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Abstract
This review summarizes the emerging role of AMP-activated protein kinase (AMPK) in mediating
endocrine regulation of metabolic fluxes in the liver. There are a number of hormones which,
when acting on the liver, alter AMPK activation. Here we describe those hormones associated
with activation and de-activation of AMPK and the potential mechanisms for changes in AMPK
activation state. The actions of these hormones, in many cases, are consistent with downstream
effects of AMPK signaling thus strengthening the circumstantial case for AMPK-mediated
hormone action. In recent years, genetic mouse models have also been used in an attempt to
establish the role of AMPK in hormone-stimulated metabolism in the liver. Few experiments have,
however, firmly established a causal relationship between hormone action at the liver and AMPK
signaling.
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1. Introduction
Feeding, fasting, physical exertion, and metabolic diseases such as obesity and diabetes
require a complex neuroendocrine response that activates pathways for fuel storage and
energy production (Wasserman, 2009). The hypothesis that AMP-activated protein kinase
(AMPK) serves as a transducer, sensing energy state and modulating metabolic pathways in
accordance with metabolic needs (Hardie and Hawley, 2001), has driven extensive research
in recent years. Endocrine responses can occur in response to acute stimuli or can act to
provide a chronic “metabolic” tone to the liver by altering expression of enzymes involved
in macronutrient carbon flux. The physiological role and regulation of AMPK in mediating
hormone and pharmacological action is contentious (Foretz et al., 2010; Holland et al., 2011;
Miller et al., 2011). However, there is ample evidence that AMPK activity is altered under
physiological conditions characterized by changes in hormone concentrations (Berglund et
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al., 2011, 2010, 2009; Camacho et al., 2006; Carlson and Winder, 1999; Kawaguchi et al.,
2002; Munday et al., 1991; Park et al., 2002; Witters et al., 1994).

Two major topics will be addressed in this review: (1) candidate hormones that may be
involved in the regulation of AMPK and (2) how endocrine control of AMPK may be
important in the control of metabolic flux. The second point will be addressed in light of the
AMPK paradox, which denotes the discrepancy between the metabolic effects of AMPK
transgenesis from those associated physiologically with changes in AMPK activation state.
Experiments in vitro regarding the metabolic role of AMPK signaling in hormone action
have been highly informative but have limitations in translation to physiological conditions.
The study of how AMPK works to modulate hepatic fuel fluxes in vivo has posed a
considerable challenge to the field, considering it requires well-controlled experiments free
of confounding variables (e.g. changes in blood glucose).

The following sections are structured around putative hormonal regulators of AMPK and the
possible impact of AMPK signaling on liver metabolism. Next, the synergistic, antagonistic,
and parallel signaling mechanisms involving AMPK and insulin are discussed. The review
also covers current research that challenges canonical roles of hepatic AMPK activity. The
objective of this review is to focus on direct endocrine regulation of AMPK signaling and
hepatic metabolism. A complete evaluation of inter-organ communication exceeds the
objective of this review. However, it is important to recognize that changes in endocrine,
neurohumoral, and nutrient signaling have a substantial impact on AMPK activity in the
brain (Ronnett et al., 2010). This is important because regulatory mechanisms in the brain
including nutrient sensing in the hypothalamus regulate AMPK activity and hepatic glucose
flux (Yang et al., 2010, Lam et al., 2011). It is also noteworthy that some signals discussed
in the present review that directly impact hepatic metabolism and AMPK activity also play a
role in the central response to changes in cellular and organismal nutrient status (Ronnett et
al., 2010).

2. Endocrine Action
2.1 Glucagon

Glucagon was one of the first hormones implicated to act through AMPK. Elevations in
cAMP and glucagon led to the deactivation of HMG-CoA reductase (Beg et al., 1973) and
acetyl-coA carboxylase (ACC) (Holland et al., 1984; Sim et al., 1988), respectively. Both
enzymes are targets of AMPK action (Carling et al., 1987). Glucagon stimulation of rat
hepatocytes results in the phosphorylation and deactivation of ACC, which was initially
thought to result from direct inhibition by cAMP-dependent protein kinase (PKA) (Holland
et al., 1984). Further study revealed that the inhibitory phosphorylation of ACC activity
results from AMPK, not PKA (Sim et al., 1988). Accordingly, increased glucagon or
conditions associated with increased glucagon (e.g. exercise, fasting) causes AMPK
activation in the liver (Berglund et al., 2011, 2009; Carlson and Winder, 1999; Kimball et
al., 2004; Longuet et al., 2008; Munday et al., 1991; Rivera et al., 2010). It is likely that
some of the diverse effects attributed to PKA are mediated by the activation of AMPK.

To understand the physiological role of glucagon, one must appreciate that this hormone is
secreted from the pancreas into the hepatic portal vein, which supplies most of the blood
flow to the liver. This anatomical arrangement permits efficient channeling of glucagon to
the liver (Wasserman et al., 1993). The experimental difficulty is that important changes in
portal venous glucagon can be undetected in systemic blood since the liver extracts a high
percentage of glucagon (Jaspan et al., 1984; Wasserman et al., 1993). Exercise, for example,
is associated with a large increase in portal venous glucagon. Glucagon increases hepatic
glucose production (Hirsch et al., 1991; Lavoie et al., 1997; Wasserman et al., 1989, 1985,
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1984), fat oxidation (Wasserman et al., 1995), amino acid metabolism (Halseth et al., 1998;
Wasserman et al., 1988), and ureagenesis (Exton and Park, 1966; Heimberg et al., 1969;
Kimmig et al., 1983; Krishna et al., 2000). More recently we showed that elevated glucagon
increases the AMP/ATP ratio and activates AMPK in vivo (Berglund et al., 2011, 2009).
Moreover, glucagon receptor signaling is essential to AMPK activation during fasting and
exercise (Berglund et al., 2011, 2009).

Hepatic energy charge is regulated by glucagons—Glucagon is elevated and
AMPK is activated under conditions uptake (Kimmig et al., 1983) and fat oxidation
(Heimberg et al., 1969) are elevated. The coupled relationship in which O2 between TCA
cycling and gluconeogenesis is paralleled by a coupling of ATP formation and breakdown.
The net effect of increased TCA cycling and gluconeogenesis would appear to be a
discharge of liver ATP, as exercise and fasting increase the AMP/ATP ratio (Berglund et al.,
2009). Activating fatty acids for oxidation (Kawaguchi et al., 2002) and anaplerosis from
amino acids requires ATP. As a result of anaplerosis, gluconeogenesis and ureagenesis
expend 6 and 4 moles of ATP, respectively, to produce a mole of glucose (Hems et al.,
1966). The movement of lactate, alanine, pyruvate, and oleate carbons into the TCA cycle
increases AMP levels (Williamson et al., 1969) and supplies substrate for gluconeogenesis.
Indeed, glucagon signaling increases hepatic AMP concentrations and activates AMPK
(Berglund et al., 2011, 2009).

AMPK phosphorylation (pThr172) increases with elevations in AMP (Berglund et al., 2009),
presumably as a consequence of phosphorylation by LKB1 (Hawley et al., 2003; Shaw et
al., 2004; Woods et al., 2003). Since glucagon increases cytosolic Ca2+ (Charest et al.,
1983), it is possible that glucagon-mediated increases in AMPK phosphorylation result from
the activation of CaMKKα/β. However, this seems rather unlikely given their trace
expression in the liver (Anderson et al., 1998). WT mice fasted for 18hr or exercised until
exhaustion exhibit a ~5 and ~10-fold increase in the AMP/ATP ratio, respectively—an
effect not present in glucagon receptor null mice (Berglund et al., 2009). By using a novel
glucose clamp technique that elevates circulating glucagon without hyperglycemia or
hyperinsulinemia in vivo, it has been shown that flux through PEPCK is necessary for the
glucagon-mediated increase in the AMP/ATP ratio and activation of AMPK (Berglund et
al., 2009).

A role for AMPK in glucagon-mediated changes in hepatic lipid metabolism—
Fasting activates AMPK in the liver, which inversely corresponds to ACC activity (Munday
et al., 1991). The inverse relationship between AMPK and ACC activities may be related
and explain aspects of metabolic zonation in the liver. Periportal parenchyma have elevated
capacity for gluconeogenesis, ureagenesis, β-oxidation and ketogenesis; these functions
correspond to hormonal (e.g. glucagon) and substrate gradients in the liver (Jungermann and
Kietzmann, 1996). In the fasted state, AMPK activity is elevated predominantly in the
periportal zone and corresponds to reduced ACC activity (Witters et al., 1994). This is
consistent with glucagon concentrations being highest in the periportal region of the liver.
As noted above, glucagon elevates fat oxidation in the liver (Heimberg et al., 1969). High
intensity exercise also results in reduced ACC activity, lowered malonyl-CoA
concentrations, and increased 3-hydroxybutyrate and AMPK activation (Carlson and
Winder, 1999). Glucagon-mediated activation of AMPK may acutely suppress lipid
biogenesis and promote fat oxidation in the liver by attenuating the ability of ACC to
generate malonyl-CoA, thus lessening carbon substrate for lipogenesis and CPT1
suppression (Figure 1). Likewise, glucagon represses expression of SREBP-1c (Foretz et al.,
1999), a controller of lipogenesis in the liver. Elegant work with AMPK activators
demonstrates that AMPK phosphorylates and reduces SREBP-1c activity (Li et al., 2011). In
accordance, hepatocytes lacking AMPKβ1 have elevated triglyceride synthesis and impaired
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fatty acid oxidation (Dzamko et al., 2010). It is thus possible that glucagon, through AMPK
activation, inhibits SREBP-1c activity (Figure 1).

Work in mice either lacking (Andreelli et al., 2006) or overexpressing (Foretz et al., 2005)
the AMPKα2 subunit in the liver support the premise that AMPK activation suppresses
lipogenesis and promotes fat oxidation. Liver deletion of AMPKα2 results in elevated
plasma free fatty acid, triglycerides, and decreases in β-hydroxybutyrate following a 5hr fast
(Andreelli et al., 2006). Interestingly, glucagon-receptor null mice exhibit a similar fasting
(16hr) plasma lipid profile with elevations in triglycerides and free fatty acids (Longuet et
al., 2008). Conversely, adenoviral-mediated overexpression of constitutively active
AMPKα2 in the liver (AMPKα2-CA) decreases plasma triglycerides and increases β-
hydroxybutyrate following a 24Hr fast (Foretz et al., 2005). AMPKα2-CA mice also display
elevated liver protein lipase transcript levels, hepatic triglycerides, and cholesterol levels in
the liver during fasting—suggesting AMPK activation promotes fatty-acid uptake and
attenuates triglyceride/cholesterol release from the liver (Foretz et al., 2005). Acutely,
glucagon phenocopies the effects of elevated AMPK activation, as it also prevents the
release of triglycerides into the plasma and promotes their accumulation in the liver while
increasing fat oxidation (Heimberg et al., 1969). There is a clear functional overlap between
glucagon and AMPK signaling with respect to fat oxidation in the liver.

Elevations in glucagon action and AMPK activation during long-term voluntary and forced
exercise correspond to the amelioration of fatty liver in mice on a high-fat diet (Berglund et
al., 2011). As previously mentioned, acute and chronic exercise cause increases in the AMP/
ATP ratio and AMPK activation in the liver that are dependent on glucagon receptor
signaling and flux through PEPCK (Berglund et al., 2009). Elevations in the AMP/ATP
ratio, AMPK activation, and transcripts encoding PPARα and FGF21 accompany the
reversal of fatty liver (Berglund et al., 2011). In adipocytes, FGF21 increases AMPK
activation, the NAD+/NADH ratio, and oxygen consumption; these effects of FGF21 on
mitochondrial metabolism are dependent on PGC-1α, LKB1, AMPK, and SIRT1 (Chau et
al., 2010). FGF21 overexpression in the liver increases the mRNA encoding PGC-1α as
well as the expression of its target genes involved in hepatic glucose production and
mitochondrial oxidative phosphorylation. FGF21 promotes fed and fasted ketogenesis, fed
O2 consumption, β-oxidation, and gluconeogenesis (Potthoff et al., 2009). One can speculate
that the actions of FGF21 mediate some of the persistent effects of glucagon on the liver.
Regardless, an intact glucagon-AMPK signaling network may be essential to diminish
obesity-related pathology in the liver. From these data, one can surmise a role for AMPK in
potentiating the effects of glucagon on hepatic lipid anabolism and catabolism.

AMPK and hepatic glucose production—“a mystery inside an enigma.” The role of
AMPK signaling in control of glucose release from the liver can be paraphrased by the
words of Sir Winston Churchill. It is a mystery inside an enigma. The results obtained in
transgenic and mutant mice are contrary to what one might expect from physiological
observations. Hepatic LKB1 deletion causes hyperglycemia and glucose intolerance (Shaw
et al., 2005). Likewise, liver-specific AMPKα2 deletion results in glucose intolerance, albeit
to a lesser degree than LKB1−/− mice (Andreelli et al., 2006). moreover, overexpression of
AMPKα2 in the liver decrease fasting and fed glucose levels and the transcripts encoding
the PEPCK and G6Pase enzymes (Foretz et al., 2005). The phenotype of these genetic
models would suggest that endocrine mediated activation of AMPK (e.g. glucagon) would
result in reduced hepatic glucose production. The enigma is that AMPK is activated in
physiology at times when glucose production is high.

Mechanistically, glucagon stimulates the gluconeogenic program in a PKA dependent
manner. PKA phosphorylates CREB (Altarejos and Montminy, 2011; Gonzalez and
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Montminy, 1989) which upregulates PGC-1α, in turn, acts to increase the expression of
gluconeogenic enzymes (Herzig et al., 2001; Yoon et al., 2001) and glucose production in
hepatocytes (Yoon et al., 2001). PGC-1α’s ability to co-activate gluconeogenic gene
expression is lost in the absence of hepatocyte nuclear factor 4α (HNF4α) (Rhee et al.,
2003). Likewise PGC-1α co-activates FOXO1 which arguments gluconeogenic gene
expression in FAO cells (Puigserver et al., 2003). AMPK disrupts HNF4α activity through
phosphorylation (Hong et al., 2003) and AICAR-mediated activation of AMPK coincides
with reductions in HNF4α protein levels and target gene expression (Figure 2) (Leclerc et
al., 2001). Liver-specific knockout of PGC-1α attenuates fasting-mediated increases in gene
expression for the PEPCK and G6Pase enzymes (Handschin et al., 2005). However, livers
from PGC-1α-null mice have impaired gluconeogenic glucose production from the TCA
cycle, despite normal fasting levels of the aforementioned transcripts (Burgess et al., 2006).
This is further explored in a subsequent section.

CRTC2 (TORC2), a transcriptional co-activator of CREB, could also function as a
regulatory point between glucagon, insulin, LKB1, and AMPK signaling in gluconeogenesis
(Dentin et al., 2007; Koo et al., 2005). While glucagon and forskolin promote CREB-
CRTC2 mediated upregulation of gluconeogenic gene transcription, AMPK phosphorylation
sequesters CRTC2 in the cytoplasm which reduces its activity (Figure 2) (Koo et al., 2005).
Hepatic deletion of LKB1 and AMPK decreases CRTC2 phosphorylation (Foretz et al.
2010; Shaw et al., 2005). The absence of hepatic CRTC2 results in reductions in
gluconeogenic gene expression during fasting. CRTC2-null hepatocytes have impaired
glucagon-stimulated glucose production (Le Lay et al., 2009).

Recent studies explore a role for Class IIa HDACs and FOXO in glucagon-stimulated
gluconeogenesis (Mihaylova et al., 2011, Wang et al., 2011). In response to glucagon, Class
IIa HDACs translocate into the nucleus, recruit HDAC3, and promote FOXO-dependent
gene transcription of gluconeogenic targets. LKB1-dependent kinases (e.g. AMPK)
phosphorylate and inactivate Class IIa HDACs (HDACs 4/5/7). Interestingly, treatment of
hepatocytes with glucagon reduces phosphorylation of HDACs4/5/7 at the sites of LKB1-
dependent kinase action. shRNAs targeting these HDACs improve glucose tolerance in db/
db, ob/ob, and high fat fed mice. By increasing the nuclear entry of these HDACS, glucagon
could promote, at least in part, FOXO dependent-gluconeogenic gene transcription another
avenue of intervention for glucagon and potentially AMPK in hepatic glucose production
(Mihaylova et al., 2011).

These genetic models and mechanistic data support a regulatory role for AMPK in hepatic
glucose production. However, the results obtained with these genetic models do not, in fact,
uniformly predict the metabolic response of the liver to the hormones or conditions that
regulate the activity of AMPK under physiological conditions. As described earlier,
glucagon plays an integral role in maintaining glucose homeostasis by stimulating glucose
production during the adaptive response to fasting and exercise. Paradoxically, a genetic
increase in AMPK activity in the liver results in an inhibition, and not an increase, in
glucose release from the liver (Foretz et al., 2005).

Recent work in liver AMPKα1α2/LKB1 knockout models reveal that the glucose lowering
effects of metformin and adiponectin might be AMPK independent (Foretz et al., 2010;
Holland et al., 2011; Miller et al., 2011; Miller and Birnbaum, 2010). Interestingly, mice
lacking liver AMPKα1α2 have similar fasting and fed blood glucose levels as WT mice
(Foretz et al., 2010). Germline removal of the AMPKβ1 subunits results in significant
impairments in hepatic AMPKα1α2 activity (Dzamko et al., 2010). Despite elevations in
basal gluconeogenic gene transcription, hepatocytes isolated from these mice exhibit normal
basal glucose production and similar reductions in glucose output versus wild-type mice
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when stimulated with the AMPK activators A769662 and AICAR (Scott et al., 2008). The
potential overlap in signaling and function between AMPK and other LKB1-dependent
kinases further complicates data interpretation from in vivo and in vitro models of AMPK
activation or deletion (Shackelford and Shaw, 2009). For example, overexpression of salt-
inducible kinases (SIK) 1 and 2 reduces fasting glucose levels and gluconeogenic gene
expression (Koo et al., 2005). Moreover, both impair CRTC2 activity by promoting its
phosphorylation at S171 and sequestration in the cytoplasm (Dentin et al., 2007, Koo et al.,
2005, Screaton et al., 2004).

At present, the results in the literature do not produce sufficient consensus to assign a
definitive role for hepatic AMPK in glucose production. Investigators have often made the
assumption that changes in gene expression are equivalent to changes in hepatic glucose
flux. This is not necessarily true. This is best illustrated by experiments using perfused livers
from 24hr fasted mice with graded reductions in PEPCK content (Burgess et al., 2007).
Isotopic tracers were used to determine hepatic glucose and TCA cycle fluxes. Metabolic
flux analysis of this data indicates that PEPCK has a rather low control coefficient (0.18) for
gluconeogenesis from the TCA cycle (Burgess et al., 2007). Although these studies are
confined to a very specific set of circumstances (i.e. perfused livers from long-term fasted
mice), they do emphasize the need to be cautious when ascribing changes in gene and
protein expression to changes in flux.

Inhibition of protein synthesis and AMPK—The inhibitory effect of glucagon on liver
protein synthesis (Woodside et al., 1974) may also result from elevated AMPK activity
(Kimball et al., 2004). This view is consistent with the ability of AMPK to decrease protein
anabolism. Glucagon markedly increases AMPK activation while decreasing mTORC1
signaling to 4E-BP1 and S6K1 (Kimball et al., 2004). During periods of elevated glucagon,
insulin (an mTORC1 activator) is unable to deactivate AMPK or fully restore mTORC1
signaling (Baum et al., 2009). However, exercise-mediated activation of AMPK reduces the
translation of 5′-terminal oligopyrimidine tract mRNAs not total protein synthesis (Reiter et
al., 2008). It has been shown that PKA mediates the phosphorylation of LKB1 and supports
its ability to repress cell growth (Sapkota et al., 2001). Other factors that increase the
intrahepatic AMP/ATP ratio or activate AMPK have a similar impact on mTORC1 signaling
and protein synthesis (Dubbelhuis and Meijer, 2002). Extensive signaling work has
identified at least two sites where AMPK intercedes in the mTORC1 signaling pathway:
TSC2 (Inoki et al., 2003) and raptor (Gwinn et al., 2008). In both cases, phosphorylation by
AMPK leads to a reduction in mTORC1 signaling (Figure 1). The effects of glucagon on
protein synthesis are very much in line with the effects of AMPK activation. The possibility
clearly exists that these actions of glucagon are mediated by AMPK.

2.2 Adiponectin
Suppression of hepatic glucose production—The effects of adipokines on whole
body and tissue-specific metabolism have been studied extensively in recent years. The
adipokine, adiponectin, acts as an insulin-sensitizer that suppresses hepatic glucose
production (Berg et al., 2001). The ability of adiponectin to sensitize the liver to insulin is
accompanied by reduced gluconeogenic gene expression (Combs et al., 2001).

Adiponectin stimulates processes that provoke an increase in AMP (Figure 3) (Miller et al.,
2011) and mice treated with adiponectin have enhanced AMPK activation in both skeletal
muscle and liver (Yamauchi et al., 2007). In muscle cells, adiponectin has been shown to
work through an adapter protein (APPL1) to signal to AMPK and promote fatty acid
oxidation and glucose uptake (Mao et al., 2006). APPL1 promotes the cytosolic
translocation of LKB1 and, consequently, activation of AMPK during adiponectin or
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metformin stimulation (Zhou et al., 2009). Adiponectin also provokes an influx of
extracellular Ca2+, which may activate CaMKKβ in skeletal muscle (Iwabu et al., 2010)—
another mechanism for AMPK activation that might be relevant in some cell types, though
unlikely in hepatocytes.

Interestingly, overexpression of a dominant-negative AMPKα1 mutant in the liver prevents
adiponectin-mediated reductions in fasting glucose and transcripts encoding the PEPCK and
G6Pase enzymes (Yamauchi et al., 2002). Whole-body knockout of AdipoR1, one of two
adiponectin receptors in the liver, also results in an increase in glucose production and
indices of gluconeogenesis (Yamauchi et al., 2007; Yamauchi et al., 2003). Accordingly,
adiponectin knockout mice have impairments in insulin sensitivity and elevated hepatic
glucose production (Nawrocki et al., 2006). Conversely, small increases in AdipoR1 result
in elevated AMPK activation, attenuated transcript levels for the PEPCK and G6Pase
enzymes (Figure 3), and lowered endogenous glucose production in db/db mice (Yamauchi
et al., 2007). It is reasonable to hypothesize that adiponectin exerts a tonic effect on AMPK
activity and its downstream targets in the liver, which may work to maintain glucose
homeostasis.

Hepatic Lipid Metabolism—Just as glucagon-mediated increases in the AMP/ATP ratio
and AMPK activity coincide with elevated fat oxidation (Berglund et al., 2011), adiponectin
action stimulates AMPK activation and pro-oxidative, anti-lipogenic pathways in the liver
(Figure 3) (Yamauchi et al., 2007). AdipoR1 levels are reduced in db/db mice. Restoration
of AdipoR1 to normal levels in db/db mice decreases the mRNA encoding SREBP-1c—a
transcriptional regulator of lipid biogenic genes (Yamauchi et al., 2007). Conversely,
adenoviral delivery of siAdipoR1 results in a robust increase in the mRNA encoding
SREBP-1c in the livers of db/db mice (Awazawa et al., 2009). It is possible that LKB1-
AMPK signaling promotes adiponectin mediated decreases in SREBP-1c expression (Figure
3). LKB1 removal in hepatocytes abrogates AMPK activation and upregulates srebf1c
transcript levels (Awazawa et al., 2009). Thorough in vivo work is necessary to determine
whether endocrine action on the liver (i.e. adiponectin, glucagon) promotes a similar,
AMPK-dependent phenotype.

Yamauchi et al. (2007) have suggested that AdipoR1 and R2 have differential roles with
respect to AMPK, hepatic glucose production, fat synthesis and oxidation in the liver. As
noted, adenoviral-mediated restoration of AdipoR1 appears to activate AMPK and reduce
indices of hepatic glucose and lipid production in db/db mice. Whereas, increases in
AdipoR2 lower liver triglycerides and fatty acids while upregulating PPARα and its target
genes independently of AMPK activation (Yamauchi et al., 2007). This difference in
receptor functions suggests the receptors may utilize independent mechanisms to promote a
“healthy” liver lipid profile. Thiazolidinedionces (TZDs) are PPARγ agonists that activate
AMPK, reduce ACC activity, and decrease malonyl-CoA concentrations in the liver. Further
implicating adiponectin-AMPK signaling in hepatic lipid regulation, loss of adiponectin
ameliorates TZD-induced AMPK activation while ACC activation and malonyl-CoA levels
remain high (Nawrocki et al., 2006).

In addition to regulating gluconeogenic gene transcription, PGC-1α works to increase the
expression of nuclear respiratory factors 1 (NRF-1) and 2 (NRF-2). PGC-1α also co-
activates NRF-1. Several nuclear and mitochondrial promoters contain NRF-1 and NRF-2
recognition sites which, among others, include genes encoding the respiratory complexes
and components of mtDNA transcription/replication (Kelly and Scarpulla, 2004). Moreover,
ectopic overexpression of PGC-1 and PPARα in vitro leads to the induction of genes
involved in mitochondrial fat oxidation and increases in palmitate oxidation (Vega et al.,
2000). PGC-1α might play a significant role in oxidation in the liver. This is highlighted by
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observations that fasting results in hepatic steatosis in PGC-1α-null mice. Hepatocytes
isolated from these mice have impairments in fat oxidation, mitochondrial respiratory
function, and increased triglyceride synthesis (Leone et al., 2005). Hepatic gene expression
of TCA cycle enzymes and components of the mitochondrial oxidative-phosphorylation
system are also attenuated in the livers of PGC-1α-null mice (Burgess et al., 2006).
Perfusion studies demonstrate that PGC-1α-null livers have impaired hepatic glucose
production—an effect that appears to be secondary to impairments in TCA cycle fluxes and
oxidative metabolism (Burgess et al., 2006).

AMPK has been shown to be important for the expression of PGC-1α in the muscle in a
model of energy deprivation (Zong et al., 2002). Also, it has been shown that AMPK
increases PGC-1α activity through phosphorylation Jäger et al., 2007) and may promote its
deacetylation and activity through SIRT1 (Cantó et al., 2010, 2009). Through these
mechanisms, AMPK could support mitochondrial biogenesis and fat oxidation through
PGC-1α (Figure 3). Livers lacking the AMPKα1α2 subunits have impaired O2
consumption, an attenuated mitochondrial biogenic mRNA profile, and reduced levels of
cytochrome C and COX IV, consistent with the notion that AMPK promotes mitochondrial
biogenesis through PGC-1α (Guigas et al., 2007). These data are consistent with endocrine
activation of AMPK (adiponectin, glucagon) and a pro-oxidative condition in the liver.

AMPK is one of several signaling mechanisms that converge on PGC-1α to coordinate
nvironment with cellular energy status. AMPK may regulate PGC-1α through direct
phosphorylation, a decrease in CRTC2 activity, changes in its acetylation status (Cantó et
al., 2010, 2009), or an unidentified mechanism. The signals that converge on PGC-1α
altered with changes in endocrine, energy and nutritional state—thus, PGC-1α’s activity in
the liver likely mirrors the dynamic nature of its regulators. For example, PGC-1α receives
signals from Sirt1 (Cantó et al., 2010, 2009; Feige et al., 2008; Gerhart-Hines et al., 2007),
and mTORC1 (Lustig et al., 2011), which plays important role in nutrition metabolism. It
should be noted that AMPK’s impact on CRTC2 in the liver seems antithetical to its
stimulation of PGC-1α activity in the muscle. Certainly, the relationship between AMPK
and PCG-1α in the liver might differ from its interaction in other tissues. Thus, the role of
AMPK in the regulation of PGC-1α is likely a function of the integration of input from
numerous sources.

AMPK-independent role of adiponectin in hepatic fuel fluxes—The ability of
endocrine signals to mediate decreases in hepatic energy charge provides evidence for the
importance of AMP as an intracellular indicator and regulator of energy state. Interestingly,
adiponectin’s efficacy at reducing glucose production in vivo is partially compromised in
the absence of hepatic LKB1 (Miller et al., 2011). The ability of adiponectin to diminish
gene transcripts for proteins involved in anabolism—PGC-1α, PEPCK, G6Pase, SREBP-1c,
FAS, ACC is still intact even in the absence of LKB1 or AMPK activation (Miller et al.,
2011). Moreover, complete removal of AMPKα1α2 in hepatocytes does not impair
adiponectin’s diminution of gluconeogenic gene transcripts or glucose production during
Bt2-cAMP stimulation (Miller et al., 2011). Treating hepatocytes from CRTC2 knockout
mice with adiponectin obviates the glucagon-mediated increase in mRNA encoding PGC-1α
(Miller et al., 2011).

Adiponectin’s positive metabolic impact on the liver may be mediated through decreases in
ceramide levels (Holland et al., 2011). Mice on a high-fat diet or lacking adiponectin have
large increases in hepatic ceramide levels. Adiponectin administration or overexpression
reduces liver ceramides and improves indices of hepatic insulin sensitivity, potentially
through the intrinsic ceramidase activity of AdipoR1 and R2 (Holland et al., 2011).
Consistent with the work of Miller et al., 2011, adiponectin substantially lowers blood
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glucose levels in liver-specific LKB1−/− mice. Work performed in non-hepatocyte cell lines
suggest that adiponectin promotes the conversion of ceramide to S1P—which has been
demonstrated to activate AMPK; however, this mechanism needs to be thoroughly tested,
given that export and degradation keep S1P in trace amounts. A new model proposes that
adiponectin works by stimulating the intrinsic ceramidase activity of its receptors, lowering
ceramide content and improving Akt/PKB signaling (Holland et al., 2011).

2.3. Resistin
Resistin, another adipokine, reduces AMPK activity (Muse et al., 2004) in the liver and may
contribute to hepatic insulin resistance (Steppan et al., 2001). Resistin levels rise during
obesity and promote hyperglycemia and insulin resistance in high fat-fed, wild-type mice
(Steppan et al., 2001). Reducing plasma resistin with a resistin-specific antisense
oligonucleotide (ASO) normalizes fasting plasma glucose levels in high fat-fed mice (Muse
et al., 2004). Likewise, endogenous glucose production is normalized in high fat-fed ASO
treated mice during a hyperinsulinemic-euglycemic clamp. Notably, this is accompanied by
an increase in hepatic AMPK activation and normalization of transcript levels encoding the
G6Pase enzyme (Muse et al., 2004). Resistin-specific ASO treatment also ameliorates
impairments in liver Akt signaling in high fat fed mice (Muse et al., 2004). High fat-fed,
resistin knockout mice display improvements in indices of hepatic glucose production and
elevated AMPK activation (Banerjee et al., 2004).

Consistent with the metabolic profile described above is the demonstration that insulin
sensitivity in skeletal muscle, adipose tissue, and the liver, as assessed using a
hyperinsulinemic-euglycemic clamp, is improved in high fat-fed, resistin-knockout mice (Qi
et al., 2006). ob/ob mice lacking resistin have reductions in liver triglycerides, plasma
glucose, and suppressed lipogenic transcript and protein levels (Singhal et al., 2008). The
role of AMPK, if any, in this improved metabolic profile remains to be determined.

2.4 Leptin
Leptin acts through AMPK in a number of tissues to maintain energy balance (Steinberg et
al., 2009). For example, leptin elevates AMPKα2 activity through the sympathetic nervous
system in skeletal muscle (Minokoshi et al., 2002). Leptin or leptin receptor deficiencies in
rodents result in impaired hepatic AMPK activity and correspond to elevations in malonyl-
CoA and ACC activity (Yu et al., 2004). However, the lipid lowering effects of leptin the
liver require PPARα and may occur independently of change in AMPK activation (Lee et
al., 2002). Nevertheless, a recent study in AML12 cells shows an increase in AMPK
activation in the presence of leptin (Moon et al., 2012). It has also been reported that central
infusion of leptin has no impact on AMPK activation in the liver in ewes (Laker et al.,
2011).

Liver-specific disruption of leptin receptor signaling results in a significant increase in liver
triglycerides and cholesterol in mice (Huynh et al., 2010). Plasma glucose and
gluconeogenic gene transcript levels are unaffected by the disruption. However, male mice
with disrupted leptin receptor signaling in the liver have better glucose tolerance following
an OGTT (Huynh et al., 2010). Whether AMPK has a role in any of these effects requires
further inquiry.

2.5 Ghrelin
Ghrelin is an appetite stimulating gut peptide. Ghrelin administration in rats results in
reductions in AMPK activation (Barazzoni et al., 2005; Kola et al., 2005) and increases in
transcript levels for the ACC, FAS, and G6Pase enzymes in the liver. Increases in liver
triglycerides accompany the transcriptional changes (Barazzoni et al., 2005). One could
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posit a role for ghrelin in attenuating AMPK-mediated reductions in hepatic lipid
metabolism and glucose production; however, this is highly speculative.

3. Convergence of Insulin and AMPK Signaling Pathways in the Liver
The balance between anabolism and catabolism must be tightly regulated in an organ as
dynamic as the liver. Insulin stimulates the synthesis of protein, lipids, and glycogen. By
reducing hepatic glucose output, insulin maintains euglycemia during feeding. Insulin and
AMPK signaling pathways overlap at key signaling loci to maintain organ homeostasis. An
imbalance in insulin and AMPK signaling compromises fuel fluxes and is observable in
several metabolic stresses (diabetes, obesity, under-nutrition). Components of the insulin
signaling pathway and AMPK signaling will be briefly juxtaposed to provide a broad
perspective of how endocrine inputs may regulate central metabolic processes in the liver.

3.1 Direct regulation
Insulin signaling has been shown to reduce AMPK activity in the liver (Witters and Kemp,
1992). There is evidence that Akt/PKB-1 meditated phosphorlation of AMPK
(α1Ser485/α2Ser491) results in a decrease in AMPK-Thr172 phosphorylation following
insulin pre-treatment (Horman et al., 2006). Interestingly, AMPK Ser485 phosphorylation is
elevated while AMPK-Thr172 phosphorylation remains unaltered during hyperinsulinemic
clamps in the dog—an effect reversed by glucagon, hypoglycemia, or both (Rivera et al.,
2010). Whether this phosphorylation has a physiological impact on hepatic metabolism
requires further inquiry.

3.2 mTORC1
mTORC1, a central controller of growth, is activated by insulin, growth factors, and
nutrients with the result that translation is increased. Insulin promotes mTORC1 signaling
by inhibiting TSC1/TSC2 complex activity, an endogenous mTORC1 repressor (Inoki et al.,
2002). During low nutrient availability, however, increases in AMPK activity reduce
mTORC1 signaling by promoting TSC1/TSC2 activity and raptor dissociation from mTOR
—as previously described (Gwinn et al., 2008; Inoki et al., 2003). The reciprocity of insulin
and AMPK signaling creates sensitive regulation of protein anabolism/catabolism in the
liver. As noted, glucagon increases AMPK activation and has been shown to dominantly
repress mTORC1 in hepatocytes exposed to both hormones (Baum et al., 2009).

3.3 Glucose and Lipid Metabolism
There has been considerable research on the acute and chronic action of insulin and AMPK
on hepatic glucose production. Insulin and AMPK share mutual and also use exclusive
signaling pathways to reduce the expression of gluconeogenic enzymes. AMPK and related
kinases have been suggested to regulate hepatic glucose production through the inhibition of
CRTC2 (Koo et al., 2005), regulation of SHP (Kim et al., 2008), and, more recently,
inhibition of Class IIa HDACs (Mihaylova et al., 2011). Insulin has been shown to also
obstruct a functional CREB-CRTC2-CBP/p300 complex, thus decreasing gluconeogenic
gene upregulation (Altarejos and Montminy, 2011). Insulin inhibits CRTC2 activity through
the activation of SIK2—which phosphorylates and promotes CRTC2 degradation (Dentin et
al., 2007). Insulin also inhibits gluconeogenic gene expression (Granner et al., 1983) by
excluding FOXO1 from the nucleus (Biggs et al., 1999; Nakae et al., 1999) and reducing
PGC-1α’s impact on gluconeogenic genes (Lee et al., 2007; Puigserver et al., 2003).

Lipid metabolism and synthesis highlight another juxtaposition of insulin and AMPK action
in the liver. As previously discussed, several lines of evidence suggest that AMPK acutely
and chronically suppresses lipid biogenesis while promoting fat oxidation. Through
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increases in cAMP, glucagon and epinephrine activate AMPK, which rapidly inactivates
ACC in the liver. On the other hand, insulin decreases AMPK activity (Witters and Kemp,
1992) while increasing ACC activity (Mabrouk et al., 1990; Witters and Kemp, 1992). The
precise mechanism for insulin-mediated activation of ACC remains unresolved (Brownsey
et al., 2006) but could be due to both covalent and allosteric modifications.

Transcriptional regulation of pro-lipogenic genes by AMPK and insulin converge on
SREBP-1c. As mentioned, glucagon (Foretz et al., 1999) and AMPK (Li et al., 2011) work
to reduce SREBP-1c expression and activity. Thus, intermittent glucagon-stimulated
activation of AMPK such as that seen during regular exercise (Berglund et al., 2011) could
generate a pro-oxidative, anti-lipogenic tone in the liver through the activation of PPARα
and the inhibition of mTORC1 and SREBP-1c (Figure 1). In contrast, insulin plus glucose
increases the transcripts encoding SREBP-1c and the expression of target genes (Foretz et
al., 1999; Li et al., 2010). Insulin-mediated control of hepatic lipogenesis has focused on
SREBP-1c in the normal and insulin-resistant states (Brown and Goldstein, 2008). Recent
work demonstrates that insulin may work through mTORC1 dependent and independent
mechanisms to promote hepatic lipogenesis (Li et al., 2010; Wan et al., 2011; Yecies et al.,
2011).

4. Conclusion
The growing body of work implicating or directly demonstrating that AMPK has a
regulatory role in the control of hepatic metabolic fluxes suggests that the enzyme may be a
functional mediator of endocrine action in normal and pathological states (Table 1). It is
important to recognize that restricting AMPK conceptually to a binary role will inadequately
describe how it mediates hormone action in the liver, which is the site of convergence of so
many metabolic pathways and regulatory signals. The integration of sophisticated methods
to study metabolic flux, well controlled physiological model systems, and tools to interrupt
or promote cell signaling in vivo are important in advancing our knowledge of the
physiological role of the endocrine-AMPK axis in the liver.
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A number of hormones with well-defined metabolic regulatory roles activate or de-
activate AMPK in the liver.

Glucagon receptor signaling causes an increase in AMP/ATP and AMPK activity
under physiological conditions that requires flux through the gluconeogenic enzyme,
PEPCK.

The glucagon receptor is essential for effects of long-term physical activity on the
increase in AMPK activation and the concomitant reduction in liver fat in mice fed a
high fat diet.

Adiponectin sensitizes the liver to the actions of insulin, activates AMPK, and
promotes an anti-lipogenic, pro-oxidative program in the liver.

Precise balance between the opposing effects of insulin and AMPK signaling on
macronutrient flux is essential to liver metabolic function.

AMPK signaling is a hub that integrates intrahepatic intracellular signals generated
by hormone action, as well as intrinsic signals generated by the metabolic state of the
liver.
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Figure 1. AMPK activation may mediate or potentiate several glucagon-mediated hepatic
adaptations to fasting and exercise
Glucagon-signaling promotes ATP consuming processes which increases the AMP:ATP
ratio and activates AMPK. Glucagon-mediated increases in fat oxidation, inhibition of
lipogenesis, and decreased protein synthesis may be mediated through AMPK. Signaling
pathways are represented by solid lines. Dotted lines denote substrates.
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Figure 2. Juxtaposition of the physiological conditions that activate AMPK with the AMPK-
mediated signaling mechanisms implicated in the regulation of gluconeogenesis
As discussed in the text, AMPK activation is highest during conditions (fasting and
exercise) when glucagon action, glucose production, and ketogenesis are elevated.
Paradoxically, AMPK is implicated in the restraint of gluconeogenesis through the
phosphorylation of CRTC2, HNF-4α, and Class IIa HDACs (IIa HDACs).
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Figure 3. Hypothetical role for AMPK signaling in adiponectin’s action on liver metabolism
Adiponectin works at the liver to reduce hepatic lipid accumulation (increased fat oxidation
and reduced lipogenesis) and glucose production through mechanisms that may involve
AMPK. Signaling pathways are denoted by solid lines. Dotted lines denote a recently
proposed yet undeveloped mechanism for adiponectin signaling in the liver.
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Table 1
Hormone action on AMPK activity and related metabolism in the liver

The table above summarizes the putative endocrine effectors of AMPK activation in the liver and condenses
their downstream effects on signaling and substrate utilization into central metabolic processes.

Hormone AMPK Activity Hormone Effect on Hepatic Metabolism

Glucagon

↑ Fatty Acid Oxidation
↓ Lipid Biogenesis

↑ Glucose Production
↓ Protein Synthesis

Adiponectin
↑ Fatty Acid Oxidation

↓ Lipid Biogenesis
↓ Glucose Production

Resistin ↑ Glucose Production

Leptin ↑ Fatty Acid Oxidation

Ghrelin ↑ Fat Accumulation

Insulin

↓ Fatty Acid Oxidation
↑ Lipid Biogenesis

↓ Glucose Production
↑ Protein Synthesis
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