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B Abstract

Type 1 and type 2 diabetic patients are at increased risk of
cardiomyopathy and heart failure is a major cause of death
for these patients. Cardiomyopathy in diabetes is associated
with a cluster of features including decreased diastolic com-
pliance, interstitial fibrosis and myocyte hypertrophy. The
mechanisms leading to diabetic cardiomyopathy remain un-
certain. Diabetes is associated with most known risk factors
for cardiac failure seen in the overall population, including
obesity, dyslipidemia, thrombosis, infarction, hypertension,
activation of multiple hormone and cytokine systems, auto-
nomic neuropathy, endothelial dysfunction and coronary
artery disease. In light of these common contributing pa-

thologies it remains uncertain whether diabetic cardio-
myopathy is a distinct disease. It is also uncertain which fac-
tors are most important to the overall incidence of heart
failure in diabetic patients. This review focuses on factors
that can have direct effects on diabetic cardiomyocytes: hy-
perglycemia, altered fuel use, and changes in the activity of
insulin and angiotensin. Particular attention is given to the
changes these factors can have on cardiac mitochondria and
the role of reactive oxygen species in mediating injury to
cardiomyocytes.
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Recognition of diabetic cardiomyopathy

n association between diabetes and cardiac disease

was first recognized in the late 1800s [1]. More
recently, the Framingham Heart Study [2] provided
conclusive evidence of the role of diabetes in heart
failure: in a prospective study of 5,000 individuals, the
risk of heart failure was increased in diabetic men and
women by two- and five-fold respectively and heart
failure is now recognized as a major cause of death
among diabetics [3].

Evidence has accumulated indicating that diabetic
cardiomyopathy occurs from causes in addition to the
coronary atherosclerosis common in diabetes. Other
features of diabetes must contribute to the injury to
the heart muscle in these patients. This was first pro-
posed by Rubler ¢z /. in 1972 [4] based on postmortem
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findings of heart failure in diabetic patients free of de-
tectable coronary artery disease. These and similar
findings have been reported in many other clinical
studies [5, 0]. In addition, the increased risk of diabetic
heart failure reported in the Framingham Heart Study
could not be fully explained by looking at several other
diabetes associated risk factors. Heart studies of gen-
eral diabetic populations without cardiac complaints
[7] also indicated that diabetes produces left ventricular
abnormalities independent of other risk factors.

These clinical findings plus many animal studies
cited below, suggest that diabetes produces damage to
cardiac muscle. Diabetes is associated with most
known risk factors for cardiac failure, including obe-
sity, hyperlipidemia, hypercholestoremia, thrombosis,
infarction, hypertension, activation of multiple hor-
mone and cytokine systems, autonomic neuropathy,
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Figure 1. Some of the risk factors for heart failure which are associated with diabetes. AGE: tes,

advanced glycation end product.

endothelial dysfunction and coronary artery disease
(Figure 1). In light of these many contributing pa-
thologies it remains uncertain which factors are most
important to the overall incidence of heart failure in
diabetic patients.

Characteristics of diabetic hearts

Cardiomyopathy in type 1 or type 2 diabetic pa-
tients is associated with a cluster of common features
(Figure 2). It should be noted that these are not unique
to diabetes. The most frequent and eatliest functional
abnormality observed by echocardiography of type 2
diabetic hearts is decreased diastolic compliance [8].
Reduced compliance sometimes co-exists with systolic
dysfunction [6], which may be evident as reduced ejec-
tion fraction. Diabetes is also a significant risk factor
for left ventricular hypertrophy [9] and this has been
demonstrated in two large studies of type 2 diabetic
populations, both of which reported higher LV wall
thickness and mass |2, 10] in diabetic hearts. Hyper-
trophy was found in both sexes in the Strong Heart
Study of American Indians [10] but predominantly in
females in the largely Caucasian Framingham Heart
Study [2]. Importantly, the ventricular hypertrophy and
dysfunction were found to be significant even when
accounting for associated risk factors such as BMI and
hypertension [10].

Common finding in biopsies of the diabetic heart
[11, 12] are interstitial fibrosis and myocyte hypertro-
phy. Biopsies have also demonstrated diabetes associ-
ated increases in contractile protein glycosylation [13].
The biopsy findings of interstitial fibrosis, protein gly-
cosylation and myocyte hypertrophy are likely factors
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prolonged decline in
cardiac function.
In type 1 diabe-
most, though
not all [14] studies
report diastolic dys-
function. Even young patients in which cardiac ische-
mia or hypertension could be ruled out, were found to
have diastolic dysfunction [15, 16]. In some studies,
young type 1 females were more effected than males
[16] and pregnancy exacerbates cardiac dysfunction
[17]. As seen in most other diabetic complications,
there appears to be a correlation between blood glu-
cose control and diastolic dysfunction [18].

Risk factors for diabetic cardiomyopathy

The major reason that diabetics have such a high
rate of heart failure can be attributed to their very high
rates of the same risk factors that impact the overall
population. The most common risk factors for CHF
(congestive heart failure) are dyslipidemia and hyper-
tension, both of which are much more frequent in the
diabetic population. Prior infarction and re-infarction,
while less common than hypertension and dyslipide-
mia, carty a greater individual risk for development of
heart failure. The rate of infarction is several-fold
higher in the diabetic population, in part due to their
high rates of thrombosis. Coronary atherosclerosis is
classically increased in diabetics and many patients
have underlying ischemic disease that contributes to
both the onset and progression of heart failure. Each
of these factors interact, increasing the incidence of
CHF more so than any one factor.

Diabetes is also associated with its own set of com-
plications that exacerbate the tendency to catdio-
myopathy, including autonomic neuropathy, endothe-
lial dysfunction, peripheral insulin resistance, hypergly-
cemia and abnormal cardiac fuel usage. Though their
individual risk may be low, they are likely to interact
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with other cardiac pathologies. This review will focus
on factors that may have the most direct affect on car-
diomyocytes, altered fuel use, hyperglycemia and
changes in the activity of insulin and angiotensin.
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Figure 2. Interacting pathways of ROS production and injury in diabetic
cardiomyocytes. ROS: reactive oxygen species. AGE: advanced glycation
end products. Ang Il: angiotensin Il. FFA: free fat acid. Glut: glucose trans-
porter. FATP: free fat acid transport protein. AT1R: angiotensin 2 type 1 re-
ceptor. CPT-1: carnitine palmitoyl transferase-1. SR: sarcoplasmic reticulum.

SRCA: sarcoplasmic reticulum Ca 2*-ATPase.

Mechanisms of diabetic cardiomyopathy

Altered fuel use in diabetic hearts

Healthy hearts derive most of their energy from
free fatty acids and only a small proportion from circu-
lating glucose. Typically after an infarction or during
heart failure there is an increase in cardiac glucose us-
age and a reduction in fat consumption. In contrast,
diabetic hearts use more fat and less glucose than nor-
mal hearts, the opposite of how failing or infarcted
hearts modify their fuel use. In one recent study [19] of
type 1 diabetic subjects fatty acid uptake was three-fold
higher than normal, which coincided with a two-fold
decrease in glucose uptake. Similar results have been
demonstrated in several rodent models of type 2 diabe-
tes [20]. The cardiac metabolic switch for increased fat
consumption appears to be related to high circulating
levels of fatty acids and reduced cardiac glucose usage.
The whole body shift to reduced glucose usage and in-

Rev Diabetic Stud (2006) 3:108-117

Cell membrane

creased fatty acid availability occurs in diabetes because
of reduced insulin action in several tissues. Increased
release of fatty acids by the adipocyte and liver results
in elevated circulating fatty acids and triglycerides
which is a major factor in the elevated
uptake and oxidation of fatty acids in
cardiomyocytes [21]. To adapt to the
requirement for increased fatty acid
oxidation, hearts from type 1 diabetic
models show dramatic up-regulation
of mitochondrial proteins involved in
fat metabolism [22, 23]. The induction
of enzymes of fatty acid oxidation re-
quires the transcriptional regulators
PPARa and/or PPARB, which regu-
late gene expression of these enzymes
[24]. These PPAR factors are elevated
and activated in diabetic hearts [25].

Increased fat dependence also ap-
pears in part to be a function of de-
creased glucose metabolism. The pres-
ence of glucose reduces fatty acid me-
tabolism, probably by increasing intra-
cellular levels of malonyl CoA [20], a
potent inhibitor of fatty acid conjuga-
tion to carnitine. This step is the ma-
jor control point for movement of
fatty acids into the mitochondria for
oxidation. Cardiac glucose metabolism
declines in diabetes [19] due to a de-
cline in insulin, insulin resistance ot
increased availability of fatty acids.
The first step in cardiomyocyte glucose usage is uptake
which is significantly regulated by insulin in the heart.
In diabetes there is also a chronic reduction in cardiac
glycolytic capacity [27] and glucose oxidation is still
further reduced by a decline in pyruvate dehydro-
genase activity [27, 28].

Bishop and Altrud reported over 30 years ago [29]
that glycolytic metabolism is increased in cardiac hy-
pertrophy and congestive heart failure. This may be an
adaptive response that allows for increased energy effi-
ciency, as well more ATP production by way of anero-
bic glycolysis. The significance of this increased re-
quirement of glucose during heart failure has been in-
dicated in several systems where glucose metabolism
has been modified. Impaired glycolysis by transgenic
inhibition of phosphofructokinase [30] predisposes to
heart failure. The most prominent finding in glucose
transporter (GLUT4) knockout mice is cardiac hyper-
trophy [31]. Apoptosis of cardiac myocytes, which is
known to occur during heart failure [32], is inhibited
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following modifications that increase glycolysis [33].
Studies utilizing iz vitro application of inhibitors of glu-
cose metabolism, such as 2-deoxyglucose [34] report
weakened contractility, even under well-oxygenated
conditions. Notably, the most prominent finding de-
scribed following inhibition of glycolysis was impair-
ment of diastolic relaxation, which is also the most
prominent defect in diabetic cardiomyopathy. Con-
versely, transgenic manipulations that increase glucose
usage provides protection from heart failure due to
aortic constriction [35] or diabetes [306].

Reduced glycolytic activity of the diabetic heart may
also be an important factor that predisposes diabetic
patients to more severe outcomes following ischemic
or hypoxic damage. It was shown 30 years ago in
ischemic rat hearts [37], that dependence on glucose
and glycolysis is markedly increased. One of the pro-
tective responses of the ischemic heart is an increase in
glycolysis [38, 39] and stimulation of glycolysis with
glucose and insulin has been used for many decades to
protect patient hearts from ischemic or hypoxic dam-
age [40, 41]. In vitro experiments to examine the rela-
tionship between glycolytic rate and ischemic injury
support this clinical practice. Studies in isolated per-
fused hearts reveal that manipulations which accelerate
cardiac glucose use decrease ischemic damage [42, 43|
while procedures that limit glycolysis tend to sensitize
the heart to ischemia [44]. Tian ef al. [45] found that
cardiac specific knockout of the GLUT4 glucose trans-
porter, sensitizes the heart to hypoxic damage. The
mechanism of glucose-induced cardiac protection in
ischemia has not been resolved. However, it is clear
that glycolysis becomes the sole or primary source of
ATP production in hypoxic hearts. Also, ATP derived
from glycolysis seems to have a preferential role [46] in
maintaining normal conductance for calcium, potas-
sium and sodium ions, functions that are critical in
maintaining cardiac myocytes viability during ischemia.

The pathological significance of this increased de-
pendence on fatty acid metabolism in the diabetic car-
diomyocyte remains an uncertain but suspect cause for
cardiomyopathy. Transgenic studies that produce heart
damage by way of cardiac specific increases in fat me-
tabolism, indicate that injury originates in the myocyte
and is not simply secondary to systemic changes [47]
associated with hypetlipidemia. Excessive dependence
on fatty acid metabolism poses several problems for
the heart. Increased intracellular fatty acids can be det-
rimental to mitochondria [48]. The fatty acid palmitate,
possibly by convetsion to ceramide [49] is particularly
potent in inducing apoptosis in cardiomyocytes [50]
and palmitate exposure also damages the contractile
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apparatus [49]. In addition, excessive reliance on fatty
acid metabolism impairs cardiac energy efficiency at
least in part because glucose utilization is about 10%
more efficient at generating ATP per O consumed
(2.58 vs. 2.33 ATP/oxygen atom). This change in effi-
ciency impacts the heart of diabetic and obese patients.
Obesity in young women has been shown to be corre-
lated with increased fatty acid utilization, increased
cardiac oxygen consumption, and decreased cardiac
efficiency [51]. In type 1 diabetic hearts there is also an
increased consumption of oxygen [19].

Studies on mitochondria from hearts of diabetic
animal models demonstrate morphological and func-
tional changes that may be secondary to the shift in
greater fat availability. Diabetes alters the protein com-
position of diabetic mitochondria [52] to accommo-
date the increased oxidation of fatty acids. Proteomic
analysis of cardiac proteins altered by diabetes revealed
that 60% of the proteins that increased in abundance
were localized to mitochondria, which is a striking
finding considering that only 1-2% of cellular proteins
are mitochondrial [52]. Most of the protein changes
were due to increased content of enzymes required for
fatty acid oxidation. It has also been proposed that the
increase in fat dependence may also disturb mitochon-
drial lipid composition [53]. Consistent with those
findings, diabetes also reduces mitochondrial efficiency
for ATP production [52]. Diabetic mitochondria also
produce more ROS than normal [54] which can fur-
ther damage mitochondria thereby dectreasing effi-
ciency. In support of this, it was found that transgenic
over-expression of the mitochondrial antioxidant en-
zyme manganese superoxide dismutase partially re-
stored normal function in mitochondria from diabetic
hearts [55].

Intracellular lipid accummnlation

If fatty acid oxidation fails to keep up with uptake,
lipids can accumulate, producing lipotoxicity [56, 57].
The Taegtmeyer group [58] has observed a significant
accumulation of lipid in cardiac myocytes of heart fail-
ure patients. Not surprisingly, this was most evident in
diabetic patients, to a lesser extent in obese patients
and not at all in non-obese, non-diabetic patients. This
suggests that lipid accumulation does not play a role in
many cases of heart failure but may be an important
factor in patients that are obese or diabetic. Lipid ac-
cumulation may directly impede myocyte metabolism
and contractility or promote cardiomyocyte apoptosis.

A combination of increased cardiomyocyte fatty
acid transport proteins [57], increased lipoprotein li-
pase [47] or elevated serum fatty acids will facilitate the
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import of fatty acids or neutral lipids into the cardio-
myocyte. There is an adaptive process for this fuel sur-
plus, likely by lipid ligand activation of PPAR alpha
and beta with subsequent gene expression, particularly
those involved in fatty acid oxidation [24]. However,
the implication that more PPAR alpha activity, as seen
in diabetic hearts [25], will be beneficial does not seem
to be true. For example, Taegetmeyer [59] has recently
shown that PPAR alpha activation exacerbates lipotox-
icity in a mouse model of repetitive ischemia reperfu-
sion. Also, cardiac specific over-expression of PPAR
alpha receptors [60] exacerbates diabetes-induced car-
diomyopathy, while whole body knockout of PPAR
alpha limited induction of diabetic cardiomyopathy.
These results emphasize that cardiac lipid balance is
carefully regulated and is readily disturbed, as occurs in
diabetes.

The mechanism of damage due to lipid accumula-
tion is not certain; however Unger has emphasized the
concept that only adipocytes are competent for exten-
sive storage of lipids whereas all other cell types are
susceptible to lipotoxic injury [61]. Accumulation of
palmitate in cardiomyoblasts produces both increased
ROS production and ER stress, resulting in apoptosis
[62]. Palmitate accumulation can also promote denovo
ceramide production [63] which is also an inducer of
apoptosis. Fatty acids can also modify intracellular sig-
naling mechanisms. For example, in skeletal muscle,
free fatty acids promote insulin resistance by altering
signaling at multiple steps in the insulin activation cas-
cade [63]. These apparently different mechanisms of
cell injury may be independent mechanisms of damage
or they may be interdependent and sequential.

Altered cell signaling in diabetic hearts

Organ sensitivity to hormones and the hormonal
milieu are markedly altered in diabetes. Circulating in-
sulin levels are very high, especially eatly in type 2 dia-
betes, to compensate for insulin resistance in skeletal
muscle, adipocytes and the liver. While it is by no
means established, it appears that cardiac cells of dia-
betic patients do not develop insulin resistance to the
same extent as seen in skeletal muscle. Some studies
have not observed insulin resistance in hearts of type 2
diabetic patients, even when other diabetic tissues of
the same patients exhibit significant insulin resistance
[64, 65]. Thus under conditions of diabetic hyperinsu-
linemia, the less-resistant heart is being stimulated by
relatively high levels of insulin. Insulin is known to
promote the actions of various growth factors and in-
crease in cell growth in multiple cell types [66]. In car-
diomyocytes, insulin stimulates hypertrophy by several
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pathways, notably activation of Akt and ERK. This
can be expected to be one factor in the hypertrophy
characteristic of diabetic hearts. Over stimulation of
some insulin responses may also be true in type 1 dia-
betics if the dose of insulin is titrated to tissue that are
more insulin resistant that the heart.

Angiotensin 2 has been implicated in several com-
plications of diabetes and blockade of angiotensin syn-
thesis or its receptor is recognized as the most effec-
tive preventative treatment for diabetic nephropathy.
The Anversa group [67] has demonstrated increased
angiotensin 2 labeling of cardiac myocytes and endo-
thelial cells in cardiac biopsy samples of patients with
type 2 diabetes. They have also shown increased ex-
pression of synthetic and receptor components of the
rennin-angiotensin system in an animal model of type
1 diabetes [68]. Angiotenin 2 increases ROS produc-
tion in cardiomyocytes and we have found that type 1
diabetic mouse cardiomyocytes produce more ROS
than normal cardiomyocytes [54]. Angiotensin 2 is also
capable of inducing two of the most characteristic fea-
tures of diabetic cardiomyopathy, hypertrophy and in-
terstitial fibrosis [69]. Fibrosis may in part be due to
activation of connective tissue growth factor [69] and
TGF-B activity, as well as by induction of plasminogen
activator inhibitor-1, which attenuates fibrinolysis. An-
giotensin stimulation of ROS production may occur
via local activation of NADPH oxidase [70] or by in-
creased mitochondrial ROS generation [54]. Excess
ROS that produces cardiomyocyte death will further
induce replacement fibrosis.

High glucose-induced generation of AGEs and reactive oxygen
species in diabetic hearts

Elevated circulating glucose has been shown to be a
major factor in most complications of type 1 [71] and
type 2 diabetes [72]. Those clinical trials did not ana-
lyze diabetic cardiomyopathy but extensive evidence
from experimental models of type 1 and 2 diabetes
implicates hyperglycemia in cardiomyopathy. Impor-
tant components of high glucose-induced cellular in-
jury are the generation of reactive oxygen species
(ROS) and formation of advanced glycation end prod-
ucts (AGEs). AGEs are formed when glucose or glu-
cose metabolites produce stable, covalent modification
of proteins. These protein adducts are not only directly
damaging but they also contribute to ROS generation.

In the extra-cellular compartment, the major AGEs
derive from direct reaction of glucose with protein
amino groups. The modifications can be a single, iso-
lated change on the peptide chain or multiple AGE
modifications that can produce crosslinks within or
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between proteins. Long-lived extra-cellular proteins
such as collagen and elastin are particularly vulnerable
to accumulation of AGE crosslinks [73]. This can im-
pair the ability of collagen to be degraded, leading to
collagen accumulation or fibrosis. Crosslinks in colla-
gen and elastin and the resulting fibrosis also cause in-
creased myocardial stiffness and impaired cardiac re-
laxation, typical of diabetic hearts. In a rodent diabetic
model, treatment with the crosslink breaker, AL T-711,
reduced cardiac AGE levels, improved collagen solu-
bility and ameliorated diabetes-induced changes in car-
diac gene expression [74]. While not yet studied spe-
cifically in human diabetic patients, it has been shown
in patients with diastolic heart failure, which is charac-
teristic of diabetic cardiomyopathy, that the crosslink
breaker, ALT-711 improves diastolic performance and
reduces cardiac hypertrophy [75]. Thus, crosslink
breakers provide what is theoretically a very promising
class of drugs for treatment and prevention of diabetic
cardiomyopathy.

Soluble extra-cellular AGEs can bind to several dif-
ferent cell surface receptors. The most important of

Table 1. Clinical features of diabetic cardiomyopathy

Characteristic Notes References
Diastolic Seen in the majority of [8, 15]
dysfunction preclinical type 2 patients.
Obsetved in some but not  [14, 18]
all studies of type 1 pa-
tients.
Correlated to glycemic [18]
control.
Systolic Significantly higher rate in ~ [3]

diabetics than non-
diabetics, especially fe-

dysfunction

males.

Variable findings in pre- Reviewed

clinical diabetic studies. in [87]
Left ventricle Incteased left ventricle [2, 10]

hypertrophy wall thickness and cham-
ber size, mass; especially in
women, mostly in T2D.
Myocyte Associated with fibrosis. [11]
hypertrophy
Fibrosis Perivascular or interstitial. ~ [11]

Replacement fibrosis in [6]
more advanced failure.
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these with respect to diabetic complications is the re-
ceptor for advanced glycation end products, RAGE
[76]. This receptor binds to a broad class of ligands in-
cluding AGEs and the resulting RAGE activation
stimulates NADPH oxidase and other intracellular sig-
naling pathways [76]. Activated NADPH oxidase pro-
duces large amounts of cytoplasmic and extra-cellular
superoxide which in turn can combine with nitric ox-
ide, forming highly reactive and damaging peroxyni-
trite. Since nitric oxide is an important cell signaling
molecule, the reduction in nitric oxide levels due to
formation of peroxynitrite impairs normal cell signal-
ing. Superoxide also converts to another highly reac-
tive ROS, the hydroxyl radical which can damage pro-
teins, lipids and nucleic acids. By elevation of intracel-
lular free radicals and by the triggering of multiple
other signaling pathways [76], the activated RAGE re-
ceptor up-regulates the stress related transcription fac-
tor NF-xB [77] and modifies overall cellular gene ex-
pression. RAGE receptors are found in cardiomyo-
cytes [78] and they are a significant component of car-
diac ischemia reperfusion injury in rodent models [79].
In addition, transgenic over-expression of RAGE in
the heart produces features of rodent models of dia-
betic cardiomyopathy such as reduced intracellular cal-
cium transients and prolongation of calcium peaks
[78]. The RAGE receptor provides another target for
potential therapeutics for diabetic complications [80]
including cardiomyopathy.

Accumulated evidence from many laboratoties, pat-
ticularly the Brownlee laboratory [81] indicate that an-
other important contributor to cell injury is the in-
creased level of glucose that enters the cell in diabetes
and goes through mitochondrial oxidation. The resul-
tant increase in mitochondrial metabolism causes more
production of superoxide from the mitochondrial elec-
tron transport chain. Mitochondrial generated superox-
ide, like superoxide produced by NADPH oxidase,
generates highly reactive free radicals that damage
DNA, protein and lipid constituents of the cell. Much
of the evidence for this concept of diabetes-induced
damage derives from endothelial cells. This is a very
appropriate cell type, since it is basic to the impaired
function of blood vessels and microcirculation in
complications such as nephropathy and retinopathy,
which are responsive to levels of glycemia. Endothelial
cells utilize glucose transporters that are largely insulin
independent; their glucose uptake is more affected by
the glucose gradient across the cytoplasmic membrane
and less effected by ambient insulin or by insulin resis-
tance. Thus in endothelial cells, elevations in extra-
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cellular glucose produce increases in intracellular glu-
cose.

It is less certain whether diabetes induces the same
elevation in intracellular glucose in cardiac cells as it
does in endothelial cells. Unlike endothelial cells, skele-
tal and cardiac muscle utilize the insulin responsive
GLUT 4 transporter. Thus when insulin levels or insu-
lin responsiveness is low, the capacity for glucose up-
take in muscle is reduced and intracellular glucose lev-
els are less likely to rise dramatically. However, the
heart has minimal or at least a lower degree of insulin
resistance than skeletal muscle in type 2 diabetes [64,
65]. As a result, cardiac glucose transporters may not
be down-regulated in diabetic patients. There are dis-
crepant findings with regard to glucose uptake in
hearts of diabetic patients; some studies report de-
creased glucose uptake [82] while other studies in type
2 diabetic subjects report normal glucose uptake [64].
If glucose transport is normal and extra-cellular glu-
cose Is elevated, then it may be expected that intracel-
lular glucose will rise above normal in cardiomyocytes
of type 2 diabetic patients. AGE formation is much
more rapid with intermediate metabolites of glycolysis
than it is with glucose itself. However, it has not been
established whether the concentration of individual re-
active metabolites is altered in hearts of diabetic pa-
tients. One indicator of increased cardiac intracellular
glucose or its metabolites would be to determine a
concurrent increase in intracellular AGE-modified car-
diomyocyte proteins. This has been definitively dem-
onstrated, at least in diabetic rats [83]. Cardiac
sarco(endo)plasmic reticulum Ca?*-ATPase (SERCA)
was found to contain an increase in single and
crosslinked AGEs. This has the potential to impair the
capacity of SERCA to translocate calcium and thus
slow the rate of cardiac relaxation. Both delayed cal-
cium uptake and relaxation are characteristic features
of diabetic hearts [84]. In addition, our laboratory [54]
and others [70] have found that cardiomyocytes from
diabetic mice exposed to high glucose, produce more
ROS than normal cardiomyocytes generated by mito-
chondrial metabolism. These findings of high glucose-
induced ROS production and intracellular AGE con-
tent suggest that cardiomyocytes are sensitive to intra-
cellular glucose toxicity in diabetes. Figure 2 summa-
rizes the major sources and targets of ROS in diabetic
cardiomyocytes.

Conclusions

Basic questions remain in understanding diabetic
cardiomyopathy, including determining whether it is
distinct from other forms of heart failure. The main
clinical findings of hypertrophy and impaired diastolic
function are by no means unique. Only with a pre-
existing diagnosis of diabetes can diabetic cardio-
myopathy be diagnosed. This leads to an ongoing dis-
agreement among clinicians and basic scientists
whether diabetic cardiomyopathy is a distinct pathol-
ogy. Despite the fact that we do not yet have a unique
description for a constellation of pathologies defining
diabetic cardiomyopathy, it is clearly a very serious
clinical problem simply based on the two- to five-fold
increased rates of heart failure among diabetics. Dia-
betics have high rates of all the common risk factors
for heart failure (Table 1). In addition, diabetics have
two risk factors that are related to one another but dis-
tinct from the non-diabetic population, hyperglycemia
and high levels of AGEs. Hyperglycemia accounts for
part of the risk of diabetic heart failure: for each 1%
increase in glycosylated hemoglobin in the range of 7
to 10% there is approximately an 8% increase in the
risk for heart failure [85]. This is significant, but does
not account for the 100% to 300% risk added by dia-
betes [2]. It is likely that hyperglycemina combines
with the more common features to multiply the overall
risk. As so many of these risk factors are associated
with each other it is a daunting task even for the largest
and most well designed multivariate analysis to deter-
mine the relative importance of each individual factor.
It also remains to be determined why diabetes has a
more than two-fold greater effect on heart failure in
women than in men [86]. Answers to these questions
will most likely come first from basic research in ani-
mal models. Many different diabetic models are avail-
able but they display significantly different cardiac
phenotypes [63]. The sort of focused phenotyping cen-
ters such as those supported by the NIH identifying
optimal models of diabetic nephropathy and retinopa-
thy will be valuable in identifying an optimal model
displaying similar features seen in human diabetics.
This will produce more consistent and meaningful
findings on the causes of diabetic cardiomyopathy.
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