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ABSTRACT

Hypoxia limits wound healing. Both normobaric (1 atm) and hyperbaric oxygen (HBO) approaches have been
used clinically to oxygenate wound tissue. Recently, we reported that HBO ameliorates stress-induced impair-
ment of dermal healing. We examined the effect of pressure on oxygen-induced vascular endothelial growth
factor (VEGF) expression by human HaCaT keratinocytes. Next, we investigated the effect of HBO on whole-
body redox and on the ratio of oxidized to reduced glutathione (GSSG/GSH) in the liver, heart, lung, and
brain of rats. Superoxygenation (90% O,) of keratinocytes partially arrested cell growth. G2-M growth arrest
was substantially augmented by HBO. HBO also caused apoptosis in a small subpopulation. Normobaric oxy-
gen, but not HBO (2 atm), potently induced the expression of VEGF165 and 189. In vivo electron paramag-
netic resonance spectroscopy imaging revealed a clear shift of the whole-body redox status toward oxidation
in response to HBO. The standard diet of laboratory rats contains excessive (17X human recommended di-
etary allowance) a-tocopherol (E++*), which confers exceptional resistance to oxidant insults. People with
chronic wounds commonly suffer from under- or malnutrition. We generated vitamin E-deficient (E™) rats by
long-term dietary vitamin E restriction. HBO did not raise GSSG/GSH in E+* rats, but post-HBO GSSG/GSH
was significantly higher in E- compared with E++. Thus, rats on antioxidant-enriched diet were well protected
against HBO. The risk of oxidative stress may negatively impact the net benefits of HBO. This is of special
concern for people with inadequate intake of dietary antioxidants. Nutritional antioxidant supplementation
may offset HBO-induced oxidative stress. Antioxid. Redox Signal. 7,1377-1387.

INTRODUCTION and antibiotic, O, may support vital processes, such as angio-
genesis (18). The central area of the wound is most hypoxic
with a progressive increase in the O, gradient toward the un-

HYPOXIA, caused by disrupted vasculature, is a key factor
injured tissue at the periphery. The pO, of dermal wounds

that limits wound healing. Correcting this compromised

state of tissue oxygenation by the administration of supple-
mental O, may benefit wound healing in the perioperative and
outpatient setting (18). Clinical trials have shown that keep-
ing patients warm and administering supplemental O,, both
of which enhance wound oxygenation, decrease the rate of
wound infection in surgical patients and shorten the average
length of hospital stay (19, 30). Beyond its role as a nutrient

ranges from 0—10 mm Hg centrally to 60 mm Hg at the pe-
riphery, whereas the pO, in the arterial blood is ~100 mm Hg.
Clinical use of O, to promote wound healing began in the
1960s with administration of systemic hyperbaric O, (HBO)
to treat wounds (24). More recently, the use of normobaric
topical oxygen for the treatment of clinical problem wounds
has shown encouraging results (27). Although the conditions
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(e.g., pressure, O, concentration, frequency and duration of
administration) for systemic HBO therapy have not been opti-
mized on the basis of randomized clinical trials, HBO is an
FDA-approved therapeutic modality used in wound clinics (18).
Recently, we have presented the first experimental evidence
demonstrating that HBO may restore wound healing in stressed
mice (16). Although HBO may serve as an effective tool to
oxygenate wound tissue, it has some potential to cause oxy-
gen toxicity as well. Oxygen toxicity has been known for cen-
turies (6, 46). Recently, sensitive and specific molecular mark-
ers of oxygen toxicity have been identified (7, 57, 58). For
example, isofurans have been identified as a sensitive marker
of toxicity caused by oxygen with a purity greater than 21%
(35). Although these novel techniques remain to be used to
test the incidence of oxygen toxicity in patients receiving HBO,
it has been established that HBO increases the levels of free
radicals in the blood of humans (36). Furthermore, a higher
incidence of oxygen-toxic seizures in the patient population
receiving HBO therapy has been recently reported (20). These
findings are consistent with findings in the laboratory indi-
cating that HBO may be genotoxic (55). A favorable outcome
in wound healing studies using subpure (19) and pure (27) O,
under normobaric conditions warrants reassessing the merits
of pressure in O, therapy. Among many known growth fac-
tors, vascular endothelial growth factor (VEGF) is believed to
be the most prevalent, efficacious, and long-term signal that
is known to stimulate angiogenesis in wounds (53). In this
study, we sought to test the effect of pressure on oxygen-
induced VEGF expression by human keratinocytes. Next, we
investigated the effect of HBO exposure in vivo on oxidative
stress status in vital organs.

MATERIALS AND METHODS

In Vitro Studies

Cell and cell culture. Tmmortalized HaCaT human ker-
atinocytes were grown in Dulbecco’s low-glucose modified
Eagle’s medium (Life Technologies, Gaithersburg, MD, U.S.A.)
supplemented with 10% fetal bovine serum, 100 U/ml penicillin,
and 100 pg/ml streptomycin. The cells were maintained in a
standard culture incubator with humidified air containing 5%
CO, at 37°C as described previously (53). In experiments deter-
mining the growth rate of HaCaT under varying ambient oxygen
conditions, cells were seeded (5,000 cells per well) in four-well
plates. The culture plates were maintained in one of three experi-
mental conditions: 20% oxygen [room air (RA)], 90% oxygen at
1 atm pressure [normobaric oxygen (NBO)], and 90% oxygen at
2 atm pressure (HBO). Culture of cells under HBO conditions
was made possible using the OxyCure®3000 hyperbaric incuba-
tor (OxyHeal, National City, CA, U.S.A.). Cells were counted
using a Coulter particle counter (Beckman Coulter Inc., Miami,
FL, U.S.A.). The first reading, interpreted as baseline, was col-
lected 3 h after seeding. When required, cell culture media were
collected for enzyme-linked immunosorbent assay (ELISA).

Cell cycle analysis. On days 3 and 7 of seeding, cells
from each one of the three conditions (room air, NBO, and
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HBO) were examined for cell cycle using flow cytometry
(FACS Calibur, Becton Dickinson) and CellQuest software
(BD Biosciences) as described previously (44).

VEGF assays. At specific time points after seeding of
cells, 0.5 ml of culture medium was collected from each well.
VEGF ELISA (R&D Systems Inc., Minneapolis, MN, U.S.A.)
was performed as described previously (53). For mRNA analy-
ses, RNA was isolated from cells in each condition using the
Qiagen® RNeasy mini-protocol (Qiagen Inc., Valencia, CA,
U.S.A.). VEGEF (splice variants VEGF165 and VEGF189) and
B-actin were detected by reverse transcription—polymerase chain
reaction (RT-PCR) using primers as described previously (53).
Samples were run on 2% agarose gel, and the images of the
subsequent bands were used for densitometry. Data were nor-
malized using B-actin as the housekeeping gene.

HPLC analysis of glutathione redox status. Re-
duced (GSH) and oxidized (GSSG) glutathione were detected
simultaneously from HaCaT cell acid lysates using an HPLC-
coulometric electrode array detector (CoulArray Detector, model
5600 with 12 channels; ESA Inc., Chelmsford, MA, U.S.A.) as
described previously (53). In brief, cells were plated in 100-
mm plates and 10 ml of medium to obtain 75% confluence on
day 5 for each of the three experimental conditions. A pilot ex-
periment was run to determine initial plating counts per condi-
tion that would provide 75% confluence on day 5. The seeding
density for each of the three experimental conditions was as
follows: 0.2 X 109 cells per plate (RA), 0.45 X 10¢ cells per
plate (NBO), and 1 X 109 cells per plate (HBO). Cells were
harvested on day 5 following seeding. The samples were snap-
frozen and stored in liquid nitrogen until HPLC assay. Sample
preparation, composition of the mobile phase, and specifica-
tion of the column used have been previously reported (52, 53).
This system uses multiple channels set at different redox po-
tentials. Data were collected using channels set at 600, 700,
and 800 mV.

In vivo studies

Animals and supplementation protocol. Male and
female rats (Sprague—Dawley, 14 weeks old; Harlan, Indi-
anapolis, IN, U.S.A.) were divided into the following three
groups: (a) E** group, male (n = 3) and female (n = 3) rats fed
standard rat chow containing 200 nmol of «-tocopherol per
gram dry weight; (b) E-"HBO group, male (n = 3) and female
(n = 3) rats fed standard rat chow and exposed to HBO (pure
O,, 2 atm, 2 h, once); and (c) ETHBO group, male (n = 3) and
female (n = 3) rats maintained on vitamin E-deficient diet (TD
88163, Harlan) for two generations (3 months) and exposed to
HBO once. Rats were killed and tissues harvested after HBO
exposure.

Vitamin E extraction and analysis. Vitamin E ex-
traction from the liver and analysis were performed as de-
scribed previously using an HPLC-coulometric electrode array
detector (CoulArray Detector Model 5600 with 12 channels;
ESA Inc.) (42, 43).
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Tissue glutathione assay. Tissue GSH and GSSG
were detected as described above for in vitro studies.

Electron paramagnetic resonance spectroscopy
(EPR) imaging of whole-body redox. Mice in RA and
HBO groups were anesthetized by intraperitoneal injection of
ketamine (90 mg/kg of body weight) and xylazine (20 mg/kg).
3-Carbamoyl-proxyl solution (150 mg/kg of body weight) was
injected into the tail vein, and the mouse was placed in a prone
position in a quartz tube of 3.5-cm diameter. EPR spectra were
immediately taken in body of the mouse at regular intervals of
4 min, and 16 projections were taken for each time point for
two-dimensional imaging of redox status. The measurements
were performed using a custom-built EPR spectrometer (22)
fitted with a 750-MHz microwave power unit and a 40-mm
diameter loop gap re-entrant resonator. The microwave power
was set at 32 mW, and the modulation frequency was 100 kHz.
Spectral acquisitions were performed using a custom-developed
data acquisition software (SPEX) that was capable of auto-
mated data acquisition and recording. For construction of two-
dimensional images, 16 projections were taken and the spectral
data were deconvoluted using the line shape of the zero-gradi-
ent spectrum. Images were reconstructed from the deconvoluted
data by filtered back projection.

Statistics

Bar and line graphs are reported as means + SD. Compar-
isons between means were tested using two-sample equal vari-
ance, two-tailed distribution 7 test. p < 0.05 was considered
statistically significant.

RESULTS

Exposure of HaCaT keratinocytes to 90% oxygen limited
cell growth. Growth was almost completely arrested in response
to HBO (Fig. 1). Flow cytometry analyses revealed that oxy-
gen arrested the cell cycle in the G2-M phase and that such
arrest was substantially augmented in response to HBO. Con-
current with cell-cycle arrest in the G2-M phase, a very lim-
ited number of HaCaT cells (<1%) responded to oxygen ex-
posure by undergoing apoptosis. Such death response was
increased by over six-fold when cells were exposed to HBO.
Thus, the pressure factor clearly played a major role in caus-
ing G2-M arrest and apoptosis (Fig. 2). Oxygen potently in-
duced VEGF expression by the keratinocytes. Higher levels
of VEGF protein were detected in the cell-culture medium
(Fig. 3A). PCR studies demonstrated that oxygen regulated
VEGF production at the transcriptional level. The mRNA
analyses of 165 and 189 forms of VEGF revealed that both
forms of VEGF were equally sensitive to oxygen. Although
both 165 and 189 forms of VEGF were significantly induced
by NBO, ambient pressure emerged as a key determinant of
that response. Exposure of HaCaT to HBO obliterated the ef-
fects of oxygen on inducible VEGF expression (Fig. 3). To
test whether the detrimental effects of HBO on cell growth,
survival, and angiogenic response were related to oxidative
stress, cellular glutathione redox status was determined. Ex-
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FIG. 1. Human Kkeratinocyte cell growth in response to
changes in ambient oxygen conditions. Cells (5,000 cells/
well) were seeded into four-well plates. For day 0 data, attached
cells were counted after 3 h of seeding. RA, ll; NBO, @; HBO,
A. fp < 0.05, significant difference between NBO and RA;
*p < 0.05, significant difference between HBO and NBO.

posure of the cells to oxygen down-regulated cellular GSH
and increased GSSG levels. This represents a shift of the cel-
lular glutathione redox state toward oxidation. Exposure of
HaCaT to HBO showed marked signs of oxidative stress as
reflected by a substantial increase in cellular GSSG/GSH ratio
compared with cells exposed to NBO (Fig. 4).

To verify this stressful effect of HBO in vivo, EPR imaging
and biochemical studies were conducted. For EPR imaging,
mice were chosen because our EPR cavity is suited for the size
of mice. Anesthetized mice were injected with a nitroxyl rad-
ical through the tail vein and placed in the EPR resonator, and
images were taken every 4 min. Antioxidants reduce the nitroxyl
radical to hydroxylamine, and thus the signal decays with time.
A higher intensity signal from an area indicates lower reduc-
tion capacity of the corresponding tissue. In the control group,
high signal intensity was observed in the peritoneum at 4 and
8 min and in the bladder at 12 and 16 min. In the HBO group,
higher signal intensity was observed at all time points as
compared with the control group, and the nitroxyl radical was
retained in the body for a longer time (Fig. 5). This indicates
a clear shift of the whole-body redox status toward oxidation
in response to HBO treatment. The EPR imaging studies thus
confirmed our in vitro observation indicating that HBO poses
the risk of oxidative stress.

Laboratory rats are fed with a standard diet that contains a
substantial excess of a-tocopherol (E**). Because of this, the
laboratory rat is unusually enriched in antioxidants and thus
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FIG. 2. Keratinocyte cell cycle in response to changes in ambient oxygen conditions. Cell cycle was analyzed on day 7 fol-
lowing seeding. (A) RA. (B) NBO. (C) HBO. (D and E) RA, open bar; NBO, closed bar; HBO, hatched bar. 7p <0.05, significant
difference between RA and NBO; *p < 0.05, significant difference between NBO and HBO.

exceptionally resistant to oxidative stress (56). We have ob-
served that the typical experimental rat eats 4 g of rat chow
per 100 g of body weight, i.e., 20 g of chow is consumed by
the 500-g rat per day. The Harlan Teklad 22/5 rodent diet (W)
contains 109.54 IU of dietary tocopherols per kilogram of
chow. Thus, the typical 500-g adult rat ingests 2.2 U of di-
etary tocopherols per day or 4.4 IU/kg of body/day. The cur-
rent human recommended daily allowance (RDA) is 22.5 TU
(or 15 mg; 1 mg = 1.5 IU) per day for adult men and women
(25). The mean body weight for adult men in the United States
during the period 1999-2002 has been determined to be 191
Ib or 86.64 kg (39). Factoring in such an average body weight,
the human RDA may be expressed as 0.26 [U/kg of body/day.

Thus, the standard rat chow provides 17-fold higher vitamin
E to the adult laboratory rat than recommended for the aver-
age adult in the United States.

To wash off excess tissue vitamin E from laboratory rats, we
maintained them on a vitamin E-deficient diet. Such dietary
modulation resulted in a significant lowering of tissue vitamin
E level in both male and female rats (Fig. 6). We utilized these
E-deficient and E** rats for studies investigating the effects of
HBO on the GSSG and GSH levels in vital organs. In rats fed
with standard laboratory diet, females had a significantly higher
hepatic a-tocopherol level than male rats. Exposure to HBO
did not influence the hepatic vitamin E level (Fig. 6). Although
female rats had a higher hepatic a-tocopherol level (Fig. 6),
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FIG. 3. Oxygen-induced VEGF expression in human ker-
atinocytes. RA, open bar; NBO, closed bar. (A) VEGF protein
in culture medium; (B) VEGF mRNA in HaCaT by RT-PCR.
(C) RT-PCR densitometry data. VEGF165/B-actin, open bar;
VEGF189/B-actin, closed bar. On day 3 following seeding,
cells were lysed and RNA extracted for RT-PCR. p < 0.05, sig-
nificantly different in NBO versus RA; *p < 0.05, significantly
different in HBO versus NBO.
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FIG. 4. Glutathione redox status in HaCaT keratinocytes
in response to changes in ambient oxygen conditions. (A)
GSH. (B) GSSG. (C) GSSG/GSH ratio multiplied by 100. RA,
open bar; NBO, closed bar; HBO, hatched bar. Cells were plated
such that on day 5, 75% confluence was achieved. Cells were
harvested on day 5 of seeding. fp < 0.05, significantly different
in NBO versus RA; *p < 0.05, significantly different in NBO
versus HBO.
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12 min

FIG. 5. Whole-body EPR redox imaging in response to HBO exposure. Tail vein injection of nitroxyl radical was followed
by EPR imaging as described in Materials and Methods. Tissue antioxidants reduce the nitroxyl radical to hydroxylamine, result-
ing in time-dependent decay of EPR signal. A higher intensity signal from an area in the body indicates increased oxidative stress.
Data were obtained using a custom-built 750-MHz EPR spectrometer with the following parameters: 32 mW microwave power,
0.7 G modulation amplitude, 100 KHz modulation frequency, 80 ms time constant, 35 G scan range, and 750 MHz microwave fre-
quency. (Inset) Animal orientation. (A) RA control group. A high signal intensity is observed in the thoracic and peritoneal re-
gions at 4 and 8 min after nitroxyl radical injection. This signal sharply decays with appearance of the signal in the urinary blad-
der as the nitroxyl probe is cleared by the kidney. (B) HBO-treated group. On treatment with HBO at 2 atm for 2 h once, a higher
signal intensity was observed at all time points as compared with the control group, and the nitroxyl radical stayed in the body for
a longer time. This observation is indicative of a shift of the tissue redox status to oxidation in response to HBO.

they had a lower hepatic GSH level than males (Fig. 7). In both
males and females, a single HBO exposure tended to increase
the GSSG/GSH ratio, but the effects were not significant.
Post-HBO GSSG/GSH was significantly higher in male E-
deficient rats (Fig. 7). In the heart, HBO did not show any ef-
fect on the tissue GSSG/GSH ratio. However, E deficiency
significantly increased post-HBO GSSG/GSH in the heart of
both male and female rats (Fig. 8). In the lung of male rats,
HBO caused lowering of GSH. Consistent with the observa-
tion in the heart, a single exposure of HBO did not influence
the lung and brain of E** rats, but did significantly increase
GSSG/GSH in E-deficient rats (Figs. 9 and 10). The HBO-
exposed brain of female E-deficient rats had a higher GSSG/
GSH ratio than their male counterparts (Fig. 10).

DISCUSSION

The state of tissue oxygenation is a key determinant of in-
ducible VEGF expression and angiogenesis. Although hypoxia
can initiate neovascularization by inducing angiogenic factor
expression, it cannot sustain it. A threshold level of oxygena-
tion is required to support the metabolic needs of tissue re-
modeling. Acutely, hypoxia facilitates the angiogenic process
(45), whereas chronic hypoxia impairs wound angiogenesis
(2). Sustained hypoxia causes death and dysfunction of tis-
sue. VEGF is a major long-term angiogenic stimulus at the
wound site. On the one hand, hypoxia is a potent trigger of in-
ducible VEGF expression (5). On the other hand, hyperoxia
induces VEGF as well (12, 13, 32, 54). In sum, conditions
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FIG. 6. Vitamin E levels in rat liver. Rats were randomly di-
vided into the following three groups: E**, open bar; E-*HBO,
closed bar; and ETHBO, hatched bar. *p < 0.05, significant dif-
ference between E"HBO and E-HBO; *p < 0.05, significant
difference between male E** control and female E** control;
Op < 0.05, significant difference between male E-*HBO and
female E-"HBO. E** group, male (» = 3) and female (» = 3) rats
fed standard chow containing 200 nmol of a-tocopherol per
gram dry weight; E-"HBO group, male (n = 3) and female (n =
3) rats fed standard rat chow and exposed to HBO (pure O,, 2
atm, 2 h, once); E"THBO group, male (n = 3) and female (n = 3)
rats maintained on vitamin E-deficient diet for two generations
(3 months) and exposed to HBO once. Rats were killed and tis-
sues harvested after HBO exposure.
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that would destabilize normoxia by either oxygen withdrawal
or enrichment seem to be a trigger for inducible VEGF ex-
pression. Both hypoxia and hyperoxia are known to generate
reactive oxygen species (ROS) (8, 9, 18, 48). However, ROS
may induce VEGF expression independent of the hypoxia-
inducible factor (53), which represents the central pathway
utilized by hypoxia to regulate gene expression (31). Although
the significance of the dual regulation of VEGF by oxygen re-
mains elusive, supplemental oxygen is used clinically to sup-
port wound angiogenesis (18).

Clinical use of O, to promote wound healing began in the
1960s with administration of systemic HBO to treat wounds
(24). Systemic HBO therapy is an FDA-approved therapeutic
modality used in wound clinics with an encouraging success
rate (37). However, both clinical (20) and basic science stud-
ies indicate that HBO poses the risk of oxygen toxicity. Ap-
proaches to treat wound using NBO delivery have provided
beneficial outcomes in clinical settings (19, 27). Results of
this study indicate that although NBO may induce VEGF ex-
pression, it causes growth arrest of <20% cells at the G2-M
phase. This observation is consistent with previous findings
reporting hyperoxia-induced G2-M arrest in fibroblasts (44).
Of note, in a wound situation, supplemental oxygen is used to
correct hypoxia and restore normoxia. Our experimental setup
studied superoxygenation. Supplementation of NBO corrects
hypoxia without superoxygenation (15). Thus, the growth in-
hibitory effects of oxygen observed in this study may not be
applicable to situations where supplemental oxygen is used to
correct hypoxia and not superoxygenate. The efficacy of oxy-
gen to induce VEGF expression was completely obliterated in
response to pressure. In addition, HBO completely arrested
HaCaT cell growth. Previously, HBO has been observed to in-
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FIG. 7. Glutathione redox state levels in rat liver. *p < 0.05, significant difference between E-*HBO and ETHBO; §p < 0.05,
significant difference between E** control and E"HBO; p < 0.05, significant difference between male and female E* control;
Lp < 0.05, significant difference between male ETHBO and female ETHBO treated. See legend of Fig. 6 for description of

groups.
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FIG. 8. Glutathione redox state levels in rat heart. *p < 0.05 significant difference between E-"HBO and E-HBO; §p < 0.05,
significant difference between E** control and E*"HBO. See legend of Fig. 6 for description of groups.

hibit growth of epithelial cells (40) and induce cells to enter
the cell cycle and accumulate in G2/M (28). HBO is known to
superoxygenate tissues to levels multi-fold higher than their
baseline pO, (4, 23, 38).

Both the 165 and 189 forms of VEGF were observed to be
inducible by NBO. VEGF-A, the original VEGEF, exists in four
different isoforms (comprising 121, 165, 189, and 206 amino
acids in humans), which are generated by alternative splicing
of a single pre-mRNA species. The biological effects of VEGF

_LI

are mediated by two receptor tyrosine kinases, VEGFR-1 and
VEGFR-2, which differ considerably in signaling properties.
Nonsignaling coreceptors also modulate VEGF receptor tyro-
sine kinase signaling. VEGF165 and VEGF189 represent two
functionally active forms of VEGF-A (3, 29). Previously, we
have observed that these two specific forms of VEGF-A, but
not VEGF-B, -C, or —D, are inducible by low doses of ROS
(53). HBO failed to induce VEGF expression, resulted in com-
plete growth arrest, and induced apoptosis in the keratinocytes.
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FIG. 9. Glutathione redox state levels in rat lungs. *p < 0.05,

end of Fig. 6 for description of groups.

significant difference between E-*HBO and E"HBO. See leg-
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FIG. 10. Glutathione redox state levels in rat brain. *p < 0.05, significant difference between E-*HBO and E"HBO; §p <
0.05, significant difference between E** control and E-*HBO; Lp < 0.05, significant difference between male and female
E~HBO; Op < 0.05, significant difference between male and female E-"HBO. See legend of Fig. 6 for description of groups.

These observations are consistent with the proapoptotic ef-
fects of HBO observed in hematopoietic cells and fibroblasts
(11, 17).

In most cells, GSH is present in millimolar levels. Upon
oxidant insult, GSH is rapidly oxidized to GSSG (47, 49).
Thus, GSSG/GSH is used as a sensitive marker of oxidative stress
(1, 50, 51). In our study, exposure of human keratinocytes to
NBO elevated the GSSG/GSH ratio, indicating a tangible level
of oxidant insult. This effect was increased multifold in re-
sponse to HBO, indicating that pressurized oxygen caused overt
oxidative stress as evidenced by growth arrest, apoptosis, and
GSH oxidation. HBO is known to increase cellular free radi-
cal production (36). This is consistent with our EPR observa-
tion demonstrating a shift of the whole-body redox state to-
ward oxidation in response to HBO treatment. Excess ROS
cause GSH oxidation (26), G2/M arrest (10), and apoptosis
(41). Clinically, mostly people with chronic wounds are treated
with HBO. One of the most common clinical conditions asso-
ciated with a nonhealing wound is compromised nutrition sta-
tus (14). For example, undernutrition and malnutrition are seen
at alarmingly high rates in institutionalized elderly and in pa-
tients admitted to hospitals (21). The occurrence of pressure
ulcers is associated with malnutrition, as well as specific mi-
cronutrient deficiencies (33). Because laboratory rats are fed
with a standard diet that contains a substantial excess of a-
tocopherol (56), we decided to maintain rats on a long-term
vitamin E-deficient diet in order to lower their tissue vitamin
E levels to reflect the condition in malnourished or under-
nourished humans. We observed that HBO did not influence
the GSSG/GSH ratio in the vital organs of male and female
rats fed with standard laboratory chow containing excess vit-
amin E. This finding is in agreement with the previously reported
observation that laboratory rats fed with vitamin E-enriched
standard diet are exceptionally resistant to oxidative stress (56).
In rats with compromised tissue vitamin E levels, however,
the post-HBO GSSG/GSH ratio was significantly higher in

the E-deficient group compared with the group fed with ex-
cessive vitamin E. These findings indicate that people suffer-
ing from malnutrition or undernutrition, who are likely to have
an inadequate supply of dietary vitamin E, may be sensitive
to oxidative stress caused by HBO. Indeed, red blood cells in
vitamin E-deficient humans are known to be adversely influ-
enced by HBO (34).

Supplemental oxygen may support angiogenesis by a vari-
ety of mechanisms, including the induction of the biologi-
cally active forms of VEGF. Although HBO may be a useful
approach to sharply raise tissue pO, in humans, under certain
conditions it may exert adverse effects. Exposure to HBO in-
creases the generation of oxygen free radicals in tissues, and
this may be of special concern for people with inadequate
intake of dietary antioxidants, such as vitamin E. Nutritional
antioxidant supplementation may be considered by patients
scheduled for HBO therapy. Further investigation weigh-
ing the risks and benefits of pressure in oxygen therapy is
warranted.
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