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Abstract: Obesity is recognised as a risk factor for many types of cancers, in particular hepatocellular
carcinoma (HCC). A critical factor in the development of HCC from non-alcoholic fatty liver disease
(NAFLD) is the presence of non-alcoholic steatohepatitis (NASH). Therapies aimed at NASH to reduce
the risk of HCC are sparse and largely unsuccessful. Lifestyle modifications such as diet and regular
exercise have poor adherence. Moreover, current pharmacological treatments such as pioglitazone
and vitamin E have limited effects on fibrosis, a key risk factor in HCC progression. As NAFLD is
becoming more prevalent in developed countries due to rising rates of obesity, a need for directed
treatment is imperative. Numerous novel therapies including PPAR agonists, anti-fibrotic therapies
and agents targeting inflammation, oxidative stress and the gut-liver axis are currently in development,
with the aim of targeting key processes in the progression of NASH and HCC. Here, we critically
evaluate literature on the aetiology of NAFLD-related HCC, and explore the potential treatment
options for NASH and HCC.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) encompasses a spectrum of histological liver
abnormalities ranging from bland steatosis to liver cirrhosis, which could lead to the development
of hepatocellular carcinoma (HCC) [1]. Bland steatosis, defined by the excessive accumulation of
hepatic triglycerides, does not lead to liver damage itself, but lays the foundation for the development
of the more aggressive non-alcoholic steatohepatitis (NASH). This disease spectrum has led to the
formulation of the double- or multiple-hit hypothesis; where steatosis must be accompanied by at
least one other factor such as inflammation, oxidative stress, or endoplasmic reticulum (ER) stress to
trigger a necro-inflammatory response catalysing the progression from NAFLD towards NASH [2].
How NASH then evolves to HCC is completely unclear, and mechanistic data obtained from animal
models has not translated to human disease [3]. Elucidating these factors catalysing NASH to HCC
progression is crucial as HCC is one of the most lethal and fastest rising cancers worldwide [4].

An estimated 25% of the global population suffers from NAFLD, with around 15% of those
exhibiting signs of NASH. The prevalence of NAFLD is closely linked to obesity and metabolic disease,
and is hence widespread in Western countries [4,5]. Nevertheless, evidence is emerging for the
presence of NAFLD in lean individuals. The mechanisms underlying NALFD development in the
absence of obesity are not well-understood but may include metabolic, genetic and environmental
factors [6]. By definition the prevalence of NAFLD excludes individuals consuming alcohol in excess
of 20–30 g·day−1. This does not, however, equate to a total abstention from alcohol [7]. On the contrary,
a significant fraction of NAFLD patients are moderate to heavy alcohol consumers. Furthermore,
research has suggested binge drinking to serve as a second-hit, besides steatosis, in the development
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of NAFLD [8]. Therefore, it is challenging to tease out the intricate differences between NAFLD and
AFLD. The direct clinical and added indirect annual social costs associated with NAFLD are enormous,
and estimated, in the U.S. alone, at USD 103 and USD 292 billion, respectively [9]. This highlights the
urgent need to develop effective NAFLD screening tools and therapies.

Early NAFLD diagnosis is crucial to manage disease progression and assure patients can benefit
from the latest most effective therapies. To date, the gold standard to confirm NAFLD presence
is with a liver biopsy. Based on the biopsy, a NAFLD activity score (NAS) is calculated and
considers four important histological features, i.e., steatosis (0–3), hepatocellular ballooning (0–2),
lobular inflammation (0–3) and fibrosis stage (0–4). Each feature is given a score with the total sum of
individual scores indicating the likeliness of NASH (NAS ≥ 5) [10]. However, the invasive and costly
nature of the liver biopsy procedure has prompted its selected use for high-risk patients only [11].
Furthermore, concerns have been raised regarding the obtainment of non-representative biopsy
samples as histological lesions of NASH are unevenly distributed throughout the liver parenchyma [12].
This has prompted the development of non-invasive imaging techniques, or discovery of circulatory
biomarkers of liver damage to determine the degree of liver fibrosis [11].

The widespread prevalence of NAFLD with its comorbidities emphasises the urgent need for
effective treatments. A better understanding of the mechanisms underpinning NAFLD is essential
for the discovery of novel treatments. Furthermore, pinpointing cost effective, easy-to-assess and
reliable biomarkers of NAFLD development would allow us to treat patients before irreversible liver
damage has occurred. To date, several promising therapeutic targets have been unveiled using animal
models of NAFLD and NASH [3]. However, when pharmacological agents are put to the test in human
clinical NAFLD trials, results mostly do not live up to the expectation. Furthermore, the heterogeneous
nature of NAFLD makes it challenging to find the “holy grail” of treatments. Here, we provide a broad
overview of present and future therapies aimed at attenuating, or even reversing, NAFLD progression.

2. Treatments

The rapidly growing number of individuals being diagnosed with NAFLD and the associated burden
on national health care costs has led to an increased focus on developing novel therapies to prevent, treat,
or cure the disease [9]. Whilst NAFLD is a liver-specific condition, both intra- and extra-hepatic factors play
a role in its development and can, hence, be targeted for treatment purposes [13]. To date, most NAFLD
therapies are aimed at ameliorating one pathophysiological risk factor. However, the extremely complex
nature of NAFLD, where no one clearly identifiable agent underlies the disease, makes it near impossible to
resolve the condition by targeting one risk factor. Consequently, most treatments will indirectly influence a
multitude of underlying mechanisms. Here, we review past, current and pipeline treatments according to
their mode of action. First, treatments targeted at the main characteristics driving NAFLD progression are
discussed (steatosis, inflammation and fibrosis), followed by treatments aimed at the gut microbiome in
order to ameliorate the gut-liver interaction. It is important to note that the NAFLD treatment landscape is
far from static with novel pharmacological agents being developed continuously to meet global demand.
The below summary is, therefore, only a snapshot in time. Figure 1 provides a graphical overview of
treatments impacting NAFLD.
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Inactivity and excessive food and alcohol intake are the main factors contributing to hepatic 
steatosis [19,20]. It is, therefore, unsurprising that calorie restriction and/or exercise are the most 
effective preventative treatments to date. Indeed, restricting calorie intake decreases lipid substrate 
delivery, whilst increasing physical activity mobilizes fatty acids out of the liver. These two 
mechanisms combined will, ultimately, reduce steatosis [21,22]. In this regard, an overall weight loss 
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adherence to, these life-style changes is challenging and not all patients are up to the commitment 
[26]. The observation of patients regaining weight after initial weight loss is, therefore, not 
uncommon, and is biologically hardwired via the hyperstimulation of the dopaminergic reward 
centres in the hypothalamus that drive increased hunger over satiety signalling, and the associated 
increase in feeding behaviour seen in obesity [27]. However, it is important to emphasise the lasting 
benefits of weight loss on liver steatosis and insulin sensitivity even when weight has been regained 
[28]. While weight loss is important as a lifestyle treatment intervention, regular aerobic exercise 
alone can be effective in treating not only NASH [29], but also ASH, at least in studies of preclinical 
models [30]. 

Figure 1. Schematic representation of the progression towards hepatocellular carcinoma and potential
treatments to attenuate disease progression.

2.1. Hallmark Characteristics Driving NAFLD

2.1.1. Steatosis

Steatosis, the first hallmark characteristic of NAFLD, is ultimately the consequence of an imbalance
in hepatic lipid turnover where synthesis rates chronically exceed breakdown rates [14]. Two major
mechanisms contribute to elevated synthesis rates: specifically, (i) increased hepatic fatty acid delivery
due to an increase in adipose triglyceride lipolysis—a process strongly dictated by insulin signalling [15];
and (ii) de novo lipogenesis (DNL)—a process where glucose and fructose are enzymatically converted
by acetyl-CoA carboxylase (ACC) into lipids [16]. Lipid breakdown rates are predominantly dictated by
mitochondrial lipid oxidation and VLDL secretion and export [15,17,18]. Treatments tackling steatosis
are, hence, aimed at either reducing lipid accumulation or increasing fatty acid removal.

Inactivity and excessive food and alcohol intake are the main factors contributing to hepatic
steatosis [19,20]. It is, therefore, unsurprising that calorie restriction and/or exercise are the most
effective preventative treatments to date. Indeed, restricting calorie intake decreases lipid substrate
delivery, whilst increasing physical activity mobilizes fatty acids out of the liver. These two mechanisms
combined will, ultimately, reduce steatosis [21,22]. In this regard, an overall weight loss of 5% has
repeatedly been shown to reduce steatosis and improve NAFLD [23], whilst a weight loss of 10% will
likely lead to NASH resolution and an improvement of at least 1 stage in fibrosis score [24]. Interestingly,
substituting a high-fructose Western diet with a typical Mediterranean diet can improve NAFLD in
the absence of weight reduction [25]. Long-term implementation of, and adherence to, these life-style
changes is challenging and not all patients are up to the commitment [26]. The observation of patients
regaining weight after initial weight loss is, therefore, not uncommon, and is biologically hardwired
via the hyperstimulation of the dopaminergic reward centres in the hypothalamus that drive increased
hunger over satiety signalling, and the associated increase in feeding behaviour seen in obesity [27].
However, it is important to emphasise the lasting benefits of weight loss on liver steatosis and insulin
sensitivity even when weight has been regained [28]. While weight loss is important as a lifestyle
treatment intervention, regular aerobic exercise alone can be effective in treating not only NASH [29],
but also ASH, at least in studies of preclinical models [30].
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The difficulty in maintaining adequate weight loss and physical activity has spurred the
development of pharmacological treatments inhibiting fatty acid accumulation in the liver. The majority
of these pharmacological agents do so by improving insulin sensitivity and glycaemic control or by
decreasing DNL. Peroxisome proliferator-activator receptors (PPARs) are nuclear receptors ubiquitously
expressed in liver, heart, adipose tissue, and skeletal muscle and consist of three distinct receptors: α,
δ and γ. All three family members play an important role in lipid metabolism and energy homeostasis.
In this regard, PPARα agonists, such as fibrates, induce the expression of genes involved in fatty
acid β-oxidation and insulin sensitization whilst downregulating nuclear factor-κB (NF-κB) [31].
PPARδ agonists reduce fatty acid uptake and alter glucose homeostasis [32]. Finally, PPARγ agonists
improve insulin sensitivity and lower blood glucose [33]. These distinct characteristics render PPAR
agonists prime candidates to reduce steatosis in order to ameliorate NAFLD progression.

PPARα Agonists

Two decades ago, gemfibrozil was one of the first PPARα agonists used to treat NASH patients.
Gemfibrozil lowered aspartate (AST) and alanine aminotransferases (ALT), reduced peripheral fatty
acid mobilization, and induced hepatic lipid clearance [34]. Since then, several fibrates have been
developed primarily to treat dyslipidaemia, but have been adopted to ameliorate steatosis. In this
regard, fenofibrate was evaluated in a 48-week trial in patients with biopsy proven NAFLD [35].
Whilst improving metabolic syndrome-related parameters, fenofibrate did not affect liver histology.
Clofibrate, another PPARα agonist, was evaluated as a potential treatment for NASH patients, but was
unable to improve ALT, AST, steatosis, inflammation, and fibrosis [36]. More recently, the effects
of omega-3 poly-unsaturated fatty acids (n-3 PUFA) in NASH patients have been investigated.
Omega-3 PUFA induce PPARα activation, leading to increased mitochondrial fatty acid oxidation
and inhibition of sterol regulatory element-binding protein 1 (SREB-1C); a key transcription factor
upregulating the expression of enzymes catalysing DNL [37]. The efficacy of n-3 PUFA to treat NAFLD
was evaluated in the Welcome study [38]. Here, patients with NAFLD were treated for 15–18 months
with either a placebo or Omacor, a purified n-3 PUFA supplement containing docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA). Results did not reveal any improvements in fibrosis score,
but did show a linear decrease in liver fat percentage. Further evaluation of Omacor’s effectiveness
to treat NASH has been undertaken in a phase 3 clinical trial. However, results are yet to be
disclosed (NCT01277237).

PPARδ Agonists

The second isoform of the PPAR family, PPARδ, is highly expressed in hepatocytes, Kupffer cells
and hepatic stellate cells, suggesting it has an additive function in fibrosis and inflammation besides
its role in steatosis [39]. Activation through its agonist GW501516 reduced serum triglycerides
and prevented a decrease in HDL-c and apoA-1 levels in sedentary individuals [40]. However,
safety concerns associated with GW501516 led to the search for novel PPARδ agonists. As a result,
Seladelpar (MBX-8025) was developed and shown to be capable of improving serum lipid profiles
and reducing liver enzyme levels in dyslipidemic patients [41]. Furthermore, in diabetic obese mice,
seladelpar improved insulin sensitivity and decreased hepatic lipotoxicity [42]. Nevertheless, a phase
2 clinical trial in NASH patients evaluating seladelpar had to be suspended due to unexpected
histological findings (NCT03551522). So far, no PPARδ agonists are in clinical use. However, the search
for highly specific agonists is ongoing and could yield promising results [43].

PPARγ Agonists

The PPARγ ligands, typically referred to as thiazolidinediones (TZDs), are designed to reduce
hepatic steatosis by sensitizing the liver to insulin. Mainly used to treat diabetes, recent interest has
surged in their ability to reduce steatosis and attenuate NAFLD [44]. However, caution is warranted as
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increases in body mass due to water retention and congestive heart failure are reported side-effects of
TZDs use [45].

The ability of pioglitazone, a commonly used PPARγ agonist, to resolve NASH has been evaluated
alongside vitamin E in the PIVENS phase 3 trial [46]. A total of 247 patients were included and
randomly assigned to either receive 30 mg Pioglitazone daily, 800 IU Vit E daily, or a matching placebo
for 96 weeks. Results revealed a reduction in steatosis and lobular inflammation with pioglitazone and
vitamin E use, but no change in fibrosis [46]. When long-term pioglitazone treatment was combined
with a daily 500 kcal dietary deficit, NASH resolution was achieved in 51% of prediabetic and diabetic
patients [47]. Nevertheless, the negative side-effects associated with TZD use have spurred the
development of novel PPARγ agonists such as lobeglitazone. A 24-week lobeglitazone treatment
intervention improved glycaemic, liver and lipid profiles in type 2 diabetes (T2D) patients with NAFLD,
and was accompanied by a more modest weight gain as opposed to pioglitazone [48]. Further clinical
trials are warranted to assess lobeglitazone’s effectiveness in treating NASH.

Dual PPAR Agonists

Considering the potential ability of individual PPAR ligands to slow NAFLD progression,
combining multiple receptor agonists may provide better disease management. Ligands activating
both PPARα and δ have shown promising results so far. Elafibranor (GFT505), a dual PPARα/δ agonist,
has shown efficacy in rodent models of NAFLD and fibrosis [49]. When evaluated in a phase 2a
clinical trial, elafibranor improved plasma lipids, hepatic insulin resistance, glucose homeostasis
and reduced liver inflammation in pre- and diabetic patients [50,51]. These favourable results
instigated the evaluation of elafibranor’s safety and efficacy in patients with NASH [52]. Accordingly,
daily administration of 120 mg for one year was well tolerated and did not induce weight gain or
cardiac events in NASH patients without cirrhosis. Although, results failed to show a significant
difference between the 120 mg daily elafibranor and placebo group in the intention-to-treat analysis,
NASH was resolved to a higher extent in the treatment compared with placebo group (19% vs. 12%,
respectively) [52]. Recently, elafibranor failed to improve NASH resolution (primary outcome) and
fibrosis (secondary outcome) in NASH patients over a placebo treatment in the RESOLVE-IT phase 3
clinical trial (NCT02704403).

In addition to α/δ receptor ligands, the efficacy of α/γ ligands has been evaluated to treat
NAFLD. Saroglitazar, a dual PPARα/γ agonist, was successfully tested in a NASH mouse model [53].
When administered in a dose-dependent fashion, analyses revealed that full PPARα activation
coincided with only partial PPARγ activation. Due to this unique property, saroglitazar was able to
negate the PPARγ-associated side effects whilst still showing lipid-lowering and insulin sensitizing
effects [31]. Currently, a phase 2 clinical trial is evaluating the efficacy of saroglitazar in NASH patients
(NCT03863574), but the results of this clinical trial are not yet available.

PPAR-pan Agonists

The ubiquitous activation of all three PPARs is achieved by PPAR-pan agonists and aims to target a
larger array of mechanisms underpinning NAFLD as opposed to single or dual PPAR agonists. This led
to the discovery of the PPARpan activator IVA337 (lanifibranor), a moderately active and well-balanced
PPARpan agonist with great potential for NAFLD treatment [54]. When tested in several rodent
models of NASH, the new-generation PPARpan agonist IVA337 had preventative effects on fibrosis
and decreased inflammation, steatosis and ballooning [55]. Lanifibranor as a treatment for NASH is
under investigation in the NATIVE phase 2b clinical trial and has recently received FDA fast-track
approval (NCT03459079). Nevertheless, several safety concerns, such as carcinogenesis, have been
raised when previous PPARpan agonists have been evaluated. This has led to the discontinuation
of GW677964, DRL-11605, GW25019 and netoglitazone [56–58]. Despite the attractive features that
PPARpan agonists exhibit, more clinical trials are needed to establish their safety and effectiveness in
patient populations.



Cancers 2020, 12, 1714 6 of 22

Non-PPAR Treatments

Apart from PPAR agonists, other pharmacological agents are capable of altering substrate delivery
and utilisation in order to prevent NAFLD progression. A potent regulator of substrate utilization
is insulin, and as NAFLD is closely linked to insulin resistance, the ability of direct oral insulin
administration to attenuate hepatic steatosis is currently under investigation in a phase 2 pilot
study (NCT02653300).

Incretin hormones, such as glucagon-like peptide 1 (GLP1), improve hyperglycaemia via insulin
secretion when glucose is orally consumed [59]. As such, the pharmacological GLP1 agonist, liraglutide,
was produced using recombinant DNA technology and has a 97% common amino acid sequence
homology to endogenously produced human GLP1 [60]. Daily subcutaneous injection of liraglutide for
24 weeks in glucose intolerant NASH patients significantly improved liver function and histological
features [61]. Similar results were found for the GLP1 agonist semaglitude, which reduced circulatory
levels of ALT and high-sensitivity C-reactive protein in subjects at risk for NAFLD [62]. The effectiveness
of liraglutide and semaglutide are currently being examined in phase 2 clinical trials (NCT01237119
and NCT03987451).

A different, but promising, strategy to counteract NAFLD targets stearoyl coenzyme A desaturase
1 (SCD1) activity. SCD1 inhibition decreases fatty acid synthesis and increases β-oxidation, leading to
decreased levels of obesity, fatty liver and insulin resistance [63]. In this regard, aramchol, a synthetic
lipid obtained by conjugating cholic acid and arachidic acid through a stable amide bond, has been
shown to inhibit SCD1 activity in vitro [64]. Aramchol administration exerted antifibrotic effects
in mice fed a methione choline deficient diet [65], and decreased liver fat content by 12.5% over a
3-month treatment period in patients with NAFLD (contrary to a 6.4% increase in the placebo control
treatment) [66]. Aramchol is currently being investigated in a phase 3/4 clinical trial (NCT04104321).

An additional pathway through which NAFLD can be attenuated is by inhibiting the sodium-glucose
co-transporter 2 (SGLT2). Originally designed to treat diabetes, SGLT2 inhibitors increase urinary glucose
excretion in order to reduce hyperglycaemia in an insulin-independent fashion [67]. Several SGLT2 inhibitors,
including empagliflozin [68], ipragliflozin [69], canagliflozin [70], and luseogliflozin [71], improved steatosis
and NASH development in rodent models of NAFLD. Translation of these findings in human clinical trials
has yielded positive results. As such, dapagliflozin improved liver steatosis in NAFLD patients with T2D
and improved fibrosis in those with significant liver fibrosis. However, dapagliflozin treatment resulted
in weight loss and reductions in visceral adipose tissue, potentially obscuring its effects on steatosis and
fibrosis [72]. Dapagliflozin has since been evaluated in the EFFECT-II study, a phase 2 clinical trial, where it
reduced all measured biomarkers of hepatocyte injury [73]. A phase 3 clinical trial is currently being
conducted to look at dapagliflozin’s efficacy and action in patients with NASH (NCT03723252).

Recently, work from our own group evaluated the efficacy of activation of a chimeric protein
IC7Fc for the treatment of NAFLD, insulin resistance and T2D in preclinical models and in non-human
primates. IC7Fc activates the IL-6 signalling cascade, but in a completely unique manner and leads to
weight loss, decreased food intake, and an increased incretin response [74]. Moreover, the peptide was
shown to have efficacy and safety in non-human primates. Human clinical trials with ICFc or next
generation molecules are planned.

2.1.2. Inflammation

Inflammation is the second hallmark characteristic fuelling the progression from bland steatosis to
NASH [3]. Reducing inflammation is pivotal as sustained inflammation drives fibrosis, ultimately leading
to liver cirrhosis [1]. A myriad of intra- and extra-hepatic factors can trigger inflammation including
hepatocellular stress, oxidative stress, and dietary and lifestyle behaviours [17,75]. Therefore,
therapeutics that lower the inflammasome will attenuate NAFLD progression.

Most treatments that improve NAFLD directly target one of several underlying mechanisms.
Nevertheless, concomitant clinical improvements of other mechanisms are often observed as a result.
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As such, PPAR agonists and Farnesoid X receptor (FXR) ligands directly reduce steatosis and fibrosis,
respectively, but will also affect inflammation indirectly [32,76].

Pentoxifylline, a methylxanthine drug, has been shown to inhibit TNF, a key player in the
inflammatory response [77]. This specific trait renders pentoxifylline an appealing anti-NASH
drug candidate. When put to the test in a phase 2 clinical trial, pentoxifylline improved steatosis,
lobular inflammation and, although not significant, fibrosis in patients with NASH. No effect
on hepatocellular ballooning was observed [78]. Nevertheless, pentoxifylline failed to meet the
hypothesised proof of concept as circulatory levels of TNF remained unchanged. In a separate
phase 2 trial, a 12-month pentoxifylline intervention did not improve ALT levels (NCT00267670).
However, improvements in hepatic histological activity were observed when an identical dose of
pentoxifylline was accompanied by lifestyle changes [79]. Results concerning pentoxifylline seem
promising, but cannot be overinterpreted, as blinded randomized controlled phase 3 trials are yet to
be conducted [80].

The role of vitamin D, and especially the biologically active 1,25-dihydroxyvitamin D, is key
to several aspects of human metabolism [81]. Deficiencies are associated with the development
of T2D [82], obesity [83] and the metabolic syndrome [84]. More recently, vitamin D deficiency
has been shown to play a role in inflammation, oxidative stress, toll-like receptor activation and
NAFLD [85]. Indeed, vitamin D deficiency is associated with an increased risk for NASH development
in NAFLD individuals through activation of the mitogen-activated protein kinase (MAPK) and NF-κB
pathways [86]. Vitamin D supplementation is, hence, an attractive treatment for NAFLD and its
progression towards NASH. In a phase 2 clinical trial, 2100 IU of vitamin D for 48 weeks improved serum
ALT levels and histology-proven NASH in hypovitaminosis-D patients with NASH [87]. The frequent
manifestation of vitamin D deficiency in NAFLD patient groups necessitates prospective longitudinal
studies to determine optimal dosing strategies [88].

More recently, a role for the medium chain free fatty acid receptor G protein-coupled receptor 84
(GPR84) has been proposed in the development of NAFLD. GPR84 is induced in immune cells
under inflammatory conditions promoting phagocytosis and activation of murine and human
macrophages [89]. In livers of NAFLD patients GPR84 expression was found to be increased,
whilst pharmacological inhibition of GPR84 reduced inflammation and fibrosis in three different NASH
mouse models [90]. GPR84 could, hence, be a promising novel therapeutic target to ameliorate NAFLD.

Finally, the gut microbiome is pivotal to overall health and, in particular, to metabolism and
immunity [91]. Antibiotics that target the gut-liver axis might, hence, decrease hepatocellular
inflammation by inducing favourable effects on the gut microbiome and are discussed below [92].

Attenuating inflammation is key for successful NAFLD treatment. Whilst significant strides
towards successful anti-inflammatory therapies have been made, confirmation in randomized controlled
clinical trials is needed.

2.1.3. Fibrosis

Patients diagnosed with NAFLD can develop NASH with or without fibrosis. Previously, fibrosis stage
was included in the definition of NASH but has more recently been omitted. As fibrosis severity (or stage),
rather than NASH, is predictive of mortality, it is uncertain whether NASH itself is associated with
adverse outcomes [93,94]. Reducing fibrosis should, therefore, be a main objective of NASH-related
therapeutics. Fibrogenesis is induced by the signalling of activated macrophages and injured hepatocytes to
hepatic stellate cells, which, in turn, will develop into myofibroblasts and initiate the production of matrix
proteins [95]. It is this excessive extracellular matrix production, which is not adequately broken down,
that leads to the accumulation of hepatic fibrosis. The pathways promoting fibrogenesis are increasingly
being unravelled, paving the way for the discovery of novel pharmacological agents.

One mechanism by which fibrosis can be attenuated, is through activation of the nuclear Farnesoid
X receptor (FXR). Natural FXR activation occurs via bile acids. Once synthesised in the liver, bile acids
are metabolised in the gut by bacteria and sensed by FXR residing in epithelial cells. FXR will then signal
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back to the liver via fibroblast growth factor 19 (FGF19) or its rodent homolog FGF15 [96]. The potent
FXR activator, obeticholic acid (OCA), reduced fibrosis in mouse models of NASH [97,98]. In a human
phase 2B trial, daily consumption of 25 mg OCA improved histological features of NASH. However,
23% of patients developed pruritus and increased VLDL due to OCA consumption [99]. To establish
whether a lower OCA dose would reduce pruritus occurrence whilst still improving histological
features of NASH, the REGENERATE trial investigated the effectiveness of a 10 and 25 mg daily OCA
dose. The fibrosis improvement endpoint was achieved by 18% (p = 0.045) in the OCA 10 mg group
and by 23 % in the OCA 25 mg group (p = 0.0002). Pruritus occurrence was 28 and 55% in the 10 and
25 mg OCA group, respectively [100]. Whilst the long-term effects of OCA consumption on health are
still up for debate, the drug has the ability to ameliorate NASH. Accordingly, on 6 March 2020 the FDA
granted breakthrough therapy designation to Intercept Pharmaceutical’s for OCA as a therapy to treat
NASH with liver fibrosis. Recently, Intercept Pharmaceutical has developed INT-787, which appears
to be a more specific FXR agonist than OCA, and is being evaluated in preclinical studies.

Lower circulatory FGF19 concentrations, potentially linked to a dysregulated FXR signalling,
are often observed in patients with NASH and contribute towards disease progression [101].
Rodent studies have explored the therapeutic potential of FGF19, but these have been hindered
by its hepatocarcinogenic properties [102]. The creation of the FGF19 variant, NGM282, prevented this
problem, as it does not activate signal transducer and activator of transcription 3 (STAT3) [103]. A phase
2 clinical trial investigated the safety and effectiveness of a 3 or 6 mg daily injection of NGM282 for
12 weeks in patients with NASH. NGM282 at both doses led to a rapid and significant reduction in liver
fat content, warranting further exploration of the drug’s therapeutic properties in NASH patients [104].

Similarly, activation of the bile acid receptor Takeda G protein-coupled receptor 5 (TGR5) has
been shown to reduce inflammation and increase energy expenditure and oxygen consumption.
TGR5 is highly expressed in cholangiocytes, Kupffer cells, CD14+ cells and the intestine. Activation of
TGR5 through its agonist S-EMCA, INT-777 was found to improve liver function by modulating
GLP-1 expression in obese mice [105], whilst RDX8940-induced TGR5 activation improved hepatic
steatosis and insulin sensitivity in mice fed a Western diet [106]. Dual FXR and TGR5 activation
through semisynthetic bile acid derivatives has shown promising results in rodent NAFLD models.
In this regard, INT-767 reduced inflammation and improved liver histopathology in db/db mice with
NAFLD [107] and ob/ob mice with NASH [108]. Whilst INT-767’s safety has been evaluated by
Intercept Pharmaceutical in healthy volunteers, clinical trials are needed to evaluate its efficacy in
patients with NAFLD.

Hepatic stellate cell activation plays a central role in fibrogenesis and, hence, direct inhibition of
hepatic stellate cells could attenuate fibrogenesis [95,109]. This approach is currently under investigation
in a phase 1b/2 trial using a vitamin-A coupled lipid nanoparticle containing a siRNA against heath
shock protein 47 (HSP47) (NCT02227459). Folding of fibrillary collagen is chaperoned by HSP47 and
silencing its expression should result in collagen misfolding and hepatic stellate cell apoptosis [110].

Finally, selonsertib, a potent and selective small molecule inhibitor of apoptosis signal-regulating
kinase 1 (ASK1), successfully improved liver fibrosis score by ≥1 stage in NASH patients with stage 2
or 3 liver fibrosis [111]. Nevertheless, in two phase 3 clinical trials oral consumption of either 6 or 8 mg
of selonsertib was unable to achieve the primary end goal of improving fibrosis ≥ 1 stage, and were
hence terminated early [112].

The inverse correlation between survival and fibrosis severity necessitates the development
of successful anti-fibrotic treatments. Thus far, promising preliminary results have been obtained,
but long-term clinical trials are warranted in clinical NAFLD populations.

2.2. Gut Microbiome

The gut microbiome plays a key role in maintaining overall health. As such, recognition of its
ability to affect the host’s immune system and, consequently, disease progression, has risen over the
past few years. Closer examination of the gut microbiome reveals a plethora of residing organisms



Cancers 2020, 12, 1714 9 of 22

including, but not limited to, eukaryotic microbes, archaea, viruses and fungi [91,113]. The direct
and/or indirect contribution of these microorganisms to NAFLD is steadily emerging and opens the
door to several new anti-NAFLD therapies [92]. Chronic liver disease induces alterations to the
gut microbiome and intestinal barrier, which results in dysbiosis and leaky gut. Disruptions in the
intestinal barrier allow pro-carcinogenic agents to diffuse into the circulation and affect the liver [114].
Interestingly, high fructose consumption has been associated with liver disease and two recent studies
have demonstrated a link between high fructose consumption, gut dysbiosis and liver steatosis and
inflammation [115,116]. Here, we briefly discuss treatments aimed altering the gut microbiome and
gut-liver axis in order to alleviate NAFLD disease progression.

2.2.1. Antibiotics

The strong association between gut dysbiosis and NAFLD development poses the question whether
antibiotics (ABX) can attenuate NAFLD through inducing alterations in the gut microbiome. The central
role of the gut microbiome in disease has been elegantly shown in a study by Henao-Mejia et al.,
where the cohousing of wild-type with inflammasome-deficient mice led to hepatic steatosis and obesity
in the wild type mice. However, administration of ABX abrogated the observed abnormalities [117].
The ability of ABX to alter the gut microbiome composition and decrease leaky gut in order to
ameliorate NAFLD progression has since been shown in several rodent studies [118,119]. In a
recent study, high fructose feeding induced NASH and HCC in mice, and was ameliorated by ABX
treatment [116]. Nevertheless, caution is warranted when extrapolating these results into a human
population as the total ablation of the gut microbiome would not be feasible nor would it be desirable.
The development of ABX targeted at specific microbiome subpopulations that play a critical role in HCC
development could potentially change the HCC research field. In this regard, norfloxacin specifically
reduced gram-negative bacteria attenuating bacterial infections in cirrhotic patients [120]. Rifaximin,
a minimally absorbable antibiotic acting on gram-negative microbes in the gut, ameliorated alcoholic
liver disease in rodents [121] and prevented hepatic encephalopathy in patients [122]. In patients with
biopsy proven NASH, twice daily oral administration of 550 mg rifaximin for 6 months significantly
decreased serum ALT and AST levels. However, no effects on serum cholesterol and triglycerides were
found [123]. A clinical study conducted by Cobbold and colleagues failed to observe any beneficial
effects of rifaximin administration (400 mg twice daily for 6 weeks) in patients with NASH [124].
Larger clinical trials are needed to elucidate whether rifaximin alone, or in combination with other
treatments, could be a viable strategy to combat NASH.

Besides reducing microbial subpopulations linked to HCC development, the microbial milieu can
be modulated in order to increase antibiotic and immunotherapy susceptibility [125].

2.2.2. Probiotics

Probiotics are live microbial food ingredients that, when administered in adequate amounts,
benefit the host [126]. The mechanisms through which probiotics exert their positive effects are
still to be fully elucidated but include an improvement in the gut microbiome, gut epithelial barrier
function, and modulation of local and systemic immunity [127]. Studies in rodents have demonstrated
the benefits of probiotics on hepatocarcinogenesis [128]. Specifically, the probiotic VSL#3 protected
against NASH development in dextran sulphate sodium-treated ApoE-/- mice [129], ob/ob mice [130],
FXR knock-out mice [131], and HFD fed rats [132]. Furthermore, VSL#3 showed promising results
in obese children with NASH [133]. Together, these data point towards a potential protective role
of probiotic consumption, which needs to be confirmed in large-scale clinical trials. The low-cost
and safe-to-consume profile of probiotics categorises them as a desirable intervention to attenuate
NAFLD progression.
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2.2.3. Faecal Microbiota Transplantation (FMT)

Faecal microbiota transplantation (FMT) refers to the introduction of the faecal microbiome from
a healthy donor into the gastrointestinal tract of a patient recipient, this can be done within or across
species [134]. The technique was first implemented to combat Clostridium Difficile and has since been
successful in alleviating obesity and T2D [135,136]. Faecal microbiome transplantation from patients
with NASH into mice caused the development of NASH in the latter, showing a clear link between
the microbiome and disease development [137]. However, the use of FMT is not without risks as the
transfer of harmful drug-resistant organisms from the donor into the host can easily occur. This is
especially of concern if the host recipient suffers from an immuno-suppressive illness [138]. Whilst FMT
has many benefits, one cannot ignore its disadvantages. Moving away from FMT towards bacterial
“cocktails” aimed at the disease’s specific gut microbial fingerprint would prove safer and pave the
way towards individualized treatments.

2.2.4. Leaky Gut

Leaky gut caused by disruptions in the tight junctions of the gut endothelial cells can lead to an
outwards flux of microbe-associated molecular patterns (MAMPs) from the gut into the portal bed
affecting the liver [92]. Factors contributing to leaky gut are not fully understood but include intestinal
inflammation as a consequence of dysbiosis, decreased bile acid secretion, a compromised immune
system, and an increased permeability of the gut-vascular barrier [92,139]. Leaky gut has been shown
to contribute to HCC development via lipopolysaccharides (LPS) and its receptor TLR4. In this regard,
a low-dose infusion of LPS in mice promoted HCC development [116,121]. Pharmacological agents
targeting the gut permeability hold, therefore, promise in treating chronic liver disease such as NAFLD.
Bile acids are potent regulators of gut permeability and bind endothelial FXR receptors, which in turn
release FGF19 to act on targets in the liver. FXR agonists, such as OCA, can attenuate mucosal injury
and ileal barrier permeability, leading to decreased bacterial translocation [140,141]. As discussed
above OCA was recently FDA approved to treat NASH and liver fibrosis. A central role has been
attributed to the G protein-coupled chemokine receptor CX3CR1 (GPR-13) in maintaining intestinal
homeostasis. In this regard, CX3CR1 reduced hepatic steatosis and inflammation in both a high-fat
and methionine/choline deficient diet-induced mouse model of steatohepatitis [142].

An overview of the discussed treatments and their main outcomes is presented in Table 1.

Table 1. Overview of current and pipeline treatments for NAFLD and NASH.

Target Drug Trial ID BRCT Cohort Medical Conditions Ref. Outcome

PPARα Gemfibrozil (Turkey) Y NASH [34]
Decreased serum liver

enzymes 1 and triglyceride

Fenofibrate (Spain) N NAFLD [35]

Improved metabolic
syndrome, decreased serum

liver enzymes
and triglycerides

Clofibrate (US–Pre-1997) N NASH [36] No improvement

Omega-3 PUFA
(Omacor)

Welcome–Phase IV,
NCT00760513 Y NAFLD [38]

Decreased liver
fat percentage

Omega-3 PUFA
(Omacor)

Phase III,
NCT01277237 Y NAFLD - TBD

PPARδ
Seladelpar

(MBX-8025) ±
Atorvastatin

Phase II,
NCT00701883 Y Hyperlipidaemia [41]

Decreased liver enzymes and
improved serum lipid profile

Seladelpar
(MBX-8025)

Phase II,
NCT03551522 Y NASH -

Trial Suspended–unexplained
histological findings

PPARγ Pioglitazone ±
vitamin E

PIVENS-Phase III,
NCT00063622 Y NAFLD, NASH [46]

Reduced liver steatosis,
lobular inflammation and

serum ALT/AST

Pioglitazone
UTHSCSA

NASH-Phase IV,
NCT00994682

Y Type 2 Diabetes, NAFLD,
NASH [47]

Significant decrease in NAS
score by ≥ 2 points in 58%
participants; resolution of

NASH in 51%
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Table 1. Cont.

Target Drug Trial ID BRCT Cohort Medical Conditions Ref. Outcome

Lobeglitazone ELLEGANCE-Phase
IV, NCT02285205 N Type 2 Diabetes, NAFLD [48]

Improved liver and serum
lipid profiles

PPARα/δ Elafibranor (GFT505) Phase IIa,
NCT01271777 Y Insulin resistance + abdominal

obesity [50]

Improved plasma lipids and
hepatic insulin resistance,

reduced liver inflammation
and ALT

Elafibranor (GFT505) Phase II,
NCT01271751 Y Athero-genic dyslipidaemia +

abdominal obesity [50]
Decreased serum lipids and

liver GGT

Elafibranor (GFT505) Phase II,
NCT01275469 Y Impaired glucose tolerance +

abdominal obesity [51]

Improved insulin sensitivity
(HOMA-IR), fasting blood

glucose and decrease in
liver GGT

Elafibranor (GFT505) Phase IIb,
NCT01694849 Y NASH [52]

No significant difference
between placebo and
elafibranor groups for

primary outcome (resolution
of NASH) 2

Elafibranor (GFT505)
RESOLVE-IT–Phase
III, NCT02704403 Y NASH - Ongoing (recruiting)

PPARα/γ Saroglitazar

EVIDENCES
VI–Phase II,

NCT03863574
Y NASH - Ongoing (recruiting)

PPAR-pan lanifibranor (IVA337)
NATIVE–Phase IIb,

NCT03459079 Y NAFLD, Type 2 Diabetes - Ongoing (recruiting)

Non-PPAR
Oral insulin

(ORMD-0801)
Phase II,

NCT02653300 N NASH, Type 2 diabetes - Ongoing (recruitment)

Liraglutide (GLP1
agonist) LEAN-J N NASH [61]

Decreased liver and visceral
fat, liver enzymes and FPG

Semaglutide (GLP1
agonist)

Phase II,
NCT02453711 Y Obesity, metabolic disorder [62]

Decreased ALT and hsCRP,
significant weight loss at all

doses

Semaglutide (GLP1
agonist)

SUSTAIN 6–Phase III,
NCT01720446 Y Diabetes, Type 2 diabetes [62]

Decreased ALT and hsCRP,
decreased cardiovascular

events (death, infarction or
stroke)

Armachol (SCD1
inhibition)

Aramchol003-Phase II,
NCT01094158 Y NAFLD, NASH, Metabolic

syndrome [66]
Decrease in liver fat

percentage at mid-dose

Armachol (SCD1
inhibition)

ARMOR-Phase III/IV,
NCT04104321 Y NASH - Ongoing (recruiting)

Dapagliflozin (SGLT2
inhibitor)

Dokkyo Medical
University

(Japan)-UMIN000022155
Y NAFLD [72]

Decreased liver fibrosis,
visceral fat mass and liver

enzymes

Dapagliflozin (SGLT2
inhibitor) + omega-3

carboxylic acid

EFFECTII–Phase II,
NCT02279407 Y NAFLD, Type 2 diabetes [73]

Significant reduction in liver
fat and liver enzymes

Dapagliflozin (SGLT2
inhibitor)

DEAN–Phase III,
NCT03723252 Y NASH - Ongoing (recruitment)

Pentoxifylline (TNFα
inhibitor)

Phase II,
NCT00590161 Y NASH [78]

Improved liver steatosis,
fibrosis and lobular

inflammation

Pentoxifylline (TNFα
inhibitor)

(Sri Lanka)
-SLCTR/2014/016 N NASH [79]

Lifestyle
intervention+pentoxifyllin

improved NAS

Pentoxifylline (TNFα
inhibitor)

Phase II/III,
NCT00267670 Y NASH -

No difference between
placebo and pentoxifylline

groups

Vitamin D3 Phase II,
NCT01571063 Y NASH [87] Decreased serum ALT

Obeticholic acid
(FXR1 ligand)

FLINT–Phase IIb,
NCT01265498 Y NASH, NAFLD [98]

Improved liver NAS in 45%
of patients, elevated pruritis

Obeticholic acid
(FXR1 ligand)

REGENERATE–Phase
III, NCT02548351 Y NASH [100]

Improved fibrosis in 23% of
patients, elevated pruritis

NGM282 (FGF19
signalling)

Phase II,
NCT02443116 Y NASH [104] Reduction in liver fat content

ND-L02-s0201
(Vitamin A-coupled

siRNA to
HSP47–hepatic

stellate cell fibrosis
target)

METAVIR F3-4-Phase
Ib/II, NCT02227459 Y Hepatic fibrosis - TBD

Selonsertib (inhibitor
of ASK1)

Multi-center Phase 2 N NASH [111] Improved liver fibrosis
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Table 1. Cont.

Target Drug Trial ID BRCT Cohort Medical Conditions Ref. Outcome

Selonsertib (inhibitor
of ASK1)

STELLAR 3 and
4-Phase 3,

NCT03053050 and
NCT03053063

Y NASH [112]
No improvement in fibrosis,

trial terminated

Rifaximin (antibiotic) Phase I, NCT02884037 Y NAFLD, NASH [123]

Reduction in
proinflammatory cytokines,

liver enzymes and
NAFLD-liver fat score;

improved insulin sensitivity
(HOMA-IR)

Rifaximin (antibiotic) Phase II, EudraCT
2010–021515-17 N NASH [124]

Trial prematurely ended-no
improvement

VSL#3 (Probiotic) VAIIO–Phase II,
NCT01650025 Y Obesity [133]

Significant improvement in
NAFLD

Trial ID, patient group and main outcomes are depicted. ALT: alanine aminotransferase; ASK1: apoptosis
signal-regulating kinase 1; AST: alanine transaminase; BRCT: blinded, randomized, placebo-controlled trial; GGT: γ
glutamyl transferase; hsCRP: high-sensitivity C-reactive protein; FXR: Farnesoid X receptor; HOMA-IR: homeostasis
model assessment of insulin resistance; NAS: NASH activity score; stearoyl co-A desaturase: SCD1; TBD; results yet
to be disclosed. 1 liver enzymes refer to hepatocyte injury biomarkers detected in the serum (for, e.g., ALT, AST,
GGT, fibroblast growth factor 21, cytokeratin) 2 elafibranor resolved NASH in a greater proportion of patients with
NAS score ≥ 4 than the placebo group, when a post-hoc analysis of the study was performed using a modified
definition of NASH.

3. Lean NAFLD

The occurrence of NAFLD is strongly associated with obesity and metabolic disease. Consequently,
the condition it is often overlooked in non-obese individuals, which could be catastrophic, as 10–20%
of non-obese Americans have been diagnosed with NAFLD [143,144]. This so-called “lean NAFLD”
is defined as the occurrence of NAFLD in individuals with a BMI below the ethnic-specific cut-off

for being overweight (25 kg·m2 in Caucasian and 23 kg·m2 in Asian populations). Although lean
individuals suffering from NAFLD appear healthier, they can display NASH-like symptoms to the
same extent as their obese counterparts and are, therefore, often referred to as metabolically obese
normal weight. Increasing awareness for the occurrence of NAFLD in the absence of classic metabolic
risk factors is needed [145].

Several factors contribute to the pathogenesis of NAFLD in lean individuals, and range from
lifestyle behaviours to genetic factors [146]. As such, the consumption foods high in either fructose [147]
and/or cholesterol (Western diet) [148], is positively associated with the development of NAFLD
and is independent of metabolic disease. Similarly, increased sitting time was positively correlated
with the prevalence of NAFLD in individuals with a BMI < 23 kg·m−2 [149]. Further adding to the
distinct pathophysiology of lean NAFLD are alterations in the gut microbiome with, at the genus
level, elevated Erysipelotrichaceae UCG-003 as well as multiple bacterial genera that are part of the
Clostridiales order [150]. Elevated total primary and secondary serum bile acid levels were observed in
lean NAFLD, potentially leading to diet-induced obesity resistance through an FGF19-related increase
in energy expenditure [150].

The importance of genetic factors predisposing individuals to lean NAFLD is gaining momentum.
One of the first genes associated with lean NASH was the patatin-like phospholipase domain-containing
protein 3 (PNPLA3) and its nonsynonymous variant rs738409 C > G (I148M), where a methionine is
substituted for an isoleucine [151,152]. The I148M variant perturbs hepatic lipid homeostasis via the
inhibition of glycerolipid hydrolysis, resulting in a decreased hepatic lipid outflow [153]. Other genetic
variants associated with lean NAFLD include an increase in the single nucleotide polymorphisms
rs12447924 and rs12597002 on the cholesterol ester transfer protein (CETP) [154], and a decrease in
phosphatidylethanolamine N-methyltransferase (PEMT) [155]. In contrast, a variant of the 17β hydroxy
steroid dehydrogenase 13 gene (rs72613567) was found to protect against NAFLD development [156].

To date, no specific treatments for lean-NAFLD exist. Besides lifestyle interventions targeting
a healthier diet and increased physical activity, pharmacological treatments for high blood pressure,
dyslipidaemia and hyperglycaemia are often prescribed. As such, the TZD pioglitazone was
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successful in lowering blood glucose in non-obese diabetic individuals. However, analysis was
not performed in lean individuals [157]. The steady discovery of specific mechanisms and genetic
fingerprints underpinning lean, as opposed to non-lean, NAFLD will allow for the development of
more targeted interventions.

4. Conclusions

One in five individuals globally are estimated to have NAFLD. Its prevalence is strongly associated
with obesity and metabolic disorders; however, evidence is mounting for its occurrence in non-obese
individuals. Whilst bland steatosis itself is not harmful, it lays the foundation for the development
of NASH and HCC. The latter has been touted as being among the most lethal and fastest growing
cancers worldwide, emphasizing the need for effective treatments.

The complex and heterogenous nature of NAFLD challenges the quest to find the holy grail of
treatments. So far treatments are generally aimed at directly ameliorating either one of the hallmark
characteristics driving NAFLD (steatosis, inflammation and fibrosis) or the gut microbiome. As such,
the gut microbiome presents an exciting new research field of which we have only scraped the surface.
Unveiling how specific microbial subpopulations behave and change during NAFLD development
might open the door to individualized treatment.

Several treatments have been tested in clinical trials, and whilst some promising results have
been obtained, most have failed to deliver the desired outcome. The NAFLD treatment landscape is
rapidly evolving as a consequence of our growing understanding of its underpinning mechanisms.
Treatments aimed at ameliorating not one, but multiple, features of the condition hold great promise.
Furthermore, our increasing appreciation the heterogeneity of the condition will enable us to develop
more personalized therapies.

Whilst the holy grail has not yet been found; step by step, its quest is ongoing, and getting closer
to the discovery of successful NAFLD treatments.

Author Contributions: B.S., E.B. and M.A.F. have written and edited the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: Supported by a project grant (APP122227) and a Senior Principal Research Fellowship (APP1116936)
from the National Health & Medical Research Council of Australia awarded to M.A.F.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Reibe, S.; Febbraio, M.A. Relieving ER stress to target NASH-driven hepatocellular carcinoma.
Nat. Rev. Endocrinol. 2019, 15, 73–74. [CrossRef] [PubMed]

2. Day, C.P.; James, O.F. Steatohepatitis: A tale of two “hits”? Gastroenterology 1998, 114, 842–845. [CrossRef]
3. Febbraio, M.A.; Reibe, S.; Shalapour, S.; Ooi, G.J.; Watt, M.J.; Karin, M. Preclinical Models for Studying

NASH-Driven HCC: How Useful Are They? Cell Metab. 2019, 29, 18–26. [CrossRef] [PubMed]
4. Fitzmaurice, C.; Akinyemiju, T.F.; Al Lami, F.H.; Alam, T.; Alizadeh-Navaei, R.; Allen, C.; Alsharif, U.;

Alvis-Guzman, N.; Amini, E.; Anderson, B.O.; et al. Global, Regional, and National Cancer Incidence,
Mortality, Years of Life Lost, Years Lived With Disability, and Disability-Adjusted Life-Years for 29 Cancer
Groups, 1990 to 2016: A Systematic Analysis for the Global Burden of Disease Study. JAMA Oncol. 2018, 4,
1553–1568. [CrossRef] [PubMed]

5. Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology of
nonalcoholic fatty liver disease-Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology
2016, 64, 73–84. [CrossRef] [PubMed]

6. Younes, R.; Bugianesi, E. NASH in Lean Individuals. Semin. Liver Dis. 2019, 39, 86–95. [CrossRef]
7. Scaglioni, F.; Ciccia, S.; Marino, M.; Bedogni, G.; Bellentani, S. ASH and NASH. Dig. Dis. 2011, 29, 202–210.

[CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41574-018-0145-7
http://www.ncbi.nlm.nih.gov/pubmed/30552380
http://dx.doi.org/10.1016/S0016-5085(98)70599-2
http://dx.doi.org/10.1016/j.cmet.2018.10.012
http://www.ncbi.nlm.nih.gov/pubmed/30449681
http://dx.doi.org/10.1001/jamaoncol.2018.2706
http://www.ncbi.nlm.nih.gov/pubmed/29860482
http://dx.doi.org/10.1002/hep.28431
http://www.ncbi.nlm.nih.gov/pubmed/26707365
http://dx.doi.org/10.1055/s-0038-1677517
http://dx.doi.org/10.1159/000323886
http://www.ncbi.nlm.nih.gov/pubmed/21734385


Cancers 2020, 12, 1714 14 of 22

8. Minato, T.; Tsutsumi, M.; Tsuchishima, M.; Hayashi, N.; Saito, T.; Matsue, Y.; Toshikuni, N.; Arisawa, T.;
George, J. Binge alcohol consumption aggravates oxidative stress and promotes pathogenesis of NASH from
obesity-induced simple steatosis. Mol. Med. 2014, 20, 490–502. [CrossRef]

9. Younossi, Z.M.; Blissett, D.; Blissett, R.; Henry, L.; Stepanova, M.; Younossi, Y.; Racila, A.; Hunt, S.;
Beckerman, R. The economic and clinical burden of nonalcoholic fatty liver disease in the United States and
Europe. Hepatology 2016, 64, 1577–1586. [CrossRef]

10. Brunt, E.M.; Kleiner, D.E.; Wilson, L.A.; Belt, P.; Neuschwander-Tetri, B.A. Nonalcoholic fatty liver disease
(NAFLD) activity score and the histopathologic diagnosis in NAFLD: Distinct clinicopathologic meanings.
Hepatology 2011, 53, 810–820. [CrossRef]

11. Iqbal, U.; Perumpail, B.J.; Akhtar, D.; Kim, D.; Ahmed, A. The Epidemiology, Risk Profiling and Diagnostic
Challenges of Nonalcoholic Fatty Liver Disease. Medicines 2019, 6, 41. [CrossRef] [PubMed]

12. Ratziu, V.; Charlotte, F.; Heurtier, A.; Gombert, S.; Giral, P.; Bruckert, E.; Grimaldi, A.; Capron, F.; Poynard, T.
Sampling variability of liver biopsy in nonalcoholic fatty liver disease. Gastroenterology 2005, 128, 1898–1906.
[CrossRef]

13. Friedman, S.L.; Neuschwander-Tetri, B.A.; Rinella, M.; Sanyal, A.J. Mechanisms of NAFLD development
and therapeutic strategies. Nat. Med. 2018, 24, 908–922. [CrossRef]

14. Koo, S.H. Nonalcoholic fatty liver disease: Molecular mechanisms for the hepatic steatosis. Clin. Mol. Hepatol.
2013, 19, 210–215. [CrossRef] [PubMed]

15. Cohen, J.C.; Horton, J.D.; Hobbs, H.H. Human fatty liver disease: Old questions and new insights. Science
2011, 332, 1519–1523. [CrossRef] [PubMed]

16. Donnelly, K.L.; Smith, C.I.; Schwarzenberg, S.J.; Jessurun, J.; Boldt, M.D.; Parks, E.J. Sources of fatty acids
stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty liver disease. J. Clin. Investig.
2005, 115, 1343–1351. [CrossRef] [PubMed]

17. Pessayre, D. Role of mitochondria in non-alcoholic fatty liver disease. J. Gastroenterol. Hepatol. 2007,
22 (Suppl. 1), S20–S27. [CrossRef]

18. Alonso, C.; Fernández-Ramos, D.; Varela-Rey, M.; Martínez-Arranz, I.; Navasa, N.; Van Liempd, S.M.;
Lavín Trueba, J.L.; Mayo, R.; Ilisso, C.P.; de Juan, V.G.; et al. Metabolomic Identification of Subtypes of
Nonalcoholic Steatohepatitis. Gastroenterology 2017, 152, 1449–1461. [CrossRef] [PubMed]

19. Toshimitsu, K.; Matsuura, B.; Ohkubo, I.; Niiya, T.; Furukawa, S.; Hiasa, Y.; Kawamura, M.; Ebihara, K.; Onji, M.
Dietary habits and nutrient intake in non-alcoholic steatohepatitis. Nutrition 2007, 23, 46–52. [CrossRef]

20. Croci, I.; Coombes, J.S.; Bucher Sandbakk, S.; Keating, S.E.; Nauman, J.; Macdonald, G.A.; Wisloff, U.
Non-alcoholic fatty liver disease: Prevalence and all-cause mortality according to sedentary behaviour and
cardiorespiratory fitness. The HUNT Study. Prog. Cardiovasc. Dis. 2019, 62, 127–134. [CrossRef]

21. Houghton, D.; Thoma, C.; Hallsworth, K.; Cassidy, S.; Hardy, T.; Burt, A.D.; Tiniakos, D.; Hollingsworth, K.G.;
Taylor, R.; Day, C.P.; et al. Exercise Reduces Liver Lipids and Visceral Adiposity in Patients with
Nonalcoholic Steatohepatitis in a Randomized Controlled Trial. Clin. Gastroenterol. Hepatol. 2017, 15, 96–102.
[CrossRef] [PubMed]

22. Hallsworth, K.; Adams, L.A. Lifestyle modification in NAFLD/NASH: Facts and figures. JHEP Rep. 2019, 1,
468–479. [CrossRef] [PubMed]

23. Lazo, M.; Solga, S.F.; Horska, A.; Bonekamp, S.; Diehl, A.M.; Brancati, F.L.; Wagenknecht, L.E.; Pi-Sunyer, F.X.;
Kahn, S.E.; Clark, J.M. Effect of a 12-month intensive lifestyle intervention on hepatic steatosis in adults with
type 2 diabetes. Diabetes Care 2010, 33, 2156–2163. [CrossRef] [PubMed]

24. Promrat, K.; Kleiner, D.E.; Niemeier, H.M.; Jackvony, E.; Kearns, M.; Wands, J.R.; Fava, J.L.; Wing, R.R.
Randomized controlled trial testing the effects of weight loss on nonalcoholic steatohepatitis. Hepatology
2010, 51, 121–129. [CrossRef] [PubMed]

25. Bozzetto, L.; Prinster, A.; Annuzzi, G.; Costagliola, L.; Mangione, A.; Vitelli, A.; Mazzarella, R.; Longobardo, M.;
Mancini, M.; Vigorito, C.; et al. Liver fat is reduced by an isoenergetic MUFA diet in a controlled randomized
study in type 2 diabetic patients. Diabetes Care 2012, 35, 1429–1435. [CrossRef] [PubMed]

26. Stewart, K.E.; Haller, D.L.; Sargeant, C.; Levenson, J.L.; Puri, P.; Sanyal, A.J. Readiness for behaviour change
in non-alcoholic fatty liver disease: Implications for multidisciplinary care models. Liver Int. 2015, 35,
936–943. [CrossRef]

27. Hussain, S.S.; Bloom, S.R. The regulation of food intake by the gut-brain axis: Implications for obesity.
Int. J. Obes. 2013, 37, 625–633. [CrossRef]

http://dx.doi.org/10.2119/molmed.2014.00048
http://dx.doi.org/10.1002/hep.28785
http://dx.doi.org/10.1002/hep.24127
http://dx.doi.org/10.3390/medicines6010041
http://www.ncbi.nlm.nih.gov/pubmed/30889791
http://dx.doi.org/10.1053/j.gastro.2005.03.084
http://dx.doi.org/10.1038/s41591-018-0104-9
http://dx.doi.org/10.3350/cmh.2013.19.3.210
http://www.ncbi.nlm.nih.gov/pubmed/24133660
http://dx.doi.org/10.1126/science.1204265
http://www.ncbi.nlm.nih.gov/pubmed/21700865
http://dx.doi.org/10.1172/JCI23621
http://www.ncbi.nlm.nih.gov/pubmed/15864352
http://dx.doi.org/10.1111/j.1440-1746.2006.04640.x
http://dx.doi.org/10.1053/j.gastro.2017.01.015
http://www.ncbi.nlm.nih.gov/pubmed/28132890
http://dx.doi.org/10.1016/j.nut.2006.09.004
http://dx.doi.org/10.1016/j.pcad.2019.01.005
http://dx.doi.org/10.1016/j.cgh.2016.07.031
http://www.ncbi.nlm.nih.gov/pubmed/27521509
http://dx.doi.org/10.1016/j.jhepr.2019.10.008
http://www.ncbi.nlm.nih.gov/pubmed/32039399
http://dx.doi.org/10.2337/dc10-0856
http://www.ncbi.nlm.nih.gov/pubmed/20664019
http://dx.doi.org/10.1002/hep.23276
http://www.ncbi.nlm.nih.gov/pubmed/19827166
http://dx.doi.org/10.2337/dc12-0033
http://www.ncbi.nlm.nih.gov/pubmed/22723581
http://dx.doi.org/10.1111/liv.12483
http://dx.doi.org/10.1038/ijo.2012.93


Cancers 2020, 12, 1714 15 of 22

28. Haufe, S.; Haas, V.; Utz, W.; Birkenfeld, A.L.; Jeran, S.; Böhnke, J.; Mähler, A.; Luft, F.C.; Schulz-Menger, J.;
Boschmann, M.; et al. Long-lasting improvements in liver fat and metabolism despite body weight regain
after dietary weight loss. Diabetes Care 2013, 36, 3786–3792. [CrossRef]

29. Van der Windt, D.J.; Sud, V.; Zhang, H.; Tsung, A.; Huang, H. The Effects of Physical Exercise on Fatty Liver
Disease. Gene Expr. 2018, 18, 89–101. [CrossRef]

30. Szary, N.; Rector, R.S.; Uptergrove, G.M.; Ridenhour, S.E.; Shukla, S.D.; Thyfault, J.P.; Koch, L.G.; Britton, S.L.;
Ibdah, J.A. High Intrinsic Aerobic Capacity Protects against Ethanol-Induced Hepatic Injury and Metabolic
Dysfunction: Study Using High Capacity Runner Rat Model. Biomolecules 2015, 5, 3295–3308. [CrossRef]

31. Jain, M.R.; Giri, S.R.; Trivedi, C.; Bhoi, B.; Rath, A.; Vanage, G.; Vyas, P.; Ranvir, R.; Patel, P.R. Saroglitazar,
a novel PPARalpha/gamma agonist with predominant PPARalpha activity, shows lipid-lowering and
insulin-sensitizing effects in preclinical models. Pharm. Res. Perspect. 2015, 3, e00136. [CrossRef] [PubMed]

32. Choudhary, N.S.; Kumar, N.; Duseja, A. Peroxisome Proliferator-Activated Receptors and Their Agonists in
Nonalcoholic Fatty Liver Disease. J. Clin. Exp. Hepatol. 2019, 9, 731–739. [CrossRef]

33. Wagner, M.; Zollner, G.; Trauner, M. Nuclear receptors in liver disease. Hepatology 2011, 53, 1023–1034.
[CrossRef]

34. Basaranoglu, M.; Acbay, O.; Sonsuz, A. A controlled trial of gemfibrozil in the treatment of patients with
nonalcoholic steatohepatitis. J. Hepatol. 1999, 31, 384. [CrossRef]

35. Fernandez-Miranda, C.; Perez-Carreras, M.; Colina, F.; Lopez-Alonso, G.; Vargas, C.; Solis-Herruzo, J.A.
A pilot trial of fenofibrate for the treatment of non-alcoholic fatty liver disease. Dig. Liver Dis. 2008, 40,
200–205. [CrossRef] [PubMed]

36. Laurin, J.; Lindor, K.D.; Crippin, J.S.; Gossard, A.; Gores, G.J.; Ludwig, J.; Rakela, J.; McGill, D.B.
Ursodeoxycholic acid or clofibrate in the treatment of non-alcohol-induced steatohepatitis: A pilot study.
Hepatology 1996, 23, 1464–1467. [CrossRef]

37. Scorletti, E.; Byrne, C.D. Omega-3 fatty acids, hepatic lipid metabolism, and nonalcoholic fatty liver disease.
Annu. Rev. Nutr. 2013, 33, 231–248. [CrossRef]

38. Scorletti, E.; Bhatia, L.; McCormick, K.G.; Clough, G.F.; Nash, K.; Hodson, L.; Moyses, H.E.; Calder, P.C.;
Byrne, C.D. Effects of purified eicosapentaenoic and docosahexaenoic acids in nonalcoholic fatty liver disease:
Results from the Welcome* study. Hepatology 2014, 60, 1211–1221. [CrossRef]

39. Tailleux, A.; Wouters, K.; Staels, B. Roles of PPARs in NAFLD: Potential therapeutic targets.
Biochim. Biophys. Acta 2012, 1821, 809–818. [CrossRef]

40. Shearer, B.G.; Patel, H.S.; Billin, A.N.; Way, J.M.; Winegar, D.A.; Lambert, M.H.; Xu, R.X.; Leesnitzer, L.M.;
Merrihew, R.V.; Huet, S.; et al. Discovery of a novel class of PPARdelta partial agonists. Bioorg. Med.
Chem. Lett. 2008, 18, 5018–5022. [CrossRef]

41. Choi, Y.J.; Roberts, B.K.; Wang, X.; Geaney, J.C.; Naim, S.; Wojnoonski, K.; Karpf, D.B.; Krauss, R.M.
Effects of the PPAR-delta agonist MBX-8025 on atherogenic dyslipidemia. Atherosclerosis 2012, 220, 470–476.
[CrossRef] [PubMed]

42. Haczeyni, F.; Wang, H.; Barn, V.; Mridha, A.R.; Yeh, M.M.; Haigh, W.G.; Ioannou, G.N.; Choi, Y.J.;
McWherter, C.A.; Teoh, N.C.; et al. The selective peroxisome proliferator-activated receptor-delta agonist
seladelpar reverses nonalcoholic steatohepatitis pathology by abrogating lipotoxicity in diabetic obese mice.
Hepatol. Commun. 2017, 1, 663–674. [CrossRef] [PubMed]

43. Da’adoosh, B.; Marcus, D.; Rayan, A.; King, F.; Che, J.; Goldblum, A. Discovering highly selective and diverse
PPAR-delta agonists by ligand based machine learning and structural modeling. Sci. Rep. 2019, 9, 1106.
[CrossRef] [PubMed]

44. Konerman, M.A.; Jones, J.C.; Harrison, S.A. Pharmacotherapy for NASH: Current and emerging. J. Hepatol.
2018, 68, 362–375. [CrossRef]

45. Nesto, R.W.; Bell, D.; Bonow, R.O.; Fonseca, V.; Grundy, S.M.; Horton, E.S.; Le Winter, M.; Porte, D.;
Semenkovich, C.F.; Smith, S.; et al. Thiazolidinedione use, fluid retention, and congestive heart failure: A
consensus statement from the American Heart Association and American Diabetes Association. Diabetes Care
2004, 27, 256–263. [CrossRef]

46. Sanyal, A.J.; Chalasani, N.; Kowdley, K.V.; McCullough, A.; Diehl, A.M.; Bass, N.M.; Neuschwander-Tetri, B.A.;
Lavine, J.E.; Tonascia, J.; Unalp, A.; et al. Pioglitazone, vitamin E, or placebo for nonalcoholic steatohepatitis.
N. Engl. J. Med. 2010, 362, 1675–1685. [CrossRef]

http://dx.doi.org/10.2337/dc13-0102
http://dx.doi.org/10.3727/105221617X15124844266408
http://dx.doi.org/10.3390/biom5043295
http://dx.doi.org/10.1002/prp2.136
http://www.ncbi.nlm.nih.gov/pubmed/26171220
http://dx.doi.org/10.1016/j.jceh.2019.06.004
http://dx.doi.org/10.1002/hep.24148
http://dx.doi.org/10.1016/S0168-8278(99)80243-8
http://dx.doi.org/10.1016/j.dld.2007.10.002
http://www.ncbi.nlm.nih.gov/pubmed/18261709
http://dx.doi.org/10.1002/hep.510230624
http://dx.doi.org/10.1146/annurev-nutr-071812-161230
http://dx.doi.org/10.1002/hep.27289
http://dx.doi.org/10.1016/j.bbalip.2011.10.016
http://dx.doi.org/10.1016/j.bmcl.2008.08.011
http://dx.doi.org/10.1016/j.atherosclerosis.2011.10.029
http://www.ncbi.nlm.nih.gov/pubmed/22169113
http://dx.doi.org/10.1002/hep4.1072
http://www.ncbi.nlm.nih.gov/pubmed/29404484
http://dx.doi.org/10.1038/s41598-019-38508-8
http://www.ncbi.nlm.nih.gov/pubmed/30705343
http://dx.doi.org/10.1016/j.jhep.2017.10.015
http://dx.doi.org/10.2337/diacare.27.1.256
http://dx.doi.org/10.1056/NEJMoa0907929


Cancers 2020, 12, 1714 16 of 22

47. Cusi, K.; Orsak, B.; Bril, F.; Lomonaco, R.; Hecht, J.; Ortiz-Lopez, C.; Tio, F.; Hardies, J.; Darland, C.; Musi, N.; et al.
Long-Term Pioglitazone Treatment for Patients with Nonalcoholic Steatohepatitis and Prediabetes or Type 2
Diabetes Mellitus: A Randomized Trial. Ann. Intern. Med. 2016, 165, 305–315. [CrossRef]

48. Lee, Y.H.; Kim, J.H.; Kim, S.R.; Jin, H.Y.; Rhee, E.J.; Cho, Y.M.; Lee, B.W. Lobeglitazone, a Novel
Thiazolidinedione, Improves Non-Alcoholic Fatty Liver Disease in Type 2 Diabetes: Its Efficacy and
Predictive Factors Related to Responsiveness. J. Korean Med. Sci. 2017, 32, 60–69. [CrossRef]

49. Staels, B.; Rubenstrunk, A.; Noel, B.; Rigou, G.; Delataille, P.; Millatt, L.J.; Baron, M.; Lucas, A.; Tailleux, A.;
Hum, D.W.; et al. Hepatoprotective effects of the dual peroxisome proliferator-activated receptor alpha/delta
agonist, GFT505, in rodent models of nonalcoholic fatty liver disease/nonalcoholic steatohepatitis. Hepatology
2013, 58, 1941–1952. [CrossRef]

50. Cariou, B.; Hanf, R.; Lambert-Porcheron, S.; Zair, Y.; Sauvinet, V.; Noel, B.; Flet, L.; Vidal, H.; Staels, B.;
Laville, M. Dual peroxisome proliferator-activated receptor alpha/delta agonist GFT505 improves hepatic and
peripheral insulin sensitivity in abdominally obese subjects. Diabetes Care 2013, 36, 2923–2930. [CrossRef]

51. Cariou, B.; Zair, Y.; Staels, B.; Bruckert, E. Effects of the new dual PPAR alpha/delta agonist GFT505 on lipid
and glucose homeostasis in abdominally obese patients with combined dyslipidemia or impaired glucose
metabolism. Diabetes Care 2011, 34, 2008–2014. [CrossRef] [PubMed]

52. Ratziu, V.; Harrison, S.A.; Francque, S.; Bedossa, P.; Lehert, P.; Serfaty, L.; Romero-Gomez, M.; Boursier, J.;
Abdelmalek, M.; Caldwell, S.; et al. Elafibranor, an Agonist of the Peroxisome Proliferator-Activated
Receptor-alpha and -delta, Induces Resolution of Nonalcoholic Steatohepatitis Without Fibrosis Worsening.
Gastroenterology 2016, 150, 1147–1159. [CrossRef] [PubMed]

53. Jain, M.R.; Giri, S.R.; Bhoi, B.; Trivedi, C.; Rath, A.; Rathod, R.; Ranvir, R.; Kadam, S.; Patel, H.; Swain, P.; et al.
Dual PPARalpha/gamma agonist saroglitazar improves liver histopathology and biochemistry in experimental
NASH models. Liver Int. 2018, 38, 1084–1094. [CrossRef] [PubMed]

54. Boubia, B.; Poupardin, O.; Barth, M.; Binet, J.; Peralba, P.; Mounier, L.; Jacquier, E.; Gauthier, E.; Lepais, V.;
Chatar, M.; et al. Design, Synthesis, and Evaluation of a Novel Series of Indole Sulfonamide Peroxisome
Proliferator Activated Receptor (PPAR) α/γ/δ Triple Activators: Discovery of Lanifibranor, a New Antifibrotic
Clinical Candidate. J. Med. Chem. 2018, 61, 2246–2265. [CrossRef] [PubMed]

55. Wettstein, G.; Luccarini, J.M.; Poekes, L.; Faye, P.; Kupkowski, F.; Adarbes, V.; Defrene, E.; Estivalet, C.;
Gawronski, X.; Jantzen, I.; et al. The new-generation pan-peroxisome proliferator-activated receptor agonist
IVA337 protects the liver from metabolic disorders and fibrosis. Hepatol. Commun. 2017, 1, 524–537.
[CrossRef]

56. Ament, Z.; West, J.A.; Stanley, E.; Ashmore, T.; Roberts, L.D.; Wright, J.; Nicholls, A.W.; Griffin, J.L. PPAR-pan
activation induces hepatic oxidative stress and lipidomic remodelling. Free Radic. Biol. Med. 2016, 95,
357–368. [CrossRef] [PubMed]

57. Chang, F.; Jaber, L.A.; Berlie, H.D.; O’Connell, M.B. Evolution of peroxisome proliferator-activated receptor
agonists. Ann. Pharm. 2007, 41, 973–983. [CrossRef]

58. Feng, L.; Luo, H.; Xu, Z.; Yang, Z.; Du, G.; Zhang, Y.; Yu, L.; Hu, K.; Zhu, W.; Tong, Q.; et al. Bavachinin,
as a novel natural pan-PPAR agonist, exhibits unique synergistic effects with synthetic PPAR-gamma
and PPAR-alpha agonists on carbohydrate and lipid metabolism in db/db and diet-induced obese mice.
Diabetologia 2016, 59, 1276–1286. [CrossRef]

59. Drucker, D.J.; Habener, J.F.; Holst, J.J. Discovery, characterization, and clinical development of the
glucagon-like peptides. J. Clin. Investig. 2017, 127, 4217–4227. [CrossRef]

60. Bode, B. An overview of the pharmacokinetics, efficacy and safety of liraglutide. Diabetes Res. Clin. Pract.
2012, 97, 27–42. [CrossRef]

61. Eguchi, Y.; Kitajima, Y.; Hyogo, H.; Takahashi, H.; Kojima, M.; Ono, M.; Araki, N.; Tanaka, K.; Yamaguchi, M.;
Matsuda, Y.; et al. Pilot study of liraglutide effects in non-alcoholic steatohepatitis and non-alcoholic
fatty liver disease with glucose intolerance in Japanese patients (LEAN-J). Hepatol. Res. 2015, 45, 269–278.
[CrossRef] [PubMed]

62. Newsome, P.; Francque, S.; Harrison, S.; Ratziu, V.; Van Gaal, L.; Calanna, S.; Hansen, M.; Linder, M.;
Sanyal, A. Effect of semaglutide on liver enzymes and markers of inflammation in subjects with type 2
diabetes and/or obesity. Aliment. Pharm. 2019, 50, 193–203. [CrossRef] [PubMed]

63. Flowers, M.T.; Ntambi, J.M. Role of stearoyl-coenzyme A desaturase in regulating lipid metabolism.
Curr. Opin. Lipidol. 2008, 19, 248–256. [CrossRef] [PubMed]

http://dx.doi.org/10.7326/M15-1774
http://dx.doi.org/10.3346/jkms.2017.32.1.60
http://dx.doi.org/10.1002/hep.26461
http://dx.doi.org/10.2337/dc12-2012
http://dx.doi.org/10.2337/dc11-0093
http://www.ncbi.nlm.nih.gov/pubmed/21816979
http://dx.doi.org/10.1053/j.gastro.2016.01.038
http://www.ncbi.nlm.nih.gov/pubmed/26874076
http://dx.doi.org/10.1111/liv.13634
http://www.ncbi.nlm.nih.gov/pubmed/29164820
http://dx.doi.org/10.1021/acs.jmedchem.7b01285
http://www.ncbi.nlm.nih.gov/pubmed/29446942
http://dx.doi.org/10.1002/hep4.1057
http://dx.doi.org/10.1016/j.freeradbiomed.2015.11.033
http://www.ncbi.nlm.nih.gov/pubmed/26654758
http://dx.doi.org/10.1345/aph.1K013
http://dx.doi.org/10.1007/s00125-016-3912-9
http://dx.doi.org/10.1172/JCI97233
http://dx.doi.org/10.1016/j.diabres.2011.12.015
http://dx.doi.org/10.1111/hepr.12351
http://www.ncbi.nlm.nih.gov/pubmed/24796231
http://dx.doi.org/10.1111/apt.15316
http://www.ncbi.nlm.nih.gov/pubmed/31246368
http://dx.doi.org/10.1097/MOL.0b013e3282f9b54d
http://www.ncbi.nlm.nih.gov/pubmed/18460915


Cancers 2020, 12, 1714 17 of 22

64. Leikin-Frenkel, A.; Gonen, A.; Shaish, A.; Goldiner, I.; Leikin-Gobbi, D.; Konikoff, F.M.; Harats, D.; Gilat, T.
Fatty acid bile acid conjugate inhibits hepatic stearoyl coenzyme A desaturase and is non-atherogenic.
Arch. Med. Res. 2010, 41, 397–404. [CrossRef] [PubMed]

65. Iruarrizaga-Lejarreta, M.; Varela-Rey, M.; Fernandez-Ramos, D.; Martinez-Arranz, I.; Delgado, T.C.; Simon, J.;
Juan, V.G.; delaCruz-Villar, L.; Azkargorta, M.; Lavin, J.L.; et al. Role of Aramchol in steatohepatitis and
fibrosis in mice. Hepatol. Commun. 2017, 1, 911–927. [CrossRef] [PubMed]

66. Safadi, R.; Konikoff, F.M.; Mahamid, M.; Zelber-Sagi, S.; Halpern, M.; Gilat, T.; Oren, R. The fatty
acid-bile acid conjugate Aramchol reduces liver fat content in patients with nonalcoholic fatty liver disease.
Clin. Gastroenterol. Hepatol. 2014, 12, 2085–2091. [CrossRef] [PubMed]

67. Tahrani, A.A.; Barnett, A.H.; Bailey, C.J. SGLT inhibitors in management of diabetes. Lancet Diabetes Endocrinol.
2013, 1, 140–151. [CrossRef]

68. Jojima, T.; Tomotsune, T.; Iijima, T.; Akimoto, K.; Suzuki, K.; Aso, Y. Empagliflozin (an SGLT2 inhibitor),
alone or in combination with linagliptin (a DPP-4 inhibitor), prevents steatohepatitis in a novel mouse model
of non-alcoholic steatohepatitis and diabetes. Diabetol. Metab. Syndr. 2016, 8, 45. [CrossRef]

69. Honda, Y.; Imajo, K.; Kato, T.; Kessoku, T.; Ogawa, Y.; Tomeno, W.; Kato, S.; Mawatari, H.; Fujita, K.;
Yoneda, M.; et al. The Selective SGLT2 Inhibitor Ipragliflozin Has a Therapeutic Effect on Nonalcoholic
Steatohepatitis in Mice. PLoS ONE 2016, 11, e0146337. [CrossRef]

70. Shiba, K.; Tsuchiya, K.; Komiya, C.; Miyachi, Y.; Mori, K.; Shimazu, N.; Yamaguchi, S.; Ogasawara, N.;
Katoh, M.; Itoh, M.; et al. Canagliflozin, an SGLT2 inhibitor, attenuates the development of hepatocellular
carcinoma in a mouse model of human NASH. Sci. Rep. 2018, 8, 2362. [CrossRef]

71. Qiang, S.; Nakatsu, Y.; Seno, Y.; Fujishiro, M.; Sakoda, H.; Kushiyama, A.; Mori, K.; Matsunaga, Y.; Yamamotoya, T.;
Kamata, H.; et al. Treatment with the SGLT2 inhibitor luseogliflozin improves nonalcoholic steatohepatitis in a
rodent model with diabetes mellitus. Diabetol. Metab. Syndr. 2015, 7, 104. [CrossRef] [PubMed]

72. Shimizu, M.; Suzuki, K.; Kato, K.; Jojima, T.; Iijima, T.; Murohisa, T.; Iijima, M.; Takekawa, H.; Usui, I.;
Hiraishi, H.; et al. Evaluation of the effects of dapagliflozin, a sodium-glucose co-transporter-2 inhibitor,
on hepatic steatosis and fibrosis using transient elastography in patients with type 2 diabetes and non-alcoholic
fatty liver disease. Diabetes Obes. Metab. 2019, 21, 285–292. [CrossRef] [PubMed]

73. Eriksson, J.W.; Lundkvist, P.; Jansson, P.A.; Johansson, L.; Kvarnstrom, M.; Moris, L.; Miliotis, T.; Forsberg, G.B.;
Riserus, U.; Lind, L.; et al. Effects of dapagliflozin and n-3 carboxylic acids on non-alcoholic fatty liver
disease in people with type 2 diabetes: A double-blind randomised placebo-controlled study. Diabetologia
2018, 61, 1923–1934. [CrossRef]

74. Findeisen, M.; Allen, T.L.; Henstridge, D.C.; Kammoun, H.; Brandon, A.E.; Baggio, L.L.; Watt, K.I.; Pal, M.;
Cron, L.; Estevez, E.; et al. Treatment of type 2 diabetes with the designer cytokine IC7Fc. Nature 2019, 574,
63–68. [CrossRef] [PubMed]

75. Schuster, S.; Cabrera, D.; Arrese, M.; Feldstein, A.E. Triggering and resolution of inflammation in NASH.
Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 349–364. [CrossRef]

76. Jiao, Y.; Lu, Y.; Li, X.Y. Farnesoid X receptor: A master regulator of hepatic triglyceride and glucose
homeostasis. Acta Pharm. Sin. 2015, 36, 44–50. [CrossRef]

77. D’Hellencourt, C.L.; Diaw, L.; Cornillet, P.; Guenounou, M. Differential regulation of TNF alpha, IL-1 beta,
IL-6, IL-8, TNF beta, and IL-10 by pentoxifylline. Int. J. Immunopharmacol. 1996, 18, 739–748. [CrossRef]

78. Zein, C.O.; Yerian, L.M.; Gogate, P.; Lopez, R.; Kirwan, J.P.; Feldstein, A.E.; McCullough, A.J.
Pentoxifylline improves nonalcoholic steatohepatitis: A randomized placebo-controlled trial. Hepatology
2011, 54, 1610–1619. [CrossRef] [PubMed]

79. Alam, S.; Nazmul Hasan, S.; Mustafa, G.; Alam, M.; Kamal, M.; Ahmad, N. Effect of Pentoxifylline on
Histological Activity and Fibrosis of Nonalcoholic Steatohepatitis Patients: A One Year Randomized Control
Trial. J. Transl. Int. Med. 2017, 5, 155–163. [CrossRef]

80. Sterling, R.K.; Sanyal, A.J. Pentoxifylline for steatohepatitis: Magic bullet or smoking gun? Hepatology 2011,
54, 1496–1499. [CrossRef]

81. Vieth, R. What is the optimal vitamin D status for health? Prog. Biophys. Mol. Boil. 2006, 92, 26–32.
[CrossRef] [PubMed]

82. Chiu, K.C.; Chu, A.; Go, V.L.W.; Saad, M.F. Hypovitaminosis D is associated with insulin resistance and beta
cell dysfunction. Am. J. Clin. Nutr. 2004, 79, 820–825. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.arcmed.2010.09.001
http://www.ncbi.nlm.nih.gov/pubmed/21044742
http://dx.doi.org/10.1002/hep4.1107
http://www.ncbi.nlm.nih.gov/pubmed/29159325
http://dx.doi.org/10.1016/j.cgh.2014.04.038
http://www.ncbi.nlm.nih.gov/pubmed/24815326
http://dx.doi.org/10.1016/S2213-8587(13)70050-0
http://dx.doi.org/10.1186/s13098-016-0169-x
http://dx.doi.org/10.1371/journal.pone.0146337
http://dx.doi.org/10.1038/s41598-018-19658-7
http://dx.doi.org/10.1186/s13098-015-0102-8
http://www.ncbi.nlm.nih.gov/pubmed/26594248
http://dx.doi.org/10.1111/dom.13520
http://www.ncbi.nlm.nih.gov/pubmed/30178600
http://dx.doi.org/10.1007/s00125-018-4675-2
http://dx.doi.org/10.1038/s41586-019-1601-9
http://www.ncbi.nlm.nih.gov/pubmed/31554967
http://dx.doi.org/10.1038/s41575-018-0009-6
http://dx.doi.org/10.1038/aps.2014.116
http://dx.doi.org/10.1016/S0192-0561(97)85556-7
http://dx.doi.org/10.1002/hep.24544
http://www.ncbi.nlm.nih.gov/pubmed/21748765
http://dx.doi.org/10.1515/jtim-2017-0021
http://dx.doi.org/10.1002/hep.24612
http://dx.doi.org/10.1016/j.pbiomolbio.2006.02.003
http://www.ncbi.nlm.nih.gov/pubmed/16766239
http://dx.doi.org/10.1093/ajcn/79.5.820
http://www.ncbi.nlm.nih.gov/pubmed/15113720


Cancers 2020, 12, 1714 18 of 22

83. Wortsman, J.; Matsuoka, L.Y.; Chen, T.; Lu, Z.; Holick, M.F. Decreased bioavailability of vitamin D in obesity.
Am. J. Clin. Nutr. 2000, 72, 690–693. [CrossRef] [PubMed]

84. Ford, E.S.; Ajani, U.A.; McGuire, L.C.; Liu, S. Concentrations of serum vitamin D and the metabolic syndrome
among U.S. adults. Diabetes Care 2005, 28, 1228–1230. [CrossRef] [PubMed]

85. Roth, C.L.; Elfers, C.; Figlewicz, D.P.; Melhorn, S.J.; Morton, G.J.; Hoofnagle, A.; Yeh, M.M.; Nelson, J.E.;
Kowdley, K.V. Vitamin D deficiency in obese rats exacerbates nonalcoholic fatty liver disease and increases
hepatic resistin and toll-like receptor activation. Hepatology 2012, 55, 1103–1111. [CrossRef]

86. Nelson, J.E.; Roth, C.L.; Wilson, L.A.; Yates, K.P.; Aouizerat, B.; Morgan-Stevenson, V.; Whalen, E.;
Hoofnagle, A.; Mason, M.; Gersuk, V.; et al. Vitamin D Deficiency Is Associated with Increased Risk
of Non-alcoholic Steatohepatitis in Adults with Non-alcoholic Fatty Liver Disease: Possible Role for MAPK
and NF-κB? Am. J. Gastroenterol. 2016, 111, 852–863. [CrossRef]

87. Geier, A.; Eichinger, M.; Stirnimann, G.; Semela, D.; Tay, F.; Seifert, B.; Tschopp, O.; Bantel, H.; Jahn, D.;
Maggio, E.M.; et al. Treatment of non-alcoholic steatohepatitis patients with vitamin D: A double-blinded,
randomized, placebo-controlled pilot study. Scand. J. Gastroenterol. 2018, 53, 1114–1120. [CrossRef]

88. Yodoshi, T.; Orkin, S.; Arce-Clachar, A.C.; Bramlage, K.; Liu, C.; Fei, L.; El-Khider, F.; Dasarathy, S.;
Xanthakos, S.A.; Mouzaki, M. Vitamin D deficiency: Prevalence and association with liver disease severity in
pediatric nonalcoholic fatty liver disease. Eur. J. Clin. Nutr. 2019, 74, 427–435. [CrossRef]

89. Recio, C.; Lucy, D.; Purvis, G.S.D.; Iveson, P.; Zeboudj, L.; Iqbal, A.J.; Lin, D.; O’Callaghan, C.; Davison, L.;
Griesbach, E.; et al. Activation of the Immune-Metabolic Receptor GPR84 Enhances Inflammation and
Phagocytosis in Macrophages. Front. Immunol. 2018, 9, 9. [CrossRef]

90. Puengel, T.; De Vos, S.; Hundertmark, J.; Kohlhepp, M.; Guldiken, N.; Pujuguet, P.; Auberval, M.; Marsais, F.;
Shoji, K.F.; Saniere, L.; et al. The Medium-Chain Fatty Acid Receptor GPR84 Mediates Myeloid Cell
Infiltration Promoting Steatohepatitis and Fibrosis. J. Clin. Med. 2020, 9, 1140. [CrossRef]

91. Rooks, M.G.; Garrett, W.S. Gut microbiota, metabolites and host immunity. Nat. Rev. Immunol. 2016, 16,
341–352. [CrossRef]

92. Yu, L.-X.; Schwabe, R.F. The gut microbiome and liver cancer: Mechanisms and clinical translation. Nat. Rev.
Gastroenterol. Hepatol. 2017, 14, 527–539. [CrossRef] [PubMed]

93. Hagström, H.; Nasr, P.; Ekstedt, M.; Hammar, U.; Stal, P.; Hultcrantz, R.; Kechagias, S. Fibrosis stage but
not NASH predicts mortality and time to development of severe liver disease in biopsy-proven NAFLD.
J. Hepatol. 2017, 67, 1265–1273. [CrossRef] [PubMed]

94. Dulai, P.S.; Singh, S.; Patel, J.; Soni, M.; Prokop, L.J.; Younossi, Z.; Sebastiani, G.; Ekstedt, M.; Hagstrom, H.;
Nasr, P.; et al. Increased risk of mortality by fibrosis stage in nonalcoholic fatty liver disease: Systematic
review and meta-analysis. Hepatology 2017, 65, 1557–1565. [CrossRef] [PubMed]

95. Mederacke, I.; Hsu, C.C.; Troeger, J.S.; Huebener, P.; Mu, X.; Dapito, D.H.; Pradère, J.-P.; Schwabe, R.F.
Fate tracing reveals hepatic stellate cells as dominant contributors to liver fibrosis independent of its aetiology.
Nat. Commun. 2013, 4, 2823. [CrossRef] [PubMed]

96. Lin, C.-H.; Kohli, R. Bile acid metabolism and signaling: Potential therapeutic target for nonalcoholic fatty
liver disease. Clin. Transl. Gastroenterol. 2018, 9, 164. [CrossRef] [PubMed]

97. Rodrigues, P.M.; Afonso, M.B.; Simão, A.L.; Carvalho, C.C.; Trindade, A.; Duarte, A.; Borralho, P.M.;
Machado, M.V.; Cortez-Pinto, H.; Rodrigues, C.M.; et al. miR-21 ablation and obeticholic acid ameliorate
nonalcoholic steatohepatitis in mice. Cell Death Dis. 2017, 8, e2825. [CrossRef] [PubMed]

98. Goto, T.; Itoh, M.; Suganami, T.; Kanai, S.; Shirakawa, I.; Sakai, T.; Asakawa, M.; Yoneyama, T.; Kai, T.;
Ogawa, Y. Obeticholic acid protects against hepatocyte death and liver fibrosis in a murine model of
nonalcoholic steatohepatitis. Sci. Rep. 2018, 8, 8157. [CrossRef]

99. Neuschwander-Tetri, B.A.; Loomba, R.; Sanyal, A.J.; Lavine, J.E.; Van Natta, M.L.; Abdelmalek, M.F.;
Chalasani, N.; Dasarathy, S.; Diehl, A.M.; Hameed, B.; et al. Farnesoid X nuclear receptor ligand obeticholic
acid for non-cirrhotic, non-alcoholic steatohepatitis (FLINT): A multicentre, randomised, placebo-controlled
trial. Lancet 2014, 385, 956–965. [CrossRef]

100. Younossi, Z.M.; Ratziu, V.; Loomba, R.; Rinella, M.; Anstee, Q.M.; Goodman, Z.; Bedossa, P.; Geier, A.;
Beckebaum, S.; Newsome, P.N.; et al. Obeticholic acid for the treatment of non-alcoholic steatohepatitis:
Interim analysis from a multicentre, randomised, placebo-controlled phase 3 trial. Lancet 2019, 394, 2184–2196.
[CrossRef]

http://dx.doi.org/10.1093/ajcn/72.3.690
http://www.ncbi.nlm.nih.gov/pubmed/10966885
http://dx.doi.org/10.2337/diacare.28.5.1228
http://www.ncbi.nlm.nih.gov/pubmed/15855599
http://dx.doi.org/10.1002/hep.24737
http://dx.doi.org/10.1038/ajg.2016.51
http://dx.doi.org/10.1080/00365521.2018.1501091
http://dx.doi.org/10.1038/s41430-019-0493-y
http://dx.doi.org/10.3389/fimmu.2018.01419
http://dx.doi.org/10.3390/jcm9041140
http://dx.doi.org/10.1038/nri.2016.42
http://dx.doi.org/10.1038/nrgastro.2017.72
http://www.ncbi.nlm.nih.gov/pubmed/28676707
http://dx.doi.org/10.1016/j.jhep.2017.07.027
http://www.ncbi.nlm.nih.gov/pubmed/28803953
http://dx.doi.org/10.1002/hep.29085
http://www.ncbi.nlm.nih.gov/pubmed/28130788
http://dx.doi.org/10.1038/ncomms3823
http://www.ncbi.nlm.nih.gov/pubmed/24264436
http://dx.doi.org/10.1038/s41424-018-0034-3
http://www.ncbi.nlm.nih.gov/pubmed/29955036
http://dx.doi.org/10.1038/cddis.2017.246
http://www.ncbi.nlm.nih.gov/pubmed/28542140
http://dx.doi.org/10.1038/s41598-018-26383-8
http://dx.doi.org/10.1016/S0140-6736(14)61933-4
http://dx.doi.org/10.1016/S0140-6736(19)33041-7


Cancers 2020, 12, 1714 19 of 22

101. Wójcik, M.; Janus, D.; Dolezal-Oltarzewska, K.; Kalicka-Kasperczyk, A.; Poplawska, K.; Drozdz, D.; Sztefko, K.;
Starzyk, J.B. A decrease in fasting FGF19 levels is associated with the development of non-alcoholic fatty
liver disease in obese adolescents. J. Pediatr. Endocrinol. Metab. 2012, 25, 1089–1093. [CrossRef] [PubMed]

102. Nicholes, K.; Guillet, S.; Tomlinson, E.; Hillan, K.; Wright, B.; Frantz, G.D.; Pham, T.A.; Dillard-Telm, L.;
Tsai, S.P.; Stephan, J.-P.; et al. A Mouse Model of Hepatocellular Carcinoma. Am. J. Pathol. 2002, 160,
2295–2307. [CrossRef]

103. Zhou, M.; Yang, H.; Learned, R.M.; Tian, H.; Ling, L. Non-cell-autonomous activation of IL-6/STAT3 signaling
mediates FGF19-driven hepatocarcinogenesis. Nat. Commun. 2017, 8, 15433. [CrossRef] [PubMed]

104. Harrison, S.A.; Rinella, M.E.; Abdelmalek, M.F.; Trotter, J.F.; Paredes, A.H.; Arnold, H.L.; Kugelmas, M.;
Bashir, M.R.; Jaros, M.J.; Ling, L.; et al. NGM282 for treatment of non-alcoholic steatohepatitis: A multicentre,
randomised, double-blind, placebo-controlled, phase 2 trial. Lancet 2018, 391, 1174–1185. [CrossRef]

105. Thomas, C.; Gioiello, A.; Noriega, L.; Strehle, A.; Oury, J.; Rizzo, G.; Macchiarulo, A.; Yamamoto, H.;
Mataki, C.; Pruzanski, M.; et al. TGR5-Mediated Bile Acid Sensing Controls Glucose Homeostasis. Cell Metab.
2009, 10, 167–177. [CrossRef] [PubMed]

106. Finn, P.D.; Rodriguez, D.; Kohler, J.; Jiang, Z.; Wan, S.; Blanco, E.; King, A.J.; Chen, T.; Bell, N.; Dragoli, D.; et al.
Intestinal TGR5 agonism improves hepatic steatosis and insulin sensitivity in Western diet-fed mice. Am. J.
Physiol. Liver Physiol. 2019, 316, G412–G424. [CrossRef]

107. Mcmahan, R.H.; Wang, X.X.; Cheng, L.L.; Krisko, T.; Smith, M.; El Kasmi, K.; Pruzanski, M.; Adorini, L.;
Golden-Mason, L.; Levi, M.; et al. Bile Acid Receptor Activation Modulates Hepatic Monocyte Activity and
Improves Nonalcoholic Fatty Liver Disease. J. Boil. Chem. 2013, 288, 11761–11770. [CrossRef]

108. Roth, J.D.; Feigh, M.; Veidal, S.S.; Fensholdt, L.K.; Rigbolt, K.T.; Hansen, H.; Chen, L.C.; Petitjean, M.;
Friley, W.; Vrang, N.; et al. INT-767 improves histopathological features in a diet-inducedob/obmouse model of
biopsy-confirmed non-alcoholic steatohepatitis. World J. Gastroenterol. 2018, 24, 195–210. [CrossRef] [PubMed]

109. Schwabe, R.F.; Tabas, I.; Pajvani, U.B. Mechanisms of Fibrosis Development in Nonalcoholic Steatohepatitis.
Gastroenterology 2020, 158, 1913–1928. [CrossRef]

110. Sato, Y.; Murase, K.; Kato, J.; Kobune, M.; Sato, T.; Kawano, Y.; Takimoto, R.; Takada, K.; Miyanishi, K.;
Matsunaga, T.; et al. Resolution of liver cirrhosis using vitamin A–coupled liposomes to deliver siRNA
against a collagen-specific chaperone. Nat. Biotechnol. 2008, 26, 431–442. [CrossRef]

111. Loomba, R.; Lawitz, E.; Mantry, P.S.; Jayakumar, S.; Caldwell, S.H.; Arnold, H.; Diehl, A.M.; Djedjos, C.S.;
Han, L.; Myers, R.P.; et al. The ASK1 inhibitor selonsertib in patients with nonalcoholic steatohepatitis: A
randomized, phase 2 trial. Hepatology 2017, 67, 549–559. [CrossRef] [PubMed]

112. Harrison, S.A.; Wong, V.W.-S.; Okanoue, T.; Bzowej, N.; Vuppalanchi, R.; Younes, Z.; Kohli, A.; Sarin, S.;
Caldwell, S.H.; Alkhouri, N.; et al. Selonsertib for Patients with Bridging Fibrosis or Compensated Cirrhosis
Due to NASH: Results from Randomized Ph III STELLAR Trials. J. Hepatol. 2020. [CrossRef] [PubMed]

113. Shreiner, A.B.; Kao, J.Y.; Young, V.B. The gut microbiome in health and in disease. Curr. Opin. Gastroenterol.
2015, 31, 69–75. [CrossRef]

114. Leung, C.; Rivera, L.; Furness, J.B.; Angus, P.W. The role of the gut microbiota in NAFLD. Nat. Rev.
Gastroenterol. Hepatol. 2016, 13, 412–425. [CrossRef] [PubMed]

115. Zhao, S.; Jang, C.; Liu, J.; Uehara, K.; Gilbert, M.; Izzo, L.; Zeng, X.; Trefely, S.; Fernandez, S.; Carrer, A.;
et al. Dietary fructose feeds hepatic lipogenesis via microbiota-derived acetate. Nature 2020, 579, 586–591.
[CrossRef]

116. Todoric, J.; Di Caro, G.; Reibe, S.; Henstridge, D.C.; Green, C.R.; Vrbanac, A.; Ceteci, F.; Conche, C.;
Shalapour, S.; Taniguchi, K.; et al. Fructose-stimulated de novo lipogenesis depends on inflammation.
Nat. Med. 2020. Accepted.

117. Henao-Mejia, J.; Elinav, E.; Jin, C.-C.; Hao, L.; Mehal, W.Z.; Strowig, T.; Thaiss, C.A.; Kau, A.L.; Eisenbarth, S.C.;
Jurczak, M.J.; et al. Inflammasome-mediated dysbiosis regulates progression of NAFLD and obesity. Nature
2012, 482, 179–185. [CrossRef]

118. Ye, J.; Lv, L.; Wu, W.; Li, Y.; Shi, D.; Fang, D.; Guo, F.; Jiang, H.; Yan, R.; Ye, W.; et al. Butyrate Protects Mice
Against Methionine–Choline-Deficient Diet-Induced Non-alcoholic Steatohepatitis by Improving Gut Barrier
Function, Attenuating Inflammation and Reducing Endotoxin Levels. Front. Microbiol. 2018, 9, 9. [CrossRef]

119. Sohn, W.; Jun, D.W.; Lee, K.N.; Lee, H.L.; Lee, O.Y.; Choi, H.S.; Yoon, B.C. Lactobacillus paracasei Induces
M2-Dominant Kupffer Cell Polarization in a Mouse Model of Nonalcoholic Steatohepatitis. Dig. Dis. Sci.
2015, 60, 3340–3350. [CrossRef]

http://dx.doi.org/10.1515/jpem-2012-0253
http://www.ncbi.nlm.nih.gov/pubmed/23329754
http://dx.doi.org/10.1016/S0002-9440(10)61177-7
http://dx.doi.org/10.1038/ncomms15433
http://www.ncbi.nlm.nih.gov/pubmed/28508871
http://dx.doi.org/10.1016/S0140-6736(18)30474-4
http://dx.doi.org/10.1016/j.cmet.2009.08.001
http://www.ncbi.nlm.nih.gov/pubmed/19723493
http://dx.doi.org/10.1152/ajpgi.00300.2018
http://dx.doi.org/10.1074/jbc.M112.446575
http://dx.doi.org/10.3748/wjg.v24.i2.195
http://www.ncbi.nlm.nih.gov/pubmed/29375205
http://dx.doi.org/10.1053/j.gastro.2019.11.311
http://dx.doi.org/10.1038/nbt1396
http://dx.doi.org/10.1002/hep.29514
http://www.ncbi.nlm.nih.gov/pubmed/28892558
http://dx.doi.org/10.1016/j.jhep.2020.02.027
http://www.ncbi.nlm.nih.gov/pubmed/32147362
http://dx.doi.org/10.1097/MOG.0000000000000139
http://dx.doi.org/10.1038/nrgastro.2016.85
http://www.ncbi.nlm.nih.gov/pubmed/27273168
http://dx.doi.org/10.1038/s41586-020-2101-7
http://dx.doi.org/10.1038/nature10809
http://dx.doi.org/10.3389/fmicb.2018.01967
http://dx.doi.org/10.1007/s10620-015-3770-1


Cancers 2020, 12, 1714 20 of 22

120. Ginès, P.; Rimola, A.; Planas, R.; Vargas, V.; Marco, F.; Almela, M.; Forné, M.; Miranda, M.L.; Llach, J.;
Salmerón, J.M.; et al. Norfloxacin prevents spontaneous bacterial peritonitis recurrence in cirrhosis: Results
of a double-blind, placebo-controlled trial. Hepatology 1990, 12, 716–724. [CrossRef]

121. Dapito, D.H.; Mencin, A.; Gwak, G.-Y.; Pradère, J.-P.; Jang, M.-K.; Mederacke, I.; Caviglia, J.M.; Khiabanian, H.;
Adeyemi, A.; Bataller, R.; et al. Promotion of Hepatocellular Carcinoma by the Intestinal Microbiota and
TLR4. Cancer Cell 2012, 21, 504–516. [CrossRef]

122. Sharma, B.C.; Sharma, P.; Lunia, M.K.; Srivastava, S.; Goyal, R.; Sarin, S.K. A Randomized, Double-Blind,
Controlled Trial Comparing Rifaximin Plus Lactulose with Lactulose Alone in Treatment of Overt Hepatic
Encephalopathy. Am. J. Gastroenterol. 2013, 108, 1458–1463. [CrossRef] [PubMed]

123. Abdel-Razik, A.; Mousa, N.; Shabana, W.; Refaey, M.; Elzehery, R.; Elhelaly, R.; Zalata, K.; Abdelsalam, M.;
Eldeeb, A.A.; Awad, M.; et al. Rifaximin in nonalcoholic fatty liver disease. Eur. J. Gastroenterol. Hepatol.
2018, 30, 1237–1246. [CrossRef] [PubMed]

124. Cobbold, J.; Atkinson, S.; Marchesi, J.R.; Smith, A.; Wai, S.N.; Stove, J.; Shojaee-Moradie, F.; Jackson, N.;
Umpleby, A.M.; Fitzpatrick, J.; et al. Rifaximin in non-alcoholic steatohepatitis: An open-label pilot study.
Hepatol. Res. 2017, 48, 69–77. [CrossRef] [PubMed]

125. Vétizou, M.; Pitt, J.M.; Daillère, R.; Lepage, P.; Waldschmitt, N.; Flament, C.; Rusakiewicz, S.; Routy, B.;
Roberti, M.P.; Duong, C.P.M.; et al. Anticancer immunotherapy by CTLA-4 blockade relies on the gut
microbiota. Science 2015, 350, 1079–1084. [CrossRef]

126. Salminen, S.; Bouley, C.; Boutron, M.-C.; Cummings, J.H.; Franck, A.; Gibson, G.R.; Isolauri, E.; Moreau, M.-C.;
Roberfroid, M.; Rowland, I. Functional food science and gastrointestinal physiology and function. Br. J. Nutr.
1998, 80, S147–S171. [CrossRef] [PubMed]

127. Kirpich, I.A.; McClain, C.J. Probiotics in the treatment of the liver diseases. J. Am. Coll. Nutr. 2012, 31, 14–23.
[CrossRef]

128. Zhang, H.-L.; Yu, L.-X.; Yang, W.; Tang, L.; Lin, Y.; Wu, H.; Zhai, B.; Tan, Y.-X.; Shan, L.;
Liu, Q.; et al. Profound impact of gut homeostasis on chemically-induced pro-tumorigenic inflammation and
hepatocarcinogenesis in rats. J. Hepatol. 2012, 57, 803–812. [CrossRef]

129. Mencarelli, A.; Cipriani, S.; Renga, B.; Bruno, A.; D’Amore, C.; Distrutti, E.; Fiorucci, S. VSL#3 Resets Insulin
Signaling and Protects against NASH and Atherosclerosis in a Model of Genetic Dyslipidemia and Intestinal
Inflammation. PLoS ONE 2012, 7, e45425. [CrossRef]

130. Li, Z.; Lin, H.; Huang, J.; DeSimone, C.; Diehl, A.M.; Yang, S.; Watkins, P.A.; Moser, A.B.; Song, X.
Probiotics and antibodies to TNF inhibit inflammatory activity and improve nonalcoholic fatty liver disease.
Hepatology 2003, 37, 343–350. [CrossRef] [PubMed]

131. Jena, P.K.; Sheng, L.; Li, Y.; Wan, Y.-J.Y. Probiotics VSL#3 are effective in reversing non-alcoholic steatohepatitis
in a mouse model. Hepatobiliary Surg. Nutr. 2020, 9, 170–182.

132. Esposito, E.; Iacono, A.; Bianco, G.; Autore, G.; Cuzzocrea, S.; Vajro, P.; Canani, R.B.; Calignano, A.; Raso, G.M.;
Meli, R. Probiotics Reduce the Inflammatory Response Induced by a High-Fat Diet in the Liver of Young
Rats. J. Nutr. 2009, 139, 905–911. [CrossRef] [PubMed]

133. Alisi, A.; Bedogni, G.; Baviera, G.; Giorgio, V.; Porro, E.; Paris, C.; Giammaria, P.; Reali, L.; Anania, F.;
Nobili, V. Randomised clinical trial: The beneficial effects of VSL#3 in obese children with non-alcoholic
steatohepatitis. Aliment. Pharm. 2014, 39, 1276–1285. [CrossRef]

134. Cammarota, G.; Ianiro, G.; Tilg, H.; Rajilic-Stojanovic, M.; Kump, P.; Satokari, R.; Sokol, H.; Arkkila, P.;
Pintus, C.; Hart, A.; et al. European consensus conference on faecal microbiota transplantation in clinical
practice. Gut 2017, 66, 569–580. [CrossRef]

135. Vrieze, A.; Van Nood, E.; Holleman, F.; Salojärvi, J.; Kootte, R.S.; Bartelsman, J.F.; Dallinga–Thie, G.M.;
Ackermans, M.T.; Serlie, M.J.; Oozeer, R.; et al. Transfer of Intestinal Microbiota From Lean Donors Increases Insulin
Sensitivity in Individuals With Metabolic Syndrome. Gastroenterology 2012, 143, 913–916. [CrossRef] [PubMed]

136. Bakken, J.S.; Borody, T.J.; Brandt, L.J.; Brill, J.V.; Demarco, D.C.; Franzos, M.A.; Kelly, C.; Khoruts, A.;
Louie, T.; Martinelli, L.P.; et al. Treating Clostridium difficile Infection with Fecal Microbiota Transplantation.
Clin. Gastroenterol. Hepatol. 2011, 9, 1044–1049. [CrossRef] [PubMed]

137. Hoyles, L.; Fernandez-Real, J.-M.; Federici, M.; Serino, M.; Abbott, J.; Charpentier, J.; Heymes, C.; Luque, J.L.;
Anthony, E.; Barton, R.H.; et al. Publisher Correction: Molecular phenomics and metagenomics of hepatic
steatosis in non-diabetic obese women. Nat. Med. 2018, 24, 1628. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/hep.1840120416
http://dx.doi.org/10.1016/j.ccr.2012.02.007
http://dx.doi.org/10.1038/ajg.2013.219
http://www.ncbi.nlm.nih.gov/pubmed/23877348
http://dx.doi.org/10.1097/MEG.0000000000001232
http://www.ncbi.nlm.nih.gov/pubmed/30096092
http://dx.doi.org/10.1111/hepr.12904
http://www.ncbi.nlm.nih.gov/pubmed/28425154
http://dx.doi.org/10.1126/science.aad1329
http://dx.doi.org/10.1079/BJN19980108
http://www.ncbi.nlm.nih.gov/pubmed/9849357
http://dx.doi.org/10.1080/07315724.2012.10720004
http://dx.doi.org/10.1016/j.jhep.2012.06.011
http://dx.doi.org/10.1371/journal.pone.0045425
http://dx.doi.org/10.1053/jhep.2003.50048
http://www.ncbi.nlm.nih.gov/pubmed/12540784
http://dx.doi.org/10.3945/jn.108.101808
http://www.ncbi.nlm.nih.gov/pubmed/19321579
http://dx.doi.org/10.1111/apt.12758
http://dx.doi.org/10.1136/gutjnl-2016-313017
http://dx.doi.org/10.1053/j.gastro.2012.06.031
http://www.ncbi.nlm.nih.gov/pubmed/22728514
http://dx.doi.org/10.1016/j.cgh.2011.08.014
http://www.ncbi.nlm.nih.gov/pubmed/21871249
http://dx.doi.org/10.1038/s41591-018-0169-5
http://www.ncbi.nlm.nih.gov/pubmed/30093731


Cancers 2020, 12, 1714 21 of 22

138. Wang, S.; Xu, M.; Wang, W.; Cao, X.; Piao, M.; Khan, S.; Yan, F.; Cao, H.; Wang, B. Systematic Review:
Adverse Events of Fecal Microbiota Transplantation. PLoS ONE 2016, 11, e0161174. [CrossRef]

139. Spadoni, I.; Zagato, E.; Bertocchi, A.; Paolinelli, R.; Hot, E.; Di Sabatino, A.; Caprioli, F.; Bottiglieri, L.;
Oldani, A.; Viale, G.; et al. A gut-vascular barrier controls the systemic dissemination of bacteria. Science
2015, 350, 830–834. [CrossRef]

140. Verbeke, L.; Farré, R.; Verbinnen, B.; Covens, K.; Vanuytsel, T.; Verhaegen, J.; Komuta, M.; Roskams, T.;
Chatterjee, S.; Annaert, P.; et al. The FXR Agonist Obeticholic Acid Prevents Gut Barrier Dysfunction and
Bacterial Translocation in Cholestatic Rats. Am. J. Pathol. 2015, 185, 409–419. [CrossRef]

141. Ubeda, M.; Lario, M.; Muñoz, L.; Borrero, M.-J.; Serrano, E.M.R.; Díaz, A.M.S.; Del Campo, R.; Lledó, L.;
Pastor, Ó.; García-Bermejo, L. Obeticholic acid reduces bacterial translocation and inhibits intestinal
inflammation in cirrhotic rats. J. Hepatol. 2016, 64, 1049–1057. [CrossRef]

142. Schneider, K.M.; Bieghs, V.; Heymann, F.; Hu, W.; Dreymueller, D.; Liao, L.; Frissen, M.; Ludwig, A.;
Gassler, N.; Pabst, O.; et al. CX3CR1 is a gatekeeper for intestinal barrier integrity in mice: Limiting
steatohepatitis by maintaining intestinal homeostasis. Hepatology 2015, 62, 1405–1416. [CrossRef]

143. Younossi, Z.; Anstee, Q.M.; Marietti, M.; Hardy, T.; Henry, L.; Eslam, M.; George, J.; Bugianesi, E. Global burden
of NAFLD and NASH: Trends, predictions, risk factors and prevention. Nat. Rev. Gastroenterol. Hepatol.
2017, 15, 11–20. [CrossRef] [PubMed]

144. Kumar, R.; Mohan, S. Non-alcoholic Fatty Liver Disease in Lean Subjects: Characteristics and Implications.
J. Clin. Transl. Hepatol. 2017, 5, 1–8. [CrossRef] [PubMed]

145. Machado, M.V.; Cortez-Pinto, H. No need for a large belly to have NASH. J. Hepatol. 2011, 54, 1090–1093.
[CrossRef]

146. Wattacheril, J.; Sanyal, A.J. Lean NAFLD: An Underrecognized Outlier. Curr. Hepatol. Rep. 2016, 15, 134–139.
[CrossRef] [PubMed]

147. Abid, A.; Taha, O.; Nseir, W.; Farah, R.; Grosovski, M.; Assy, N. Soft drink consumption is associated with
fatty liver disease independent of metabolic syndrome. J. Hepatol. 2009, 51, 918–924. [CrossRef]

148. Musso, G.; Gambino, R.; De Michieli, F.; Cassader, M.; Rizzetto, M.; Durazzo, M.; Fagà, E.; Silli, B.; Pagano, G.
Dietary habits and their relations to insulin resistance and postprandial lipemia in nonalcoholic steatohepatitis.
Hepatology 2003, 37, 909–916. [CrossRef]

149. Ryu, S.; Chang, Y.; Jung, H.; Yun, K.E.; Kwon, M.-J.; Choi, Y.; Kim, C.-W.; Cho, J.; Suh, B.-S.; Cho, Y.K.; et al.
Relationship of sitting time and physical activity with non-alcoholic fatty liver disease. J. Hepatol. 2015, 63,
1229–1237. [CrossRef]

150. Chen, F.; Esmaili, S.; Rogers, G.B.; Bugianesi, E.; Petta, S.; Marchesini, G.; Bayoumi, A.; Metwally, M.;
Azardaryany, M.K.; Coulter, S.; et al. Lean NAFLD: A Distinct Entity Shaped by Differential Metabolic
Adaptation. Hepatology 2020, 71, 1213–1227. [CrossRef]

151. Romeo, S.; Kozlitina, J.; Xing, C.; Pertsemlidis, A.; Cox, D.; Pennacchio, L.A.; Boerwinkle, E.; Cohen, J.C.;
Hobbs, H.H. Genetic variation in PNPLA3 confers susceptibility to nonalcoholic fatty liver disease. Nat. Genet.
2008, 40, 1461–1465. [CrossRef]

152. Wei, J.L.; Leung, J.C.-F.; Loong, T.C.-W.; Wong, G.L.-H.; Yeung, D.K.-W.; Chan, R.S.M.; Chan, H.L.-Y.;
Chim, A.M.-L.; Woo, J.; Chu, W.C.W.; et al. Prevalence and Severity of Nonalcoholic Fatty Liver
Disease in Non-Obese Patients: A Population Study Using Proton-Magnetic Resonance Spectroscopy.
Am. J. Gastroenterol. 2015, 110, 1306–1314. [CrossRef]

153. Huang, Y.; Cohen, J.C.; Hobbs, H.H. Expression and characterization of a PNPLA3 protein isoform (I148M)
associated with nonalcoholic fatty liver disease. J. Boil. Chem. 2011, 286, 37085–37093. [CrossRef] [PubMed]

154. Adams, L.A.; Marsh, J.; Ayonrinde, O.T.; Olynyk, J.K.; Ang, W.Q.; Beilin, L.J.; Mori, T.A.; Palmer, L.J.;
Oddy, W.; Lye, S.J.; et al. Cholesteryl ester transfer protein gene polymorphisms increase the risk of fatty
liver in females independent of adiposity. J. Gastroenterol. Hepatol. 2012, 27, 1520–1527. [CrossRef] [PubMed]

155. Nakatsuka, A.; Matsuyama, M.; Yamaguchi, S.; Katayama, A.; Eguchi, J.; Murakami, K.; Teshigawara, S.;
Ogawa, D.; Wada, N.; Yasunaka, T.; et al. Insufficiency of phosphatidylethanolamine N-methyltransferase is
risk for lean non-alcoholic steatohepatitis. Sci. Rep. 2016, 6, 21721. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0161174
http://dx.doi.org/10.1126/science.aad0135
http://dx.doi.org/10.1016/j.ajpath.2014.10.009
http://dx.doi.org/10.1016/j.jhep.2015.12.010
http://dx.doi.org/10.1002/hep.27982
http://dx.doi.org/10.1038/nrgastro.2017.109
http://www.ncbi.nlm.nih.gov/pubmed/28930295
http://dx.doi.org/10.14218/JCTH.2016.00068
http://www.ncbi.nlm.nih.gov/pubmed/28936403
http://dx.doi.org/10.1016/j.jhep.2011.01.010
http://dx.doi.org/10.1007/s11901-016-0302-1
http://www.ncbi.nlm.nih.gov/pubmed/27668144
http://dx.doi.org/10.1016/j.jhep.2009.05.033
http://dx.doi.org/10.1053/jhep.2003.50132
http://dx.doi.org/10.1016/j.jhep.2015.07.010
http://dx.doi.org/10.1002/hep.30908
http://dx.doi.org/10.1038/ng.257
http://dx.doi.org/10.1038/ajg.2015.235
http://dx.doi.org/10.1074/jbc.M111.290114
http://www.ncbi.nlm.nih.gov/pubmed/21878620
http://dx.doi.org/10.1111/j.1440-1746.2012.07120.x
http://www.ncbi.nlm.nih.gov/pubmed/22414273
http://dx.doi.org/10.1038/srep21721
http://www.ncbi.nlm.nih.gov/pubmed/26883167


Cancers 2020, 12, 1714 22 of 22

156. Pirola, C.J.; Garaycoechea, M.; Flichman, D.; Arrese, M.; Martino, J.S.; Gazzi, C.; Castaño, G.O.; Sookoian, S.
Splice variant rs72613567 prevents worst histologic outcomes in patients with nonalcoholic fatty liver disease.
J. Lipid Res. 2018, 60, 176–185. [CrossRef]

157. DeFronzo, R.; Tripathy, D.; Schwenke, D.C.; Banerji, M.; Bray, G.A.; Buchanan, T.A.; Clement, S.C.; Henry, R.R.;
Hodis, H.N.; Kitabchi, A.E.; et al. Pioglitazone for Diabetes Prevention in Impaired Glucose Tolerance.
N. Engl. J. Med. 2011, 364, 1104–1115. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1194/jlr.p089953
http://dx.doi.org/10.1056/NEJMoa1010949
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Treatments 
	Hallmark Characteristics Driving NAFLD 
	Steatosis 
	Inflammation 
	Fibrosis 

	Gut Microbiome 
	Antibiotics 
	Probiotics 
	Faecal Microbiota Transplantation (FMT) 
	Leaky Gut 


	Lean NAFLD 
	Conclusions 
	References

