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Abstract

Ethanol is a hepatotoxin. It appears that the liver is the
target of ethanol induced toxicity primarily because it
is the major site of ethanol metabolism. Metabolism
of ethanol results in a number of biochemical changes
that are thought to mediate the toxicity associated
with ethanol abuse. These include the production of
acetaldehyde and reactive oxygen species, as well as
an accumulation of nicotinamide adenine dinucleotide
(NADH). These biochemical changes are associated with
the accumulation of fat and mitochondrial dysfunction in
the liver. If these changes are severe enough they can
themselves cause hepatotoxicity, or they can sensitize
the liver to more severe damage by other hepatotoxins.
Whether liver damage is the result of ethanol metabolism
or some other hepatotoxin, recovery of the liver from
damage requires replacement of cells that have been
destroyed. It is now apparent that ethanol metabolism
not only causes hepatotoxicity but also impairs the
replication of normal hepatocytes. This impairment has
been shown to occur at both the G1/S, and the G2/M
transitions of the cell cycle. These impairments may be
the result of activation of the checkpoint kinases, which
can mediate cell cycle arrest at both of these transitions.
Conversely, because ethanol metabolism results in a
number of biochemical changes, there may be a nhumber
of mechanisms by which ethanol metabolism impairs
cellular replication. It is the goal of this article to review
the mechanisms by which ethanol metabolism mediates
impairment of hepatic replication.
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INTRODUCTION

The association between alcohol consumption and liver
disease has been recognized for centuries. It is now well
established that ethanol is a hepatotoxin. It is thought that
the liver is a target of ethanol-induced toxicity because
the hepatocytes of the liver are the primary ethanol
metabolizing cells in the human body. The metabolism
of ethanol results in many biochemical changes that have
been proposed to contribute to liver disease. Among these
changes are the generation of the reactive intermediate
acetaldehyde, increased generation of reactive oxygen
species, anoxia, changes in mitochondrial functions and
bioenergetics, as well as an increase in the redox-state of
hepatocytes.

There are two major ethanol-metabolizing pathways in
hepatocytes; the first is mediated by the cytosolic enzyme
alcohol dehydrogenase. This enzyme is responsible for the
vast majority of the ethanol metabolism by hepatocytes!!.
The second major pathway is mediated by the membrane
bound enzyme cytochrome P450 2E1. The activity of this
enzyme has been shown to be induced by ethanol and
therefore, it has a greater contribution to the metabolism
of ethanol in cases of chronic ethanol abuse?. Even
though there is a tremendous amount of evidence
indicating that ethanol metabolism is required for many
ethanol-induced dysfunctions, the mechanism(s) by which
ethanol metabolism causes hepatic damage are not entirely
clear. Although the mechanisms of ethanol-induced liver
damage are equivocal, it is obvious that recovery from
ethanol-induced liver injury is dependent on the ability of
cells to replicate, replacing those damaged or killed as a
consequence of ethanol metabolism.

Cellular replication is a process in which a tightly
orchestrated series of sequential events must occur for
successful completion. This series of events is collectively
referred to as the cell cycle. The ultimate goals of the cell
cycle are accurate replication of DNA and cell division.
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The cell cycle can be broadly divided into five stages or
phases. GO is a stage in which cells are metabolically active
but are not actively involved in the replication process
(hepatocytes are normally in this stage). G1 is the initial
stage of the replicative cycle, this is the stage in which
enzymes and substances required for DNA synthesis are
produced. S is the stage where DNA synthesis occurs. G2 is
the stage in which the enzymes and substances required for
mitosis are synthesized or activated. M phase is the stage in
which cells divide and cellular replication is completed.

Tissue repair is a balance between damage and repair.
Tissue damage occurs when injury dominates the ability
of the tissue to replace cells lost to injury. In the case
of ethanol-induced liver damage, it appears that ethanol
metabolism is not only responsible for tissue damage
but also impairs the ability of hepatocytes to respond
normally and replace dead or damaged cells. Whether
cellular injury to the liver has been caused by the effects
of ethanol metabolism or by some other means, recovery
is dependent, at least in part, on the capacity of the liver
to replace cells lost to toxic insult. It is the focus of this
article to review the evidence and potential mechanisms
by which ethanol metabolism impairs the replication
of hepatic cells and initiates or enhances alcoholic liver
disease.

G1 phase inhibition

The liver has a tremendous capacity to replace cells that
are lost or damaged by cytotoxic injury. In fact, if part of
the liver is surgically removed, the remaining portion of
the liver will increase in size to replace the mass of the
original organ. This surgical procedure, performed with
experimental animals has been termed partial hepatectomy
and has become a standard model to investigate
hepatic regeneration. Following partial hepatectomy, a
synchronized wave of cellular replication occurs; thus, this
model of liver damage is extremely amenable to the study
of individual aspects of the cell cycle.

Much of what we have learned about the effects of
cthanol on the cell cycle and hepatic replication has been
derived through the use of the partial hepatectomy model
of liver injury. In carly studies using this model of liver
injury, Wands ¢/ a/”' found that the timing of ethanol
administration after partial hepatectomy was important in
determining the effects of ethanol on hepatic regeneration.
If the animals were administered a single dose of ethanol
4 h before, or up to 8 h after partial hepatectomy, no effect
of ethanol was detected on DNA synthesis 24 h after the
surgical procedure. Conversely, if ethanol was administered
12-16 h after partial hepatectomy, DNA synthesis at 24-h
post surgery was significantly impaired. If the animals
received multiple doses of ethanol 0-8 h afterpartial
hepatectomy, the effects of ethanol were altered and more
sevetre inhibition of DNA synthesis was observed. These
results led the authors to suggest that the inhibitory effects
of ethanol on liver regeneration were cell cycle dependent;
hepatocytes appeared to be most sensitive to the effects
of ethanol early in G1, prior to the initiation of DNA
synthesis. Once DNA synthesis was initiated, hepatocytes
appeared to be relatively resistant to the effects of
ethanol. It has also been shown that chronically feeding
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ethanol to experimental animals impairs the regenerative
capacity of the liverP. This impairment was characterized
by a delay in the peak, as well as a reduction in the
magnitude of DNA synthesis, after partial hepatectomy!*l.

Although these initial 7z vivo investigations established
the fact that ethanol affected the regenerative capacity of
the liver, they did not address the possible mechanisms
involved in this impairment. Higgins and Borenfreund,
using the rat liver tumor cell line 321 A6/2d, showed
that addition of pharmacological concentrations of
ethanol (10-100 mmol/L) for up to three days resulted
in a concentration-dependent reduction in the final
population density of the culture. Additionally, these
authors demonstrated that substitution of acetaldehyde,
the reactive byproduct of ethanol metabolism, for ethanol
in the growth medium reproduced the ethanol-mediated
impairments. This indicated that ethanol metabolism
was responsible for the observed impairments and that
acetaldehyde had a role in this dysfunction. To further
implicate the role of ethanol metabolism, addition of the
alcohol dehydrogenase inhibitor, pyrazole, ameliorated
the ethanol-mediated impairmentsP. Extending these
findings, Higgins and Borenfreund analyzed 3211 AG/2d
cells exposed to ethanol by flow cytometry and found
an increase in the percentage of cells in the G1 phase of
the cell cycle. The authors concluded that the inhibition
of cellular proliferation associated with acute ethanol
exposure in these cells was a result of this accumulation of
cells in the G1 phase of the cell cyclel®.

In the normal liver, the vast majority of hepatocytes are
arrested in the GO phase of the cell cycle. Hepatocytes require
stimulation of hormones and growth factors to traverse G1
and begin cellular replication”. Using isolated rat hepatocytes,
Carter ¢f al*! demonstrated that inclusion of ethanol to
the growth medium dampened the proliferative response
induced by hormonal and growth factor stimulation.
These results indicated that the signals required to induce
completion of G1 are also affected by ethanol.

Ethanol metabolism results in the production of
reactive oxygen species; accumulation of reactive oxygen
species results in oxidative stress!™'”. After partial hepa-
tectomy there is an increase in the expression of TNFa
and a number of mitogensl. Interestingly, TNFol (which
is necessary for induction of hepatocyte DNA synthesis)
and mitogens both cause transient increases of H,O, (a
species of reactive oxygen). Transient increases in reactive
oxygen species induce the expression of three important
mediators of hepatocyte teplication, the mitogen activated
protein kinase (MAPK), extracellular regulated kinases
(ERK) 1 and 2, and cyclin D1. Prolonged exposure to
reactive oxygen species not only induces ERK 1 and 2,
but also induces the cyclin dependent kinase inhibitor p21,
and p38 MAPK, an inhibitor of cyclin D1. The combined
effects of reduced cyclin D1 and expression of p21
efficiently inhibits the proliferation of cells!"!l.

Investigating the effect of chronic ethanol administration
on liver regeneration after partial hepatectomy, Koteish
et al' demonstrated that p38 MAPK and p21 wete
significantly increased in the livers of animals chronically
fed ethanol, compared to controls after partial hepatectomy.
These increases were accompanied by decreased expression
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of cyclin D1, increased expression and activity of the
cyclin dependent kinase inhibitor p27, and an increase in
the activity of the transcriptional activator signal transducer
and activator of transcription-3 (STAT-3). STAT-3 can be
involved in cell cycle progression or growth arrest!™™ and is
capable of inducing the expression of the cyclin-dependent
kinase inhibitors p21 and p27. Normally, cyclin D1 binds
to and sequesters p21, effectively nullifying its inhibitory
affects. When cyclin D1 is deficient, as it is after partial
hepatectomy in ethanol-fed animals, the activity of p21 as a
cyclin-dependent kinase inhibitor is favored and cells can be
arrested at the G1/S transition. Because ethanol metabolism
produces reactive oxygen species in hepatocytes, the authors
suggested that the increased activity of STAT-3, induction
of p21, and cell cycle arrest at the G1 stage of the cell cycle
may be a form of cytoprotection, protecting the cells from
the acute increases in reactive oxygen species resulting from
partial hepatectomy or other oxidative injury!"?.

Fat accumulation and impaired hepatic replication

The first pathologic change that occurs to the liver as a
result of ethanol consumption is the appearance of fat in
the liver, a condition known as steatosis. The accumulation
of fat in the liver was once thought to be benign, but is
now recognized as a factor that can be involved in more
setious liver injury!. It has been proposed that ethanol
sensitizes the liver to a “second hit”, and that this “second
hit” then induces the damage associated with alcoholic liver
disease!”l. In the model proposed above, fat accumulation
in the liver, as a result of ethanol consumption, sensitizes
the liver to additional oxidative injury.

To determine if the accumulation of fat in the liver
was sufficient to sensitize the liver to oxidative damage,
Totbenson es al'! investigated the effects of fatty liver
on liver regeneration after partial hepatectomy. Mice with
mutations in their leptin genes (leptin deficient ob/ob
mice) spontaneously develop fatty livers. Using ob/ob
mice, Totbenson e al' found that liver regeneration was
delayed in the ob/ob mice compared with lean littermates.
The authors also found that the accumulation of the
activated, phosphorylated form of STAT-3 (pSTAT-3)
was increased in the livers of ob/ob mice compated with
lean littermates. Additionally, an inverse correlation between
the nuclear location of pSTAT-3 and DNA synthesis was
observed, as well as decreased percentages of nuclei labeled
with the DNA analog 5-bromo deoxyuridine (BrdU),
increased expression of the cyclin-dependent kinase
inhibitors p21 and p27, and expression of cyclin D19,
These authors also suggested that this cell cycle arrest could
act as a cytoprotective mechanism to protect hepatocytes
from reactive oxygen species.

These results were very reminiscent of those observed
in ethanol-fed animals, and leads one to speculate whether
the induction of fatty liver by ethanol consumption is
a causative agent of cell cycle impairment and aberrant
cellular replication.

Mitochondrial dysfunction
Mitochondrial dysfunction has also been implicated as
a mechanism by which ethanol metabolism mediates

hepatocyte injury. The mitochondria are the sites where
oxidative phosphorylation occurs and ATP is produced.
The process of oxidative phosphorylation inherently
generates the reactive oxygen species, superoxide anion,
and therefore, is a major source for the production of
reactive oxygen species. Interestingly, mitochondrial
dysfunction has also been shown to have a role in impaired
hepatic regeneration.

Mice deficient in the inner mitochondrial anion catrier
uncoupling protein-2 (UCP2), a negative regulator of
superoxide production!"”); show impairment in their hepatic
regenerative response after partial hepatectomy!™. The
characteristics associated with this impairment in liver
regeneration ate reminiscent of those observed in ethanol-
fed and leptin deficient ob/ob animals, and include elevated
levels of reactive oxygen species, as well as increased and
sustained expression of p21 and p38 MAPK.

UCP2 is induced by fatty acids and its expression
is upregulated in the livers of ethanol-fed and ob/ob
animals!"”?. Although one would expect that increased
UCP2 would inhibit reactive oxygen-mediated impairment
of liver regeneration, this does not appear to be the
case!'. It has been suggested that the excess fuel supply
present in the fatty liver promotes increased production of
superoxide to levels beyond the capacity of the increased
UCP2. This results in a net increase in reactive oxygen
production that leads to the reactive oxygen species-
mediated activation of signals, cell cycle inhibition, and
impaired hepatic regeneration!"®l.

G2/M transition
Using cells based on the well-differentiated hepatoblastoma
cell line, Hep G2, that were genetically engineered to
express alcohol dehydrogenase, our group investigated
the effects of ethanol on cellular replication. Initially,
it was shown that culturing these cells, termed VA-13
cells, in the presence of 25 mmol/L ethanol resulted in
a decrease in the accumulation of the number of cells in
the culture, and that this effect could be ameliorated by
inhibiting alcohol dehydrogenase activity?'l. Additionally,
it was shown that inclusion of cyanamide, an inhibitor
of aldehyde dehydrogenase, accentuated this impairment
and that culturing the VA-13 cells in the presence of
isopropanol, had no effect on cell accumulation. Alcohol
dehydrogenase-mediated metabolism of isopropanol
results in the production of acetone, not acetaldehyde.
These results led to the proposal that acetaldehyde was
tesponsible for the impairment in cell accumulation®™.
Further investigation of the mechanisms of this
impairment revealed an increase in the percentage of cells
at the G2/M transition of the cell cycle in cultures of
VA-13 cells maintained in ethanol®. The activity of the
cyclin-dependent kinase, CDK1, is required for mitosis to
occur™. Catalytic activity of CDKI1 is negatively regulated
by phosphorylation at threonine 14 (Thr 14) and tyrosine 15
(Tyr 15) and positively regulated by its interaction with cyclin
B1. It was shown that the inactive phosphorylated form of
CDKI1 was increased by ethanol metabolism. Additionally,
it was shown that there was no impairment in the ability of
CDKI1 to associate with cyclin B1. These findings indicated
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that the G2/M cell cycle arrest was, at least in part, the
result of an increase in the phosphorylated form of CDK1
and decreased activity of this cyclin-dependent kinase, the
activity of which is required for mitosis®.

Recently we have begun studies investigating the
mechanisms by which ethanol metabolism results in
increased phosphorylation of CDK1, and have found that
ethanol metabolism activated the checkpoint kinases Chk1
and Chk2. A number of stages or transitions at which the
cell cycle is delayed or arrested have been described and
have been termed checkpoints®. These checkpoints are
highly conserved evolutionarily. It is generally thought
that the checkpoints have been conserved because of the
importance of repairing damaged or inaccurately replicated
DNA, thereby ensuring genomic integrity.

Cell cycle checkpoints result from the activation of
signal transduction pathways that are mediated by ataxia
telangiectasia mutated (ATM) and ATM-and Rad3-related
(ATR), two closely related, highly conserved kinases with
catalytic domains related to the phosphatidylinositol
3-kinase®!. ATM and ATR are thought to share the
responsibility as the apical protein kinases of all cell
cycle checkpoints with the possible exception of the
mitotic spindle checkpoint™). A variety of stimuli can
initiate activation of the ATM/ATR regulated signal
transduction pathways these include: DNA damage,
delayed or incomplete DNA replication, viral infection,
or oxidative stress®?%. In cells of human origin, ATM
and ATR primarily mediate their actions through two
downstream effector kinases Chk1l and Chk2F". One of
the cell cycle transitions that can be regulated by this signal
transduction cascade is the transition from the G2 to the
M phase of the cell cycle. Although Chkl and Chk2 are
structurally unrelated setine/threonine protein kinases that
are activated through phosphorylation by either ATM ot
ATRP, functionally they exhibit significant ovetlap with
respect to substrate specificity, which appears in some
circumstances to function redundantly.

Chk1 and Chk2 react with a variety of substrates
involved in the G2/M cell cycle arrest. Among the
more important are the phosphatase Cdc25c, and the
tumort suppressor p53¥°!. Cdc25c¢ is a phosphatase that
removes the inhibitory phosphates at Tyr 15 and Thr 14
of CDK1%. Both Chk1 and Chk2 phosphorylate Cdc25¢
at Ser 216. This phosphorylation creates a 14-3-3 protein-
binding site; binding of 14-3-3 to Cdc25c results in Cdc25¢
being sequestered in the cytoplasm, inhibiting its transport
to the nucleus where it is required to dephosphorylate
CDK1™. Using the VA-13 cells we have found that ethanol
metabolism results in activation of both Chkl and Chk2
and an increase in the phosphorylation of Cdc25c at serine
216. This may inhibit the dephosphorylation of CDKI1, and
contribute to the cell cycle arrest at the G2/M transition.

The tumor suppressor p53 is a transcriptional activator
and therefore, binds specific DNA sites and modulates the
transcriptional activity of target genes. The activity of p53
is primarily regulated by post-translational modification.
Chk1 and Chk2, as well as ATM and ATR, phosphorylate
p53. Phosphorylation and acetylation of p53 enhances
p53 activity by increasing its stability, making it a less
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desirable substrate for Mdm2-mediated degradation, and
increasing its affinity to its target sites?*>. Therefore, p53
mediates its actions by modulating the expression of its
downstream targets. Among the cell cycle transcriptional
targets that are up-regulated by p53 are p21 and 14-3-3c%".
Additionally, expression of cyclin B1, the cyclin required
for the G2/M activity of CDKI, is repressed®. We
have shown that the phosphorylation of p53 is increased
in VA-13 cells exposed to ethanol, and that there is an
increase in the expression of the cyclin dependent-kinase
inhibitor p21 indicating that p53 may also be involved in
the ethanol metabolism-mediated G2/M cell cycle arrest.
Thus, multiple p53-dependent and-independent pathways
regulate the G2/M transition.

Cell cycle arrest and liver disease

There is little doubt that ethanol impairs the replication
of hepatocytes by a number of mechanisms, and that
this impairment may have detrimental consequences
not only in terms of inhibiting cellular replication,
but also perhaps by aberrant cellular replication. The
replacement of damaged or injured hepatocytes lost from
the liver parenchyma normally occurs by the replication
of mature hepatocytes”’. The normal replication of
mature hepatocytes can be inhibited by cell cycle delay
or arrest!'™%*4 Under conditions where normal mature
hepatocyte replication is inhibited, the replication of the
bipotential progenitor cells known as oval cells is increased
to compensate for the inhibition of normal hepatocyte
treplication***#). Because oval cells are bipotential and
can differentiate into either hepatocytes or bile ductular
epithelium, it has been proposed that impairment of the
primary pathway of hepatocyte replacement not only
leads to regeneration of hepatocytes but also to increased
proliferation of ductals!*. Importantly, it has been
shown that there is a very strong correlation between the
increased proliferation of bile ducts and liver fibrosis in
patients suffering from alcoholic liver disease*!. This
has led to the suggestion that impairment of mature
hepatocyte replication and increased replication of oval
cells contributes to portal fibrogenesis™*.

CONCLUSION
Alcoholic li i i ral di

It appears that the biochemical changes that occur in the
liver as a result of ethanol are primarily responsible for
the ethanol-induced toxicity to this organ. The liver has
a tremendous capacity to replace cells lost to toxic insult.

mplex multif:

It is clear that the biochemical changes that occur as a
result of ethanol metabolism can affect the replication
of hepatic cells and potentially the recovery of the liver.
The impairment in cellular replication may initiate or
potentate liver damage by impairing the regeneration of
cells lost to ethanol metabolism-mediated toxic injury
or induction of aberrant replicative pathways. Further
investigation of these dysfunctions is required to fully
delineate the role of impaired cellular replication in
alcoholic liver disease.

REFERENCES



Clemens DL Ethanol and impaired cellular replication

4959

1

10

11

12

13

14

15

16

17

18

19

20

21

22

Lieber CS. Biochemical and molecular basis of alcohol-

319: 1639-1650

Lieber CS. Cytochrome P-4502E1: its physiological and
pathological role. Physiol Rev 1997; 77: 517-544

Wands JR, Carter EA, Bucher NL, Isselbacher KJ. Inhibition
of hepatic regeneration in rats by acute and chronic ethanol
intoxication. Gastroenterology 1979; 77: 528-531

Duguay L, Coutu D, Hetu C, Joly JG. Inhibition of liver
regeneration by chronic alcohol administration. Gut 1982; 23: 8-13
Higgins PJ, Borenfreund E. Incubation of rat hepatic tumor
cells with ethanol and acetaldehyde in vitro: effects on growth
rate, albumin secretion and cellular protein content. Digestion
1986; 34: 161-168

Higgins PJ, Borenfreund E. Alterations in growth rate and
cell cycle kinetics of rat liver tumor cells cultured in ethanol-
containing medium. In vitro model of proliferative restriction
in response to ethanol exposure. Biochem Pharmacol 1986; 35:
3857-3862

Fausto N, Campbell JS, Riehle KJ. Liver regeneration.
Hepatology 2006; 43: S45-S53

Carter EA, Wands JR. Ethanol-induced inhibition of liver
cell function: I. Effect of ethanol on hormone stimulated
hepatocyte DNA synthesis and the role of ethanol metabolism.
Alcohol Clin Exp Res 1988; 12: 555-562

Hoek ]JB, Pastorino JG. Ethanol, oxidative stress, and cytokine-
induced liver cell injury. Alcohol 2002; 27: 63-68

Mari M, Macia E, Le Marchand-Brustel Y, Cormont M. Role
of the FYVE finger and the RUN domain for the subcellular
localization of Rabip4. | Biol Chem 2001; 276: 42501-42508
Barnouin K, Dubuisson ML, Child ES, Fernandez de Mattos
S, Glassford J, Medema RH, Mann DJ, Lam EW. H20: induces
a transient multi-phase cell cycle arrest in mouse fibroblasts
through modulating cyclin D and p21Cipl expression. | Biol
Chem 2002; 277: 13761-13770

Koteish A, Yang S, Lin H, Huang ], Diehl AM. Ethanol
induces redox-sensitive cell-cycle inhibitors and inhibits liver
regeneration after partial hepatectomy. Alcohol Clin Exp Res
2002; 26: 1710-1718

Hirano T, Ishihara K, Hibi M. Roles of STAT3 in mediating
the cell growth, differentiation and survival signals relayed
through the IL-6 family of cytokine receptors. Oncogene 2000;
19: 2548-2556

Day CP, James OF. Hepatic steatosis: innocent bystander or
guilty party? Hepatology 1998; 27: 1463-1466

Tsukamoto H, Lu SC. Current concepts in the pathogenesis of
alcoholic liver injury. FASEB ] 2001; 15: 1335-1349

Torbenson M, Yang SQ, Liu HZ, Huang J, Gage W, Diehl AM.
STAT-3 overexpression and p21 up-regulation accompany
impaired regeneration of fatty livers. Am | Pathol 2002; 161:
155-156

Boss O, Hagen T, Lowell BB. Uncoupling proteins 2 and 3:
potential regulators of mitochondrial energy metabolism.
Diabetes 2000; 49: 143-156

Horimoto M, Fiilop P, Derdak Z, Wands JR, Baffy G.
Uncoupling protein-2 deficiency promotes oxidant stress and
delays liver regeneration in mice. Hepatology 2004; 39: 386-392
Rashid A, Wu TC, Huang CC, Chen CH, Lin HZ, Yang SQ,
Lee FY, Diehl AM. Mitochondrial proteins that regulate
apoptosis and necrosis are induced in mouse fatty liver.
Hepatology 1999; 29: 1131-1138

Chavin KD, Yang S, Lin HZ, Chatham ], Chacko VP, Hoek
JB, Walajtys-Rode E, Rashid A, Chen CH, Huang CC, Wu
TC, Lane MD, Diehl AM. Obesity induces expression of
uncoupling protein-2 in hepatocytes and promotes liver ATP
depletion. ] Biol Chem 1999; 274: 5692-5700

Clemens DL, Forman A, Jerrells TR, Sorrell MF, Tuma D]J.
Relationship between acetaldehyde levels and cell survival
in ethanol-metabolizing hepatoma cells. Hepatology 2002; 35:
1196-1204

Clemens DL, Calisto LE, Sorrell MF, Tuma D]J. Ethanol

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

metabolism results in a G2/M cell-cycle arrest in recombinant
Hep G2 cells. Hepatology 2003; 38: 385-393

Nurse P. Universal control mechanism regulating onset of
M-phase. Nature 1990; 344: 503-508

Nurse P. Checkpoint pathways come of age. Cell 1997; 91:
865-867

Abraham RT. Cell cycle checkpoint signaling through the
ATM and ATR kinases. Genes Dev 2001; 15: 2177-2196
Marshall A, Rushbrook S, Davies SE, Morris LS, Scott IS, Vowler
SL, Coleman N, Alexander G. Relation between hepatocyte G1
arrest, impaired hepatic regeneration, and fibrosis in chronic
hepatitis C virus infection. Gastroenterology 2005; 128: 33-42
O'Connell MJ, Walworth NC, Carr AM. The G2-phase DNA-
damage checkpoint. Trends Cell Biol 2000; 10: 296-303

Bartek J, Lukas J. Chkl and Chk2 kinases in checkpoint
control and cancer. Cancer Cell 2003; 3: 421-429

Sanchez Y, Wong C, Thoma RS, Richman R, Wu Z, Piwnica-
Worms H, Elledge S]. Conservation of the Chk1l checkpoint
pathway in mammals: linkage of DNA damage to Cdk
regulation through Cdc25. Science 1997; 277: 1497-1501
Chaturvedi P, Eng WK, Zhu Y, Mattern MR, Mishra R, Hurle
MR, Zhang X, Annan RS, Lu Q, Faucette LF, Scott GF, Li X,
Carr SA, Johnson RK, Winkler JD, Zhou BB. Mammalian Chk2
is a downstream effector of the ATM-dependent DNA damage
checkpoint pathway. Oncogene 1999; 18: 4047-4054

Shieh SY, Ahn ], Tamai K, Taya Y, Prives C. The human
homologs of checkpoint kinases Chkl and Cds1 (Chk2)
phosphorylate p53 at multiple DNA damage-inducible sites.
Genes Dev 2000; 14: 289-300

Peng CY, Graves PR, Thoma RS, Wu Z, Shaw AS, Piwnica-
Worms H. Mitotic and G2 checkpoint control: regulation of
14-3-3 protein binding by phosphorylation of Cdc25C on
serine-216. Science 1997; 277: 1501-1505

Oren M. Regulation of the p53 tumor suppressor protein. |
Biol Chem 1999; 274: 36031-36034

Shieh SY, lkeda M, Taya Y, Prives C. DNA damage-induced
phosphorylation of p53 alleviates inhibition by MDM2. Cell
1997; 91: 325-334

Li M, Luo J, Brooks CL, Gu W. Acetylation of p53 inhibits its
ubiquitination by Mdm?2. | Biol Chem 2002; 277: 50607-50611
Lavin MF, Gueven N. The complexity of p53 stabilization and
activation. Cell Death Differ 2006; 13: 941-950

Levine AJ. p53, the cellular gatekeeper for growth and
division. Cell 1997; 88: 323-331

Taylor WR, Stark GR. Regulation of the G2/M transition by
p53. Oncogene 2001; 20: 1803-1815

Sell S. Heterogeneity and plasticity of hepatocyte lineage cells.
Hepatology 2001; 33: 738-750

Ohlson LC, Koroxenidou L, Hallstrom IP. Inhibition of in vivo rat
liver regeneration by 2-acetylaminofluorene affects the regulation
of cell cycle-related proteins. Hepatology 1998; 27: 691-696

Selzner M, Clavien PA. Failure of regeneration of the steatotic
rat liver: disruption at two different levels in the regeneration
pathway. Hepatology 2000; 31: 35-42

Roskams T, Yang SQ, Koteish A, Durnez A, DeVos R, Huang
X, Achten R, Verslype C, Diehl AM. Oxidative stress and oval
cell accumulation in mice and humans with alcoholic and
nonalcoholic fatty liver disease. Am ] Pathol 2003; 163: 1301-1311
Yang S, Koteish A, Lin H, Huang J, Roskams T, Dawson V,
Diehl AM. Oval cells compensate for damage and replicative
senescence of mature hepatocytes in mice with fatty liver
disease. Hepatology 2004; 39: 403-411

Clouston AD, Powell EE, Walsh MJ, Richardson MM,
Demetris AJ, Jonsson JR. Fibrosis correlates with a ductular
reaction in hepatitis C: roles of impaired replication,
progenitor cells and steatosis. Hepatology 2005; 41: 809-818

Ray MB, Mendenhall CL, French SW, Gartside PS. Bile
duct changes in alcoholic liver disease. The Veterans
Administration Cooperative Study Group. Liver 1993; 13: 36-45

S- Editor Ma N L- Editor Alpini GD E- Editor Li]JL

www.wjgnet.com



