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Abstract

Aims: The basal oxidative and nitrosative stress levels measured in cytosol, mitochondria, and nuclei as well as
in the whole homogenate obtained from the brain of wild type (wt) and p53 knockout [p53(~/ )] mice were
evaluated. We hypothesized that the loss of p53 could trigger the activation of several protective mechanisms
such as those involving thioredoxin-1 (Thio-1), the heme-oxygenase-1/biliverdin reductase-A (HO-1/BVR-A)
system, manganese superoxide dismutase (MnSOD), the IkB kinase type f (IKKf)/nuclear factor kappa-B (NF-
kB), and the nuclear factor-erythroid 2 (NF-E2) related factor 2 (Nrf-2). Results: A decrease of protein carbonyls,
protein-bound 4-hydroxy-2-nonenal (HNE), and 3-nitrotyrosine (3-NT) was observed in the brain from p53~/~)
mice compared with wt. Furthermore, we observed a significant increase of the expression levels of Thio-1, BVR-
A, MnSOD, IKKf, and NF-kB. Conversely a significant decrease of Nrf-2 protein levels was observed in the
nuclear fraction isolated from p53~/~) mice. No changes were found for HO-1. Innovation: This is the first
study of basal oxidative/nitrosative stress in in vivo conditions of brain obtained from p53(~/~) mice. New
insights into the role of p53 in oxidative stress have been gained. Conclusion: We demonstrated, for the first
time, that the lack of p53 reduces basal oxidative stress levels in mice brain. Due to the pivotal role that p53 plays
during cellular stress response our results provide new insights into novel therapeutic strategies to modulate
protein oxidation and lipid peroxidation having p53 as a target. The implications of this work are profound,
particularly for neurodegenerative disorders. Antioxid. Redox Signal. 16, 1407-1420.

Introduction Innovation

53, A SEQUENCE-SPECIFIC transcription factor localized
predominantly in the nucleus, plays a main role during
cellular stress response due to its involvement in several
processes (17). As a transcription factor, p53 consists of two
N-terminal transactivation domains, a core DNA-binding
domain, and a C-terminal oligomerization domain (17). In

This investigation represents the first study of oxidative
and nitrosative stress in the brain from p53~/~) mice and
provides new insights into the interconnectivity of p53 and
oxidative stress in the brain.

unstressed cells, p53 is constitutively restrained by Mdm?2, an
E3 ubiquitin ligase that promotes p53 degradation; the Mdm?2
gene is positively regulated by p53, defining a negative
feedback loop that controls p53 activity. Cellular stress re-

lieves inhibitory effects of Mdm?2, triggering p53 stabilization
and activation. Once activated p53 binds to DNA and trans-
activates genes encoding proteins responsible for DNA repair,
cell cycle arrest, and/or the induction of apoptosis in cells
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harboring nonrepairable damaged DNA, as well as senes-
cence (42). In this light, it represents a “guardian” of genomic
integrity preventing the passage of damaged DNA from cell
to cell (41).

In the central nervous system (CNS), p53 is responsible for
the elimination of newly born postmitotic neurons that do not
appropriately differentiate (15). Since to direct cells toward
apoptosis or senescence is a process that has to be rapidly
addressed, p53 stability and activity were not modulated at a
transcriptional level, which would require long time, and
therefore they are tightly regulated by posttranslational
mechanisms selectively activated by different stress sig-
nals. Phosphorylation of serine and/or threonine residues,
acetylation, ubiquitylation, methylation of lysine or arginine
residues, and glutathionylation represent some of the mech-
anisms trough which p53-related functions are modulated
(17, 21).

Interesting is the interplay between p53 and reactive oxy-
gen species/reactive nitrogen species (ROS/RNS) produc-
tion, particularly for the “Janus” face of this interaction, since
P53 can either increase or decrease ROS/RNS generation and,
at the same time, these latter can modulate selective transac-
tivation of p53 target gene (42). The differential effects of p53
on cellular redox status depend on the single cell type (43).
Most of the evidence about the link between p53 and oxida-
tive stress derive from in vitro and in vivo studies in which p53
is modulated by using stimulatory or inhibitory tools (27, 38).
However, previous studies have also demonstrated an op-
posite effect of p53 deficiency on oxidative stress levels mea-
sured in neurons, cardiac tissues, and lung fibroblasts: pro-
oxidant in the former, overall antioxidant in the latter (16, 49,
66). Similarly, in an in vivo model of p53-null mice, opposite
results were found toward the extent of lipid peroxidation,
measured as malondialdheyde adducts, in liver, lung, and
cortex of these mice (16). One proposed explication of this
paradigm was that the effect of p53 depends on the threshold
levels of oxidative stress required for its activation (15). In
particular, in cells different from neurons, and in the absence
of exogenous stress, low levels of p53 are sufficient to induce
expression of antioxidant genes such as sestrins that contrib-
ute to cellular homeostasis (56). On the other hand, an increase
of the oxidative stress levels in the same cells lead to the ac-
tivation of p53 that became pro-oxidant and pro-apoptotic
(56). Conversely, in neurons, the threshold levels of oxidative
stress required for p53-induced pro-oxidant effects are lower
than those observed in other cell lines (15) and so p53 remains
pro-oxidant even under normal conditions. These basal pro-
oxidant effects, in any case, should not be considered neces-
sarily deleterious for neurons, because they seem to be linked
to still uncharacterized mechanisms for which ROS/RNS are
required for synaptic plasticity, long-term potentiation, or
neuronal plasticity (15). Growing experimental findings in
fact underscore ROS and RNS, produced in low amounts and
in a controlled manner, as physiological components of the
signaling generated by cytokines (57), growth factors (24), and
neurotrophic peptides (6).

However, despite these physiological activities, the roles of
(i) ROS/RNS, (ii) p53, and (iii) their interaction in the CNS
raise a lot of questions due to their involvement in the path-
ogenesis of neurodegenerative disorders such as amnestic
mild cognitive impairment (MCI) and Alzheimer disease
(AD) (9, 39). Generally, an increased production of ROS or
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RNS triggers an array of signal transduction pathways, re-
sulting in stimulatory or inhibitory output signals and caus-
ing cellular damage (47, 48) often linked to lipid and protein
oxidative/nitrosative modifications according to the mecha-
nisms reviewed by us (62) (Fig. 1). As previously reported,
even p53 represents a target for oxidative and nitrosative
posttranslational modifications in MCI and AD (13, 14). In
particular, an increase of p53 protein levels was observed in
MCI and AD brain compared with control samples (14),
paralleled by an increase of oxidative/nitrosative modifica-
tions, which, in turn, could affect its activity (13, 14). These
results are consistent with the notion of an involvement of p53
in neurodegenerative conditions and its special link with ox-
idative stress, but the impact of cellular redox changes on p53
and vice versa remain elusive.

The aim of this work was to evaluate the effects that the lack
of p53 had on the basal levels of oxidative and nitrosative
stress in the mice brain. Furthermore, we hypothesized that
the loss of p53 could trigger the activation of an integrated
network of mechanisms that are under control of genes
strictly involved in preserving cellular homeostasis during
stressful conditions, such as those encoding for thioredoxin-1
(Thio-1), members of heme-oxygenase-1/biliverdin reduc-
tase-A (HO-1/BVR-A) system, manganese superoxide dis-
mutase (MnSOD), the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB), the IkB kinase type f3
(IKKJ), and nuclear factor-erythroid 2 (NF-E2) related factor 2
(Nrf-2). Due to the different localization of these proteins into
the whole cell, for instance membrane-bound proteins, cyto-
solic proteins, mitochondrial proteins, or nuclear proteins,
their expression levels were measured in the related fraction
isolated from the brain of wild-type (wt) and p53 knockout
[p53(_/_)] mice.

Results

Oxidative and nitrosative stress levels in the brain from
wt and p53~"~) mice

To clarify the contribution of p53 on brain oxidative and
nitrosative stress, protein carbonyls (PCs), protein-bound 4-
hydroxy-2-nonenal (HNE), and 3-nitrotyrosine (3-NT) levels
were assayed in different cellular fractions such as cytosol,
mitochondria, and nucleus as well as in brain whole ho-
mogenate isolated from brain from wt and p53~/~) mice.

As shown in Figure 2, only 3-NT levels were significantly
reduced by about 15% in the cytosolic fraction from p53¢~/~)
mice with respect to wt mice (Fig. 2C). No changes were ob-
served for PC and HNE levels (Fig. 2A, B, respectively). Iso-
lated brain mitochondria from p53~/~) mice displayed a
significant reduction of about 20% in PCs with respect to wt
mice (Fig. 3A). Similarly, protein-bound HNE levels were
significantly decreased by 18% in brain mitochondria from
p53"/7) mice (Fig. 3B). No significant changes were observed
for 3-NT (Fig. 3C). For the nuclear fraction, we observed a
significant reduction of all the biomarkers measured. In par-
ticular, PCs were reduced by 19% (Fig. 4A), HNE by 17% (Fig.
4B), and 3-NT by 17% (Fig. 4C) in the nuclei obtained from
p53"/7) mice.

Finally, to better understand whether changes observed in
each fraction isolated from the brain of p53~/~) mice con-
tributed to an overall decrease of oxidative stress levels, we
measured the extent of PC, HNE, and 3-NT in the total
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FIG.1. Reaction mechanisms to identify the products of protein oxidation, lipid peroxidation, and protein nitration. (A)
Reaction mechanism to identify oxidized proteins by using DNPH. DNPH can be used to detect the carbonyl functionality of
a ketone or aldehyde functional group. This process is an addition-elimination reaction in which a nucleophilic addition of
the -NH, group of a molecule of dinitrophenylhydrazine to the C=0O carbonyl group of the protein is followed by the
removal of a molecule of water (H,O) with the formation of a dinitrophenylhydrazone adduct. This latter can be recognized
by using specific antibody antidinitrophenylhydrazone adduct and then quantified by using specific software (see Materials
and Methods section). (B) Protein-bound 4-hydroxy-2-nonenals (HNE) adducts. Following lipid peroxidation the formation
of HNE occurs. The reactive alkenal is capable of easily attaching covalently to proteins by forming Michael adducts with, for
example, histidine or cysteine residues. (C) Formation of 3-nitrotyrosine (3-NT). Nitric oxide (NO) can react with superoxide
anions (O, *)—produced, for example, by complexes I and III of mitochondrial respiration chain—to form peroxynitrite
(ONOQO™), an anion with strong oxidant properties. As a consequence of the subsequent reactions, nitration of tyrosine
residues of cellular proteins, 3-NT, takes place, resulting in damage to cellular components. (To see this illustration in color
the reader is referred to the web version of this article at www.liebertonline.com/ars).

homogenate obtained from the brain of wt and p53‘~/ =) mice.
As shown in Figure 5 we found a significant reduction of PC
(Fig. 5A), HNE (Fig. 5B), and 3-NT (Fig. 5C) of 19%, 20%, and
28%, respectively, in the whole homogenate obtained from
the brain of p53‘~/~) mice with respect to wt mice.

Effect of lack of p53 on the expression of membrane-
bound protein primarily involved in the cell stress
response: thioredoxin-1 and HO-1

HO, also known as heat-shock protein (Hsp)-32, is a
microsomal protein existing in two isoforms: the consti-
tutive isoform (HO-2) and the inducible isoform (HO-1).
This latter is induced by various stimuli, including oxida-

tive and nitrosative stress, ischemia, heat shock, bacterial
lipopolysaccharide (LPS), hemin, and the neuroprotective
agent leteprinim potassium (Neotrofin). HO-1 catalyzes the
degradation of the intracellular levels of pro-oxidant iron-
protoporphyrin-IX-alpha (heme) into ferrous iron, carbon
monoxide, and biliverdin-IX-alpha (BV) (44) the precursor
of bilirubin-IX-alpha (BR), this latter being an endogenous
molecule with powerful antioxidant and antinitrosative
features (5, 45). Thio-1 is constitutively present as a sur-
face-associated sulfhydryl protein in plasma membrane of
a wide range of cells (31) and is induced under pro-oxidant
conditions, such as UV irradiation and hydrogen peroxide
(Hx0Oy,), in order to prevent cell injury against oxidative
stress (3). Together with reduced glutathione, Thio-1 forms
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FIG. 2. In vivo oxidative and nitrosative modifications
observed in brain-isolated cytosol from wild-type (wt) and
p53 knockout [p53~'~] mice. (A) Protein carbonyl (PC)
levels, (B) protein-bound HNE levels, and (C) 3-NT levels
were measured in the cytosolic fraction obtained from the
brain of wt and p53~/~) mice. Densitometric values shown
are given as percentage of the wt group, set as 100%. Data
are expressed as mean*SD of three replicates of each indi-
vidual sample (1 =6) per group. *p <0.05 versus wt (Student’s
t-test).

a powerful system involved in a variety of redox-depen-
dent pathways such as supplying reducing equivalent for
ribonucleotide reductase, and peptide methionine sulfox-
ide reductase, the latter being involved in antioxidant de-
fense (3).

To elucidate the effect that the lack of p53 had on the
expression levels of both HO-1 and Thio-1, Western blot
analyses for HO-1 and Thio-1 were performed in the
membrane fraction isolated from brain of p53~/~) and wt
mice. As shown in Figure 6A, no significant changes were
observed for HO-1 protein levels. However, Thio-1 protein
levels were significantly increased in the membrane frac-
tion from p53(~/~) mice with respect to the control group
(Fig. 6B).
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FIG. 3. In vivo oxidative and nitrosative modifications
observed in brain-isolated mitochondria from wt and
p53(_/_) mice. (A) PC levels, (B) protein-bound HNE levels,
and (C) 3-NT levels were measured in the mitochondrial
fraction obtained from the brain of wt and p53~/~) mice.
Densitometric values shown are given as percentage of the
wt group, set as 100%. Data are expressed as mean+SD of
three replicates of each individual sample (1=6) per group.
*p<0.05 and **p <0.01 versus wt (Student’s t-test).

Effect of lack of p53 on the expression of cytosolic
and nuclear proteins primarily involved in cell stress
response: BVR-A, Nrf-2, IKKB, and NF-kB

In addition to membrane-bound proteins we analyzed the
effects of the loss of p53 on the expression levels of some
cytosolic proteins involved in the cell stress response. BVR-A,
the main isoform of BVR (26, 36), catalyzes the reduction of
BV into BR and is coexpressed with HO-1 in cells of the rat
brain that express these enzymes under normal conditions
(23). Furthermore, BVR-A is also a serine/threonine/tyrosine
kinase that interacts with members of the mitogen-activated
protein kinase family, in particular, the extracellular signal—
regulated kinases 1/2, and once translocated into the nucleus
regulates the expression of oxidative stress-responsive genes
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FIG. 4. In vivo oxidative and nitrosative modifications
observed in brain-isolated nuclei from wt and p53/"’
mice. (A) PC levels, (B) protein-bound HNE levels, and (C)
3-NT levels were measured in the nuclear fraction obtained
from the brain of wt and p53~/ ™) mice. Densitometric values
shown are given as percentage of the wt group, set as 100%.
Data are expressed as mean+SD of three replicates of each
individual sample (n=6) per group. **p<0.01 versus wt
(Student’s t-test).

such as HO-1 or inducible nitric oxide synthase (iNOS) (36).
As shown in Figure 7A, BVR-A protein levels, measured in the
cytosolic fraction isolated from mice brain, were significantly
increased in the p53'~/ =) group with respect to wt. Likewise,
the absence of p53 promotes the translocation of BVR-A from
the cytosol into the nucleus as demonstrated by the significant
increase of BVR-A protein levels (~36%) in the nuclear frac-
tion isolated from the brain of p53(~/ ) mice with respect to
wt group (Fig. 8A).

The transcription factor NF-E2 (Nrf-2) was demonstrated to
regulate the expression of both HO-1 (63) and Thio-1 (37).
Under normal conditions it is bound to its cytoplasmic re-
pressor partner keapl, while during conditions of increased
oxidative stress, Nrf-2 translocates into the nucleus where it
recognizes a region called antioxidant-response element
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FIG. 5. In vivo oxidative and nitrosative modifications
observed in the whole homogenate obtained from the
brain of wt and p53(_/ ) mice. (A) PC levels, (B) protein-
bound HNE levels, and (C) 3-NT levels were measured in the
whole homogenate obtained from the brain of wt and
p537/ ~ mice. Densitometric values shown are given as per-
centage of the wt group, set as 100%. Data are expressed as
mean*SD of three replicates of each individual sample
(n=6) per group. *p<0.05 and **p <0.01 versus wt (Student’s
t-test).

(ARE) on the promoter of the genes encoding for HO-1 or
Thio-1 promoting their expression (10, 37, 63). The loss of p53
did not produce any significant effect on the cytosolic levels of
Nrf-2 (Fig. 7B). Conversely, as shown in Figure 8B, Nrf-2
protein levels were found to be decreased (~62%) in a sig-
nificant manner in the nuclear fraction isolated from the brain
of p53~/ ) mice with respect to wt mice.

NF-kB is a critical mediator of the cellular response to in-
flammatory cytokines, developmental signals, pathogens,
and cellular stresses (7). NF-kB exists in a latent form in the
cytoplasm of unstimulated cells comprising a transcription-
ally active heterodimer (p65/p50 or 52) bound to an inhibitor
protein, IkB (7). Following stimulation with many NF-kB in-
ducers, IkB is rapidly phosphorylated by the IKK, such as
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FIG. 6. Effect of lack of p53 on the expression levels of
thioredoxin-1 (Thio-1) and heme oxygenase-1 (HO-1) in
mice brain. (A) Thio-1 and (B) HO-1 protein levels were
measured in the membrane fraction isolated from the brain
of wt and p53""/~) mice as described under Materials and
Methods section. Representative gels are shown. Data are
expressed as mean+SD (n=6 animals per group). *p <0.05
versus wt group.

IKKp, which promotes IkB degradation and NF-kB activa-
tion and nuclear translocation (7). We found a significant
increase of both NF-kB and Ikkf protein levels, of 43% and
20%, respectively, in the cytosolic fraction isolated from the
brain of p53~/~) mice (Fig. 7C, D) with respect to wt. In
agreement with the role of Ikkf, NF-kB protein levels,
measured in the nuclear fraction isolated from the brain of
p53(_/ =) mice, were significantly increased by 103% with
respect to wt mice (Fig. 8C).

Effect of lack of p53 on the expression of mitochondrial
proteins primarily involved in cell stress response:
MnSOD

SODs, primary ROS detoxification enzymes in the cell,
catalyze the dismutation of superoxide radicals to molecular
oxygen and HO,. The SOD family of enzymes is made up of
three structurally unrelated proteins encoded by different
genes (34). Copper- and zinc-containing SOD (CuZnSOD,
SOD1) is a homodimeric enzyme found primarily in the cy-
toplasm (with small amounts within the mitochondria) (34).

BARONE ET AL.

Extracellular SOD (ECSOD, SOD3) shares 40%—-60% homol-
ogy with CuZnSOD but resides in the extracellular compart-
ment of the cell (34). Manganese-containing SOD (MnSOD,
SOD2) is a homotetramer found exclusively in the mito-
chondprial matrix (68). MnSOD is the only SOD indispensable
to aerobic life and is not compensated by the presence of
CuZnSOD. The importance of MnSOD is due to its strategic
location in the mitochondrial matrix, since SOD offers a pri-
mary antioxidant defense through rapid conversion of su-
peroxide radicals into HO, and oxygen (34).

Relevant to the current study, proteomic analysis on the
same mitochondrial samples for another study ongoing in
our laboratory identified a significant increase of MnSOD
protein levels of 1330% (p<0.01) in the mitochondrial frac-
tion isolated from the brain of p53~/~) mice (Fig. 9) with
respect to wt.

Discussion

Several lines of evidence highlight the pivotal role played
by p53 in the maintenance of genomic integrity following a
stressful insult through the differential activation of target
genes that direct cells to cycle arrest, senescence, or apo-
ptosis (67). Given that p53 and ROS/RNS participate and
share overlapping signal transduction pathways, we inves-
tigated the connections that link p53 to ROS/RNS levels as
well as the possible mechanisms involved. In this light, our
work represents a step forward in the comprehension of the
mechanisms that regulate cellular redox status in the CNS,
since, for the first time, we provide new insights on the
in vivo effects produced by the loss of p53 on (i) the levels of
oxidative and nitrosative stress in different cellular com-
partments (cytosol, mitochondria, and nucleus) as well as in
the whole cell in brain and (ii) the modulation of Thio-1, HO-1,
BVR-A, IKKp, NF-kB, and Nrf-2 protein levels as possible
mechanisms useful to explain the differences observed as re-
gard the levels of oxidative and nitrosative stress between wt
and p53©/ ) mice.

Cellular ROS production is tightly linked to the p53 levels
(42). Physiological levels of p53 serve to contain ROS at non-
toxic levels through the transactivation of genes encoding for
proteins with antioxidant activity such as glutathione perox-
idase-1 (GPX-1) (56) (Fig. 10, left side). In contrast, hyper-
physiological levels of p53 increase ROS production at least
by two mechanisms: (i) transactivation of target genes that
encode for proteins whose activity promote the formation of
ROS such as quinine oxidoreductase (NQO1) (42) and proline
oxidase (POX) (42) as well as for proteins that perturb mito-
chondrial electron transport chain such as Bcl-2—-associated X
protein (BAX) (42) and p53 upregulated modulator of apo-
ptosis (PUMA) (42) (Fig. 10, left side); (ii) suppression of genes
encoding for proteins with antioxidant activity such as the
mitochondrial isoform of SOD, MnSOD (42) (Fig. 10, left side).

In addition, basal levels of p53 are required to balance en-
ergy metabolism among mitochondrial respiration, glycoly-
sis, and the pentose phosphate shunt, with mitochondrial
respiration being the major source of ROS production (Fig. 10,
left side) (42).

The substantial decrease of protein oxidation/nitration and
lipid peroxidation, observed in the brain of p53(~/~) mice
(Figs. 2-5) under basal conditions, is in good agreement with
previous studies that showed that the deletion of p53, in other
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cell lines different than those of the CNS, was coupled with a
reduction of ROS production (40, 42, 65). One possible
mechanism to explain the previous results could be that the
absence of p53 forces cells to use glycolysis instead of mito-
chondrial respiration for energy production (Fig. 10, right
side) with a concomitant decrease of ROS (8, 42). However,
this mechanism, although plausible, is not be completely ex-
haustive to explain the differences observed previously, since
even cancer cells are characterized by a metabolic shift to
glycolysis but at the same time showed high levels of oxida-
tive stress (58).

Here we propose that the loss of p53 could be seen as a
signal that perturbs cellular homeostasis, thus induces cells to
activate protective machinery in order to prevent cellular
damage. However, at this time, we cannot point out whether
the decrease of oxidative/nitrosative stress levels observed in
each cellular fraction from p53‘~/~) mice, happening simul-
taneously for each fraction or, more likely, is the result of a
serial process starting in one of these fractions, for example,
nucleus or mitochondria. In our opinion, the second hypoth-
esis could be most appropriate to explain our results, for
several reasons based on the analysis of the expression levels
of the antioxidant enzymes considered for this study. In this
scenario, the increase of Thio-1 protein levels represents the
first mechanism through which decreased basal oxidative
stress levels could be explained.

Although Thio-1 was demonstrated to be an important
partner in the regulation of p53 redox status and biological
activity (29), p53 is also a repressor of Thio-1 (28). Our re-
sults go in the same direction. Thus, by the deletion of p53,
the inhibition could be removed leading to an increase of
Thio-1 protein levels which in turn can act not only as co-

factor of the earlier cited process, but also as antioxidant or
ROS scavenger (31).

In support of this hypothesis is the evidence about the ex-
pression levels of Nrf-2 in both cytosolic and nuclear fractions
(Figs. 7B and 8B). Nrf-2 is one of the main transcription factors
that regulates Thio-1 expression (31), particularly under pro-
oxidant condition (10, 37). Contrary to this well-known
mechanism, here we found a significant increase of Thio-1
together a significant decrease of Nrf-2 protein levels in the
nuclei of p53~/~) mice (Fig. 8B). The results about Nrf-2 can
be easily explained by the low levels of oxidative stress ob-
served in each cellular fraction, which preclude Nrf-2 trans-
location into the nucleus. The same cannot be the case for
Thio-1 since the behavior of Nrf-2 does not allow us to explain
why we observed an upregulation of Thio-1, and alternative
explanations have to be explored. It is also possible that the
expression of Thio-1 in the absence of p53 is independent of
Nrf-2. So the possibility that p53 exerts directly or indirectly
an inhibitory effect on Thio-1 could be conceivable.

Nrf-2 is also the main transcription factor that regulates
HO-1 expression (45). The induction process is regulated
principally by two upstream enhancer regions, E1 and E2, on
the gene encoding for HO-1, containing multiple AREs rec-
ognized by Nrf-2 (45). In this case, the results about Nrf-2 are
in good agreement with those about the expression levels of
HO-1 showing no changes following the lack of p53 (Fig. 6A).
In addition, the stimulation of HO-1 was found to be under
control of p53 in thymus and spleen obtained from p53‘~/~)
mice that showed no increase of HO-1 protein levels in re-
sponse to y-irradiation (50) as well as in mice and human cells
lacking p53 and exposed to H,O,, a well-known inducer of
HO-1 (52). Thus, the lack of activation of Nrf-2 together with


http://online.liebertpub.com/action/showImage?doi=10.1089/ars.2011.4124&iName=master.img-006.jpg&w=340&h=302

BARONE ET AL.

*
160 120
< %120 «2'%1
& 100 ] " TS 804 FIG. 8. Effect of lack of p53
23 g =3 60 e on the nuclear levels of BVR-
< 60 | £ 40 A, Nrf-2, and NF-kB in mice
22 40 JJ e brain. (A) BVR-A, (B) Nrf-2,
= 20 1 = 20 4 and (C) NF-kB protein levels
0+ T 0 T were measured in the nuclear
wt pS3 /- wt pS3 /- fraction isolated from the
brain of wt and p53~/ =) mice
C " E as described under Materials
NFkB . - 65 kDa and Methods section. Re-
AT presentative gels are shown.
: s, _ Data are expressed as mean*
Paacan: § | 250 SD (n=6 animals per group).
*»<0.05, and **p<0.01 versus
550 sk wt group.
= § 200
S S 150
53 100 r
= =
28 s0
0+ T

wt ps3 -/-

the lack of p53 could represent two good reasons to explain
the results of HO-1 in the brain of p53'~/ ™) mice under basal
conditions.

For BVR-A, the observed upregulation in both cytosolic
and nuclear fractions following the loss of p53 (Figs. 7A and
8A) adds a new element in the picture of the stimuli able to
modulate this enzyme. In fact, although it was initially con-
sidered a noninducible protein, later studies showed that
BVR-A can be induced by substances such as LPS and bro-
mobenzene at the posttranscriptional level, while its expres-

WT p53KO
: ' m
*-Mnm.
' MASOD.

o

FIG. 9. Effect of lack of p53 on the levels of mitochon-
drial-resident manganese superoxide dismutase (MnSOD)
in mice brain. MnSOD protein levels were measured in the
mitochondrial fraction isolated from the brain of wt and
p53"/7) mice as described under Materials and Methods
section. Representative gels are shown.

sion is unaffected by heat shock (45). Our results, for the first
time, propose BVR-A as a target of p53, which probably under
basal condition exerts an inhibitory effect on BVR-A. Recalling
the pivotal role of BVR-A during cell stress response for the
production of the powerful antioxidant BR (5, 61), and for
being a protein with a pleiotropic functions as described
previously, one possibility could be that in order to maintain
the basal levels of ROS/RNS necessary for the modulation of
important neuronal processes (synaptic plasticity, long-term
potentiation, or neuronal plasticity), p53 acts as controller of
BVR-A as well. This does not mean that under basal condi-
tions BVR-A does not work. In fact, even bilirubin at low
concentration was proposed as neurotrophic factor (46). So,
under basal conditions, a sort of equilibrium could exist be-
tween the formation of BR and ROS/RNS. Conversely, we
found a decrease of oxidative and nitrosative stress levels in
each fraction isolated from the brain of p53‘~/~) mice. The
most obvious and immediate explanation could be that fol-
lowing BVR-A upregulation an increase of BR occurs and this
latter, acting as ROS/RNS scavenger, contributes to the de-
crease of PC, HNE, and 3-NT. However, if true, this condition
would require also an increase of the BR precursor, BV, which
in turn is a product of HO activity. Since we found no changes
in HO-1 protein levels, and it seems unlikely that there may be
an increase of the constitutive isoform HO-2, likely the
mechanism by which BVR-A exerts its antioxidant features is
not only through BR but also through other mechanisms.
However, with regard to BR, instead of the amount it is the
rate at which this molecule is produced that could play a role.
In fact, we can hypothesize that with the same amount of BV
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FIG. 10. Model of p53 leading to reactive oxygen species/reactive nitrogen species (ROS/RNS) in the brain. Physiological
levels of p53 (black thin arrows) serve to contain ROS and RNS at nontoxic levels through the transactivation of genes encoding for
proteins with antioxidant activity such as glutathione peroxidase-1 (GPX-1) (56, 60, 64). Furthermore, basal levels (black thin
arrows) of p53 are required to balance energy metabolism among mitochondrial respiration, glycolysis, and the pentose phosphate
shunt, with mitochondrial respiration that is the major source of ROS production (42). In addition, p53 is able to mediate the
transcriptional transrepression of the mRNA of the inducible nitric oxide synthase (iNOS) by a negative feedback loop, thus
reducing (black dotted thin line) NO accumulation (12, 25). Conversely, hyper-physiological (black full arrows or dotted full line) levels
of p53 increase ROS production at least by two mechanisms: (i) transactivation (black full arrows) of targets genes that encode for
proteins whose activity promote the formation of ROS such as quinine oxidoreductase (NQO1) (54) and proline oxidase (POX)
(55); (ii) suppression (dotted full line) of genes encoding for proteins with antioxidant activity such as the mitochondrial isoform of
superoxide dismutase, MnSOD (18). Lack of p53 decreases (dotted red lines) lipid peroxidation and protein oxidation/nitration in
mice brain by several mechanisms including increase (red arrows) of (i) Thio-1, (ii) BVR-A, (iii) MnSOD, and (iv) IKK/NF-kB. In
addition, the reduced levels of PC, HNE, and 3-NT could be due to a shift toward the use of glycolysis instead of mitochondrial
respiration to produce ATP (8, 42). Moreover, in the absence of p53, there could be an upregulation of iNOS, thus an increase (red
arrow) in NO production (2), although an overall decrease of 3-NT was observed because of the reasons explained in the main text.

(To see this illustration in color the reader is referred to the web version of this article at www liebertonline.com/ars).

formed by the action of HO-1 and HO-2, an increase of BVR-A
proteins would increase the rate at which BR is formed, thus
having in a short time, more BR available to exert its antiox-
idant and antinitrosative effects.

Furthermore, the results about BVR-A once again account
for a primary role of p53 and Nrf-2 in the induction of HO-1,
because, despite that an increase of BVR-A was observed in
the nucleus, no effect was observed on HO-1 protein levels.

Another target for p53 is NF-kB. Redox-dependent and
-independent mechanisms were proposed to explain NF-kB
activation, both of which, by using different pathways, have
NF-kB as a downstream target (7). As for p53, the effect of NF-
kB is cell specific although it seems to mediate opposite ef-
fects. p53 responds to a variety of intrinsic stresses with the
purpose to limit cellular damage by initiating cell death, se-
nescence, or cell cycle arrest, while NF-kB responds to a large
number of extrinsic stresses and promotes cell division, which
initiates the innate and adaptive immune responses (1). The

novelty of our results is that we observed a robust increase of
NF-kB in both cytosolic and nuclear fractions isolated from
the brain of p53'~/~) mice, demonstrating a role for p53 in
keeping NF-kB low even under p53 basal conditions and in
the absence of other stress signals. Furthermore, these results
are corroborated by those dealing with the expression levels
of IKKf. The translocation of NF-kB into the nucleus requires
the dissociation from its inhibitor IkB by a phosphorylation
process mediated by IKKf. Thus, the increase of IKKf into the
cytosolic fraction isolated from the brain of p53~/~) mice led
us to speculate that the loss of p53 activates IKKf, which, in
turn, promotes NF-kB nuclear translocation. Furthermore,
from another point of view, the increase of NF-kB into the
nucleus could be related to the action of BVR-A that was
shown to increase the ability of NF-kB to bind to DNA at least
by two mechanisms involving its reductase and kinase ac-
tivity: by reducing BV that is an inhibitor of NF-kB and by a
direct activation of NF-kB (36). In addition, even NF-kB could
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contribute to the overall decrease of oxidative stress levels
observed in p53‘~/~) mice, since it (i) promotes the tran-
scription of genes involved in cell survival signaling (1), and
(ii) promotes glycolysis (1).

The observed significant increase of MnSOD protein levels
in mitochondrial fractions in brain from p53 KO mice (Fig. 9)
was very interesting. MnSOD is a p53-regulated gene (33, 53).
As previously reported by others, p53 (i) inhibits MnSOD
superoxide scavenging activity (70) and (ii) is linked to the
regulation of MnSOD protein levels since p53 shows a dual
role: at low concentration p53 increases MnSOD protein lev-
els, whereas at high concentration p53 decreases MnSOD
expression (19). On the other hand, NF-kB also was identified
as the most crucial transcriptional factor regulating MnSOD
induction (51), and since we found increased NF-kB protein
levels as well as NF-kB nuclear translocation following p53
deletion, this finding could represent another way to explain
the elevated level of MnSOD.

However, as for other target proteins, the effect of p53 on
MnSOD seems to be cell type specific since as reported by
Hussain et al. in the human lymphoblast cell line TK6, the
overexpression of p53 increases cellular levels of MnSOD (35).
Furthermore, the same authors concluded that the increased
oxidative stress observed in TK6 cells was due to increased
generation of H,O, by the elevated levels of MnSOD and
possibly inadequate removal by catalase (35). Our results are
in good agreement with the proposed inhibiting effect exerted
by p53 on MnSOD protein levels (19). In addition, although
the increase of MnSOD could raise the question of an increase
of H,O,-induced oxidative stress levels, this seems not to be
the case in the current study. In fact, we observed an overall
significant decrease of PC, HNE, and 3-NT levels in the brain
of p53~/7) mice (Figs. 2-5), which is consistent with a pro-
tective role of MnSOD (4, 32, 69). However, the actual
mechanism can be complex with other players possibly being
involved. One of these could be BR produced by BVR-A due
to the former’s strong antioxidant properties against H,O,.
Consistent with this notion, Dore et al. demonstrated that BR
at nanomolar concentrations protects neurons from the tox-
icity elicited by 10,000 times higher H,O, (22).

Another intriguing aspect of our study regards the close
connection between RNS, particularly nitric oxide (NO), and
p53. Physiological levels of NO in the CNS are required for the
maintenance of cognitive function, its role spanning from the
induction and maintenance of synaptic plasticity to the con-
trol of sleep, appetite, body temperature, and neurosecretion
(11). As for ROS, the activity of the p53/NO axis displays
opposite effects depending on the cellular pathways involved.
High levels of NO—obtained, for example, by using NO-
releasing compounds—promote the intracellular accumula-
tion of p53 (25). On the contrary, p53 is able to mediate the
transcriptional transrepression of the mRNA of the iNOS by a
negative feedback loop, thus reducing NO accumulation (12,
25). Moreover, high levels of NO can induce a conformational
change of wt p53 resulting in impairment of its DNA-binding
activity in vitro (12) as well as inhibiting its translocation to
mitochondria (30).

Here we found a significant decrease in basal 3-NT levels in
all but the mitochondrial fraction, following the deletion of
p53. At this time, we can only speculate about a possible
mechanism. Based on the evidence available, the absence of
p53 (i) promotes an upregulation of MnSOD (Figs. 9 and 10,
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right side) (19) leading to a reduction of superoxide anion; (ii)
upregulates iNOS, thus increasing NO production (Fig. 10,
right side) (2); and (iii) upregulates BVR-A (Fig. 10, right side),
thus increasing BR production/availability, which was dem-
onstrated to act as an NO scavenger (5). That said, despite a
possible increase of NO levels, the reduction of superoxide
anion levels coupled with the increase of antinitrosative BR
could be proposed as mechanism responsible for the decrease
of 3-NT levels, in the brain of p53(_ =) mice.

In conclusion we demonstrated for the first time that the
lack of p53 reduces significantly basal protein oxidation and
lipid peroxidation in the brain of p53( =/ mice. However, our
experimental model does not allow us to completely clarify
the exact mechanism that links p53 and the other proteins
considered for this study, and ad hoc studies are ongoing in
our laboratory. Based on the results presented in this study as
well as those present in the literature, p53 activity seems to
exert a dominant role in the control of many of proteins
among which are Thio-1, BVR-A, MnSOD, and NF-kB, al-
though several points remain to be addressed in future
studies. In particular, while it is generally accepted that an
upregulation of antioxidant systems following pro-oxidant
stimuli occurs, why were we able to observe an increase of
Thio-1, BVR-A, MnSOD, and NF-kB even in the absence of
ROS/RNS increase? Is p53 a regulator of their expression and,
if so, how? Due to the large number of processes in which p53
is involved, the implications of this work are profound. Our
results provide a new basis for novel therapeutic strategies to
modulate protein oxidation and lipid peroxidation having
p53 as target, particularly in neurodegenerative disorders
such as AD, in which oxidative stress plays a main role.

Materials and Methods
Chemicals

All chemicals were purchased from Sigma-Aldrich (St.
Louis, MO) unless otherwise stated. Nitrocellulose mem-
branes were obtained from Bio-Rad (Hercules, CA). Anti-
rabbit IgG horseradish peroxidase conjugate secondary anti-
body was obtained from GE Healthcare Bio-Sciences Corp.
(Piscataway, NJ).

Animals

Heterozygous mice [p53(7/ )] were maintained in our
laboratory to produce p53~/ ) and wt littermates. p53‘~/~
mice are in the C57BL/6 background and were initially gen-
erated in the laboratory of Dr. Tyler Jacks at the Center for
Cancer Research and Department of Biology, Massachusetts
Institute of Technology (Cambridge, MA). The targeted dis-
rupted p53 genes do not produce p53 protein, since 40% of
their gene coding region is eliminated by the induced muta-
tion. Male mice between 10 and 12 weeks old were used in all
studies. All animal experimental procedures were approved
by the Institutional Animal Care and Use Committee of the
University of Kentucky and followed NIH Guidelines for the
Care and Use of Laboratory Animals.

Cellular fraction isolation and purification

Mice were humanely euthanized, then the brain was
promptly removed and homogenate, mitochondria, and nu-
clear fractions were immediately isolated from the freshly
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obtained brain by differential centrifugation methods (59)
with minor modifications. Whole brain was suspended in ice-
cold isolation buffer (250 mM sucrose, 10 mM HEPES, and
1mM potassium EDTA, pH 7.2) and homogenized by six
passes of a motor-driven Teflon pestle. The homogenate was
centrifuged for 3 min at 1330 g at 4°C, and the resulting pellet
was resuspended in isolation buffer and centrifuged at 1330 g
for 3min. The supernatants from both spins were combined
and spun at 21,200 g for 10min at 4°C. The pellet was re-
suspended in 15% Percoll solution (v/v in isolation buffer)
and layered onto discontinuous Percoll gradients of 23% and
40% Percoll (v/v in isolation buffer). Gradients were spun at
30,700 g for 5min at 4°C. At the 23%—40% Percoll interface,
mitochondria were isolated and resuspended in respiration
buffer (250 mM sucrose, 2mM magnesium chloride, 20 mM
HEPES, and 2.5mM phosphate buffer, pH 7.2) and centri-
fuged at 16,700 g for 10min at 4°C. The pellet was re-
suspended in respiration buffer, centrifuged at 6900 g for
10 min at 4°C, and the resulting pellet was washed in phos-
phate-buffered saline (PBS) at 6900 g for 10 min at 4°C. The
pellet was finally resuspended in 0.5-1ml PBS. Protein con-
centration was determined by the Pierce BCA method (Pierce,
Rockford, IL).

Protein carbonyls

Samples (5ul) of each fraction as well as of whole ho-
mogenate, 12% sodium dodecyl sulfate (SDS; 5 ul), and 10 ul
of 10 times diluted 2,4-dinitrophenylhydrazine (DNPH)
from 200 mM stock were incubated at room temperature for
20 min, followed by neutralization with 7.5 ul neutralization
solution (2 M Tris in 30% glycerol). Protein (250ng) was
loaded in each well on a nitrocellulose membrane under
vacuum using a slot blot apparatus. The membrane was
blocked in blocking buffer (3% bovine serum albumin [BSA])
in PBS 0.01% (w/v) sodium azide and 0.2% (v/v) Tween 20
for 1h and incubated with a 1:100 dilution of anti-DNP
polyclonal antibody in PBS containing 0.01% (w/v) sodium
azide and 0.2% (v/v) Tween 20 for 1h. The membrane was
washed in PBS following primary antibody incubation three
times at intervals of 5min each. The membrane was incu-
bated after washing with an anti-rabbit IgG alkaline phos-
phatase secondary antibody diluted in PBS in a 1:8000 ratio
for 1h. The membrane was washed three times in PBS for
5min each and developed with Sigma fast tablets (5-bromo-
4-chloro-3-indolyl phosphate/nitroblue tetrazolium sub-
strate [BCIP/NBT substrate]). Blots were dried, scanned in
Adobe Photoshop, and quantified in Scion Image (PC ver-
sion of Macintosh-compatible NIH image). No nonspecific
binding of antibody to the membrane was observed.

Protein-bound HNE and 3-NT

Samples (5 ul) of each fraction as well as of whole ho-
mogenate, 12% SDS (5 ul), and 5 ul modified Laemmli buffer
containing 0.125 M Tris base (pH 6.8), 4% (v/v) SDS, and
20% (v/v) glycerol were incubated for 20 min at room tem-
perature and were loaded (250 ng) in each well on a nitro-
cellulose membrane in a slot blot apparatus under vacuum.
The membrane was treated as described previously and in-
cubated with a 1:5000 dilution of antiprotein-bound HNE
polyclonal antibody or 1:2000 3-NT antibody in PBS for
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90 min. The membranes were further developed and quan-
tified as described previously. A faint background staining
resulting from the antibody alone was observed, but, be-
cause each sample had a control, this minor effect was con-
trolled.

Western blot analysis

For Western blot analyses, protein levels were analyzed
based on their cellular localization into the whole cell. Thus,
HO-1 and Thio-1 in membrane fraction; BVR-A, NF-kB, Ikkf,
and Nrf-2 in cytosolic fraction; BVR-A, NF-kB, and Nrf-2 into
the nuclear fraction. Briefly, 50 ug of protein was denaturated
in sample buffer for 5min at 100°C, and proteins were sepa-
rated on 12% precast Criterion gels (Bio-Rad) by electropho-
resis at 100mA for 2h in 3-(N-morpholino)propane sulfonic
acid (MOPS) buffer (Bio-Rad) into Bio-Rad apparatus. The
proteins from the gels were then transferred to nitrocellulose
membrane using the Transblot-Blot SD Semi-Dry Transfer
Cell at 20mA for 2h. Subsequently, the membranes were
blocked at 4°C for 1h with fresh blocking buffer made of 3%
BSA in PBS containing 0.01% (w/v) sodium azide and 0.2%
(v/v) Tween 20 (PBST). The membranes were incubated at
room temperature in PBST for 2 h with the following primary
antibodies, as separate experiments: polyclonal anti-rabbit
Thioredoxin 1 (Cell Signaling Technology, Danvers, MA; di-
lution 1:1000), polyclonal anti-rabbit HO-1 (Assay design-
Stressgen, Ann Harbor, MI; dilution 1:1000), polyclonal anti-
rabbit BVR-A (Sigma-Aldrich; dilution 1:1000), polyclonal
anti-rabbit NF-kB (p65 subunit) (Assay design-Stressgen; di-
lution 1:1000), polyclonal anti-rabbit IKK/ (Assay design-
Stressgen; dilution 1:1000), polyclonal anti-rabbit Nrf-2 (Ab-
cam, Cambridge, MA; dilution 1:1000), and polyclonal anti-
rabbit f-actin (Sigma-Aldrich; dilution 1:2000). The mem-
branes were then washed three times for 5 min with PBST
followed by incubation with anti-mouse alkaline phosphatase
or horseradish peroxidase conjugate secondary antibody
(1:3000) in PBST for 2h at room temperature. Membranes
were then washed three times in PBST for 5min and devel-
oped using BCIP/NBT color developing reagent for alkaline
phosphatase secondary antibody or ECL plus WB detection
reagents for horseradish peroxidase conjugate secondary an-
tibody. Blots were dried and scanned in TIF format using
Adobe Photoshop on a Canoscan 8800F (Canon) or STORM
UV transilluminator (Zex=470nm, lem=618 nm; Molecular
Dynamics, Sunnyvale, CA) for chemiluminescence. The images
were quantified with Image Quant TL 1D version 7.0 software
(GE Healthcare). The optical density of bands was calculated as
volume (optical density x area) adjusted for the background.

2D gel electrophoresis and identification of MnSOD

2D gel electrophoresis, gel staining, image analysis, trypsin
digestion, mass spectrometry, and database interrogation for
the identification of MnSOD in mitochondria were performed
as previously described by Di Domenico et al. (20).

Statistical analysis

Data are expressed as mean+SD of n=6 independent
samples. All statistical analyses were performed using a two-
tailed Student’s t-test. p<0.05 was considered significantly
different from control.
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Abbreviations Used
3-NT = 3-nitrotyrosine
AD = Alzheimer disease
ARE = antioxidant-response element
BAX = Bcl-2 associated X protein

BCIP/NBT = 5-bromo-4-chloro-3-indolyl phosphate/

nitroblue tetrazolium
BR = bilirubin-IX-alpha
BSA =bovine serum albumin
BV =biliverdin-IX-alpha
BVR-A =biliverdin reductase-A
CNS = central nervous system
CuZnSOD = copper- and zinc-containing SOD
DNPH = 2 4-dinitrophenylhydrazine
ECSOD = extracellular SOD
H,0; = hydrogen peroxide
HNE = 4-hydroxy-2-nonenal
HO-1 =heme oxygenase-1
Hsp = heat-shock protein
IKKp =IkB kinase type
iNOS = inducible nitric oxide synthase
LPS = lipopolysaccharide
MCI = mild cognitive impairment
MnSOD = manganese superoxide dismutase
NF-kB = nuclear factor kappa-light-chain-
enhancer of activated B cells
NO = nitric oxide
NQO1 = quinine oxidoreductase
Nrf-2 = nuclear factor-erythroid 2 (NF-E2)
related factor 2
p53(=/~) = p53 knockout
PBS = phosphate-buffered saline
PCs = protein carbonyls
POX = proline oxidase
RNS = reactive nitrogen species
ROS =reactive oxygen species
Thio-1 = thioredoxin-1
wt=wild type






