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Diabetes mellitus (type 2 diabetes) is as much a disease of
modern lifestyle as it is a disease of genetic predispo-

sition. Worldwide, there are about 143 million patients with
diabetes, almost 5 times more than estimates of 10 years
ago.1,2 Heart disease, often presenting as cardiomyopathy, is
the leading cause of death among patients with diabetes
mellitus (Figure 1).3 Like diabetes, the prevalence of heart
failure also continues to rise in Western countries.4 Diabetes,
in turn, is the largest comorbidity of patients with heart failure
and adversely affects outcomes of cardiovascular disease.5

The trend is unmistakable; both insulin resistance and heart
failure have emerged as major worldwide epidemics. It is
therefore timely to take a fresh look at the effects of diabetes
on the heart.

The difficulties in making a causal connection between
diabetes and heart failure are formidable. Some simple
definitions remain elusive. For example, the distinction be-
tween the insulin-deficient (type 1) and insulin-resistant (type
2) forms of diabetes on the one hand, and the distinction
between systolic and diastolic dysfunction as causes of heart
failure, on the other hand, are hard to define. The known
trophic and hemodynamic effects of insulin in healthy indi-
viduals,6 the well-described endothelial dysfunction, the dep-
osition of advanced glycation end products, and an acceler-
ated progression of atherosclerosis in patients with diabetes
add further complexities to the clinical picture of heart failure
in diabetes. Nonetheless, diabetes as a primary cause for heart
failure was already recognized more than a century ago, when
heart failure was regarded a “frequent and noteworthy com-
plication of diabetes mellitus,”7 and physicians proposed
already then that “heart disease in diabetes can be traced to an
abnormality in metabolism.”8

Hyperglycemia and hyperinsulinemia increase the risk of
fatal cardiovascular disease in the form of premature and
accelerated coronary artery disease.9–11 The increased prev-
alence of coronary artery disease in diabetes is associated
with a constellation of risk factors that has long been
appreciated.12,13 We have speculated that insulin resistance
and coronary artery disease may have a common root.14

Patients with type 2 diabetes are frequently obese, and often
suffer from hypertension and exhibit dyslipidemia (high
serum triglyceride and high VLDV and LDL, as well as low
HDL cholesterol levels).9 Because angina is not always a
reliable index of ischemia in patients with coronary artery
disease,15,16 ischemia often goes undetected and contributes
significantly to heart failure.

A number of clinical and experimental studies suggest that
diabetes results in functional, biochemical, and morphologi-
cal abnormalities independent of myocardial ischemia. Early
studies on substrate metabolism of the human heart have
revealed that glucose uptake is decreased, whereas fatty acid
uptake is increased by the heart of patients with diabetes.17 In
light of an abundance of substrate supply in the blood and
impaired contractile function of the myocardium, it is appro-
priate to ask the question, “Why does the heart fail in the
midst of plenty?” In the first part of our review, we will
discuss the effects of diabetes on energy substrate metabolism
and contractile function of the heart. In the second part, we
will focus on potential molecular mechanisms by which
energy substrate metabolism and gene expression interact
during adaptation and maladaptation of the heart to diabetes.

Functional Adaptation and Maladaptation of
the Heart in Diabetes

Longitudinal studies show that patients with diabetes demon-
strate a substantially increased lifetime risk of congestive
heart failure (CHF),18 and that diabetics are over-represented
in large CHF databases.19 The question of whether there is a
diabetes-specific cardiomyopathy has been debated for de-
cades and is not yet answered.19–21 Circumstantial evidence
for a diabetic cardiomyopathy in humans rests on a number of
morphological, functional, and biological observations.

First, patients with diabetes exhibit changes in cardiac
structure and cardiomyocyte ultrastructure that can plausibly
be attributed to the diabetic milieu. On the macroscopic level,
echocardiographic screening of large databases has demon-
strated that diabetes is associated with concentric left ventric-
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ular hypertrophy and increased heart mass, with mildly
reduced left ventricular systolic performance.22 On the mi-
croscopic level, histological studies of autopsy and biopsy
specimens demonstrate that diabetic humans and animals
made diabetic share a constellation of cardiac morphological
abnormalities, including myocyte hypertrophy, perivascular
fibrosis, and increased quantities of matrix collagen, cellular
triglyceride, and cell membrane lipid. All of these findings
are consistent with the nonenzymatic glycation of vascular
and membrane proteins, increased cellular fatty acid uptake,
and hyperglycemia-induced oxidative stress, which are char-
acteristic of the diabetes state.23,24

These morphological changes, especially when considered
together with the changes in myocardial calcium metabolism
and contractile protein composition observed in experimental
diabetes, would be predicted to confer clinically significant
impairment in diastolic compliance. Doppler echocardio-
graphic studies have revealed that qualitatively similar pat-
terns of diastolic dysfunction are an early feature of diabetes
in both animal models25 and humans.26,27 In patients with
diabetes, the reduction of diastolic compliance is associated
with characteristically abnormal myocardial acoustic proper-
ties and correlates positively with the severity and duration of
diabetes and negatively with the ability to perform treadmill
exercise.28 The relevance of this type of diastolic dysfunction
to diabetes per se is clouded by the frequent coexistence of
hypertension with diabetes; however, the recognition that
impaired left ventricular diastolic filling can be demonstrated
very early in the course of monogenetic type-2 diabetes in
animal models, before the onset of hypertension, vasculopa-
thy, or even fasting hyperglycemia, suggests diastolic dys-
function is an effect of diabetes itself.25 An association of
diabetes with myocardial diastolic dysfunction and poor
exercise performance is undisputed.

There is less evidence that diabetes itself can cause left
ventricular dilatation and failure in the absence of coronary
artery disease or hypertension. Nevertheless, because of the
coexistence of diabetes, hypertension, and coronary artery

disease, these factors may act synergistically to produce heart
failure on the basis of left ventricular systolic dysfunction.
For this reason, it is difficult to target a diabetes-specific
metabolic, functional, or structural abnormality for pharma-
cological treatment of heart failure in diabetes. Furthermore,
it still remains to be seen whether the degree of metabolic
control affects the function of the heart in diabetes. The focus
therefore shifts once more to the identification and treatment
of comorbidities in diabetes.

Comorbidities in Diabetes
The synergy between coronary artery disease and diabetes is
clearly demonstrated by observations from the large number
of diabetic patients who have been enrolled in thrombolytic
trials. Relative to non-diabetics, patients with diabetes dem-
onstrate impaired recruitment of contractile reserve in non-
infarct segments,29,30 greater reduction in global left ventric-
ular function,31 and greater incidence of CHF32,33 after an
acute myocardial infarction.

Synergy between diabetes and hypertension may be an
even more important issue. The 2 conditions are associated
with qualitatively similar changes in cardiac ultrastructure,
gene expression, and diastolic function, and evidence from
both animal34 and human35,36 studies suggest that their effects
are independent and synergistic. At the cellular level, both
diabetes and hypertension have been associated with an
induction of cardiomyocyte apoptosis and necrosis in the
human heart mediated by oxidative stress resulting from local
production of angiotensin-II by the cardiac renin-angiotensin
system (RAS).36 Because hypertension activates both cardiac
and systemic RAS, whereas hyperglycemia promotes the
formation of reactive oxygen species (ROS) as a reaction
product of protein glycation, hypertension and diabetes might
synergistically promote apoptotic cardiomyocyte loss. In
patients with diabetes, the development of hypertension can
then be expected to initiate the transition from compensated/
hypertrophied to decompensated/dilated cardiomyopathy.
This hypothesis is supported by recent clinical trials demon-
strating that tight blood pressure control dramatically reduces
the incidence of heart failure and cardiovascular mortality in
patients with established diabetes.37,38

Lastly, one of the most important comorbidities is diabetic
nephropathy, which shares certain features with small vessel
disease in the retina.39 A discussion of this topic would be
beyond the scope of this review.

Substrate Selection and Insulin Action in
Heart and Skeletal Muscle

Diabetes is first and foremost a disorder of abnormal insulin
secretion and/or impaired insulin action. Approximately 10%
of adults with diabetes mellitus exhibit absolute insulin
deficiency (insulin-dependent, type-1 diabetes), and the re-
mainder suffer from varying degrees of target-tissue insulin
resistance (non-insulin–dependent [NIDDM], type-2 diabe-
tes).40 Other than the heart, the main target tissues for
insulin’s metabolic actions are the liver, skeletal muscle, and
adipose tissue. Of these, skeletal muscle is the major quanti-
tative glucose sink, accounting for 70% of the disposal of an
administered glucose load under most conditions.41 From the

Figure 1. Multiple Risk Factor Intervention Trial (MRFIT). Age-
adjusted cardiovascular disease death rates (per 10 000 person-
years) by presence of number of risk factors in men with and with-
out diabetes. Reproduced with permission from Stamler et al.3
Copyright 1993 American Diabetes Association (Diabetes Care.
1993;16:434–444). Reprinted with permission from the American
Diabetes Association.
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perspective of fuel homeostasis, the heart is only a minor site
of whole body glucose disposal. Why, then, is the heart an
insulin-sensitive organ at all? A brief review on energy
substrate selection by the heart may provide an answer to this
question.

Glucose uptake by muscle (cardiac and skeletal muscle) is
determined primarily by 2 separate but interrelated factors,
namely the local concentrations of insulin and the intensity of
exercise/contraction. Furthermore, nonesterified fatty acids
(NEFAs) modulate insulin-mediated glucose transport. Fig-
ure 2 integrates well-known and more recently described
mechanisms by which fatty acids regulate glucose metabo-
lism in the heart. Earlier, it was shown that fatty acids inhibit
glucose oxidation to a greater extent than glycolysis, and
glycolysis to a greater extent than glucose uptake by the
heart.42 Later, we have shown the reverse is true as well;
glucose suppresses the oxidation of long-chain fatty acids,43

potentially through malonyl-CoA inhibition of carnitine
palmitoyltransferase I.44 These observations expose a com-
plex and highly regulated interaction of substrates for provi-
sion of the optimal fuel for respiration in a given
environment.

Insulin secretion into the bloodstream (or insulin adminis-
tration) increases muscle glucose uptake by 2 major mecha-
nisms. Insulin directly stimulates myocyte glucose uptake by
increasing glucose transporter (GLUT) 4 translocation to the
cell surface. In addition, insulin inhibits release of NEFA
from adipose tissue, thus lowering plasma NEFA levels and
therefore removing NEFA-mediated inhibition of glycolysis
and pyruvate oxidation (as well as the inhibitory effect of
NEFA on insulin signaling). The magnitude of glucose
consumption observed at any particular insulin level in vivo
will thus be reduced to the extent that other conditions (eg,
fasting, catecholamine release, or heparin administration)
concomitantly raise circulating NEFA levels. This principle
of glucose-NEFA substrate competition is so striking that
early investigators incorrectly assumed type 2 diabetes was

secondary to chronic elevation in plasma NEFA levels
alone.41 The suppression of glucose oxidation by fatty acids,
however, is only one component of a complex system of
metabolic interactions.

Fatty acids undoubtedly impair insulin-mediated glucose
disposal (Figure 2). High-fat feeding has repeatedly and
consistently been shown to result in impaired glucose toler-
ance and decreased muscle insulin sensitivity.45–47 The exact
mechanism by which fatty acids inhibit insulin action are not
known, but recent studies suggest a role of various isoforms
of protein kinase C (PKC), especially PKCs � and �.48–50

Discordance between the rates of fatty acid availability and/or
uptake with that of fatty acid oxidation results in increased
intracellular long chain fatty acyl-CoA concentrations. The
latter, either directly or through increased generation of
diacylglycerol (DAG), activates PKCs.48 PKCs are serine/
threonine kinases capable of causing the phosphorylation of
the insulin receptor and/or the insulin receptor substrates,
either directly or through activation of additional kinases (eg,
MAP kinase), thereby preventing insulin-mediated tyrosine
phosphorylation and impairing insulin action.51,52 Increased
intramuscular fatty acids and increased PKC activity have
been reported in insulin resistant skeletal muscle.49,50,53 Re-
cent studies suggest that fatty acids also inhibit insulin
signaling at the level of PKB, possibly via ceramide.54 Taken
together, normal insulin response is a prerequisite for bal-
anced fuel provision to the heart.

Glycolysis and Substrate Competition
When substrate competition is examined in isolated perfused
hearts, the following has been observed. During aerobic
perfusion at normal workloads, the heart generates the energy
required to perform work primarily by oxidizing NEFA with
smaller contributions from glycolysis and oxidation of pyru-
vate and other substrates.43 Both theoretical considerations
and empiric observations in animal models suggest glycolysis
and pyruvate oxidation become more important under condi-

Figure 2. Mechanisms of fatty acid inhibition on
glucose utilization by the heart. During diabetes,
both plasma glucose and plasma nonesterified
fatty acid (NEFA) levels are elevated. The latter
results in increased intracellular levels of fatty
acids and their fatty acyl-CoA (FA-CoA) deriva-
tives. FA-CoAs inhibit insulin mediated glucose
transport by inhibiting insulin receptor substrates
(IRS) and protein kinase B (PKB).54,68 FA-CoAs can
directly inhibit hexokinase (HK).97 Increased
�-oxidation (due to increased substrate availability
and increased gene expression of fatty acid oxida-
tion [FAO] enzymes via peroxisome proliferator-ac-
tivated receptor � [PPAR�] activation) results in an
increase in the mitochondrial acetyl-CoA/CoA
ratio. The combined effects of increased PDK4
expression (induced through fatty acid activation
of PPAR�) and increased acetyl-CoA/CoA ratio
severely inhibit the pyruvate dehydrogenase com-
plex (PDC). In addition, the increased acetyl-CoA/
CoA ratio promotes citrate efflux from the mito-
chondrion into the cytosol, where it is able to
inhibit phosphofructokinase (PFK). Despite
decreased insulin-mediated glucose transport, glu-

cose uptake by the diabetic heart is comparable to the normal heart because of the hyperglycemia.76 Glycolytic intermediates therefore
accumulate in the cardiomyocyte.98
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tions of energy supply-demand imbalance, including ische-
mia, hypoxia, and pressure overload.55–57

The myocardial adaptation to energetic stress also includes
recruitment of specific elements of the intrinsic cardiac
insulin-response system. Insulin, ischemia, and stimulation of
the �1 adrenergic receptor induce sarcolemmal GLUT4
translocation by mechanisms operating through PI 3-kinase
and AMP kinase, in rat58,59 and dog60 heart (Figure 3). The
potential importance of ischemic GLUT4 translocation is
illustrated by the demonstration that cardiac-specific GLUT4
knockout impairs postischemic contractile recovery of the
mouse heart under certain conditions.61

The oxidation of pyruvate is limited by the rate at which
pyruvate is converted to acetyl-CoA by the pyruvate dehy-
drogenase complex (PDC) in mitochondria. Because glucose
oxidation requires less oxygen per mole of ATP formed than
NEFA oxidation, myocardial PDC activity correlates, not
unexpectedly, with contractile performance in the postische-
mic heart. Here, both PDC activity and contractility are
depressed in tandem at the onset of reperfusion after an
episode of ischemia62,63 and administration of either pharma-
cological activators of PDC (eg, dichloroacetate),64 or rano-
lazine,65 or supplemental pyruvate66 increases not only the
relative contribution of glucose to the Krebs cycle substrate
pool but also cardiac power.

Insulin Signaling and Insulin Resistance
The molecular targets of insulin action and pathways of
insulin signaling have recently been reviewed,67,68 and are
summarized as follows. Insulin receptor binding induces
receptor auto-phosphorylation and initiates phosphorylation
cascades involving various signaling molecules within the
cell. Major gains in understanding the molecular basis of
insulin action have followed identification of novel intracel-
lular substrates for the insulin receptor tyrosine kinase.
Regarding glucose metabolism, numerous lines of evidence
suggest that the most important step in insulin signaling is
translocation of the insulin-sensitive transport protein
GLUT4 from an intracellular compartment to the sarcolem-

ma.69 In the fasting state, only �15% of total cardiomyocyte
GLUT4 protein can be isolated from the sarcolemma,
whereas this amount increases to �80% within 30 minutes of
insulin administration. Studies using specific inhibitors have
revealed that the action of 4 protein kinases (phosphoinositol
3-kinase [PI 3-K], Akt/protein kinase B [PKB], and the
atypical protein kinase C [aPKC] isoforms zeta and �) are
required for insulin-dependent sarcolemmal GLUT4 translo-
cation.67,70,71 Although specific defects in the muscle insulin
receptor, insulin receptor substrates, PI 3-K, PKB, or aPKC
would seem logical candidates for the inherited nature of
muscle insulin resistance, isolated defects in these individual
elements in fact account for only sporadic cases of diabetes.72

In spite of this wealth of information, the specific defect in
insulin-stimulated GLUT4 translocation, which conveys mus-
cle insulin resistance, remains obscure. Identification of novel
branches of the insulin-signaling cascade,73 and how factors
such as fatty acids interact with components involved in
insulin-mediated glucose transport,68 will undoubtedly shed
light on the complex genetic-environment interactions in-
volved in the development of insulin resistance.

Myocardial Metabolism in Diabetes
Alterations in myocardial metabolism are an early conse-
quence of experimental diabetes in animals and had already
been recognized by Starling and Evans74 nearly a century ago.
The early investigators made 2 important observations: glu-
cose uptake and the respiratory quotient (RQ) both decrease
in the heart of a diabetic animal, and the metabolic abnor-
malities persist when the heart from a diabetic animal is
perfused ex vivo with blood from a non-diabetic animal.
Despite these early observations, it took many decades to
recognize that diabetes is as much a disease of dysregulated
fatty acid metabolism as it is a disease of dysregulated
glucose metabolism.75 The normal reliance of the heart on
fatty acid metabolism for energy production is increased in
diabetes.76

Because diabetes more than doubles the chance of devel-
oping congestive heart failure in patients with a variety of

Figure 3. Hypothetical mechanisms of cardiac
glucose transport and metabolism. The figure
depicts the hypothetical mechanisms by which
insulin, ischemia, and �-adrenergic stimulation
promote glucose transport in the heart, as
reported in previously published studies. The
insulin and �-adrenergic pathways converge on
phosphatidylinositol 3-kinase (PI-3K).59 In con-
trast, evidence suggests a role for AMP-activated
protein kinase (AMPK) in ischemia-induced glu-
cose transport.60 All 3 pathways induce the trans-
location of GLUT4-rich vesicles to the cell sur-
face, resulting in increased glucose transport. ATP
can be generated by either partial or full oxidation
of intracellular glucose.

1730 Circulation April 9, 2002

D
ow

nloaded from
 http://ahajournals.org by on M

arch 3, 2022



cardiovascular diseases,32,33 it has been speculated that
acute77 and chronic metabolic alterations may impair the
energetic and functional adaptation of the heart to ischemia or
hemodynamic overload. For example, administering the islet
toxin streptozotocin to rats produces insulin-deficient diabe-
tes, reduces myocardial expression of GLUT4 and hexoki-
nase,78 induces fetal isoforms of sarcomeric proteins,79 de-
creases sarcoendoplasmic reticulum Ca2�-ATPase 2a
transcript levels,79 and reduces myocardial PDC activity.80

Such hearts exhibit reduced rates of glycolysis and pyruvate
oxidation, preceding depressed contractility; administering
the PDC agonist dichloroacetate coordinately normalizes
glucose oxidation and contractility.80 Later, we have also
argued that impaired energy metabolism of the heart in
diabetes may be traced to a substrate-induced inhibition of the
Krebs cycle.77

The effects of type 2 diabetes on myocardial energy
metabolism are complex, because circulating levels of insu-
lin, glucose, and NEFA are usually increased in this condi-
tion. Until recently, it has been assumed that the interactions
of glucose and fatty acids proposed by Randle et al42 account
for the correlation of lipids and reduced insulin sensitivity.
There are now, however, several lines of evidence to suggest
that elevated tissue lipid availability activates pathways that
lead to the attenuation of insulin signals and impaired glucose
uptake in diabetic muscle (Figure 2).68,81 Logic suggests one
factor influencing the heart’s adaptation to energetic stress in
NIDDM would be the integrity of the cardiac insulin response
system. As discussed above, in skeletal muscles of diabetic
subjects, this system is functionally impaired because of
genetic-environment interactions.81–86 Although the impact
of type 2 diabetes on the insulin response system of the
myocardium is less well characterized, it may differ from the
phenotype exhibited by the skeletal muscles. Studies using
18F-fluorodeoxyglucose PET to compare insulin’s effect on
glucose uptake by heart and limb muscles in type 2 diabetic
subjects have suggested preserved insulin responsiveness of
the former in the face of insulin resistance in the latter.87 To
the extent that the myocardium continues to express a
competent insulin response system in type 2 diabetes, thera-
peutic augmentation of oxidative glucose metabolism might
be useful strategies for increasing the energy reserves of the
failing diabetic heart. Clinical data to support this approach
are now emerging.88 It is important to emphasize that the
above-mentioned studies refer to insulin responsiveness (ie,
response of the heart to pharmacodynamic doses of insulin).
To date, no studies have investigated insulin sensitivity (ie,
response to physiological concentrations of insulin) in the
human heart.

Although a variety of specific metabolic defects have been
described in individuals or families with diabetes,72 studies by
Shulman and colleagues,81,82 Rothman et al,83 and Cline et
al84 using 31P and 13C nuclear magnetic resonance spectros-
copy to track glucose through its intracellular metabolic
pathways in vivo have established that the insulin resistance
of diabetic skeletal muscle is primarily due to impaired
glucose transmembrane transport and phosphorylation.
Healthy offspring of patients with diabetes already exhibit
impaired insulin stimulation of skeletal muscle glucose up-

take, suggesting the defect in glucose transport is genetically
influenced.85 The existence of such a defect in heart muscle
requires further exploration.

Insulin Resistance: Cause and/or Consequence
of Heart Failure

As outlined in this review, insulin resistance is an important
risk factor for the development of cardiovascular diseases,
including hypertension, left ventricular dysfunction, and heart
failure. Conversely, heart failure causes insulin resistance and
is associated with increased risk for the development of type
2 diabetes.89,90 As with the development of cardiovascular
disease due to impaired insulin signaling, the development of
insulin resistance in the heart failure patient is likely multi-
factorial. Possible mechanisms by which heart failure causes
insulin resistance include sympathetic overactivity, loss of
skeletal muscle mass, sedentary lifestyle of the patient,
endothelial dysfunction with reduced skeletal muscle blood
flow, and a potential effect of increased circulating cytokines,
such as TNF�, on peripheral insulin sensitivity.91–96 A vicious
cycle is therefore set in motion, in which heart failure and
insulin resistance worsen one another. If this cycle is not
broken by treatment of the heart failure (eg, with ACE
inhibitors) or insulin resistance (eg, with thiazolidinediones),
either alone or in combination, heart and end-organ function
will deteriorate. This hypothesis, however, still needs to be
tested.

Summary and Outlook
The effects of diabetes on the cardiovascular system include
adaptive and maladaptive responses in the myocardium. We
propose that altered metabolism and impaired insulin action
in heart and skeletal muscle are both cause and consequence
of altered cardiac function. Although heart disease in diabetes
is characterized by extraordinary complex vascular, neurohu-
moral, and myocardial interactions, new paradigms begin to
emerge. These paradigms include metabolic control of car-
diac gene expression, lipotoxicity, glucotoxicity, and glucoli-
potoxicity. These topics are discussed in the second part of
the review.

Acknowledgments
Work from the authors’ laboratory was supported by grants from the
US Public Health Service (F32HL-67609, HL-43133, and HL-
61483) and the American Heart Association. We wish to acknowl-
edge the helpful comments of Drs Ronald Arky, Daniel Kelly, and
Roger Unger.

References
1. Saltiel AR. New perspectives into the molecular pathogenesis and

treatment of type 2 diabetes. Cell. 2001;104:517–529.
2. King H, Aubert RE, Herman WH. Global burden of diabetes, 1995–2025:

prevalence, numerical estimates, and projections. Diabetes Care. 1998;
21:1414–1431.

3. Stamler J, Vaccaro O, Neaton JD, et al. Diabetes, other risk factors, and
12-yr cardiovascular mortality for men screened in the Multiple Risk
Factor Intervention Trial. Diabetes Care. 1993;16:434–444.

4. American Heart Association. 2000 Heart and Stroke Statistical Update.
Dallas, Tex: American Heart Association; 1999:1–29.

5. Beller GA. Coronary heart disease in the first 30 years of the 21st century:
challenges and opportunities. The 33rd Annual James B. Herrick Lecture
of the Council on Clinical Cardiology of the American Heart Association.
Circulation. 2001;103:2428–2435.

Taegtmeyer et al Adaptation of the Heart in Diabetes 1731

D
ow

nloaded from
 http://ahajournals.org by on M

arch 3, 2022



6. Baron AD. Hemodynamic actions of insulin. Am J Physiol. 1994;267:
E187–E222.

7. Leyden D. Asthma und diabetes mellitus. Zeitschr Klin Med. 1881;3:
358–364.

8. Mayer J. Ueber den Zusammenhang des Diabetes Mellitus mit
Erkrankungen des Herzens. Zeitschr Klin Med. 1886;14:212–239.

9. Reaven G. Banting lecture 1988. Role of insulin resistance in human
disease. Diabetes. 1987;37:1595–1607.

10. Barrett-Connor E, Ferrara A. Isolated postchallenge hyperglycemia and
the risk of fatal cardiovascular disease in older women and men. The
Rancho Bernardo Study. Diabetes Care. 1998;21:1236–1239.

11. Lowe LP, Liu K, Greenland P, et al. Diabetes, asymptomatic hyper-
glycemia, and 22-year mortality in black and white men. The Chicago
Heart Association Detection Project in Industry Study. Diabetes Care.
1997;20:127–128.

12. Jarrett R. Type 2 (non-insulin-dependent) diabetes mellitus and coronary
heart disease: chicken, egg, or neither? Diabetologia. 1984;26:99–102.

13. Wingard DL, Suarez L, Barrett-Connor E. The sex differential in mor-
tality from all causes and ischemic heart disease. Am J Epidemiol. 1983;
117:165–172.

14. Taegtmeyer H. Insulin resistance and atherosclerosis: common roots for
two common diseases? Circulation. 1996;93:1777–1779.

15. Margolis JR, Kannel WS, Feinleib M, et al. Clinical features of unrec-
ognized myocardial infarction–silent and symptomatic. Eighteen year
follow-up: the Framingham study. Am J Cardiol. 1973;32:1–7.

16. Nesto RW, Phillips RT, Kett KG, et al. Angina and exertional myocardial
ischemia in diabetic and nondiabetic patients: assessment by exercise
thallium scintigraphy. Ann Intern Med. 1988;108:170–175.

17. Ungar I, Gilbert M, Siegel A, et al. Studies on myocardial metabolism IV
myocardial metabolism in diabetes. Am J Med. 1955;18:385–396.

18. Garcia MJ, McNamara PM, Gordon T, et al. Morbidity and mortality in
diabetics in the Framingham population. Sixteen year follow-up study.
Diabetes. 1974;23:105–111.

19. Solang L, Malmberg K, Ryden L. Diabetes mellitus and congestive heart
failure. Further knowledge needed. Eur Heart J. 1999;20:789–795.

20. Rodrigues B, McNeill JH. The diabetic heart: metabolic causes for the
development of a cardiomyopathy. Cardiovasc Res. 1992;26:913–922.

21. Bell DS. Diabetic cardiomyopathy: a unique entity or a complication of
coronary artery disease? Diabetes Care. 1995;18:708–714.

22. Devereux RB, Roman MJ, Paranicas M, et al. Impact of diabetes on
cardiac structure and function: the strong heart study. Circulation. 2000;
101:2271–2276.

23. Hardin NJ. The myocardial and vascular pathology of diabetic cardiomy-
opathy. Coron Artery Dis. 1996;7:99–108.

24. Dhalla NS, Liu X, Panagia V, et al. Subcellular remodeling and heart
dysfunction in chronic diabetes. Cardiovasc Res. 1998;40:239–247.

25. Mizushige K, Yao L, Noma T, et al. Alteration in left ventricular diastolic
filling and accumulation of myocardial collagen at insulin-resistant pre-
diabetic stage of a type II diabetic rat model. Circulation. 2000;101:
899–907.

26. Ahmed SS, Jaferi GA, Narang RM, et al. Preclinical abnormality of left
ventricular function in diabetes mellitus. Am Heart J. 1975;89:153–158.

27. Borow KM, Jaspan JB, Williams KA, et al. Myocardial mechanics in
young adult patients with diabetes mellitus: effects of altered load, ino-
tropic state and dynamic exercise. J Am Coll Cardiol. 1990;15:
1508–1517.

28. Perez JE, McGill JB, Santiago JV, et al. Abnormal myocardial acoustic
properties in diabetic patients and their correlation with the severity of
disease. J Am Coll Cardiol. 1992;19:1154–1162.

29. Woodfield SL, Lundergan CF, Reiner JS, et al. Gender and acute myo-
cardial infarction: is there a different response to thrombolysis? J Am Coll
Cardiol. 1997;29:35–42.

30. Takahashi N, Iwasaka T, Sugiura T, et al. Left ventricular regional
function after acute anterior myocardial infarction in diabetic patients.
Diabetes Care. 1989;12:630–635.

31. Iwasaka T, Takahashi N, Nakamura S, et al. Residual left ventricular
pump function after acute myocardial infarction in NIDDM patients.
Diabetes Care. 1992;15:1522–1526.

32. O’Connor CM, Hathaway WR, Bates ER. Clinical characteristics and
long-term outcome in patients in whom congestive heart failure develops
after thrombolytic therapy for acute myocardial infarction: development
of a predictive model. Am Heart J. 1997;133:663–673.

33. Jaffee AS, Spadero JJ, Schectman K. Increased congestive heart failure
after myocardial infarction of modest extent in patients with diabetes
mellitus. Am Heart J. 1984;108:31–35.

34. Factor SM, Minase T, Bhan R, et al. Hypertensive diabetic cardiomyop-
athy in the rat: ultrastructural features. Virchows Arch A Pathol Anat
Histopathol. 1983;398:305–317.

35. Factor SM, Minase T, Sonnenblick EH. Clinical and morphological
features of human hypertensive-diabetic cardiomyopathy. Am Heart J.
1980;99:446–458.

36. Frustaci A, Kajstura J, Chimenti C, et al. Myocardial cell death in human
diabetes. Circ Res. 2000;87:1123–1132.

37. Hansson L, Zanchetti A, Carruthers SG, et al. Effects of intensive blood-
pressure lowering and low-dose aspirin in patients with hypertension:
principal results of the Hypertension Optimal Treatment (HOT) ran-
domised trial. HOT Study Group. Lancet. 1998;351:1755–1762.

38. UK Prospective Diabetes Study Group. Effect of intensive blood-glucose
control with metformin on complications in overweight patients with type
2 diabetes (UKPDS 34). UK Prospective Diabetes Study (UKPDS)
Group. Lancet. 1998;352:854–865.

39. Nathan DM. Long-term complications of diabetes mellitus. N Engl J Med.
1993;328:1676–1685.

40. O’Rahilly S. Science, medicine and the future. Non-insulin-dependent
diabetes mellitus: the gathering storm. BMJ. 1997;314:955–959.

41. DeFronzo R. The triumvirate: �-cell, muscle cell, liver. Diabetes. 1988;
37:667–687.

42. Randle PJ, Garland PB, Hales CN, et al. The glucose fatty-acid cycle: its
role in insulin sensitivity and the metabolic disturbances of diabetes
mellitus. Lancet. 1963;1:785–789.

43. Taegtmeyer H, Hems R, Krebs HA. Utilization of energy providing
substrates in the isolated working rat heart. Biochem J. 1980;186:
701–711.

44. Saha AK, Vavvas D, Kurowski TG, et al. Malonyl-CoA regulation in
skeletal muscle: its link to cell citrate and the glucose-fatty acid cycle.
Am J Physiol. 1997;272:E641–E648.

45. Kim JY, Nolte LA, Hansen PA, et al. High-fat diet-induced muscle
insulin resistance: relationship to visceral fat mass. Am J Physiol Regul
Integr Comp Physiol. 2000;279:R2057–R2065.

46. Storlien LH, James DE, Burleigh KM, et al. Fat feeding causes wide-
spread in vivo insulin resistance, decreased energy expenditure, and
obesity in rats. Am J Physiol. 1986;251:E576–E583.

47. Grundleger ML, Thenen SW. Decreased insulin binding, glucose
transport, and glucose metabolism in soleus muscle of rats fed a high fat
diet. Diabetes. 1982;31:232–237.

48. Ruderman NB, Saha AK, Vavvas D, et al. Malonyl-CoA, fuel sensing,
and insulin resistance. Am J Physiol. 1999;276:E1–E18.

49. Itani SI, Zhou Q, Pories WJ, et al. Involvement of protein kinase C in
human skeletal muscle insulin resistance and obesity. Diabetes. 2000;49:
1353–1358.

50. Griffin ME, Marcucci MJ, Cline GW, et al. Free fatty acid-induced
insulin resistance is associated with activation of protein kinase C theta
and alterations in the insulin signaling cascade. Diabetes. 1999;48:
1270–1274.

51. Paz K, Hemi R, LeRoith D, et al. A molecular basis for insulin resistance.
Elevated serine/threonine phosphorylation of IRS-1 and IRS-2 inhibits
their binding to the juxtamembrane region of the insulin receptor and
impairs their ability to undergo insulin-induced tyrosine phosphorylation.
J Biol Chem. 1997;272:29911–29918.

52. De Fea K, Roth RA. Modulation of insulin receptor substrate-1 tyrosine
phosphorylation and function by mitogen-activated protein kinase. J Biol
Chem. 1997;272:31400–31406.

53. Laybutt D, Schmitz-Peiffer C, Saha A, et al. Muscle lipid accumulation
and protein kinase C activation in the insulin-resistant chronically
glucose-infused rat. Am J Physiol. 1999;277:E1070–E1076.

54. Schmitz-Peiffer C, Craig DL, Biden TJ. Ceramide generation is sufficient
to account for the inhibition of the insulin-stimulated PKB pathway in
C2C12 skeletal muscle cells pretreated with palmitate. J Biol Chem.
1999;274:24202–24210.

55. Goodwin GW, Taylor CS, Taegtmeyer H. Regulation of energy metab-
olism of the heart during acute increase in heart work. J Biol Chem.
1998;273:29530–29539.

56. Depre C, Vanoverschelde JLJ, Taegtmeyer H. Glucose for the heart.
Circulation. 1999;99:578–588.

57. Taegtmeyer H, Goodwin GW, Doenst T, et al. Substrate metabolism as a
determinant for postischemic functional recovery of the heart. Am J
Cardiol. 1997;80:3A–10A.

58. Sun D, Nguyen N, Delgrado TR, et al. Ischemia induces translocation of
the insulin-responsive glucose transporter GLUT 4 to the plasma
membrane of cardiac myocytes. Circulation. 1994;89:793–798.

1732 Circulation April 9, 2002

D
ow

nloaded from
 http://ahajournals.org by on M

arch 3, 2022



59. Doenst T, Taegtmeyer H. Alpha-adrenergic stimulation mediates glucose
uptake through phosphatidylinositol 3-kinase in rat heart. Circ Res. 1999;
84:467–474.

60. Young LH, Renfu Y, Russell R, et al. Low-flow ischemia leads to
translocation of canine heart GLUT-4 and GLUT-1 glucose transporters
to the sarcolemma in vivo. Circulation. 1997;95:415–422.

61. Tian R, Abel ED. Responses of GLUT4-deficient hearts to ischemia
underscore the importance of glycolysis. Circulation. 2001;103:
2961–2966.

62. Kobayashi K, Neeley JR. Effects of ischemia and reperfusion on pyruvate
dehydrogenase activity in isolated rat hearts. J Mol Cell Cardiol. 1983;
15:359–367.

63. Lewandowski ED, White LT. Pyruvate dehydrogenase influences postis-
chemic heart function. Circulation. 1995;91:2071–2079.

64. McVeigh JJ, Lopaschuk GD. Dichloroacetate stimulation of glucose
oxidation improves recovery of ischemic rat hearts. Am J Physiol. 1990;
259:H1079–H1085.

65. McCormack JG, Barr RL, Wolff AA, et al. Ranolazine stimulates glucose
oxidation in normoxic, ischemic, and reperfused ischemic rat hearts.
Circulation. 1996;93:135–142.

66. Cavallini L, Valente M, Rigobello MP. The protective action of pyruvate
on recovery of ischemic rat heart: comparison with other oxidizable
substrates. J Mol Cell Cardiol. 1990;22:143–154.

67. Pessin JE, Saltiel AR. Signaling pathways in insulin action: molecular
targets of insulin action. J Clin Invest. 2000;106:165–169.

68. Schmitz-Peiffer C. Signaling aspects of insulin resistance in skeletal
muscle: mechanisms induced by lipid oversupply. Cell Signal. 2000;12:
583–594.

69. Czech MP, Corvera S. Signaling mechanisms that regulate glucose
transport. J Biol Chem. 1999;274:1865–1868.

70. Kohn AD, Summers SA, Birnbaum MJ. Expression of a constitutively
active Akt ser/thre kinase in 3T3-L1 adipocytes stimulates glucose uptake
and glucose transporter 4 translocation. J Biol Chem. 1996;271:
31372–31378.

71. Zeng G, Nystrom F, Ravichandran L. Roles for insulin receptor, PI3-
kinase and Akt in insulin-signaling pathways related to production of
nitric oxide in human vascular endothelial cells. Circulation. 2000;101:
1539–1545.

72. DeFronzo RA, Bonadonna R, Ferrannini E. Pathogenesis of NIDDM: a
balanced overview. Diabetes Care. 1992;15:318–366.

73. Baumann CA, Ribon V, Kanzaki M, et al. CAP defines a second signaling
pathway required for insulin-stimulated glucose transport. Nature. 2000;
407:202–207.

74. Starling EH, Lovatt Evans C. The respiratory exchanges of the heart in
the diabetic animal. J Physiol (Lond). 1914;49:67–88.

75. McGarry JD. What if Minkowski had been ageusic? An alternative angle
on diabetes. Science. 1992;258:766–770.

76. Stanley WC, Lopaschuk GD, McCormack JG. Regulation of energy
substrate metabolism in the diabetic heart. Cardiovasc Res. 1997;34:
25–33.

77. Taegtmeyer H, Passmore JM. Defective energy metabolism of the heart in
diabetes. Lancet. 1985;I:139–141.

78. Chatham JC. The effects of diabetes on myocardial glucose metabolism.
In: Chatham JC, Forder JR, McNeill JH, eds. The Heart and Diabetes.
Norwell Mass: Kluwer Academic; 1996:189–212.

79. Depre C, Young ME, Ying J, et al. Streptozotocin-induced changes in
cardiac gene expression in the absence of severe contractile dysfunction.
J Mol Cell Cardiol. 2000;32:985–996.

80. Chatham JC, Forder JR. Relationship between cardiac function and sub-
strate oxidation in hearts of diabetic rats. Am J Physiol. 1997;273:
H52–H58.

81. Shulman GI. Cellular mechanisms of insulin resistance. J Clin Invest.
2000;106:171–176.

82. Shulman G, Rothman D, Jue T, et al. Quantitation of muscle glycogen
synthesis in normal subjects and subjects with non-insulin-dependent
diabetes by 13C nuclear magnetic resonance spectroscopy. N Engl J Med.
1990;322:223–228.

83. Rothman DL, Shulman RG, Shulman GI. 31P nuclear agenetic resonance
measurements of muscle glucose-6-phosphate. Evidence for reduced
insulin-dependent muscle glucose transport and phosphorylation activity
in non-insulin-dependent diabetes mellitus. J Clin Invest. 1992;89:
1069–1075.

84. Cline G, Peterson KF, Krssak M. Impaired glucose transport as a cause of
decreased insulin-stimulated muscle glycogen synthesis in type 2
diabetes. N Engl J Med. 1999;341:240–246.

85. Rothman DL, Magnusson I, Cline G. Decreased muscle glucose transport/
phosphorylation is an early defect in the pathogenesis of non-insulin-
dependent diabetes mellitus. Proc Natl Aad Sci U S A. 1995;92:983–987.

86. Price TB, Perseghin G, Duleba A. NMR studies of muscle glycogen
synthesis in insulin-resistant offspring of parents with non-insulin-
dependent diabetes mellitus immediately after glycogen-depleting
exercise. Proc Natl Aad Sci U S A. 1996;93:5329–5334.

87. Utrianen T, Takala T, Luotolahti M. Insulin resistance characterizes
glucose uptake in skeletal muscle but not the heart in NIDDM. Diabe-
tologia. 1998;41:555–559.

88. Jagasia D, Whiting JM, Concato J, et al. Effect of non-insulin-dependent
diabetes mellitus on myocardial insulin responsiveness in patients with
ischemic heart disease. Circulation. 2001;103:1734–1739.

89. Swan J, Anker S, Walton C, et al. Insulin resistance in chronic heart
failure: relation to severity and etiology of heart failure. J Am Coll
Cardiol. 1997;30:527–532.

90. Amato L, Paolisso G, Cacciatore F, et al. Congestive heart failure predicts
the development of non-insulin-dependent diabetes mellitus in the
elderly. The Osservatorio Geriatrico Regione Campania Group. Diabetes
Metab. 1997;23:213–218.

91. Coats AJ, Anker S. Insulin resistance in chronic heart failure. J Car-
diovasc Pharmacol. 2000;35:S9–S14.

92. Paolisso G, De Riu S, Marrazzo G, et al. Insulin resistance and hyperin-
sulinemia in patients with chronic congestive heart failure. Metabolism.
1991;40:972–977.

93. Zelis R, Mason DT, Braunwald E. A comparison of the effects of
vasodilator stimuli on peripheral resistance vessels in normal subjects and
in patients with congestive heart failure. J Clin Invest. 1968;47:960–970.

94. Mancini DM, Walter G, Reichek N, et al. Contribution of skeletal muscle
atrophy to exercise intolerance and altered muscle metabolism in heart
failure. Circulation. 1992;85:1364–1373.

95. Levine B, Kalman J, Mayer L, et al. Elevated circulating levels of tumor
necrosis factor in severe chronic heart failure. N Engl J Med. 1990;323:
236–241.

96. Miles PD, Romeo OM, Higo K, et al. TNF-alpha-induced insulin
resistance in vivo and its prevention by troglitazone. Diabetes. 1997;46:
1678–1683.

97. Thompson AL, Cooney GJ. Acyl-CoA inhibition of hexokinase in rat and
human skeletal muscle is a potential mechanism of lipid-induced insulin
resistance. Diabetes. 2000;49:1761–1765.

98. Chen V, Ianuzzo C, Fong B, et al. The effects of acute and chronic
diabetes on myocardial metabolism in rats. Diabetes. 1984;33:
1078–1084.

KEY WORDS: diabetes mellitus � heart failure � cardiovascular diseases

Taegtmeyer et al Adaptation of the Heart in Diabetes 1733

D
ow

nloaded from
 http://ahajournals.org by on M

arch 3, 2022


