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Reactive oxygen species (ROS) are important endogenous etiological agents for DNA damage, and ROS
perform critical signaling functions in apoptosis, stress responses and proliferation. The correlation between
a lower incidence of cancer in people who consume a diet high in naturally occurring antioxidants and the
observed increased ROS in cancerous tissues suggest that antioxidants may be used in cancer chemopre-
vention. We tested this hypothesis by determining whether the well-described nitroxide antioxidant, tempol
(4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl), acts as a chemopreventative agent in Atm mutant mice, a
model of the human cancer prone syndrome ataxia-telangiectasia. Tempol administered continuously via
the diet after weaning resulted in an increased lifespan of these mice by prolonging the latency to thymic
lymphomas. Tempol treatment reduced ROS, restored mitochondrial membrane potential, reduced tissue
oxidative damage and oxidative stress, consistent with antioxidant effects. In addition, this nitroxide lowered
weight gain of tumor prone mice without changes in food intake, metabolism or activity level and exhibited an
anti-proliferative effect in vitro. Thus, tempol acts as a novel chemopreventative agent in this mouse model of
a human cancer prone syndrome, associated with broad antioxidant effects.

INTRODUCTION

Reactive oxygen species (ROS) are produced in all mammalian
cells from mitochondrial oxidative respiration or exposure to
toxicants (1). Cellular defense mechanisms have evolved to
protect cells from ROS, and these include repair systems,
detoxifying enzymes such as superoxide dismutases (SODs),
and small molecule scavengers such as glutathione (1). An
imbalance between the mechanisms that generate and protect
against ROS results in compensatory oxidative stress or even
oxidative damage, including DNA damage (2). In addition to
these deleterious effects, ROS appear to have necessary signal-
ing functions in the modulation of apoptosis, stress and proli-
ferative signaling pathways (3–8). These observations suggest
that ROS may be an important target for cancer chemopreven-
tion. Consistent with this notion, mouse knock-outs of prdx1,
the gene encoding a ROS scavenger and antioxidant protein
peroxiredoxin 1, display susceptibility to tumors (9).

Although a number of studies have examined the chemopre-
ventative effect of antioxidants such as vitamins C and E,
carotenoids and selenium (10), these studies have not provided
consistent evidence in favor of such effects. To directly
address the role of ROS in cancer and potential antioxidant
chemoprevention, we studied the effects of chronic adminis-
tration of a nitroxide antioxidant, tempol (4-hydroxy-2,2,6,6-
tetramethylpiperidine-N-oxyl), on longevity and tumor for-
mation in tumor prone Atm-deficient mice, a model of the
human cancer prone syndrome ataxia-telangiectasia (AT).
AT results from mutations in the ATM kinase, a member of
a family that includes P-I3 and DNA-PKcs kinase (11,12).
ATM is essential for checkpoint and repair responses to
double strand DNA damage (13,14). AT is a pleiotropic syn-
drome consisting of neuronal degeneration, oculocutaneous
telangiectasias, growth retardation, infertility, sensitivity to
ionizing radiation (IR) or agents that cause double stranded
DNA breaks, immunodeficiencies and cancer predisposition,
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particularly lymphoreticular malignancies (15). Rotman and
Shiloh (16) suggested that many of the features of AT are con-
sistent with increased oxidative stress and/or damage, and
several groups demonstrated that oxidative stress is increased
in cell lines from human patients with AT (17,18) and in
tissues from Atm2/2 mice (19–22).

Tempol was chosen for these experiments for several reasons.
Tempol is one of a family of well-described stable nitroxides that
detoxify oxygen metabolites by redox cycling via one-
electron transfer reactions (23–27). It has SOD mimetic activity
and confers catalase activity to heme proteins (28–31). It pro-
tects cells and animals from oxidative stress (32–35). Finally,
long-term tempol treatment resulted in a reduction of tumor inci-
dence in wild-type C3H mice (36). In support of a chemopreven-
tative role of antioxidants, our studies demonstrate a significantly
increased latency of tumors in the Atm-deficient model of this
human cancer prone syndrome.

RESULTS

Tempol increases longevity of Atm2/2

We tested the Atm-deficient mice (37) since these mice: (i)
display increased oxidative stress and damage (19–22);
(ii) demonstrate a highly penetrant lymphoma phenotype (37);
(iii) have a short latency to develop tumors (37); and (iv) are
an excellent model of the tumor phenotype of the human
disease AT. Tempol was chronically administered in the diet
of these animals to give a fairly constant dose throughout the
treatment. Because tempol tastes bitter and unpleasant to mice,
it was mixed with bacon-flavored mouse chow at 58 mM

(10 mg/g of food) (36). A previous study with C3H mice demon-
strated that the bitter taste of tempol reduced food intake (36).
However, when bacon flavor was added to the tempol mouse
chow, the food intake was similar to placebo chow. The Atm2/2

mice were placed into one of three treatment arms: (i) mice fed
bacon-flavored mouse chow without drug (placebo); (ii) mice
placed on tempol-laced chow at weaning (tempol at weaning);
and (iii) mice born to females that were fed tempol chow prior
to mating, then constantly during pregnancy, lactation and
after weaning (tempol at fertilization). Both treatment regimens
resulted in an average serum concentration of 90–100 mM (data
not shown). Treated and untreated wild-type mice died of natural
causes and lived a normal murine lifespan of about 1.5 years
(data not shown). When the Atm2/2 mice were treated with
tempol, it was apparent that only mice treated at weaning had
significantly increased longevity (62.4 versus 30.1 weeks,
P , 0.01, Fig. 1A). However, the mean survival time for animals
treated with tempol from fertilization (Fig. 1B) was unchanged
(37.1 weeks, P . 0.7) from mice fed the placebo diet.

No effect of tempol treatment on tumor type in the
Atm2/2 mice

Most animals from each group were autopsied. As previously
shown for the Atm-deficient mice (37,38), the tempol-treated
and placebo mice died from the same CD4þ/CD8þ thymic
lymphomas that contained 3–5 chromosomal translocations
including both alleles of the TCRad locus (data not shown).
An early event in the development of thymic lymphomas in

the Atm2/2 mice are chromosome 14 translocations that
occur in CD4þ/CD8þ immature thymocytes at the point of
V(D)J recombination in the TCRad locus (38). The frequency
of these translocations arising in thymic development can be
estimated in splenocytes. Since these translocations occur
during embryonic development well before tempol treatment
was initiated, we expected no differences between the
placebo and tempol-treated mice, and no differences were
found (7.66 + 0.30% for placebo group and 7.58+ 0.88%
for tempol group). These data are consistent with the interpret-
ation that the chemopreventative effect of tempol resulted
from the prolonged latency to tumors without affecting
tumor type in the Atm-deficient mice. In addition, this data
argue against the selective toxicity of tempol towards cells
containing chromosome 14 translocations.

Tempol treatment results in decreased ROS, oxidative
damage and oxidative stress in vivo

It was important to convincingly demonstrate and confirm that
the known and well-documented antioxidant effects of the
nitroxide tempol (23–27) were found in wild-type and
Atm2/2 mice as well as primary cells treated with tempol.
The effect of tempol treatment on intracellular ROS was
determined by measuring the conversion of non-fluorescent
2070-dichlorodihydrofluorescin to the fluorescent 2070-dichloro-
dihydrofluorescein (DCF) quantitatively by flow cytometry
(39–41). DCF fluorescence was significantly increased in
thymocytes from the Atm2/2 mice relative to the wild-type
(Fig. 2A and D). Tempol significantly reduced DCF intensity
in thymocytes from both wild-type and Atm2/2 mice

Figure 1. Survival curves of the Atm2/2 mice fed placebo or tempol contain-
ing mouse chow. Survival is shown in weeks (w). (A) Kaplan–Meier analysis
for the Atm2/2 mice fed with a tempol diet at weaning (dashed line) or a
placebo (solid line) diet. (B) The Atm2/2 mice fed with a tempol-containing
diet from fertilization (before birth and after weaning, dashed line) or
placebo diet (solid line).
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Figure 2. Influence of tempol on ROS and mitochondrial membrane potential (DCm) after oxidative stress in primary thymocytes. The levels of ROS were
measured via DCF fluorescence in primary thymocytes of the Atmþ/þ and Atm2/2 mice treated with and without tempol. (A) FACS histogram of the Atmþ/þ

(clear) versus Atm2/2 (gray) ROS levels. (B) FACS histogram of the Atmþ/þ placebo (clear) versus Atmþ/þ mouse thymocytes treated with tempol (gray). (C)
FACS histogram of the Atm2/2 control (gray) versus Atm2/2 mouse thymocytes treated with tempol (clear). (D) Quantitative analysis of ROS levels with (clear)
and without (black) tempol measured as fold change from untreated Atmþ/þ. Analysis of DCm on primary thymocytes from the Atmþ/þ and Atm2/2 mice by JC-
1 flow cytometry. (E, F) Representative dot plots of untreated cells, (G, H) tempol-treated cells (1 mM), (I, J) cells treated with HX 0.1 mM, XOD 10 mU/ml and
(K, L) cells treated with HX/XOD and tempol, from the Atmþ/þ (left panels) and Atm2/2 mice (right panels). (M) Graph represents quantitative analysis of the
ratio of red (575 nm) and green fluorescence (525 nm) of four independent experiments for each genotype and treatment. Data are shown as mean + SEM
(�P , 0.05; ��P , 0.01; ���P , 0.005).
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(Fig. 2B–D). These data are consistent with the interpretation
that there is an increase in ROS in cells from Atm2/2 mice,
and that tempol treatment reduces ROS.

If the difference in DCF fluorescence represented differences in
ROS, then we expected that mitochondrial membrane potential
(Dcm) should be altered as well. Mitochondria are one of the
major sources of ROS via oxidative phosphorylation, and the
first target of ROS-induced damage (42). Changes in the Dcm

caused by ROS are a suitable indicator of mitochondrial integrity
as well as for apoptotic activity. We used the lipophilic cation
5,50,6,60tetrachloro-1,10,3,30tetraethylbenzimidazol-carbocyanine
iodide (JC-1) to examine the influence of tempol on the Dcm of
the wild-type and Atm2/2 thymocytes. JC-1 enters selectively
into mitochondria and forms reversible aggregates that display
both red (575 nm) and green (525 nm) fluorescence. Loss of
Dcm results in an increase in green as well as a decrease in red
JC-1 fluorescence (43), detected by a two color flow-cytometry
assay. Thus, the ratio of red/green fluorescence provides a
measure of mitochondrial membrane integrity. Treatment of thy-
mocytes with 100 nM valinomycin to induce apoptosis and lower
Dcm resulted in a shift in cells to the lower right quadrant (increase
in green and decrease in red JC-1 fluorescence) and reduced the
ratio of red/green fluorescence (data not shown).

In thymocytes from the wild-type mice, there were two fluor-
escent populations, on the basis of the amount of green fluor-
escence, with a 2:1 ratio of cells in the upper left (representing
the highest Dcm) versus upper right quadrants (Fig. 2E). The
ratio of upper left to upper right quadrants was reversed (1:2)
in thymocytes from Atm2/2 mice (Fig. 2F), indicating a signifi-
cant increase in cells that exhibited a lower Dcm. Addition of
tempol to the thymocytes of all genotypes increased the
number of cells with higher Dcm and enhanced the ratio of
red/green fluorescence (Fig. 2G, H and M). In the case of thymo-
cytes from the Atm2/2 mice, the Dcm was increased up to the
range of untreated controls (compare Fig. 2E and H). To
confirm that these effects were the result of oxidative stress,
we used extracellular hypoxanthine (HX) and xanthine oxidase
(XOD) to subject the cells to ROS. XOD converts HX to uric
acid and as a by-product the enzyme generates H2O2 and super-
oxide radicals (˙O2

2). This treatment greatly lowered the Dcm in
the wild-type and Atm2/2 thymocytes (Fig. 2I and J). Again,
tempol supplementation significantly increased the Dcm in thy-
mocyte populations of the Atm2/2 thymocytes (Fig. 2K, L and
M). The results provide further evidence that thymocytes from
the Atm2/2 mice display higher levels of ROS and lower Dcm

than the wild-type mice. In addition, tempol reduced ROS and
restored higher, more normal Dcm.

To test whether tempol could not only reduce but also
protect cells from ROS, the wild-type and Atm2/2 thymo-
cytes were treated with HX/XOD, in the presence or
absence of tempol, and cell viability was measured using an
MTT [3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide] viability assay (44). After 18 h in culture, no toxic
effects of tempol were observed in the wild-type and Atm2/2

thymocytes at concentrations up to 1 mM (data not shown).
Tempol treatment (1 mM) resulted in significant protection
to cells subjected to extracellular HX/XOD oxidative
stress after 4 h of treatment, with little toxic effect in the
absence of oxidative stress (Fig. 3A). It should be noted that
previous studies (45,46) suggested that high concentrations

of tempol could decrease the number of tumor cells in S
and G2/M phase due to apoptosis. However, we did not
observe apoptotic or necrotic cell death at concentrations up
to 1 mM, suggesting that tempol treatment did not induce
cell death.

Markers of oxidative stress such as heme-oxygenase-1
(HO-1) are increased in brain tissue of the Atm-deficient
mice (19). As expected for an antioxidant, tempol treatment
reduced HO-1 levels in the brain as measured by immunohis-
tochemistry (data not shown). To determine if this marker of
oxidative stress was also reduced in the thymus after tempol
treatment, we performed western blot analysis to determine
the levels of HO-1 protein in the thymus (the tissue where
thymic lymphomas arise). Consistent with the brain, HO-1
was elevated in thymus from the Atm-deficient mice compared
with the wild-type thymus (Fig. 3B) and tempol treatment

Figure 3. Oxidative damage and stress after tempol treatment in vitro and
in vivo. (A) MTT survival analysis of primary thymocytes from the wild-
type (white) and Atm2/2 (black) mice that were untreated (medium), treated
with tempol (tempol), treated with a extracellular oxidative insult (HX/
XOD) and treated with an oxidative insult plus tempol (HX/XOD þ tempol).
tempol). Levels of oxidative stress and oxidative damage in the thymus of
control and tempol-treated mice were measured by western blot analysis of
HO-1 levels (B) and oxidized protein carbonyl groups (C), respectively
(�P , 0.05; ��P , 0.01).
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lowered these elevated levels of HO-1 in the thymus (Fig. 3B).
To investigate whether tempol decreased oxidative damage,
we measured protein damage as carbonyl derivatives on oxi-
dized proteins via western blot analysis (Oxyblot) (47). The
Atm-deficient thymus displayed markedly increased levels of
oxidized proteins, whereas tempol treatment lowered the
levels of oxidative damage to proteins in the thymocytes of
treated Atm2/2 mice (Fig. 3C). Taken together, these data
demonstrate that the chemopreventative effects of tempol are
associated with broad antioxidant effects, including reduced
ROS, oxidative stress and oxidative damage.

Tempol treatment resulted in lowered weight gain of
the Atm2/2 mice

Although we used bacon-flavored chow in our study, we
wanted to confirm that decreased food intake was not
responsible for the observed chemopreventative effect of
tempol, since caloric restriction has been shown to increase
lifespan in both the wild-type, p532/2 mice and other tumor
prone mice (48–51). Tempol-treated Atm2/2 mice did not
show a decrease in food intake compared with placebo
(Fig. 4A), arguing against a role for caloric restriction in the

chemopreventative effect. However, tempol treatment for 1
month caused significant reduction in weight gain in the
Atm2/2 mice (2 months old) treated at weaning (Fig. 4B
and C), but no differences were found in the wild-type mice
treated with tempol (Fig. 4B). The Atm2/2 mice treated
from fertilization display significant reduction of weight
from weaning (1 month) and maintained this difference over
3 months (Fig. 4C), although there was no effect on survival
in this group of mice (Fig. 1B).

Tempol does not decrease metabolic rate or
physical activity

To further investigate the weight reduction phenotype of the
tempol-treated mice, we determined whether tempol treatment
resulted in alterations in metabolism or activity. The tempol-
and placebo-treated mice were studied in Comprehensive
Lab Animal Monitoring Systems (CLAMS, Columbus Instru-
ments). CLAMS are automated metabolic cages that allow
non-invasive data collection of oxygen consumption, carbon
dioxide production, physical activity, as well as food and water
consumption. The wild-type mice were first studied in order to
eliminate any confounding effects of genotype. Although the

Figure 4. Effect of tempol treatment on food intake and weight gain of the Atm2/2and wild-type mice. (A) Food consumption of the Atm2/2mice treated with
tempol or placebo at weaning. (B) Weight data of the Atm2/2 and wild-type mice treated with tempol or placebo at weaning. Atm2/2 tempol treated mice. (C)
Weight data of Atm2/2 mice treated with tempol or placebo at weaning and from fertilization. Weights were taken at 1, 2, and 3 of age. For (B) and (C), sig-
nificant values compare Atm2/2 mice fed placebo with Atm2/2 mice fed tempol (� P , 0.05; �� P , 0.01).
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wild-type placebo mice drank more water (Fig. 5F), no differ-
ence was observed in O2 consumption (Fig. 5A), CO2 pro-
duction (Fig. 5B), respiration rate (RER) (Fig. 5C), caloric
heat output (Fig. 5D), food consumption (Fig. 5E), or activity
(Fig. 5G–I) between the tempol-treated and placebo mice.
Our previous observation that food consumption was not
decreased in the tempol chow group was replicated using
the CLAMS cages. Metabolic rates were not significantly
different between the tempol and placebo mice. In addition,
the level of activity and the diurnal cycles of the mice were
not affected by tempol treatment (Fig. 5G–I). Further, when
water and food consumptions are corrected for mouse
weight, there was no difference between the tempol-treated
and placebo mice (data not shown). Similar results were
found with the Atm-deficient mice treated with tempol
(Fig. 5, n ¼ 6), but due to technical difficulties with the
CLAMS apparatus the Atm2/2 placebo fed mice could not
be studied.

Tempol reduced proliferation of thymocytes and
splenocytes

As noted above, ROS appear to have necessary signaling func-
tions in the modulation of proliferative signaling pathways
(3–8). The weight reducing effect of tempol on the Atm-

deficient mice suggests that proliferation might be affected
by tempol treatment. In support of this interpretation, tempol
treatment showed a trend in reduced cell number in the
thymus (Fig. 6A) and other organs (data not shown) of the
Atm2/2 as well as wild-type mice. To directly test whether
tempol treatment resulted in anti-proliferative effects, we
cultured splenocytes in the presence of phorbol 12-myristate
13-acetate (PMA) with and without 0.1 mM tempol. Tempol
treatment had no effect on resting splenocytes but it signifi-
cantly reduced proliferation in the PMA-induced Atm2/2

and wild-type cells (Fig. 6B).

DISCUSSION

Although there have been tremendous advances in understand-
ing the genetic basis of tumorigenesis in multiple systems,
cancer is still the second leading cause of death in the
United States and most industrialized countries. It is estimated
that 500 000 Americans die of cancer each year (52). Even
with molecular advances that have identified genetic lesions
that cause cancer, we still rely upon chemotherapy and
radiation treatment to treat cancer patients. Such treatments
are given to seriously ill patients and result in serious, some-
times fatal, side-effects. The development of genetic tests
to determine an individual’s susceptibility to cancer will

Figure 5. Metabolic rate and physical activity levels of the tempol- and placebo-treated wild-type mice, and the Atm2/2 tempol-treated mice. Metabolic
parameters were measured over 3 days using CLAMS metabolic cages (Columbus Instruments) for the wild-type mice treated with (closed triangles, n ¼ 7)
and without tempol (closed circles, n ¼ 6), and Atm2/2 tempol-treated mice (open circles, n ¼ 6). X-axis displays two light cycles (L1–L2) and three
dark cycles (D1–D3). (A) Total oxygen consumed; (B) CO2 production; (C) respiration index (RER); (D) caloric (heat) production; (E) food consumption;
(F) water consumption; (G) long axis movement; (H) short axis movement and (I) vertical axis movement (rearing).
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underscore the importance of devising strategies for cancer
prevention, and to test these strategies in suitable animal
models.

There is a growing interest in the chemopreventative ability
of antioxidants in many naturally occurring products, from
vitamin E to grape skin extract (resveratrol) (53). In some
cases these agents have been shown to lower ROS and oxi-
dative damage, inhibit cellular proliferation or induce apopto-
sis in transformed cells (54). ROS are attractive endogenous
agents that are known to cause DNA mutagenesis and are inti-
mately linked with cellular transformation. In addition, the
signaling function of ROS in the modulation of apoptotic,
stress and proliferative signaling pathways (3–8) further
suggest that ROS may be an important target for cancer
chemoprevention.

Here, we tested this hypothesis in a mouse model of
the human tumor prone syndrome AT. In addition to
the high cancer incidence, patients with AT as well as the
Atm-deficient mice display increased oxidative stress and
damage (19,55), and it has been proposed that this contributes
to the tumor phenotype. Thus, Atm-deficient mice provide an
excellent model to investigate the effect of antioxidants on
tumorigenesis.

Long-term administration of the nitroxide tempol via the
diet after weaning increased the latency to thymic lymphomas
in the Atm-deficient mice (Fig. 1), without a change in the
tumor type characteristic of this tumor prone model. As
expected for an effective antioxidant, tempol treatment
reduced ROS, restored mitochondrial membrane potential
and reduced tissue oxidative damage and oxidative stress in
the Atm mutant mice, both in vitro and in vivo (Figs 2 and
3). In this regard, our results are consistent with the notion
that the chemopreventative effects of tempol are due to its
antioxidant properties (36). Supporting this hypothesis, a
recent study demonstrated that the antioxidant EUK-189
reversed the neurobehavioral deficit of Atm-deficient mice
(56). Atm-deficient mice treated with EUK-189 also lived
longer than untreated controls, presumably from a prolonged
latency to tumorigenesis. EUK-189 is a salen-manganese com-
pound that, like tempol, has catalase and superoxide dismutase
activities (57). Thus, two distinct chemical types of anti-
oxidants that have similar synthetic catalytic activities act to
prolong the lifespan of Atm-deficient mice.

Many types of cancer cells have elevated ROS, and cellular
proliferation can be inhibited by antioxidants, pointing to a
critical role of ROS in cell growth (58). Tempol treatment
resulted in reduced thymus size (data not shown) and cell
number (Fig. 6A), and tempol reduced the proliferative
capacity of splenocytes in culture (Fig. 6B). The anti-
proliferative effect of tempol on PMA stimulated cells, but
not on resting cells (Fig. 6B), suggests that this is a key
effect of tempol and indicates a more general role of
this nitroxide in proliferative signaling pathways. Thus,
tempol’s chemopreventative effect may be mediated
through a reduction in cellular proliferation. A role for ROS
and oxidative stress has been proposed for stimulation of
cell proliferation as well as for cell depletion by apoptosis
(59,60). In this regard, the antiproliferating effect of tempol
might be due to its anti-oxidant properties. A reduction in
tumor growth may increase lifespan of these mice by
slowing down the time for the tumor burden to be great
enough to compromise viablility. Furthermore, there was
also a significant reduction in weight in the Atm mutant
mice fed tempol (Fig. 4B). This weight reduction was not a
result of decreased food intake (Fig. 4A), lowered metabolism
(Fig. 5) or physical inactivity (Fig. 5). Taken together, these
data support the hypothesis that the chemopreventative
effects of tempol may be due to a reduction in cellular prolifer-
ation. Further experiments will be needed to test this hypoth-
esis in more detail.

Because ROS have also been implicated in cellular senes-
cence and apoptosis (58) it is also formally possible that
tempol may cause changes in apoptosis, either in the general
cell population or specifically in the transformed cells. This
could account for the decrease in proliferation and the
reduced body size, organ size and thymus cellularity in the
tempol fed mice. However, we found no evidence that
tempol acts as an inducer of programed cell death, as shown
by the MTT assay (Fig. 3A), as well as the restoration of mito-
chondrial membrane potential in the Atm-deficient mice to the
wild-type levels (Fig. 2B). The mitochondrial membrane is a
target of ROS, and decreasing potential is an early marker
of apoptosis (42). We found that the effect of tempol was to
increase mitochondrial membrane potential. Also, a change
in apoptosis in the thymus should result in changes in thymo-
cyte maturation, reflected by the number of CD4þ and CD8þ

Figure 6. Tempol reduced proliferation of thymocytes and splenocytes. (A) Cell counts of thymocytes from the Atm2/2 and wild-type mice treated with tempol
and placebo at weaning. (B) Percentage of cellular proliferation measured by MTT assay. Splenocytes from Atm2/2 and wild-type mice stimulated with PMA
(1 ng/ml) and ionomycin (0.5 mg/ml) with and without tempol (0.1 mM). Values are shown as mean + SEM (�P , 0.05).
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single positive and double positive thymocytes. We have seen
no change in these thymocyte populations in vivo with tempol
treatment (data not shown). Finally, tempol does not have an
acute apoptotic effect on transformed cells, since thymoma
cell lines treated with tempol for up to 18 h show no change
in survival (data not shown). Thus, our data does not
support the hypothesis that tempol causes changes in
apoptosis.

The data also argue against the possibility that the chemo-
preventative effect of tempol was due to caloric restriction.
Caloric restriction has been shown to reduce oxidative stress
and ROS as well as to increase the lifespan of p532/2 mice
(48–51). First, there was no decrease in bacon-flavored
tempol food intake in both the Atm2/2 and wild-type
mice when compared with the placebo. Food intake was
also the same in the C3H mice fed bacon-flavored chow
with (tempol) or without (placebo) tempol (36). Second,
while caloric restriction has been shown to change tumor
spectrum (48–51) tempol treatment did not have any effect
on tumor type in the Atm2/2 or C3H mice (36). Third, there
was no effect on latency to tumors in the Atm2/2 mice
treated with tempol from fertilization although these mice
were much smaller than the wild-type or Atm2/2 mice that
were treated with tempol at weaning. This group displayed
more severe side-effects in general, such as embryonic and
perinatal lethality and hyperactivity. The lack of tempol che-
moprevention in this group may be due to compensating
mechanisms to tempol treatment that allows some of the
mice to survive. The adverse effects seen in this treatment
group were not noted in mice treated with tempol at
weaning, nor were they noted in a large cohort of the C3H
mice treated after weaning throughout their lifetime with
similar tempol doses (36).

In summary, our findings demonstrate that tempol has sig-
nificant chemopreventative effects on a cancer prone mouse
model. Because the Atm-deficient mice are a good model of
many aspects of human AT, our results raise the possibility
that tempol could be used in the chemoprevention of tumors
in humans with cancer prone syndromes, and may be
especially effective in those associated with oxidative stress.

MATERIALS AND METHODS

Mice and tempol treatment

Atm-deficient mice (37), in 129SvEv background, were used
and all animal procedures were performed according to proto-
cols approved by both the NIH ACUC and the UCSD Animal
Subjects Committee. Powdered tempol was purchased from
Aldrich (Milwaukee, WI, USA) and was mixed with bacon-
flavored mouse chow (Bio-Serv, NJ, USA) at a concentration
equivalent to 58 mM (10 mg/g of food). Sixty-seven Atm2/2

mice (32 males and 35 females) were separated into three
groups: 40 mice (22 males and 18 females) received bacon-
flavored placebo chow; 17 mice (five males and 12 females)
were treated with tempol started in the females prior to
mating; 10 mice (five males and five females) were treated
with tempol starting at weaning (3 weeks old). Mice were
checked weekly for tumors, and sacrificed when thymic
lymphomas were detectable. The presence of tumors was

confirmed histologically, and karyotype analysis was
performed to determine the presence of translocations or
aneuploidy.

Weight and food intake

The cohort of mice used in the survival study (mentioned
earlier) and new cohort were combined for the weight data.
Eighteen Atm2/2 placebo (10 males, eight females) and 20
Atm2/2 tempol (six males, 14 females) treated mice. Weight
was taken at 1, 2 and 3 months of age. Food intake was
measured every other day by weighing the difference
between food placed in the cage and what was left for 10
Atm2/2 mice treated with tempol (n ¼ 5) and with placebo
(n ¼ 5). Food intake was measured for the 3 months
between the ages of 34 and 99 days. Mice that did not
survive the duration of the food intake study were not
included.

Metabolic measurements

Six pairs of age matched wild-type mice from the tempol and
placebo food groups were placed in CLAMS metabolic cages
(Columbus Instruments, Columbus, OH, USA). These meta-
bolic chambers monitor activity, food and water consump-
tions, and metabolic performance. Data were collected every
30 min over three 12 h dark cycles and two 12 h light
cycles. The metabolic measurements included the volume of
carbon dioxide produced (VCO2), the volume of oxygen con-
sumed (VO2), the respiration measurement (RER ¼ VCO2/
VO2) and the caloric (heat) value: f[(3.815 þ 1.232 �

RER) � VO2] � 1000g/mouse weight. The data are rep-
resented as the mean values over each 12 h period.

Measuring intracellular ROS in thymocytes

Thymi were isolated from the 1-month-old Atmþ/þ and Atm2/2

mice. Tempol was dissolved in phosphate buffered saline
(PBS). Cells were untreated or treated with 10 mM tempol
for 30 min, collected and resuspended in 1 ml PBS containing
10 mM DCF diacetate (Molecular Probes, Inc., OR, USA) for
30 min. Cells were labeled with PE-aCD4 and APC-aCD8a
(BD PharMingen, CA, USA), stained with 7AAD, and ana-
lyzed by flow cytometry on a Coulter Epics Elite (Beckman
Coulter, Inc., CA, USA). The FITC signals from DCF in
live cells were determined for CD4/CD8 double positive
cells, since this is the population from which tumors arise
(37,38). Six independent experiments were performed.

Mitochondrial membrane potential (Dcm)

Control thymocytes and cells treated for 4 h with 0.1 mM HX
and 10 mU XOD with and without 1 mM tempol were incu-
bated for 15 min at 378C with 10 mg/ml JC-1 (Molecular
Probes, Eugene, OR, USA), washed twice with PBS, resus-
pended in a total volume of 400 ml PBS, and 10 000 cells
per sample were analyzed by flow cytometry (43). Data analy-
sis was performed with Coulter Epics Elite software version
4.1 (Beckman Coulter Inc., Fullerton, CA, USA).
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MTT assay

Mitochondrial respiration and cellular activity was measured
in thymocytes via the MTT assay (44). For proliferation
studies, splenocytes were treated with PMA (1 ng/ml) and
ionomycin (0.5 mg/ml) for 24 h. For survival, thymocytes
were treated with 0.1 mM HX (Sigma, St Louis, MO, USA),
10 mU XOD (Boehringer Mannheim, Germany) for 4 and
18 h with and without 0.1 mM and 1 mM tempol, respectively.
PBS with 0.5 mg/ml MTT (Sigma) was added and the cells
were incubated further for 4 h at 378C. The blue-colored
water-insoluble product that is converted from the yellow
MTT by the cells was dissolved in 0.04 M HCl in isopropanol
for 5 min and colorimetrically quantified (absorbance 570 nm,
reference 630 nm).

Western blot analysis

Thymi of age-matched mice (average of 17 months of age),
fed tempol or placebo food, were used for analysis of HO-1
protein expression by western blot analysis as previously
described (61). Protein was electrophoresed on a 4–20%
Tris–glycine gel (Invitrogen, CA, USA), and transferred to
polyvinylidene difluoride membranes (Millipore, MA, USA).
Primary antibodies HO-1 (Stressgen SPA-895) and actin
(Santa Cruz Biotech, Santa Cruz, CA, USA, sc-1616) were
incubated at 1:500 in 3% milk TBS-T overnight at 48C.
Following incubation with peroxidase-conjugated secondary
antibodies (1:5000), the proteins were visualized by chemilu-
minescence detection system (Pierce Super Signal West Pico,
Pierce, IL, USA). To detect the level of oxidized proteins, we
used the Intergen Oxyblot kit (according to the manufacturer’s
protocol) to assess the level of oxidized protein carbonyl
groups. Protein samples were prepared from age matched
mice fed placebo or tempol-treated food as stated above.
A non-derivatized negative control was run to ensure that
non-specific bands were not being detected.

Statistical analysis

Survival time of mice was used to generate Kaplan–Meier
survival curves that were compared using log-rank (Mantel–
Cox) test. A Cox proportional-hazard regression analysis
was used to adjust for the potential effect of gender. A two fac-
torial analysis of variance (genotype � treatment) were used
to analyze data from measuring intracellular ROS in thymo-
cytes and the comet assay. Post hoc comparisons were made
using Scheffe’s F and Fisher’s protected least significant
difference test for measuring intracellular ROS in thymocytes.
For the MTT assays and mitochondrial membrane potential
(JC-1) an unpaired Student’s t-test was performed.
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