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Abstract

Despite increased glucose utilization by hypertrophied myocardium, these hearts exhibit a slower rate of glucose uptake (GU).
We hypothesized that, in hypertrophied myocardium, a defect of the insulin-responsive glucose transporter is responsible for
impaired GU and metabolism during ischemia, contributing to post-ischemic myocardial dysfunction. In a rabbit model of pres-
sure-overload hypertrophy, GU (31P NMR spectroscopy) and total/phosphorylated insulin-signaling intermediates were assayed:
insulin-receptor, insulin-receptor-substrate-1 (IRS-1), phosphatidylinositol-3-kinase (PI3-k), GLUT-4 translocation and contractile
function in an isolated heart ischemia/reperfusion model. Total protein was not different between hypertrophied and control hearts.
Phosphorylation of IRS-1 and PI3-k activity was significantly lower in hypertrophy during ischemia. GU was impaired pre-ischemia
in hypertrophy, remained lower during early reperfusion, and was associated with impaired recovery of contractile function. In con-
clusion, a defect in IRS-1 phosphorylation and PI3-k activation in hypertrophied hearts restricts insulin-mediated GLUT-4 trans-
location and ischemia, a known stimulus of GLUT-4 translocation, does not compensate for this defect.
� 2005 Elsevier Inc. All rights reserved.
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Adaptive changes in the development of myocyte
hypertrophy include multiplication of sarcomeres, a
shift to fetal isoforms of contractile proteins and altered
calcium regulation for excitation–contraction coupling.
Abnormalities of fatty acid metabolism have also been
demonstrated in addition to a switch in substrate prefer-
ence from predominantly fatty acids to a greater use of
glucose for energy production [1,2]. Glucose transport
into the cell is rate limiting for glycolysis. Transport
across the plasma membrane is passive, and is provided
by specific transporter proteins [3], which depend on a
concentration gradient. The number of glucose trans-
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porter proteins present in the sarcolemma and their
affinity for glucose determine the rate of glucose trans-
port across the plasma membrane. We and others have
previously shown that the glucose transporter isoform
that is predominantly expressed in adult cardiomyocytes
is the insulin-sensitive transporter GLUT-4 [4,5]. Under
basal conditions, most GLUT-4 protein is localized in
intracellular vesicles for storage. Upon maximal insulin
stimulation, approximately 40% of the myocardial
GLUT-4 molecules are translocated to the plasma mem-
brane, augmenting cellular glucose uptake up to 20-fold
[6]. This increase in plasma membrane GLUT-4 mole-
cules appears to be the major mechanism by which insu-
lin acutely stimulates glucose uptake in insulin-sensitive
cells [7,8]. After insulin levels drop, the transporters are
recycled to the intracellular compartment. The other
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transporter expressed in the myocardium is GLUT-1
which is more independent of insulin action and is pre-
dominantly expressed in fetal and newborn myocardium
[4,9]. In the hypertrophied myocardium basal, non-insu-
lin-stimulated, glucose uptake rate is accelerated but
insulin-stimulated glucose uptake rate has been shown
to be reduced [10–14]. This alteration in glucose uptake
rate does not appear to be due to a decrease in GLUT-1
or GLUT-4 protein expression levels [11,14] but is
potentially due to an alteration in the insulin-mediated
translocation of GLUT-4.

Ischemia has also been shown to induce translocation
of insulin-responsive glucose transporter molecules to
the plasma membrane and is felt to be a protective
mechanism to facilitate glucose metabolism during a
period of limited oxygen availability [15]. The effects
of insulin on myocardial glucose uptake and glycolysis
are not easily distinguished from the effects of ischemia
on glucose metabolism. Impaired translocation of glu-
cose transporter to the plasma membrane in response
to either insulin or ischemia therefore, likely, has impor-
tant consequences for the ability of the myocardium to
withstand an episode of ischemia. Stimulation of glycol-
ysis under anaerobic conditions is in part mediated by
activation of other protein kinases such as the AMP-ac-
tivated protein kinases [16]. It is also possible that the ef-
fects of insulin and ischemia on glucose transport are
independent but additive in vivo, as has been shown
for insulin and hypoxia in skeletal muscle [17]. Thus,
increasing glucose transporter translocation to the plas-
ma membrane may well increase the rate of glycolysis
and afford greater protection to the ischemic heart.

Based on our previous observation that glucose up-
take is impaired in severely hypertrophied myocardium,
we hypothesized that insulin-mediated GLUT-4 translo-
cation in hypertrophied hearts is impaired due to an
intrinsic defect in the insulin signaling cascade. This de-
fect in insulin-mediated glucose uptake may result in de-
creased tolerance of hypertrophied myocardium to
ischemia and impaired recovery of post-ischemic con-
tractile function.
Materials and methods

Left ventricular hypertrophy model. Pressure-overload hypertrophy
was induced by banding of the descending aorta in 10-day-old New
Zealand White rabbits as previously described in detail [11]. Devel-
opment of left ventricular (LV) hypertrophy was determined by mea-
suring LV mass to LV volume ratio by weekly transthoracic
echocardiography. We have previously shown that progression of LV
hypertrophy reaches a plateau by 4–5 weeks of age in this model,
indicative of the compensated phase of hypertrophy [18]. In the present
study, severely hypertrophied hearts were studied from banded rabbits
that were 5–6 weeks of age and compared to sham operated age-
matched controls.

Determination of insulin-signaling pathway intermediates. Following
intravenous administration of a mixture of heparin (500 U/kg), keta-
mine (100 mg/kg), and xylazine (2.5 mg/kg), hypertrophied hearts
(n = 6/group) and non-hypertrophied control hearts from age-matched
littermates (n = 6/group) were rapidly removed and mounted on an
isolated heart perfusion set-up (Langendorff).Hearts were perfusedwith
modified Krebs–Henseleit (KH) solution containing glucose (11 mmol/
L) and insulin (10 IU/L), andLV tissuewasobtained following30 minof
perfusion, and in a separate set of hearts, after 30 min of normothermic
ischemia. The left ventricles were frozen in liquid nitrogen and tissuewas
further processed by immunoprecipitation as we have previously de-
scribed in more detail [12]. Immunoprecipitates were then used for gel
electrophoresis with 10% sodium dodecyl sulfate (SDS)–(PAGE) gels
[12]. After transfer to nitrocellulose membranes, the membranes were
incubated with primary antibodies directed against insulin-receptor-b
subunit, insulin-receptor substrate-1, phosphatidylinsitol-3 kinase, and
tyrosine phosphorylation products (Santa Cruz Biotechnology, Santa
Cruz, CA) at a dilution of 1:1000 followed by incubation with horse-
radish peroxidase-conjugated secondary antibody (Jackson Immuno
Research Labs, West Grove, PA) at a dilution of 1:10,000. The bound
antibody was detected by the enhanced chemiluminescence method
according to the manufacturer�s instruction (Amersham Life Science,
Arlington Heights, IL). After exposure on films, quantitative protein
analysis was performed by laser densitometry.

Phosphatidylinositol-3-kinase (PI3-kinase) activity was measured
by thin-layer chromatography (TLC) as we have previously described,
in ventricular tissue from hypertrophied and age-matched littermates
obtained from hearts following perfusion only and also at end-ische-
mia as described above [12]. TLC plates were developed in
CHCl3:CH3OH:H2O:NH4OH (60:47:11.3:2; vol/vol), dried, and visu-
alized by autoradiography. After exposure on films, quantitative
analysis was undertaken by laser densitometry.

Determination of activation of GLUT-4 by immunohistochemical

staining. Translocation of GLUT-4 from intracellular storage pool to
the plasma membrane prior to and during ischemia was determined by
immunohistochemical staining of LV cross-sections obtained from
hypertrophied and control hearts under baseline conditions and from a
separate set of hearts following 30 min of ischemia. Cross-sections of
the heart were fixed in 4% paraformaldehyde (PFA) in PBS (pH 7.4),
paraffin-embedded, and sectioned. The paraffin-embedded tissue sec-
tions were de-paraffinized and rehydrated in a descending alcohol
series. The slides were then stained with GLUT-4 primary antibody
(R&D Systems, Minneapolis, MN) in the presence of 5% blocking
serum in PBS to block unspecific binding sites. Secondary immu-
noreagent conjugated to the red-fluorescent Alexa-594 (Molecular
Probes, Eugene, OR) was used with 590/622 excitation/emission
wavelengths. After the staining procedure, sections were covered with
glass slides using an anti-fading mounting medium (Dako Corpora-
tion, Carpinteria, CA). Slides were visualized using an Axiovert 35
Microscope with a xenon light source. The fluorescent objective of a
Nikon 63x objective (NA = 63x/0.75) magnification and excitation/
emission filters for the chosen fluorescent probe were used.

Glucose uptake rate by 31P NMR spectroscopy. Glucose uptake
rate, defined as glucose transport and phosphorylation over time, was
determined by measuring the rate of accumulation of the glucose tracer
analogue 2-deoxyglucose. We have shown previously that in this
model, 2-deoxyglucose-6-phosphate is irreversibly trapped in the tissue
and is neither subjected to further metabolism nor to dephosphoryla-
tion. Glucose uptake was determined by 31P nuclear magnetic reso-
nance (NMR) in isolated perfused non-hypertrophied, age-matched
control hearts (n = 5) and hypertrophied hearts (n = 5) prior to
ischemia and 15 min into reperfusion. NMR spectra were acquired in
an 8.45 T vertical bore Bruker spectrometer (Bruker Instruments,
Billerica, MA) [11,12]. Spectral peak areas were quantified by inte-
gration after baseline correction with software provided by Bruker
(Bruker Instruments, Billerica MA). Normalization was carried out by
standardizing the 2-deoxyglucose-6-phosphate signal integral to an
external standard (500 lmol/L dimethylene phosphonic acid), con-
tained in a balloon adjacent to the heart.
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Isolated heart perfusion and contractile function measurements. A
separate group of animals were administered ketamine (100 mg/kg, IV)
and xylazine (2.5 mg/kg, IV) for euthanasia and heparin (500 U/kg
IV). The hearts were rapidly excised, the aorta was cannulated and
perfused in the Langendorff mode as we have previously described [12].
After a 30-min stabilization period, hypertrophied hearts (n = 6) and
non-hypertrophied, age-matched control hearts (n = 6) were arrested
with a 2-min infusion of 30 ml normothermic cardioplegia (KH
+22.5 mmol/L KCl) and maintained at 37 �C ischemia for 30 min,
followed by 30 min of reperfusion. Pressure measurements were ob-
tained with a latex fluid filled balloon, connected to a catheter tip
pressure transducer (Millar Instruments, Houston, TX). LV developed
pressure (systolic—end-diastolic pressure) at balloon volumes adjusted
to produce an end-diastolic pressure in the range of 5–10 mmHg, heart
rate and coronary flow were measured pre-ischemia and at the end of
the 30-min reperfusion period.

Statistical analysis. Data were analyzed using SPSS software
package (version 11.0, SPSS, Chicago, IL) and are reported as
means ± standard error of the mean (SEM). ANOVA was used for
comparison among and between groups, followed by Bonferroni�s post
hoc analysis where appropriate. A value of p 6 0.05 was considered
statistically significant.

Animal care. All animals received humane care in compliance with
the ‘‘Principles of Laboratory Animal Care’’ formulated by the
National Society for Medical Research and the ‘‘Guide for the Care
and Use of Laboratory Animals’’ prepared by the National Academy
of Sciences and published by the National Institutes of Health (NIH
Publication No. 86-23, revised 1996). The protocol was reviewed and
approved by the Institutional Animal Care and Use Committee at
Children�s Hospital Boston and Beth-Israel-Deaconess Hospital.
Results

Characteristics of animals

Left ventricular to body weight ratio measured
1.83 ± 0.12 g/kg in non-hypertrophied, age-matched,
controls, and 3.39 ± 0.32 g/kg in aortic banded animals
Fig. 1. Insulin-receptor b-subunit is shown as total protein content (A) an
Western-blot and the summary of densitometry data, there was no differen
means ± SEM. n = 6/group; C, control, perfusion only; C+I, control, end-is
ischemia.
(p < 0.0001). None of the aortic banded animals had
clinical evidence of heart failure.

Activation of insulin-signaling pathway intermediates

As indicated in Fig. 1, insulin-receptor b-subunit to-
tal was not different between control (pre- versus post-is-
chemia: 108 ± 10 versus 102 ± 15) and hypertrophy
(107 ± 17 versus 103 ± 9) and level of phosphorylation
was also not different pre- versus post-ischemia (control:
107 ± 4 versus 118 ± 9; hypertrophy: 109 ± 9 versus
100 ± 18). There was no difference in total protein levels
of IRS-1 in controls (pre/post-ischemia: 189 ± 4/
201 ± 20) versus in hypertrophy (pre/post-ischemia:
185 ± 11/187 ± 15). However, comparing IRS-1 phos-
phorylation levels, pre-ischemic levels were not different
between controls and hypertrophied hearts (114 ± 10
versus 118 ± 16). Ischemia resulted in increased phos-
phorylation of IRS-1 in control hearts (142 ± 17), but
in hypertrophied hearts, phosphorylated IRS-1 levels re-
mained at pre-ischemic values (110 ± 16; p < 0.05 versus
control) (see Fig. 2). Phosphatidylinositol-3-kinase (PI3-
kinase) activity was significantly lower in hypertrophied
hearts pre-ischemia (84 ± 5 in hypertrophy versus
98 ± 4 in controls; p < 0.05) and at end-ischemia com-
pared to controls (91 ± 5 in hypertrophy versus
117 ± 8 in controls; p < 0.01) (see Fig. 3).

Translocation of GLUT-4 in response to ischemia

The effects of ischemia on translocation of GLUT-4
in hypertrophied and age-matched controls are shown
in Fig. 4. Fluorescently labeled GLUT-4 protein is uni-
formly distributed during normal perfusion with glucose
and insulin (10 U/L) containing perfusate in control
d the amount phosphorylated (B). As indicated in the representative
ce between control and hypertrophied hearts. Data are expressed as
chemia; H, hypertrophy, perfusion only; and H+I, hypertrophy, end-



Fig. 2. Insulin receptor substrate-1 is shown as total protein content (A) and the amount phosphorylated (B). There was no difference between
control and hypertrophied hearts in total IRS-1 protein content. With regard to phosphorylation of IRS-1, ischemia resulted in a significant increase
in phosphorylation (e.g., activation) of IRS-1 in control hearts but remained at baseline levels in hypertrophied hearts. Data are expressed as
means ± SEM. C, control, perfusion only; C+I, control, end-ischemia; H, hypertrophy, perfusion only; and H+I, hypertrophy, end-ischemia. n = 6/
group; *p < 0.05 versus C.

Fig. 3. Representative blot of PI3-kinase activity in anti-IRS-1 immunoprecipitates from left ventricular muscle extracts of hypertrophied hearts
compared to hearts from age-matched control animals. The radioactivity at the origin is caused by [32P]ATP residues and other 32P-labeled materials.
PIP indicates the position of migration of PI3-P standard. PI3-kinase activity was determined by TLC and a representative blot is shown. Ischemia
resulted in a significant increase in PI3-kinase activity in control hearts compared to hypertrophied hearts (n = 6/group; *p < 0.05 versus C).
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hearts as well as hypertrophied hearts. During ischemia
however, there is a marked increase in fluorescence in
the cell membrane indicating GLUT-4 translocation
in control hearts but this effect is markedly blunted
in hypertrophied hearts.

Glucose uptake

Figs. 5A and B show the rate of 2-deoxyglucose-6-
phosphate (2-DG-6-P) accumulation over a period of
15 min in the aortic banded groups and control animals
prior to ischemia and following a 30-min period of nor-
mothermic, no-flow ischemia. Overall, 2-DG-6-P accu-
mulation in the presence of 10 U/L insulin was
significantly lower in hypertrophied hearts (2.46 ±
0.18 lmol/g dry weight) compared to normal age-
matched control hearts (4.21 ± 0.26 lmol/g dry weight;
p < 0.05) with a slower rate of rise and lower total accu-
mulation after 15 min. During early reperfusion, glucose
uptake rate recovered faster in control hearts
(6.24 ± 0.66 lmol/g dry weight) compared to hypertro-
phied hearts (3.79 ± 0.15 lmol/g dry weight; p < 0.05).



Fig. 4. Representative immunohistochemical cross-sections of the LV stained with GLUT-4 showed that pre-ischemia GLUT-4 protein was evenly
distributed in hypertrophied and control hearts and during ischemia, in control hearts, GLUT-4 translocated to membrane to a higher degree than in
hypertrophied hearts.

Fig. 5. (A,B) Glucose uptake rate pre-ischemia and during the first 15 min post-ischemia in controls (A) and hypertrophy (A) are shown. Glucose
uptake rate under maximal insulin stimulation was significantly lower in hypertrophied hearts compared to normal, age-matched, control hearts and
during early reperfusion, glucose uptake rate recovered faster in control hearts compared to hypertrophied hearts.
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Isolated heart perfusion and contractile function

measurements

There was no difference in pre-ischemic coronary
flow, heart rate or developed pressure measurements be-
tween hypertrophied and control hearts (data not
shown). Post-ischemic recovery of developed pressure
was worse however, in hypertrophied hearts (pre- versus
post-ischemia: 94 ± 3 mmHg versus 70 ± 5 mmHg;
p < 0.001) compared to control hearts (pre- versus
post-ischemia: 99 ± 2 mmHg versus 91 ± 1 mmHg;
p < 0.001 versus hypertrophy post-ischemia) (see Fig. 6).
Discussion

Several studies have suggested that a rapid recovery
of glycolysis is important for the recovery of heart func-
tion following ischemia [19,20]. Also, alterations in en-
ergy metabolism have been implicated as contributing



Fig. 6. Developed pressure measured prior to a 30-min period of
normothermic ischemia and 30 min after reperfusion in hypertrophied
hearts and age-matched non-hypertrophied control hearts. n = 6/
group, *p < 0.001 versus pre-ischemia hypertrophied hearts.
#p < 0.001versus post-ischemia hypertrophied hearts.
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to worse recovery of contractile function in the hyper-
trophied myocardium following ischemia [21,22]. Dur-
ing ischemia, hypertrophied hearts exhibit accelerated
loss of high-energy nucleotides, greater accumulation
of tissue lactate, earlier onset of ischemic contracture,
and accelerated accumulation of cytosolic calcium dur-
ing early reperfusion [23,24]. During ischemia, anaero-
bic glycolysis is the primary source for ATP
production since lack of oxygen and accumulation of
NADH in the mitochondria rapidly inhibit oxidative
phosphorylation. Although the mechanisms responsible
for the greater impairment of post-ischemic mechanical
function in hypertrophied hearts remain to be fully elu-
cidated, we speculate that regulation of glucose trans-
port across the plasma-membrane plays a significant
role. The slower glucose uptake rate in the hypertro-
phied hearts may in part explain the accelerated loss
of high-energy phosphates during ischemia and worse
recovery during reperfusion [25]. As we have previously
shown, even though energy metabolism, and therefore
ATP production, recovered in the hypertrophied hearts,
postischemic mechanical function remained impaired.
Recovery of oxidative metabolism is also crucial during
the reperfusion period [26]. In normal hearts, fatty acid
oxidation is the predominant source for energy produc-
tion in general and also during reperfusion [27,28]. In
hypertrophied myocardium, fatty acid oxidation is im-
paired [1,29] and glucose metabolism takes over a more
important role in energy metabolism. Therefore, the
translocation of GLUT-4 into the sarcolemmal mem-
brane during ischemia also has potential implications
for rates of glucose metabolism during early reperfusion
since GLUT-4 protein continues to reside at higher lev-
els in the sarcolemma.

Glucose utilization in the myocardium is controlled
by many factors including cardiac work, ischemia, hy-
poxia, and insulin [30]. The rate of glucose uptake is lar-
gely determined by the number and activity of GLUT-4
in the sarcolemmal membrane. It has been shown that
both hypoxia (e.g., ischemia) and insulin cause translo-
cation of myocardial glucose transporters from an intra-
cellular site to the sarcolemmal membrane [31]. Insulin
binds to a specific cell surface receptor which spans
across the cell membrane. Insulin receptor binding in-
duces autophosphorylation and activation of the protein
tyrosine kinase domain, located in the b-subunit. The
main target for the activated kinase is insulin-receptor
substrate-1 (IRS-1) protein which after phosphorylation
associates with the enzyme PI3-kinase [32]. PI3-kinase
activation subsequently leads to translocation of
GLUT-4. Under basal conditions, GLUT-4 protein is
stored in intracellular vesicles, and upon stimulation, is
translocated to the plasma membrane, increasing the
membrane capacity for glucose transport. Myocardial
insulin insensitivity, as seen in non-insulin-dependent
diabetes mellitus, has been shown to be associated with
impaired glucose uptake during ischemia [33]. In hyper-
trophied myocardium, relative insensitivity to insulin
has been described, which results in a slower rate of glu-
cose entry into the myocytes and a decline in insulin-
mediated glucose uptake and non-oxidative glucose
metabolism [11–13,34]. However, the total expression
of GLUT-4 is not the limiting factor since protein
expression is not different in hypertrophied heart com-
pared to the normal, age-matched controls [10,11]. In
this study, we have found that failure of insulin-medi-
ated recruitment of GLUT-4 to the plasma membrane
is responsible for impaired glucose transport in hyper-
trophied myocardium. Besides insulin, stimuli such as
exercise, hypoxia, hormones, and ischemia have also
been shown to cause translocation of GLUT-4 mole-
cules in fat and skeletal muscle [16,31,35–38]. Diabetic
myocardium and potentially other states of insulin-resis-
tance appear to have an impaired ability to increase
glucose uptake in response to either insulin or ischemia
[39–42]. In addition, intracellular acidosis inhibits the
insulin-mediated signaling pathway and an intracellular
pH of 6.75 seems to be the threshold [32]. As we have
previously reported hypertrophied hearts develop lower
pH levels than non-hypertrophied control hearts. An
intracellular pH of 6.66 was found in our model of
pressure-overload hypertrophy at the end of a 30-min
ischemic period compared to a pH of 6.88 in control
hearts [26].

There is some controversy as to whether or not insu-
lin and ischemia have an additive effect on GLUT-4
translocation and subsequent increase in glucose uptake.
Brosius et al. [43] did not find that ischemia in the pres-
ence of insulin resulted in additional GLUT-4 transloca-
tion. However, when hyperinsulinemia was present,
Russell et al. [44] reported an increase in GLUT-4 as
well as GLUT-1 translocation rate. If indeed alternate
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pathways regulate ischemia-induced GLUT-4 regulation
as effectively as insulin-mediated GLUT-4 activation,
then we could show in this study that in hypertrophied
hearts not only insulin-regulated glucose uptake is im-
paired but ischemia as additional stimulus for GLUT-
4 translocation did not ameliorate this effect. Our results
suggest that there is a lack of glucose transporter trans-
location to the sarcolemmal membrane in hypertrophied
hearts during ischemia. The defect in activation of
GLUT-4 translocation appears to be in the early steps
of tyrosine kinase phosphorylation of insulin-receptor
substrate-1 and inhibition of the insulin-signaling path-
way could be due to lower pH occurring in hypertro-
phied hearts during ischemia. Ultimately, impaired
glucose uptake during ischemia and also during early
reperfusion in hypertrophied hearts is associated with
impaired recovery of contractile function in hypertro-
phied hearts.
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