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A B S T R A C T

p53 is an important tumour suppressor gene, with loss of p53 contributing to the development of most human
cancers. However, the activation of p53 in response to stress signals underpins a role for p53 in diverse aspects of
health and disease. Activities of p53 that regulate metabolism can play a role in maintaining homeostasis and
protecting cells from damage – so preventing disease development. By contrast, either loss or over-activation of
p53 can contribute to numerous metabolic pathologies, including aging, obesity and diabetes.

1. Introduction

The p53 protein has been studied for almost 40 years in the context
of tumour development and suppression. Initially identified through its
interaction with viral oncoproteins, p53 has been found to be mutated
in over half of all human cancers across many organ types, including
breast, lung and colon [1]. Inheritance of one mutant p53 allele gives
rise to Li Fraumeni syndrome, in which affected individuals show early
onset of a variety of malignancies [2]. Furthermore, a plethora of
mouse studies have shown that loss or perturbation of p53 enhances
tumour development in virtually any cancer model tested [3]. Initially,
the ability of p53 to prevent tumour development was ascribed largely
to the ability of p53 to provoke responses that inhibit cell growth – such
as cell death, senescence or differentiation. p53 is induced by signals
that might be associated with oncogenic transformation (Figure 1),
leading to a simple model in which p53 becomes activated by onco-
genic stress to eliminate nascent tumour cells, but lies dormant under
normal growth conditions – the latter contention reinforced by the
observation that p53 null mice can develop ostensibly normally.
However, accumulating evidence shows that p53 biology is far more
complex. Other activities of p53, including support of DNA repair and
genomic integrity, control of metabolism or the ability to influence the
microenvironment, are also likely to play important roles in the mod-
ulation of cancer development [4]. The cell elimination functions of
p53 can have ramifications beyond tumour suppression, contributing to
pathologies such as metabolic syndrome, neurodegenerative diseases,
ischemia and even aging [5]. Furthermore, as seen with other arbiters
of cell fate, p53 can also support cell survival under some stress con-
ditions, with loss of this activity affecting a host of outcomes at the cell

and organismal level. Many excellent reviews have been written on
various p53 functions [4, 6–8], and here we will attempt to focus on
some of the physiological consequences of the metabolic activities of
p53 in normal and disease processes.

2. Regulation of p53 function

It is clear that excessive p53 activity is highly deleterious to cell
survival, and under normal growth conditions p53 function is held
firmly in check. In part, this is achieved by controlling p53 protein
levels through continuous ubiquitination and degradation – largely
mediated by the E3 ubiquitin ligase MDM2 [9]. Exposure of cells to
various stress signals – such as oxidative stress, oncogene activation,
telomere shortening and hypoxia -can block the action of MDM2 and so
lead to the stabilization of p53. Mediators of this pathway to p53 ac-
tivation include stress induced kinases - such as ATM, ATR, Chk1 and
Chk2 - which phosphorylate p53 to modulate binding to MDM2, and
the deployment of small proteins such as Arf or ribosomal protein L11
(RPL11), which bind and inactivate MDM2 [10]. By contrast, phos-
phorylation of MDM2 by Akt serves to enhance p53 degradation in
response to growth stimulatory signals [11]. Numerous other post-
transcriptional modifications of p53 – including acetylation and me-
thylation - contribute to the regulation of p53 function and may also
serve to fine tune the activity of p53 to determine the ultimate outcome
of the response [12]. Stabilization and activation of p53 is not limited
to conditions of oncogenic stress, however. Most clearly, acute DNA
damage induces a strong p53 response that can lead to cell death in
several tissues and loss of p53 can protect from radiation sickness that
results from the death of intestinal cells [13]. Elegant studies have
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shown that the acute response to DNA damage is not required for the
subsequent limitation of cancer development, suggesting that the role
of p53 as a tumour suppressor is subtler than simply eliminating all
damaged cells [14]. Indeed, the p53 response to genomic damage may
be more important for the elimination of damaged germ cells and
maintaining germline integrity [15]. Other forms of stress can also
activate p53, including a battery of signals that have been clustered
under the term “metabolic stress”. These include oxidative stress and
nutrient, growth factor or oxygen deprivation, and can be transmitted
through established metabolic sensors like mTOR, AMPK and eIF2a as
well as bespoke pathways specifically induced by each type of stress
[16]. In some circumstances, the outcome of exposure to metabolic
stress is the canonical cell elimination response to p53. However, p53
can also promote cell survival functions that become important when
the stress signal is transient, and cells are able to revert back to normal
growth. Under these conditions loss of p53 tracks with loss of cell
adaptability and viability, resulting in decreased overall organismal
fitness. Depending on the nature and persistence of the stress signal,
p53 can help or hinder various normal and pathological responses.

3. Activities of p53 – in vitro

p53 is as a transcription factor that functions as a sequence specific
DNA binding protein with the potential to regulate the expression of
thousands of target genes [6, 17]. While the binding of p53 to response
elements in DNA does not appear to be regulated [18], the transcrip-
tional response to p53 can be influenced by numerous factors, including
modifications of p53, the presence or absence of co-factors and the
chromatin architecture [19]. Consequently, the outcome of p53 acti-
vation can differ greatly depending on the nature of the activating
signal and the cellular context in which the p53 response is induced.
Transcriptional regulation by p53 – of both coding genes and miRNAs –
is responsible for many of these responses, but p53 can also play a role
in regulation of the translation of some mRNAs. Furthermore, various
transcriptionally independent activities of p53 resulting from direct
interactions of p53 with other proteins have also been described.

3.1. p53 in cell death and senescence

One of the best-understood functions of p53 is its ability to induce
apoptosis, in large part through the transcriptional activation of pro-
apoptotic Bcl-2 family proteins like Noxa and Puma [20]. p53 can also
interact directly with some of these proteins in the cytoplasm or at the
mitochondrial outer membrane and so modulates their activity in re-
sponse to different stimuli [21]. Intriguingly, cytoplasmic p53 not only
regulates Bcl2 family proteins, but can also be regulated by them. A
recent study demonstrated the limitation of apoptosis in glioblastoma
cells following glucose depletion was a consequence of Bcl-xL seques-
tration of cytoplasmic p53 [22]. Modifications of p53 can also enhance
its apoptotic functions. For example, Pin-1 catalyses the cis-trans in-
terconversion of p53 proline 47 to enhance p53 dependent Bax acti-
vation [23], while serine 392 phosphorylation is necessary for p53 to
relocate to the mitochondria where it binds to Bax and Bak to trigger

apoptosis [24]. p53 can also prime cells to undergo apoptosis in re-
sponse to extracellular adenosine - which accumulates under conditions
of metabolic stress - by activating the receptor Adora2B [25]. In addi-
tion to apoptosis, p53 promotes various non-apoptotic forms of cell
death, including ferroptosis. This iron-dependent form of cell death is
the result of increased ROS and lipid peroxidation and can be inhibited
by the anti-oxidant functions of glutathione [26]. As glutathione
synthesis requires cysteine and glutamate, alterations in the metabolism
or availability of these amino acids can regulate this form of death. p53
impacts ferroptosis through several mechanisms. By regulating the cy-
stine/glutamate antiporter SLC7A11 and glutaminase 2 – one of the
enzymes that produce glutamate from glutamine - p53 limits cystine
uptake and glutamate production respectively, so sensitising cells to
ROS induced ferroptosis [27, 28]. p53-dependent induction of SAT1 – a
protein that functions in the polyamine pathway and promotes lipid
peroxidation – also contributes the ferroptotic response [29]. The
ability to promote apoptosis and ferroptosis are separable functions of
p53 and, strikingly, the ability to promote ferroptosis – not apoptosis -
tracks with tumour suppressor activity in various mouse model systems
[28, 30]. However, an additional complication has been introduced by
studies showing that p53 can limit ferroptosis – either by preventing the
relocalisation of dipeptidyl-peptidase-4 (DPP4) from the nucleus to the
plasma membrane [31] or as a result of a p21-mediated cell cycle ar-
rest, which helps cells to conserve glutathione [32]. Other cell elim-
inating activities of p53 include the ability to induce autophagy and
senescence. Autophagy generally functions as a cell survival me-
chanism, but several studies have identified the autophagic response to
p53 activation as important for p53-mediated cell death [33, 34]. A
p53/Bnip axis was also shown to be important in promoting autophagy
and cell death in ventricular myocytes [35]. Several p53-dependent
target genes – including p21 and PAI1 – can promote senescence and so
inhibit cell growth [36]. This response may contribute to tumour sup-
pression, although senescence itself can be both tumour inhibiting and
promoting in an in vivo setting.

3.2. p53 in cell survival and adaptation to stress

While each of the cell elimination functions of p53 described above
is likely to contribute to tumour suppression, there is a growing rea-
lisation that p53 not only responds to damage (in which case the re-
sponse is often cell elimination) but can also help to prevent damage
and maintain homeostasis under normal and conditions of non-geno-
toxic stress (Fig. 1). These activities can be tumour suppressive, but the
protective functions of p53 can also play a role in limiting other
pathologies and may - paradoxically - contribute to malignant pro-
gression.

3.2.1. DNA damage
While some cells respond to DNA damage by activating p53-de-

pendent apoptosis, non-lethal DNA damage can also induce a reversible
p53-dependent cell cycle arrest (principally though the activation of
p21), allowing for DNA repair [37, 38]. p53 also activates many DNA
damage repair genes and helps to maintain genome stability by

Fig. 1. p53 regulates cell survival and proliferation in
vitro. p53 can repress or support cell proliferation and
survival depending on the cellular signal and context.
Cancer associated stress signals including high ROS
levels, DNA damage, oncogene activation, telomere
shortening and hypoxia activate a p53 response that
frequently promotes cell death and cell elimination.
Metabolic stress signals including transient oxidative
stress, nutrient starvation and growth factor depri-
vation activate a p53 response that more commonly
promotes cell survival and proliferation.
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regulating centrosome duplication [39, 40] and replication fidelity
[41–43]. The loss of p53 can therefore be associated with increased
levels of genomic perturbations that might cause oncogenic progres-
sion, as well as leading to a tolerance of the stress signals that accom-
pany malignant progression [5].

3.2.2. Metabolic stress
A general ability of p53 to help cells adapt and survive under con-

ditions of nutrient depletion has recently been described, with functions
for p53 in supporting cells under glucose [44], glutamine [45] and
serine starvation [46]. The transient activation of p21 plays a role in
many of these protective responses – for example in the case of serine
starvation helping to channel de novo synthesised serine into glu-
tathione production rather than nucleotide synthesis [46] or by de-
laying ferroptosis in response to cystine starvation [32]. Activation of
catabolic pathways such as autophagy and fatty acid oxidation by p53
may also help to sustain cells temporarily in the absence of exogenous
nutrients. Of note, however, the interaction between autophagy and
p53 in the control of cancer development is complex and discussed in
more detail elsewhere [47].

Of course, long term starvation leads to cell death, to which p53 can
also contribute. For example, p53-dependent transcriptional repression
of PHGDH – the rate limiting enzyme in de novo serine synthesis – can
prevent cell survival when exogenous serine is removed [48]. What
controls whether p53 supports survival or hastens death under these
conditions is not well understood. However, p53 seems to play a key
role in responding to starvation – mobilising alternative nutrient
sources and catabolic pathways to maintain cell survival while also
playing a role in the elimination of cells that cannot recover.

3.2.3. Regulation of metabolism
Beyond the overt stress responses are activities of p53 that reflect

functions contributing to normal metabolic homeostasis (Fig. 2). Ac-
tivities of p53 that help to maintain mitochondrial health, increase
mitochondrial respiration and lower glycolysis have been described
[49] and the full gamut of p53-regulated metabolic target genes is
discussed in detail in many recent reviews [5, 16, 50, 51] Briefly, p53
represses the expression of several glucose transporters including
GLUT1 and GLUT4 and indirectly controls GLUT3 expression through
repression of IKK [52]. p53 can also limit glycolytic flow by activating
TIGAR and RRAD or by regulating PGAM and Hexokinase 2. A recent
study also showed that p53 transcriptionally down regulates PFKFB4,
an enzyme that controls the levels of fructose-2,6-bisphosphate, an
important allosteric regulator of glycolysis [53]. On the other hand, p53
promotes the flux from pyruvate and glutamate into the mitochondria
for use in the TCA cycle by regulating enzymes like PDK2, PARK2 and

GLS2 [54–57], while also controlling lactate levels in tumour cells
through repression of MCT1 [58]. The regulation of SCO2 and AIF1 by
p53 can promote efficient mitochondrial respiration while p53 also
plays a role in regulating mitochondrial DNA copy number and mi-
tochondrial mass [59]. Overall, p53 seems to favour mitochondrial
respiration over glycolysis (thus opposing the “Warburg effect” of in-
creased aerobic glycolysis exhibited by many cancer cells). The pentose
phosphate pathways (PPPs), alternative branches of glycolysis that
provides ribose for nucleotide synthesis and NADPH for reductive
biosynthesis and antioxidant control, can be supported by p53 through
activation of TIGAR, which encourages glycolytic intermediates to flow
into the oxidative PPP or by the activation of AKT and SP-1 which
promote PPP gene expression [60–62]. However, p53 can also suppress
the PPP by repressing the expression of PFKFB4 [53] or by directly
binding and inhibiting G6PD, a key enzyme in the oxidative arm of the
PPP [63].

The role of p53 in the regulation of gluconeogenesis is less clear.
p53 has been reported to both increase [64] and decrease [65] the
expression of gluconeogenic enzymes. Gluconeogenesis is supported by
p53 through the induction of Pank1, which catalyses the rate limiting
step in CoA production [66], while the activation of SIRT6 by p53
deacetylates and deactivates FOXO1, a positive regulator of PCK1 and
G6PC [67]. Gluconeogenesis by the liver is an important survival re-
sponse to glucose starvation, but the impact of regulating gluconeo-
genesis in cancers and the effect of p53 on such a response has not yet
been established. Another key pathway influenced by p53 is lipid me-
tabolism, where p53 promotes the switch from the anabolism to the
catabolism of lipids [68]. Various genes that are directly involved in
fatty acid oxidation (FAO) can be regulated by p53, including three
carnitine acyltransferases CROT, CPTA1 and CPT1C [69, 70]. p53 has
also been shown to upregulate LPIN1 during fasting, resulting in in-
creased FAO [71]. Conversely, p53 inhibits fatty acid synthesis (FAS),
in part by repressing the expression of genes directly involved in this
process, such as FASN and ACL, or by downregulating the expression of
SREBP1c, a transcription factor that plays a key role in driving ex-
pression of FAS genes [69, 72]. Additionally, as mentioned above, p53
can inhibit the oxidative PPP - the main source of NADPH for fatty acid
synthesis – leading to decreased lipogenesis [63].

Finally, p53 can more indirectly integrate with other regulators of
the response to metabolic stress. p53 is activated by AMPK during en-
ergetic stress through serine 15 phosphorylation leading to a transient
cell-cycle arrest [44]. During genotoxic stress however, p53 can acti-
vate AMPK via sestrin 1 and 2 which inhibit mTORC leading to in-
hibition of cell growth and proliferation [73]. p53 also transcriptionally
activates several other targets that negatively regulates mTOR in-
cluding PTEN, Plk2 and TSC1/2 [16, 74]. These p53 responses function

Fig. 2. Regulation of energy metabolism by p53.
Under conditions of metabolic stress, p53 induces
catabolic pathways and autophagy to maintain en-
ergy production and cell survival while inhibiting
energy and nutrient consuming anabolic pathways,
cell growth and proliferation. p53 inhibits glycolysis
and promotes mitochondrial respiration, while also
limiting lipid biosynthesis and promoting lipolysis.
Note that while oxidative phosphorylation is a major
source of mitochondrial ROS, maintenance of mi-
tochondrial health by p53 is likely to limit oxidative
stress through this source. In addition to PPP acti-
vation, p53 controls ROS through numerous other
mechanisms (not shown). Pathways depicted in blue
are repressed by p53 while pathways depicted in red
are activated by p53. (For interpretation of the re-
ferences to color in this figure legend, the reader is
referred to the web version of this article.)
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to limit cell growth and so – in concert with the inhibition of cell cycle
progression and proliferation - allows for the preservation of resources
under nutrient limiting conditions.

3.2.4. Regulation of ROS
Central to many of the protective responses elicited by p53 is the

ability to limit or control ROS. p53 directly activates the expression of
numerous pro- and antioxidant pathways that are discussed in much
more detail elsewhere [75]. An increase in ROS is driven by p53-de-
pendent activation of genes like proline-oxidase [76] and PIG3 [77],
inhibition of the antioxidant defence factors like SOD2 [78] and lim-
itation of NADPH production by repressing the PPP [53, 63] and ME1
and 2 [79]. Downregulation of cystine uptake can also limit glutathione
synthesis, enhancing the vulnerability of the cell to death through fer-
roptosis [27]. However, under conditions where p53 contributes to cell
survival, such as serine starvation, induction of p53 responses that limit
ROS become important [46]. This function of p53 can be mediated by
repression of pro-oxidant genes like NOS2 and COX2, or the activation
of anti-oxidant defence genes such as the Sestrins, ALDH4, GPX1 and
SOD2 [80], while other p53 target genes support NADPH production
through the PPP [81] or activate Nrf2 antioxidant activity [82]. The
ability of p53 to maintain mitochondrial health, as discussed above,
will also limit ROS production.

4. Activities of p53 – in vivo

The concept that p53 exerts protective functions that allow cells to
adapt to metabolic stress and limit ROS, but can also drive cell elim-
ination pathways accompanied by increased oxidative stress (Fig. 2),
has been developed largely through extensive analysis of the functions
of p53 in vitro. These activities of p53 are implicated in mechanisms of
tumour suppression and promotion, but have also prompted a re-
assessment of the cancer independent functions of p53. The challenge
now is to understand how these multiple p53 activities contribute to
health and disease in vivo.

The identification of metabolic functions for p53 has implications
for mechanisms of tumour suppression and promotion but has also
prompted a reassessment of cancer-independent functions of p53.

4.1. p53 and cancer

Loss of p53 function Is strongly associated with cancer development
across a wide range of organs, as discussed in numerous excellent recent
reviews [6, 83, 84]. Many of the activities of p53 outlined above could play
a role in tumour suppression, by preventing or repairing potentially onco-
genic damage or by eliminating cells that have embarked on oncogenic
progression. The ability of p53 to regulate transcription is important for its
role in tumour protection, and animals bearing p53 mutants with severely
reduced transcriptional activity are prone to tumour development [85].
However, deletion of the key p53 target genes that mediate cell cycle arrest
and apoptosis generated the surprising conclusion that neither of these
functions is necessary for tumour suppression [86, 87]. The generation of
mice expressing p53 mutants with selectively compromised transcriptional
activity further supported this observation, as discussed elsewhere [4]. Ex-
amples include mice carrying p53 mutated in the first transcriptional acti-
vation domain, which are defective in the induction of key p53 target genes
that drive cell cycle arrest and apoptosis, but nevertheless retain tumour
suppressive protection [85]. Similarly, mice expressing p53 mutated in ly-
sine residues that are targets of acetylation show impaired apoptotic and cell
cycle arrest functions, yet also retain the ability to limit cancer development
[88]. These studies raise the interesting question of which p53 functions are
responsible for tumour suppression? The answer seems to be that numerous
p53 responses can help to limit malignant progression, with the importance
of each likely to vary depending on oncogenic signal and organ under stress.
Limitation of stem cell function and maintenance of genome integrity, as
well as the elimination of cells through various pathways including

ferroptosis and senescence, probably all contribute to p53's tumour sup-
pressor activities [89]. The regulation of metabolic pathways described
above may also play a role here, and it is interesting to note that several of
the tumour suppressive p53 mutants that have lost apoptotic and cell cycle
arrest functions retain the ability to control metabolic targets [88, 90].

While these studies are consistent with a role for metabolic regulation by
p53 in tumour suppression, the ability of p53 to protect cells from DNA
damage or induce a cell cycle arrest/cell survival response is thought to
underscore the puzzling observation that wild type p53 expressing cancers
can respond more poorly to genotoxic therapy than tumours with mutated
p53 [91, 92]. Indeed, retention of wild type p53 may even support tumour
development in some contexts, potentially reflecting the cell protection
functions of p53 described above. Consistent with this line of thought, it is
clear that some of the individual components of the p53 response can be
strongly associated with cancer progression. For example, Tigar – the pro-
duct of a p53 responsive gene that can limit oxidative stress [81] – can
support tumour development [93]. Consistently, p53-independent over-
expression of Tigar is seen in many cancers. The link between reactive
oxygen species (ROS) and cancer is complex, but there is evidence that
while increased ROS can promote cancer initiation, limitation of excess ROS
production is necessary for cancer progression [94]. The antioxidant func-
tions of p53 may therefore help suppress tumour development while sup-
porting tumour progression. Similarly, although the ability of p53 to pro-
mote autophagy has been shown to suppress the transformation of cells in
culture [34], more generally autophagy is linked with tumour promotion
[47]. Taken together, a theme emerges that while the complete p53 re-
sponse generally functions to limit cancer development, individual activities
of p53 that assist cell survival could also be advantageous to cancer pro-
gression, especially if these activities can be uncoupled from the cell elim-
ination functions of p53.

The observations that some functions of p53 might be helpful to
cancers also prompts a reassessment of the activities of tumour asso-
ciated p53 mutations. While alterations in the p53 gene occur in well
over half of all cancers, many of these are subtle missense mutations,
giving rise to the expression of a p53 protein altered at only a single
amino acid residue [95]. These mutant p53 proteins often accumulate
to high levels in the cancer cells and generally have lost the canonical
cell cycle arrest and cell death functions (i.e. the cell elimination
functions) of p53. However, several studies have shown that these
mutants also acquire new activities (so-called gain of function), which
are not shown by the wild type p53 and contribute to cancer cell sur-
vival and metastasis [96]. Intriguingly, several of these novel functions
relate to the ability of mutant p53s to regulate metabolism and are
discussed in more detail in several recent papers and reviews [97–99].
By contrast to the gain of novel function, mutant p53s may also con-
tribute to cancer development by selective retention of a subset of wild
type p53 activities. The ability of some mutant p53s to support cancer
cells under nutrient starvation [100] raises the intriguing possibility
that mutant p53 showing loss of cell elimination functions while
maintaining cell survival functions are most effective in promoting
tumour development. Tumours harbour many types of p53 mutation,
and closer analyses of these may help to deconvolute the multiple ac-
tivities of wild type p53.

4.2. p53 and obesity

In the modern world, overeating has become a significant health
problem. By 2010, excess weight had overtaken lack of food in reducing
years of healthy living, with WHO estimates that almost 2 billion adults
and 380million children are now overweight or obese, triple the
number seen in 1975 (WHO Fact Sheet, 2018). The metabolic stress
associated with obesity is linked to the development of cardiovascular
disease, diabetes and cancer - diseases that cause huge burdens of
morbidity and mortality worldwide. Not surprisingly, there has been an
increasing interest in understanding the role – if any - for p53 in the
response to overeating or excess weight.
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35



In mice, overeating and obesity leads to the activation of p53 in
adipose tissue, liver, muscle and other organs [72, 101–103] – as does
starvation [104] - consistent with a potential role for p53 in responding
to nutrient imbalance. However, assessing the function of p53 in reg-
ulating long term, chronic metabolic disease can be challenging. Sys-
temic deletion of p53 may compromise studies due to the rapid de-
velopment of cancer, so models in which p53 is more subtly modulated
have been developed. Humans express a common p53 polymorphism at
codon 72 producing an R72 or P72 variant of the protein. While both
variants retain some tumour suppressor function, R72 has a greater
apoptotic activity than P72, which is more adept at inducing p21 and a
cell cycle arrest [105–108]. However, while these activities translate
into enhanced transformation suppression by R72 p53 in cell culture,
studies in human populations failed to uncover a strong association
with cancer risk [109, 110]. Unfortunately, this polymorphism is not
found in mice, necessitating the use of mice with humanised p53 to
study these variants. As in humans, these mice did not show an obvious
difference in tumour development [105]. However, some interesting
differences in metabolism are now being identified using this model.
Mice carrying the R72 polymorphism showed more fat accumulation on
a high fat diet than their P72 p53 expressing counterparts [111]. The
R72 mice also displayed increased insulin resistance and glucose tol-
erance, adipose tissue inflammation and non-alcoholic fatty liver dis-
ease (NAFLD), all signs of metabolic disease that were functionally
linked with an increased expression of inflammatory and cholesterol
pathway regulating genes in the R72 mice. The relevance of these ob-
servations is strongly enhanced by population studies showing that the
R72 p53 variant is associated with increased body weight and sus-
ceptibility to type 2 diabetes in humans [112–115]. Intriguingly, under
conditions of nutrient deprivation it is the R72 version of p53 that more
effectively promotes growth arrest (as oppose to apoptosis) and so helps
survival under starvation conditions [116]. The ability to promote fat
accumulation when food is plenty and support survival when food is
scarce may explain why the R72 p53 variant becomes more common in
harsher northern latitudes [117].

Mice carrying specific MDM2 mutations have also been used to
assess the effect of defects in the p53 response. Substitution of amino
acid 305 in MDM2 (C305F mutant) prevents the binding of MDM2 to
RPL11, so limiting the ability of RPL11 to activate p53 [118]. While
DNA damaging signals do not require this RPL11 axis to induce p53,
oncogenic and metabolic signals that induce ribosomal stress depend on
this pathway [119]. Mice carrying C305F MDM2 are resistant to high
fat diet induced obesity, which was associated with increased energy
expenditure and enhanced expression of genes required for energy
consumption in the adipose tissue of these mice. Importantly, p53 levels
in the adipose tissue of these mice were reduced in response to HFD,
with mice expressing only one p53 allele showing a similar phenotype
[120]. Consistently, mice treated with Pifithrin alpha, an inhibitor of
p53, showed reduced weight gain on a high fat diet [121]. p53 null
mice were also shown to be resistant to weight gain induced by Ghrelin,
a hormone that stimulates feeding and weight gain [122]. Furthermore,
p53 is induced in endothelial cells in response to a high calorie diet, in
this model exacerbating fat gain and insulin resistance [123]. Loss of
p53 function in endothelial cells provoked mitochondrial biosynthesis
in muscle, increased glucose uptake and increased energy expenditure -
a response also seen p53 null mice [124] and in the mutant MDM2 mice
[120]. However, other studies have shown p53 can support mi-
tochondrial metabolism and exercise capacity [125, 126].

The studies linking p53 to weight gain are countered somewhat by
other work showing that whole body loss of p53 leads to an exacer-
bation of weight gain in response to a high fat diet [127, 128]. In the
latter study, this response was linked to elevated testosterone due to the
loss of p53-induced aromatase expression and – importantly – was
limited to male mice.

Clearly the metabolic role of p53 in vivo is complex and signal de-
pendent. p53 can be induced in response to metabolic stress, and while

under some conditions the expression of p53 may help to maintain
homeostasis, sustained p53 activity is linked to the development of
obesity and other markers of metabolic syndrome. Importantly, cell
extrinsic activities of p53 (which have been predominantly studied in
the context of cancer) may allow for the activation of p53 in some or-
gans to systemically affect whole body metabolism. The outcome to p53
induction will therefore vary depending on which tissue is subject to
stress and activation of a p53 response.

4.3. p53 in the pancreas and diabetes

Numerous studies have shown that the activation of p53 is asso-
ciated with cell death in pancreatic beta cells. Free fatty acids such as
palmitate can induce p53 and promote death in pancreatic islets [129,
130], while apoptosis induced by diabetes-associated hyperglycolysis is
rescued by loss of p53 [131]. miR-200, which is induced in the islets of
diabetic mice, promotes the activation of cell death through p53, and
loss of p53 partially rescued diabetic phenotypes in susceptible mice
[132]. Mice expressing an N-terminally truncated form of p53 (del-
taNp53) – which is thought to hyperactivate p53 - show early onset
diabetes associated with a severe decrease in beta cell mass [133]. In-
duction of p53 through deletion of ARF-BP1, a regulator of p53 stabi-
lity, induced beta cell loss and diabetes in mice that was rescued by
deletion of p53 [134]. While several studies suggest that the patholo-
gies associated with p53 activation reflects enhanced activation of cell
death, mice carrying a mutant p53 that has no apoptotic activity but
retains cell cycle arrest function were also found to have a greater
susceptibility to diabetes [135], suggesting a role for p53-induced se-
nescence. More direct control of metabolic pathways by p53 has also
been reported in mice carrying beta-cell specific depletion of MDM2.
Loss of MDM2 resulted in the activation of p53, which inhibited pyr-
uvate carboxylase activity and so resulted in mitochondrial dysfunction
and, importantly, impaired glucose stimulated insulin secretion and
glucose tolerance [136]. In a genetic model of obesity and diabetes,
high levels of p53 were detected in the islets and deletion of p53 res-
cued free fatty acid induced lipotoxicity without affecting beta cell
mass.

While p53 induction is generally detrimental to islet cells, some
individual facets of the p53 response can help to protect these cells. The
overexpression of p21 (one of the key mediators of p53-induced cell
cycle arrest) inhibits beta cell proliferation, but also promotes beta cell
survival and limits the onset of diet-induced diabetes [137, 138].
Consistent with these observations, mice deficient for p21 show ac-
celerated diet induced diabetes. Intriguingly, treatment of diabetic mice
with Nutlin – an activator of p53 – improved glucose homeostasis,
while Nutlin was also shown to protect mice from STZ (a beta cell toxin)
induced diabetes [139]. These studies attributed the protective effect of
Nutlin to the p53-dependent activation of p21 and illustrate a recurring
conundrum – that activation of p53 can either kill or protect cells and
tissues depending on criteria that are - as yet - not well understood. In
another model of STZ-induced pancreatic damage, loss of p53 protected
from the development of diabetes. In this case, cytosolic p53 was found
to interact with Parkin and prevent mitophagy, leading to mitochon-
drial damage and defects in insulin secretion [140]. It would therefore
seem that in similar models, p53-dependent activation of p21 protects
cells from toxin-induced damage while cytosolic p53 promotes damage.

4.4. p53 in adipocytes

Mice ectopically expressing the agouti peptide (Ay mice) overeat
and develop obesity and diabetes that is associated with an induction of
oxidative damage in the fat tissue, leading to senescence and the in-
duction of pro-inflammatory cytokines. This increase in senescent adi-
pocytes is also seen in human obese diabetic patients [103]. As seen in
other obese mice [72], p53 accumulation and activation is evident in
the adipose tissue from the Ay mice [103] and seems to be responsible
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for the adverse pathology, as deletion of p53 diminished the senescent
and inflammatory response, and substantially improved the insulin
resistance in these mice. Other studies have also linked loss of p53 with
an improvement in insulin resistance linked to heart failure [141].
Consistent with these results, an important target of p53 in adipocytes is
semaphorin 3E, which induces an inflammatory response and insulin
resistance in mice [142]. More recent studies have confirmed the ability
of p53 to drive chemokine production and an inflammatory response in
adipocytes [143]. The senescence response to p53 activation is asso-
ciated with increased p21 expression and p21 has also been implicated
in adipocyte differentiation. While p21 expression appears to be helpful
in limiting diabetes (as described above), retention of p21 is associated
with increased susceptibility to high fat diet induced weight gain [144].
Taken together, it seems that excessive caloric intake and other chronic
metabolic stress signals activate adipocyte p53, which contributes to
the induction of an inflammatory response, further promoting weight
gain and the development of insulin resistance.

More detailed analyses of adipocytes suggest a complex contribu-
tion of p53 in these cells. One study demonstrated that p53 can suppress
white adipocyte differentiation and promote brown adipocytes differ-
entiation, with whole body loss of p53 exacerbating fat gain in overfed
mice [127]. Consistently, p53 null male mice on a HFD were shown to
have increased levels of epididymal WAT [128]. By contrast, p53 null
mice kept under thermoneutral conditions were resistant to weight gain
on a high fat diet and showed increased expression of UCP1 (a marker
of browning) in white adipose tissue [145]. A third report confirmed
that whole body loss of p53 leads to reduced weight gain on HFD,
which was associated with an increase in brown adipose tissue (BAT)
activity [124]. However, while BAT-specific deletion of p53 did not
dramatically affect weight gain in this study, activation of p53 in BAT
reduced weigh gain in overfed mice, due to an increased thermogenic
activity [124].

4.5. p53 in the liver

p53 is induced in the liver in response to metabolic stress and p53
expression correlates with various forms of liver damage and diseases
such as steatosis, fibrosis, alcohol exposure, inflammation and HCV
infection [101, 121, 146–149]. While obesity is linked to increased liver
p53, this activation of p53 is also seen in a mouse model of SREBP1-
driven fatty liver, which occurs in the absence of systemic obesity
[101]. These observations suggest that the signal for p53 induction may
be lipotoxic stress and excessive lipid accumulation. Consistently,
starvation – which promotes an acute (or transient) increase in hepatic
lipid accumulation [150] - also induces an increase in liver p53 levels
[104]. This response is mediated through the activation of AMPK, a
well-established transducer of metabolic stress signalling. Therefore,
consistent with a general role in stress responses, liver p53 is mobilised
in both starvation and nutrient excess conditions.

While the stress-induced induction of liver p53 is clear, the role of
p53 and consequences of loss of p53 are complex - exacerbating or
protecting from disease development depending on the context.
Activation of p53 (through deletion of MDM2) can lead to fibrosis [151]
while loss of p53 limited liver damage in genetically obese mice [101]
or in models of steatohepatitis [152]. On the other hand, other studies
suggest a protective role for p53 in limiting liver fat accumulation and
hepatic steatosis [63, 128]. Acute viral-mediated deletion of p53 spe-
cifically in the liver (rather than the whole animal) also led to increased
hepatic steatosis [104, 153], while deletion of p53 in hepatic stellate
cells increased fibrosis in the context of toxin induced chronic liver
damage [154]. Importantly, the latter study showed that activation of
p53 promoted senescence and the release of factors from stellate cells
that induced tumour inhibiting macrophages. In this case, therefore, the
tumour suppressive function of p53 was a reflection of the p53 response
in stromal cells, rather than the tumour cells themselves.

The protective effect of liver p53 may reflect the control of lipid

metabolism described above, favouring the catabolic use of lipids
through FAO while also limiting the production of lipids through FAS.
Consistent with this proposal, depletion of liver p53 (either directly or
through the action of miR-21) resulted in increased lipid accumulation
[104, 155]. Mice unable to fully activate p53 due to the expression of a
mutant form of MDM2 also showed increased liver fat under normal
feeding conditions and hepatosteatosis following starvation [156].
However, these mice showed reduced accumulation of liver fat on a
high fat diet [120] – an interesting paradox suggesting that the role of
p53 in controlling hepatic lipid metabolism may depend on the extent
of p53 activation or the nature of the nutrient stress. It is worth re-
membering that this model impedes p53 activation in all tissues. So,
while the steatosis and lipid accumulation in the livers of starved mice
may reflect defects in lipid metabolism in the liver itself, the decreased
lipid accumulation in the overfed mice may reflect altered responses in
cells such as adipocytes, that indirectly impact liver fat accumulation.

The effect of loss of liver p53 is not limited to fat accumulation but
can also modulate gluconeogenesis and hepatic glucose production in
response to starvation. The ability of p53 to down-regulate the ex-
pression of gluconeogenic genes correlates with the improved pyruvate
tolerance of p53 null mice [67]. However, others have found that mice
with liver specific downregulation of p53 show defects in glycogen
storage and amino acid catabolism and become hypoglycaemic upon
food withdrawal [104]. Activation of a p53 response was also shown to
support glucose tolerance and insulin sensitivity [157, 158]. One con-
sequence of loss of p53 in the liver is an increase in expression of the
p53 related protein TAp63, which is also induced by a high fat diet
[153]. TAp63 induction increases IKK activation, ER stress and con-
sequent steatosis. However, loss of p63 in the whole animal dramati-
cally perturbed lipid metabolism, resulting in obesity and liver damage
[159, 160] – a response at least in part due to the loss of Coiled-Coil
Domain Containing 3 protein (ccdc3) expression, a secretory protein
activated by p63 [159]. Finally, mice with mutations in p53 also show
increased liver steatosis and fibrosis in a model of liver inflammation
linked to an increased infiltration of inflammatory cells [161]. On
balance, most of the studies to date suggest that p53 plays a general
protective role when expressed in the liver, maintaining homeostasis
and limiting the development of fatty liver disease. Of note, however,
systemic p53 induction in other tissues (such as adipose tissue) can
overwhelm this response and indirectly lead to liver damage. Finally,
and not surprisingly, persistent induction of p53 (potentially resulting
from irreparable liver damage) may also contribute to the induction of
cell death and consequent development of more severe disease.

Given the role of p53 in the control of liver metabolism, several
studies have investigated the potential utility of drugs that modulate
p53 for the treatment of liver disease. Consistent with a role for p53 in
promoting steatosis, mice treated with Pifithrin alpha (a p53 inhibitor)
showed improved liver function on a high fat diet [121]. By contrast,
and consistent with a protective function of p53, activation of p53 using
low dose doxorubicin protected mice from diet-induced steatosis [162].

4.6. p53 and aging

The strong tumour suppressive function of p53, and the relatively
mild impact of p53 deficiency on normal development, gave an initial
impression that p53 was exclusively a guardian against disease.
Subsequent work showing a role for p53 in promoting numerous ad-
verse pathologies soon corrected this view, and the darker side of p53 is
further revealed during aging [163]. While strong systemic activation
of p53 is acutely deleterious to survival [164], more subtle but persis-
tent increases in p53 activity reduced cancer development but lead to
early aging [165, 166]. The consequences of constitutive p53 activity
have been further supported by a family carrying a mutation in MDM2
that weakens its ability to control p53, and that display progeria or
early aging syndrome [167]. Importantly, however, a model in which
p53 was more readily activated than normal but still held under control
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in unstressed conditions allowed for enhanced cancer protection
without compromising longevity [168].

How subtly but persistently elevated levels of p53 promote aging is
not fully understood, and may reflect activities of different p53 isoforms
[169]. Functions of p53 that deplete stem cell populations or induce
senescence may each play a role here [36, 170–172]. Intriguingly, in
some contexts mice with enhanced but normally regulated p53 show
delayed aging [173] and the maintenance (rather than loss) of stem cell
pools [174]. It is tempting to speculate that some of the protective and
survival functions of p53, such the limitation of DNA damage and
oxidative stress, could play a role in both preventing cancer and pro-
moting healthy aging. Some insight into which functions of p53 are
important here may be gained from the study of the R72P poly-
morphism mentioned above, where the P72 variant tracks with in-
creased lifespan [175, 176].

5. Conclusion

An enormous volume of in vitro data has shown that p53 can play
many roles in response to metabolic stress and activities that can be
broadly grouped into cell elimination and cell survival functions
(Fig. 2). Not surprisingly, therefore, analysis of p53 functions in vivo has
revealed a similar - if not more - complex pattern of responses (Fig. 3).
p53 activation in individual organs or body-wide, promotes amelior-
ating or protective responses – most notably under conditions where the
stress signal is transient or can be resolved. In several models that have
been examined, this can be linked to the activation of a reversible cell
cycle arrest through the induction of p21 and the activity of various
p53-induced antioxidant defences. However, under acute or persistent
stress conditions p53 turns to the induction of cell death or elimination,
leading to multiple pathologies that include diabetes (as discussed

here), reperfusion injury and neurodegenerative disease. An emerging
model suggests that optimal p53 function is important to maintain
numerous aspects of health, while too little or too much p53 can have
profoundly deleterious consequences to the organism (Fig. 3). Evolu-
tionarily, it's clear that the homeostatic and tumour suppressor activ-
ities of p53 are too important to lose, and trump the collateral damage
associated with p53-induced cell death. But understanding the various
responses to p53 in different circumstances will allow us to use mod-
ulation of p53 for therapeutic gain much more effectively.
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