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Abstract

Maintaining blood glucose concentration within a relatively narrow range through periods of
fasting or excess nutrient availability is essential to the survival of the organism. This is achieved
through an intricate balance between glucose uptake and endogenous glucose production to
maintain constant glucose concentrations. The liver plays a major role in maintaining normal
whole body glucose levels by regulating the processes of de novo glucose production
(gluconeogenesis) and glycogen breakdown (glycogenolysis), thus controlling the levels of hepatic
glucose release. Aberrant regulation of hepatic glucose production (HGP) can result in deleterious
clinical outcomes, and excessive HGP is a major contributor to the hyperglycemia observed in
Type 2 diabetes mellitus (T2DM). Indeed, adjusting glycaemia as close as possible to a non-
diabetic range is the foremost objective in the medical treatment of patients with T2DM and is
currently achieved in the clinic primarily through suppression of HGP. Here, we review the
molecular mechanisms controlling HGP in response to nutritional and hormonal signals and
discuss how these signals are altered in T2DM.

2 Introduction

Abnormal concentrations of glucose in plasma result in deleterious effects at the whole
organism level. Glucose is the main energy source for the brain and decreased plasma
glucose levels (hypoglycemia) can lead to impaired brain function and death. Conversely,
increased plasma glucose levels (hyperglycemia), a major clinical symptom of diabetes,
dramatically increase the risk of various macrovascular and microvascular complications.

Glucose homeostasis is balanced by nutrient sensing and hormonal signaling intracellular
mechanisms that control tissue-specific rates of glucose utilization and production. Among
the tissues contributing to the maintenance of normal ranges of blood glucose levels are the
liver, skeletal and cardiac muscle, fat and brain. After a carbohydrate meal, ~33% of the
glucose is taken up by the liver, another ~33% is taken up by muscle and adipose tissues,
and the remaining glucose is taken up by the brain, kidney and red blood cells (RBC)
(Moore et al., 2012). Insulin and glucagon are two central glucose-dependent

"To whom correspondence should be addressed: Dr. Pere Puigserver, Dana-Farber Cancer Institute, 450 Brookline Av. CLSB-11144,
Boston, MA 02215, Phone: 617-582-7977, Fax: 617-632-5363, pere_puigserver@dfci.harvard.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sharabi et al.

Page 2

counterregulatory hormones that orchestrate the peripheral tissues’ responses to control rates
of utilization and production of glucose to maintain glycaemia within narrow ranges. Indeed,
the resistance of these tissues to insulin is the major contributor to impaired glucose
homeostasis leading to hyperglycemia and to the development of type 2 diabetes mellitus
(T2DM) (Samuel and Shulman, 2012).

The liver plays a major role in maintaining glucose homeostasis, as it is the main organ for
glucose storage, in the form of glycogen, as well as endogenous glucose production. When
nutrients are available, insulin is secreted from pancreatic  cells and promotes hepatic
glycogen synthesis and lipogenesis. When nutrients become scarce, insulin levels are
decreased and glucagon is secreted from pancreatic a cells to promote hepatic glucose
production (HGP) to meet brain and RBC energetic demands. HGP is achieved by glycogen
breakdown (glycogenolysis) as well as by de novo glucose synthesis from available
precursors (gluconeogenesis). Increased rates of HGP, as observed in patients with T2DM,
significantly impair glucose homeostasis and significantly contribute to hyperglycemia (Lin
and Accili, 2011). Therefore, controlling the rates of HGP is one of the major targets for the
treatment of T2DM patients. In this review, we will focus on the molecular mechanisms
underlying the nutrient and hormonal regulatory control of HGP.

3 Whole body glucose homeostasis

Liver

Blood glucose concentrations in normal healthy individuals are normally maintained at ~90
mg/dl. This is a result of an intricate balance between endogenous glucose production and
glucose removal from the blood stream, which are dynamically regulated by hormonal and
nutritional signals. The primary tissue source for endogenous glucose production is the liver
and under some conditions the kidney. The clearance of glucose from the blood stream is the
net consumption primarily by the brain, muscle, adipose and liver tissues. In this section, we
will briefly review the regulatory contribution of each tissue in maintaining the net blood
glucose concentration.

The liver plays a major role in whole body glucose metabolism by maintaining a balance
between glucose production and glucose storage in the form of glycogen. Approximately
80% of endogenous glucose production is accounted for by the liver and the remaining by
the kidney (Gerich, 2010). In humans, the splanchnic bed (comprising the liver and gut)
accounts for ~25% of glucose utilization under fasting conditions and for 35% after an oral
glucose load (DeFronzo, 2004; Moore et al., 2012). When nutrients are available, as occurs
after a meal, blood glucose concentrations rise. The effect of high glucose on the liver is
dual. First, hyperglycemia per se promotes glucose absorption from the blood stream to be
stored as glycogen. Second, it promotes insulin secretion from the pancreas that suppresses
hepatic glucose production (HGP). Glucose entrance into hepatocytes is insulin-independent
and is facilitated by the glucose transporter GLUT2. When nutrients become scarce, even
after a few hours of fasting, the liver releases glucose to the blood by regulating the two
primary glucose production metabolic pathways, glycogenolysis and gluconeogenesis. In
order to achieve net glucose production or uptake, key enzymes in these pathways must be
tightly regulated. These pathways are primarily regulated by insulin and glucagon secreted
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from the pancreas. Elevated insulin levels initiate the insulin signaling cascade in liver that
suppresses glycogen breakdown and promotes glycogen storage and lipogenesis. Insulin's
action in the liver is counter-regulated by glucagon, which promotes glycogen breakdown
and gluconeogenesis when nutrients are not available. The production of glucose by the liver
is also controlled by catecholamines secreted from the adrenal medulla (Rizza et al., 1980).
In the liver, catecholamines increase glucose production by cyclic AMP (CAMP) activation
of glycogen phosphorylase and gluconeogenesis.

A primary purpose of maintaining constant plasma glucose levels is to keep a steady energy
supply to the brain, which depends on glucose as its sole energy source. A prolonged
decrease in plasma glucose concentrations impairs cerebral function and can cause brain
damage and even death (Mitrakou et al., 1991). In humans, under fasting conditions the
brain accounts for ~50% of glucose utilization (Baron et al., 1988), and for 33% after an oral
glucose load (Moore et al., 2012). Glucose transport into neurons is insulin independent and
is mediated by glucose transporter GLUT3, which due to its low Km for glucose is saturated
under most physiological conditions (Burant and Bell, 1992). It is well established that
blood glucose levels can be sensed by the central nervous system (reviewed in (Routh et al.,
2004). In response to low concentrations of glucose, the ventromedial hypothalamus (VMH)
controls a counter regulatory response by promoting catecholamine and glucagon secretion
(Borg et al., 1994; Borg et al., 1995). When glucose is selectively infused into the VMH to
prevent local hypoglycemia in this region, the counter regulatory response is markedly
reduced despite systemic hypoglycemia (Borg et al., 1997). In addition, an acute increase in
central nervous system glucose levels was shown to suppress glucose production by the liver
(Lam et al., 2005).

Muscle and adipose tissue

The muscle and adipose tissues are major sites for insulin-mediated glucose removal from
the blood stream, and the ability of these tissues to increase their glucose uptake in response
to insulin is critical for maintaining normal blood glucose levels. In humans, under fasting
conditions these tissues account for ~25% of glucose utilization and for ~33% after an oral
glucose load (DeFronzo, 2004; Moore et al., 2012). It is important to highlight that under
hyperinsulinemic-euglycemic clamp conditions, where glucose is being infused rather than
digested, the muscle contribution for glucose disposal is far greater and accounts for ~80%
of glucose utilization (DeFronzo, 2004). In response to rising levels of insulin, glucose
uptake in muscle and adipose tissue is facilitated by localization of the glucose transporter
GLUT4 to the plasma membrane. In periods of increased glucose demand, like in exercise,
glucose uptake by skeletal muscle is greatly enhanced. The muscle also releases amino acids
into the blood circulation that are used by the liver as substrates for gluconeogenesis.
Adipose tissue contributes to whole body glucose homeostasis by releasing free fatty acids
(FFA) and glycerol that can be taken up by the liver and used as substrates for
gluconeogenesis, and also by secretion of adipokines that influence insulin sensitivity in
muscle and liver (Bays et al., 2004).
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The pancreas is a major contributor to whole body glucose homeostasis, as it controls the
secretion of both insulin and glucagon. Similar to the liver, the transport of glucose into the
pancreas is mediated by GLUT2. Glucose is then converted by glucokinase (GK) into
glucose-6-phosphate (G6P). In contrast to the liver, GK in pancreatic cells is not subjected
to an inhibitory mechanism and as a consequence cellular concentrations of glucose are
similar to plasma glucose levels (Matschinsky, 1996). When blood glucose levels rise,
insulin is secreted from pancreatic f cells to stimulate glucose clearance in muscle and
adipose tissue and to suppress hepatic glucose production. In addition, hyperinsulinemia
suppresses glucagon secretion from pancreatic a cells. When blood glucose levels fall,
insulin levels are suppressed and glucagon is secreted in response to catecholamines and
glucocorticoids to promote hepatic glucose production and maintain glucose homeostasis.

Similar to its effect on glucose uptake by the muscle, the route of glucose administration
also affects the magnitude of insulin secretion. Oral glucose administration leads to a more
robust glucose-stimulated insulin secretion compared to intravenous glucose infusion
(Drucker, 1998). This increase is attributed to gut secreted hormones called incretins,
specifically glucagon-like peptide-1 (GLP-1), which promotes insulin secretion from
pancreatic f cells, inhibits gastric emptying and inhibits glucagon secretion (Drucker, 1998),
thus lowering blood glucose levels.

4 Fed-fasting physiology

Maintaining relatively constant blood glucose levels is essential for the survival of the
organism. This is specifically challenging in periods of reduced energy supply such as after
prolonged fasting or exercise. In the fed state, circulating glucose is derived primarily from
dietary sources and is distributed to the brain, the muscle and fat, and the liver. After an
overnight fast (postabsorptive state) when dietary glucose supply is not available, glucose is
produced primarily from glycogenolysis, the release of glucose from glycogen breakdown,
or from gluconeogenesis, the synthesis of glucose from noncarbohydrates precursors (i.e.,
pyruvate, lactate, glycerol and amino acids). The low glucose levels are sensed by pancreatic
a cells and the adrenal medulla that secrete glucagon and catecholamines, respectively. An
increase in blood concentrations of these hormones promotes HGP in the fasted state and
during exercise. Under overnight fasting conditions, the contribution of glycogenolysis and
gluconeogenesis to overall glucose production is approximately equal. Glycogen content in
the liver is limited and is largely depleted after an overnight fast. Therefore, gluconeogenesis
becomes the predominant source of glucose after prolonged fasting.

After digestion of a meal, in the fed state, glucose levels are sensed by pancreatic  cells that
secrete insulin while secretion of glucagon from pancreatic a cells is suppressed. The
increase in circulating insulin strongly suppresses HGP and promotes energy storage by
increasing glycogenesis and lipogenesis. Tracer studies performed in dogs and humans have
characterized the response of the liver to an increase in circulating glucagon or insulin.
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Short-term fasting

After an overnight fasting, glucagon secretion by pancreatic a cells is markedly increased.
Studies performed in dogs assessed the effect of glucagon on hepatic glucose output under
these conditions. In these experiments, insulin was kept constant at basal levels and
glucagon was infused to result in a four-fold increase in its plasma levels. As a result,
hepatic glucose output was increased almost four-fold compared to control. The increase in
hepatic glucose output was primarily the result of an increase in glycogenolysis, as
gluconeogenesis was hardly changed. Glucagon deficiency on the other hand, led to
decreased hepatic glucose output primarily due to decreased glycogenolysis (Cherrington,
1999).

Catecholamines are also known to regulate hepatic glucose output in the fasted state. In the
conscious fasted dog, infusion of epinephrine via peripheral vein, while insulin and
glucagon are held constant, increases hepatic glucose output by inducing both
glycogenolysis and gluconeogenesis. Within two hours, the glycogenolysis rate returns to
basal levels while gluconeogenesis remains active. Infusion of norepinephrine via portal
vein leads to an increase in hepatic glucose output attributed solely to an increase in
glycogenolysis (Cherrington, 1999).

Refeeding

After digestion of a meal, insulin plasma levels are increased. As in the case of glucagon,
studies in dogs assessed the effect of increased insulin levels on hepatic glucose output after
an overnight fast. In these experiments, glucagon was kept constant at basal levels and
insulin was infused to result in a four-fold increase in its plasma levels. As a result, hepatic
glucose output was rapidly reduced primarily due to a decline in the rate of glycogenolysis.
On the other hand, complete removal of insulin markedly augments glucose production,
emphasizing the importance of basal insulin in restraining glucose production by the
liver(Cherrington, 1999). Studies in humans have found that physiological hyperinsulinemia
suppresses gluconeogenesis by ~20% while completely blocking glycogenolysis (Gastaldelli
et al., 2001).

5 Molecular mechanisms that control hepatic glucose production

The molecular mechanisms determining whether the liver acts as a glucose producing organ
or a glucose storage organ can be grossly divided into two categories: acute and long term.
While the acute effects are brought about primarily by changes in metabolite flux controlled
by protein modifications or allosteric effectors, the long term effects are brought about
primarily by changes in the mRNA expression level of key enzymes in the glycolysis/
gluconeogenesis pathways. Both the short and long term effects on net hepatic glucose
output are subject to hormonal regulation by the opposing hormones insulin and glucagon.

5.1 Metabolite flux in the control of HGP

A key mode of control over hepatic glucose production is that of net glycolytic/
gluconeogenic flux. By regulating the activity of key glycolytic or gluconeogenic enzymes,
the liver can switch from net hepatic glucose storage to glucose output. Out of the 10
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reactions in glycolysis, 7 are reversible and can be used both for glycolysis and
gluconeogenesis. The remaining three reactions, consisting of the conversion of glucose-6-
phosphate (G6P) to glucose, the conversion of fructose 1,6-bisphosphate (F-1,6-P2) to
fructose-6-phosphate (F6P) and the conversion of pyruvate to phosphenolpyruvate (PEP),
are unique to gluconeogenesis and are catalyzed by specific enzymes. If these opposite
reactions were to act at the same rate, a futile cycle would occur resulting in wasteful energy
expenditure. Regulation of these gluconeogenic enzymes and their glycolytic counterparts
by either allosteric effectors, at the gene expression level or by covalent modifications is
therefore a mechanism by which net flux toward gluconeogenesis or glycolysis is achieved
in the liver (Figure 1).

Glucose/Glucose-6-phosphate cycle—The transport of glucose into hepatocytes is
facilitated by the GLUT2 transporter. Glucose is then phosphorylated by glucokinase (GK),
a liver specific hexokinase, to generate G6P. In its phosphorylated form, glucose can no
longer be exported to the circulation and is retained in hepatocytes. Unlike other
hexokinases, GK is not inhibited by its product but is rather retained in the nucleus by
binding to glucokinase regulatory protein (GKRP). After glucose enters the cell, GK is
released to the cytoplasm where it phosphorylates glucose. GK activity in hepatocytes is
also regulated by its mMRNA expression (lynedjian, 2009). The opposing gluconeogenic
enzyme is glucose-6-phosphatase (G6Pase), which is located in the endoplasmic reticulum
(ER) and catalyzes G6P hydrolysis. G6P is a branch point substrate that can either be
metabolized through glycolysis to produce pyruvate or alternatively stored as glycogen. The
final step in glycogen synthesis is catalyzed by glycogen synthase, while the first step in the
breakdown of glycogen is catalyzed by glycogen phosphorylase. Similarly as in glycolysis/
gluconeogenesis, the activity of these enzymes is subjected to allosteric and hormonal
regulation. Phosphorylation of glycogen synthase, primarily by glycogen synthase 3
(GSK-3), inhibits its activity while phosphorylation of glycogen phosphorylase stimulates
the enzyme's activity. Insulin, by activating Akt, results in phosphorylation and inactivation
of GSK-3 and a subsequent activation of glycogen synthase. Glucagon, via protein kinase A
(PKA)-mediated phosphorylation, activates glycogen phosphorylase while inhibiting
glycogen synthase.

Fructose-6-P/Fructose -1,6-bisphosphate flux—The F-6-P/F-1,6-P2 substrate cycle
is a major determinant of net glycolytic or gluconeogenic flux. The conversion of
fructose-6-phosphate (F-6-P) to fructose-1,6-bisphosphate (F-1,6-P2), catalyzed by
phosphofructokinase 1 (PFK1), is the first committed step in glycolysis and together with its
opposing gluconeogenic enzyme, fructose 1,6-bisphoshpatase (FBPase), these enzymes
control net glycolytic or gluconeogenic flux. Accordingly, pharmacological inhibition of
FBPase results in a reduction in gluconeogenesis and ameliorates both fasting and
postprandial hyperglycemia (van Poelje et al., 2011). The activity of these enzymes is
modulated by hormones and nutritional states. Physiological conditions that favor glucose
production, like fasting, will result in activation of FBPase to promote gluconeogenesis,
while conditions that favor glucose storage, like feeding, will activate PFK1 to promote
glycolysis (Clark et al., 1974). Both PFK1 and FBPase are subject to PKA phosphorylation,
and it was originally thought that this modification controls the activity of these enzymes.
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However, in vitro phosphorylation by PKA has little effect on the activity of these enzymes
(Claus et al., 1980; Meek and Nimmo, 1984). It was later found that the activity of both
enzymes is regulated by another allosteric effector, F-2,6-P, which is subject to hormonal
and nutritional regulation (Van Schaftingen et al., 1980a, b). High levels of F-2,6-P, as seen
in conditions that favor glucose utilization, strongly activate PFK1 and inhibit FBPase thus
favoring glycolysis, whereas low levels release FBPase inhibition and tilt the balance toward
gluconeogenesis. A unique bifunctional enzyme with both PFK1 and FBPase activity that
catalyzes both synthesis and hydrolysis of F-2,6-P controls the levels of this metabolite in
the cell. PKA-dependent phosphorylation of the bifunctional enzyme inhibits its kinase
activity and stimulates its BPase activity while dephosphorylation by protein phosphatase
2A induces its BPase activity (Pilkis et al., 1995). In addition, F-6-phosphate is a
noncompetitive inhibitor of the BPase activity of the bifunctional enzyme, and in conditions
where its levels are high (like after a glucose load) F-2,6-P levels increase to promote
glycolysis (Van Schaftingen, 1987). Glucagon, by increasing CAMP levels in the cell and
activating PKA, stimulates the bifunctional enzyme BPase activity by increasing its
phosphorylation. Insulin suppresses its BPase activity by decreasing its phosphorylation,
even when cAMP levels are unchanged (Garrison and Wagner, 1982; Pilkis et al., 1983).
The regulation of F-2,6-P is thus a mechanism by which net glycolysis and gluconeogenesis
levels are modulated.

Phosphoenolpyruvate/pyruvate cycle—The final step in glycolysis, the conversion of
PEP to pyruvate is catalyzed by pyruvate kinase (PK), while the opposing gluconeogenic
reaction, the conversion of oxaloacetate (generated by oxidation of cytosolic malate by
malate dehydrogenase) to PEP is catalyzed by phosphoenolpyruvate carboxykinase
(PEPCK). Glucagon and increased levels of cAMP strongly inhibit PK activity, blocking
glycolytic flux, by increasing its PKA-mediated phosphorylation. Insulin, by reducing
CAMP levels, releases the phosphorylation-mediated inhibition and activates PK to promote
glycolytic flux (Engstrom, 1978; Feliu et al., 1976). PK is also subjected to allosteric
activation by fructose-1,6-BP and inhibition by alanine and ATP (Flory et al., 1974).
Fructose-1,6-BP, in addition to allosterically activating PK, also inhibits cCAMP-mediated
phosphorylation of PK, providing another level of control of PK activity (Pilkis and
Granner, 1992). Glucagon also lowers hepatic fructose-1,6-BP to further increase the
inhibition mediated by PKA.

5.2 Transcriptional regulation of HGP

HGP and gluconeogenesis in particular are largely controlled by transcriptional regulation of
key rate limiting enzymes in the gluconeogenic pathway, specifically PEPCK and G-6-Pase.
Several transcription factors and coactivators have been identified to control the expression
of these enzymes, and these transcription regulators are controlled by hormonal signals that
regulate the response of the liver to the fed or fasted state. Numerous studies have
demonstrated that suppression or induction of PEPCK and G-6-Pase can affect HGP both in
cultured primary hepatocytes and in vivo. Mice with whole body knockout of PEPCK die 3
days after birth, but liver-specific knockout mice are viable (She et al., 2000). Surprisingly,
these mice are euglycemic but develop hepatic steatosis after fasting (She et al., 2000).
Tracer studies have shown that although hepatic glucose production in these mice is
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markedly reduced, supporting the importance of PEPCK in hepatic gluconeogenesis,
endogenous gluconeogenesis is not changed probably due to compensation by the kidney
and intestine which also express gluconeogenic enzymes (She et al., 2003). Similarly, mice
with liver-specific knockout of G-6-Pase demonstrate normal fasting blood glucose due to
compensation from extra-hepatic tissues (Mutel et al., 2011). These studies demonstrate that
while the liver is the major source of endogenous glucose production, when HGP is
impaired glucose homeostasis is maintained through compensation by extra-hepatic tissues
(Figure 2).

Insulin signaling in the liver—In the liver, insulin inhibits glucose production and
stimulates storage of glucose as glycogen as well as lipid synthesis. The insulin receptor
consists of two a and two B subunits, in which the § subunit possess a tyrosine kinase
catalytic activity that is allosterically inhibited by the a subunit. Upon binding of insulin to
the a subunit the allosteric inhibition is released and autophosphrylation of the § subunit
occurs. The insulin receptor substrates (IRS1 and IRS2) are subsequently phosphorylated
and associated with PI3K via its p85 regulatory subunit which leads to its activation and
subsequent phosphorylation of PDK1 and Akt (Saltiel and Kahn, 2001). The importance of
proper liver responsiveness to insulin is highlighted in liver-specific insulin receptor KO
mice (LIRKO). These mice have elevated blood glucose levels in the fed state, are severely
glucose intolerant and hyperinsulinemic (Michael et al., 2000). It was known that insulin
suppresses the expression of key gluconeogenic enzymes both in vivo and in isolated
hepatocytes, but the effector that mediates this response was not known. The identification
of the forkhead transcription factor daf-16 as a downstream effector of insulin signaling in
C. elegans highlighted the importance of FoxO1 as the insulin-mediated transcription factor
that integrates insulin signaling and hepatic glucose production (Accili and Arden, 2004).
Indeed, the effects of insulin at the mRNA level in the liver are primarily mediated by the
canonical IRS/PI3K/Akt/FoxO1 pathway. Upon activation, Akt can phosphorylate many
cellular targets, but most relevant to hepatic glucose production is FoxO1. Phosphorylation
of FoxO1 leads to its proteasomal degradation and nuclear exclusion. When
dephosphorylated, Foxol translocates to the nucleus where it induces transcription of the
gluconeogenic genes Pckl (encoding the enzyme PEPCK) and G-6-Pase. The activity of
FoxO1 is also controlled by its acetylation state. Increased FoxO1 acetylation by p300/CBP
inhibits its activity by decreasing its ability to bind to its target genes (Daitoku et al., 2004;
Matsuzaki et al., 2005). Liver-specific knockout of FoxO1 reduces hepatic glucose output by
decreasing gluconeogenesis and glycogenolysis (Matsumoto et al., 2007). Deletion of all
FoxO genes, FoxO1, FoxO3a and FoxO4, leads to severe fasting hypoglycemia (Haeusler et
al., 2010). In addition, liver-specific knockout of Aktl and Akt2 also impairs insulin-
mediated suppression of the gluconeogenic program, supporting the hypothesis that Akt is
essential in maintaining glucose homeostasis (Lu et al., 2012). Surprisingly, after liver-
specific knock out of Aktl, Akt2 and FoxO1, insulin can still suppress HGP, suggesting the
presence of an Akt/FoxO-independent mechanism (Lu et al., 2012).

Peroxisome proliferator-activated receptor y coactivator-la (PGC-1la)—

PGC-1a was originally discovered as a PPARY coactivator that strongly induces adaptive
thermogenesis in brown adipose tissue (Puigserver et al., 1998). Upon fasting, the mRNA
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levels of PGC-1a in the liver are dramatically elevated, and under these conditions PGC-1a
coactivates FoxO1 to further increase transcription of gluconeogenic genes and hepatic
glucose production (Puigserver et al., 2003). In addition to FoxO1, PGC-1a was also shown
to co-activate the liver-enriched nuclear receptor hepatocyte nuclear factor 4a (HNF4a)
(Yoon et al., 2001). Studies performed in cultured primary hepatocytes and in cell lines
identified that PGC-1a strongly activates the PEPCK promoter via functional interaction
with HNF4a. This interaction is mediated by the LXXLL motif in PGC-1a that is also
known to mediate its binding to other nuclear hormone receptors. This interaction between
PGC-1a and HNF-4a strongly induces expression of gluconeogenic genes and promotes
hepatic glucose output (Yoon et al., 2001). In the absence of HNF-4a, PGC-1a can no
longer induce the expression of gluconeogenic genes (Rhee et al., 2003).

The activity of PGC-1a is strongly affected by its acetylation state. While deacetylation
potently activates the transcriptional activity of PGC-1a, hyperacetylation inhibits its
activity. Several factors that modulate the acetylation state of PGC-1a and subsequently its
transcriptional activity have been identified. In response to fasting, the deacetylase SIRT1 is
induced and was shown to bind and deacetylate PGC-1a on specific lysine residues
(Rodgers et al., 2005). The deacetylation of PGC-1a induced by SIRT1 is sufficient to
elevate the expression of gluconeogenic genes in the liver, but not mitochondrial genes
whose expression is also controlled by PGC-1a (Rodgers et al., 2005).

The strong effect of the PGC-1a acetylation state on its transcriptional activity is further
demonstrated by the ability of the histone acetyl transferase general control of amino acid
synthesis 5 (GCND) to hyperacetylate PGC-1a and suppress its activity in the liver (Lerin et
al., 2006). Additional studies support the importance of GCNS5 in regulating the activity of
PGC-1a in the liver. SIRT6, a nuclear histone deacetylase, surprisingly increases the
acetylation of PGC-1a and this was shown to be a result of SIRT6-mediated deacetylation
of GCNS5 that leads to its activation and subsequent inhibition of hepatic glucose production
(Dominy et al., 2012). In a diabetic mouse model, SIRT6 levels are reduced and ectopic
expression of SIRT6 normalizes glycemia (Dominy et al., 2012). Recently, it was
demonstrated that GCNS5 is a novel target of the cyclin D1/CDK4 complex and that insulin
signaling activates the cyclin D1/CDK4 complex by enhancing cyclin D1 protein stability
(Lee et al., 2014). As a result, GCNS5 activity is enhanced owing to CDK4-mediated
phosphorylation, and hepatic glucose production is suppressed (Lee et al., 2014).

Phosphorylation of PGC-1a was also shown to affect its transcriptional activity. As part of
the insulin signaling pathway, Cdc-like kinase 2 (CIk2) is induced and becomes more active
after refeeding (Rodgers et al., 2010). CIk2 then phosphorylates PGC-1a, leading to
repression of gluconeogenic gene expression and HGP (Rodgers et al., 2010). In addition,
activation of S6 kinase upon refeeding leads to phosphorylation of PGC-1a in its arginine/
serine rich domain (RS) resulting in impaired ability of PGC-1a to induce gluconeogenic
genes and promote HGP (Lustig et al., 2011). Interestingly, this modification only affects
the ability of PGC-1a to coactivate HNF-4a but not its ability to coactivate other nuclear
receptors like PPARa and ERRa (Lustig et al., 2011). Collectively, these studies
demonstrate that inhibition of PGC-1a in the liver is a useful way to potentially inhibit
gluconeogenesis and HGP. However, its inhibition in adipose and muscle tissues might have
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negative effects on whole body energy expenditure. The specificity toward gluconeogenic
genes described in the above studies raises the possibility of finding novel drugs that will
only inhibit PGC-1a activity in the liver while leaving its activity in other tissues intact.

Glucagon signaling in the liver—In response to fasting, the pancreas secretes glucagon.
Studies performed in mice identified the importance of the cAMP response element binding
protein (CREB) transcription factor in mediating the transcriptional adaptive response of
hepatocytes to glucagon (Altarejos and Montminy, 2011). Binding of glucagon to its cell
surface receptor triggers the activation of adenylate cyclase that catalyzes the production of
CAMP in hepatocytes. The increased levels of cCAMP promote the release of the catalytic
subunit of PKA and its nuclear localization. PKA phosphorylates CREB at Ser133 and the
phosphorylation of CREB stimulates its activity by promoting binding to the histone acetyl
transferases CBP/p300 (Herzig et al., 2001; Quinn and Granner, 1990). To gain full capacity
of CREB to induce its target genes, binding to CREB-regulated transcriptional coactivator 2
(CRTC2) is required. CRTC2 is subjected to phosphorylation by the salt inducible kinase 2
(SIK2) which promotes its retention in the cytoplasm, and dephosphorylation by calcineurin
which promotes its nuclear translocation. Increases in cAMP and Ca?* trigger PKA-
mediated inhibition of SIK2 and calcineurin-mediated dephosphorylation, respectively,
which ultimately lead to nuclear translocation of CRTC2 (Screaton et al., 2004). CRTC2
then associates with CREB and potentiates its transcriptional activity toward specific genes.
In the liver, CREB binds the promoter regions of the gluconeogenic genes Pckl and G-6-
Pase, and increased levels of circulating glucagon induce the transcriptional activity of
CREB toward these genes (Herzig et al., 2001). A dominant negative CREB inhibitor leads
to fasting hypoglycemia due to reduced hepatic glucose production and reduced expression
of gluconeogenic genes (Herzig et al., 2001). CREB also controls the gluconeogenic
program by increasing the expression of PGC-1a providing another level of control of the
expression of gluconeogenic genes (Herzig et al., 2001). Interestingly, overexpression of
PGC-1a in the presence of the dominant negative inhibitor of CREB restores normal
glycemia, emphasizing the importance of PGC-1a in CREB-mediated control of glucose
homeostasis (Herzig et al., 2001).

Glucocorticoids—Glucocorticoids are released by the adrenal medulla in response to
stress and promote HGP by binding to the glucocorticoid receptor (GR) resulting in
transcriptional activation of Pck1 (Wynshaw-Boris et al., 1986). The activity of GR is
further enhanced by binding to PGC-1a (Herzig et al., 2001; Knutti et al., 2000). Liver-
specific knockout of GR leads to fasting hypoglycemia (Opherk et al., 2004) and
knockdown of GR in liver and fat reduces HGP in rats (Watts et al., 2005). Glucocorticoids
also promote protein degradation in skeletal muscle and lipolysis in adipose tissue
(Hasselgren, 1999; Peckett et al., 2011), leading to an increase in gluconeogenic substrates
available to the liver. Another pro-diabetic effect of glucocorticoids is the suppression of
insulin secretion from f cells in the pancreas (Lambillotte et al., 1997).

AMP activated protein kinase (AMPK)—AMP-activated protein kinase (AMPK) is a
cellular sensor of low energy states that is activated when the AMP/ATP ratio is high.
AMPK is activated by LKB1-mediated phosphorylation and can also be activated by Ca?*-
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dependent phosphorylation mediated by CaMKKG}. In the liver, AMPK phosphorylates
CRTC2 leading to its retention in the cytoplasm and suppression of gluconeogenic genes
(Koo et al., 2005). In addition, inactivation of LKB1 leads to nuclear accumulation of
CRTC2 (Shaw et al., 2005).

5.3 Indirect effects of insulin on hepatic glucose output

Insulin can suppress hepatic glucose output indirectly by affecting extra-hepatic tissues. In
the pancreas, insulin secretion from § cells suppresses the secretion of glucagon from a cells
primarily by altering a cells” membrane potential (Quesada et al., 2008). Another indirect
mechanism by which insulin suppresses HGP is by reducing gluconeogenic substrates
supplied by adipose tissue and muscle. The release of amino acids from skeletal muscle
supplies the liver with essential gluconeogenic substrates, and the inhibition of proteolysis
by insulin reduces substrate flux coming from the muscle. In adipose tissue, insulin
suppresses the release of glycerol, a gluconeogenesis substrate, and non-esterified fatty acids
(NEFASs). NEFAs supplied to the liver lead to fatty acid oxidation and the production of
ATP, NADH and acetyl-CoA, which promote gluconeogenesis by activating pyruvate
carboxylase. A reduction in FFA flux to the liver was shown to be a major mechanism of the
indirect control of insulin on HGP (Lewis et al., 1997; Rebrin et al., 1995; Sindelar et al.,
1997). Insulin action in the brain was also shown to control HGP. Injection of insulin to the
third ventricle of the hypothalamus reduces HGP independent of systemic levels of insulin
and glucagon, while suppression of insulin signaling in the hypothalamus impairs insulin's
ability to reduce HGP (Gelling et al., 2006; Obici et al., 2002)

6 Pathophysiology of type 2 diabetes

6.1 The liver is the major contributor to hyperglycemia observed in diabetes

T2DM has become a worldwide epidemic and is expected to affect almost one third of adult
Americans by 2050 (Boyle et al., 2010). The current increase in the prevalence of T2DM is
believed to be a result of increases in energy consumption and in sedentary lifestyle in
combination with genetic predisposition (Chen et al., 2012). T2DM is a multifactorial
disease characterized by postprandial and postabsorptive hyperglycemia, insulin resistance
and insulin deficiency (Rizza, 2010). As discussed above, in the postabsorptive state the
brain is responsible for ~50% of oral glucose disposal (Cherrington, 1999; Huang et al.,
1980), muscle and adipose tissue for ~25% of glucose disposal (Baron et al., 1988;
Cherrington, 1999) and the remainder is disposed of by the liver, RBC and kidney. In the
diabetic state, the muscle becomes resistant to insulin, and glucose clearance both in the
fasted and fed state is reduced (Firth et al., 1986; Gerich et al., 1990). However, the reduced
glucose clearance by muscle only accounts for <10% of the total reduction in systemic
glucose clearance (Gerich et al., 1990) suggesting that the reduction in systemic glucose
clearance is probably the result of a decrease in brain glucose clearance (Gerich et al., 1990).
In the diabetic state, the liver also becomes resistant to the actions of insulin and several
studies have shown that hepatic glucose production is increased in patients with T2DM
(Campbell et al., 1988; Consoli et al., 1989; DeFronzo et al., 1982; Magnusson et al., 1992).
Several studies have also clearly demonstrated that the increase in HGP during fasting in the
diabetic state is primarily the result of an increase in gluconeogenesis and that
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glycogenolysis remains unchanged (Magnusson et al., 1992). Therefore, in the diabetic state
it is hepatic insulin resistance and the consequent increase in hepatic glucose production that
is the major contributor to postabsorptive and postprandial hyperglycemia.

6.2 Pathophysiology of the liver in T2DM

Increased rates of hepatic glucose production in the diabetic state are a result of an
imbalance in several factors affecting the different aspects involved in the regulation of HGP
as discussed above. These factors include: 1) increased availability of gluconeogenic
substrates that ultimately leads to increased gluconeogenesis; 2) resistance of the liver to the
action of insulin leading to improper suppression of hepatic glucose output; 3) elevated
levels of glucagon leading to hyperactivation of signaling pathways that are normally
activated in the fasted state when glucose supply is needed.

Altered glucose homeostasis in T2DM—Glucose homeostasis in diabetic patients is
disturbed both in insulin secretion from pancreatic §§ cells and in insulin sensitivity of liver,
muscle and adipocytes (insulin resistance). Insulin resistance is acquired early in the
progression of T2DM, but initially glucose tolerance is normal due to a compensatory
increase in insulin secretion. In individuals with mild fasting hyperglycemia (<140 mg/dL)
insulin concentration is up to 2.5 times higher compared to non-diabetic controls (DeFronzo,
2004). When fasting hyperglycemia exceeds 140 mg/dL, pancreatic  cells can no longer
maintain elevated insulin secretion, and plasma concentrations of insulin start to drop and
HGP starts to rise.

Increased supply of gluconeogenic substrates—Studies in perfused diabetic rat
liver have demonstrated that increased availability of gluconeogenic substrates results in
increased gluconeogenesis (Exton and Park, 1967). In contrast, infusion of gluconeogenic
substrates to non-diabetic animal models and humans does not result in a similar increase in
gluconeogenesis (Ahlborg et al., 1976; Diamond et al., 1988; Jahoor et al., 1990). One
possible explanation for this discrepancy is that autoregulatory mechanisms in the liver
prevent increases in glucose production when substrates become more available. In support
of this, it was shown that increased infusion of lactate to non-diabetic subjects increases
glucose production from this substrate, but fails to increase total glucose production and
fasting blood glucose (Jenssen et al., 1990). In T2DM, these autoregulatory mechanisms
might be impaired and lead to increased gluconeogenesis and HGP when gluconeogenic
substrates are more available. Several studies have demonstrated an increase in plasma
levels of alanine, glycerol and lactate in diabetic subjects. A potential source for the
increased availability of gluconeogenic substrates is the adipose tissue. The vast majority of
diabetic patients are obese and are characterized by elevated plasma levels of free fatty acids
and glycerol. Insulin is a potent antilipolytic hormone, and in T2DM adipose tissue becomes
resistant to insulin, leading to increased lipolysis and release of glycerol to the circulation.

Insulin resistance—The resistance to insulin's action is characteristic of both lean and
obese diabetic patients as well as diabetic rodent models (DeFronzo et al., 1985; Groop et
al., 1989; Koranyi et al., 1990), and is considered the main driver of T2DM. Together with
muscle and adipose tissues, the liver is a major site for insulin’s action and in T2DM glucose
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production by the liver fails to be suppressed by insulin, leading to excessive hepatic glucose
output. The development of insulin resistance is tightly correlated with obesity, although it is
still not completely clear why overnutrition results in insulin resistance. Several mechanisms
have been proposed to explain the pathogenesis of insulin resistance (Johnson and Olefsky,
2013; Samuel and Shulman, 2012). Tissue inflammation is an established cause of insulin
resistance (Lumeng and Saltiel, 2011) and is considered a main driver of insulin resistance
in adipose tissue (Johnson and Olefsky, 2013). A marked increase in hepatic macrophages is
also observed during obesity, contributing to hepatic insulin resistance (Obstfeld et al.,
2010). Depletion of hepatic macrophages using chemical agents improves the hepatic
response to insulin, highlighting their importance in mediating insulin resistance in the liver
(Lanthier et al., 2010; Neyrinck et al., 2009). Ectopic lipid accumulation is also considered a
main driver of insulin resistance both in muscle and adipose tissues as well as in the liver
(Samuel and Shulman, 2012). The resistance of adipose tissue and muscle to insulin leads to
a subsequent increase in lipolysis and a divergence of glucose to the liver, respectively. As a
result, de novo lipogenesis and gluconeogenesis in the liver are increased.

Glucagon action—As discussed above, glucagon is a powerful regulator of glucose
production by the liver in the fasted state. Glucagon receptor is expressed mainly in the liver
and kidney, where it can increase glucose production. Glucagon levels in the blood were
found to be increased in patients with T2DM (Unger et al., 1970). Reduced expression of
glucagon receptor in a diabetic mouse model (db/db) reduces both fed and fasting blood
glucose (Liang et al., 2004). However, a dominant role for insulin resistance is the
prevailing hypothesis to explain hyperglycemia (Lin and Accili, 2011; Raju and Cryer,
2005).

6.3 Common therapies for T2DM

How does metformin work?—The biguanide metformin was originally obtained from
the Galega officinalis plant (French lilac) in the 1920s and has been used as a glucose
lowering drug for centuries in Europe and in the US. Metformin is the most prescribed
antidiabetic drug worldwide, and has gained further attention in recent years due to several
studies attributing to metformin a role in reducing cancer incidence (Martin and Marais,
2012). It is well accepted that the primary anti-diabetic effect of metformin is lowering
hepatic glucose production, mainly by lowering rates of gluconeogenesis. However, the
exact mechanism of action of metformin is controversial and several mechanisms have been
proposed to mediate the blood glucose lowering effect of this drug. Several studies
demonstrated that metformin can inhibit complex I activity in the mitochondria (EI-Mir et
al., 2000; Owen et al., 2000) and impair ATP production. Metformin was originally found to
activate the energy sensor AMPK (Zhou et al., 2001).1 In support of this finding, liver-
specific knockout of liver kinase B1 (LKB1), an upstream kinase of AMPK, abolishes the
antidiabetic effect of metformin in mice fed a high-fat diet (Shaw et al., 2005). However,
this hypothesis has been seriously questioned by another study demonstrating that in mice
lacking both catalytic subunits of AMPK the effect of metformin is intact (Foretz et al.,
2010). Another hypothesis proposed that an increase in AMP levels by metformin
suppresses HGP by inhibiting cAMP production by adenylyl cyclase, thus opposing the
action of glucagon (Miller et al., 2013). As a result, glucagon-mediated PKA activation is
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impaired leading to a reduction in glucose output (Miller et al., 2013). Most recently, a new
target for metformin action has been suggested (Madiraju et al., 2014). In this study
metformin was shown to inhibit the activity of mitochondrial glycerol 3-phosphate
dehydrogenase, shifting the NADH/NAD™ ratio, and as a consequence reduces
gluconeogenesis from glycerol and lactate (Madiraju et al., 2014). It is worth noting that the
dose of metformin being used was considerably different between the studies mentioned
above, and that this difference may account for some of the conflicting results as was
recently suggested (He and Wondisford, 2015).

Insulin secretagogues (sulfonylurea)—The oldest drug class for lowering blood
glucose levels is the sulfonylurea insulin secretagogues. The ATP sensitive potassium
channels (Katp) play a central role in maintaining pancreatic $-cell membrane potential.
Closure of this channel by either ATP or sulfonylurea leads to B-cell membrane
depolarization which triggers opening of voltage-gated Ca?* channels. The subsequent Ca2*
influx stimulates the exocytosis of insulin containing vesicles (Ashcroft and Rorsman,
1989). The closure of the Katp channel by sulfonylurea is mediated by binding of the drug
to the SUR subunit of the Katp channel. The Katp channels are also expressed in skeletal,
smooth and cardiac muscle, but in these tissues the Katp is composed of a different SUR
subunit that is not inhibited by sulfonylurea, thus conferring tissue specificity of this drug
(Gribble et al., 1998; Proks et al., 2002). The use of this drug is associated with modest
weight gain and risk of hypoglycemia (Inzucchi et al., 2012).

Glucagon-like peptide-1 receptor agonists—The GLP-1 receptor agonists mimic the
effects of endogenous GLP-1 resulting in increased glucose-dependent insulin secretion,
suppression of glucagon release and gastric emptying, thus lowering blood glucose
(Drucker, 1998; Holst, 2007). These drugs cannot be administered orally and are currently
injected making their use more complicated. GLP-1 is rapidly metabolized and inactivated
by the enzyme dipeptidyl peptidase-4 (DPP-4) (Holst, 2007). Inhibitors of DPP-4 increase
circulating concentrations of GLP-1 and are also used as antidiabetic drugs (Deacon, 2011).

7 Conclusions

Glucose homeostasis in the liver is tightly controlled by nutritional and hormonal cues that
regulate hepatic glucose production to meet whole body energy demands. The activity of
numerous enzymes, transcription factors and coactivators is regulated by these nutritional
and hormonal cues to control HGP both in the postprandial and postabsorptive states.
Alteration in the mechanisms that control HGP can lead to hyperglycemia and to the
development of T2DM. Although acquired late in the progression of T2DM, excessive HGP
is a major contributor to the pathogenesis of this disease, and suppression of HGP by
metformin is currently the gold standard for clinical treatment of T2DM. It is largely
accepted that in the diabetic state the chronically elevated HGP is a result of increased
gluconeogenesis, rather than glycogenolysis. Therefore, inhibition of gluconeogenesis is an
important target for the development of antidiabetic drugs, and indeed the clinical effect of
metformin appears to be due in large part to its ability to suppress gluconeogenesis. Despite
the low cost and effectiveness of metformin usage, combination therapy with additional
drugs may enhance its durability and effectiveness.
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Figure 1. Metabolite flux in the control of HGP
A schematic overview of key enzymes and metabolites involved in the regulation of

gluconeogenesis and hepatic glucose output (HGP). Flux through these metabolites is tightly
regulated to control net gluconeogenesis or glycolysis. How insulin (blue) or glucagon (red)
affect these key enzymes and metabolites is highlighted.
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Figure 2. Transcriptional regulation of hepatic glucose output (HGP)
The transcriptional programs controlling the expression of gluconeogenic genes in

hepatocytes are regulated by insulin and glucagon. Insulin, by activating Akt, leads to

phosphorylation and nuclear exclusion of FoxO1 and subsequent suppression of
gluconeogenic genes. Glucagon, by increasing intracellular CAMP levels, activates PKA and
results in activation of CREB and subsequent activation of gluconeogenic genes.
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