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Abstract
With the epidemic of childhood obesity, nonalcoholic fatty liver disease (NAFLD) has become the
most common cause of chronic liver disease in pediatrics. NAFLD is strongly associated with
insulin resistance, and increased level of serum free fatty acids (FFA)s. FFAs have direct
hepatotoxicity through induction of an endoplasmic reticulum (ER) stress response and
subsequently activation of the mitochondrial pathway of cell death. FFAs may also result in
lysosomal dysfunction and alter death receptor gene expression. Lipoapoptosis is a key pathogenic
process in NAFLD, and correlates with progressive inflammation, and fibrosis. Accumulation of
triglyceride in the liver results from uptake and esterification of FFAs by the hepatocyte, and is
less likely to be hepatotoxic per-se. To date, there are no proven effective therapies that halt
NAFLD progression, or unfortunately improve prognosis in children. The cellular mechanisms of
lipotoxicity are complex but provide potential therapeutic targets for NAFLD. In this review we
discuss several potential therapeutic opportunities in detail including inhibition of apoptosis, c-
Jun-N-terminal kinase (JNK), and endoplasmic reticulum (ER) stress pathways.
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INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) has emerged as a growing public health problem
linked to the increased incidence of childhood obesity. It is currently the most common
cause of chronic liver disease in pediatrics. A population based autopsy study reported that
13% of children and adolescents are affected with NAFLD; 23% of the subjects with
NAFLD had evidence for steatohepatitis, whereas bridging fibrosis or cirrhosis was
observed in 9% of the children with NASH. Overweight and obese children accounted for
81% of all of the cases of NAFLD [1]. A cross-sectional study of liver biopsies obtained
during gastric bypass surgery performed in morbidly obese adolescents, also reported an
increased prevalence of NAFLD in obese children; while 83% of the subjects had NAFLD,
histopathological evidence of NASH was present in 20% of subjects, and portal
inflammation and fibrosis were prevalent in some patients despite not meeting the diagnostic
criteria for NASH [2]. Long-term follow-up studies in adults with NASH suggest that the
disease is usually slowly progressive but can ultimately lead to cirrhosis in a subset of
patients [3-5] with its sequelae of portal hypertension, end-stage liver disease, hepatocellular
carcinoma and an increase in overall mortality [5, 6] . Many patients with “cryptogenic”
cirrhosis occurring in adulthood have, in fact, had NASH since childhood [7].

The impact of NAFLD and it is associated metabolic derangement during the active period
of growth in childhood is substantial. In a series from Toronto, liver biopsies from pediatric
patients with NAFLD displayed steatohepatitis in 88% and fibrosis in 71% of patients; a 10
year old patient had already progressed to cirrhosis [8]. Recent multicentric pediatric studies
of patients with biopsy proven NAFLD revealed the presence of fibrosis in 87% of subjects
[9, 10]. Worsening of hepatic fibrosis was reported within a relatively short period in
pediatric patients with NASH, raising the concern of a more aggressive natural history of
NASH in childhood [11]. Children with NAFLD may develop end-stage liver disease with
the consequent need for liver transplantation in adulthood. These children with serious liver
disease may have a significantly shorter survival as compared to the general population
[12] . Thus, hepato-lipotoxicity in children is a genuine public health concern.

In the context of the metabolic syndrome and obesity, insulin resistance plays an important
role in the pathogenesis of NAFLD [13]. Insulin resistance results in impaired suppression
of lipolysis in adipose tissue and increased levels of circulating non-esterified or free fatty
acids (FFA)s [14]. FFAs are taken up by the liver where they are esterified into neutral
triglycerides (TG)s. However, an excess of saturated FFAs overwhelms the capacity of the
liver to esterify FFA, and induces lipotoxicity. Although the amount of fat in the liver is
often considered as an index of disease severity, it is unlikely the neutral triglycerides are
lipotoxic. Rather the magnitude of neutral triglycerides in the liver likely serves as a
biomarker for the flux of FFAs delivered to the liver. This is in accordance with the finding
that the majority of obese children with NAFLD have simple steatosis without features of
NASH such as inflammation and/or fibrosis [2]. Indeed, disease severity is directly
proportional to the level of circulating FFA [15].

Lipotoxicity is known to promote hepatocyte death, which in the context of NAFLD is
termed lipoapoptosis [16, 17]. The severity of NAFLD correlates with the degree of
hepatocyte lipoapoptosis [18], and is reflected by an increase of serum caspase-cleaved
cytokeratin–fragments [19]. Recent studies have elucidated the cellular and molecular
mechanisms of FFA-mediated liver injury in NASH; these studies will be discussed in
detail, together with potential mechanism-based therapeutic interventions for NASH.
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HEPATIC LIPID METABOLISM IN NAFLD
Free Fatty Acids

Circulating FFAs derived from adipose tissue lipolysis play a critical role in the
development of steatosis in NAFLD, contributing to 60% of hepatic fat content [20, 21]. De
novo lipogenesis is the second most important mechanism, responsible for up to 30% of
stored hepatic fat [20, 22] while dietary lipid contributes only up to 10% of the hepatic lipid
content [20]. Decrease in the export of triglycerides (TG)s in the form of very low-density
lipoproteins (VLDL)s, and decreased oxidation of fatty acids, mainly at the level of the
mitochondria, may play a role in selected cases with genetic susceptibility [23]. FFAs levels
are increased in patients with NASH and correlate with disease severity [15]. There is an
increased body of evidence indicating that saturated FFAs are more hepatotoxic than
unsaturated FFAs [24-26]. In vitro studies indicate that the mono-unsaturated FFAs
palmitoleate (PO) (a 16 carbon FFA with 1 carbon-carbon double bonds, indicated C16:1),
and oleate (C18:1) are less toxic than saturated FFAs such as palmitate (PA) (C16:0) and
stearate (C18:0) [25-27]. Moreover, PO was recently identified as an adipose tissue-derived
lipid hormone (lipokine) that enhances muscle insulin sensitivity and suppresses hepatic
steatosis [28]. This difference in toxicity between saturated and unsaturated FFA is believed
to be related to the ability of unsaturated FFA to more readily be esterified into neutral
triglycerides (TG)s than saturated FFAs [27, 29, 30]. Thus these data together suggest that
hepatic esterification maybe a detoxification process for FFA, and not a toxic event itself.

Human observations further suggest that impaired cellular capacity to incorporate toxic
FFAs into neutral TG maybe a potential mechanism of liver injury in NASH [31]. For
example, total hepatic lipid content is greater in patients with simple steatosis when
compared to patients with more advanced NAFLD, indicating that the presence of fat in the
liver is either an innocent bystander or decreases as the disease progresses [32]. A recent
multicentric pediatric study exploring the relation between characteristics of hepatic
steatosis and other histological features of NAFLD did not associate the severity of steatosis
with any other histological feature of disease severity such as lobular inflammation,
ballooning, or fibrosis [9]. The lack of association between hepatic TG accumulation and
insulin resistance has been previously demonstrated in human subjects with familial
hypobetalipoproteinemia. Subjects with this disorder have high levels of hepatic TG because
of their genetic defect in hepatic TG export. In these patients, hepatic and muscle insulin
sensitivity was similar to controls matched for body mass index with normal hepatic TG
levels [33].

Considerable experimental data in animals also suggests that saturated FFAs are
hepatotoxic, while unsaturated FFAs are not injurious to the liver. In an experimental animal
study where leptin receptor-deficient mice (a genetic model of obesity and steatosis) were
fed methionine and choline-deficient (MCD) diet, hepatic steatosis, apoptosis, reactive
oxygen species (ROS) production, and fibrosis increased inversely to TG accumulation.
Genetic deletion of diacylglycerol acyltransferase (DGAT)2, an enzyme responsible for
intracellular free fatty acid esterification, prevents cellular steatosis, but accentuates FFA
cytotoxicity through increased oxidative stress, hepatocellular apoptosis, and resultant
fibrosis [34, 35]. Mice with hepatic overexpression of DGAT2 developed marked hepatic
steatosis, without liver injury, hepatic or systemic insulin resistance [35]. Likewise, mice
overexpressing DGAT1 in both macrophages and adipocytes were prone to obesity, but
were protected against systemic inflammation and insulin resistance [36]. In addition,
genetic or pharmacological inhibition of stearoyl-CoA desaturase-1 (SCD1), the enzyme that
converts saturated FFA to monounsaturated FFA, sensitizes hepatocytes to apoptosis
induced by saturated FFA. SCD1 knock-out mice fed a MCD diet accumulate less TG
compared to wild-type mice, but have increased serum saturated FFA, hepatocellular
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apoptosis and liver injury [30]. In contrast, high-oleate MCD-diet fed animals have less
severe apoptosis and liver injury in comparison with the animals fed a regular MCD diet,
supporting the fact that monounsaturated fatty acids are preferentially incorporated into TG
[30]. Also, incorporation of palmitic acid into TG by co-treatment with oleic acid or by
overexpression of SCD1 attenuates saturated FFA toxicity [29, 34]. Collectively these data
strongly implicate an increase in serum saturated FFA as a hepatotoxic stimulus, while
suggesting their esterification into TG as a detoxification process.

FFA transporters
Fatty acids in the circulation cross the plasma membrane by diffusion or with the assistance
of fatty acid transport proteins (FATP) [37] or fatty acid uptake transporters (e.g., CD36)
[38]. Modification of the expression of these fatty acid transporters influences TG
accumulation in the hepatocyte. FATP5 is exclusively expressed by hepatocytes and aids in
the uptake of long chain FFAs. FATP5 knockout animals are less likely to accumulate
dietary lipid in the hepatocyte [39]. Mice with liver-specific FATP2 knockdown have
significantly reduced hepatic steatosis despite continued high-fat feeding, and improved
fasting glucose, and insulin levels [40]. Likewise, liver-fatty acid binding protein (L-Fabp)
(an abundant cytosolic lipid-binding protein expressed in mammalian hepatocytes) plays an
important role in fat deposition in the liver. Indeed genetic deletion of L-Fabp in mice
results in decreased VLDL secretion and TG deposition in the liver [41]. FATP5, CD36 and
L-Fabp hepatic expression is increased in the livers of patients with early stage NAFLD, and
correlates with liver fat content [42, 43]. These data emphasize the concept that hepatic TG
accumulation is not due to de novo hepatic lipogenesis, but rather FFAs flux to the liver.

Palmitoleate (PO) as a lipokine
A study by Caoe et al. suggested PO as a lipokine (adipocyte-derived lipid hormones). They
utilized quantitative lipidemic analyses in mice deficient in adipose tissue lipid chaperones.
PO is virtually the only fatty acid derived from adipocytes that could significantly alter
serum FFA composition. Also, PO has a low basal level that fluctuates rapidly under normal
physiological conditions reflecting de novo lipogenesis. In parallel with a variety of
adipokines (e.g., leptin and adiponectin), PO improves peripheral insulin resistance and
suppresses hepatic steatosis, supporting its role as a systemic metabolic regulator [28].
These animal data are observational and the role of PO in human NASH requires further
verification and study.

Role of genes in steatosis
There is an increased body of literature demonstrating the influence of genes in the
development and severity of hepatic steatosis in NAFLD. The first genome-wide association
study in NAFLD patients identified adiponutrin/patatin-like phospholipase domain
containing 3 gene (PNPLA3) as a key inherited determinant of liver triglyceride
accumulation. A single variant in PNPLA3 (rs738409 C/G) was strongly associated with
hepatic fat content [44]. A recent metaanalysis showed that PNPLA3 (rs738409) act as a
strong modifier of the natural history of NAFLD in different populations. NASH and higher
serum ALT were more frequently observed in GG homozygous compared to CC
homozygous. GG homozygous exerted a strong influence not only on liver fat accumulation
but also on the susceptibility for a more aggressive disease [45]. In pediatric patients, the
high-risk PNPLA3 (rs738409) G allele is associated with an earlier presentation of disease
[46]. Moreover, PNPLA3 (rs738409) G allele was shown to confer susceptibility to hepatic
steatosis in obese youths without increasing the level of hepatic and peripheral insulin
resistance [47]. In addition to PNPLA3, a recently published study revealed that single-
nucleotide polymorphisms (SNPs) in the apolipoprotein C3 gene (APOC3), resulting in high
expression of APOC3, is also an important mechanism related to increase susceptibility to
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triglyceride accumulation and subsequently steatosis in NAFLD by impairing the clearance
of diet-derived triglyceride-rich particles [48].

Adipose tissue as a key player in hepatic steatosis
There is an increased body of evidence suggesting that the interaction between peripheral
tissues, mainly adipose tissue, and the liver play an important role in the development of
NAFLD. During the development of obesity, expansion of adipose tissue results in
activation of the death receptor and mitochondrial pathways of apoptosis in adipose tissue.
Increase in adipocytes death results in recruitment of macrophages to adipose tissue, with
subsequent development of insulin resistance, and hepatic steatosis [23]. Sabio and
colleagues demonstrated that, selective knockdown of adipose tissue c-Jun N-terminal
kinase (JNK)-1 in mice fed a high fat diet was protective against the development of hepatic
insulin resistance and steatosis [49]. Adipose tissues of obese mice and human display a
proapoptotic phenotype as evidenced by a marked pro-apoptotic gene expression, such as
Fas (a key death receptor belonging to the tumor necrosis factor (TNF) - receptor family),
and its specific ligand (FasL) [50]. Several publications have linked Fas activation in
adipose tissue to the metabolic dysregulation of obesity [50, 51]. Thus, blocking adipocyte
apoptosis by inhibiting Fas-mediated pathways may be a potential therapeutic option for the
treatment of obesity-associated metabolic complications including NAFLD.

LIPOAPOTOSIS
Apoptosis or programmed cell death is a morphologic and pathogenic hallmark of NASH
[18, 52], which in the context of NAFLD, and secondary to its association with excess lipid
deposition, is referred to as lipoapoptosis. In patients with NAFLD, the magnitude of
hepatocyte apoptosis correlates with liver injury [18, 52]. For example, lipoapoptosis
correlates with aspartate aminotransferase/alanine aminotransferase ratio higher than one
and hepatic fibrosis [18].

Apoptosis is regulated by members of the Bcl-2 protein family at the level of the
mitochondria [53]. These proteins can be classified into three categories as follows: the
guardians or anti-apoptotic members of this family, which include Mcl-1, and Bcl-xL; the
multi-domain executioners or proapoptotic members of this family, that include Bax and
Bak; and the messengers or biosensors of cell death, referred to as BH3-only proteins that
include Bim and Puma (Figure 1). Hepatocytes can undergo apoptosis via either an extrinsic
or intrinsic pathway of cell death. The extrinsic pathway is activated by death ligands, Fas
and TNF related apoptosis inducing ligand (TRAIL). The intrinsic pathway is the apoptotic
pathway activated by intracellular stress of membrane-bound organelles, such as ER,
lysosomes, and mitochondria [54]. In hepatocytes, both the intrinsic and extrinsic pathways
converge onto the mitochondria, hence, the critical role of Bcl-2 protein in hepatic injury.

Endoplasmic reticulum (ER) stress in obesity
The ER is an intracellular membranous organelle that is responsible for many vital cellular
functions including protein synthesis, and glycosylation, lipid synthesis, carbohydrate
metabolism, calcium homeostasis, and drug detoxification. In conditions of ER stress,
adaptive functions are activated by membrane sensors, which collectively initiate the
unfolded protein response [55, 56]. The unfolded protein response serves to overcome the
stress stimulus; however, with prolonged ER stress, apoptotic pathways are activated,
causing cell demise [57]. Biosensors of ER stress include: protein kinase RNA-like ER
kinase (PERK), inositol-requiring protein-1a (IRE-1a), and activating transcription factor 6
(ATF6). PERK dimerization drives the expression of the proapoptotic transcription factor C/
EBP-homologous protein (CHOP) [58, 59]. IRE-1a activation leads to JNK activation and
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creates a spliced form of XBP-1 mRNA which promotes degradation of misfolded ER
glycoproteins [60, 61]. ATF6 optimizes protein folding during ER stress and ultimately
facilitates recovery from acute stress [62]. ATF6 also heterodimerizes with XBP1 and
induces the ER-associated degradation components [63]. ATF6 can also transcriptionally
induce CHOP [57] (Figure 2).

Ozcan et al have shown that ER stress is increased in obesity. They investigated the
expression of several markers of ER stress in dietary and genetic models of murine obesity.
In these models, ER stress-induced JNK activation mediates insulin resistance through
phosphorylation of insulin receptor substrate 1 (IRS-1) [64]. In a nutritional murine model
of steatohepatitis, ER stress-induced XBP-1 mRNA splicing and CHOP expression,
correlates with the severity of apoptosis [65]. In liver samples from patients with NAFLD,
PERK is strongly activated. JNK activity is also increased, particularly in patients with
NASH and correlates with the degree of apoptosis [66]. ER stress markers are elevated in
the obese state when assessed on liver biopsies of patients undergoing bariatric surgery and
decline following weight loss [67]. Thus ER stress appears to be a major injurious pathway
in NAFLD.

There is increased evidence that the composition of fatty acids in the steatotic liver, rather
than the steatosis, is the important factor in inducing ER stress. Mice with impaired ability to
synthesize mono-unsaturated fatty acids due to a deletion of SCD1 exhibited marked
induction of ER stress by enhanced splicing of XBP1, and increased expression of the stress-
induced transcription factors CHOP in their livers [68]. Rats fed a diet enriched with
saturated fatty acids exhibited stronger activation of ER stress markers and liver injury in
comparison with rat fed normal or polyunsaturated fatty acid (PUFA) enriched diet [65].
Several in vitro studies demonstrate that ER stress is the mediator of saturated FFA-induced
apoptosis [25-27]. Unsaturated fatty acids do not induce ER stress or apoptosis, and co-
incubation with monounsaturated fatty acid rescues hepatocyte from saturated free fatty
acid-induced ER stress and apoptosis [25-27]. Saturated FFAs also contribute to ER stress
through depleting ER-calcium stores in liver cells [26].

As will be discussed in greater detail later, ER stress-associated JNK and CHOP activation
promotes apoptosis by enhancing expression and function of pro-apoptotic members of the
Bcl-2 family, PUMA [69] and Bim [70, 71]. JNK activation stimulates formation of the
transcription factor complex, activator protein (AP)-1 via phosphorylation of c-Jun. AP-1
facilitates PUMA expression by saturated FFA, in cooperation with the ER stress related
transcrip tion factor CHOP [27]. FFA mediated BIM, and PUMA induction results in
activation of the multi-domain proapoptotic member of Bcl-2 family Bax [24, 69], causing
mitochondrial dysfunction, activation of the caspase cascade and subsequent cell death [72]
(Figure 3).

Controversies regarding CHOP in NASH
CHOP is an inducible leucine zipper transcription factor that is present at low levels under
normal conditions but is strongly expressed in response to ER stress [73]. CHOP plays an
important role in ER stress-induced apoptosis through activating both the intrinsic and the
extrinsic pathways of apoptosis. Several in vitro studies have demonstrated CHOP induction
in response to FFA-induced ER stress in liver cells [27, 65], although the mechanism by
which CHOP promotes apoptosis remains incompletely understood. CHOP was found to
induce apoptosis, in part, through enhancing expression of TRAIL receptor 2 or death
receptor 5 (DR5), a member of the TNF-receptor gene superfamily [74]. Upregulation of
DR5 promotes apoptosis by the extrinsic cellular pathway of cell death [75]. FFAs
upregulate DR5 expression in hepatocyte in vitro and silencing DR5 expression protects
against FFAs-mediated apoptosis (unpublished observation). DR5 expression is also
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increased in human NASH [76], as well as animal models of NASH [77]. In addition,
CHOP-induced apoptosis involves generation of ROS [57].

Despite all the data implicating CHOP in ER stress associated lipotoxicity, the role of CHOP
in NAFLD remains complex. Genetic ablation of CHOP only reduces hepatocyte toxicity in
vitro at high doses of FFA [27, 78, 79]. More importantly, genetic deletion of CHOP does
not reduce, and even accentuates NAFLD in nutritional models of this disease in mice [78,
79]. The mechanism responsible for this paradoxical observation is unknown. However,
perhaps CHOP deletion accentuates responses in cells other than hepatocyte (e.g., Kupffer
cells, adipose tissue macrophages, etc.), which aggravates liver injury. A hepatocyte
conditional CHOP knockout will need to be developed to better understand and perhaps
resolve this controversy.

C-Jun N-terminal kinase-1 (JNK)
C-Jun N-terminal kinase-1 (JNK) belongs to a family of intracellular mitogen activated
protein (MAP) kinases; of three known JNK genes, JNK1 and JNK2 are expressed in the
liver [80]. JNK activation is pivotal in both the metabolic syndrome accompanying NAFLD
and cellular apoptosis. JNK is activated in experimental murine dietary and genetic models
of NASH [81-83], and also in human NASH [66, 69]. In mice models of genetic and dietary
obesity ER stress-induced JNK activation phosphorylates IRS-1, suppressing insulin
receptor signaling, and inducing insulin resistance [64]. Both JNK1 and JNK2 have been
implicated in insulin resistance, although JNK1 is more strongly associated with
steatohepatitis [82, 83]. In a mouse model of obesity, absence of JNK1 results in decreased
adiposity, and significant improvement of insulin sensitivity [81]. Liver specific knockdown
of JNK1 in obese mice lowers blood glucose and insulin levels, but interestingly, increases
TG level [84]. JNK1 but not JNK2, phosphorylates c-Jun, a member of the
AP-1transcription factor complex, which induces expression of the BH3-only protein
PUMA [69, 85]. Genetic deletion of JNK1 prevents FFA-mediated c-Jun activation and
PUMA induction by FFA.[69]

JNK phosphorylates and activates the BH3-only proteins Bim and BAD and the
proapoptotic Bcl-2 proteins Bax, which directly triggers the mitochondrial apoptotic
pathway [24, 85, 86]. Finally it has been shown that JNK induces Fas and DR5 expression,
sensitizing steatotic hepatocyte to circulating Fas or TRAIL mediated toxicity [54, 76].
Thus, JNK activation appears to play a major role in the metabolic syndrome and
lipotoxicity.

BH3 only proapoptotic proteins
Proapoptotic BH3 only proteins, especially Bim and PUMA, are key regulators of
lipoapoptosis. Saturated FFA treated hepatocytes have increased Bim and PUMA expression
[69, 70]. Saturated FFAs induce protein phosphatase 2A (PP2A) activation by the
transcription factor FoxO3a, a member of the forkhead box- containing proteins, class O.
This transcription factor drives expression of the intracellular death mediator Bim [70].
PP2A also increases Bim protein levels through rendering it refractory to proteasomal
degradation [71]. Interestingly, PP2A is known to be activated through ER stress [71, 87].
This observation links ER stress to Bim induction and potent apoptosis inducing proteins.

PUMA induction is JNK1/AP-1-dependent [69]. Genetic deletion of PUMA conveys
resistance against PA induced apoptosis in vitro. PUMA expression is increased in liver
biopsies from patients with NASH when compared to patients with simple steatosis or
controls [69]. FFA mediated BIM, and PUMA induction results in activation of the multi-
domain proapoptotic member of Bcl-2 family, Bax, initiating a mitochondrial pathway of
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cell death, with activation of caspase 3, 6, 7, resulting ultimately in apoptosis [24, 69] .
Moreover, Bax expression is also increased in a nutritional murine model of steatohepatitis
[88], and structural and functional mitochondrial abnormality are observed in human NASH
[10, 14, 18].

Antiapoptotic Bcl-2 proteins
Mcl-1 is an anti-apoptotic member of the Bcl-2 family. Saturated FFA induces a rapid
degradation of Mcl-1 in hepatocytes by a proteasome-dependent pathway involving protein
kinase C; inhibition of Mcl-1 degradation attenuates saturated FFA-induced apoptosis [89].
Bcl-xL is another member of the anti-apoptotic Bcl-2 family. Bcl-xL expression is reduced
in a murine nutritional model of NASH [77]. Overexpression of Bcl-xL blocks Bax-induced
lysosomal permeabilization and attenuates saturated FFA induced-apoptosis in vitro [90].
Furthermore, PUMA co-immuno-precipitates with Bcl-xL and Mcl-1, causing their
inactivation, enhancing indirectly Bax activity [91].

Lysosomal pathway
Lysosomes are membrane bound organelles; with an acidic intravesicular pH. Lysosomes
contain hydrolytic enzymes that are active at an acid to neutral pH. Cathepsin B is a cysteine
protease whose endoproteolytic activity is maintained at neutral pH. Cathepsin B can be
released into the cytosol with lysosomal permeabilization, where it mediates down stream
mitochondrial permeabilization and caspase activation [92]. Treatment of hepatocytes with
FFA may activate the lysosomal pathway of apoptosis through Bax induced lysosomal
permeabilization, and release of cathepsin B into the cytosol. Cytosolic cathepsin B
precipitates mitochondrial dysfunction and cell death [90, 93]. Likewise, release of
cathepsin B into the cytoplasm is observed in human liver specimens with NAFLD and
correlates with disease severity [93]. In a dietary murine model of NAFLD, inactivation of
cathepsin B protects against development of hepatic steatosis, liver injury, and insulin
resistance [93]. Furthermore lysosomal permeabilization results in nuclear factor ?B (NF-?
B) activation, and TNF-a release; TNF-a in turn promotes lysosomal destabilization leading
to a feed forward mechanism for lipotoxicity [93].

Ceramides
Ceramide is the main lipid in the metabolism of sphingolipids; ceramides have been
recognized as an important factor in cell stress and death ligand-induced hepatocellular
death [94, 95], and also in insulin resistance and obesity [95, 96]. Ceramides are synthesized
in the endoplasmic reticulum (ER) from sphingosine and a fatty acid moiety, usually
palmitoyl CoA. Long chain saturated FFA availability is the rate-limiting step in ceramide
synthesis; therefore, obesity can be associated with excess ceramide synthesis. In addition
ceramide can also be rapidly generated from sphingomyelin by sphingomyelinase. The death
ligands, tumor necrosis factor-alpha (TNF-a) and Fas can both activate sphingomyelinase
leading to rapid accumulation of ceramide [97, 98]. Thus, ceramide is a recognized
intermediate linking both excess nutrients (i.e. saturated FFA) and inflammatory cytokines
(e.g. TNF-a) to insulin resistance. Ceramides also play a role in insulin resistance by
inhibiting insulin-induced glucose uptake [95]. Despite the association of genes involved in
ceramide signaling with liver fat content in patients with NAFLD [42], ER stress and
apoptosis are independent of ceramide synthesis in an animal model of nutritional NASH
[25]. Moreover, PA induced lysosomal permeabilization is ceramide independent [93], as
well as, the induction of the proapoptotic Bcl-2 protein, Bim by FoxO3a [70]. Although, it is
believed that ceramides may contribute to lipopaoptosis, perhaps via a Fas-induced signaling
mechanism, liver ceramide content in patients with NAFLD is similar to normal controls
[86]. Thus the potential role of ceramide in the pathogenesis of human NAFLD remains
unclear and for the most part speculative.
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Cholesterol
Free cholesterol (FC) has been recognized as a hepatotoxic agent, while cholesterol esters
are either stored in lipid droplets in macrophages, or incorporated in apolipoprotein B-
containing lipoproteins, such as chylomicrons in enterocytes and very-low-density
lipoprotein (VLDL) in hepatocytes [99]. In an animal study designed to evaluate the role of
dietary FC loading, rats fed a high cholesterol diet developed microvesicular steatosis and
were sensitized to the apoptotic effect of TNF-a. Sensitization to TNF-a was secondary to
reduced mitochondrial glutathione stores; repletion of mitochondrial glutathione rescued
free cholesterol loaded liver from TNF-a induced steatohepatitis [100]. Although
atherosclerotic macrophage-free cholesterol accumulation leads to calcium depletio n and
ER stress induced apoptosis [101], free cholesterol loading of the ER in nutritional and
genetic models of hepatic steatosis does not cause ER stress [100]. A progressive increase in
hepatic free cholesterol from controls with normal histology to subjects with simple steatosis
and NASH has been reported, together with an increase of serum total cholesterol; in
contrast to FC, liver cholesterol ester contents in subjects and controls were comparable
[32]. FC increases in human NASH, and correlates with SREBP-2 (Sterol regulatory
element-binding protein-2) and StAR (steroidogenic acute regulatory protein) expression.
SREBP-2 a transcription factor that plays an important role in cholesterol synthesis through
hydroxymethylglutaryl-CoA (HMG-CoA) reductase, and StAR a mitochondrial-cholesterol
transporting polypeptide, were overexpressed in patients with NASH compared to those
with simple steatosis [102]. These findings suggest a role for mitochondrial FC in disease
progression from steatosis to steatohepatitis; although the role of FC in FFA induced ER
stress in hepatocyte requires further investigation. We note that there is an association
between atherosclerotic cardiovascular disease and NAFLD in adults. Animal models of
atherosclerosis may also manifest NAFLD [103, 104]. Given the mechanistic link between
cholesterol and atherosclerosis, the role for FC in NAFLD remains an important area of
investigation.

POTENTIAL THERAPEUTIC INTERVENTIONS
Weight loss, thiazolidinedione, and antioxidants are the most extensively evaluated
therapeutic options for NAFLD. According to a recent meta-analysis of randomized
controlled trial for treatment of NAFLD, none can be considered markedly effective. Weight
loss improves histological activity in NASH but more than 50% of patients fail to achieve
the target weight. Thiazolidinedione improves steatohepatitis markers, but leads to
significant weight gain [105]. In the PIVENS trial, vitamin E improved histological and
serum biomarkers of liver injury in adult patients with NASH. However, fibrosis (the
ultimate goal of hepato-protective therapy) was not reduced, although the 2 year timeline of
the study may not have been long enough to detect reversible fibrosis [106]. The recently
published treatment of NAFLD in children (TONIC) trial revealed that neither vitamin E nor
metformin were effective in maintaining a sustained reduction in ALT level in pediatric
patients with NAFLD, although the resolution of NASH was significantly greater in children
treated with vitamin E, fibrosis was not improved [107]. Clearly, there is unmet need for
other therapies. As apoptosis is a key pathogenic mechanism in NAFLD [18], several
antiapoptotic agents may serve as potential therapeutic targets (Figure 3).

Chemical Chaperones
If ER stress and protein misfolding are implicated in NAFLD pathogenesis, it is likely that
improvement of protein folding may serve as a therapeutic strategy in NAFLD [108].
Chemical chaperones, such as glycerol and 4-phenyl butyric acid (PBA) represent a group of
low molecular weight compounds that can stabilize protein conformation, improve ER
folding capacity, and facilitate the appropriate trafficking of mutant proteins [108]. PBA is
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an orally administered agent that was developed for treatment of urea-cycle disorders [109].
It was also used in patients with homozygous ß-thalassemia without problematic side effects
[110]. Bile acid derivatives, such as taurine-conjugated ursodeoxycholic acid (TUDCA), are
effective in abolishing ER stress, and preventing apoptosis by blocking calcium-mediated
apoptotic pathway and caspase-12 activation [111]. Treatment of obese and diabetic mice
with PBA and TUCA compounds alleviates ER stress resulting in normalization of blood
glucose level, restoration of systemic insulin sensitivity, and resolution of fatty liver disease
[112]. Clinical trials in human NASH, however, did not show a benefit of ursodeoxycholic
acid over placebo based on post treatment histological criteria [79, 105], although a recent
study has shown that ursodeoxycholic acid is effective in improving hepatic and muscle
insulin sensitivity in obese subjects [113]. PBA has not been evaluated in human NASH.

Poly-unsaturated fatty acids (PUFA)s
Unsaturated FFAs attenuate saturated FFA-induced ER stress and cell death in liver cells
[25-27, 29]. Unsaturated FFAs protect against lipotoxicity by reducing CHOP induction,
JNK activation, and upregulation of the proapoptotic BH3-only proteins (PUMA and Bim)
[27]. Quantification of hepatic lipids by capillary gas chromatography showed decrease
levels of n-3 PUFA eicosapentaenoic and docosahexaenoic acids in patients with NASH
[32]; this deficiency may contribute to the progression of steatosis to steatohepatitis [114].
In a small pilot trial of NAFLD patients receiving eicosapentaenoic acid, post treatment liver
biopsy showed improvement of hepatic steatosis, fibrosis, hepatocyte ballooning, and
lobular inflammation [115]. Larger scale clinical trials are needed to confirm a potential
therapeutic benefit of dietary supplementation with n-3 PUFAs in patients with NAFLD.

Protease inhibitors
Caspase activation and apoptosis are key pathogenic features of NAFLD [18]. In vitro
studies have shown that the pan-caspase inhibitor Z-VAD-fmk is affective in attenuating
saturated FFA induced apoptosis [24, 116]. Also, the pancaspase inhibitor (VX-166) reduces
progression to fibrosis in a mouse model of nutritional NASH; treatment with VX-166
decreases active caspase-3, TUNEL-positive cells, triglyceride content, and fibrosis.
However, ALT levels are similar in VX-166-treated mice and vehicle-treated controls [117].
Although, a phase 2 clinical trial was recently reported, accessing tolerability and efficacy of
a new caspase inhibitor (GS9450) in adults with NASH [118], a longer trial was stopped due
to drug toxicity. Other caspase inhibitors, however, should be tried in this disease.

Mitochondrial dysfunction is a key factor in the pathogenesis of NASH [14, 119, 120].
Saturated FFAs induce mitochondrial dysfunction through Bax translocation to the
lysosome, lysosomal disruption and release of cathepsin B into the cytosol [93]. This
process was attenuated in vitro by either pharmacological cathepsin B inhibition (by
cathepsin inhibitors CA07 and E-64) or genetic inhibition by shRNA technology [121].
Likewise, in a dietary murine model of NAFLD, both genetic and pharmacological
inactivation of cathepsin B, preserved mitochondrial function, decreased oxidative stress,
and protected against development of hepatic steatosis, liver injury, and insulin resistance
[93, 121]. Thus, inhibition of cathepsin B activity may present another potential therapeutic
target for treating NAFLD.

Kinase inhibitors
Glycogen synthase kinase (GSK) a and ß are serine/threonine kinases [122, 123]. In an acute
model of liver injury by acetaminophen, GSK-3ß mediates JNK activation [124]. In the
context of saturated FFA-mediated lipoapotosis in vitro either pharmacological or genetic
inhibition of GSK-3ß attenuates apoptosis, through inhibition of JNK activation, and
subsequent PUMA induction [116]. Further preclinical data are encouraged regarding a role
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of GSK inhibition in this disease. Such agents are being developed for cancer therapy, and
merit investigation in NASH.

JNK is a central mediator of the metabolic syndrome, through it is involvement in insulin
resistance [82, 83]. It is also an important mediator of steatohepatitis [24, 69], as JNK1
promotes liver injury in a murine model of steatohepatitis, while JNK2 inhibits hepatocyte
cell death by blocking the mitochondrial death pathway [82, 83]. Although no selective JNK
inhibitors are available, nonselective JNK inhibition pharmacologically by SP600125
decreased lipoapotosis in vitro [24, 69, 125] by attenuating saturated FFA induced PUMA
induction [69]. The role of JNK in the metabolic syndrome is complex, as it has effects in
the hypothalamus, ß cells of the pancreas, adipocytes, inflammatory cells, and liver. The role
of JNK in obesity has recently been reviewed [126]. Since, the tissue distribution and target
function of pharmacological inhibitors are not uniform; it is still likely that a JNK inhibitor
with efficient hepatocyte uptake could be beneficial in decreasing lipoapoptosis and NASH.

Oxidative stress and anti-oxidants
Oxidative stress, due to increased production of ROS and decreased antioxidant defense is
observed in human and experimental models of steatohepatitis [14, 127, 128]. Yu et all
investigated the role of heme oxygenase-1 (HO-1), an antioxidant defense enzyme in
nutritional steatohepatitis, and showed that HO-1 can interrupt progression of steatohepatitis
by up-regulation of antioxidant chaperones, enzymes, and anti-inflammatory interleukin-22
and down-regulation of proinflammatory cytokines in vitro and in vivo [129]. Induction of
haem oxygenase with haemin, in a nutritional murine model of steatohepatitis down
regulates fibrosing genes, ameliorates fibrosing hepatitis [130], and suppresses hepatocyte
apoptosis [131]. In the PIVENS trial Vitamin E, a well known antioxidant, induced
histological improvement in adult patients with NASH, but did not reverse fibrosis during
the 2 year period of the study [106]. In a pediatric study, histological improvement of NASH
provided by a combination of vitamin E, C, diet and exercise was not superior to diet and
exercise alone [132]. The NASH Clinical Research Network (CRN) has recently completed
the treatment of NAFLD in children (TONIC) randomized clinical trial using Vitamin E and
metformin. The results of which revealed neither vitamin E nor metformin were superior to
placebo in maintaining a sustained reduction of ALT over the 96 week period of the study.
The resolution of NASH was significantly greater in children treated with vitamin E than
with placebo; this was mainly attributable to significant improvement in hepatocellular
ballooning by vitamin E treatment. Vitamin E treatment also significantly improved NAFLD
activity score; however, vitamin E did not affect significantly steatosis, inflammation, or
fibrosis. Patients treated with metformin had also significant reduction in ballooning but
there was no significant improvement in NAFLD activity score and NASH resolution
compared with placebo [107]. Clearly, the role of vitamin E as therapy for this disease
requires further investigation.

CONCLUSION
NAFLD is today the most common pediatric liver disease in developed countries. To date,
there is no therapy proven to be effective in reversing disease progression. NAFLD is
associated with insulin resistance and increased level of circulating FFA which leads to
deposition of fat mainly in the form of TG in the liver, causing steatosis. Excess FFA
delivery to the liver, exceeds the coping mechanisms of the liver and induces ER stress. ER
stress activates numerous signaling pathways, including CHOP and JNK dependent
upregulation of proapoptotic BH3 only proteins leading to Bax activation lysosomal
permeabilization, mitochondrial dysfunction, caspase activation and subsequent
lipoapoptosis. Lipoapoptosis is a key player in the progression of steatosis into
steatohepatitis. Understanding the molecular mechanism of lipotoxicity is of biomedical and
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public health importance for the development of new diagnostic markers, and targeted
therapies to halt disease progression.
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Figure 1. Bcl-2 Protein Family
Saturated FFAs activate the BH3-only proteins (BIM and PUMA), resulting in inactivation
of the antiapoptotic Bcl-2 family members (Mcl-1 and Bcl-xL), releasing Bax and Bak from
the inhibitory effect of the antiapoptotic Bcl-2 proteins, and causing their activation. Bim
and PUMA can also activate Bax and/or Bak directly. Once activated, Bax and Bak promote
mitochondrial dysfunction, leading to the activation of the caspase cascade and apoptosis.
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Figure 2. ER stress
In the setting of ER stress the three trans-membrane biosensors PERK, ATF6, and IRE1-a
are activated. PERK activation induces the expression of the proapoptotic transcription
factor CHOP. CHOP in turn, mediates apoptosis through several pathways including
generation of ROS. IRE1-a activates JNK a key player in apoptosis. IRE1-a also generates a
spliced form of XBP (s-XBP) that promotes degradation of misfolded proteins. ATF6
contributes in CHOP induction, and heterodimerizes with XBP, enhancing protein
degradation.
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Figure 3. Integrated model of lipoapotosis by saturated FFAs and potential antiapoptotic agents
Saturated FFAs induce ER stress which in turn activates JNK and CHOP. JNK leads to the
upregulation of the pro-apoptotic BH3-only proteins PUMA. CHOP enhances the expression
of the proapoptotic BH3-only protein Bim, contributes to PUMA upregulation and mediates
the generation of ROS. Bim in cooperation with PUMA induces the activation of the multi-
domain executioner proapoptotic protein Bax. Bax activation results in mitochondrial
dysfunction, activation of the caspase cascade, and cell death. Saturated FFAs also cause
Bax dependent lysosomal permeabilization and release of cathepsin B into the cytosol,
cathepsin B mediates down stream mitochondrial permeabilization and apoptosis.
Therapeutic strategies to prevent cell death in the setting of saturated FFA-induced apoptosis
include as outlined: PUFA, ER Chaperons, GSK3-inhibition, JNK-inhibition, antioxidants,
cathepsin B-inhibition, and caspase-inhibition.
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