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Abstract

Ethanol consumption represents a major risk factor for cancer development, and a significant fraction of hepatocarcinomas
arises in alcoholic liver cirrhosis. Increasing evidence indicates that ethanol acts as a tumor promoter on genetically initiated cells,
by increasing the intracellular concentration of reactive oxygen species and promoting tissue necrosis/regeneration and cell prolif-
eration. The tumor suppressor p53 restrains the expansion of carcinogen-initiated cells by inducing cell cycle arrest and apoptosis;
accordingly, p53-deficient mice develop spontaneous and chemically induced neoplasms at a much higher frequency than normal
mice. In normal mice exposed to a subacute (3 weeks) ethanol intoxication, a significant increase in the number of apoptotic hepato-
cytes was observed in concomitance with the up-regulation of the mitochondrial superoxide scavenger MnSOD, a reliable indicator
of oxidative stress. Cell death occurred in the absence of liver inflammation and necrosis. Ethanol-induced hepatocyte apoptosis was
completely abrogated in the p53 null background, suggesting that the tumor suppressor is necessary for hepatocyte death by eth-
anol. Accordingly, p53 �/� MEF were, unlike wild type cells, completely insensitive up to 0.5 M ethanol in the culture medium.
Strikingly, marked and widespread signs of dysplasia, with nuclear pleomorphisms and initial loss of normal architecture, heralding
malignant transformation, were scored in all the mutant mice exposed to ethanol, but not in the control-fed littermates nor in eth-
anol-fed normal mice. These observations suggest that p53-dependent apoptosis restrains the tumorigenic effect of ethanol on liver
cells, in agreement with the frequent loss of p53 function in HCC, and reveal an unexpected carcinogenic potential of alcohol which
appears to be independent from the induction of cirrhosis and hepatocyte regeneration.
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Hepatocarcinoma accounts for about one-fourth of
human malignancies, with significant differences in inci-
dence among different areas of the world. Most hepato-
carcinomas arise in cirrhotic/regenerating liver, and,
accordingly, several hepatotoxic agents including hepa-
totropic viruses (HBV [1], HCV), micotoxins, and iron
overload represent major risk factors for liver cancer [1].

Ethanol consumption is causally linked to several hu-
man neoplasms, including primitive liver cancer [2].
Alcohol metabolism in liver cells leads to the formation
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of reactive oxygen species (ROS), which are responsible
for hepatocyte damage, cellular apoptosis, and inflam-
mation associated to excess alcohol consumption [3,4].
ROS are also involved in the tumor promoting effect
of ethanol, in part through the induction of liver cirrho-
sis/regeneration, in part through a direct effect of oxygen
species on cell proliferation and on DNA integrity [2].

The tumor suppressor protein p53 mediates the cyto-
toxic effect of many prooxidant agents on mammalian
cells [5,6], and escape of oxidant-damaged cells from
p53-dependent apoptosis can easily lead to cell initiation
and eventually to cancer. A large fraction of human
hepatocarcinomas (about 30%) harbors missense muta-
tion in the gene encoding for the p53; moreover, two
important co-factors for liver carcinogenesis, such as
HBV and aflatoxins, reportedly target the gene or the
function of p53 [1].

In spite of this indirect evidence linking ethanol to
hepatocyte oxidative damage and to carcinogenesis,
the role of p53 in alcohol-related liver damage and the
potential synergism between ethanol consumption and
loss of p53 for liver carcinogenesis have not been di-
rectly investigated so far.
Materials and methods

Mice and cell lines. p53-deficient C57Bl/6 mice (C57BL/6J-
Trp53tm1Tyj) and their wild type controls were obtained from the
Jackson Laboratories (Bar Arbor, Maine). Mice were routinely
maintained in the Animal facility of the Catholic University Medical
School, Rome.

The E1A/Ras-transformed cell lines with or without homozygous
deletion of the p53 gene were obtained from Dr. Scott Lowe (Cold
Spring Harbor Laboratories) and have been described elsewhere [6].

Protocol for ethanol intoxication. Wild type (p53 +/+) and p53 null
(p53 �/�) C57Bl6 mice (18–26 g initial body weight) were fed ad la-
bium for 21 days a semi-synthetic basal diet used in a previous
experiment [10] and were allowed to drink ad libitum a mixture con-
taining increasing concentrations of ethanol (10%: 2 days; 15%: 3 days
and thereafter 20%) in 20% sucrose as the only source for drinking
fluid during the entire period of treatment. Control groups (wild type
and p53 null) (19–27 g initial body weight) were offered water and their
solid diets were based on the final regimens (basal diet plus ethanol–
sucrose solution) consumed by the alcohol groups, but Et-OH was
replaced isocalorically by a mixture of 50% sucrose–50% corn starch.
These control animals were pair fed isocalorically with those corre-
sponding alcohol groups. Animals in the alcohol groups were kept
without Et-OH for 18 h before death, but were allowed free access to
drinking water. Animals from all groups were starved for food
overnight.

Liver pathology. After animal sacrifice livers were either fixed in
paraformaldehyde or flash-frozen in liquid nitrogen and stored at
�80 �C. Fixed specimens were included in paraffin, sectioned, and
stained with hematoxylin/eosin for pathology.

In situ apoptosis assay. The percentage of apoptotic cells in liver
sections was determined by Tdt-mediated d-UTP-x nick end labelling
(TUNEL) (in situ cell death detection kit, AP from Boehringer–
Mannheim), according to the manufacturer�s recommendations. Data
were analyzed by Student�s t test (Microsoft Excel).

Assay for ethanol toxicity in vitro. p53 +/+ and p53 �/� oncogene-
transformed mouse fibroblasts were exposed to 500 mM ethanol in
standard growth medium (DMEM–10% FBS) for 48 h. Cell viability
was determined by flow cytometry after sample staining with propi-
dium iodide (PI).

Western blot analysis for MnSOD. Two micrograms of total protein
lysates was subjected to SDS–polyacrylamide gel electrophoresis
(PAGE) and electrotransferred onto nitrocellulose membrane. After
blocking in 3% non-fat milk membranes were immunoblotted with an
anti-MnSOD rabbit antiserum (Upstate Biotechnology) and immu-
nocomplexes were detected by enhanced chemiluminescence (ECL).
Results and discussion

Exposure of rodents to subacute or chronic ethanol
intoxication has been reported to induce characteristic
pathological changes in the liver, including steatosis,
inflammation, and cellular apoptosis [7,8]. These
changes are largely dependent on the generation of
ROS and are prevented by antioxidants.

In order to investigate the role of p53 in ethanol-in-
duced liver damage and carcinogenesis, we have exposed
wild type and p53 null mice to 3 weeks (subacute) etha-
nol intoxication, and compared them with respect to li-
ver pathology and hepatocyte apoptotic index. Both
mouse strains displayed occasional steatosis with no cor-
relation with the mouse phenotype, and absence of
necrosis and regeneration, likely due to the short dura-
tion of the treatment (Fig. 1). However, hematoxylin/eo-
sin liver sections of four out of four p53 null mice
exposed to ethanol revealed marked and widespread
hallmarks of dysplasia, with nuclear pleomorphism, in-
creased nuclear and cellular size, abundant nucleoli,
and initial disorganization of the trabecular architecture
of the parenchyma (Figs. 1D and E). None of these
changes was observed in wild type mice irrespective of
the treatment, while only one out of five p53 null mice
which had not been fed ethanol was scored positive
for liver dysplasia. These observations suggest that, in
spite of the absence of other alcohol-related pathological
hallmarks, subacute ethanol intoxication induces/accel-
erates the appearance of histological changes reminis-
cent of initial stages of malignant transformation in
the liver of tumor-prone mice lacking p53.

Since p53 prevents tumor formation mainly by induc-
ing apoptosis of mutated or oncogene-deregulated cells
[9], early appearance of alcohol-induced pre-neoplastic
changes in p53 null mice may reflect a defect in p53-de-
pendent apoptosis. TUNEL analysis of liver sections
from wild type (p53 +/+) mice revealed a significant
(p < 0.05) increase in the percentage of apoptotic hepato-
cytes following exposure to ethanol, although with some
variability among the different animals (Fig. 2A). In con-
trast, no apoptosis was induced by ethanol in p53 null
mice, in which also the basal level of cell positivity to TU-
NEL was much lower than in control mice (Fig. 2A, a).

These data clearly involve p53 in cellular apoptosis
induced by hepatocyte exposure to alcohol. The role



Fig. 1. Representative liver sections from control and ethanol-fed mice with and without p53. (A) Wild type control: the liver shows small droplets of
fat in periportal areas. Nuclei are normal. Hematoxylin–eosin. 100·. (B) Wild type + ethanol: moderate fatty changes in periportal areas.
Hematoxylin–eosin. 100·. (C) Normal aspect of the liver from an animal of p53 �/� without ethanol group. Hematoxylin–eosin. 100·. (D) Marked
liver cell dysplasia from a p53 �/� ethanol-fed mouse. Hematoxylin–eosin. 100·. (E) High power view of nuclear dysplasia in a liver section from an
ethanol-fed p53 �/� mouse. 600·.
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of p53 in mediating the cellular toxicity of ethanol was
also confirmed in experiments in vitro, in which mouse
embryonic fibroblasts (MEF) derived from either wild
type or p53-deficient mice were given ethanol
(500 mM, equal to 2.5% v/v) in the culture medium.
As shown in Fig. 2A, b, a significant percentage of dead
(PI permeant) cells was scored after 48 h exposure to
ethanol in the p53 proficient population, but not in
fibroblast cultures from p53-deficient mice. This sug-
gests that the involvement of p53 in cellular damage
by ethanol is a general phenomenon and is not restricted
to liver cells.

Cell up-regulation of the mitochondrial antioxidant
enzyme MnSOD is a reliable indicator of oxidative
stress [10]. In the liver of wild type mice exposed to eth-
anol, the amount of immunoreactive MnSOD was sig-
nificantly increased, as revealed by Western blot
analysis, in comparison to untreated animals. MnSOD
induction conceivably represents a protective response
against ethanol-induced ROS [11]. As previously re-
ported [6], MnSOD levels are constitutively high in
p53 null livers (Fig. 2B), which likely accounts for the
resistance of mutant mice to apoptosis by alcohol. To
this end, it should be noted that MnSOD is confined
in mitochondria, where it prevents the oxidative trigger-
ing of apoptosis, but is unlikely to interfere with the
mutagenic and growth-promoting effect of ROS gener-
ated in the cytosol [12].

Taken together, the above findings indicate that p53-
deficient mice are less sensitive to the hepatotoxic and
apoptogenic effect of a subacute ethanol intoxication,
but significantly more prone to the tumor promoting ef-
fect of the same treatment. This notion is in line with the
current view on the role of p53 in limiting the clonal
expansion of DNA-damage and/or oncogene-trans-
formed cells through the induction of programmed cell
death [13].

It is possible that oxidants generated in response to
ethanol, and here indirectly revealed by the cell up-reg-
ulation of MnSOD, induce DNA damage and cell initi-
ation, thereby activating p53 and triggering p53-
dependent cell death. In the absence of p53 these mu-
tated cells would be allowed to expand, leading to the
initial neoplastic changes observed in p53 �/� animals
exposed to ethanol. Alternatively, oxidants generated
by ethanol may release abnormal mitogenic signals by



Fig. 2. (A) Essential role of p53 in ethanol-induced cell death. (a)
TUNEL analysis of liver sections from control and ethanol-fed mice.
Ethanol-induced apoptosis, observed in wild type mice, is abrogated in
the absence of p53. Wild type control: n = 4 wild type ethanol: n = 5;
p53 �/� control: n = 2; p53 �/� ethanol: n = 4. Data are
means ± SD; p was calculated by a two-tailed Student�s t test. (b)
Ethanol toxicity on oncogene-transformed mouse fibroblasts in vitro.
p53-deficient cells are resistant to the toxic effect of alcohol (500 mM,
2.5% v/v). Numbers are percentages of dead (i.e., PI-positive )cells.
Values are means ± SD of duplicate samples. (B) Liver expression of
MnSOD is induced by ethanol in wild type mice and is constitutive in
p53-deficient animals. Equal amounts of liver homogenate proteins
from two mice for each genotype were loaded on an SDS–PAGE gel.
MnSOD content was determined by anti-MnSOD immunoblotting.
Band densitometry was performed on digital scans with the Quantity 1
Biorad Software. Densitometry values (OD) are indicated. Equal
protein loading throughout the gel was confirmed by reversible
Ponceau S staining.
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interfering with intracellular signal transduction cas-
cades [14], in a fashion which normally activates p53-de-
pendent apoptosis. Finally, since p53 mediates ethanol
toxicity, alcohol abuse may also indirectly promote liver
carcinogenesis by positively selecting pre-existing p53
mutated clones [15]. Notably, all these postulated pro-
carcinogenic effects of ethanol are independent of the
classical cirrhosis/regeneration paradigm, as it is consis-
tent with our finding of early dysplasia in an otherwise
normal tissue.

In conclusion, although further work will be required
to establish whether and to which extent pre-malignant
liver lesions observed in ethanol-fed p53 �/� mice will
progress to full malignancy in time, our finding of defec-
tive apoptosis and early dysplasia in ethanol exposed
p53 null livers establishes a novel and intriguing link be-
tween ethanol consumption, p53 and liver carcinogene-
sis, and may provide further biological explanation to
the frequent finding of p53 mutations in liver cancer.
Acknowledgments

The authors thank Dr. Scott Lowe for providing the
p53wt and p53�/�mouse fibroblast cell lines, andAless-
andro Cocciolo for experimental contribution.
References

[1] A. Tannapfel, C. Wittekind, Genes involved in hepatocellular
carcinoma: deregulation in cell cycling and apoptosis, Virchows
Arch. 440 (2002) 345–355.

[2] S.I. Mufti, Alcohol acts to promote incidence of tumors, Cancer
Detect. Prev. 16 (1992) 157–162.

[3] O.R. Koch, T. Galeotti, G.M. Bartoli, A. Boveris, Alcohol-
induced oxidative stress in rat liver, Xenobiotica 21 (1991) 1077–
1084.

[4] M. Adachi, H. Ishii, Role of mitochondria in alcoholic liver
injury, Free Radic. Biol. Med. 32 (2002) 487–491.

[5] Y. Yin, Y. Terauchi, G.G. Solomon, S. Aizawa, P.N. Rangarajan,
Y. Yazaki, T. Kadowaki, J.C. Barrett, Involvement of p85 in p53-
dependent apoptotic response to oxidative stress, Nature 391
(1998) 707–710.

[6] G. Pani, B. Bedogni, R. Anzevino, R. Colavitti, B. Palazzotti, S.
Borrello, T. Galeotti, Deregulated manganese superoxide dismu-
tase expression and resistance to oxidative injury in p53-deficient
cells, Cancer Res. 60 (2000) 4654–4660.

[7] Z. Zhou, X. Sun, J.C. Lambert, J.T. Saari, Y.J. Kang, Metallo-
thionein-independent zinc protection from alcoholic liver injury,
Am. J. Pathol. 60 (2002) 2267–2274.

[8] T. Uesugi, M. Froh, G.E. Arteel, B.U. Bradford, M.D. Wheeler,
E. Gabele, F. Isayama, R.G. Thurman, Role of lipopolysaccha-
ride-binding protein in early alcohol-induced liver injury in mice,
J. Immunol. 168 (2002) 2963–2969.

[9] S.W. Lowe, A.W. Lin, Apoptosis in cancer, Carcinogenesis 21
(2000) 485–495.

[10] O.R. Koch, M.E. De Leo, S. Borrello, G. Palombini, T. Galeotti,
Ethanol treatment up-regulates the expression of mitochondrial
manganese superoxide dismutase in rat liver, Biochem. Biophys.
Res. Commun. 201 (1994) 1356–1365.

[11] M.D. Wheeler, M. Nakagami, B.U. Bradford, T. Uesugi, R.P.
Mason, H.D. Connor, A. Dikalova, M. Kadiiska, R.G. Thurman,
Overexpression of manganese superoxide dismutase prevents
alcohol-induced liver injury in the rat, J. Biol. Chem. 276 (2001)
36664–36672.

[12] G. Pani, B. Bedogni, R. Colavitti, R. Anzevino, S. Borrello, T.
Galeotti, Cell compartmentalization in redox signaling, IUBMB
Life 52 (2001) 7–16.

[13] A.J. Levine, p53, the cellular gatekeeper for growth and division,
Cell 88 (1997) 323–331.

[14] K. Irani, Y. Xia, J.L. Zweier, S.J. Sollott, C.J. Der, E.R. Fearon,
M. Sundaresan, T. Finkel, P.J. Goldschmidt-Clermont, Mitogenic
signaling mediated by oxidants in Ras-transformed fibroblasts,
Science 275 (1997) 1649–1652.

[15] T.G. Graeber, C. Osmanian, T. Jacks, D.E. Housman, C.J.
Koch, S.W. Lowe, A.J. Giaccia, Hypoxia-mediated selection of
cells with diminished apoptotic potential in solid tumours, Nature
379 (1996) 88–91.


	Abrogation of hepatocyte apoptosis and early appearance of liver dysplasia in ethanol-fed p53-deficient mice
	Materials and methods
	Results and discussion
	Acknowledgments
	References


