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Abstract

Earlier studies using GM10115 cells analyzed the

capability of different DNA-damaging agents to in-

duce genomic instability and found that acute

oxidative stress was relatively inefficient at eliciting

a persistent destabilization of chromosomes. To

determine whether this situation would change under

chronic exposure conditions, the human–hamster

hybrid line GM10115 was cultured under conditions

of oxidative stress. Chronic treatments consisted of

1-hour incubations using a range of hydrogen peroxide

(25–200 MM) or glucose oxidase (GO; 5–50 mU/ml)

concentrations that were administered once daily over

10 to 30 consecutive days. The toxicity of chronic

treatments was modest (fone log kill) and consistent

with the low yield of first division aberrations (<5%).

However, analysis of over 180 clones and 36,000 meta-

phases indicated that chronic oxidative stress led to a

high incidence of chromosomal instability. Treatment

of cells with 100 and 200 MM hydrogen peroxide or

50 mU/ml GO was found to elicit chromosomal insta-

bility in 11%, 22%, and 19% of the clones analyzed,

respectively. In contrast, control clones isolated after

mock treatment did not show signs of chromosomal

destabilization. These data suggest that chronic oxi-

dative stress constitutes a biochemical mechanism

capable of disrupting the genomic integrity of cells.
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Introduction

The abnormal phenotypes associated with neoplastic trans-

formation can, in many instances, be traced to an accumu-

lation of genetic changes [1,2]. Many of these changes,

whether induced directly or indirectly by DNA damage, lead

to increases in gene mutation and amplification, reduced

cloning efficiency, elevated micronuclei, sister chromatid

exchanges, and multiple karyotypic abnormalities including

chromosomal instability [3]. The acquisition of these genetic

alterations is believed to involve genomic instability,

a process encompassing a wide variety of biological path-

ways and endpoints [3–5]. Genomic instability can be

induced by a variety of damaging agents, but with varying

efficiency. Agents shown to produce certain types of ‘‘com-

plex’’ DNA damage containing double-strand breaks (DSBs)

(e.g., ionizing radiation, bleomycin, and neocarzinostatin) are

relatively efficient at inducing chromosomal instability [6]. Other

agents producing a predominance of singly damaged sites

(superoxide anions and hydrogen peroxide) are less efficient

at inducing chromosomal instability [6,7]. These data suggest

that acute oxidative stress is not an effective means to elicit

genomic instability.

Reactive oxygen species (ROS), including superoxide

anions and hydrogen peroxide, are metabolic byproducts pro-

duced primarily by mitochondrial respiration [8]. Superoxide is

generated when electrons moving along the electron transport

chain are donated directly to molecular oxygen [9–11]. Cellular

defenses against these oxidizing species include various iso-

forms of superoxide dismutase (SOD), which convert super-

oxide to hydrogen peroxide, and catalase and glutathione

peroxidase, which regenerate water and molecular oxygen

[12]. The efficiency of these antioxidant safeguards may under-

lie the inefficiency with which acute oxidative stress leads to

genomic instability in cells. Genetic damage arising from

oxidative processes also leads to base damage, but these

lesions are efficiently removed by base excision repair systems

that likely promote cellular resistance to genomic instability

induced by oxidative processes [13].

Although acute treatments with oxidizing agents are inef-

fective at eliciting persistent genomic changes, chronic oxida-

tive stress presents cells a more difficult problem to cope with.

The continual exposure of cells to pro-oxidant conditions can

lead to alterations in gene expression and compensatory

adaptations that can alter normal physiology. Prolonged

(6-month) exposure of cells to hydrogen peroxide has been

reported to elicit genomic instability [14], and there is evidence

for increased levels of ROS [7,15] and lipid peroxidation end-

products [7] in genomically unstable clones produced by expo-

sure to ionizing radiation. Addition of antioxidants has been

found to reduce the frequency of chromosomal instability
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induced by X-rays, providing further evidence that oxidative

stress is involved in the regulation of genome stability [16].

The genetic disorder Fanconi anemia (FA) provides an

example where cancer predisposition and genomic instability

are associated with a defect in the metabolism of ROS that

leads to an elevated state of oxidative stress [17–20].

Although the relationship between oxidative stress and the

other defects characterizing FA is unclear at present, evi-

dence does suggest that conditions of chronic versus acute

oxidative stress may contribute to the development and/or

maintenance of genomic instability.

In an effort to understand the biochemical basis of genomic

instability, we have subjected GM10115 cells to conditions

of chronic oxidative stress. Here we report our findings that

implicate oxidative stress as a biochemical mechanism

capable of inducing a high incidence of genomic instability.

Materials and Methods

Cell Culture

The human–hamster hybrid line GM10115 was used in

all studies. GM10115 cells contain 22 to 24 hamster chro-

mosomes and a single copy of human chromosome 4 that

serves as a marker to monitor chromosomal instability

following exposure to genotoxic agents [6]. Cells were grown

in humidified incubators at 34jC with 5% CO2, and main-

tained as monolayers in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% fetal bovine serum

(FBS), 100 U of penicillin, 100 Ag/ml streptomycin, 2 mM

L-glutamine, 0.2 mM L-proline, and 1.5 Ag/ml Fungizone

(GIBCO amphotericin B+1.5 Ag/ml deoxycholic acid).

Chronic Treatments of Oxidative Stress

Oxidative stress was administered through the use of

hydrogen peroxide. Cells were subjected to two different

treatment regimes involving this oxidizing agent. One treat-

ment involved direct addition of hydrogen peroxide to the

culture medium, whereas the other treatment involved the

use of glucose oxidase (GO) added to the medium to

generate hydrogen peroxide enzymatically. The duration of

each treatment was 1 hour and it was administered daily in

serum-free medium (50 ml, high glucose f2 mM). Cells

were treated with 25, 50, 100, or 200 AM H2O2 (Sigma, St.

Louis, MO) or 5, 10, 25, or 50 mU/ml GO (type VII; Sigma).

Daily exposure of cultures to 200 AM H2O2 were limited to 10

days; all other treatments were carried out over the course

of 30 days. Before and after treatment with H2O2, cultures

were rinsed twice in isotonic phosphate-buffered saline

(PBS). Cultures subjected to chronic oxidative stress were

not passaged until the penultimate treatment. Expanded

cultures were treated as before and provided the cells neces-

sary for the determination of multiple endpoints. Following

successive H2O2 treatments, cells were harvested and ana-

lyzed for first division aberrations and clonogenic survival, or

reseeded for colony formation and the isolation of colonies for

the assessment of chromosomal instability.

Determination of H2O2 Concentration

A colorimetric assay was used to measure H2O2. The

modified assay adapted from Nowak [21] is essentially as

described by Salazar and Houten [22], and measures the

enzymatic conversion of a redox-sensitive substrate. The

assay is based on the ability of type II horseradish perox-

idase (HRP) to use H2O2 in the conversion of o -dianisidine

(o -DD) to a colored substrate. Reactions were initiated by

adding 200 Al of the sample to 800 Al of 1� PBS containing

80 Ag/ml o-DD (Sigma) and 5 U of HRP (Sigma). Reactions

were then placed at 37jC for 1 hour before measuring

absorbance at 470 nm. Stock solutions of o -DD (Sigma)

and HRP (Sigma) were made fresh daily in double distilled

water and concentrations of all H2O2 stocks were deter-

mined spectrophotometrically (230 nm, e=81/cm/mol). For

standard curves, samples consisted of H2O2 or GO diluted in

serum-free media.

Cytogenetics—First Division Aberrations

To determine the extent of chromosomal damage induced

directly after chronic oxidative stress, cultures were analyzed

for the presence of aberrations involving human chromo-

some 4. One day following the final H2O2 treatment, one set

of cultures was treated with Colcemid (2�10�7 M) and

processed for the preparation of metaphase spreads as

described previously [6]. Slides containing metaphases were

subjected to fluorescence in situ hybridization (FISH) using a

probe derived from a whole human chromosome 4–specific

library and analyzed by fluorescence microscopy. When

possible, the analysis of rearrangements was based on a

minimum of 1000 metaphases; however, the poor condition

of cultures after certain conditions (200 AM H2O2, 50 mU/ml

GO) limited the yield of quality metaphases for analysis.

Chromosome-type aberrations were scored using the PAINT

terminology as described previously [23].

Survival and Isolation of Colonies for the Determination of

Chromosomal Instability

One day after the final treatment with H2O2, another set of

cultures was harvested and cells were plated for the deter-

mination of survival by clonogenic assay. Multiple plates and

cell densities were seeded to optimize the number of colo-

nies available for scoring and isolation. Plates containing

over 10 colonies were stained with 0.1% crystal violet in 25%

ethanol and scored exclusively for the assessment of surviv-

ing fraction. Plates containing less than 10 colonies were

selected for the isolation of individual clones destined for

expansion and cytogenetic analysis. Clones were picked

with sterile trypsin-soaked swabs and expanded to mass

population for freezing and the preparation of metaphase

spreads.

Cytogenetics—Chromosomal Instability

Colonies derived from single progenitor cells surviving

chronic oxidative stress were picked at random and

expanded to mass population for the analysis of chromo-

somal instability by FISH. Chromosomal instability follow-

ing chronic oxidative stress was assessed in over 180
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independent clones, and the analysis of individual clones

was based on a minimum of 100 metaphases and encom-

passed over 36,000 metaphases total. Clones exhibiting a

minimum of three subpopulations containing distinct types of

chromosome aberrations that represented at least 5% of all

metaphases scored were classified as chromosomally

unstable. This rigorous criterion effectively minimizes false

positives and has been found to be a reliable measure of

chromosomal instability [24].

Results

Measurement of H2O2

To properly assess the conditions for the exposure of cells

to chronic oxidative stress, it was necessary to accurately

measure the level of H2O2 in the culture medium. This was

performed using a modified version of an assay that uses

HRP to enzymatically convert o -DD to a colored substrate in

the presence of H2O2. Under the appropriate conditions, this

reaction depends linearly on the concentration of H2O2 and

can be used to generate a standard curve as that shown in

Figure 1. The plots shown in Figure 1 clearly demonstrate

that the conversion of o-DD is dependent upon the presence

of HRP, and that the response of this assay is linear over a

wide range of H2O2 concentrations (10–200 AM). The curve

generated in the presence of 5 U/ml HRP was derived from

three independent measurements and was used to deter-

mine the level of H2O2 under various culture conditions.

Generation of H2O2 by GO

To assess the ability of GO to generate H2O2, various

concentrations of GO (2.5–100 mU/ml) were dissolved in

5 ml of serum-free medium and added to 60-mm plates with

and without cells. One day prior to assay, 1�106 cells were

seeded into plates that were rinsed prior to the addition of

GO. All plates receiving GO were incubated for 1 hour at

37jC. Aliquots (200 Al) were removed after 1 hour and

assayed for H2O2 as described above. The results of these

experiments are shown in Figure 2 and indicate the effi-

ciency with which GO is able to generate H2O2 under the

stated conditions. The production of H2O2 is observed to be

linearly proportional to the amount of GO. In the absence of

cells, a five-fold increase in the concentration of GO (10–50

mU/ml) leads to a four-fold increase in the concentration of

H2O2 (50–200 AM); the production of H2O2 is less efficient

when the concentration of GO exceeds 50 mU/ml (Figure 2,

circles). In the presence of cells, the level of H2O2 in the

medium is reduced but is still observed to increase linearly

(10–200 AM) with GO concentration (10–100 mU/ml). The

metabolic activity of f1.5 million cells is sufficient to reduce

the level of H2O2 by f50% when the concentration of GO is

less than 50 mU/ml (Figure 2, squares). These experiments

demonstrate the utility of the GO system for generating H2O2

in culture.

Kinetics of H2O2 Metabolism

Time course studies were undertaken to establish the

steady state levels of H2O2 in culture. Using the assay format

described above, H2O2 levels were observed to rise rapidly

(f40 AM within 5 minutes) in the presence of 25 mU/ml GO

(Figure 3). In the absence of cells, H2O2 increased linearly

Figure 1. Standard curve for the measurement of H2O2. The 1.0, 10, and 100

mM H2O2 stock solutions were prepared and the actual concentration of

these solutions was calculated based on its absorbance at 230 nm (e=81/cm/

mol). Aliquots of H2O2 (200 ll) were added to 800 ll of PBS containing o-DD

(80 lg/ml) and 5 U of HRP (squares) or no HRP (circles). Samples were

incubated at 37jC for 1 hour before measuring absorbance at 470 nm. Plots

shown are the linear regression fits through all data derived from three

independent experiments (FSD).

Figure 2. Generation of H2O2 by GO. GO treatment for 1 hour was made in

serum-free DMEM in the presence (f1�106, squares) or absence (circles) of

cells. The background generation of H2O2 in cells was also determined

(triangles). Following a range of GO treatments, samples were removed and

assayed for H2O2 using the o-DD/HRPassay. Data shownwere averaged from

duplicate samples taken from each of two independent experiments (FSD).
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during the course of treatment, reaching f100 AM by 60

minutes (Figure 3, circles), a value comparable to that shown

in Figure 2 (circles). In the presence of cells, an equilibrium

that resulted in a steady state level of f40 AM H2O2

throughout the duration of the treatment was achieved

(Figure 3, squares). When H2O2 was added directly to

cultures, cellular metabolism rapidly depleted H2O2 levels

to background within 40 minutes (Figure 3, triangles).

These experiments illustrate that cells deplete exogenously

added H2O2 rapidly, and that steady state levels can only be

maintained when a H2O2-generating system is used. Thus,

the two treatment regimes used to expose cells to chronic

oxidative stress exhibit markedly different kinetic profiles for

the consumption of H2O2.

Chronic Exposure Conditions

Cultures subjected to chronic oxidative stress through

acute addition of H2O2 or through treatment with GO were

assayed periodically for H2O2 levels over the course of

treatment. Triplicate samples were removed for analysis on

the day of assay and at the end of each specific 1-hour

treatment. Cultures tested in parallel on days 5, 15, and 30

indicate that H2O2 was produced in a manner dependent

upon the concentration of GO (Figure 4). Modest fluctua-

tions in H2O2 levels were observed for a given treatment over

30 days. These fluctuations were due to unavoidable varia-

bility in the day-to-day treatments and the expected variabil-

ity in cell numbers resulting from the dynamic turnover of cells

cultured continuously over 1 month. As opposed to cultures

treated with GO, cultures degraded an acute bolus of H2O2 to

undetectable levels by 1 hour—data consistent with the

rapid elimination of H2O2 shown in Figure 3 (dashed line).

Cell Survival Following Chronic Oxidative Stress

Cells were harvested for the assessment of clonogenic

survival 1 day following the final oxidizing treatment. Surviv-

ing fraction was normalized to control plating efficiency

(76%) and expressed as a function of GO or H2O2 concen-

tration (Figure 5). Chronic treatments lasting 30 days were

Figure 3. Kinetics of H2O2 production and metabolism. GO (25 mU/ml) was

added to serum-free DMEM in the presence (f1�10 6, squares) or absence

(circles) of cells. H2O2 (200 lM) was also added to cultures of 1�10 6 cells in

serum-free DMEM as a comparison (triangles). Following the addition of GO

or H2O2, aliquots were removed over the course of an hour and assayed for

H2O2 content using o-DD and HRP. Plots shown were averaged from

duplicate samples taken from a typical experiment.

Figure 4. Chronic levels of H2O2 exposure. GM10115 cells subjected to chronic oxidative stress were assayed periodically for the determination of H2O2 levels in

culture. Triplicate samples removed on days 5, 15, and 30 were analyzed for H2O2 content by the o-DD/HRP assay, and values were converted to H2O2

concentration using the standard curve shown in Figure 1. For each day, increased shading of individual bars (from left to right) corresponds to 5, 10, 25, and 50

mU/ml GO or 25, 50, 100, and 200 (day 5 only) lM H2O2. Bar charts indicate the average of triplicate measurements (FSD).
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not found to be markedly toxic. Surviving fraction was

reduced from 0.78 to 0.23 as the concentration of GO

increased from 5 to 50 mU/ml, respectively. Increasing the

amount of H2O2 added exogenously from 25 to 100 AM
dropped survival by only 40%. The relatively modest toxicity

observed after chronic oxidative stress treatments is in

contrast to our previous studies noting a higher level of

toxicity associated with the acute treatment of GM10115

cells with superoxide or H2O2 [6,7].

Early Division Aberrations

Cells were also analyzed for chromosomal rearrange-

ments directly after the last oxidative treatment. First and

second division aberrations involving human chromosome 4

were used to gauge the clastogenic properties of chronic

oxidative stress treatments. The fraction of metaphases

containing human chromosome 4 aberrations or kickouts

trended upward with increasing GO or H2O2 concentration

(Table 1). None of the treatments led to more than 2%

aberrant metaphases except 100 AM H2O2, which produced

a yield of 4.3% aberrant metaphases (Table 1). Similarly, the

number of metaphases devoid of the human chromosome

did not exceed 5% for any of the treatments except 100 AM
H2O2, which resulted in the loss of human chromosome 4

from 11% of the metaphases scored (Table 1). Further visual

analysis of slides revealed the presence of metaphases that

possessed multiple complex aberrations (data not shown).

These metaphases were observed at GO levels of 10 and

25 mU/ml, and at H2O2 levels of 50 and 100 AM. Most of

these metaphases contained multiple aberrations (>5) char-

acterized by complex translocations, acentric fragments, and

a smaller proportion of dicentrics and rings. Metaphases

exhibiting multiple aberrations were quantitatively insigni-

ficant (<0.1%), but did suggest that a small but detectable

fraction of cells exposed to chronic oxidative stress had

begun to exhibit indications of chromosomal instability. Early

division metaphases derived from cells exposed to 50 mU/ml

GO or 200 AM H2O2 were of insufficient quality for cyto-

genetic analysis.

Chromosomal Instability Resulting from Chronic

Oxidative Stress

Colonies surviving exposure to chronic oxidative stress

were clonally expanded for the analysis of potential chromo-

somal instability. Based on the low frequency of metaphases

containing first division aberrations and the infrequent occur-

rence of metaphases containing multiple aberrations, we

chose to focus our analysis on those clones surviving the

highest levels of oxidative stress (i.e., 50 mU/ml GO or 100

and 200 AM H2O2). This approach was designed to optimize

the detection of chromosomally unstable clones because

past experience has found that encountering this phenotype

among randomly selected clones is exceedingly rare at the

levels of survival shown in Figure 5 [6]. Somewhat unexpect-

edly, cytogenetic analysis of 182 clones representing over

36,000 metaphases indicates a relatively high efficiency with

Figure 5. Cell survival after chronic oxidative stress. GM10115 cells

subjected to 30 consecutive days of GO or H2O2 exposure were plated for

the determination of clonogenic survival. Surviving fraction was normalized to

sham-treated controls set to unity. Data represent the average of three

independent measurements (FSD).

Table 1. Chromosomal Aberrations Found Directly After Chronic Oxidative

Stress.

Treatment* Percentage of

Aberrant

Metaphasesy

Percentage of

metaphases without

human chromosome 4z

Controls 0.2 0.8

H2O2, 25 Am 0.3 1.6

H2O2, 50 Am 0.4 4.6

H2O2, 100 Am 4.3 11.3

GO, 5 mU/ml 1.0 1.3

GO, 10 mU/ml 2.0 2.7

GO, 25 mU/ml 1.6 4.0

*One thousand total metaphases scored for each treatment.
yPercentage of metaphases containing rearrangements involving human

chromosome 4.
zPercentage of metaphases not containing human chromosome 4.

Table 2. Chromosomal Instability in Clones Subjected to Chronic Oxidative

Stress.

Treatment Number of

Clones

Number of

Metaphase

Subpopulations*

Percentage of

Metaphasesy

Controls 44 0–3 0–3

H2O2, 100 Am 31 0–2 0–5.5

2 1–2 97–100

6 3–4 1.5–3.5

5 3–5 5–18

H2O2, 200 Am 35 0–4 0–3.5

1 1 61

7 3–5 6.5–10.5

3 7–10 52–75

GO, 50 mU/ml 39 0–3 0–4

7 3–6 5–23

2 7–8 21–100

Boldface indicates chromosomally unstable clones, as defined by those

clones containing three or more abnormal metaphase subpopulations

comprising at least 5% of all metaphases scored.

*Number of different abnormal metaphase subpopulations showing distinct

types of chromosome aberrations.
yPercentage of metaphases scored showing chromosomal aberrations.
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which chronic oxidative stress elicits chromosomal instability

(Table 2). The fraction of clones exhibiting chromosomal

instability (i.e., those clones containing greater than three or

more aberrant subpopulations comprising at least 5% of the

metaphases analyzed) after exposure to 100 or 200 AM
H2O2, or 50 mU/ml GO was found to be 5/44 (11%), 10/46

(22%), and 9/48 (19%) respectively. Using GO treatment as

an example, seven clones exhibited three to six different

types of aberrations within 5% to 23% of the metaphases,

whereas two clones had seven or eight different types of

aberrations within 21% or all of the metaphases scored. All

44 control clones subjected to the same experimental mani-

pulations but receiving no GO or H2O2 had zero to three

aberrant subpopulations involving 0% to 3% of the meta-

phases and were, therefore, not chromosomally unstable.

Discussion

Earlier studies have demonstrated a variable degree of

efficiency with which DNA-damaging agents were able to

elicit chromosomal instability [6,7]. Although the different

spectrum of DNA damage types provides some explanation

for this variability, it was unlikely that the inefficient induction

of chromosomal instability by these acute oxidizing treat-

ments was due to an insufficient level of DNA damage

because clonogenic survival was reduced by 2 to 4 logs kill

[6,7]. However, the persistence of oxidative stress observed

in clones that did exhibit chromosomal instability [7] and the

amplification of redox-sensitive genes in cells exposed to

chronic oxidative stress [14] suggested that chronic, as

opposed to acute, oxidizing treatments might lead to a higher

incidence of chromosomal instability.

To explore this possibility, we utilized two treatment

regimes for subjecting cells to chronic oxidative stress: one

approach involved the addition of H2O2 directly to the culture

medium, whereas the other approach used the enzyme GO

to generate H2O2 when added to the culture medium. Two

separate approaches were used because the treatment

profiles of H2O2 exposure in culture differ so markedly. The

rapid metabolism of exogenously added H2O2 exposes cells

to a steep gradient of H2O2 concentrations, whereas GO

leads to a more steady state level of H2O2 (Figure 3).

Oxidizing treatments were carried out for 30 days, except

those involving 200 AM H2O2, because past studies have

shown that 1 month is generally required to detect chromo-

somal instability in individual clones isolated and expanded

after the initial induction of DNA damage.

Cultures subjected to chronic oxidative stress exhibited

some expected variations in H2O2 levels because it was

difficult to control the absolute number of cells cultured over

the duration of the chronic treatments. Cells were also in a

relatively high state of confluency (>90%) during most of the

chronic treatments, as repopulation continually balanced the

cell kill resulting from daily administration of H2O2. Density-

inhibited cell growth may underlie the lower toxicity of chronic

versus acute oxidative stress in GM10115 cells because the

fraction of cells actively proliferating during oxidant exposure

was reduced under chronic conditions [25–27]. The rela-

tively modest toxicity of chronic treatments (20–80% kill)

may also reflect compensatory responses developed during

chronic exposures that bolster the selective pressure for

propagating cells having an increased resistance to H2O2.

The lack of marked toxicity after chronic oxidative

stress was accompanied by the absence of numerous

first division aberrations. Cells analyzed within the first two

cell divisions after chronic oxidative exposures were found

to exhibit a minimum (<5%) of chromosomal aberrations

involving the human chromosome. Quantitatively, these

aberration and survival (>20%) levels corroborate our

earlier measurements finding a linear relationship between

cell survival and the yield of aberrations involving human

chromosome 4 [16].

Although initial aberration levels are reliable predictors

of clonogenic survival, their utility in forecasting the incidence

of chromosomal instability is less certain. Chromosome

aberrations detected shortly after damaging treatments

reflect the clastogenic properties of a particular agent, and

are generally not considered to be the result of chromosomal

instability [28]. Nonetheless, the frequency of aberrant meta-

phases may provide a marker for the number of cells having

an increased likelihood of developing chromosomal instabil-

ity. In one treatment (100 AM H2O2), the frequency of

metaphases exhibiting first division aberrations (4.3%) was

less than the frequency of clones exhibiting chromosomal

instability (11%). Furthermore, a linear extrapolation of first

division aberration yields from lower H2O2 or GO levels still

underestimates the incidence of chromosomal instability

observed at 200 AM H2O2 (22%) or 50 mU/ml GO (19%).

The extremely low occurrence (<0.1%) of metaphases

exhibiting multiple complex aberration types at the first

division suggests, too, that chromosomal instability was not

yet fully developed immediately following chronic treatments.

Although it is tempting to speculate that chronic oxidative

stress primed a latent program for activation during clonal

expansion to elicit instability, there are caveats to this

interpretation as well. Significantly, first division aberration

yields reported (Table 1) are underestimates of total aberra-

tion yields because the human chromosome comprises
f5% of the GM10115 genome [29]. Any further evaluation

of this possibility was also complicated by the difficulty of

obtaining quality metaphases for early cytogenetic analysis

after 200 AM H2O2 and 50 mU/ml GO treatments.

Present data show that chronic oxidative stress elicits a

high frequency of chromosomal instability when compared to

acute oxidative stress. In prior studies using GM10115 cells,

chromosomal instability was not observed in over 80 clones

surviving acute treatments of H2O2 or superoxide (by xan-

thine/xanthine oxidase) that resulted in 2 to 4 logarithmic

orders of cell kill [6,7]. In contrast, present studies have

demonstrated that chromosomal instability is observed in

10% to 20% of clones surviving chronic exposure to 100 AM,

200 AM H2O2, or 50 mU/ml GO. Despite the different steady

state levels of H2O2 arising from the addition of GO versus

H2O2, both chronic treatments were relatively effective at

producing chromosomally unstable clones. Although the

reasons for this are uncertain, the marked increase in
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efficiency with which chronic oxidative stress induces chro-

mosomal instability does indicate that repeated disruptions

to the redox environment of a cell are sufficient to compro-

mise genomic integrity.

The current study was designed to assess the impact of

ROS on cells rather than the origin or source of cellular ROS.

Exogenous H2O2 may modulate extracellular redox pro-

cesses that impact cellular physiology. The importance of

extracellular SOD [30,31] and NADH oxidases [32] in regu-

lating multiple pathways supports the physiological rele-

vance of the extracellular redox environment. Observations

suggesting an involvement of ROS in mediating the inter-

actions between undamaged cells and those damaged by

irradiation [33,34] implicate a role for exogenous ROS in the

stress response of cells. These so-called ‘‘bystander effects’’

have been hypothesized to propagate the abnormal pheno-

types associated with genomic instability [35].

Cancer cells exhibit multiple endpoints of genomic

instability [2–4] and a loss of regulation between glycolytic

metabolism and mitochondrial respiration [36,37]. The

increased dependence upon glycolysis shown by most

cancer cells [36,37] may underlie their sensitivity to oxida-

tive stress induced by glucose deprivation [38–40]. Many

of the signaling and gene expression pathways believed

important in neoplastic transformation are activated under

conditions of oxidative stress and glucose deprivation [38–

40]. Therefore, it seems reasonable that under certain

situations, the tumor microenvironment may be subject to

chronic oxidative stress that promotes the accumulation of

ROS. Cancer cells have been shown to produce elevated

H2O2 [41] and glucose metabolism appears to be integrally

related to the metabolic detoxification of intracellular ROS

[42]. Consequently, tumor cells may well increase their

metabolism of glucose to compensate for increased ROS

production caused by a defect in mitochondrial respiration

[40]. Our recent findings demonstrating that chromosomal

instability is associated with a persistent increase in intra-

cellular ROS and an increased number of dysfunctional

mitochondria support this idea further [43]. Although it

remains to be determined how chronic oxidative stress

impacts tumorigenesis in vivo, present data suggest that

metabolic and/or environmental conditions that might lead

to a persistent elevation in oxidative species can exacer-

bate the onset of genomic instability.
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