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Abstract

Nonalcoholic steatohepatitis (NASH) is a necro-inflammatory response that ensues when
hepatocytes are injured by lipids (lipotoxicity). NASH is a potential outcome of nonalcoholic fatty
liver (NAFL), a condition that occurs when lipids accumulate in hepatocytes. NASH may be
reversible, but it can also result in cirrhosis and primary liver cancer. We are beginning to learn
about the mechanisms of progression of NAFL and NASH. NAFL does not inevitably lead to
NASH, because NAFL is a heterogeneous condition. This heterogeneity exists because different
types of lipids with different cytotoxic potential accumulate in the NAFL, and individuals with
NAFL differ in their ability to defend against lipotoxicity. There are no tests that reliably predict
which patients with NAFL will develop lipotoxicity. However, NASH encompasses the spectrum
of wound-healing responses induced by lipotoxic hepatocytes. Differences in these wound-healing
responses among individuals determine whether lipotoxic livers regenerate, leading to stabilization
or resolution of NASH, or develop progressive scarring, cirrhosis, and possibly liver cancer. We
review concepts that are central to the pathogenesis of NASH.
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Nonalcoholic fatty liver disease comprises nonalcoholic fatty liver (NAFL) and nonalcoholic
steatohepatitis (NASH)l, which each progress differently. NAFL rarely results in cirrhosis or
liver cancer, whereas patients with NASH are at risk for these outcomes>>. The rate of
hepatocyte death is greater in NASH than in NAFLD—the key factor that differentiates
NASH from NAFL”. The toxic effects of specific lipids on hepatocytes (hepatic lipotoxicity)
could cause hepatocyte death in patients with NASH®, However, the risk for lipotoxicity
differs according to the type of lipid that accumulates, and is modified by factors that can
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exacerbate or defend against their effects ® What factors contribute to the effects of hepatic
fat accumulation (steatosis)?

Steatosis Sets the Stage

Steatosis, the accumulation of fat in hepatocytes, is present in NAFL and NASH’. Steatosis
occurs whenever the import or synthesis of fat exceeds fat export or degradation8 (Figure 1).
Triglyceride (triacylglycerol) is the most conspicuous type of fat in fatty livers.” So, the
extent of triglyceride accumulation has been the basis for grading the severity of steatosis in
NAFLD. Triglycerides per se are not hepatotoxiclo, S0 steatosis grade or severity do not
predict hepatic injury, inflammation, or fibrosisllvlz. On the other hand, some of the other
types of lipids that accumulate in fatty livers (e.g., fatty acids, diacylglycerol, oxysterols,
cholesterol, and phospholipids)9 can injure hepatocytes. The realization that lipotoxocity is
caused by lipids other than triglyceride has spurred development of strategies to prevent or
treat NASH by blocking hepatic accumulation of lipotoxic Iipidsl3. Lipotoxicity therefore
initiates NASH development and is a new therapeutic target.

Briefly, under conditions of chronic energy surplus, adipose tissue produces adipo-cytokines
that prevent adipocytes from assimilating fatty acids and promote release of fatty acids from
adipose depots. This results in increased delivery of fatty acids to the liver and fuels
hepatocyte triglyceride synthesi514v15. The ability of triglyceride synthesis to compensate for
increased hepatic fatty acid exposure appears to determine whether or not lipotoxicity
results. For example, studies of mouse models of NASH showed that inhibiting liver
triglyceride synthesis increased hepatic accumulation of free fatty acids and the severity of
liver injury and fibrosis, despite reducing steatosislo. Other studies extended the evidence
that fatty acids (rather than triglyceride) are hepatotoxic, demonstrating that lipotoxicity is
affected by the specific types of fatty acid that accumulate. For example, Li et al showed that
simply inhibiting stearoyl-CoA desaturase (an enzyme that converts saturated fatty acids into
monounsaturated fatty acids) exacerbated liver injury in mouse models of NASH™®, The
realization that the lipotoxic potential of various types of lipids differs helps to explain why
the outcomes of hepatic steatosis vary. Interventions that block accumulation of lipotoxic
lipids might therefore be used to prevent or treat NASH.

Lipids can cause toxicity by diverse mechanisms. For example, lipotoxicity can result from
lipid metabolism. Mitochondrial and peroxisomal fatty acid oxidation generate reactive
oxygen species that may be immediately toxic or that eventually deplete antioxidant
reserves, rendering hepatocytes more vulnerable to other factors that generate oxidative
171 . . S . -

stress™"*®, Accumulation of fatty acids within mitochondria could also dissipate the proton-
motive force that typically occurs during mitochondrial respirationlglzo. This makes
mitochondria more vulnerable to other insults that collapse the mitochondrial membrane
potential, such as tumor necrosis factor alpha (TNF) and could lead to release of
mitochondrial factors that promote apoptosism'zz. Extreme depolarization of mitochondrial
membranes causes complete cessation of mitochondrial electron transport and ATP

. L .23 . . .
synthesis, resulting in cellular necrosis™ . Because damaged mitochondria cannot metabolize
fatty acids efficiently, fatty acids accumulate24. In addition to its directly cytotoxic effects,

. . - . Lo T 725
fatty acid accumulation exacerbates insulin resistance and hyperinsulinemia™", which leads
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to further hepatic lipid accumulation 6, and promotes inflammatory™ and fibrogenic
responseszg, as well mitogenic responses that could be carcinogenic26

Another mechanism for lipotoxicity involves changes in cell signaling. For example, fatty
acids interact with or modify other molecules, including transcription factors (hepatocyte
29 : . . 30 .

nuclear factor-alpha)™ and innate immune receptors (toll-like receptors)™, leading to
overall changes in signaling pathways that regulate metabolism and stress responses. Other
types of lipids (oxysterols, diacylglycerol, cholesterol, and phospholipids) are also involved
in signaling mechanisms that control cell metabolism. Aberrant accumulation of these
molecules therefore disrupts hepatocyte metabolic homeostasis and compromises cell
viabilitys. Lipotoxicity induces several different types of cellular stress, including ER

31 N 32 e Lo
stress™ and impaired autophagy . In addition, it promotes a sterile inflammatory response
that can potentiate liver cell injury and death. The role of inflammatory pathways in NASH
pathogenesis is more extensively discussed by Gao and Tsukamoto.

Despite growing evidence that the risk for lipotoxicity is conveyed by lipids other than
triglyceride, there are no simple methods to identify and quantify the non-triglyceride types
of lipids that accumulate in fatty Iiver533. Clinicians must therefore assume that significant
accumulation of lipid species has occurred after lipotoxicity becomes overt—once
steatohepatitis is present. However, even if it were possible to quantify these other lipids, the
outcomes of hepatic steatosis would remain difficult to predict, because the ability to adapt
to or defend against various mechanisms for lipotoxicity differs among individuals and over
the lifetime of each individual.

One example of the importance of disease-modifying factors is hepatic iron content34. Iron
accumulation exacerbates hepatic oxidative stress and can therefore affect susceptibility to
oxidant stress induced by fatty acid oxidation®>. Hepatic iron content is sensitive to factors
that differ among individuals (polymorphisms in genes such as HFE), and factors that might
change during the lifetime of any individual, including sex-related factors (menstruation or
pregnancy) and diet (consumption of fiber or red meat)36. The lipotoxic outcomes of
identical fatty acid exposures can therefore differ based on other factors that modulate
hepatic iron content.

The issue is further confounded by inter- and intra-individual differences in anti-oxidant
defense’’. Two individuals with identical fatty acid exposures and identical hepatic iron
contents might ultimately have different levels of lipotoxicity based on differences in their
capacities to defend against oxidative stress. Likewise, inter-individual differences in gut
microbiota and intestinal permeability contribute to variations in liver lipotoxicity by
modifying metabolic pathways that control lipid homeostasis and adipocytokine production.
The intestinal microbiota and permeability can also determine hepatic exposure to toxic
bacterial products such as lipopolysaccharide, ethanol, and choline metabolites. The role of
the gut dysbiota in NAFLD pathogenesis is reviewed by Bajaj and Gillevet. Individuals with
hepatic steatosis should therefore be carefully assessed to identify factors that might increase
their susceptibility to lipotoxicity (see Table 1). These factors could identify individuals with
simple steatosis (NAFL) who are at greater risk for developing lipid-related liver injury
(NASH).
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Pathogenesis

NASH occurs because lipotoxic hepatocytes release factors that initiate wound-healing
responses to replace dying hepatocytesgs. Wound healing is a complex multi-faceted process
that can restore liver structure and function to a healthy state®. 1t encompasses a spectrum
of responses whose intensities vary according to the extent and severity of liver cell death.
Key wound-healing responses that are induced by hepatocyte lipotoxicity include activation
of resident immune cells and recruitment of bone marrow-derived inflammatory cells
(inflammation), matrix remodeling (fibrogenesis and fibrinolysis), angiogenesis, and
mobilization of liver progenitor populations39 (Figure 2).

Each feature of wound-healing has a role in the regenerative process and is therefore
necessary for effective repair of lipotoxic damage. However, aberrations in wound-healing
responses can be dangerous. These can lead to defective or dysregulated repair of the injured
hepatic parenchyma and promote development of liver cancer and/or progressive
replacement of hepatic parenchyma by scar (cirrhosis).

The concept that NASH is no more (or less) than a wound-healing response to chronic
hepatocyte lipotoxicity is unconventional and likely to provoke some controversy. We
therefore provide 2 lines of evidence to support our hypothesis. A brief over-view of wound-
healing biology reveals the similarities between the wound-healing process and development
NASH. Hepatocyte injury or death (via lipotoxicity) is the key parameter that distinguishes
NASH from NAFL”. In order for dead hepatocytes to be replaced, the wounded hepatic
epithelia must be repaired. Wound-healing responses are mobilized as needed to reconstruct
the hepatic parenchyma, and become more robust as hepatocyte lipotoxicity increases39
Inflammation is necessary to clear damage-related debris and stimulate local accumulation
of other wound-healing cells, such as liver progenitors and myofibroblasts. However,
excessive inflammation can compromise the viability of residual hepatocytes and promote
over-growth of progenitors and myofibroblasts, laying the groundwork for carcinogenesis
and progressive fibrosis.

Similarly, activation of liver sinusoidal endothelial cells (LSECs) is required for
angiogenesis, in response to increased demand for nutrients and oxygen during liver repair.
However, activated LSECs also interact with inflammatory cells and wounded hepatocytes
to promote transdifferentiation of hepatic stellate cells into contractile, fibrogenic
myofibroblasts. Excessive LSEC activation therefore contributes to the pathogenesis of
portal hypertension and liver fibrosis. Myofibroblasts can remodel the liver matrix and are
key sources of heaptotrophic factors and chemokines. Myofibroblast accumulation promotes
liver repair by enriching the hepatic microenvironment with growth factors and cells that
support hepatocyte regeneration. However, excessive myofibroblast accumulation
perpetuates fibrogenesis and sustains inflammatory and proliferative responses that drive
fibrosis progression and promote carcinogenesis38

Finally, transient de-differentiation and proliferation of surviving hepatocytes and/or
outgrowth of hepatocyte progenitors are necessary to generate new hepatocytes to replace
the hepatocytes that that were killed by toxic lipids. Wound-healing responses are required
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to initiate hepatocyte regeneration, but must be curtailed eventually for the newly generated
hepatocytes to resume the full functions of healthy hepatocytes. The liver is therefore
variably repopulated with relatively immature or dysfunctional hepatocytes as long as
wound-healing responses are active. This potentiates metabolic stress and increases the risk
. 40 . . . .
for liver cancer . Senescent myofibroblasts that accumulate during matrix remodeling may
. . . 41 o .
exacerbate this risk for hepatic malignancy . In any case, termination of the wound-healing
process is the final step in successful repair because complete normalization of liver
structure/function is not possible while wound-healing is in progress.

Histologic features of NASH indicate the ongoing repair responses to chronic hepatocyte
lipotoxicity, and vary with the severity of lipotoxicity and success of the wound-healing
process. The liver is usually able to undergo repair and regeneration after acute injury or
when chronic injury causes minor increases in the rate of hepatocyte death. Therefore, there
is no progressive replacement of hepatic parenchyma with scar, and the risk for liver cancer
remains low in many patients with minimal hepatic lipotoxicity and mild NASH4O. However,
regeneration is generally less effective when chronic injury increases rates of hepatocyte
death. The futile regenerative response perpetuates variable repair-related expansion of
immature liver cells, inflammation, vascular remodeling, and fibrogenesis, resulting in more
extreme (advanced or severe) NASH. Over time, functional hepatic parenchyma is
progressively replaced by scar and the liver becomes enriched with neoplastic immature
hepatocytes; this could account for the increased risk of cirrhosis and liver cancer in patients
with severe NASHlZ. Like lipotoxicity, the efficiency or fidelity of the wound-healing
response (such as during NASH) is influenced by genetic and non-genetic factors such as
age, nutritional state, the intestinal microbiome, co-morbidities, and treatments—these could
account for some of the heterogeneity in outcomes of NASH. Studies of NAFLD
progression have found that the severity of liver fibrosis is the only feature of NASH that
independently predicts liver-related morbidity and mortalityll. Further research is needed to
determine why progressive scarring develops in only some patients with NASH, define the
mechanisms that shift effective regeneration to pathologic scarring42'43, and determine how
wound-healing responses might be modulated to heal lipotoxicity without scar44

The second line of evidence that supports the concept that NASH is a wound-healing
response to chronic hepatocyte lipotoxicity comes from studies of hedgehog pathway in pre-
clinical and clinical studies. Studies of the hedgehog pathway have provided important
insights into NASH progression. Members of the hedgehog family of intercellular signaling
molecules are produced by ballooned hepatocytes—a feature of NASH'. These hepatocytes,
under various forms of stress (such as oxidative, apoptotic, and endoplasmic reticulum)45‘47,
release signals to neighboring ceII547. Those signals include morphogens, cytokines,
damaged-associated molecular patterns such as high-mobility group box-a (HMGBl)48 and
microRNAS.

Hedgehog signaling

The ligand sonic hedgehog (SHH) is one of the distress factors released by ballooned
hepatocytes49. It can be released directly into the extracellular matrix or incorporated into
exosomes". Exosomes are small membrane vesicles that signal stress to distant cells.
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Lipotoxic hepatocytes51, particularly those committed to apoptosis52, increase release of
exosomes that signal other hepatocytesSB, Kupffer ceIIsSZ, hepatic stellate cells,54 and
sinusoidal endothelial cells”’. Through this process, dying hepatocytes induce an integrated
regenerative response that assures their replacementss.

SHH regulates adult liver regenera’[ion55 and is a highly-conserved morphogen that controls
tissue construction during development. SHH regulates proliferation, differentiation, and
viability of cells that express receptors for SHH (patched 1)56 (Figure 3). Interestingly, lipids
define the activities of SHH are of its signal transduction pathway (patched 1 signals via
smoothened, frizzled class receptor [SMO]). For example, fatty acids and cholesterol
respectively interact with SHH to regulate its localization and extent of distribution within
and among tissues®'. The ability of lipid-modified SHH to interact with patched 1 is
regulated by a family of lipid-sensitive adaptor proteins58. The activity of patched 1 is also
affected by phospholipidssg. Oxysterols in the cholesterol and bile acid synthetic pathways
interact directly with SMO to affect its activity in SHH-target cellseo.

Activities of SHH it have been linked to outcomes of patients with NASH®. Hepatocytes in
healthy adult livers do not express detectable levels of SHH. However, stressed hepatocytes
quickly up-regulate expression of SHH mRNA and protein56. For example, hepatocyte
expression of SHH is induced by hepatocyte-specific deletion of a gene that promotes
nuclear accumulation of the transcription factor NF-kB, which regulates genes that control
survival of these cells™, Similarly, exposure of hepatocytes to agents that induce ER stress
up-regulates SHH expression“. Most importantly, lipotoxic injury, induced by hepatocyte
accumulation of apoptotic fatty acids, stimulates SHH expression47. Conversely, hepatocytes
from which casapase-2 has been deleted are protected from palmitate-induced apoptosis and
do not induce SHH expression when challenged with this lipotoxic fatty acid®.

Stressed hepatocytes release SHH ligands into the extracellular space and SHH protein has
. 50 . . o . 62

been demonstrated in exosomes™ . The ligand also associates with lipoproteins

Association with membrane-bound particles and lipid particles permits SHH to initiate

signaling in distant cells. Conversely, free (non-lipid particle-associated) SHH binds to

matrix proteins, such as glypican 3, to increase its concentration, near producing cells in

livers of patients with NASH®,

Hedgehog-responsive cells include hepatic stellate ceII564, sinusoidal endothelial cellses,
inflammatory cells66'67, and liver progenitorsﬁs. SHH signaling stimulates these cells to
produce other factors that regulate wound-healing. For example, SHH signaling induces
expression of transforming growth factor beta by hepatic stellate cells as well as connective
tissue growth factor, amphiregulin, jagged, and Wnt Iigandseg'm. SHH stimulates sinusoidal
endothelial cells to produce vascular endothelial growth factor65 and induces ductal cells to
express osteopontin and chemokines that recruit various types of immune cells to the injured
Iiver67'71. These immune cells, in turn, produce diverse cytokines, including interferon
gamma, interleukins, TNF, and TNF-like cytokines. SHH also influences macrophage
polarization, thereby modulating the local balance of inflammatory, anti-inflammatory, and
fibrogenic cytokines67. Many of these SHH-inducible wound-healing factors are also able to
regulate activity of the hedgehog signaling pathway (including the actions of SHH-regulated
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transcription factors) via mechanisms that do not require patched 1 and/or SMO. This
relieves SHH from the sole responsibility of controlling liver repair and assures that the
process can be perpetuated (or aborted) by an array of other mediators. Redundant regulation
is an inherent feature of the wound-healing response, regardless of the particular factor that
triggers this vital process.

Like development and neoplasia (other responses that involve the growth, differentiation,
and involution of different cell types), wound-healing is regulated by a relatively small
number of highly conserved signaling pathways. Hedgehog signaling also regulates animal
development, carcinogenesis, and wound healingss. Increases in hedgehog signaling
promote development of NASH-associated cirrhosis'? and primary liver cancers
(hepatocellular cancer and intrahepatic cholangiocarcinoma)73'74. Conversely, reductions in
hedgehog signaling compromise liver regeneration and compensation for hepatocyte loss &
Hedgehog activity must therefore be tightly controlled to assure that the timing, intensity,
and duration are appropriate to mediate liver repair.

Therapeutic Approaches

An interactive network of regulatory mechanisms modulates the activity of hedgehog and
other pathways that mediate tissue construction. Loss of efficiency of these networks leads
to defects in repair and chronic liver damage, such as development of NASH. Agents that
regulate these mediators of liver repair might be developed to reduce lipotoxic tissue
damage.

A recent analysis of paired liver biopsy samples from patients with NASH who responded to
treatment in the Pioglitazone vs. Vitamine E NASH trial supports the concept that lipotoxic
liver damage (such as NASH) can be reduced by targeting factors that regulate liver repair,
such as hedgehog76. The study compared the efficacy of vitamin E with that of placebo in
patients with NASH. Vitamin E was selected based on evidence that it reduced hepatocyte
lipotoxicity in animal models. Lipotoxicity stimulates hepatocytes to produce SHH, and
SHH-positive hepatocytes were detected in biopsy samples collected from patients before
and after treatment. Analyses of biopsies demonstrated accumulation of SHH-responsive
myofibroblasts, distributed in a “chicken wire” pattern around clusters of ballooned
hepatocytes and portal-based inflammatory infiltrates that contained many SHH-responsive
(i.e. with positive nuclear staining for Gli-2) inflammatory and progenitor cells. Effective
treatment virtually eliminated hepatocyte ballooning, significantly reduced the numbers of
SHH-expressing hepatocytes in biopsies. Loss of SHH-positive hepatocytes was
accompanied by disappearance of SHH-responsive myofibroblasts, inflammatory cells, and
progenitors, confirming that the SHH-regulated inflammatory response (NASH) was
downregulated by factors that remove the stimulus for SHH production (Iipotoxicity)76.

Based on these findings, risk for NASH is determined by hepatocyte susceptibility to toxic
lipids and potential for repair of lipotoxic liver damage. Therapies for NASH might therefore
include those that prevent hepatic lipotoxicity, by alleviating systemic metabolic stress.
Examples include weight loss and insulin sensitizers. This approach has not yet been proven
to be effective in patients with NASH. Most patients are unable to comply with long-term
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non-surgical strategies to lose or even maintain weight. Insulin-sensitizers have not
consistently prevented or reduced NASH in mice or humans, despite reducing insulin
resistance. Moreover, some insulin sensitizing agents promote weight gain, which is
unacceptable for many patients.

Agents are also being developed to prevent lipotoxicity by manipulating lipid metabolism,
restricting hepatic accumulation of lipotoxic fats. This approach could prevent development
of NASH, but more research is needed to establish its efficacy and safety. These agents
would be designed to target the liver and reduce the toxic effects of lipids toward
hepatocytes or to optimize recovery from lipotoxicity. Examples include inhibitors of
apoptosis and anti-fibrotic agents. Clinical trials are also underway to establish the safety
and efficacy of these agentsls.

Future Directions

Hepatic steatosis is a biomarker of metabolic stress and therefore a risk factor for
lipotoxicity. The outcomes of hepatic steatosis are heterogeneous because the severity of
metabolic stress is not determined by levels of triglycerides—the lipid commonly used to
diagnose patients with hepatic steatosis. Other lipids can accumulate in hepatocytes in
conjunction with triglyceride and could be toxic. Lipotoxicity is determined by the type and
amount of lipid that accumulates, as well as the ability of hepatocytes to defend against or
adapt to accumulation of that lipid. Toxic lipids induce stressed hepatocytes to release
distress factors to neighboring cells and induce a wound-healing response to replace dead
hepatocytes. This repair process is complex and involves responses such as recruitment of
inflammatory cells and expansion of progenitor and myofibroblast populations; these are
deleterious when deregulated. NASH is the histologic manifestation of the wound-healing
response to hepatocyte lipotoxicity. Deregulated wound-healing responses worsen clinical
outcomes by promoting development of cirrhosis and liver cancer. NASH might be
prevented or treated by preventing lipotoxicity and/or by optimizing repair responses
induced by lipid toxicity to hepatocytes.
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Abbreviations

CK casein kinase

DAMP damage associated molecular patterns
GSK3 glycogen synthase kinase-3

NAFL nonalcoholic fatty liver

NAFLD nonalcoholic fatty liver disease
NASH nonalcoholic steatohepatitis
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NF-«xB nuclear factor kappa B
PKA protein kinase A
SHH sonic hedgehog
TNF tumor necrosis factor
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Figure 1. Mechanisms of hepatic steatosis
Hepatic steatosis results from increased influx of lipids to the liver or decreased lipid

disposal. The main sources of FA are plasma FFA (arriving mostly from the adipose tissue),
de novo lipogenesis, and dietary FA. The liver discards fat by oxidation or by exporting it as
VLDL. Alternatively, hepatocytes can shunt excess lipids to the synthesis of triglycerides
and storage in lipid droplets. Red boxes highlight rate-limiting enzymes that regulate the
main fates of fatty acids in the liver: FAS, fatty acid synthase and ACC, acetyl-CoA
carboxylase, which are enzymes in fatty acids synthesis; CPT-1, carnitine
palmitoyltransferase 1, enzyme that allows entry of acyl groups into the mitochondria by
transferring an acyl group from CoA to carnitine and subsequent transport of acylcarnitine;
SCD-1, stearoyl-CoA dessaturase, an enzyme that converts saturated in monounsaturated
fatty acids the fatty acids that are preferentially incorporated in triglycerides; DGAT,
diglyceride acyltransferase that catalyzes the synthesis of triglycerides from diacylglycerol
and acylCoA; MTTP, microsomal triglyceride transfer protein, which controls lipoprotein
assembly. Blue boxes indicate transcription factors involved in lipid metabolism: SREBP1C,
sterol regulatory element-binding protein-1c; PPARA and PPARG, peroxisome proliferator-
activated receptor-a and -v.
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Figure 2. Lipotoxicity and the wound-healing response
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Lipid toxicity to hepatocytes causes cell stress and cell death. Dying hepatocytes release
signals that induce a wound-healing response, such as damage associated molecular patterns,
cytokines, and hedgehog. To promote regeneration or repair, the liver recruits and activates
hepatic stellate cells to remove dying and dead cells and sustain the remaining epithelia, and
progenitors to replace dead cells. If the wound-healing response cannot be restrained, it

promotes inflammation, fibrogenesis, and hepatocarcinogenesis.
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Figure 3. The hedgehog signaling pathway
A. The SHH ligand patched 1 constitutively represses SMO, allowing the sequential

phosphorylation of Gli by protein kinase A (PKA), glycogen synthase kinase 3 beta
(GSK3B), and casein kinase (CK). Phosphorylation of the Gli family zinc finger proteins
marks them for ubiquitination and limited proteosomal degradation. N-terminal fragments of
Gli proteins translocate to the nucleus where they repress transcription.

B. Binding of SHH to patched 1 prevents its inhibition of SMO. This prevents
phosphorylation and degradation of Gli proteins. Full-length Gli proteins translocate to the
nucleus and promote transcription.
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Table 1

Factors That Promote Lipotoxicity in Patients With NAFLD

Preventable

Non-preventable

Factor Mechanism
Iron overload Oxidant stress
Environmental toxins Oxidant stress
Medications Oxidant stress
Viral hepatitis ER stress, oxidant stress, metabolic stress

Congenital Liver Disease
Alpha 1 antitrypsin deficiency  ER stress

Wilson’s disease Oxidant stress
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