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Abstract

Non-Alcoholic Fatty Liver Disease (NAFLD) is the growing epidemic which is rapidly increasing in USA.
Elderly people are the most affected population which suffers from NAFLD. The earliest stage of NAFLD,
hepatic steatosis has no evidence of liver injury, but is characterized by an accumulation of triglycerides
in hepatocytes. Hepatic steatosis progresses in age-dependent manner to non-alcoholic steatohepatitis
(NASH) and cirrhosis. Mechanisms of development of age associated NAFLD are not well understood
and approaches to treat this disease are not developed. Recent studies within last three years; however,
provided several lines of evidence showing that although hepatic steatosis strongly correlates with
development of NAFLD, it might be not a cause of next steps of NAFLD: fibrosis and NASH. Moreover, some
reports suggest that hepatic steatosis might play a protective role in development of fibrosis and NASH.
Recent studies of NAFLD in animal models showed that the increase of liver proliferation is the first event in
high-fat diet-induced NAFLD. Consistent with these findings, several studies showed that inhibition of liver
proliferation in animal models of NAFLD inhibits age-associated hepatic steatosis, fibrosis and cancer. This
review summarizes these studies with the focus on relationships of liver proliferation, hepatic steatosis and
fibrosis in NAFLD patients and in animal models of NAFLD. The review also discusses potential molecular
mechanisms by which liver proliferation contributes to development of NAFLD.
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Hepatic Steatosis and Fibrosis in NAFLD

NAFLD is characterized by several stages with different severity of liver disease [1]. Based on
the timing of appearance, it has been postulated that the first stage of NAFLD is hepatic steatosis
that progresses to fibrosis and then to non-alcoholic steatohepatitis (NASH) which is a high risk for
hepatocellular carcinoma (HCC). The first evidence that hepatic steatosis might not be the cause of
fibrosis in NAFLD came from the early report by Dr. Diehl’s group [2]. The authors found that inhibition
of a key enzyme of triglycerides synthesis Diacylglycerol Acyltransferase 2 (DGAT?2) by antisense
oligonucleotide in methionine choline-deficient (MCD) diet-fed mice decreased hepatic steatosis,
but exacerbated liver damage suggesting that the accumulation of triglycerides and development of
steatosis do not cause fibrosis. Given the increase of liver damage in mice with inhibited steatosis,
the authors suggested that steatosis might play a protective role [2]. Recent studies in mice with the
hepatocyte-specific deletion of DGAT2 confirmed that the reduction of steatosis does not reduce
fibrosis [3]. Examination of saturated fat and cholesterol and different steps of NAFLD in DGAT2-
deficient mice, exposed to a diet rich in fructose, showed that the genetic deletion of DGAT?2 reduces
expression of de novo lipogenesis genes and lowered TGs levels; however, this inhibition of steatosis
did not reduce fibrosis [3]. Thus, these reports demonstrated that the progressive liver damage in
NAFLD is not caused by hepatic steatosis. In agreement with these findings, Hayashida and colleagues
showed that the deficiency of an extracellular matrix protein vitronectin is sufficient to inhibit fibrosis
but does not affect development of steatosis in genetically modified mice under conditions of choline-
deficient high fat diet [4]. Additional evidence showing that steatosis is not causal for fibrosis has
been obtained by examination of high fat diet-fed mice with the hepatocyte-specific deletion of an
oncogene Gankyrin (Gank LKO mice) [5]. The authors have shown that high fat diet-fed Gank LKO
mice develop stronger hepatic steatosis than high fat diet-fed WT mice; however, no fibrosis has
been observed in these mice; while age-matched high fat diet-fed WT mice developed fibrosis [5].
Important, high fat diet-fed Gank LKO mice (with high level of hepatic steatosis) appeared much
healthier than age-matched high fat diet-fed WT mice suggesting that hepatic steatosis might have a
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beneficial effect on the health of these mice [5]. In addition to these
recent reports which directly showed that hepatic steatosis does not
cause fibrosis, several early studies did not find correlations of hepatic
steatosis and fibrosis [6,7]. Consistent with the studies in animal
models of NAFLD, a recent human galactose positron emission
tomography study in patients with NAFLD showed that a simple
steatosis does not disturb the functional homogeneity of the liver;
while NASH patients had reduced regional metabolic liver functions
[8]. Taken together, the growing number of studies suggests that
hepatic steatosis alone is not a cause of fibrosis and NASH and that
there should be an additional early event that triggers liver damage.

Hepatic Steatosis and Liver Proliferation in NAFLD

Previously, the increase of liver proliferation in NAFLD patients
and in animal models of NAFLD has been found at late stages of
NAFLD: NASH and HCC. Therefore, until recently, the increase of
liver proliferation was considered as a consequence of hepatic steatosis
and/or fibrosis. However, recent studies found that high fat diet-fed
WT mice have increased liver proliferation at early stages of NAFLD
prior or at the time of appearance of hepatic steatosis [6,7]. The
initial rationale for the studies of liver proliferation in NAFLD was
associated with elevation of a cell proliferation promoter cdk4, which
phosphorylates C/EBPa at Ser193 (Ser190 in human C/EBPa),
leading to subsequent accumulation of C/EBPa-p300 complexes
that activate enzymes of TG synthesis in animal models of NAFLD
and in patients with NAFLD [6,7,9]. Searching for the potential
treatments of NAFLD, Jin and colleagues detected the increased
rate of liver proliferation in WT mice at 3 weeks after initiation
of high fat-diet treatments, while hepatic steatosis was detected at
4-5 weeks [6]. It has been further shown that inhibition of cdk4-C/
EBPo-p300 axis in WT mice by specific inhibitor of cdk4 PD-
033291 inhibited not only production of enzymes of TG synthesis,
but also liver proliferation which leads to inhibition of NAFLD
[7]. Moreover, generation and examination of two mouse models
C/EBPa-S193D and C/EBPa-S193A with reduced and increased
liver proliferation correspondingly showed that liver proliferation
is involved in development of age-associated NAFLD [7,10-12]. In
agreement with these reports, a recent paper from Michalopoulos’s
group has investigated the role of key promoter of liver proliferation
and regeneration, epidermal growth factor receptor (EGFR) in
NAFLD using a pharmacological inhibition strategy. The authors
have found that the inhibition of liver proliferation by inhibiting
EGFR suppresses NAFLD [13]. Another study demonstrated
that the strong promoter of liver proliferation E2F1 is elevated in
animal models of NAFLD and in NAFLD patients and that the
deletion of E2F1 completely abrogates progression of NAFLD in
animal models [14]. Thus, these studies revealed that the increase of
liver proliferation is a significant part of the NAFLD and that the
inhibition of liver proliferation reduces NAFLD. Taking together
data with NAFLD patients, pharmacological inhibition data and
genetic mutations/deletions studies, it becomes apparent that the
increase of liver proliferation should be considered as an essential

driver of NAFLD.

The Role of Oncogene Gankyrin and Tumor
Suppressors in Age-related NAFLD

In addition to the evidence for the role of liver proliferation
in NAFLD, the above-mentioned studies provided mechanistic

knowledge on how key regulators of liver proliferation (oncogenes
and tumor suppressor proteins) are involved in regulation of
NAFLD. The most convincing observations have been collected for
the oncogene Gank which was initially identified as a protein that is
elevated in patients with hepatocellular carcinoma (HCC) [15,16].
In liver cancer, Gank eliminates several tumor suppressor proteins
(TSPs) including p53, Rb, C/EBPq, HNF4o and CUGBP1 [17-19).
Further examinations of Gank expression in NAFLD showed that
Gank is elevated in animal models of NAFLD [6,15,16]. Sakurai
and colleagues examined expression of Gank in liver biopsies from
patients with non-alcoholic steatohepatitis and found an increase
of Gank in these patients [20]. These findings suggested that Gank
is involved in the development of NAFLD. Consistent with these
observations, the generation of a zebrafish model with overexpression
of Gank in the liver showed that Gank causes development of hepatic
steatosis, cholestasis, fibrosis and hepatic tumors [21]. Recently, Cast
and colleagues have evaluated the role of Gank in NAFLD using
mice with liver-specific deletion of Gank, Gank LKO mice [5]. The
authors showed that the high fat diet-mediated increase of Gank
in NAFLD reduces tumor suppressors, which leads to subsequent
development of fibrosis. In this study, the authors also showed that
Gank-mediated degradation of the tumor suppressor CUGBP1
develops age-associated fibrosis and liver tumor (at 17 months of
age); while age-matched WT mice had no fibrosis or liver tumor
[5]. Considering therapeutic approaches for patients with NAFLD,
it is important to note that obeticholic acid, OCA, is successfully
used in ongoing Phase II/IIT clinical trials (called FLINT) [23]. In
this regard, it has been shown that OCA inhibits liver proliferation
via down-regulation of Gank and subsequent stabilization of the
tumor suppressor C/EBPa [22] suggesting that the positive effects
of OCA treatments in FLINT trials might be related to a rescue
of C/EBPo. In support of this suggestion, the studies from Habib’s
group showed that the rescue of C/EBPa (target of Gank) by a short
activating RNA reversed changes associated with hepatosteatosis in
MCD-induced NASH [24]. Taken together, these studies showed an
essential role of Gank-TSPs axis in development of NAFLD.

Conclusions and Future Molecular and Clinical Studies

As demonstrated in this review, liver proliferation and Gank-
TSPs axis are essential drivers of NAFLD including age-associated
steatosis and fibrosis [5]. At this stage, precise mechanisms by which
liver proliferation causes fibrosis remain unknown. Since the cellular
origin of fibrosis are hepatic stellate cells, the main mechanistic
question is if Gank-TSPs pathway is activated in hepatic stellate cells
or if it is activated in hepatocytes and causes a secretion of systemic
factors which activate hepatic stellate cells. Regardless of the exact
mechanisms, the inhibition of liver proliferation appears to be a
promising direction in development of therapeutic approaches for
treatments of patients with NAFLD. It is important to note that
studies in animal models revealed that the inhibition of proliferation
by inhibitors of cdk4 not only reduces NAFLD, but also corrects
other age-associated liver disorders [7] suggesting that the therapeutic
approaches, based on the inhibition of liver-proliferation, might be
beneficial for elderly people. Interestingly, the ongoing FLINT trial
phase IIT with NAFLD patients uses OCA which is an activator
of FXR and the inhibitor of Gank [22]. Two reports from FLINT
trial showed that OCA inhibits fibrosis in NAFLD patients [23,25]
likely via the OCA-FXR-Gank-TSPs mediated inhibition of liver

proliferation.
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