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Abstract. This article provides an overview of the role of oxygen in wound
healing. The understanding of this role has undergone a major evolution
from its long-recognized importance as an essential factor for oxidative
metabolism, to its recognition as an important cell signal interacting with
growth factors and other signals to regulate signal transduction pathways.
Our laboratory has been engaged in thestudy of animal models of skin ische-
mia to explore in vivo the impact of hypoxia as well as the use of oxygen as
a therapeutic agent either alone or in combination with other agents such
as growth factors. We have demonstrated a synergistic effect of systemic
hyperbaric oxygen and growth factors that has been substantiated by
Hunt’s group. Within the past 10 years research in the field of wound heal-
ing has given new insight into the mechanism of action of hypoxia and
hyperoxia as modifiers of the normal time-course of wound healing. The
article concludes with a discussion of why hypoxia and hyperoxia intercur-
rently play an important role in wound healing. Hypoxia-inducible factor 1
is crucial in that interplay.

Oxygen is an essential nutrient for cell metabolism, especially en-
ergy production. During wound healing the presence of oxygen
takes on additional importance because of the increased demand of
reparative processes like cell proliferation and synthesis of collagen
[1]. In addition, superoxide generation by polymorphonuclear leu-
kocytes, which is essential for bacterial killing, is critically depen-
dent on oxygen levels. Many clinical observations, strongly sup-
ported by experimental evidence in animals, have led to the
conclusion that wound healing is delayed under hypoxia. Tissue
oxygen tensions from 5 to 20 mmHg were measured transcuta-
nously in nonhealing chronic wounds compared to control tissue
values of 30-50 mmHg [2]. Under controlled experimental condi-
tions in vivo, we were able to show in young and aged ischemic
rabbit ear ulcers that wound healing is delayed under hypoxia as a
result of reduced granulation tissue production and delayed epithe-
lialization [3, 4]. Ischemic ears in this rabbit ear model have tissue
oxygen tensions of approximately 24 mmHg versus the level of 53
mmHg measured in non-ischemic ears [5].
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Role of Oxygen in Wound Healing: Nutrient
Role of Oxygen on Subcellular (Enzymatic) Level

Intracellular processes like biosynthesis, movement, and transport
need energy to be functional. This energy is supplied by the co-
enzyme adenosine-tri-phosphate (ATP). ATP is the most impor-
tant depot for chemical energy on molecular/enzymatic level and is
synthesized in mitochondria by oxidative phosphorylation. This
oxidative chain reaction is obligatorily oxygen dependent; it cannot
take place without oxygen. Aerobic glycolysis, B-oxidation of fatty
acids, and the citric acid cycle are tightly attached to the energy
acquisition by oxidative phosphorylation and are therefore also
oxygen dependent. In the case of injury, two additional oxygen-
dependent enzymes join this group of crucial subcellular processes
during wound healing:

NADPH-linked oxygenase is the responsible enzyme for the re-
spiratory burst that occurs in leukocytes. During the inflammatory
phase of wound healing NADPH-linked oxygenase produces high
amounts of oxidants by consuming high amounts of oxygen. To
work at 50% of its maximum enzymatic speed, the enzyme requires
oxygen tensions between 40 and 80 mmHg, and to work at 90%),
even tensions above 400 mmHg may be required [6]. Successful
wound healing can only take place in the presence of this enzyme,
because oxidants are required for prevention of wound infection.

Molecular oxygen is also essential during collagen synthesis [1].
Hydroxylation of proline and lysine in procollagen is a crucial step
in collagen maturation. Procollagen molecules cannot form stable
triple-helices without hydroxyproline. Hydroxylation requires high
amounts of oxygen. The responsible enzyme prolyl hydroxylase
needs 20 mmHg to display 50% of its maximum speed and more
than 150 mmHg to display 90% of its maximum speed [7].

Role of Oxygen on Cellular Level

Oxygen consumption by cells, a result of the above-mentioned en-
zymatic activities, is detectable in vitro by measuring changes of
oxygen tension in the conditioned media. The levels of oxygen at a
monolayer fibroblast cell surface are highly dependent on and in-
versely correlated with cellular density. By blocking cellular utiliza-
tion of oxygen with rotenone, the drop in oxygen tension observed
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in high-density cultures failed to occur. Indirect correlation be-
tween oxygen tension and cellular density is measurable at both
high (20% O, or atmospheric) and low (2% O,) oxygen environ-
ments [8].

Fibroblasts need oxygen for their proliferative activity [9]. In
vitro it has been shown that human dermal fibroblasts decrease
their proliferative activity under chronic hypoxia (six passages at
1% 0O,) [10]. In vivo oxygen tissue tensions of nearly 5-15 mmHg
were measured at the threshold between the epicenter of the
wound and granulation tissue where leukocytes (mainly macro-
phages) were most commonly seen. Areas with active proliferating
fibroblasts were only seen at oxygen tensions of more than 15
mmHg [9].

Human dermal fibroblasts also decrease their collagen synthesis
rate under chronic hypoxia in vitro [10]. The results from cell cul-
tures matched observations made in vivo. In a clinical study colla-
gen deposition was determined in patient wounds. The amount of
deposited collagen was directly proportional to the measured tissue
oxygen tensions [11].

As mentioned, oxygen is also crucial for the inflammatory phase
of wound healing: The bactericidal activity of leukocytes—mainly
granulocytes—depends on high amounts of oxidants (see previous
paragraph). The rate of production of toxic radicals—and hence
the adequacy of oxidative killing—is directly proportional to local
oxygen tensions [12].

Role of Oxygen on Supracellular Level

The decline in oxygen tension in skin after wounding is caused not
only by interruption of blood flow but also, in large part, by con-
sumption of oxygen by cells that are metabolically more active and
in a proliferative state.

There is a steep gradient between capillary and reparative cells in
the wound: distances up to 150 um may have to be bridged. Within
70 um (corresponding to the distance between capillary and outer
edge of the dividing fibroblast layer) a major fall in oxygen tension
occurs. Oxygen delivery from the capillary to the wound site de-
pends only on diffusion, and therefore on arterial oxygen tension
and perfusion [2].

If infection is present, a further decrease in oxygen tension can
be observed. This in turn leads to delayed wound healing and re-
duced wound tensile strength as collagen synthesis is decreased
[13]. The decreased oxygen tension results in a lower level of leu-
kocyte killing, which results in higher bacterial levels. Therefore, as
reported elsewhere, to prevent wound infection, it is necessary to
maintain sufficient tissue oxygenation for a powerful respiratory
burst [14-16].

Impact of Hypoxia on Wound Healing

Shortly after acute tissue injury, the microenvironment of the
wound is virtually devoid of oxygen. This is a result not only of the
vascular disruption caused by the injury but also of the high oxygen
consumption caused by high cell density and cell activity in granu-
lation tissue. In the first days after wounding, granulation tissue
consists primarily of leukocytes, which are later replaced by fibro-
blasts [9, 17].

Despite the hypoxic environment early in the course of wound
healing, endothelial cells and fibroblasts still function in terms of
migration, protein synthesis, and proliferation. In the course of
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wound healing (within days) oxygen tensions normalize stepwise
through revascularization that takes place in the newly formed
granulation tissue that supplants the injured tissue. Thus, it is rea-
sonable to hypothesize that low oxygen tensions could play a role as
an early stimulus for tissue repair/angiogenesis. As a result of this
observation, there is new interest in the impact of low oxygen ten-
sion on growth factor synthesis and gene activation in general.

Acute Hypoxia: Stimulus

Proliferative activity of human dermal fibroblasts in vitro is en-
hanced under acute hypoxia. After 72 hours exposure to 1% oxy-
gen, the proliferative rate of fibroblasts increases by 71% [10]. Low
oxygen tensions have been shown to initiate clonal expansion of
fibroblasts [18], a finding that would be surprising if only the pre-
viously made statements in this review were taken into account.

Hypoxia and TGF-B-1

Human dermal fibroblasts in vitro secrete up to ninefold more
transforming growth factor-beta 1 (TGF-B1) after being exposed
for 72 hours to low oxygen tension (1% to 2% O,). This increase
seems to be regulated on a transcriptional level, as TGF-B1 mRNA
levels are as much as eight times higher in hypoxic cells as in their
normoxic controls (15% O,) [10, 19]. Low oxygen tension is also a
powerful stimulus for the synthesis and transcription of the a1(I)
procollagen gene [10, 20]. Recently it has been shown that this col-
lagen transcription activation is due to direct activation by TGF-B1
[21].

The situation seems to be more complex in vivo. If in addition to
the normal hypoxic stimulus of wounding (with blood vessel inter-
ruption), a baseline ischemia is induced, the overall result is not
stimulation of healing, but rather a major delay in wound healing.
Rabbit ear ulcers were made additionally ischemic by dividing two
of the three arteries in one of the ears (“ischemic rabbit ear ul-
cers”). These ischemic ulcers demonstrated a continuous increase
of TGF-B1 mRNA up to 12 days after wounding versus the non-
ischemic control ear of the same animal. In the control ear TGF-B1
mRNA decreased already after day 7. This delayed decrease of-
TGF-B1 mRNA was consistent with the delayed wound healing in
ischemic animals. (TGF-B1 is increased more in the early phases of
wound healing, which are prolonged in ischemic ears). In contrast,
rabbit ear ulcers in aged animals failed to show any significant in-
crease in TGF-B1 mRNA under ischemic and nonischemic condi-
tions until day 12, a finding consistent with the greater delay in
wound healing in the aged animals [3]. Further research into the
signaling pathway of TGF-g showed that aged human dermal fibro-
blasts have altered TGF-f signal transduction because of down-
regulated receptors. Both TGF-beta receptors (TBRI and II) were
shown to be downregulated on the mRNA level as early as after 20
hours of 1%0, whereas young cells showed unchanged expression
of both receptors. After TGF-B1 stimulation the activity of p42/p44
mitogen-activated kinase was reduced by 24% in aged fibroblasts
under hypoxia compared to normoxic aged cells. In contrast, in
young fibroblasts there was a 50% increase of activity under hyp-
oxia [22].

The expression of TGF-beta receptors in human keratinocytes
showed the same pattern as fibroblasts [23].

Hypoxia and Platelet-derived Growth Factor (PDGF)

It has been shown that endothelial cells under hypoxic conditions,
in the range of 1% to 2% O,, produce increased amounts of PDGF
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[24]. In vivo, PDGF-receptor-B mRNA increases dramatically in
young rabbits 7 days after they received a full-thickness wound on
ischemic ears. In the same model, aged animals showed a fourfold
to sevenfold lower increase of PDGF-receptor-B mRNA than
young animals [25].

Hypoxia and Vascular Endothelial Growth Factor (VEGF)

VEGF mRNA levels increased within hours of exposing different
cell cultures to hypoxia and returned to background when nor-
moxia was re-established [26]. In vivo, VEGF mRNA increases
threefold to fivefold in normal tissue when exposed to hypoxia in
our ischemic rabbit ear model. However, the stimulus of wounding
alone (with local transient ischemia due to vessel interruption)
caused a sixfold to sevenfold increase in VEGF mRNA. Adding the
ischemic insult in our rabbit ear wound model did not result in any
further increase over the levels observed in nonischemic rabbit ear
wounds [27]. This indicates that the ischemic stimulus induced by
wounding is maximal, and that making the ears ischemic did not
increase the stimulus for VEGF production.

Epithelialization

Hypoxic conditions enhance cell migration of skin-derived cells:
Keratinocytes move faster under hypoxia [23, 28]. Also, human der-
mal fibroblasts have increased motility under short-term hypoxia
[22].

Glycolysis/Lactate

It has been shown that a number of glycolytic enzymes are synthe-
sized in greater amounts in cell cultures when exposed to hypoxia
[29].

Lactate has been thought to be a stimulus for VEGF-secretion
[30]. This could be the explanation for the earlier observations that
angiogenesis and collagen deposition enhanced when increased
lactate levels were present [31]. Interestingly, lactate is also present
in well-oxygenated wounds because of accumulation of leukocytes,
fibroblasts, and endothelial cells. Lacking mitochondria, all these
cells rely on anaerobic glycolysis for energy recruitment. As a con-
sequence, lactate levels increase in wounds under normoxic condi-
tions as well.

Impact of Aging on Hypoxic Stimulus

Most chronic wounds occur in the elderly, so in the aged the re-
sponse to hypoxia is particularly relevant clinically. The aged have
an altered response to hypoxia, and wound healing is markedly de-
layed. The ischemic rabbit ear model evidences such delay in aged
animals, and the depression was shown to be evident even in
middle-aged rabbits [3]. By maintaining chronic ischemia in the
rabbit ear model, a chronic wound model can beproduced in which
there is minimal healing, even after 26 days [32].

Aged human keratinocytes show decreased motility in response
to hypoxiakeratinocytes in comparison to young adult [23]. Aged
human fibroblasts show a decrease in migration when stimulated by
TGF-B. TGF-B1 mRNA expression, when compared to collagen 1
mRNA synthesis, TGF-S1 auto-induction by TGF-£1, and PDGF-
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Rp, all show a marked depression in the ischemic rabbit ear model
when compared to young rabbit controls [3, 25].

Chronic Hypoxia Decreases All Processes in Wound Healing

Most chronic wounds, such as pressure sores, venous ulcers, dia-
betic ulcers, or are a result of local tissue ischemia or ischemia-
reperfusion injury. As mentioned above, chronic wounds generally
occur in people over age 60 years old [33]. Acute wounds in the
elderly usually heal without complications, but it is the presence of
chronic hypoxia or repeated ischemia-reperfusion injury that re-
sults in chronic wounds.

In vitro, there is substantial experimental evidence showing the
difference in cellular response to chronic hypoxia versus acute tran-
sient hypoxia (analogous to acute versus chronic wounds clinically).
In contrast to the findings in acute hypoxia, the proliferation rate of
human dermal fibroblasts decreases under chronic hypoxic condi-
tions in vitro (six passages at 1% O,). Also al(I) procollagen is
significantly downregulated on the protein level as well as on the
mRNA level under chronic hypoxia. In addition to these findings,
TGF-B1 mRNA levels are 3.1-fold lower in fibroblasts under con-
ditions of chronic hypoxia [10].

Comparable observations have been made clinically. It was re-
cently demonstrated that TGF-B-signaling in fibroblasts from
chronic wounds is altered. In chronic wounds the TGF-beta type 11
receptor is downregulated. As a logical consequence, decreased
TGF-beta type Il receptor expression is accompanied by the failure
of ulcer fibroblasts to phosphorylate Smad 2, Smad 3, and p42/p44
mitogen-activated kinase (MAPK). These resident cells from
chronic wounds display signs of senescence in addition to unre-
sponsiveness to the stimulatory action of TGF-1 [34]. One impor-
tant observation in relation to chronic wounds is that aged cells are
more sensitive to stress-induced senescence [35, 36]. Most chronic
wounds occur in the aged and are subjected to the chronic stress of
inflammation, hypoxia, and ischemia-reperfusion.

Effectiveness of Recombinant Growth Factors on Wound Healing
under Hypoxia

External Application of Growth Factors on Ischemic Rabbit Ear Ul-
cers. Recombinant TGF-B1 enhances wound healing by increasing
granulation tissue formation, epithelialization, and breaking
strength under ischemia in the young, but it fails to enhance healing
in ear ulcers of aged rabbits [3, 37]. This matches the previously
described observations of reduced responsiveness to TGF-B1 in
chronic wounds and aged cells, and it strongly suggests altered
TGF-B signal transduction in the aged under hypoxic conditions.

Recombinant PDGF-BB improves wound healing under ische-
mia through enhancing granulation tissue formation and by in-
creasing angiogenesis as well as epithelialization [37, 38]. Applica-
tion of collagen-embedded PDGF plasmid DNA promotes wound
healing the same way as recombinant PDGF-BB, by enhancing
granulation tissue formation and epithelialization, with higher
wound closure rates as consequence [39].

Recombinant vascular endothelial growth factor (VEGF) in-
creases granulation tissue formation by 100% to 150% in ischemic
wounds versus 50% to 79% in nonischemic wounds; however, it has
no effect on epithelialization [27].

Recombinant basic fibroblast growth factor (bDFGF-FGF-2) en-
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hances wound healing in nonischemic wounds but fails to show an
effect in ischemic wounds under a wide dose range, indicating al-
tered FGF signal transduction in response to hypoxia. The addition
of hyberbaric oxygen restores the wound-enhancing effects of
bFGF [37, 38].

Recombinant KGF enhances epithelialization and granulation
tissue formation in ischemic wounds [40]. Recombinant KGF-2
also enhanced epithelialization as well as granulation tissue forma-
tion in both young and aged ischemic rabbit ear ulcers, [41].

Based on existing knowledge, we interpret these positive re-
sponses of recombinant growth factor treatment under ischemia to
be the result of enhanced activation of the hypoxia-inducible pro-
tein-1 pathway (HIF-1). It has been shown that TGFB, PDGF-,
and VEGF stimulate HIF-1a stabilization and hence its pathway
(see last chapter).

Impact of Hyperoxia on Wound Healing

As alogical consequence of the observation that the lack of oxygen
decreases wound healing, the application of oxygen either topically
or systemically has a long history. For many years, hyperbaric oxy-
gen chambers, originally constructed to treat diving decompression
sickness, were used empirically to treat a wide variety of conditions,
including chronic wounds. The absence of a clear mechanism of
action of oxygen in healing, and the intermittent nature of the treat-
ments resulted in much skepticism within the medical community.
However, research in the last few years, has both given insights into
possible mechanisms and produced more compelling evidence of
oxygen’s efficacy, although the clinical data are still limited. We will
review the current rationales for oxygen therapy based on experi-
mental evidence, including the recent renewal of enthusiasm for
topical oxygen therapy.

Experimentally there is a benefit to hyperbaric oxygen therapy
(HBO) in a clinically relevant ischemic rabbit ear ulcer model [42],
particularly when given for a duration equivalent to clinical proto-
cols [32]. In a clinical study periwound-tissue oxygen tension mea-
sured during HBO correlated directly with the improvement in
wound healing of chronic wounds: during HBO treatment of pa-
tients with chronic leg wounds, the oxygen tensions of their wounds
were measured and further compared to the wound healing rate.
Only if the peri-wound tissue oxygen tension increased under sys-
temic application of 100% at O, 1 atm and showed further increase
at 100% O, 2.4 atm did the wounds respond with enhanced healing
rates [43]. Continuous 100% topical oxygen delivery by a battery-
powered catalytic converter has been shown to be beneficial in
wound healing by enhancing epithelialization by 104% in ischemic
rabbit ear ulcers [44].

Physiology of Oxygen Delivery

Tissue oxygenation of the skin (Ptco,) depends only on local blood
supply, and arterial oxygen tension as delivery of oxygen to the
wound occurs solely by diffusion [2, 9]. The oxygen-carrying capac-
ity of hemoglobin is not rate limiting for adequate tissue oxygen-
ation until hemoglobin levels are very significantly depressed. In
humans—healthy volunteers—tissue oxygen tension levels did not
decrease (they stayed at the baseline) despite hemoglobin values of
5 g/dL, if adequate circulation was maintained [45].

The diffusion distance for effective tissue oxygen delivery in-
creases from 64 um at PO, 100 mmHg to 246 um at PO, 2000
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mmHg oxygen tension [2]. Therefore, even under conditions of de-
creased blood flow, hyperbaric oxygen therapy' at a standard 2.0
atm can transiently elevate tissue oxygen levels significantly. Under
nonischemic conditions, in our rabbit ear model, ptco, rose from a
baseline value of 53 mmHg PO,, to 850 mmHg PO,, whereas in our
ischemic rabbit ear model we observed an increase of ptco, from
the baseline at 24 mmHg to 312 mmHg O, after the first HBO-
treatment. After 14 daily HBO treatments of 90 minutes each,
ptco, increased up to 507 mmHg in ischemic ears immediately after
the last treatment, indicating an increased responsiveness to oxy-
gen, most consistent with increased blood flow. Consistent with this
observation, the oxygen washout (which should be related to blood
flow) decreased after 7 daily HBO treatments within one hour, in
contrast to a four-hour decrease at the beginning of the treatment.
Also, the baseline levels of tissue oxygen tensions increased from 24
mmHg to 32 mmHg after 14 days of HBO treatment versus an un-
changed 53 mmHg in the nonischemic ear. These changes are most
likely a result of enhanced neovascularization under HBO treat-
ment [5]. In the same model, oxygen delivery at 1 atm pressure
(100% O, or NBO) had no therapeutic effect.

In vitro, the fibroblast proliferation rate is enhanced by HBO
dose-dependently. Maximal proliferation rates were reached at
oxygen tensions of 1,875 mmHg Po,, which corresponds to 2.4 ata
hyperbaric oxygen treatment [46]. Under experimental in vivo con-
ditions, in the ischemic rabbit ear ulcer, wound healing is increased
by an amount equivalent to growth factor stimulation [32].

As previously described, oxygenation of the wound by HBO also
has a positive effect on prevention of wound infection (see previous
section). Soft tissue infections like necrotizing fasciitis or gas gan-
grene are among the widely accepted indications for HBO, treat-
ment.

HBO and Growth Factors

Oxygen therapy in wound healing results in increased growth factor
production, particularly VEGF, but also PDGF-receptor when
combined with PDGF treatment.

Normal angiogenesis occurs in response to an oxygen gradient
that usually occurs after wounding [9, 17]. The transiently occurring
hypoxia in the wound results in production of angiogenic factors
including VEGF [27], PDGF, and TGF-B.

The additional angiogenic effect of HBO is likely due in part to
an enhancement of the normal VEGF response to wounding. After
exposure to HBO for 7 days the increase of VEGF is even more
accentuated [47]. It has been shown that free H,O, increases
VEGF levels [30]. The mechanism of this enhancement seems to be
due to reactive oxygen species (ROS), and is at least partially inde-
pendent of the HIF signal-transduction pathway [48, 49].

Combined treatment of ischemic rabbit ear ulcers with HBO and
recombinant PDGF-BB increased PDGF-B—receptor (PDGF-
Rp) content of the treated tissue [S0]. This positive effect seems to
be due to the effect of oxygen as signal transducer via ROS (reac-
tive oxygen species). In vitro, HBO treatment results in an increase
in p42/p44 MAPK activity, consistent with the hypothesis that HBO
is modulating growth factor dependent signal transduction path-
ways. The MAP kinases p42/p44 are known to modulate growth
factor—-dependent cellular responses as proliferation, migration,
and gene expression. HBO-treated human dermal fibroblasts had a
threefold increase in p42/p44 MAPK activity after the addition of
PDGF-BB [51].



298

HBO and Recombinant Growth Factors

HBO has been shown to enhance the effect caused by growth factor
treatment. Recombinant growth factors (r-TGF-g1, r-PDGF-BB)
increase wound healing in ischemic rabbit ear ulcers by 200%, but
still only 40% of normal at 7 days. If growth factors are applied
together with HBO, the negative effect of ischemia on wound heal-
ing is completely reversed [42]. However, under conditions of 20
treatments with HBO (rather than five [42]), the effects of HBO
are much greater, and no additional benefit is seen from the addi-
tion of growth factor (TGF-83) [32].

Oxygen: Signaling Molecule

Recent studies have shown that signal transduction of growth fac-
tors also happens through reactive oxygen species (ROS). PDGF,
EGF, TNF-«, and IL-1B increase intracellular ROS synthesis in
fibroblasts via Racl, a guanosine-triphosphate-binding protein
[52].

Interestingly both hypoxia and hyperoxia enhance ROS produc-
tion: In hypoxia through the so-called X-to-O shift and in hyperoxia
through activated inflammatory cells [53]. High levels of ROS are
toxic, but low levels are stimulants. The levels of ROS on the cel-
lular level are exceedingly hard to determine, but their levels are
critical to explain the complex effects of oxygen levels on cell sig-
naling.

Hydrogen Peroxide (H,0.) as a Signaling Molecule

In the case of PDGF, signal transduction was inhibited when the
growth-factor-stimulated rise in H,O, was blocked [54]. The acti-
vation of the JAK-STAT-pathway, an important pathway down-
stream of several growth factors and cytokines such as PDGF, re-
sponds to intracellular ROS as a second messenger (H,O,): The
transcription factors STAT1 and STAT3 are activated in the pres-
ence of H,O, — the presence of antioxidants blocks PDGF-
mediated activation of STAT1 and STAT3 by JAK2 and TYK2
[55]. The HIF-1 pathway is another pathway that can be activated
by ROS [56].

Stimulation of Growth Factor Secretion by ROS

In addition to activating signal transduction pathways directly,
ROS seem to activate secretion of growth factors. For example,
macrophages and keratinocytes increase their VEGF mRNA and
secrete more VEGF after treatment with H,O,. It has been dem-
onstrated that H,O, stimulates the VEGF promotor directly via a
HIF-1 independent pathway [48, 57]. Over-expression of Racl
downstream of different cytokine receptors, increases VEGF ex-
pression. It is known that activation of Racl generates reactive oxy-
gen species [52, 58].

Role of Hypoxia-inducible Factor-1 (HIF-1) Mediated Responses in
Wound Healing

Several genes involved in cellular differentiation are directly or in-
directly regulated by hypoxia. HIF-1 was known to interact with
cis-acting sequences within the erythropoietin gene 10 years ago
[59]. Since then it has become more and more clear that the pri-
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mary molecular mechanism of gene activation during hypoxia oc-
curs via HIF-1, which binds as a transcription factor to hypoxia re-
sponse elements (HRE) within the promotor region of different
genes, and thereby starting their transcription. HIF-1 dependent
are besides erythropoiesis controlling genes (EPO, ceruloplasmin,
transferrin, and transferrin receptor) also genes that control me-
tabolism (exp. 11 glycolytic enzymes), proliferation/cell survival
(among those are TGF-b3, VEGF, p21, NOS2, IGF2, IGFBPs),
andvascular biology (exp. a1B adrenergic receptor, NOS-2, PAI-1,
VEGF-receptor FLT-1, VEGF [60, 61]. In vitro, increased cellular
motility and cellular activity are the acute responses to hypoxia,
which is most likely mediated through HIF-1.

Under normoxic conditions HIF-1« is inactivated through ubig-
uitinization after hydroxylation of proline residues. Hydroxylation
of proline as it also happens during collagen maturation is oxygen
dependent. In the case of HIF-1«, however, it requires a different
enzyme [61]. Though in vitro experiments show that HIF-1 is regu-
lated totally by controlling the stability of the HIF-1« protein, there
is solid evidence in vivo that regulation of HIF-1a at the mRNA
level also plays an important role [62].

HIF-1 Activation

To start transcriptional activity of HIF-1 its sub-fraction HIF-1a
must be protected from degradation. Phoshorylation of HIF-1«
allows its binding to HIF-1B and hence the formation of the
HIF-1-dimer. Through this binding, HIF-1a escapes proline hy-
droxylation, ubiquitinization, and ultimately degradation. The
HIF-1-heterodimer binds to HRE and displays its transcriptional
activity [56, 61].

Phosphorylation of HIF-1a happens through the ERK-pathway
— p42/p44 mitogen-activated protein kinases phosphorylate HIF-
la [63]. The ERK-pathway is activated by many different stimu-
lants: ROS, Ca?*, VEGF through the VEGF-R and other growth
factors (PDGF, TGF-beta) through their receptors [56]. Activation
of p42/p44 MAPK alone is able to promote the transcriptional ac-
tivity of HIF-1. Furthermore, HIF-1-stabilization under hypoxia
seems also to be dependent on the PI-3K/Akt pathway, but this
stabilization is growth factor independent [56]. Therefore coopera-
tion between hypoxic and growth factor signals may ultimately lead
to the increase in HIF-mediated gene expression.

Possible Explanation for the Response under Chronic Hypoxia

We believe that the altered growth factor response to ischemia in
old age plays an important role in the pathogenesis of chronic
wounds. The signal transduction of TGF-B1 under ischemic condi-
tions is substantially reduced in the aged rabbit as previously de-
scribed. TGF-B and procollagen-a(I) mRNA are downregulated
[3]-

A possible explanation for this reduced responsiveness under
chronic hypoxia and in old age may be found in the HIF-1 pathway.
It has been observed that the HIF-1« synthesis rate is decreased in
aged cells. In vitro, smooth muscle cells from aged rabbits have
lower VEGF mRNA levels under hypoxia (0.1% O,). This de-
crease is due to reduced HIF-1a protein levels and reduced DNA
binding activity in spite of unchanged mRNA levels in aged cells
when compared to young cell lines [64].

As a logical consequence it must be concluded that HIF-1-
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dependent cell signaling in general is reduced in aged or chronic
hypoxic cells, as is the case of TGF-.

Chronically decreased HIF levels due to senescence in chronic
hypoxic wounds may change when "shocked” by high oxygen levels
temporarily as occurs in hyperbaric oxygen treatment. HBO could
reset the HIF sensing on the protein or mRNA level and hence
reset the responsiveness to hypoxia (in behavioral terms a loss of
habituation by resetting the oxygen gradient as a new stimulus).
HIF-1 is very unstable in post-hypoxic cells; degradation of the pro-
tein takes place within 5 minutes, as does the decrease of HIF-1
mRNA [65].

Conclusions

Efforts to explore the mechanisms for the altered response to ische-
mia in old age will undoubtedly produce new therapeutic strate-
gies. Combining oxygen as a therapeutic agent with other agents
that affect other signal transduction pathways offers considerable
promise.

We have utilized transfection with a plasmid containing a hypox-
iaresponse element linked to a marker gene in our rabbit ear model
to demonstrate substantial regional variations in local tissue perfu-
sion related to the severity of the ischemia, and the proximity of the
feeding vessel [66]. Future linkage of hypoxia response elements to
other relevant genes will offer new therapeutic potential.

Résumé. Cet article constitue un apercu role de loxygéne dans la
cicatrisation. La compréhension de ce rdle a évolué considérablement
depuis qu’on avaitreconnu que 'oxygéne était un facteur essentiel dans le
métabolisme oxydatif, jusqu’ le reconnaitre comme déclencheur au niveau
cellulaire interagissant avec les des facteurs de croissance et d’autres
signaux pour régler les voies de transduction. Notre laboratoire s’est lancé
dans P’étude de tests modeles sur animaux en vue de 'ischémie cutanée afin
explorer 'impact in vivo aussi bien de ’hypoxie que de 'utilisation oxygéne
comme agent thérapeutique, seul ou en combinaison avec d’autres facteurs
tels que les facteurs de croissance. Nous avons démontré les effets
synergéstiques de l’oxygene hyperbare systémique et de facteurs de
croissance ce qui a été étayé par le groupe de recherche de ’équipe de Hunt.
La recherche ddes dix derniéres années dans le domaine de la cicatrisation
a apporté une nouvelle perception du mécanisme de 'action de ’hypoxie et
de I’hyperoxie comme éléments modificateurs du délai normal de la
cicatrisation.L’article aborde finalement la question pourquoil’hyperoxie
et de I’hypoxiejouent tant 'un que Pautre un role important pour la
cicatrisation.Le facteur de I’ induction de I’hypoxie est essentiel dans cette
interaction.

Resumen. Este articulo suministra el sumario sobre el rol del oxigeno en la
cicatrizacion. Habia mucho cambio en el reconocimiento de este rol. Aparte
del reconocimiento radicional como un factor esencial en el metabolismo
oxidativo se ha aceptado como importante senal celular que esta interactiia
con factores de crecimiento y otros senales en la regulacion de las vias
celulares de transduccion. Nuestro laboratorio haestablecido modeles de
animales de isquemia cutidnea parainvestigar in vivo el impacto de la
hipoxia, asi como del oxigeno como agente terapéutico solo o en combinacién
con otros factores como los factores de crecimiento. Hemos demostrado un
efecto sinergistico de la terapia de oxigeno hiperbarico y los factores de
crecimiento, lo cual ha sido confirmado por el quipo de Hunt. En los
ultimos afos la investigacion en el area de la cicatrizaciénha aportado una
nueva perspectiva sobre el mecanismo de accion de la hipoxia y la hiperoxia
como modificadores del curso natural de la cicatrizacion. Se concluye
el articulo con la discussion sobre el papel importante de la hipoxia
concominante hiperoxia en la cicatrizacion. El factor 1 inducible de hipoxia
es crucial en esta interrelacion.
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