
OPEN

REVIEW

Regulation of glucose metabolism from a liver-centric
perspective
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Glucose homeostasis is tightly regulated to meet the energy requirements of the vital organs and maintain an individual’s health.

The liver has a major role in the control of glucose homeostasis by controlling various pathways of glucose metabolism, including

glycogenesis, glycogenolysis, glycolysis and gluconeogenesis. Both the acute and chronic regulation of the enzymes involved in

the pathways are required for the proper functioning of these complex interwoven systems. Allosteric control by various metabolic

intermediates, as well as post-translational modifications of these metabolic enzymes constitute the acute control of these

pathways, and the controlled expression of the genes encoding these enzymes is critical in mediating the longer-term regulation

of these metabolic pathways. Notably, several key transcription factors are shown to be involved in the control of glucose

metabolism including glycolysis and gluconeogenesis in the liver. In this review, we would like to illustrate the current

understanding of glucose metabolism, with an emphasis on the transcription factors and their regulators that are involved in the

chronic control of glucose homeostasis.
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OVERVIEW OF GLUCOSE METABOLISM IN THE LIVER

Under feeding conditions, dietary carbohydrates are digested
and processed by various glucosidases in the digestive tract, and
the resultant monosaccharides, mainly hexose glucose, are
transported into various tissues as a primary fuel for ATP
generation.1 In most mammalian tissues, the catabolism of
glucose into pyruvate, termed glycolysis, is preserved as a major
pathway in eliciting ATP. In tissues with abundant mitochon-
dria, cytosolic pyruvate is transported into the mitochondrial
matrix, converted to acetyl-CoA by pyruvate dehydrogenase
complex, and incorporated into the tricarboxylic acid cycle in
conjunction with oxaloacetate. The cycle generates energy
equivalent to ATP (that is, GTP) as well as both NADH and
FADH2, which serve as important electron carriers for electron
transport chain-oxidative phosphorylation, resulting in the
generation of ATP.

In some cases, such as red blood cells lacking mitochondria
or cells under ischemic conditions, pyruvate is converted into
lactate in the cytosol to regenerate the NAD+ that is necessary
for the continued generation of ATP by substrate-level
phosphorylation via anaerobic glycolysis. Excessive carbohy-
drates in the liver are first converted into glycogen, a storage
form of glucose in animals, by glycogenesis. In addition, in a
carbohydrate-rich diet, the excessive carbohydrates are also

converted into fatty acids via lipogenesis using the acetyl-CoA
generated from glycolysis-driven pyruvate, which is incorpo-
rated into very low density lipoproteins for transport to white
adipose tissue for the storage.2 The regulation of glycogen
metabolism is examined in detail in this section, and the
transcriptional control of glycolysis and lipogenesis is
delineated in the following section.

Under fasting conditions, the liver has a major role in
generating glucose as a fuel for other tissues, such as the brain,
red blood cells and muscles. Initially, an increase in the
pancreatic hormone glucagon initiates the cascade of kinase
action (stated below in detail) that releases glucose from the
stored glycogen via glycogenolysis.1 Normally, stored glycogen
is critical for maintaining glucose homeostasis in mammals
during an overnight fasting period. During a longer term fast
or starvation, essentially all of the stored glycogen in the liver is
depleted (after ~ 30 h of fasting), and de novo glucose synthesis
or gluconeogenesis is responsible for the generation of glucose
as a fuel for other tissues. Major non-carbohydrate precursors
for gluconeogenesis are lactate, which is transported from
peripheral tissues such as skeletal muscles or red blood cells,
and glycerol, which is released from the adipose tissues via
enhanced lipolysis during fasting. Most of the initial precursors
for gluconeogenesis are generated in the mitochondria
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(except glycerol 3-phosphate via glycerol kinase activity), but
the majority of the reaction occurs in the cytosolic part of the
cell. The complex regulatory mechanism is delineated in detail
in the following section, with an emphasis on the transcrip-
tional control of key regulatory enzyme genes.

REGULATION OF GLYCOGEN METABOLISM IN THE

LIVER

The accumulation of glycogen in the liver during feeding
conditions provides a storage form of glucose that can be used
in times of reduced food intake (Figure 1). Multiple layers of
regulation are required for this process for both the activation
of glycogen synthase, which is a key enzyme of glycogenesis
(glycogen synthesis), and the inhibition of glycogen phosphor-
ylase, which is a key enzyme of glycogenolysis (glycogen
breakdown) in the liver. Glycogen synthase is a major enzyme
that facilitates the elongation of glycogen chains by catalyzing
the transfer of the glucose residue of UDP-glucose to the non-
reducing end of a pre-existing glycogen branch to produce a
new α1→ 4 glycosidic linkage. The regulation of glycogen
synthase has been mostly studied using a muscle-specific
isoform. In the muscle, glycogen synthase is inactivated via
phosphorylation on multiple serine residues by various serine/
threonine kinases such as casein kinase-1, protein kinase A
(PKA), and glycogen synthase kinase-3 (GSK-3). Most notably,
the phosphorylation of glycogen synthase by GSK-3 at serine
residues 640, 644 and 648 has been linked to the most

important inhibitory post-translational modification for its
catalytic activity.

Under fasting conditions, dephosphorylated and active
GSK-3 phosphorylate and inactivate glycogen synthase, leading
to the inhibition of hepatic glycogen synthesis. On feeding,
increased insulin signaling activates Akt in the cell, which in
turn phosphorylates and inactivates GSK-3, thus resulting in
the activation of glycogen synthase. In addition, increased
concentrations of glucose 6-phosphate allosterically activate
this enzyme, thus potentiating its catalytic activity under
feeding conditions.3,4 One recent publication argues against
the role of GSK-3 in the regulation of the liver-specific isoform
of glycogen synthase. In that study, Guinovart et al.5 mutated
the corresponding serine residues that are shown to be
regulated by GSK-3 in the liver-isoform of glycogen synthase.
They found that the mutation of those residues did not affect
the overall enzyme activity but that the mutation of serine 7 to
alanine, a site that is recognized and regulated by PKA, led to
the increased activity of this enzyme. Further study is necessary
to determine whether these results can be verified in vivo using
animal models such as liver-specific knock-in mice for S7A
liver glycogen synthase. The protein phosphatase 1 (PP1) may
be responsible for the dephosphorylation and activation of
glycogen synthase. Accordingly, both glucose and insulin have
been shown to activate PP1 activity, whereas glucagon and
epinephrine have been linked to the inhibition of its activity.

Figure 1 Regulation of hepatic glycogen metabolism. Under fasting conditions, glucagon and epinephrine induce cAMP-dependent
signaling cascades, leading to the activation of glycogen phosphorylase and glycogenolysis while inhibiting glycogenesis. Conversely,
feeding enhances insulin-mediated signaling in the liver, leading to the activation of both PP1 and Akt, thus promoting glycogen synthesis
in response to increased glucose uptake in the liver. See the main text for more specific regulatory pathways. cAMP, cyclic AMP.
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Glycogen phosphorylase is a major enzyme involved in
glycogenolysis (Figure 1). This enzyme catalyzes the reaction of
the removal of a glucose residue from the non-reducing end
of a glycogen chain, leading to the generation of glucose
1-phosphate.6 Glucose 1-phosphate can be converted into
glucose 6-phosphate by phosphoglucomutase, and glucose
6-phosphate can be incorporated into glycolysis or further
converted into glucose by glucose 6-phosphatase, depending on
the energy status of the organism. Glycogen phosphorylase is
active when it is phosphorylated at its serine 14 residue. The
phosphorylation of glycogen phosphorylase requires a cascade
mechanism of epinephrine and glucagon in the liver. On
the activation of Gαs by the binding of hormones to cell surface
G protein-coupled receptors (beta adrenergic receptor or
glucagon receptor), the intracellular cyclic AMP (cAMP) levels
increase via adenylate cyclase, leading to the activation of PKA.
PKA is then responsible for the phosphorylation and activation
of glycogen phosphorylase kinase, which in turn phosphor-
ylates and activates glycogen phosphorylase to enhance
glycogen breakdown. Under feeding conditions, this kinase
cascade is inactive due to the lack of secretion of catabolic
hormones. In addition, insulin promotes the activation of PP1,
which dephosphorylates and inactivates glycogen phosphory-
lase. In essence, the anabolic hormone insulin promotes
glycogenesis and inhibits glycogenolysis via the activation of
PP1, leading to the dephosphorylation of glycogen phosphor-
ylase (inactivation) and glycogen synthase (activation), and via
the activation of Akt, leading to the phosphorylation of GSK-3
(inactivation) that is unable to phosphorylate and inactivate
glycogen synthase.

CONTROL OF HEPATIC GLYCOLYSIS

As stated above, glycolysis is critical to the catabolism of
glucose in most cells to generate energy. The key rate-limiting
enzymes for this pathway include glucokinase (GK, also
termed hexokinase IV), which converts glucose into glucose
6-phosphate; phosphofructokinase-1 (PFK-1), which converts
fructose 6-bisphosphate into fructose 1,6-bisphosphate; and
liver-type pyruvate kinase (L-PK), which converts phosphoe-
nolpyruvate (PEP) into pyruvate in the liver. These enzymes
are tightly regulated by allosteric mediators that generally
promote the catabolism of glucose in the cell.2,7–9

GK is a high Km hexokinase that is present in the liver and
the pancreatic beta cells, thus functioning as a glucose sensor
for each cell type. Unlike the other hexokinase isotypes, GK
activity is not allosterically inhibited by its catalytic product,
glucose 6-phosphate in the cell, thus enabling the liver to
continuously utilize glucose for glycolysis during conditions of
increased glucose availability, such as during feeding condi-
tions. GK is regulated via its interaction with glucokinase
regulatory protein (GKRP). In the low intracellular glucose
concentration during fasting, the binding of GK and GKRP is
enhanced by fructose 6-phosphate, leading to the nuclear
localization of this protein complex. Higher concentrations of
glucose during feeding compete with fructose 6-phosphate to
bind this complex, which promotes the cytosolic localization of

GK that is released from GKRP, thus causing the increased
production of glucose 6-phosphate in this setting.10

PFK-1 catalyzes the metabolically irreversible step that
essentially commits glucose to glycolysis. This enzyme activity
is allosterically inhibited by ATP and citrate, which generally
indicate a sign of energy abundance. Reciprocally, it is
allosterically activated by ADP or AMP, making it more
efficient to bring about glycolysis to produce more ATP in
the cell. In addition, PFK-1 activity is allosterically activated by
fructose 2,6-bisphosphate (F26BP), a non-glycolytic metabolite
that is critical for the regulation of glucose metabolism in the
liver. F26BP is generated from fructose 6-phosphate by the
kinase portion of a bifunctional enzyme that contains both
a kinase domain (phosphofructokinase-2, PFK-2) and a
phosphatase domain (fructose 2,6-bisphosphatase, F-2,6-Pase).
PFK-2 is activated by the insulin-dependent dephosphorylation
of a bifunctional enzyme that activates PFK-2 activity and
simultaneously inhibits F-2,6-Pase activity to promote the
increased F26BP concentration. Glucagon-mediated activation
of PKA is shown to be responsible for the phosphorylation and
inactivation of the kinase portion of this enzyme.7

Unlike its muscle counterpart, L-PK is also a critical
regulatory step in the control of glycolysis in the liver. As in
the case of other glycolytic enzymes, L-PK activity is regulated
by both allosteric mediators and post-translational modifica-
tions. L-PK activity is allosterically activated by fructose
1,6-bisphosphate, an indicator for the active glycolysis. By
contrast, its activity is allosterically inhibited by ATP,
acetyl-CoA, and long-chain fatty acids, all of which signal an
abundant energy supply. Additionally, the amino acid alanine
inhibits its activity, as it can be readily converted to pyruvate by
a transamination reaction. L-PK is inhibited by PKA following
a glucagon-mediated increase in intracellular cAMP during
fasting and is activated by insulin-mediated dephosphorylation
under feeding conditions.7

In addition to the acute regulation of key regulatory
enzymes, glycolysis is regulated by a transcriptional mechanism
that is activated during feeding conditions. Two major
transcription factors, sterol regulatory element binding protein
1c (SREBP-1c) and carbohydrate response element binding
protein (ChREBP), are responsible for the transcriptional
activation of not only glycolytic enzyme genes but also the
genes involved in fatty acid biosynthesis (such as fatty acid
synthase (FAS), acetyl-CoA carboxylase (ACC), and stearoyl-
CoA desaturase 1 (SCD1)) and triacylglycerol formation
(such as glycerol 3-phosphate acyltransferase (GPAT) and
diacylglycerol acyltransferase 2 (DGAT2)), a process that is
normally activated by a carbohydrate-rich diet (Figure 2).11

Because these processes are often coordinately regulated, that is
activated during feeding and inhibited by fasting, they are
sometimes collectively called lipogenesis.

SREBPs are the major regulators of lipid metabolism in
mammals. They are members of the basic helix-loop-helix
leucine zipper (b/HLH/LZ) type transcription factor families
comprising SREBP-1a, SREBP-1c, and SREBP-2. SREBP is
translated as an endoplasmic reticulum (ER)-bound precursor
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form that contains the N-terminal transcription factor domain
and the C-terminal regulatory domain linked with the central
transmembrane domain.12 Within this family of transcription
factors, SREBP-2 is linked to the control of cholesterol uptake
or biosynthesis in the liver by the transcriptional activation of
the genes involved in the pathway including low density
lipoprotein receptor (LDLR), 3-hydroxy-3-methylglutaryl-
coenzyme A reductase (HMGCR), hydroxy-3-methylglutaryl-
coenzyme A synthase 1 (HMGCS1), and farnesyl diphosphate
synthase (FDPS). SREBP-1c, however, activates the genes
encoding the enzymes for lipogenesis (FAS, ACC, SCD1, and
DGAT2) as well as GK, which is a first enzyme in the
commitment step of glucose utilization in the liver. Indeed,
liver-specific SREBP-1c knockout mice showed an impaired
activation of lipogenic genes in a high carbohydrate diet, thus
confirming the importance of this transcription factor in the
regulation of hepatic glycolysis and fatty acid biosynthesis.13

SREBP-1a is not highly expressed in the liver but was shown to
be involved in the formation of inflammasomes in response to
lipopolysaccharide (LPS) treatment in macrophages by
transcriptional activation of Nlrp1.14 The regulation of
SREBP-2 and SREBP-1c are quite distinct in the liver. The
expression of SREBP-2 is not controlled by sterols, but its
proteolytic processing is tightly regulated by intracellular
concentrations of cholesterol. It is normally bound in the ER
via the interaction of SREBP-cleavage-activating protein
(SCAP) and insulin-induced gene protein (INSIG) in the
presence of high intracellular cholesterol levels, and the
reduction in the cholesterol concentration releases the interac-
tion of SCAP and SREBP-2/INSIG complex, resulting in the
translocation of the latter complex into the Golgi apparatus and

the liberation of the active SREBP-2 factor by sequential
proteolytic cleavages.15 Unlike SREBP-2, SREBP-1c is mainly
regulated at the transcription level by insulin. The exact
transcription factor that mediates this insulin-dependent signal
is not yet clear, although SREBP-1c itself might be involved in
the process as part of an auto-regulatory loop. Interestingly, the
oxysterol-sensing transcription factor liver X receptor (LXR) is
shown to control the transcription of SREBP-1c, suggesting
that SREBP-1c and SREBP-2 could be regulated differently in
response to cellular cholesterol levels.16 Recent studies have
revealed the involvement of various kinases in the control of
SREBP-1c activity. In HepG2 cells, PKA was shown to reduce
the DNA binding ability of SREBP-1a by the phosphorylation
of serine 338 (equivalent of serine 265 for SREBP-1c).17

A report by Bengoechea and Ericsson suggested that GSK-3,
a kinase known to reduce glycogen synthesis by targeting
glycogen synthase, downregulates SREBP-1 activity via the
phosphorylation of the C-terminal residue that promotes the
ubiquitin ligase Fbw7-dependent degradation of SREBP-1
proteins.18 In addition, both AMP activated protein kinase
(AMPK) and its related kinase salt-inducible kinase (SIK) 1 are
involved in the down-regulation of its activity through inhibi-
tory phosphorylation (serine 372 for AMPK, which blocks
proteolysis and nuclear localization of SREBP-1c, and serine
329 for SIK1, which directly reduces its transcriptional
activity).19,20 These data suggest that the fine-tuning of
SREBP-1c activity is critical to the maintenance of glucose
and lipid homeostasis in the liver.

The other prominent transcription factor for controlling
glycolysis and fatty acid biosynthesis in the liver is ChREBP.
ChREBP was initially known as Williams-Beuren syndrome

Figure 2 Regulation of hepatic glycolysis. Under feeding conditions, increased glucose uptake in hepatocytes promotes glycolysis and
lipogenesis to generate triglycerides as storage forms of fuel. This process is transcriptionally regulated by two major transcription factors in
the liver, SREBP-1c and ChREBP-Mlx heterodimer, which mediate the insulin and glucose response, respectively. See the main text for
more specific regulatory pathways.
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critical region 14 (WBSCR14) and was considered one of the
potential genes that instigate Williams-Beuren syndrome. Later,
by using a carbohydrate response element (ChoRE) from L-PK,
ChREBP was isolated as a bona fide transcription factor for
binding ChoRE of glycolytic promoters.21 Indeed, ChREBP is
highly expressed in tissues that are active in lipogenesis such as
the liver, brown adipocytes, white adipocytes, small intestine,
and kidney. As in the case for SREBP, ChREBP belongs to the
b/HLH/LZ transcription factor family and forms a heterodimer
with another b/HLH/LZ transcription factor Max-like protein
X (Mlx) on the glycolytic promoter.22 As in the case for the
SREBP-1c, the expression of ChREBP is increased in the liver
as a result of a high carbohydrate diet, and the effect was
recapitulated in primary hepatocytes with high glucose
treatment.

A recent report indeed suggested a role for LXR in the
transcriptional activation of ChREBP in response to glucose,
although the study needs to be further verified because the
transcriptional response is shown not only by the treatment of
D-glucose, a natural form of glucose present in animals, but
also by the treatment of unnatural L-glucose, a form of glucose
that is not known to activate lipogenesis in the liver.23

Moreover, studies performed in LXR knockout mice revealed
no changes in ChREBP expression in the liver, arguing against
the role of LXR in the control of ChREBP.24 Glucose is also
shown to regulate ChREBP activity by controlling its nuclear
localization. There are three prominent serine/threonine resi-
dues that are targeted by serine/threonine kinases. PKA is
shown to phosphorylate serine 196, which is critical for cellular
localization, and threonine 666, which is critical for its DNA
binding ability, whereas AMPK phosphorylate serine 568
dictates its DNA binding ability. All three sites are phosphory-
lated under fasting conditions by these kinases and are
dephosphorylated under feeding by xylulose 5-phosphate
(X5P)-mediated activity of protein phosphatase 2A
(PP2A).25,26 However, the current model needs to be further
verified due to the contrasting data that have been published
regarding the role of these phosphorylations on ChREBP
activity.

First, high glucose concentrations in primary hepatocytes do
not result in decreased cAMP levels or PKA activity, suggesting
that other signals might be necessary to mediate the high
glucose-dependent nuclear translocation of ChREBP. In addi-
tion, a serine to alanine mutant of ChREBP still requires high
glucose for its full activity, suggesting that additional actions are
necessary to recapitulate the high glucose-mediated activation/
nuclear localization of ChREBP in the liver.27,28 The physio-
logical role of ChREBP in liver glucose metabolism was verified
by in vivo studies. ChREBP knockout mice were born in a
Mendelian ratio and showed no developmental problems. The
knockout animals showed reduced liver triacylglycerol levels
together with a reduction in lipogenic gene expression, thus
confirming the role of ChREBP in the control of hepatic
glycolysis and fatty acid synthesis.29 Interestingly, the compen-
satory increase in glycogen was observed in the livers of these
mice, suggesting that these mice adapted to store more

glycogen as a storage form of fuel as opposed to triacylglycerol.
In ob/ob mouse liver, increased accumulation of nuclear
ChREBP was shown, suggesting that this phenomenon might
be causal to the fatty liver phenotype in these mice. Indeed,
knockdown of ChREBP in ob/ob mice reduced the rate of
lipogenesis with decreased expression of most lipogenic
genes.30 Furthermore, the depletion of hepatic ChREBP in
ob/ob mice improved hyperglycemia, hyperlipidemia, and
hyperinsulinemia, suggesting that regulation of ChREBP might
be critical in the control of metabolic disorders in the presence
of obesity and insulin resistance.

CONTROL OF HEPATIC GLUCONEOGENESIS

Prolonged fasting or starvation induces de novo glucose
synthesis from non-carbohydrate precursors, termed hepatic
gluconeogenesis. This process initiates from the conversion of
pyruvate to oxaloacetate by pyruvate carboxylase (PC) in the
mitochondria and eventually concludes in the conversion into
glucose via several enzymatic processes in the cytosol.7–9

Among the substrates for gluconeogenesis are amino acids,
which can be converted into either pyruvate or intermediates of
the tricarboxylic acid cycle; lactate, which can be converted into
pyruvate by lactate dehydrogenase; and glycerol (from
increased lipolysis in the white adipocytes under fasting),
which can be converted into dihydroxyacetone phosphate, a
gluconeogenic intermediate (a two-step process that is
catalyzed by glycerol kinase and glycerol 3-phosphate
dehydrogenase). Key regulatory enzymes in that pathway,
including glucose 6-phosphatase (G6Pase), fructose 1,6-bispho-
sphatase (Fbpase1), PC, and phosphoenolpyruvate carboxyki-
nase (PEPCK), are activated under fasting conditions to
enhance gluconeogenic flux in that setting.

Mitochondrial acetyl-CoA (derived from the increased fatty
acid oxidation under fasting) functions as a key allosteric
activator of PC, leading to the increased production of
oxaloacetate for the gluconeogenesis. In addition, F26BP,
which is a key allosteric regulator for glycolysis by activating
PFK-1, was shown to inhibit gluconeogenesis via the allosteric
inhibition of Fbpase1, which helps reciprocally control gluco-
neogenesis and glycolysis under different dietary statuses.
Because Fbpase2 is activated but PFK-2 is inhibited under
fasting, the lack of F26BP enables the activation of Fbpase1 and
the increased production of fructose 6-phosphate in gluconeo-
genesis. The chronic activation of gluconeogenesis is ultimately
achieved via transcriptional mechanisms. Major transcriptional
factors that are shown to induce gluconeogenic genes include
CREB, FoxO1, and several nuclear receptors (Figure 3).31

Under fasting conditions, glucagon and epinephrine can
increase the cAMP concentration in the liver via the activation
of adenylate cyclase, leading to the activation of PKA and the
subsequent induction of CREB via its serine 133 phosphoryla-
tion. The phosphorylation event is crucial in the recruitment of
histone acetyltransferases (HAT) CBP/p300, leading to the
histone H3 and H4 acetylation and the transcriptional activa-
tion of target genes.32,33 CREB-dependent transcription is
further enhanced by association with additional transcriptional
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coactivators CREB regulated transcription coactivators
(CRTCs), which are a target for CBP/p300-mediated
acetylation, which in turn promotes a tighter association of
CREB, CBP/p300, and CRTC on the promoter.34–36 The role of
CREB in the control of hepatic gluconeogenesis has been
confirmed by in vivo studies by utilizing albumin promoter-
driven ACREB (CREB inhibitor) transgenic mice and siRNA-
mediated CREB knockdown mouse models.37,38 In both mouse
models, the inactivation of CREB reduced blood glucose levels
and reduced the expression of gluconeogenic genes in mice,
showing that CREB is a bona fide physiological transcriptional
regulator of hepatic gluconeogenesis in vivo. In contrast, the
role for CBP in gluconeogenesis is still controversial. Disrup-
tion of CREB-CBP interaction does not appear to affect glucose
homeostasis because mice exhibiting a stable expression of
mutant CBP that was unable to bind CREB showed normal
glycemia.36 Furthermore, mutant mice producing CH1 null
products (ΔCH1-a domain that is critical for insulin-mediated
depression of CBP activity) displayed normal fasting
gluconeogenesis.39 Thus, further studies are required to
describe the potential role of HATs in the transcriptional
control of CREB activity in this setting.

The CRTC family of transcriptional coactivators consists of
CRTC1, CRTC2 and CRTC3, which were isolated by the
expression library screening as activaters of CREB-dependent
transcription.34 CRTC activity is regulated by cellular localiza-
tion, and the AMPK family of serine/threonine kinases, such as
AMPK, SIK1 or SIK2, was shown to be involved in the
inhibitory phosphorylation of this factor (serine 171 for

CRTC2).40 In addition, the phosphorylation status of CRTC
is regulated by a pair of serine/threonine phosphatases
(PP2B or PP4) in response to cAMP signaling or calcium
concentration in the cell.41,42 CRTC activity is also further
enhanced by O-GlcNAcylation on serine 171 and arginine
methylation by protein arginine methyltransferase (PRMT)
6.43,44 Among the family members, CRTC2 is the prominent
isoform in the liver. Recent studies have delineated the role of
CRTC2 in the regulation of hepatic gluconeogenesis in vivo.
Knockdown of CRTC2 in mice by RNAi reduced blood glucose
levels and led to a concomitant repression of gluconeogenic
gene expression.36 In addition, CRTC2 knockout mice dis-
played lower plasma glucose levels and improved glucose
tolerance, indeed showing that CRTC2 is crucial in controlling
hepatic glucose metabolism in vivo.45 A recent study indicated
that CRTC2 could also coactivate other bZIP transcription
factors that are implicated in the regulation of glucose
homeostasis.46,47 Further study is required to delineate the
potential contributions from other bZIP factors in the control
of hepatic gluconeogenesis by using tissue-specific knockout
mouse models.

The forkhead box O (FoxOs) belongs to a class of forkhead
families of transcription, which recognize the AT-rich insulin
response element on the promoter.48,49 Of the four major
isoforms in mammals (FoxO1, FoxO3, FoxO4, and FoxO6),
FoxO1 is the predominant isoform in the liver. The activity of
this protein is also regulated by phosphorylation-dependent
subcellular localization, and three major serine and threonine
residues (threonine 24, serine 253 and serine 316 for murine

Figure 3 Regulation of hepatic gluconeogenesis. Under fasting conditions, hepatic gluconeogenesis is enhanced via a decreased
concentration of insulin and an increased concentration of insulin counterregulatory hormones such as glucagon. CREB/CRTC2, FoxO1,
and a family of nuclear receptors are critical in coordinating the fasting-mediated activation of gluconeogenesis in the liver. See the main
text for more specific regulatory pathways. FoxO1, forkhead box O 1
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FoxO1) are targeted by the insulin/Akt pathway. Following
phosphorylation, FoxO1 moves to the cytosol via an association
with 14-3-3, where it is degraded by the ubiquitin/proteasome-
dependent pathway.50–52 In addition to phosphorylation,
FoxO1 was shown to be regulated by the HAT-dependent
acetylation of specific lysine residues (lysine 242, 245 and 262
for murine FoxO1), which also inhibit its transcriptional
activity.53 In the liver, FoxO1 regulates hepatic gluconeogenesis
via the transcriptional regulation of key genes in the pathway
such as PEPCK and G6Pase and is considered a major
regulatory point for the insulin-mediated repression of hepatic
gluconeogenesis.54 Indeed, mice with liver-specific knockout
of FoxO1 showed lower plasma glucose levels that those
associated with reduced hepatic glucose output, thus
underscoring the physiological significance of this factor in
the control of glucose homeostasis in vivo.54,55 As in the case
for CREB, FoxO1 requires transcriptional coactivators for
optimal transcriptional activity.

Peroxisome proliferator-activated receptor gamma coacti-
vator 1 alpha (PGC-1α), a known coactivator for nuclear
receptors, functions as a key transcriptional coactivator for
FoxO1 in hepatic gluconeogenesis.56 PGC-1α was originally
isolated in brown adipocytes and was shown to control
adaptive thermogenesis in response to cold shock in that
setting.57 In the liver, the expression of PGC-1α is upregulated
under fasting conditions via a CRTC2-CREB-dependent
mechanism and is critical in maintaining prolonged gluconeo-
genesis under starvation by enhancing the transcriptional
activity of FoxO1 as a coactivator.38,57,58 Indeed, the depletion
of hepatic PGC-1α in mice results in lower fasting glucose
levels with a concomitant reduction in hepatic gluconeogenesis,
thus showing the physiological relevance of this coactivator in
the control of glucose homeostasis.59,60 As is the case for
CRTC2, FoxO1 activity is enhanced by arginine methylation by
PRMT. In this case, PRMT1 promotes the asymmetric
dimethylation of arginine 248 and 250 in FoxO1, which blocks
the binding of Akt and the subsequent Akt-mediated phos-
phorylation of the adjacent serine residue (serine 253), thus
enhancing the nuclear localization of FoxO1.61 Consequently,
the chromatin occupancy of FoxO1 onto the gluconeogenic
promoter and gluconeogenesis itself are increased due to the
PRMT1-dependent arginine methylation.62 Acute knockdown
of hepatic PRMT1 in mice reduces FoxO1-mediated glucose
production, confirming that PRMT1 is crucial in modulating
FoxO1 activity and subsequent gluconeogenesis in the physio-
logical context.

Nuclear receptors belong to the superfamily of transcription
factors that possess two Cys2-His2 type zinc finger motifs as a
DNA binding domain as well as both ligand-independent and
ligand-dependent transactivation domains.63 The latter activa-
tion domain also contains a ligand-binding domain. Nuclear
receptors can be classified into one of three subgroups based on
their dimer-forming potential. Homodimeric nuclear receptors
are also called cytosolic receptors because they reside in the
cytosol and associate with molecular chaperones such as
heat-shock proteins. On binding to the ligand, they form

homodimers and translocate to the nucleus to bind a specific
response element termed the hormone response element to
elicit the ligand-dependent transcriptional response. Most of
the steroid hormone receptors, such as the glucocorticoid
receptor (GR), estrogen receptor (ER), and progesterone
receptor (PR), belong to this subfamily. By contrast, hetero-
dimeric nuclear receptors reside in the nucleus and are bound
to their cognate binding sites together with the universal
binding partner retinoid X receptor (RXR). In the absence
of the ligands, these factors repress the transcription of
target genes in association with transcriptional corepressors
such as histone deacetylase or nuclear receptor corepressor
(NCoR)/silencing mediator of retinoid and thyroid hormone
receptors (SMRT). Ligand binding initiates the conformational
changes of these heterodimeric nuclear receptors, which
promotes the dissociation of corepressors and the association
of coactivators such as CBP/p300, p160 steroid receptor
coactivator family, and PGC-1α.

Examples of this class of nuclear receptors include members
of peroxisome proliferator-activated receptors, LXRs, vitamin
D receptors and thyroid hormone receptors. The final
subclasses of nuclear receptors are types that function as
monomers. They usually lack specific endogenous ligands
and are often called orphan nuclear receptors. Some of them
also lack DNA binding domain and thus function as transcrip-
tional repressors of various transcription factors, including
members of nuclear receptors. They are called atypical orphan
nuclear receptors. Among the homodimeric nuclear receptors,
the role of GR has been linked to the control of hepatic
gluconeogenesis. GR is activated by cortisol, which is released
from the adrenal cortex in response to chronic stresses such as
prolonged fasting.64,65 GR was shown to directly bind to the
cognate binding sites found in the promoters of gluconeogenic
genes such as PEPCK and G6Pase and to enhance transcription
of these genes under fasting conditions. The same response
elements were also shown to be recognized and regulated by
hepatocyte nuclear factor 4 (HNF4), a member of hetero-
dimeric nuclear receptors, which suggests that these nuclear
receptors could coordinately function to control hepatic
gluconeogenesis in response to fasting.58

In accordance with this idea, the activity of these nuclear
receptors can be effectively integrated by the function of
transcriptional co-activator PGC-1α. Recently, estrogen-
related receptor gamma (ERRγ), a member of monomeric
nuclear receptors, was shown to be involved in the regulation
of hepatic gluconeogenesis.66,67 In the liver, ERRγ expression is
increased under fasting or by insulin resistance in a CRTC2-
CREB-dependent manner. This factor regulates hepatic
gluconeogenesis by binding to unique response elements that
are distinct from the known nuclear receptor-binding sites in
the promoters of PEPCK and G6Pase. Inhibition of ERRγ
activity by injecting either RNAi or the inverse agonist
GSK5182 effectively reduced hyperglycemia in diabetic mice,
suggesting that the control of this factor might potentially be
beneficial in the treatment of patients with metabolic diseases.
As is the case for other nuclear receptors that control hepatic
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gluconeogenesis, ERRγ activity is further enhanced by interac-
tion with the transcriptional coactivator PGC-1α, showing that
this coactivator functions as a master regulator for the hepatic
glucose metabolism.

Three members of atypical orphan nuclear receptors,
the small heterodimer partner (SHP, also known as NR0B2);
the dosage-sensitive sex reversal, adrenal hypoplasia critical
region, on chromosome X (DAX-1, also known as NR0B1);
and the SHP-interacting leucine zipper protein (SMILE)
are implicated in the transcriptional repression of hepatic
gluconeogenesis.68–70 SHP is ubiquitously expressed in
mammalian tissues, with the highest expression occurring in
the liver. Interestingly, metformin directly activates the
transcription of SHP via an AMPK-mediated pathway. SHP
directly inhibits cAMP-dependent transcription by binding to
CREB, resulting in the reduced association of CREB with
CRTC2.71,72 The adenovirus-mediated overexpression of SHP
could effectively reduce blood glucose levels in diabetic mice,
thus showing the importance of this pathway in the control of
hepatic glucose metabolism.

These results provide a dual mechanism for a metformin-
AMPK dependent pathway to inhibit hepatic gluconeogenesis
at the transcriptional level; an acute regulation of CRTC2
phosphorylation to inhibit the CRTC2-CREB-dependent
transcriptional circuit; and a longer-term regulation of
gluconeogenic transcription by enhanced SHP expression. Both
DAX-1 and SMILE were shown to repress hepatic gluconeo-
genesis by inhibiting HNF4-dependent transcriptional
events.73,74 SIK1, a member of the AMPK-related kinases,
was shown to enhance DAX-1 expression in the liver, whereas
Akt was shown to activate the transcription of SMILE to target
the HNF4 pathway under feeding conditions. Interestingly,
SMILE was shown to directly replace PGC-1α from HNF4 and
the gluconeogenic promoters, suggesting that this factor could
potentially function as a major transcriptional repressor of
hepatic gluconeogenesis in response to insulin signaling.
Further study is necessary to fully understand the relative
contribution of these nuclear receptors in the control of
glucose homeostasis in both physiological conditions and
pathological settings.

CONCLUDING REMARKS

In this review, we attempted to describe the current under-
standing of the regulation of glucose metabolism in the
mammalian liver. Under feeding conditions, glucose, a major
hexose monomer of dietary carbohydrate, is taken up in the
liver and oxidized via glycolysis. The excess glucose that is not
utilized as an immediate fuel for energy is stored initially as
glycogen and is later converted into triacylglycerols via lipogen-
esis. Glycogenesis is activated via the insulin-Akt-mediated
inactivation of GSK-3, leading to the activation of glycogen
synthase and the increased glycogen stores in the liver. Insulin
is also critical in the activation of PP1, which functions to
dephosphorylate and activate glycogen synthase. In addition,
PP1 inhibits glycogenolysis via the dephosphorylation/inactiva-
tion of glycogen phosphorylase. Glycolysis is controlled by the

regulation of three rate-limiting enzymes: GK, PFK-1 and
L-PK. The activities of these enzymes are acutely regulated by
allosteric regulators such as ATP, AMP, and F26BP but are also
controlled at the transcription level. Two prominent transcrip-
tion factors are SREBP-1c and ChREBP, which regulate not
only the aforementioned glycolytic enzyme genes but also the
genes encoding enzymes for fatty acid biosynthesis and
triacylglycerol synthesis (collectively termed as lipogenesis).

The importance of these transcription factors in the control
of glycolysis and fatty acid biosynthesis has been verified by
knockout mouse studies, as described in the main text. The
liver also has a critical role in controlling glucose homeostasis
under fasting conditions. Initially, insulin counterregulatory
hormones such as glucagon and epinephrine are critical in
activating the PKA-driven kinase cascades that promote
glycogen phosphorylase and glycogenolysis in the liver, thus
enabling this tissue to provide enough fuel for peripheral
tissues such as the brain, red blood cells and muscles.
Subsequently, these hormones together with adrenal cortisol
are crucial in initiating the transcriptional activation of
gluconeogenesis such as PC, PEPCK and G6Pase. The major
transcription factors involved in the pathway include CREB,
FoxO1 and members of nuclear receptors, with aid from
transcriptional coactivators such as CRTC, PGC-1α and
PRMTs. These adaptive responses are critical for maintaining
glucose homeostasis in times of starvation in mammals.
Further study is necessary by using liver-specific knockout
mice for each regulator of hepatic glucose metabolism to
provide better insights into the intricate control mechanisms of
glucose homeostasis in mammals.
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