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Abstract
Non alcoholic fatty liver disease (NAFLD), hepatic insulin resistance and type 2 diabetes are all
strongly associated and are all reaching epidemic proportions. Whether there is a causal link
between NAFLD and hepatic insulin resistance is controversial. This review will discuss recent
studies in both humans and animal models of NAFLD that have implicated increases in hepatic
diacylglycerol content leading to activation of PKCε resulting in decreased insulin signaling in the
pathogenesis of NAFLD associated hepatic insulin resistance and type 2 diabetes. The DAG-
PKCε hypothesis can explain the occurrence of hepatic insulin resistance observed in most cases
of NAFLD associated with obesity, lipodystrophy and type 2 diabetes.
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Introduction
NAFLD affects up to 30% of adults and up to 10% of children in developed countries (1, 2).
The disease begins with the accumulation of triglyceride in the liver and is defined as the
presence of cytoplasmic lipid droplets in more than 5% of hepatocytes or triglyceride levels
exceeding the 95th percentile for lean, healthy individuals without significant alcohol
consumption and negative viral and autoimmune liver disease (2–4). Ectopic accumulation
of hepatic lipids has clearly been linked to the development of hepatic insulin resistance and
type 2 diabetes (5, 6). The present review will focus on the physiological and cellular
mechanisms that lead to NAFLD as well as the cellular and molecular mechanisms for lipid-
induced hepatic insulin resistance.

Overview: Hepatic lipid metabolism
NAFLD develops when the rate of hepatic triglyceride synthesis, due to increased hepatic
fatty acid uptake and esterification into triglyceride (TAG) as well as from de novo synthesis
of TAG from carbohydrate and protein metabolism, exceeds the rate of hepatic TAG
catabolism due to fatty acid oxidation and export of TAG as very low density lipoproteins
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(VLDL). The liver derives most of its energy for metabolism from fatty acid oxidation
during both fasting and feeding and the contributions of fatty acid oxidation to hepatic
energy metabolism approaches 100% with hepatic steatosis (7) Circulating fatty acids are
taken up into the liver through specific membrane proteins, i.e. FATP2 and FATP5, FAT/
CD36 and caveolins (3, 8). Part of the intracellular pathways of lipid storage, mobilization,
synthesis, oxidation and export are portrayed in Figures 1 and 2.

Hepatic lipid metabolism, DAGs and hepatic insulin resistance
Numerous studies have demonstrated a strong relationship between intramyocellular lipids
and muscle insulin resistance (3, 9, 10). Studies in normal weight, nondiabetic adults found
that intramyocellular triglyceride content is a far stronger predictor of muscle insulin
resistance than circulating fatty acids (11), suggesting that intramyocellular lipids may be
playing a causal role in muscle insulin resistance. In fact, insulin sensitive and resistant
obese subjects can be separated on the basis of muscle and liver lipid accumulation (12). In
rodent models when plasma fatty acids were increased by infusing Liposyn along with
heparin to activate lipoprotein lipase muscle insulin resistance developed at ~3 hours into
the infusion when diacylglycerols (DAG) increased and PKCθ was activated (13). In
contrast there were no changes in muscle triglyceride or ceramide content at this time thus
disassociating these lipids as causal factors in the pathogenesis of lipid-induced muscle
insulin resistance. DAGs are second messengers activating members of novel protein kinase
C (nPKC) family. These findings of DAG-mediated muscle insulin resistance have
subsequently been translated and confirmed in humans (14–16).

Hepatic steatosis and hepatic insulin resistance can be induced in mice and rats with 3 days
of high-fat diet (HFD) before the development of obesity (17). Livers of these 3-day HFD
fed rats showed increases in hepatic DAG species originating mainly from dietary sources.
Similar to the muscle studies there were no alterations in liver ceramide content thus
disassociating hepatic ceramide content from hepatic insulin resistance in these studies. The
connection between hepatic DAG accumulation and hepatic insulin resistance could be
attributed to activation of PKCε, which is highly expressed in liver (17). These changes
were associated with reductions in insulin-stimulated insulin receptor substrate-2 (IRS-2)
tyrosine phosphorylation by the insulin receptor kinase leading to reductions in insulin
stimulation of hepatic glycogen synthesis and suppression of hepatic glucose production
(Figure 2). The fact that hepatic insulin resistance occurred prior to any changes in systemic
insulin resistance, inflammation or adipose tissue mass, argues strongly in support of a
primary causal role of DAG-PKCε in mediating hepatic insulin resistance (18).

The specific role of PKCε in causing hepatic insulin resistance was also directly examined.
Knock-down of hepatic expression of PKCε using antisense oligonucleotides in rats as well
as PKCε gene knockout mice were both found to protected from lipid-induced hepatic
insulin resistance when fed a HFD despite the development of hepatic steatosis (18, 19).

Complementary lines of evidence confirm a pivotal role of DAGs in the development of
hepatic insulin resistance. First, mitochondrial acyl-CoA:glycerol-sn-3-phosphate
acyltransferase (mtGPAT) catalyzes the formation of lysophosphatidic acid (LPA) from
fatty acyl CoA and glycerol 3-phosphate (Figure 1). When mtGPAT-deficient
(mtGPAT1−/−) mice are placed on a high-fat diet, they accumulate hepatic fatty acyl-CoA,
but not hepatic diacylglycerol and triglyceride (20). Furthermore they are protected from
lipid-induced hepatic insulin resistance thus dissociating hepatic fatty acyl-CoA content
from hepatic insulin resistance. Second, DGAT proteins catalyze the addition of fatty acids
to DAGs, and it is highly expressed with increased fat content on lipid droplet membranes
(21). Mice overexpressing hepatic DGAT2 develop hepatic steatosis associated with hepatic,
but not peripheral, insulin resistance (22). Hepatic insulin resistance in these mice is
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associated with increased hepatic DAG content, PKCε activation and impaired insulin
signaling at the level of the insulin receptor kinase. DGAT2 knock down in rat liver, using
antisense oligonucelotides, leads to protection from high fat feeding-induced hepatic
steatosis (23). Surprisingly, hepatic DAG content was found to be reduced along with
decreased PKCε activation and protection from lipid-induced hepatic insulin resistance. This
reduction in hepatic DAG content in the presence of decreased hepatic DGAT2 expression
could be explained by down regulation of SREBP1c and the lipogenic pathway as an
adaptive response to blocking the lipogenic pathway at DGAT 2 leading to increases in
intrahepatic fatty acids (23).

An emerging role has been described for the endocannabinoid system in the development of
hepatic lipid accumulation and hepatic insulin resistance. Endocannabinoid are taken up into
hepatocytes by specific transporters, such as fatty acid binding proteins (FABP) FABP5,
FABP7 (24, 25). The arachidonic acid derivatives act upon cannabinoid receptor 1 (CB1)
and 2 (CB2). Both, the receptors as well as specific endocannabinoids, such as 2-AE, are
increased in mouse models of dietary triggered obesity in the liver (26–28). Activation of
CB1 has been proposed to induce a lipogenic program via the induction of ER stress (26) as
well as of transcription factors SREBP1c and CREBH, activating the phosphatidic acid
phosphatase Lipin-1 (29). This increases the formation of DAGs, which induce PKC-ε and
inhibit insulin receptor signaling. Intriguingly DAG may be transformed into 2-AE again,
potentially initiating a feed forward loop leading to and aggravating hepatic steatosis and
insulin resistance (30).

Confirmation of this key interaction between DAG, activation of PKCε, and insulin
resistance has been demonstrated in numerous other rodent models of NAFLD-associated
hepatic insulin resistance (7, 18, 20, 23, 31–38).

Development of NAFLD and hepatic insulin resistance
Increased caloric intake—The most common cause of NAFLD in developed countries
can most likely be attributed to increased caloric intake exceeding rates of caloric
expenditure (3, 9, 39). This relationship between the nutritional state and NAFLD is
reflected by the high prevalence of NAFLD and insulin resistance among obese individuals
(40–43). The relationship raises the question why excess calories are not exclusively stored
in adipose tissue, the primary storage site of triglycerides (44)?

Several lines of evidence suggest that regional mobilization of circulating triglycerides and
fatty acid transport is altered in obese patients with NAFLD. Lipoprotein lipase (LpL)
hydrolyzes circulating TAG, followed by tissue uptake through fatty acid transport proteins
(FATPs) together with FAT/CD36 (45). LPL activity in adipose tissue in response to insulin
seems to be blunted in obese patients (46), while NAFLD is associated with increased
hepatic LPL and FATP expression (47). FATPs and FAT/CD36 have been shown to be
increased in liver but decreased in adipose tissue of obese patients with NAFLD compared
to obese subjects with normal intrahepatic lipid content (IHLC)(48, 49).

Hepatic overexpression of LpL (50, 51) or viral gene delivery of hepatic CD36 causes
specific accumulation of lipids in the liver as well as hepatic insulin resistance (52), while
deletion of hepatic fatty acid transport proteins, protects against the development of hepatic
steatosis and insulin resistance. (53) Taken together, these studies suggest that in
nutritionally-induced obesity, fatty acids are misrouted from adipose tissue to liver and
skeletal muscle, where they are re-esterified into diacylglycerols, activating PKCε in liver
and PKCθ in skeletal muscle, mediating hepatic insulin resistance in these organs.
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Lipid storage defects: Lessons Learned from Lipodystrophies—Lipodystrophies
are diseases characterized by a loss of adipose tissue, including visceral fat and serve as
excellent models to study the effect of reduced lipid storage capacity on the distribution of
lipids in other, ectopic sites (e.g. liver and muscle). Mice expressing the dominant-negative
protein A-ZIP/F-1 lack white adipose tissue. They develop hypertriglyceridemia, hepatic
steatosis and severe insulin resistance in liver and skeletal muscle (54). Transplantation of
white adipose tissue in these mice decreases hepatic steatosis and improves hepatic and
peripheral insulin sensitivity (54). Leptin is also able to correct many of the metabolic
defects associated with lipodystrophy in mice and humans (55, 56). Leptin replacement in
lipodystrophic patients markedly reduces both, hepatic and intramyocellular lipid content,
which mostly could be attributed to reduction in caloric intake, with concomitant
improvement in both hepatic and peripheral insulin sensitivity (56). Taken together these
studies clearly dissociate the quantity of body fat as well as visceral fat from insulin
resistance and suggest that it is the tissue specific distribution of fat in liver and skeletal
muscle, not the whole body quantity of fat, that determines liver and muscle insulin
resistance.

This notion is further supported by the role peroxisome proliferators-activated receptor γ
(PPARγ) in hepatic steatosis. PPARγ is highly expressed in adipose tissue and plays a key
role in promoting fatty acid uptake into adipocytes and adipocyte differentiation (57).
Patients with dominant negative mutations in PPARγ develop NAFLD and the metabolic
syndrome suggesting increased triglyceride delivery to the liver (58). PPARγ is present in
the liver to a much lesser degree than in adipose tissue. Liver-specific PPARγ deficient mice
are protected against the development of hepatic steatosis suggesting a role for hepatic
PPARγ in the regulation of hepatic triglyceride accumulation (59, 60). Thiazolidinediones
(TZDs), therapeutic ligands for PPARγ, decrease hepatic TAG and intramyocellular fat
content, promote a redistribution of fat to subcutaneous fat tissue and increase hepatic and
muscle insulin sensitivity (61–63). Together, these data show that the ability of adipose
tissue to adapt to overfeeding by means of hypertrophy and triglyceride storage plays a
protective role in the development and maintenance of NAFLD. Activation of related target
genes in adipocytes, such as PPARγ, can indirectly alter hepatic fat content.

Muscle insulin resistance—Primary insulin resistance in skeletal muscle can also lead
to a redistribution of substrates towards the liver, resulting in hepatic steatosis and
subsequently hepatic insulin resistance through the accumulation of hepatic DAGs with
activation of PKCε. Evidence in support of this hypothesis comes from mice with muscle-
specific inactivation of the insulin receptor gene (MIRKO-mice) (64). In these mice insulin-
stimulated muscle glucose transport and glycogen synthesis were suppressed by more than
80%, and insulin-stimulated glucose transport in adipocytes was increased threefold,
demonstrating that selective insulin resistance in skeletal muscle can lead to compensatory
hyperinsulinemia leading to the rerouting of substrates toward ectopic sites, such as the
liver. These observations were confirmed in mice lacking muscle glucose transporter 4
(GLUT4). These mice have a near-complete loss of insulin-stimulated muscle glucose
uptake associated with hepatic steatosis and insulin resistance (65). These findings have
been translated to humans. In individuals with selective insulin resistance in skeletal muscle,
as observed in healthy, young, lean, individuals in the bottom quartile of whole-body insulin
sensitivity, ingested carbohydrates are diverted away from muscle glycogen synthesis and
toward hepatic de novo lipogenesis, predisposing these individuals to NALFD and hepatic
insulin resistance (66). Furthermore, a recent study showed that a single bout of exercise
reversed defects in insulin-stimulated muscle glucose transport and glycogen synthesis (67).
This improvement resulted in decreased hepatic de novo lipogenesis and reduced net hepatic
triglyceride synthesis following a high carbohydrate meal, demonstrating that skeletal
muscle insulin resistance is an early therapeutic target for the prevention and treatment of
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NAFLD and subsequently, hepatic insulin resistance (67). These findings are supported by a
study that showed that the effect of improved physical fitness on insulin sensitivity in
overweight to obese subjects is mediated through a reduction in hepatic fat content (68).
Chronic exercise without reduction in body weight or whole body fat also leads to a
reduction in hepatic fat content, without changing VLDL secretion rates (69). Together,
these studies in mice and humans support the concept that selective muscle insulin
resistance, which is one of the earliest metabolic abnormalities detected in young lean
offspring of parents with type 2 diabetes, can be an important and early factor in the
pathogenesis of NAFLD and hepatic insulin resistance.

Genetics and NAFLD
ApoC3, hepatic steatosis and hepatic insulin resistance—Apolipoprotein C3
(ApoC3) is a protein component of VLDL, inhibiting lipoprotein lipase to regulate lipid
distribution to different organs and tissues. Two common gene variants (e.g., C-482T/
T-455C) in the insulin response element of the apoCIII gene promoter lead to a loss of the
suppression effect of insulin on ApoC3, resulting in increased hepatic gene expression of
apo CIII leading to increased plasma concentrations of ApoC3 and hypertriglyceridemia
(70). Recently, Petersen et al. showed that healthy lean male Asian Indians with these
common gene variants (e.g., C-482T/T-455C) were at higher risk of developing NAFLD and
insulin resistance (71). The carriers of these polymorphisms have approximately 30% higher
plasma concentrations of ApoC3, as well as postprandial hypertriglyceridemia, compared to
individuals who are wild-type homozygotes for ApoC3 (C-482/T-455). Through the
exaggerated inhibition of lipoprotein lipase activity, carriers of the polymorphism have
decreased triglyceride clearance following an intravenous infusion of lipids and increased
postprandial hypertriglyceridemia and chylomicrons remnants, leading to NAFLD and
hepatic insulin resistance (71). Furthermore, modest weight reduction in these subjects
reversed hepatic steatosis and insulin resistance (71). It is important to note that these
ApoC3 gene variants, which result in a 30% increase in plasma ApoC3 concentrations, do
not directly cause hepatic steatosis but represent a predisposing condition for individuals
who carry them. Therefore, when exposed to a toxic environment (i.e., increased dietary fat
and calorie dense foods), lean, Asian Indian males with ApoC3 gene variants (C-482T/
T-455C) are more susceptible to develop NAFLD and hepatic insulin resistance. It is
important to note that this ApoC3 gene variant is a predisposing gene-environment
interaction and will typically be observed only in lean individuals, who normally have a low
prevalence of NAFLD and not in obese individuals who invariably already have NAFLD
(72, 73). Furthermore this gene variant only appears to confer a predisposition to NAFLD in
male individuals and not in young, lean, premenopausal women suggesting that estrogen
may have a protective effect that negates the effects of ApoC3 to inhibit LPL (74). The
effect of the ApoC3 gene variant (C-482T/T-455C) to increase the susceptibility to NAFLD
in healthy, lean, individuals of European ancestry has recently been independently
confirmed by Peter et al. (75).

Transgenic mice that have hepatic overexpression of human ApoC3 mice (ApoC3 transgenic
mice) offer strong genetic evidence demonstrating that increased plasma levels of Apo C3
levels represent a gene environment-interaction promoting hepatic steatosis and hepatic
insulin resistance. Since ApoC3 can inhibit LpL activity and limit peripheral fat uptake,
ApoC3 transgenic mice have marked hypertriglyceridemia, but normal hepatic lipid content
when fed a regular chow-fed diet compared to wild-type littermate mice fed the same diet
(34). However, when placed on a high-fat diet, ApoC3 TAG mice develop severe hepatic
steatosis and hepatic insulin resistance compared to the wildtype littermate mice (34).
Hepatic steatosis could be attributed to a mismatch between hepatic lipid uptake and lipid
export in the high fat-fed mice. Taken together these studies demonstrate that alterations in
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plasma ApoC3 concentrations can alter the postprandial distribution of triglyceride and
under conditions of increased fat ingestion and serve as a predisposing condition for the
development of NAFLD and hepatic insulin resistance.

Perilipin mutations—Perilipin-1 is the most abundant protein of the lipid droplet mantle
in adipose tissue and it functions as a shell regulating specialized TAG- and DAG-
hydrolases (76). Recently, two different C-terminal PLIN1 frame shift mutations (Leu-404fs
and Val-398fs) were identified in patients partial lipodystrophy, leading to reduced fat mass,
hepatic steatosis and elevated plasma triglyceride levels as well as type 2 diabetes (77).
Subsequent work has shown that perilipin-1 regulated the molecular interaction of
comparative gene identification-58 (CGI-58/Abhd5) with its target, adipose tissue
triglyceride lipase (ATGL), and thus, inhibits lipolysis (76). Together, these data show the
important role of adipose tissue lipolysis in fatty acid partitioning throughout the body (78).
Impairments in the ability to properly control these processes misroutes fatty acids away
from adipose tissue and towards ectopic sites, resulting in hepatic steatosis.

PNPLA 3 variants—Patients with a Hispanic background are at risk of developing
NAFLD and hepatic insulin resistance (79). In this population, the Met148Ile allele of the
lipid droplet protein patatin-like phospholipase domain containing protein 3 (PNPLA3,
adiponutrin) markedly correlates with the development of NAFLD (80, 81). PNPLA3
possesses both lipase and transacylation activity (82) and the rs738409 polymorphism has
been suggested to cause a loss of lipolytic activity. However, overexpression of PNPLA3
did not alter liver lipid content (83, 84). In contrast, knockdown of hepatic and adipose
tissue PNPLA3 expression in rats with antisense oligonucleotides actually reduced hepatic
TAG and DAG content and prevented lipid-induced hepatic insulin resistance when adult
rats were fed a HFD diet for 5 weeks (15). The effect could be attributed to reduced
esterification of lysophosphatidic acid (LPA) to phosphatidic acid through LPA
acyltransferase activity. In contrast, in a whole body PNPLA3-knockout mouse model this
effect was not observed (85). The difference between these models might be explained
either by the variances in genetic targeting (whole body leading to complete knockdown of
PNPLA3 vs. ASO treatment leading to partial knockdown of PNPLA3 in liver and adipose
tissue) or the time course of high fat feeding, which was extremely long in the PNPLA3-
knockout mouse model (85). Taken together these data suggest that PNPLA3 might be
involved in hepatic lipogenesis at the level of LPA esterification to phosphatidic acid.

In contrast, adipose triglyceride lipase (ATGL, PNPLA2) is a potent lipase that catalyzes the
hydrolysis of triglycerides into diacylglycerols (86, 87). Mice lacking ATGL have marked
alterations in lipid metabolism with ectopic lipid accumulation in most tissues (88). Liver-
specific deletion of ATGL renders mice prone to hepatic steatosis and decreased lipid
oxidation (89). In comparison, adenoviral overexpression of hepatic ATGL reduces liver
lipids (including DAGs and ceramides), possibly due to decreased lipogenesis and increased
lipid oxidation (90).

Critical Role of DAG Intracellular Compartmentation in Causing Hepatic
Insulin Resistance

Animal models have clearly demonstrated that compartmentation of DAGs within the
hepatocyte is a major factor in determining whether PKCε is activated by DAGs, leading to
hepatic insulin resistance (22). Recently Cantley et al. (91) demonstrated the importance of
subcellular localization of DAGs on their ability to interact as signaling molecules with
PKCε. In this study Cantley et al. examined the role of intracellular lipid compartmentation
in causing hepatic insulin resistance in a rat model where hepatic and adipose tissue
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expression of the lipid droplet associated protein comparative gene identification-58
(CGI-58) protein was knocked down with antisense oligonucleotides (ASO). CGI-58
stimulates the hydrolysis of stored lipids by activating ATGL. The knockdown of CGI-58 in
HFD fed rats led to severe lipid accumulation in the liver, increasing levels of TAG, DAG
and ceramides. However, CGI-58-ASO rats remained insulin sensitive. This seemingly
paradoxical effect could be explained by a specific compartmentation pattern of DAGs.
DAGs were found to be increased mainly in lipid droplets/lipid-droplet associated
endoplasmic reticula of CGI-58-ASO rats but not in the plasma-membrane fractions. In this
setting, the plasma membrane associated protein kinase PKCε was not activated. In the HFD
fed control rats, DAGs accumulated mainly in the hepatic plasma-membrane fractions. In
this setting, PKCε was activated and rats developed hepatic insulin resistance. Together,
these data strongly suggest that intracellular compartmentation of DAGs is essential in order
for them to interact with PKCε and to induce hepatic insulin resistance. Differences in
compartmental DAG accumulation and the ability to induce hepatic insulin resistance
between patients and animal models might be related to differences in the time course of the
development of NAFLD or due to species differences. It is likely that similar differences in
DAG compartmentalization may explain the dissociation between hepatic steatosis and
hepatic insulin resistance in other transgenic mouse models of NAFLD as well in some
patients with NAFLD, who appear to manifest normal hepatic insulin responsiveness.
Further studies are needed to address this key question.

The Role of Ceramides in NAFLD associated Hepatic Insulin Resistance
In addition to DAGs, other lipid species have been suggested to contribute to insulin
resistance. Ceramides are intermediates of sphingomyelin metabolism and can derive from
intracellular saturated fatty acids and inflammatory stimuli. Ceramides accumulate in
peripheral tissues of obese subjects (92). Inhibition of sphingomyelin synthesis with reduced
levels of ceramides prevents and improves insulin resistance in animal models of dietary
induced obesity. The effect of ceramides on insulin signaling has been proposed to be
mediated via a direct interaction with AKT (92). However, recent evidence suggests that
ceramides are not a primary event in the development of lipid induced hepatic insulin
resistance. A three day high fat diet with both, saturated and unsaturated fatty acids in rats
induced hepatic insulin resistance with DAG, but not ceramide, accumulation. In the same
study, ablation of the TLR-4 receptor did not protect from a short term high fat diet induced
hepatic insulin resistance (93). In mammals, ceramides are generated by at least 6 different
ceramide synthases (CerS) 1–6, which are encoded by longevity assurance (lass) genes 1–6.
CerS 1–6 generate distinct sets of ceramides with specific chain lengths. It will be important
to characterize the effect of each of the isoforms in order to better understand the
significance of ceramides with distinct chain lengths on insulin signaling as well as to
examine if ceramide content is increased in liver of patients with NAFLD and related to
hepatic insulin resistance. In this regard, two studies have found that in contrast to hepatic
diacylglycerol content, which was strongly associated with hepatic insulin resistance, there
was no relationship between hepatic ceramide content and hepatic insulin resistance in
humans suggesting that ceramides do not play a major role in mediating hepatic insulin
resistance in humans (15, 16).

Endoplasmic reticulum stress and the Innate Immune Response
Endoplasmic reticulum stress has also been implied in the pathogenesis of hepatic steatosis
and hepatic insulin resistance. The ER folds unfolded polypeptide chains into proteins with
distinct functions. Accumulation of unfolded proteins in the ER activates at least three
transmembrane signal transducers, namely inositol requiring protein-1 (IRE-1) splicing and
activating its effector X-box binding protein 1 (XBP1), activating transcription factor-6
(ATF-6), and protein kinase RNA – like ER kinase (PERK)(94–96). Disequilibrium between
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the unfolded protein load entering the ER and the actual ER capacity to properly fold these
proteins causes ER stress, which ultimately leads to a cell suicide signal mediated by the
pro-apoptoic factor CHOP. Prior to this event, a negative feedback loop consisting of eIF2α
and ATF4, inducing CHOP is initiated. CHOP increases transcription of the phosphatase
GADD34, which dephosphorylates and inactivates eIF2α, tuning in the strength of the UPR
upon chronic ER stress (95).

The UPR regulates lipogenesis, allowing for expansion of the ER membrane and increasing
the capacity of the ER to handle proteins. Wild-type mice, treated with chemical activators
of the UPR develop a transient hepatic steatosis. Conversely, the induction of chaperone
molecules, guiding unfolded proteins through the ER (such as GRP78/BiP) suppressed
activation of the UPR and reduced liver lipid content (97). This is attributed to a decreased
expression in SREBP1c and ChREBP, two key transcriptional regulators of lipogenesis.
Liver specific inhibition of the PERK pathway has been achieved by transgenic expression
of the C-terminal fragment of GADD34/ PPP1R15a under an albumin promoter (Alb:GC).
This gene encodes a phosphatase that specifically dephosphorylates eIF2a, effectively
terminating the signal from PERK. Alb:GC mice have reduced body weight and reduced
liver triglyceride content when challenged with 4 months of high-fat feeding (98). In order
to study the role of this pathway in the early steps in the development of hepatic steatosis we
first studied eIF2α signaling in mice fed a high fat diet for 3 days (99). This intervention
specifically increases hepatic lipid content, and the eIF2α pathway was markedly induced by
the 3-day high fat diet, pointing to an important role of this ER stress pathway in the
pathogenesis of hepatic steatosis. Constitutive dephosphorylation of eIF2α reduced the
accumulation of the 3 day high fat diet through reduced expression of key transcription
factors C/EBPα, C/EBPβ, suggesting that one of the early events in the induction of a high
fat diet induced hepatic steatosis is the activation of eIF2α (99).

In liver samples from patients with NAFLD, components of the UPR only partially
correlated with measures of insulin resistance. While eIF2α activation and its downstream
factor CHOP correlated with HOMA-IR, components of the other arms, namely XBPs and
ATF6, did not show this association. Also, JNK activity did not correlate with hepatic
insulin resistance (15). Taken together, these data suggest that the UPR contributes to the
regulation of hepatic lipogenesis, and by these means might contribute to hepatic insulin
resistance in specific settings.

The notion that inflammatory responses impact on insulin signaling and lipid metabolism
derived from studies in obese rodent models of NAFLD which demonstrated an increase in
TNFα in adipose tissue obtained from these animals (100). Adipose TNFα secretion is
thought to be mainly released from adipose tissue macrophages that accumulate in obese
adipose tissue and are recruited via chemokine signaling (101). Subsequently, TNFα was
shown to activate jun-N-terminal kinase 1 (JNK1), which leads to serine-307 residue
phosphorylation of IRS1 in adipose tissue, explaining the attenuation of insulin signaling at
the post-receptor level. Adipose tissue overexpression of chemokine ligand CCL2 (also
known as monocyte chemo attractant protein 1 [MCP1]) increases adipose tissue
macrophages, hepatic steatosis, and hepatic insulin resistance (102). Consistent with this
adipose tissue specific model, deletion of CCL2 protects from high-fat diet-induced hepatic
lipid accumulation (102). These effects may at least in part be related to the induction of
adipose tissue lipolysis by adipokines. TNFα, as well as IL6 have been shown to induce
lipolysis, even though the mechanism seems not be fully understood. As pointed out earlier,
the derivation of fatty acids away from adipose tissue towards the liver can result in re-
esterification of these fatty acids in the liver and thus, lipid accumulation leading to hepatic
insulin resistance.
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Cytokine associated signaling within the liver does not necessarily appear to reflect the
situation in adipose tissue. While mice with tissue specific knockout of JNK1 (FKO) are
protected from HFD induced hepatic steatosis (103) and insulin resistance, presumably
through reduced release of IL-6 and reduced SOCS3 activation (103, 104), liver specific
deletion of JNK1 also leads to hepatic steatosis, hepatic insulin resistance and increased
insulin clearance (105). Continuing along these lines, indirect activation of JNK1 in the liver
increases lipid oxidation and decreases lipid synthesis (106). Also, increase JNK1 levels and
activity, through ablation of IRE1 in the liver, is paradoxically associated with protection
from fructose induced hepatic steatosis and hepatic insulin resistance thus dissociating
increased hepatic JNK1 activity from hepatic insulin resistance (96). It is also unclear if
IRS1 serine-307 phosphorylation is actually inducing insulin resistance, or rather beneficial
for insulin sensitivity (107). Thus, it seems reasonable to conclude that the innate immune
system is able to interfere with insulin responsiveness, but the underlying mechanism is not
fully understood. One paradigm that covers most models of modulated inflammatory
immune responses is that inflammatory response can lead to alterations in insulin action
indirectly by altering energetics (energy intake, energy expenditure) and/or lipid delivery to
liver and muscle thus leading to alterations in intracellular lipid (DAG) metabolism and
insulin action. However, it remains to be conclusively shown, whether or not ER stress as
well innate immune responses cause or occur in parallel with the development of hepatic
insulin resistance. Further studies are needed to examine this hypothesis.

Summary
NAFLD develops when the rate of fatty acid input (fatty acid uptake and de novo
lipogenesis) exceeds the rate of fatty acid output (fatty acid oxidation and secretion of
VLDL). Genetic and physiological mechanisms regulating these processes have developed
during evolution to cope with starvation but become deregulated in the face of nutritional
oversupply. In this setting, they converge to promote the accumulation of ectopic lipids
leading to the development of NAFLD and hepatic insulin resistance. Numerous studies in
both humans and animal models of NAFLD have demonstrated that hepatic accumulation of
the lipid moiety, diacylglycerols, leads to activation of PKCε, resulting in hepatic insulin
resistance. Furthermore recent studies have found that intracellular compartmentation of
DAG is a critical factor in determining whether increased hepatic DAG content results in
hepatic insulin resistance and will likely explain why some patients with NAFLD and some
genetic mouse models of NAFLD are not associated with hepatic insulin resistance. Given
these findings suggesting that the DAG-PKCε mechanism may represent the root cause of
NAFLD associated hepatic insulin resistance, novel therapies targeted to prevent hepatic
DAG accumulation and PKCε activation would be predicted to be most efficacious for
treating the root cause of NAFLD associated hepatic insulin resistance and type 2 diabetes.
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Figure 1. Molecular Regulation of Intrahepatic TAG and DAG Turnover
The glycerol 3-phosphate (or phosphatidic acid) pathway represents the de novo lipogenesis
route in the synthesis of triglycerides (TAG) and phospholipids. Acyl-CoA:glycerol-sn-3-
phosphate acyltransferase (GPAT) catalyzes the acylation of sn-glycerol-3-phosphate with
acyl-coenzyme A (acyl-CoA) to generate lysophosphatidic acid (LPA), which is thought to
be the rate-controlling step in TAG synthesis. PNPLA3 seems to control this step through its
transacetylation property. Fatty acyl-CoAs are then successively transferred to the glycerol
backbone to from diacylglycerols (catalyzed by phosphatidic acid phosphatase (PAP)) and
triacylglycerols (TAG) through diacylglycerol:acyl-CoA acyltransferases (DGAT). They
can also esterify with sphingosine to form ceramides. LPA and PA require translocation
through the cytosol for TAG synthesis at the endoplasmic reticulum if they are not
synthesized in the endoplasmic reticulum. CGI-58 controls compartmentation of DAGs.
DAGs in the plasma-membrane fraction activate PKCε, which in turn attenuates insulin
receptor activation through its ligand. Hydrolysis from TAG to DAG is mediated by adipose
triglyceride lipase (ATGL). DAG can be further hydrolyzed to monoacylglycerol (MAG) by
hormone-sensitive lipase (HSL) and subsequently to glycerol by monoglyceride lipase
(MGL). These reactions release fatty acids. Glycerol can be used as a substrate for
gluconeogenesis. Plasma membrane DAG stimulate PKCε membrane translocation to
inhibit the insulin receptor kinase.
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Figure 2. Mechanism of Diacylglycerol-PKCε Mediated Hepatic Insulin Resistance
Membrane-near intracellular diacyglycerols lead to activation of PKC-ε which, in turn,
inhibits the insulin receptor kinase. This then leads to decreased insulin-stimulated tyrosine
phosphorylation (pY) of insulin receptor substrate-1 and -2 (IRS-1, IRS-2), PI3K activation
and downstream insulin signaling. The net result is a decreased in hepatic glycogen
synthesis, owing to decreased activation of glycogen synthase, and increased hepatic
gluconeogenesis through reduced inactivation of FOXO1, which results in an exaggerated
glucose release through glucose transporter 2 (GLUT2).

Birkenfeld and Shulman Page 19

Hepatology. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


