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Abstract Lipid droplet accumulation and oxidant stress,
once thought to play essential roles in the pathogenesis of
nonalcoholic steatohepatitis (NASH), may actually repre-
sent parallel epiphenomena. Emerging data now point to
nontriglyceride lipotoxicity and complex mechanisms of
hepatocyte injury and apoptosis as the major contributors to
the disease phenotype currently recognized as NASH.
Although specific mediators of hepatic lipotoxicity have
not been identified with certainty, abundant evidence from
animal studies and recent data in humans indicate that free
fatty acids in the liver can serve as substrates for formation
of nontriglyceride lipotoxic metabolites that cause liver
injury. The accumulation of triglyceride in droplets may
actually be protective, and thus therapeutic efforts directed
at fat accumulation as a sole endpoint may be misguided.
This review examines the new evidence supporting the role
of nontriglyceride fatty acid metabolites in causing NASH
and how adipose and muscle insulin resistance contribute to
hepatic lipotoxicity.
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Introduction

Lipotoxicity is a term that describes the adverse effects of
excessive free fatty acids on pancreatic β-cell survival. The
term was used without an established definition to describe

cellular injury and death from free fatty acids, their metabolites,
and even triglyceride [1•, 2••]. Innumerable potential media-
tors of lipotoxicity can be derived from fatty acids. Sorting
through the permutations in fatty acid chain length, number
and locations of double bonds, whether they are present in the
natural cis or synthetic trans configuration, and how many
fatty acids are incorporated into the various metabolites is a
major challenge for investigators in the field. Identifying
which are direct causes of cellular injury is an area of ongoing
study in the field of lipidomics in lipotoxic diseases of the
liver, heart, pancreatic islets, and vasculature [3, 4, 5•].

Role of Triglyceride Droplets in Hepatic Lipotoxicity

Through studies in animal models, cell culture systems, and
newer data from human studies, it has become clear that
triglyceride held within lipid droplets is largely inert.
Although the accumulation of lipid droplets was associated
with increased markers of endoplasmic reticulum stress, the
role of this response in nonalcoholic steatohepatitis
(NASH) is uncertain [6]. For example, mice overexpressing
diacylglycerol acyltransferase (DGAT)-2, the final enzyme
mediating triglyceride formation, had increased fat accu-
mulation and hepatic phosphorylation of protein kinase-like
endoplasmic reticulum kinase (PERK), a marker of endo-
plasmic reticulum stress, yet did not exhibit increases in the
proinflammatory pathways of c-Jun N-terminal kinase
(JNK) phosphorylation and nuclear factor κB activation,
common indicators of insulin resistance and steatohepatitis
[6, 7•]. Supporting this observation are studies showing that
blocking DGAT2 expression prevented fatty acid–induced
triglyceride accumulation but did not prevent lipotoxic injury
caused by fatty acids, both in cell culture experiments and in
mice [8]. Some difficulties arise in interpreting rodent and
cell culture studies that manipulate DGAT2 expression,
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possibly because of concomitant upregulation of compensa-
tory oxidative disposal pathways [9]. However, a different
approach of inhibiting triglyceride incorporation into nascent
very-low-density lipoprotein (VLDL) by blocking micro-
somal triglyceride transfer protein impairs secretion of
triglyceride and leads to its accumulation, yet does not
appear to be associated with liver injury in animal models.

In humans, it has been particularly difficult to determine if
lipid droplet accumulation can cause metabolic abnormali-
ties and cell injury, or if it develops as a parallel process to
the events leading to impaired insulin signaling and
steatohepatitis. Evidence that fat droplets do not cause
hepatic insulin resistance and NASH in humans is provided
by several recent studies that identified single nucleotide
polymorphisms (SNPs) in the gene for adiponutrin (patatin-
like phospholipase domain-containing protein A3, PNPLA3)
[10•, 11]. These variations compromise the function of
adiponutrin, an enzyme that plays a role in triglyceride
turnover, and are associated with the development of
hepatic steatosis but not insulin resistance or steatohepatitis.

Given the data showing that formation of triglyceride
droplets is not needed for lipotoxic injury, it is not surprising
that other studies have now shown that the accumulation of fat
is actually a protective response to an increased flux of fatty
acids to the liver and the associated lipotoxicity [5•, 12••, 13•].
This response has been demonstrated in cardiomyocytes
[14], pancreatic islet cells, and hepatocytes in cell culture,
and it has been suggested to be true in humans as well.
Nonetheless, temporary storage of triglyceride as fat droplets
in tissues such as the liver and muscle is only a temporizing
measure, and the triglyceride must still be released at a later
time. If a cell is still unable to handle the liberated fatty acids
as lipid droplets are turned over, the stored triglyceride could
still serve as a source of lipotoxic intermediates [15]

Molecular Mediators of Lipotoxic Liver Injury

If lipid droplets are not directly responsible for cell injury
leading to steatohepatitis, then attention must focus on other
likely molecular mediators of NASH. Substantial evidence
now points to nontriglyceride metabolites of fatty acids as
the cause of hepatocellular injury in NASH, similar to the
experimental findings in other organs that are targets of
lipotoxicity [1•, 5•, 12••].

Direct toxicity from fatty acids has been considered.
However, the concentration of intracellular fatty acids is
kept fairly constant in the liver [4], even with increased
levels in the blood as seen with NASH [16], suggesting that
substantial elevations of the fatty acid levels in hepatocytes
may not be the direct mediator of lipotoxic injury [2••]. Of
course, measurement of tissue fatty acid concentrations at
any given time point does not provide information about

the net flux through the system. Because they are tightly
bound to fatty acid binding proteins (FABP), the levels of
fatty acids are mostly a function of FABP concentrations
and not reflective of the flow through the system.

Even though free fatty acids are not likely to directly
cause steatohepatitis, one potential mechanism of direct fatty
acid–induced injury that has been proposed is through the
activation of an innate immune response. Saturated fatty
acids are ligands for toll-like receptor 4 (TLR-4), leading to a
cascade of events precipitating cell death through apoptosis.
Inhibition or loss of function of TLR-4 can improve
steatohepatitis in mouse models. Another potential direct
mechanism may be related to the detergent properties of fatty
acids, which by definition are soaps at neutral pH. It could be
that through this physico-chemical mechanism, fatty acids
destabilize lysosomal membranes, leading to release of
cathepsin B and activation of apoptotic pathways [17].

Experimental evidence argues against a direct role for
fatty acids in lipotoxicity. For example, studies have
demonstrated that formation of acyl coenzyme A (acyl-
CoA) is a necessary step in the development of fatty acid–
induced lipotoxicity in cell culture. Experiments in a liver
cell line and in pancreatic β-cells showed that blocking
acyl-CoA synthesis can prevent lipotoxicity caused by
palmitic acid, suggesting that either palmitoyl-CoA is toxic
or that palmitic acid must be incorporated into another
molecule via palmitoyl-CoA to cause lipotoxicity [18••].

Ceramides are one class of fatty acid metabolites that
were considered as possible mediators of lipotoxic cellular
injury [3, 19]. Ceramides were shown to be important in
lipotoxicity in pancreatic islet cells and can increase
mitochondrial membrane permeability leading to apoptosis.
However, several studies showed that blocking ceramide
synthesis in various cell lines does not prevent fatty acid–
induced injury in liver cells. Further studies are needed to
ascertain whether these results apply to human liver
disease, but lipidomic studies have not identified substan-
tially elevated liver ceramide levels in NASH.

Diacylglycerols (DAG) are recognized as major activating
ligands of most protein kinase C isoforms, a group of kinases
that plays a role in diverse cellular signaling pathways. DAGs
are also essential precursors in the synthesis of triglyceride
and membrane phospholipids, and thus DAG synthesis is
carefully regulated to coordinate these disparate functions
[20]. Some studies have suggested that DAG species are
major contributors to hepatic lipotoxicity [13•]. However, a
lipidomic analysis of liver biopsy specimens from NAFLD
patients with simple hepatic steatosis compared with
steatohepatitis found no difference between the two groups,
although both were higher than levels in normal liver [4]. It
may be that the increases reflect increased trafficking of fatty
acids through the liver, but do not directly cause the cellular
injury of steatohepatitis.
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Phosphatidyl choline, or lecithin, constitutes a major
component of cell membrane bilayers, lipid droplet envelop
monolayers, and is a necessary component of VLDL to
facilitate triglyceride secretion from the liver. Lysophos-
phatidyl choline (LPC) is formed by removal of the middle
fatty acid in the glycerol backbone of phosphatidyl choline
and has been implicated in lipotoxicity. Although one
lipidomic study found only minor increases in hepatic LPC
levels in NASH patients [4], another recent study provided
compelling evidence that LPC could be an important
mediator of hepatic lipotoxicity in NASH [18••]. This
study demonstrated increased LPC levels in liver biopsies
in a small group of patients with levels increasing in
proportion to steatohepatitis severity. The investigators
further demonstrated that LPC caused lipotoxic liver injury
in liver cell lines, mouse hepatocytes and in vivo in mice.
This effect appeared to depend on a G-protein–coupled
receptor that ultimately causes apoptosis through mitochon-
drial membrane depolarization. Lysophosphatidylcholine
species can be generated through deacylation of phospha-
tidyl choline by phospholipase A2 (PLA2) and inhibitors of

PLA2 were shown to prevent palmitate-induced lipotoxicity
in cell culture. Although this study needs confirmation, it
provides multiple lines of evidence for the identity of at
least one likely mediator of fatty acid–induced hepatic
lipotoxicity. A variety of other similar metabolites of free
fatty acids, known and unknown, have also been consid-
ered, including lysophosphatidic acid species and phospha-
tidic acid. Phosphatidic acid, because of its comparatively
small surface hydrophilic region, facilitates membrane
bending or folding. It also interacts with several intracellu-
lar signaling molecules, but the role of these interactions in
mediating injury is uncertain.

Metabolic Factors Predisposing to Lipotoxic
Liver Injury

The pathways leading to the accumulation of lipid droplets
in the liver as well as the pathways leading to lipotoxic
injury are upregulated by an increase in free fatty acid
availability (Fig. 1). Steatosis, although not pathogenic in

Fig. 1 The nontriglyceride lipotoxicity model of nonalcoholic
steatohepatitis (NASH). Several free fatty acid metabolites cause
hepatic lipotoxicity leading to endoplasmic reticulum (ER) stress,
inflammation, apoptosis, necrosis, and liver biopsy findings charac-
teristic of NASH (eg, ballooning and Mallory-Denk bodies). Discern-
ing the role of lipid droplets in the pathogenesis of NASH is
challenging because increased delivery of fatty acids or impaired
oxidative disposal pathways commonly cause lipid droplet formation
and spillover of fatty acids into metabolic pathways, leading to
lipotoxic metabolite formation. Triglyceride accumulation is not
needed for the development of NASH, and is usually a protective
mechanism that prevents lipotoxic injury. Steatosis alone does not
progress to NASH. In some individuals, however, the degree of
steatosis likely represents a good marker for concomitant lipotoxic
injury because both are sequelae of stresses on liporegulation. The
major processes predisposing to lipotoxic injury include inappropriate
peripheral lipolysis, a common consequence of adipose tissue insulin

resistance; excess carbohydrates, typically caused by excessive dietary
intake (especially fructose) or impaired disposal of glucose because of
muscle insulin resistance; impaired oxidative pathways (eg, down-
regulation of mitochondrial β-oxidation in the setting of hyper-
insulinemia); and impaired formation and/or secretion of triglyceride.
Additional fatty acids derive from the release of free fatty acids during
lysosomal breakdown of internalized lipoprotein remnants (eg,
chylomicron remnants and low-density lipoprotein) and breakdown
of lipid-containing autophagosomes, the role of which in NASH is
uncertain. Green arrows depict potentially favorable disposal path-
ways; red arrows depict pathways that may predispose to lipotoxic
injury. The role of reactive oxygen species (ROS) in NASH
pathogenesis is not established, and increased markers of oxidant
stress may be an epiphenomenon reflecting increased flux of fatty
acids through oxidative pathways. P450—cytochrome P450 mixed-
function oxidases; SER—smooth endoplasmic reticulum; VLDL—
very-low-density lipoprotein
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itself, is thus a fairly good marker of excessive flow of fatty
acids through hepatocytes. The major mechanisms of
increased fatty acid exposure and disposal in the liver have
been known for more than four decades. Two well-
established sources are peripheral lipolysis and de novo
lipogenesis (DNL). Adipose tissue triglyceride lipolysis
releases free fatty acids into the blood, to be carried to the
liver bound to albumin, whereas DNL creates new fatty
acids within the liver using primarily excess carbohydrate
as a substrate [21]. Adipose tissue is typically the source of
most liver fatty acids, supplying 70% of the fatty acids
handled by the liver, whereas DNL contributes about 5%.
However, Donnelly et al. [22] demonstrated that in patients
with NASH, DNL contributes up to a quarter of the fatty
acids. This finding may be a consequence of the hyper-
insulinemia associated with muscle insulin resistance,
which drives a lipogenic program in the liver.

Other contributors to the hepatic free fatty acid pool
include uptake of short-chain fatty acids delivered after
meals from the gut and lysosomal breakdown of lipoprotein
remnants. Autophagy, the highly regulated process by
which cells catabolize intracellular components using
lysosomal enzymes, was recently recognized to be a fate
of lipid droplets and source of fatty acids as well, and is
discussed further below [23••].What proportion of lipid
droplets undergo autophagic catabolism with release of
fatty acids into the cytoplasm versus more classical
triglyceride lipolysis to release fatty acids is an area of
active investigation. Except for low-density lipoprotein
(LDL)-receptor mediated uptake of the limited amount of
triglyceride in lipoprotein remnants, serum triglycerides are
not a major source of fat for the liver. Some of the fatty
acids released from chylomicrons and VLDL in the adipose
and muscle vasculature for the purpose of their local uptake
probably do leak to albumin in the blood and are
transported to other sites including the liver, but most are
taken up in the tissues where the lipolysis takes place.
These points are relevant to treatment. Because most
dietary fat does not go directly to the liver, the role of fat
restriction in the treatment of NASH is primarily to limit
total caloric intake rather than reduce exposure of the liver
to fat. Additionally, using drugs to reduce serum triglycer-
ide levels might not have a direct benefit on the liver. In
fact, interventions that reduce fasting triglyceride levels by
impairing hepatic fat secretion could be counterproductive
in terms of liver disease.

When the homeostatic mechanisms regulating fat me-
tabolism are running smoothly (so-called liporegulation
[19]), production of lipotoxic metabolites from free fatty
acids is minimized. Stresses imposed on this system that
alter this homeostasis—whether through increased supply
of precursor fatty acids, impaired disposal of fatty acids
through oxidative or secretory pathways, or possibly

upregulation of pathways that generate lipotoxic intermedi-
ates from fatty acids and impaired pathways that dispose of
them—could all potentially promote lipotoxicity.

Excessive or Inappropriate Peripheral Lipolysis

Enzymatic hydrolysis of triglyceride stored in adipose
tissue is the predominant source of fatty acids delivered to
the liver. This highly regulated process is governed by a
variety of hormonal, neurologic, and pharmacologic stimuli
including insulin, glucagon, catecholamines, natriuretic
peptides, tumor necrosis factor α, adenosine, methylxan-
thines and peroxisome proliferator-activated receptor
(PPAR) γ ligands, several neutral lipases, and specific lipid
droplet proteins [24, 25]. Insulin resistance in adipose tissue
allows inappropriately sustained lipolysis and release of
fatty acids, which are sent to the liver at times when the
liver is programmed for lipogenesis rather than fat disposal.
Although the canonical paradigm has been that fatty acids
liberated by adipocyte lipases are destined to be transported
to other tissues, newer data suggest that oxidative pathways
in adipocytes might also be an important fate, thus playing
a role in energy expenditure and thermogenesis [26],
although this theory continues to be debated [27]. Because
much of the fat broken down in adipose tissue and sent to
the liver as free fatty acids returns as triglyceride secreted
by the liver, the cycling of fat between adipose tissue, the
liver, and back to adipose tissue has been postulated to be
important in thermogenesis [28].

It is well recognized, however, that unbridled adipocyte
lipolysis can send more fatty acids to the liver than the liver
can handle. A common clinical situation in which this
occurs is prolonged fasting. Older data demonstrated the
adverse impact of fasting on accelerating liver injury.
Interestingly, the impact that massive peripheral lipolysis
has on the liver can potentially be attenuated by upregu-
lated oxidative metabolism by muscle. Mice with impaired
mitochondrial biogenesis are particularly prone to fasting-
induced liver steatosis [29] and most mouse strains will
develop some degree of fasting-induced steatosis.

Excessive De Novo Lipogenesis

The role of the supply side, either through excessive
delivery of fatty acids to the liver or excessive synthesis
of fatty acids in the liver (DNL), in the development of
NASH has been well described [21]. The synthesis of fatty
acids in the liver from the intermediates generated by
glycolysis is a major fate of excess carbohydrate presented
to the liver from dietary intake and impaired peripheral
glucose disposal. Such fatty acids are synthesized as fully
saturated molecules, such as palmitate (C16) or stearate
(C18), and a portion must undergo desaturation, or the
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addition of cis-double bonds. This process facilitates the
synthesis of triglyceride because the middle position of the
glycerol backbone is optimally esterified with an unsatu-
rated fatty acid. Current dietary habits, especially massive
amounts of high-fructose corn syrup consumption, may
overwhelm the supply side of fatty acid trafficking by
forcing excessive synthesis of new saturated fatty acids.
Fructose enters the glycolytic pathway downstream from
phosphofructokinase, the rate-limiting enzyme for this
pathway in the metabolism of glucose, and thus fructose
provides an unregulated source of acyl-CoA used as a
substrate for DNL [30, 31].

DNL does not occur in isolation, and compensatory
mechanisms can be invoked that prevent lipotoxicity from
occurring. For example, increased liver triglyceride accu-
mulation in fructose-fed rats can be prevented by stimulating
mitochondrial β oxidation of the fatty acids generated [32].
The role of steroyl-CoA desaturase is critically important in
facilitating the formation of triglyceride in the absence of
dietary unsaturated fatty acids. Recent studies have shown
that inhibitors of stearoyl-CoA desaturase-1 (SCD1) dimin-
ish triglyceride accumulation but at the expense of
increased lipotoxicity [33••]. Previous murine studies have
shown that inhibiting SCD-1 is often accompanied by
increases in compensatory oxidative pathways, so perhaps
as long as these alternative pathways are intact, lipotoxic
injury can be averted. Conversely, DNL can be increased
by increases in sterol regulatory element binding protein
(SREBP)-1c, the transcription factor largely responsible for
the expression of enzymes that carry out DNL. Over-
expression of SREBP-1c in animal models has been
identified as a contributor to lipotoxic liver injury [34, 35].

Lysosomes as a Source of Fatty Acids

Lysosomal lipases are a source of intracellular free fatty
acids, releasing them from two major sources of triglycer-
ide. Uptake of lipoprotein remnants such as chylomicron
remnants and LDL particles that have been mostly
delipidated is mediated by the LDL receptor on hepatocytes
and contributes a relatively minor amount of free fatty acid
to the intracellular pool. A second lysosomal pathway that
may be quite significant as a source of fatty acids is
autophagy of lipid droplets followed by the release of fatty
acids [23••]. Recently termed lipophagy, this process might
even play a larger role in the turnover of hepatocyte lipid
droplets than lipolysis mediated by lipases such as
adipocyte triglyceride lipase. Understanding the effects of
inhibiting intracellular lipases is complicated by the
difficulties in knowing if drugs or genetic manipulations
affect the liver, adipose tissue, or both. Inhibiting lysosomal
lipases with 18 β-glycyrrhetinic acid prevented NAFLD in
lard-fed rats and decreased the accumulation of triglyceride

in HepG2 cells, suggesting that pharmacologic inhibition of
lysosomal fatty acid release could be important in triglyc-
eride turnover [36].

Impaired Oxidative Disposal Pathways of Fatty Acids

Oxidative pathways are collectively an important disposal
pathway for free fatty acids. Although these pathways can
generate reactive oxygen species, oxidant stress that actually
leads to injury is unusual if the endogenous antioxidant
mechanisms are appropriately responsive. The smooth
endoplasmic reticulum (SER) cytochrome P450 enzymes
(CYPs) oxidize a variety of free fatty acids, including
unusual branched-chain fatty acids and fatty acids with odd
numbers of carbons not readily handled by the mitochondrial
β-oxidation enzymes. Often called the microsomal system
because during laboratory analysis the liver SER is
homogenized into microsomes, this system readily attacks
unusual fatty acids and even common fatty acids, initiating
their oxidative disposal. The CYPs typically oxidize the
aliphatic end of free fatty acids, generating potentially toxic
dicarboxylic acids.

Peroxisomes play an important role in the disposal of
dicarboxylic acids such as those produced by CYP ω-
oxidation of fatty acids, very-long-chain fatty acids, and
methyl branched-chain fatty acids. Peroxisomal fatty acid
oxidase metabolizes fatty acids through β-oxidation, but
unlike mitochondria where oxygen is fully reduced to water,
peroxisomal enzymes only partially reduce oxygen to form
hydrogen peroxide. Peroxisomes are replete with catalase to
deal with this and prevent oxidant-mediated cellular injury.
The importance of peroxisomes in preventing lipotoxicity
has been shown through manipulation of PPARα, the
transcription factor governing the expression of peroxisomal
enzymes. PPARα null mice develop severe steatosis and
steatohepatitis with prolonged fasting [37–39] and a
spontaneous mutation in the Foz mouse strain that prevents
disposal of fatty acids through peroxisomal oxidation or
triglyceride formation causes fibrosing steatohepatitis on a
high fat diet [40]. Conversely, upregulation of peroxisomal
β-oxidation with PPARα ligands (eg, fibrates) prevented
fat accumulation and NASH in murine models [41]. The
experience with these agents in human disease has met with
mixed results and is being pursued in clinical trials.

Mitochondrial β-oxidation is the major oxidative fate of
free fatty acids. Mitochondrial dysfunction, whether genetic
or acquired, is often associated with steatohepatitis [42–44].
Whether this is because of impairment at the level of the
liver or a consequence of mitochondrial dysfunction in
tissues such as muscle and adipose tissue is unclear. Defects
in the mitochondrial electron transport chain can lead to
increased reactive oxygen species generation with oxidant-
mediated injury if antioxidant mechanisms are over-
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whelmed. Interestingly, rats selected for poor aerobic
capacity have impaired muscle mitochondrial function and
hepatic steatosis [45], whereas SNPs that confer increased
mitochondrial biogenesis through peroxisome proliferator-
activated receptor-γ coactivator-1 are found with increased
frequency in high-level athletes. The ability of mitochon-
dria to oxidize fatty acids is strongly regulated by feedback
inhibition of carnitine palmitoyl transferase by malonyl
CoA, which in turn is generated by acetyl CoA carboxylase
(ACC). Mice deficient in this enzyme thus oxidize more
fatty acids and are resistant to diet-induced obesity and
lipotoxic impairment of insulin signaling [46]. A better
understanding of the role of mitochondrial function in the
liver, adipose tissue, and muscle appears to be emerging
and may lead to new paradigms for the pathogenesis of
diabetes, insulin resistance, and exercise tolerance and how
these interact in the development of hepatic lipotoxicity.

Impaired Triglyceride Formation and Secretion

Although some fatty acids are needed for maintenance of
cellular functions such as membrane synthesis, under normal
circumstances most fatty acids that are not metabolized
through oxidative pathways are converted to triglyceride for
secretion as VLDL or temporary storage in lipid droplets if
the secretory pathway is overwhelmed. If the conversion of
fatty acids to triglyceride is impaired and compensatory
oxidative pathways are not adequate, lipotoxic inhibition of
insulin signaling and cellular injury can ensue. This
circumstance has been amply demonstrated in animal
models [7•, 8, 33••, 47, 48] although equally convincing
data in humans is lacking [16].

Once triglyceride is formed, it can either be stored in
droplets or packaged in nascent VLDL particles. Both
processes are complex and require a repertoire of metabolic
machinery that is prone to defects and deficiencies [49].
Understanding the effects of altered triglyceride formation
and handling in animal models is complicated by the fact the
same processes take place in adipose tissue, and thus a liver
phenotype may be caused by multiple effects including liver-
specific effects or alterations in the exposure of the liver to
fatty acids originating in adipose tissue.

Secretion of fat as triglyceride requires functional
apoB100, an ample supply of amino acids to synthesize
apoB100, functional microsomal triglyceride transfer protein
(MTP) and its partner protein disulfide isomerase, a supply of
phosphatidyl choline, and an intact cytoskeletal system to
facilitate the secretory process. As such, the process is
subject of multiple acquired and genetic defects that can
lead to triglyceride accumulation as droplets. Abetalipopro-
teinemia and hypobetalipoproteinemia, genetic diseases
associated with dysfunctional MTP, are associated with
steatosis, but not all patients develop liver disease,

suggesting the need for additional defects such as impaired
mitochondrial β-oxidation to handle fatty acids that might
be released through autophagic lipolysis of the excessive
lipid droplets.

Conclusions

Emerging from ample animal data and recent human data is a
new hypothesis for the pathogenesis of NASH in which the
accumulation of excessive triglyceride and the development
of lipotoxic cellular injury occur in parallel but independently.
Mechanistically, this hypothesis implies that in the setting of
excess fatty acids, some people may develop only steatosis
whereas others develop steatohepatitis. An important caveat is
that steatosis does not “progress” to steatohepatitis, a dogma
that has persisted in the field despite longitudinal data to the
contrary. Available data indicate that few patients with just
steatosis are later found to have steatohepatitis or fibrosis, and
one must wonder if tests for steatohepatitis are too insensitive
to detect minor but meaningful amounts of lipotoxic liver
injury in such individuals. Alternatively, lipotoxic injury
could be episodic to the degree that it depends on variations
in diet such as consumption of trans fats, a recently
recognized cause of steatohepatitis in mice [50•].

The nontriglyceride lipotoxic liver injury hypothesis of
the pathogenesis of NASH compels us to focus our
therapeutic efforts on reducing the burden of fatty acids
that the liver must handle, originating either from peripheral
lipolysis or de novo synthesis from excessive carbohy-
drates. Effective interventions can accomplish this by
improving insulin sensitivity at the level of adipose tissue
to prevent inappropriate peripheral lipolysis and reducing
exposure of the liver to excessive carbohydrates. To this
end, reducing carbohydrate consumption through dietary
changes and increasing muscle glucose uptake through
exercise remain important cornerstones of treatment and
prevention of the lipotoxic liver injury we know as NASH.
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