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Pathogenesis of NASH: How
Metabolic Complications

of Overnutrition Favour
Lipotoxicity and Pro-Inflammatory
Fatty Liver Disease
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Abstract

Overnutrition, usually with obesity and genetic
predisposition, lead to insulin resistance,
which is an invariable accompaniment of non-
alcoholic fatty liver disease (NAFLD). The
associated metabolic abnormalities, pre- or
established diabetes, hypertension and athero-
genic dyslipidemia (clustered as metabolic
syndrome) tend to be worse for nonalcoholic
steatohepatitis (NASH), revealing it as part of
a continuum of metabolic pathogenesis. The
origins of hepatocellular injury and lobular
inflammation which distinguish NASH from
simple steatosis have intrigued investigators,
but it is now widely accepted that NASH
results from liver lipotoxicity. The key issue is
not the quantity of liver fat but the type(s) of
lipid molecules that accumulate, and how they
are “packaged” to avoid subcellular injury.
Possible lipotoxic mediators include free
(unesterified) cholesterol, saturated free fatty
acids,  diacylglycerols, lysophosphatidyl-
choline, sphingolipids and ceramide. Lipid
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droplets are intracellular storage organelles for
non-structural lipid whose regulation is influ-
enced by genetic polymorphisms, such as
PNPLA3. Cells unable to sequester chemically
reactive lipid molecules undergo mitochon-
drial injury, endoplasmic reticulum (ER) stress
and autophagy, all processes of interest for
NASH pathogenesis. Lipotoxicity kills hepato-
cytes by apoptosis, a highly regulated, non-
inflammatory form of cell death, but also by
necrosis, necroptosis and pyroptosis; the latter
involve mitochondrial injury, oxidative stress,
activation of c-Jun N-terminal kinase (JNK)
and release of danger-associated molecular
patterns (DAMPs). DAMPs stimulate innate
immunity by binding pattern recognition
receptors, such as Toll-like receptor 4 (TLR4)
and the NOD-like receptor protein 3 (NLRP3)
inflammasome, which release a cascade of
pro-inflammatory chemokines and cytokines.
Thus, lipotoxic hepatocellular injury attracts
inflammatory cells, particularly activated mac-
rophages which surround ballooned hepato-
cytes as crown-like structures. In both
experimental and human NASH, livers contain
cholesterol crystals which are a second signal
for NLRP3 activation; this causes interleukin
(IL)-1p and IL18 secretion to attract and acti-
vate macrophages and neutrophils. Injured
hepatocytes also liberate plasma membrane-
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derived extracellular vesicles; these have been
shown to circulate in NASH and to be pro-
inflammatory. The way metabolic dysfunction
leads to lipotoxicity, innate immune responses
and the resultant pattern of cellular inflamma-
tion in the liver are likely also relevant to
hepatic fibrogenesis and hepatocarcinogenesis.
Pinpointing the key molecules involved phar-
macologically should eventually lead to effec-
tive pharmacotherapy against NASH.

Keywords
Overnutrition - Lipotoxicity - Nonalcoholic
fatty liver disease - Inflammation

3.1  Introduction
Nonalcoholic fatty liver disease (NAFLD) is
highly prevalent (15-45%) in North and South
America, Europe and the Asia-Pacific region, but
only 10-25% of cases develop nonalcoholic ste-
atohepatitis (NASH), which can lead to cirrhosis,
liver failure and hepatocellular carcinoma (HCC).
The pathology of NASH includes steatosis, hepa-
tocellular degeneration/cell death (ballooning,
Mallory hyaline, apoptosis), lobular mixed-cell
inflammation (macrophages, neutrophils, lym-
phocytes) and fibrosis. NASH is more likely than
simple steatosis to cause liver fibrosis. We and
others have previously reviewed the relationship
of steatosis to overnutrition [1-7], with resultant
insulin resistance, hyperinsulinemia, hyperglyce-
mia, metabolic syndrome and hypoadiponec-
tinemia. Less is known about hepatocyte cell
death and inflammatory recruitment in NASH,
despite their defining importance for perpetuat-
ing liver injury, hepatic fibrogenesis and hepato-
carcinogenesis [8]. Here we consider the origins
of hepatocyte injury and resultant patterns of cell
death and inflammatory recruitment in
NASH. Lipotoxicity is central to current under-
standing of these processes. It is a form of tissue
injury associated with inflammation and wound
healing, also thought to be central to the patho-
genesis of type 2 diabetes [1, 5, 9].

In lipotoxic liver injury, hepatocytes die by
apoptosis, necrosis and necroptosis, and possibly

pyroptosis, a more recently recognised form of
pro-inflammatory cell death related to inflamma-
somes (discussed later). An additional phenome-
non is that some hepatocytes exhibit the unusual
appearance of “ballooning”, one of the diagnostic
criteria for NASH [3]. Ballooning may reflect
cytoskeletal injury as a result of caspase 3 activa-
tion with inability to complete programmed cell
death (“undead cells”) or to enter the cell cycle
(senescence) [10]. The interactive roles of cell
stressors (oxidative, endoplasmic reticulum [ER],
altered membrane fluidity resulting from altered
lipid content), intracellular signalling pathways
(c-Jun N-terminal kinase [JNK], nuclear factor
kappa-B [NF-xB]) [8], responses to stress
(autophagy [discussed in Chap. 10], senescence),
and subcellular injury to mitochondria, lipid
droplets (the intracellular storage site for poten-
tially toxic lipids) and plasma membrane are all
potentially relevant to NASH pathogenesis. How
varying patterns of hepatocyte injury/cell death
incite an inflammatory response, particularly by
liganding pattern recognition receptors that acti-
vate innate immunity (sterile inflammation),
interacting with “inputs” from gut microbiota
[discussed in Chaps. 8 and 9], stressed adipose
and immune/inflammatory cells activated by
other processes could be central to the pathologi-
cal dichotomy between NASH and simple
steatosis.

The focus of the present chapter will be on
connections between lipotoxic injury to hepato-
cytes and liver inflammation. Several excellent
reviews on sterile liver inflammation and hepato-
cyte cell death, both of central interest to NASH,
have been published recently; for more detailed
molecular discussion, the reader is referred to
them [5, 11-13].

3.2  What s Lipotoxicity,
and How Does It Fit
into a Framework for NASH

Pathogenesis?

Unger coined the term “lipotoxicity” in 1994 to
describe the pattern of lipid molecule-induced
cell injury that occurs in pancreatic p-cells in
type 2 diabetes (diabetes) and muscle in meta-
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bolic syndrome [9]. Since the first lipidomic data
from human NAFLD and NASH livers were pub-
lished in 2007 and 2009 [14, 15], coupled with
the development of animal models where meta-
bolic syndrome determines experimental steato-
hepatitis [16], the concept that NASH could be a
form of liver lipotoxicity has gained ground [1-7,
17]. In 2012, Cusi proposed the term “liver lipo-
toxicity” be used instead of NASH [5]. We agree
with this important conceptual reorientation of
NASH (versus “not-NASH” NAFLD), but before
adopting the term “liver lipotoxicity” to replace
“NASH”, it would be useful to know which
lipid(s) is/are responsible. Effectively lowering
their hepatic levels should reverse NASH.

The central issue in NASH pathogenesis is
what is different in livers showing NASH, as
opposed to the larger proportion of NAFLD
patients whose liver pathology, simple steatosis
or steatosis with minor non-specific inflamma-
tion (often termed “not-NASH” NAFLD), is less
commonly associated with fibrosis progression
[3, 8]. Two decades ago it was proposed that
NASH reflected operation of a second tier of
injury and inflammation-inducing pathways,
such as oxidative stress and Thl cytokine
responses (e.g. tumor necrosis factor-alpha
[TNF-a]) in a liver that was fatty because of over-
weight and diabetes (the “first hit”). The second
hit was presumed to originate from outside the
liver, such as from gut-derived endotoxin (dem-
onstrated experimentally by Yang and colleagues
from the Diehl group in 1997 [18] or from
inflamed adipose tissue in obesity. This 2-hit
hypothesis, eloquently articulated by Day and
James in 1998 [19], proved useful to focus atten-
tion on injury mechanisms in NASH. With hind-
sight it now seems simplistic because the
metabolic milieu leading to steatosis can also
lead “directly” to NASH, as we and others dis-
cuss elsewhere [2, 5]. The jaded 2-hit concept is
still cited [20]. However, writing in the first book
on NAFLD (2003), Bass and Merriman articu-
lated the idea that the lipids which accumulate in
NASH could themselves (directly) mediate the
disease process [1]. Greg Gores’ group then
showed that free fatty acid (FFA) lipotoxicity
could give rise to TNF-a [21], and by 2007 the
concept of “good fat/bad fat” was editorialised in

Hepatology [22]. Most working in the field now
agree that Bass and Merriman were correct.
There are multiple responses to lipotoxicity, and
these descend through a web of interactions and
reactions, a “multiple hit” concept as conceived
by Tilg [23], to result in NASH.

3.3  Which Lipid Molecules

Accumulate in NASH?

If analogy is drawn with Koch’s postulates for
determining the infectious aetiology of a disease,
similar lines of evidence (or “rules”) could apply
for implicating endogenous toxic molecules as
the cause of a pattern of tissue injury. These are
encapsulated in Box 3.1.

Box 3.1: Rules for Pathogenicity of Lipotoxic
Molecules in NASH

Rule 1 Phenotypic association. By pheno-
typic association, it is reasoned that the
causative lipotoxin will be present in
human livers showing NASH but not in
simple steatosis.

Rule 2 Congruent explanation. The rea-
sons why this lipotoxin accumulates
will be consistent with a metabolic
pathogenesis and/or be explained by
genetic predisposition.

Rule 3 Therapy proves causation. 1deally,
removal of the lipotoxic lipid should
reverse NASH pathology, noting that
the outcome is likely to be simple ste-
atosis, not a lean liver.

Rule 4 Direct lipotoxicity. The putative
lipotoxin should be directly toxic to
hepatocytes, the cells most conspicu-
ously injured in NASH.

Rule S Lipotoxicity causes NASH. The way
the putative lipotoxin injures hepato-
cytes must be pro-inflammatory, that is,
the injury has an outcome (or form of
cell death) that leads to recruitment of
macrophages, lymphocytes, and neutro-
phils to the liver.
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3.4  Which Models Should
We “Trust” for Interpretation
of NASH Pathogenesis

Studies?

Before balancing the evidence for and against
candidate lipotoxins in NASH, a few words about
animal models are salient (animal models are dis-
cussed more fully in relation to obesity-related
hepatocarcinogenesis by Lau and colleagues in
Chap. 11). While the ideal “model” of a human
disease is the affected patient, repeated tissue
sampling and the challenges (including potential
hazards) of experimental interventions generally
limit the study of NASH pathogenesis in man to
“static measurements”, that is, blood or liver
samples usually obtained at a single time. The
study of Vilar-Gomez et al. [24] is an important
rare exception [24]. The next best model might
be one that replicates, as faithfully as possible,
the preconditions (other than species) for devel-
opment of human NASH. As reviewed earlier
[16], these desirable attributes, and why we think
they are prerequisites, are tabulated (Table 3.1).
In addition to the “metabolic determinants”
listed in Table 3.1, suitable models should exhibit
the pathological spectrum of human NAFLD,
which under varying circumstances spans simple

steatosis, steatohepatitis (NASH), pericellular
fibrosis (noting that rodents are unlikely to
develop cirrhosis), and hepatocarcinogenesis (in
rats and mice, as well as in an apparently substan-
tial proportion of patients with NASH, HCC does
not proceed through advanced liver fibrosis).
While opinions vary widely on the relative
merits and weaknesses of numerous NAFLD or
steatohepatitis models, we are of the opinion that
models whose only virtue is “providing NASH
pathology” should not be used uncritically to
progress concepts of NASH pathogenesis. For
example, rodents with methionine and choline
deficiency, the MCD model, was developed by
the author’s group in 1996 in rats [25] and 2000 in
mice [26], as an attempt to provide a model with
steatohepatitis, the pathology that is not observed
in obese rodents with defects in leptin or the
leptin receptor (obesity is associated with simple
steatosis) or those fed high fat diet without other
nutrient excess. However, Rinella and Green,
confirmed by Rizki and Maher, showed that
20-40% weight loss experienced by MCD-fed
mice is associated with insulin sensitivity [27,
28], whereas insulin resistance is a sine qua non
for pathogenesis of NASH [29, 30]. The similar
choline-deficient defined L-amino acid (CDAA)
diet of Matsumoto et al. [31], popularised by

Table 3.1 Desirable characteristics of animal models of NASH

Characteristic Importance

Methods to obtain

Overnutrition

Invariable in human NASH

Dietary: High fat
Mechanical hyperalimentation

Genetic: Appetite drive

Insulin resistance

Central to metabolic obesity

Invariable in human NASH

Genetic predisposition (animal strain)

Drives hepatic lipotoxicity

Dietary: High fat

Hypoadiponectemia

Found in human NASH

Reflects adipose stress

Worsens insulin resistance

Substantial overnutrition

Metabolic syndrome (e.g. glucose
intolerance, dyslipidemia,
hypertension)

85% of patients with NASH

Most dietary models do not achieve
metabolic syndrome: Need substantial
overnutrition and genetic predisposition

Pathology: Steatosis, ballooned
hepatocytes and significant lobular
inflammation of mixed cell type

Hallmarks of NASH
pathology

Metabolic syndrome-related NASH

*Methionine and choline deficiency, CDAA,
high fat and high cholesterol (atherogenic) diets

Pathological spectrum includes
simple steatosis and steatohepatitis
with pericellular fibrosis

To understand transition
from simple steatosis to
NASH: Need model that
spans disease phenotypes

An environment determinant of NASH, such
as high fat and high cholesterol diet
composition, can be modulated to generate
steatohepatitis or simple steatosis

*May not cause ballooning
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Miura and Brenner [32], appears to be less “nutri-
tionally challenged”, but animals still fail to gain
excessive weight or develop glucose intolerance;
by one biochemical measurement, CDAA-fed
mice may have impaired insulin signaling, but
physiological insulin resistance has not been
demonstrated [31]. Use of the term “NASH” to
describe results in MCD or CDAA mice (more
than 10 articles in 2014) is curious since, in 2005,
the Editor of Gastroenterology specifically
instructed the authors to use the more appropriate
term “nutritional steatohepatitis” [33].

Other models have provided interesting
insights into how “mal-processing” of certain
molecules, particularly cholesterol, can lead to
steatohepatitis [34-37]. These elegant studies
indicate what can happen under certain condi-
tions, but do not prove that the same thing does
happen in humans with NASH. Likewise, diets
that promote overnutrition (for example, those
rich in simple carbohydrates, particularly fruc-
tose or sucrose [38—40], and those that combine
excess carbohydrate, fat and cholesterol (“west-
ern” or “atherogenic” diets) are most likely to
result in NASH [37, 41-43], whereas ‘“‘uni-
dimensional diets”, such as high fat or high
sucrose without cholesterol generally cause sim-
ple steatosis. On the other hand, for rodents a diet
containing 1-2% (wt/wt) cholesterol, which
Ginsberg described 10 years ago as the human
equivalent of eating >100 big Macs a day [44], is
physiologically unrealistic; it is debatable
whether such “cholesterol toxicity” is akin to
NASH, and the liver histology is not convincing.

Here we draw heavily on studies that have
used animal models of overnutrition in which the
metabolic determinants of NASH (insulin resis-
tance, hyperglycemia and metabolic syndrome)
are present. Such models include rodents and
pigs that are deliberately hyper-alimented (e.g.
by in-dwelling gastric devices) [45, 46], and
rodents with genetically-determined appetite
defects, such as melanocortin 4 receptor (Mc4r)
and AlmsI mutant mice [42, 47, 48]. The latter is
the murine equivalent of Alstrom syndrome [49],
a rare monozygotic form of extreme childhood
obesity with diabetes, cardiovascular disease and
cirrhosis. Appetite-defective mice are particu-
larly useful as they, like children with monozy-

gotic morbid obesity, “can’t stop eating” and
soon become quite inactive [50].

3.5 Triglyceride, the Most
Abundant Lipid in Fatty
Livers, Does Not Injure

Hepatocytes

Steatosis is defined by stainable fat in hepato-
cytes, most of which is triacylglycerol or triglyc-
eride (TG), or by an increase in hepatic TG
content (>5.5%) determined, for example, by pro-
ton magnetic resonance spectroscopy (MRS).
While correlations between hepatic TG content
and development of insulin resistance have been
derived in human studies [51], these investiga-
tions have been based on MRS evidence of steato-
sis, not on lipid analyses. There is no experimental
evidence that TG impairs insulin receptor signal-
ling or has any noxious effect on hepatocytes.

Within hepatocytes, TG is usually stored effi-
ciently in lipid droplets (discussed later). TG is
formed by transacylation of diacylglycerols
(DG), catalyzed by diacylglyceride acyltransfer-
ases (DGAT); DGAT expression protects hepato-
cytes from palmitic acid-induced lipotoxicity and
steatohepatitis caused by MCD diet. Thus, in
DGAT?2-deficient animals or with DGAT?2 knock-
down, liver injury (serum alanine aminotransfer-
ase [ALT] level) and resultant fibrogenesis were
exaggerated, whereas strategies to enhance TG
synthesis were protective [52, 53].

3.6 FFAs Are Lipotoxic in vitro
But Seem Unlikely to Cause

NASH

Until recently, FFAs have been the favoured lipo-
toxin in NASH [54-56], but the evidence for this
is based on in vitro studies of lipotoxicity (as
mentioned above) and the MCD model. FFA,
including but not confined to saturated FFA (sat-
FFA), accumulate in all human NAFLD livers,
irrespective of disease phenotype [14, 15, 56].
There is no difference in hepatic FFA levels
between livers showing NASH and simple steato-
sis in humans or mice and opossums with meta-
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bolic syndrome [37, 57] (Itoh 2012 is an exception
[58]).

In vitro, satFFA are more lipotoxic than mono-
unsaturated or poly-unsaturated long-chain or
very long-chain fatty acids. However, neither the
published human nor foz/foz mouse analyses
indicate important differences in saturation status
between NASH and simple steatosis. In mice
lacking elongation of long-chain fatty acids fam-
ily member 6 (Elovl6), which catalyzes forma-
tion of stearate (C18:0) from palmitate (C16:0)
and oleate (C18:1) from palmitoleate (C16:1),
and also promotes expression of sterol-regulatory
element-binding protein 1c (SREBPIc), there
was no effect on obesity-related liver fat but
improved insulin sensitivity attributable to low
abundance of DAG [59]; the relevance to human
NASH is unclear. An interesting observation has
been a relative paucity of polyunsaturated C20-
C22 fatty acids in FFA, triacylglycerides and
phospholipids in NASH [14, 60]. These reduc-
tions include arachidonic (20:4n-6) (the source of
eicosanoids), eicosapentanoic (20:5n-3), and
docosahexanoic (22:6n-3) acids. This paucity is
potentially relevant to liver inflammation because
it could change the balance in lipid mediators
from antiinflammatory to pro-inflammatory. In
mice with forced hepatic overexpression of
PNPLA3!"M [6], 62], a polymorphism associ-
ated with frequency and severity of human
NAFLD [63, 64], relative depletion of polyun-
saturated C20-C22 fatty acids was observed
among triacylglycerols [65]. Most recently,
Chiappini et al. reported the opposite finding,
depletion of long-chain fatty acids attributable to
decreased activity of the fatty acid desaturase 1
(FADST1) [66]; this particularly altered phospho-
lipid synthesis.

satFFA cytotoxicity to hepatocytes is an
experimental paradigm for liver lipotoxicity and
resultant inflammation. Some key points are
summarised in Box 3.2. satFFA, such as palmitic
acid (C16:0) and stearic acid (C18:0), are more
toxic than mono-unsaturates, such as palmitoleic
(C16:1) and oleic acid (C18:1); the latter protect
liver cells against saturated FFA lipotoxicity, pos-
sibly by promoting their incorporation into TG
[54, 67]. Mono-unsaturates also decrease lyso-
phosphatidylcholine (LPC) content [68], which

G.C. Farrell etal.

appears to be an essential mediator of FFA lipo-
toxicity. Lipotoxicity also involves activation of
JNK possibly independent of oxidative stress. In
turn, JNK activation injures mitochondria lead-
ing to oxidative stress, a self-amplifying step in
JNK signal transduction.

Box 3.2: Key Points for FFA Toxicity.

1. Saturates are more toxic than
unsaturates.

2. Mono-unsaturates confer protective
effects.

3. Toxicity proceeds through lysophospha-
tidylcholine (LPC) formation.

4. Lipotoxicity involves JNK activation.

5. JNK-dependant mitochondrial injury
occurs.

6. Secondary oxidative stress causes fur-
ther damage to the cell.

In studies from Gores’ lab using primary
murine hepatocytes, which validated key findings
in well-differentiated human hepatocytes [69],
data confirmed operation of the JNK-
mitochondrial cell death pathway in satFFA lipo-
toxicity via PUMA. They also showed that
satFFA lipotoxicity proceeds through the forma-
tion of LPC, which had been suggested as the
lipotoxic mediator in palmitic acid toxicity stud-
ies by Han et al. [68].

3.7 Phospholipids:
Lysophosphatidylcholine Is
a Candidate Lipotoxin

in NASH

Like palmitic acid, LPC produces hepatocyte
injury in vitro, and it also induces hepatitis in
vivo [68]. Han and colleagues found increased
LPC content in five NASH cases, higher than in
seven with simple steatosis or 12 lean livers; few
other lipidomic analyses in NAFLD mention
LPC. Chiappini et al. recently found decreased
phosphatidylcholine-to-phosphatidylethan
olamines rates in human NASH livers [66]. They
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demonstrated experimentally in HCC cell lines
and primary human hepatocytes that lipid mixes
from NASH patients can strikingly induce cellu-
lar toxicity [66].

3.8 Does Ceramide Play a Role?
Ceramide is the prototypic sphingolipid formed
in the ER by condensation of palmitoyl CoA (or
other fatty acid moiety) with sphingosine. The
rate of ceramide synthesis by this pathway
depends on availability of satFFA, but, in addi-
tion, de novo synthesis of ceramide can be rap-
idly generated from sphingomyelin by
sphingomyelinase. Such rapid generation of
ceramide has been implicated in apoptosis by the
death ligands, TNF-a and Fas ligand (FasL) [70].
Ceramide can also play a role in insulin resis-
tance. A prevailing concept is that satFFA lead to
formation of ceramide, accumulation of which
kills pancreatic p-cells (and neurons) by death-
ligand-induced apoptosis. However, Wei et al.
showed that ceramide is not essential for satFFA
lipotoxicity in liver cells [71], and Han and col-
leagues showed that ceramide synthesis inhibi-
tors do not modulate palmitic acid-induced
lipoapoptosis to hepatocytes [68]. On the other
hand, phospholipase A, (PLA,) inhibitors blocked
cell death in these experiments, suggesting a role
of PLA, or its product LPC. Lipidomic analyses
of human or murine NAFLD livers have usually
failed to identify ceramide accumulation [72],
and bariatric surgery improved NASH without
lowering circulating ceramide levels [73].
Sphingosine 1-phosphate (S1P), a derivative of
ceramide, contributes to macrophage-related
inflammation in some contexts. Mauer and col-
leagues recently showed that the S1P antagonist,
FTY720 reduced inflammation and fibrosis in a
high fat, high cholesterol dietary model of steato-
hepatitis in mice [74].

3.9 Diacylglycerols

DAG activates atypical protein kinase C (PKC)
isoforms, which have been implicated in the
molecular pathogenesis of insulin resistance. By

activating NF-xB, PKCs are also pro-
inflammatory. Puri et al. found increased hepatic
DAG levels in NAFLD versus lean livers, but no
difference between NASH and not-NASH fatty
livers [14]. In foz/foz mice fed normal rodent
chow to cause steatosis or atherogenic diet to
cause NASH, hepatic DAG levels increased com-
pared to lean controls, but values were similar in
NASH and simple steatosis [75, 76]. Gorden
et al.. found increased DAG species, particularly
in phospholipids between normal versus NAFLD
livers [77, 78], but without specificity to NASH
phenotype (see Rule 1, Box 3.1).

3.10 Cholesterol Is a Strong
Contender for a Lipotoxin
Causing NASH

Three lipidomic analyses found that free choles-
terol (FC) is increased in NASH livers but not
simple steatosis [60, 76, 77, 79]. Caballero et al
used filipin which fluoresces blue upon binding
FC but not cholesterol esters [15]. They observed
that all 14 NASH livers fluoresced for FC within
hepatocytes, versus 4 of 17 with simple steatosis.
In foz/foz mice, atherogenic dietary intake caused
NASH with major increases of hepatic cholesterol
ester and FC; chow-fed foz/foz mice with simple
steatosis showed no such increase [76].
Atherogenic diet-fed Wt mice exhibited a transient
increase in FC, after which adaptation occurred
with return of hepatic FC to normal; this was asso-
ciated with simple steatosis, not NASH [76].

Epidemiological studies reveal a positive
association of dietary cholesterol intake with cir-
rhosis (irrespective of aetiology) and HCC [80].
Some but not all nutritional studies confirm diets
high in saturated fat and cholesterol are associ-
ated with NASH [81]. On the other hand, intake
of fructose or simple carbohydrates is more con-
sistently identified, and there is a reproducible
inverse relationship with micronutrients [82].
Japanese workers showed a strong effect of ath-
erogenic diet (7.5% cocoa butter, 1.25% choles-
terol) on NASH in rodents [43], and the
co-requirement for cholesterol as well as satu-
rated fat, often with simple carbohydrate, has
been found repeatedly [17, 40, 41, 83].
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Appetite-defective animals eat more and read-
ily become obese, particularly when fed high fat
diet. Mc4r mutant mice fed a 60% fat diet (0.04%
cholesterol) develop liver and adipose inflamma-
tion, with a pattern of crown-like structures
(CLSs) of macrophages around hepatocytes that
exhibited large lipid droplets [58]. In our studies,
modulation of the cholesterol content of athero-
genic diet (0, 0.2-2.0% wt/wt) caused a stepwise
increase in hepatic FC content, and this was asso-
ciated with corresponding increases in serum
ALT, hepatocyte apoptosis, activated macro-
phage and neutrophil accumulation, and NASH
severity estimated by NAFLD Activity Score
(NAS). In ABCB4 mutant opossums (ABCB4
encodes a canalicular transporter of bile acids
and glutathione conjugates), consumption of a
“western diet” (0.7% cholesterol) caused hepatic
cholesterol accumulation, atherogenic dyslipid-
emia and NASH [37]. In low density lipoprotein
receptor (LDLR) knockout mice, cholesterol
content of the diet was a key determinant of
whether liver pathology was steatosis or steato-
hepatitis [36], and this was associated with
increased hepatic cholesterol content [34, 35].

3.11 Dysregulation of Hepatic
Cholesterol Homeostasis

Occurs in NASH

The liver is the central organ for bodily choles-
terol homeostasis. Cholesterol synthesis is regu-
lated in response to “need”, as perceived by
nuclear receptors such as SREBP2 [84]. SREBP2,
the master regulator of cholesterol homeostasis,
is upregulated by insulin. Three studies confirm
upregulation of hepatic SREBP2 in human
NASH [14, 15, 60], and similar changes occur in
obese, diabetic foz/foz mice with NASH [75, 76].
In the rodent model, HMG-CoA reductase
enzyme activity was correspondingly suppressed,
as expected by the regulatory role of SREBP2.
Min et al. [60] measured circulating metabolites
of cholesterol synthesis (desmosterol:cholesterol
ratio) and decreased hepatic HMG-CoA phos-
phoprotein, and concluded that cholesterol syn-
thesis is increased in NASH but not simple

steatosis [60]; this finding is counter-intuitive,
given the observed upregulation of SREBP2. The
different results between the mouse and human
studies could reflect species or methodological
differences.

Tracer studies indicate that most liver lipid in
human NASH arises from peripheral sources,
albeit an increase in de novo synthesis (hepatic
lipogenesis) also occurs [85]. Hepatocytes
express three cholesterol uptake pathways: scav-
enger receptor B1 (SRB1), CD36 (uptake path-
way for cholesterol and FFAs) and LDLR. LDLR
expression is not increased in human NASH [60],
but CD36-enriched extracellular vesicles (EVs)
circulate in diabetes and metabolic syndrome,
and in patients with NASH (Chen B, Farrell GC,
Teoh NC — unpublished data). Further, hepatic
CD36 expression is upregulated in obese, dia-
betic mice with NASH [86].

FC is highly reactive. Thus, cells form fatty
acyl esters (CEs) catalyzed by acyl-
CoA:cholesterol transferase (ACAT) 2, and also
sequester FC into lipid droplets. While hepatic
expression of ACAT? increases in NASH (human
and mouse), the reverse pathway of esterolysis,
catalyzed by cholesterol ester hydrolase (CEH),
is also upregulated [60, 76].

A uniquely important pathway for FC disposi-
tion in the liver is biotransformation into bile
acids. The rate-limiting steps are cytochromes
P450 (CYP) 7A1 and 2B1 in ER, and CYP27A in
mitochondria. Profound dysregulation of choles-
terol homeostasis occurs in NASH: CYP7AI
expression (human liver) and Cyps7al, 2bl and
27a (mouse liver) are all near-totally suppressed
in NASH, but not in simple steatosis [60, 76].

Hepatocytes rid themselves of cholesterol by
passage into blood (via basolateral ATP-binding
cassette transporter 1 [ABCA1]) or bile, directly
via ABCG5/G8 heterodimers, or as bile acids via
ABCBI11 (bile salt export pump, BSEP) and
ABCB4 (mdr2). ABCAL1 is downregulated in
human NASH [60], and profound suppression of
ABCBI11, ABCB4 and ABCG5/8 occurs in foz/
foz mice with NASH [76].

In summary, while details may vary between
species, it is clear that cholesterol inputs (uptake
or synthesis) are increased in NASH versus sim-
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ple steatosis. Cholesterol ester hydrolysis is also
increased, but biotransformation and egress of
cholesterol (directly or as bile acids) is pro-
foundly impaired. The net effect is FC trapping in
hepatocytes. Van Rooyen et al. showed that insu-
lin concentrations that circulate in insulin-
resistant animals are sufficient to upregulate
SREBP2 and LDLR, and to downregulate
ABCBI11 in murine primary hepatocytes [76].

Recently, it has become apparent that hepatic
cholesterol trapping in NASH leads to precipita-
tion of cholesterol crystals. To study the condi-
tions that lead to this change in physical state,
Toannou and colleagues [87] fed mice diet high in
fat and with increasing amounts of cholesterol for
6 months [87]. Mice fed diets with 0.5% choles-
terol or higher developed NASH with fibrosis
whereas those fed lower cholesterol high fat diet
showed simple steatosis (Fig. 3.1). It was evident
that cholesterol crystal-laden lipid droplet rem-
nants from dead or dying hepatocytes were pro-
cessed by lysosomal enzymes within Kupffer
cells. These Kupffer cells (and presumably also
recruited macrophages) formed the centre of
CLSs, which stained positive for NLRP3 and
active caspase 1 (see later section on inflamma-
some). This phenomenon could be modelled in
culture: thus, HepG2 cells exposed to LDL-
cholesterol developed crystals in lipid droplet
membranes that upregulated TNF, NLRP3 and
IL-1p in co-cultured macrophages, with secretion
of IL-1p [87].

Atorvastatin inhibits HMG-CoA reductase but
this and other statins have no beneficial effect on
NASH pathology [88, 89]; this may be because
depletion of hepatic cholesterol upregulates a
hepatic cholesterol re-uptake pathway in which
Niemann Pick Cl1-like protein 1 (NPC1L1) trans-
ports cholesterol across biliary (and intestinal)
epithelium. Conversely, blockade of NPC1L1 by
ezetimibe upregulates cholesterol synthesis, and
ezetimibe appears ineffective therapy in NASH
[90]. We used combination atorvastatin and ezeti-
mibe to return hepatic FC to normal levels in ath-
erogenic diet-fed foz/foz mice [57]. There were
commensurate reductions in serum ALT, hepato-
cyte apoptosis, macrophage activation and sever-
ity of NASH pathology, including liver fibrosis.

Combination atorvastatin and ezetimibe also
removed cholesterol crystals [79] (Fig. 3.2).
Thus, cholesterol accumulation (with crystal for-
mation) correlates with NASH pathology, and
cholesterol removal (FC and crystals) cures
NASH.

3.12 Free Cholesterol Is Directly
Lipotoxic to Primary
Hepatocytes

Caballero and colleagues showed that the mito-
chondrial cholesterol transporter, steroidogenic
acute regulatory protein (StAR) is upregulated in
NASH [15], serving as a pathway for mitochon-
drial cholesterol accumulation. In livers of foz/foz
mice with NASH, FC partitioned into mitochon-
dria, and to a lesser extent plasma membrane and
ER [91]. Ultrastructural studies confirmed mito-
chondrial damage in this model (swelling, frag-
mentation of cristae, formation of crystalline
material in the matrix), and similar findings have
been documented in human NASH since 1999
[92, 93]. Human studies have also found low
hepatic ATP levels in NASH [94], which is con-
sistent with mitochondrial injury.

To establish whether FC is directly lipotoxic,
we incubated primary murine hepatocytes with
unmodified human LDL and showed dose-
dependent FC uptake over 24 h [91] (Fig. 3.3).
FC loading caused cell injury, apoptosis and
necrosis, redox stress, mitochondrial membrane
pore transition with cytochrome c leakage into
cytosol, and rapid decline in cellular ATP con-
tent. These processes were linked mechanisti-
cally to JNK 1 activation; thus, Jukl~~ hepatocytes
were refractory to FC lipotoxicity, and specific
JNK inhibitors blocked both apoptosis and necro-
sis. Mitochondrial protectants (cyclosporine A)
and caspase 3/7 inhibitors also rescued
hepatocytes from FC lipotoxicity, whereas the
ER stress chaperone, 4-phenylbutyric acid, failed
to exert any protective effect. The cholesterol
loading of HepG2 cells recently reported by
Ioannou et al. [87], in which cholesterol crystals
were recognised in lipid droplet remnants, also
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support direct toxicity of cholesterol to hepato-
cyte-like cells.

In summary, among potential lipotoxins caus-
ing NASH, FC conforms to the rules of pheno-
typic association, accumulation by pathways
related to metabolic pathogenesis of NASH, is
directly toxic to hepatocytes, and its therapeutic
removal cures NASH and reverses liver fibrosis
(see Box 3.1). Recent data also support a role for
selective changes in long-chain fatty acid compo-
sition, particularly in selected phospholipid
DAGs [66, 95], with alterations in PC:PE ratio
that may affect membrane permeability. Whether
PNPLA3"“M (discussed later) could underlie
such changes requires further study. Meanwhile,
it remains possible that fatty acid chain length
and accumulation of free cholesterol are both
important mechanistically and act synergistically
to cause NASH. In order to consider the implica-
tions of lipotoxicity for inflammatory recruit-
ment, consideration of the sites of hepatocellular
injury in lipotoxic NASH is critical.

3.13 Subcellular Sites
of Hepatocyte Injury

in NASH

satFFA, LPC and FC lipotoxicity are all associ-
ated with mitochondrial membrane pore transi-
tion (MPT) that causes disruption of cellular
respiration, generation of oxidative stress, and
cytochrome c leakage from the matrix into the
cytosol where it activates the apoptosome [96].
Provided there is sufficient energy (ATP) required
for the final execution steps that involve caspase
3/7-mediated cleavage of the cytoskeleton and
cell movement, this causes of apoptosis. When
ATP is depleted, programmed cell death is
aborted, terminating in necroptosis (caspase 8 is
not involved; mixed lineage kinase domain-like
pseudokinase [MLKL] is recruited and binds to
the receptor-interacting protein 1 [RIP1]/RIP3

<

complex), or necrosis. Necrosis (sometimes
referred to as type 2 necrosis or oncosis) also
occurs with more rapid permeabilization of the
plasma membrane and dispersion of ion gradi-
ents within the cell, a disorganized form of cell
death that liberates cell contents. A recent study
reported that mitochondrial DNA (mtDNA) was
released in mice subjected to a high fat diet,
although  steatohepatitis was not  well-
demonstrated in this study model [97]. The
authors then showed that mtDNA activated TLR9
(discussed later), and proposed this as a pathway
to macrophage recruitment in NASH.

ER is a site of FC deposition in NASH [91],
and ER stress is favoured as a pathway to apopto-
sis (via C/EBP homologous protein [CHOP]-
mediated cleavage of Bid) and inflammation (via
JNK activation in type 2 diabetes). Triggering of
one ER stress response factor but not others, and
without CHOP expression, has been described in
human NASH [98], and operation of ER stress
was reported with MCD steatohepatitis [99].
Legry, Leclercq and colleagues conducted a set
of studies in foz/foz and ob/ob mice, measuring
elements of its activation, creating ER stress
experimentally, and opposing it pharmacologi-
cally [100]. The results provide a strong case
against ER stress being conspicuous in steato-
hepatitis related to obesity, diabetes and meta-
bolic syndrome (NASH) [100, 101]. Likewise, in
FC lipotoxicity to hepatocytes there was no
increased  expression of CHOP, and
4-phenylbutyric acid failed to protect hepatocytes
[91]. Finally, in three randomized-controlled
clinical trials, ursodeoxycholic acid (which
opposes ER stress) was ineffective at improving
NASH pathology [102-104].

Ballooned hepatocytes and apoptotic bodies
arise from caspase 3/7-mediated lysis of the cyto-
skeleton. Membrane-bound vesicles are also shed
from activated or injured/dying cell types present
in NASH livers. Very small vesicles (30-100 mm)
are known as exosomes, larger ones (100-

Fig. 3.1 (continued) shows blue-coloured birefringent
crystalline material within lipid droplets, which are cho-
lesterol crystals stained by filipin (x200 magnification).
Second column is hematoxylin and eosin-stained liver

sections. Third column shows TNF-a positive macro-
phages (within crown-like structures), and the last column
exhibits Sirius Red positive areas for fibrosis. (Adopted
from Ioannou et al. [87], with permission)
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Fig. 3.2 Representative liver sections from foz/foz mice
fed atherogenic diet (23% fat, 0.2% cholesterol) treated
with ezetimibe or atorvastatin, or their combination versus
vehicle controls. Liver sections were stained with hema-
toxylin and eosin, Sirius Red for fibrosis, F4/80 for pro-
inflammatory macrophages (inflammation), and unstained
frozen sections viewed with polarized light for birefrin-
gent cholesterol crystals. Compared to vehicle controls,

1000 nm) are microparticles (MPs); the term
extracellular vesicles (EVs) will be used here to
encompass both sizes. EVs circulate in hepatic
ischemia-reperfusion injury [105], an acute type
of sterile liver inflammation, and they have been
detected in humans with NAFLD [106]. Povero
and colleagues noted that the circulating titre of
EVs increases during the transition of steatosis to
steatohepatitis in the CDAA model [107]; levels
correlated with hepatocyte cell death, fibrosis and
angiogenesis. These EVs contained asialoglyco-

Ezetimibe +
Atrovastatin

3 e 1 k
. ®

there were less cholesterol crystals in the atorvastatin- and
ezetimibe-treated groups, and cholesterol crystals were
nearly abolished in combination-treated mice. As a result,
liver histology improved, and inflammation and fibrosis
were less in the drug treatment groups. Black and white
scale bars 50 pm and 100 pm, respectively. (Adopted from
Ioannou et al. [79], with permission)

protein receptor 1 (ASGPR1), a protein unique to
hepatocytes, and miR-122 and 192 which are
associated with chronic liver disease. Circulating
EVs have also been reported to contain mito-
chondria or mtDNA in experimental fatty and
alcoholic liver injury [97, 108]. We recently
found that EVs shed from hepatocytes subjected
to FC lipotoxicity contain high-mobility group
box 1 protein (HMGB1), and activate Kupffer
cells via an HMGB1- and TLR4-dependent pro-
cess (Fig. 3.3, and Gan L, Farrell GC -
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Fig. 3.3 Free cholesterol accumulation causes lipotoxic-
ity in hepatocytes. (A) Primary murine hepatocytes incu-
bated with human LDL showed dose-dependent free
cholesterol (FC) uptake over 24 h, (B) with proportionate
LDL release indicating hepatocellular injury with FC
loading. Wildtype (WT) hepatocytes showed increased
apoptosis (Hoechst 33342 positive nuclei) and necrosis
(propidium iodide positive cells) with FC-loading; (C)
JNKI1 and (D) TLR4 deletion protected cells from both

Media [LDL] (uM)

apoptosis and necrosis. (E) Hepatocyte release of the
danger-associated molecular pattern, high-mobility group
box 1 protein (HMGBI1), increased with FC-loading of
WT hepatocytes, and (F) anti-HMGB1 protected cells
from both apoptosis and necrosis. “P < 0.05 compared
with 0 pM LDL. ¥P < 0.05 compared to WT. (®'P < 0.05
compared to no addition. (Adopted from Gan et al. [91],
with permission)
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unpublished data). This paracrine process links
lipotoxicity to inflammatory cell activation in
NASH via the intermediary of EVs and soluble
HMGBI. The shedding of EVs from liver cells
can also activate hedgehog signalling [109],
which has implications for inflammatory recruit-
ment and fibrogenesis [107]. Recently, EVs
released from lipotoxic cells were shown to be
internalised by both hepatocytes and macro-
phages; within those cells, NF-kB-mediated
upregulation of NLRP3, pro-caspase-1 and pro-
interleukin-1 was demonstrated, indicating
another link between lipotoxicity and pro-
inflammatory pathways in NASH [110].

Using in vitro models, it has now been shown
that the PNPLA3"™ variant preferentially local-
ises to lipid droplets and is associated with defec-
tive remodelling activity, potentially enhancing
TG accumulation in lipid droplets [111]. Such
lipid droplet “dysfunction” could lead to lipotox-
icity indirectly because of “suboptimal storage”
of toxic lipids, such as FC [87], and this has now
been observed experimentally [66]. Autophagy is
another important intracellular pathway, target-
ing cell constituents to the lysosome for degrada-
tion. Mark Czaja and colleagues identified the
operation of autophagy for lipid turnover (lipo-
phagy) in fatty liver disease, and the importance
of autophagy in opposing apoptosis and influenc-
ing insulin sensitivity indicates a possible role in
pathogenesis of NASH (elegantly reviewed in
Amir and Czaja) [112].

3.14 Hepatocyte Injury and Cell
Death in NASH: Relationship
to Inflammation

3.14.1 Serum ALT and Ferritin

Circulation of hepatocyte proteins such as ALT
and ferritin is evidence of liver injury in NAFLD,
but serum ALT level has low sensitivity and spec-
ificity for distinguishing NASH from simple ste-
atosis. Maximos et al. found that NAFLD patients
with raised ALT had worse adipose insulin resis-
tance, lower plasma adiponectin and higher liver
triglyceride (by MRS) than those with normal

ALT, but there was no correlation with balloon-
ing, inflammation or fibrosis [51]. Unlike in viral
or autoimmune hepatitis, serum ALT values in
NASH (and alcoholic hepatitis) rarely exceed
tenfold the upper limit of normal (~300 U/L).
One reason may be that apoptosis is the predomi-
nant form of cell death [113], another is that
necrosis tends to be focal rather than zonal or
extensive.

3.14.2 Ballooned Hepatocytes

Ballooned hepatocytes are one of three criteria
used to calculate the NAS [114], and in global
assessment of “NASH vs not NASH” pathology.
Further, their number correlates with fibrotic out-
come [115]. Ballooned hepatocytes are large,
clear cells with “blurred” plasma membrane, pos-
sibly reflecting cytoskeletal damage; they lack
cytokeratin 8/18 (CK8/18) [116] (suggesting cas-
pase 3 activation) and are ubiquitin positive. They
also express hedgehog signalling ligands, which
by analogy with Drosophila melanogaster may
indicate cells have initiated a cell death program
but are unable to complete the process (the term
“undead” cells has been used) possibly because
of deletion of caspase 9 [117]. Hedgehog ligands
are chemotactic and could activate stellate cells
directly [118]. It is therefore of interest that
hedgehog pathway activation correlates with his-
tologic severity of NAFLD, specifically with bal-
looning, portal inflammation and fibrosis severity
[119, 120].

3.14.3 Apoptosis Versus Necrosis
and Necroptosis

As reviewed by Luedde and colleagues recently
[12], apoptosis is a physiological form of pro-
grammed cell death during development and
tissue remodelling. It does not release cell con-
tents other than within larger membrane-bound
vesicles known as apoptotic bodies. These are
typically engulfed by neighbouring cells without
an inflammatory response, but often with a
“wound healing” response of tissue regeneration
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and matrix deposition (fibrosis). Feldstein and
colleagues showed that hepatocyte apoptosis is
prominentin NASH livers [57, 121]. Furthermore,
M30, the caspase 3/7-mediated cleavage product
of CK8/18, circulates in NASH to a great extent
than in simple steatosis [122]. In mice, the num-
ber of M30 positive hepatocytes is high in NASH
and negligible in simple steatosis [57]. However,
while apoptosis is abundant, it is not the only
form of cell death that occurs in lipotoxicity or
NASH.

In vitro studies of FC lipotoxicity showed a
dose-dependent relationship between hepatocyte
FC content and necrosis, as well as apoptosis
[91]. In addition to release of ALT and ferritin,
other evidence suggests that necrosis occurs in
vivo in NASH, as summarized in Box 3.3. Thus,
whole length CK8/18 (among other hepatocyte-
specific proteins) circulates [122], and the inflam-
matory infiltrate that surrounds lipid-laden
hepatocytes in NASH contains polymorphonu-
clear leukocytes (neutrophils) as well as macro-
phages; these may be a response to lipid
peroxidation or to release of neutrophil chemo-
kines. Neutrophils release perforins and other
proteolytic enzymes that kill cells by necrosis
[123]. Finally, experiments in rodent livers show-
ing NASH have found increased expression of
RIP3 (a marker of necrosis) and MLKL (a marker
of necroptosis) [124].

3.14.4 Potential Role of Danger-
Associated Molecular Patterns
(DAMPs)

Release of HMGB1 in FC lipotoxicity experi-
ments is likely a response to oxidative stress or
necrosis [91], as has been documented in
ischemia-reperfusion injury [125]. HMGBI is an
archetypical DAMP that can activate cell death
on neighbouring hepatocytes by binding to
TLR4, and it also binds and activates TLR9 and
receptor for advanced glycation endproducts
(RAGE) [125, 126]. HMGBI1 antiserum reduced
cell death in FC-loaded hepatocytes, while hepa-
tocytes from Tlr4~~ mice, as well as those from
Jnkl1~~ animals, were refractory to FC lipotoxic-

ity [91] (Fig. 3.3). HMGBI1 also readily binds
TLR4 on Kupffer cells and macrophages, a pos-
sible pathway that links hepatocyte necrotic cell
death to inflammation in NASH [91]. Ganz and
colleagues found hepatic levels of HMGBI
increased during intake of a high fat high choles-
terol diet, when steatohepatitis was present at
8 weeks [127]. Consistent with the proposed role
of this DAMP in NASH pathogenesis, Li and col-
leagues documented HMGBI1 release and TLR4
involvement in feed-forward hepatocyte injury
during the early stages of NAFLD caused by
intake of a high fat, 2% cholesterol diet [128].

3.14.5 Sterile Inflammation in NASH

While hepatocytes may generate inflammation in
NASH by release of DAMPs that signal through
pattern recognition receptors [91, 127], inflam-
mation can kill hepatocytes. In alcoholic hepati-
tis, the origins of liver inflammation appear to be
the gut microbiota [129]. Thus, excessive alcohol
compromises intestinal permeability, with resul-
tant absorption of bacterial pathogen-activated
molecular patterns (PAMPs) such as endotoxin
(lipopolysaccharide). These interact with TLR4
and possibly other TLRs, while bacterial CpG
DNA ligands TLR9Y to activate NF-kB. We have

Box 3.3: Evidence that Hepatocyte Necrosis
or Necroptosis Occur in NASH.

1. Serum ALT increases.

2. CK&/18 circulates.

3. Neutrophils are present.

4. RIP3 and MLKL expression increase.

reviewed the evidence that NF-kB is an essential
pro-inflammatory “trigger” in NASH [8]. Its acti-
vation results in production and release of che-
mokines and cytokines that promote a cellular
inflammatory response. Normal hepatocytes are
not killed by TNF-a. However, under certain con-
ditions, including FC loading of mitochondria
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Fig.3.4 Inflammasomes
are intracellular pattern
recognition receptors
that require a “double
trigger” to be assembled.
Abbreviations: ASC
apoptosis-associated
speck-like protein
containing a card, HSC
hepatic stellate cell, /L] #4
interleukin 1, LPS
lipopolysaccharide,
MYDS8S8 myeloid
differentiation primary
response gene 88, NF-kB
nuclear factor kappa-
light-chain-enhancer of
activated B cells, NLRP3
NOD-like receptor
protein 3, ROS reactive
oxygen species, TLR
toll-like receptor, TNF
tumour necrosis factor
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and glutathione (GSH) depletion caused by oxi-
dative stress, TNF-a can activate hepatocyte
apoptosis via caspase 8-mediated death signaling
[130]. The evidence that the gut microbiome
could play a role in NASH pathogenesis is
reviewed in Chaps. 8 and 9.

3.14.6 Role of the NLRP3
Inflammasome

Inflammasomes are intracellular pattern recogni-
tion receptors that require a “double trigger” to
be assembled (Fig. 3.4). The first signal is
MYDS88 mediated, and leads to NF-kB-mediated

free
cholesterol

cholesterol
crystals -‘," ’
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inflammasome

inflammation
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| HSC activation I

!

fibrosis
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cirrhosis

induction of inflammasome components such as
NLRP3, pro-caspase 1 and pro-IL-1p. Upon
exposure to a second signal, NLRP3 recruits
apoptosis-associated speck-like protein contain-
ing CARD (ASC) as the scaffold for dimerization
of pro-caspase 1, converting it to its active
enzyme. Caspase | then cleaves pro-IL-1p and
pro-IL18 to form the active cytokines. Secreted
IL18 attracts and activates macrophages. IL-1f
indirectly attracts and then activates neutrophils;
it also has direct effects on fibrosis by activating
stellate cells.

The MYD88-signaling molecules that could
provide a signal I in NASH include RAGE,
TLR2, TLR4, TLRY, oxidative stress, and, more
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controversially, saturated FFAs such as palmitic
acid [131]. Signal 2 can be provided by foreign
particulate matter, uric acid crystals (gout) [132],
and cholesterol crystals (as in atheroma) [133]. In
the presence of a second signal, increased NLRP3
(expressed in hepatocytes as well as kupffer cells)
is activated to generate cellular inflammation with
macrophages and neutrophils. NLRP3 inflamma-
some activation also causes pyroptosis, a form of
cell death exhibiting features both of apoptosis
(DNA fission into ~200 kDa oligonucleotide “lad-
ders”) and necrosis (plasma membrane pores).
Like necrosis and necroptosis, pyroptosis allows
leakage of intracellular contents through such
pores to promote inflammation.

Mice defective in inflammasome components
(NLRP3, CARD, caspase 1) are protected from
MCD steatohepatitis and high fat diet-induced
NAFLD. The identification of cholesterol crys-
tals in human NASH and two animal models pro-
vides a rationale for NLRP3 activation in the
relevant metabolic context [79, 87]. In mice fed a
high fat and cholesterol added diet, the number of
cholesterol crystals increased from 0.5% choles-
terol in the diet, while severity of steatohepatitis
and resultant liver fibrosis was proportional to the
number of crystals [87] (Fig. 3.1). Conversely, in
foz/foz mice, the number of cholesterol crystals
remaining in livers after treatment with
cholesterol-lowering agents correlated with the
number of residual F4/80 positive macrophages,
neutrophils and extent of liver fibrosis [79]. In
both models, active caspase 1 and NLRP3 co-
located with cholesterol crystals, and such
expression was no longer present when crystals
were dissolved as the result of cholesterol-
lowering therapy.

If cholesterol crystal-related NLRP3 inflam-
masome activation is central to the pathogenesis
of NASH, NLRP3 inhibitors might provide a new
therapeutic opportunity [134], as shown by Szabo
and colleagues for the IL-1P receptor inhibitor,
anakinra, in alcohol-related fatty liver disease
[135]. We used the small molecule NLRP3 inhib-
itor, MCC950 [134], to test this proposal in ath-
erogenic diet-fed foz/foz mice with NASH. We
showed that NLRP3 blockade abolishes liver
inflammation during development of NASH,

with beneficial effects on liver fibrogenesis [136].
Outstanding challenges are to develop NLRP3
inhibitors that can be administered safely to
humans with NASH, and to show that they
reverse established NASH and fibrosis, as well as
arrest its development.

3.14.7 Other Pattern Recognition
Receptors

TLR4 is upregulated in human as well as experi-
mental forms of NAFLD [124, 137]. Its likely
importance for NASH is reviewed elsewhere
[138, 139]. A pro-inflammatory role has also
been suggested for TLR3 [131, 138], but there do
not appear to be data indicating its upregulation
in human NASH. We have recently reported that
TLRO is upregulated in human NASH compared
to livers showing simple steatosis [124]. Unlike
TLRs 2 and 4, which are located on the cell sur-
face, TLRO is present in the endosome of macro-
phages and, to a lesser extent hepatocytes [124].
In rodents, TLRY appears to govern M1 activa-
tion of macrophages, but its role on human mac-
rophages is less clear. Mice deficient in TLR9 are
protected from the milder forms of fatty liver dis-
ease generated by a high fat diet [97, 124], and
also from CDAA-induced steatohepatitis [32].
Neither is associated with obesity, and it is
entirely possible that this apparent protection is
because TIr9~~ mice are smaller in body weight
(Iess over-nourished). We crossed TIr9~~ with
foz/foz mice. The resultant obese diabetic mice
lacking TLR9 appeared minimally protected
against NASH [124]; most critically, resultant
liver fibrosis was the same in TLR9-deficient and
intact obese animals (Fig. 3.5).

RAGE is another NF-kB-mobilising receptor
of potential relevance to signal I for NLRP3 acti-
vation. RAGE signals in response to ligation by
advanced glycosylation end-products (AGE) that
circulate in diabetes and have been linked to dia-
betic complications. AGE is also found in some
charcoal grilled food products. Upregulation of
RAGE has been demonstrated in a murine dietary
model of NAFLD; its deletion protected mice
from exacerbation by a high AGE-containing
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Fig. 3.5 Hepatic Sirius red-positive areas for fibrosis did not change with TLR9 deletion in appetite-defective (hyper-
phagic) foz/foz mice or wildtype (Wr) littermates fed an atherogenic diet (23% fat, 0.2% cholesterol)

diet, but not from NASH caused by a HF/HC diet
in the absence of AGE [140, 141].

3.14.8 Liver Inflammatory
Phenotype

In steatohepatitis, the lobular mixed cell inflam-
matory infiltrate is comprised of activated (M1)
macrophages, lymphocytes and neutrophils. In
NASH, macrophages aggregate around ballooned
or fat-laden hepatocytes in what are referred to as
crown-like structures (CLSs). The same macro-
phage foci are found in inflamed adipose with
type 2 diabetes and metabolic obesity [142, 143].
In NASH, their localization around injured hepa-
tocytes infers signals expressed by or released
from those cells are important for their recruit-
ment. Within CLSs, cells exhibit markers of pro-
inflammatory (M1) macrophages. Tracking

studies suggest most of the expansion in numbers
of activated macrophages in NASH is from bone
marrow-derived monocytes, and a smaller pro-
portion are derived from resident macrophages
(Kupffer cells) [144]. Macrophage chemokines
from both the CCL2 and CCL5 families are pro-
duced by fatty livers [145]. Such chemokines
play an important role in macrophage recruit-
ment and activation in NASH. A CCR2/5 antago-
nist has recently been shown to improve liver
fibrosis in human NASH [146], although it failed
to impact NASH pathology.

Among candidate sentinel cell populations
responsible for sensing DAMPs in fatty liver
injury, Kupffer cells and dendritic cells appear
most likely involved. In an experimental system
of acute sterile inflammation, CD11b positive
cells (likely macrophages) were essential for
detection of danger signals [11, 147].
Lymphocytes are among the less well-
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characterized inflammatory cells that accumulate
in NASH livers. In a choline-deficient high fat
diet murine model which exhibited insulin resis-
tance and NASH, activated intrahepatic CD8 T
cells, natural killer T (NKT) cells and inflamma-
tory cytokines were detected [148]. The authors
proposed that CD8 T cells and NKT cells but not
myeloid cells promote development of NASH by
interactions with hepatocytes (inflammation
causes liver injury). In a different murine model
(high fat high carbohydrate diet), NKT cells and
CD8 T cells were also both required for signifi-
cant liver injury and hepatic infiltration with
macrophages [149].

Neutrophils are a neglected feature of NASH
inflammation. By release of reactive oxygen spe-
cies (ROS) and growth factors, they could aug-
ment the effect of M1 macrophages in activating
stellate cells to promote fibrosis. The mechanisms
that promote neutrophil recruitment and retention
in NASH are poorly understood [11, 150]. In
acute forms of sterile liver inflammation, such as
thermal injury, ATP-induced activation of the
P2X7 receptor and the NLRP3 inflammasome are
involved (discussed in Kubes and Mehal [11]). In
the LDLR™~ model, neutrophil-derived myelo-
peroxidase contributed importantly to the inflam-
matory phenotype of fatty liver disease [151].

3.15 Does Inflammation Arise
from Other Tissues or
from the Liver Itself?

With overnutrition, the essential precondition for
NASH, adipose depots are the primary site for
energy storage in the body. Adipose stores energy
in the form of TG, but is unable to store choles-
terol efficiently. By taking up and storing excess
glucose and FFAs, adipose counters the poten-
tially toxic effects of these circulating nutrients.
The tissue response to chronic energy surplus
include adipocyte hypertrophy and hyperplasia.
However, there is a limit for adipocyte enlarge-
ment, adipose expansion and lipid storage
(Haczeyni F review in progress). In metabolic
obesity associated with NASH, hypertrophic adi-
pocytes exhibit stress signals and start degenerat-
ing [152]. The cellular mechanisms of such

degeneration and death of stressed adipocytes
exhibit similarities to those seen in lipotoxic
hepatocytes, as discussed earlier. Further, the
consequences of emission of stress signals and
cell degeneration/death of lipotoxic adipocytes
and hepatocytes are similar, inflammatory
recruitment [142]. Thus, both lipid-engorged adi-
pocytes and hepatocytes attract a group of
classically-activated, pro-inflammatory macro-
phages to form CLSs, as discussed earlier for liv-
ers with NASH [58, 79] (Fig. 3.6). The properties
of macrophage CLSs around degenerating adipo-
cytes or hepatocytes are also similar. The pres-
ence of adipose inflammation, and the loss of
highly differentiated adipocyte functions, such as
secretion of the insulin-sensitizing adipokine,
adiponectin, contribute to the development of
adipose insulin resistance in NAFLD [153]. A
recent human study found that NAFLD patients
with raised serum ALT had more severe adipose
insulin resistance, lower serum adiponectin and
higher hepatic TG levels than those with normal
ALT levels, although there was no correlation
with the histological indices of NASH [51]. In
mice fed HFD 16 weeks, both hepatic and adi-
pose insulin resistance developed with adipose
but not liver inflammation [154]. Early (but not
late) depletion of Kupffer cells attenuated adipos-
ity and adipose inflammation and insulin resis-
tance. These kind of data indicate links between
liver and adipose responses to overnutrition in
terms of insulin resistance and inflammation,
now termed “metaflammation”, but it seems
likely that pro-inflammatory pathways operate in
each tissue separately rather than simply “spill-
ing over” from adipose to liver [153, 155]. This
proposal is supported by our recent observations
of separate effects of obeticholic acid on adipose
morphometry and inflammation in relation to
hepatic steatosis and inflammation in different
models of NAFLD and NASH [156].

3.16 Therapeutic Relevance
and New Directions

Over the last 20 years, the Holy Grail of research
into NASH pathogenesis has been to find a criti-
cal juncture at which the pathology and clinical
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Fig.3.6 F4/80 positive macrophages in liver and adipose
tissue of appetite-defective foz/foz mice fed an athero-
genic diet (23% fat, 0.2% cholesterol). In both tissues,
pro-inflammatory macrophages aggregate around injured

course of NASH separate from simple steatosis,
the more benign and more common NAFLD phe-
notype. The rationale is to design mechanism-
based and effective drug treatment for NASH
because currently there is none. Correction of the
metabolic preconditions for NASH, obesity,
insulin resistance and metabolic syndrome, does
reverse NASH, but the non-pharmacological
approaches required for success (lifestyle inter-
vention with 10% reduction in body weight [24];
bariatric surgery [157]) are often not accessed,
not achieved or not sustained. To date, empirical
approaches or drugs aimed at lipid partitioning
are either not effective (metformin) or marginally
so (thiazolidinediones) [158]. Similar comments
apply to antioxidants (vitamin E), TNF-a release
inhibitors  (pentoxifylline), FXR  agonists
(obeticholic acid) and ER stress blockade (urso-
deoxycholic acid) [89]. The literature on individ-
ual cholesterol-lowering agents has been
reviewed [88-90], and is no longer encouraging,
but use of combination statin plus ezetimibe does
not appear to have been studied in NASH. Recent
evidence of the synergistic effect for lowering
cardiovascular risk [159], the impressive results
of animal studies [57], and recent discovery of
cholesterol crystals in NASH [79] indicates that
this is a logical approach to NASH therapy wor-
thy of clinical trial.

hepatocytes and adipocytes in what we termed “‘crown-
like structures”, as a feature of NASH and metabolic
obesity

While it remains possible that the inflamma-
tion found in NASH originates from outside the
liver [23], in inflamed adipose tissue or is pro-
voked by PAMPs generated by the gut microbiota
through a “leaky gut” (Chaps. 8 and 9), the
authors’ view is that we need look no further than
the processes involved with hepatocyte lipotoxic-
ity. If this is the case, preventing accumulation of
lipotoxic lipids (like FC) is the logical approach
to prevent NASH or to reverse its earliest stages.
Unless there is substantial weight reduction, the
outcome is likely to be simple steatosis, not a
non-fatty liver. We are not convinced that LIGHT
from NKT cells [148], or IL-1p [32] are respon-
sible for clinically relevant lipid accumulation in
overnourished individuals with NASH (inflam-
mation begets steatosis) [23, 136]. If this is the
case, continued use of 2 points improvement of
the NAS as the endpoint of NASH drug trials, as
recommended by American Association for Liver
Disease (AASLD) and mandated by the Federal
Drug Authority (FDA) may be inappropriate
because 3 of the 7 possible points are allocated to
steatosis. Resolution of NASH, preferably with
reversal of fibrosis, is more relevant [160].

The sequence of molecular signalling and
subcellular injury by which lipotoxicity injures
hepatocytes in NASH now presents a more logi-
cal “palette” of potential therapeutic opportuni-
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ties than does the global issue of hepatic lipid
partitioning, though it remains possible that
newer approaches to improve glycemic control in
type 2 diabetes with incretin-based therapies, and
agents that improve muscle and adipose insulin
sensitivity (PPAR-o/d [161] or PPAR-0 agonists
[162]) could be useful. JNK inhibitors, mito-
chondrial protectants, antiHMGBI1 strategies,
TLR4 blockade and NLRP3 inhibitors are all
worth exploring. The most appropriate models in
which to test such agents are animals with NASH
that is attributable to metabolic syndrome.
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