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ABSTRACT

The effect of hyperoxia on levels of DNA damage and global DNA methylation was examined in lung epithe-
lial-like A549 cells. DNA damage was assessed by the single-cell gel electrophoresis (comet assay) and DNA
methylation status by the cytosine extension assays. Cells exposed to ionizing radiation (0, 1, 2, 4, or 8 Gy)
showed increasing rates of percentage of DNA in the tail and tail length with increasing radiation dose. When
cells were exposed to room air (normoxia) for 1 day and 95% O, (hyperoxia) for 1, 2, 3, 4, and 5 days, data in-
dicated that hyperoxia caused time-dependent increases in levels of (a) single strand breaks, (b) double strand
breaks, and (c) 8-oxoguanine. Decreased DNA methylation also was observed at day 5 of hyperoxic exposure,
suggesting that hyperoxia-induced DNA damage can influence patterns of DNA methylation in a lung-derived

cell line. Antioxid. Redox Signal. 6, 129-136.

INTRODUCTION

SUPPLEMENTAL OXYGEN is used clinically in the treatment
of premature neonates due to their inefficient respiration.
However, prolonged treatment can cause acute lung injury,
also known as respiratory distress syndrome. If such injury
persists, and continuous oxygen support is necessary, the acute
lung injury can evolve into chronic lung injury, also known as
bronchopulmonary dysplasia.

Direct and indirect evidence supports the hypothesis that
hyperoxia induces the generation of reactive oxygen species,
which can further mediate pulmonary oxygen toxicity (2).
These oxidants can attack DNA directly, causing oxidation of
bases and sugars, depurination, depyrimidation, and phos-
phodiester single and double strand breaks, or indirectly, by
oxidizing lipids that, in turn, damage DNA. These processes
contribute to lung cytotoxicity (for review, see 34). Recently,
investigations of hyperoxia-dependentlung injury in newborn
rodents concluded that oxidative DNA damage observed in
the model was neutrophil-dependent (4). The role of neutrophils
in hyperoxic lung injury has been the subject of a large num-

ber of previous investigations. Many studies have concluded
that both production of reactive oxygen species and lung injury
can proceed independently from inflammation. In this study,
we used a simplified cell culture model to examine the poten-
tial for hyperoxiato cause DNA damage in a lung-derived cell.

DNA methylationis the covalentbinding of a methyl group
to a cytosine molecule (thus making a methylcytosine mole-
cule) within CpG dinucleotide sequences (25). Its effects on
the mammalian genome can include modifying the chromatin
into a transcriptionally inactive state. Absence of methylation
at critical sites can promote transformation of a normal cell
into a malignantone (5, 15). In tumor cells, global hypomethyl-
ation has been observed within protooncogenes (19) accom-
panied by region-specific hypermethylation (CpG islands) of
tumor suppressor genes (24, 42). Methylation-associated gene
silencing events have been shown to involve promoter (8), as
well as actively transcribed (29) regions of genes. This can
provide tumor cells with a growth advantage.

DNA damage has been shown to interfere with the ability
of the nucleic acid template to serve as a substrate for DNA
methyltransferases.For example, x-ray-induced abasic sites and
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single strand breaks can diminish the methyl group-accepting
capacity of DNA (46). In addition, both UV (6) and y-irradiation
(26) can elicit global DNA hypomethylation.

The presence of hyperoxic DNA damage due to generation
of oxidative stress could facilitate changes in DNA methyla-
tion status, with potentially important effects on cell survival.
Although the impact of certain DNA-damaging agents has been
assessed, the effect of hyperoxia-induced oxidative stress on
DNA methylation status has not been investigated in cells de-
rived from the lung. This is important because DNA damage
can alter methylation patterns such that gene expression can
be influenced. Therefore, we also examined the effects of hy-
peroxic exposure (95% O,) on DNA methylation status in ad-
dition to DNA damage in lung epithelial-like (A549) cells.

MATERIALS AND METHODS

Cell culture

A549 lung epithelial-like carcinoma cells were grown in
100-mm Falcon tissue culture dishesin 10 ml of F-12K media
(GibcoBRL, Life Technologies, Grand Island, NY, U.S.A.) sup-
plemented with 10% fetal calf serum, 100 U/ml penicillin, 100
pg/ml streptomycin at 37°C, under a humidified atmosphere
of air containing 5% CO,. Cell cultures were passaged by
trypsinization and subcultured at a plating density of 500,000
cells/plate.

Cell exposures to hyperoxia or radiation

For all exposures, cells were trypsinized and plated in
100-mm dishes at a density of 5 X 103 cells/plate. After 24 h,
the cultures were given 10 ml of fresh media and placed in a
Plexiglas box. The box was sealed and gassed with 95% O,/5%
CO, for 20 min. The oxygen concentrations that result from
such exposures, at the cellular level, have recently been re-
ported (3). Importantly, exposure to 95% O,, at Denver atmo-
spheric pressure, is equivalent to only 79% oxygen at sea level
pressure. For radiation exposures, cells were placed at a den-
sity of 2 X 103 cells/plate in 100-mm dishes and allowed to
grow overnight. To test for DNA damage, cells were exposed
to 0, 1, 2, 4, or 8 Grey (Gy) of cesium-137 at a dose rate of
2.2 Gy/min. Following exposure, cells were harvested by tryp-
sinization.

DNA extraction and precipitation

DNA was extracted by using the E.Z.N.A Tissue DNA Kit
(Omega Bio-Tek Inc., Doraville, GA, U.S.A.) according to
the manufacturer’s protocol. Precipitation was performed by
adding 44.4 pl of 3 M sodium acetate buffer (pH 5.2) to the
dissolved DNA solution. Then 800 pl of ice-cold methanol
was added, and the solution was mixed for 5 min, after which
it was placed on ice for 1 h. DNA was recovered by centrifug-
ing at 12,000 g for 10 min at 4°C. The supernatant was re-
moved, and the pellet was washed twice with 500 ul of 70%
ethanol and centrifugedat 12,000 g for 2 min at 4°C. The DNA
pellet was left at room temperature to allow any methanol
residue to evaporate. DNA was redissolved in 20 ul of TE
buffer (10 mM Tris-Cl, 1 mM EDTA at pH 8.0).
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Cytosine-extension assay

Assessment of random DNA methylation status was ac-
complished by using the cytosine-extension assay as described
previously (39). In brief, 1 pg of genomic DNA was digested
overnight at 37°C, with 10 U of Hpa II endonuclease (New
England Biolabs, Beverly, MA, U.S.A.) in 1 X nuclear extract
(NE) buffer 1 (New England Biolabs; 10 mM Bis-Tris
propane-HCI, 10 mM MgCl,, 1 mM dithiothreitol at pH 7.0).
Total reaction volume was 20 pl. A second aliquot, which
served as background control, contained all components ex-
cept the restriction enzyme. The cytosine-extension assay was
performed in a 25-pl reaction volume containing the follow-
ing: 0.5 pg of genomic DNA, 1X polymerase chain reaction
buffer IT (without MgCl,), 25 mM MgCl,, 0.5 U of AmpliTaq
DNA polymerase (PerkinElmer), and 0.3 ul of [*H]dCTP (14.2
Ci/mmol; NEN Life Science Products). The mixture, without
the DNA, was incubated at 95°C for 7 min, and then DNA
was added. The reaction was covered with mineral oil and in-
cubated at 55°C for 1 h. Samples were placed on ice, and 25
ul of the reaction mixture was applied onto Whatman DE 81
ion-exchangefilter paper (Fisher Scientific). Filters were washed
three times (10 min each time) with 0.5 M sodium phosphate
buffer (pH 7.5) at room temperature. For the purpose of a
positive control, 10 ug of genomic DNA from control cells
was methylated in vitro in the presence of S-adenosylmethio-
nine (160 uM) (New England Biolabs), 20 U of CpG methyl-
ase (New England Biolabs), 1 X NE buffer 2 (New England
Biolabs; 50 mM NaCl, 10 mM Tris-HCI1, 10 mM MgClz, 1
mM dithiothreitol at pH 7.9), and dH,O up to 50-pl reaction
volume. The mixture was incubated for 2 h at 37°C. Disinte-
grations per minute (dpm) were obtained with the use of a
scintillation counter (Beckman, model no. LS5000TD).

Single-cell gel electrophoresis (SCGE) assay

DNA damage was examined by using the Reagent Kit for
Single Cell Gel ElectrophoresisAssay (Trevigen Inc., Gaithers-
burg, MD, U.S.A.) according to the manufacturer’s protocol.
Cells were resuspended in phosphate-buffered saline (PBS) at
1 X 10%ml and combined with low-melting-point agar at
42°C at a ratio of 1:10 (vol/vol). Immediately, 75 pl of this
suspension was pipetted onto a CometSlide (microscope slides
specially treated to promote adherence of low-melting-point
agar). Slides were placed at 4°C in the dark for 30 min, fol-
lowed by immersion in prechilled lysis solution (2.5 M NaCl,
100 mM EDTA, pH 10, 10 mM Tris base, 1% sodium lauryl
sarcosinate, and 1% Triton X-100) at 4°C for 60 min. Slides
were then immersed in freshly prepared alkali solution (0.3 M
NaOH and 200 mM EDTA, pH >13) for 60 min at room tem-
perature in the dark. For the detection of double strand breaks,
slides were removed from the alkali solution and immediately
washed in 1X TBE buffer (90 mM Tris base, 90 mM boric
acid, and 3 mM EDTA, pH 8.0) for 5 min, two times. Slides
were then transferred to a horizontal electrophoresis appara-
tus where 1X TBE buffer was poured until slides were cov-
ered. Power supply was set to 1 V/cm (measured electrode to
electrode), and the voltage was applied for 10 min at 4°C.
After electrophoresis, slides were dipped in 70% ethanol for
5 min and stored overnight at room temperature. For the de-
tection of single strand breaks, slides were removed from the
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alkali solution and transferred to a horizontal electrophoresis
apparatus. Alkali solution was poured until the fluid level
covered the slides. Voltage was set to 1 V/cm, 300 mA for 30
min at 4°C. Then slides were dipped in 70% ethanol for 5 min
and stored overnight at room temperature. For both single and
double strand breakage, detection slides were stained with 50
ul of diluted SYBR Green dye [1 pl of the dye in 10 pul of TE
buffer (10 mM Tris-Cl, pH 7.5, 1 mM EDTA)].

Visual scoring

As described in detail previously (37, 38), visual scoring
of DNA damage on each slide was determined for 100 ran-
domly selected nucleoids (state of cells after being lysed) at a
magnification of 200X. Nucleoids were categorized into five
classes (0, 1, 2, 3, and 4) representing an increasing extent of
DNA damage. Each nucleoid was assigned a numeric value
according to its class. The overall score for each slide ranged
from O up to 400 arbitrary units (AU).

Computer-based scoring

Computer scoring was performed on 50 cells for each treat-
ment group, for the determination of both tail length and per-
centage of DNA in tail. Percentage of DNA in tail refers to
the total cell DNA that migrated into the comet tail. The equa-
tion used was: (tail DNA/total DNA) X 100. Tail length mea-
sures the length of the tail from the edge of the head eclipse
to the tip of the tail. In brief, each nucleoid was captured as a
digital image using an Olympus Vanox-T fluorescence micro-
scope attached to a digital camera (Cooke, Auburn Hills, MI,
U.S.A)). The UV filter used was of 360-nm excitation/457-
nm emission, and the magnification was set at 200X. Images
were recorded using the Slide Book 2.6.5.5 software (Intelli-
gent Imaging Innovations, Denver, CO, U.S.A.) on a Macin-
tosh G3 computer. The software used to assess DNA damage
was a modified version of the Comet 1.4 macro (23) and can
be found at http://rsbweb.nih.gov/pub/nih-image/user-macros/
under the filename: elc_cometll.txt. Assessment of overall
DNA damage was made in ~20 randomly selected cells.

Assessment of 8-oxoguanine levels

Cell levels of 8-oxoguanine were determined by using the
Fluorogenic OxyDNA Assay Kit (Calbiochem Inc., San Diego,
CA, U.S.A.) according to the manufacturer’ protocol. After hy-
peroxic exposures, cells were harvested by trypsinization (1-2
X 106 cells/sample), centrifuged at 230 g, and resuspendedin 2
ml of PBS. Cells were fixed in 4% paraformaldehyde,and then
incubated on ice for 15 min, followed by centrifugation and re-
suspensionin 70% ice-cold ethanol. Cells were stored at —20°C
overnight. The next day cells were centrifuged and resuspended
first in PBS and then in wash solution (25X Tris-buffered saline
containing 1% Tween 20 and thimerosal; diluted 1:25 in dH,0).
Nonspecific binding sites were blocked with 50 ul of blocking
solution (diluted 1:10 in wash solution) for 1 h at 37°C. At the
end of the incubation period, 3 ml of wash solution was added
and cells were mixed, centrifuged, and resuspended. Then cells
were incubated with 100 pl of fluoresceinisothiocyanateconju-
gate (diluted 1:10 with wash solution) for 1 h in the dark at
room temperature. Cells were centrifuged and resuspended in
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wash solution. Finally, cells were resuspended in 1 ml of PBS
and analyzed on a FACS CALIBER flow cytometer (BD Instru-
ments, San Diego, CA, U.S.A.) operated by Cell Quest software
and incorporating an argon laser (488 nm, 15 mW) for excita-
tion. For the purpose of a positive control, cells were treated
with a bolus addition of 10 mM hydrogen peroxide (H,0,) for 1
h at 37°C in the absence of serum.

Statistical analysis

All calculations were performed using the JMP software
(SAS Institute, Cary, NC, U.S.A.). Means were compared by
one-way analysis of variance (ANOVA) followed by Tukey—
Kramer test for multiple comparisons. A value of p < 0.05
was considered significant.

RESULTS

DNA strand break measurements in
irradiated A549 cells

DNA architecture persists as supercoiled loops attached to
the nuclear matrix. If cells are permeabilized with a deter-
gent, and nuclear proteins are extracted with a high salt con-
centration, the DNA remains within a nucleus-like structure
called the nucleoid. Thus, undamaged cells appear as intact
nucleoids (comet heads) without tails. However, if the DNA
contains breaks, their presence relaxes supercoiling, and the
loops are now free to extend outside the bounds of the matrix
instead of being attached to nuclear matrix (31). Figure 1A
shows increased migration of DNA from the nucleus of repre-
sentative cells with increasing doses of ionizing radiation.

To evaluate the SCGE assay and the computer-based scor-
ing software in detecting increasing levels of DNA strand
breaks, A549 cells were exposedto 0, 1, 2,4, and 8 Gy of ion-
izing radiation and the SCGE assay was performed. Ionizing
radiation increased the mean DNA percentage in comet tails
in a dose-dependent manner [1 Gy (8.7% + 0.9),2 Gy (10.0 =
0.9),4 Gy (13.3 £ 1.4), 8 Gy (22.7 £ 1.9)] when compared
with unexposed cells [0 Gy (5.4 = 0.9)] (Fig. 1B). The alter-
native measurement of tail length by software analysis was
comparable to tail DNA percentage measurements [0 Gy (1.3
+0.24),1 Gy (3.0£0.3),2Gy (4.1 £0.3),4 Gy (6.3+0.6), 8
Gy (10.4 £ 1.2)] (Fig. 1C). Assessment of radiation-induced
DNA damage by visual scoring revealed a comparable dose-
dependent increase in strand breaks (data not shown).

Hyperoxia-induced DNA damage in A549 cells

DNA strand breaks were assessed by alkaline (single strand
breaks) and neutral (double strand breaks) SCGE assays. The
mean level of single strand breaks in room air-exposed cells
was 30.2 + 4.5 AU, whereas 24 h of hyperoxic exposure sig-
nificantly increased those levels (95.4 £ 30.7 AU). Exposure
to hyperoxia for longer durations further increased the levels
of single strand breaks [2 days (161.2 = 10.7 AU), 3 days
(188.2+13.1 AU), 4 days (208.3 £ 15.4 AU), 5 days (232.7 +
12.2 AU)] (Fig. 2). Levels of double strand breaks also were
determined over a similar time course of hyperoxic expo-
sures. Hyperoxia-exposed cells had increased levels of dou-
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FIG. 1. (A) SCGE (comet) assay. A549 cells were exposed to 0, 1, 2, 4, or 8 Gy before being embedded in low-melting-point
agarose. Cells were electrophoresed, stained with a SYBR Green dye, and visualized under a fluorescence microscope. Undam-
aged nuclear DNA (0 Gy) appears as an intact nucleoid (comet head) without a tail. In the presence of breakage, the supercoiling
nature of DNA relaxes and extends to form a tail structure. Note the increased extension of the DNA from the comet head to the
comet tail with increasing radiation dose. (B) Determination of percent DNA in tail in A549 cells using a computer scoring ap-
proach. Cells were exposed to 0, 1, 2, 4, and 8 Gy of ionizing radiation. *p < 0.05 versus 0 Gy by one-way ANOVA with Tukey’s
test for multiple comparison;n = 18 for 0 Gy, n =23 for 1 Gy, n =24 for 2 Gy, n =22 for 4 Gy, n = 23 for 8 Gy. (C) Determination
of tail length in A549 cells using a computer scoring approach. Cells were exposed to 0, 1, 2, 4, or 8 Gy of ionizing radiation. *p
< 0.05 versus 0 Gy by one-way ANOVA with Tukey’s test for multiple comparison;n = 18 for 0 Gy, n = 23 for 1 Gy, n = 24 for 2
Gy, n =22 for 4 Gy, n = 23 for 8 Gy.

ble strand breaks [1 day (21.0 £ 2.0 AU), 2 days (48.7 £ 2.6
AU), 3 days (42.8 + 4.4 AU), 4 days (37.7 £ 9.3 AU), 5 days
(63.2 £5.6 AU)] when compared with room air-exposed cells
(14.7 £ 2.2 AU) (Fig. 3). Thus, hyperoxia elicited a time-
dependent increase in both single and double strand breaks.
The absolute level of single strand breaks was greater than that
of double strand breaks at each time point, with single strand
breaks being three to four times greater at the final time point.

8-Oxoguanine levels in A549 cells exposed
to hyperoxia
Levels of 8-oxoguanine,in room air- and hyperoxia-exposed

cells, were detected by flow cytometry after direct binding of
an antibody to 8-oxoguanine moieties in the DNA of fixed

cells. Room air-exposed cultures had a basal level of 18.0 +
5.1% of 8-oxoguanine-positive cells (Fig. 4). In response to
hyperoxia, a significant increase in §-oxoguanine-positive
cells was not evident until after 4 days (29.7 £ 1.5%) and 5
days (34.9 + 1.5%) of exposure. In contrast, significant in-
creases in levels of 8-oxoguanine-positive cells were evident
within 1 h after treatment with 10 mM H,O, (Fig. 4).

Effect of hyperoxia on DNA methylation

For the determination of global DNA methylation, the
methylation-sensitive restriction enzyme Hpa Il was used.
This enzyme cleaves at unmethylated CpG dinucleotide se-
quences. This leaves a guanine molecule “overhanging” As a
result, [*H]dCTP is incorporated at those unmethylated (cleaved)
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FIG. 2. Determination of DNA single strand breaks in
hyperoxia-exposed A549 cells. Cells were exposed to either 1
day of 21% O, or 1, 2, 3, 4, and 5 days of 95% O,. DNA dam-
age was scored visually on a scale of 0-400 AU. *p < 0.05 ver-
sus 21% O, by one-way ANOVA with Tukey’s test for multiple
comparison;n = 5 per group.

sites. Thus, the extent of [3H]dCTP incorporation reflects the
number of unmethylated sites. Conversely, low [3H]dCTP in-
corporation indicates a high degree of DNA methylation. Dur-
ing hyperoxia studies, a positive control was included con-
sisting of extensively methylated genomic DNA. The level of
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FIG. 3. Determination of DNA double strand breaks in
hyperoxia-exposed A549 cells. Cells were exposed to either 1
day of 21% O2 or 1,2, 3,4, and 5 days of 95% 02, DNA dam-
age was scored visually on a scale of 0-400 AU. *p < 0.05 ver-
sus 21% O, by one-way ANOVA with Tukey’s test for multiple
comparison;n = 5 per group.
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FIG. 4. Effect of hyperoxia on the percentage of 8-oxogua-
nine-positive A549 cells. Cell cultures were exposed to either 1
day of 21% O2 or 1,2, 3,4,and 5 days of 95% 02, The right-
most column is the positive control and indicates cells being
treated with a bolus addition of 10 mM H,0O, (see Materials and
Methods). *p < 0.05 versus 21% O, by one-way ANOVA with
Tukey’s test for multiple comparison; n = 5 per group.

incorporation in room air-exposed cells was lower (1,437.2 +
211.3 dpm) than after 5 days of exposure to hyperoxia(3,349.5 +
118.5 dpm). This indicates that levels of methylation declined
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FIG. 5. Differences in DNA methylation between 21% O,-
and 95% O,-exposed cells. Cells were exposed to 1 day of 21%
O, and 5 days of 95% O,. Positive control indicates 10 ug of ge-
nomic DNA from control cells methylated in vitro (see Materi-
als and Methods). *p < 0.05 versus 21% O, by one-way ANOVA
with Tukey’s test for multiple comparison;n =5 per group.


http://www.liebertonline.com/action/showImage?doi=10.1089/152308604771978435&iName=master.img-003.png&w=220&h=231
http://www.liebertonline.com/action/showImage?doi=10.1089/152308604771978435&iName=master.img-004.png&w=207&h=219
http://www.liebertonline.com/action/showImage?doi=10.1089/152308604771978435&iName=master.img-005.png&w=193&h=210
http://www.liebertonline.com/action/showImage?doi=10.1089/152308604771978435&iName=master.img-006.png&w=188&h=244

134

during exposure. Such levels were significantly reduced in
control cells under high methylation conditions (266.0 + 36.5
dpm) (Fig. 5; positive control). Statistically significant changes
in DNA methylation status were not observed at earlier time
points than day 5 of exposure (data not shown). Thus, statisti-
cally significant changes in 8-oxoguanine levels preceded
those in global DNA methylation.

DISCUSSION

The purpose of this investigation was to investigate the na-
ture and time course of DNA damage due to hyperoxiausing
assays for both oxidative and global DNA damage, and to as-
sess for potentially associated changes in DNA methylation
status, in a pulmonary epithelial cell line (A549). The SCGE
(comet) assay was validated in a study in our lab using a wide
range of ionizing radiation because the dose dependency of
this agent in causing DNA damage is well established (16).
Our results (Fig. 1B and C) confirm a dose-dependent increase
of DNA single strand breaks with increasing doses. Such in-
crease was quantified by using two computer-based scoring
parameters: (a) percentage of DNA in tail and (b) tail length.
Although both are among those parameters most commonly
used (10), percentage of tail DNA is most useful because it is
linearly related to breakage frequency over a wide range of
damage (11). The alternative to computer-based scoring is vi-
sual scoring wherein nucleoids are classified by visual in-
spection into categories of increasing damage (Fig. 1A). Al-
though subjective and semiquantitative in nature, it is a widely
used method that in experienced hands has a strong linear re-
lationship with the computer scoring (10).

For many years, hyperoxia has been considered to be a
cause of DNA damage and mutagenesis (12). Recent studies
have been able to link hyperoxic lung injury with DNA dam-
age as indicated by increases in p53 activity (35). It remains
unclear whether DNA damage contributes to the acute lung
injury associated with exposure to hyperoxia. In addition, it is
uncertain what type(s) of DNA lesion(s) are involved. A re-
cent study has shown that when newborn rats were treated
with 95% O, for 8 days, a significant neutrophil-mediated DNA
damage was observed, as reflected by elevated levels of lung
8-oxoguanine. The authors concluded that such damage may
contributeto the abnormal lung developmentseen in hyperoxia-
induced oxidative stress (4). Under our “neutrophil-free” ex-
perimental conditions, we were able to detect DNA single
strand breaks as early as 1 day after onset of hyperoxic expo-
sure (Fig. 2), whereas increased double strand breaks were sig-
nificantly elevated after 2 days of exposure (Fig. 3). The ap-
parent lag in the levels of 8-oxoguanine in hyperoxia-exposed
cells relative to single strand breaks (Fig. 4) may be due to an
early elevation being obscured by a relatively high background
innate to this assay. These in vitro observations demonstrate
that hyperoxiahas a direct genotoxic effect in addition to any
indirect neutrophil-derived flux of reactive oxygen species.
Lung epithelial-like A549 cells are known to be growth-arrested
almost immediately after onset of hyperoxic exposure (24 h),
initially at the S phase and later at the G, (40). Whether and
how the presence of such DNA damage is interfering with the
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cell growth machinery is an evolving story. However, current
evidence indicates that DNA damage due to hyperoxia can
contribute to cellular injury (47), growth arrest (41), and cell
death (36).

The presence of 8-oxoguanine as a biomarker of oxidative
DNA damage (Fig. 4) could be of great importance due to its
potential to interfere with DNA methylation. A recent study has
demonstrated that when either of the guanines of the CCGG
recognition site for initiation of enzymatic methylation is sub-
stituted with 8-hydroxyguanine, the binding of the DNA
methyltransferaseto the oligomer is altered, thereby preventing
methylation at this site (45). Thus, DNA damage during hyper-
oxia may result in alterations to the DNA template leading to a
decline in global methylation within the genome. This may lead
to aberrant expression of genes that are ordinarily methylated
and silenced. Alternatively, the observed hyperoxia-inducedhy-
pomethylation may be the result of the direct oxidation of 5-
methylcytosine molecules on DNA by oxygen radicals. Such
radicals can react with 5-methylcytosine, forming a 5-methyl-
cytosine glycol, an intermediate product that deaminates to
form thymine glycol. The thymine glycol moiety can pair with
adenine resulting in a C- to T-transition. Such transitions are
thought to contribute 40-60% of the mutations caused by reac-
tive oxygen species (28). Substantial evidence indicates that mi-
tochondrial reactive oxygen species production and damage
occur very early in hyperoxia (1, 17, 20, 21, 43). Surprisingly,
hyperoxia, even at sea level pressure, does not appear to cause
damage to mitochondrial DNA (30). Because the mitochon-
drion is the predominant source of reactive species in hyperoxia
(18), as well as the site of greatest damage (44), this finding
suggests that DNA damage and cell injury may not have a
cause—effect relationship. Further, the possibility is suggested
that DNA damage might be a result of, or at least be potentiated
by, growth arrest and/ or altered bioenergetics.

Ongoing experiments in our laboratory are focused on the
mechanisms by which hyperoxia can induce DNA damage
and hypomethylation. This is potentially important because
although de novo methylation of CpG dinucleotides requires
cell division (44), such division does not take place in hyper-
oxia. Conversely, studies have shown that decreased DNA
methylation after treatment with 5-aza-2-deoxycytidine slows
the growth of human tumor cell lines (7). In addition, inhibi-
tion of DNA methyltransferase 1 induces transcription of the
gene p21 (32), activates the p53 DNA damage response path-
way (27), and triggers an S-phase arrest (33). Therefore, it
may be that hyperoxia-induced growth arrest is the result of
the direct inhibition of DNA methylation by inhibition of DNA
methyltransferase 1. If this is true, the growth arrest observed
may protect the genome against more extensive DNA demethy-
lation. Furthermore, it will be of interest to determine DNA
methylation status in other lung cell types during exposures
to hyperoxia. Very current evidence indicates that the methyl-
ation status of DNA may be affected not only by methylation,
but also by a dynamic process of demethylation (14). The lat-
ter may be affected by S-adenosylmethionine and S-adenosyl-
homocysteine, and our studies are directed at the metabolism of
these compounds in oxidative stress.

To summarize, we have shown evidence of elevated levels
of DNA single and double strand breaks in a lung-derived
epithelial-like cell, suggesting direct genotoxicity by hyper-
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oxia. This confirms the type of DNA lesions caused by hyper-
oxia that have been observedin other cell types (8, 9, 13, 22).
In addition, increased levels of 8-oxoguanine appear indepen-
dently from the presence of inflammation and could interfere
with the ability of the cell to maintain existing methylation
status. This could contribute, in turn, to altered gene expres-
sion patterns in hyperoxia. This is, to our knowledge, the first
report to indicate that hyperoxia can alter DNA methylation.
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