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Ataxia telangiectasia (A-T) patients can develop multiple clinical pathologies, including neuronal
degeneration, an elevated risk of cancer, telangiectasias, and growth retardation. Patients with A-T can
also exhibit an increased risk of insulin resistance and type 2 diabetes. The ATM protein kinase, the
product of the gene mutated in A-T patients (Atm), has been implicated in metabolic disease, which is
characterized by insulin resistance and increased cholesterol and lipid levels, blood pressure, and ath-
erosclerosis. ATM phosphorylates the p53 tumor suppressor on a site (Ser15) that regulates transcription
activity. To test whether the ATM pathway that regulates insulin resistance is mediated by p53 phospho-
rylation, we examined insulin sensitivity in mice with a germ line mutation that replaces the p53
phosphorylation site with alanine. The loss of p53 Ser18 (murine Ser15) led to increased metabolic stress,
including severe defects in glucose homeostasis. The mice developed glucose intolerance and insulin
resistance. The insulin resistance correlated with the loss of antioxidant gene expression and decreased
insulin signaling. N-Acetyl cysteine (NAC) treatment restored insulin signaling in late-passage primary
fibroblasts. The addition of an antioxidant in the diet rendered the p53 Ser18-deficient mice glucose
tolerant. This analysis demonstrates that p53 phosphorylation on an ATM site is an important mechanism
in the physiological regulation of glucose homeostasis.

Ataxia telangiectasia (A-T) is a recessive progeroid disease
of early childhood, with poor prognosis. Patients can develop a
constellation of clinical pathologies, including neuronal degen-
eration, an elevated risk of cancer, telangiectasias, accelerated
aging, growth retardation, and pulmonary disease (25). In ad-
dition, A-T patients exhibit an increased risk of insulin resis-
tance and type 2 diabetes (3). The gene mutated in A-T pa-
tients (Atm) encodes a protein kinase that phosphorylates the
p53 tumor suppressor on a site (Ser15) that regulates tran-
scription activity (10, 21, 43). The loss of Atm has been impli-
cated in metabolic disease, which is characterized by insulin
resistance and increased cholesterol and lipid levels, blood
pressure, and atherosclerosis (42).

Studies have attributed most of the pathology in A-T pa-
tients and Atm-deficient cells to increased levels of reactive
oxygen species (ROS) and oxidative stress (4, 15, 20). Thus, the
loss of ATM function has been hypothesized to lead to a state
of chronic oxidative stress, which can contribute to insulin
resistance. However, how ATM senses ROS levels is not clear.
p53 has been shown to have a dual role in the regulation of
reactive oxygen species, a major source of cellular stress (8, 27,
35). On one hand, very high levels of p53 (such as in overex-
pression studies) or high levels of stress will induce p53-depen-
dent prooxidant genes (36), which can facilitate apoptosis. On
the other hand, endogenous levels of p53 have been shown to

regulate antioxidant gene expression (9, 38). Perhaps more
physiologically relevant is the observation that p53 induces a
transcriptional program in response to mild stresses, which
may operate during physiological aging (46). Studies demon-
strate a role of endogenous p53 levels in the regulation of
genes involved in antioxidant defense, such as those encoding
the sestrins (Sesn) (9) and glutathione peroxidase 1 (GPX-1)
(38). Therefore, ATM and p53 both regulate the levels of ROS
in vivo.

The development of insulin resistance in patients with A-T
and in Atm mutant mice is poorly understood. ATM is acti-
vated by a number of stresses that have a direct impact on
metabolism. A number of these cellular stresses, including
atherosclerosis, trauma, hypoxia, and infections, are associated
with p53 activation (12, 30, 32, 39, 44, 50, 51). Many of these
stresses also cause phosphorylation of p53 on the ATM site
(Ser15 in humans, Ser18 in mice). ATM-mediated p53 phos-
phorylation therefore represents a possible mechanism of
physiological regulation of insulin sensitivity.

Additional support for p53 in regulating the metabolic ef-
fects of ATM has come from studies investigating the role of
p53 in energy metabolism (7). p53 has been shown in vitro and
in vivo to regulate the expression of genes involved in metab-
olism, such as the cytochrome c oxidase 2 gene (Sco2), which
is required for mitochondrial respiration (29), glucose trans-
porter genes, including Glut1 and Glut4, in cancer cell lines
(41, 48), the phosphoglycerate mutase gene (PGM) (24), Tigar
(7), and the gene encoding which is zinc finger protein 385a
(Zfp385a, also known as hzf), involved in adipocyte function
and glucose homeostasis (22). p53 has been implicated in the
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development of insulin resistance through the regulation of
senescence in adipose tissue (31). p53 has also been impli-
cated in autoimmune disease and the macrophage response
in a streptozotocin-induced type 1 diabetes model (52).
Mice deficient for p53 were found to be more susceptible to
streptozotocin-induced diabetes than wild-type mice. Thus,
p53 had a protective role in this system. Although the p53
tumor suppressor has been implicated in the streptozotocin
model of type 1 diabetes, the role of p53 in type 2 diabetes
and insulin resistance has not been established.

The connection of p53 activity and p53 Ser18 phosphoryla-
tion to metabolic regulation supports a model whereby the
mechanism of ATM-mediated physiological regulation of in-
sulin sensitivity may involve p53 activity and ATM-mediated
p53 phosphorylation. To test this hypothesis, we compared
metabolic regulation in mice without and with a germ line
mutation in the p53 phosphorylation site Ser18. These p53S18A

mice exhibit defects in p53-mediated apoptosis and gene ex-
pression (10, 43), but unlike p53-null mice, p53S18A mice de-
velop tumors only at advanced age (1). Analysis of various
metabolic parameters indicated that p53S18A mice have in-
creased metabolic stress. This metabolic deregulation is likely
mediated through increased levels of ROS, as antioxidant
treatment restores insulin sensitivity. Indeed, we observed im-
paired glucose homeostasis and insulin resistance in these an-
imals, indicating that p53 Ser18 participates in a metabolic
checkpoint.

MATERIALS AND METHODS

Mouse strains and diet information. The methods employed for the genera-
tion and genotyping of p53S18A mice (43), p53�/� mice (11), and Atm�/� mice (5)
have been reported previously. p53S18A/� mice were intercrossed to obtain
p53S18A/S18A, p53S18A/�, and p53�/� (wild-type) mice. Cohorts of male mice on a
mixed 129/Sv � C57BL/6 genetic background were established for analysis. The
mice were maintained on a standard chow diet. For antioxidant treatment, mice
were given a diet containing 1.5% butylated hydroxyanisole (BHA; Bioserv;
custom diet). All mice were housed in specific-pathogen-free facilities accredited
by the American Association for Laboratory Animal Care. The Institutional
Animal Care and Use Committees of the University of Massachusetts Medical
School and Pennsylvania State University approved all studies using animals.

Glucose and insulin tolerance tests. Mice were examined using a glucose
tolerance test (GTT) and an insulin tolerance test (ITT) with methods described
previously (33). Mice were fasted overnight and challenged by the intraperito-
neal administration of glucose (1 g/kg body weight) or insulin (0.75 U/kg body
weight). Blood glucose was measured with an Ascenzia Breeze 2 glucometer
(Bayer), and blood insulin was measured by enzyme-linked immunosorbent assay
(ELISA) (Luminex 200, Millipore).

Hyperinsulinemic-euglycemic clamp studies. The clamp studies were per-
formed at the Pennsylvania State Diabetes and Obesity Mouse Phenotyping
Center. Whole-body fat and lean mass were noninvasively measured using 1H-
MRS (Echo Medical Systems). Following an overnight fast, a 2-h hyperinsuline-
mic-euglycemic clamp study was conducted in conscious mice with a primed and
continuous infusion of human insulin (150 mU/kg body weight priming followed
by 2.5 mU/kg/min; Humulin, Eli Lilly), and 20% glucose was infused at variable
rates to maintain euglycemia (23). Whole-body glucose turnover was assessed
with a continuous infusion of [3-3H]glucose (PerkinElmer), and 2-deoxy-D-[1-
14C]glucose (PerkinElmer) was administered as a bolus (10 �Ci) at 75 min after the
start of the clamp study to measure insulin-stimulated glucose uptake in individual
organs. At the end of the clamp study, mice were anesthetized and tissues were taken
for biochemical analysis (23).

FIG. 1. Regulation of antioxidant and metabolic genes by p53 Ser18. (A) The amount of reactive oxygen species (ROS) in MEFs was examined
by DCF staining and analysis by flow cytometry. Left, representative relative fluorescence of non-DCF-stained cells (green line) and DCF-stained
wild-type (WT) (blue line) and p53 S18A (red line) cells; right, quantification of fluorescence. Data are presented as means � standard errors of
the means (SEM; n � 5). (B) Viability of MEFs treated with hydrogen peroxide at the indicated doses and harvested 18 h posttreatment. Data
are presented as means � SEM (n � 5). (C to F) The expression of Sesn1, -2, and -3, Sco2, or Zfp385a, and Gapdh mRNA was measured by
quantitative real-time PCR analysis of the MEFs, liver, white adipose tissue (WAT), and skeletal muscle of 6- to 7-month-old wild-type mice and
compared to that of p53S18A mice (C to E) and Atm�/� mice (F). The amount of Gapdh mRNA in each sample was used to calculate relative
mRNA expression (means � SEM; n � 3). Statistically significant differences between WT and p53S18A mice are indicated (*, P � 0.05).
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Analysis of tissue sections. Upon necropsy, gross organ analysis was per-
formed. In addition, samples of liver, spleen, thymus, lymph nodes, kidney, heart,
pancreas, fat, and muscle were removed. Histology was performed using tissue
fixed in 10% formalin for 24 h, dehydrated, and embedded in paraffin. Sections
(7 �m) were cut, stained using hematoxylin and eosin (American Master Tech
Scientific), and examined by a board-certified veterinary pathologist.

Insulin treatment and immunoblot analysis. For insulin response in vivo, mice
were fasted overnight. Mice were injected with 1.5 U of insulin, and tissues were
harvested 30 min later. Tissues were homogenized in Triton lysis buffer (20 mM
Tris [pH 7.4], 1% Triton X-100, 10% glycerol, 137 mM NaCl, 2 mM EDTA, 25
mM �-glycerophosphate, 1 mM sodium orthovanadate, 1 mM phenylmethylsul-
fonyl fluoride, and 10 �g/ml of aprotinin and leupeptin). Tissue extracts (50 �g)
were examined by immunoblot analysis using antibodies to Akt, phospho-Ser473
Akt, and phospho-Thr172 AMPK	 (Cell Signaling). Flag-sestrin 2 was detected
with anti-Flag antibody (Sigma).

Cytokine analysis. The amount of cytokines in plasma was measured by mul-
tiplexed ELISA by using a Luminex 200 machine (Millipore) and serum mouse
adipokine, adiponectin, and cytokine kits (Millipore).

Blood lipid analysis. The amount of triglyceride was measured using the
CardioCheck meter and triglyceride strips (Polymer Technology Systems, Indi-
anapolis, IN).

RNA preparation and analysis. RNA was prepared from tissues collected in
RNAlater (Ambion) and snap-frozen in liquid nitrogen. Total RNA was pre-
pared with RNeasy kits (Qiagen) by following the manufacturer’s instructions.
The purified RNA was subjected to an additional DNase treatment (Ambion) to
ensure the removal of contaminating genomic DNA prior to final column puri-
fication. The relative expression of mRNA was examined by quantitative PCR
analysis. cDNA was prepared using Superscript III (Invitrogen) with random
hexamers and 0.5 �g to 1 �g of RNA per tissue. Quantitative real-time PCR was
performed on a Bio-Rad iCycler using Sybr green master mix (Bio-Rad). The
primer sequences for the murine genes were as follows: Gapdh (5
-CTTCA
CCACCATGGAGAAGGC-3
, 5
-GGCATGGACTGTGGTCAT-3
), p53
(5
-TGAAACGCCGACCTATCCTTA-3
, 5
-GGCACAAACACGAACCTC
AAA-3
), Mdm2 (5
-TGACACCAGAGCTTAGTCCTG-3
, 5
-GCGTCTCG
TAACGAATAAGGC-3
), Zfp385a (5
-ACATTGAGCACCGCTATGTCT-
3
, 5
-CTCTCTTGGATGAGGGTCTGATA-3
), Sesn1 (5
-GTGGACCCAG
AACGAGATGACGTGGC-3
, 5
-GACACTGTGGAAGGCAGCTATGTG
C-3
), Sesn2 (5
-TCCGAGTGCCATTCCGAGAT-3
, 5
-TCCGGGTGTAG
ACCCATCAC-3
), Sesn3 (5
-GCGAGGAGAAGAACATTTGCC-3
, 5
-CCA
AACATACAGTGAACATAGT-3
), Sco2 (5
-GTGGACCCAGAACGAGAT
GACGTGGC-3
, 5
-GACACTGTGGAAGGCAGCTATGTGC-3
), and Tigar
(5
-CAAGCAGCGGCCGCCGGGCAGTTTCTG-3
, 5
-CTCCTGGCAACGA
GCATCTGAGGTCAC-3
). All samples were examined in triplicate, and values
were normalized for baseline expression and for expression of Gapdh. Calcula-
tions of values were made using the ��CT method. Statistical significance was
calculated using threshold cycle (CT) values.

Tissue culture. Primary murine embryo fibroblasts (MEFs) were prepared
from E14 wild-type and p53S18A embryos (11). The MEFs were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
(Invitrogen). Early-passage MEFs were at passage 2 and later-passage MEFs
were passage 4 (p53S18A MEFs lose viability at this time). For insulin response
analysis, cells were starved 15 to 18 h in Dulbecco’s phosphate-buffered saline
(D-PBS) with calcium, magnesium, and 5 mM glucose. Cells were treated with
insulin (10 nM) and harvested at the indicated time points. For N-acetyl cysteine
(NAC) treatment, cells were thawed and fed with medium containing 0.5 mM
NAC (Sigma) for four passages and examined for insulin response. For hydrogen
peroxide treatment, cells were plated (12,000 onto a 6-well plate) and incubated
with hydrogen peroxide (0, 44, 88, and 176 �M) and harvested at 24 h. Relative
viability was determined by the trypan blue staining method.

Reactive oxygen species. For the detection of intracellular ROS levels, MEFs
were incubated with 10 �g/ml 2
,7
-dichlorofluorescein diacetate (DCF; Sigma)
in PBS supplemented with 5 mM glucose (20 min, 37°C), washed twice with
PBS-glucose, suspended in Dulbecco’s modified Eagle’s medium (5 mM glucose,
no phenol red), incubated at 37°C (20 min), and examined by flow cytometry
(28). For sestrin expression, lentivirus expressing Sesn2 and green fluorescent
protein (GFP) (pVL-Sesn2F and pVL-GFP [9]) were produced by the University
of Massachusetts Medical School vector core. Cells (0.5 � 106) were infected
with 10 �l concentrated virus. Transduction was confirmed by GFP and Flag-sesn
2 expression.

Data analysis. To calculate statistical changes in metabolic parameters, sta-
tistically significant differences (P � 0.05) between groups were examined using
the two-tailed Student t test. Microsoft Excel was used for statistical calculations.

RESULTS

Expression of antioxidant sestrins and metabolic genes me-
diated by p53 Ser18. Increased levels of reactive oxygen species
(ROS) have been proposed as the major cause of pathologies
in A-T patients and Atm mutant mice (47). A-T patients
present with increased lipid peroxidation and oxidative DNA
damage (37), and tissues from Atm�/� mice exhibit ROS-
induced damage (20). Increased ROS production (e.g., as a
by-product of mitochondrial oxidative phosphorylation) can
contribute to inflammation and insulin resistance (14, 34, 40).
p53 has been implicated in the regulation of oxidative stress.
We therefore examined whether a mutation of the ATM phos-
phorylation site on p53 caused increased ROS accumulation.
We found that primary fibroblasts prepared from p53S18A mice
generated increased amounts of ROS compared with ROS
levels in wild-type fibroblasts (Fig. 1A). In contrast, treatment
of wild-type and p53S18A fibroblasts with H2O2 (a physiological
form of ROS) caused a similar decrease in viability (Fig. 1B).
The increased ROS production may therefore account for pre-

FIG. 2. Analysis of cytokines and metabolic parameters. Wild-type
(WT) and p53S18A (S18A) mice were maintained on a standard chow
diet. Experiments were performed on 6- to 7-month-old animals. (A to
C) WT and p53S18A mice were fasted overnight, and the concentrations
of TNF-	, IL-6, and IFN-� in blood were measured (means � SEM;
n � 6 animals). (D) Insulin measurement in mice fasted overnight
(means � SEM; n � 9). (E) Body weight was measured at 6 months
(means � SEM; n � 15). (F) Concentration of triglyceride in the blood
of WT and p53S18A mice was measured (means � standard deviation
[SD]; n � 3). (G to I) The concentrations of the adipokines leptin,
adiponectin, and resistin in the blood of mice fasted overnight were
measured (means � SEM; n � 7). Statistically significant differences
between WT and p53S18A mice are indicated (*, P � 0.05).
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vious reports that p53S18A fibroblasts, like Atm�/� fibroblasts
(49), exhibit decreased growth and accelerated senescence
compared to wild-type fibroblasts (1). It has been reported that
p53 can regulate the expression of the synthesis of the cyto-
chrome c oxidase 2 gene (Sco2), which is required for mito-
chondrial respiration (29). We examined Sco2 expression and
found no difference between p53S18A and wild-type fibroblasts
(Fig. 1C). There was no significant difference in p53 expression
between p53S18A and wild-type fibroblasts (data not shown).
Thus, increased ROS levels in p53S18A fibroblasts may not be
due to defective mitochondrial function.

Cellular antioxidants represent an important mechanism of
ROS regulation. Indeed, p53 can regulate the expression of
antioxidants (8, 38). Thus, the increased ROS levels in p53S18A

fibroblasts may be caused by decreased antioxidant gene ex-
pression (38). To test this hypothesis, we examined the expres-
sion of Sestrins, p53 target genes that modulate the function of
peroxiredoxin (9). The expression of Sestrin 1, 2, and 3 was
significantly reduced in p53S18A fibroblasts compared to that in
wild-type fibroblasts (Fig. 1C). These defects in Sestrin gene
expression may contribute to the increased ROS levels de-
tected in p53S18A fibroblasts (Fig. 1A). Similarly, Sestrin gene
expression was significantly reduced in the livers of p53S18A

mice compared to that in wild-type mice (Fig. 1D). In contrast,
Tigar expression was not significantly reduced in the livers of
p53S18A mice (Fig. 1D). This further supports that defects in
homeostasis are not due to mitochondrial respiration abnor-
malities. The decrease in Sestrin expression in the adipose

tissue and muscle of p53S18A mice was not significant (Fig. 1E).
We examined Atm�/� mice that were insulin resistant (data
not shown) and observed a significant decrease in Sestrin 2 and
Sestrin 3 expression (Fig. 1F), suggesting that this activation of
p53 is mediated by ATM phosphorylation in the liver.

Increased metabolic stress in p53 Ser18 phosphorylation-
deficient animals. The mutation of ATM leads to increased
inflammation, including the expression of tumor necrosis fac-
tor alpha (TNF-	), interleukin 6 (IL-6), and C-reactive peptide
(47). These cytokines are implicated in insulin resistance (6).
We examined cytokine expression in young wild-type and
p53S18A animals and observed no difference (data not shown).
We also examined cytokine expression in 6-month-old p53S18A

animals. We found a significant increase in the circulating
levels of TNF-	 in p53S18A mice compared with levels in wild-
type mice (Fig. 2A). Although not significant, IL-6 levels in the
blood were also elevated (Fig. 2B), and gamma interferon
(IFN-�) levels were reduced (Fig. 2C).

The finding that p53S18A mice have reduced antioxidant gene
expression (e.g., Sestrins) and increased expression of inflam-
matory cytokines (e.g., TNF-	) suggests that these mice may
exhibit metabolic stress. To test this hypothesis, we compared
various metabolic parameters in wild-type and p53S18A mice.
Insulin levels were significantly increased in p53S18A animals
(Fig. 2D). There was a modest but significant (P � 0.05)
increase in body weight in the 24-week-old p53S18A mice com-
pared to that in wild-type mice (Fig. 2E), with the difference
attributed mainly to an increased weight of fat pads (data not

FIG. 3. Insulin resistance in p53S18A mice. Wild-type (WT) and p53S18A (S18A) mice were maintained on a standard chow diet. Experiments
were performed on 6- to 7-month-old animals. (A) Glucose tolerance test (GTT). Mice fasted overnight were treated with glucose (1 g/kg) by
intraperitoneal injection. Blood glucose concentration was measured at the indicated times (means � SEM; n � 15 to 20). (B) Insulin tolerance
test (ITT). Mice fed ad libitum were treated with insulin (0.75 U/kg) by intraperitoneal injection. Blood glucose levels were measured at the
indicated times (means � SEM; n � 15 to 20). (C to F) Hyperinsulinemia-euglycemic clamp analysis (means � SEM; n � 7 or 8). (C) Blood
glucose concentration during the hyperinsulinemia-euglycemic clamp analysis; (D) steady-state glucose infusion rates to maintain euglycemia
during the clamp; (E) whole-body glycolysis; (F) insulin-stimulated whole-body glucose turnover. Statistically significant differences are indicated
(*, P � 0.05).
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shown). The fasting blood triglyceride was increased in p53S18A

mice compared with that in wild-type mice (Fig. 2F). Studies of
adipokines demonstrated a significant increase in blood leptin
levels (Fig. 2G). These data are consistent with the observation
that the levels of circulating leptin are proportional to the total
amount of body fat, as leptin is primarily made in adipocytes
(13). There was also a decrease in adiponectin levels; however,
it was of borderline significance (P � 0.059) (Fig. 2H). Resistin
levels were not different (Fig. 2I). Furthermore, the pancreatic
islets of p53S18A mice exhibited hypertrophy compared with
those of wild-type mice (unpublished observation).

Defective glucose homeostasis and insulin resistance in
p53S18A mice. The observation of decreased antioxidant de-
fense, increased markers of inflammation and metabolic stress,
and deregulation of genes important for metabolic control
suggested that p53 Ser18 could be a good candidate for medi-
ating glucose homeostasis mediated by ATM. We analyzed
glucose metabolism of p53S18A animals by performing a glu-
cose tolerance test and insulin tolerance test on tumor-free
animals (Fig. 3). Wild-type and p53S18A mice were maintained
on a chow diet. Baseline glucose tolerance and insulin toler-
ance tests were performed at 3 months, and no significant
difference was observed (data not shown). However, we hy-
pothesized that the effects of antioxidant loss could exhibit a
time-dependent effect. Thus, we examined glucose homeosta-
sis in animals at 6 months of age. p53S18A mice exhibited
glucose intolerance (Fig. 3A) and insulin resistance (Fig. 3B)
at 6 months of age. Together, these data indicate that adult
p53S18A mice are insulin resistant. To test this hypothesis, we
performed a hyperinsulinemic-euglycemic clamp study to ex-
amine insulin sensitivity in conscious mice.

During the euglycemic clamp study, plasma glucose levels
were similarly maintained at 
130 mg/dl in both groups of
mice (Fig. 3C). The steady-state glucose infusion rate during
the clamp study was significantly reduced in p53S18A mice com-
pared to that in wild-type mice (Fig. 3D). Insulin-stimulated
whole-body glucose turnover and glycolysis were not altered in
p53S18A mice (Fig. 3E and F). In contrast, insulin-stimulated
whole-body glycogen synthesis was reduced in p53S18A mice
compared to that in wild-type mice (Fig. 4A). Levels of basal
hepatic glucose production (HGP) by wild-type and p53S18A

mice were similar (Fig. 4B). However, insulin failed to sup-
press HGP during the clamp study in p53S18A mice, indicating
severe hepatic insulin resistance in these mice (Fig. 4B). To
obtain biochemical evidence for selective insulin resistance in
p53S18A mice, we examined insulin-stimulated activation of Akt
in liver (Fig. 4C). We found that insulin caused Akt activation
in the muscles of both wild-type and p53S18A mice. In contrast,
insulin caused Akt activation in the livers of wild-type mice but
not in p53S18A mice. Importantly, the animals used in these
experiments were determined to be tumor free. Together,
these data demonstrate that p53S18A mice exhibit hepatic in-
sulin resistance.

The increased production of ROS and loss of antioxidant
gene expression suggested that reactive oxygen species could
be mediating the metabolic effects observed in the p53S18A

animals. In order to first examine this, we tested whether
sestrin expression could reduce the levels of ROS observed in
p53S18A MEFs (Fig. 1A). We generated p53S18A MEFs express-
ing sestrin 2 and determined that increased levels of sestrin 2

decreased the levels of ROS in p53S18A MEFs (Fig. 5A). We
observed decreased Akt phosphorylation in p53S18A MEFs at
passage 4 (Fig. 5B). However, the examination of the phos-
phorylation of Thr172 of AMPK	 showed no difference (data
not shown). The p53S18A cells exhibit morphological charac-
teristics of senescence and exhibit greatly reduced viability at
increasing passages (1). The treatment of the cells with the
antioxidant NAC restored insulin signaling and improved the
morphology of the cells (Fig. 5C). We next tested whether
increased ROS levels are affecting the glucose intolerance ob-
served in the p53S18A animals. We placed wild-type and
p53S18A animals on a diet supplemented with 1.5% BHA and
compared results to those for animals whose diet did not con-
tain BHA. BHA treatment of the wild-type animals had no
effect on glucose homeostasis (Fig. 5D). However, dietary sup-
plementation with BHA significantly reduced the insulin sen-

FIG. 4. p53S18A mice exhibit hepatic insulin resistance. (A and B)
Wild-type (WT) and p53S18A (S18A) mice were maintained on a stan-
dard chow diet. The data presented are the means � SEM (n � 7 or
8). Statistically significant differences are indicated (*, P � 0.05).
(A) Whole-body glycogen synthesis; (B) basal hepatic glucose produc-
tion (HGP) (left) and insulin-stimulated HGP during the hyperinsu-
linemia-euglycemic clamp analysis (right). (C) Extracts prepared from
the liver of WT and p53S18A mice were examined by immunoblot
analysis using antibodies to Akt and pSer473 Akt. The mice were
fasted overnight and treated without and with insulin (1.5 U/kg body
mass) by intraperitoneal injection (30 min).
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sitivity in p53S18A animals (Fig. 5E) to a level where the GTT
results exhibited no difference compared to results for wild-
type animals. These data indicate that deregulated ROS con-
tributes to the imbalance in glucose homeostasis in p53S18A

animals.

DISCUSSION

ATM is activated by a number of stresses that have a direct
impact on metabolism. A number of these cellular stresses,
including atherosclerosis, trauma, hypoxia, and infections, are
associated with p53 activation and p53 Ser18 phosphorylation
(12, 30, 32, 39, 44, 50, 51). A-T patients exhibit an increased
risk of insulin resistance and type 2 diabetes (3). In addition,
loss of Atm has been implicated in metabolic disease (42). Atm
mutant animals have been shown to be glucose intolerant and
insulin resistant. Our analysis demonstrates that the ATM
phosphorylation site on murine p53 (Ser18) exerts a protective
role in maintaining glucose homeostasis. p53 Ser18-deficient

animals exhibited glucose intolerance and insulin resistance.
Although multiple factors can contribute to the development
of insulin resistance, including oxidative stress, inflammation,
and obesity (6), oxidative stress has been proposed to be the
major contributor to pathology in A-T patients (4, 15, 20). One
important substrate for ATM is the p53 tumor suppressor. We
observed that cells from p53 Ser18-defective mice (p53S18A

mice) exhibited increased levels of reactive oxygen species
(ROS). In addition, we determined that the p53 Ser18 phos-
phorylation site is required for p53-dependent antioxidant
gene expression (e.g., Sestrin) in MEFs and in the liver (Fig. 1).
Although we did not observe statistically significant changes in
other mediators of mitochondrial respiration, further exami-
nation needs to be made to test whether the changes we ob-
served in TIGAR expression have an effect on homeostasis.

Another clinical observation in A-T patients and Atm mu-
tant mice is increased metabolic stress, such as increased proin-
flammatory cytokine expression. We observed significantly in-
creased plasma levels of the proinflammatory cytokine TNF-	

FIG. 5. Role of increased ROS levels in metabolic defects in p53S18A mice. (A) Reduction of ROS levels by the expression of sestrin 2. Left,
the amount of reactive oxygen species (ROS) in p53S18A MEFs was examined by DCF staining and analysis by flow cytometry and compared to
that in wild-type cells. Data are presented as relative fluorescence (means � SEM; n � 5). Right, Western analysis of the cells used in the
experiment shown in the left panel, indicating expression of sestrin 2. (B and C) Insulin signaling is improved with NAC treatment. Passage 4 cells
that were untreated (B) or treated with 0.5 mM NAC (C) were starved for 18 h and treated with 10 nM insulin. Akt and pSer473 Akt were examined
by immunoblot. (D and E) Wild-type (WT) and p53S18A (S18A) mice were maintained on a standard chow diet or a diet including 1.5% BHA for
approximately 4 weeks (at 6 months of age). Glucose tolerance test (GTT) on wild-type mice (D) and p53S18A mice (E). Mice fasted overnight were
treated with glucose (1 g/kg) by intraperitoneal injection. The blood glucose concentration was measured at the indicated times (means � SEM;
n � 15 to 20). Statistically significant differences are indicated (*, P � 0.05).
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in p53S18A animals. Analysis of other metabolic parameters
indicated deregulated metabolism in these animals. For in-
stance, the p53S18A animals had increased body weight and
elevated basal serum insulin levels compared to those in wild-
type animals. We propose that these effects are indirect effects
of the changes to the expression of the metabolic genes regu-
lated by p53 Ser18. The role of sestrins in oxidative stress
provides data that they may have a substantial role in the
defects observed in the p53S18A animals. Furthermore, we ob-
served insulin resistance in older animals, suggesting that the
pathologies that lead to defects in glucose homeostasis accu-
mulate with time. The role of oxidative stress in aging is well
established (2, 17). Importantly, hydrogen peroxide, whose lev-
els are regulated indirectly by the sestrin gene family, is also
implicated in aging (16). Our data are in agreement with the
model that accumulated oxidative damage affects glucose ho-
meostasis.

Through clamp analysis, we have identified the liver as the
primary organ of insulin resistance. We also demonstrated
reduced Akt activation in the liver, following insulin stimula-
tion. Interestingly, sestrin expression was also significantly re-
duced in the liver. This suggests that a loss of sestrin expression
leads to increased oxidative stress in the liver, which disrupts
insulin sensitivity. In support of this model, treatment of
p53S18A mice leads to restored glucose tolerance, whereas wild-
type mice remain unchanged. This demonstrates a specific
improvement in the p53S18A mice due to decreased levels of
ROS in vivo. In addition, studies in MEFs indicate that NAC
treatment restores insulin sensitivity. This has been observed in
Atm-deficient MEFs as well (18). AMPK	 has been shown to
phosphorylate p53 Ser18 in vitro (19); however, a role in
AMPK-mediated response to glucose is not clear (26). In ad-
dition, AMPK	-deficient mice develop muscle insulin resis-
tance (45), which is not observed in p53S18A mice. Thus, al-
though there may be additional kinases that regulate p53 Ser18
in vivo, there is a clear connection with Atm deficiency, in-
creased oxidative stress, and insulin resistance. Together, these
data indicate that the ATM-p53 pathway causes tissue-specific
changes in gene expression that function collectively to main-
tain insulin sensitivity and glucose homeostasis. Thus, mice
with a targeted mutation in the ATM phosphorylation site on
p53 (Ser18) exhibit insulin resistance. Moreover, disruption of
this pathway in A-T patients may contribute to deregulation of
metabolism. These data establish that the modulation of the
ATM-p53 pathway is an important mechanism that contributes
to normal glucose homeostasis.
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