis of endothelial nitric oxide synthase factor, 
TNf-alpha, MMP-9 and TiMP-1 [79], il-10 [170,177] 
and Vegf [8,170,177,180,181]. By stimulating the 
production of interleukin-10 (il-10), which reduces scar 
formation, HBo2T leads to better axon regeneration [177, 
182]. as discussed later, HBo2T enhances the growth 
of fibroblasts and their production of autocrine growth 
factors [8]. finally, HBo2T combined with platelet-
derived growth factor (Pdgf) and tumor growth factor-
beta 1 (Tgf-beta 1) enhances the promotion of axon 
regeneration [183].
 HBo2T causes the up-regulation of genes for factors 
such as Hif-1alpha and its downstream target gene for 
the cytokine erythropoietin (ePo) [184], which are 
important for inducing axon regeneration. ePo con-
trols the production of red cells, which are required to 
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provide oxygen to tissues, and is present in the central 
and peripheral nervous system. ePo has direct and 
indirect effects on nerve cells by enhancing antioxidant 
enzyme production, antagonizing glutamate’s cytotoxic 
action, metabolizing free radicals, normalizing cerebral 
blood flow, affecting neurotransmitters release and 
stimulating neoangiogenesis [185]. functional neuro-
logical recovery is also enhanced when HBo2T-
induced ePo and gNdf are combined [186]. 
 recombinant human ePo (rhePo) has angiogenic 
and neuroprotective effects and increases peripheral 
nerve regeneration [187]. a single administration of 
recombinant human EPO (rhEPO) provides a significant 
anti-inflammatory function, preserves white matter, 
significantly enhances neurological recovery following 
contusive spinal cord injury (Sci) and has antiapop-
totic and neuroprotective functions [188-190]. Thus 
HBo2T enhances neuroprotection and axon regeneration 
by inducing ePo [184].
 HBo2T promotes axon regeneration by: 
(1)  inducing the accumulation of anti-inflammatory  
 cytokines; and 
(2)  the accumulation of invading macrophages,  
 which in turn release chemokines associated 
 with improved motor function [191]; 
(3)  decreasing neuronal apoptosis rates; and 
(4)  reducing microglial infiltration [192].

HBo2t and brain contusions
HBo2T improves the oxygen supply to the injured 
brain, reduces trauma-induced brain tissue loss [193], 
and improves behavioral and neurobiological outcomes 
[146]. Therefore, it has been proposed that HBo2T 
should be a standard part of the post-cNS trauma 
intensive care regimen to reduce patient death and dis-
ability. a search of one database of patients following 
brainstem contusion found that HBo2T induced a higher 
incidence of younger (versus older) patients regaining 
consciousness, which was accompanied by a significant 
decrease in patient mortality [194]. another database 
review of three studies of patients who had suffered 
traumatic brain injury and were treated with HBo2T 
found a significantly reduced risk of death and a trend 
toward, but no significant increase in, the chance of a 
favorable neurological outcome [195]. although the last 
data suggested the routine application of HBo2T could 
not be justified, the small patient number and quality of 
the data reported indicate the use of caution in inter-
preting the data and in determining which patients might 
be expected to benefit most from HBO2T [195]. How-
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ever, the evidence indicated that HBo2T decreases 
the incidence of mortality, although it may depend on 
subgroup selection [194].

HBo2T reduces inflammation
Inflammation plays a major pathological role in spinal 
cord injury (Sci) and it is considered critical to treat 
SCI patients with the anti-inflammatory drugs, such 
as methylprednisolone (MPSl) [196]. However, some 
clinical data suggest that MPSl is only modestly bene-
ficial in SCI [197,198]. For example, MPSL reduces 
spinal cord lesion-enhanced Ngf mrNa levels in the 
trauma epicenter and caudal section of the spinal cord, 
ePo increases Ngf gene expression, which might 
facilitate axons regeneration toward the Ngf-rich sites, 
and contributes to the enhancement of the nerve regen-
erative process [199]. further, when MPSl is adminis-
tered simultaneously with ePo, MPSl reduces all the 
physiological benefits of EPO [192]. Therefore, suppres-
sion of proinflammatory cytokines alone does not pre-
vent secondary injury and suggests that glucocorticoids 
should not be co-administered in clinical trials evalu-
ating the use of ePo for treatment of Sci; rather, it is 
better to rely on the trauma-induced ePo and exogen-
ously administered EPO to exert their beneficial 
influences. 
 Inflammation activates the complement system, 
which in turn enhances inflammation and aggravates 
secondary injury, thus inhibiting axon regeneration 
[200]. The application of HBo2T can induce axon 
regeneration by reducing inflammation [201], whereby 
it reduces the toxicity of the cellular environment 
through which axons must regenerate. 

neuroprotection 
acute ischemic stroke (aiS) results in focal deprivation 
of blood-borne factors, including oxygen, and HBo2T 
applied following acute ischemic stroke increase the 
oxygen supply to the ischemic tissue, thus reducing the 
extent of irreversible tissue damage [202,203]. in animal 
models this is translated into generally improved motor 
neurologic outcomes following HBo2T applied less 
than six hours of transient (10-minute) ischemia [203-
207], which is associated with a 2.6-fold (78% vs. 30%) 
increased survival following complete global ischemia 
versus controls as a result of reducing cerebral 
edema, normalizing brain water content, decreasing 
the extent of brain infarcts and maintaining the integrity 
and permeability of the blood-brain barrier [140,208]. 

However, increasing the duration of the HBo2 treat-
ment does not improve neurological outcome, and 
may even aggravate the oxidative stress of ischemic 
tissue [209]. 
 Because HBo2 treatment decreases patient mortality 
rate by six months post-stroke versus controls, it is used 
routinely in some clinics to treat stroke immediately 
following the incident [210]. However, by one year 
post- treatment, different neurological function scales 
show conflicting results, with some indicating significant 
neurological recovery and others none. This led one 
study to conclude that there was no sufficient evidence 
that HBo2T improves clinical outcomes when applied 
during the acute presentation of ischemic stroke, 
although it recommended further research to better
define the role of HBO2T in treating this condition 
[210]. Thus, although clinical application of HBo2T is 
beneficial following an ischemic stroke [211], its benefits 
are typically not as robust as those seen in animal studies 
[205,212,213]. This is in part explained by: (1) the 
pressure applied clinically being less than what is 
effective in animal models [206]; and (2) clinically 
HBo2T is almost never given soon after trauma, when 
animal studies show it is most beneficial. The delay in 
administering HBo2T is generally to allow the perform-
ance of various patient analyses [205,206]. Therefore, 
the clinical application of HBo2T should be at a higher 
pressure and as soon as possible after a patient is ad-
mitted to the emergency room. The existence of so 
many variables in HBo2T application prevents good 
assessment of true HBo2T potential.
 HBo2-preconditioning (HBo2-Pc) is neuroprotec-
tive following surgical brain injury by reducing edema, 
which leads to improved neurological outcomes [214]. 
HBo2-PC at 3.5 ATA for one hour/day for five days) 
provides neuroprotection against transient (eight-minute) 
forebrain ischemia, possibly through protein synthesis 
relevant to neurotrophin receptors and the inflammatory-
immune system [215], and by decreasing cytoplasm 
cytochrome c levels, caspase enzyme activity, up-
regulating Mn-superoxide dismutase, catalase, the ratio 
of Bcl-2 and Bax expression, and by suppressing the 
mitochondrial apoptosis pathway, where nitric oxide 
is involved in neuroprotection and inhibiting oxidative 
injury [216]. By increasing the concentration of hypoxia-
inducible factor-1alpha (Hif-1alpha) and the synthesis 
of the cytokine erythropoietin (ePo), HBo2-Pc also 
provides neuroprotection/hypoxic tolerance to the 
cerebral cortex, hippocampus [184, 217-220] and spinal 
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cord [221]. By increasing antioxidant enzyme activity, 
HBo2T suppresses the mitochondrial and neuronal 
apoptotic pathways [222,223], even protecting cultured 
retinal neurocytes from glutamate-induced cytotoxicity 
[224, 225]. in the case of retinal ganglion cells (rgcs), 
which die if the optic nerve is cut near the neurons, by 
suppressing caspase-3 and caspase-9 activity HBo2-Pc 
inhibits the neuronal apoptosis pathways [226].
 HBo2T reverses hydrogen peroxide gas embolism-
triggered mental state deterioration [160]. When combined 
with nicardipine administration, HBo2T accelerates 
neurologic recovery after cerebral ischemia [162]. 
HBo2T accelerates neurologic recovery after spinal cord 
injury (Sci) by stopping the spread of hemorrhage, 
reversing hypoxia and reducing edema [140]. finally, 
HBo2T improves the clinical outcome of patients with 
atherosclerosis, cerebral palsy, intracranial pressure, 
headache, and brain and Sci, which indicate that 
HBo2T warrants further testing for its ability to induce 
neurological recovery following cNS trauma.

Blocking production of oxygen free radicals
Part of HBo2-induced neuroprotection is related to its 
induction of a synthesis of the brain-derived neurotrophic 
factor (BDNF) and its downstream influences involving 
suppression of p38 mitogen-activated protein kinase 
(p38) activation [215]. Thus, HBo2-Pc provides neuro-
protection against global cerebral ischemia by reducing 
early apoptosis and inhibiting the conversion of early 
to late apoptosis by increasing the level of brain BdNf 
and suppressing p38 phosphorylation [170]. in the rat, 
HBo2T reduces the extent of spinal cord damage fol-
lowing injury by stimulating the production of glial 
cell line-derived neurotrophic nerve growth factor 
(gdNf) [176], vascular endothelial growth factor 
(Vegf) [171-175] and interleukin-10 (il-10) [227]. 
 Neurotrauma leads to extensive production of 
oxygen-derived free radicals (odfr), which interfere 
with axon regeneration. antioxidants/free-radical scaven-
gers like pyruvate or vitamin c and e [228] are major 
neuroprotective mechanisms that overcome the neurite 
growth inhibiting influence of oxidative stress [229]. 
although, a sciatic nerve induces the appearance of 
vitamin e after about 30 days, this is too late to provide 
neuroprotection or assist in promoting axon regenera-
tion [230]. administration of exogenous vitamin e soon 
after a peripheral nerve crush enhances the rate of axon 
regeneration, apparently by reducing oxygen free-rad-
ical production [230]. These data suggest that HBo2T 
induces enhanced axon regeneration by reducing or 

blocking production of oxygen radicals which inhibit 
axon regeneration.
 reactive oxygen species (roS) are involved in 
neurodegenerative processes like Parkinson’s and 
alzheimer’s diseases, and are involved in traumatic brain 
injury. glial cells produce several factors which induce 
neurodegeneration/neurite growth inhibition, among 
which is a riboflavin-(vitamin B2)-like compound [231]. 
Elimination of riboflavin abolishes neurite growth inhib-
iting effect and enhances the regenerative response of rat 
retinal explants [231]. Riboflavin-mediated cytotoxicity 
is related to its involvement in the production of free 
radicals through photoabsorption, because antioxidants/
free radical scavengers like pyruvate or vitamin c and e 
overcome the neurite outgrowth inhibiting influence of 
riboflavin or the radical stress [229]. Thus, in the CNS, 
astrocytes protect retinal ganglion (rgc) cells against 
roS-induced oxidative stress by releasing soluble neuro-
trophic factors that support rgc axonal regeneration. 
alternatively, axon regeneration and retinal ganglion 
cell protection can be induced by blocking free radical 
production after tissue injury [232]. finally, glial 
cell-derived neurotrophic factor (gdNf) assists 
axon regeneration by suppressing the production by 
scavenging of free radicals [233]. 

anti-apoptosis actions
ePo is also neuroprotective, increases the extent of 
peripheral axon regeneration and neurological recovery 
after trauma and exerts an anti-apoptotic action after 
central and peripheral nervous system injury by reducing 
the trauma-induced inflammatory responses [185,234-
236]. finally, ePo induces neurite outgrowth from 
retinal ganglion cells by inducing Stat3 phosphorylation 
and apparently up-regulating Bcl-X(l), a Bcl-2 homo-
logue capable of promoting rgc regeneration [217]. 

nerve regeneration in diabetes 
inducing axon regeneration in diabetics is especially 
challenging but is essential for reversal of neuropathy 
and recovery of nerve function due to acute com-
pression and entrapment. endoneural hypoxia caused 
by hyperglycemia-induced reductions in blood flow is 
developed in the course of diabetes, and the resulting 
ischemia reduces the extent of axon regeneration [237]. 
By raising the oxygen tension in ischemic tissues, 
HBo2T produces tissue hyperoxia that reverses ischemic 
neuropathy [238]. However, application of HBo2T to a 
diabetic model does not provide any benefit in the early 
stages of diabetic nerve regeneration [237] or following 
a nerve crush [239], which requires further examination.



 Nerve regeneration in diabetes is essential for rever-
sal of neuropathy and recovery of nerves from injury due 
to acute nerve compression and entrapment. endoneural 
hypoxia due to hyperglycemia-induced blood flow reduc-
tions is observed early in the course of diabetes, and the 
resultant ischemia plays a role in the diminished neural 
regeneration. HBo2T is capable of producing tissue 
hyperoxia by raising oxygen tensions in ischemic tissues 
and is beneficial in the reversal of experimental ischemic 
neuropathy. In work with a diabetes model, no benefits 
of HBo2T were found in the early stages of diabetic 
nerve regeneration [237]. Similarly, no difference in axon 
regeneration was seen in the rate of regeneration follow-
ing a nerve crush for HBo2T-treated and control ani-
mals [240]. in the case of a sciatic nerve transection and 
intubation in a silicon tube with a gap between the nerve 
ends, no differences were seen between HBo2T-treated 
animals and controls [241]. However, no difference 
would be expected in the absence of a matrix within 
the bridging tube. 

Patient selection
Patient selection is critical to a successful outcome of 
HBo2T Therefore, it is important to evaluate patients 
prior to their undergoing HBo2T to select out those 
with a compromised vascular system, arterial sclerosis or 
cardiac complications, such as congestive heart failure, 
diabetics with low blood sugar, people with seizures 
and those who are malnourished. These people might 
be at risk while undergoing HBo2T, or HBo2T may 
not be beneficial to their healing. Finally, inclusion 
of these patients would bias the data against showing a 
benefit of HBO2T on axon regeneration. 
 caution in also required when applying HBo2T to 
patients with diabetes mellitus because HBo2T may af-
fect glucose uptake and metabolism [86]. The vasocon-
stricting effects of HBo2T may also impair subcutaneous 
absorption of insulin, rendering the patient hypo-
glycemic [87].

conclusion
HBo2T is an extremely valuable technique for improv-
ing the outcome of patients with various types of wounds 
and several neurological diseases. few clinical trials have 
thoroughly examined the influences of HBO2T on axon 
regeneration, yet the preponderance of data support the 
conclusion that HBo2T is beneficial in increasing the rate 
and extent of axon regeneration and neurological recov-
ery, compared to controls. A difficulty for many to accept 
the data on HBo2T inducing axon regeneration is that 

the different studies involved too many HBo2T variables 
as well as different animal models, nerves and types of 
injuries. Therefore, it is not clear which variables are the 
major contributors to the effectiveness of HBo2T. con-
vincing data will require more studies using consistent
protocols. another challenge for clinicians to appreciate 
the potential of ordering HBo2T is the lack of good 
understanding of the mechanisms by which HBo2T 
potentially induces axon regeneration and neurological 
recovery. one goal of this review has been to examine 
the mechanisms of action of HBo2T and to show how 
these mechanisms are directly associated with promoting 
axon regeneration. finally, it is important to consider 
that although currently HBo2T is typically used as a 
stand-alone treatment, the influences of HBO2T can 
be enhanced when combined with other techniques. 
Therefore, thorough studies are required to demon-
strate whether HBo2T induces enhanced axon regenera-
tion and the mechanism by which this is accomplished. 
	 	 n	
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