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ABSTRACT

Background: The incidence of non-alcoholic fatty liver disease (NAFLD) is rapidly increasing worldwide parallel to the global obesity epidemic.
NAFLD encompasses a range of liver pathologies and most often originates from metabolically driven accumulation of fat in the liver, or non-
alcoholic fatty liver (NAFL). In a subset of NAFL patients, the disease can progress to non-alcoholic steatohepatitis (NASH), which is a more
severe form of liver disease characterized by hepatocyte injury, inflammation, and fibrosis. Significant progress has been made over the past
decade in our understanding of NASH pathogenesis, but gaps remain in our mechanistic knowledge of the precise metabolic triggers for disease
worsening.

Scope of review: The transition from NAFL to NASH likely involves a complex constellation of multiple factors intrinsic and extrinsic to the liver.
This review focuses on early metabolic events in the establishment of NAFL and initial stages of NASH. We discuss the association of NAFL with
obesity as well as the role of adipose tissue in disease progression and highlight early metabolic drivers implicated in the pathological transition
from hepatic fat accumulation to steatohepatitis.

Major conclusions: The close association of NAFL with features of metabolic syndrome highlight plausible mechanistic roles for adipose tissue
health and the release of lipotoxic lipids, hepatic de novo lipogenesis (DNL), and disruption of the intestinal barrier in not only the initial
establishment of hepatic steatosis, but also in mediating disease progression. Human genetic variants linked to NASH risk to date are heavily
biased toward genes involved in the regulation of lipid metabolism, providing compelling support for the hypothesis that NASH is fundamentally a

metabolic disease.

© 2020 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

NAFLD comprises a continuum of liver pathologies ranging from NAFL,
defined by the presence of fat accumulation in >5% of hepatocytes by
histological assessment or non-invasive imaging [1], to a more serious
and progressive form of the disease, NASH. The definitive diagnosis of
NASH is established by liver biopsy and histologically characterized by
the presence of hepatocyte injury and inflammation and typically
pericellular fibrosis [2]. Patients with NASH are at a substantially
greater risk of progression to cirrhosis and hepatocellular carcinoma
(HCC) than those with hepatic steatosis alone and at a greater risk of
mortality, with fibrosis being the most predictive histological feature
[3,4]. A scarcity of robust longitudinal data in NASH patients and a lack
of stage-specific circulating biomarkers continues to create impedi-
ments for understanding who might be at risk for disease progression.
Moreover, reliance on a liver biopsy as the gold standard for NASH
diagnosis creates challenges as accuracy and reproducibility can be
diminished by sampling variability and subjectivity of pathological
grading.

The prevalence of NAFLD is escalating globally at an unprecedented
rate, paralleling the increase in obesity and features of metabolic

syndrome. In the US alone, the incidence of NAFLD is estimated at
~ 25% of the population and the prevalence of NASH is estimated to
be 3—4% [5], with a projected economic burden of more than $100
billion in NAFLD-related US health care costs [6]. Notably, NASH is
associated with an increased risk of cardiovascular disease (CVD), a
leading cause of mortality in patients with the disease [7,8]. Despite
these staggering numbers and a renewed focus on the etiology of this
liver disease, gaps remain in our collective understanding of the
specific molecular and biochemical events underlying the transition
from fatty liver to NASH.

The journey along the disease spectrum from NAFL to NASH is
heterogenous and a complex collective integration of metabolic
comorbidities, genetic variations, age, ethnicity, and diet [9]. At a high
level, the disease trajectory of NAFLD can be described in three
phenotypic stages: NAFL, NASH (with or without fibrosis), and ulti-
mately cirrhosis and/or HCC. Early metabolic features driving NAFL
include overnutrition, insulin resistance, and obesity. Multiple insults
have been posited to contribute to worsening of the disease subse-
quent or in parallel to excess hepatic fat accumulation, including lip-
otoxicity, increased oxidative stress, inflammatory cytokine release,
and intestinal barrier disruption (Figure 1). In later disease stages,
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Abbreviations

ACC acetyl-CoA carboxylase

BMI body mass index

ChREBP  carbohydrate regulatory element-binding protein
CVvD cardiovascular disease

DNL de novo lipogenesis

FA fatty acid

FAS fatty acid synthase

FFA free fatty acid

GCKR glucokinase regulatory protein

GLP-1 glucagon-like peptide 1

HCC hepatocellular carcinoma

HFD high-fat diet

HGP hepatic glucose production

HSCs hepatic stellate cells

HSD17b13 hydroxysteroid 17-beta dehydrogenase 13
IEC intestinal epithelial cells

KHK ketohexokinase

LCFA long-chain fatty acids

LDLR low-density lipoprotein receptor

MARC1 mitochondrial amidoxime reducing component 1

MBOAT7  membrane-bound O-acyltransferase domain-containing protein 7

NAFL non-alcoholic fatty liver
NAFLD non-alcoholic fatty liver disease
NASH non-alcoholic steatohepatitis

oxLDL oxidized LDL

oxPL oxidized phospholipid

PNPLA3  patatin-like phospholipase domain-containing protein 3
PUFA polyunsaturated fatty acids

ROS reactive oxygen species

SREBP1c sterol regulatory element-binding protein 1c
T2D type 2 diabetes

TG triglyceride

TM6SF2  transmembrane 6 superfamily member 2

TJP

VLDL very low-density lipoprotein

WC

tight junction protein

waist circumference

pathogenic factors promote inflammation and fibrosis in the liver via
activation of resident tissue Kupffer cells, recruitment of circulating
immune cells, and subsequent activation of hepatic stellate cells
(HSCs) ultimately leading to fibrogenesis. In concordance, later stages

Obesity

Visceral adiposity

Insulin resistance ’

Increased FFA

of NASH are associated with significant histological evidence of
inflammation and fibrosis, highlighting an important role of inflam-
matory cells and activation of HSCs later in the course of disease
(reviewed extensively elsewhere, including in [10—13]). Understanding

Continued substrate overload leads to
generation of lipotoxic lipids, increased

> intestinal barrier permeability, immune
cell infiltration & oxidative stress...

Lipotoxic lipids, oxPLs t
n-3PUFA §

1 Gut permeability
Cytokine release t

1 Oxidative stress

Increased fructose/dietary sugars V

Genetic risk factors

| >

...followed by hepatocyte
injury, activation of hepatic
stellate cells & fibrogenesis.

Figure 1: Risk factors associated with progression from fatty liver to NASH. Obesity, insulin resistance, and excess visceral adiposity are associated with the development of
NAFL. Hepatic steatosis can be further exacerbated by overnutrition and consumption of dietary sugars and may also be influenced by genetic risk. FFA flux to the liver combined
with increased DNL results in substrate overload and an inability of the liver to properly metabolize lipids. Many factors are hypothesized to play a role in the transition to NASH,
including a build-up of lipotoxic or oxidized lipids, disrupted intestinal barrier function, increased immune cell activation, secretion of inflammatory cytokines, and elevated hepatic

oxidative stress.
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the molecular basis for progression from hepatic steatosis to NASH, a
critical first step for effective diagnosis and treatment of this disease,
has proven challenging given the complex and heterogeneous disease
trajectory. In this review, we focus on the metabolic mechanisms that
contribute to the initial deposition of fat in the liver and metabolic in-
sults that may subsequently influence progression from NAFL to early
stages of NASH.

2. HEPATIC STEATOSIS AND ADIPOSE TISSUE INSULIN
RESISTANCE

Fat can accumulate in the liver via several mechanisms; the major
sources in humans are flux of free fatty acids (FFAs) from adipose
tissue due to increased lipolysis, increased DNL, and dietary fat intake
[14,15]. Human isotope-labeling studies demonstrate that (1) DNL is
significantly upregulated in NAFLD patients and (2) the major
component of hepatic fat in NAFLD comes from excess circulating
FFAs [16—19]. Under normal conditions, plasma FFA concentrations
rise during fasting to supply substrate for tissues in the body and
decline in response to feeding due to insulin-induced suppression of
lipolysis. In the context of insulin resistance, however, unrestrained
lipolysis leads to increased levels of circulating FFAs and deposition of
fat in the liver, highlighting adipocyte insulin resistance as a major
contributor to NAFLD [20]. Consistent with this hypothesis, plasma FFA
levels were suppressed and liver triglyceride (TG) levels were signifi-
cantly decreased in high-fat diet (HFD)-fed mice upon chronic sup-
pression of lipolysis via activation of adipocyte Gi signaling [21]. Recent
studies also pointed to an important link between a failure of insulin to
suppress lipolysis in adipose and the regulation of hepatic glucose
production (HGP). Using in vivo metabolomics in rats, Perry et al.
showed that the ability of insulin to suppress lipolysis is critical for
suppression of HGP via reducing hepatic acetyl CoA levels and pyruvate
carboxylase activity, which regulates the first step of gluconeogenesis
in the liver [22]. Titchenell et al. utilized mouse loss-of-function models
to demonstrate that excess circulating FFAs, rather than direct hepa-
tocyte mediators of insulin signaling, are the major factor promoting
HGP in the context of obesity and insulin resistance [23]. These
mechanistic studies are consistent with the fact that most significant
comorbid conditions associated with NAFLD are prominent features of
insulin resistance, including hypertriglyceridemia, type 2 diabetes
(T2D), and obesity [24].

3. OBESITY AND NAFLD

Epidemiological studies convincingly show that obesity is a major risk
factor for developing NAFLD [5,25]. In adults, overweight is defined as
a body mass index (BMI) between 25.0 and 29.9 kg/m2 and obesity is
defined as a BMI > 30 kg/mz. Recent data showed that more than 100
million people in the US and ~1.5 billion people worldwide are
overweight or obese, with this trend continuing to rise [26,27]. Given
the widespread global epidemic of obesity and associated metabolic
dysfunction, the burden of NAFLD on the health care system continues
to grow [29]. Obesity also continues to affect the health of children and
adolescents [30], putting them at increased risk of developing NAFLD
[31—33]. A recent meta-analysis confirmed that overweight or obese
children have greater odds of developing NAFLD as adults than normal
weight children [34]. The risk of having NAFLD and elevated alanine
aminotransferase levels was mitigated in subjects who were obese in
childhood but non-obese as adults, supporting the idea that at least
some features of NAFLD may be reversible with normalization of body
weight [35]. Indeed, compelling data in support of weight gain and
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insulin resistance as major etiological factors in the development of
NASH as well as attractive therapeutic targets lies in bariatric surgery
outcomes [36,37]. Bariatric surgery leads to significant weight loss and
improvements in metabolic regulation resulting in reduced hepatic
steatosis and in many cases, resolution of NASH. A meta-analysis of
bariatric surgery studies demonstrated improvements in hepatic
steatosis in over 90% of patients and improved steatohepatitis in more
than 80% of patients with NASH [38]. The efficacy of weight loss in the
reversal of NASH is independent of the means of weight reduction, as
intensive nutritional interventions also resulted in reduced steatosis
and improvements in NASH [39—41].

Weight loss in the >10% range is recognized as the most compelling
treatment modality to date for meaningful histological improvements
in most NASH patients [24,41,42]. These data have spurred the
evaluation of the glucagon-like peptide-1 (GLP-1) class of obesity and
T2D drugs for treating NASH. In recently reported results of a 72-
week, randomized, double-blind placebo-controlled phase 2 study
examining the treatment of NASH patients with the GLP-1 receptor
agonist semaglutide (NCT02970942), 59% of patients who received a
0.4 mg daily dose of subcutaneous semaglutide had NASH resolution
without worsening of fibrosis compared to 17% of subjects on pla-
cebo [43]. While it remains to be seen whether this mechanism will
lead to improvements in fibrosis in larger biopsy studies, these re-
sults are consistent with the promise of GLP-1 therapies for pre-
venting disease worsening and potentially reversing the course of the
disease. It is likely that the predominant mechanism by which GLP-1
improves NASH is via weight loss and long-term reduction in insulin
resistance, although direct effects on the liver have also been pro-
posed [44].

4. VISCERAL ADIPOSITY AND ADIPOSE TISSUE DYSFUNCTION

In the context of obesity, regional adiposity influences the risk of
metabolic complications. Nielson et al. utilized elegant tracer and
computational methods in humans to demonstrate that the delivery of
FFAs derived from visceral fat to the portal circulation increases
coordinately with the elevated visceral fat mass seen in obesity
[45,46]. Expansion of visceral adipose in particular is linked to sys-
temic inflammation [47—49]. Visceral obesity is associated with
increased production of many proinflammatory cytokines, including
interleukin 6, tumor necrosis factor alpha, and C-reactive protein, and
a reduction in protective adipokines such as adiponectin and is thus
postulated to have a more toxic profile in the context of metabolic
dysfunction compared to subcutaneous fat [48,50,51]. In addition to
being more metabolically active in secreting cytokines, visceral fat is
more insulin resistant and lipolytic than subcutaneous fat [20,52].

Although it is widely reported that increased visceral adiposity is a risk
factor for NAFLD (see Table 1 in Reference [53]), is associated with
liver inflammation and fibrosis independent of hepatic steatosis [54],
and is predictive of NASH with significant fibrosis [55], the specific
contribution of visceral fat to the establishment of NAFL vs progression
to NASH remains controversial. Fabbrini et al. suggested that intra-
hepatic triglyceride content, rather than visceral adipose tissue, may
be a better indicator of metabolic complications associated with
obesity [56]. Using waist circumference (WC) as a surrogate marker of
visceral adiposity, Francanzani et al. reported that patients with normal
WC can have NASH and are at a risk of progression to fibrosis, sug-
gesting that visceral adiposity may be less important in the progression
to severe liver disease [57]. It is likely that some of these discrepancies
in the literature are a result of different measures used to assess
visceral fat, including WC, waist-hip ratio, visceral adiposity index, and
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Table 1 — Human genes associated with NAFLD and NASH identified from exome- and/or genome-wide association studies [181—184,206] and links to

metabolism.
Gene Protein name Principal SNP and variant ~ NAFLD/NASH risk Biochemical function Reference
PNPLA3 Patatin-like phospholipase rs738409; p.I1148M Increased Lipid droplet protein with [185]
domain-containing protein triglyceride hydrolase activity and
3 or adiponutrin retinyl-palmitate lipase activity;
remodeling of hepatic fatty acids
TM6SF2 Transmembrane 6 rs58542926; p.E167K Increased Involved in hepatic VLDL secretion [186]
superfamily member 2 and lipoprotein metabolism
MBOAT7 Membrane-bound 0- rs641738; p.G17E Increased Phospholipid remodeling; [187]
acyltransferase domain- acyltransferase that catalyzes the
containing protein 7 acylation of lysophosphatidylinositol
with arachidonoyl-CoA
GCKR Glucokinase regulatory rs1260326; p.P446L Increased Inhibitor of glucokinase activity; [188]
protein regulator of hepatic de novo
lipogenesis
HSD17613 Hydroxysteroid 17-beta rs72613567:TA splice variant Decreased Hepatic LD protein with retinol [192,193]
dehydrogenase 13 dehydrogenase activity; other family
members linked to steroid and fatty
acid metabolism
MARC1 Mitochondrial amidoxime- rs2642438; missense p.A165T Decreased Molybdenum-containing enzyme [194]

reducing component 1

capable of reducing N-hydroxylated
compounds; associated with the
outer mitochondrial membrane

imaging, some of which cannot distinguish between visceral and
subcutaneous fat compartments [58,59]. Additionally, it may be the
“health” of the visceral adipose compartment that is relevant to NAFLD
pathogenesis rather than the fat mass per se.

5. LIPOTOXICITY: ARE ALL LIPIDS CREATED EQUAL?

Adipose tissue acts as the body’s main reservoir for lipid storage.
When this storage capacity is overloaded in the context of obesity and
overnutrition, ectopic fat accumulates in the liver and organs that
usually only store relatively small amounts of fat, including the skeletal
muscle and heart, inducing lipotoxicity. Lipotoxicity is characterized by
the accumulation of harmful lipid species, leading to chronic inflam-
mation and progression from hepatic steatosis to NASH [60]. TG is the
predominant lipid that accumulates in the liver in NAFL. However,
studies suggest that increased TG, due to either increased de novo
synthesis [61] or reduced export [62], is not necessarily pathogenic in
isolation and may even be protective against liver injury [63]; rather, it
is likely that the delivery of excess FFA to the liver or generation of
other lipotoxic species within the liver leads to lipotoxicity and sub-
sequent hepatocyte dysfunction [64,65]. Remarkably, under some
experimental conditions, DNL can actually be preventative against
lipotoxicity [66]. Fatty acids taken up by hepatocytes serve as sub-
strates for lipid synthesis or mitochondrial beta-oxidation [15]. Some
lipid classes may be protective in the context of hepatic injury,
including n-3 polyunsaturated fatty acids (PUFAs). Levels of n-3 PUFAs
are reportedly decreased in NASH patients [67] and an elevated n-6:n-
3 PUFA ratio has been associated with the severity of NAFLD [68].
Consistent with the role of n-3 PUFAs in reducing hepatic lipid, meta-
analyses demonstrated consistent reductions in steatosis with n-3
supplementation but no effect on NASH activity scores or fibrosis,
suggesting the beneficial effects of n-3 PUFAs may be limited to re-
ductions in steatosis or possibly that more long-term benefits exist but
were not captured in the endpoints of these studies [69,70].

The specific lipid species responsible for promoting hepatocyte injury
and NASH pathogenesis is of considerable debate [71]. FFAs have
most commonly been implicated as possible drivers of hepatic

lipotoxicity. Some studies highlighted a more severe pathogenic role
for saturated fatty acids (FAs), such as palmitic acid, compared to
unsaturated FAs; however, most of these studies were performed
in vitro and/or in rodent NASH models, and there is less evidence
pointing to a definitive role of saturated FAs in driving NASH pro-
gression in NAFLD patients ([67]; reviewed in [60,71,72]). The lack of
an animal model that faithfully mimics the histological progression of
NASH in humans has severely hampered such mechanistic studies. In
the context of metabolically driven NAFLD, the lipid composition of the
liver is predominated by saturated and mono-unsaturated TGs and
ceramides [73,74]. In contrast, however, in carriers of the patatin-like
phospholipase domain-containing protein 3 (PNPLA3)-148M NASH risk
allele, hepatic TGs are enriched in PUFAs compared to PNPLA3-148I
carriers [75,76], demonstrating that there is much more to learn
about liver TG remodeling, the metabolism of PUFAs in the liver, and
implications int the risk of progression to NASH. A lipidomic analysis of
human liver biopsies comparing normal, NAFLD, and NASH livers
identified a lipid signature that could discriminate NASH livers: NASH
livers were found to have a lipidomic profile interpreted as indicative of
decreased of fatty acid desaturase 1 and elongation of very long-chain
fatty acid 6 activity, leading to an increase in long-chain fatty acids
(LCFA) [77], oxidation of which can lead to elevated reactive oxygen
species (ROS) in the liver [78]. Other candidate lipotoxic species
implicated in NASH progression include ceramides, diacylglycerols,
cholesterol, and lysophosphatidylcholine (reviewed in detail elsewhere
[65,71,74,79—84]); however, whether these lipid intermediates
actually contribute to severity of NASH in humans remains uncertain.
Adding to the complexity is the uncertainty of how well the circulating
lipidome reflects the hepatic milieu.

6. HEPATIC LIPID METABOLISM AND NAFLD

The endogenous synthesis of lipids from dietary substrates, or DNL, is
driven by increases in consumption of a high-carbohydrate diet.
Elegant tracer studies have shown that hepatic DNL is increased in
individuals with NAFLD and is a significant contributor to elevation in
liver fat [17—19]. Collectively these studies were very well aligned and
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showed that the contribution of DNL to liver TG synthesis in the fed
state is in the range of ~25—38% in obese NAFLD subjects.
Increased DNL in the context of NAFLD may be at least partially
explained by dysregulated transcriptional regulation of lipogenesis in
the liver. Two key transcription factors regulate lipogenesis in the liver:
sterol regulatory element-binding protein 1¢ (SREBP1c), which is
activated by insulin and the liver X receptor, and carbohydrate regu-
latory element-binding protein (ChREBP), which is activated by prod-
ucts of carbohydrate metabolism [85—88]. SREBP1¢ activity and, as a
consequence, DNL is increased in the liver in the context of NAFLD due
to signaling driven by hyperinsulinemia, despite sustained HGP, a
metabolic state that has been called selective insulin resistance [89—
91]. SREBP1c also potently induces the transcription of PNPLAS3,
further exacerbating hepatic steatosis [92]. Similarly, hyperglycemia
provides a stimulus for increased transcriptional activity of ChREBP,
which, in cooperation with SREBP1c, leads to increased expression of
lipogenic genes that include acetyl-CoA carboxylase (ACC) and fatty
acid synthase (FAS). ACC catalyzes the first committed step in fatty
acid synthesis, the production of malonyl-CoA, which is an allosteric
inhibitor of carnitine palmitoyltransferase and reduces fatty acid
oxidation [93], further exacerbating hepatic steatosis. As expected,
inhibition of ACC results in potent reduction in DNL and increased fatty
acid oxidation, reversing steatosis and resolving multiple features of
NASH in rodents and humans. ACC inhibition also results in an adaptive
increase in SREBP1 activity, however, and a subsequent elevation in
circulating TGs [94—101].

Although increased DNL clearly contributes to hepatic steatosis,
whether it specifically drives progression to NASH is unclear. DNL is
associated with elevated levels of saturated fatty acids and ceramides,
which can lead to increased hepatocyte injury and inflammation
[8,102]. In parallel, defects in hepatic mitochondrial fatty acid beta-
oxidation have been suggested to contribute to the development of liver
steatosis and NASH progression. The data are mixed, however, on
whether fatty acid oxidation is altered in NAFLD and NASH patients.
Recent measurements of hepatic fluxes using stable isotope tracers in
individuals with NAFLD revealed increases in acetyl-CoA oxidation in
the tricarboxylic acid cycle despite reductions in ketogenesis [103].
These data indicate that the fate of oxidized fatty acids is important to
driving increased glucose production during insulin-resistant states.
Further, partitioning of LCFA to peroxisomes for oxidation increases
levels of ROS and toxic lipid species. As outlined herein, many lipid
species are altered in the context of NAFLD, thus it is likely that the
overall composition of the hepatic fatty acid “pool” ultimately de-
termines the tipping point from steatosis to more severe liver injury.

7. LIPID METABOLISM AND OXIDATIVE STRESS

In addition to hepatic steatosis and aberrant lipid metabolism, oxidative
stress is a prominent feature associated with progression to NASH. The
generation of ROS is a major source of hepatocyte and liver injury and
is closely linked to the accumulation of hepatic FFA [104,105]. Excess
delivery of FFA can upregulate beta-oxidation and lead to elevation in
mitochondrial ROS production, particularly in the context of an envi-
ronment with impaired anti-oxidant function as occurs in NAFLD [106].
ROS act as normal signaling mediators within cells as well as
damaging oxidizing agents for DNA, proteins, and lipids. The inter-
section of lipid metabolism and oxidative stress has led to a focus on a
potential role for oxidized lipids in promoting liver inflammation and
worsening of NASH. Oxidized LDL (oxLDL), for example, is a well-
known atherogenic factor that has also been linked to inflammation
in rodent NASH [107—109]. The uptake of oxLDL by macrophages is
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pro-inflammatory and promotes the formation of foam cells in the
context of atherosclerosis. Similarly, it has been hypothesized that
hepatic inflammation in NASH is triggered by the recognition of oxLDL
by Kupffer cells. In support, HFD-fed mice administered oxLDL rapidly
develop significant hepatic inflammation and cellular injury [110], and
strategies to neutralize oxLDL in a rodent model of NASH blunts im-
mune cell infiltration and hepatic inflammation [111]. Oxidized phos-
pholipids (oxPLs) form by lipid peroxidation or chemical modification of
phospholipids. OxPLs accumulate in oxLDL and lipoprotein(a), plasma
lipoproteins that are linked to cardiovascular disease, and are released
by injured or apoptotic cells [112—114]. Recent work by Witztum et al.
highlighted the potential relevance of oxPLs in promoting oxidative
stress and inflammation in the context of atherosclerosis and NASH.
Mice engineered to produce an antibody that binds to oxPL and pre-
vents oxPL-containing LDL particles from being taken up by macro-
phages displayed reduced systemic inflammation and less
atherosclerosis [115]. Similarly, neutralization of oxPL in Ldlr’~ mice
fed a NASH-promoting diet enriched in trans-fat, fructose, and
cholesterol significantly reduces liver TG, markers of inflammation and
fibrosis, and restores mitochondrial function in the liver, although it is
important to note that body weight is also reduced in these mice [116].
Given the links between disordered lipid metabolism, NASH, and CVD
[8], it is intriguing to consider elevation of oxidized lipids and lipo-
proteins as a possible causative trigger in both NAFL progression to
NASH and CVD in some people. More studies are needed to demon-
strate whether neutralization of these inflammatory oxidized lipid
species can reverse and/or prevent progression of the disease.
Further, although some studies have reported evidence to support
altered oxidized lipids or lipoproteins in NAFLD or NASH patients [116—
120], circulating and liver levels of oxidized lipids and lipoproteins have
not been fully evaluated in large cohorts of NASH patients by disease
stage, making even correlative assessments difficult.

8. FRUCTOSE AND NAFLD

Overconsumption of sugar-sweetened beverages containing sucrose
(which is broken down into fructose and glucose) or high-fructose corn
syrup (a mixture of fructose and glucose) is linked to increased visceral
adiposity, hepatic steatosis, and NASH [121—128]. Excess intake of
calories in the form of dietary sugars, particularly simple sugars,
potently promotes fatty acid synthesis in humans [129,130]. The ability
of moderate amounts of fructose ingestion to promote metabolic
dysfunction in people is a point of controversy. Some studies either
found no associations with fructose and metabolic dysfunction in
cross-sectional studies or attributed any deleterious effects of fructose
simply to excess caloric intake [131—133]. In contrast, fructose has
been shown to be particularly detrimental in those with even acute
fructose consumption, leading to rapid elevations in DNL, very low-
density lipoprotein (VLDL) TG secretion, and hepatic steatosis
[122,123,134—136].

Unique features associated with fructose metabolism may help explain
why it appears to be particularly metabolically harmful compared to
glucose [126,137—139]. While glucose metabolism in the liver is
tightly regulated, fructose is extracted from the portal circulation and
delivered to the liver where it undergoes rapid and uninhibited phos-
phorylation by ketohexokinase (KHK) to form fructose-1-phosphate,
generating substrates for fatty acid synthesis [140—142]. In response
to a high fructose load, the metabolism of fructose can deplete ATP in
the liver, increasing uric acid production and hepatocyte stress [143].
However, the major mechanism by which fructose promotes DNL is by
increasing the intracellular concentration of fructose-1-phosphate, a
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powerful allosteric activator of glucokinase. In cooperation with
increased concentrations of circulating glucose, enhanced glycolytic
flux activates ChREBP, which as previously described promotes the
transcription of genes that encode lipogenic enzymes [126,138,144].
To better understand the metabolic fate of fructose, Jang et al. utilized
isotope tracers and mass spectrometry to demonstrate that when
physiological levels of glucose and fructose are delivered in a 1:1 ratio
in mice, ~90% of fructose is metabolized in the small intestine [145].
Administration of higher doses of fructose results in saturation of small
intestine fructose clearance and a significant amount of fructose
reaching the liver. These studies provide the framework that fructose
metabolism by the small intestine serves to protect the liver from the
deleterious effects of fructose. Consistently, deletion of Khk-C in the
intestine in mice results in increased delivery of fructose to the liver
and enhanced hepatic steatosis [146]. In mice fed a HFD, consumption
of fructose-sweetened water was associated with more pronounced
weight gain, increased expression of hepatic Srebp7c and Chrebp-(,
insulin resistance, and augmented fatty acid synthesis compared to
mice fed a HFD and given glucose-sweetened water [137]. Suppres-
sion of KHK in the liver improved hepatic steatosis and glucose
tolerance in the fructose-supplemented mice. Consistent with this
study, mice with genetic deletion of Khk-A/C were protected from
fructose-induced metabolic dysfunction [147] and mice with liver-
selective Khk-A/C-deficiency were protected from fructose-mediated
hepatic steatosis and insulin resistance [141]. The relevance of
these preclinical studies to human is an active area of investigation
(reviewed in [148]); however, in totality the evidence supports the
concept that strategies aimed at limiting fructose metabolism (such as
KHK inhibition [149,150]) or reducing fructose in the diet
([121,151,152]) may represent attractive therapeutic approaches for
NAFLD and NASH. Indeed, a recent randomized, double-blind placebo-
controlled, Phase 2a study (NCT03256526) assessed the effects of the
reversible KHK inhibitor PF-06835919 on metabolic parameters in
participants with NAFLD. Participants receiving a once-daily oral 300
mg dose of PF-06835919 for 6 weeks displayed a significant reduction
in whole liver fat by magnetic resonance imaging-proton density fat
fraction (difference of —18.73%; p = 0.04 compared to placebo; no
differences were observed at a lower 75 mg dose) [207].

9. GUT MICROBIOME AND BARRIER FUNCTION IN NAFLD

There is a growing body of literature on the “gut—Iliver axis” high-
lighting a possible role for the contribution of the gut microbiome to
the progression of NAFLD. NAFLD has been linked to intestinal
bacterial overgrowth and dysbiosis [153—155], consistent with
higher endotoxin levels in the serum of NAFLD patients compared to
controls [156]. Numerous studies have reported altered composition
of the bacterial microbiome in NAFLD subjects (reviewed in [157]).
Collectively, however, cross-sectional studies have not convincingly
identified a consistent microbial signature associated with NAFLD in
humans. The reported data are often correlative and inconsistent
(reviewed in [158,159]), which is not surprising given that the gut
microbiome is dynamic, responsive to diet and environment, and
influenced by age, sex, bile acids, use of medications, and other
factors, making it particularly challenging to study [154]. Further, it is
often difficult to determine whether associations between altered gut
microbiome and NAFLD are primarily obesity-driven rather than
specific to NAFLD. It is currently unclear whether a particular gut
microbiome composition can worsen NASH in humans; however, in
mice it was reported that co-housing of NASH-susceptible inflam-
masome-deficient mice with wild-type mice could exacerbate

features of NASH in wild-type cage mates on a methionine-choline
deficient diet, suggesting the possibility of an autonomous contri-
bution of the gut microbiome to the induction of metabolic
dysfunction and liver disease [160].

While challenges remain for studying the precise microbiota compo-
sition in NAFLD, more compelling support is emerging for the concept
of increased gut permeability influencing progression of liver disease.
The gut barrier, consisting of a mucus layer, intestinal epithelial cells
(IECs), and the underlying lamina propria, separates the contents of the
gut lumen from the circulation. IECs play an active role in responding to
gut luminal signals by selective uptake of nutrients and responding to
numerous metabolic signals, but they also play an important role in
regulating the passive permeability of luminal contents through the
expression of tight junction proteins (TJPs) between adjacent cells
[161]. Dysbiosis-induced impairment of TJPs leads to increased gut
permeability and subsequent transport of bacterial endotoxins to the
portal circulation, exposing the liver to mediators of hepatic inflam-
mation [162]. In a meta-analysis, NAFLD and NASH patients had
increased rates of intestinal permeability compared to healthy subjects
[163].

Macronutrients in obesogenic diets can also induce gut barrier
dysfunction. Fructose ingestion promotes bacterial overgrowth in the
intestine and induces disruption of the intestinal barrier in rodents,
non-human primates, and people, leading to elevations in gut-derived
endotoxins entering the portal circulation [164—167], providing a
possible mechanistic link between fructose and worsening of liver
disease. In a recent report, Todoric et al. described a distinct pathway
whereby fructose-induced endotoxemia and gut barrier disruption
leads to activated Toll-like receptor signaling in liver macrophages and
downstream induction of ACC1, FAS, and hepatic steatosis [168]. This
study suggested that inflammation associated with fructose-induced
intestinal barrier disruption contributes to fructose-induced DNL in
the liver and provides a rationale to improve intestinal barrier function
as a part of NASH therapy. Supporting this concept, daily treatment of
NAFLD subjects for 12 weeks with lubiprostone, a bicyclic fatty acid
compound derivative previously shown to maintain tight junction
barrier function, resulted in a modest reduction in liver enzyme levels
and liver fat compared to placebo [169,170]. In summary, more
studies are needed to understand the timing of altered gut permeability
in the course of disease progression from steatosis to NASH to un-
derstand if it is causative or correlative and the specific mechanistic
pathways by which improving inflammation in the gut and liver leads to
a reduction in hepatic steatosis.

10. LEAN NAFLD

While most patients with fatty liver are obese, it is important to note
that NAFLD can be present in lean individuals, leading to the terms
“lean NAFLD” or “non-obese NAFLD” [171,172]. Lean NAFLD was
originally described in Asian countries where obesity rates and
average BMI are lower, but has since been documented in other
populations [5,173,174]. However, population studies such as these
are subject to misclassification artifacts introduced by ethnic varia-
tions in body fat distribution and definitions of “obesity” based on the
Western, Caucasian body habitus [175]. Some studies suggest that
lean NAFLD patients are at risk for more severe and progressive liver
disease and metabolic abnormalities compared to patients with
NAFLD and higher BMI [176—178] and reviewed in [171,172],
whereas another study recently showed lower rates of cirrhosis and
cardiovascular disease in a lean NAFLD cohort compared to non-lean
study participants [179]. Although there are many non-metabolic
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factors that may contribute to NAFLD in the absence of having a BMI
that is classified as overweight/obese, including lipodystrophy,
certain genetic mutations, hepatitis C infection, inflammatory disease
of the gut, and drug-induced liver toxicity, the most common
comorbidities with lean NAFLD are insulin resistance and increased
visceral adiposity [172,178]. Indeed, many patients identified with
lean NAFLD have often increased waist circumferences and one or
more features of metabolic syndrome, raising the possibility that this
subset of NAFLD patients has metabolically driven ectopic fat
deposition despite normal BMI [180]. Thus, it is likely that adipose
tissue dysfunction, particularly in the visceral adipose compartment,
contributes to disease pathogenesis in this context.

Despite the classical paradigm described in this review, it is important
to consider that there is not always evidence of elevated liver fat
preceding NASH. Indeed, in a smaller subset of individuals, NASH can
develop independently of hepatic steatosis [171,174]. The origins of
NASH in these subjects is not well-characterized, likely to vary, and
may include underreported alcohol or medication use, infections, ge-
netic mutations, and altered bile acid profiles and gut microbiome
[171,174,180]. Although the histological disease end points may be
similar in NASH patients without a prior history of NAFL, it is likely that
the disease etiology and trajectory are mechanistically distinct. More
longitudinal studies are needed on this subset of NASH patients to
understand the risk factors underlying the phenotype of NASH inde-
pendent of NAFL.

11. METABOLIC LINKS TO NASH: HUMAN GENETIC EVIDENCE

Perhaps the most compelling clue to the molecular underpinnings of
NAFLD pathogenesis comes from human genetics. The genes identi-
fied to date from exome- and genome-wide association studies with
significant odds ratios for susceptibility to or protection from NAFLD
and increased (or decreased) risk of progression to NASH are largely
genes encoding proteins with known or suspected roles in hepatic and/
or extra-hepatic lipid metabolism. Many of these genes encode pro-
teins with an interesting localization pattern to lipid droplets (Table 1)
[9,181—184]. For example, mutations in the lipid metabolism genes
PNPLA3, transmembrane 6 superfamily member 2 (TM6SF2),
membrane-bound 0-acyltransferase domain-containing protein 7
(MBOAT?), and glucokinase regulatory protein (GCKR) confer increased
risk of developing NAFLD and NASH [185—188]. Possessing more than
one risk allele may increase the severity of liver disease, as has been
shown for PNPLA3 and TM6SF2 [189], leading to efforts aimed at
defining a “NASH genetic risk” score [190,191]. Mutations in the
hydroxysteroid 17-beta dehydrogenase 13 (HSD17b13) gene, which
encodes a hepatic lipid droplet-associated protein possibly involved in
steroid or fatty acid metabolism, are associated with a decreased risk
of progression to NASH [192,193]. Similarly, a common missense
variant in the mitochondrial amidoxime-reducing component 1
(MARCT) gene has recently been shown to confer protection from fatty
liver and all-cause cirrhosis [194]. MARC1 is a molybdenum-
containing enzyme capable of reducing N-hydroxylated compounds
and is associated with the outer mitochondrial membrane [195]. The
physiological role of MARC1 in liver disease is unclear. Carriers of the
MARCT variant (n = 53) were recently reported to have higher con-
centrations of hepatic polyunsaturated phosphatidylcholines than non-
carriers (n = 65); however, the significance of this finding in relation to
protection from NASH remains uncertain [196]. The functions of these
proteins in the liver and other tissues are being actively examined, but
overall we still have more to learn about how they influence NAFLD
pathogenesis.

I
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12. CONCLUSIONS

Many factors associated with dysregulated systemic metabolism
have been implicated in some way with the progression from he-
patic steatosis to NASH, including altered lipid metabolism, mito-
chondrial dysfunction, alterations in gut microbiome, oxidative
stress, inflammatory cytokines, immune response, and others;
however, it remains unclear which combination of these mecha-
nisms are the key drivers of the disease. Similar to other metabolic
diseases, the progression to more serious pathologic states is likely
driven by several risk factors previously listed and manifests slightly
differently in each individual depending on genetic risk, presence of
other metabolic comorbidities (obesity and/or diabetes), lifestyle,
diet, and environment.

In agreement with the importance of metabolic drivers of NAFLD
pathogenesis outlined in this review, recent comprehensive surveys
of NASH therapies currently in development and showing pre-
liminary signs of efficacy reveal a bias toward targeting pathways
involved in hepatic or systemic metabolism, with relatively fewer
drugs directly targeting inflammation or fibrosis alone [2,197].
Additionally, many NASH monotherapies aimed at targeting in-
flammatory pathways, cell death pathways, or fibrosis have failed to
show robust efficacy in clinical trials, including the apoptosis signal-
regulating kinase 1 inhibitor selonsertib [198], lysyl-oxidase-like-2
antibody simtuzumab [199], phosphodiesterase-4 inhibitor
ASP9831 [200], pan-caspase inhibitor emricasan [201], galectin-3
inhibitor belapectin [202], and dual chemokine receptor type 2/5
antagonist cenicriviroc [203].

The ability to identify a specific “trigger” that accelerates the transition
from simple hepatic steatosis to NASH is understandably desirable,
since this would allow the identification of individuals at risk and would
enable improved monitoring for therapeutic interventions. However,
the reality is that the progression from hepatic steatosis to inflam-
mation and fibrosis is heterogeneous across the patient population,
can range from relatively quick progression to decades, and as pre-
viously mentioned is likely influenced by multiple factors. Much past
attention focused on a possible “two-hit” theory that suggests that
insulin resistance and hepatic steatosis alone are insufficient to pro-
mote NASH, and a second insult such as oxidative stress is required to
trigger disease progression [204]. As outlined herein and elsewhere, it
is much more likely that the disease trajectory is continuous, defined
by an accumulation of both metabolic and inflammatory insults and
modified by genetic risk and diet [2,205].

A consistent theme emerging from the considerable body of
research is the probable relevance of the substrate overload model
of NAFLD, whereby continuous exposure of the liver to excess
glucose, fructose, and fatty acids results in partitioning of metab-
olites and fatty acids into pathways that promote lipogenesis and
liver injury. Further, as we learn more about the importance of
interorgan communication in driving NASH pathogenesis, it is clear
that this is a disease of altered systemic metabolism rather than a
liver disease in isolation. In obesity-driven NAFLD, the health of the
adipose tissue appears to play an important role in determining the
hepatic lipid environment, while in lean NAFLD, the gut microbiome
and barrier integrity may play a prominent role. Indeed, examination
of intestinal permeability in lean NAFLD provides support for the
notion that altered gut microbiome and intestinal permeability may
play a pathogenic role in NAFLD independent of obesity; a recent
study of lean NAFLD subjects reported an altered gut microbiota
profile in addition to higher serum bile acid levels compared to non-
lean NAFLD subjects [171]. Learning more about the role of
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Review

adipose-to-liver communication and the gut—liver axis should shed
light on the intersection of these organs in liver disease [10].
Additionally, as we learn more about the function of the metabolic
proteins encoded by NASH risk and protective alleles, we should
gain critical insight into additional cellular mechanisms and path-
ways influencing progression to NASH.
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