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Abstract

(Francis A, Baynosa R. Ischaemia-reperfusion injury and hyperbaric oxygen pathways: a review of cellular mechanisms. 
Diving and Hyperbaric Medicine. 2017 June;47(2):110-117.)
Ischaemia-induced tissue injury has wide-ranging clinical implications including myocardial infarction, stroke, compartment 
syndrome, ischaemic renal failure and replantation and revascularization. However, the restoration of blood flow produces 
a ‘second hit’ phenomenon, the effect of which is greater than the initial ischaemic event and characterizes ischaemia-
reperfusion (IR) injury. Some examples of potential settings of IR injury include: following thrombolytic therapy for stroke, 
invasive cardiovascular procedures, solid organ transplantation, and major trauma resuscitation. Pathophysiological events 
of IR injury are the result of reactive oxygen species (ROS) production, microvascular vasoconstriction, and ultimately 
endothelial cell-neutrophil adhesion with subsequent neutrophil infiltration of the affected tissue. Initially thought to increase 
the amount of free radical oxygen in the system, hyperbaric oxygen (HBO) has demonstrated a protective effect on tissues 
by influencing the same mechanisms responsible for IR injury. Consequently, HBO has tremendous therapeutic value. We 
review the biochemical mechanisms of ischaemia-reperfusion injury and the effects of HBO following ischaemia-reperfusion.
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Introduction

Tissue ischaemia represents the final common pathway of 
various disease states that include myocardial infarction, 
stroke, amputations, compartment syndromes and failing 
tissue flaps and grafts. In these scenarios, emergent 
interventions are undertaken to restore blood flow to the 
affected areas, which in some cases may be life- and 
limb-saving on a global scale. However, this reperfusion 
is not without consequence; despite restoration of flow, 
further tissue and microcirculation injury still occur, 
even to a greater extent than the initial ischaemic insult. 
Tissue necrosis and microcirculatory collapse that occur 
because of reperfusion following prolonged ischaemia is 
referred to as ischaemia-reperfusion (IR) injury. Examples 
of IR injury can be seen in many settings: thrombolytic 
therapy for stroke, any cardiovascular invasive procedure 
(e.g., angioplasty of the popliteal artery to coronary artery 
bypass with assisted circulation), organ transplantation, 
and major trauma resuscitation. Reactive oxygen species 
(ROS) have been shown to be the principal mediators of 
this phenomenon. During IR injury, the blood-endothelial 
cell interface shows increased microcirculatory neutrophil 
adhesion that incites tissue necrosis and starts a feedback 
loop that results in further ROS production and injury. 
Given the potentially devastating clinical outcomes of IR 
injury, much investigation has been undertaken to better 

understand the molecular signals and changes that occur 
in the microcirculation. As our understanding of the 
mechanisms of IR injury has evolved, so too has interest in 
therapeutic interventions to reverse or prevent it, particularly 
with hyperbaric oxygen (HBO). The purpose of this article 
is to discuss the biochemical mechanisms of ischaemia-
reperfusion injury and review the effects of HBO treatment.

Ischaemia-reperfusion injury (Figure 1)

OXIDATIVE STRESS

ROS, chiefly oxygen free radicals, serve a cell-signalling 
role and are formed during cellular metabolism.1  While their 
role in normal homeostasis continues to be investigated, their 
involvement in mediating oxidative damage seen during IR 
injury has been documented extensively.2  The predominant 
ROS in the cell are superoxide and hydroxyl radicals. Their 
cellular toxicity results from lipid peroxidation and its 
associated membrane damage, direct DNA damage, and 
production of other free radical and reactive species.3  Due to 
the instability of free radical species, free radical scavengers 
have been utilized to indirectly prove the detrimental effects 
of ROS in IR injury. Using a mouse hind limb model, 
improvement in inflammatory cell infiltration in skeletal 
muscle after IR was shown when pretreating with edavarone, 
a synthetic free radical scavenger.4
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In the normal physiologic state, multiple antioxidant 
mechanisms exist to counteract the effect of these ROS: 
superoxide dismutase (SOD), glutathione, and catalase.5  
Once these systems are overwhelmed, as occurs during 
IR injury, excess ROS is produced and incites tissue 
damage. These antioxidant systems have also been 
utilized as physiologic free radical scavengers that provide 
improvements in skeletal muscle function after undergoing 
IR injury. As a model for limb replantation, rabbit tibialis 
anterior muscle was subjected to IR at five-and eight-
hour intervals and muscle function was examined after 
administration of the hydroxyl free radical scavenger 
dimethylsulfoxide (DMSO) and superoxide free radical 
scavenger SOD prior to reperfusion.6  Muscle treated with 
SOD had normal strength after five hours of ischaemia but 
no protective effective after eight hours; conversely, DMSO 
had improved function after eight hours but no effect after 
five hours compared to untreated controls.6

During IR injury, two sources for ROS generation are 
xanthine oxidase and neutrophils. Xanthine oxidase, 
the conversion product of oxidative damage to xanthine 
dehydrogenase found in skeletal muscle endothelial cells, 
produces superoxide and hydrogen peroxide (H

2
O

2
) during 

purine metabolism.3  These ROS recruit neutrophils to the 
blood-endothelial cell interface, thereby initiating migration 
into the surrounding tissues. Neutrophils then produce a 
greater amount of ROS, further precipitating the effects 
of IR injury. Consequently, much research into IR injury 
has focused on the interaction between neutrophils at the 

blood-endothelial cell interface. Neutrophils generate a large 
amount of extracellular superoxide owing to the presence 
of membrane-bound nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase. Following dismutation to 
H

2
O

2
, subsequent reactions result in the formation of other 

toxic molecules: hydroxyl radical (reaction with ferritin) 
and hypochlorous acid (reaction with chloride via neutrophil 
myeloperoxidase). It appears that, in IR injury, xanthine 
oxidase may produce the initial liberation of ROS species, 
with further propagation coming from neutrophils, finally 
culminating in tissue injury.7,8

Programmed cell death (apoptosis) has also been implicated 
in IR injury although the mechanisms remain unclear.  ROS 
accumulation has been shown to induce apoptosis.9  More 
recently, nitric oxide (NO) has been suggested as a mediator 
of IR injury. NO is produced by nitric oxide synthase 
(NOS), which has three isoforms: neuronal NOS (nNOS), 
endothelial NOS (eNOS), and inducible NOS (iNOS).10  
The former two isoforms are expressed constitutively, 
whereas the latter requires protein synthesis. It should be 
noted that NO competes with oxygen in binding to terminal 
cytochrome c oxidase, which has a higher affinity for NO than 
for oxygen. At higher oxygen concentrations, NO is consumed 
by cytochrome c oxidase and thus simulates a hypoxic 
environment. Conversely in lower oxygen tension, NO is not 
consumed and is available to mediate its physiologic effects.11

High levels of NO produced by iNOS may interact 
with superoxide to produce peroxynitrite, resulting in 

Figure 1
Mediators of ischaemia-reperfusion injury; oxidative stress, microvascular dysfunction, and the neutrophil-endothelial cell interaction 
produce changes in cellular physiology that increase cell damage and tissue death; CAM – cellular adhesion molecule; EC – endothelial 

cell; PMN – polymorphonuclear neutrophil; ROS – reactive oxygen species



Diving and Hyperbaric Medicine  Volume 47 No. 2 June 2017112

mitochondrial cytochrome c release and caspase activation, 
and ultimately apoptosis.12,13  Rat intestinal mucosa subjected 
to IR injury demonstrated iNOS, NO, and apoptosis.14  
The data regarding NO and apoptosis is conflicting as 
other studies have demonstrated a protective role for NO 
against apoptosis.15,16  Further investigation is required 
to clarify this relationship. Therefore, it appears that the 
secondary products of superoxide radical interactions (i.e., 
hydroxyl radical, hypochlorous acid, peroxynitrite) are the 
primary mediators of the toxic effects of IR injury rather 
than superoxide itself. Moreover, there is a growing body 
of evidence demonstrating a cellular signalling role for 
superoxide and other oxidative species.17

MICROCIRCULATION DYNAMICS

In studies investigating reperfusion following myocardial 
infarction in dogs, reperfusion results in improved flow 
through the large vessels. However, the microcirculation 
demonstrates obstruction, circulatory collapse, and 
myocardial function still suffers.18  These findings suggest 
that IR injury involves changes in the microcirculation. An 
early study found significant increases in vasoconstricting 
thromboxanes compared to vasodilating prostaglandins in 
a rat hind-limb model of the no-reflow state, a phenomenon 
describing complete microcirculatory failure, compared 
to ischaemic limbs with reflow.19  This study also found 
decreased venous outflow with absent vascular thrombosis, 
suggesting a mechanism of excess thromboxane release 
producing microcirculatory vasoconstriction in the 
impending no-reflow state.19  Similar findings regarding 
vasoconstriction in IR injury were observed in a rat skeletal 
muscle utilizing intravital microscopy to examine arteriolar 
and venule diameters.20  It was found that reperfusion resulted 
in initial vasodilation followed by severe vasoconstriction 
after one hour. Distant arteriolars were spared from this 
effect, suggesting an influence of the local environment 
damaged by neutrophils.20

Another study demonstrated that vasoactive substances 
exert a greater effect on arteriolar smooth muscle than on 
the endothelium in the microcirculation.21  It was concluded 
that there is a barrier to diffusion of water-soluble vasoactive 
substances between the smooth muscle and endothelium.  
During IR injury, the post-capillary venule endothelial cells 
are damaged by neutrophils. This might provide a putative 
explanation as to why the vasoconstrictive effect of IR injury 
is confined to the immediately adjacent microarterioles. 
Other vasoactive substances have been implicated in 
modulating microarteriolar vasoconstriction, including 
serotonin and leukotrienes.22,23  While much of the focus has 
been on neutrophil-induced injury following reperfusion, 
other cell lines may be involved. Skeletal muscle IR injury 
results in adenosine-regulated mast cell degranulation that 
initiates arteriolar vasoconstriction.24  Therefore, it is likely 
that the dynamic microvascular changes occurring during 
IR injury reflect the complex interplay between multiple 

cell lines and vasoactive molecules. Additional research is 
necessary to better understand these interactions.

NEUTROPHIL-ENDOTHELIAL CELL ADHESION

It is interesting to note that tissue damage from ischaemia 
differs microscopically from that from IR injury. With 
ischaemia, tissue architecture is preserved and there is a 
relative acellularity.  In contrast, IR injury is characterized 
by tissue necrosis and leukocyte infiltration, especially 
neutrophils. Neutrophils are recruited to the ischaemic 
site following reperfusion and, prior to extravasation, 
adhere to the endothelium.  Given the role of neutrophils in 
mediating IR injury and ROS production, investigation of 
the neutrophil-endothelial cell interface has increased for 
its potential therapeutic targetting.

Neutrophil adhesion to the microvascular endothelium is 
dependent on interactions between receptors and ligands 
on the surface of the neutrophil and endothelium called cell 
adhesion molecules (CAMs). Examples include P-selectin, 
E-selectin, and ICAM-1. Expression of these molecules 
varies depending on the local tissue conditions and on 
cytokine release. P-selectin is expressed on the surface of 
endothelial cells within 15 minutes of middle cerebral artery 
occlusion, where it can bind to its respective neutrophil 
ligand (P-selectin glycoprotein ligand-1).25  P-selectin is 
contained within Weibel-Palade bodies and is secreted onto 
the endothelial cell surface after these storage granules are 
exocytosed.26

Whereas P-selectin expression occurs acutely following IR 
injury, other CAM molecules (e.g., E-selectin and ICAM-
1) expression occurs in a delayed fashion, likely because 
of increased CAM molecule expression via transcription 
and translation.27  E-selectin and ICAM-1 then bind to 
neutrophil ligands to produce the neutrophil-endothelial 
cell adhesion. Using monoclonal antibody against CD18 
to block neutrophil-endothelial cell adherence, a study 
of rat skeletal muscle showed that ICAM-1 interacts 
with neutrophil cell-surface CD18 molecules during IR 
injury.28  Microarteriolar vasoconstriction was also blocked, 
suggesting that neutrophil CD18 plays a key role in altering 
the microcirculation during IR injury. Using phorbol-12 
myristate 13-acetate (PMA) to simulate endothelial cell 
injury, it has been shown that ischaemia-reperfusion also 
upregulates neutrophil CD18.29  In another in vitro study of 
neutrophil adherence, confocal microscopy demonstrated 
neutrophil capping, which refers to the change in polarity of 
surface CD18 molecules by concentrating them in one area, 
thereby increasing the likelihood of adhesion to endothelial 
ICAM-1 after IR injury.30

Protection against IR injury has been shown by blocking 
neutrophil-endothelial cell adhesion in vivo. Use of anti-
CD18 monoclonal antibody in baboons decreased cerebral 
infarction.31  Additionally, a knock-out mice model 
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for ICAM-1 exhibited a six-fold decrease in infarction 
size compared to wild-type.32  Interestingly, neutrophil 
recruitment was similar between the groups, suggesting that 
the extent of inflammatory cell response is less crucial than 
the interaction between neutrophils and the endothelium.32

Hyperbaric oxygen (Figure 2)

HALLMARK STUDIES
 
The initial ischaemic insult deprives tissues of oxygen and 
results in cellular injury, so it follows that restoration of 
oxygenation through the microcirculation would halt or 
perhaps reverse the tissue necrosis. IR therefore represents a 
paradoxical process because reperfusion produces a greater 
degree of tissue damage, dependent on ROS.  In addition, it 
was thought that a hyperoxic tissue environment provided by 
administration of HBO following IR injury would increase 
ROS production and worsen the extent of tissue necrosis.

Unexpectedly, after subjecting an axial skin flap model to 
eight hours of ischaemia to determine the effects of HBO 
during reperfusion, skin-flap survival was significantly 
improved following HBO.33  It had been anticipated that HBO 

would increase free radical liberation, worsen IR injury and 
decrease skin-flap survival. Subsequent findings of increased 
perfusion of ischaemic skin flaps treated with HBO using 
laser Doppler analysis confirmed these results.34  Similarly, 
HBO provided a three- to six-fold improvement in free 
skin-flap survival in rats after microvascular anastomosis.35  
The authors posited that 24 hours was the threshold for 
irreversible ischaemic damage.35  Consequently, we now 
understand that HBO ameliorates the detrimental effects of 
IR injury by improving tissue microcirculation.

IMPROVEMENT IN OXIDATIVE DAMAGE AND CELL 
DEATH

Since ROS are a key mediator in IR injury, studies have 
investigated the effects of HBO on the generation of 
these toxic molecules. Carbon monoxide (CO) simulates 
ischaemic conditions, a concept that was utilized in a rat 
model of brain injury.36  Lipid peroxidation mediated by 
CO was inhibited by preventing xanthine oxidase formation, 
presumably decreasing superoxide radical and hydrogen 
peroxide levels.36  Free radical scavenging systems, 
specifically SOD, may also be upregulated following 
HBO treatment.35  HBO has also been shown to upregulate 

Figure 2
Physiologic effects following hyperbaric oxygen therapy for ischaemia-reperfusion; hyperbaric oxygen results in interference 
with neutrophil-endothelial cell interactions, promotes arteriolar vasodilation, and ameliorates cellular damage; solid arrows 
represent stimulatory pathways; dotted arrows represent inhibitory pathways; ECM − extracellular matrix; eNOS − endothelial 
nitric oxide synthase; HBO − hyperbaric oxygen; ICAM − intercellular adhesion molecule; iNOS − inducible nitric oxide 
synthase; NO − nitric oxide; PMN − polymorphonuclear neutrophil; ROS − reactive oxygen species; SOD − superoxide dismutase; 
tPA − tissue plasminogen activator; uPA − urinokinase-like plasminogen activator; VEGF− vascular endothelial growth factor
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antioxidant gene expression in human endothelial cells 
which may protect against oxidative damage seen in IR 
injury.37  As a result, HBO appears to produce its beneficial 
effects on ischaemic tissue by both decreasing production of 
ROS and increasing their degradation. Rat studies of renal 
IR injury treated with HBO prior to ischaemia demonstrated 
decreased oxygen radical-induced lipid peroxidation.38  A 
more recent study demonstrated HBO-induced inhibition 
of apoptosis and improvement in cellular proliferation 
following renal IR injury.39

Additionally, utilizing a validated ischaemic flap model in 
rats, it was demonstrated that HBO improves ischaemic 
wound healing compared to untreated and N-acetylcysteine-
treated (a non-specific free radical scavenger) groups. The 
mechanisms for this appeared to be by down-regulation 
of hypoxia-inducible factor-1 alpha (HIF-1 alpha) and 
p53- and caspase-3-mediated apoptosis.40  In addition, 
the inflammatory response, as demonstrated by VEGF, 
cyclooxygenase-2, and neutrophil counts, were reduced 
in the HBO group.40  Subsequently it was demonstrated 
that HBO increased antioxidant enzyme expression (SOD, 
catalase, and glutathione peroxidase) and decreased pro-
oxidant enzyme expression (iNOS and gp91-phox) in 
ischaemic wounds.41  These findings show that HBO does 
not exacerbate ROS-mediated tissue injury.

INTERFERENCE WITH NEUTROPHIL-ENDOTHELIAL 
CELL ADHESION

The potential mechanisms of HBO on neutrophil adhesion 
have also been of great interest. In a rat gracilis model 
investigating neutrophil adherence following HBO, 
adherence was significantly decreased during and after 
four hours of ischaemia. When HBO was initiated one 
hour after reperfusion, however, leukocyte adhesion was 
reduced to a lesser degree.20  In the absence of ischaemia, 
HBO had no observable effect on the neutrophil-endothelial 
cell interaction. The same study also reviewed the effects 
on microvascular vasoconstriction. Vasoconstriction was 
inhibited when HBO was initiated during ischaemia, 
immediately after reperfusion, and one hour after reperfusion, 
with maximal effect during ischaemia.20  These findings 
suggest that the maximal beneficial response to HBO occurs 
during the ischaemic phase and may be time-dependent. A 
rodent model of renal IR injury demonstrated decreased 
neutrophil infiltration following HBO and associated 
improvements in blood urea nitrogen and creatinine levels.42

A study at 284 and 304 kPa reported on the inhibition of 
human neutrophil adherence to injured endothelium via beta-
2-integrin (CD18) function.43  CD18-mediated neutrophil 
adhesion was inhibited but expression was not affected. 
Moreover, this study demonstrated that this function is 
cyclic GMP (cGMP)-regulated.  HBO inhibited the function 
of guanylate cyclase and neutrophil adhesion was restored 
directly by cGMP incubation and also by increasing 
guanylate cyclase activity with N-formyl-Met-Leu-Phe 

(FMLP).43  cGMP production was altered by inhibition of 
the membrane-bound guanylate cyclase, but free intracellular 
guanylate cyclase was unaffected. Therefore, it appears that 
HBO inhibits CD18 activity via impaired cGMP production. 
The finding that CD18 expression is not decreased by 
HBO treatment has been confirmed by others in a skeletal 
muscle rat model.29  Neutrophil capping and CD18 surface 
polarization were inhibited by HBO, providing another 
plausible mechanism for the reversal of IR injury.44

The role of the endothelial cell cannot be overlooked in 
IR injury and other investigators have sought to focus on 
endothelial cell CAM (E-selectin and ICAM-1) expression 
after HBO. Ischaemia-reperfusion was simulated with 
hypoxia and hypoglycaemia exposure and demonstrated 
increased adhesion of neutrophils to endothelium.45  HBO 
significantly reduced ICAM-1 expression and neutrophil 
adhesion.45  Similar results were noted in in vivo experiments 
of rat skeletal muscle flaps.46  HBO was administered at
253 kPa for 90 minutes and down regulated ICAM-1 
expression with a resultant improvement in flap survival.

THE ROLE OF NITRIC OXIDE

NO has been shown to regulate many processes in IR injury 
including the microcirculation through its vasodilatory 
properties and reversal of leukocyte adhesion. Loss of 
the protective effect of NO resulted in increased CAM 
expression.47  Indirect evidence has been found for increased 
survival and decreased neutrophil-endothelial adhesion after 
infusion of L-Arginine, a NO precursor, into ischaemic 
muscle.48  eNOS inhibition promotes neutrophil adherence 
in the endothelium. In a previously mentioned study, HBO 
induced expression of eNOS; additionally, inhibition of 
NOS attenuated inhibition of ICAM-1 after HBO.45  Another 
study of isolated rat neutrophils showed that NO inhibited 
CD18 activity by decreasing guanylate cyclase activity, 
corroborating the finding that NO decreases neutrophil 
adhesion.49  Rat studies have demonstrated a favorable effect 
of HBO following IR injury on intestinal mucosa and hepatic 
cell apoptosis which may be mediated through decreased 
iNOS activity with a resultant decrease in peroxynitrite.50,51

The NO-dependent effect of HBO on CD18 polarization 
also has been examined.52  Following administration of a 
NO scavenger, CD18 polarization and adherent neutrophils 
increased significantly compared to untreated controls. 
Furthermore, NOS inhibitors given before HBO restored 
neutrophil adhesion and capping via CD18. Together these 
findings represent a NO-regulated mechanism underlying the 
beneficial effects of HBO after IR injury and its associated 
CD18 polarization.52  More recently, two important findings 
on the effect of HBO on NOS activity and expression in 
IR injury in rats have been demonstrated. First, eNOS was 
increased in pulmonary tissues, which supports the theory 
that the beneficial effects of HBO therapy occur systemically, 
not locally. Additionally, a temporal relationship of HBO-
mediated NOS effects exists with an early phase increase 



Diving and Hyperbaric Medicine  Volume 47 No. 2 June 2017 115

in eNOS enzymatic activity and a subsequent late-phase 
increase in protein expression, the delay accounted for by 
transcription and translation.53  Unpublished data from our 
laboratory suggests that the NO-dependent effect of HBO 
on CD18 polarization occurs through the plasmin-mediated 
release of membrane-bound vascular endothelial growth 
factor (VEGF).

The role of VEGF has recently been an area of investigative 
focus. HBO improves wound angiogenesis by increasing 
VEGF transcription and protein production.54  In contrast to 
the acute changes seen after HBO following IR injury, the 
effects on VEGF represent long-term effects. VEGF can be 
bound to the extracellular matrix and released by the activity 
of various proteases, including plasmin.55  Plasminogen is 
activated to yield plasmin by tissue or urokinase-like (tPA 
or uPA) plasminogen activators, the expression of which is 
increased with HBO.56  The enhanced plasmin activation 
results in release of VEGF from the extracellular matrix 
and increased NO production.57  IR injury increases alpha2-
antiplasmin, thereby decreasing the amount of plasmin 
available to release stored VEGF.58  Part of the beneficial 
effect of HBO after IR injury may be to increase levels of 
tPA and uPA, increasing plasmin beyond the inactivating 
capability of alpha2-antiplasmin present from the initial 
ischaemic event.

HYPERBARIC OXYGEN PRECONDITIONING

Preconditioning refers to the administration of HBO to 
limit the effects of subsequent ischaemia. The putative 
mechanism appears to be from the induction of antioxidant 
intracellular systems including catalase and SOD.59,60  It has 
been suggested that the cardio-protective effects of HBO 
therapy in a rat model were NOS-regulated.61  Much of the 
recent literature regarding HBO and IR injury has focused 
on this phenomenon. There is evidence that preconditioning 
rat skin flaps with HBO prior to IR injury resulted in 
improved survival and microcirculatory perfusion.62  This 
beneficial response was the result of increased expression 
of anti-apoptotic factor B-cell lymphoma-2 (Bcl-2) and 
inhibition of apoptotic factors phosphorylated apoptosis 
signal-regulating kinase 1 (pASK-1), phosphorylated c-Jun 
N-terminal kinase (pJNK) and Bcl2-associated K protein 
(Bax). A diminution of the inflammatory cytokine cascade 
has also been advocated.63

The preconditioning effect of HBO was confirmed in 
an hepatic IR study in rats. HBO not only resulted in 
improvements in serum alanine aminotransferase and 
aspartate aminotransferase levels, but also demonstrated 
improvements in mitochondrial respiration and swelling.64  
The relationship between mitochondrial injury, cytochrome 
c release, and apoptosis suggests that the improvement 
in mitochondrial function revealed by this study may 
result in inhibition of apoptosis. HBO preconditioning 
provides systemic and local tissue benefits; however, the 

response appears to be dependent on the timing of HBO 
exposure with the exact window remaining unknown.65  
HBO preconditioning may be useful for limiting the well-
documented neurological complications following elective 
cardiac surgery and carotid endarterectomy. It may also 
prove useful in complex reconstructive procedures requiring 
composite tissue allotransplantation, such as face and 
hand transplants, where ischaemia times can be extremely 
prolonged and multiple tissue types are involved including 
muscle and bone.

Limitations

The studies mentioned above, and others, have provided 
a great deal of clarity in this challenging area. However, 
it should be noted that much of our understanding of IR 
injury and HBO derives from experimental studies in animal 
models or cell culture. While these experimental findings are 
promising, it is unclear whether the physiologic outcomes 
correlate to clinically relevant findings. The clinical data 
regarding this topic are mostly from retrospective studies 
and are insufficiently powered with small sample sizes, and 
thus, the clinical impact remains debatable.

Conclusions

Studies of the microcirculation, neutrophil adhesion, and 
ROS reflect the complex interactions between various cell 
signalling molecules, intracellular pathways, and cell types 
in IR injury. HBO can ameliorate the cytotoxic effects of 
reperfusion injury in a dose-dependent manner.  However, 
the critical issue at the centre of IR injury is the duration of 
ischaemia as the primary factor in determining the outcome 
from injury. The adage ‘time is muscle/nerve’ emphasizes 
the well-established fact that irreversible damage is observed 
in ischaemia-sensitive tissues such as muscle and nerve 
tissue after six hours of ischaemia. The window of reversible 
changes presents a valuable opportunity not only for 
promptly initiating the appropriate interventions to reverse 
the ischaemic aetiology, but also to institute adjunctive 
therapies such as HBO to limit the extent of tissue damage 
after IR injury.

Our understanding of IR and the protective effects of 
HBO continues to evolve. The evidence from rat skeletal 
muscle and skin flap studies provides insight into the 
potential for HBO in the treatment of IR injury following 
crush injuries, and failing grafts and flaps. Other studies of 
animal heart, brain, kidney, intestine and liver demonstrate 
the positive effects of HBO in the context of myocardial 
infarction, stroke, ischaemic renal failure and solid organ 
transplantation. HBO preconditioning has promising 
therapeutic value and its applications are under investigation. 
Additionally, standardized protocols for HBO have not 
been defined. It is apparent that questions remain for these 
processes and therefore more basic-science and clinical 
research is required to elucidate them.
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