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Elevated Oxidative Stress in Patients with Ataxia Telangiectasia
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ABSTRACT

Ataxia telangiectasia (AT) is a pleiotropic genetic disorder characterized by progressive neurodegeneration,
especially of cerebellar Purkinje cells,immunodeficiency, increased incidence of cancer, and premature aging.
The disease is caused by functional inactivation of the ATM (AT-mutated) gene product, which is thought to
act as a sensor of reactive oxygen species and oxidative damage of cellular macromolecules and DNA. The
compound phenotype of AT might thus be linked to a continuous state of oxidative stress leading to an in-
crease of programmed cell death (apoptosis). To assess this hypothesis, we analyzed lipid peroxidation prod-
ucts and the oxidative stress associated DNA base damage 8-hydroxy-2-deoxyguanosine in patients with AT.
Oxidative damage to lipids and DNA was found to be markedly increased in AT patients. These results indi-
cate that ATM might play an important role in the maintenance of cell homeostasis in response to oxidative
damage. In this context, a better control of levels of reactive oxygen species could be a rational foundation of
therapeutic intervention to help alleviate some of the symptoms associated with AT. Antioxid. Redox Signal. 4,

465-469.

INTRODUCTION

ATAXIA TELANGIECTASIA (AT) is an autosomal recessive
genetic disorder characterized by neurodegeneration
with progressive cerebellar ataxia, oculocutaneous telangiec-
tasia, variable cellular and humoral immunodeficiency, pre-
mature aging, and an increased predisposition to lym-
phoreticular malignancies. The gene responsible for the
pleiotropic phenotype of the disease, ATM (AT-mutated), is
a member of a family of large proteins that have a phos-
phatidylinositol 3-kinase catalytic domain at the C-terminus
(33). These proteins are involved to different extents in cell-
cycle control, cellular responses to DNA damage, and chro-
mosomal maintenance (17, 19, 23, 25, 42). However, the
roles for ATM in programmed cell death (apoptosis), an im-
portant cellular response to DNA damage, are less clear (2, 8,
9, 26, 39, 40). Especially, the mechanisms underlying the
apoptotic loss of naive T cells as well as postmitotic cerebel-

lar Purkinje cells in AT patients have remained elusive (37). A
hypothesis explaining the sensitivity of AT cells to apoptosis
postulates that AT cells are unable to counteract the effects of
reactive oxygen species (ROS), which damage macromole-
cules and induce cell death (4, 20). In this perspective, ATM
would act as a sensor for oxidative stress, caused by an excess
of ROS (32). ATM abnormalities may thus lead to apoptotic
cell death due to oxidative damage (30). In earlier studies, we
showed diminished antioxidant competence and a decreased
ability to counteract oxidative stress in patients with AT (29).
To study further the roles played by ATM in the cellular re-
action to oxidative damage, we analyzed lipid peroxidation
products and the oxidative stress-associated DNA base dam-
age 8-hydroxy-2-deoxyguanosine (§-OHdG) in patients with
AT. Oxidative damage to lipids and DNA was found to be
markedly increased in AT patients. These results indicate that
ATM might play an important role in the maintenance of cell
homeostasis in response to oxidative damage.
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MATERIALS AND METHODS

AT patients

Thirty-three patients with AT (median age 16, range 3-27
years; 15 male, 18 female) were studied. Diagnosis was es-
tablished in accordance with the World Health Organization
recommendations (1). All patients showed increased levels of
a-fetoprotein (data not shown) and atypical G2 arrest mea-
sured by flow cytometry. EDTA blood was collected from pa-
tients and healthy age-matched controls.

The study was approved by the local Human Committee of
Ethics, and informed consent was obtained from patients and
parents before entering the study.

Detection of apoptosis

Flow cytometry was used to measure the percentage of
apoptosis after 7-amino actinomycin D (7AAD) staining (28,
34). In brief, cells were incubated with 20 pwg/ml 7AAD (in
phosphate-buffered saline/azide) for 20 min at 4°C in the dark;
afterwards cells were analyzed within 30 min in their staining
solution. Samples were analyzed by a flow cytometer (FAC-
Scan; Becton-Dickinson, San Jose, CA, U.S.A.) equipped with
an air-cooled 488-nm argon-ion laser. On each sample, 10 000
events were collected and data analysis was performed with
Lysis II software (Becton-Dickinson).

Lipid peroxidation

Total lipid peroxidation was measured from plasma sam-
ples of 33 patients and 19 controls by the commercial Per-Ox
assay (ImmunDiagnostik, Bensheim, Germany). Measurement
was performed according to the manufacturer’ instructions.

8-OHdG

Oxidative DNA damage was analyzed by measurement of
8-OHdG in aqueous solution of DNA samples derived from pe-
ripheral blood mononuclear cells (PBMC). DNA was isolated
using a blood and cell culture DNA maxi kit (Qiagen, Valencia,
CA, U.S.A.). DNA was recovered by spooling, washed once
with 70% ethanol, and then air-dried. After DNA was dissolved
in 10 mM phosphate buffer (pH 7.4), DNA concentration was
determined by UV spectroscopy. DNA concentration was ad-
justed to 0.3 mg/ml. Hydrolysis of DNA was accomplished by
the combined use of four enzymes as described (6). Measure-
ment was then performed by high-performance liquid chro-
matography—mass spectrometry as described (7).

Statistical analysis

Results were expressed as means = SD and analyzed
using the unpaired Student’s ¢ test (SPSS Inc., Chicago, IL,
U.S.A)). p < 0.05 was regarded as significant.
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Spontaneous apoptosis is increased in AT PBMC

To examine spontaneous programmed cell death in vitro,
membrane permeabilization was detected by 7AAD staining
(28) after 24 and 72 h (early/late apoptotic and dead cells, re-
spectively) of incubation of cells in culture medium. In accor-
dance with prior investigations (8, 35, 38), AT lymphocytes
displayed a higher rate of spontaneous apoptosis compared
with controls: (a) at 24 h: p < 0.01; patients, 13.55 = 5.77%
(range 7.76-24.61%), controls, 7.27 * 1.72% (range 4.15—
9.73%); (b) at 72 h: patients, 25.94 * 7.58% (range 15.02
-41.56%), controls, 12.96 * 6.82% (range 5.92-20.09%)
(Fig. 1). Given the high level of spontaneous apoptosis to-
gether with the diminished capacity to counteract oxidative
stress (29), we addressed the question whether apoptosis
might be accompanied by oxidative damage of macromole-
culesin AT cells.

AT lymphocytes show evidence of oxidative
damage to lipids

To study the role of oxidative stress in vivo, markers of ox-
idative damage to lipids were measured in plasma of 33 pa-
tients with AT by the Per-Ox assay (ImmunDiagnostik). We
quantified levels of lipid hydrogen peroxide (H,O,) equiva-
lents in plasma (Fig. 2). Lipid H,O, equivalents were found to
be significantly elevated in patients with AT [p < 0.005; pa-
tients, 334.03 = 140.27 (range 89.13-571.02); controls (n=
19), 199.84 = 119.08 (range 103.79-516.48)]. However,
there was no correlation of levels of lipid hydroperoxides and
spontaneous apoptosis as measured by 7AAD staining.

8-OHdG

Oxidative stress has been reported to cause DNA damage,
mainly in the form of oxidized nucleic bases (10). A common
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FIG. 1. Spontaneous apoptosis of AT lymphocytes and
lymphocytes derived from controls were measured by
7AAD incorporation. Cells were harvested after 24 and 72 h
of incubation in culture medium and after staining with 7AAD
7TAAD~ cells (early/late apoptotic and dead cells, respectively)
were detected by flow cytometry. Results are shown as means
=+ SD. p value is based on Student’  test.


http://www.liebertonline.com/action/showImage?doi=10.1089/15230860260196254&iName=master.img-000.png&w=225&h=155

ELEVATED OXIDATIVE STRESS IN AT

700 —Mm—- e -
8 AT |
600 - Z Controls I
= *oe  Pe000S ‘
g 500 - . ©
=
2 ‘ H ‘
£ 400 - 94 LT » :
g et > i
2 | ‘
dg; 300 ; ..;: f_)u‘;)
: | .
S 200 | »e o35 7
N | [ N R
z ‘ LT 5@ 3°
100 - . st
i 2
I
0 o I
Patients Controls

FIG. 2. Total lipid peroxides from plasma samples of 33
patients and 19 controls were measured by a photometric
Per-Ox assay. H,O, equivalents (umol/H,0,) single values are
presented as dots, and means are shown as horizontal bars. p
value is based on Student’s 7 test.

and extensively studied DNA modification caused by oxida-
tion occurs by addition of OH" to the C-8 position of guanine
leading to the formation of 8-oxodeoxyguanosine (21, 27).
We analyzed the ratio of §-OHdG to 2-deoxyguanosine (dG)
in DNA samples of six patients with AT (Fig. 3). This ratio
was markedly lower in AT patients (p < 0.005), i.e., oxidative
DNA damage the form of 8-OHdG was increased. There was
a trend toward higher levels of spontaneous apoptosis in pa-
tients with a very low 8-OHdG to dG ratio, i.e., with an in-
crease of oxidative DNA damage. However, due to the small
number of patients, the correlation was not analyzed. The
ratio of 8-OHdG to dG was as follows: patients, 22,200 *=
6,671 (range 15,000-31,100); controls, 46,020 = 21,523
(range 24,000-90,000).
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FIG. 3. Oxidative DNA damage was detected by the
amount of 8-OHdG as described in Materials and Methods.
DNA was isolated from PBMC of six AT patients and 10 con-
trols. Single values (dots) are shown as the ratio of §-OHdG to
unoxidized guanosine (dG), and means are presented as hori-
zontal bars. p value is based on Student’s ¢ test.
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DISCUSSION

At nontoxic concentrations, ROS may play a role in signal
transduction (11, 36), but at higher levels they can cause ox-
idative damage to macromolecules, resulting in lipid peroxi-
dation, strand breaks, and oxidation of guanosine residues in
DNA (20, 41). To prevent oxidative damage in cells, the gen-
eration and elimination of free radicals have to be in balance
(15). Our previous work demonstrated that the cellular antiox-
idative capacity is overwhelmed in patients with AT (29).
However, it was not clear whether the diminished antioxidant
competence has consequences on the cellular redox homeosta-
sis in patients with AT. Our present results provide further evi-
dence that macromolecules and DNA from patients with AT
are indeed under oxidative stress and suffer oxidative damage.

It has been suggested that oxidative stress might play a role
in the clinical and cellular manifestations of AT (30, 31), and
several reports have implicated ATM as a serine protein ki-
nase that senses and controls cellular reactions to this form of
stress (31, 37). According to the hypothesis that dysfunc-
tional ATM leads to inefficient control of redox homeostasis,
we found a significant increase of lipid peroxidation products
in plasma of patients with AT. This finding might be linked to
the detected increase of spontaneous and oxidative stress-
induced apoptosis in lymphocytes of our patients with AT, be-
cause free oxygen radicals can kill cells via the oxidation of
membrane polyunsaturated fatty acids to fatty acid hydroper-
oxides (15). By extracting a hydrogen atom from adjacent
fatty acyl chains, lipid hydroperoxides can initiate an autocat-
alytic chain reaction ultimately leading to membrane destruc-
tion and cell death (15). In addition, hydroperoxy fatty acids
can also be synthesized intracellularly by the action of cellu-
lar lipoxygenases in association with increased levels of ROS
(13, 22). The neurodegeneration in patients with AT might be
linked to the observed oxidation of membrane lipids, because
brain contains large amounts of polyunsaturated fatty acids,
which are particularly vulnerable to free radical attack (14).
In this context, it is interesting to note that other groups have
detected increased levels of oxidant-modified proteins and
lipids in tissues of ATM-knockout mice, particularly in cere-
bellar Purkinje cells (3, 18). In mice, high levels of ATM pro-
tein expression are found in the brain, suggesting an im-
portant, yet nonelucidated, role for functional ATM in the
nervous system (5). As the preferential loss of Purkinje and
granule cells in the cerebellum occurs primarily during the
development of the nervous system, it has been speculated
that intensive signaling activity in developing cerebellar neu-
rons would lead to a rise in ROS (24). Cellular defense mech-
anisms responsible for protecting cells from ROS being pos-
sibly impaired in ATM-deficient cells, a greater susceptibility
to cumulative damage and inappropriate apoptosis might be
the consequence (24, 30). However, in our experimental set-
ting, there was no correlation of levels of lipid hydroperox-
ides and spontaneous apoptosis. This might be due to the fact
that measurement of oxidized lipids in plasmarepresents only
a fraction of lipid hydroperoxides, and thus allows only a
rough estimate of the overall oxidative damage to cellular
lipids. In addition, other mechanisms than oxidative damage
to lipids are likely to be involved in the increase of sponta-
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neous and oxidative stress-induced programmed cell death in
patients with AT.

Oxygen radicals can also attack deoxynucleic acids, and
the resulting oxidative DNA damage is implicated in mutage-
nesis, carcinogenesis, and aging (16). The DNA base damage
8-OHdG is a prominent indicator of oxidative stress and has
been well characterized as a premutagenic lesion in mam-
malian cells and putative initiator of the carcinogenic process
(12). As 8-OHdG does not effectively block the progression
of DNA replication, it has a high probability of read-through
and mutation fixation (12). The analysis of the ratio of oxi-
dized 8-OHdG to dG revealed an increase of oxidative DNA
damage in patients with AT. It remains to be tested on a larger
number of patients whether this finding may be linked to the
increase of cellular degeneration in AT and whether it may
explain some of the diverse aspects of this pleiotropic disor-
der, such as immunodeficiency, neurodegeneration, and pre-
mature aging. Nevertheless, our findings of reduced antioxi-
dant capacity and increased oxidative damage to lipids and
DNA suggest that a better control of ROS levels should be
part of future therapy of patients with AT.
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ABBREVIATIONS

7AAD, 7-aminoactinomycin D; AT, ataxia telangiectasia
ATM, ataxia telangiectasiamutated; dG, 2-deoxyguanosine;
H,0,, hydrogen peroxide; 8-OHdG, 8-hydroxy-2-deoxyguano-
sine; PBMC, peripheral blood mononuclear cells; ROS, reac-

tive oxygen species.
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