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AMP-activated protein kinase (AMPK) is an essential enzyme indispensable for energy sensing and met-
abolic homeostasis at both the cellular and whole-body levels. Phosphorylation of AMPK, a key step for its
activation, is known to be regulated by upstream kinases such as liver kinase B1 (LKB1) and calmodulin-
dependent protein kinase kinase-beta (CaMKKR). Recent evidence shows that inositol polyphosphate
multikinase (IPMK), which possesses both inositol phosphate kinase and lipid inositol kinase activities,
can physiologically regulate AMPK signaling in cultured cells and in the arcuate nucleus. IPMK-mediated
regulation of AMPK occurs through the dynamic protein interactions of IPMK with AMPK in response to
glucose availability. Here we review and discuss a novel role for the hypothalamic IPMK signaling in the

control of AMPK and central energy homeostasis.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The increasing rates of obesity and associated metabolic disor-
ders have stimulated efforts to identify the mechanisms underlying
energy homeostasis. Adenosine monophosphate (AMP)-activated
protein kinase (AMPK) is a highly conserved cellular energy sensor
that plays a pivotal role in multiple metabolic processes [1]. AMPK
within the hypothalamus has been shown to control whole body
energy balance by integrating peripheral and central energy signals
[2]. Although the molecular details of these interactions are not
fully understood, it is known that alterations in hypothalamic
AMPK activity lead to changes in feeding behavior, body weight
and metabolism [3,4]. Thus, understanding the signaling compo-
nents driving changes in hypothalamic AMPK may provide new
therapeutic targets for the treatment of obesity and related meta-
bolic syndromes.

AMPK is a heterotrimeric protein kinase consisting of a catalytic
(o) subunit and two regulatory (B, y) subunits. Activation of AMPK
requires phosphorylation of the o subunit [5]. The y subunit con-
tains two sites that bind metabolic nucleotides (e.g. AMP, ADP,
and ATP), in an antagonistic manner to promote or inhibit phos-
phorylation in response to changing energy levels [6,7]. The activ-
ity of AMPK is also controlled by upstream kinases. Liver kinase B1
(LKB1) has been suggested to continuously phosphorylate AMPK,
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an action that is rapidly reversed in the absence of AMP [8]. An-
other upstream kinase, calmodulin-dependent protein kinase
kinase-beta (CAMKKB) activates AMPK in the presence of high
cytosolic calcium [9]. Recent evidence indicates AMPK is also mod-
ulated by inositol signaling through the direct protein interaction
of inositol polyphosphate multikinase (IPMK) with AMPK [10].

2. A role for inositol and IPMK in metabolism

Inositol is a naturally-occurring glucose isomer and a key nutri-
ent of the human diet. Abnormalities in the level or metabolism of
inositol have been implicated in various diseases, including diabe-
tes [11]. Water-soluble inositol polyphosphates (IPs) function as
signaling messengers to mediate a variety of physiological pro-
cesses, such as growth and apoptosis [12]. The various IPs are gen-
erated by inositol phosphate kinases sequentially phosphorylating
different sites on the inositol phosphate ring. Snyder and his asso-
ciates first identified IPMK as an enzyme essential for the physio-
logic synthesis of IP5 [Ins(1,3,4,5,6)P5], which is a precursor to
all the inositol polyphosphates [12]. Additionally, IPMK is a lipid
inositol kinase that can phosphorylate phosphatidylinositol-4,5-
bisphosphate (PIP2) at the three position to generate phosphatidyl
inositol-3,4,5-trisphosphate (PIP3), thus regulating the physiologic
level of PIP3, a key second messenger for the activation of Akt/pro-
tein kinase B (PKB) signaling pathway [13].

Potential roles for IPMK in energy homeostasis were implied by
its earlier identification in budding yeast where IPMK was cloned
as a key component of the arginine sensor for governing the
expression of genes involved in arginine metabolism [14,15]. In
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seeking mammalian functions for IPMK, Kim et al. [16] recently re-
ported that IPMK is a novel mammalian target of rapamycin
(mTOR) cofactor and a critical determinant of amino acid-induced
mTOR Complex 1 (mTORC1) signaling. Depletion of mouse IPMK in
mouse embryonic fibroblast (MEFs) markedly reduces amino acid-
induced mTORC1 activation and decreases cell size, comparable to
the effects of depletion of raptor, a key element of mTORC1 signal-
ing in response to amino acids. In budding yeast, a role for IPMK as
a chaperone for the Arg80/Mcm1 transcription complex is critically
dependent upon a short consecutive sequence of polyaspartates
that is absent in mammalian IPMK. In contrast, mammalian IPMK
orthologs possess a unique amino terminal extension of 31-60
amino acids that is required for the regulation of amino acid-in-
duced mTORC1 signaling by IPMK. This mammalian specific, amino
terminus of IPMK mediates the direct binding of IPMK to mTOR
and stabilizes the mTOR-raptor interaction [16].

3. IPMK, a new AMPK regulator

Bang et al. [10] recently established a role for IPMK in control-
ling cell metabolism that is not restricted to Akt/mTOR, but is fur-
ther extended to AMPK signaling. Both IPMK mRNA and protein
levels in the hypothalamus are lowered in fasted mice but are
markedly increased by re-feeding. Conditional deletion of hypotha-
lamic IPMK gene in the arcuate nucleus (Arc) by stereological injec-
tion of Cre recombinase increases hypothalamic AMPK signaling
under ad libitum conditions. IPMK null mouse embryonic fibro-
blasts also exhibit augmented AMPK signaling in a low glucose
condition, accompanied by the loss of dynamic regulation of AMPK
activity in response to glucose availability. IPMK-mediated AMPK
signaling appears to depend on the physical interaction between
IPMK and AMPK. IPMK is a novel AMPK binding protein and its
binding to AMPK is dynamically changed by glucose level. Glucose
deprivation for 2h markedly decreases IPMK-AMPK binding,
which is fully restored by 30 min of glucose repletion. Glucose
treatment stimulates phosphorylation of IPMK at tyrosine-
174(Y174), which enables IPMK to strongly interact with AMPK
and regulates AMPK signaling responses to glucose. Overexpres-
sion of IPMK peptides responsible for AMPK binding not only inter-
rupts the increased IPMK-AMPK interaction elicited by glucose
treatment but also abolishes the dynamic changes of AMPK activity
in response to glucose level. These findings lead to the following
model: in low glucose, phosphorylated IPMK-Y174 level becomes
decreased, and subsequently AMPK can interact with and be phos-
phorylated by its upstream kinases such as LKB1. In this scenario,
high glucose facilitates phosphorylation of IPMK-Y174 and in-
creases IPMK-AMPK binding affinity, thereby interfering with the
regulatory action of LKB1 and thus controlling AMPK signaling
[10].

4. IPMK-AMPK interact to alter food intake

In order to assess the role of hypothalamic IPMK in the control
of energy homeostasis, we further investigated the effects of IPMK
deletion within the Arc on AMPK signaling and food intake under
fasted/re-fed conditions. When mice were fasted overnight, IPMK
falls to low levels and active AMPK levels [as measured by phos-
phorylated AMPK-T172 (pAMPK)] are increased in both GFP-con-
trol and Cre-GFP groups (Fig. 1A). As expected, re-feeding
decreases pAMPK and elicits increased food intake in GFP-control
mice (Fig. 1). Interestingly, Cre-GFP mice had lower pAMPK levels
and lower food intake after re-feeding compared with GFP-control
mice. According to our current model, these findings lead to the
following interpretation: re-feeding recovers hypothalamic IPMK
levels and stimulates IPMK-AMPK interactions which modulate
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Fig. 1. Effects of IPMK on AMPK signaling and food intake. IPMK'°*'°* mice were
injected into the Arc with an adenovirus expressing either GFP (n = 10) or Cre-GFP
recombinase (n = 10), as described (Section 2). Fasted mice were re-fed for indicated
times. AMPK signaling (A) and food intake (B) were measured. Food intake was
analyzed using a two-way repeated measures ANOVA with group (GFP or Cre-GFP)
as the between-subject factor and time as the within-subject factor using Number
Crunching Statistical Software (NCSS v 2000; Kaysville, UT). Newman-Keuls post
hoc tests were used when appropriate. Data are presented as mean * SEM.
* Represents a significant difference from the GFP group (p < 0.05).

the phosphorylation status of AMPK (Fig. 2). In the absence of
IPMK, phosphorylated AMPK appears to become much more sus-
ceptible to a protein phosphatase and thus rapidly dephosphoryl-
ated. Thus, the deletion of IPMK manifests the decreased pAMPK
and reduced food intake upon re-feeding. These data suggest IPMK
as a physiological player in the activation of AMPK in the Arc and
the concomitant increase in food intake following food deprivation.

5. IPMK-AMPK: a potential target of pharmacological therapies

The IPMK-AMPK interaction in response to glucose availability
within the Arc is an important finding because the upstream mol-
ecules that signal changes in glucose and alter AMPK activation
have not been defined. Even though LKB1 and CAMKKB play a role
in central and peripheral AMPK activity, their role in hypothalamic
AMPK regulation has not been fully identified [17]. Many of the
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Fig. 2. A model depicting a role for hypothalamic IPMK. Under the fasting
condition, AMPK is highly phosphorylated and subsequently activated. Re-feeding
increases protein level of IPMK and association of IPMK with AMPK. AMPK becomes
gradually dephosphorylated by protein phosphatases such as PP2C. In the absence
of IPMK, dephosphorylation of AMPK is accelerated, which reduces food intake.
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cells of the Arc are inhibited by high levels of glucose [18] and
IPMK would allow for a mechanism by which glucose-inhibited
neurons can alter AMPK activity even with decreased calcium.

We know that IPMK is phosphorylated in response to an in-
crease in glucose levels, but the mechanism by which this occurs
is unknown. Identifying a glucose-activated tyrosine kinase in
Arc neurons will be of primary interest in dissecting upstream sig-
naling events for IPMK and related AMPK signaling. Although many
cells use glucose transporters to move glucose into a cell, Arc neu-
rons do not appear to utilize this mechanism. Cells excited by high
glucose require ATP-sensitive potassium channels and those that
are inhibited by a drop in glucose use an unidentified chloride
channel, but the relationship between these cellular changes and
IPMK have not been investigated [19].

Arc AMPK activation plays a role in controlling multiple path-
ways for food intake, body weight and metabolism. Understanding
the upstream molecules in the control of AMPK may help to iden-
tify how a wide variety of energetic signals are able to be inte-
grated in the Arc and maintain energy balance. Future studies
differentiating the cell types in the hypothalamus (e.g. NPY/AgRP
and POMC neurons, glucose excited/inhibited) and upstream sig-
nals of IPMK may help to elucidate how Arc cells differentially re-
spond to changes in glucose availability and alter AMPK function as
well as food intake. Accordingly, drugs perturbing IPMK actions on
hypothalamic AMPK may have therapeutic relevance in the fields
of eating disorders (i.e. anorexia nervosa) and metabolic syndrome
(i.e. obesity, type 2 diabetes).
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