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Abstract: Oxygen must be tightly governed in all phases of wound heal-
ing to produce viable granulation tissue. This idea of tight regulation 
has yet to be disputed; however, the role of oxygen at the cellular and 
molecular levels still is not fully understood as it pertains to its place 
in healing wounds. In an attempt to better understand the dynamics 
of oxygen on living tissue and its potential role as a therapy in wound 
healing, a substantial literature review of the role of oxygen in wound 
healing was performed and the following key points were extrapolat-
ed: 1) During energy metabolism, oxygen is needed for mitochondrial 
cytochrome oxidase as it produces high-energy phosphates that are 
needed for many cellular functions, 2) oxygen is also involved in the 
hydroxylation of proline and lysine into procollagen, which leads to 
collagen maturation, 3) in angiogenesis, hypoxia is required to start 
the process of wound healing, but it has been shown that if oxygen 
is administered it can accelerate and sustain vessel growth, 4) the 
antimicrobial action of oxygen occurs when nicotinamide adenine di-
nucleotide phosphate (NADPH)-linked oxygenase acts as a catalyst 
for the production of reactive oxygen species (ROS), a superoxide 
ion which kills bacteria, and 5) the level of evidence is moderate for 
the use of hyperbaric oxygen therapy (HBOT) for diabetic foot ulcers, 
crush injuries, and soft-tissue infections. The authors hypothesized 
that HBOT would be beneficial to arterial insufficiency wounds and 
other ailments, but at this time further study is needed before HBOT 
would be indicated. 
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Oxygen is a significant factor in wound healing. In general, living 
tissue needs oxygen and nutrients to thrive, and with wounds, 
it is needed to regenerate healthy tissue. In normal wound heal-

ing, the wound either requires conditions of hypoxia or normal levels of 
oxygen (ie, normoxia). These different conditions occur in all phases of 
wound healing. A wound is dependent on both the supply of oxygen to 
the wound tissue, which is determined by the pulmonary gas exchange, 
and the blood hemoglobin level. The cardiac output of the patient, the 
perfusion rate, and the amount of capillaries around the wound along 
with the consumption rate of parenchymal and stromal cells determine 
these levels.1 This paper will discuss the role of oxygen in healthy wound 
healing. The discussion will examine how oxygen is produced, consumed, 
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and used in the various stages of wound healing at 
both a molecular level and a cellular level. Finally, there 
will a brief discussion on the use of oxygen as therapy. 

Oxygen at the Molecular Level
In the aerobic metabolism of glucose, cells use 

oxygen as the final electron acceptor to generate ad-
enosine triphosphate (ATP), which fuels the majority 
of cellular processes during wound healing.2 Healing 
tissue requires an increased energy demand.3 This ad-
ditional energy is generated from the oxidative me-
tabolism which in turn increases the oxygen demand 
of the healing tissue.4 Thus, the ATP that is generated 
from this process helps supply the power for tissue re-
pair. During the inflammatory phase of wound healing, 
platelets and disintegrating cells can contribute ATP.5 
This extracellular ATP can act as a signalling mecha-
nism for many aspects of wound healing such as the 
immune response, inflammation, epithelial cells, and 
angiogenesis.6 When ATP is released during an injury 
to the skin, it acts as an early signal in an epidermal-like 
growth factor which, downstream, signals epidermal 
growth.7 Another signalling function of ATP is that it is 
released from the cells in the injured tissue, thereby ac-
tivating nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase, which is required to produce the 
redox signals in wound healing.8 The first discussion of 
the killing of bacteria by an oxidase occurred in 1978.9 

When the phagocytosis of bacteria occurs, the im-
mune system increases oxygen consumption through 
NADPH oxidase that in turn generates metabolites.10 
These metabolites catalyse the production of a reac-
tive oxygen species (ROS) by cells that then stimulate 
a high demand for oxygen or “respiratory burst.”11 The 
majority of the oxygen consumed by neutrophils oc-
curs during this respiratory burst.12 Nicotinamide ad-
enine dinucleotide phosphate oxidase is vital in the 
survival of macrophages, and it also enables phagocy-
tosis of dead cells.13

Redox Signalling
Initially, free radicals were thought to be destructive 

to normal tissue, and it also was thought that these free 
radicals should be bound to antioxidants to stop their 
destructive nature.14 Low-level free radicals were then 
later recognized as possibly serving as signalling mes-
sengers.15 Inflammation after an injury occurs as a site 
for significant production of ROS due to the amount of 
phagocytosis occurring. As wound healing progresses, 

things like cell proliferation and migration are present 
due to redox signalling of ROS.16 Production of hydro-
gen peroxide also occurs during wound healing.8 When 
hydrogen peroxide is decomposed, it generates oxy-
gen as an end product.17 Redox signals are generated, 
and decreased tissue oxygen and tissue hypoxia will 
limit the signalling of redox; thus disabling the func-
tion of several growth factors such as platelet-derived 
growth factor (PDGF), vascular endothelial growth fac-
tor (VEGF), and also limit some molecular mechanisms 
such as leukocyte recruitment.15 

Oxygen and Wound Healing Phases
Nearly every step in the wound healing process re-

quires oxygen.18 Even though acute hypoxia stimulates 
wound healing, oxygen recovery (tissue oxygenation) 
is required, because chronic hypoxia will impair the 
healing.1

During the inflammatory phase, the most significant 
cellular processes occur when oxygen is involved in 
the oxidative phosphorylation in the mitochondria 
which results in the production of ATP.19 The ROS have 
more roles than just the oxidative killing of bacteria; 
after hemostasis, hypoxia occurs and activates the ini-
tial steps of wound healing by boosting ROS activity. 
Hypoxia also activates platelets and endothelium by 
inducing cytokines released from platelets, monocytes, 
and growth factors.20 This usually occurs at low con-
centrations. Hypoxia-induced factor (HIF) results in a 
transcription HIF, which binds to hypoxia response ele-
ments in gene promoter regions.

These regions upregulate glucose metabolism, con-
trol vessel tone, and angiogenesis.21 Hypoxia-induced 
factor regulates oxygen hemostasis in the wound, and 
ROS stimulates cytokine and chemokine-receptor acti-
vation as well as other functions necessary for wound 
repair. The main effect of these mediators is the recruit-
ment and activation of neutrophils and macrophages 
to the wound site and the activation of fibroblasts.22 
Once the cytokines and chemokines are secreted, they 
activate the oxygen-dependent complement cascade. 
At this time, a set of growth factors are released that 
stimulate and attract the major components of wound 
healing such as wound leukocytes and fibroblasts. Hy-
drogen peroxide has been shown to be a mediator of 
these interactions. In an experiment by Niethammer 
and colleagues,23 a Zebra fish larval tail fin had a me-
chanically created wound induced. This was done to 
prove hydrogen peroxide arrives first to a new wound 
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site from the epithelial cells of the tail fin. Eventually 
the hydrogen peroxide recruits leukocytes and fibro-
blasts in this study of inflammatory and regenerative 
chemical response to wounds.23

Once the skin and vasculature is disrupted, there is 
an increased amount of oxygen consumption which in 
turn creates a hypoxic event.19 Reactive oxygen spe-
cies activity is initiated by hypoxia, which causes plate-
lets and monocytes to release transforming growth fac-
tor beta (TGF-β), VEGF, and tumor necrosis factor alpha 
(TNF-α).24 Neutrophils and monocytes produce ROS as 
described in this respiratory burst, consequently induc-
ing neutrophil chemotaxis.24 Certain antibiotics, such 
as aminoglycosides, have been shown to work syner-
gistically with oxygen.25 Oxygen is known to have a 
preventive effect against anaerobic wound infections.26

A prospective study of 300 patients with a colorec-
tal resection was randomized into 2 groups.27 The first 
group of 148 patients received 80% oxygen supple-
mentation intraoperatively and 80% postoperatively for 
6 hours, while the other group of 143 patients received 
30% supplementation intraoperatively and 30% oxygen-
ation postsurgically for 6 hours. The latter group (30% 
oxygen) had a greater rate of infection in contrast to 
the group receiving 80% oxygen. In conclusion, it was 

demonstrated that patients receiving higher concentra-
tions of oxygen resulted in lower rates of postcolon or 
postrectal surgery infections.27

In the proliferative phase, hypoxia has been shown to 
increase keratinocyte motility. This was shown in vitro 
producing proteins that are involved in cell motility.28

Human keratinocytes in patients more than 60 years 
of age have been shown to have slower motility than peo-
ple half their age.29 It has been hypothesized that matrix 
metalloproteinases (MMPs) 1 and 9 are required in kera-
tinocyte migration on type I and type IV collagen, respec-
tively. These MMPs in young keratinocytes are induced by 
hypoxia yet not induced in older keratinocytes.30

Transforming growth factor beta one (TGF-β1) is the 
growth factor responsible for the transcription of the 
procollagen gene, which has been proven to increase 
the migration of young cultured human fibroblasts.31 
Siddiqui et al32 have also demonstrated that acute hy-
poxia increases fibroblast proliferation, collagen synthe-
sis, and expression of TGF-β1 messenger RNA (mRNA). 
Oxygen is needed in the later steps of collagen synthesis 
for proline and lysine hydroxylation and cross-linking.33 
For fibroblasts to lay collagen down properly, oxygen 
tensions are needed to be between 30-40 mm Hg be-
cause the production of collagen is proportional to the 

oxygen tension.34 Oxygen is 
needed for lysine and proline 
hydroxylation, which is the 
step required for collagen to 
be released from cells.35 In 
order for collagen to form a 
triple helix, oxygen must be 
present. Without oxygen, the 
pro-alpha peptide chains fail 
to form the triple helix.36

Hypoxia stimulates an-
giogenesis but cannot sus-
tain the process.37 The most 
influential growth factor for 
angiogenesis is VEGF.38 In vi-
tro studies have proven the 
expression of VEGF increas-
es in both states of hypoxia 
and hyperoxia.39 Angiogen-
esis will proceed and can 
only be maintained when 
there is sufficient oxygen 
and VEGF will be released 
at higher oxygen tensions.40

Figure 1. Schematic review of the phases of wound healing over time with oxygen avail-
ability.  Reproduced with permission.65
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Epidermal keratinocytes differentiate, proliferate, and 
migrate on the wound surface to start the reepitheliza-
tion of a wound. Wound injury causes stress pathways 
to be activated which then cause the oxygen-depen-
dent release of certain cytokines and chemokines, such 
as keratinocyte growth factor (KGF), epidermal growth 
factor (EGF), PDGF, insulin-like growth factor (IGF), and 
tumor necrosis factor (TNF) superfamily.41 The TNF is 
the main cytokine that seems to stimulate epidermal 
cells at the wound edges and hair follicles in an auto-
crine manner, which is an oxygen-dependent process.42 
In turn, cells develop a process in which structures are 
developed for adhesion to the extracellular matrix and 
developing actin filaments for cell migration.43 There 
has to be a significant cell migration accompanied with 
oxygen-dependent cell proliferation for large wounds 
to close. Cytokines and chemokines that are most likely 
released from keratinocyte stem cells stimulate the pro-
liferation of keratinocytes in a process called a “prolif-
erative burst.”44 This process has a high amount of meta-
bolic activity since there are different steps that require 
oxygen and ROS. 

The last step or phase of wound healing is remod-
eling which can last up to 2 years. Gradually, the pro-
visional collagen, which is mostly type III, is replaced 
with type I collagen produced strictly in oxygen-depen-
dent fibroblasts. The wound then gains tensile strength, 
and the collagen fibers contract so the wound shrinks.45 
The most prominent mediators of this collagen process 
are MMPs and tissue inhibitors of metalloproteinases 
(TIMPs), which are released by macrophages, keratino-
cytes, endothelial cells, and fibroblasts, which are all de-
pendent on oxygen.46

Oxygen Sensing
Throughout the phases of wound healing there is a 

control of oxygen maintained in a narrow range. This 
point of normoxia is important because it is used to pre-
vent abnormal periods of hypoxia or hyperoxia which 
can create damage to cell membranes.5 This point of 
normoxia is the state of oxygenation where the cell or 
tissue does not report hypoxia nor does it report hyper-
oxia which would be oxygen toxicity.47 If there were a 
change, the cells or tissue would react by switching on 
either a hypoxic or hyperoxic response. Depending on 
the organ of the body, the normoxic set point would be 
different due to the amount of oxygen required.48 Hy-
poxia sensing and response is implicated in ischemic dis-
ease conditions, but is required for development where 

there is a changing state of oxygenation sending a signal 
to continue the wound-healing process. This sensing is 
either considered HIF-dependent or HIF-independent.21

Intermittent hypoxia, a periodic exposure to hypoxia, 
is interrupted by a return to normoxia where less hypox-
ic periods occur in many circumstances.49 This intermit-
tent hypoxia is mostly found in obstructive sleep apnea, 
but in a study by Khayat et al,50 the authors have shown 
patients with this condition commonly have nonhealing 
wounds. Even though hyperoxia may induce some posi-
tive effects, if this occurs for a period of time exceeding 
the normoxic set point it can be a risk factor.51 In areas 
where the wound has pockets of hypoxia, the goal is to 
reestablish normoxia in the areas of hypoxia without ex-
posing the wound to high levels of oxygen which might 
cause oxygen toxicity.52 Wound healing might be delayed 
in extreme hyperoxia which can cause growth arrest and 
cell death by mitochondria apoptosis.53 The normoxic 
set point can be tuned when the cells are exposed to 
modest changes of oxygen and there is a physiological 
change that can possibly be an adaptive process.54

Oxygen Therapy
This review would be incomplete without a brief 

discussion of the use of oxygen in the treatment of 

Figure 2. A schematic representation of the oxygen-de-
pendent regulation of hypoxia-inducible factor 1-alpha 
(HIF-α). Reproduced with permission.65
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wounds. Hyperbaric oxygen therapy (HBOT) is usu-
ally administered in a single patient or multipatient 
chamber that delivers 100% oxygen at 2 atmospheres 
of pressure. Hyperbaric oxygen therapy has proven 
to raise tissue oxygen 10 to 20 fold above room air.55 
One theory as to why HBOT might work is the syn-
ergy with PDGF since PDGF requires oxygen-derived 
hydrogen peroxide for functioning.56 Another oxygen 
therapy is topical oxygen. This therapy utilizes either 
a chamber or a plastic bag to create a closed environ-
ment to deliver 100% oxygen converted from room 
air.57 It is hypothesized that 100% oxygen applied lo-
cally to a wound increases VEGF expression, which 
may induce angiogenesis.58 The evidence for clinical 
use of HBOT is moderate at best. In a review from the 
Cochrane Library Database, Kranke et al59 presented 
12 randomized trials that included participants with 
foot ulcers/wounds and diabetes. Short-term (up to 
6 weeks) HBOT was found to be effective in improv-
ing healing but there were no significant findings that 
the wounds were completely healed after 1 year. For 
chronic wounds in patients with decreased blood sup-
ply or pressure ulcers, no evidence could confirm or 
deny any effects of HBOT.59 In another study, Fedorko 
et al60 published a randomized, placebo-controlled 
study for patients with both types I and II diabetes, dia-
betic wounds, or lower extremity injuries. Hyperbaric 
oxygen therapy did not offer any additional advantages 
in wound care nor did the therapy support a reduction 
in lower limb amputations or wound size in patients 
with diabetic foot ulcers over a 12-week period.60

Conclusion
Throughout all phases of wound healing, oxygen 

plays a substantial role. Its effects vary depending on 
whether the wound is in a hypoxic, normoxic, or in a 
hyperoxic state. The following are the key points. First 
during energy metabolism, oxygen is needed for mito-
chondrial cytochrome oxidase.61 This in turn produces 
high-energy phosphates which then are needed for 
many cellular functions.40 Second, in collagen synthesis 
oxygen is involved in the hydroxylation of proline and 
lysine into procollagen which leads to collagen matu-
ration.62 Third, in angiogenesis, hypoxia is required to 
start the process, but it has been shown that if oxy-
gen is administered it can accelerate and sustain ves-
sel growth.63 Finally, the antimicrobial action of oxygen 
occurs when converted by leukocytic NADPH oxidase 
to a superoxide ion which kills bacteria.64
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