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Abstract: Lifestyle-related disorders, such as the metabolic syndrome, have become a primary risk
factor for the development of liver pathologies that can progress from hepatic steatosis, hepatic
insulin resistance, steatohepatitis, fibrosis and cirrhosis, to the most severe condition of
hepatocellular carcinoma (HCC). While the prevalence of liver pathologies is steadily increasing in
modern societies, there are currently no approved drugs other than chemotherapeutic intervention
in late stage HCC. Hence, there is a pressing need to identify and investigate causative molecular
pathways that can yield new therapeutic avenues. The transcription factor p53 is well established
as a tumor suppressor and has recently been described as a central metabolic player both in
physiological and pathological settings. Given that liver is a dynamic tissue with direct exposition
to ingested nutrients, hepatic p53, by integrating cellular stress response, metabolism and cell cycle
regulation, has emerged as an important regulator of liver homeostasis and dysfunction. The
underlying evidence is reviewed herein, with a focus on clinical data and animal studies that
highlight a direct influence of p53 activity on different stages of liver diseases. Based on current
literature showing that activation of p53 signaling can either attenuate or fuel liver disease, we
herein discuss the hypothesis that, while hyper-activation or loss of function can cause disease,
moderate induction of hepatic p53 within physiological margins could be beneficial in the
prevention and treatment of liver pathologies. Hence, stimuli that lead to a moderate and temporary
p53 activation could present new therapeutic approaches through several entry points in the
cascade from hepatic steatosis to HCC.

Keywords: p53; liver disease; insulin resistance; non-alcoholic fatty liver disease; non-alcoholic
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1. Liver Disease in the Age of Metabolic Syndrome

The term “liver disease’ encompasses a spectrum of pathologies that includes, but is not limited
to, hepatosteatosis, hepatic insulin resistance, steatohepatitis, liver fibrosis and cirrhosis and
hepatocellular carcinoma (HCC) [1]. While failure of liver function can occur at several stages, HCC
is often regarded as the end stage of the progression of alcoholic liver disease (ALD) or non-alcoholic
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fatty liver disease (NAFLD), with varying incidences [2]. Whereas some models suggest a defined,
successive cascade in the etiology of liver disease (steatosis and hepatic insulin resistance leading to
steatohepatitis, which may lead to fibrosis/cirrhosis, and ultimately to HCC), other reports paint a
less clear picture. For example, a number of mouse models that develop fatty liver disease are not
insulin resistant [3], and some people with NAFLD develop fibrosis without preceding inflammatory
conditions typical for non-alcoholic steatohepatitis (NASH) [4]. Furthermore, HCC in patients has
been reported without any signs of fibrosis/cirrhosis [5].

Besides genetic [6] and epigenetic (mostly differential DNA methylation [7]) aberrations,
infection with hepatitis B and C virus and aflatoxin B1 exposure were historically prevalent risk
factors for liver disease development. Prevention of aflatoxin Bl ingestion and vaccines against
hepatitis viruses have massively curtailed the epidemiologic impact of those disease-causing agents
[8]. However, in modern societies, these traditional risk factors have been replaced by lifestyle-related
diseases caused by chronic alcohol and/or caloric over-consumption [9,10]. In particular, malnutrition
through chronic caloric overload can precipitate in the development of metabolic syndrome, a cluster
of pathologies, including adiposity, dyslipidemia, insulin resistance and hypertension, that together
culminate in the increased risk of type 2 diabetes mellitus and cardiovascular complications [11].
There is an increasingly strong association between liver disease and metabolic syndrome [1]. This
connection between liver disease and metabolic syndrome through malnutrition seems plausible
given the liver’s immediate exposure to digested nutrients that enter the splanchnic circulation and
are directly relayed to hepatic sinusoids via the portal vein. For instance, the average per-person
fructose consumption has been surging due to a preference for readily-available high-fructose corn
syrup by the food industry [12]. Unlike glucose, fructose is almost entirely taken up by the liver and
serves as a carbon source for de novo lipogenesis, thereby fueling the development of steatosis and
NAFLD [12]. Considering the global rise in the prevalence of obesity and the concurrent surge in
NAFLD (10-40% of adults [1]), it is imperative to improve diagnostic tools and pharmacological
interventions to deal with the increasing burden of liver disease. In terms of diagnostics, liver biopsy,
which poses a health risk, is still the best method for the detection of hepatic pathologies, while the
search for biomarkers is ongoing, and non-invasive imaging methods (e.g., magnetic resonance) are
being improved (for details see [13]). Weight loss through a combination of a healthy diet and exercise
is the first line of treatment for NAFLD, and drugs treating other components of the metabolic
syndrome are being used as adjunct therapies [14]. However, although there are currently more than
200 clinical trials for NAFLD treatments [8], there is no approved drug specifically targeting any stage
of liver disease, with the exception of the chemotherapeutic sorafenib in late stage HCC [15]. This
multi-kinase inhibitor results in a small survival benefit of only three months, and patients often
develop resistance [2]. Hence, there is a pressing need to investigate the molecular pathways involved
in the distinct stages of liver disease and to translate this knowledge into novel therapeutic possibilities.

p53 is a well-described tumor suppressor that regulates DNA repair and cell cycle arrest under
oncogenic stress and, in cases of prolonged stress exposure, apoptosis [16,17]. The importance of p53
in controlling tumorigenesis becomes evident in patients who inherit mutant alleles, a condition
known as Li-Fraumeni syndrome, which results in an extraordinary high, early-onset cancer risk [18].
While cytoplasmic actions of p53 have been reported [19], it mainly functions as a transcription factor.
This notion is supported by the fact that most TP53 missense mutations (i.e., hot-spot mutations)
occur in the DNA-binding region [20]. Meta-analyses from genome-wide datasets revealed that the
set of target genes regulated by p53 activation is largely specific to the cell type (i.e., context-
dependent), differentiation state and the nature and degree of the activating stimulus, with only a
small set of common targets over all investigated conditions [21]. More recently, p53 has been
recognized as a bona fide regulator of different metabolic pathways [22,23], a function that also seems
to be highly context-dependent. For instance, p53 acts to limit glycolysis in breast cancer cells, while
it induces glycolytic enzymes in muscle cells [24]. Hence, the role of p53 needs to be investigated and
described in defined cellular and tissue contexts, because single findings about p53-dependent effects
can hardly be generalized. Here we aim to review the p53-relevant literature in relation to liver
pathologies. With almost four decades of p53 research and over 88,000 PubMed entries containing
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“p53” in the title and/or abstract by the end of 2017, it is inherent that p53 reviews are destined to be
incomplete, even if they are restricted to a defined subtopic. Therefore, we focus on patient data and in
vivo mouse studies that point out an influence of p53 activity on liver diseases and put emphasis on
studies that directly implicate p53 via gain- and loss-of-function approaches. Although in vitro studies
are instrumental for understanding the molecular mechanisms of p53 in liver cells, reviewing them in
detail is beyond the scope of this article. Furthermore, we will limit the discussion on liver pathologies
related to the metabolic syndrome and other non-alcoholic causes, thereby largely disregarding
alcoholic liver disease, fungal and viral disease mechanisms, which are reviewed elsewhere [25].

2. p53 in the Development of Non-Alcoholic Fatty Liver Disease

NAFLD is characterized by hepatosteatosis, an abnormal accretion of triglycerides in more than
5% of hepatocytes, which is considered a common precursor of severe hepatocyte injury and chronic
liver disease [1]. With the high incidence of NAFLD in adults (20-50% in Western countries [26-29])
and children (as high as 80% in obese Chinese children [30]) and limited therapeutic options, there is a
need to understand the exact mechanisms underlying NAFLD. A major substrate for triglyceride
biosynthesis are intrahepatic fatty acids that can be derived from increased fatty acid influx (from adipose
tissue in the case of peripheral insulin-resistance or during fasting), from chylomicron-remnants after
dietary lipid ingestion and from carbohydrate-derived hepatic acetyl-CoA fueling de novo
lipogenesis [31].

Owing to the limited availability of liver biopsies, data on p53 in NAFLD patients are scarce. An
immunohistochemical study in 84 patients reported a slightly positive correlation of p53 expression
and severity of liver disease [32]. In mice, p53 was first implicated in hepatic steatosis in an
observational study in 2004, where it was shown to be induced in nuclei of hepatocytes from two
mouse models with fatty liver disease [33]. Functional insights arose from the first p53 knock-out
mice, which die around six months of age due to the development of severe lymphomas or sarcomas
[34]. However, young p53 knock-out mice can be helpful in determining p53 functions in
non-cancerous tissues. Although this p53-deficient mouse strain was originally described in 1992 [34],
its liver phenotype was not reported until about 20 years later [35,36]. Wang et al. showed that young
P53 knock-out mice develop hepatic steatosis, which was even more pronounced during a high-fat
diet (HFD). The proposed mechanism involved the enzyme aromatase, a direct transcriptional target
of p53, which is responsible for the conversion from androgens into estrogen [36]. Consequently, in
HFD-fed pb53-deficient mice, lower aromatase expression resulted in a higher serum
testosterone/estradiol ratio, leading to triglyceride accumulation. This hepatic steatosis was
completely reversed by transgenic overexpression of aromatase in the p53 knock-out background
[36]. Another study also showed increased steatosis in young p53 knock-out mice accompanied by
higher serum alanine transaminase and aspartate transaminase levels, when compared to wild-type
mice [37]. This phenotype was exacerbated by feeding mice a HFD and could be reversed by
re-expression of adenoviral p53. The underlying mechanism described in this work involved a
compensatory upregulation of TAp63 as a consequence of p53 loss, with subsequent induction of
I-kappa-B-kinase beta (IKK{) and endoplasmic reticulum stress [37]. Interestingly, hepatic p53
knock-out induced in adult p53-floxed mice (using either AAVS8 or adenoviral Cre recombinase
expression [37,38]) also leads to hepatosteatosis on a regular diet, indicating that acute deletion of
p53 in the liver of adult mice is sufficiently driving lipid accumulation by mechanisms independent
of potential developmental or adaptive effects that may occur in long-term knock-out models.
Furthermore, activation of p53 signaling with long-term, low-dose doxorubicin treatment reduced
liver triglyceride content in diet-induced NAFLD mouse models [39]. Supporting these findings,
mouse double minute 2 homolog (Mdm?2) transgenic mice with an amino acid change at codon 305
(C305F), a strain with reduced hepatic p53 signaling due to decreased sequestration of Mdm?2 to
ribosomal proteins under nutrient stress, display severe hepatosteatosis in the fasted state via
modulation of fatty acid oxidation by the p53 target malonyl-CoA decarboxylase [40]. In contrast to
the above findings that show that p53 loss evokes liver lipid accumulation, a pharmacological
approach using the p53 inhibitor pifithrin-a showed attenuation of HFD-induced steatosis [41].
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However, pifithrin-a treatment prevented weight gain without decreasing food intake under HFD,
which could be the primary determinant for decreased hepatosteatosis in this model. Moreover,
pifithrin-ac was shown to exert p53-independent effects that could be responsible for the
discrepancies between genetic models and this pharmacological approach to reduce p53 signaling
[42,43]. Consistent with the notion that p53 is important for the control of liver lipid homeostasis,
upregulation of p53 mRNA by anti-sense oligo-mediated quenching of its upstream inhibitor miR-21
led to a reduction in HFD-induced steatosis in mice [44]. Other known p53-regulated pathways
related to lipid metabolism (reviewed elsewhere [22,45-47]) are mitochondrial respiration (e.g.,
cytochrome C oxidase assembly protein (SCO2)) and fatty acid oxidation (e.g., carnitine
palmitoyltransferase (CTP1C), lipin 1 (LPIN1)), the pentose phosphate/NADPH pathway (e.g., glucose-
6-phosphate dehydrogenase (G6PD)), glycolysis (e.g., TP53-induced glycolysis regulatory phosphatase
(TIGAR), glucose transporters (GLUT1/4)) or the mevalonate pathway (via sterol regulatory element
binding transcription factor 1 (SREBP1c)). However, p53 cross-talk with these pathways has been
demonstrated in cell systems other than hepatocytes and has yet to be investigated in the context of
NAFLD. In summary, there is a surplus of evidence portraying p53 as a key regulator of hepatocyte
lipid metabolism, where reduction in p53 activity elicits and activation attenuates hepatosteatosis

(Figure 1).
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Figure 1. p53 level-dependent outcomes in liver diseases. Various aspects of liver disease are affected
by p53 levels in vivo. Please refer to the text for further details. Red circles depict negative, while
green circles depict positive outcomes of p53 level alterations. Abbreviations: HCC, hepatocellular
carcinoma; NASH, non-alcoholic steatohepatitis; NAFLD, non-alcoholic fatty liver disease; IR, hepatic
insulin resistance; LR, liver regeneration; HSCs, hepatic stellate cells; M¢, macrophage; CSC, cancer
stem cell; HPCs, hepatic progenitor cells.

3. p53 in the Regulation of Hepatic Insulin Resistance

Hepatic insulin resistance is epidemiologically correlated with steatosis [1]. Several mechanisms
linked to impairment of hepatic insulin receptor signaling have been described, including
diacylglycerol-mediated protein kinase C epsilon type (PKCe) activation [47], as well as Akt
serine/threonine kinase-dependent and SREBP1-dependent pathways [48,49]. Additionally,
extra-hepatic driver mechanisms of insulin resistance-mediated steatosis have been suggested, such
as impairment of insulin-mediated suppression of lipolysis in white adipose tissue or insulin
resistance in skeletal muscle [50]. Data from lipodystrophic mice and patients with generalized
lipodystrophy show a co-occurrence of hepatic insulin resistance and steatosis as a consequence of
ectopic lipid deposition in the absence of white adipose tissue [51,52]. However, several transgenic
and knock-out mouse models that develop fatty liver show normal glucose management and insulin
sensitivity, arguing for a dissociation of fatty liver disease and hepatic insulin resistance (and
therefore, the development of type 2 diabetes mellitus, summarized in [3]). Hence, we chose to
discuss the influence of p53 on steatosis and hepatic insulin sensitivity in separate sections.

The gold standard for measuring hepatic insulin resistance is to determine hepatic glucose
output during a hyperinsulinemic-euglycemic clamp in combination with isotope-labeled tracer
studies [53,54]. Because this method is very difficult to perform, most studies use insulin tolerance
tests (ITT) and/or glucose tolerance tests (GTT) in p53-relevant mouse models as a proxy for assessing
systemic insulin tolerance [54].

Knock-in mice with a mutation of serine 18 (corresponding to human serine 15) to alanine, a
residue that is phosphorylated by different upstream kinases (e.g., ATM, AMPK) resulting in p53
protein stabilization [55], were characterized comprehensively in terms of glucose homeostasis. These
Pp53(S18A) mice, despite p53 destabilization, remained tumor-free throughout the study and showed
impaired glucose and insulin tolerance. Importantly, hepatic glucose production under
hyperinsulinemic clamp conditions was not suppressed, which is a clear indicator of hepatic insulin
resistance [56]. Moreover, glucose management was shown to be dependent on the dosage of the
N-terminal transactivation domain of p53, and mice expressing extra p53 alleles (“super-p53”
mice [57]) showed improved glucose tolerance [58]. Similar to these findings in “super-p53” mice,
another report showed a reduction of fasting blood glucose and an improvement of glucose tolerance
after hepatic overexpression of p53 in a diabetic mouse model [59]. In another study, different doses
of doxorubicin were intraperitoneally or orally applied to HFD-fed mice to activate p53. This led to a
dose-dependent improvement of glucose tolerance [39]. In contrast to the above studies indicating
that wild-type p53 is necessary for, and its activation enhances, (hepatic) insulin sensitivity, an
increase of hepatic p53 expression in rat models of alcohol-induced liver disease was associated with
insulin resistance [60]. However, this study in rats reported an impairment of glucose metabolism in
three different rat strains (Fisher, Sprague-Dawley, Long-Evans), while p53 and its target TIGAR
were only induced in Long-Evans rats [60]. Furthermore, due to the lack of a p53-deficient system in
this study, it cannot be deduced if p53 activation in Long-Evans rats is the cause or consequence of
ethanol-mediated liver disease. Taken together, most gain-of-function studies suggest p53 as a
positive regulator of glucose management with improvement of (hepatic) insulin sensitivity upon
activation of p53 signaling.

The interpretation of the available data from various loss-of-function models is less clear due to
heterogeneous results. For instance, several studies performing a pyruvate tolerance test report either
an improvement [61], no change [62] or an impairment [63,64] in gluconeogenic ability in whole body
P53 knock-out mice compared to wild-type mice. These discrepancies might be due to differences in
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experimental protocols, dietary composition or age of p53 knock-out mice. In agreement with the
studies showing impaired glucose homeostasis, our own data in adeno-Cre-treated p53-floxed mice
showed fasting hypoglycemia and a concomitant accumulation of gluconeogenic amino acids under
starvation, altogether suggesting an impairment of glucose homeostasis in absence of hepatic p53
under starvation [38]. In another study using young whole body p53 knock-out mice fed an HFD, the
authors reported a slight improvement of insulin tolerance with no change in glucose tolerance in
male mice, while in female mice, glucose tolerance was improved and insulin tolerance
unchanged [37]. The reasons for these sex-specific differences in glucose metabolism in germ-line p53
knock-out mice are unknown. In the same study, knocking out hepatic p53 by AAV8-Cre injection
into p53-floxed mice under chow diet left insulin and glucose tolerance unchanged despite an
increase in hepatic triglyceride levels [37]. Hence, due to experimental differences, loss-of-function
models have not always supported a role of p53 as an attenuating factor in hepatic insulin resistance,
as largely suggested by data from p53 activation studies.

An intriguing study compared glucose metabolism in two transgenic mouse lines harboring
either a variant with a proline (P72) or an arginine (R72) on position 72 of the human p53 protein [64].
These variants represent two major human populations with a higher frequency of R72 in people
living in higher geographic latitude, while the P72 is the equatorial variant that represents the
ancestral version also found in lower mammals [65]. Interestingly, R72 mice showed significantly
more adiposity when fed a HFD, compared to P72 mice. In agreement with a strong association of
the R72 variant with diabetes in human populations [66], measurements from ITT, GTT and
hyperinsulinemic-euglycemic clamp indicated increased hepatic insulin resistance in HFD-fed R72
mice compared to P72 mice [64]. This study, together with the data from p53(518A) mice, underlines
the importance of the p53 status in the development of metabolic pathologies such as hepatic insulin
resistance and suggests a contribution of p53 mutations to the variation in NAFLD incidence between
ethnicities [67].

Several mechanistic connections between p53 and cellular glucose metabolism have been
described (reviewed in [22,46,68]). These include direct protein-protein interaction between p53 and
peroxisome proliferator-activated receptor gamma coactivator 1 alpha (Pgcloa) under metabolic stress
[63]; the p53-SIRT6-FoxO1 axis in the regulation of gluconeogenesis [61]; p53 interaction with G6PD
to restrict substrate flux into the pentose phosphate pathway [35]; and direct transcriptional
regulation of genes coding for gluconeogenic enzymes [64,69], glycolytic regulators (e.g., TIGAR [70])
and glucose transporters [62]. Furthermore, some studies have implicated p53 in the maintenance of
liver glycogen stores [38,59,71], which could have an impact on glucose homeostasis. Despite a fair
amount of studies, a clear picture on p53's role in hepatic insulin resistance has yet to emerge. In
particular, more studies investigating the above-mentioned mechanisms in a liver-specific context
combined with assays directly probing hepatic insulin sensitivity might resolve some of the existing
discrepancies. However, from the data available, it is apparent that hepatic p53 signaling is an
important node in the regulation of glucose homeostasis [22] and systemic insulin sensitivity [72],
and could therefore be a worthwhile therapeutic target for the treatment of hepatic and/or systemic
insulin resistance (Figure 1).

4. p53 in the Development of Non-Alcoholic Steatohepatitis

The estimations of NASH prevalence in the population varies between different studies and
depends on patient inclusion criteria, diagnostic methods and investigated cohort location or ethnic
background. It is estimated that between 6% and 55% of NAFLD patients progress to a phenotype
that is characterized by elevated levels of inflammation, also known as NASH [1]. Clinically, the
distinction between overt steatohepatitis and the fatty liver phenotype is difficult, but important, as
NASH patients are at greater risk of developing fibrosis, cirrhosis and even HCC [1]. A collective
body of evidence suggests that different promoting factors can determine the progression from
NAFLD to NASH. Disease-progressing factors include excess fatty acids, bacterial endotoxins from
the gut or damage-associated molecular patterns (DAMPs) from dying hepatocytes, which trigger
inflammatory reactions. Excess hepatic lipid content, for example, exerts lipotoxic effects via
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increased reactive oxygen species (ROS) and oxidative stress, which consequently fuels lipid
peroxidation and upregulation of pro-inflammatory cytokines (interleukin-6 (IL-6), tumor necrosis
factor a (TNFa)) and adipokines (adiponectin, leptin). Further disease-promoting links were made
to cellular senescence and the activation of hepatic stellate cells (HSCs) [73]. In NASH, a combination
of these factors can ultimately lead to hepatocellular ballooning followed by zonal hepatocyte injury
and either necrotic cell death or programmed apoptosis. These events can further fuel inflammatory
processes and induce a vicious cycle [74]. The promotion to NASH has traditionally been described
as a “two-hit-model” according to which a first step, steatosis-inducing lipotoxic effects, is followed
by a second stage of chronic inflammatory stress [75], which ultimately leads to advanced liver
pathologies like fibrosis, cirrhosis or HCC. The exact numbers of incidences for each disease
characteristic remains elusive for the general population (discussed in detail in [76]). However, it is
important to note that, opposing the “two-hit-model”, clinical data question the proposed linearity
of disease progression. For example, late disease stages like HCC may occur in both cirrhotic and
non-cirrhotic NASH patients [76]. Therefore, the contemporary theory of NASH development and
progression proposes a more complex model that includes multiple steps where it remains unclear if
the promoting events appear sequentially or in parallel order [77]. However, it is established that the
predominant inducer of liver fibrosis and cirrhosis encompasses inflammation-mediated activation
of HSCs, which, once activated, promote fibrotic scar tissue formation by actively remodeling the
extracellular matrix (ECM) in the liver [78].

p53 is well known to regulate several factors of NASH disease progression, such as ROS
production, cellular senescence or apoptosis. Apoptosis was suggested to result from lipotoxicity,
leading to local injuries and subsequent tissue inflammation [79]. As p53 is increasingly portrayed as
key regulator of lipid metabolism [45], its involvement in lipotoxicity-mediated NASH disease
progression is plausible. It could be hypothesized that stabilized p53 has beneficial effects on liver
hepatocytes by positively regulating [3-oxidation [45], thereby keeping fatty acid and triglyceride
levels within metabolically healthy limits. Whenever these margins are exceeded, pathologically-
elevated p53 levels could induce apoptosis and therefore NASH progression. A recent study of two
different diet-induced mouse models of steatohepatitis, HFD and methionine-choline-deficient diet
(MCD), found that pharmacological, low-dose doxorubicin activation of p53 ameliorates liver injury,
further underlining a possible dose-dependent mode of action of p53 [39]. The low-dose doxorubicin
activation of p53 in these models did not affect cell viability or apoptosis. Furthermore, increased
fatty acid oxidation, decreased de novo fatty acid synthesis, reduced inflammation and lowered ER
stress were found to be correlated with the attenuation of liver injury [39]. This argues for a positive
effect of moderate p53 activation on liver lipid metabolism and the prevention of NASH-associated
liver pathology.

In contrast to moderate activation, excess levels of p53 could lead to undesired cellular fates,
including hepatocyte injury followed by cell death, which in NAFLD are strongly linked to disease
progression. To decipher the relevance of intrinsic and extrinsic apoptosis pathways in experimental
NASH, one study investigated cytokine receptor expression and p53-mediated initiation of apoptosis
in the MCD mouse model of NASH [80]. In this study, hepatic p53 expression was found to be
significantly increased after only five days of MCD feeding. This upregulation was retained
throughout a time course of eight weeks, indicating a close relationship between nutrition-related
stressors and p53 expression in this steatohepatitis model. A concomitant decrease in B-cell
lymphoma-extra-large (Bcl-XL) levels and enhanced BH3 interacting domain death agonist (Bid)
cleavage to tBid together confirmed an upregulation of mitochondrial, i.e., intrinsic apoptosis, which
was not recovered upon nutritional repletion [80]. Interestingly, together with p53 activation, a
reciprocal reduction of insulin-like growth factor-1 (IGF-1) was found, which was also linked in other
studies to the progression from non-pathogenic steatosis to overt NASH [81,82]. Regarding extrinsic
stress mediation, the authors hypothesize that upregulated mRNA expression of the death receptor
TRAIL is possibly linked to p53 transactivation [80], as found in earlier studies [83,84]. However,
because p53-deficient mouse models were not used in this study, a causal role of p53 cannot be
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claimed. Despite this, the data suggest that p53 could represent a molecular link between intrinsic
and extrinsic pathways in NASH by promoting apoptosis in the setting of hepatic steatosis.

Focusing on intrinsic triggers of cellular damage, p53 mediates stress signaling in a number of
ways. Lipotoxicity is clearly a major driver of unfavorable cellular events in NASH and liver steatosis,
as already reviewed elsewhere [85]. Beyond the toxic effects of excess lipids, growing evidence
substantiates a role of p53-related miRNAs in association with NASH development. Among the
many miRNAs involved in hepatic metabolism, miRNA-34a has been investigated in greater detail.
Initially found to be directly activated by p53 [86,87] and differentially upregulated in human NASH
samples [88,89], it was also shown to be upregulated in the MCD mouse model for NASH [90].
Strikingly, since plasma levels of miRNA-34a were upregulated and associated with disease severity
also in NAFLD mouse models, it was suggested as a biomarker for susceptibility to liver injury in
fatty liver disease [91]. Establishing another link of miRNA-34a and p53 to liver lipid metabolism,
data from Xu et al. suggest that in NASH patients, p53, free fatty acids and cholesterol may act
synergistically via different pathways to inactivate the hepatocyte nuclear factor 4a (HNFa) via
miRNA-34a, ultimately leading to reduced lipoprotein secretion and subsequent steatosis [89]. These
data argue for miRNA-34a as a critical factor in the pathogenesis of fatty liver disease, regulation of
plasma lipids and lipoprotein metabolism. Mechanistically, miRN A-34a is located downstream of c-
Jun N-terminal Kinase 1 (JNK)/c-Jun and upstream of Sirtuin 1 (silent mating type information
regulation 2 homolog, Sirtl), an axis ultimately converging on the p53-dependent pro-apoptotic
pathway [92,93]. As Sirtl has been described as negative regulator of p53 activity via de-acetylation,
miRNA-34a stabilizes p53 by downregulating Sirtl. In turn, functioning as a positive regulator,
activated p53 further drives miRNA-34a expression and thereby potentially enhances its own
activity. Taken together, miR-34a abundance in hepatocytes could amplify p53 activity and may
contribute to fine-tuning of p53 in hepatocytes. Bile acids also potentially initiate hepatic stress and
may trigger apoptotic pathways also via miRNA-34a activation. For instance, one study in rat liver,
which was focusing on the apoptosis-inducing effects of bile acids, reported a deoxycholic
acid-induced miRNA-34a expression that also blunted Sirtl-mediated downstream inactivation of
p53 signaling [93].

To determine whether the miRNA-34a/SIRT1/p53 signaling pathway is also associated with liver
fibrosis in progressive NASH, its activation has been investigated in a carbon tetrachloride (CCls)-
induced rat liver fibrosis model. In this fibrosis model, miRNA-34a activation, Sirtl reduction and
p53-acetylation correlated well with apoptosis in hepatocytes, but not HSCs [94]. In another study,
in a CCls-induced mouse model, miRNA-34a was associated with liver fibrosis and linked, among
others, to metabolic pathways and the p53 signaling pathway [95].

A mediator of p53-dependent apoptosis, p66Shc, was described in the nutritional steatohepatitis
model using the MCD diet. In rat hepatocytes, p66Shc functions downstream of p53 and induces ROS
accumulation, ultimately leading to activation of apoptosis [96]. In this study, the hepatic protein
expression levels of p53 and its downstream target p21 increased significantly in the NASH model
compared to animals fed a control diet. Upon pharmacological inhibition by pifithrin-a, or
whole-body genetic disruption of p53 signaling, p66Shc signaling in the liver was suppressed and
accompanied by lower ROS production and apoptosis [96]. Moreover, a patient cohort with NASH
showed significantly higher hepatic protein expression levels of p53, p21 and p66Shc compared to a
group with simple steatosis, which again argues for an increase of p53 signaling in NASH that
correlates with its severity. Corroborating this, p53 protein levels were elevated in concordance with
the extent of liver fibrosis in these patients.

As stated above, the development of fibrosis portends a poor outcome in NASH and can be seen
as precursor pathology to cirrhosis and HCC. A major driver of hepatic fibrosis is the activation of
quiescent HSCs [73], which turn into proliferating, fibrogenic myofibroblasts [78]. This activation is
mediated by chronic liver damage and results in excessive ECM production and fibrotic scarring [97].
Importantly, promotion of senescence of activated HSCs can blunt fibrotic tissue formation, and p53
plays a pivotal role in this pathway. Krizhanovsky et al. [73] found that CCls-induced liver fibrosis
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was aggravated in p53-deficient mice, a phenotype that was mediated by an attenuation of the
senescence program in HSCs.

Another mechanistic link of p53 to liver fibrosis was shown in two different fibrosis mouse
models, using atherogenic diet or repetitive thioacetamide injection. Those treatments led to an
induction of connective tissue growth factor (CTGF) mRNA. CTGF is a cytokine that is highly
upregulated in fibrotic human liver and that correlated with p53 activation [98], suggesting p53 as a
possible activator of fibrogenic pathways. Hepatocyte-specific Mdm2 deletion in mice also led to
increased p53 protein levels and concomitant CTGF synthesis, hepatocyte apoptosis and spontaneous
liver fibrosis. Ablation of p53 completely abolished this fibrotic phenotype. The authors therefore
suggest that p53 activation increases hepatocyte apoptosis, which is accompanied by elevated CTGF
synthesis, together leading to HSCs activation and liver fibrosis development [98].

In summary, p53-mediated mechanisms described in NASH culminate either in apoptosis of
hepatocytes or senescence of HSCs (Figure 1). Several studies suggest an involvement of the
JNK/miRNA-34a/Sirtl/p53 pathway, ultimately leading to an onset of apoptosis, which was linked
to both intrinsic (mitochondrial ROS formation) and extrinsic (bile acids, death receptor expression)
factors. Hence, p53 activation in hepatocytes could promote the onset of NASH by increasing tissue
stress and inflammatory response. In contrast, p53-mediated HSCs senescence was shown to have
beneficial effects by blunting excess liver fibrosis caused by proliferating HSCs. These opposing
findings reflect the complexity of p53-dependent regulation in NASH.

5. Multifunctional Roles of p53 in Hepatocellular Carcinoma

HCC mostly occurs in cirrhotic livers, while in approximately 20% of cases, it can occur without
preexisting cirrhosis [25,99,100]. The predominance of risk factors leading to HCC development is
strongly determined by the geographic region, as well as race and ethnicity [99,101]. In Asia and sub-
Saharan Africa, the most common risk factors are still DNA damaging agents, such as aflatoxin B1 or
hepatitis B (HBV) or C virus (HCV) infections [99,101]. In Western countries, the rise in HCC
incidences in recent years and the projected rise in the coming years can be attributed to altered
lifestyle and dietary habits, which favor high caloric nutrition known to cause obesity and type 2
diabetes, as well as to increased alcohol intake known to cause alcoholic liver disease. All of these
factors have been suggested to increase the risk of HCC via development of NAFLD and NASH
[99,102,103].

To reveal the pathophysiological contribution of p53 in the development of HCC, several mouse
models have been developed in the last two decades. It is now well established that p53 impinges on
the entire microenvironment of HCC, i.e., affecting hepatocytes, HSCs, immune cells, as well as
cancer stem cells (CSCs). All stages of HCC development from initiation to metastasis are affected by
P53 [99,104]. Therefore, alterations in p53 signaling pathways are considered as pro-oncogenic by
acting on cell proliferation, survival, invasion and immune evasion [99].

Altered expression or mutations of the TP53 gene have been reported with high incidence (found
in 12-48% of all HCC) and poor prognostic value in human HCC [99,105-107]. Besides deletion and
loss-of-function mutations, inactivation of p53 can be achieved via alteration of its upstream
regulators such as Mdm2, Mdm4 and wild-type p53-induced phosphatase 1 (Wip1) [108]. Of the
known inducers of p53 mutations, the most prominent ones are HBV or HCV and aflatoxin B1, the
latter causing the R249S hotspot mutation [109]. Globally, distinct p53 mutation patterns have been
observed in HCC patients from different geographical areas [110]. Analysis of p53 mutations in
cirrhotic liver samples revealed regional differences of p53 mutations in regenerative (healthy)
nodules and in cancerous tissue from the same patient. This confirmed the independent monoclonal
origin of distinct regenerative nodules, as well as the susceptibility of highly proliferating liver cells
to p53 mutation as a potential link between cirrhosis, liver regeneration and HCC [111].

A few studies demonstrated that p53 deletion can cause HCC development by inducing
dedifferentiation of mature hepatocytes, as well as by bi-directional differentiation of liver progenitor
cells. A mouse model showing that p53 deletion as a single 