
1758 Journal of Lipid Research  Volume 57, 2016

Copyright © 2016 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

tocytes (1, 2). Liver lipidomic analyses in NAFLD have 
demonstrated increased diacylglycerol, free cholesterol, 
and lysophosphatidylcholine (LPC), in addition to the 
morphologically obvious triglyceride (Table 1) (3–7). A 
host of metabolic perturbations, dietary factors, genetic 
influences, and environmental determinants predispose 
to steatosis, and these have been comprehensively reviewed 
elsewhere (8–11). A subset of NAFLD patients develops 
progressive liver injury, termed nonalcoholic steatohepati-
tis (NASH), characterized histologically by hepatic inflam-
mation, fibrosis, and cirrhosis (12, 13), and molecularly by 
hepatocyte apoptosis (12). This group is clinically relevant 
due to the risks of liver failure, hepatocellular carcinoma, 
and the need for life-saving liver transplantation (2). 
Mechanistic studies of lipotoxicity have thus focused on 
NASH, due to its progressive nature and associated clinical 
risks.

The lipids that can activate these processes are defined 
as toxic lipids in NASH pathogenesis. These toxic lipids 
can activate proapoptotic signaling and myriad stress re-
sponses in hepatocytes (14–20). In general, the saturated 
free fatty acids, palmitate and stearate, are directly cyto-
toxic, whereas the monounsaturated free fatty acids, such 
as oleate and palmitoleate, may protect from saturated 
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Obesity-associated liver steatosis, referred to as nonalco-
holic fatty liver disease (NAFLD), is characterized by the 
accumulation of neutral triglyceride droplets within hepa-
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on proapoptotic signaling. Lipid-induced activation of 
mixed lineage kinase 3 (MLK3) and c-Jun N-terminal ki-
nase (JNK) (24, 32), and the ER stress response (36, 37) 
are key cellular pathways that mediate proapoptotic signal-
ing initiated by toxic saturated free fatty acids and in the 
steatotic liver (38). Sphingolipids, too, are elevated in 
NASH (25), and C16:0 ceramide has recently been linked to 
the pathophysiology of NASH (39); therefore, we discuss 
these pathways and concepts below.

Free fatty acid-induced proapoptotic signaling by death 
receptors

The plasma membrane receptors termed death recep-
tors belong to TNF receptor superfamily and their acti-
vation on the cell surface initiates the extrinsic pathway 
of apoptosis (40–42). The principal death receptors ex-
pressed in the liver are Fas, TNF receptor 1 (TNFR1), and 
TNF-related apoptosis-inducing ligand (TRAIL) receptor 
(TRAIL-R)1 and TRAIL-R2 (42). Stimulation of these re-
ceptors leads to receptor oligomerization followed by the 
formation of a death-inducing signaling complex, which 
consists of caspase 8 and several adaptor proteins (Fig. 2) 
(41, 42). Caspase 8 then directly activates effector caspases 
3, 6, and 7, which execute cellular demise. In some cell 
types, including hepatocytes, death receptor-activated pro-
apoptotic signals converge on mitochondria-mediated cell 
death pathways (42). In this paradigm, activated caspase 8 
cleaves Bid generating truncated Bid, which then induces 
egress of proapoptotic factors from the intermitochon-
drial space to the cytosol. This includes cytochrome c, 
which leads to activation of effector caspases 3, 6, and 7 
(Figs. 2, 3).

Death receptors expressed in the liver have been consid-
ered as potential mediators of hepatic lipotoxicity (43). 
Liver expression of death receptor Fas is significantly in-
creased in patients with NAFLD compared with healthy 
controls (44, 45). In animal models of NAFLD, lipid-loaded 
hepatocytes were greatly susceptible to Fas-mediated apop-
tosis upon administration of anti-Fas antibody (46, 47). Nev-
ertheless, there are no in vivo studies implicating Fas in the 
development of NASH. Also, hepatocytes isolated from Fas-
deficient lpr mice readily underwent palmitate-induced li-
poapoptosis comparable to wild-type cells, suggesting that 
apoptosis induced by toxic lipids is not dependent on Fas 

fatty acid-induced toxicity, though the latter may impart 
sensitization to death receptor-mediated apoptosis (14, 
15, 21). Furthermore, palmitate can induce the formation 
of both ceramide and LPC (6, 16, 22). Ceramide can be 
directly synthesized from palmitate via the de novo path-
way at the endoplasmic reticulum (ER) (22, 23). LPC is 
formed via phospholipase A2 (PLA2) action on phospha-
tidylcholine, which in turn is derived from diacylglycerol; 
palmitate-induced diacylglycerol accumulation thus indi-
rectly leads to LPC formation (Fig. 1) (6). LPC can acti-
vate proapoptotic signaling akin to palmitate (6, 16), and 
lead to extracellular vesicle (EV) release (24). Palmitate-
derived C16:0 ceramide is associated with insulin resistance 
and steatohepatitis (25, 26), and at a cellular level can in-
duce EV release (27). In this review, we discuss the signal-
ing through which these lipids lead to cell death and 
inflammation (15, 28). Short of causing cell death, lipid 
overload leads to ballooned hepatocytes (29), which do 
not progress to cell death (30). We will also discuss ways in 
which these metabolically stressed cells induce distinct sig-
naling pathways, such as sonic hedgehog (30, 31) and re-
lease of proinflammatory EVs (27, 32, 33), that contribute 
to lipotoxic damage.

LIPID-ACTIVATED PROAPOPTOTIC SIGNALING

Several studies have elucidated the apoptotic pathways 
activated in hepatocytes by saturated free fatty acids, pal-
mitate in particular, and the phospholipid, LPC (6, 14–20, 
34). Though there are other modes of cell death, such as 
necrosis and necroptosis (35), their contribution to NASH 
pathogenesis is less well-studied. Therefore, we have focused 

TABLE  1.  Total and individual lipid classes significantly increased in 
liver tissue of NASH patients

Parameter Reference

Total saturated fatty acids (3)
Total monounsaturated fatty acids (3, 7)
Total polyunsaturated fatty acids (3, 7)
Total n-6 fatty acids (3)
Diacylglycerol (3)
Triacylglycerol (3, 5, 7)
Free cholesterol (3)
LPC (3, 6)

Fig.  1.  Fate of palmitate in hepatocytes. Excess pal-
mitate delivered to hepatocytes is converted to palmi-
toyl-CoA and can induce the formation of ceramide 
via the de novo pathway at the ER and LPC via PLA2 
action on phosphatidylcholine (PC), which in turn is 
derived from diacylglycerol (DAG). Though palmi-
tate can activate the proapoptotic machinery, palmi-
tate itself and palmitate-derived LPC and ceramide all 
lead to the release of EVs from hepatocytes. Palmitate 
is buffered in hepatocytes by either oxidation or con-
version to triglyceride, both of which mitigate palmi-
tate-induced lipotoxicity.
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modulator of apoptosis (PUMA) and Bim, which contrib-
ute to lipoapoptosis in the context of TRAIL-R2 activation 
(see below). Upregulation of these proapoptotic proteins 
may be critical for lipoapoptosis, as TRAIL receptor li-
gand-dependent activation is harmless to healthy hepato-
cytes, but is cytotoxic to steatotic hepatocytes, both in vitro 
and in vivo (14, 51, 55). Thus, upregulation of proapop-
totic proteins by palmitate or LPC in hepatocytes is key to 
their sensitization to apoptosis. Finally, in a murine model 
of Western diet-induced NASH (56), TRAIL receptor defi-
ciency remarkably protects against hepatocyte apoptosis 
and all other associated pathogenic features of NASH, 
such as liver injury, inflammation, and fibrosis (50). Alto-
gether, these studies suggest that TRAIL receptor signal-
ing plays a key role in hepatocyte lipotoxicity.

Engagement of Bcl-2 proteins by free fatty acids
Many proapoptotic signaling cascades, including those 

initiated by death receptors, converge on the mitochondria 
triggering mitochondrial outer membrane permeabiliza-
tion (MOMP) (57). The MOMP results in egress of pro-
apoptotic mediators, such as cytochrome c and second 
mitochondrial activator of apoptosis, into the cytosol where 
they promote activation of effector caspases culminating in 
cellular disassembly. MOMP is regulated by proteins of the 
Bcl-2 family (57). Anti-apoptotic members include Bcl-2, 
Bcl-xL, and Mcl-1; these proteins act to prevent MOMP. 
The proapoptotic molecules are Bax and Bak, which oligo-
merize to induce the MOMP. The family of BH3-only pro-
teins act as biosensors of proapoptotic stimuli, and induce 
MOMP either by deactivating (i.e., Bmf, Bad, Hrk, Bik) the 
anti-apoptotic proteins or directly activating Bax or Bak 
(i.e., Bim, Bid, Noxa, PUMA) (57, 58).

Lipotoxic stimuli have been shown to modulate expres-
sion and function of Bcl-2 family proteins in hepatocytes 
(16–20, 59). In particular, PUMA is induced by palmitate 
and LPC in cultured hepatocytes and hepatocyte-derived 
cell lines, and hepatocytes genetically deficient in PUMA 
are resistant to lipoapoptosis (20). Thus, PUMA is likely a 
key sensitizer of hepatocytes to lipoapoptosis. PUMA ap-
pears to be upregulated by multiple mechanisms during 
palmitate-induced hepatocyte lipoapoptosis. For example, 
an ER stress pathway involving CAAT/enhancer binding 
homologous protein (CHOP) and activator protein (AP)-1, 
the latter activated by JNK signaling pathways, potently in-
duce PUMA expression by enhancing its transcription (17, 
20). AP-1 and CHOP form a transcription complex induc-
ing PUMA expression following incubation of hepatocytes 
with palmitate. Loss of miR-296-5p during palmitate-in-
duced hepatocyte apoptosis may also contribute to upregu-
lation of PUMA expression by enhancing its translation 
(19). Interestingly, miR-296-5p is reduced in human liver 
specimens from patients with NASH, and varies inversely 
with PUMA mRNA levels in these specimens (19). These 
observations imply that this mechanism of enhanced PUMA 
protein expression during lipotoxicity is germane to human 
NASH. Cellular levels of Kelch-like ECH-associated protein 
1 (Keap1) also regulate hepatocyte expression of PUMA 
(59). Keap1 is an adaptor protein for E3 ligases and initiates 

(18). Similar to Fas, TNFR1 is also upregulated in liver of 
NASH patients (48, 49). TNFR1 and its cognate ligand, 
TNF, play an important role in proinflammatory signal-
ing, development of insulin resistance, and, perhaps, steato-
sis; however, they are not directly implicated in mediating 
lipoapoptosis in the liver (43).

Among the death receptors, TRAIL-R2 (also known as 
DR5) appears to be a major mediator of lipotoxicity in he-
patocytes (18, 50). Again, liver expression of TRAIL-R2 is 
significantly increased in patients with NASH, as well as in 
a murine nutrient-excess model of NASH (51, 52). Palmi-
tate-induced apoptosis is significantly decreased in pri-
mary hepatocytes and the hepatocellular carcinoma cell 
line lacking TRAIL-R2, but not TRAIL-R1 (18). In wild-
type hepatocytes, palmitate treatment increases TRAIL-R2 
expression and changes organization of plasma mem-
brane domains causing clustering and ligand-independent 
activation of TRAIL-R2, leading to caspase 8-dependent 
cell death (Fig. 3) (18). Increased expression of TRAIL-
R2, but not other death receptors, and ligand-independent 
activation of the TRAIL-R2 causing caspase 8-dependent 
apoptosis have recently also been described in cells with 
persistent ER stress (53, 54). Because saturated fatty acids 
also cause ER stress (see below), this TRAIL-R2 proapop-
totic signaling may also contribute to free fatty acid-induced 
lipoapoptosis. It is important to note that palmitate also 
upregulates proapoptotic proteins, such as p53-upregulated 

Fig.  2.  Death receptor-mediated apoptosis. Upon binding of  
a ligand to the extracellular portion of the death receptor, the re-
ceptor intracellular domain recruits adaptor proteins, such as Fas-
associated protein with death domain (FADD) and pro-caspase 8, 
to form a signaling platform termed the death-inducing signal-
ing complex. Caspase 8 then undergoes proteolytic autoactiva-
tion, resulting in direct or indirect (via mitochondria) activation 
of caspases 3, 6, and 7 that execute the final steps of cellular 
demolition.
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free fatty acid-induced hepatocyte apoptosis (61). Al-
though high concentrations of saturated free fatty acids 
will also result in loss of the protective protein, Mcl-1, by 
enhancing its proteasomal degradation (34), hepatocyte-
specific Mcl-1 knockout mice are only minimally more  
susceptible to diet-induced fatty liver disease than are wild-
type mice (unpublished observations). Because hepato-
cytes seem to express only Mcl-1 and Bcl-xL from the 
anti-apoptotic Bcl-2 family of proteins, these findings sug-
gest that Bcl-xL may contribute to hepatocyte cytoprotec-
tion during lipotoxic insults in vivo.

It has long been recognized that unsaturated free fatty 
acids antagonize the proapoptotic effects of saturated fatty 
acids in a variety of cell types (21, 62, 63). Indeed, the 
monounsaturated free fatty acid, palmitoleate, is quite cy-
toprotective during palmitate treatment of hepatocytes 
(21). Palmitoleate reduces expression of both Bim and 
PUMA, likely by diminishing palmitate-induced ER stress; 
this observation further supports a pivotal role for these 
two BH3-only proteins in hepatocyte injury by lipotoxic 

the proteasomal degradation of several proteins [e.g., nu-
clear factor (erythroid-derived 2)-like 2, (Nrf2)]. Hepato-
cyte-specific genetic deletion of Keap1 is associated with 
increased liver steatosis and greater sensitivity of hepato-
cytes to palmitate-mediated lipoapoptosis due to increased 
expression of both Bim and PUMA (59). Loss of Keap1 dur-
ing palmitate treatment of hepatocytes appears to be via 
autophagic degradation of Keap1. Thus, multiple signaling 
networks initiated by lipotoxic stress in hepatocytes con-
verge to enhance PUMA expression, which sensitizes the 
cells to apoptosis (Fig. 3).

Bim may also be upregulated by lipotoxic stimuli through 
activation of the transcription factor, FoxO3a (34). Lipo-
toxic stimuli, such as saturated fatty acids, activate phos-
phatases, which dephosphorylate FoxO3a promoting its 
translocation into the nucleus and induction of Bim tran-
scription (60). These BH3-only proteins, Bim and PUMA, 
likely activate Bax during lipotoxic stress, as active Bax 
is present on mitochondria (15) and lysosomes (61) in 
palmitate-treated hepatocytes and Bax inhibitors attenuate 

Fig.  3.  Apoptotic signaling networks in hepatocyte lipotoxicity. Hepatocyte treatment with palmitate results in ligand-independent clus-
tering and activation of the TRAIL-R2, causing caspase-dependent cell death. Active caspase 8 cleaves Bid into its truncated form (tBid), 
which translocates to mitochondria to promote release of proapoptotic factors, such as cytochrome c. Palmitate also induces ER stress, 
which upregulates proapoptotic PUMA and TRAIL-R2 via transcription factor CHOP. Increased levels of PUMA facilitate hepatocyte apop-
tosis via the mitochondrial pathway. Palmitate has also been found to cause cellular depletion of miR-296-5p, a microRNA that, via comple-
mentary binding to the 3′-UTR of PUMA mRNA, causes its degradation. Loss of miR-296-5p during lipotoxicity removes this break on 
PUMA posttranscriptional regulation, thereby increasing cellular levels of PUMA. Finally, palmitate induces autophagic degradation of 
Keap1, resulting in JNK activation and PUMA upregulation. Along with other proapoptotic inputs, PUMA sensitizes the hepatocyte to Bax 
activation and MOMP culminating in cell death.
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JNK1 deletion may be mediated via its signaling in the pi-
tuitary gland (78).

At a cellular level, similar to the in vivo data, JNK1 appears 
to be the predominant form mediating palmitate-induced 
c-Jun phosphorylation and downstream transcriptional re-
sponses (20). In palmitate-induced lipotoxicity, JNK1 in-
duces the expression of PUMA, as discussed above (Fig. 3) 
(20, 79). Additionally, other proapoptotic proteins are 
also JNK targets in lipotoxicity. JNK can phosphorylate 
and activate the proapoptotic BH3-only proteins, Bim, 
Bad, and Bax, which triggers the mitochondrial pathway 
of apoptosis (15, 79, 80). In addition, JNK induces TRAIL-
R2 expression, which sensitizes steatotic hepatocytes to 
TRAIL-mediated hepatotoxicity (14, 81). We speculate 
that inhibition of this kinase cascade via proximal inhibi-
tion of MLK3, or more distally of JNK, is a potential thera-
peutic strategy for the treatment of human NASH.

LPC-induced proapoptotic signaling
LPC is a phospholipid generated from phosphatidyl-

choline by partial hydrolysis, which removes one of the 
fatty acid groups. This reaction is usually catalyzed by 
PLA2 (6, 28). LPC is also formed in the plasma by lecithin-
cholesterol acyltransferase activity (82). Thus, hepatocytes 
can be exposed to LPC derived from at least two sources. 
These are extracellular plasma LPC and LPC generated 
intracellularly within hepatocytes via PLA2 activity. The 
relative proportion of these two pathways to LPC accumu-
lation in hepatocytes in vivo remains to be clarified.

LPC has been implicated in mediating free fatty acid-
induced lipotoxicity in hepatocytes (6, 16). Han et al. (6) 
observed that conversion products of palmitate, rather 
than palmitate itself, induced hepatocyte lipoapoptosis. 
Interestingly, in this study, the metabolism of palmitate to 
lipid intermediates in the sphingolipid-ceramide pathway 
was not responsible for hepatocyte lipoapoptosis. How-
ever, hepatocytes were protected against palmitate-in-
duced apoptosis when the conversion of palmitate was 
blocked by triacsin C, an acyl-CoA synthetase inhibitor. In 
addition, palmitate-induced cell death was also signifi-
cantly attenuated by inhibition of PLA2, suggesting that 
formation of LPC plays a principal role in palmitate lipo-
toxicity. In line with these observations, LPC intracellular 
levels in cultured hepatocytes increase proportionally to 
the concentration of palmitate treatment (16). Conversely, 
inhibition of PLA2 in hepatocytes leads to decreased fatty 
acid uptake and decreased concentration of intracellular 
LPC (83). Hepatocyte treatment with exogenous LPC 
readily induces lipoapoptosis in primary hepatocytes and 
human hepatocellular carcinoma cell lines (16, 33). 
Whether exogenous LPC is taken up by cells or acts at the 
plasma membrane level to induce signaling is not well-
understood. In the study by Han et al. (6), LPC-induced 
lipoapoptosis appeared to be dependent on an unidenti-
fied G protein-coupled receptor. Kakisaka et al. (16) 
found that hepatocyte treatment with exogenous LPC in-
duced JNK activation, similarly to palmitate. In a JNK-de-
pendent manner, LPC also increased the expression of 
CHOP, an effector protein of ER stress response (16). 

mediators. The cytoprotective effect of palmitoleate may 
be due to more efficient sequestration of palmitate as tri-
glyceride in hepatocytes treated with a combination of pal-
mitate and palmitoleate (21), similar to the effect of oleate 
on palmitate-treated CHO cells (64). In both these stud-
ies, the combination of a monounsaturated fatty acid with 
palmitate mitigated palmitate-induced cell death, while 
enhancing triglyceride deposition.

The role of Bcl-2 proteins in liver lipotoxicity warrants 
further study. Important insights will be gained from their 
study in animal models of NASH. As Bax or Bak pharma-
cologic inhibitors become available, they will also help de-
fine the role of mitochondrial apoptosis in models of 
NASH. Along these lines, we remain intrigued that deliv-
ering miR-296-5p to the liver using nanoparticles could 
also be salutary in human NASH by preventing PUMA 
upregulation.

Free fatty acid-induced MLK3 and JNK signaling
MLK3, a ubiquitously expressed member of a family of 

serine/threonine protein kinases that function in a phos-
pho-relay module to control the activity of downstream 
MAPKs (65, 66), is implicated in NASH pathogenesis (24) 
and palmitate-induced JNK activation (67, 68). We re-
ported that MLK3 genetic deficiency in a murine model of 
diet-induced obesity, insulin resistance, and NASH is pro-
tective against disease progression by decreasing liver 
steatosis, injury, inflammation, and fibrosis (24). These 
effects were accompanied by a reduction in the activating 
phosphorylation of JNK in the liver (24).

JNK is a member of the MAPK family (69). Of the three 
JNK genes, JNK1 and JNK2 are expressed in the liver (69). 
JNK signaling is activated in dietary and genetic animal 
models of NASH (70–72) and in human NASH (20, 73). 
NASH-associated JNK activation was reported in both he-
patocytes and macrophages, causing apoptosis and liver 
inflammation, respectively (74, 75). Interestingly, JNK in 
macrophages is required for tissue infiltration and proin-
flammatory polarization (28). Both JNK1 and JNK2 have 
been implicated in insulin resistance and steatohepatitis 
(69). In a mouse model of obesity, JNK phosphorylates in-
sulin receptor substrate-1, suppressing insulin receptor 
signaling and inducing insulin resistance (76). JNK is di-
rectly implicated in inhibition of fatty acid oxidation and 
susceptibility to steatosis by its hepatic regulation of PPAR 
(77). JNK-induced repression of PPAR suppresses the 
production of fibroblast growth factor 21, consequently 
inhibiting mitochondrial and peroxisomal fat oxidation 
and ketogenesis (77). The specific roles of JNK1 and JNK2 
in NASH are divergent, depending on the dietary model 
used (71, 72). JNK1 mediates mouse steatohepatitis due to 
a diet deficient in methionine and choline (71); whereas, 
when mice are fed a high fat diet, JNK1 predominantly 
mediates steatosis and liver injury, though JNK2 contrib-
utes to proapoptotic protein expression (72). Because 
JNK1 knockout mice are resistant to obesity while on a 
high fat diet, the improved metabolic and hepatic profiles 
cannot be differentiated from the effects of minimal 
weight gain (72). Notably, the anti-obesity effect of genetic 
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CerS6-deleted hepatocytes exhibited increased palmitate 
oxidation, and mice lacking CerS6 in brown adipose tissue 
also showed increased lipid oxidation, suggesting that 
C16:0 ceramide generated by CerS6 inhibits lipid utiliza-
tion in the liver and brown adipose tissue in obesity. Con-
versely, inhibition of ceramide synthesis by myriocin or 
degradation of ceramides by transgenic overexpression of 
acid ceramidases improved hepatic steatosis (87). The ex-
pression of a fatty acid transporter, CD36, was reduced in 
these livers, suggesting that ceramide promotes hepatic 
steatosis by increasing hepatocyte uptake of fatty acids.

In cultured hepatocytes, palmitate-induced apoptosis is as-
sociated with increased cellular ceramide concentrations 
(88). Studies that have examined the effects of inhibition 
of ceramide synthesis on palmitate-induced lipoapoptosis 
have given mixed results (6, 88). Sphingomyelinases and 
the salvage pathway of ceramide synthesis are linked to death 
receptor-induced apoptosis in hepatocytes (89–91). Fas 
ligand-activated Fas signaling led to acid sphingomyelinase-
dependent ceramide synthesis with subsequent formation of 
reactive oxygen species in rat hepatocytes (89). In mouse and 
rat hepatocytes undergoing TNF-induced apoptosis, endog-
enous C16:0 ceramide levels were found to be elevated (90). 
Furthermore, an increase in lysosomal ceramide and sphin-
gosine was reported in liver cell lines undergoing apoptosis 
via TNF/cyclohexamide-induced lysosomal permeabili-
zation (91). This was mediated by both acid sphingomye-
linase and neutral sphingomyelinase. Whether ceramides 
directly alter the apoptotic pathway or machinery in 
palmitate-loaded hepatocytes remains to be elucidated.

Lipid-activated ER stress response
The unfolded protein response, mediated by three trans-

membrane ER proteins, inositol requiring enzyme-1, 
protein kinase-like ER kinase (PERK), and activating tran
cription factor 6, is increasingly linked to both lipid me-
tabolism and lipotoxic signaling (92). Given that this topic 
is covered in another review in this series, we will limit our 
discussion to the context of palmitate or LPC-mediated 
hepatocyte apoptosis. Palmitate-induced hepatocyte apop-
tosis is mediated, in part, by ER stress-induced activa-
tion of CHOP (18). Moreover, CHOP upregulates the 
proapoptotic protein, PUMA, and the cell surface death 
receptor, TRAIL-R2 (17, 18), though additional pathways 
may play a role (93). Surprisingly, CHOP knockout mice 
were sensitized to the development of high fat diet- 
induced steatohepatitis and methionine-deficient choline-
deficient diet-induced steatohepatitis (94). This was due 
to a dominant in vivo effect of CHOP deletion in macro-
phages, which allowed the persistence and accumulation 
of macrophages in the liver, thus increasing the proin-
flammatory milieu (94).

SUBLETHAL INFLAMMATION AND INJURY

Palmitate can activate signaling events in macrophages 
that either occur independently of cell death or precede 
cell death. In macrophages, palmitate and other saturated 

CHOP-mediated upregulation of PUMA, a potent pro-
apoptotic BH3-only protein of the Bcl-2 family, then trig-
gered caspase-dependent cell death. Being an intracellular 
metabolite, exogenous LPC treatment might be less physi-
ologic than treatment with palmitate itself. On the other 
hand, LPC-induced lipoapoptosis is dependent on mecha-
nisms largely indistinguishable from palmitate-induced li-
poapoptosis, consistent with the notion that LPC mediates 
palmitate-induced lipotoxicity in hepatocytes.

Finally, the potential role of LPC in human disease has 
also been highlighted by the accumulation of this lipid in 
the liver of NASH patients (3, 6). The total phospholipid 
content in the NASH liver appears to be decreased and, 
therefore, the reduced phospholipid/LPC ratio may indi-
cate an increase in PLA2 activity (3, 83). Consistent with this 
notion, PLA2 deletion in ob/ob mice, a genetic model of 
NAFLD, significantly decreased the development of sponta-
neous liver steatosis in (84). Future studies will need to con-
firm whether PLA2 activity is increased during NASH.

Ceramides in NASH
Ceramides are sphingolipids that function as lipid sec-

ond messengers. Ceramide is generated at the ER via  
condensation of palmitoyl-CoA and serine, in a reaction 
catalyzed by serine palmitoyltransferase, to form 3-keto-
sphinganine, which is converted to ceramide by a series of 
enzymatic steps in the de novo ceramide synthesis pathway 
(22). A link between ceramide and lipoapoptosis was sug-
gested by the work of Unger and colleagues in pancreatic 
 cells and diabetic mice (85). Palmitate loading of  cells 
led to increased serine palmitoyltransferase activity and 
ceramide formation. In the same study, inhibition of de 
novo ceramide synthesis in vivo in prediabetic rats miti-
gated  cell lipoapoptosis. Subsequently, ceramide accu-
mulation in fatty livers has been reported in both human 
NAFLD and mouse models of NAFLD and NASH (5, 25, 
39). In fact, some species of ceramides could differentiate 
steatosis from NASH in one study (5), suggesting a role 
in disease progression. Ceramide can also be generated 
by hydrolysis of sphingolipids by sphingomyelinases in 
the plasma membrane or lysosomes, via salvage pathways, 
without direct synthesis from palmitate (23). Though 
sphingomyelinases have been studied in alcohol-induced 
liver disease (86), their contribution to obesity-associated 
NASH is an area that warrants additional studies.

Two recent studies have underscored the importance of 
C16:0 ceramide in the pathogenesis of dietary steatohepa-
titis in mice and suggested a role for this in humans.  
Raichur et al. (39) generated mice haploinsufficient for 
ceramide synthase (CerS)2. These mice displayed en-
hanced susceptibility to high fat diet-induced liver injury 
with associated hepatic accumulation of C16:0 ceramide. 
Hepatocytes isolated from these mice demonstrated im-
paired mitochondrial fatty acid oxidation, due to impaired 
electron transport chain. Turpin et al. (25) demonstrated 
increased expression of CerS6 in white adipose tissue of a 
large cohort of obese subjects. They subsequently deleted 
CerS6 in mice. These mice were protected from diet-induced 
obesity, insulin resistance, and hepatosteatosis. Interestingly, 
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Other potentially important fatty acid-induced signaling 
pathways

A number of other signaling pathways have been shown, 
in other tissues, to be engaged during lipotoxic stress, but 
thus far, there is limited evidence that these pathways play 
a central role in the response to lipid metabolic stress in 
the liver. Palmitate can activate PKC isoforms in several 
cell types, including pancreatic  cells, adipocytes, skeletal 
myocytes, and hypothalamic neurons (87, 88, 91, 92, 94–
97). In pancreatic  cell lines, palmitate-induced activa-
tion of PKC induces NADPH oxidase activity and leads to 
production of reactive oxygen species (111). In 3T3-L1 
adipocytes, in addition to promoting insulin resistance, 
palmitate activation of PKC- signals downstream through 
JNK and NF-B (100). In vascular smooth muscle cells, ac-
tivation of several PKC isoforms was associated with palmi-
tate-induced apoptosis (112). While oxidative stress and 
signaling through JNK and NF-B have been implicated in 
NASH, the potential contributions of these PKC pathways 
to NAFLD progression are not well-understood.

Conversely, palmitate can inhibit PKB, a key mediator 
of cellular metabolic responses (113, 114). In hepatocytes, 
palmitate-induced apoptosis was associated with inhibition  
of PKB activation (115, 116) and decreased insulin-in-
duced PKB phosphorylation (99, 117). In additional cell 
types, such as myocytes, insulin resistance due to palmitate 
is also manifest as PKB inhibition (118). Whether palmi-
tate inhibition of PKB signaling contributes to progression 
of NAFLD is not known.

PKR signaling is activated by palmitate in cultured cells, 
including hepatocytes, adipocytes,  cells, and myocytes. 
Though PKR is convincingly activated by palmitate, its in 
vivo role is less clear. While early studies suggested that 
lipid-induced PKR activation in the liver contributed to in-
sulin resistance (109–111), a recent study demonstrated 
that deletion of PKR in mice did not ameliorate high  
fat diet-induced hepatic steatosis or glucose metabolism 
(119). Furthermore, macrophages from PKR knockout 
mice had no defects in palmitate-induced proinflamma-
tory signaling. In none of these studies, however, was there 
clear evidence that induction of the PKR signaling path-
way in hepatocytes or Kupffer cells contributed to the de-
velopment of NASH.

Ballooned hepatocytes
Hepatocytes with ballooning degeneration are a promi-

nent histopathological feature of lipotoxic liver injury.  
Indeed, the magnitude of hepatocellular ballooning cor-
relates with NASH severity and is used to calculate the dis-
ease activity score (120, 121). Ballooned hepatocytes are 
characterized by cellular swelling and enlargement, a cen-
tral nucleus and reticulated cytoplasm, loss of keratin 8 
and 18, and accumulation of ubiquitinated proteins (122). 
Another distinctive feature of ballooned hepatocytes is 
their production of sonic hedgehog, a ligand of the devel-
opmental hedgehog signaling pathway (31). In other cell 
types, sonic hedgehog generation has been described in 
response to stress in Drosophila melanogaster cells in which 
the cell death program has been initiated but cannot be 

free fatty acids can directly activate toll-like receptors 
(TLRs), with subsequent activation of the proinflamma-
tory transcription factor, nuclear factor-B (NF-B). This 
nonlethal proinflammatory signaling is discussed below. 
Palmitate can activate several kinase pathways in myriad 
cell types (95–100). Palmitate-induced activation of protein 
kinase C (PKC), protein kinase B (PKB), and double-stranded 
RNA-dependent protein kinase (PKR) are well-studied in 
cell types other than hepatocytes and, therefore, are only 
briefly mentioned. Furthermore, in recent years, nonle-
thal proapoptotic signaling events generated in lipotoxic 
hepatocytes have gained importance due to improvements 
in our ability to dissect the signaling events emanating 
from these stressed steatotic hepatocytes. In this context, 
we discuss the importance of ballooned hepatocytes and 
lipotoxic hepatocyte-derived EVs.

Free fatty acid-induced TLR and NF-B activation
TLRs are a family of pattern recognition receptors, me-

diators of innate immune responses that are tightly associ-
ated with the detection of pathogen-associated molecular 
patterns and endogenous damage-associated molecular 
patterns (DAMPs), including the widely expressed high-
mobility group box 1 (101, 102). Obesity-associated chronic 
low-grade inflammation in insulin target tissues is a major 
contributor to insulin resistance (103). This inflammation 
is mediated, at least in part, by saturated fatty acids that 
stimulate proinflammatory pathways in a TLR4-dependent 
manner in adipocytes and macrophages (104). TLR4 sig-
naling leads to the activation of the transcription factors, 
NF-B and AP-1, resulting in the production of inflamma-
tory cytokines (104). Furthermore, saturated fatty acids 
can activate myeloid proinflammatory cells via TLR2/4 
and JNK signaling pathways, thereby promoting inflamma-
tion and subsequent peripheral insulin resistance (105). 
Though endotoxin contamination of BSA has been a con-
cern in palmitate-induced TLR4 activation (106), macro-
phages do activate TLR4 signaling when treated with 
palmitate without BSA (107). In an elegant study, Pal et al. 
(108) identified fetuin-A, a liver-derived circulating glyco-
protein, as an endogenous ligand that directly links satu-
rated fatty acids to TLR4 activation in adipocytes, leading 
to NF-B activation and upregulation of the inflammatory 
cytokines, interleukin-6 and TNF-, resulting in insulin re-
sistance. Moreover,  cells respond to the palmitate via the 
TLR4 signaling pathway and produce chemokines that re-
cruit proinflammatory monocytes/macrophages to the is-
lets (109). Depletion of proinflammatory cells protected 
mice from palmitate-induced  cell dysfunction. In hepa-
tocytes, palmitate-induced high-mobility group box 1 re-
lease mediates the activation of TLR4 signaling in an 
autocrine manner, leading to hepatocyte NF-B activation 
and cytokine expression (110). Taken together, these 
studies provide evidence that palmitate-induced TLR acti-
vation in hepatocytes and macrophages enhances the re-
lease of inflammatory cytokines and contributes to the 
development of insulin resistance and the progression of 
NASH, though it is not linked to palmitate-induced hepa-
tocyte apoptosis.
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or plasma membrane origin, termed exosomes or mi-
crovesicles, respectively, and EVs collectively. EVs act as 
messengers of information that mediate intercellular com-
munication and regulate functions of target cells (125). 
EVs are constitutively released under physiologic condi-
tions into various body fluids (125). Pathogenic stimuli 
may further increase the number of released vesicles and 
modify their cargo, as demonstrated by an elevated num-
ber of circulating EVs in mouse models of liver ischemia 
reperfusion injury (126) and NASH (33, 127).

EVs have been implicated in lipotoxic signaling in sev-
eral recent studies (Fig. 4). One of the first reports of their 
significance in NASH was the observation that repeated 
injections of EVs isolated from the serum of high fat diet-
fed mice to chow diet-fed mice resulted in hepatic inflam-
mation and promoted the development of fatty liver 
disease (128). Later, several studies have clearly demon-
strated that EV release from hepatocytes is significantly 
increased upon treatment with lipids such as palmitate, 
LPC, and even ceramide loading of cells (27, 33, 127, 129). 
Consistent with the emerging literature, lipotoxic EVs are 
heterogeneous. This applies to the mechanisms of biogen-
esis and release, cargo contained therein, and effects on 
target cells. For example, LPC-mediated EV release from 
hepatocytes is MLK3-dependent, and MLK3 regulates the 
chemotactic cargo of the EVs (129). Specifically, the abun-
dance of the potent chemokine C-X-C motif ligand 10 
(CXCL10) is significantly reduced in LPC-stimulated 
MLK3-deficient hepatocytes or by pharmacologic inhibi-
tion of MLK3. Likewise, MLK3 knockout mice fed a high 
fat, fructose, and cholesterol diet (56) have reduced 
CXCL10 levels in plasma EVs (129). This, in turn, is associ-
ated with hepatoprotection against diet-induced liver 
injury and inflammation.

LPC-stimulated hepatocyte EVs appear to originate mainly 
from the plasma membrane, as their release is sensitive to 

executed (123). These cells exist in “undead” state and se-
crete various factors, including sonic hedgehog, to pro-
mote tissue remodeling. On this basis, Kakisaka et al. (30) 
suggested that ballooned hepatocytes have a cellular phe-
notype similar to undead cells and modeled undead bal-
looned hepatocytes in vitro by treating caspase 9-deficient 
liver-derived cell lines with palmitate. Caspase 9-deficient 
cells were not only protected against palmitate- and LPC-
induced lipoapoptosis, but also displayed increased ex-
pression of sonic hedgehog upon palmitate and LPC 
treatment in a JNK-dependent manner. In this experimen-
tal paradigm, sonic hedgehog also served as an autocrine 
survival factor for the lipotoxic hepatocytes.

Tunicamycin-induced ER stress also enhances expres-
sion and secretion of sonic hedgehog by hepatocytes (31). 
In these studies, sonic hedgehog generated by hepato-
cytes has been suggested as a paracrine profibrotic fac-
tor for stromal cells, which are thought to be the major 
hedgehog-responsive cells. Hepatocytes also express com-
ponents of the hedgehog signaling cascade, e.g., plasma 
membrane receptor smoothened, and may represent an 
important target of hedgehog signaling during lipotoxic-
ity (51). Activation of Gli1, a transcription factor mediat-
ing canonical hedgehog signaling, increased production 
of osteopontin by hepatocytes, which in turn promoted 
macrophage-associated proinflammatory response in a 
paracrine fashion (124). Finally, inhibition of hedge
hog signaling by pharmacological inhibitors of smooth 
ened (vismodegib and erismodegib) or genetic deletion 
of smoothened in the liver parenchyma prevents liver 
injury, inflammation, and fibrosis in mouse models of 
NAFLD and NASH (51, 124).

EVs and inflammation
Cells release diverse types of membrane-bound nanoparti-

cles into the extracellular milieu. These can be of endosomal 

Fig.  4.  EVs in lipotoxic signaling and therapeutic 
opportunities. Hepatocyte lipotoxicity promotes EV 
release. Recent in vitro and in vivo studies have de-
fined multiple roles of lipotoxic EVs in NASH patho-
genesis through cell-to-cell communication via various 
cargoes. CXCL10 and ceramide-enriched EVs medi-
ate monocyte/macrophage chemotaxis to the liver, 
while TRAIL-enriched EVs contribute to macrophage 
activation resulting in the sterile inflammatory re-
sponse observed in a nutrient excess mouse model 
of NASH. Vanin 1-enriched EVs mediate endothelial 
cell migration and tube formation in vitro and neovas-
cularization in a NASH mouse model, while miR- 
128-3p-laden EVs enhance HSC proliferation and 
activation in vitro. Inhibition of EV release and modu-
lation of EV cargo to interrupt deleterious target cell 
responses are opportunities for EV-based therapies.
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EVs as potential macrophage activators and their regula-
tory relationship merits further studies.

REFLECTION AND VISION

What have we learned about hepatic lipotoxicity?
Considerable information has been gleaned from in vi-

tro and in vivo model systems regarding hepatic lipotoxic-
ity. We have reviewed above what we believe are the 
significant observations from both a scientific and clinical 
perspective. The best information in humans suggests that 
triglycerides in hepatic steatosis are derived 60% from cir-
culating free fatty acids, 26% from hepatic de novo lipo-
genesis, and 14% from the diet (132). Moreover, despite 
the clinical fascination with fat in the liver, we now under-
stand the formation of neutral triglycerides is not injuri-
ous to the liver and likely represents both an evolutionarily 
conserved pathway for fatty acid storage and also a detoxi-
fication pathway for saturated free fatty acids (64, 133–
136). Indeed, inhibiting triglyceride synthesis improves 
hepatic steatosis, but exacerbates liver damage, in obese 
mice with NASH (136). This information supports the use 
of free fatty acids to study lipotoxicity in vitro. We have 
learned that NASH is a very proapoptotic disease (44), 
and inhibition of apoptosis may well be therapeutic in this 
disease (137). Consistent with these observations, palmi-
tate and stearate induce robust apoptosis in hepatocytes 
(75); saturated fatty acids are more toxic than unsaturated 
fatty acids, but even unsaturated fatty acids, such as oleate, 
sensitize hepatocytes to death receptor-mediated apopto-
sis (14, 46). The role of ER stress in mediating lipotoxic 
events has also been clarified in a multitude of observa-
tions (38, 138). Thus, the role of free fatty acids in mediat-
ing primary hepatocyte apoptosis is clear and the relevance 
of this model to human NASH has been established. 
Nonetheless, primary hepatocyte lipotoxicity is likely in-
sufficient to cause hepatic damage and cirrhosis, and likely 
progressive hepatic injury also requires activation of the 
innate immune system, especially macrophages (139). For 
example, inhibiting macrophage recruitment into the 
liver is salutary in a murine model of NASH (32). This in-
formation has led to the following working framework: the 
insulin resistance of obesity results in a surfeit of circulat-
ing free fatty acids which inundate the liver, resulting in 
free fatty acid-mediated ER stress, apoptosis, and inflam-
mation culminating in human NASH.

What are the current unanswered questions?
There are myriad unanswered questions in NASH patho-

genesis and therapy, of which we will discuss two major 
avenues of future pursuit. First, considerable data sug-
gest that hepatic farnesoid X receptor agonists are bene-
ficial in human NASH (140). We need to understand 
how these agonists disrupt hepatocyte apoptosis or render 
free fatty acids nontoxic. Such an understanding may pro-
vide insight into better therapeutic strategies for human 
NASH. Second, we need to understand how lipotoxicity 

inhibition by fasudil, an inhibitor of Rho-associated coiled-
coil containing protein kinase 1 (33). This phenomenon 
precedes cell death; however, it requires activation of 
the TRAIL receptor proapoptotic pathway, consisting of 
the TRAIL receptor → caspase 8 → caspase 3 signaling 
cascade. These EVs are biologically potent, as they induce 
macrophage activation, partly by a TRAIL-dependent 
mechanism. Consistent with these in vitro data, the Rho-
associated coiled-coil containing protein kinase 1 inhibi-
tor, fasudil, decreased NASH-induced circulating EVs, 
which was associated with a reduction in liver injury, in-
flammation, and fibrosis (33).

EVs derived from lipotoxic hepatocytes also mediate an-
giogenesis (127). Neovascularization is an important path-
ological feature of NASH and correlates with fibrosis 
severity (127). Lipotoxic EVs were laden with Vanin 1, an 
ectoenzyme with known cell migration and adherence 
properties. Vanin 1-containing EVs induced endothelial 
cell migration and tube formation in vitro, and angiogen-
esis in a NASH mouse model, in a Vanin 1-dependent 
mechanism. EVs derived from Vanin 1-deficient HepG2 
cells failed to induce significant endothelial cell migration 
and tube formation. Likewise, administration of siRNA 
against Vanin 1 to mice on a methionine and choline-
deficient diet protected these mice against steatohepatitis-
induced pathological angiogenesis in the liver (127).

Lipid cargo within EVs is also important in NASH patho-
genesis. It was recently demonstrated that palmitate- 
induced ER stress leads to an enhanced release of EVs (27). 
Furthermore, palmitate-induced EV release is mediated by 
the unfolded protein response sensor, inositol requiring 
enzyme-1, and its downstream target, X-box binding pro-
tein 1 (XBP-1). Palmitate-induced EVs are enriched in 
C16:0 ceramide and mediate macrophage chemotaxis via 
ceramide-derived sphinogosine-1-phosphate signaling (27).

On the other hand, emerging data suggest that mi-
croRNA carried within EVs may be important in NASH-
induced fibrosis. For example, miR-128-3p is enriched in 
EVs released by lipotoxic hepatocytes and efficiently inter-
nalized by hepatic stellate cells (HSCs) (130). The miR-
128-mRNA regulatory network identified by the Ingenuity 
Pathway Analysis showed that miR-128-3p regulates several 
proteins involved in liver fibrosis and HSC activation. 
Among several hepatic pathological conditions, liver fibro-
sis was the third most regulated by miR-128-3p. Hepatic 
miR-128-3p levels were markedly increased in two diet-in-
duced NAFLD/NASH mouse models (130). The exposure 
of HSC to miR-128-3p-depleted EVs resulted in downregu-
lation of profibrogenic markers (e.g., -smooth muscle 
actin, collagen11) and upregulation of the HSC quies-
cence regulator, PPAR-, compared with miR-128-3p-con-
taining EVs. Likewise, miR-128-3p-depleted EVs attenuated 
HSC proliferation and migration.

There are likely multiple mediators of macrophage che-
motaxis and activation within the lipotoxic hepatocyte 
EVs. In fact, our EV protein mass spectrometry analysis 
demonstrated that these EVs contain many DAMPs (32). 
These DAMPs are known to activate inflammatory re-
sponses in mammals (131). The role of DAMP-enriched 
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promotes macrophage-associated inflammation in the 
liver. In keeping with this, we need to test to determine 
whether the lipotoxic liver secretes molecules that are di-
rectly proinflammatory. Early data from our laboratory 
suggest that lipotoxic hepatocytes release EVs laden with 
chemokines, DAMPs, and proinflammatory lipids (27, 33, 
129). EVs are also known to contain microRNAs which can 
modulate target cell function. These observations raise 
several interesting scientific questions such as (Fig. 4): i) 
Do free fatty acids drive vesicle biogenesis and/or packag-
ing of molecules into the vesicles? ii) What are the effects 
of these vesicles on innate immune cells, surrounding he-
patocytes, endothelial cells, and stellate cells in the liver? 
iii) Can we modulate the generation of these proinflam-
matory vesicles as a therapeutic strategy for NASH? Finally, 
we need to better understand how the innate immune re-
sponse modulates liver metabolism of free fatty acids. The 
next generation of questions in hepatic lipotoxicity prom-
ises to be very exciting and hopefully will advance thera-
peutic opportunities for NASH.
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