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Abstract

Purpose of review.—The purpose of this review is to provide a brief summary of recent
advances in our understanding of liver metabolism. The critical role of the liver in controlling
whole body energy homeostasis makes such understanding crucial to efficiently design new
treatments for metabolic syndrome diseases, including Type 2 Diabetes (T2D).

Recent findings.—Significant advances have been made regarding our understanding of the
direct and indirect effects of insulin on hepatic metabolism and the communication between the
liver and other tissues. Moreover, the catabolic functions of glucagon, as well as the importance of
hepatic redox status for the regulation of glucose production, are emerging as potential targets to
reduce hyperglycemia.

Summary.—A resolution to the long-standing question “insulin suppression of hepatic glucose
production, direct or indirect effect?” is starting to emerge. New advances in our understanding of
important fasting-induced hepatic metabolic fluxes may help design better therapies for T2D.
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Introduction

Maintenance of blood glucose at a relatively constant concentration in healthy individuals
requires an orchestrated response to fasting and fed signals. This response is perturbed in
T2D, one of the most challenging medical conditions of the 215t century. T2D is expected to
affect over 50 million people in the United States with an associated economic burden of >
$600 billion by 2030 [1]. Fasting hyperglycemia characteristic of T2D is largely a result of
the inability of insulin to control blood glucose, a phenomenon termed insulin resistance [2,
3]
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The liver plays a crucial role in regulating metabolic homeostasis; perturbations in liver
metabolism have major implications for systemic glucose and lipid homeostasis [4, 5].
During fasting, high glucagon levels stimulate hepatic glucose production (HGP) by
promoting glycogen breakdown (glycogenolysis) and de-novo glucose synthesis from 3-
carbon precursors (gluconeogenesis). Following a meal, elevated levels of insulin signal the
liver to accumulate glycogen (glycogenesis), suppress HGP and synthesize triglycerides
(TG) for storage. Mechanistically, the hormonal regulation of hepatic metabolism includes
allosteric activation/inhibition, changes in metabolic fluxes and transcriptional regulation of
key gluconeogenic/lipogenic components to support long-term activity of these pathways [6,
4,7, 8]. In this review we will describe recent advances in our understanding of how insulin
and glucagon regulate liver metabolism under normal physiology as well as under
pathophysiological conditions such as T2D.

Insulin regulation of liver metabolism

Insulin regulates HGP both directly and indirectly.

Insulin, secreted by f cells in the pancreas, is considered the master anabolic hormone as it
controls the mobilization and storage of carbohydrates, lipids and amino acids in basically
all metabolic tissues. Insulin resistance is a hallmark of T2D and other components of the
metabolic syndrome, which reflects inability of insulin to appropriately stimulate glucose
uptake and to suppress HGP, contributing to hyperglycemia [9, 2, 10, 11]. The direct effects
of insulin in hepatocytes includes stimulation of glycogen deposition, de-novo lipogenesis
(DNL), and TG accumulation, and suppression of glycogenolysis, fatty acid oxidation (FAO)
and gluconeogenic gene expression [11, 12]. Following binding of insulin to its cognate
receptor, a downstream cascade of signaling is initiated; phosphorylation of insulin receptor
substrates (IRSs) and recruitment of PI 3-kinase leads to the generation of
phosphatidylinositol (3,4,5)-triphosphate (PIP3) and recruitment of Akt and PDK1 to the
membrane. Subsequent phosphorylation-induced activation of Akt by PDK1 and mTORC2
mediates many of the direct metabolic effects of insulin in hepatocytes [7]. These include (1)
stimulation of glycogen synthesis by promoting glycolytic flux and releasing the GSK-3p
inhibition of glycogen synthase, (2) suppression of FoxO1-driven expression of
gluconeogenic genes by Akt-mediated nuclear exclusion, and (3) stimulation of lipogenesis
by increasing SREBP1c activity and glycolytic flux (Fig. 1).

The importance of direct insulin signaling in the liver is underscored by the severe glucose
intolerance and inability of insulin to suppress HGP in mice lacking insulin receptor in the
liver (LIRKO mice) [13]. Consistent with the importance of Akt in mediating the hepatic
response to insulin, liver specific deletion of Akt 1 and 2 phenocopies to a large extent the
metabolic phenotype of LIRKO mice, including the inability of insulin to suppress the
expression of gluconeogenic genes [14]. Surprisingly however, when FoxO1 is
concomitantly deleted in the liver Akt-1/2 KO mice, insulin’s ability to suppress HGP is
restored, raising the possibility that under certain conditions Akt is dispensable for insulin-
mediated suppression of HGP. Several independent studies have confirmed this observation
and showed that completely depleting hepatic insulin signaling, by either knocking out the
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insulin receptor or the insulin receptor substrates, renders HGP unresponsive to insulin but
only when FoxO1 is present [15, 14, 16-19].

These studies show that in the absence of both hepatic insulin signaling and FoxO1, the
direct effect of insulin is dispensable for the ability of insulin to block HGP, and support an
important role for /ndirectinsulin regulation of extrahepatic pathways to suppress HGP. It is
important to note however that these studies were done under the extreme conditions of
completely abrogating direct insulin action in the liver. It is plausible that only under these
conditions the indirect effects of insulin on HGP become dominant over the direct effects.
This notion is supported by studies in dogs that show that when hepatic insulin signaling is
intact the direct effect of insulin on liver is dominant in controlling HGP [20].

The indirect regulation of HGP by insulin.

What are the extrahepatic pathways by which insulin controls HGP? It has been known for
many years that free fatty acids (FFA) can augment HGP by multiple mechanisms [21, 22].
Given that insulin strongly suppresses lipolysis in fat, FFA mobilization from fat to liver
may be a major contributor to the insulin-mediated control of HGP (Fig. 1). Perry et al.
suggest that the intrahepatic increase in acetyl-CoA, induced by elevated hepatic FFA, drives
gluconeogenesis and HGP by activating Pyruvate Carboxylase (PC). They further show that
acetate infusion, by leading to an increase in hepatic acetyl-CoA levels, increases HGP and
that inhibition of lipolysis in fat normalizes HGP in high fat diet-fed rats [23]. Titchenell et
al. used a more physiologic substrate and show that infusion of FFA completely abrogates
the ability of insulin to suppress HGP, but only when insulin receptor and FoxO1 are deleted
in the liver [19]. Both studies agree that the ability of insulin to suppress lipolysis is a crucial
component in regulation of HGP; however Titchenell et al. emphasize that this pathway
becomes dominant only when direct hepatic insulin signaling is perturbed [19]. These
studies are particularly important in the context of T2D due to the strong association
between T2D and increased levels of serum FFA. Under these conditions, the inability of
insulin to suppress lipolysis in fat, due to insulin resistance, probably becomes a dominant
contributor to the uncontrolled HGP in the insulin resistant liver.

FoxO1 has been considered for many years the main transcription factor that controls HGP
by regulating the expression of gluconeogenic enzymes [24]. Under fasting conditions,
FoxOl is localized to the nucleus where it drives the expression of PEPCK and G-6-Pase to
promote HGP and at the same time represses the transcription of Glucokinase (Gck), leading
to reduced glycolytic flux and reduced lipogenesis [25, 26]. FoxO1 transcriptional activity is
strongly inhibited by insulin via Akt-dependent phosphorylation and nuclear exclusion. The
observation that concomitant ablation of hepatic insulin signaling and FoxO1 is required to
restore insulin’s ability to suppress HGP highlights the importance of FoxO1 in also
mediating the communication between liver and fat tissues to regulate systemic glucose
homeostasis.

One potential effector of hepatic FoxO1 activity is follistatin (Fst), which was identified by
Tao et al. as a hepatokine that is controlled by liver FoxO1 activity and is elevated in serum
of Irs1/2 liver specific KO mice [17]. Overexpression of Fstin liver promotes glucose
intolerance; conversely, depletion of hepatic follistatin normalizes the ability of insulin to
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suppress HGP and also normalizes WAT insulin sensitivity in IRS1/2 DKO mice. Most
interestingly, follistatin levels are elevated in T2D and reduced after bariatric surgery,
emphasizing the potential relevance of follistatin in regulating HGP in insulin resistant
humans as well [17].

The lipogenic effects of insulin.

The direct effects of insulin on liver also include a strong stimulation of de-novo lipogenesis
(DNL), TG synthesis and inhibition of FAO. Indeed, LIRKO mice, while demonstrating
severe hyperglycemia and glucose intolerance, are protected from hepatic steatosis [27, 28].
These effects are mediated to a large extent by activation of SREBP1c, which activates a
transcription program that promotes lipogenic flux [29, 30]. Insulin activates SREBP1c by
increasing its transcription levels and by facilitating its processing and nuclear translocation,
which is mediated by mTORC1. However, activation of mMTORCL1 alone is not enough to
promote lipogenesis since activation of Akt is also necessary, as recently demonstrated [19].

Another important mediator of insulin’s effect on hepatic DNL is FoxO1, which in addition
to its strong positive effects on gluconeogenesis can also act as a repressor of Gck
expression leading to reduced glycolytic flux and substrate availability for DNL. A recent
study shows that SIN3A is the insulin-regulated FoxO1 corepressor that facilitates inhibition
of Gckexpression but does not affect the gene activation function of FoxO1 [31]. This type
of selectivity is specifically interesting as small molecules that can specifically reduce
gluconeogenic function of FoxO1 without affecting its ability to suppress Gck theoretically
exist. Indeed, Langlet et al. identified a small molecule that is able to clear FoxO1 from
G6pc promoter but not from Gck promoter. This type of small molecule can potentially be
used to reduce glucose production without promoting lipogenesis; this outcome would be
highly desirable as a potential adverse effect of insulin sensitizers is accumulation of fat in
liver. Selectivity in suppressing HGP without resulting in hepatic lipid accumulation has also
been recently shown by using a small molecule that selectively inhibits the gluconeogenic
function of PGC-1a, an important transcription coactivator that promotes gluconeogenesis
by activating the transcriptional activity of FoxO1 and HNF4a. during fasting [32]. By
enhancing the acetylation of PGC-1a, a chemical modification that was shown to strongly
inhibit its activity [33-36], this small molecule attenuates the ability of PGC-1a to promote
gluconeogenesis, leading to strong inhibition of HGP and improved insulin sensitivity [32].
Thus, these data suggest that targeting corepressors or coactivators, rather the transcription
factors themselves, might be a key strategy in the design of future drugs that will only
sensitize the liver to the effects of insulin on glucose metabolism.

Glucagon regulation of liver metabolism

Glucagon regulation of glucose homeostasis.

Hepatic glucagon actions include coordinated regulation of transcription factors and signal
transduction networks that control carbohydrate, lipid and amino acid metabolism [6].
Glucagon is secreted by pancreatic a-cells and fasting hyperglucagonemia is often
associated with T2D, where it contributes substantially to fasting hyperglycemia [37].
Binding of glucagon to the glucagon receptor, a 7 transmembrane G-protein coupled
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receptor (GPCR), leads to elevation in intracellular cAMP levels and activation of
downstream signaling pathways. Like insulin, glucagon exerts its metabolic functions in the
liver by controlling not only gene expression but also metabolic fluxes and enzyme activity.
Glucagon positively regulates HGP by promoting both glycogen breakdown and
gluconeogenesis (Fig. 1). Accordingly, mice with liver-specific deletion of glucagon
receptor exhibit reduction in fasting blood glucose and improved insulin sensitivity and
glucose tolerance [38].

Interfering with hepatic glucagon signaling, via either genetic [38] or chemical inhibition
[39], leads to pancreatic a-cell hyperplasia, potentially via the action of a liver-derived
factor promoting a-cell proliferation [38]. While these secondary effects may compromise
to some extent the usage of glucagon signaling blockade as a clinical approach,
identification of mechanisms contributing to liver-alpha-cell communication will be
important. Recently, it has been shown that blocking glucagon signaling perturbs amino acid
(AA) catabolism, leading to elevated levels of AA in liver and serum [39, 40]; increases in
AA especially glutamine, in turn may potently stimulate proliferation of these cells in
culture [39].

Glucagon is processed from the proglucagon peptide, which also gives rise to glucagon-like
peptide 1 (GLP-1), an intestinal hormone that is secreted after a meal, promotes insulin
secretion and contrary to glucagon, reduces glycemia [41]. A very exciting therapeutic
approach is offered by dual glucagon/GLP-1 agonists, which provide enhanced efficacy as
compared with GLP-1 agonists alone [42]. This approach takes advantage of the less
appreciated effects of glucagon on satiety and increased energy expenditure, and the
antidiabetic effects of GLP-1. This synthetic glucagon/GLP-1 peptide agonist results in a
dramatic improvement in glucose homeostasis, reduced body weight, and increased energy
expenditure [43, 44]. It will be interesting to see whether other antidiabetic drugs can be
used in conjunction with glucagon to mitigate its hyperglycemic effect while taking
advantage of its catabolic functions.

Glucagon regulation of lipid homeostasis.

Glucagon regulates lipid homeostasis, independently of its control over glucose homeostasis
[45]. 1t promotes lipolysis in white adipocytes as well as energy expenditure both in rodents
and human [45]. During fasting, hepatic FAQ is elevated in WT mice but not in glucagon
receptor KO mice (Gecgr 7~ mice), pointing to the catabolic effect of glucagon in the liver
[46]. TG secretion is elevated in the Gegr 7~ KO mice as well, further demonstrating the
important contribution of direct hepatic glucagon signaling to lipid homeostasis. The effects
of glucagon on TG synthesis and FAO are abolished in PPARa ™~ hepatocytes, suggesting
that these effects are PPARa-driven [46].

Glucagon regulation of metabolic fluxes and redox state.

Pyruvate/lactate, as well as alanine, glutamine and glycerol, are required as a carbon source
for glucose production during gluconeogenesis. The importance of AA catabolism in the
coordinated response to glucagon is underscored by a recent study showing that while
quantitatively, lactate is a greater source for glucagon-stimulated glucose production, the
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contribution of carbons from glutamine is more enriched following glucagon stimulation in
hepatocytes [47]. The authors propose that calcium entry to the mitochondria following
glucagon treatment stimulates the activity of a-ketoglutarate dehydrogenase (AKGDH)
leading to increased anaplerotic flux from glutamine. Consistent with the importance of
glutamine flux to glucose production, deletion of glutaminase (G/s2), the enzyme converting
glutamine to glutamate, leads to reduced glutamine utilization in response to glucagon and
to reduced fasting blood glucose in mice. Importantly, a polymorphism at the locus
containing the human GLS2, results in elevated glutaminase activity, increased glutamine
flux and is associated with higher fasting blood glucose in humans [47].

Mitochondrial anaplerosis/cataplerosis function is critical in regulating gluconeogenesis in
liver. The anaplerotic enzyme pyruvate carboxylase (PC) catalyzes the first step in
gluconeogenesis by converting pyruvate into oxaloacetate (OAA); cytosolic PEPCK
(PEPCK-C) subsequently converts OAA to phosphoenolpyruvate (PEP) in a cataplerotic
reaction. The transcriptional regulation of PEPCK-C (encoded by the gene Pckl) by
glucagon has been studied extensively under the prevailing hypothesis that inhibition of this
of regulation, and reduction in PEPCK activity, can reduce gluconeogenesis and HGP.
Indeed, numerous studies have correlated reduced PckZ expression with reduced HGP and
improved glucose tolerance [8]. This hypothesis was challenged by the finding that PEPCK
depletion in liver has a small effect on gluconeogenic flux [48]. However, a more recent
study shows that depletion of PEPCK-C can indeed reduce gluconeogenesis but only in the
setting of high fat diet (HFD), when both cataplerotic and cataplerotic fluxes are elevated
due to increased levels of circulating FFA [49]. Under these conditions, reduced cataplerotic
flux by depletion of PEPCK-C improves hepatic insulin sensitivity and the ability to
suppress HGP. The importance of anaplerosis/cataplerosis flux in regulation of hepatic
function is also demonstrated by the importance of PC activity in liver. Loss of PC results in
reduced gluconeogenesis, as can be predicted, but also perturbs hepatic AA catabolism [50].
Similar to PEPCK-C depletion, liver specific knockout of PC also results in reduced
oxidative flux, improved insulin sensitivity and protects against HFD-induced
hyperglycemia. Interestingly, while PEPCK-C depletion results in reduced redox state
(lower NAD*/NADH ratio), PC depletion has an opposite effect with a more oxidized redox
state (higher NAD*/NADH ratio). Moreover, while PEPCK-C depletion increases
antioxidant capacity and improves inflammation, PC depletion does the opposite [49, 50].
These findings provide important information on the relationship between TCA cycle fluxes
and antioxidant mechanisms. Inhibition of anaplerotic/catapleroic flux in liver might be
beneficial in obese individuals with non-alcoholic fatty liver disease (NAFLD) since
oxidative flux strongly correlates with the severity of NAFLD and inflammation in humans
[50].

Metformin, the first line drug for treatment of T2DM, improves hyperglycemia primarily by
reducing gluconeogenesis. The importance of hepatic redox state to the regulation of
gluconeogenesis is also highlighted by a recent hypothesis suggesting that metformin exerts
its anti-gluconeogenic function by controlling hepatic redox status [51, 52]. By non-
competitively inhibiting the mitochondrial glycerol-3-phosphate dehydrogenase (mGPD),
metformin increases mitochondrial NAD+/NADH ratio and reduces cytoplasmic NAD+/
NADH ratio. This creates conditions that are unfavorable to conversion of lactate into
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pyruvate and prevents contribution of glycerol to gluconeogenic flux by inhibiting mGPD
and thus formation of dihydroxyacetone phosphate (DHAP), a necessary entry point of
glycerol into gluconeogenesis.

Conclusions

Regulation of hepatic gluconeogenesis is currently the most efficient way to control glucose
homeostasis, as evident by the usage of metformin as the first line drug to treat
hyperglycemia. Recent data improve our understanding of how insulin controls this very
important process and suggest that under conditions of hepatic insulin resistance, as evident
in obese and T2D patients, the contribution of circulating FFA originated from lipolysis in
fat, and specifically the inability of insulin to suppress it, becomes dominant in the
regulation of HGP. Liver-fat communication also seems to play an important role in
controlling insulin resistance in fat. Thus, perturbing this harmful communication may
provide a potential therapeutic target. The importance of several hepatic metabolic fluxes to
the regulation of HGP was also underscored by several recent studies. Specifically, new data
shed light on the importance of glutamine to the hepatic response to glucagon and on the
implications of anaplerotic/cataplerotic flux regulation on oxidative stress and liver
inflammation.
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Figure 1. The effects of insulin and glucagon on hepatic metabolism.
Insulin suppresses hepatic glucose production both directly by inhibiting glycogen

breakdown and gluconeogenesis, and indirectly by inhibiting lipolysis in fat and limiting
free fatty acids (FFA) supply to liver. In addition, insulin strongly stimulates glycogenesis
and lipogenesis. Glucagon promotes hepatic glucose production by stimulating
glycogenolysis and gluconeogenesis. Glucagon also has catabolic effects in liver by
promoting fatty acid oxidation.
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