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Summary

5-Aminoimidazole-4-carboxamide-1-B-o-ribofuranoside (AICA riboside) has been extensively used
in vitro and in vivo to activate the AMP-activated protein kinase (AMPK), a metabolic sensor
involved in both cellular and whole body energy homeostasis. However, it has been recently
highlighted that AICA riboside also exerts AMPK-independent effects, mainly on AMP-regulated
enzymes and mitochondrial oxidative phosphorylation (OXPHOS), leading to the conclusion that
new compounds with reduced off target effects are needed to specifically activate AMPK. Here, we
review recent findings on newly discovered AMPK activators, notably on A-769662, a nonnucleoside
compound from the thienopyridone family. We also report that A-769662 is able to activate AMPK
and stimulate glucose uptake in both L6 cells and primary myotubes derived from human satellite
cells. In addition, A-769662 increases AMPK activity and phosphorylation of its main downstream
targets in primary cultured rat hepatocytes but, by contrast with AICA riboside, does neither affect
mitochondrial OXPHOS nor change cellular AMP:ATP ratio. We conclude that A-769662 could be
one of the new promising chemical agents to activate AMPK with limited AMPK-independent side
effects.

Keywords

AMPK; AICA riboside; 5-aminoimidazole-4-carboxamide-1-B-o-ribofuranoside; ZMP; A-769662;
glucose uptake; hepatocytes; mitochondria

INTRODUCTION

5-Aminoimidazole-4-carboxamide-1-B-o-ribofuranoside (AICA riboside) is a cell-permeable
nucleoside which could be metabolically converted to 5-aminoimidazole-4-carboxamide
ribotide (AICA ribotide or ZMP), the antepenultimate metabolic intermediate of the de novo
purine synthesis pathway (Fig. 1). Indeed, because AICA riboside shares some structural
similarities with adenosine it can enter most cells to be phosphorylated by adenosine kinase
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into ZMP, although a small amount being also further converted to ZTP (1). ZMP is an analogue
of 5’-AMP and thus mimics several of its cellular effects. During the last decade, AICA riboside
has been extensively used both in vitro (intact cells or tissues) and in vivo (whole animals) to
activate the AMP-activated protein kinase (AMPK) and assess its function in a large number
of pathways.

THE AMP-ACTIVATED PROTEIN KINASE, A KEY PLAYER REGULATING
CELLULAR AND WHOLE BODY ENERGY HOMEOSTASIS

The AMPK is a well-conserved eukaryotic serine/threonine protein kinase which plays a
central role in the regulation of cellular energy homeostasis (reviewed in (2-4)). AMPK is a
heterotrimeric complex consisting of a catalytic (o) and two regulatory (B and y) subunits. Each
subunit has multiple isoforms encoded by several genes (al, o2, B1, B2, v1, y2, y3) giving 12
possible heterotrimeric combinations with different tissue distribution and cellular localization.
The N-terminus of the a-subunit contains a Thr-172 residue in the activation loop, whose
phosphorylation by upstream kinases is both sufficient and necessary for AMPK activation.
The B-subunit acts as a scaffold for the two other subunits and contains a glycogen-binding
domain that has been proposed to play a role in fuel sensing but whose exact function still
remains to be clarified. The y-subunit contains four CBS motifs able to bind adenine
nucleotides, with a higher affinity for AMP than for ATP.

During metabolic stresses (nutrient or oxygen deprivation) or intense energetic demand
(muscle contraction), AMPK is activated following rise in intracellular AMP concentration or
increase in AMP:ATP ratio. As its name indicated, AMPK is allosterically stimulated by AMP
but needs first to be phosphorylated on Thr-172 by upstream kinases. The first AMPK kinase
(AMPKK) identified was LKB1, a tumor suppressor mutated in Peutz-Jeghers cancer
syndrome, which seems to be constitutively active and mainly involved in Thr-172
phosphorylation following change in AMP:ATP ratio. A second AMPKK, the calcium/
calmodulin-dependent protein kinase kinase p (CaMKKJ), was next found to phosphorylate
Thr-172 and activate AMPK by an AMP-independent manner in response to increased
intracellular calcium concentrations. Finally, a third putative AMPKK, the transforming
growth factor-p-activated kinase (TAK1), has been recently reported but its exact regulation
and physiological relevance remains unclear at present. On top of the regulation by AMPKK,
it has been recently demonstrated that the rise in AMP also protects Thr-172 dephosphorylation
by protein phosphatase 2C (PP2C). All these three effects, i.e. allosteric stimulation by AMP,
phosphorylation of Thr-172 by AMPKKSs and AMP-mediated inhibition of Thr-172
dephosphorylation by PP2C, contribute to regulate cellular AMPK activity (2-5).

In addition to metabolic stresses, AMPK activity is also modulated in a tissue-specific manner
by either various hormones/cytokines, such as insulin, leptin, ghrelin, adiponectin, and
interleukin-6, or signaling through o and B adrenergic receptors (2). Furthermore, AMPK
activation was also reported after treatment with the antidiabetic drugs metformin and
thiazolidinediones, constituting part of the rationale for using AMPK activators in the
management of metabolic disorders and type 2 diabetes (2,5). Whether all these agents control
AMPK activity through changes in AMP:ATP ratio is however still a matter of debate.

Once activated, AMPK decreases ATP-consuming pathways and stimulates ATP-generating
processes to restore energy balance, in line with the concept that it acts as a metabolic master
switch promoting ATP conservation. The regulation involves phosphorylation by AMPK of
both key enzymes controlling metabolic pathways (reviewed in (2,4,5)) and transcription
factors modulating gene expression (reviewed in (6)). Because of space limitation, an
exhaustive overview of the main cellular processes regulated by AMPK is not possible.
However, in general, AMPK activation results in inhibition of lipid, glycogen, and protein
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synthesis as well as cell growth and proliferation, whereas fatty acid oxidation and glucose
uptake are concomitantly stimulated. On top of regulating cellular metabolism, a broader role
for AMPK in the control of feeding behavior and whole body energy expenditure was recently
highlighted at the brain level (reviewed in (7)).

AICA RIBOSIDE, THE FIRST AND WIDELY USED CHEMICAL AMPK
ACTIVATOR

In Vitro

The first report of AICA riboside as an AMPK activator was published in an international
patent of 1994 where this cell-permeable compound was described as a ZMP-generating agent
mimicking all of the allosteric effects of 5’-AMP on the AMPK system owing to its structural
analogy with the adenine nucleotide (Fig. 1). Afterward, in vitro stimulation of AMPK by ZMP
has been confirmed by several groups using purified AMPK from rat liver (8-10). In addition,
administration of AICA riboside was shown to cause massive intracellular accumulation of
ZMP in intact cells leading to activation of native AMPK and subsequent phosphorylation and
inactivation of both acetyl-CoA carboxylase (ACC) and 3-hydroxy-3-methylglutaryl-CoA
reductase (HMG-CoA reductase) in hepatocytes and of hormone-sensitive lipase in adipocytes
(8-10). These results clearly indicated that pharmacological stimulation of AMPK was possible
by agents that, like AICA riboside, give rise to AMP or AMP mimetics (e.g., ZMP).

Most of cellular functions of AMPK have been discovered using AMPK-activating drugs in
vitro and a large part of what has been learned about its downstream targets came from the
extensive use of AICA riboside in intact cells. For example, as previously mentioned, AICA
riboside provided direct evidence that AMPK plays a central role in the regulation of hepatic
lipid metabolism by inhibiting fatty acid and cholesterol biosynthesis through phosphorylation
and inactivation of ACC and HMG-CoA reductase, respectively (9,10). The effect of AICA
riboside on ACC phosphorylation is abolished in hepatocytes deleted of both AMPK catalytic
subunits (11,12), confirming that it is completely dependent on AMPK activation. On the other
hand, AICA riboside stimulates long-chain fatty acid oxidation through its AMPK-mediated
effect on ACC, relieving malonyl-CoA-dependent inhibition of carnitine palmitoyl-
transferase-1 (CPT-1) (13). Protein synthesis is another biosynthetic pathway repressed by
AICA riboside-induced AMPK activation through inactivation of both elongation via
eukaryotic elongation factor 2 kinase (eEF2K) phosphorylation (14) and translation via
inhibition of the mammalian target of rapamycin (mTOR) pathway (15). Although part of the
hepatic action of AICA riboside is achieved by rapid and direct AMPK-mediated
phosphorylation of metabolic enzymes, long-term effects of this compound have also been
clearly demonstrated on the expression of many genes. Indeed, it induces modulation of
transcriptional expression and/or activity of transcription factors and co-activators, such as
HNF4, ChREBP, SREBP1c, SHP, or FOXO1a, leading to repression of glycolytic, lipogenic,
and gluconeogenic genes (reviewed in (6)). In addition to its beneficial effect on hepatic glucose
and lipid metabolism, recent report showed that AICA riboside inhibits several profibrogenic
actions in human hepatic stellate cells, including cell proliferation and migration, chemokine
secretion, and collagen production (16).

In both skeletal muscle and heart, AICA riboside increases glucose uptake, fatty acid uptake,
and oxidation as well as suppression of protein synthesis, most of these effects being abolished
in various AMPK knock-out mouse models (reviewed in (4)). On the other hand, AICA riboside
caused phosphorylation and inactivation of glycogen synthase in perfused skeletal muscles, an
effect that appears to be dependent on the AMPKa2 isoform (17). The stimulation of glucose
transport by AICA riboside could be due to AMPK-mediated phosphorylation and inhibition
of the Rab GTPase-activating proteins that are proposed to be involved in GLUT4 trafficking
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(18), Akt substrate of 160 kDa (AS160) and TBC1D1, because its effect was fully inhibited in
transgenic mice expressing of dominant negative AMPKa2 mutant in muscle (19).

The role of AMPK in the regulation of adipocyte metabolism has been also initially studied
using AICA riboside as an AMPK activator. It was reported to strongly inhibit B-adrenergic
and isoproterenol-stimulated lipolysis in adipocytes (9,20,21), this being confirmed to be
AMPK-mediated by the use of adenovirus-mediated expression of dominant positive and
negative forms of AMPK (20). Furthermore, by contrast with liver, fatty acid oxidation was
inhibited by AICA riboside in adipocytes (22), an effect completely prevented by compound
C which is however not a highly selective AMPK inhibitor. Similarly, although AICA riboside
stimulates glucose transport in the skeletal muscle through increased GLUT4 translocation, it
inhibits both basal and insulin-stimulated glucose uptake in adipocytes (22). Finally, adipose
tissue is also an active endocrine organ producing a variety of cytokines and chemokines. In
cultured adipocytes, AICA riboside has been shown to increase the expression of the insulin-
sensitizing hormone adiponectin and downregulate the secretion of pro-inflammatory
cytokines, such as IL-6, IL-8, TNFa, and MCP-1 (23,24).

Before the discovery of its effect on AMPK, many studies have shown that treatment with
AICA riboside (also named acadesine) was an effective therapy for reducing myocardial
ischemic injury in humans, also indicating that the compound is well tolerated and associated
with minimal side effects (reviewed in (25)). Interest for AICA riboside rose again when
pharmacological studies reported that its administration could also induce hypoglycemia in
mice (26), presumably through AMPK activation in various tissues. It was later shown that
AICA riboside treatment leads to concomitant increase in muscle glucose uptake and
suppression of endogenous glucose production in lean and obese rats (27). Not long afterward,
the inactivation of AMPK by a dominant inhibitory mutant in mouse skeletal muscle
highlighted the role of AMPK-mediated stimulation of glucose uptake in part of the
hypoglycemic effect of AICA riboside (28). To evaluate the respective contribution of the liver,
we recently subjected mice lacking both a1l and a2 catalytic subunits in the liver
(AMPKalo2, s77) to acute AICA riboside injection. Interestingly, AMPKala2, s/, but not
wild-type mice, showed resistance to AICA riboside-induced hypoglycemia, also indicating a
significant contribution of hepatic AMPK in this effect (29).

Chronic treatment with AICA riboside was also shown to reduce intra-abdominal adiposity in
obese rats (30) or to induce changes in skeletal muscle histological and metabolic
characteristics, leading to a switch from type 1B to type I1X fibers and a significant increase
in both glycolytic and oxidative enzyme activities (31). Interestingly, it also improved
metabolic disturbances in animal models of type 2 diabetes, at least partly by improving whole
body glucose tolerance and insulin sensitivity (30,32-35). However, a recent study challenged
the AMPK-mediated specific effect of AICA riboside on glucose uptake, reporting that its
acute infusion in healthy humans is associated with increased skeletal muscle glucose uptake
independently of any change in AMPK activity (36). The exact mechanism by which AICA
riboside stimulates glucose uptake in human skeletal muscle is still unknown.

Thus, like all pharmacological approaches, it is obvious that results obtained with experiments
using AICA riboside must be interpreted with caution and the question remains whether the
pleiotropic effects of AICA riboside evidenced in more than 350 publications to date are
mediated by AMPK.
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AMPK-INDEPENDENT EFFECTS OF AICA RIBOSIDE

It was generally assumed that ZMP stimulates AMPK without affecting cellular levels of
adenine nucleotides, including ATP, making AICA riboside a more specific method for
activating AMPK than the use of agents inducing ATP depletion. However, we recently
challenged this point by showing that AICA riboside, at least in hepatocytes, also decreased
intracellular ATP levels at concentrations higher than 100 uM through an AMPK-independent
mechanism (37). Indeed, in an attempt to investigate the role of AMPK in the control of hepatic
glucose uptake, we elucidated the molecular mechanism involved in the AICA riboside-
induced inhibition of glucose phosphorylation previously evidenced in hepatocytes (38). Using
isolated hepatocytes from AMPKala2; s~ mice, we demonstrated that AICA riboside
inhibited glucose-induced translocation of glucokinase (GK) from the nucleus by an AMPK-
independent mechanism linked to its effect on ATP depletion (11). It should be noted that two
other recent papers also reported clear AMPK-independent effects of AICA riboside on both
hepatic phosphatedylcholine synthesis (39) and autophagic proteolysis (40) that could be
related to the nucleoside-induced ATP drop. Importantly, we next reported that AICA riboside
induced a time and dose-dependent inhibition of cellular respiration associated with a decrease
in cellular ATP concentrations in hepatocytes, both effects being clearly not mediated by
AMPK because it persisted in hepatocytes from AMPKalo2, s~ mice (37). This inhibition
resulted in part from a decrease in intracellular phosphate (Pi), one of the major mitochondrial
oxidative phosphorylation (OXPHQS) cofactors, following the ATP-mediated
phosphorylation of AICA riboside. On the other hand, accumulation of Z nucleotides may also
play a role because we found that concentrations of ZMP in the range of those detected after
incubation with AICA riboside exerted a direct inhibitory effect on the mitochondria
respiratory chain complex 1 (37). In addition, ZTP also induced uncoupling of mitochondrial
OXPHOS, an effect that could also worsen the change in cellular energetic by decreasing the
yield of ATP synthesis (37). Altogether, these data demonstrated clearly for the first time that
some of the cellular effects of AICA riboside are not necessarily caused by AMPK activation.
It is important to note that there are other important AMPK-independent effects often
overlooked in the interpretation of the results obtained with AICA riboside. Indeed, ZMP
accumulation does also affect many enzymes with AMP-binding sites, such as GK (38),
glycogen phosphorylase (41,42), glycogen synthase (41), or fructose 1,6-bisphosphatase (43),
their respective K, for ZMP being generally in the range of the cellular nucleotide
concentration. In addition, it has been demonstrated that AICA riboside uptake and
phosphorylation into cells could also be blocked by a number of protein kinase inhibitors, thus
preventing ZMP accumulation and subsequent AMPK activation ((44) and B. Guigas,
unpublished results).

Taken together, it is now clear that AICA riboside is not a specific AMPK activator and that
some of the previously proposed functions of AMPK, established through experiments using
AICA riboside, are actually mediated by other pathways. Thus, on top of classical genetic
approaches (adenoviruses overexpressing negative or constitutively active forms of AMPK,
small interfering RNA or knock-out or knock-in mice), it is obvious that more specific and
cell-permeable pharmacological AMPK activators are required to investigate cellular functions
of AMPK.

IDENTIFICATION AND CHARACTERIZATION OF NOVEL AMPK ACTIVATORS

A-769662

Recently, Cool et al. screened a chemical library of over 700,000 compounds using partially
purified AMPKapy complex from rat liver and identified a nonnucleoside thienopyridone,
A-769662, as a novel AMPK activator (45). Unlike other pharmacological AMPK activators,
A-769662 directly activates native rat AMPK in cell-free assays, indicating that it is an
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allosteric activator. When AICA riboside or A-769662 was added to primary rat hepatocytes,
both compounds stimulated ACC phosphorylation and decreased fatty acid synthesis, although
A-769662 was ~20-fold more potent than AICA riboside (45). We recently tested A-769662
in primary rat hepatocytes and observed that it induced dose-dependent increase in AMPK
activity and phosphorylation of its known downstream targets ACC and EF2 (Figs. 2A and
2B) and the optimal effect was obtained at concentration ~25 uM. More importantly, we found
that A-769662 at concentrations below 100 pM, in contrast with AICA riboside (37), did not
induce significant inhibition of mitochondrial oxygen consumption rate and increase in
AMP:ATP ratio (Figs. 2C and 2D).

Consistent with its inhibitory effect on ACC in cultured hepatocytes, Cool et al. also
demonstrated that acute intraperitoneal injection of A-769662 in Sprague Dawley rats rapidly
decreased hepatic malonyl CoA levels. Furthermore, administration of A-769662 for 5 days
in diabetic ob/ob mice had several beneficial effects that would be expected from an AMPK
activator, including decreased plasma glucose and triglyceride concentrations, lower hepatic
triglycerides content, and slightly reduced weight gain (45). This treatment also resulted in
decreased hepatic expression of the lipogenic enzyme fatty acid synthase, and of the
gluconeogenic enzymes phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-
phosphatase (45). However, it can be noted that in this study there was no data demonstrating
that AMPK activity and phosphorylation of its downstream targets were stimulated in liver
and skeletal muscle in response to acute or chronic treatment with A-769662. Whether major
antidiabetic effects of A-769662 are mediated through the activation of AMPK in liver or other
tissues are currently unknown and further studies are required.

Recently, Sanders et al. and Goransson et al. have further characterized A-769662 (12,46).
These studies revealed that similar to AMP, A-769662 activates AMPK both allosterically,
and by inhibiting Thr-172 dephosphorylation of AMPK by protein phosphatase. Nonetheless,
unlike AMP, A-769662 does not seem to bind to the Bateman domains of the y-subunit (12).
Furthermore, A-769662 activates AMPK harboring a mutation in the y-subunit that abolishes
activation by AMP, indicating that AMP and A-769662 stimulate AMPK through distinct
mechanism (46). Cell-free studies have illustrated that A-769662 has no effect on an isolated
a-subunit kinase domain (12,46); however, an AMPK complex lacking the glycogen binding
domain (GBD) of the B-subunit largely reduces the allosteric effect of A-769662, but not the
allosteric activation by AMP (46). Interestingly, a point mutation of Ser-108 to alanine, an
autophosphorylation site within the GBD of the B1-subunit, almost completely abolishes
activation of AMPK by A-769662 in both cell-free assays and intact cells overexpressing the
mutant. Moreover, mutation of Ser-108 caused a partial reduction of AMP-induced
dephosphorylation of Thr-172 in cell-free assay and of AMPK activity and Thr-172
phosphorylation in both basal and activated states in cells (46). This indicates that intact -
subunit is required for the full action of A-769662. However, it does not prove that the
compound is actually binding to the B-subunit. To more precisely understand the mechanism
of action of A-769662, it would be necessary to crystallize the AMPK heterotrimer, complexed
to this compound.

To determine the specificity of A-769662, we screened the compound in cell-free assays against
a panel of 76 protein kinases and found that the majority of them are not significantly affected
(12). We also found that the addition of A-769662 to mouse embryonic fibroblasts or primary
mouse hepatocytes stimulate phosphorylation of ACC, effects that are completely abolished
in AMPKala2 = cells. Phosphorylation of AMPK and ACC in response to A-769662 is also
abolished in isolated mouse skeletal muscle lacking LKB1, a major upstream kinase for AMPK
in this tissue (47). However, in Hela cells, which lack LKB1 but express the alternative
upstream kinase CaMKK, phosphorylation of AMPK and ACC in response to A-769662 still
occurs. Taken together, these results indicate that in intact cells, the activation of AMPK by
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A-769662 is independent of upstream kinases utilized. To determine if the activation of AMPK
in response to A-769662 results in enhanced glucose uptake in skeletal muscle, the compound
was added to both cultured rat L6 myocytes and primary myotubes derived from satellite cells
obtained through muscle biopsies of nondiabetic human subjects. We demonstrate here that
A-769662 increases both AMPK/ACC phosphorylation and glucose uptake (Figs. 3A and 3B).
This effect is additive with insulin and is clearly not mediated by changes in insulin signaling
pathways because it was not abolished in the presence of the PI3K inhibitor wortmannin (Figs.
3A and 3B). We also found that A-769662 significantly stimulates glucose uptake (~30%, P
< 0.05, Fig. 3C) and ACC phosphorylation (Figs. 3D and 3E) in human muscle cells. It would
however be important to determine if A-769662 stimulates muscle glucose uptake in vivo.

In addition to the established roles in regulating key metabolic processes, AMPK has been also
implicated in the control of cellular growth through the regulation of mTOR complex-1
(mTORCY1) signaling pathway in response to energy-depleting stresses (reviewed in (50)).
Recently, Huang et al. reported that inhibition of AMPK, resulting from a hypomorphic
mutation that decreases LKB1 expression, significantly accelerated tumor development in
PTEN-deficient mice in which mTORC1 activity is abnormally upregulated (51). In contrast,
activating the AMPK pathway by treating PTEN-deficient mice with A-769662 or metformin/
phenformin significantly delayed tumor onset. This study provides genetic evidence that
AMPK activators can be effective drugs in suppressing abnormal cell growth/tumors caused
by deregulation of mMTORC1 pathway.

Taken together, A-769662 is a direct, specific, and potent AMPK activator. Results obtained
from the study by Cool et al. (45) and Huang et al. (51) validate the hypothesis that activation
of AMPK pathway in vivo is a viable approach for treatment of type 2 diabetes, metabolic
diseases, and possibly cancers.

Very recently, Pang et al. reported a new AMPK activator with a different mechanism of action
than A-769662 (52). Indeed, after random screening of a chemical library of 3,600 organic
compounds using a truncated (residues 394 to 548) and inactive form of human AMPKa,
(al3g4), they identified a small molecule, called PT1, able to directly activate recombinant
human AMPKal1B1y1 but not other AMPK-related kinases. Interestingly, PT1 also stimulates
native AMPK and increases phosphorylation of its downstream target ACC in a dose-
dependent manner in either L6 myotubes or HepG2 cells without significant modification of
AMP:ATP ratio (52). Moreover, in Hela cells lacking LKB1, phosphorylation of AMPK and
ACC in response to PT1 was significantly reduced by addition of STO-609, a CaMKK
inhibitor, indicating that in intact cells AMPK activation by PT1 requires upstream kinase(s).
As suggested by the authors, and by contrast with A-769662, it seems that PT1 may interact
with some residues located near the autoinhibitory domain on the a-subunit and thus directly
activates AMPK by relieving the autoinhibition through conformational change of the catalytic
subunit of the kinase (52).

Whether all the effects of PT1 are mediated through AMPK is still unknown and it would be
crucial to check that the cellular effects observed with this compound are completely abolished
in AMPK-deficient systems.

CONCLUDING REMARKS

Although AICA riboside was undoubtly useful to advance our knowledge on AMPK effects
during the last decade, we believe that it should be used with considerable cautions because of
many AMPK-independent side-effects. New AMPK activators were recently discovered but
further studies are still required to better understand their specific effects, notably using AMPK-
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deficient cell lines and animal models. Elucidation of more complete mechanism of action of
these new drugs could also give insight into developing even more potent specific AMPK
activators in the future. Nevertheless, it can be noted that these compounds, especially
A-769662, hold considerable promise as an improved experimental tool for the study of the
role of AMPK on multiple signaling pathways and cellular processes owing to their apparent
reduced off targets effects.

Abbreviations

ACC acetyl-CoA carboxylase

AICA riboside 5-aminoimidazole-4-carboxamide-1-B-o-ribofuranoside
AS160 Akt substrate of 160 kDa

AMPK AMP-activated protein kinase

AMPKK AMPK kinase

CaMKK§p calcium/calmodulin-dependent protein kinase kinasef3
CBS cystathionine-p-synthase

CPT-1 carnitine palmitoyl-transferase-1

eEF2K eukaryotic elongation factor 2 kinase

EF2 eukaryotic elongation factor 2

GBD glycogen binding domain

GK glucokinase

HMG-CoA reductase 3-hydroxy-3-methylglutaryl-CoA reductase
mTOR mammalian target of rapamycin

mTORC1 mTOR complex-1

OXPHOS oxidative phosphorylation

PEPCK phosphoenolpyruvate carboxykinase

PP2C protein phosphatase 2C

SREBP-1c sterol regulatory element binding protein-1c
TAK1 transforming growth factor-p-activated kinase
ZMP 5-aminoimidazole-4-carboxamide ribotide
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Figure 1.
Chemical structures of AICA riboside, ZMP, and AMP.
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Figure 2.

Effects of AICA riboside and A-769662 on AMPK activity, phosphorylation of AMPK
downstream targets, cellular oxygen consumption rate, and AMP-on-ATP ratio in isolated rat
hepatocytes. Hepatocytes isolated from 24 h-starved rats were incubated at 37 °C in a Krebs/
bicarbonate medium supplemented with 20/2 mM lactate/pyruvate and 4 mM octanoate and
treated with 1 mM AICA riboside (hatched bars), the indicated concentrations of A-769662
(open bars) or its vehicle (black bars). After 30 min, cell samples were removed for
determination of AMPK activity (A), Ser79-ACC and Thr56-EF2 phosphorylation (B) and
intracellular adenine nucleotide concentrations (D). The oligomycin-sensitive oxygen
consumption rate (JO,, C) was measured in separate experiments before and after the addition
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of 6 pg/mL oligomycin, as previously described (37). The results are expressed as means +
S.E.M. (n = 3). *P < 0.05 compared with vehicle.

IUBMB Life. Author manuscript; available in PMC 2010 March 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guigas et al. Page 15

A 1.6 s $* Cc
@ - ) 25
T 144 * 1 - *
- $ $ 2 c I
SE 2] — 3 5§ 20,
Qo o e e o
8 S 2 &
o2 10 g 15 4
85 .. 5 E
oF | b —‘E 10 4
%3 06 = E
£ -
> w0 .
§!; 04 3 = .
Qs 0.2 4 o~ T
o~ Control A-769662
0.0 4
A-T69662 s o - - - - + + + + D
Insulin (1w - + - + - + - + IB: pSerz21 ACCl — — |
Wortmannin o nty = - + + - - + + 8: acc [ - e |
Control A-769662
B E
IB: pSerd73 PKB - . 2.5
*
2.0 4
IB: pThr172 AMPK I . — — . | 8 l
< 1.5
IB:pSer?QACCI - T S -__.I &
Q
Q 4
Bractin [N M G A A . . - g 10
A-769662 @5 - - - -+  + + o+ .51
Wortmannin ety = - + + - - + + Control A-769662
Figure 3.

Effects of A-769662 on glucose uptake in L6 cells and human myotubes. Rat L6 myoblasts
were differentiated into myotubes and treated with 25 uM A-769662 (black bars) or vehicle
(0.1% DMSO, open bars) for 30 min. 2-deoxy-[1-14C]-glucose uptake (A) and Ser473-PKB,
Thr172-AMPK, and Ser79-ACC phosphorylation (B) were then measured after preincubation
with or without 100 nM wortmanin for 15 min and subsequent addition or not of 1 pM insulin
for 20 min, as previously described (48). The results are expressed as means = S.E.M. (n = 3).
*P < 0.05 compared with no insulin; 3P < 0.05 compared with vehicle. Primary human
myotubes derived from normal glucose-tolerant subjects were treated with 100 uM A-769662
or vehicle (0.1% DMSO) for 1 h, and 2-deoxy-[1-3H]-glucose uptake (C) and Ser221-ACC
phosphorylation (D,E) were measured as previously described (49). The results are expressed
as means + S.E.M. (n = 4). *P < 0.05 compared with vehicle.
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