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Glossary

AMP-activated protein kinase (AMPK):: a heterotrimeric complex comprising a

catalytic a subunit (a1, a2; harboring the kinase domain), a regulatory b

subunit (b1, b2; carrying the carbohydrate-binding module for attachment at

glycogen granules), and a regulatory g subunit (g1, g2, g3; containing the AMP

binding domains). In addition to stress and ischemia, contraction is one of the

major stimuli inducing AMPK activation.

Calcium/calmodulin-dependent protein kinase kinase b (CaMKKb):: a rise in

cytoplasmic Ca2+ stimulates a canonical Ca2+ signaling pathway comprising

CaMKKb and Ca2+/calmodulin-activated kinase-I (CaMKI). CaMKKb is an

alternative upstream kinase of AMPK. Upon contraction, CaMKKb is likely

involved in AMPK activation in skeletal muscle [62], but not in heart [16].

Death-associated protein kinase (DAPK):: mainly known as tumor suppressor

gene, whose expression is greatly reduced in various human malignancies.

DAPK is activated by ROS and has recently been established as a PKD1-

activating kinase.

Glucose transporter-4 (GLUT4):: belongs to a group of glucose transporters

that facilitates transport of glucose across the plasma membrane. GLUT4 is

localized at the plasma membrane, and in intracellular (endosomal) compart-

ments, between which it constantly recycles. An increase in GLUT4-mediated

glucose uptake is achieved via increased GLUT4 exocytosis from the

endosomes and/or decreased GLUT4 endocytosis and/or internalization,

resulting in net GLUT4 translocation. The most important physiological stimuli

inducing GLUT4 translocation are insulin and increased muscular activity.

Insulin-stimulated GLUT4 translocation is mediated via autophosphorylation

of the insulin receptor that initiates a canonical signaling pathway involving

subsequent activation of insulin receptor-substrate 1/2, phosphatidyl-inositol-3

kinase, and Akt.

Liver kinase-B1 (LKB1):: a tumor suppressor kinase (mutated or deleted in

Peutz–Jeghers syndrome) and a major upstream kinase of AMPK. It also

directly activates a family of AMPK-related kinases, such as sucrose

nonfermenting AMPK-related kinase (SNARK).

Protein kinase C (PKC):: the PKCs are a family of Ser/Thr kinases with a

distinctive activation mechanism involving membrane attachment and sub-

sequent release of a pseudosubstrate region from the catalytic domain. PKCs

are classified in three subfamilies that differ in their responsiveness towards

the second messengers Ca2+ and DAG (or phorbol esters: cell-permeable DAG

analogs). Conventional PKCs are activated by both messengers, novel PKCs

only by DAG and atypical PKCs are nonresponsive to either messenger.

Protein kinase-D1 (PKD1):: also known as PKCm, PKD1 is a cytosolic serine-

threonine kinase that is closely related to PKC. PKD1 is activated by phorbol

esters, the classical PKC activators. However, the catalytic domain of PKD is

more closely related to that of the CaMKs, and displays relatively little
Contraction-induced translocation of glucose transport-
er type-4 (GLUT4) to the sarcolemma is essential to
stimulate cardiac glucose uptake during increased ener-
gy demand. As such, this process is a target for thera-
peutic strategies aiming at increasing glucose uptake in
insulin-resistant and/or diabetic hearts. AMP-activated
protein kinase (AMPK) and its upstream kinases form
part of a signaling axis essential for contraction-induced
GLUT4 translocation. Recently, activation of protein ki-
nase-D1 (PKD1) was also shown to be as obligatory for
contraction-induced GLUT4 translocation in cardiac
muscle. However, contraction-induced PKD1 activation
in this context occurs independently from AMPK signal-
ing, suggesting that contraction-induced GLUT4 trans-
location requires the input of two separate signaling
pathways. Necessity for dual input would more tightly
couple GLUT4 translocation to stimuli that are inherent
to cardiac contraction.

Importance of GLUT4 translocation in cardiac
contraction-induced glucose uptake
The rate-limiting step in glucose utilization in muscle cells
is firmly established to be the trans-sarcolemmal passage
of glucose via one of the muscle- and/or heart-specific
GLUTs [1,2]. The heart expresses mainly GLUT1 and
GLUT4 (see Glossary), and cardiac GLUT4 expression is
approximately four times higher than that of GLUT1
[3,4]. Whereas GLUT1 is mainly present constitutively
at the sarcolemma and is involved in basal glucose uptake,
GLUT4 resides predominantly in intracellular storage
compartments, from where it translocates to the sarcolem-
ma to increase glucose uptake in response to insulin,
contraction, or various pharmacological stimuli [5].

Given that contraction stimulation can recruit GLUT4 to
the sarcolemma independently of the insulin-signaling axis,
both in muscle and heart [6,7], pharmacological inhibition of
the insulin-signaling pathway fails to inhibit contraction-
induced GLUT4 translocation. Based on its independence
from the insulin-signaling axis, contraction-induced GLUT4
translocation is of considerable therapeutic interest,
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because this pathway presents an alternative route to up-
regulate glucose uptake in the diabetic heart and muscle,
thereby circumventing the blockade in insulin-stimulated
GLUT4 translocation seen in diabetes [8].

In this opinion article, we discuss established factors
and signaling pathways involved in contraction-induced
homology to catalytic domains of the PKC family. In contrast to PKCs, PKD has

an additional pleckstrin homology domain and a putative transmembrane

sequence, and lacks a pseudosubstrate region, thereby justifying its classifica-

tion as a novel kinase family.

Transforming growth factor-b-activated protein kinase-1 (TAK1):: participates

in cell responses to environmental stresses and can activate AMPK.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tem.2015.06.002&domain=pdf
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GLUT4 translocation, and present recent findings showing
that the serine/threonine kinase PKD1 is a novel player,
inducing a separate pathway that cooperates with previ-
ously recognized mechanisms to control contraction-in-
duced GLUT4 translocation. We propose the existence of
a dual signaling input system and discuss its putative
pathophysiological implications.

AMPK and contraction-induced GLUT4 translocation
Research in the area of contraction-induced GLUT4 trans-
location was boosted by the discovery of AMPK involve-
ment [9]. This kinase is activated by increased
intracellular AMP concentrations as a consequence of
increased ATP utilization, for example upon contraction.
AMP directly binds to AMPK, thereby allosterically stim-
ulating simultaneously its phosphorylation and activation
by upstream kinases, increasing its enzymatic activity,
and decreasing the rate of dephosphorylation. AMPK
has been found to activate numerous catabolic pathways
while inhibiting anabolic processes, thereby acting as an
energy switch to favor ATP production [10]. A role for
AMPK in exercise-induced glucose uptake in skeletal mus-
cle has been firmly established [11]. In a nutshell, evidence
for AMPK-dependent stimulation of glucose uptake in
skeletal muscle is compelling, although loss of AMPK
function did not prevent contraction-induced glucose up-
take [12].

Compared with muscle, less is known about the role of
AMPK in contraction-induced glucose uptake in the
heart. In particular, knockout (KO) or transgenic AMPK
mouse models have rarely been used to investigate con-
traction-induced glucose uptake. Assessment of a con-
traction-mimetic stimulation protocol in cardiomyocytes
from mice overexpressing a kinase-dead a2 mutant, and
studies in AMPKa2-KO mice, have demonstrated that
AMPK is also essential for contraction-induced glucose
uptake in the heart [13]. However, as we discuss below,
the strict requirement of AMPK does not preclude other
factors from contributing to exercise-induced GLUT4
translocation.

Factors upstream of AMPK impacting contraction-

induced GLUT4 translocation

The upstream kinases involved in AMPK-mediated
GLUT4 translocation have been a topic of intense studies
over the past few years. Three different kinases, liver
kinase B1 (LKB1), calcium/calmodulin-dependent protein
kinase kinase-b (CaMKKb), and transforming growth fac-
tor b-activated kinase (TAK1), are capable of activating
AMPK by directly phosphorylating amino acid T172 on the
a-subunit [10]. Among these kinases, the role of LKB1 in
contraction-induced glucose uptake has been more exten-
sively studied. Muscle-specific LKB1-deficient mice have
demonstrated a major involvement of this kinase in this
process in skeletal muscle [14]. Additionally, cardio-specif-
ic LKB1-KO mice indicate a major role of LKB1 in AMPK
activation in response to ischemia [15]. In cardiomyocytes
from LKB1-KO mice, glucose uptake stimulation by a
contraction mimetic was entirely abolished [13], whereas
in rat cardiomyocytes, pharmacological inhibition of
CaMKKb by the potent CaMKK inhibitor STO-609, had
no effect [16]. Thus, in this experimental setting, LKB1 but
not CaMKKb is required for contraction-induced glucose
uptake via AMPK activation. With respect to TAK1, there
are no studies so far on its role in contraction-induced
glucose uptake.

Hence, at present, LKB1 appears to be the sole AMPK
upstream kinase with an established role in cardiac con-
traction-induced glucose uptake. Given that LKB1 is con-
stitutively active upon formation of a heterotrimeric
complex with its natural binding partners, mouse protein
25 (Mo25) and the STE-20-related adaptor protein
(STRAD) [17,18], and that AMPK is allosterically regulat-
ed by adenine nucleotides, the LKB1 complex appears to
have a permissive rather than regulatory role in contrac-
tion-induced GLUT4 translocation.

Factors downstream of AMPK impacting contraction-

induced GLUT4 translocation

For identification of downstream AMPK signaling in con-
traction-induced GLUT4 translocation, lessons can be
learned from studying the signaling step in insulin-in-
duced GLUT4 translocation downstream of Akt. This is
known to be mediated by phosphorylation of TBC1D4, a
member of the tre-2/USP6, BUB2, cdc16 domain-contain-
ing family of Rab-GTPases [19,20]. TBC1D4, also known as
Akt substrate of 160 kDa (AS160), is an inhibitor of the
function of Rab proteins, by keeping them in an inactive
GDP-bound state, thereby preventing the GTP–GDP cy-
cling that is necessary to drive GLUT4 translocation.
TBC1D4, as established in adipocytes, is phosphorylated
on multiple sites by insulin treatment, resulting in binding
to the adaptor protein 14-3-3, inactivation of RabGAP
activity, and dissociation from the intracellular GLUT4
storage compartment [21,22]. Hence, insulin-induced
TBC1D4 phosphorylation relieves the brake on GLUT4
translocation. Originally, it was thought that TBC1D4
would also be phosphorylated by AMPK for contraction-
stimulation of GLUT4 translocation [23]. Yet, recent stud-
ies in skeletal muscle pointed towards TBC1D1, another
member of the TBC1 Rab-GTPase family, as being respon-
sible for regulating GLUT4 translocation directly down-
stream of AMPK [24,25].

More than 70 Rab proteins have been identified so far,
and the different members are dedicated to specific traf-
ficking processes [26]. The different TBC members appear
to inhibit the activity of a distinct set of Rabs, and this also
would be expected to apply for TBC1D1 and TBC1D4
[27]. Whereas TBC1D4 specifically inhibits Rab8A,
Rab10, and Rab14 [28,29], the in vitro Rab GAP specificity
of TBC1D1 still needs to be determined. In agreement with
this, rab8A and Rab14 appear to mediate insulin-induced
GLUT4 translocation in muscle cells [28]. It has not yet
been assessed whether these or different Rabs are involved
in contraction-induced GLUT4 translocation in muscle and
heart.

Requirement for PKD1 in contraction-induced GLUT4
translocation
In addition to AMP, which leads to AMPK activation, other
second messengers become elevated during contraction,
such as intracellular Ca2+ and diacylglycerol (DAG)
405
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[30]. Both second messengers are known activators of
members of the conventional and novel protein kinase C
(PKC) subfamilies, as well as the closely related PKD
family, with its founding member PKD1. Moreover, the
classical PKC activators phorbol esters (cell-permeable
DAG analogs) additionally activate PKD1.

PKD1 is involved in many extracellular receptor-medi-
ated signal transduction pathways that function in several
fundamental cellular processes, such as cell proliferation
and differentiation, membrane trafficking, immune
responses, inflammation, angiogenesis, and cancer [31].
Additionally, PKD1 regulates the fission of transport vesi-
cles from the trans-Golgi network to translocate to the cell
surface [32,33]. PKD1 has N-terminal tandem cysteine-
rich C1A/C1B domains for binding DAG/phorbol esters and
a pleckstrin homology domain for protein–protein interac-
tions [31,33].

Several lines of evidence suggest a crucial role for PKD1
in contraction-induced glucose uptake. Pharmacological
PKC inhibitors, which also inhibit PKD1 [34,35], as well
as RNA silencing of PKD1 were shown to completely
abolish contraction-induced GLUT4 translocation and glu-
cose uptake in cardiomyocytes [34]. Similarly, in cardio-
myocytes from cardio-specific PKD1-KO mice, contraction-
induced glucose uptake was entirely lost [34]. Furthermore,
PKD1 overexpression in vitro (using adenovirally mediat-
ed transduction in cardiomyocytes [36]), and in vivo (using
transgenic mice overexpressing constitutively active car-
diac PKD1 [37]) was shown to elevate basal and contrac-
tion-induced glucose uptake.

In the heart, one-third of PKD1 appears to be membrane
bound [35]. PKD1 associates with the sarcolemma, mito-
chondria, and the trans-Golgi network [31,33]. The pres-
ence of PKD1 within the trans-Golgi network is
particularly interesting, because PKD1 activation at the
Golgi complex is involved in the formation and budding of
vesicles bringing cargo to the plasma membrane [33]. Con-
sidering the connection of the trans-Golgi network to the
recycling endosomes via an extended network of mem-
branes [38], it is plausible that the recycling endosomes
might also harbor PKD1, and endosomal PKD1 might
carry out a role analogous to that of Golgi-localized
PKD1, that is, the budding of GLUT4-containing vesicles
for translocation to the sarcolemma.

Upstream factors activating PKD1

In cardiomyocytes, PKD1 is activated upon contraction
stimulation at levels comparable to those seen in activa-
tion by phorbol esters (classical PKC and/or PKD acti-
vators) [35]. However, the mechanism of PKD1
activation by contraction is different from phorbol es-
ter-induced activation. Namely, in contrast to the well-
established phorbol ester-induced transphosphorylation
of PKD1 at Ser744 and Ser748 within the activation loop
by novel PKCs (nPKCs) and the accompanying mem-
brane attachment, contraction induces neither Ser744/
Ser748 transphosphorylation nor membrane attachment
[35,39]. Yet, both contraction and phorbol esters similar-
ly induce autophosphorylation at Ser916. Hence, there is
a unique PKD1 activation mechanism upon contraction
stimulation, suggesting the existence of an upstream
406
pathway different from phorbol ester-elicited PKD1 ac-
tivation.

PKD1 is activated during periods of oxidative stress by
reactive oxygen species (ROS) [33], a well-known by-prod-
uct of exercise and/or increased muscle contraction. ROS-
induced PKD1 activation is mediated by nonreceptor tyro-
sine kinases, such as c-Abl and Src, which phosphorylate
PKD1 at Tyr463 at the pleckstrin homology domain. This
then allows PKCd to bind and transphosphorylate PKD1 at
Ser744/748 [33]. Given that this pathway results in phos-
phorylation of PKD1 at Ser-744 and at Ser-748 in the
activation loop, similar to the nPKC pathway, it is unlikely
to participate in the phosphorylation and/or activation of
PKD1 during contraction stimulation in cardiomyocytes.
Indeed, a different ROS-activated kinase, namely the
death-activated kinase (DAPK), has been reported to bind
to and activate PKD1 [40]. Immunoprecipitation experi-
ments in cardiomyocytes indicated that DAPK dramatical-
ly increases its binding to PKD1 upon contraction
stimulation, and DAPK silencing resulted in loss of both
contraction-induced PKD1 autophosphorylation and
GLUT4 translocation [34]. Thus, the DAPK–PKD1 com-
plex participates in contraction-induced GLUT4 translo-
cation. Recently, a DAPK–PKD1 signaling axis was found
to mediate autophagy via initiation of budding of autop-
hagosomal membranes from the endoplasmic reticulum
[41]. These data are in line with the presently envisaged
role of DAPK in PKD1-mediated budding of GLUT4-con-
taining vesicles from the endosomal compartment
[34]. Hence, the DAPK–PKD1 axis might have a more
general role in vesicular budding. It is not known via which
mechanism DAPK becomes activated by contraction. Per-
haps analogous to AMPK activation by LKB, DAPK is
constitutively active, but only displays kinase activity
towards PKD1 upon the onset of contraction (via a hypo-
thetical ROS-induced conformational change within
PKD1).

Downstream of PKD1

How would PKD1 signal to endosomes to initiate budding
of GLUT4-containing vesicles? There are more than
1000 proteins with a PKD consensus phosphorylation
motif. Among these are several Golgi-associated proteins
that function in vesicle-mediated transport between the
Golgi and the plasma membrane [42]. Two of these pro-
teins are lipid kinases, namely DAG kinase and phospha-
tidylinositol-4 kinase-IIIb (PI4KB), which generate
phosphatidic acid and phosphatidylinositol-4-phosphate
(PI4P), respectively. Both lipid species have bilayer-desta-
bilizing properties favoring the formation of curvature
into membranes. Of these proteins, PI4KB is a physiologi-
cal PKD1 substrate involved in the Golgi-to-plasma mem-
brane transport of secretory proteins [32]. Another
interesting candidate protein is C terminus-binding pro-
tein 3/brefeldin-A adenosine diphosphate–ribosylated
substrate (CtBP3/BARS), which functions as an inducer
of fission of vesicles from the trans-Golgi network via an as
yet unknown mechanism [43]. It is plausible that these
proteins are additionally present in the endosomal com-
partment, given the filamentous connections between
Golgi and endosomes [38]. Moreover, it is reasonable to
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Figure 1. Glucose transporter-4 (GLUT4) translocation modes in cardiac and

skeletal muscles. (A) Contraction-induced GLUT4 translocation in myocytes.

Contraction simultaneously increases intracellular levels of AMP and reactive

oxygen species (ROS). Elevated AMP stimulates the activation of AMP-activated

protein kinase (AMPK) by liver kinase-B1 (LKB1) (or alternative upstream kinases).

Active AMPK subsequently phosphorylates TBC1D1, resulting in activation of Rabs

and enhanced transport of GLUT4 vesicles to the plasma membrane. Elevated ROS

activates protein kinase-D1 (PKD1) in a death-activated kinase (DAPK)-dependent

manner, followed by activation of an unknown budding-inducing lipid or protein

kinase (LK/PK), which enables the budding and fission of GLUT4 vesicles from the

endosomal compartment. PKD1 and AMPK pathways regulate different processes

that act in concert to ensure efficient contraction-induced GLUT4 translocation to

the membrane and stimulation of glucose uptake. The constitutively active state of

LKB1 and DAPK is indicated by a cycling arrow. (B) Insulin-induced GLUT4

translocation in myocytes. In both cardiac and skeletal myocytes, insulin activates

two different insulin receptor (IR) pools. One pool colocalizes with caveolin-

organized membrane rafts, and leads to activation of the insulin receptor

substrate-1/2 (IRS1/2)/phosphoatidylinositol-3 kinase (PI3K)/Akt pathway,

resulting in TBC1D4 phosphorylation. The other pool colocalizes with flotillin-

organized microdomains, leading to activation of the Cbl/C3G/TC10 pathway. This

pathway is activated by insulin in skeletal muscle as well as in heart [51,52]. TC10 is

a member of the Rho family of small GTP-binding proteins, and is involved in
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speculate that at least one of these proteins might be
activated by PKD1 to initiate the fission of GLUT4-con-
taining vesicles upon the onset of contraction.

Dual signaling input controls GLUT4 translocation
Based on the findings discussed above, we may speculate
that, at least in heart, AMPK and PKD1 are each required
for contraction-induced GLUT4 translocation. Hence,
AMPK activation will not lead to GLUT4 translocation if
the PKD1 pathway is not operative. Conversely, PKD1
activation will not result in GLUT4 translocation if the
AMPK pathway is not operative. Then, the question arises
how the two kinases are positioned relative to each other.
Several lines of evidence indicate that AMPK and PKD1
function via separate pathways. In cell-free systems, full-
length constitutively active PKD1 does not activate recom-
binant AMPK and vice versa [35]. In cardiomyocytes, when
either PKD1 or AMPKa2 are silenced by small interfering
(si)-RNA methodology or by cardio-specific gene KO (PKD1
KO mice and AMPKa2 KO mice), the other kinase is
normally activated by contraction [34,35]. This suggests
the existence of two separate contraction-activated path-
ways for GLUT4 translocation, one involving AMPK and
its upstream activating kinase LKB1 (or perhaps
CaMKKb/TAK1 as an alternative upstream kinase), and
the other involving PKD1 and its upstream kinase DAPK.
The simultaneous activation of both pathways appears to
be mandatory for contraction-induced glucose uptake. In-
deed, cardiac contractile activity through enhanced ATP
utilization and oxidative phosphorylation may result in the
concomitant formation of AMP and ROS, which are second
messengers triggering activation of AMPK and PKD1,
respectively (Figure 1A). The dual signaling input concept,
as delineated in vitro upon inducing contractions in quies-
cent cardiomyocytes in culture via electric field stimulation
[34,35], is expected to also be of relevance in vivo in the
continuously contracting heart, given the ability of the
human heart to increase its beating rate by up to threefold
during intensive exercise (Box 1).

Notably, the LKB1–AMPK and DAPK–PKD1 pathways
share several common principles. For example, each of the
signaling branches in contraction-induced GLUT4 trans-
location involves LKB1 and DAPK, upstream kinases that
function as tumor suppressor proteins and exhibit consti-
tutive activity (at least under some circumstances). In
agreement with this notion, the increased phosphorylation
of AMPK and PKD1 upon contraction stimulation may
rather be a consequence of conformational changes within
these kinases induced by their second messengers AMP
and ROS, respectively, thereby allowing the tumor sup-
pressors to gain access to their respective substrates.
PKD1 and AMPK also each exert other direct functions
in contraction. AMPK has been reported to phosphorylate
components of the contractile apparatus, such as the
smooth muscle myosin light chain kinase [44], and regu-
lates the myosin regulatory light chain through an indirect
the regulation of actin remodeling. Actin remodeling creates a cytoskeletal

fibrous network that enables GLUT4 vesicles to travel from endosomes to the

membrane. TC10 also binds to Exo70, a protein constituent of the GLUT4 fission

complex.
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Box 1. In vivo implication of the dual input stimulation of

GLUT4 translocation in the heart

The dual signaling input concept of contraction-induced GLUT4

translocation was delineated from the observation in primary cardi-

omyocyte cultures that knockdown and/or KO of either AMPK or

PKD1 fully blocked 4-Hz contraction-induced GLUT4 translocation

[34]. In the absence of contractions, these cardiomyocytes in vitro

display low rates of glucose uptake. This basal glucose uptake is

mediated largely by the non-inducible glucose transporter GLUT1,

and also by low basal surface levels of GLUT4 [3]. AMPK or PKD1

deletion had no effect on these low basal rates [34]. Hence, the dual

signaling input requirement does not contribute significantly to

glucose uptake under conditions with minimal energetic demands.

By contrast, in the in vivo situation, the heart is continuously con-

tracting (in humans at a rate of 60–100 beats/min) when at rest. Under

resting conditions, AMPK and PKD1 would be expected to display a

‘basal activation level’ and a concomitant minimal contribution of the

dual input signaling to GLUT4 translocation to the basal in vivo

glucose uptake rate. Depending on age and fitness, the resting heart

rate in humans can be increased approximately threefold during

intensive exercise [63]. In rats, the increase in heart rate due to a

gradual increase in treadmill exercise has been shown to be accom-

panied by a gradual increase in AMPK activity up to fourfold depend-

ing on the exercise intensity, and a proportional increase in GLUT4

translocation [64]. Although these in vivo studies did not include

investigation of PKD1 activation, gradual PKD1 activation up to

fivefold in cardiomyocytes in vitro has been demonstrated, depend-

ing on the applied electrical stimulation frequency [50]. Likely, the

dual input signaling input for contraction-induced GLUT4 transloca-

tion, as delineated in vitro, is of similar importance in vivo.
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mechanism [45]. Limited knowledge is available for cardi-
ac muscle, except that AMPK phosphorylates cardiac-tro-
ponin-I (cTnI) at Ser150 to increase myofilament Ca2+

sensitivity [46,47]. PKD phosphorylates several contractile
proteins, including cTnI and cardiac myosin-binding pro-
tein C (c-MyBPc) [48,49]. In particular, the ability of PKD
to phosphorylate cTnI at Ser23/24 implicates a role of PKD
in the acceleration of relaxation through increased myofil-
ament Ca2+ sensitivity and crossbridge cycling [49]. More-
over, contraction stimulation has been shown to lead to c-
MyBPc phosphorylation in a PKD1-dependent manner,
where phosphorylation serves to increase the maximal
tension [50]. When integrating the phosphorylation of
myofilament proteins mediated by both AMPK and
PKD1 with their critical roles in GLUT4 translocation,
the notion arises that both key kinases have broad involve-
ment in the responses of the heart to contraction. In this
way, AMPK and PKD1 could connect the changes in energy
demand resulting from a change (not only acceleration, but
also likely in case of a deceleration) of contraction mechan-
ics to a concomitant change (increase or decrease, respec-
tively) in uptake of energy-providing substrates, especially
glucose. Taken together, the LKB1–AMPK and DAPK–
PKD1 cascades may have evolved towards similar func-
tions, because the vital processes that they regulate re-
quired a robust signaling module with direct input from
second messengers of contraction signaling.

The dual signaling concept that we propose may not be
uniquely restricted to cardiac contraction-induced GLUT4
translocation, because there is evidence that insulin-in-
duced GLUT4 translocation in skeletal muscle cells (and
adipocytes) [51–54], as well as in heart [51], is mediated by
two independent pathways (Figure 1B). Namely, insulin
408
stimulates PKB/Akt-dependent TBC1D4 phosphorylation
and a parallel pathway compartmentalized in plasma
membrane lipid rafts involving the proto-oncogene Cbl,
the guanine nucleotide exchange factor C3G, and a Rho-
family small GTP-binding protein TC10. The similarities
in dual signaling input regulation of insulin-induced
GLUT4 translocation and contraction-induced GLUT4
translocation are apparent. Namely, there is a common
signaling branch landing on TBC1 family members (insu-
lin-induced GLUT4 translocation, via PKB/Akt; contrac-
tion-induced GLUT4 translocation, via AMPK), whereas
the other branch might activate components of the vesicle
fission machinery (insulin-induced GLUT4 translocation,
via TC10; contraction-induced GLUT4 translocation, via
one of the three proposed kinases functioning in vesicle
budding, most likely PI4KB [32]). The physiological func-
tion of this dual signaling input may be to serve as a control
mechanism to ensure that GLUT4 translocation will be
initiated under specific metabolic conditions only (i.e.,
insulin and contraction). The dual input concept would
then provide an explanation for the inability of the fre-
quently used AMPK activators AICAR or A-7692766 to
stimulate glucose uptake into cardiomyocytes [16,34]. By
contrast, another compound commonly used to activate
AMPK (i.e., the mitochondrial F1F0-ATPase inhibitor oli-
gomycin) successfully stimulates both GLUT4 transloca-
tion and glucose uptake [34,35]. The explanation for these
apparent paradoxical observations is that oligomycin ad-
ditionally stimulates PKD1 activation (in a ROS-depen-
dent manner), while AICAR does not [34].

Taken together, efficient control of cellular GLUT4
translocation putatively requires more than a single input
signal. Preliminary evidence suggests that Ras-related C3
botulinum toxin substrate-1 (Rac1) participates in both
insulin [55] and contraction-induced [56] GLUT4 translo-
cation to organize the cortical actin network through poly-
merization–depolymerization cycles into a mobile highway
for traveling GLUT4 vesicles. In contraction-induced
GLUT4 translocation, this Rac1 involvement is indepen-
dent of AMPK [56]. Thus, Rac1 might be a component of a
separate signaling axis, but further corroboration is re-
quired.

Pathophysiological implications of the dual input
requirement
The diabetic heart is characterized by an increase in left
ventricular mass in combination with diastolic dysfunction
[57]. This maladaptive remodeling and impairment in
contractile function has been associated with altered sub-
strate preference. Whereas in the normal heart, glucose
and long-chain fatty acids are the main energy substrates
and contribute about equally to ATP production for cardiac
contraction, the diabetic heart shifts to fatty acids at the
expense of glucose [58]. In fact, the increase in fatty acid
uptake is a key early event in the development of diabetic
cardiomyopathy [58,59], subsequently leading to accumu-
lation of bioactive lipid species (DAG and ceramides),
which then impair insulin signaling at the level of insu-
lin-receptor substrate-1/2 (DAG) and Akt (ceramides)
[1]. Consequently, insulin-stimulated glucose uptake is
impaired in the diabetic heart.
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Strategies to increase glucose uptake into the diabetic
heart would be beneficial, because they would alleviate the
insulin-resistant state of the heart and thereby reverse the
maladaptive remodeling process associated with insulin
resistance. A desired strategy to increase glucose uptake in
the diabetic heart might be via increased contraction-in-
duced GLUT4 translocation, because contraction stimula-
tion recruits GLUT4 to the sarcolemma independently of
the insulin-signaling axis [6,7].

According to the dual signaling input hypothesis, both
AMPK (to stimulate GLUT4 vesicular trafficking) and
PKD1 (to enhance endosomal GLUT4 vesicle budding)
need to be activated. However, when the activation state
of one is higher than that of the other, activation of the
latter may suffice. This might explain why cardio-specific
overexpression of constitutively active PKD1 in mice
results in increased cardiac glucose uptake [37]. Namely,
the PKD1-mediated rise in glucose uptake would only be
possible when the resident AMPK activity in the hearts of
these cardio-specific PKD1 overexpressor mice is suffi-
ciently high. The elevated AMPK activation state in this
particular case may be due to the continuous cardiac
contractile activity in the in vivo setting [26]. Assuming
that AMPK activity is ample in the beating heart, one could
argue that PKD1 is the preferable target kinase to increase
glucose uptake into the diabetic heart. Proof-of-principle
for PKD1 targeting as a promising antidiabetic strategy
has been obtained by the observation that cardio-specific
overexpression of constitutively active PKD1 in mice fed a
diabetogenic Western diet prevented the onset of insulin
resistance in the heart, as well as the development of
maladaptive changes in cardiac morphology [37]. However,
it should be taken into account that mice overexpressing a
cardio-specific constitutively active PKD1 construct devel-
op cardiac hypertrophy early in life and display greatly
increased mortality [37,60]. Furthermore, because PKD1 is
involved in multiple cellular processes, its stimulation will
alter these processes in addition to upregulating glucose
import. Nevertheless, the PKD1 pathway offers therapeu-
tic opportunities that require exploration, possibly as a
short-term treatment (to avoid hypertrophic growth) or
focusing on the downstream signaling events, such as
GLUT4 vesicle budding (to circumvent the broad cellular
effects).

Concluding remarks
Further research is needed to decipher the signaling pro-
cesses downstream of PKD1 leading to GLUT4 transloca-
tion. Given that the dual signaling input requirement
originates from studies in cardiac muscle, the presence
of two independent pathways for contraction-induced
GLUT4 translocation in skeletal muscle should also be
investigated. Possible differences between heart and mus-
cle were highlighted by the observation that AICAR effec-
tively increases glucose uptake into muscle [9,61], as
opposed to heart. This could be due to the low basal level
of resident AMPK activity in resting muscle (compared
with the contracting heart), rendering AMPK in this tissue
as a more important control site for dual input regulation of
GLUT4 translocation. Thus, in absence of additional infor-
mation on the role of PKD1 in muscle and due to safety
considerations, AMPK remains the more eligible kinase to
target to upregulate GLUT4 translocation for the preven-
tion and/or treatment of insulin resistance in skeletal
muscle.
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