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Effect of Hyperoxia on Vascular Endothelial
Growth Factor Levels in a Wound Model

Ahmad Y. Sheikh, AB; Jeffrey J. Gibson, MD; Mark D. Rollins, MD, PhD;
Harriet W. Hopf, MD; Zamirul Hussain, PhD; Thomas K. Hunt, MD

Hypothesis: Hyperbaric oxygen (HBO) therapy
increases vascular endothelial growth factor (VEGF)
levels in wounds.

Design: Wounds were monitored for oxygen delivery
during HBO treatment, and wound fluids were analyzed
for VEGF and lactate on days 2, 5, and 10 following
wounding.

Sefting: Experimental animal model.

Interventions: Rats were randomized to HBO therapy
and control groups. The HBO therapy was administered
for 90 minutes, twice daily with 100% oxygen at 2.1 at-
mospheres absolute. Treatment was administered for 7
days following wounding.

Main Outcome Measures: Vascular endothelial growth

factor, PO,, and lactate levels in wound fluid were mea-
sured on days 2, 5, and 10.

Results: Wound oxygen rises with HBO from nearly O
mm Hg to as high as 600 mm Hg. The peak level occurs
at the end of the 90-minute treatment, and hyperoxia of
lessening degree persists for approximately 1 hour. The
VEGF levels significantly increase with HBO by approxi-
mately 40% 5 days following wounding and decrease to
control levels 3 days after exposures are stopped. Wound
lactate levels remain unchanged with HBO treatment
(range, 2.0-10.5 mmol/L).

Conclusions: Increased VEGF production seems to
explain in part the angiogenic action of HBO. This sup-
ports other data that hypoxia is not necessarily a require-
ment for wound VEGF production.
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ASCULAR endothelial

growth factor (VEGF) is

the most specific known

growth factor for neovas-

cularization."? In vitro,
wound macrophages produce VEGF in re-
sponse to low oxygen tensions.>* Since
wound cells are characteristically hy-
poxic,* it is easy to assume that hypoxia
is the principal inducer of VEGF expres-
sion in physiological settings such as can-
cer and wounds. However, further exami-
nation of VEGF in wounds challenges this
conventional assumption.

Clinical and experimental experi-
ence demonstrate that increasing the oxy-
gen concentration in severely ischemic
and/or hypoxic wounds results in acceler-
ated healing in the form of increased blood
vessel growth.®!! The mechanism by which
hyperoxic therapy might induce blood ves-
sel growth (in more normal circum-
stances), however, is not well understood.
In particular, the effect of elevations of Po,
on VEGF levels has not been docu-
mented. Recent in vitro studies suggest that

hyperoxic exposure leads to upregulation
of platelet-derived growth factor recep-
tors and that oxidants such as hydrogen per-
oxide stimulate endothelial cells and kera-
tinocytes to release VEGF.'*!? In addition,
macrophages and endothelial cells that are
exposed to hyperoxia up-regulate IL-8,
transforming growth factor 3, and VEGF
messenger RNA.'"*1° The possibility arises,
therefore, that hyperoxia may actually in-
duce VEGF production in wounds.

Lactate, a known instigator of VEGF
production that is present in wounds,
might also be affected by hyperoxia.'!® In
this study, we evaluated whether hyper-
oxia, as achieved by hyperbaric oxygen
(HBO) treatment, influences wound fluid
VEGF, P0,, and lactate.

—

WOUND CYLINDER OXYGEN

The mean wound oxygen tensions during
day 2 of hyperoxic exposure are shown in
Figure 1. The Table gives baseline, peak,
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MATERIALS AND METHODS
GENERAL EXPERIMENTAL DESIGN

Sixty-three male Sprague-Dawley rats were used. Proto-
cols were approved by the University of California, San Fran-
cisco Committee on Animal Research. Four wire mesh
wound cylinders were implanted underneath the dorsal skin
of the rats. These rats were randomized to 2 groups: hy-
peroxic and control. Wound fluid was collected from the
cylinders and assayed for PO,, lactate, and VEGF. Plasma
VEGF levels were measured in 8 animals in each group.

WOUND CYLINDER IMPLANTATION
AND SAMPLING

Wound cylinders (N=242) were manufactured with 0.25 mm
stainless steel wire mesh and capped with silicone disks on
each end. Cylinders measured 3.5 cm in length and 1 cm in
diameter. Animals were anesthetized with 3% halothane. Two
longitudinal dorsal midline incisions were made. Blunt dis-
section created a space for cylinder implantation. Each in-
cision was used to place 2 cylinders, one on each side, a to-
tal of 4 cylinders per animal. Wounds were closed with 4 to
6 superficial interrupted 3-0 silk sutures. Cylinders were as-
pirated to complete evacuation, yielding 200 to 1200 pL of
fluid depending on the day sampled. Aspiration was carried
out under 3% halothane anesthesia using a 20 gauge needle
and syringe on day 2, 5, or 10 following wounding. Needles
were introduced through the silicon cap to avoid bleeding.
Each cylinder was sampled only once.

OXYGEN TREATMENT

Rats in the hyperoxic group (n=32) were treated with 100%
oxygen at 2.1 (atmospheres absolute) ATA for 90 min-
utes, twice a day for a total of 7 days. Treatments were ad-
ministered in a hyperbaric chamber designed for small ani-
mals (Model 100; Western Hyperbaric Services, Union City,
Calif). Compression and decompression was completed at
arate of 1 ATA per minute and monitored during dives and
ascents. The control animals (n=31) remained at 21% oxy-
gen at 1 ATA for the duration of the study.

WOUND CYLINDER OXYGEN MEASUREMENT
Polaragraphic oxygen electrodes (Licox; Medical Systems

Corp, Greenvale, NY) were used to measure wound oxygen
tension before, during, and after hyperoxia, as described

previously." Animals (n=3 on day 2; n=5 on days 5 and 10)
were sedated with 3% halothane, followed by pentobarbital
(35 mg/kg), buprenorphine hydrochloride (0.025 mg/kg), and
atropine (0.8 mg/kg). Probes were calibrated in room air prior
to use and threaded up 18 gauge hubless spinal needles in-
serted subcutaneously into the cylinder. The spinal needles
were removed prior to HBO treatment, and probes were cen-
tered in the cylinder. Oxygen tension was measured imme-
diately before hyperoxic exposure and continuously moni-
tored during treatment until 1 hour after oxygen exposure
ceased. The monitor automatically corrected for changes in
tissue temperature, which were measured continuously.

VEGF ANALYSIS

Wound fluid sampling was timed halfway between the twice-
daily 90-minute treatments that began at 8:00 AM and 5:00
PM. Plasma VEGF was measured on the same schedule.

Fluid was transferred into 1.5 mL Eppendorf tubes im-
mediately after aspiration and centrifuged at 5000g for 10
minutes at 4°C. The cell-free supernatant was then aspi-
rated and frozen at -30°C. Thawed samples were analyzed
by murine VEGF enzyme immunosorbent assay per manu-
facturer’s instructions (R&D Systems, Minneapolis, Minn).
Fifty milliliters of wound fluid (diluted 1:6 in calibrator di-
luent) was incubated with 50 pL of assay diluent for 2 hours
at room temperature in a 96-well plate coated with poly-
clonal antibody to murine VEGF. After 5 washing steps, a
solution of antibody against mouse VEGF conjugated to
horseradish peroxidase was added. The mixture was incu-
bated at room temperature for 2 hours. After addition of
hydrogen peroxide and tetramethylbenzidine, optical den-
sity was determined using a microtiter plate reader set at
490 nm. Samples were compared with serial dilutions of a
murine recombinant VEGF standard. Lactate levels were
determined using a lactate analyzer (model 2700; Yellow
Springs Instruments, Yellow Springs, Ohio).

STATISTICS

Statistical significance between baseline, peak, and post-
exposure PO, was determined by 2-tailed paired t test, with
significance defined as P<<.01. Data are expressed as
mean+SD. The VEGF and lactate levels exhibited a non-
uniform distribution. Nonparametric statistical analyses were
used to determine significance. The Kruskal-Wallis statis-
tic was used to compare differences between days, and the
Mann-Whitney rank sum test was used to evaluate differ-
ences on specific days.

and postexposure oxygen tensions in wounds on days 2,
5,and 10 of treatment. Baseline wound PO, levels were hy-
poxic (range, [7.4+3.9]-[13.7+16.9] mm Hg) on all days,
and increased significantly during hyperoxic treatment
(range, [373.2+118.1]-[537.4+72.0] mm Hg). Levels de-
creased rapidly on return to 1 ATA but remained signifi-
cantly greater than baseline 1 hour after HBO was discon-
tinued ([45.6+14.2]-[150.5+132.0] mm Hg).

WOUND FLUID ANALYSIS

In no case was a measurable level of VEGF found in plasma
in either group. On the other hand, VEGF was measur-

able as early as day 2 in wound fluid (HBO medians, con-
trol group: 407.0, 347.1 pg/mL, respectively) and re-
mained measurable through day 10 (Figure 2). Peak values
occurred on day 5 at which time the HBO group was
significantly elevated over the controls by 42% (HBO me-
dians, control group: 1333.5, 935.0 pg/mL, respectively;
P=.007). Values decreased somewhat on day 10, both
groups becoming similar (HBO medians, control group:
658.4, 500.1 pg/mL, respectively), but both remained
significantly elevated compared with day 2 (P=.01).
Plasma lactate in rats is approximately 1 mmol/L.
Wound fluid levels were significantly higher (Figure 3).
Lactate increased significantly in all wounds between days
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Figure 1. Curves depicting oxygen tensions within the wound cylinder during
day 2 of hyperoxic treatment (n=3). Rollins et al'® have shown a slight
diminution of peak Po, levels as therapy continues through day 7. Vertical
line represents cessation of hyperoxic exposure.

Mean Oxygen Values Measured Within Wound Cylinders
During Hyperoxic Treatment on Days 2, 5, and 10*

Day Initial Peakt 1-h Postimplantationt
2(n=3) 13.7x169 5374720 150.5 + 132.0
5t(n=8) 134+139 511.1+1384 784 £44.7
10£ (n=7) 74+39 373.2 +118.1 456 +14.2

*All values given for wound Po, as millimeters of mercury, mean + SD.
tValues significantly elevated compared with baseline (P=.01).
tAlso reported by Rollins et al.”

2 and 5, remaining elevated through day 10 (median con-
trol values: 4.20, 5.96, and 6.0 mmol/L, respectively) as
previously reported.”” However, the hyperoxic and con-
trol groups did not differ (1-3=.90), and no distinct trends
were apparent.

B COMMENT

In clinical experience, HBO therapy often stimulates the
production of red granulation tissue when adminis-
tered as treatment for unhealed, ischemic wounds. Since
“granulation tissue” consists mainly of new blood ves-
sels and their requisite, supporting collagenous matrix,
this is likely due to an increase in both. Increased angio-
genesis in response to hyperoxia has been observed in
animal models by several investigators.®! Deposition of
collagen in cell preparations and human and animal
wounds has long been known to depend on P0O,.2"* The
current study explores the mechanism by demonstrat-
ing that periodic hyperoxia raises levels of VEGF in wound
fluid.

Current literature shows, beyond a doubt, that hy-
poxia induces VEGF production by many cell types. It
is easy to assume, therefore, that the characteristic hy-
poxic environment of wounds is the major stimulant for
subsequent repair. If this were true, raising oxygen con-
centration would be expected to diminish VEGF and an-
giogenesis. However, our studies demonstrate that hy-
poxia is not necessary to sustain the release of VEGF in
wounds. This concurs with studies by Howdeshiel et al**
who demonstrate in a clever model that wound VEGF
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Figure 2. Vascular endothelial growth factor (VEGF) was measured in wound
fluid aspirated on days 2, 5, or 10 following implantation. Animals were
treated for 90 minutes, twice daily at 2.5 atm, 100% oxygen, for 7 days and
compared with controls maintained at 1 atm, 21% oxygen. Both control and
hyperoxic groups on days 5 and 10 differed from day 2, P<.01. The VEGF
levels returned to control levels by 3 days following cessation of oxygen
exposure. Plasma VEGF levels were below the detectable threshold.

levels remain notably high despite the fact that PO, in the
wounds continuously approached that of arterial blood.

The question of how hyperoxia influences VEGF lev-
els and angiogenesis is not resolved by these data. Mac-
rophages are the major source of VEGF in wounds.>""
Peak wound macrophage infiltration occurs by day 5 fol-
lowing wounding.'” This coincides with the VEGF peak
observed in the control group. Previous studies have
shown increased wound cell migration in response to hy-
peroxia, which may partially explain the increased lev-
els of VEGF seen in the hyperoxic group.” Despite this
presumptive increased cellularity, however, VEGF lev-
els fell to control levels once the hyperoxic stimulus was
removed. Hence, there are likely to be other mecha-
nisms. Oxidants have been shown to stimulate VEGF pro-
duction by some cells, including macrophages.'*?® Pre-
sent data seem to support increased production as at least
1 mechanism.

Leukocytes, plentiful in wounds, make large amounts
of oxidants, and the production rate is proportional to
PO, within the range of 0 mm Hg to as much as 500 mm
Hg. Some oxidants (hydrogen peroxide and nitric ox-
ide) are measurable in wounds.?”* Brauchle et al'® have
shown that VEGF production by keratinocytes and bron-
choalveolar cells in vitro is responsive to oxidant expo-
sure at low concentrations."” Cho et al*® report a similar
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Figure 3. Lactate levels were measured in wound fluid aspirated on days 2,
5, or 10 following implantation. P<.01 for between days 2, 5, and 10.

finding for macrophages. Leukocytes are continuously
present in wounds for many weeks. On this basis, in-
creased oxygen would be expected to enhance oxidant
production in wounds and, therefore, increase VEGF.

Oxidants in physiological concentrations also en-
hance collagen production by fibroblasts.” Furthermore,
collagen synthesis is proportional to the concentration of
molecular oxygen (PO,) in the range of 0 mm Hg to 200
mm Hg. The mechanism involves procollagen hydrox-
ylation, which requires molecular oxygen. Hence, colla-
gen deposition, which serves to reinforce growing capil-
laries on exposure to blood pressure, is enhanced by both
PO, and oxidant exposure.

The understanding of oxidant chemistry and related
pathways in wounds is relatively young. Until recently, oxi-
dant levels had not been measured. Some data now exists
for nitric oxide and hydrogen peroxide.?"*3° Addition of
antioxidants and oxidant scavengers might be expected
to mitigate the oxidant-induced VEGF response. How-
ever, data from introduction of such molecules into wound
models have proven difficult to interpret.

Lactate was measured in these studies because it also
enhances VEGF production at the concentrations found
in wounds.”!® The sustained lactate level (Figure 3) de-
spite HBO indicates that an important stimulus for VEGF
production persists between oxygen exposures and af-
ter their cessation at 7 days. Similarly, the hypoxia that
recurs between HBO exposures (Figure 3) must also pro-
vide some stimulus for VEGF production. In this light,
hyperoxia must furnish an intermittent stimulus for VEGF

production. Furthermore, this stimulus is either greater
than that of hypoxia or, in some way, adds to residuals
of the hypoxic signal. Since the properties of this stimu-
lus are unknown, the optimal frequency and duration of
exposures to hyperoxia have yet to be determined.

The data confirm again that increasing oxygenation
of wounds does not lower lactate levels as one might ex-
pect.?® This is because oxidant production by leukocytes
is dependent on PO, up to levels of 600 mm Hg. The con-
version of oxygen to superoxide (O,-) is responsible for ap-
proximately 98% of oxygen consumed in activated cells.*
Therefore, the energy for the conversion must be linked
to substrate concentration and must come from aerobic gly-
colysis, as proven experimentally.*® Increased oxygen-
ation, therefore, increases net production of lactate.'”! The
increased lactate production by activated leukocytes ap-
parently offsets the reduction of lactate production, which
occurs when oxygenation of fibroblasts increases.

The question arises as to whether the hyperoxia-
induced fraction of VEGF is biologically active. In this
model, such a quantification is technically difficult. How-
ever, supportive evidence of hyperoxia-induced, biologi-
cally active VEGF has been demonstrated (JJ.G., unpub-
lished data, 2000), showing that hyperoxia-induced
angiogenesis is abrogated in the presence of anti-VEGF an-
tibody in a matrigel-murine wound model. Notably, col-
lagenases such as matrix metalloproteinases, also a req-
uisite for angiogenesis, are activated in oxidizing conditions.

Various VEGF-stimulating growth factors may be in-
volved in regulating wound VEGEF. Cell culture data sug-
gest that hyperoxia may well change the concentration and
receptor density of other wound-active growth fac-
tors.’2"*1° If VEGF concentration directly responds to hy-
peroxia, it is possible that other growth factors respond
similarly and potentiate angiogenesis. Undoubtedly, more
aspects of hyperoxia remain to be discovered.

These findings, taken with existing information, in-
dicate the following: (1) VEGF production in wounds may
be mediated by oxidants; (2) hypoxia may be a less im-
portant stimulus for neovascularization of wounds than
previously thought; and (3) the benefits of HBO therapy
for ischemic wound failure relate, in part, to increased
VEGF concentration.
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