24
25
26
27
28
29
30

51

JPLR 880 No. of Pages 20, Model 5G
11 June 2015

Progress in Lipid Research xxx (2015) XXX-XXX

Contents lists available at ScienceDirect Progress in
Lipid
Research

Progress in Lipid Research

journal homepage: www.elsevier.com/locate/plipres

Strategies, models and biomarkers in experimental non-alcoholic fatty
liver disease research

Tigyi Joost Willebrords ?, Isabel Veloso Alves Pereira ®, Michaél Maes ¢, Sara Crespo Yanguas?,
Isabelle Colle €, Bert Van Den Bossche ¢, Tereza Cristina Da silva”, Claudia Oliveira ¢, Wellington Andraus,
Mathieu Vinken **!

2 Department of In Vitro Toxicology and Dermato-Cosmetology, Faculty of Medicine and Pharmacy, Vrije Universiteit Brussel, Laarbeeklaan 103, 1090 Brussels, Belgium
b Department of Pathology, School of Veterinary Medicine and Animal Science, University of Sdo Paulo, Av. Prof. Dr. Orlando Marques de Paiva, 87, Sdo Paulo, Brazil
“Department of Hepatology and Gastroenterology, Algemeen Stedelijk Ziekenhuis Campus Aalst, Merestraat 80, 9300 Aalst, Belgium

d Department of Abdominal Surgery and Hepato-Pancreatico-Biliary Surgery, Algemeen Stedelijk Ziekenhuis Campus Aalst, Merestraat 80, 9300 Aalst, Belgium

€ Department of Gastroenterology, Clinical Division, Hepatology Branch, University of Sdo Paulo School of Medicine, Av. Dr. Arnaldo, 455, Sdo Paulo, Brazil
fDepartment of Gastroenterology, University of Sdo Paulo School of Medicine, Av. Dr. Arnaldo, 455, Sdo Paulo, Brazil

ARTICLE INFO ABSTRACT

Article history: Non-alcoholic fatty liver disease encompasses a spectrum of liver diseases, including simple steatosis,
Recefved 7 APfl'l 2015 steatohepatitis, liver fibrosis and cirrhosis and hepatocellular carcinoma. Non-alcoholic fatty liver disease
Received in revised form 13 May 2015 is currently the most dominant chronic liver disease in Western countries due to the fact that hepatic
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: . steatosis is associated with insulin resistance, type 2 diabetes mellitus, obesity, metabolic syndrome
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and drug-induced injury. A variety of chemicals, mainly drugs, and diets is known to cause hepatic steato-
sis in humans and rodents. Experimental non-alcoholic fatty liver disease models rely on the application

Keywords: . . . of a diet or the administration of drugs to laboratory animals or the exposure of hepatic cell lines to these
Non-alcoholic fatty liver disease . . . .

Steatosis drugs. More recently, genetically modified rodents or zebrafish have been introduced as non-alcoholic
Models fatty liver disease models. Considerable interest now lies in the discovery and development of novel
Drugs non-invasive biomarkers of non-alcoholic fatty liver disease, with specific focus on hepatic steatosis.
Biomarkers Experimental diagnostic biomarkers of non-alcoholic fatty liver disease, such as (epi)genetic parameters

and ‘-omics’-based read-outs are still in their infancy, but show great promise. In this paper, the array of
tools and models for the study of liver steatosis is discussed. Furthermore, the current state-of-art regard-
ing experimental biomarkers such as epigenetic, genetic, transcriptomic, proteomic and metabonomic
biomarkers will be reviewed.

© 2015 Published by Elsevier Ltd.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) covers a spectrum of
chronic liver diseases, ranging from hepatic steatosis or fatty liver
to non-alcoholic steatohepatitis (NASH), liver fibrosis, liver cirrho-
sis and eventually hepatocellular carcinoma (HCC). It is estimated
that 1 billion people currently suffer from any form of NAFLD [1].
Liver steatosis, marked as the first stage of NAFLD, is closely asso-
ciated with obesity, type 2 diabetes mellitus, insulin resistance (IR)
and drug-induced liver injury [2]. This is substantiated by the fact
that NAFLD is the most dominant chronic liver disease with a
prevalence of 20-30% in Western countries, 30-50% in patients
with type 2 diabetes mellitus and 80-90% in obese adults [3-6].
Steatosis is considered as a benign reversible event, while NASH
has the potential to lead to cirrhosis and HCC. As much as 10-
25% of liver steatosis patients progress to NASH and 2-3% of
NASH patients develop liver cancer [3,7]. Hence, liver steatosis is
of major concern for worldwide health, especially since sedentary
lifestyle, modern Western nutrition, genetic predispositions, a vari-
ety of pharmacological agents and hepatitis B and C infection have
been identified as critical causes of NAFLD [2,3,7-12]. At present,
70,000 Europeans are fatally affected by chronic liver disease every
year [13]. Furthermore, HCC incidence increased tremendously
over the past 25 years [14] and was responsible for the death of
21,670 patients in the United States in 2013 [15]. The economic
burden imposed by chronic liver disease and its causes is consider-
able. Indeed, in the United States, 160-300 billion Dollars are spent
every year on obesity, which constitutes 10% of overall health care
costs [16]. So far, the only curative therapy for acute and chronic
liver failure is liver transplantation, with a cost in Europe of about
100,000 Euro the first year and 10,000 Euro yearly thereafter [17].

Liver steatosis is featured by the accumulation of fat in at least
5% of hepatocytes. These fatty or lipid droplets, typically present in
the cytosol, are composed of aggregated triglycerides (TGs)
engulfed by a phospholipid monolayer [18]. In physiological condi-
tions, these lipids generate energy and serve as a substrate for
membrane synthesis, though in excess, this can lead to hepatocel-
lular damage. Four pathogenic mechanisms are thought to be
responsible for the accumulation of TG-based lipid droplets
(Fig. 1), namely (i) the increased uptake of free fatty acids (FFAs)
from high-fat food or adipocytes in body fat, (ii) the increased syn-
thesis of FFAs in the liver from glucose or acetate by IR, (iii) the
decreased mitochondrial B-oxidation of FFAs caused by a multi-
tude of drugs and (iv) the decreased secretion of TGs in very low
density lipoproteins from the liver [11,19]. The progression from
steatosis to NASH is presented in the so-called “two-hit” hypothe-
sis [20]. TG accumulation by IR, increased fatty acid influx,
decreased fatty acid oxidation and/or decreased TG transport can
be considered as the “first hit”, making the liver more sensitive
to a “second hit”, such as oxidative stress, lipoapoptosis and
increased production of inflammatory cytokines. This can ulti-
mately result in the development of NASH [7,20,21]. Being associ-
ated with obesity and type 2 diabetes mellitus, IR plays a key role
in the origin and maintenance of hepatic steatosis. Increased
peripheral lipolysis and downregulation of tissue glucose uptake
results in an increase of FFAs in hepatocytes and thus creates the
basis for TG production. Together with decreased apolipoprotein
synthesis, TG secretion, in the form of very low density lipopro-
teins, is inhibited. The resulting excess of FFAs induces a rise in
mitochondrial B-oxidation, production of reactive oxygen species
and oxidative stress as well as elevated lipid peroxidation, all
which are hallmarks of the injury observed in the liver of obese
patients suffering from steatosis [22-24]. Additionally, hyperinsu-
linemia and hyperglycemia, both caused by increased insulin
secretion by pancreatic B-cells, trigger the transformation of FFAs

to glucose and inhibit B-oxidation, resulting in the accumulation
of TGs in the cytosol of hepatocytes. Collectively, these triggers
induce the production of proinflammatory cytokines via release
of tumor necrosis factor o, which leads to the development of
NASH [11,25-28]. The development of liver steatosis is also closely
related to the metabolic syndrome. In this respect, liver steatosis
patients show one or more features of the metabolic syndrome,
such as IR, glucose intolerance, obesity, hypertriglyceridemia and
elevated blood pressure [29]. Additionally, pharmacological agents
targeting mitochondria are known to cause oxidative stress or liver
steatosis (Fig. 2).

Histologically, no distinction can be made between alcoholic
fatty liver disease and NASH, since both conditions have an identi-
cal histological pattern. This emphasizes the importance of exclud-
ing significant alcohol intake (i.e. more than 20 g/day) in patients
when diagnosing NASH. The latter is characterized by the presence
of steatosis, mixed inflammatory cell infiltration, hepatocyte bal-
looning, necrosis, glycogen nuclei, Mallory’s bodies and fibrosis
[30]. Two types of steatosis can be recognized, namely macrovesic-
ular steatosis and microvesicular steatosis. Both present the accu-
mulation of TGs in the cytosol of hepatocytes. However, in case of
macrovesicular steatosis, large lipid droplets which displace the
cytoplasmic content and nucleus are observed, while in
microvesicular steatosis small well-circumscribed lipid droplets
that do not displace the nucleus are seen (Fig. 3) [31].

Steatosis is often accompanied by phospholipidosis, implying
the intracellular accumulation of phospholipids. As such, phospho-
lipidosis is a lysosomal storage disorder and is considered as a
reversible side effect [32]. Phospholipidosis will not be further dis-
cussed in this paper. Rather, focus will be put on strategies to
experimentally mimic the pathological features of NAFLD induced
by drugs, diets or dietary ingredients combined with rodents, zeb-
rafish and genetic modified animals as well as with liver-based
in vitro models. The clinical diagnosis of liver steatosis and
NAFLD is based on a number of read-outs, including clinical chem-
istry parameters (e.g. cholesterol and transaminase levels),
histopathological examination of liver biopsies and specific physi-
cal tests (e.g. computed tomography and nuclear magnetic reso-
nance) [33]. These clinical read-outs will not be considered in
this paper. Instead, particular attention will be paid to more exper-
imental diagnostic biomarkers of NAFLD, such as (epi)genetic
parameters and ‘-omics’-based read-outs.

2. Strategies in NAFLD research
2.1. Drug treatment

2.1.1. Valproic acid

With its anticonvulsive activity being discovered in 1963, val-
proic acid (VPA), or its sodium valproate derivative, is currently
the most commonly prescribed anti-epileptic drug worldwide. In
addition to its anticonvulsant properties, VPA is also used for the
treatment of bipolar disorders [34-36], clinical depression [37],
absence seizures [38], tonic—clonic seizures [39], complex partial
seizures [40] and juvenile myoclonic epilepsy [41]. More recently,
VPA has been characterized as a histone deacetylase inhibitor [42]
with therapeutic potential in the cancer field. Although VPA is con-
sidered as a drug with a relatively safe profile, adverse reactions,
such as encephalopathy, hypersensitivity syndrome and terato-
genicity, have been reported in patients receiving VPA [43]. One
of the most alarming side effects is hepatotoxicity, in particular
microvesicular steatosis, caused by impairment of mitochondrial
B-oxidation. Indeed, upon sequestration with coenzyme A (CoA)
to valproyl-CoA in the cytosol of hepatocytes, VPA can enter
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