
 

 

 

Overexpression of AMP-activated protein kinase or
protein kinase D prevents lipid-induced insulin
resistance in cardiomyocytes
Citation for published version (APA):

Steinbusch, L. K. M., Dirkx, E., Hoebers, N. T. H., Roelants, V., Foretz, M., Viollet, B., Diamant, M., van
Eys, G., Ouwens, D. M., Bertrand, L., Glatz, J. F. C., & Luiken, J. J. F. P. (2013). Overexpression of AMP-
activated protein kinase or protein kinase D prevents lipid-induced insulin resistance in cardiomyocytes.
Journal of Molecular and Cellular Cardiology, 55, 165-173. https://doi.org/10.1016/j.yjmcc.2012.11.005

Document status and date:
Published: 01/02/2013

DOI:
10.1016/j.yjmcc.2012.11.005

Document Version:
Publisher's PDF, also known as Version of record

Document license:
Taverne

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 22 May. 2023

https://doi.org/10.1016/j.yjmcc.2012.11.005
https://doi.org/10.1016/j.yjmcc.2012.11.005
https://cris.maastrichtuniversity.nl/en/publications/a871fca6-544c-4a76-b32b-8a948d339bad


Journal of Molecular and Cellular Cardiology 55 (2013) 165–173

Contents lists available at SciVerse ScienceDirect

Journal of Molecular and Cellular Cardiology

j ourna l homepage: www.e lsev ie r .com/ locate /y jmcc
Original article

Overexpression of AMP-activated protein kinase or protein kinase D prevents
lipid-induced insulin resistance in cardiomyocytes

Laura K.M. Steinbusch a,⁎,1, Ellen Dirkx a,1, Nicole T.H. Hoebers a, Veronique Roelants b, Marc Foretz c,
Benoit Viollet c, Michaela Diamant d, Guillaume van Eys a, D. Margriet Ouwens e,f, Luc Bertrand b,
Jan F.C. Glatz a, Joost J.F.P. Luiken a

a CARIM, Maastricht University, Maastricht, The Netherlands
b Universté Catholique de Louvain, Institut de Recherche Expérimentale et Clinique, Pôle de Recherche Cardiovasculaire, Brussels, Belgium
c Inserm, U1016, Institut Cochin, Cnrs, UMR8104, Univ Paris Descartes, Paris, France
d Diabetes Centre, VUMC, Amsterdam, The Netherlands
e German Diabetes Centre, Düsseldorf, Germany
f Department of Endocrinology, Ghent University Hospital, Ghent, Belgium
⁎ Corresponding author at: Centre of Integrative Gen
Building Genopode, Quartier Sorge, Fifth floor, 5029,
Tel.: +41 21 6923987.

E-mail addresses: laura.steinbusch@unil.ch (L.K.M. S
benoit.viollet@inserm.fr (B. Viollet), m.diamant@vumc.n
margriet.ouwens@ddz.uni-duesseldorf.de (D.M. Ouwen
(L. Bertrand).

1 These authors contributed equally to this paper.

0022-2828/$ – see front matter © 2012 Elsevier Ltd. All
http://dx.doi.org/10.1016/j.yjmcc.2012.11.005
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 5 September 2012
Received in revised form 1 November 2012
Accepted 6 November 2012
Available online 15 November 2012

Keywords:
Cardiac metabolism
Lipid accumulation
Insulin resistance
AMPK
Protein kinase D
Treatment
During lipid oversupply, the heart becomes insulin resistant, as exemplified by defective insulin-stimulated
glucose uptake, and will develop diastolic dysfunction. In the healthy heart, not only insulin, but also
increased contractile activity stimulates glucose uptake. Upon increased contraction both AMP-activated
protein kinase (AMPK) and protein kinase D (PKD) are activated, and mediate the stimulation of glucose
uptake into cardiomyocytes. Therefore, each of these kinases is a potential therapeutic target in the diabetic
heart because they may serve to bypass defective insulin-stimulated glucose uptake. To test the preventive
potential of these kinases against loss of insulin-stimulated glucose uptake, AMPK or PKD were adenovirally
overexpressed in primary cultures of insulin resistant cardiomyocytes for assaying substrate uptake, insulin re-
sponsiveness and lipid accumulation. To induce insulin resistance and lipid loading, rat primary cardiomyocytes
were cultured in the presence of high insulin (100 nM;HI) or high palmitate (palmitate/BSA: 3/1; HP). HI andHP
each reduced insulin responsiveness, and increased basal palmitate uptake and lipid storage. Overexpression of
each of the kinases prevented loss of insulin-stimulated glucose uptake. Overexpression of AMPK also prevented
loss of insulin signaling in HI- and HP-cultured cardiomyocytes, but did not prevent lipid accumulation. In
contrast, overexpression of PKD prevented lipid accumulation, but not loss of insulin signaling in HI- and
HP-cultured cardiomyocytes. In conclusion, AMPK and PKD prevent loss of insulin-stimulated glucose uptake
into cardiomyocytes cultured under insulin resistance-inducing conditions through different mechanisms. This
article is part of a Special Issue entitled "Focus on Cardiac Metabolism".

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The insulin resistant heart is characterized by impaired cardiac
function and altered substrate preference towards increased long
chain fatty acid (LCFA) utilization at the expense of glucose [1]. The
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greater influx of LCFA exceeds the mitochondrial β-oxidative capacity
[2]. This mismatch between LCFA uptake and oxidation results in the
gradual intramyocellular build-up of triacylglycerols (TG) and other
LCFA metabolites, such as diacylglycerols (DG) and ceramides. Lipid
accumulation leads to decreased insulin signaling, decreased translo-
cation of the major cardiac glucose transporter GLUT4, and, conse-
quently, decreased insulin-stimulated glucose uptake [3]. Over time,
both lipid accumulation and insulin resistance contribute to altered
energy metabolism and remodeling of the heart, which eventually,
in the presence of cardiac stress such as ischemia, may lead to heart
failure [4]. Strategies that stimulate glucose uptake, or reduce LCFA
uptake, independent of insulin signaling, may serve as strategies to
normalize substrate uptake in the insulin resistant heart, and thereby
protect against loss of contractile function [5,6].

In the healthy heart, glucose and LCFA uptake aremainly regulated by
reversible glucose transporter 4 (GLUT4) and fatty acid transporter CD36

http://dx.doi.org/10.1016/j.yjmcc.2012.11.005
mailto:laura.steinbusch@unil.ch
mailto:benoit.viollet@inserm.fr
mailto:m.diamant@vumc.nl
mailto:margriet.ouwens@ddz.uni-duesseldorf.de
mailto:luc.bertrand@uclouvain.be
http://dx.doi.org/10.1016/j.yjmcc.2012.11.005
http://www.sciencedirect.com/science/journal/00222828


Fig. 1. Western blot images of cultured primary rat cardiomyocytes transfected with
adenovirus containing GFP (control), constitutively active (CA) AMP-activated protein
kinase (AMPK) and protein kinase D (PKD). Cardiomyocytes were cultured for 2 days in
control/low palmitate medium, and subsequently used for measurement of (A) total
AMPK total PKD, (B) AMPK-Thr172 phosphorylation, PKD-Ser916 phosphorylation,
(C) acyl-CoA carboxylase (ACC)-Ser79 phosphorylation, and troponinI (TnI)-Ser22/23
phosphorylation. Representative blots are shown. Phosphorylated endogenous and CA-
AMPK were detected 62 at 35 kDa, respectively.
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translocation between intracellular storage compartments (endosomes)
and the sarcolemma [1,7]. Insulin, aswell as increased contractile activity,
independently stimulate reversible GLUT4 and CD36 translocation, and
concomitantly enhance glucose uptake and LCFA into cardiomyocytes,
respectively [8]. One of the earliest steps inmyocellular insulin resistance
is permanent relocation of CD36 from endosomes to the sarcolemma [9].
Permanent CD36 relocation causes a chronical increase in myocellular
fatty acid uptake and a concomitant increase in cardiac lipid accu-
mulation. This pivotal role of CD36 in cardiac lipid accumulationwas con-
firmed in CD36 knockout mice, which were protected from lipid
accumulation during conditions of lipid overload [5,10]. There is evidence
for the existence of insulin-responsiveCD36 storeswithin the endosomes,
from where CD36 permanently relocates to the cell surface upon the
onset of insulin resistance [1]. Consequently, these intracellular stores
will be increasingly depleted of CD36, and increasingly unable to deliver
CD36 for translocation upon short-term insulin exposure [9]. At early
insulin resistance, permanent CD36 relocation is not accompanied by
changes in insulin-stimulated GLU4 translocation [1]. However, during
progression of insulin resistance insulin-stimulated GLUT4 translocation
will be increasingly impaired, indicating that the shift in CD36 subcellular
localization precedes (and might be responsible for) the impairment
in GLUT4 translocation. Ultimately in cardiomyocytes with full-
blown insulin resistance, CD36 and GLUT4 display a juxtaposed lo-
calization with CD36 being at the cell surface, and GLUT4 being intra-
cellular [1].

In view of that insulin signaling is blunted in the insulin resistant
heart, recent research has focused on the activation of contraction-
induced signaling for the stimulation of glucose uptake [11]. It is
well documented that during contraction-induced signaling AMP-
activated protein kinase (AMPK) is activated [11]. The activation of
AMPK occurs through phosphorylation by upstream kinases, such as
LKB1, in combination with binding of AMP to one of the regulatory
subunits [11]. In mice overexpressing a dominant-negative mutant
of AMPKα, it has been demonstrated that AMPK is necessary for
contraction-induced glucose and LCFA uptake [12]. Several AMPK-
activating agents, such as the biguanide metformin and resveratrol,
currently serve as blood-glucose lowering agents [13]. Although met-
formin improved glycemic control, it did not improve cardiac func-
tion in type 2 diabetes patients [14]. The activation of AMPK by
resveratrol was shown to improve health and survival when given
to mice on a high-calorie diet [15,16] and to mimick the effects of
calorie restriction in obese humans [17].

Recently, we showed that also protein kinase D (PKD) is contrac-
tion activated and stimulates glucose uptake in rat cardiomyocytes
[18]. The underlying mechanism encompasses contraction-induced
reactive oxygen species (ROS) production, binding of PKD to death-
activated protein kinase (DAPK) followed by the activation of PKD
by DAPK [19]. The precise interplay between ROS, DAPK and PKD1
has not yet been resolved. The activation of PKD becomes apparent
by its autophosphorylation at Ser916 [20]. Pharmacological inhibition
of PKD activity did not affect AMPK-Thr172-phosphorylation but
reduced contraction-induced glucose uptake to basal levels [18]. In
addition, it was shown that contraction-activated PKD does not affect
LCFA uptake into cardiomyocytes [19]. This makes PKD a new player
in the regulation of cardiac metabolism with a different action inde-
pendent of AMPK.

Because both AMPK and PKD mediate contraction-stimulated glu-
cose uptake, both kinases are potential targets to preserve glucose
uptake in the insulin-resistant heart. How, and if, AMPK and PKD
can restore cardiac lipid loading and insulin resistance, is not
known yet. Based on earlier findings described above, we propose
that AMPK and PKD differently prevent development of insulin re-
sistance and lipotoxicity. Therefore, cardiomyocytes were cultured
under lipid overloading and insulin resistance-inducing condi-
tions [21], and then subjected to adenoviral overexpression of
AMPK or PKD.
2. Materials and methods

2.1. Materials

Palmitic acid and [3H]deoxyglucose were obtained from GE
Healthcare (Little Chalfont, UK). Laminin and insulin were purchased
from Sigma (Saint Louis, USA). Bovine serum albumin (BSA) (fraction
V), dependent on the application, was derived from MP Biomedicals
(Irvine, USA) (for cell isolation and incubation purposes), or from
Sigma (other purposes). Collagenase type II was from Worthington
(Freehold, USA).

2.2. Experimental animals

Male Lewis rats, 200–250 g, were purchased from Charles River
laboratories and used for culturing isolated cardiomyocytes. All ani-
mal procedures were approved by the Experimental Animal Commit-
tee of Maastricht University, NL.

2.3. Cardiomyocyte isolation

Rat cardiomyocyteswere isolated using a Langendorff perfusion sys-
tem, as previously described [22] with the only difference being the
sterile conditions that were taken into account for rat cardiomyocyte
isolations.

2.4. Adenovirus amplification

Control adenovirus containing enhanced green fluorescent protein
(GFP) (control), a recombinant adenovirus encoding a truncated form
of AMPKα2 (AMPK α2 1-312) and GFP (AdAMPK) [23,24], and a re-
combinant adenovirus encoding full-length wild-type mouse PKD1
and EGFP (AdPKD) [25] were used. Adenoviruses were amplified in
HEK293 cells and purified over CsCl2 gradients as previously described
by Luo et al. [26]. Optimalmultiplicity of infection (MOI)was determined



Fig. 2. Effect of overexpression of adenoviral (Ad) constitutively active AMP-activated protein kinase (AMPK) or protein kinase D (PKD) on metabolic parameters in cultured
primary rat cardiomyocytes. Cardiomyocytes were cultured in control/low palmitate medium (LP) in the absence (Basal) or presence of adenovirus (Ad) containing constitutively
active AMP-activated protein kinase (AMPK) or protein kinase D (PKD). Upon 2 days of culturing, cells were used for the measurement of uptake of (A) [3H]deoxyglucose and
(B) [14C] palmitate, as well as the measurement of (C) triacylglycerol stores via HPTLC, (D) protein presence of CD36 and GLUT4, (E) Akt-Ser473 phosphorylation and
(F) GSK3β-Ser9 phosphorylation via Western blotting. For the experiments displayed in panels A, B, E and F, the cells underwent a 30 min recovery period after the culturing,
and subsequent short-term (15 min) insulin (100 nM) stimulation. Basal (open bars) and insulin-stimulated (striped bars). Statistical analysis was done by one-way ANOVA
with Bonferroni post-tests and Student's t-test, * Insulin effect pb0.05, ^ adenovirus effect pb0.05. n=6–12.
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by fluorescence microscopy and Western blotting for downstream tar-
gets of both AMPK and PKD (Supplementary Figs. 1–2). MOI 40was cho-
sen for AdAMPK and MOI 10 was chosen for AdPKD.
2.5. Culturing of rat cardiomyocytes

After isolation of cardiomyocytes, 200,000 cells were seeded per
well in laminin coated 6-well plates and after 90 min adhesion medi-
um (control medium without Ca2+) was replaced with control medi-
um (20 μM palmitate, palmitate:BSA 0.3:1), high insulin medium
(100 nM) or high palmitate medium (200 μM, palmitate:BSA 3:1).
Cells were cultured according to the method described by Volz et al.
[27] in modified serum-free medium M199 containing carnitine,
creatine and taurine [27]. Culturing adult cardiac myocytes does not
affect their insulin responsiveness [28]. During the experiment the
cells were maintained in an incubator (37 °C, 5% CO2) and were
used for experiments 48 h after seeding and transduction. Primary
rat cardiomyocytes were transduced with control, AdAMPK, or AdPKD
90 min after seeding the cardiomyocytes. Cardiomyocytes were cul-
tured for 48 h because of optimal combination of MOI and transduction
time (Supplementary Figs. 1–2).
2.6. Measurement of substrate uptake

Uptake of [1-14C]palmitate (in complex with BSA) and [3H]
deoxyglucose into cardiac myocytes was measured as previously de-
scribed for cardiomyocytes in culture [29]. In short, after 2 days of
culturing, cardiomyocytes were washed and were allowed to recover
for 30 min from short-term insulin effects. Namely, 30 min of insulin
withdrawal appear sufficient to re-establish low glucose and LCFA
uptake rates into cardiomyocytes and other insulin-sensitive cells upon
prior short-term insulin addition (see [21] and [30]). Hence, 30 min
withdrawal of insulin-containing culture media is sufficient to truly
assess “basal” conditions. Afterwards, one portion of the cells was ex-
posed to insulin (100 nM) for 15 min to be able to compare basal uptake
with insulin-stimulated uptake. Then, radioactively-labeled glucose and
palmitate were added for 10 min, cells were washed, lysed and radioac-
tivitywasmeasuredwith a β-counter (Fig. 3A for a graphical description
of this method).
2.7. Triacylglycerol stores

Intramyocellular lipids were determined after 2 days of culturing
in lysed cells as described previously [31]. Triacylglycerol bands
were detected with a Molecular Imager (ChemiDoc XRS, BioRad)
and analyzed with Quantity One® (BioRad).
Fig. 3. Effects of AdAMPK or AdPKD treatment on substrate uptake and lipid content in
cardiomyocytes cultured under insulin resistance-inducing conditions. Cardiomyocytes
were cultured in control/low palmitate medium (LP), or in media containing high insulin
(HI) or high palmitate (HP) concentrations in the absence (Basal) or presence of adenovi-
rus (Ad) containing constitutively active AMP-activated protein kinase (AMPK) or protein
kinase D (PKD). Upon 2 days of culturing, cellswere allowed to recover for 30 minprior to
short-term (15 min) insulin (100 nM) addition and subsequent measurement of uptake
of (A) [3H]deoxyglucose and (B) [14C] palmitate. (C) Alternatively, upon 2 days of cultur-
ing, cardiomyocytes were lysed, and triacylglycerol stores were measured by HPTLC.
Statistical analysis was done by 2-way ANOVA with Bonferroni post-tests, pb0.05, *
versus LP in the same group. Statistical analysis was done by one-way ANOVA with
Bonferroni post-tests and Student's t-test, * Insulin effect pb0.05, ^ adenovirus effect
pb0.05, # medium effect pb0.05. n=8–12.
2.8. Protein detection

Rat cardiomyocytes were assayed after 2 days of culturing and a
recovery of 30 min from acute insulin effects. Afterwards, cells were
exposed to insulin (100 nM) for 15 min to be able to compare basal-
phosphorylation to insulin-stimulated phosphorylation. Cells were
lysed in a sample buffer and used for protein detection by SDS-
polyacrylamide gel electrophoresis, followed byWestern blotting, as pre-
viously described [32]. Primary antibodies against phospho-Ser473-Akt,
Akt, phospho-Ser9-GSK3β, GSK3β, phospho-Thr172-AMPK, AMPK,
phospho-Ser916-PKD/PKC-μ, PKD/PKC-μ, and phospho-Ser22/23-TnI
from Cell Signaling (Danvers, MA), CD36 from GenTex Inc. (San
Antonio, TX, USA), GLUT4 from Abcam (Cambridge, USA), phospho-
Ser79-ACC fromUpstate and caveolin3 from BD Transduction Laborato-
ries. Western blot images were analyzed with a Molecular Imager
(ChemiDoc XRS, BioRad) and quantified with Quantity One® (BioRad).
2.9. Statistics

All data are presented as means±S.E.M. Statistical difference be-
tween groups was evaluated by one-way ANOVA, 2-way ANOVA or
Student's t-test by using GraphPad Prism. P values equal to or less
than 0.05 were considered significant.
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3. Results

3.1. Effect of AMPK or PKD overexpression on substrate uptake, insulin
responsiveness and lipid storage in control cells

Cardiomyocytes were cultured for 48 h because of optimal combina-
tion ofmultiplicity of infection (MOI) and transfection time (Supplemen-
tary Figs. 1–2). Overexpression of the truncated constitutively active form
of AMPKα2 did not affect endogenous total AMPK levels (Figs. 1A–B) or
phosphorylation of the downstream substrate of PKD, troponin I (TnI),
but potently increased phosphorylation of itsmain subcellular target ace-
tyl CoA carboxylase (ACC) (Fig. 1C). Overexpression of full length PKD
(Figs. 1A–B) potently increased TnI phosphorylation, but did not affect
downstream signaling of AMPK, i.e., phosphorylation of ACC (Fig. 1C).
This indicates that both kinases were successfully overexpressed in our
cardiomyocyte cultures, and furthermore, confirms earlier findings that
PKD and AMPK function in separate pathways [18,19].

Cardiomyocytes cultured for 48 h in controlmedium, and transduced
with control adenovirus, displayed insulin-stimulated glucose (1.8-fold)
and palmitate uptake (1.5-fold) (Figs. 2A–B), in agreementwith our pre-
vious short-term substrate uptake studies with suspensions of freshly
isolated cardiomyocytes [32]. These results indicate that insulin respon-
siveness was not lost due to culturing or viral transduction.

Overexpression of either AMPKor PKD increased basal glucose uptake
(Fig. 2A) (2.3-fold and 3.3-fold, respectively). The insulin-stimulated
component of glucose uptakewas retained upon overexpression of either
kinase (Fig. 2A). AdAMPK, but not AdPKD, significantly increased basal
palmitate uptake into cardiomyocytes, in agreementwith earlier findings
that AMPK is dedicated to both LCFA and glucose uptake, but that PKD
is selective for glucose uptake [12,19] (Fig. 2B). However, insulin-
stimulated palmitate uptake did not reach significance in AdAMPK and
AdPKD-treated cells. This likely is an experimental limitation of palmitate
uptake measurements in cultures of cardiomyocytes; in long-term cul-
tures palmitate uptake rates are lower in comparison to freshly isolated
cardiomyocyte suspensions, so that it is difficult to establish significance
of a moderate effect on top of another moderate effect. Furthermore,
AdAMPK or AdPKD did not significantly alter intramyocardial TG content
in basally cultured cardiomyocytes (Fig. 2C), or alter expression of the
substrate transporters GLUT4 and CD36 (Fig. 2D).

To examine insulin responsiveness at the level of the insulin-
signaling cascade we measured insulin-stimulated Akt-phosphorylation
and insulin-stimulatedGSK3β-phosphorylation (Figs. 2E–F). Transducing
cardiomyocytes with AdAMPK significantly increased basal and insulin-
stimulated Akt-phosphorylation (3.9 and 3.0-folds, respectively), as
well as GSK3β-phosphorylation (2.5 and 1.9-folds, respectively). In
contrast, AdPKD was without an effect (Figs. 2E–F). These changes in
insulin-stimulated Akt phosphorylation could not be ascribed to alter-
ations in protein expression of the loading control, total Akt and GSK3β
(Supplementary Figs. 3–4).

Altogether these results show that AdAMPK and AdPKD indeed
both enhance glucose uptake, while the cardiomyocytes remain insu-
lin responsive. In addition, AdAMPK, but not AdPKD, enhances LCFA
uptake, Akt phosphorylation and GSK3β-phosphorylation.

3.2. Establishment of insulin resistant cardiomyocytes: effects of high
insulin and high palmitate on substrate uptake, insulin responsiveness
and lipid storage

For induction of myocellular insulin resistance, cardiomyocytes
were exposed to high insulin (HI) or high palmitate (HP)-containing
media. HI or HP-medium-cultured cardiomyocytes showed no change
in basal glucose uptake (Fig. 3A). However, they did show an increase
in basal palmitate uptake (amounting to 1.5-fold and 1.8-fold, respec-
tively; Fig. 3B). In agreement with previous works [33,34] HI-medium
entirely blocked insulin-stimulated glucose uptake. Insulin-stimulated
glucose uptake was also abrogated in cardiomyocytes cultured in
HP-medium (Fig. 3A). In addition, insulin-stimulated palmitate uptake
was lost in HI- and HP-medium-cultured cardiomyocytes (Fig. 3B).
Both HI- and HP-media increased TG stores 1.9-fold and 2.9-fold, re-
spectively (Fig. 3C).

With respect to insulin signaling, insulin-stimulated Akt and GSK3β
phosphorylations were completely lost in HI-medium-cultured
cardiomyocytes, and markedly reduced (by 42% and 31%, respec-
tively; pb0.05) in HP-medium-cultured cardiomyocytes (Figs. 4A–B).

Taken together, both HI- and HP-media induce lipid accumulation
and insulin resistance in cardiomyocytes. A key underlying mechanism
is the permanent relocation of the fatty acid transporter CD36 from
intracellular stores to the sarcolemma [21], which causes chronically
elevated basal LCFA uptake. The surplus of incoming LCFA will enhance
their deposition into TGs and other LCFA metabolites leading to inhibi-
tion of insulin signaling downstream of the insulin-receptor substrate
and, consequently, to inhibition of insulin-induced glucose and LCFA up-
take, according to the lipid-induced insulin resistance theory of Shulman
[35]. Hence, HI and HP-medium-cultured cardiomyocytes prove to be
models for lipid overloaded insulin resistant cardiomyocytes.

3.3. Effect of AMPK overexpression on substrate uptake, lipid storage and
insulin responsiveness

Overexpression of AMPK enhanced basal glucose uptake not only
in cardiomyocytes in control medium but also in cardiomyocytes
cultured in HI or HP-medium. Additionally, AdAMPK prevented the
loss in insulin-induced glucose uptake into cardiomyocytes in both
culturing conditions (Fig. 3A). However, AdAMPK did not decrease
the elevated basal palmitate uptake (Fig. 3B) or TG accumulation
(Fig. 3C) in cells cultured in either experimental medium, nor was it
able to retain the insulin-stimulated component of palmitate uptake
(Fig. 3B).

Similarly to insulin-stimulatedglucoseuptake, culturing cardiomyocytes
with AdAMPK prevented inhibition of insulin-stimulated Akt and
GSK3β phosphorylations in both experimental media (Figs. 4A–B).
Altogether, we show that AdAMPK treatment prevents the loss of
insulin-mediatedAkt signaling and of glucose uptake in cardiomyocytes
cultured under insulin resistance-inducing conditions, but it does not
prevent lipid accumulation.

3.4. Effect of PKD overexpression on substrate uptake, lipid storage and
insulin responsiveness

The effects of AdPKD treatment on glucose uptake into HI/HP-
media-cultured cardiomyocytes were similar to those of AdAMPK;
increased basal glucose uptake and prevention of loss of insulin-
stimulated glucose uptake, but no lowering of basal LCFA uptake or
retention of insulin-stimulated palmitate uptake (Figs. 3A–B). Despite
the inability of AdPKD to decrease basal palmitate uptake, AdPKDmark-
edly reduced the storage of TG in cardiomyocytes cultured in both insu-
lin resistance-inducing media (Fig. 3C).

With respect to insulin signaling, AdPKD incompletely preserved
insulin-stimulated phosphorylation of Akt and GSK3β under insulin
resistance-inducing conditions, in contrast to full preservation of
insulin-stimulated glucose uptake. Specifically, in HP-medium-cultured
cardiomyocytes, insulin-stimulated Akt-phosphorylation was retained
upon AdPKD treatment (Fig. 4A). However, AdPKD treatment did
not preserve insulin-stimulated Akt-phosphorylation in HI-medium-
cultured cardiomyocytes, nor did AdPKD preserve insulin-stimulated
GSK3β-phosphorylation under both insulin resistance-inducing cultur-
ing conditions (Figs. 4A–B). These latter findings are in line with the
lack of an effect of AdPKD on basal and insulin-stimulated Akt-
phosphorylation and GSK3β-phosphorylation in insulin-sensitive
cardiomyocytes (Figs. 2E–F). A possible explanation for the obser-
vation that a significant increase in Akt phosphorylation upon insulin-
stimulation of HP medium-cultured AdPKD-treated cardiomyocytes is



Fig. 4. Effects of AdAMPK or AdPKD treatment on insulin signaling in cardiomyocytes cultured under insulin resistance-inducing conditions. Cardiomyocytes were cultured in
control/low palmitate medium (LP), or in media containing high insulin (HI) or high palmitate (HP) concentrations in the absence (Basal) or presence of adenovirus (Ad)
containing constitutively active AMP-activated protein kinase (AMPK) or protein kinase D (PKD). Upon 2 days of culturing, cells were allowed to recover for 30 min prior to
short-term (15 min) insulin (100 nM) addition. Immediately thereafter, cells were lysed in a sample buffer and used for Western detection of (A) Ser473-Akt phosphorylation
and (B) Ser9-GSK3β phosphorylation. Statistical analysis was done by one-way ANOVA with Bonferroni post-tests and Student's t-test, * Insulin effect pb0.05, ^ adenovirus
effect pb0.05. n=6–10.
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paralleled by a non-significantly increased GSK3-β phosphorylation
probably may lie in the non-linearity of signaling responses. Taken to-
gether, overexpression of PKD prevents the loss of insulin-stimulated
glucose uptake and it prevents myocellular lipid loading.

4. Discussion

AMPK and PKD are two contraction-activated kinases. Both ki-
nases are also essential for the contraction–stimulation of glucose
uptake. Especially this last property makes both kinases attractive tar-
gets to improve glucose uptake dynamics in the lipid overloaded
heart on a path to develop insulin resistance.

In this study, we have used primary cultures of cardiomyocytes.
Although cardiomyocytes in culture display lower basal metabolic
rates than the intact working heart model, metabolic responses to hor-
monal and pharmacological stimuli are preserved [32,36]. In a recent
study [21], we have established that these cells will go through the
same sequence of events upon a lipid oversupply to develop insulin
resistance as compared to the heart in vivo upon feeding rodents a
high fat diet (although on a shorter time span, i.e., ≤48 h versus
≥4 weeks): permanent CD36 relocation to the sarcolemma; chronically
increased LCFA uptake, accumulation of LCFA metabolites, impairment
of insulin signaling and of insulin-stimulated glucose uptake, and finally
contractile dysfunction [6,9]. We have also shown that in skeletal mus-
cle of obese individuals the increase in sarcolemmal CD36 abundance is
causal to the development of insulin resistance [37]. Assuming that
CD36 relocation will similarly occur in the heart of obese individuals,
the used model of cultured cardiomyocytes might have clinical rele-
vance for studies on the mechanism of lipid-induced insulin resistance.

In order to force cultured cardiomyocytes to develop lipid-induced
insulin resistance, we have exposed these cells to two different cul-
turing conditions (HI or HP), similarly as recently reported [21].
This results in the inhibition of insulin signaling and of insulin-
induced glucose uptake. In order to test the cardioprotective actions
of AMPK and PKD under both in vitro conditions of lipid-induced
insulin resistance, we adenovirally overexpressed each of the kinases
in cardiomyocytes simultaneously with the start of the exposure of
these cells to HI/HP media. In these experiments we showed that
overexpression of each of the kinases prevents the loss of insulin-
induced glucose uptake. However, the underlying mechanism used

image of Fig.�4
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by these kinases to preserve insulin-induced glucose uptake appeared
to be different.

4.1. How does AMPK overexpression preserve insulin-stimulated glucose
uptake in cardiomyocytes cultured under insulin resistance-inducing
conditions?

Overexpression of the catalytic subunit of AMPKα2 in basally
cultured cells elicited increases in basal glucose and palmitate uptake
as well as in insulin signaling, without alterations in insulin-
responsiveness of the uptake of both substrates or in lipid accumula-
tion. None of the alterations in the substrate uptake could be ascribed
to changes in protein presence of substrate transporters, indicating
that AdAMPK likely exerts these effects through translocation of
these transporters. Hence, AdAMPK will induce both GLUT4 and
CD36 translocation.

Earlier, we established that in AMPKα2-knockout cardiomyocytes,
contraction-induced glucose and LCFA uptake were abolished
[12,19], thereby indicating an essential role of this kinase in both
contraction-induced uptake processes. Consequently, AMPK over-
expression, mimicking contraction-induced AMPK activation, in-
deed stimulates uptake of both substrates. Another previous
observation of us included that contraction-activated substrate up-
take is additive to, and therefore independent from, insulin-
stimulated substrate uptake [38]. This previous finding is in line
with the presently observed lack of an effect of AdAMPK on
insulin-stimulated substrate uptake. However, AdAMPK further im-
proves insulin signaling. Similar AMPK-mediated effects on insulin
signaling have been observed previously by using AMPK activators
like metformin, phenformin or oligomycin [33,34]. More specifically,
it was shown in 3T3 adipocytes that the AMPK activator AICAR di-
rectly induces Akt-phosphorylation via a PI3K dependent pathway
and, that AICAR enhances insulin-mediated Akt-phosphorylation
[39]. Moreover, in a leukemia cell line it was shown that AICAR treat-
ment leads to Akt phosphorylation via direct AMPK down regulation
of mTOR and activation of IRS-1 signaling [40]. However, some other
studies have shown the opposite effect, an inhibition of Akt-
phosphorylation upon AMPK activity [41,42]. The reason underlying
this discrepancy is unclear.

Combined, the apparent absence of an effect of AdAMPK on
insulin-stimulated glucose uptake in the presence of enhanced
AMPK-mediated insulin signaling in basally cultured cardiomyocytes
can be explained by the notion that insulin stimulation of Akt in the
absence of AdAMPK is already maximally effective in recruiting the
entire intracellularly stored insulin-responsive GLUT4 and CD36
pools to the sarcolemma. This in agreement with the hypothesis
that in normo-insulin-sensitive cells the insulin signaling pathway is
not the rate-limiting step in insulin-stimulated glucose uptake [43].
Hence, further stimulation of insulin signaling will have no extra ef-
fect on the stimulation of glucose and LCFA uptake. The AdAMPK-
mediated increase in LCFA uptake without an increase in lipid deposi-
tion indicates that all the extra incoming LCFA are efficiently directed
towards β-oxidation, in agreement with our previous observations
[38].

Under insulin resistance-inducing conditions, likely the most im-
portant AdAMPK action is the prevention of the loss in insulin-
induced glucose uptake into cardiomyocytes. Furthermore, AdAMPK
enhanced basal glucose uptake, just like in basally cultured cells.
However, AdAMPK did not alter the elevated basal LCFA uptake in
cells cultured in either experimental medium, nor was it able to retain
the insulin-stimulated component of LCFA uptake.

The AdAMPK-mediated retention of insulin-stimulated glucose
uptake in cardiomyocytes under insulin resistance inducing condi-
tions is accompanied by the retention of insulin signaling but not by
the normalization of low myocellyular TG levels. Hence, DG and cer-
amide levels, in equilibriumwith the TG, would also not be decreased.
Consequently, the blockade of insulin signaling at the levels of IRS1
(through DG-induced PKC-mediated Ser-phosphorylation) and Akt (di-
rect inhibition by ceramide) remains. However, AdAMPK, just as the
above mentioned insulin-sensitizing pharmacological AMPK activators,
will likely disrupt the negative feedback loop in insulin signaling by the
inhibition of IRS-1-Ser-phosphorylation via themTOR/p70S6K axis [43].
Apparently this insulin-sensitizing action of AMPK effectively counter-
acts the negative effects of lipids on insulin signaling.

The lack of an effect of AdAMPK on the elevated basal LCFA uptake
rates in cardiomyocytes under insulin resistance-inducing conditions,
is in line with, and likely the cause of the lack of an effect of AdAMPK
on myocellular lipid accumulation. The explanation of a lack of an ef-
fect of AdAMPK in cardiomyocytes under insulin resistance-inducing
conditions, in contrast to stimulatory action in basally cultured cells
could include that basal uptake into insulin resistant cardiomyocytes
is already maximally elevated.

It is not known yetwhyAdAMPK prevents theHP/HI-induced loss of
insulin-stimulated glucose uptake but not that of the insulin-stimulated
LCFA uptake. However, it is known that in normal insulin-sensitive
cardiomyocytes different subcellular components (e.g., soluble
NSF attachment protein receptor (SNARE) proteins, and cytoskeletal
actin, see [29,44]) are involved in insulin-stimulated glucose versus
LCFA uptake. For example, a recent study showed that berberine, an
AMPK activator, was also able to enhance insulin-stimulated GLUT4
translocation and glucose uptake in insulin resistant cells by the
improvement of insulin-induced actin reorganization [45]. However,
actin reorganization is not involved in insulin-induced CD36 transloca-
tion and LCFA uptake [44]. These studies suggest that various subcellular
trafficking components are involved in the regulation of cardiomyocyte
metabolism and are able to discriminate between glucose and fatty
acid uptake. Then, only those components specifically involved in
insulin-stimulated glucose uptake would be a target of AMPK in insulin
resistant cells.

Altogether, we conclude that AdAMPK treatment prevents the loss
of insulin-mediated signaling and glucose uptake in cardiomyocytes
cultured under insulin resistance-inducing conditions, but does not
prevent lipid accumulation.
4.2. How does PKD overexpression preserve insulin-stimulated glucose
uptake in cardiomyocytes cultured under insulin resistance-inducing
conditions?

In basally cultured cells, AdPKD enhanced basal glucose uptake
without altering insulin-stimulated glucose uptake, LCFA uptake,
myocellular TG content and insulin signaling. This selective effect of
AdPKD on the stimulation of glucose uptake (and not on the LCFA up-
take) confirms our earlier findings in PKD knockout mice in which
contraction-induced glucose uptake was abolished but contraction-
induced LCFA uptake was retained [19]. AdPKD did not alter GLUT4
expression, indicating that the increase in basal glucose uptake is
due to GLUT4 translocation, in agreement with our earlier observa-
tions [12,19]. Hence, unlike AMPK, PKD is selectively involved in the
regulation of glucose uptake. Furthermore, PKD is known to be acti-
vated by contraction [18,19], and not by insulin, and is therefore not
involved in the regulation of insulin signaling.

Under both insulin resistance-inducing conditions, AdPKD treat-
ment, similarly to AdAMPK treatment, prevented the loss in insulin-
stimulated glucose uptake. Also the other effects of AdPKD on substrate
uptake under insulin resistance-inducing conditions were similar to
those of AdAMPK: increased basal glucose uptake and no reduction of
elevated basal LCFA uptake or retention of insulin-stimulated LCFA
uptake. This same action pattern of AdPKD and AdAMPK in
cardiomyocytes cultured under insulin resistance-inducing condi-
tions is surprising given the operability of each of these kinases in
different signaling pathways.



172 L.K.M. Steinbusch et al. / Journal of Molecular and Cellular Cardiology 55 (2013) 165–173
In contrast to AdAMPK, AdPKD treatment did not completely
prevent loss of insulin signaling in cardiomyocytes under insulin
resistance-inducing conditions, but lowered the elevated lipid levels
to normal proportions. Hence, the preventive action of AdPKD on
insulin-stimulated glucose uptake could not be explained by preser-
vation of insulin signaling. This raises two questions: can reduction
of lipid storage by itself preserve insulin-stimulated glucose uptake
despite impairment of insulin signaling? Second, how can AdPKD
treatment reduce lipid stores given its disability to reduce enhanced
basal LCFA uptake?

To start out with the latter question, the ability of AdPKD to reduce
lipid stores in insulin resistant cardiomyocytes is in contrast to the
lack of a reduction in basal LCFA uptake by AdPKD treatment and to
the proposed non-involvement of PKD in the regulation of LCFA up-
take [19]. In addition, recent studies with cardiospecific PKD knock-
out mice showed that PKD is not involved in LCFA oxidation [19].
Since the role of PKD in cellular metabolism is a relatively novel re-
search subject, downstream PKD targets have been incompletely
charted. Perhaps AdPKD would increase TG hydrolysis by increasing
the expression of TG hydrolases, such as ATGL or HSL, and thereby re-
duce lipid deposition. Despite that there is no evidence for this yet,
this explanation gains in likelihood by the recent observation that
PKD is a key regulator of the dynamics of lipoprotein lipase [46], since
this shows that PKD controls enzymes involved in cardiomyocyte lipid
handling.

With respect to the first question, excess lipids are known to inter-
fere with insulin signaling [34], and consequently, reduction of lipids
should deblock insulin signaling. How then can AdPKD-mediated re-
duction of myocellular lipids in the absence of preservation of insulin
signaling account for preservation of insulin-induced glucose uptake
in cardiomyocytes under insulin resistance-inducing conditions? Part
of an explanation could include SNARE proteins involved in insulin-
stimulated GLUT4 translocation downstream of insulin signaling [47].
Some of these SNARE proteins, e.g., SNAP23, also regulate the dynamics
of lipid droplets [48]. It is proposed that lipid droplets compete with the
insulin-stimulated GLUT4 translocation process for SNAP23, and excess
myocellular lipids would shift SNAP23 away from insulin-stimulated
GLUT4 translocation [48]. Then, reduction in lipid storage would
make SNAP23 available to re-participate in insulin-stimulated GLUT4
translocation.

Altogether, we conclude that in cardiomyocytes cultured under
insulin resistance-inducing conditions, AdPKD treatment prevents
lipid accumulation and insulin-induced glucose uptake, but does not
prevent loss of insulin-mediated Akt/GSK3β signaling.

4.3. Conclusion

In the present study, we explored the potential of AMPK or PKD
overexpression to prevent loss of insulin-stimulated glucose uptake
in cardiomyocytes incubated under insulin resistance-inducing con-
ditions. The results can be summarized as follows; lipid loading and
insulin resistance were induced by exposure to HI or HP medium.
AdAMPK as well as AdPKD treatment prevented loss of insulin-
stimulated glucose uptake in cardiomyocytes cultured in both cultur-
ing conditions, but they exerted this beneficial effect through differ-
ent mechanisms. AdAMPK, but not AdPKD, prevents the loss in
insulin-mediated Akt signaling. Conversely, AdPKD, but not AdAMPK
prevents lipid accumulation.

Recently we established that culturing cardiomyocytes in either of
both HI and HP media results in severe impairment of contractile
function [21]. However, we do not know yet whether AdAMPK and/
or AdPKD treatment would prevent the loss of contractility during
culturing under both insulin resistance-inducing conditions. In that
same recent study [21], we also found a close correlation of changes
in lipid accumulation with changes in sarcomere shortening: in the
tested conditions, a maladaptive increase in lipid content accompanied
a decrease in sarcomere shortening, and a normalization of lipids ac-
companied a normalization of contractility. With respect to insulin sig-
naling, a decrease in this parameter correlated with a decrease in
contractile function. However, it appeared to be possible to preserve
contractile function while insulin signaling remained impaired [21].
From this, wemay predict that AdPKD treatment, selectively preserving
lowmyocellular lipid levels, would also preserve sarcomere shortening.
However, in the case of AdAMPK treatment, selectively preserving insu-
lin signaling, we are less certain as to whether contractile function is
preserved. The close correlation between myocellular lipids and
cardiomyocyte contractility could be a direct effect of lipids on the me-
chanics of the contraction, whereby large lipid droplets in between the
contractile fibers would spatially inhibit the contractility.

It is important to stress that all the effects of AdAMPK or AdPKD
on glucose uptake, insulin responsiveness and lipid content in
cardiomyocytes were observed in both culturing conditions, thereby
suggesting that the beneficial effects of AdAMPK and AdPKD on
cardiomyocyte substrate uptake are not model-related but may be
of general applicability in the insulin resistant setting. Future experi-
ments should show if their combined action would be even more
beneficial for the preservation of cardiomyocyte substrate uptake
under insulin resistance-inducing conditions. In addition, it would
be interesting to measure cardiomyocyte contractility after over-
expression of AMPK or PKD since culturing these cells in HI- or
HP-medium, and also increased glucose utilization, is known to de-
crease their contractile capacity [21].

Finally, it was revealed that not only AMPK, but also PKD, is a suit-
able target for the prevention of maladaptive changes in cardiac sub-
strate uptake leading to cardiomyopathy and loss of function. Next to
the known AMPK activators (metformin, AICAR, resveratrol), perhaps
also PKD activators would be potential insulin resistance therapeutics.
Several hormones and pharmacological agents, such as endothelin
and phenylephrine have been shown to activate PKD via α-adrenergic
signaling in a G-protein coupled-receptor manner [49]. Hence, all
these agents have a large spectrum of actions, in which PKD only
forms a small component. Therefore, it would be of interest to search
for pharmacological agents that would more specifically activate PKD.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.yjmcc.2012.11.005.
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