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Abstract
Fatty liver disease is epidemiologically associated with type 2 diabetes (T2D), leading to a
speculation of a reciprocal cause-effect relationship and a vicious cycle of pathology. Here, we
summarize recent literature reporting dissociation of hepatosteatosis from insulin resistance, in
genetic mouse models and clinical studies. We highlight rhythmic flows of metabolic
intermediates between hepatic lipid synthesis and glucose production in normal circadian
physiology. Blocking triglyceride (TG) secretion, subcellular lipid sequestration, lipolysis
deficiency, enhanced lipogenesis, gluconeogenesis defects, or inhibition of fatty acid oxidation, all
result in hepatosteatosis without causing hyperglycemia or insulin resistance, suggesting that the
cause-effect relationship between hepatosteatosis and diabetes does not exist in all situations.

Hepatosteatosis and diabetes
Nonalcoholic fatty liver disease (NAFLD) affects over 20% of the population in the United
States and emerges as a major metabolic disorder with increasing incidence worldwide [1].
Hepatosteatosis, abnormal accumulation of TGs in liver, is the defining feature of NAFLD.
NAFLD is associated with T2D in many epidemiology studies, promoting speculation of a
mutual cause-and-effect relationship between hepatosteatosis and insulin resistance in a
“vicious cycle” as a unified pathogenesis mechanism [2][3]. On one hand, insulin resistance
results in hyperinsulinemia that may drive hepatic lipogenesis and cause steatosis [3]. On the
other, accumulation of various lipid species in the liver may activate several protein kinase
cascades, either directly or indirectly through inflammation [4], or endoplasmic reticulum
stress [5], which ultimately lead to disruption of the insulin signaling, and thus exacerbate
insulin resistance [6][7].

The association of hepatosteatosis with insulin resistance is challenged by several
considerations. First, lipid-induced disruption of the insulin signaling is proposed to occur
on several sites including insulin receptor (IR), insulin receptor substrate (IRS), and AKT
(protein kinase B) [4–7], all of which lie upstream of the bifurcation point for “selective
insulin resistance” [8,9]. Therefore, the abovementioned vicious cycle seems self-limiting
instead of self-reinforcing. Second, upon a closer look at the epidemiological studies that
established the association, one can easily appreciate the fact that a lot of subjects with
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similar degree of hepatosteatosis can have very high or very low insulin sensitivity,
suggesting the existence of a strong dissociation [10]. Third, from a therapeutic perspective,
successful reversal of insulin resistance does not necessarily reverse hepatosteatosis, and
vice versa, in both animal models [11–15] and clinical studies [16]. Fourth, numerous
genetic animal models, human inborn defects, and human polymorphism studies
demonstrate dissociation of hepatosteatosis from insulin resistance, and in some cases, even
co-occurrence of hepatosteatosis with insulin hypersensitivity and hypoglycemia (Table 1).
In this review, we focus on recent findings that demonstrate such dissociation and try to
reconcile these data with the association argument towards a unified model on the intriguing
interrelationship between the pathological hepatosteatosis and insulin resistance, or in more
physiological terms, hepatic lipid and carbohydrate metabolism.

Intact insulin signaling contributes to hepatosteatosis
Insulin exerts its action by binding to the extracellular portion of the insulin receptor (IR)
and triggers a cascade of intracellular signaling events involving three critical nodes which
are sequential phosphorylation and activation of IRSs, phosphoinositide 3-kinases (PI3Ks)
and AKT [17]. In liver, intact insulin signaling is required for lipogenesis and subsequent
hepatosteatosis and hypertriglyceridemia under hyperinsulinemia conditions, which
constitutes one arm of the vicious cycle [2,3]. In the meantime, hepatic insulin signaling is
also required for suppression of gluconeogenesis and subsequent glucose output. Therefore,
defects in the upstream hepatic insulin signaling cause co-occurrence of glucose intolerance
along with reduced TG levels in liver and blood, in other words, dissociation of
hepatosteatosis from insulin resistance.

This was made evident by numerous genetic mouse models. Liver-specific insulin receptor
knockout (LIRKO) mice display drastic hypotriglyceridemia, associated with reduced
expression of hepatic lipogenic genes, despite hyperglycemia, hyperinsulinemia, glucose
intolerance and insulin resistance [18][19]. In the same manner, liver-specific knockout of
two p85 subunits of PI3Ks (L-p85DKO) impairs glucose tolerance, but causes
hypotriglyceridemia associated with reduced hepatic lipogenic genes [20]. Deletion of
p110alpha, another subunit of PI3K in liver also increases gluconeogenesis and results in
reduced insulin sensitivity, but reduces TG levels in blood [21]. Liver-specific knockout of
AKT2 abolishes hepatosteatosis and the abnormally elevated hepatic lipogenesis in the
leptin-deficient hyperphagic model, despite that these mice have higher blood glucose level
than wild-type controls in the same leptin-deficiency background [22]. These observations
demonstrate the necessity of intact insulin signaling upstream of AKT for hepatic
lipogenesis, hepatosteatosis, and hypertriglyceridemia under overnutrition conditions.

Another study demonstrates the sufficiency. Liver-specific deletion of phosphatase and
tensin homolog (PTEN), a negative regulator of the insulin signaling that acts upstream of
AKT, improves systemic glucose tolerance and causes massive fatty liver that is attributed
mainly to enhanced hepatic lipogenesis [23]. Thus, hepatic insulin hypersensitivity is
sufficient to drive hepatosteatosis.

If insulin sensitivity contributes to hepatosteatosis, how does insulin resistance contribute to
a vicious cycle that exacerbates this condition? To resolve this paradox, Brown and
Goldstein raised the concept of “selective insulin resistance” [8]. It is proposed that,
although insulin-mediated suppression of hepatic gluconeogenesis is blunted due to
disruption of some aspects of insulin signaling in liver, other insulin signaling mechanisms
remain intact and continue to drive hepatic lipogenesis. Then, where is the bifurcation point
of the insulin signaling? A recent study on rat suggests that mammalian target of rapamycin
complex 1 (mTORC1) is such a bifurcation point that lies downstream of AKT [9].
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Inhibition of mTORC1 blocks insulin-induced upregulation of lipogenic genes expression,
but does not affect insulin-mediated suppression of gluconeogenic genes expression [9].

Herein lies another paradox related to the vicious cycle of insulin resistance and
hepatosteatosis. The current prevailing view on how hepatosteatosis causes insulin
resistance holds that it is mainly through modification and disruption of the insulin signaling
at the sites of IR, IRS or AKT, that are all upstream of the bifurcation point mTORC1 [4–7].
However, if this were the complete story, hepatosteatosis would be self-limiting rather than
self-reinforcing in a vicious cycle. It is no easy task to solve this paradox. Maybe the major
site of lipid-mediated impairment of insulin signaling occurs further downstream than it is
currently believed. Perhaps a significant portion of hepatic lipogenesis is independent of
insulin signaling, or maybe hepatosteatosis and insulin resistance do not share a cause-and-
effect relationship after all. Above all, we may need to integrate a more flux-centric view in
our signaling-centric approaches towards a better understanding of metabolism. In the rest of
this overview, we examine the interrelationships between hepatic lipid accumulation and
glucose production in several conditions categorized by different metabolic flux pathways.

Blocking hepatic TG secretion causes hepatosteatosis without insulin
resistance

During feeding, the liver converts surplus nutrients into TG, which are secreted into the
blood in the form of very low-density lipoprotein (VLDL) for delivery to adipose tissues.
Apolipoprotein B (APOB) is an essential component of VLDL particles. Patients with
familial hypobetalipoproteinemia (FHBL), a disease caused by mutations in the APOB gene,
have impaired hepatic TG secretion and therefore develop hepatosteatosis and
hypotriglyceridemia. Recently, independent clinical studies using hyperinsulinemic-
euglycemic clamp analysis showed that hepatosteatosis in FHBL is not associated with
insulin resistance or diabetes [24][25]. Likewise, mice deficient in the APOB gene on
several strain backgrounds develop hepatosteatosis, but do not display glucose intolerance or
insulin resistance [26].

Microsomal triglyceride transfer protein (MTTP) is another key player in hepatic lipoprotein
assembly. Mice with MTTP deleted in the liver have defective secretion of VLDL and
develop hepatosteatosis, yet have normal glucose tolerance and insulin sensitivity, as
assessed by hyperinsulinemic-euglycemic clamp studies [27]. Interestingly, in addition to
increased TGs, these livers also contain elevated levels of ceramides and diacylglycerols
(DAG), two lipid species alleged responsible for lipid-induced insulin resistance [27].

Phosphatidylcholine is the major component of the hydrophilic surface of VLDL and is
required for VLDL generation and hepatic TG secretion. Phosphatidylcholine is synthesized
either from phosphatidylethanolamine by phosphatidylethanolamine N-methyltransferase
(PEMT) or from choline by CTP: phosphocholine cytidylyltransferase alpha (CTα) along
with other enzymes [28]. PEMT knockout mice fed a high fat diet (HFD) develop more
severe hepatosteatosis than wild-type controls, but gain less body weight and are protected
from insulin resistance [28]. Liver-specific deletion of CTα in mice reduces VLDL secretion
and increases TGs, ceramides and DAG levels in liver, but does not result in abnormal
glucose tolerance on HFD [29].

Choline is an important precursor for phosphatidylcholine. Choline deficient diet causes
fatty liver, presumably by blocking hepatic TG secretion, although the mechanism may also
involve enhanced hepatic lipogenesis [30]. Nonetheless, hepatosteatosis caused by choline
deficiency is not accompanied by insulin resistance. On the contrary, choline deficiency
protects mice from HFD-induced insulin resistance without affecting body weight gain [31].
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Taken together, the dissociation of insulin resistance from hepatosteatosis caused by
blocking VLDL secretion indicates that elevated total hepatic TG, ceramides or DAG levels
are not sufficient to cause insulin resistance.

Subcellular lipid sequestration prevents lipotoxicity
Before TGs are secreted as VLDL, they are stored in lipid droplets (LDs). LDs are also the
place in the cell where lipolysis occurs [32]. Adipose triglyceride lipase (ATGL), officially
annotated as patatin-like phospholipase domain-containing protein (PNPLA2), is the major
lipase responsible for hydrolysis of TG to DAG [32]. Knockout of ATGL in mice blocks TG
catabolism and causes massive steatosis in both liver and heart [33][34]. Despite slightly
increased body weight, ATGL knockout mice display enhanced glucose tolerance and
insulin sensitivity, mainly because skeletal muscles switch to use glucose as a major fuel
source [33][35]. In line with this observation, liver-specific knockout of ATGL results in
marked hepatosteatosis without causing changes in inflammation indices or insulin
sensitivity [36]. In addition, overexpression of ATGL in liver using adenovirus reduces
hepatic lipid accumulation but does not affect insulin sensitivity [37]. Comparative gene
identification-58 (CGI-58) binds ATGL and activates the catalytic activity of ATGL on LD
surfaces [32]. Mice treated with CGI-58 antisense oligonucleotides accumulate TG, DAG
and ceramides in liver, but are protected from HFD-induced glucose intolerance and insulin
resistance [38].

Recently, several independent genome-wide epidemiological studies have identified that
variations in PNPLA3, a gene related to ATGL, are associated with NALFD [39][40].
Interestingly, PNPLA3-associated hepatosteatosis is not accompanied by insulin resistance,
as revealed by oral glucose tolerance tests and hyperinsulinemic-euglycemic clamp analysis
in several clinical studies [41][42]. PNPLA3 deficiency in mouse does not cause
hepatosteatosis [43][44], a clear reminder that interspecies differences should always be kept
under consideration when working with animal models. Meanwhile, overexpressing the
NAFLD-associated PNPLA3 mutant I148M, but not the wide-type PNPLA3, causes
hepatosteatosis in mice [45]. Whether I148M represents a gain-of-function mutation and
whether PNPLA3 has lipase-independent activity is being investigated [46].

LDs are coated with numerous proteins that serve as dynamic scaffolds in regulating
lipolysis [47]. Perilipin 2 (Plin2) is one of the first few proteins known to coat LDs and
inhibit ATGL-mediated lipolysis in liver [48]. The protein levels of Plin2 correlates with
liver TG levels and generally indicates the approximate quantity of LDs. Overexpression of
Plin2 with adenovirus in mouse liver precipitates hepatosteatosis without changing body
weight, and enhances whole-body insulin sensitivity as revealed by hyperinsulinemic-
euglycemic clamp [49]. In like manner, muscle-specific Plin2 overexpression in rats
increases intramyocellular TG and ceramide levels, but blunts the high-fat diet-induced
insulin resistance [50]. Cell death-inducing DFFA-like effector c (Cidec), also known as fat-
specific protein 27 (Fsp27), is another protein that associates with LDs and negatively
regulates lipolysis [51]. Adenovirus-mediated overexpression of Cidec in liver causes
hepatosteatosis associated with increased expression of hepatic lipogenic genes and
decreased fasting blood glucose levels [52]. The interesting phenotypes of mice
overexpressing LDs-coating proteins are consonant with those of lipolysis deficient mice.
Together, these observations suggest that sequestering various lipid species within LDs and
shielding them from lipolysis represents a protective mechanism against lipotoxicity-
associated insulin resistance.
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Excessively enhanced lipogenesis undermines gluconeogenesis
If the LD is a safe place for temporal storage of lipids before they are secreted or
hydrolyzed, then channeling metabolic intermediates towards TGs synthesis would bring
additional layer of protection against lipotoxicity, provided that the amount of synthesized
lipids do not overwhelm the sequestration capacity of LDs. This putative protective role of
lipid synthesis is demonstrated in several genetic mouse models and cell culture models.
Mouse embryonic fibroblasts (MEFs) become more susceptible to fatty acid (FA)-induced
cell death after depletion of diacylglycerol acyltransferase 1 (DGAT1), an enzyme
catalyzing the final step of TG synthesis [53]. Transgenic mice overexpressing DGAT1 in
muscles display increased intramyocellular TG levels, but are protected from high-fat diet-
induced insulin resistance, recapitulating the “athlete’s paradox” [54]. Knockdown of
DGAT2, another DGAT isoform catalyzing the same reaction, in mouse liver aggravates
liver damage and fibrosis that is induced by methionine and choline-deficient diet (MCD)
[55]. On the other hand, overexpression of DGAT2 in mouse liver increases intrahepatic
TG, DAG and ceramides levels, but does not cause insulin resistance or glucose intolerance
[56]. Although this result is not beyond dispute [57], a recent clinical study shows that a
genetic variation in human DGAT2 gene is associated with fatty liver but not with insulin
resistance, as analyzed by oral glucose tolerance tests and euglycemic-hyperinsulinemic
clamp studies, suggesting that mutations in DGAT2 dissociate hepatosteatosis from diabetes
in human [58].

Sterol regulatory element binding proteins (SREBPs) are generally recognized as master
activators of lipid synthesis [59]. There are two SREBP genes in mammals, SREBP-1 and
SREBP-2, with SREBP-1 mainly involved in FA synthesis and SREBP-2 in cholesterol
synthesis. SREBP-1 proteins exist in two isoforms, SREBP-1a and SREBP-1c, with
SREBP-1c as the predominant isoform in adult liver. Insulin drastically increases SREBP-1c
mRNA levels in liver [60], and overexpression of either SREBP-1c or SREBP-1a in mouse
liver markedly enhances expression of lipogenic genes and causes massive hepatosteatosis
[61]. These findings suggest that SREBP-1 contributes to insulin-induced hepatic
lipogenesis, and thus the first arm of the vicious cycle. Considering the second arm of the
vicious cycle, one would readily expect that SREBP-1 activation could exacerbate
hyperglycemia. However, on the contrary, adenovirus-mediated overexpression of
SREBP-1c in liver decreases blood glucose levels in streptozotocin-induced diabetic mice,
despite causing hepatosteatosis [62].

Carbohydrate responsive element binding protein (ChREBP) is another master
transcriptional activator of hepatic lipogenesis [63]. ChREBP is activated by increased
glucose influx in liver, and together with SREBP-1, drives expression of genes involved in
FA synthesis and esterification. Overexpression of ChREBP in mouse liver using adenovirus
increases hepatic TG and DAG levels, but blunts HFD-induced insulin resistance without
changing body weight gain [64]. ChREBP overexpression also decreases expression of
gluconeogenic genes and reduces hepatic glycogen storage in mice. In human, gene
expression level of ChREBP is positively correlated with hepatosteatosis and negatively
related to insulin resistance [64]. Conversely, ChREBP knockout mice fed high starch diet
display mitigated hepatosteatosis, but develop severe insulin resistance along with
hyperglycemia, hyperinsulinemia, and increased hepatic glycogen store, without changes in
body weight [65].

What does this noncanonical interplay between hepatic lipogenesis and gluconeogenesis
actually mean from an evolutionary and teleological perspective? Recent studies on histone
deacetylase 3 (HDAC3) provide some novel insights. Genome-wide occupancy of HDAC3
is highly enriched on lipogenic genes and displays robust circadian rhythm in mouse liver,
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with the maximum occupancy during the day and minimum occupancy at night,
corresponding to fasting and feeding behavior, respectively, for nocturnal mice [66]. Such
circadian rhythm is directly orchestrated by nuclear receptors Rev-erbα/β, key components
of the internal circadian clock [66,67]. Liver-specific knockout of HDAC3 in mice
drastically enhances lipogenesis flux and decreases gluconeogenesis flux, resulting in
increased hepatic TG and DAG accumulation, reduced hepatic glycogen storage,
hypoglycemia, and insulin hypersensitivity [49]. The decreased gluconeogenesis flux in
HDAC3-deficient liver is a result of the metabolic re-routing towards lipid synthesis and
subsequent lipid sequestration, rather than primary defects in gluconeogenic abilities [49].
Hence, hepatic lipogenesis and gluconeogenesis are mutually exclusive and are anti-phase to
one another, in normal circadian physiology (Figure 1). While SREBPs and ChREBP
respond to feeding behavior, HDAC3 anticipates it. Together, these mechanisms channel
metabolic intermediates, including biosynthetic precursors, between lipid synthesis and
glucose production in a rhythmic pattern. Breaking this dynamic balance by excessively
enhancing lipogenesis undermines gluconeogenesis, leading to reduced glycogen storage
and hypoglycemia (Figure 1).

In addition to direct effects on the metabolic re-routing, manipulation of lipogenesis may
affect the availability of metabolites that serve as signaling molecules and hence causes
unexpected metabolic changes. Mice with liver-specific knockout of fatty-acid synthase
(FASN) display hypoglycemia, hepatosteatosis, and reduced hepatic glycogen storage when
fasting or fed a zero-fat diet, without changes in body weight [68]. All of these three
metabolic changes are reversed when mice are treated with a synthetic ligand for
peroxisome proliferator-activated receptor alpha (PPARα), suggesting that FASN is
involved in generating endogenous ligands for PPARα [68]. Similarly, mice deficient for
fatty acid elongase 6 (ELOVL6), an enzyme catalyzing the elongation of palmitate to
stearate, display slightly increased hepatic TG levels, but ameliorated insulin resistance on a
high-fat high-sucrose diet [69]. Expression of several PPARα target genes is drastically
downregulated in ELOVL6-deficient liver, suggesting that ELVOL6 may as well contribute
to generating endogenous PPARα ligands. PPARα is a master transcriptional activator for
FA oxidation (FAO). Both of the hepatosteatosis and hypoglycemia phenotypes in FASN or
ELVOL6 deficient mice seem to be explained by a FAO defect, which is discussed below.

Blocking FAO impedes gluconeogenesis
In normal physiology, hepatic gluconeogenesis is activated upon fasting and is fueled by
FAO. A defective FAO pathway fails to provide sufficient energy and cofactors that are
needed for gluconeogenesis activation, resulting in fasting hypoglycemia and enhanced
glucose tolerance. Meanwhile, lipids accumulate because they are not oxidized, leading to
hepatosteatosis. Such dissociation of hepatosteatosis and insulin resistance is found in many
situations. Human with inborn FAO errors develop Reyes-like syndrome characterized by
hypoglycemia, fatty liver, fasting intolerance and other signs, which are recapitulated in
genetic mouse models with deficiency in FAO enzymes such as long-chain acyl-CoA
deydrogenase (LCAD), medium-chain acyl-CoA deydrogenase (MCAD), medium/short-
chain 3-dydroxyacyl-CoA deydrogenase (M/SCHAD), short-chain acyl-CoA deydrogenase
(SCAD), mitochondrial trifunctional protein α-subunit (TFPα) [70–72]. Carnitine palmitoyl
transferase-1α (CPT-1α) contributes to transporting FAs into mitochondria, a rate-limiting
step in FAO. Mice heterozygous for CPT-1α develop microvesicular hepatosteatosis and
improved glucose tolerance on high carbohydrate diet [73]. Likewise, inhibition of CPT-1
by small molecule chemicals causes microvesicular hepatosteatosis with either unaltered or
enhanced hepatic insulin sensitivity in mice [74–76].
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PPARα is a master transcriptional activator that drives expression of many FAO genes.
PPARα null mice display hepatosteatosis on HFD or after prolonged fasting, hypoglycemia,
increased insulin sensitivity in insulin tolerance test, and reduced hepatic glycogen storage,
without changes in body weight [77][78]. Hepatic glucose production from lactate is
reduced in PPARα deficient liver, suggesting decreased gluconeogenesis flux, although the
exact mechanism could be more complex [79]. In addition, the hypoglycemia phenotype in
the whole-body PPARα knockout mice could be partially contributed to by muscles that
may switch to oxidize more glucose. PPARγ coactivator 1α/β (PGC-1) are transcription
coactivators for PPARα. Whole-body or liver specific knockout or knockdown of PGC-1α
in mice causes hepatosteatosis, hypertriglycidemia, fasting hypoglycemia and improved
glucose tolerance, although it is controversial whether or not the molecular insulin signaling
is enhanced [80–82]. Detailed metabolic flux analysis and gene expression analysis revealed
that the decreased gluconeogenesis in PGC-1α deficient liver is caused by the defective
FAO and Krebs cycle flux, rather than an intrinsically impaired gluconeogenic capacity
[83]. Conversely, overexpression of PGC-1α in mice enhances hepatic gluconeogenesis and
glucose output, and thus results in hepatic insulin resistance [84]. PGC-1β knockout mice
develop hepatosteatosis on HFD, but unaltered glucose tolerance or systemic insulin
sensitivity [85][86]. Knockout of BNIP3, a PGC-1β target gene encoding a mitochondrial
protein, reduces FAO and causes hepatosteatosis with improved glucose tolerance or
systemic insulin sensitivity [87].

The transcriptional cofactors transducin beta-like 1 (TBL1) and TBL-related 1 (TBLR1)
exist in multi-protein transcription co-repressor complexes containing HDAC3 [88,89].
Mice with both TBL1 and TBLR1 knocked-down in liver display hepatosteatosis, reduced
blood ketone levels, and improved glucose tolerance and insulin sensitivity without changes
in body weight [90]. It is suggested that TBL1 and TBLR1 facilitate PPARα-mediated
activation of FAO and that TBL1/TBLR1 deficiency phenocopies PPARα ablation [90],
although it is also possible that TBL1/TBLR1 may play a role in the HDAC3-containing co-
repressor complexes and thus directly affect lipogenesis [49]. In summary, while hepatic
gluconeogenesis competes against lipid synthesis for metabolic intermediates, it depends on
lipid oxidation for energy and cofactors. Such counteraction and interdependence between
carbohydrates and lipid metabolism is harmonized by circadian re-routing of metabolic
intermediates. This intriguing interrelationship reflects the ancient philosophy of Yin and
Yang, which describes the world as two opposing existences that flow in a natural cycle
seeking balance and interconnection to each other (Figure 1).

Defects in gluconeogenesis promote hepatosteatosis
If hepatic gluconeogenesis and lipogenesis are indeed mutually exclusive, blocking
gluconeogenesis would shunt metabolic intermediates into lipogenesis pathway and promote
hepatosteatosis, resulting in dissociation of hepatosteatosis from hyperglycemia and
diabetes. It is exactly what happens. Human genetic defects in gluconeogenic enzymes, such
as phosphoenolpyruvate carboxykinase 1 (PCK1), PCK2, glucose-6-phosphatase, catalytic
(G6PC), fructose-1,6-bisphosphatase 1 (FBP1), pyruvate carboxylase (PC), manifest
hypoglycemia, hepatomegaly and fatty infiltration in liver (OMIM database). The central
role of liver in developing these phenotypes is demonstrated in mouse models. Liver-
specific knockout or knockdown of PCK1 reduces gluconeogenesis flux, improves glucose
tolerance and insulin sensitivity, and even improves insulin signaling in liver, despite
causing hepatosteatosis [91][92]. Liver-specific knockout of G6PC in mice causes massive
hepatosteatosis and fasting hypoglycemia without changes in body weight [93][94].

Forkhead box O proteins (FOXOs) are master transcriptional activators of gluconeogenic
genes. There are four mammalian FOXO isoforms, FOXO1/3/4/6 that are activated by

Sun and Lazar Page 7

Trends Endocrinol Metab. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



sirtuin-mediated deacetylation and repressed by AKT-mediated phosphorylation in response
to fasting and feeding, respectively [95]. Combined liver-specific deletion of FOXO1/3 or
FOXO1/3/4 in mice fed normal chow, causes hypoglycemia and improves glucose tolerance,
and at the same time increases lipogenesis flux leading to hepatosteatosis and
hypertriglyceridemia [96,97]. Conversely, expression of a constitutively active FOXO1 that
is either dephosphorylated [98] or deacetylated [99], increases glucose production and
induces insulin resistance, but reduces lipogenesis resulting in hypotriglyceridemia. Cyclic
AMP-responsive element-binding protein (CREB) is another transcriptional activator of
gluconeogenesis and is activated by glucagon through protein kinase A (PKA)-mediated
phosphorylation [100]. Deficiency of CREB or its coacitvator CRTC2 causes fasting
hypoglycemia and increases insulin sensitivity [101]. And CREB deficient mice develop
hepatosteatosis accompanied with enhanced lipogenesis [102]. Likewise, glucogan receptor
(GCGR) knockout mice display increased lipogenesis flux and develop hepatosteatosis on
HFD, despite improved insulin sensitivity [103,104]. Taken together, master transcriptional
regulators, such as FOXOs, CREB, SREBPs or ChREBP, specifically channel metabolic
intermediates to gluconeogenesis or lipogenesis in response to fasting or feeding,
respectively. This feedback mechanism is coupled with the anticipatory mechanism
mediated by HDAC3 that receives signals directly from the circadian clock. Together, they
orchestrate the dynamic metabolic fluxes precisely and reliably, which is ensured by natural
selection during evolution (Figure 1).

Concluding remarks
The observations that hepatosteatosis is dissociated from diabetes in many mechanistic
studies despite their positive correlation in epidemiology studies (Table 1) strongly argue
that fatty liver disease is a complex spectrum of disorders with many underlying causes.
Current classification and definition of “nonalcoholic” and “alcoholic” fatty liver disease is
vague, arbitrary, oversimplified, and even unnecessary [105]. Fatty liver disease needs to be
classified according to more detailed etiologies in order to develop efficient therapy and
prevention strategies [106]. The same is true for diabetes that is currently classified into only
two categories: type 1 and type 2. Technological advances in mass spectrometry (MS)-based
metabolomics, stable isotope nuclear magnetic resonance spectroscopy (NMRS)-based
noninvasive fluxomics, and next-generation DNA sequencing will allow identification of
biomarkers, characterization of metabolic flux derangements, and profiling of genetic
variations towards a more detailed classification of fatty liver disease and diabetes, which
will in turn guide mechanistic studies and personalized treatment.

The dissociation of hepatosteatosis and insulin resistance is summarized and explained from
a flux-centric cycle that reflects normal physiology (Figure 1). However, when normal
physiology is disturbed, disease arises. A key balance-tipping factor seems to be the ability
of the liver to handle lipids. This includes the ability to accommodate lipids in lipid droplets,
to shield them from lipolysis, and to partition them into secretion or oxidation pathways.
Evolution ensures that liver has sufficient lipid-handling capacity during circadian shifts in
metabolic flux, but pathological overnutrition provides so many intermediates that drive up
gluconeogenesis and lipogenesis simultaneously, producing way too much lipid than liver
can handle. As a result, lipotoxicity is concurrent with hyperglycemia, the so-called
association of fatty liver and diabetes. From a therapeutic perspective, efforts to reverse
hepatosteatosis and insulin resistance have generated mixed results and produced conflicting
data. In some case, successful treatment of hepatosteatosis does not reverse insulin
resistance [11–14] and vice versa [16,15], again suggesting that the cause-effect relationship
between the two does not exist in all situations.
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Figure 1. Yin and Yang: counteraction and interdependence between hepatic lipid and
carbohydrate metabolism harmonized in circadian rhythms
In normal physiology, there is a well-balanced rhythmic flow of metabolic intermediates in
between lipid synthesis and glucose production in liver. For diurnal organisms,
intermediates supplied by carbohydrates catabolism are assimilated into lipids on the light
cycle. While on the dark cycle, intermediates are re-routed towards glucose production, a
process fueled by lipid oxidation. Excessively enhancing lipogenesis undermines
gluconeogenesis because precursors are diverted away, leading to reduced glycogen storage
and hypoglycemia. Blocking gluconeogenesis, on the other hand, shunts intermediates into
lipogenesis and promotes steatosis. Inhibiting lipid oxidation accumulates triglycerides, but
also impedes gluconeogenesis due to undersupply of energy and cofactors. Lipids, either
generated intrahepatically or received externally, are handled by lipid droplets (LDs) before
secretion or oxidation. When the amount of lipids exceeds the sequestration capacity of LDs,
lipotoxicity ensues. The intricate relationship between hepatic lipid and carbohydrate
metabolism exemplifies the ancient philosophy of Yin and Yang, which describes the world
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as two opposing existences that flow in a natural cycle seeking balance and interconnection
to each other.
DNL: de novo lipogenesis; FAO: fatty acid oxidation; PPP: pentose phosphate pathway;
GNG: gluconeogenesis; FA: fatty acids; TG: triglycerides. Intermediates include Krebs
cycle intermediates, precursors and cofactors for biosynthesis, and energy.
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Table 1

Summary of recent studies demonstrating a dissociation of fatty liver and diabetes in genetic animal models or
human subjects with genetic variations

Primary changes Gene Genetic manipulation
Phenotype compared to WT control on the same
condition References

Insulin signaling

IR
Liver-specific KO mice
(LIRKO)

Hypotriglyceridemia, low lipogenesis,
hyperinsulinemia, enhanced HGP, no change in
BW [18][19]

PI3K
Liver-specific KO of p85 (L-
p85DKO) or p110a

Hypotriglyceridemia, low lipogenesis,
hyperinsulinemia, glucose intolerance, on change in
BW [20][21]

AKT2
Liver-specific KO on ob/ob
background or DIO

Absence of overnutrition-induced hepatosteatosis,
hyperglycemia, hyperinsulinemia, lower BW [22]

PTEN Liver-specific KO mice
Hepatosteatosis, enhanced lipogenesis, insulin
hypersensitivity, no change in BW [23]

TG secretion
APOB

Truncation mutation in mice
or human FHBL

Hepatosteatosis, no change on insulin sensitivity or
BW [24][25][26]

MTTP MTTP f/f, Mx1-Cre mice
Hepatosteatosis with higher DAG and ceramide, no
change in insulin sensitivity or BW [27]

PEMT KO mice fed HFD
Hepatosteatosis, increased insulin sensitivity, lower
BW [28]

CTa Liver-KO on HFD
Hepatosteatosis with higher DAG and ceramide, no
change in insulin sensitivity or BW [28][29]

Lipid sequestration
ATGL

Whole body or liver-specific
KO

Hepatosteatosis, increased or unchanged insulin
sensitivity, increased or unchanged BW [33][36]

CGI-58
ASO knockdown in liver in
mice fed HFD

Hepatosteatosis with higher DAG and ceramide,
increased insulin sensitivity, lower BW [38]

PNPLA3 Variations in human Hepatosteatosis, no change in insulin sensitivity [41][42]

PLIN2
Overexpression in mice liver
by adenovirus

Hepatosteatosis, increased systemic insulin
sensitivity, no change in BW [49]

CIDEC
Overexpression in mice liver
by adenovirus Hepatosteatosis, fasting hypoglycemia [52]

Lipogenesis
DGAT2

Transgenic over-expression in
mouse liver, human variants

Hepatosteatosis with higher DAG and ceramide, no
change in insulin sensitivity or BW [56][58]

SREBP-1c
Overexpression in mice liver
by adenovirus

Hepatosteatosis, lower blood glucose in
streptozotocin-treated mice, no change in BW [62]

ChREBP
Overexpression in mice liver
by adenovirus

Hepatosteatosis with higher DAG, increased insulin
sensitivity on HFD, no change in BW [64]

HDAC3 Liver-specific KO mice
Hepatosteatosis with higher DAG, increased insulin
sensitivity, no change in BW [49]

FASN Liver-specific KO mice
Hepatosteatosis upon fasting or zero fat diet,
hypoglycemia, no change in BW [68]

ELOVL6
KO or liver-specific
knockdown by adenovirus

Hepatosteatosis on HF-HS diet, increased insulin
sensitivity, slightly lower BW [69]

FA oxidation
CPT-1a Heterozygous +/− mice

Hepatosteatosis, increased glucose tolerance on
high carbohydrate diet, slightly lower BW [73]

PPARa
KO mice fed HFD or on
fasting

Hepatosteatosis, fasting hypoglycemia, increased
systemic insulin sensitivity, no change in BW [77]

PGC-1a
KO mice, or liver- specific
KO or knockdown

Hepatosteatosis, fasting hypoglycemia, increased
glucose tolerance, unaltered or higher BW [80][81][82]

PGC-1b KO mice on HFD
Hepatosteatosis, no change in glucose tolerance or
insulin resistance, higher or lower BW [85][86]

Trends Endocrinol Metab. Author manuscript; available in PMC 2014 January 01.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Sun and Lazar Page 17

Primary changes Gene Genetic manipulation
Phenotype compared to WT control on the same
condition References

BNIP3 KO mice on fasting
Hepatosteatosis, improved glucose tolerance and
insulin resistance, [87]

TBL1/TBLR1
Double knockdown in liver by
adenovirus,

Hepatosteatosis, increased insulin sensitivity,
reduced FAO, no change in BW [90]

Gluconeogenesis
PCK1

Liver-specific KO or
knockdown

Hepatosteatosis, increased glucose tolerance and
insulin sensitivity, no change in BW [91][92]

G6PC Liver-specific KO
Hepatosteatosis, fasting hypoglycemia, no change
in BW [93,94]

FOXO
Liver-specific KO of
FOXO1/3/4

Hepatosteatosis, hypoglycemia, improved glucose
tolerance, no change in BW [96][97]

CREB/CRTC2
KO or dominant negative
expression

Hepatosteatosis, hypoglycemia, improved insulin
sensitivity [102][101]

GCGR KO mice on HFD
Hepatosteatosis, hypoglycemia, insulin
hypersensitivity, unaltered or lower BW [103][104]

KO: knock-out; WT: wild-type; HGP: hepatic glucose production; HFD: high fat diet; BW: body weight; DIO: diet induced obesity; DAG:
diacylglycerol; ASO: anti-sense oligonucleotides.
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