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Abstract

Recent advances in delineating the biological functions of p53 had shed the light on its key role in the multifacets
of cellular homeostasis. After its activation, vias DNA damage, oxidative stress, or aberrant expression of on-
cogenes, p53 transduces its classical effect through several mechanisms comprising activation of the DNA repair
machinery, cell cycle arrest, and initiation of apoptosis or senescence. In the mammalian brain, p53 plays critical
functions in normal development, tumor suppression, neurodegenerative diseases, and aging. Herein, we focus
on the constitutive pro-oxidant activity of p53 in neurons and discuss the potential implication of this finding in
the context of neurodegenerative diseases and normal brain aging. Antioxid. Redox Signal. 15, 1729-1737.

Introduction

GING IS THE PRIME RISK FACTOR for the development of

most neurodegenerative diseases. Although the exact
reason for this is unknown, it is possible that specific neuronal
genes having protective roles are downregulated in the aging
brain due to increased mutational rate and /or defective DNA
repair at their promoter (42). Neuronal cells also likely accu-
mulate more mutations than most other cell types in their
genomic DNA with age, leading to impaired cellular func-
tions (30). One reason for this may be the inability of post-
mitotic cells to replicate their DNA, a process that is tightly
coupled to DNA damage checkpoint and DNA repair (6, 52).
Neurons also have a high metabolic activity and consume
large amount of oxygen, and thus may be exposed to higher
levels of oxidative stress than other tissues (30, 52). In turn, it is
well known that DNA mutations, cellular oxidative damages,
and cellular stresses in general can lead to activation of the p53
tumor suppressor gene. In this review, we will analyze the
multiple evidences implicating p53 in the progression of
neurodegenerative diseases. Moreover, the potential driving
force of p53 in normal brain aging will be discussed, focusing
on the constitutive pro-oxidant activity of p53 in neurons.

p53 in Brain Development and Cancer

The p53 gene family plays important functions in the reg-
ulation of proliferation, differentiation, and apoptosis in the
central (CNS) and peripheral nervous system. Although p53-
deficient mice are prone to develop a variety of tumors within
the first 6 months of life, they apparently develop normally

(20, 56). However, studies have showed that a fraction of p53-
deficient embryos display exencephaly caused by an over-
growth of neural tissue in the midbrain and resulting in a
neural tube closure defect (3, 13, 55). We also observed similar
brain abnormalities in p53-deficient embryos (Fig. 1). This
brain overgrowth phenotype probably results from reduced
progenitor cells apoptosis, and resembles genetic deficiency in
pro-apoptotic genes like Apaf-1 and caspase-9 (9, 29). None-
theless, the majority of p53-deficient mice develop normally,
possibly in part due to the compensatory effect of the two
other p53 family members, that is, p63 and p73 (32). Still, over-
proliferation of neural stem cells located in the brain sub-
ventricular zone is consistently observed in p53-deficient
adult mice, suggesting that p53-inactivating mutations may
be important for the development of astrocytomas (28, 46).
Hence, postnatal ablation of p53 in neural stem cells and
astrocytes of p53 conditional mutant mice leads to the devel-
opment of malignant astrocytomas (68). Finally, abnormali-
ties in neuritogenesis have also been reported in cortical
neurons of p53-deficient animals, uncovering a new function
for p53 in postmitotic neurons development and maturation
(26, 60).

p53 Is Pro-Apoptotic in the Nervous System

In the nervous system, p53 plays a pivotal role in the
elimination of newly born postmitotic neurons that do not
appropriately differentiate. Several studies have showed that
p53 is involved in natural cell death of peripheral neurons of
the sympathetic superior cervical ganglion early after birth (1,
2, 57). p53 can induce a programmed cell death-signaling
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cascade after nerve growth factor (NGF) withdrawal and/or
P75 neurothrophin receptor activation (1). Overexpression of
p53 is also sufficient to induce apoptosis of sympathetic
neurons (34, 57). In contrast, inactivation of p53 in sympa-
thetic neurons increases cell survival after NGF withdrawal
(66). Finally, naturally occurring sympathetic neuronal death
is also reduced in p53 mutant mice (1).

p53 is a short-lived protein that is constantly degraded by
the proteasome. However, when the cell is exposed to various
stressors, p53 undergoes post-translational modifications
such as phosphorylation and acetylation, allowing its stabi-
lization and activation (39). Once activated, p53 can enhance
or repress transcription of target genes. In the nervous system,
numerous p53 targets, such as Bcl2-associated X protein (Bax),
have been implicated in the induction of apoptosis (16, 72).
Apaf-1 is another direct target of p53, which, by forming the
apoptosome, plays a pivotal role in the regulation of neuronal
apoptosis after injury (27, 65). The two BH3-only proteins,
NOXA (PMAIP1 [phorbol-12-myristate-13-acetate-induced
protein 1]) and PUMA, are also important mediators of p53-
dependent apoptosis (15, 37, 71). In cortical neurons, it was
showed that apoptosis is independent of p53 accumulation at
the mitochondria. Instead, apoptosis is exclusively induced
through the transcription-dependent functions of p53. Unlike
NOXA, PUMA is sufficient to induce Bax and ultimately
neuronal cell death, and thus provides the critical link be-
tween p53 and Bax (16, 64).

p53 Is Pro-Oxidant in the Central Nervous System

The role of p53 in organismal aging and cell oxidative
metabolism remains highly controversial. In the aging rat
brain, p53 gene and protein expression levels are increased
(14, 21), and p53 hyperactivity can promote accelerated aging
in animal models. For example, mice expressing a constitu-
tively active form of p53 display a premature aging-like
phenotype, and overexpression of the short isoform of p53
(p44) also leads to a phenotype of growth suppression and
premature aging in mice (43, 63). In Drosophila, expression of a
dominant negative form of p53 in adult CNS neurons, but not
in other organs, extends lifespan and increases the resistance
to paraquat (5). This finding is notable considering studies in
flies and nematodes that suggest that neuronal functions are
directly implicated in lifespan determination (69).

In contrast with these observations, it was showed that
increasing the number of wild-type p53 alleles using a bac-
terial artificial chromosome in transgenic mice improves me-
dian lifespan and reduces tumor frequencies, possibly
through increased expression of the antioxidant genes Sestrin
1 and 2 (Fig. 2) (45). The Sestrins are implicated in the re-
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FIG. 1. p53-deficient embryos display ex-
ence]/;)haly. Photograph of wild-type and
p537/" embryos at embryonic stage 18.5.
Note the general malformation of the head
and the protuberance of the midbrain in the
p53~/~ embryo. (To see this illustration in
color the reader is referred to the web version
of this article at www liebertonline.com/ars).

generation of the antioxidant molecules Peroxiredoxins (7, 45,
48, 70). Similarly, p53 activity was shown to be protective in
cultured fibroblasts under low stress conditions, apparently
also through the activations of Sestrins (54). However, robust
p53 activation after chronic insults or oncogenic stresses
consistently results in the induction of apoptosis, in post-
mitotic neurons and cancer-prone dividing cells (Fig. 2). In
some instance, dividing cells can also proceed through the
alternative route of senescence.

In the brain, one-way p53 may be involved in the control of
neuronal aging may be link to its function on reactive oxygen
species (ROS) metabolism. A robust and persistent induction
of p53, suggesting a relatively high stress level, results in ac-
tivation of the pro-oxidant genes PIG3, Proline Oxidase,
PUMA, and P66SHC and in ROS production (Fig. 2) (41, 51,
53, 61, 67). At the same time, several studies have shown that
p53 can directly repress antioxidant genes to enhance ROS
production, possibly to facilitate apoptosis induction (Fig. 2).
p53 can repress SOD2 expression at the promoter level by
interacting with SP1 (18, 22). p53 can also repress phase II
antioxidant response (AOR) genes, which are normally acti-
vated by the Nrf2 (NFE2L2 [nuclear factor (erythroid-derived
2)-like 2]) transcription factor (25). The phase II AOR genes
encode antioxidant proteins such as glutathione S-transferase
o1, NAD(P)H quinone oxidoreductase, and cystine/glutamate
transporter (25). We have shown that in the pathological
context of Bmil-deficiency, p53 can repress the expression of
several AOR genes as well as SOD?2 in cortical neurons. p53
association to these promoters correlated with the accumu-
lation of corepressor complexes containing nuclear receptor
corepressor 1 and histone deacetylase 1 (HDAC1), and with
the presence of histone marks indicative of a repressed chro-
matin state (10). Most surprisingly, analysis of p53-null mice
and cultured neurons revealed that p53 also represses ex-
pression of AOR genes and SOD1 in physiological conditions
(Fig. 3A). In the brain of adult p53-null mice, we also observed
lower accumulation of lipid peroxidation adducts compared
with wild-type littermates (Fig. 3B). These data suggest that
p53 activity promotes oxidative damages accumulation in
cortical neurons even in physiological conditions.

The Activity of p53 on the Oxidative
Metabolism Is Context-Dependent

As presented above, the overall effect of p53 deficiency on
the cellular oxidative metabolism is apparently context de-
pendent. This is reflected by the seemingly opposite effect of
p53 deficiency on the oxidative metabolism of neurons versus
mouse embryonic lung fibroblasts (MELFs) (10, 45, 54). While
p53 is pro-oxidant is neurons, p53 is overall antioxidant in


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3610&iName=master.img-000.jpg&w=300&h=116

P53 PRO-OXIDANT ACTIVITY IN NEURONS

A -
Physiological conditions @ —
wvi
f =
e
=
a
c
S
B|| Pathological conditions
S|| (AD,PD,ALS and HD)
B —
Physiological conditions @ S .
=]
3
o)
=
-
o
&
[=] W
& | Oncogenic stress

1731
= ROS Levels
Antioxidant genes ;
(GSTal,NQOL, xCT, Normal aging %%
Sestrins 1 and 2, Sodl) |
Pro-oxidant genes
(P1G3, proline oxidase,
PUMA, P66SHC) Apoptosis and 00 Oo

0o
neurodegeneration 00000

Antioxidant genes
(SOD2, GSTal, NQO1, xCT)

Antioxidant genes Anti-aging 00
(Sestrins 1 and 2)
Pro-oxidant genes
Apoptosis or gggo
senescence 000

Antioxidant genes
(SOD2, Sestrins 1 and 2)

FIG. 2. p53 is pro-oxidant in neurons under physiological conditions. (A) Under physiological conditions, low p53
activities are pro-oxidant in cortical neurons (and possibly also in other types of postmitotic cells) through direct repression of
several antioxidant genes. Under chronic insults or pathological conditions, p53 responds by pushing further the cell oxi-
dative balance toward a pro-oxidant state. This cellular state, characteristic of neurodegenerative diseases, is favored by the

dual action of p53 as an activator of pro-oxidant genes, and a

repressor of antioxidant genes. (B) In proliferating cells, such as

mouse embryonic lung fibroblasts or adult liver cells, p53 is antioxidant under physiological conditions. This may allow
protection of the genome against DNA damage accumulation. When the cells are challenged by an oncogenic stress, p53
activity than switched toward a pro-oxidant status. This catalyzed senescence or apoptotic pathways that protect the or-

ganism against cancer initiation.

MELFs. The same observations were made in vivo when we
compared the oxidative status in the brain, liver, and lungs of
p53-null mice (Fig. 3A). Others groups have also demon-
strated that p53 possesses an antioxidant function in mouse
embryonic fibroblasts (MEFs), where MEFs with an extra

copy of p19 and p53 show increased expression of Sestrins (45,
54). Likewise, reduced glutathione levels were found in the
liver of mice with an extra copy of p19 and p53, suggesting a
global increase in antioxidant activity. On the other hand, loss
of p53 promotes the elevation of intracellular ROS concen-

FIG. 3. p53 is pro-oxidant in central nervous
system. (A) Q-PCR analysis of antioxidant
gene expression levels in p53 mutant mice li-
ver, lung, and cortex. Note that expression of
most antioxidant genes is increased in the
brain of p53 mutants, in contrast with the li-
ver and lungs. Data are represented as fold
change relative to wild-type samples, which
were set at 1 (dashed line). Results are mean
SD (n=3-4; 'p<0.05). (B). Lipid peroxidation
was measured in p53 mutant mice liver, lung,
and cortex homogenates as concentration of
MDA. Lipid peroxidation is significantly re-
duced in the brain of p53 mutants. Data were
normalized to sample protein contents and are
represented as fold change relative to wild-
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tration and DNA damage accumulation (54). These find-
ings suggest that the primary function of p53 in most organs
consists of protecting the organism from cancer initiation by
reducing intracellular ROS concentrations and thus prevent-
ing DNA damage accumulation. An obvious question arising
from these observations is why under physiological condi-
tions p53 does not also protect neurons from oxidative dam-
age accumulation by lowering intracellular ROS levels? At
first glance, this would appear highly beneficial for neurons.
Hence, these findings may indicate that p53 pro-oxidant ac-
tivity plays still uncharacterized biological functions in neu-
rons that are important for synaptic activity, long-term
potentiation, or neuronal plasticity.

To date however, the molecular basis of these paradoxical
observations is unknown. One proposed mechanism to ex-
plain the cell-specific effects of p53 on the regulation of ROS
metabolism is linked to the threshold level of stress required
to activate p53 in each cell type. For instance, in MEFs and
various organs (in the absence of exogenous stress), low level
of p53 is sufficient to induce expression of antioxidants genes,
such as the Sestrins (54). However, in conditions of severe or
chronic stress, p53 is activated and accumulates to become
pro-oxidant and pro-apoptotic (54). In postmitotic neurons,
the levels of stress required to activate the pro-oxidant func-
tion of p53 would be much lower in comparison with other
tissues. In this model, p53 would always remain pro-oxidant
in neurons. This model, however, somewhat implies that
other proteins involved in stress response or p53 regulation
are hyperactive in neurons.

Herein, we propose several alternate molecular mecha-
nisms that could explain the cell type-specific function of p53
on the oxidative metabolism (Fig. 4). (A) In mature neurons,
p53 can repress transcription of AOR genes through the
recruitment of corepressor complexes containing HDAC and
N-CoR (10). In this tissue-specific corepressor model, core-
pressors preferentially expressed in neurons, such as N-CoR
or mSin3a, would recruit HDACs to form a complex with p53
at AOR gene promoters (Fig. 4A). This type of regulation has
been documented earlier (47, 74). (B) The tissue-specific
function of p53 may be also explained by the finding of a
novel type of p53 DNA binding elements present on pro-
moters. The DNA binding elements of p53 on the promoter of
AOR genes could be atypical (25). In this bivalent promoter
model, two DNA binding elements located on the promoter
can determine the fate of p53 as an activator or as a repressor
(Fig. 4B). In MELFs, the repressor-binding site of p53 would
be normally occupied by a putative interfering protein (pro-
tein X), thus forcing p53 to bind to the activator site. In neu-
rons, the absence of this interfering protein would allow p53
to preferentially bind to the repressive binding element (33).
(C) Another mechanism that implicates a stress sensor model
can be proposed to explain the function of p53. In prolifer-
ating cells, the risk of DNA errors occurrence during the
process of DNA replication is elevated when compared with
neurons, which are postmitotic. One hypothesis is that in
MELFs, DNA damage induces specific modifications in p53
leading to its preferential interaction with coactivators, thus
enhancing its transactivation potential. In neurons, however,
where oxidative stress is predominant, p53 is also activated
but associate preferentially with corepressors (Fig. 4C). Some
studies have highlighted this type of regulation in the con-
text of cellular hypoxia (38). (D) Another proposed model is
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FIG. 4. p53 activity on the cellular oxidative metabolism
is context-dependent. The activity of p53 on the cellular
oxidative metabolism is context-dependent. While p53 is
pro-oxidant in neurons (and possibly also in other post-
mitotic cells), it displays antioxidant effects in mouse em-
bryonic lung fibroblasts (and possibly also in most other
dividing cells). These paradoxical activities can be explained by
several mechanisms (see text for details). Proposed models are
presented herein (A-F). These processes are probably not mu-
tually exclusive. MELF, mouse embryonic lung fibroblast.

based on the postmitotic nature of neurons. In this cell cycle-
dependent model, factors only present in dividing cells, such
as members of the Rb/E2F pathway, for example, would
associate with p53 to form a coactivator complex (Fig. 4D)
(11). This association would not be present in neurons,
allowing for constitutive AOR genes repression by p53. (E)
An alternative mechanism to explain the dual function of p53
may be through tissue-specific expression of highly related
transcription cofactors (Fig. 4E). In this tissue-specific
cofactor model, the Pou4fl (BRN3A) POU domain, class 4,
transcription factor 1 (Brn-3a), and Pou4f2 (BRN3B) POU
domain, class 4, transcription factor 2 (Brn-3b) transcription
factors have opposite and antagonistic effects toward p53.
Brn-3a promotes p53-mediated gene repression, whereas
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Brn-3b cooperates with p53 to activate the expression of the
same target genes (8). (F) The last proposed model is the
tissue-specific post-translation model and involves cell type-
specific expression of a factor that would induce post-
translational modifications of p53, leading to its activa-
tion beyond the threshold level (Fig. 4F). For example, the
transcriptional cofactor CBP/p300 can acetylate p53 and
induces its activation (17). p53 acetylation is critical for its
activation (59).

p53, Aging, and Neurodegenerative Diseases

Aging is a multifactorial process. One grand theory of ag-
ing stipulates that progressive imbalance between mito-
chondria-based ROS production and the antioxidant defense
system is the cause of cellular and organismal aging. The ac-
tion of excessive ROS concentrations would lead to DNA
damage, protein nitrosylation, and lipid peroxidation accu-
mulations, ultimately affecting the entire cell metabolism (30,
31). This scenario may be especially true in the brain, where
neurons regenerative capacity is most limited and metabolic
activity very high. The free radical theory of aging thus pro-
poses an appealing explanation for the age-associated appa-
rition of neurodegenerative diseases. The pro-oxidant
behavior of p53 in neurons under both physiologic and
pathologic conditions might enhance damage accumulation
in the CNS and directly influences the aging process. In turn,
DNA damages can induce p53 activation, possibly leading to
the initiation of a vicious circle. Notably, although mice car-
rying extra copies of p19*” and p53 have an increased medium
lifespan, their maximum lifespan is not improved. This indi-
cates that the p19/p53 pathway might not repress all the
causes of physiological aging or that increasing p53 activity in
the brain precludes lifespan extension (45). In-depth analysis
of the brain of p19/p53 transgenic mice could provide critical
answers on the impact of increasing p53 activity on normal
brain aging.

Neuronal dysfunctions due to the accumulation of mito-
chondria-associated oxidative damages are hallmark of age-
related neurodegenerative diseases (40). Surprisingly, p53
seems to be the common troublemaker in these pathologies
(Fig. 5). For example, several studies have shown that p53
expression is elevated in the Alzheimer disease (AD) brain
(19, 49). Most surprisingly, the intracellular f-amyloids,
peptide, which is associated with AD, can directly bind and
activate the p53 promoter, resulting in p53-dependent neu-
ronal apoptosis (49). In contrast, inhibition of p53 prevents
neuronal cell death induced by f-amyloid;_4, (73). Several
other neurodegenerative diseases have been linked to oxida-
tive stress and mitochondrial dysfunction, resulting in p53-
dependent neuronal cell death. For instance, in Parkinson
disease, p53 can be a target of the nuclear enzyme Poly (ADP-
ribose) polymerase 1, which is activated after DNA damages
induced by 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine
(MPTP) treatment (44). The poly-ADP-ribosylation of p53
leads to its stabilization and neuronal cell death. MPTP
treatment can also induce activation of the p38 mitogen-
activated protein kinase, resulting in p53 phosphorylation and
neuronal apoptosis (36). Accordingly, p53-null mice or mice
treated with p53 inhibitors are resistant to MPTP-induced
dopaminergic neurons apoptosis (23, 50). Other studies have
revealed that mutant Huntingtin (H#t), the mutated gene
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FIG. 5. p53 is linked to normal brain aging and neuro-
degenerative diseases. The cumulative action of increasing
ROS concentrations was proposed to be the central mecha-
nism of cellular and organismal aging. Abnormal ROS me-
tabolism and ROS-related cellular damages are also found
in several aged-related neurodegenerative diseases. In this
triad (ROS, aging, and neurodegenerative diseases), p53 is
thought to be the main regulatory player. ROS, reactive
oxygen species.

product in Huntington disease, binds to p53 and enhances
p53 nuclear levels in neurons, and that genetic deletion of p53
suppresses neurobehavioral abnormalities of mutant Htt-Tg
mice (4). Finally, p53 may also play a role in oxidative stress-
induced cell death of motor neurons in amyotrophic lateral
sclerosis (24). Taken together, these observations indicate that
the inherent pro-oxidant and pro-apoptotic activities of p53 in
neurons operate as progression factors in the natural process
of brain aging and development of aged-related neurode-
generative diseases.

Clinical Implications

The clinical implications of the reported roles of p53 in
neurodegenerative diseases are potentially very important.
Can we delay or attenuate the progression of neurodegener-
ative diseases by inhibiting p53 pro-apoptotic and pro-oxi-
dant activities? The answer is probably yes. However, the
critical function of p53 in preventing cancer initiation in most
organs as well as in brain astrocytes and neural stem cells
must be considered (Fig. 6). Hence, partial inhibition of p53
only in the brain appears as the safest option. However,
considering the advance age of most affected patients, sys-
temic inhibition of p53 is unlikely to allow cancer initiation
and development within the expected remaining lifetime.
Inhibitors of p53 activity have been developed and tested in
animal models of Parkinson and Huntington disease. No-
tably, reported results were quite spectacular. However, the
promise of these discoveries for the treatment of patients is
still awaited. Alternatively, antioxidant treatment may be use
to directly reduce cellular oxidative stress, which is common
is most neurodegenerative disease. A large clinical trial using
coenzyme Q10 as a food supplement is undergoing in patients
suffering from Huntington disease (Huntington Study
Group). Alternatively, a more invasive approach aiming to
overexpress antioxidant-activating factors such as PGCla or
Nrf2 in neurons using a virus can be envisaged (35, 58).
However, targeting large numbers of brain neurons with this
approach will be difficult. Rather, injection of primary human
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Astrocytes/Stem cells FIG. 6. Clinical applica-
tions. In postmitotic neurons
of the brain, inhibition of p53
activity is predicted to be
beneficial against accumula-
tion of ROS-mediated cellular
damages. This is especially
true in the context of normal
aging. In the context of neu-
rodegenerative diseases, p53
inhibition would also coun-
teract p53-mediated apopto-
sis. A possible drawback of
this strategy is the possible
initiation of cellular transfor-
mation in astrocytes and neu-

ral stem cells, where p53
operates as a guardian of the

genome. In these cells, p53 can reduce ROS-mediated DNA damage accumulation or induce apoptosis upon oncogenic
signaling. A possible alternative to p53 inhibition is the use of antioxidant molecules, which can in principle counteract the
pathological action of ROS in neurons without affecting p53 antioncogenic activity.

fibroblasts engineered to secrete survival or growth factors
such as NGF appears more feasible (62). Similarly, mouse
astrocytes that overexpress Nrf2 can protect dopaminergic
neurons from MPTP cytotoxicity by a cell nonautonomous
mechanism (12).

Concluding Remarks

The p53 gene is activated in most neurodegenerative dis-
eases and is possibly a driving force of normal brain aging.
The role of p53 in protecting the genome from mutagenic
oxidative damage and against cellular transformation in most
organs, including dividing brain cells, is most likely pre-
dominant in term of species evolution and fitness compare to
its constitutive pro-oxidant and pro-aging activity in brain
neurons. Hence, brain aging, age-related cognitive decline,
and AD may be regard as a recent evolutionary curiosity
owing to the unprecedented longevity of the human specie.
Finally, it may be wise to attempt to delay normal brain aging
and thus the onset of neurodegenerative diseases by com-
bining a healthy diet rich in polyphenols, caloric restriction,
exercise, and mental activity. The awaited discovery of the
Fontaine de Jouvence molecule is the last salvation for those
not quite convinced by this prescription.
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Abbreviations Used

AD = Alzheimer disease
AOR = antioxidant response
Apaf-1=apoptotic peptidase activating factor 1
Bax = Bcl2-associated X protein
Brn-3a =Pou4fl (BRN3A) POU domain, class 4,
transcription factor 1
Brn-3b = Pou4f2 (BRN3B) POU domain, class 4,
transcription factor 2
CNS = central nervous system
HDAC1 = histone deacetylase 1

Htt = Huntingtin
MEFs = mouse embryonic fibroblasts
MELFs = mouse embryonic lung fibroblasts
MPTP = 1-methyl 4-phenyl
1,2,3,6-tetrahydropyridine
NGF = nerve growth factor
NOXA = PMAIP1 (phorbol-12-myristate-13-
acetate-induced protein 1)
Nrf2 = NFE2L2 (nuclear factor [erythroid-
derived 2]-like 2)
ROS = reactive oxygen species







Thisarticle has been cited by:

1. Eugenio Barone , Giovanna Cenini , Rukhsana Sultana, Fabio Di Domenico , Ada Fiorini , Marzia Perluigi , Teresa Noel ,
Chi Wang , Cesare Mancuso , Daret K. St. Clair , D. Allan Butterfield . 2012. Lack of p53 Decreases Basal Oxidative Stress
Levelsinthe Brain Through Upregulation of Thioredoxin-1, Biliverdin Reductase-A, M anganese Superoxide Dismutase, and
Nuclear Factor Kappa-B. Antioxidants & Redox Sgnaling 16:12, 1407-1420. [Abstract] [Full Text HTML] [Full Text PDF]

[Full Text PDF with Links]
2. Cristina Lanni, Marco Racchi, Maurizio Memo, Stefano Govoni, Daniela Uberti. 2012. p53 at the crossroads between cancer

and neurodegeneration. Free Radical Biology and Medicine 52;9, 1727-1733. [ CrossRef]


http://dx.doi.org/10.1089/ars.2011.4124
http://online.liebertpub.com/doi/full/10.1089/ars.2011.4124
http://online.liebertpub.com/doi/pdf/10.1089/ars.2011.4124
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2011.4124
http://dx.doi.org/10.1016/j.freeradbiomed.2012.02.034

