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Abstract
Aims/hypothesis Upon stimulation of insulin signalling or
contraction-induced AMP-activated protein kinase (AMPK)
activation, the glucose transporter GLUT4 and the long-
chain fatty acid (LCFA) transporter CD36 similarly
translocate from intracellular compartments to the plasma
membrane of cardiomyocytes to increase uptake of glucose
and LCFA, respectively. This similarity in regulation of
GLUT4 traffic and CD36 traffic suggests that the same
families of trafficking proteins, including vesicle-associated
membrane proteins (VAMPs), are involved in both pro-
cesses. While several VAMPs have been implicated in
GLUT4 traffic, nothing is known about the putative
function of VAMPs in CD36 traffic. Therefore, we
compared the involvement of the myocardially produced
VAMP isoforms in insulin- or contraction-induced GLUT4
and CD36 translocation.
Methods Five VAMP isoforms were silenced in HL-1
cardiomyocytes. The cells were treated with insulin or the
contraction-like AMPK activator oligomycin or were

electrically stimulated to contract. Subsequently, GLUT4
and CD36 translocation as well as substrate uptake were
measured.
Results Three VAMPs were demonstrated to be necessary
for both GLUT4 and CD36 translocation, either specifically
in insulin-treated cells (VAMP2, VAMP5) or in oligomycin/
contraction-treated cells (VAMP3). In addition, there are
VAMPs specifically involved in either GLUT4 traffic
(VAMP7 mediates basal GLUT4 retention) or CD36 traffic
(VAMP4 mediates insulin- and oligomycin/contraction-
induced CD36 translocation).
Conclusions/interpretation The involvement of distinct
VAMP isoforms in both GLUT4 and CD36 translocation
indicates that CD36 translocation, just like GLUT4 trans-
location, is a vesicle-mediated process dependent on
soluble N-ethylmaleimide-sensitive factor attachment pro-
tein receptor (SNARE) complex formation. The ability of
other VAMPs to discriminate between GLUT4 and CD36
translocation allows the notion that myocardial substrate
preference can be modulated by these VAMPs.
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R-SNARE SNARE with arginine in SNARE motif

R. W. Schwenk (*) : E. Dirkx :W. A. Coumans : J. F. C. Glatz :
J. J. F. P. Luiken
Department of Molecular Genetics,
Cardiovascular Research Institute Maastricht (CARIM),
Maastricht University,
P.O. Box 616, 6200 MD Maastricht, the Netherlands
e-mail: r.schwenk@gen.unimaas.nl

A. Bonen
Department of Human Health and Nutritional Sciences,
University of Guelph,
Guelph, ON, Canada

A. Klip
Cell Biology Program, The Hospital for Sick Children,
Toronto, ON, Canada

Diabetologia (2010) 53:2209–2219
DOI 10.1007/s00125-010-1832-7



siRNA Small interfering RNA
SNAP Soluble NSF attachment protein
SNARE Soluble N-ethylmaleimide-sensitive factor

attachment protein receptor
SSO Sulfo-N-succinimidyloleate
t-SNARE Target-membrane-associated SNARE
VAMP Vesicle-associated membrane protein
v-SNARE Vesicle-associated SNARE

Introduction

Glucose and long-chain fatty acids (LCFA) are the predom-
inant substrates for energy provision of the contracting heart.
The major cardiac substrate transporters in the heart are
GLUT4 (glucose) and CD36 (LCFA), both of which cycle
between intracellular stores and the plasma membrane (for
review see Schwenk et al. [1]). Translocation of GLUT4 and
CD36 to the plasma membrane is induced under conditions of
elevated insulin levels (e.g. postprandially) and under con-
ditions of increased ATP demand (e.g. upon increased
contraction), involving activation of insulin signalling and
AMP-activated protein kinase (AMPK), respectively.

In the early insulin-resistant heart there is a permanent
relocation of CD36 from endosomes to the plasma membrane
while GLUT4 distribution appears not yet affected [2]. The
constantly elevated presence of CD36 at the plasma
membrane fuels a vicious cycle of increased CD36-
mediated LCFA uptake and subsequent accumulation of toxic
lipid metabolites (lipotoxicity) [2, 3]. Over time, lipotoxicity
will lead to aggravation of insulin resistance, and finally to
cardiac dysfunction [4]. In order to explain the selective
increase in sarcolemmal content of CD36 in the early insulin-
resistant heart, there must be alterations in the trafficking
machinery of CD36. Given that sarcolemmal CD36 reloca-
tion is an early key event in diabetes-related cardiac
dysfunction, it is of pivotal importance to identify the
trafficking machinery involved in the subcellular distribution
of CD36, especially in relation to that of GLUT4.

The subcellular distribution of GLUT4 and CD36 is
regulated by soluble N-ethylmaleimide-sensitive factor
(NSF) attachment protein receptors (SNAREs), the mech-
anistical core complexes of membrane fusion [5]. Histori-
cally, SNAREs have been classified into vesicle-associated
SNAREs (v-SNAREs) and target-membrane-associated
SNAREs (t-SNAREs). However, more recent classifica-
tions reflect the conserved amino-acid residues within the
SNARE motifs, which are either a glutamine (Q-SNAREs)
or an arginine (R-SNAREs). When the vesicle-associated
R-SNAREs interact with a specific subset of Q-SNAREs at
the target membrane, a hetero-oligomeric SNARE complex
is formed that catalyses the fusion of the vesicle with the
target membrane.

While there are several subfamilies of t-SNAREs
(syntaxins, SNAPs, Sec proteins), vesicle-associated mem-
brane proteins (VAMPs) represent all members of the v-
SNARE subfamily [5]. There are seven identified VAMP
isoforms: VAMP1/synaptobrevin1, which is involved in
synaptic vesicle fusion [6] and appears to be absent in
muscle tissues [7]; VAMP2/synaptobrevin2; VAMP3/cellu-
brevin; VAMP4; VAMP5/myobrevin, which is predomi-
nantly produced in heart and skeletal muscle [8]; VAMP7/
TI-VAMP; and VAMP8/endobrevin [5]. Insulin-stimulated
translocation of GLUT4 involves VAMP2, which interacts
with the t-SNAREs syntaxin4 and SNAP23 at the plasma
membrane [9, 10]. Furthermore, VAMP7 has been shown to
mediate GLUT4 translocation on hyperosmotic shock [11].
These findings suggest that different VAMP isoforms might
be involved in the translocation of GLUT4 upon different
stimuli. However, nothing is known about the role of
VAMPs in CD36 trafficking.

The purpose of this study was to investigate the
involvement of each of the myocardial VAMPs in insulin-
and contraction-stimulated GLUT4 and CD36 translocation
to the plasma membrane. HL-1 atrial cardiomyocytes were
used in which the genes encoding the different VAMP
isoforms were transiently knocked down using small
interfering RNAs (siRNAs). In these cells, plasmalemmal
GLUT4 and CD36, as well as glucose and palmitate uptake,
were measured after activation of insulin or contraction
signalling. The data presented in this study disclose the
involvement of distinct VAMPs in the cellular distribution
of GLUT4 and CD36 and their importance for the insulin-
and contraction-stimulated translocation of both transporters
to the plasma membrane of cardiomyocytes.

Methods

Antibodies, siRNAs and plasmids Antibodies against
VAMP2 and VAMP3 were obtained from Abcam (Cam-
bridge, UK), against VAMP4 from Novus Biologicals (Lit-
tleton, CO, USA), against VAMP5 from Synaptic Systems
(Göttingen, Germany) and against VAMP7 and GLUT4 from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
bodies against the myc epitope, protein kinase B (PKB/AKT),
phospho-PKB/AKT(Ser473), phospho-acetyl-coA carboxyl-
ase (pACC; Ser79), phospho-AMPKα (pAMPK; Thr172)
and cleaved caspase-3 were from Cell Signaling (Danvers,
MA, USA), and against mouse CD36 from Chemicon
(Billerica, MA, USA). siRNAs against VAMP2/synaptobre-
vin2 (CCGATCTTTCCCTTATCTTtt), VAMP3/cellubrevin
(GCTCATGCTCTTATGTTAGtt), VAMP4 (CGTACGTTTG
AGCTTATAAtt), VAMP5/myobrevin (GGGAAGGCT
GAATGACTGCtt) and VAMP7/TI-VAMP (GGAAATTC
ATGTGACTATGtt) were from Ambion (Applied Biosys-
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tems, Austin, TX, USA). The plasmid coding for GLUT4myc
was kindly provided by J. Eckel (German Diabetes Center,
Düsseldorf, Germany).

Cell culture of HL-1 atrial cardiomyocytes HL-1 cells were
kindly provided byW. Claycomb (Louisiana State University,
New Orleans, LA, USA), cultured in Claycomb medium
(supplemented with 10% FCS, 0.1 mmol/l noradrenaline
[norepinephrine], 2 mmol/l L-glutamine, 100 U/ml penicillin
and 100 μg/ml streptomycin) at 37°C and 5% CO2. Cells
were split twice a week after reaching confluence.

Electric-field stimulation HL-1 cells were electrically paced
using the C-Pace Stimulator and six-well C-Dish Culture
Dish Electrodes from IonOptix (Milton, MA, USA). Prior
to electric-field stimulation, cells were incubated in deple-
tion medium (DMEM low glucose, supplemented with
2 mmol/l L-glutamine, 100 μmol/l non-essential amino
acids (NEAA), 100 U/ml penicillin and 100 μg/ml
streptomycin) for 16 h at 37°C and 5% CO2. Electric-field
stimulation was performed for 30 min at 40 V with a
frequency of 2 Hz and a pulse duration of 15 ms.

Content of adenosine phosphates Pelleted HL-1 cells were
freeze dried then extracted with 1.3 mol/l perchloric acid
and neutralised with 1 mol/l KHCO3. Thereafter, concen-
trations of ATP, ADP and AMP were determined by high-
performance liquid chromatography as described previously
by Luiken et al. [12].

Transfection of HL-1 cells Plates (48 well) were seeded
with 80,000 cells per well 24 h before transfection with
double-stranded siRNAs. Transfection of siRNA was done
with 25 pmol siRNA and 1 μl Lipofectamine-2000
(Invitrogen, San Diego, CA, USA) per well in antibiotic-
and noradrenaline-free culture medium. Cotransfection of
siRNAwith pCMV-GLUT4myc was performed with 20 pmol
siRNA, 0.15 μg plasmid DNA and 1 μl Lipofectamine-2000
per well in antibiotic- and noradrenaline-free culture medium.
After 6 h, the mediumwas changed to regular culture medium.
Cell lysis or functional assays were performed 48 h after
siRNA transfection.

CD36 cell surface staining Plasmalemmal CD36 was
measured 48 h after transfection of siRNA into HL-1
cardiomyocytes. Prior to measuring CD36, cells were
incubated in depletion medium for 16 h at 37°C and 5%
CO2. Translocation of CD36 was induced by incubation with
200 nmol/l insulin or 1 μmol/l oligomycin, or by electric-
field stimulation with 2 Hz pacing for 30 min at 37°C and
5% CO2. Afterwards, cells were fixed with 4% (wt/vol.)
formaldehyde twice for 10 min at room temperature and
blocked for 1 h with PBS containing 1% (wt/vol.) non-fat

dried milk and 0.05% (vol./vol.) Tween 20. Cells were
incubated with an anti-CD36 antibody (1:2,000 in blocking
buffer) for 30 min at room temperature and subsequently
washed three times with blocking buffer. Next, cells were
incubated with a horseradish peroxidase (HRP)-linked
secondary antibody (1:4,000 in blocking buffer) for 30 min
at room temperature. After extensive washing with blocking
buffer and PBS, an ortho-phenylenediamine–H2O2 solution
was added as a substrate for the bound HRP. The reaction
was carried out at room temperature and stopped after
30 min by addition of 1 mol/l H2SO4. Colour development,
representative of the amount of CD36 present at the plasma
membrane, was quantified by measurement of the absor-
bance at 490 nm. The background signal of the control
(incubation without primary antibody) was subtracted from
the raw data.

GLUT4myc cell surface staining In contrast to CD36,
GLUT4 is a transmembrane protein without a large
extracellular epitope. Therefore, it cannot be detected by
an antibody when integrated with the plasma membrane.
This problem can be solved by overproduction of a
GLUT4 variant carrying an myc tag on its first extracel-
lular epitope [13]. When properly integrated with the
plasma membrane the myc epitope of GLUT4myc is
extracellular and can easily be detected. In our study,
plasmalemmal GLUT4myc was measured 48 h after
cotransfection of the plasmid coding for GLUT4myc and
the siRNAs. The staining of plasmalemmal GLUT4myc is
done with a primary antibody against myc and an
appropriate HRP-linked secondary antibody. Aside from
these details, the GLUT4myc surface staining is homolo-
gous to the method of CD36 cell-surface staining. The
background signal of the controls (1, incubation without
primary antibody; 2, untransfected cells) was subtracted
from the raw data.

Glucose and palmitate uptake Substrate uptake into HL-1
cardiomyocytes was measured 48 h after transfection of the
HL-1 cardiomyocytes seeded on pre-coated glass slides.
Serum-depleted cells were treated with 200 nmol/l insulin,
1 μmol/l oligomycin or electrical pacing (2 Hz) for 30 min
at 37°C. Subsequently, palmitate (coupled to BSA in a
palmitate/BSA ratio of 1:3) and deoxy-D-glucose were
added to final concentrations of 20 and 4 μmol/l,
respectively, with tracer amounts of [14C]palmitate and
2-deoxy-D-[3H]glucose. After 10 min, uptake was termi-
nated and unbound substrate removed by washing the cells
with ice-cold depletion medium containing 0.2 mmol/l phlor-
etin. After transfer of the glass slides into new culture dishes,
cells were lysed by addition of 1 mol/l NaOH. Subsequently,
incorporated glucose and palmitate were measured by
scintillation counting of 14C and 3H.
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Cell lysis and western blotting Cell lysis and western
blotting were performed as described earlier by van Oort
et al. [14].

Statistics All data are presented as means ± SEM. Statis-
tical analysis was performed by using Student’s t test or
ANOVA (including Newman–Keuls multiple comparison
test) and statistical analysis software Prism 4 (GraphPad
Software). A p value of <0.05 was considered statistically
significant.

Results

Characterisation of HL-1 cells HL-1 cells have previously
been shown to produce the cardiac glucose transporters
GLUT1 and GLUT4 as well as the fatty acid transporter
CD36 [15, 16]. When comparing the production of the
different VAMP isoforms in mouse heart, skeletal muscle,
brain and HL-1 cells, we observed that VAMP isoforms 2,
3, 4, 5 and 7 are detectable in heart and skeletal muscle as
well as in HL-1 cells (Fig. 1a). However, as VAMP8 was
only detectable in mouse brain, it was not further
investigated.

A suitable approach to induce myocellular contractions
in vitro is electric-field stimulation, resulting in elevated
AMP levels and subsequent activation of AMPK [17]. HL-
1 cardiomyocyte cultures were also found to contract upon
electric-field stimulation using 40 V and 2 Hz pulses of
15 ms length. Under this condition, the AMP/ATP ratio
increased 2.1-fold (Table 1), leading to a subsequent
increase in phosphorylation of AMPK (2.8-fold) and ACC
(14.0-fold, p<0.05, n=3; Fig. 1b). Alternatively, ATP
depletion, as occurs during contraction, can be achieved by

incubation of cardiomyocytes with the F0F1-ATPase inhib-
itor oligomycin. Already low concentrations of oligomycin
(1 μmol/l) resulted in a 2.7-fold increase in the AMP/ATP
ratio and a robust increase in phosphorylation of AMPK and
ACC (3.6-fold and 11.3-fold, respectively; p<0.05,
n=3; Table 1, Fig. 1b). The use of electric-field stimulation,
however, requires a disproportional expenditure compared
with the equivalent pharmacological approach with oligomy-
cin. Therefore, the systematic screening for VAMP isoforms
involved in AMPK-mediated transporter translocation was
performed with oligomycin and the results evaluated after-
wards with electric-field-stimulated cells. Oligomycin treat-
ment did not increase apoptosis in HL-1 cells as measured on
the level of cleaved caspase-3 (Fig. 1c). In contrast, cleaved
caspase-3 accumulated in cells treated with staurosporine, a
known initiator of cell death [18]. Activation of insulin
signalling was investigated by measuring protein kinase
B/AKT Ser473 phosphorylation, which was elevated
3.3-fold by 200 nmol/l insulin (Fig. 1d). Insulin treatment
did not interfere with AMPK signalling, nor did oligomycin
interfere with insulin signalling (Fig. 1d).

Transfection of HL-1 cells with pCMV-GLUT4myc led
to a robust overproduction of GLUT4myc that did not
interfere with endogenous CD36 production (Fig. 2a). Each
of the stimuli induced the translocation of GLUT4myc
(Fig. 2b) and CD36 (Fig. 2c) to the plasma membrane to
comparable magnitudes. Subsequent substrate uptake,
especially palmitate uptake, has to be corrected for the
non-protein-mediated uptake component. This can be done
by subtraction of the uptake rate that is not inhibited by
phloretin, a general inhibitor of protein-mediated membrane
transport [19]. In HL-1 cells, basal glucose uptake was
entirely inhibited by phloretin (Fig. 2d), while basal
palmitate uptake was inhibited by 52% (Fig. 2e). For
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Fig. 1 Characterisation of HL-1 cardiomyocytes. a HL-1 lysates and
homogenates from mouse heart (H), skeletal muscle (SkM) and brain
(Br) were separated with SDS-PAGE and blotted against VAMP
isoforms 2–8. b AMPK activation in HL-1 cells by electric-field
stimulation. Serum-depleted cells were electrically paced for 30 min
with 40 V, 2 Hz and 15 ms pulses. Lysates were separated by SDS-
PAGE and blotted against pAMPK and pACC. Cells treated with
1 μmol/l oligomycin served as a positive control for AMPK and ACC
phosphorylation. c Apoptosis in HL-1 cells. Serum-depleted HL-1

cells were stimulated with two concentrations of oligomycin for
30 min. Lysates were separated by SDS-PAGE and blotted for
pAMPK and cleaved caspase-3. Staurosporine, 5 μmol/l, was used
as a positive control for apoptosis-induced cleaved caspase-3
accumulation. d Selectivity of insulin and oligomycin stimulation on
protein phosphorylation. Serum-depleted cells were treated with
200 nmol/l insulin or 1 μmol/l oligomycin for 30 min. Lysates were
separated by SDS-PAGE and blotted for pAKT, pAMPK and pACC.
Representative western blots are shown
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comparison, sulfo-N-succinimidyloleate (SSO), a specific
inhibitor of CD36, inhibited palmitate uptake by 33%
(Fig. 2e), while not affecting glucose uptake (Fig. 2e).
Hence, CD36 contributes >60% of the protein-mediated
component of basal palmitate uptake. When the cells were

treated with insulin, both glucose and palmitate uptake were
stimulated (Fig. 2d,e). When SSO was added, insulin-
stimulated palmitate uptake, but not glucose uptake, was
completely prevented (Fig. 2e). This confirms that CD36
translocation is responsible for the stimulus-induced increase

Table 1 HPLC analysis of adenosine phosphates in HL-1 cells

Variable Basal Treatmenta

Insulin Electric-field stimulation Oligomycin

ATP (μmol/g dry weight) 1.57±0.05 1.55±0.13 1.15±0.22* 0.69±0.03*

ADP (μmol/g dry weight) 1.77±0.28 1.25±0.20 1.70±0.19 1.25±0.05

AMP (μmol/g dry weight) 0.27±0.09 0.21±0.01 0.41±0.10 0.31±0.05

AMP/ATP 0.17±0.06 0.14±0.02 0.36±0.18* 0.45±0.09*

Lysates were freeze dried and high-energy phosphates determined by HPLC analysis
a Serum-depleted cells were treated with 200 nmol/l insulin, electric-field stimulation (2 Hz) or 1 μmol/l oligomycin for 30 min

*p<0.05 vs basal level
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Fig. 2 Substrate transporters and transport in HL-1 cardiomyocytes.
a HL-1 cells were transfected with either pCMV (control) or pCMV-
GLUT4myc 24 h after seeding. After a further 48 h cells were lysed
and the lysates separated by SDS-PAGE and blotted for GLUT4, myc
and CD36. Caveolin 3 (Cav3) served as a loading control.
Representative western blots are shown. b, c At 48 h after transfection,
serum-depleted cells were treated with 200 nmol/l insulin, electric-
field stimulation or 1 μmol/l oligomycin for 30 min. Afterwards,
plasmalemmal GLUT4myc (b) and CD36 (c) were detected by
immunostaining. d, e Serum-depleted cells were incubated with
DMSO (control), 0.2 mmol/l phloretin or 0.5 mmol/l SSO for
30 min. Unbound SSO was washed away and cells were stimulated

with 200 nmol/l insulin for 30 min in the continued presence of
phloretin (where indicated). Afterwards, the cells were incubated with
a substrate mix containing 2-deoxy-D-[3H]glucose and [14C]palmitate
for 10 min. (d) Glucose uptake and (e) palmitate uptake were
quantified by scintillation counting of the cell lysates. The uptake
component that was not inhibited by phloretin, i, presents non-protein-
mediated uptake (i.e. passive diffusion), and the uptake component
that was not inhibited by SSO, ii, presents the component of palmitate
uptake that was independent of CD36. Data are mean values ± SEM
of three independent experiments (n=3), with triplicate measurements
for each condition. *Statistically different from corresponding basal
value (p<0.05)
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in palmitate uptake. However, total palmitate uptake has
to be corrected for the passive diffusion component
(phloretin) of palmitate uptake. Therefore, palmitate
uptake values in a phloretin-treated group were routinely
subtracted from the total palmitate uptake in order to
determine facilitated palmitate uptake. Such correction for
the passive diffusion component is not necessary in the
case of glucose uptake, which is almost entirely blunted
by phloretin (Fig. 2d).

Abundance of GLUT4myc and CD36 at the plasma
membrane after VAMP knockdown HL-1 cells can effi-
ciently be transfected with siRNAs using lipid-based
transfection reagents (Fig. 3a). The transfection of the
selected siRNAs directed against VAMP isoforms 2, 3, 4, 5
and 7 led to a protein repression of 81%, 54%, 46%, 62%
and 55% (p<0.05, n=3), respectively, and had no cross-
reactivity between the different VAMP isoforms as verified
by western blot analysis (Fig. 3b).

As found with the non-transfected HL-1 cells (Fig. 2),
insulin and oligomycin also increased the plasmalemmal
amount of GLUT4myc after transfection with a non-coding
siRNA, by 1.4- and 1.6-fold, respectively (Fig. 4a,b).
Furthermore, plasmalemmal CD36 was increased 1.3-fold
and 1.6-fold, respectively (Fig. 4c). After VAMP2 knock-
down, basal CD36 presence at the plasma membrane was
increased 1.2-fold. Furthermore, the insulin-stimulated
increase of both GLUT4myc and CD36 at the plasma
membrane was completely inhibited. In contrast,
oligomycin-stimulated GLUT4myc and CD36 translocation

was not affected. VAMP3 knockdown had no effect on
insulin-stimulated transporter translocation but completely
inhibited oligomycin-stimulated GLUT4myc and CD36
translocation. Differences between GLUT4myc and CD36
translocation were observed after VAMP4 knockdown.
While insulin- and oligomycin-stimulated GLUT4myc
translocation remained unaffected, stimulation of CD36
translocation by both compounds was completely inhibited.
VAMP5 knockdown increased basal GLUT4myc abundance
at the plasma membrane 1.2-fold, while completely
inhibiting the stimulatory effects of both insulin and
oligomycin on translocation of this transporter. Simulta-
neously, insulin-stimulated CD36 translocation was com-
pletely inhibited, whereas oligomycin-stimulated CD36
translocation was not affected. VAMP7 knockdown in-
creased the basal presence of GLUT4myc at the plasma
membrane by 1.5-fold. In spite of the increased basal
plasmalemmal content of GLUT4myc in VAMP7-silenced
cells, the ability of insulin and oligomycin to stimulate
GLUT4myc translocation was largely maintained. In
contrast to VAMP5 knockdown, VAMP7 knockdown had
no effect on CD36 translocation.

When measuring substrate uptake, changes in the
plasmalemmal abundance of GLUT4myc and CD36 gener-
ally resulted in concomitant changes in glucose and
palmitate uptake (Fig. 5), indicating that the dynamics of
substrate utilisation directly correlate with the abundance of
both transporters at the plasma membrane. However, the
effects of VAMP2 knockdown on insulin-stimulated glucose
uptake and of VAMP3 knockdown on oligomycin-
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Fig. 3 Transfection and knock-
down of genes encoding VAMP
isoforms. a HL-1 cells were
transfected with different con-
centrations of fluorescence-
labelled siRNA 24 h after
seeding. Transfection efficiency
was microscopically determined
6 h after transfection by assess-
ment of the incorporated
fluorescence. b HL-1 cells were
transfected with siRNAs against
VAMP2–8 24 h after seeding.
After a further 48 h, cells were
lysed and the lysates separated
by SDS-PAGE and subsequently
blotted for each VAMP isoform.
Protein kinase B/AKT (AKT)
served as a loading control.
Representative western blots are
shown. FM, fluorescence
microscopy; LM, light
microscopy; nc, non-coding; IB,
immuno blot
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stimulated glucose uptake (Fig. 5b) were significantly lower
than the effects measured on GLUT4myc translocation
(Fig. 4b). Furthermore, VAMP5 knockdown had a signifi-
cantly greater effect on glucose uptake than on GLUT4myc
translocation. To test whether these discrepancies between
GLUT4myc translocation and glucose uptake might be due
to GLUT1-mediated glucose uptake, we used the specific
GLUT4 inhibitor indinavir, which does not interfere with
GLUT1-mediated glucose uptake [20]. In non-coding-
siRNA-transfected cells, indinavir inhibited basal glucose
uptake by 41% (Fig. 6). In VAMP5-silenced cells treated
with indinavir basal glucose uptake was elevated by 1.5-fold
compared with basal uptake by the indinavir-treated control
cells (Fig. 6). These findings indicate that GLUT1 is an
important contributor to basal glucose uptake, and that its
quantitative involvement is increased upon VAMP5 silenc-
ing. However, insulin- or oligomycin-stimulated glucose
uptake was completely inhibited by indinavir treatment
(Fig. 6), demonstrating that GLUT4 is entirely responsible
for the increase in stimulus-induced glucose uptake without
any role of GLUT1. Just as in VAMP5-depleted cells in the
absence of indinavir (Fig. 5b), indinavir-treated cells lacking
VAMP5 did not display altered glucose uptake upon
stimulation with insulin or oligomycin (Fig. 6).

Effects of VAMP3 knockdown on electric-field stimulated
GLUT4myc and CD36 translocation As mentioned above,

oligomycin was used to increase the intracellular AMP/ATP
ratio and activate AMPK signalling. Therefore, the effects
of VAMP gene knockdown on oligomycin-stimulated
transporter translocation and substrate uptake are expected
to be found also in contraction-induced transporter translo-
cation. To verify this, we measured GLUT4myc and CD36
translocation in VAMP3-silenced cells that were contracted
using electric-field stimulation (Fig. 7a). As expected, the
translocation of both GLUT4myc and CD36 were com-
pletely inhibited after VAMP3 knockdown (Fig. 7b, c).
Hence, VAMP3 is similarly involved in both oligomycin-
and contraction-induced GLUT4myc and CD36 translo-
cation, confirming that both stimuli use the same
trafficking machinery to move these transporters to the
cell surface. By inference, the effects of knockdown of
genes encoding other VAMP isoforms on oligomycin-
stimulated transporter translocation can, most likely, be
extrapolated to contraction-stimulated GLUT4myc and
CD36 translocation.

Discussion

GLUT4 and CD36 dynamically traffic between subcellular
compartments and the plasma membrane in cardiomyo-
cytes. Insulin and contraction trigger the accumulation of
both substrate transporters at the plasma membrane to
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Fig. 4 Plasmalemmal abun-
dance of substrate transporters
after knockdown of genes
encoding VAMP isoforms.
a HL-1 cells were co-transfected
with VAMP2–7 siRNAs and
pCMV-GLUT4myc 32 h after
seeding. After a further 28 h the
cells were serum depleted for
16 h and subsequently treated
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insulin; black bars, oligomycin).
Afterwards, plasmalemmal
GLUT4myc (b) and plasmalem-
mal CD36 (c) were detected by
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values ± SEM of six indepen-
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condition. Statistically different
from corresponding value in
control group (*p<0.05);
statistically different from
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value (†p<0.05). nc, non-coding
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increase the uptake of glucose and LCFA. In the present
study, we investigated the involvement of VAMPs in the
process of GLUT4 and CD36 translocation to the plasma
membrane on stimulation with insulin and increased
AMPK activity. We identified myocardial VAMP isoforms
that: (1) are shared by the GLUT4 and CD36 trafficking
machineries but discriminate between insulin-stimulated
and contraction-induced translocation processes; (2) dis-
criminate between CD36 and GLUT4 traffic; and (3)
contribute differently to the subcellular distribution of these
substrate transporters. Interestingly, it is of note that despite
residual levels of VAMP of 20–50%, the inhibitory effects of
these gene knockdowns on stimulated transporter transloca-
tion were complete. More specifically, we observed no linear
correlation between knockdown efficiency of each of the
VAMPs and changes in plasmalemmal transporter abundance
when comparing the results from the individual knockdown
experiments. This indicates that GLUT4 and CD36 trafficking

in cardiomyocytes is very sensitive to already small modu-
lations of VAMP abundance.

Selective VAMPs are necessary for both GLUT4 and CD36
translocation, but discriminate between insulin- and
contraction-induced translocation Previous studies showed
remarkable similarity between the regulation of GLUT4
and CD36 translocation, especially in the sense that both
depend on the same signalling processes (i.e. the
phosphoinositide-3 kinase [PI3K]/AKT axis upon insulin
stimulation and the LKB1/AMPK axis upon contraction
stimulation [1]). The present study further reveals that
selected VAMPs (i.e. VAMP2, VAMP3 and VAMP5) are
involved in the trafficking of both GLUT4 and CD36.
Insulin-stimulated translocation of GLUT4 and CD36 was
dependent on VAMP2 and VAMP5. The role of VAMP2 in
insulin-stimulated GLUT4 translocation has been well
established in skeletal muscle cells and adipocytes [9, 21].
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uptake component that could not be inhibited by phloretin (passive
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However, the additional involvement of VAMP5 discloses a
difference between cardiomyocytes and adipocytes [21]. Still,
the function of VAMP5 is rather complex as it is additionally
involved in contraction-induced GLUT4 translocation. The
mechanism by which insulin signals to VAMP2 and VAMP5
could include PI3K-mediated activation of protein kinase C
ζ [22]. The notion that both VAMP2 and VAMP5 are
necessary for insulin-stimulated transporter translocation
indicates that these VAMPs fulfil non-complementary roles
in this process. Perhaps these VAMPs operate at different
steps in the translocation process.

In contrast to the findings with VAMP2, we found VAMP3
to be selectively involved in contraction-induced translocation
of both GLUT4 and CD36. Previous evidence for a role of
VAMP3 in substrate-transporter translocation comes from
studies in which VAMP3, just like VAMP2, has been shown
to co-localise with GLUT4 [23, 24], whereas this has not yet
been determined for CD36. However, functional evidence of
the involvement of VAMP3 in contraction-induced trans-
porter translocation is lacking in these previous studies. Our
observation that VAMP3 is involved in contraction-induced
transporter translocation is, however, difficult to reconcile
with a study in rat skeletal muscle in which VAMP2,
VAMP5 and VAMP7, but not VAMP3, migrated to the
plasma membrane together with GLUT4 upon contraction
stimulation [24]. The observation by Rose et al. that the
plasmalemmal presence of VAMP3 is not increased upon

contraction might be explained by a rapid dissociation of the
VAMP3-containing SNARE complex by NSF and SNAP at
the plasma membrane [25, 26]. However, tissue differences
might also explain these controversial observations.

Taken together, the shared involvement of distinct VAMPs
in both GLUT4 and CD36 translocation indicates that CD36
translocation, just like GLUT4 translocation, is a vesicle-
mediated process dependent on SNARE-complex formation.
Moreover, this shared involvement further emphasises the
similarity in the protein machinery regulating both processes.

Selective VAMPs can discriminate between GLUT4 and
CD36 translocation Besides the shared involvement of
specific VAMPs in both GLUT4 and CD36 translocation,
there are also VAMPs that discriminate between GLUT4 and
CD36 translocation. We found VAMP4 to be involved
specifically in CD36 translocation induced either by insulin
or contraction. Hence, this VAMP isoform is an essential
component of the CD36-dedicated trafficking machinery that
translocates CD36 to the plasma membrane independently
from GLUT4. VAMP5 is specifically involved in contraction-
induced translocation of GLUT4, but not CD36. This
contrasts with the involvement of VAMP5 in insulin-induced
translocation of both transporters and shows that the involve-
ment of VAMP5 in the regulation of transporter translocation
is complex. Furthermore, the function of VAMP5 appears to
be cell-type specific. While VAMP5 is not involved in
GLUT4 trafficking in adipocytes [21], we and others could
show its involvement in GLUT4 translocation in contracting
myocytes [24].
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Selective VAMPs contribute differently to the basal subcellu-
lar distribution of substrate transporters Trafficking proteins
are not only involved in stimulus-induced translocation
processes, but also in the subcellular retention of a given
recycling protein, so that upon termination of the stimulus,
this protein returns into its intracellular storage compart-
ment [5]. Hence, VAMPs might not only be involved in the
translocation of GLUT4 and CD36 to the plasma membrane
but also in their intracellular sorting. A reduction in specific
VAMPs could result in an increased basal presence of the
substrate transporters at the plasma membrane, either
through unregulated dispersion or inhibited internalisation.

The present findings indicate that VAMP5 and VAMP7
mediate basal GLUT4 retention. Interestingly, studies in
C2C12 myoblasts have revealed the presence of VAMP5 at
the plasma membrane [27]. Combining this finding with the
present data suggests that the plasmalemmal presence of
VAMP5 is important in GLUT4 internalisation. As we also
established that VAMP5 is additionally involved in insulin-
and contraction-induced GLUT4 translocation, VAMP5
appears to have a dual function in the regulation of GLUT4
distribution. Furthermore, we observed a discrepancy be-
tween GLUT4 abundance at the plasma membrane and
glucose uptake in VAMP5-depleted cells: the latter was
disproportionally increased. This discrepancy is likely to be
attributed to GLUT1, which is the second most important
glucose transporter in the heart [28, 29]. Inhibition of
GLUT4-mediated glucose uptake by indinavir revealed that
the residual glucose uptake (via GLUT1) was increased by
1.5-fold in VAMP5-depleted cells. Therefore, VAMP5 might
be involved in GLUT1 internalisation as well as GLUT4
internalisation under basal conditions. Alternatively, plasma-
lemmal GLUT1 might be upregulated in VAMP5-depeleted
cells as a secondary effect to compensate for the loss of
plasmalemmal GLUT4. This has already been observed in
cardiomyocytes and adipocytes lacking GLUT4 [30, 31].
Furthermore, a compensatory action of GLUT1 might serve
as an explanation for the incomplete inhibition of insulin-
stimulated glucose uptake in VAMP2-depleted cells and of
contraction-stimulated glucose uptake in VAMP3-depleted
cells in comparison with complete inhibition of GLUT4
translocation in both cases.

GLUT4, but not CD36, also accumulated at the plasma
membrane after VAMP7 knockdown, and even to a markedly
greater extent than after VAMP5 knockdown. However, in
contrast to VAMP5 knockdown, insulin and oligomycin
further increased the sarcolemmal abundance of GLUT4 in
VAMP7-depleted cells. Hence, VAMP7 solely functions in
GLUT4 internalisation and, unlike VAMP5, has no addi-
tional role in stimulus-induced GLUT4 translocation.

We also unveiled that a VAMP isoform—VAMP2—is
involved in basal CD36 retention. This ability of VAMP2 to
reduce basal levels of CD36 at the plasma membrane is not

accompanied by a similar effect of this VAMP isoform on
basal GLUT4 retention. Therefore, next to VAMP5 and
VAMP7, VAMP2 knockdown also specifically increases the
sarcolemmal presence of one of the two transporters under
basal conditions. Because we also found VAMP2 to be
involved in insulin-stimulated CD36 translocation, this
additional involvement in basal CD36 retention points to
a dual role of VAMP2 in the regulation of CD36 trafficking.
Hence, the dual role of VAMP2 in CD36 trafficking mirrors
the dual role of VAMP5 in GLUT4 traffic, and further
indicates that both processes are similarly regulated though,
in part, by different VAMP isoforms.

Concluding remarks These findings indicate the potential of
VAMPs to serve as targets for the so-called metabolic
modulation therapy [32, 33]. For instance, pharmacological
strategies to stimulate cardiac glucose uptake via increasing
myocardial VAMP2 production or decreasing myocardial
VAMP4/VAMP7 production is expected to be beneficial for
the diabetic heart in which glucose uptake is repressed in
favour of LCFA. Interestingly, VAMP2-silenced HL-1 cells
resemble insulin-resistant cardiomyocytes because: (1) use of
LCFA is increased already in the basal state; (2) insulin has
lost the ability to stimulate LCFA and glucose uptake; but (3)
contraction-induced glucose and LCFA uptake are unim-
paired. Similar changes occur in the cardiac and skeletal
muscle of insulin-resistant obese Zucker rats [2, 34].
Furthermore, VAMP2 production is decreased in the
retinas from streptozotocin-diabetic rats [35] and in
insulin-secreting cells after 72 h exposure to palmitate
[36]. Whether inhibition of VAMP2 also takes place in the
diabetic heart remains to be determined.
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