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Aims Whole body and myocardial insulin resistance are features of non-insulin-dependent diabetes mellitus (NIDDM) and
left-ventricular dysfunction (LVD). We determined whether abnormalities of insulin receptor substrate-1 (IRS1),
IRS1-associated PI3K (IRS1-PI3K), and glucose transporter 4 (GLUT4) contribute to tissue-specific insulin resistance.

Methods and
results

We collected skeletal muscle (n ¼ 27) and myocardial biopsies (n ¼ 24) from control patients (n ¼ 7), patients with
NIDDM (n ¼ 9) and patients with LVD (n ¼ 8), who were characterized by euglycaemic–hyperinsulinaemic clamp
and positron emission tomography. Comparative studies were carried out in three mouse models. We demonstrate
an unrecognized reduction of IRS1 in skeletal muscle of LVD patients and an unexpected increase in cardiac IRS1-
PI3K activity in NIDDM and LVD patients. In NIDDM, there was a concomitant reduction in sarcolemmal GLUT4,
whereas in patients with LVD sarcolemmal GLUT4 was increased. We confirm activation of IRS1-PI3K and reduction
in sarcolemmal GLUT4 in the insulin resistant ob/ob mouse heart where we also demonstrate perturbation of GLUT4
docking and fusion. A direct relationship between PI3K and GLUT4 was demonstrated in mice expressing activated PI3K
in the heart and increased GLUT4 at the sarcolemma was confirmed in a mouse model of LVD.

Conclusion Our data show that the mechanisms of myocardial insulin resistance are different between NIDDM and LVD.
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Introduction
Whole body insulin resistance is a predominant feature of
non-insulin-dependent diabetes mellitus (NIDDM). Although less
well recognized, whole body insulin resistance is also a feature of
left ventricular (LV) dysfunction (LVD) and congestive heart
failure (CHF)1,2 and the severity of insulin resistance independently
predicts mortality.3,4

The pathophysiology of tissue- and disease-specific insulin resist-
ance remains poorly characterized, but is of increasing clinical
importance given the global burden of insulin resistant syndromes
that contribute significantly to cardiovascular morbidity and mor-
tality in these patients. In insulin-resistant patients, diminished
whole body glucose disposal largely reflects abnormalities of

the skeletal muscle.2 A key component of insulin signalling
involves recruitment of insulin receptor substrate-1 (IRS1) to the
activated insulin receptor and activation of IRS1-associated
phosphatidylinositol-3 kinase (PI3K). In skeletal muscle, abnormal-
ities of IRS1 tyrosine phopshorylation have been described in
patients with insulin resistance and in animal models of this con-
dition.5,6 Thus, disruption of IRS1 function might contribute signifi-
cantly to whole body insulin resistance in diabetes.7 The weight of
evidence suggests that levels of glucose transporter 4 (GLUT4, the
main insulin-sensitive transporter) are unchanged in the skeletal
muscle of insulin resistant patients.7 The molecular mechanism of
whole body insulin resistance in patients with LVD remains
unclear but, as in NIDDM, it may relate to disruption of IRS1
function.
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Studies using positron emission tomography (PET) have shown
that, in addition to the whole body phenotype, the myocardium
of both NIDDM and LVD patients is insulin resistant.8 In the
heart, as in skeletal muscle, IRS1-associated PI3K (IRS1-PI3K)
activity is important for insulin-stimulated glucose disposal and is
also a key factor in the regulation of cardiac growth.9,10 Perhaps
surprisingly, the insulin receptor in the heart was found to be para-
doxically activated in a mouse model of diabetes.11 Furthermore, it
has been observed that, in contrast to skeletal muscle, there is an
unexpected activation of Akt, a downstream target of IRS1-PI3K, in
end-stage CHF that is characterized by myocardial insulin resist-
ance.8,12,13 Overall, studies of insulin signalling in the heart are at
odds with the findings in skeletal muscle and these intriguing dis-
similarities remain unexplained.

The aim of the present study was to investigate further the
mechanisms of insulin resistance at the whole body and myocardial
level in patients with NIDDM or LVD using a combination of non-
invasive imaging and ex vivo assays on biopsy samples. Comparative
studies were conducted in animal models of insulin resistance
and LVD.

Methods

Study population and clinical phenotyping
Consecutive patients awaiting routine cardiac surgery who were
suitable for inclusion were invited to take part in the study over a
3 year period. Inclusion criteria were age 35–75 years, creatinine
,200 mmol/L, an echocardiogram, and coronary angiogram within
3 months. Exclusion criteria were myocardial infarction within
3 months, LV ejection fraction ,15%, claustrophobia, viability in
,35% of the LV as determined by cardiac magnetic resonance
imaging (MRI) or PET, coincident LVD and NIDDM, inability to lie
flat for 45 min, pacemaker implant or a quoted operative mortality
of .15%. Patients were assigned to one of three groups: control,
LVD, or NIDDM. All patients with NIDDM had preserved LV function.
Patients with normal LV function, without NIDDM and no history of
myocardial infarction undergoing cardiac surgery were used as the
control group (i.e. coronary artery disease or mitral valve stenosis).
Patients were considered to have LVD, with or without symptoms
of heart failure, if their ejection fraction was ,40%. All patients with
NIDDM had previously been diagnosed with the condition and all
had normal systolic LV function.

Of the patients invited to take part (n ¼ 97), 63 were enrolled into
the study. Following recruitment, non-progression to intra-operative
biopsy collection most commonly occurred in the LVD group based
on non-invasive imaging assessments, due to inter-current illness or
after assessment of predicted operative mortality or due to patient
refusal. All patients were managed with optimal medical therapy, all
anti-diabetic treatment was stopped the evening prior to cardiac
surgery (Table 1). The study protocol was approved by the local
Ethics Committee and the Administration of Radioactive Substances
Advisory Committee in compliance with guidelines. Written consent
was obtained from all patients.

Magnetic resonance imaging, positron
emission tomography, and euglycaemic–
hyperinsulinaemic clamp studies
PET with 18F-fluorodeoxyglucose (supplied by Hammersmith Imanet)
was used to non- invasively quantify myocardial glucose utilization

and myocardial viability under euglycaemic–hyperinsulinaemic clamp
conditions.14 Whole body glucose disposal rates were derived from
the steady-state phase of the euglycaemic–hyperinsulinaemic clamp.2

To guide the surgical collection of biopsies from viable, contractile
myocardium of known metabolic function, patients were characterized
using PET (definition of viability: myocardial glucose uptake �0.25
mmol/g/min).15 In addition to the routine echocardiogram, a new
assessment of global and regional LV function was performed within
2 weeks of the PET scan using either cardiac MRI or echocardiography.

Biopsy collection
After establishing cardiopulmonary bypass, myocardial arrest was
achieved and full thickness myocardial biopsies (�50 mg) were har-
vested from the LV using a 5 mm corer. Biopsies were taken from
viable segments as directed by PET analysis. Biopsy sites were over-
sewn and haemostasis was achieved. On completion of the operation,
haemostasis was re-checked before and after release of the cross-
clamp. Two skeletal muscle biopsies (�100 mg) were taken from
the exposed superior epigastric muscles. All biopsy samples were
rinsed in ice-cold saline solution and extraneous tissues were
removed prior to freezing in liquid nitrogen.

Animals
Ob/þ and ob/ob diabetic mice were supplied by Charles River labora-
tories. Mice with cardiac specific expression of caPI3K have been
described in detail elsewhere.9 For studies of LVD, transverse aortic
constriction (TAC) was introduced to C57Bl6 mice using a 25G
needle or sham-operation, as previously described.16,17 Mice were fol-
lowed post-operatively with serial echocardiograms at 2 week inter-
vals. Hypertrophy, as measured by increased wall thickness, was
noted 3–4 weeks after TAC, and an increase in LV dilatation and
diminished fractional shortening was noted 6–7 weeks after TAC
(see Supplementary material online, Table S1). Mice were sacrificed
7 weeks after TAC, the hearts were harvested, washed in cold PBS,
and flash frozen. For all studies male mice (6–12 weeks old) were
used, which had been maintained on a normal chow diet using stan-
dard husbandry conditions.

For molecular studies the right ventricle and atria were removed and
LV samples frozen in liquid nitrogen. All animals were fasted for 6 h
before sacrifice. For insulin stimulation intra-peritoneal injection of
0.5 U/kg human insulin or an equal volume of saline for controls was
given and animals were sacrificed 30 min post-injection. Animals
were culled and hearts removed at the same time of day. To
measure serum insulin levels of fasted animals the Rat/Mouse Insulin
ELISA kit (Linco Research) was used according to manufacturer’s
instructions. Animal studies were performed in accordance with
local guidelines with the approval of local Ethics Committees and
conform to the Guide for the Care and Use of Laboratory Animals.

Cardiac muscle fractionation
Sucrose gradient purification was used to isolate cytosolic, intracellular
vesicular pools, and sarcolemmal fractions from cardiac tissue as pre-
viously described.12,17 Hearts from 8- to 12-week-old male mice were
removed, washed in ice-cold PBS, and homogenized in cold lysis buffer
(20 mM HEPES, 250 mM sucrose, 1 mM EDTA, 5 mM benzamidine,
1 mM aprotinin, 1 mM pepstatin, 1 mM leupeptin, and 1 mM phenyl-
methylsulfonyl fluoride, pH 7.4). The homogenate was centrifuged
(2000g, 10 min) and supernatants removed and centrifuged (9000g,
20 min). Pellets were resuspended in 500 mL PBS supplemented with
protease inhibitors (as discussed earlier) and kept as the sarcolemmal
fraction. Supernatants were then centrifuged (180 000g, 90 min) and
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the supernatants from this centrifugation step were kept as the cyto-
solic fraction. In each experiment, the same amount of protein was
loaded for sarcolemmal and cytosolic fractions. The remaining
pellets were resuspended in 500 mL of PBS with protease inhibitors
and combined with the sarcolemmal fraction. Protein concentration
was determined by Bradford assay, and equal amounts of protein
were loaded on a 10–30% (wt/wt) continuous sucrose gradient and
centrifuged at 48 000 r.p.m. for 55 min (SW-50 rotor). Gradients
were separated into 9–10 fractions, the same volume from each frac-
tion was loaded and separated by SDS–PAGE and immunoblotted as
previously described.12,17

Immunoblotting, immunoprecipitation,
and Akt kinase assay
Immunoblotting was performed as previously described18 with rabbit
anti-IRS1, mouse monoclonal (clone 4G10) anti-phosphotyrosine,
and rabbit anti-insulin receptor subunit b. Immunoprecipitation was

performed as previously described12,19 and antibodies were pre-bound
to protein sepharose A or G according to the manufacturers’ instruc-
tions. Receptor tyrosine kinase profiling was performed with pooled
samples (n ¼ 3–4) from the patient groups using receptor tyrosine
kinase arrays (R&D systems) according to the manufacturers’ instruc-
tions. The assay uses antibodies spotted in duplicate onto the array
against 42 human receptor tyrosine kinases which bind to the recep-
tors in protein extracts to the array that are then interrogated using
an anti-phosphotyrosine antibody. The Akt kinase assay (Cell Signaling)
was performed as per the manufacturer’s instructions. Primary
antibodies: GLUT4 (Abcam), total Akt (Cell Signaling), phospho-
(Ser473)-Akt (Cell Signaling), AS160 (Millipore), GSK3b (Cell
Signaling), IRS-1 (Upstate Biotechnologies), insulin receptor beta
subunit (Upstate), Caveolin-3 (Abcam), Scamp3 (Abcam), SNAP23
(Abcam), and Syntaxin 4 (Abcam). Secondary antibodies were
conjugated to horseradish peroxidase (Dako). Where indicated,
autoradiograph band intensity was determined by semi-quantitative
densitometry (Quantity One, BioRad).
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Table 1 Main characteristics of the study population

Controls LVD NIDDM

Number 13 37 13

Gender (M/F) 12/1 35/2 13/0

Age (years) 64+13 64+9 64+9

BMI (kg m22) 28+7 25+3 28+5

Medications (%) BB (40) BB (90) BB (67)
ACE (47) ACE (70) ACE (77)
CCB (24) CCB (40) CCB (55)

D (6) D (70) D (33)
ASA (53) ASA (100) Met (33)
Sta (65) Sta (100) Sul (89

Tzd (33)
Ins (11)

ASA (100)
Sta (100)

Haemodynamic parameters

SBP (mmHg) 135+22 124+13 142+21

DBP (mmHg) 75+7 75+9 80+9

HR (b.p.m.) 59+10 65+15 66+8

EF (%) 60+12 27+11* 58+18

Other parameters

Haemoglobin (g dL21) 14.1+2.1 13.4+1.3 13.7+1.5

Urea (mmol L21) 6.4+2.3 5.8+2.3 7.0+4.1

Creatinine (mmol L21) 104.1+27 106.9+23 102.8+25

Serum insulin (mU/L) 7.1+2.5 6.2+3.1 12.4+7.4*,**

Plasma glucose (mmol L21) 4.8+0.5 5.4+0.8 6.3+1.9*

HbA1c (%) 5.6+0.2 5.7+0.2 6.6+1.1*

Triglycerides (mmol L21) 1.3+0.3 1.3+0.3 1.6+0.8

Total cholesterol (mmol L21) 4.3+0.6 4.0+1.2 3.5+1.0

FFA (mEq L21) 0.54+0.2 0.93+0.4 0.59+0.4

Data are given as means+ SD.
BB, beta blocker; ACE, angiotensin converting enzyme inhibitor; CCB, calcium channel blocker; D, diuretic; Met, metformin; Sul, sulphonylurea; Tzd, thiazolidinedione; Ins, insulin;
ASA, aspirin; Sta, statin; LVD, left-ventricular dysfunction; NIDDM, non-insulin-dependent diabetes mellitus; BMI, body-mass-index; SBP, systolic blood pressure; DBP, diastolic
blood pressure; HR, heart rate; EF, ejection fraction; FFA, fasting levels of free fatty acids.
*P , 0.05 vs. control
**P , 0.01 vs. LVD.
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Insulin receptor substrate-1-associated
phosphatidylinositol-3 kinase assay
The PI3K assay was performed as previously described.12,19 In brief,
1 mg of protein lysates was immunoprecipitated with anti-IRS-1 anti-
body (Upstate Biotechnologies), and kinase activity was detected by
the incorporation of 32P to phosphatidylinositol 3-phosphate after
thin layer chromatography (TLC) as previously described.12,19 Dried
TLC plates were exposed to autoradiograph film and resultant
signals were measured using semi-quantitative densitometry (Quantity
One, BioRad). The IRS1-PI3K assay was not possible for four of the
human myocardial biopsies due to sample size limitations and one
biopsy did not yield sufficient protein for the assay.

Statistical analysis
All data are presented as mean+ SD. For regression analysis,
association of myocardial IRS1-PI3K with body mass index (BMI),
systolic blood pressure, ejection fraction, creatinine, insulin, and
triglycerides was tested using the Enter method. For bivariate corre-
lation analysis, Pearson correlations were used. For normal distri-
bution analysis QQ plot was used. All reported P-values for
comparison of means were performed using ANOVA and Tukey
post hoc analysis. Statistical calculations were performed using SPSS
version 12.0.

Results

Baseline characterization of the study
population
The study population is described and illustrated in Figure 1 and
Table 1. The three study groups were matched for age and

gender. The BMI of patients with NIDDM was no different from
that of the control group while patients with NIDDM had higher
plasma glucose, insulin, and HbA1c levels.

Euglycaemic–hyperinsulinaemic clamp
studies and skeletal muscle insulin
signalling
The average rate of whole body glucose disposal during the clamp
studies was lower in patients with LVD or NIDDM when com-
pared with control patients (Figure 2A). Likewise, myocardial
glucose utilization was lower in patients with LVD or NIDDM
when compared with the control group (Figure 2B). Further analy-
sis of the data showed that the biopsy subgroup did not differ from
the larger cohort with regard to whole body and myocardial
glucose utilization.

In molecular studies, the reduction in total body glucose utiliz-
ation in NIDDM and LVD when compared with controls was
not associated with any change in total cellular IRS1 expression
or basal IRS1-PI3K activity in the skeletal muscle (Figure 3A and
C ). In agreement with a previous report,20 patients with NIDDM
had a reduced IRS1 phosphotyrosine content in skeletal muscle
biopsies when compared with controls. In addition, we observed
a previously unrecognized reduction in IRS1 phosphotyrosine
expression in skeletal muscle biopsies from patients with LVD
(Figure 3B and D). We examined GLUT4 protein levels in the skel-
etal muscle and found no difference in total or sarcolemmal frac-
tions of GLUT4. Levels were variable, but unchanged overall
between the patient groups (see Supplementary material online,
Figure S1).

Figure 1 Consort diagram of human study design. NIDDM, non-insulin-dependent diabetes mellitus.
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Myocardial insulin signalling in patients
with non-insulin-dependent diabetes
mellitus or left-ventricular dysfunction
Patients with NIDDM or LVD, although insulin resistant at the
myocardial level (Figure 2B), had a surprising increase in
IRS1-PI3K activity in the heart, in the absence of a change in
total IRS1 levels (Figure 4A and B and data not shown). In a multi-
variate regression analysis, there was a significant inverse associ-
ation (r ¼ 20.68, P ¼ 0.01) between IRS1-PI3K activity and
whole body glucose disposal. In separate analyses, we observed
a positive correlation between fasting insulin levels and myocardial
IRS1-PI3K activity (r ¼ 0.64, P ¼ 0.007) (Figure 4C and D). Akt, the
downstream target of PI3K, exhibited increased activity in
patients with NIDDM (Figure 4E), but not in patients with LVD
(data not shown). To determine the mechanism of IRS1-PI3K acti-
vation in the insulin resistant heart, we examined the physical inter-
action of the insulin receptor with IRS1 and found an increased
association of these molecules (Figure 4F). There was also
increased activity of the insulin receptor in these patients
(Figure 4G).

It was unclear how activation of PI3K alone could explain myo-
cardial insulin resistance in our study population and we therefore
examined GLUT4. We observed no differences in total cellular
GLUT4 levels between patients with NIDDM or controls
(Figure 5A). However, sub-cellular fractionation studies revealed a
marked downregulation of GLUT4 expression at the sarcolemma
and within intra-cellular vesicles in patients with NIDDM when
compared with controls (Figure 5B–D). In contrast, in patients
with LVD there was increased expression of GLUT4 at the
sarcolemma (Figure 5E–F ) and a trend towards higher total
cellular GLUT4 levels and no difference in GLUT1 levels (data
not shown).

Figure 2 Whole body glucose disposal and myocardial glucose
utilization. (A) Whole body glucose utilization under euglycaemic–
hyperinsulinemic clamp conditions in patients with normal ventri-
cular function without diabetes (control), patients with normal
ventricular function and non-insulin-dependent diabetes mellitus
(NIDDM) and patients with left-ventricular dysfunction (LVD);
(**P ¼ 0.002 vs. control, ‡P ¼ 0.001 vs. control, †P ¼ 0.05 vs.
LVD). (B) Myocardial glucose utilization under euglycaemic–
hyperinsulinemic clamp conditions as determined by positron
emission tomography (PET) with 18F-fluorodeoxyglucose;
(*P ¼ 0.02 vs. control, }P ¼ 0.006 vs. control).

Figure 3 Insulin receptor substrate-1 (IRS1) protein levels and activity in skeletal muscle. (A) Immunoblot of IRS1 protein levels in total cell
lysates from skeletal muscle biopsies. Levels of IRS1 were unchanged in patients with non-insulin-dependent diabetes mellitus when compared
with controls. (B) Representative immunoblot of phosphotyrosine- IRS1 levels in skeletal muscle extracts as determined by phosphotyrosine
immunoprecipitation and insulin receptor substrate-1 immunoblotting. (C) Quantification of total IRS1 levels in skeletal muscle biopsies in
patient groups in optical units. (D) Quantification of phosphotyrosine- IRS1 levels in skeletal muscle biopsies in patient groups in optical units.
**P ¼ 0.001 vs. control.
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Myocardial insulin signalling in the mouse
heart
To investigate the increase in myocardial PI3K activity in patients
with NIDDM, we examined myocardial IRS1-PI3K activity in the
ob/ob mouse, a well-established model of insulin resistance and
diabetes.7,11,21,22 In keeping with our human data, myocardial
IRS1-PI3K activity was elevated (2.2-fold, P , 0.01) in ob/ob
mice when compared with ob/þ controls (Figure 6A and B). Pre-
vious studies have suggested an increase in insulin receptor phos-
phorylation in the ob/ob mouse heart.11 We confirmed this
observation (Figure 6C, upper panel) and extended our analyses
to demonstrate a physical association of IRS1 with the insulin
receptor (Figure 6C, lower panel). Insulin concentrations were
measured after 6 h fasting and, as expected, insulin levels were
significantly higher in ob/ob mice compared with controls (P ¼
0.001) (Figure 6D). Downstream of PI3K signalling we found

that Akt was phosphorylated to a greater extent in the hearts
of ob/ob mice when compared with ob/þ controls at basal
levels and that the increase in phospho-Akt in response to
insulin stimulation in the ob/ob mouse was attenuated when com-
pared with control mice levels, whereas total Akt levels were
unchanged (Figure 6I–K ). As seen in humans, total cellular
GLUT4 expression levels were similar between ob/ob hearts
and ob/þ control hearts but GLUT4 was markedly diminished
at the sarcolemma and across sub-cellular fractions in ob/ob
hearts (Figure 6E–H ). Finally, we examined GLUT4 expression
at the sarcolemma in a mouse model of pressure
overload-induced LVD. In this model, IRS1-PI3K was not activated
(see Supplementary material online, Figure S3), and no changes in
Akt phosphorylation were observed (Figure 7D) while GLUT4
levels at the sarcolemma showed a trend towards increase con-
sistent with our human findings (Figure 7A–C ).

Figure 4 Activation of insulin receptor substrate-1-phosphatidylinositol-3 kinase (IRS1-PI3K) and the insulin receptor in the diabetic heart.
(A) Autoradiograph of myocardial IRS1-PI3K activity in cardiac biopsies as determined by in vitro kinase assay. (B) Quantification of IRS1-PI3K
activity in arbitrary optical units. Data were transformed to a logarithmic scale (base 2) for linear regression analysis; *P ¼ 0.02 vs. control,
***P , 0.0001 vs. control. (C) Inverse log-linear association of myocardial IRS1-PI3K activity and whole body glucose utilization across the
study population by multivariate regression analysis (r ¼ 20.68, P ¼ 0.01). (D) Positive correlation between fasting insulin levels and myocardial
IRS1-PI3K activity (r ¼ 0.64, P ¼ 0.007). (E) Representative immunoblot of Akt kinase activity towards GSK3b in patients with
non-insulin-dependent diabetes mellitus and controls. (F) Representative immunoblot of IRS1 following immunoprecipitation of the insulin
receptor; IRS1 is located at 150 kDa and a non-specific protein band is seen at �220 kDa. (G) Autoradiograph of receptor tyrosine kinase
arrays using pooled samples (n ¼ 3–4) from the patient groups and controls. The two spots at the four corners of the arrays are internal posi-
tive controls. Highlighted in the red rectangle is the signal (two technical replicates) generated by the phosphorylated insulin receptor. The
experiment was repeated with similar results.
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Effects of genetic perturbation of
phosphatidylinositol-3 kinase on glucose
transporter 4 expression in the mouse
heart
To dissect experimentally the functional effects of elevated PI3K
activity on GLUT4 expression in the heart, in the absence of
potential confounding factors including effects of drugs, we
studied mice with cardiac-specific expression of caPI3K.9 There
was a significant reduction (P , 0.01) of GLUT4 at the sarcolemma
and across subcellular fractions in caPI3K mice when compared
with littermate controls with no difference in total cellular
GLUT4 levels (Figure 7E–G ).

Myocardial glucose transporter
4 trafficking and docking in the
mouse heart
To investigate the underlying mechanism resulting in diminished
GLUT4 expression at the sarcolemma in patients with NIDDM,

we examined the major components of GLUT4 trafficking and
docking in ob/ob mice (Figure 8A). As shown in Figure 8B–D,
there was an increase in the expression of AS160, Syntaxin 4,
and in Scamp3, although the latter failed to reach statistical signifi-
cance. No changes were observed in SNAP23 (Figure 8E).

Discussion
The results of the present study provide some novel findings of
the mechanisms underlying whole body and myocardial insulin
resistance in patients with NIDDM or LVD. First, we demonstrate
a previously unrecognized reduction of IRS1 in the skeletal
muscle of LVD patients. Second, we found that in the myocar-
dium of both NIDDM and LVD patients IRS1-PI3K activity was
unexpectedly increased with a concomitant activation of the
insulin receptor. Third, increased myocardial IRS1-PI3K activity
was accompanied by a reduction of sarcolemmal GLUT4 in
NIDDM, but not in LVD patients in whom sarcolemmal
GLUT4 levels were increased. Fourth, comparative studies in

Figure 5 Myocardial glucose transporter 4 (GLUT4) levels in patients with non-insulin-dependent diabetes mellitus or left-ventricular dys-
function. (A) Immunoblot of GLUT4 levels in total cell lysates from patients with non-insulin-dependent diabetes mellitus and controls. (B–D)
Sucrose gradient fractionation of cardiac muscle proteins. (B) Upper panel, representative immunoblot of GLUT4 expression at the plasma
membrane fraction (Mbn) and across sucrose gradient fractions (1–10) in a control patient. Lower panel, immunoblot of GLUT4 expression
at the Mbn and across sucrose gradient fractions (1–10) in a patient with non-insulin-dependent diabetes mellitus. (C) Immunoblot of GLUT4
levels at the plasma membrane fraction (upper panel) and Caveolin-3 (Cav-3) as loading control (lower panel) in controls or patients with
non-insulin-dependent diabetes mellitus. (D) Quantification of GLUT4 expression at the sarcolemma in control patients (n ¼ 3) and patients
with non-insulin-dependent diabetes mellitus (n ¼ 3) in arbitrary optical units; (*P ¼ 0.01). (E and F) Myocardial GLUT4 levels in patients with
left-ventricular dysfunction. (E) Immunoblot of GLUT4 levels at the sarcolemma (upper panel) and Caveolin-3 as loading control (lower panel)
in control patients or patients with left-ventricular dysfunction. (F ) Quantification of GLUT4 expression at the sarcolemma in control patients
(n ¼ 3) and patients with left-ventricular dysfunction (n ¼ 4) in arbitrary optical units; *P ¼ 0.01.
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mice confirmed activation of proximal insulin signalling and con-
current reduction in sarcolemmal GLUT4 in the heart of ob/ob
mice and increased GLUT4 levels at the sarcolemma in a
mouse model of LVD. Finally, we showed marked perturbation

of AS160 and Syntaxin4 expression in the heart of ob/ob mice
suggesting that the primary mechanism underlying myocardial
insulin resistance in diabetes relates to GLUT4 vesicle
dysfunction.

Figure 6 Myocardial IRS1-PI3K, Akt, and sarcolemmal GLUT4 in ob/ob mice. (A) Autoradiograph of in vitro kinase assay of IRS1-PI3K activity in
the mouse heart. (B) Quantification of IRS1-PI3K activity in arbitrary optical units; (*P , 0.01). (C ) Immunoblot of the insulin receptor beta
(IR-b) subunit following phosphotyrosine immunoprecipitation (upper panel) and immunoblot of insulin receptor substrate-1 following IR-b
immunoprecipitation (lower panel). (D) Fasting serum insulin levels of ob/þ and ob/ob mice (**P ¼ 0.001). (E) Immunoblot of GLUT4 levels
in total heart lysates from ob/þ and ob/ob mice. (F) Immunoblots of GLUT4 in the sarcolemmal fraction (Mbn), across subcellular fractions
(1–10) and in the cytosol (cy) in ob/þ controls (upper panel) and ob/ob (lower panel) mice. (G) Immunoblot of GLUT4 levels at the sarco-
lemma and Caveolin-3 (Cav-3) loading control. (H ) Quantification of GLUT4 levels at the sarcolemma in arbitrary optical units; ob/þ (n ¼ 4),
ob/ob (n ¼ 4), *P , 0.01. (I ) Representative immunoblots of myocardial phospho-Akt (top panel), total Akt (middle panel), and GAPDH (lower
panel) expression in ob/þ and ob/ob mice. (J ) Representative immunoblots of myocardial phospho-Akt (top panel), total Akt (middle panel),
and GAPDH (lower panel) expression in ob/þ and ob/ob mice at basal state and after 30 min of insulin stimulation. (K ) Quantification of
phospho-Akt to total Akt ratio in ob/þ and ob/ob with and without insulin stimulation in ratio units. *P , 0.01 vs. ob/þ basal, **P , 0.001
vs. ob/þ basal, and ***P , 0.0001 vs. ob/þ basal.
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Cellular insulin resistance involves a combination of factors and
disruption of more than one signalling module.6,7,23 In skeletal
muscle, a consistent deficit in IRS1 phosphotyrosine levels has
been observed.5,7 IRS1 is a critical point for the control of
glucose uptake both in heart and skeletal muscle. This combined
with the potential role of GLUT4 in myocardial insulin resist-
ance,8,17,21,24 led us to hypothesize that the nodal points of
insulin signalling might be disrupted, in a tissue- or disease-specific
manner. Consistent with previous reports,2,25 patients with LVD
and those with NIDDM had decreased whole body and myocardial
glucose utilization during euglycaemic–hyperinsulinaemic clamp.
Despite the differences in the aetiology of insulin resistance
between the patient groups, we demonstrated a comparable
reduction in IRS1 phosphotyrosine expression in the skeletal
muscle of patients with NIDDM or LVD.

In this context, the observed increase in myocardial IRS1-PI3K,
which correlated inversely with whole body glucose uptake, was
unexpected. Diminished myocardial glucose uptake in the insulin
resistant heart could not be accounted for by activation of myocar-
dial PI3K per se. However, in subsequent experiments, we found
that sarcolemmal GLUT4 was downregulated in patients with

NIDDM, thus providing a mechanism for myocardial insulin resist-
ance in this condition. To examine these findings further, we used
the ob/ob mouse, which is among the best-characterized models of
diabetic cardiomyopathy21,22,24 and exhibits myocardial insulin
resistance.11 In the ob/ob mouse, we confirmed activation of the
insulin receptor, IRS1-PI3K, and downregulation of sarcolemmal
GLUT4 in the heart. Furthermore, in this model, we demonstrated
that insulin-stimulated Akt activity is diminished in the ob/ob heart
providing an additional mechanism for myocardial insulin
resistance.

The mechanisms leading to differential activation of the insulin
receptor in heart and skeletal muscle, at a given insulin concen-
tration, remain to be elucidated. Our results differ in part from
those of Mazumder et al.11 who, despite showing increased acti-
vation of the insulin receptor, found that downstream Akt phos-
phorylation was reduced. The differences between the two
reports could be explained, at least in part, by the fact that in the
study by Mazumder et al.11 Akt phosphorylation was measured in
hearts that were perfused ex vivo in the working mode for 15 min.

We propose that both in patients and ob/ob mice compensatory
hyperinsulinaemia activates the insulin receptor and PI3K in the

Figure 7 Glucose transporter 4 in mice with left-ventricular dysfunction or constitutively active phosphatidylinositol-3 kinase (caPI3K). (A)
Representative immunoblots of GLUT4 in the sarcolemmal fraction (Mbn), across subcellular fractions (1–9) (upper panel) and of Cav-3
loading control (lower panel) in sham-operated mice. (B) Representative immunoblots of GLUT4 in the sarcolemmal fraction (Mbn), across
subcellular fractions (1–9) (upper panel) and of Cav-3 loading control (lower panel) in transverse aortic constriction-induced left-ventricular
dysfunction mice. The experiment was repeated three times with similar results. (C) Quantification of GLUT4 levels at the sarcolemma in arbi-
trary optical units; sham (n ¼ 4) and transverse aortic constriction (n ¼ 4). (D) Representative immunoblots of phospho-Akt, total Akt, and
GAPDH (loading control) in transverse aortic constriction vs. controls (n ¼ 3). (E) Representative immunoblots of GLUT4 in the sarcolemmal
fraction (Mbn) and across subcellular fractions (1–9) in wild-type (WT, upper panel) and caPI3K (lower panel) mice. (F) Immunublot of GLUT4
levels in total cell lysates from control (WT) and caPI3K mice. (G) Quantification of GLUT4 levels at the sarcolemma in arbitrary optical units;
wild-type (n ¼ 3), caPI3K (n ¼ 3), (*P , 0.01).
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heart without restoring insulin signalling in skeletal muscle.7 In
support of this, we observed a significant positive correlation in
patients between fasting insulin levels and myocardial IRS1-PI3K
activity. Consistent with our hypothesis, hyperinsulinaemia has
been demonstrated in patients with NIDDM, and also in patients

with ischaemic and non-ischaemic heart failure.3,4 We suggest
that activation of IRS1-PI3K in patients with NIDDM and LVD
might contribute to the cardiac pathophysiology of these con-
ditions9,26 and may explain, in part, the association of insulin resist-
ance with elevated LV mass.21,27,28

Figure 8 Expression of proteins involved in glucose transporter 4 translocation and docking in ob/ob mice. (A) Representative immunoblots of
AS160, Syntaxin 4, Scamp3, SNAP23, and GAPDH (loading control) in ob/ob mice vs. controls (n ¼ 3). (B–E) Quantification of AS160, Syntaxin
4, Scamp3, and SNAP23 expression in ob/ob mice vs. controls in ratio units normalized to GAPDH; (**P ¼ 0.001).

Figure 9 A potential model for the interaction of glucose transporter 4 containing vesicles with the fusion/docking machinery in the mouse
diabetic heart. "for increased expression, #for decreased expression, and for translocation to the membrane.
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Our findings in patients with LVD suggest a different mechanism
of insulin resistance in the failing when compared with the diabetic
heart. We observed a consistent increase in GLUT4 at the sarco-
lemma in patients and mice with LVD. The mechanisms leading to
increased GLUT4 at the sarcolemma, but diminished insulin-
stimulated glucose uptake in the failing heart, remain unclear.
One explanation might be that GLUT4 re-distribution at baseline
results in diminished levels of recruitable GLUT4 upon insulin
stimulation. Alternatively, this could be due to elevated adrenergic
signalling in the failing heart, which has been shown to affect some
components of insulin signalling.29–31

To investigate the mechanism underlying the decreased
expression of GLUT4 at the sarcolemma in NIDDM, we examined
the major components involved in GLUT4 trafficking and docking
in ob/ob mice and found upregulation of AS160 and Syntaxin4.
Recent studies in skeletal muscle have led to the hypothesis that
the Rab-GAP protein AS160 acts as a point of convergence for
different signals, including insulin, contractile activity, and energy
status.32– 36 Insulin-stimulated translocation of GLUT4 vesicle is
mediated by a complex of proteins including Syntaxin4 and
SNAP23.37 The increase in AS160 and Syntaxin4 expression
suggests that the primary deficit underlying glucose uptake in the
diabetic heart is due to GLUT4 vesicle dysfunction. Whether the
changes we observed in vesicle proteins are primary or secondary
requires further investigation (Figure 9).

There are some limitations to our study. The first is inherent in
the study protocol: we compared glucose utilization measured
during euglycaemic–hyperinsulinaemic clamp in vivo, with molecu-
lar analysis carried out ex vivo on samples obtained at the time of
surgery. Also, different to our results previous studies of explanted
heart samples from patients with end stage heart failure have
shown activation of Akt.12,13 The reasons for this discrepancy
are unknown, but could relate to differences in the severity and
chronicity of ventricular dysfunction. The ob/ob mouse exhibits
an extreme body habitus phenotype and may not be suited for
some metabolic experiments although the data we present here,
and other studies,11,21,22,24 show that this model has many of the
cardinal features of human diabetic cardiomyopathy. Finally, it
should be noted that the control subjects were affected by cardi-
ovascular disease and this is an unavoidable limitation of this study
and other similar studies of the human heart.

Conclusion
In patients with NIDDM and in diabetic mice, myocardial IRS1-PI3K
and Akt are activated and there is diminished GLUT4 expression at
the sarcolemma. In contrast, in patients with LVD, there is limited
activation of IRS1-PI3K, but not of Akt, and GLUT4 is increased at
the sarcolemma. This demonstrates disease-specific effects on
insulin signalling and the sub-cellular distribution of GLUT4 in
the diabetic and failing heart. Our data suggest that the primary
deficit underlying myocardial insulin resistance in the diabetic
heart occurs at the level of GLUT4 vesicle trafficking and
docking although diminished insulin-stimulated Akt activity may
be another contributory factor. Altogether our results provide
new insights into diabetic cardiomyopathy and demonstrate
disease-specific mechanisms of insulin resistance in the heart.
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Supplementary material is available at European Heart Journal
online.
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