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Abstract
Nonalcoholic fatty liver disease (NAFLD) is associated with increased cardiovascular and liver-
related mortality. NAFLD is characterized by both triglyceride and free cholesterol (FC)
accumulation without a corresponding increment in cholesterol esters. The aim of this study was
to evaluate the expression of cholesterol metabolic genes in NAFLD and relate these to disease
phenotype. NAFLD was associated with increased SREBP-2 maturation, HMG CoA reductase
(HMGCR) expression and decreased phosphorylation of HMGCR. Cholesterol synthesis was
increased as measured by the circulating desmosterol:cholesterol ratio. miR-34a, a microRNA
increased in NAFLD, inhibited sirtuin-1 with downstream dephosphorylation of AMP kinase and
HMGCR. Cholesterol ester hydrolase was increased while ACAT-2 remained unchanged. LDL
receptor expression was significantly decreased and similar in NAFLD subjects on or off statins.
HMGCR expression was correlated with FC, histologic severity of NAFLD and LDL-cholesterol.
These data demonstrate dysregulated cholesterol metabolism in NAFLD which may contribute to
disease severity and cardiovascular risks.

Comment
Non-alcoholic fatty liver disease (NAFLD) is characterized by hepatic lipid accumulation in
the absence of significant alcohol consumption. Risk factors for NAFLD mirror those for
cardiovascular disease and include obesity, insulin resistance, hypertension and
dyslipidemia. Within the spectrum of NAFLD, histologic evidence of inflammation and
hepatocyte ballooning defines a subset of patients with non-alcoholic steatohepatitis
(NASH) who are at increased risk for progression of their disease, including the
development of hepatic fibrosis, cirrhosis, liver failure and hepatocellular cancer.
Approximately 20% of adults in the United States are affected by NAFLD (1, 2) and
approximately 3–5% exhibit NASH, with higher rates observed with obesity or other
components of the metabolic syndrome (outlined above) (3). A variety of mechanisms have
been implicated in the development of NAFLD and its progression to NASH but the
molecular, genetic and biochemical pathways remain incompletely understood, despite
considerable efforts towards understanding the role of hepatic fatty acid and triglyceride
metabolism (2). In order to advance understanding of the role of neutral lipid mediators in
the pathogenesis of NAFLD and NASH, renewed attention has been directed to the role of
cholesterol, and more specifically, hepatic free cholesterol (FC) (Figure 1). Comparative
hepatic and serum lipidomic analysis of normal and NAFLD samples revealed increased
hepatic FC and other lipids in NASH (4, 5). Epidemiologic studies have also implicated an
association of dietary cholesterol—but not total fat consumption—with risk of liver cancer-
related death and hospitalization (6). The role of dietary cholesterol has also been
investigated in murine models of NAFLD. For example, a cholate and cholesterol-enriched
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high fat, atherogenic diet promoted both oxidative stress and experimental NASH (7) while
increased hepatic free cholesterol was observed in association with a transition from
NAFLD to NASH in obese, hyperinsulinemic mice (8). Other work, using both genetic and
nutritional models of hepatic steatosis, implicated mitochondrial free cholesterol loading
(but not fatty acids or triglycerides) in sensitizing mice to TNF and Fas induced
steatohepatitis (9). These studies (among others) provide a foundation for exploration of the
role of hepatic cholesterol metabolism in human subjects with NAFLD.

The study of Sanyal and colleagues sought to dissect parameters of cholesterol metabolism
in NAFLD and NASH (10). The study design yielded extensive metadata, incorporating
clinical characteristics, histology, gene expression profiling including mRNA and protein
analysis as well as functional biochemical data. The authors studied four groups of patients:
lean normal, obese normal, NAFLD, and NASH patients. The key findings include
increased expression of HMC CoA reductase (HMGCR) (the rate-limiting enzyme in
cholesterol synthesis) in individuals with NAFLD compared to control and control-obese
subjects. In addition, the findings revealed a significant positive correlation between hepatic
HMGCR and free cholesterol content and, importantly, demonstrated a predictive
relationship between HMGCR and ballooning and NAFLD activity score. There was an
increase in nuclear SREBP-2, which may have accounted for the increased HMGCR
expression. miR-34a, previously shown to be overexpressed in NASH (11), was shown here
to be associated with decreased SIRT-1 expression and decreased phosphorylation (and
increased activity) of HMGCR suggesting that miR-34a overexpression may contribute to
the overall dysregulation of HMGCR activity in NASH patients. The consequences of these
expression changes were functionally supported by an increase in serum
desmosterol:sitosterol ratio, again indicating increased hepatic cholesterol synthesis in
NASH. Dysregulated hepatic expression of genes related to cholesterol catabolism and
efflux were also observed in patients with NAFLD and NASH. Cholesterol ester hydrolase
(nCEH) expression was increased, contributing to the increased free cholesterol. There was
also decreased expression of CYP7A1 and CYP27A protein, raising the question of whether
cholesterol catabolism to bile acid was altered. Finally, there was decreased expression of
two candidate cholesterol efflux genes, ABCG1 and ABCG8 in NAFLD patients but no
change was observed in ABCA1 expression. It is possible that FC conversion to LXR
agonists in NASH patients acted to maintain expression of these cholesterol transporters.

These findings together emphasize the importance of homeostatic regulation of hepatic
cholesterol metabolism in the development and progression of NAFLD and NASH and
suggest important new avenues for further investigation (Figure 1). There is a need for more
detailed biochemical interrogation of the intracellular metabolic pathways that promote
hepatic FC accumulation in the face of decreased LDLR expression in NAFLD patients,
despite the predicted inverse relationship with circulating LDL. In addition, there was
paradoxically no augmentation in LDLR expression in statin-treated versus untreated NASH
patients. These data raise the possibility that patients with NAFLD respond differently to
statin therapy compared with controls, and that impaired augmentation of the LDLR
expression might limit the hypolipidemic effect of statins. These data warrant further study
as individuals with NAFLD suffer elevated cardiovascular complications (12) and benefit
from effective hypolipidemic therapy (13). In addition, the mechanism by which SREBP-2
maturation is promoted in patients with NASH despite increased intracellular cholesterol
remains to be elucidated. The in vitro observation that increased miR-34a expression in
Huh-7 cells increased the active form of HMGCR suggests the possibility of therapeutic
targeting. It is important to note, however, that miR-34a was shown to act as a tumor
suppressor via regulation of SIRT1 and p53 signaling in human colon cancer cells (14). Any
potential miR-34a/SIRT1 directed interventions must carefully weigh broader effects on
cellular signaling pathways. It will also be of interest to understand the importance of
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hepatocyte versus stellate cell cholesterol metabolism, in view of recent findings showing
augmented TLR4 signaling and hepatic fibrosis with stellate cell cholesterol loading (15).
Disruptions in ER stress signaling pathways cause dysregulation of lipid homeostatic
mechanisms in NAFLD (16, 17), but whether this plays a role in dysregulated cholesterol
homeostasis in human NAFLD, and the mechanisms by which disordered hepatic FC may
modulate ER stress pathways, either as a cause or a consequence of altered lipid metabolism
warrant further investigation. Finally, it is worth noting that cholesterol crystals activate the
NLRPI inflammasome in macrophages and induce IL-1β expression (18, 19). Thus it
remains possible that free cholesterol may directly promote cell damage.

The availability of human liver biopsy specimens for molecular genetic, biochemical, and
histologic analysis should allow investigation of some of the above questions, and the
authors are to be commended for developing the resources that allow these studies to occur.
Ultimately, these and other studies may allow improved NAFLD therapy to decrease
morbidity in the large number of individuals at risk for its attendant complications in the
coming years.
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Figure 1.
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