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  Pref ace     

 Diabetes has long been recognized as a disease of high blood sugar, and there has 
been a continuous search for the exact reason for its development. In the middle of 
the nineteenth century, autopsies of patients with diabetes mellitus showed damaged 
pancreases. The fi rst evidence for the link between diabetes and the pancreas was 
provided in 1889 by O. Minkowski and J.V. Mering, who depancreatized a dog and 
demonstrated the development of polyuria, which was undistinguishable from diabe-
tes. This disease is known as a disorder of carbohydrate metabolism resulting from 
insuffi cient production of insulin by pancreas (type 1 diabetes) or an ineffective 
response of cells to insulin (type 2 diabetes). In 2005, the World Health Organization 
had estimated that more than 180 million people worldwide suffer from diabetes 
mellitus and indicated that this fi gure is likely to double within the next 20 years. 
Among the 3.8 million deaths each year associated with diabetes, about two thirds 
are attributable to cardiovascular complications. In fact, diabetes is now considered 
to be a major metabolic risk factor for the occurrence of heart disease. 

 Metabolic syndrome has been used to describe a cluster of disorders such as 
diabetes and is believed to be an indicator of risk for heart disease, stroke, and other 
cardiovascular abnormalities. This term dates back to the late 1950s, but came into 
common usage in the 1970s to describe the association of various risk factors with 
diabetes, particularly insulin resistance, which is the cornerstone of this syndrome. 
Some individuals are genetically predisposed to developing insulin resistance; how-
ever, both obesity and sedentary lifestyle are conditions that promote metabolic 
syndrome and result in developing type 2 diabetes, heart disease, kidney disease, 
and stroke. It should be noted that cardiovascular dysfunction is the leading cause 
of mortality in diabetic individuals, primarily because of the development of cardiac 
abnormality, diabetic cardiomyopathy, as defi ned by A. Grishman and his cowork-
ers in 1972. Diabetic cardiomyopathy is a clinical condition in which ventricular 
dysfunction is diagnosed in diabetic patients in the absence of coronary atheroscle-
rosis and hypertension. Several mechanisms involved in the development of cardio-
myopathy in diabetic patients have been postulated, including alterations in 
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intracellular cation homeostasis and glucose metabolism, as well as enhanced 
oxidative stress. It is becoming clear that cardiovascular complications in diabetes 
result from multiple parameters including glucotoxicity, lipotoxicity, fi brosis, and 
mitochondrial uncoupling. 

 Diabetic cardiomyopathy is associated with both type 1 (insulin-defi cient) and 
type 2 (insulin-resistant) diabetes and is characterized by early-onset diastolic and 
late-onset systolic dysfunctions, including depressions in diastolic compliance, con-
tractility, and rate of myocardial relaxation. Diabetic cardiomyopathy was initially 
classifi ed as a dilated cardiomyopathy with prominent left ventricular enlargement 
and depressed systolic function; however, during the past two decades, diastolic left 
ventricular dysfunction was also indentifi ed as a manifestation of this disorder. 
Because discovering the nature of diabetic cardiomyopathy and its complications 
has been generally considered to help in designing effective therapeutic strategies to 
curb this epidemic problem in society, this book was aimed to provide a comprehen-
sive approach to understanding diabetes and its complications as well as various 
strategies for its prevention and treatment. This book is a compilation of review 
articles devoted to the study of diabetic cardiomyopathy with respect to biochemical 
and molecular mechanisms of hyperglycemia. The wide range of topics covered 
here are of interest to basic research scientists, clinicians, and graduate students 
who are devoted to the study of the pathogenesis of diabetes-induced cardiovascular 
dysfunction. Furthermore, some chapters are directed toward increasing our under-
standing of novel ways for the prevention and treatment of cardiomyopathy. The 25 
chapters in this book are organized into three sections. 

 The fi rst section discusses general aspects of the metabolic derangements in dia-
betic cardiomyopathy, including metabolic alterations and substrate utilization in 
the heart, metabolic alterations and cardiac remodeling, role of diet in the develop-
ment of metabolic syndrome in the heart, and the effects of hyperglycemia in terms 
of biochemical and structural alterations in the heart. This section also has chapters 
on the role of hyperglycemia in cardiovascular complications and their possible 
prevention with antioxidant treatment protocols. It is generally well accepted that 
diabetes is associated with increased oxidative stress. In fact, chronic hyperglyce-
mia has been shown to cause oxidative stress, leading to cardiac complications, 
including hypertension, left ventricular hypertrophy, dilated cardiomyopathy, and 
myocardial infarction. Furthermore, signifi cant increases in oxidants have been 
shown to trigger a cascade of pathological events including contractile dysfunction. 
Oxidative stress and imbalance between endogenous reactive oxygen species as 
well as antioxidant systems are involved in the etiology of diabetes-induced down-
regulation of heart function. There is also a close relationship between impaired 
insulin signaling and alteration in heart function via depressed endogenous antioxi-
dant defense mechanisms. In addition, there is some evidence for sex-related differ-
ences in diabetes-induced cardiovascular pathologies, particularly the role of 
estrogen, which can exert protective effects against diabetes through modulation of 
altered Ca 2+  dynamics and reduction of oxidative damage to the heart. 

 In the second section, several cellular mechanisms of diabetic cardiomyopathy 
are discussed, indicating that diabetic cardiomyopathy is a multifactorial and 
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complex problem. Included are alterations in cardiac energy metabolism showing 
reduced glucose uptake and increased free fatty acid oxidation, resulting in mito-
chondrial uncoupling, impaired Ca 2+  homeostasis, and depressed contractile activ-
ity. The use of PPAR-α agonist to reduce fatty acid oxidation and physical exercise 
to induce mitochondrial adaptation has been claimed to prevent diabetes-induced 
cardiac dysfunction. It should be emphasized that the diabetic heart is almost depen-
dent on the metabolism of fatty acids as there occurs an increase in the myocardial 
uptake of fatty acids and an increase in its oxidation as well as a reduction in glu-
cose oxidation. Such changes result in a decrease in ATP production per mole of 
oxygen and an increase in mitochondrial uncoupling, leading to an unfavorable 
energetic state together with an overproduction of reactive oxygen species. On the 
other hand, diabetes has long been reported to rapidly induce contractile dysfunc-
tions associated with altered Ca 2+  handling in isolated ventricular myocytes. Because 
miRNAs play a fundamental role in gene expression, alterations of a large number 
of miRNAs in chronic diabetes are closely associated with the development of heart 
disease. In a chronic neonatal rat model of diabetes demonstrating cardiomyopathy, 
14 miRNAs were upregulated and 28 miRNAs were downregulated. In addition, 
miR223 was consistently upregulated in the insulin-resistant heart, and miR223 
overexpression-induced GLUT4 protein expression in cardiomyocytes was found to 
be necessary for increased glucose uptake. 

 Several authors have contributed to the formulation of the seven chapters in the third 
section of this book, which demonstrate the prevention and treatment of diabetes using 
appropriate diet, proper supplements including antioxidants, angiotensin inhibitors, and 
some other drugs. Indeed, different epidemiological, experimental, and clinical investi-
gations have demonstrated a close correlation between diet and increased risk of devel-
oping diabetes-induced cardiovascular complications. For example, the increased 
consumption of refi ned and simple carbohydrates, fats, red meats, and low fi ber as well 
as low intake of specifi c minerals and vitamins have been shown to impair insulin 
response and increase plasma glucose levels and thus produce damage to the macro- and 
microvasculature. Some investigators have also highlighted the benefi cial effects and 
impact of nutritional interventions on the developing fetus and described the role of 
epigenetics and maternal nutrition on the risk of developing diabetes and cardiovascular 
complications. In summary, the text covers a broad range of topics related to general 
aspects of diabetes, particularly diabetic cardiomyopathy, including pathophysiology, 
complications, management, and various treatment options. 

 We are taking this opportunity to offer our sincere thanks to all the eminent 
authors for their extraordinary contributions. The time and efforts of both 
Dr. Vijayan Elimban and Ms. Eva Little of the Institute of Cardiovascular Sciences 
at St. Boniface Hospital Research, University of Manitoba, are gratefully acknowl-
edged. Our gratitude is also extended to Ms. Rita Beck and the staff at the Springer 
Media, New York, for their understanding of problems associated with the prepara-
tion of this book.  

    Ankara, Turkey Belma     Turan   
   Winnipeg, MB, Canada Naranjan     S.     Dhalla    
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   Part I 
   Metabolic Derangements 

in Diabetic Cardiomyopathy        



3B. Turan and N.S. Dhalla (eds.), Diabetic Cardiomyopathy: Biochemical 
and Molecular Mechanisms, Advances in Biochemistry in Health and Disease 9,
DOI 10.1007/978-1-4614-9317-4_1, © Springer Science+Business Media New York 2014

    Abstract     Diabetes mellitus causes cardiomyopathy in diabetic patients and is an 
important and dominant risk factor for congestive heart failure. With the growing 
prevalence of diabetes in Canada and throughout the world, diabetic cardiomyopa-
thy is a signifi cant public health issue. Diabetic cardiomyopathy has been defi ned as 
myocardial dysfunction that occurs in a diabetic milieu independent of identifi ed 
causes such as coronary atherosclerosis, hypertension, or valvular heart disease. 
Alterations in ventricular structure as well as left ventricular systolic and diastolic 
dysfunctions have been reported in diabetic patients despite well-controlled glyce-
mic levels and disease free coronary vasculature. Metabolic abnormalities such as 
hyperlipidemia, hyperinsulinemia, and hyperglycemia predispose the heart to cel-
lular, structural, and functional alterations that manifest as the cardiac phenotype 
observed in this diabetic population. These mechanisms are likely to act 
 synergistically and are believed to potentiate one another. Hyperglycemia is an 
essential factor in the development of cardiomyopathy and exerts its effects by alter-
ing protein kinase C, increasing oxidative stress and causing abnormalities in lipid 
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metabolism and calcium ion homeostasis. Regardless of the extensive information 
available on diabetic cardiomyopathy, translational research is scarce due to the lack 
of clinical trials, and therefore, much of our current knowledge is extrapolated from 
animal models. This review focuses on illustrating the various metabolic alterations 
that contribute to the development and progression of diabetic cardiomyopathy.  

  Keywords     Diabetic cardiomyopathy   •   Diabetes mellitus   •   Diastolic function   
•   Systolic function   •   Hyperlipidemia   •   Hyperinsulinemia   •   Hyperglycemia   • 
  Oxidative stress  

1        Introduction 

 Diabetes mellitus is a global epidemic problem, affecting approximately 285 mil-
lion people worldwide, with a prevalence expected to surpass 435 million individu-
als by 2030 [ 1 ]. In Canada, more than three million individuals are currently living 
with diabetes and this number is predicted to reach 3.7 million by the year 2020 [ 2 ]. 
Cardiovascular (CV) disease represents the major cause of morbidity and mortality 
in diabetic patients, accounting for nearly 70 % of related heart failure cases [ 3 ]. It 
is generally held that diabetes causes myocardial contractile dysfunction through 
accelerated atherosclerosis and hypertension [ 4 ,  5 ]. Diabetic patients, when com-
pared with non-disease subjects, are two to four times more likely to experience CV 
events, due to micro- and macrovascular atherosclerosis, which is often exacerbated 
by the presence of concomitant CV risk factors including hypertension, dyslipid-
emia, and activation of neurohormonal and infl ammatory mechanisms [ 6 ]. In the 
past four decades the pathologic association between diabetes and cardiac disease 
has been evaluated through a number of epidemiologic studies, including; (i) The 
Framingham Study [ 7 ]; (ii) United Kingdom Prospective Diabetes Study [ 8 ]; (iii) 
Cardiovascular Health Study [ 9 ]; and (iv) Euro Heart Failure Surveys [ 10 ]. Together, 
these trials illustrate that the presence of diabetes and impaired glycemic control, 
independent of atherosclerotic CV disease, increase the risk of developing incident 
heart failure [ 11 ]. Despite the clinical signifi cance of these fi ndings, the complex 
and multifactorial nature of the biochemical alterations that prelude myocardial 
dysfunction in the diabetic heart remain incompletely understood [ 4 ]. This review 
focuses on illustrating various metabolic alterations that lead to maladaptive myo-
cardial structure and function, as depicted in a diabetic milieu.  

2     Diabetes Mellitus 

 Diabetes mellitus is a multivariate metabolic condition that is distinguished by 
cellular dysfunction in the transport and utilization of glucose. Type 1 diabetes (T1D), 
previously called insulin dependent diabetes, is caused by T lymphocyte-mediated 
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autoimmune destruction of the pancreatic β-cells, which results in insuffi cient insulin 
production and reduced glucose utilization [ 12 ]. Insulin independent diabetes, com-
monly known as type 2 diabetes (T2D), develops due to decompensatory mecha-
nisms invoked by insulin resistance [ 13 ]. This maladaptive response leads to 
hyperinsulinemia resulting in elevated blood glucose levels (hyperglycemia), 
impaired cellular glycolysis and pyruvate oxidation [ 14 ]. A logical explanation for 
these detrimental myocardial alterations is the fact that diabetes is associated with 
known CV risk factors including obesity, hyperlipidemia, thrombosis, myocardial 
infarction, hypertension, activation of multiple hormone and cytokine systems, 
autonomic neuropathy, endothelial dysfunction and coronary artery disease [ 15 ] 
(Fig.  1 ). Of these identifi ed confounding factors, it remains uncertain which pathol-
ogies are most signifi cant in the development of diabetes-mediated heart failure.

3        Diabetic Cardiomyopathy 

 Diabetic cardiomyopathy, a distinct clinical condition that develops in diabetic 
patients, is defi ned by the presence of myocardial dysfunction in the absence of 
coronary atherosclerosis, hypertension, and valvular heart disease [ 4 ,  5 ,  11 ,  16 ,  17 ]. 
Diabetic cardiomyopathy is an early complication, initially presenting as diastolic 
dysfunction with subsequent abnormalities in systolic function [ 18 ]. Rubler and col-
leagues [ 19 ] originally described this disease process in 1972 after diabetic patients, 
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free of coronary artery disease (CAD), demonstrated a shortened left ventricular 
ejection time, longer pre-ejection period, and increased end-diastolic pressure [ 20 ]. 
This novel form of myocardial dysfunction was attributed to increased ventricular 
wall stiffness, reduced cardiac contractility, and longer isovolumic relaxation [ 21 ]. 
More recently, Bertoni et al. [ 22 ] evaluated 104, 395 cardiomyopathic patients in 
which 45, 000 cases were classifi ed as idiopathic. These individuals were 75 % more 
likely to have diabetes than control subjects and this morbidity remained signifi -
cantly associated with idiopathic dilated cardiomyopathy after adjustments in age, 
hypertension, sex, race, cholesterol level, and history of CAD [ 5 ,  22 ]. The presence 
of microvascular complications proved to be the strongest predictor of developing 
cardiomyopathy in this diabetic population, suggesting a possible correlation 
between duration of hyperglycemia and severity of myocardial injury [ 5 ]. 

 Although diabetic cardiomyopathy is characterized by several features common 
to both T1D and T2D patients, murine models have recently been utilized to 
 differentiate the mechanisms and effects caused by each disease state [ 23 ]. The 
manifestation of diabetes is evoked by three central metabolic disturbances: 
(i)  hyperlipidemia  (inclucing triglycerides and non-esterifi ed fatty acids [NEFAs]); 
(ii)  hyperinsulinemia  and pancreatic β-cell failure; and (iii)  hyperglycemia  [ 4 ]. Type 
1 diabetes, which is identifi ed by early- as opposed to late-onset of hyperglycemia, 
is not accompanied by a period of hyperinsulinemia. A review of the literature also 
indicates discrepancies in contractile function, showing increased prevalence of 
systolic dysfunction in T1D [ 24 ]. In a pre-stage T2D condition (insulin-resistance 
without T2D), animals presented with collagen deposition, LV fi brosis and impaired 
ventricular fi lling, which consequently lead to early diastolic dysfunction [ 25 ]. 
A plausible implication for the marked differences in T1D and T2D myocardial 
dysfunction is the role of insulin resistance, shown to reduce protective effects in 
ischemic/reperfusion injury [ 26 ,  27 ]. Insulin resistance and hyperglycemia, both 
predominant defects in T2D, are considered central catalysts in the induction of 
adaptive and maladaptive responses contributing to heart failure [ 6 ]. These abnor-
malities and other pathological mechanisms including, hypertriglyceridemia, reac-
tive oxygen species (ROS), and abnormal cardiac fuel usage are believed to act 
synergistically and exacerbate the cardiac phenotype present in diabetes. A clear 
understanding of the cellular and molecular effects of these metabolic disturbances 
on cardiomyocytes is essential to accurately depict the ensuing structural and func-
tional changes associated with diabetic cardiomyopathy [ 4 ,  6 ,  15 ,  23 ].  

4     Myocardial Alterations in Structure 

 Data from experimental, epidemiologic, and clinical investigations have collec-
tively demonstrated that diabetes results in alterations in myocardial function, struc-
ture, and dimension [ 28 ]. A report from the Strong Heart Study revealed that 
diabetic patients, compared with non-diabetic individuals, presented with higher 
left ventricular mass and wall thickness, increased arterial stiffness and systolic 
dysfunction [ 29 ]. These cardiac alterations were independent of body mass index 
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and blood pressure. Results from the Framingham Heart Study [ 7 ] demonstrated 
that LV mass and wall thickness were directly proportional to the degree of glucose 
intolerance and obesity, with increased prevalence among female diabetic patients. 
LV hypertrophy has shown to be a strong predictor of prognosis in high-risk indi-
viduals with coronary artery disease [ 30 ], diabetes [ 31 ], heart failure [ 32 ], and obe-
sity [ 33 ]. Two recent epidemiologic trials, evaluating Japanese and Swedish 
populations, observed correlations between metabolic syndrome, insulin resistance 
and arterial stiffness and increased LV mass [ 34 ,  35 ]. The early stages of diabetic 
cardiomyopathy involve the development of concentric LV hypertrophy through 
cellular structural insults, which lead to abnormal LV fi lling and diastolic dysfunc-
tion [ 36 ]. Progression of diabetic cardiomyopathy results in eccentric hypertrophy 
and systolic dysfunction, frequently undetected initially due to preserved LV ejec-
tion fraction maintained by compensatory cardiac mechanisms [ 37 ]. These struc-
tural changes and vascular abnormalities have a synergistic effect in the accelerated 
presentation of clinical morbidities and cardiac failure [ 36 ].  

5     Alterations in Cardiac Function 

 LV dysfunction in the setting of diabetes is identifi ed as the earliest manifestation of 
diabetic cardiomyopathy and is characterized by increased diastolic stiffness and 
relaxation disturbances. By defi nition, diastole occurs during cardiac mechanical 
and electrophysiological inactivity, while the myocardium generates effort and 
energy for ensuing the systolic contraction [ 38 ]. Clinically, diastolic dysfunction 
refers to the echocardiographic fi nding of abnormal LV deceleration and relaxation 
time in the absence of symptomatic heart failure [ 39 ]. Diastolic dysfunction is dis-
tinguished by a delayed and extended diastolic phase accompanied by LV stiffness, 
which collectively comprise the passive diastolic LV compliance evident in heart 
failure [ 40 ]. The pathologic extent of LV dysfunction is traditionally assessed by 
echocardiographic analysis of the transmitral infl ow velocity profi le [ 41 ,  42 ]. 
Furthermore, cardiac catheterization, conventional 2D echocardiography, and 
M-mode Doppler imaging can also be used for the evaluation of LV isovolumic 
relaxation rhythm and contraction time [ 43 ]. Impaired LV diastolic function is 
reported to exist in 27–69 % of asymptomatic diabetic patients [ 39 ,  44 ] and accounts 
for 30 % of clinical heart failure cases in this patient population [ 45 ]. In a study 
conducted by Liu and colleagues [ 46 ], the degree of abnormal ventricular relaxation 
was found to be associated with increased glucose and hemoglobin A 1c  levels. The 
coexistence of hypertension in a diabetic milieu accelerates the underlying patho-
physiological process, resulting in more severe abnormal relaxation, LV hypertro-
phy, systolic ventricular dysfunction, and increased risk of congestive heart failure 
[ 39 ,  41 ,  42 ]. Diastolic heart failure is identifi ed clinically as heart failure with pre-
served LV ejection fraction [ 39 ]. Patients with diastolic heart failure, when com-
pared to healthy subjects, demonstrate a 5–8 % increased risk of cardiovascular 
mortality [ 47 ,  48 ]. A differentiation between the mechanisms responsible for 
increased diastolic stiffness observed in systolic and diastolic heart failure was 
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illustrated by a recent study. The most important contributor to high LV diastolic 
stiffness in diabetic individuals with diastolic heart failure is elevated resting ten-
sion of hypertrophied cardiomyocytes. Comparably, fi brosis and deposition of 
advanced glycation end-products (AGEs) contribute most signifi cantly to increased 
LV diastolic stiffness in diabetic systolic heart failure [ 49 ]. 

 In current clinical practice, systolic dysfunction is evaluated according to the sever-
ity of depressed LV ejection fraction and is suggested to be the result of advanced 
diabetic cardiomyopathy leading to reduced contractile function and subsequent con-
gestive heart failure [ 50 ]. Transthoracic echocardiography has traditionally been used 
for the early evaluation of cardiac performance in diabetic patients free of heart fail-
ure, to establish a relationship between prolonged pre-ejection performance, short-
ened ejection period and reduced resting LV ejection fraction with diminished systolic 
function [ 51 ]. Diabetic patients have also demonstrated to exhibit an abnormal 
response to exercise, expressed as decreased LV ejection fraction caused by reduced 
cardiac reserve [ 52 ]. Mbanya et al. [ 53 ] evaluated T2D normotensive diabetic patients 
and found that although 55 % of these individuals had systolic dysfunction, only 8 % 
had electrocardiographic changes suggestive of cardiac ischemia. Recent studies have 
revealed that conventional diagnostic use of 2D echocardiography may not be profi -
cient in the detection of subtle systolic LV impairment, as it focuses on radial rather 
than longitudinal contraction [ 54 ]. In diabetic patients with heart failure and preserved 
ejection fraction, long-axis systolic dysfunction is associated with increased radial 
thickening and muscle mass [ 55 ]. Advanced development of sensitive techniques 
such as myocardial tissue Doppler imaging, strain and strain rate have allowed for 
measurement of regional and long- axis function in the left and right ventricles [ 56 ]. 
Longitudinal function of the myocardial tissue is becoming recognized as a superior 
prognostic indicator of ejection fraction, particularly in diabetic heart failure patients 
with preserved ejection fraction [ 57 ]. Several investigative groups have reported the 
detection of subtle abnormalities in systolic function, with the use of sensitive meth-
ods, in patients with overt diastolic dysfunction [ 58 – 60 ]. This discovery has led to 
questions of whether diastolic dysfunction exists in isolation at all [ 61 ], and of the 
relevance of these subtle systolic abnormalities in the presence of diastolic dysfunc-
tion [ 62 ]. Additionally, right ventricular function, although underreported in the litera-
ture, has proven to be an important independent predictor of poor cardiovascular 
outcome [ 63 ]. Some studies in a diabetic diseased state have shown right ventricular 
diastolic  dysfunction [ 64 ] as well as systolic dysfunction [ 65 ].  

6     Pathophysiologic Mechanisms of Diabetic 
Cardiomyopathy 

 The diagnosis of diabetic cardiomyopathy involves myocardial dysfunction in the 
absence of obstructive epicardial coronary artery disease and is characterized by dia-
stolic LV dysfunction and myocardial fi brosis [ 66 ]. This pathophysiologic process is 
multifactorial and thought to be driven by metabolic abnormalities associated with 
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systemic diabetes. Although the pathogenesis of diabetic cardiomyopathy remains 
incompletely understood, several hypotheses have been proposed including auto-
nomic dysfunction, abnormalities in Ca 2+  homeostasis, increased levels of circulating 
cytokines (tumor necrosis factor [TNF]-α), variations in structural proteins, and inter-
stitial fi brosis [ 36 ]. In the diabetic milieu, the presence of hyperlipidemia, hyperinsu-
linemia, and hyperglycemia predispose the heart to cellular, structural, and functional 
alterations, leading to this diabetic myocardial phenotype (Fig.  2 ).

7        Hyperlipidemia and Increased NEFAs 

 One of the main abnormalities in diabetes, particularly in patients with visceral adi-
posity, is the increased release of triglycerides and non-esterifi ed fatty acids (NEFAs) 
from the adipose tissue. In a healthy, non-diabetic cardiac model, energy is derived 
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approximately in equivalent proportions from glucose metabolism and free fatty 
acids [ 67 ]. It is well known in the literature that impaired myocardial energy metabo-
lism occurs as a result of elevated concentrations of circulating NEFA, inducing the 
maladaptive shift from glucose to NEFA uptake and utilization in the myocardium 
[ 68 – 70 ]. By using positron emission tomography, [ 71 ] increased myocardial FA use 
and reduced glucose oxidation in T1D diabetes have been demonstrated, while 
another study comprising of insulin resistant obese women has revealed an increase 
in FA oxidation and myocardial oxygen consumption with decreased cardiac effi -
ciency [ 72 ]. In the diabetic myocardium, decreased glucose use results from depleted 
glucose transporter proteins, glucose transporter-1 (GLUT- 1) and GLUT-4. Cardiac 
myocytes, in the presence of high circulating levels of NEFA, up-regulate the expres-
sion of enzymes necessary for their disposal through mitochondrial β-oxidation. As 
compared with glucose oxidation, β-oxidation yields more ATP but requires large 
amounts of oxygen, therefore resulting in reduced cardiac effi ciency [ 73 ,  74 ]. 
Consequently, NEFA myocardial uptake may exceed NEFA β-oxidation capacity, in 
which lipids in the form of triglyceride accumulate in the myocytes [ 75 ,  76 ]. 
Lipotoxicity, which describes the accumulation of NEFAs in non-adipose tissues, 
initially acts as a cardiac protective mechanism, providing fuel storage for subsequent 
oxidation and impeding the toxic effects of lipid metabolites [ 77 ,  78 ]. Eventually, 
this chronic imbalance between lipid storage and lipid oxidation leads to morpho-
logical changes [ 79 ,  80 ] and impaired myocardial function [ 81 ,  82 ]. Unger [ 83 ] was 
fi rst to introduce the concept that only adipocytes are competent for extensive storage 
of lipids, suggesting that all other cell types are vulnerable to lipotoxic injury. 
Furthermore, increased NEFAs inhibit pyruvate dehydrogenase and may directly 
contribute to cell death through the generation of the sphingolipid ceramide (Fig.  3 ). 
This toxic lipid product is generated by the reaction between palmitoyl-CoA and 
serine, and is facilitated by the cytokine, TNF-α [ 84 ]. As intracellular FA content 
increases, the proportion of intracellular FA derivatives such as, acyl-CoA, diacylg-
lycerol, and ceramide also increase [ 28 ]. Some studies have demonstrated that 
increased ceramide levels can induce cellular apoptosis by the induction of nuclear 
factor κB, caspase 3 activation, and cytochrome c release [ 85 ]. Furthermore, ceramide 
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inhibits DNA repair by blocking poly (ADP ribose) polymerase and is associated 
with increased oxidative stress and reduced contractile function [ 86 ].

   Peroxisome proliferator-activated receptors (PPARs), which are transcriptional 
factors activated by increased FA levels, play an active role in cardiac lipid metabo-
lism due to the fact that their target genes participate in lipid metabolism. The 
ligand-activated transcription factor PPAR-α is a key regulator of FA metabolism 
and is primarily expressed in tissues that rely on fatty acid oxidation for energy, 
such as heart, liver, kidney, and skeletal muscle. Various target genes such as heart- 
type fatty acid-binding protein, lipoprotein lipase and CD36 are regulated by 
PPAR-α and participate in lipid metabolism. Additionally, PPAR-α increases the 
expression of pyruvate dehydrogenase kinase 4, thus reducing glucose oxidation, 
and stimulating mitochondrial fatty acid uptake. Increased FA oxidation leads to 
augmented oxygen consumption, generation of reactive oxygen species (ROS), and 
the promotion of mitochondrial uncoupling, which contributes to reduced myocar-
dial high-energy reserves and contractile dysfunction [ 87 ]. Transgenic mice overex-
pressing PPAR-α show increased myocardial fatty acid oxidation rates, decreased 
glucose uptake and oxidation, and LV abnormalities [ 88 ]. Metabolic myocardial 
alterations, as present in the diabetic milieu, are mainly caused by malfunctions of 
acetyl-CoA carboxylase, CPT1, and pyruvate dehydrogenase. Through the overex-
pression of LPL, stimulation of PPAR-α expression, or synthesis of long-chain 
CoA, FA metabolism is enhanced, manifesting as the cardiac phenotype observed in 
diabetic cardiomyopathy [ 88 – 90 ]. 

 The accumulation of triglycerides and NEFAs are critical precursors in the devel-
opment of cellular insulin resistance and also has been seen to contribute to myocar-
dial contractile dysfunction. Alterations in the contractile state occur due to 
increasing NEFA infl ux into the myocardium [ 91 ], causing increased fatty acyl 
coenzyme A (CoA) esters to activate KATP channels [ 92 ]; this results in a shortened 
action potential, reduced trans-sarcolemmal calcium fl ux, and consequent impair-
ment in myocardial contractility. Increased secretion and activation of pro- 
infl ammatory adipokines and cytokines from infl amed adipose tissue are also known 
to result in low-grade infl ammation [ 93 ]. Due to the high levels of circulating 
NEFAs, insulin-mediated uptake of glucose is impaired through inhibition of insu-
lin receptor substrate and protein kinase B. Atypical protein kinase C (PKC) θ, a 
serine/threonine kinase, is activated by NEFAs and through its phosphorylation, 
activates IκB kinase [ 94 ]. Serine residues of insulin receptor substrate-1 are phos-
phorylated by IκB kinase, which inhibits the binding of SH2 domains of the p85 
regulatory subunit of phosphatidylinositol 3-kinase (PI3K), therefore, inhibiting 
insulin signal transduction [ 95 ,  96 ]. Additionally, increased intracellular NEFAs, 
independent from IRS-1/PI3K activation, can alter insulin signaling by inhibiting 
Akt-1. Akt-1 activation is dependent on the generation of phosphatidylinositol 
3,4,5-triphosphate (PtdIns(3,4,5)P 3 ) to bind the N-terminal pleckstrin domain and 
activate membrane bound kinases that phosphorylate serine and threonine residues 
[ 97 ,  98 ]. NEFAs serve as natural ligands for PPAR-γ, which allows this nuclear 
receptor to induce the upregulation of phosphatase and tensin homolog, leading to 
the dephosphorylation of PtdIns(3,4,5)P 3  and subsequent prevention of Akt-1 
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activation [ 99 ]. Therefore, these fi ndings indicate that NEFAs are a key contributor 
to the induction of cellular insulin resistance, reduced myocardial contractility and 
cardiomyocyte apoptosis.  

8     Insulin Resistance and Hyperinsulinemia 

 Cellular insulin resistance precedes the clinical diagnosis of diabetes and involves 
the compensatory increase in plasma insulin levels in order to maintain glucose 
homeostasis, particularly in skeletal muscle and liver [ 100 ]. Myocardial insulin 
resistance when evaluated in vivo, is characterized by reduced myocardial glucose 
uptake in the absence of coronary artery disease [ 101 ]. Bonora et al. [ 102 ] have 
demonstrated the presence of reduced insulin sensitivity, despite well-controlled 
conditions of T2D free of other co-morbidities. In diabetic cardiomyopathy, cardiac 
hypertrophy is suggested to result due to systemic hyperinsulinemia that accentu-
ates cellular insulin action in the myocardium, which is free of apparent cellular 
insulin resistance [ 103 – 105 ]. Previous studies have illustrated the pathophysiologic 
signifi cance of insulin resistance and its involvement in the development of myocar-
dial contractile dysfunction [ 106 ] and LV diastolic abnormalities, independent of 
hypertension, obesity and LV hypertrophy [ 107 ,  108 ]. Hyperinsulinemia mediates 
cardiomyocyte hypertrophy through three chief cellular mechanisms. Acutely, insu-
lin stimulates the growth of cardiomyocytes through the same PI3Kα/Akt-1 path-
way in which the uptake of glucose is mediated. Glycogen synthases kinase-3β, an 
inhibitor of nuclear transcription that controls the hypertrophic process, is phos-
phorylated and subsequently inactivated by Akt-1 [ 109 ]. Akt-1 also activates the 
mammalian target of rapamycin (mTOR) which activates the p70 ribosomal subunit 
S6kinase-1, resulting in increased protein synthesis [ 110 ,  111 ]. Activation of this 
mammalian target of rapamycin complex 1 (mTORC1)/S6 kinase 1 pathway, due to 
chronic insulin resistance and infl ammation-induced oxidative stress, is known as 
one of the prime causes of insulin resistance in diabetes [ 112 ]. In chronic conditions, 
hyperinsulinemia augments myocardial Akt-1 activation indirectly by increasing 
sympathetic nervous system (SNS) activity [ 113 ,  114 ]. The overstimulation of the 
SNS, evoked by elevated insulin levels and insulin resistance, also leads to increased 
hypertension [ 81 ]. It has been shown that protein kinase A and Ca 2+ -calmodulin 
dependent kinase (CaMK) activate β 2  -adrenergic receptors, which leads to Akt-1 
activation in cardiac myocytes [ 115 ]. Furthermore, there are various insulin- mediated 
pathways, apart from Akt-1, that may be active in the development of myocardial 
hypertrophy, such as the extracellular signal-regulated kinase (ERK)/mitogen-acti-
vated protein (MAP) kinase pathways [ 116 ]. In both a murine [ 117 ] and clinical 
model [ 118 ], leptin has been shown to stimulate myocyte hyperplasia through 
PI3K- and ERK1/2-dependent mechanisms. Wang and colleagues [ 119 ] demonstrated 
signifi cant cellular evidence for insulin-induced activation of the p38 MAP kinase 
pathway, as well as prenylation of Rho and Ras in a setting of hyperinsulinemia, 
manifesting as myocyte hypertrophy and expansion of the extracellular matrix. 
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Despite the vast literature that exists on insulin resistance and hyperinsulinemia, the 
specifi c defect in insulin-stimulated GLUT4 translocation, which manifests as mus-
cle insulin resistance, remains unknown. Therefore, further investigations are 
required to evaluate the mechanisms of NEFAs and their involvement in insulin- 
mediated glucose transport [ 120 ], as well as to discover novel pathways involved in 
this complex insulin-signaling cascade [ 121 ].  

9     Hyperglycemia 

 Blood glucose concentration is an independent and continuous risk factor for cardio-
vascular disease, with hyperglycemia serving as an essential trigger of metabolic 
alterations. The progressive relationship between glucose levels and cardiovascular 
risk begins prior to achieved glucose threshold conventionally required for clinical 
diagnosis of diabetes [ 122 ]. A cohort study performed by Iribarren et al. [ 48 ] evalu-
ated approximately 50,000 diabetic patients and found that each 1 % increase in gly-
cosylated hemoglobin resulted in an 8 % increase in heart failure risk. An investigation 
encompassing two clinical trials for the evaluation of plasma glucose levels reported 
similar results. The study population, which included 31,546 high CV risk patients, 
demonstrated a modest increase in risk of heart failure hospitalization with each 
1mmol/L increase in baseline fasting plasma glucose [ 22 ]. Increased glycemic levels 
have been associated with adaptive and maladaptive cardiac responses [ 39 ,  123 ], with 
resultant cardiomyopathy occurring due to the combination of increased insulin resis-
tance and/or low insulin levels and reduced GLUT 1 and 4 proteins. Current knowl-
edge suggests that hyperglycemia and poor glycemic control promote the progression 
of heart failure by accelerating atherosclerosis and excessive interstitial myocardial 
collagen accumulation, resulting in impaired systolic and diastolic function [ 124 ]. 
Hyperglycemia contributes to the development of cardiomyopathy by altering PKC, 
increasing oxidative stress, and up-regulating the activity of the angiotensin-convert-
ing enzyme (ACE) and angiotensin II (Fig.  4 ) [ 125 ,  126 ].

10        Oxidative Stress and ROS 

 Hyperglycemia leads to an increase in oxidative stress by exacerbating glucose oxi-
dation and mitochondrial generation of ROS, which causes DNA damage and con-
tributes to accelerated apoptosis. ROS encompasses a range of highly reactive 
oxygen base molecules, consisting of both free radicals (superoxide) and hydroxyl 
radicals as well as oxidizing agents such as hydrogen peroxide. In the setting of 
chronic diabetes, oxidative stress occurs when the production of ROS is greater than 
their degradation by antioxidant defenses. The resultant elevation of ROS has 
numerous harmful effects on the cardiovascular system via cellular damage by oxi-
dation, disruption of vascular hemostasis through interference with nitric oxide 
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(NO), and most recently, by the modulation of detrimental intracellular signaling 
pathways, also known as redox signaling [ 127 ]. ROS reacts with NO to form per-
oxynitrite species, which triggers a range of proatherosclerotic pathogenic events 
including vasoconstriction, enhanced leukocyte adherence, platelet activation, mito-
genesis, oxidation, pro-trombotic state, impaired coagulation and vessel infl amma-
tion [ 128 ]. In diseased conditions, ROS is produced by multiple sources, rather than 
exclusively from the mitochondria. The group of nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase enzymes has recently been recognized as a contribu-
tor to ROS and for its involvement in redox signaling [ 129 ]. These enzymes act as 
catalysts for electron transfer from NADPH molecular oxygen, in which the genera-
tion of free radicals results. Through the interaction with various transcription fac-
tors, redox signaling infl uences the expression of growth-related genes and in turn 
affects contractile function [ 130 ]. Greater amounts of DNA are damaged due to 
augmented ROS production, which leads to activation of reparative enzyme poly 
(ADP ribose) polymerase (PARP) [ 131 ]. However, PARP has been shown to 
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promote endothelial damage through the activation of NFκB and to induce the 
overexpression of vasoconstrictor endothelin 1 and its receptors [ 132 ]. PARP also 
mediates the ribosylation and inhibition of glyceraldehype phosphate dehydroge-
nase, which acts to divert glucose from its glycolytic pathway and into alternative 
biochemical pathways that are considered the mediators of hyperglycemia induced 
cellular injury. Several of these pathologic abnormalities include increases in AGEs, 
increased hexosamine and polyol fl ux, and activation of classical isoforms of PKC.  

11     Alterations in Protein Kinase C (PKC) 

 PKC is a family of serine/threonine kinases that consists of approximately 12 members 
[ 133 ], and can be categorized into three groups: (i) conventional PKC; (ii) novel PKC; 
and (iii) typical PKC. Phospholipase C-induced intracellular Ca 2+  and diacylglycerol 
levels activate PKC, in which triggers several transduction pathways involved in car-
diovascular function such as increased endothelial cell permeability, apoptosis, angio-
genesis, smooth muscle cell and cardiomyocyte growth and augmented contraction, 
cytokine activation and increased leukocyte adhesion [ 134 ]. The activation of PKC 
may also mediate several important biochemical alterations, including reduced blood 
fl ow and increased vascular permeability, basement membrane thickening, and extra-
cellular matrix deposition [ 135 ,  136 ]. Previous in vitro studies have demonstrated that 
increased activation of PKC (specifi cally isoforms β and δ) are characterized by a 
reduction in the PI3K/Akt pathway, decreased NO bioavailability vascular endothelial 
growth factor, and enhanced MAPK [ 137 ]. Therefore, PKC is proven to affect endothe-
lial homeostasis resulting in endothelial dysfunction and increased permeability [ 134 ]. 
Additionally, the glucose-medicated activation of PKC may directly contribute to 
increased ACE activity. ACE plays an active role in the conversion of inactive angio-
tensin I to angiotensin II (Ang II), which is a potent vasoconstrictor and hypertrophic 
peptide. Ang II contributes to several alterations in diabetes including fi brosis by stim-
ulating extracellular matrix component synthesis, apoptosis/proliferation, vascular 
infl ammation and oxidative damage [ 138 ]. A model of streptozotocin-induced diabetic 
rats has revealed the generation of fi brosis through the overexpression of connective 
tissue growth factor and PKC activation [ 139 ]. Furthermore, in transgenic PKC-β2 
mice, hyperglycemic- induced PKC activation was shown to contribute to cardiac fi bro-
sis by stimulating the expression of connective tissue growth factor [ 140 ]. In this trans-
genic murine model, the resultant cardiac phenotype was reminiscent of that seen in 
diabetic cardiomyopathy, characterized by early diastolic dysfunction, small vessel 
disease, myocardial hypertrophy and loss of cardiomyocytes [ 141 ]. The suggested 
mechanism responsible for these alterations is the PKC-β2-mediated phosphorylation 
of troponin I, which may decrease myofi lament Ca 2+  responsiveness [ 142 ]. Recent 
investigations have focused on the PKC-β inhibitor ruboxistaurin mesylate (LY333531) 
[ 135 ], as it has been reported to reverse cardiac hypertrophy, improve fractional short-
ening and diminish cardiac injury in a transgenic PKC-β cardiac murine model [ 141 ]. 
These fi ndings suggest that PKC-β inhibition may represent a novel therapeutic strat-
egy for the prevention of diabetes-associated cardiac dysfunction [ 143 ].  
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12     Advanced Glycation Endproducts (AGEs) 

 Experimental models of T1D [ 144 ] and T2D [ 145 ] diabetes have provided extensive 
evidence of the vital role of hyperglycemia in the pathogenetic development of cardio-
myopathy. Hyperglycemia activates the myocardial renin-angiotensin- aldosterone 
system (RAAS) and endothelin systems [ 146 ], contributing to myocyte necrosis and 
fi brosis [ 147 ]. Within the myocardium, collagen type I and II are distributed predomi-
nately in the epicardial and perivascular regions, in myocardial hypertrophy, intersti-
tial fi brosis, and capillary basal laminae thickening upon pathologic examination 
[ 148 ]. Glucose has the ability to react with collagen, proteins, lipids, and DNA in 
a process known as the Maillard reaction [ 149 ,  150 ], which yields Schiff’s base 
(early glycation product), Amadori products (intermediate glycation products), and 
AGEs. During the Maillard reaction, reactive intermediate products, methylglyoxoal, 
3-deoxyglucosone, and glyoxal are produced and believed to participate in the devel-
opment of carbonyl stress and AGE formation [ 151 ]. AGEs have been implicated in 
the development of diabetic complications including cardiomyopathy [ 152 ] and affect 
myocardial function via two chief mechanisms. Firstly, AGEs covalently bind other 
AGEs forming cross-links between ECM proteins such as collagen, laminin, and elas-
tin [ 152 ,  153 ]. These modifi cations impair the process of collagen degradation, which 
leads to increased collagen deposition and fi brosis [ 154 ], reduced compliance and 
fl exibility of the tissue [ 155 ], and subsequent myocardial dysfunction. AGEs may also 
produce adverse effects by binding to their receptors (RAGEs), a member of the 
immunoglobulin superfamily of cell surface molecules expressed on endothelial cells, 
monocytes, and neurons [ 156 ]. The AGE/RAGE pathway primarily governs the up-
regulation of transforming growth factor-β and NADPH oxidase, which produces 
copious levels of superoxide that when combined with NO, forms highly reactive 
oxygen species [ 15 ]. In diabetic murine models, increased expression of RAGE was 
associated with the up-regulation of connective tissue growth factor and collagen 
deposition [ 152 ]. Furthermore, overexpression of myocardial RAGE was reported to 
infl uence Ca 2+  metabolism and correlated with reduced systolic and diastolic intracel-
lular Ca 2+  concentrations as well as a signifi cant delay in Ca 2+  uptake [ 157 ]. Although 
several recent studies have evaluated the relationship between the AGE-RAGE path-
way and heart failure [ 49 ,  158 ], further investigations are warranted.  

13     Abnormalities in Calcium Homeostasis 

 Intracellular calcium serves as a pivotal ionic regulator in the heart. Abnormalities 
of Ca 2+  handling in the cardiomyocyte indicate impaired cardiac function and epito-
mize the cardiac phenotype seen in diabetic cardiomyopathy. Shifts in myosin iso-
enzyme composition (from V1 to V3 isoforms) and predominant foetal β myosin 
heavy chain (MHC) expression, as compared with α MHC, are seen to be associated 
with reduced contractile protein Ca 2+ -ATPase activity and shortened velocity, in a 
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diabetic milieu [ 159 ]. In a model of streptozotocin-induced diabetic rats, cardiac 
dysfunction was caused by a reduction in the release of Ca 2+  from the sarcoplasmic 
reticulum by the ryanodine receptor, resulting in a decreased upstroke phase of Ca 2  
transient [ 160 ]. A similar murine model exhibited the reduced ability of sarcoplas-
mic reticulum to sequester Ca 2+  with accompanied reduced Ca 2+  effl ux via the sar-
colemmal Na + /Ca 2+  exchanger [ 161 ]. There is extensive literature reporting on the 
metabolic abnormalities present in T1D and T2D types of diabetic murine models, 
which demonstrates the altered expression, activity, and function of numerous 
transporters involved in excitation-contraction coupling; these include, sarcoplas-
mic reticulum Ca 2+ -pump ATPase (SERCA) [ 162 ], sarcolemmal Ca 2+ -pump ATPase 
[ 163 ], and dysfunctional intracellular calcium signaling [ 164 ]. In diabetic-induced 
cardiac dysfunction, alterations affecting the activity of SERCA-2a and its inhibitor 
phospholamban (PLB) appear to be primary variables in the pathogenesis of this 
disease. Tang et al. [ 165 ] demonstrated abnormal Ca 2+  signaling in hyperglycemic 
cardiomyocytes due to decreased activity of SERCA evoked by oxidative stress. 
Additionally, clinical investigations have confi rmed the fi ndings of Ca 2+  dysregula-
tion in diabetic cardiomyocytes, due to reduced myofi lament Ca 2+  sensitivity [ 166 ]. 
Although recent investigations have enhanced our knowledge of metabolic changes 
resulting from disrupted Ca 2+  homeostasis, further studies are needed to understand 
the potential clinical consequences of these alterations.  

14     Conclusions 

 Diabetic cardiomyopathy represents a distinct entity that encompasses a diverse spec-
trum from subclinical disease to the syndrome of end-stage heart failure. The epi-
demic rise in diabetes mellitus worldwide has made diabetic cardiomyopathy an 
increasing health concern with major medical and economic impacts. It is hypothe-
sized that the metabolic perturbations that are associated with diabetic cardiomyopa-
thy may be caused by the magnitude and distribution of increasing NEFAs, which 
subsequently lead to hyperinsulinemia, β-cell failure, and hyperglycemia. The mal-
adaptive shift from glucose to NEFA utilization seen in diabetic myocardium leads to 
lipotoxicity, apoptosis, and the generation of fi brotic tissue. A myriad of metabolic 
derangements are involved in the development of reduced myocardial contractility in 
diabetic cardiomyopathy including increased oxidative stress, altered substrate metab-
olism, impaired homeostasis and mitochondrial dysfunction. These pathological 
defects act synergistically to exacerbate the cardiac phenotype seen in this diabetic 
population. Clinically, diabetic cardiomyopathy fi rst manifests as asymptomatic dia-
stolic dysfunction, which progresses to symptomatic combined diastolic and systolic 
dysfunction (Fig.  5 ) [ 162 ]. The key issue is that diabetic individuals have proven to be 
at signifi cant risk of cardiac failure, regardless of whether this results from diabetes 
itself or from the combination of various cardiovascular risks. Due to the complex and 
multifactorial etiology of diabetic cardiomyopathy, as well as the lack of clinical inter-
vention trials performed on this population, this pathologic condition remains 
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underdiagnosed and inadequately treated. As future investigations continue to elucidate 
the mechanisms of this cardiomyopathy in diabetics, it is trusted that they will provide 
the incentive needed for generating novel therapies designed to reduce the risk of 
heart failure in patients with diabetes mellitus.
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    Abstract     The application of evolutionary biology to the study of human disease 
has given rise to the idea that disease can result from inappropriate adaptations to a 
change in environment. This concept can also be applied to the function of organs 
and responding to their local environments within the human body. The heart is an 
omnivorous organ which can use any substrate it is supplied with. The metabolic 
machinery of the heart is exquisitely attuned both to its metabolic needs and to 
the available energy substrates in its local environment. Diabetic cardiomyopathy is 
a disease process which arises as a result of the inability of the heart to adapt to a 
diabetic metabolic milieu. The heart becomes locked into a progressively maladap-
tive state from which it cannot escape by its own devices; due to the phenomenon of 
hyperglycemic memory, even restoration of a normal milieu may not be suffi cient to 
completely reverse the remodeling. The pathways which initiate, progress and 
 perpetuate this downward spiral are the same pathways which normally allow the 
heart to sense and respond to its local metabolic environment. These include 
metabolite- sensitive transcriptional regulatory pathways and, most probably, epi-
genetic and miRNA regulatory pathways. Overall, the application of evolutionary 
concepts  provides a valuable framework for understanding the origins and impor-
tance of metabolic and contractile disturbances in the diabetic heart, and a strong 
rationale for the use of metabolic therapy as a treatment.  
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1        Introduction 

   Nothing in biology makes sense except in the light of evolution. Theodosus Dobzhansky, 1973 

   The application of evolutionary biology to the study of human disease has given 
rise to the idea that disease can result from adaptations which, although appropriate 
for the environment in which humans originally evolved, are inappropriate for 
the environment in which humans live today. This concept can also be applied to the 
function of cells, tissues, organs and systems responding to their local environments 
within the human body. In this context, disease results from a maladaptive response 
of the organ to a change in its local environment. The concept of the reaction norm 
describes the pattern of phenotypes that a single genotype can produce across a 
range of environments (Fig.  1 ). This pattern provides what can be regarded as a map 
of all possible adaptations, or “a map of plasticity”. In the heart, reaction norms 
include the heart’s ability to undergo metabolic and contractile remodeling, which it 
will do in response to a wide range of stressors. These include metabolic dysregulation 
(most notably diabetes), pressure overload, unloading, ischemia, hypobaric hypoxia 
and hypothyroidism. These stressors change the phenotype of the heart, and when 

  Fig. 1    A simplifi ed representation of a reaction norm. Genotypes which produce the same pheno-
type over a range of environments are stable, whereas those which produce a range of phenotypes 
in different environments produce plasticity. Plasticity refers to the range of phenotypes which a 
genotype can produce. The reaction norm is the relationship between the environment and the 
phenotype       
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the phenotype moves from a point on the reaction norm which is adaptive to one 
which is maladaptive, function is impaired. Diabetic cardiomyopathy can be under-
stood, from an evolutionary perspective, by understanding how and to what extent 
the phenotype of the heart becomes maladaptive in response to the metabolic milieu 
it is exposed to following the onset of diabetes. To put it simply, the heart has not 
evolved to be able to cope with a diabetic metabolic milieu. Before exploring 
this concept further, it is worthwhile to consider how the heart, and its metabolic 
machinery, fi rst evolved.

2        An Overview of the Evolution of the Heart 

 The heart probably fi rst emerged in the Bilateria, a group of organisms whose root 
is the fl atworm and who lived 600–700 million years ago. The Bilateria, in turn, 
were ancestors of three main groups:

    1.    The Ecdysoa, which gave rise to the insects   
   2.    The Lophotrochozoa, which gave rise to annelids and mollusks   
   3.    The Deuterosomes, or “two-ended animals”, which gave rise to the Echinodermata, 

whose members include sea urchins and starfi sh, the hemichordates, also known 
as acorn worms, and the Chordates [ 1 ].     

 The fi rst heart is believed to have been a tubular pulsatile structure, devoid of 
chambers, septae and valves, which pumped fl uid through a peri-cellular interstitium 
[ 1 ]. The features of the myocytes of which this tube was comprised probably varied, 
with features of striated muscle, vertebrate cardiomyocytes and myoepithelium all 
emerging in different organisms. This basic structure then underwent subsequent 
morphological and genetic modifi cations. 

 With the development of Deuterostomes, genes encoding the contractile proteins 
began to increase in number and diversify in their function. The Deuterostomes, in 
turn, gave rise to the Chordates, defi ned by the presence of a dorsal nerve cord and 
its supporting notochord. Two of the current branches of this group, namely the 
Urochordates (tunicates) and the Cephalocordates, retained a simple tubular heart. 
It is in the third branch, the vertebrates that the heart continued to evolve. Hagfi sh 
are at the base of the Vertebrates, and are followed, in order, by the Elasmobranchs, 
Teleost fi sh, Amphibians, Reptiles, Birds and Mammals. Hagfi sh possess a closed 
vascular system which has contractile elements at several points. The systemic heart 
of the hagfi sh is equivalent to the left-sided heart chambers in birds and mammals, 
whereas the portal vein heart, which pumps blood to the gill vasculature, is equiva-
lent to the right-sided chambers. As we move upwards through the taxa, the 
Elasmobranchs are the fi rst vertebrates to show vagal innervation of the heart. In the 
Teleost fi sh, the heart is a two-chambered organ, separated by an atrioventricular 
valve, which pumps blood to both the gill and the systemic vasculatures. Between 
the development of the teleost fi sh, and their separation into the amphibians during 
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the transition to terrestrial life, separation of the systemic and pulmonary vasculatures 
began. The amphibian heart has two atria and a single ventricle. In reptiles, a mus-
cular ridge running from the base to the apex of the heart creates a partial division 
of the ventricular chamber, allowing oxygenated and deoxygenated blood to be 
separately directed. The degree of mixing which occurs depends on the size of the 
ridge; in turtles, the ridge is small, but in lizards and snakes, it is larger. Birds and 
mammals have a complete interventricular septum, enabling complete separation of 
the pulmonary and systemic circulations (Fig.  2 ).

   The evolution of the heart from a tubular to a four-chambered structure was 
 associated with a myriad of adaptations. In this brief treatise, a few key adaptations 
are worthy of mention. The fi rst is the specialization of the contractile elements. 
The initial radiation occurred, as mentioned above, with the evolution of the 
Deuterostomes during the Cambrian explosion. Separation and specialization of 
striated and smooth muscle isoforms appeared at this time. Separation between 
skeletal and cardiac isoforms occurred later, initially with the separation of cardiac 
actin and troponin C before the frog-mammal divergence, followed by the separa-
tion of the cardiac, slow skeletal and fast skeletal isoforms before the bird-mammal 
divergence [ 1 ]. The second is the ability to replace myocytes, which was mostly lost 
during the development of endothermy, although a small pool of undifferentiated 
precursor cells does exist in human myocardium [ 1 ]. The third is the development of 
connexin-based gap junctions and a specialized conduction system. Gap junctions 
allowed rapid communication and enabled the transition from the peristaltic con-
tractions of the early tubular heart to the rapid contractions of the vertebrate heart. 

  Fig. 2    The heart and vasculature of fi sh, amphibians, reptiles, birds and mammals, illustrating the 
key developments       
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The development of a specialized conduction system further promoted synchronous 
contraction. 

 In terms of energy metabolism, the fundamental biochemical machinery of 
the cell has been conserved by evolution. Basic problems of transport created by an 
increase in vertebrates’ size have been addressed by reducing the metabolic rate in 
larger organisms. Likewise, many of the adaptations seen during the evolution of the 
vertebrate heart are adaptations to optimize energy consumption and storage on the 
background of conserved biochemical machinery. These include the development 
of an effi cient vasculature, sophisticated neural and endocrine regulatory systems, 
and plasticity of the heart itself. 

 It has been observed that ontogeny can recapitulate phylogeny. In other words, 
evolutionary stages in the development of an organism can be observed during the 
stages of embryonic and fetal development of that organism. During fetal develop-
ment of the mammalian heart, the heart begins as a tubular heart, develops into a 
trabeculated heart and thence into the fully septated heart. Full separation of the 
pulmonary and systemic circulations does not occur until after birth. The tubular 
heart is mainly dependent on anaerobic glycolysis. Once this develops into the 
 trabeculated heart, metabolism transitions to oxidative metabolism, but oxidative 
glucose metabolism predominates, with only very low rates of fatty acid oxidation 
(see [ 2 ] for review). In the newborn period, fatty acid oxidation rates increase dra-
matically, and the preference of the adult mammalian heart for fatty acids becomes 
established. 

 To a certain extent, this ontogenic pattern recapitulates the phylogeny of cardiac 
energy metabolism. Examination of enzyme activities and high-energy phosphate 
concentrations show that, across the taxa, carbohydrate metabolism plateaus at low 
levels of cardiac demand, and the increased requirement for ATP production neces-
sitated by the increased need for power development by the heart is met by increas-
ing the capacity for fatty acid oxidation [ 3 ]. This pattern is also supported by studies 
looking directly at substrate utilisation; fatty acid use tends to increase in higher 
taxa [ 4 – 7 ] whereas glycolysis decreases [ 8 ]. However, superimposed on this broad 
trend is a considerable degree of interspecies variation, particularly in fi sh, which 
exhibit marked differences in their substrate preferences [ 9 ]. The evolutionary 
advantage of fatty acids is that they generate more ATP per gram of fuel than 
 carbohydrates. Despite the fact that fatty acid oxidation is less effi cient in terms of 
oxygen consumption, expansion of fatty acid oxidation to meet increased energy 
demands is the adaptation which seems to have been preferred by evolution. 

 The mammalian heart is an omnivorous organ which can use any substrate it is 
supplied with. To cope with transient changes in substrate supply, this is clearly an 
advantageous adaptation. However, the ability of the heart to cope with sustained 
shifts in substrate preference, away from its normal balance, is limited. The balance 
of substrate utilization by the heart has been slowly established through its evolu-
tion, and the pathways which deliver substrates to their myriad cellular fates have 
evolved with this balance ‘in mind’. Although short term shifts in preference are 
easily handled, sustained shifts lead to the cytoplasmic accumulation of metabolic 
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intermediates, some of which are toxic, and to an increase in fl ux of substrates 
through alternate, potentially maladaptive, pathways. The main exception is the 
adaptation to hypoxia and hypobaria; the hearts of peoples who live at high altitude, 
such as the Sherpas, Tibetans and Andean natives, use 60 % glucose and 40 % fatty 
acids [ 10 – 13 ]. This appears to be a benefi cial adaptation because glucose oxidation 
is more effi cient in a hypobaric environment. However, most instances of a  sustained 
shift in cardiac substrate preference, either towards glucose oxidation or towards 
fatty acid oxidation, are associated with disease. This phenomenon has a clear evo-
lutionary origin.  

3     The Pathogenesis of Diabetic Cardiomyopathy 

 The diabetic state immediately changes the delivery and utilization of metabolic 
substrates by the heart. Myocardial glucose transport is all but lost as a result of 
decreased Glut-4 translocation to the membrane, and decreased total Glut-4 protein 
and mRNA levels [ 14 ]; this is a direct result of the loss of insulin signalling. In 
contrast, fatty acid delivery to the heart from the coronary lumen by the enzyme 
lipoprotein lipase (LPL), and its subsequent uptake by fatty acid transporters, is 
increased to such an extent that it swamps the capacity of the heart to utilize fatty 
acids, even though cardiac fatty acid oxidation is increased [ 15 ]. Cytoplasmic lipids 
therefore accumulate, mainly in the form of long-chain acyl-CoA’s [ 15 ]. These are 
converted into the toxic substance ceramide, which induces reactive oxygen species 
(ROS) and cardiomyocyte apoptosis [ 16 ]. This process has been named ‘lipotoxicity’ 
[ 15 ,  17 ]. Fatty acids bind and activate peroxisome proliferator-activated receptors 
(PPAR’s) of which PPAR-α is the key isoform in the heart. It acts as a ‘lipostat’ which 
induces genes involved in fatty acid metabolism [ 18 ,  19 ]. PPAR-α- overexpression 
induces a phenotype similar to that seen in diabetic cardiomyopathy, and worsens the 
diabetic phenotype [ 15 ]. Conversely, deletion of PPAR-α protects against diabetic car-
diomyopathy [ 15 ]. The phenotype of PPAR-α overexpression is rescued by knocking 
out cardiac lipoprotein lipase [ 20 ]. PPAR-α is therefore essential to the pathogenesis 
of diabetic cardiomyopathy, and seemingly requires the cytoplasmic accumulation of 
fatty acid intermediates. 

 High rates of fatty acid oxidation increase the ratios of NADH/NAD +  and acetyl 
CoA/free CoA, both of which feed back into and inhibit glucose oxidation by 
decreasing fl ux through pyruvate dehydrogenase (PDH) [ 15 ]. High rates of fatty 
acid oxidation also increase citrate production, which in turn nhibits glycolysis 
by inhibiting the key glycolytic enzyme phosphofructokinase (PFK). This is referred 
to as the Randle Cycle, and it results in an intracellular accumulation of intermedi-
ate products of glucose metabolism [ 2 ]. 

 As mentioned above, inhibition of the main pathways of glucose metabolism 
increases the fl ux of glucose through alternate, potentially maladaptive, pathways. 
The fi rst of these is the polyol pathway. Aldose reductase is an enzyme which 
 catalyses the conversion of glucose to sorbitol, which is subsequently converted into 
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fructose by sorbitol dehydrogenase (SDH) using NAD +29  [ 21 ]. Excess glucose 
enters the polyol pathway and selectively stimulates aldose reductase without 
affecting sorbitol dehydrogenase; leading to an accumulation of sorbitol [ 21 ]. This 
has several consequences: the NADH/NAD +  ratio is increased, leading to inhibition 
of glycolysis, and the consumption of NADPH increases. Reduction in the avail-
ability of NADPH compromises the ability of myocytes to regenerate reduced 
 glutathione [ 22 ], potentially interfering with the heart’s ability to cope with oxida-
tive stress. Effects on myocardial gene expression have been postulated but not 
extensively studied [ 23 ]. The second pathway is the hexosamine biosynthetic 
 pathway, which converts glucose-6-phosphate to hexosamine-6-phosphate which, 
in turn, is converted into uridine-5′-diphosphate-N-acetylglucosamine (UDP-
GlcNAc). Approximately 5 % of the glucose which enters cardiac myocytes is 
metabolized by this route. UDP-GlcNAc serves as an important substrate for  protein 
glycosylation which is thought to play a role in decreased expression of several key 
components of the mitochondrial oxidative phosphorylation complexes as well as 
increased expression of pro-infl ammatory proteins [ 22 ]. An important mechanism 
of this effect is the glycosylation of key transciption factors such as sp-1, leading to 
an increase in their binding affi nity for DNA [ 24 ]. One of the consequences of this 
may be activation of the fetal gene program [ 25 ]. 

 The shift toward exclusive use of fatty acid oxidation may be energetically 
 detrimental, partly because fatty acid oxidation requires more oxygen per mole of 
ATP produced, and partly because it is associated with increased mitochondrial 
uncoupling. It also, at a global level, restricts the reaction norm; the heart is unable 
to use the range of substrates it can normally use (glucose being the key example). 
The heart is therefore effectively locked into a maladaptive state from which it 
 cannot escape by its own devices. 

 In parallel with this metabolic remodeling, contractile remodeling also occurs. 
It is possible that contractile remodeling is a consequence of metabolic remodeling. 
Induction of the so called ‘fetal gene program’ results in a shift from the fast V 1  
isomyosin pattern seen in the normal heart to a predominantly V 3  pattern in 
the diabetic heart [ 26 ]. The fetal gene program involves the re-expression within the 
heart of genes that are expressed during fetal development (e.g. skeletal muscle 
actin, beta myosin heavy chain, atrial natriuretic peptide within the ventricle) 
along with blunting of the expression of genes expressed in the adult heart (e.g. 
alpha- myosin heavy chain, cardiac actin, sarcoplasmic reticulum calcium ATPase-2 
(SERCA-2)). The decrease in SERCA-2 is one of the changes which causes distur-
bances in calcium handling. The debate continues as to whether activation of this 
program is adaptive or maladaptive. In the setting of mechanical overload and path-
ological hypertrophy, re-expression of the fetal gene program allows the stretched 
fi bres to contract at their usual energy cost, because Vmax is slowed. The adaptation 
is therefore helpful for individual fi bres. Likewise, the fetal gene program may also 
be benefi cial at the level of the cell, because it supports pro-survival signalling 
 pathways, including the Akt pathway [ 27 ,  28 ]. However, at the level of the heart 
itself, the resulting slowing of Vmax is the initial deleterious change that eventually 
leads to heart failure. 
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 Changes to the ultrastructure are also observed, including alterations in 
 myofi brillar arrangements, disrupted mitochondria and an increased cytoplasmic 
area [ 29 ]. It is unclear whether these are causes or consequences of metabolic 
remodeling. The metabolic pathways within the cardiomyocyte are spatially orga-
nized, and although the majority of the cell’s energy is derived from fatty acid 
 oxidation, there are particular ATPases which rely more heavily on glycolytic ATP 
production (see [ 30 ] for review); these include the ATPases involved in sarcoplas-
mic reticulum function, and it therefore makes sense that sarcoplasmic reticulum 
function, and therefore calcium handling, would be susceptible to both the ultra-
structural and the metabolic changes which occur in the diabetic heart. 

 When myocardium starts to fail in the non-diabetic heart, the reaction norms aim 
to restore normal economy (calories/g of tension). Two of the adaptations which 
permit this are reexpression of the fetal phenotype (with the consequent slowing of 
Vmax), and a decrease in the heat produced per gram of tension, achieved through 
shifts in metabolism towards glucose oxidation [ 31 ]. The former adaptation occurs 
in the diabetic heart, but the latter adaptation is clearly not available to the diabetic 
heart. One intriguing question, very diffi cult to answer in practice, is whether a 
switch towards glucose oxidation, is more cardioprotective, or at least less maladap-
tive, than a switch to fatty acid oxidation, because of a need to limit the heat 
 produced per gram of tension. A third mechanism for restoring cardiac economy is 
provided by cardiac hypertrophy, which increases muscle mass to restore wall 
stress. These processes are benefi cial at the level of the cardiomyocyte, because they 
improve economy, but they become maladaptive at the level of the heart because a 
slowing of Vmax contributes to decreased contractile function and remodelling of the 
heart impairs its mechanical function. The basic problem is that the adaptive responses 
seem to favour restoration of economy over restoration of inotopy. In other words, 
they have evolved to serve the needs of the cells but not of the organ they form. 

 The changes discussed so far induce a mild diastolic dysfunction which is too 
 subtle to be detected by routine echocardiography and is only appreciable on Doppler 
echocardiography. The superimposition of ventricular hypertrophy, cardiomyocyte 
apoptosis and necrosis, and fi brosis causes progression of the diastolic dysfunction 
and induces a mild systolic dysfunction suffi cient to activate the renin- angiotensin 
system. Autonomic neuropathy also occurs and exacerbates the dysfunction. As the 
disease reaches its most advanced stage, microangiopathy develops, and the superim-
position of hypertension and ischemic heart disease leads to combined systolic and 
diastolic function, severe enough to activate the sympathetic  nervous system. Within 
these responses, a range of other maladaptive responses can be observed. Activation of 
the renin-angiotensin and sympathetic nervous systems are maladaptive responses of 
systems which have not evolved to discern and respond differentially to cardiogenic 
causes of low blood pressure. The superimposition of pressure overload may trigger 
mechanosensor-mediated contractile remodeling. It is impossible to dissect the rela-
tive importance of metabolic, hormonal and mechanical stimuli to a particular reaction 
norm. However, the fact that metabolic and contractile remodeling predates any appre-
ciable pressure overload in the pathogenesis of diabetic cardiomyopathy strongly 
 suggests that the early triggers are biochemical and hormonal rather than mechanical.  
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4     The Mechanisms of the Reaction Norms 

 There are two major mechanisms by which the metabolic milieu could change the 
cardiac phenotype, thereby creating the reaction norms. The fi rst involves molecular 
transcriptional regulators such as PPAR-α or the effectors of the hexosamine 
 biosynthetic pathway which have already been discussed. However, an additional 
feature of this response is worthy of brief consideration. One of the most crucial 
adaptations a cell, tissue, organ system or organism requires is the ability to antici-
pate and prepare for predictable cyclical changes in the environment. If the appear-
ance of a stimulus follows a circadian pattern, then the reaction norm would be well 
served by linking the phenotype not just to the environmental signal, but to an inter-
nal clock which can anticipate the appearance of that signal. Such a molecular clock 
exists, and it is intricately interwoven with a range of metabolic loops [ 32 ]. 
Intriguingly, diabetes induces a phase advance in the clock, which could exacerbate 
an already maladaptive state. There is a difference in the disposition of glucose and 
fatty acids between the awake and sleep phases [ 33 ,  34 ]. During the awake phase, 
glucosyl units are channelled towards complete oxidation, whereas during the sleep 
phase, exogenous fatty acids are channelled into synthetic pathways for phospholip-
ids, DAG and TAG and oxidation of fatty acids is reduced. The susceptibility of the 
heart to cytoplasmic accumulation of fatty acids and depression of cardiac function 
is normally greatest during the sleep phase. This has implications for the pathogen-
esis of the metabolic syndrome and type 2 diabetes which are beyond the scope of 
the present discussion. What is relevant is that the phase shift would be expected 
to alter the periods during which the diabetic heart is susceptible to depression of 
 cardiac function so that they occur during the awake phase (see [ 35 ] for review). 

 The second potential mechanism is epigenetic regulation. Epigenetics refers to 
heritable information other than the DNA sequence. Two of the most common and 
best characterized mechanisms are DNA methylation and acetylation. In general, 
genes are inactivated by the attachment of methyl groups to cytosines or the detach-
ment of acetyl groups from lysines on histones. Methylation of histones can either 
activate or deactivate a gene. Epigenetic regulation is known to be intricately linked 
to calorie availability through mitochondrial energetics (see Fig.  3 ). This nuclear- 
mitochondrial interaction has an evolutionarily ancient origin [ 36 ]. The original 
proto-nucleus-cytosol had a limited metabolic capacity which was relieved when a 
symbiotic relationship developed between the proto-nucleus-cytosol and an oxida-
tive protobacterion, which became the proto-mitochondrion, giving rise to the fi rst 
eukaryotic cells. The limiting factor for the growth and replication of these cells 
was the amount of energy the proto-mitochondria could produce, which in turn was 
limited by the calorie availability. It was therefore necessary for growth and replica-
tion to be regulated so that it could respond to calorie availability. Epigenetic 
mitochondrial- nuclear interactions therefore evolved. Given the fact that diabetes is 
associated with fundamental alterations in metabolic fl uxes, it is highly likely that 
there are associated alterations in the mitochondrial-nuclear interactions which lead 
to altered gene expression. However, this is a virtually untapped area of research.
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   There is emerging evidence that vascular complications of diabetes can develop 
even with intensive glycemic control. One possible explanation for this is the phe-
nomenon of hyperglycemic memory, in which a transient exposure to hyperglyce-
mia produces permanent cellular effects which persist long after the restoration of 
normoglycemia. There is evidence which suggests that DNA methylation induced 
by transient hyperglycemia could be the underlying mechanism of this effect [ 37 ]. 
Furthermore, a wide range of genes involved in the pathogenesis of diabetic cardio-
myopathy have been shown to be subject to epigenetic regulation. These include the 
fetal gene program, endothelin-1, glut-4, the angiotensin-1 receptor, transforming 
growth factor-β, matrix metalloproteinases, PPAR-γ and a range of pro- infl ammatory 
genes (see [ 38 ,  39 ] for review). A few such genes have also been shown to be 
 epigenetically regulated in the heart itself, either by hyperglycemia or chronic 
 diabetes [ 40 – 49 ] (Table  1 ).

   The fi nal stage in the development of diabetic cardiomyopathy is associated with 
the superimposition of ischemic heart disease, and epigenetic regulation, in addition 
to mediating the primary pathogenesis of the disease, could conceivably increase 

  Fig. 3    Simplifi ed schematic providing an overview of the regulation of the epigenome by energetics. 
Oxidative metabolism of reducing equivalents leads to the production of NAD + , ATP and oxygen 
free radicals. Oxygen free radicals produce DNA damage, the repair of which is coupled via NAD +  
to epigenetic regulation. NAD +  itself drives deacetylation reactions, while ATP fuels phosphoryla-
tion reactions, including chromatin phosphorylation       
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the susceptibility of the diabetic heart to ischemic damage. The Reperfusion Injury 
Salvage Kinase (RISK) pathway (which includes Akt and Erk 1/2), the Survivor 
Activating Factor Enhancement pathway (which includes STAT-3) and the Sirtuin-1 
(Sirt-1)-p53 pathway are activated in the setting of myocardial infarction and are 
believed to be cardioprotective in the short-term, and to be involved in cardiac 
remodelling in the long-term [ 50 ,  51 ]. There is some evidence that the expression 
and activity of the proteins in these pathways is inhibited in the diabetic heart; the 
mechanism appears to partly involve decreased acetylation of a transcription factor 
involved in regulating Sirtuin-1 expression, which hints at a possible link to epigen-
etic regulation [ 52 ]. 

 An additional form of gene regulation exists in the form of micro-RNAs 
 (miRNAs), which are endogenous short non-coding RNAs that inhibit gene expres-
sion either by repressing translation or by enhancing degradation of their target 
mRNAs. Micro-RNAs are evolutionarily conserved, and their evolution and devel-
opment has been linked to the emergence of organismal complexity (see [ 53 ] for 
review). In the context of heart disease, miRNA-mediated mechanisms have, to 
date, mostly been identifi ed in the pathways of cardiac hypertrophy, fi brosis and 
 apoptosis. Intriguingly, there is preliminary evidence of bi-directional modulation 
between miRNAs and epigenetic regulatory pathways. A subgroup of miRNAs 
called  epi-miRNAs target the proteins involved in the epigenetic machinery. 
Conversely, the fi rst evidence for epigenetic regulation of miRNA expression is 
beginning to emerge (see [ 39 ] for review).  

   Table 1    A summary of currently described examples of pathologically-relevant epigenetic 
regulation in the diabetic heart   

 Gene  Cell type or organ  Effect  Reference 

 NF-Κb p65 subunit  Vascular cells  Activation by hyperglycemia  [ 41 ,  42 ] 
 Interleukin-6 and monocyte 

chemotactic protein-1 
 H9C2 cells  Activation by hyperglycemia  [ 43 ] 

 IGF-1 receptor  Cardiomyocytes  Repressed by hyperglycemia  [ 48 ] 
 Hypertrophic genes  Mouse heart  Activation in type 2 diabetes, 

increased by renal failure 
 [ 40 ] 

 Angiogenic factors  Human cardiac tissue  Differential expression in 
cardiomyopathy 

 [ 44 ] 

 SERCA-2  Cardiomyocytes  Repression in diabetes, 
mediated by tumour 
necrosis factor-α 

 [ 45 ] 

 p21 (cell cycle control 
protein) 

 Cardiomyocytes  Up-regulation in 
streptozotocin-diabetes 

 [ 47 ] 

 Cyclin D1  Cardiomyocytes  Repression in 
streptozotocin-diabetes 

 [ 46 ] 

 Liver X receptor-α  Rat heart  Activation in 
streptozotocin-diabetes 

 [ 49 ] 
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5     Conclusion 

 The heart is an omnivorous organ which can use any substrate it is supplied with. 
The metabolic machinery of the heart is exquisitely attuned both to its metabolic 
needs and to the available energy substrates in its local environment. Diabetic car-
diomyopathy is a disease process which arises as a result of the inability of the heart 
to adapt to a diabetic metabolic milieu. The heart becomes locked into a progres-
sively maladaptive state from which it cannot escape by its own devices; due to the 
phenomenon of hyperglycemic memory, even restoration of a normal milieu may 
not be suffi cient to completely reverse the remodeling. The pathways which initiate, 
progress and perpetuate this downward spiral are the same pathways which nor-
mally allow the heart to sense and respond to its local metabolic environment. These 
include metabolite-sensitive transcriptional regulatory pathways and, most probably, 
epigenetic and miRNA regulatory pathways. Overall, the application of evolutionary 
concepts provides a valuable framework for understanding the origins and impor-
tance of metabolic and contractile disturbances in the diabetic heart, and a strong 
rationale for the use of metabolic therapy as a treatment.     

   References 

       1.    Bishopric NH (2005) Evolution of the heart from bacteria to man. Ann N Y Acad Sci 1047: 
13–29  

     2.    Stanley WC, Chandler MP (2002) Energy metabolism in the normal and failing heart: potential 
for therapeutic interventions. Heart Fail Rev 7:115–130  

    3.    Driedzic WR, Sidell BD, Stowe D et al (1987) Matching of vertebrate cardiac energy demand 
to energy metabolism. Am J Physiol 252:R930–R937  

    4.    Clark AJ, Gaddie R, Stewart CP (1932) The carbohydrate metabolism of the isolated heart of 
the frog. J Physiol 75:311–320  

   5.    Neely JR, Morgan HE (1974) Relationship between carbohydrate metabolism and energy 
 balance of heart muscle. Annu Rev Physiol 36:413–459  

   6.    Sidell BD, Stowe DB, Hansen CA (1984) Carbohydrate is the preferred metabolic fuel of the 
hagfi sh ( Myxine glutinosa ) heart. Physiol Zool 7:266–273  

    7.    Moyes CD (1996) Cardiac metabolism in high performance fi sh. Comp Biochem Physiol 
113A:69–75  

    8.    Wu JJ, Chang I (1948) The glycolytic activity of the hearts of vertebrates. Q J Exp Physiol 
Cogn Med Sci 34:91–95  

    9.    Moyes CD, Suarez RK, Hochachka PW (1989) A comparison of fuel preferences of mitochon-
dria from vertebrates and invertebrates. Can J Zool/Rev Can Zool 68:1337–1349  

    10.    Beall CM (2007) Detecting natural selection in high-altitude human populations. Respir 
Physiol Neurobiol 158:161–171  

   11.    Moore LG (2001) Human genetic adaptation to high altitude. High Alt Med Biol 2:257–279  
   12.    Rupert JL, Hochachka PW (2001) The evidence for hereditary factors contributing to high 

altitude adaptation in Andean natives: a review. High Alt Med Biol 2:235–256  
    13.    Wu T, Kayser B (2006) High altitude adaptation in Tibetans. High Alt Med Biol 7:193–208  
    14.    Camps M, Castello A, Munoz P et al (1992) Effect of diabetes and fasting on GLUT-4 (muscle/

fat) glucose-transporter expression in insulin-sensitive tissues. Heterogeneous response in 
heart, red and white muscle. Biochem J 282(Pt 3):765–772  

V. Sharma and J.H. McNeill



39

         15.    Severson DL (2004) Diabetic cardiomyopathy: recent evidence from mouse models of type 1 
and type 2 diabetes. Can J Physiol Pharmacol 82:813–823  

    16.    Bielawska AE, Shapiro JP, Jiang L et al (1997) Ceramide is involved in triggering of cardio-
myocyte apoptosis induced by ischemia and reperfusion. Am J Pathol 151:1257–1263  

    17.    Chiu HC, Kovacs A, Blanton RM et al (2005) Transgenic expression of fatty acid transport 
protein 1 in the heart causes lipotoxic cardiomyopathy. Circ Res 96:225–233  

    18.    Brandt JM, Djouadi F, Kelly DP (1998) Fatty acids activate transcription of the muscle carni-
tine palmitoyltransferase I gene in cardiac myocytes via the peroxisome proliferator-activated 
receptor alpha. J Biol Chem 273:23786–23792  

    19.    Djouadi F, Brandt JM, Weinheimer CJ et al (1999) The role of the peroxisome proliferator- 
activated receptor alpha (PPAR alpha) in the control of cardiac lipid metabolism. Prostaglandins 
Leukot Essent Fatty Acids 60:339–343  

    20.    Duncan JG, Bharadwaj KG, Fong JL et al (2010) Rescue of cardiomyopathy in peroxisome 
proliferator-activated receptor-alpha transgenic mice by deletion of lipoprotein lipase identi-
fi es sources of cardiac lipids and peroxisome proliferator-activated receptor-alpha activators. 
Circulation 121:426–435  

     21.    Narayanan S (1993) Aldose reductase and its inhibition in the control of diabetic complica-
tions. Ann Clin Lab Sci 23:148–158  

     22.    Wold LE, Ceylan-Isik AF, Ren J (2005) Oxidative stress and stress signaling: menace of 
 diabetic cardiomyopathy. Acta Pharmacol Sin 26:908–917  

    23.    Liu TP, Juang SW, Cheng JT et al (2005) The role of sorbitol pathway and treatment effect of 
aldose reductase inhibitor ONO2235 in the up-regulation of cardiac M2-muscarinic receptors 
in streptozotocin-induced diabetic rats. Neurosci Lett 383:131–135  

    24.    Jiang T, Che Q, Lin Y et al (2006) Aldose reductase regulates TGF-beta1-induced production 
of fi bronectin and type IV collagen in cultured rat mesangial cells. Nephrology (Carlton) 11: 
105–112  

    25.    Young ME, Yan J, Razeghi P et al (2007) Proposed regulation of gene expression by glucose 
in rodent heart. Gene Regul Syst Bio 1:251–262  

    26.    Scognamiglio R, Avogaro A, Negut C et al (2004) Early myocardial dysfunction in the diabetic 
heart: current research and clinical applications. Am J Cardiol 93:17A–20A  

    27.    Sack MN, Yellon DM (2003) Insulin therapy as an adjunct to reperfusion after acute coronary 
ischemia: a proposed direct myocardial cell survival effect independent of metabolic modulation. 
J Am Coll Cardiol 41:1404–1407  

    28.    Jonassen AK, Mjos OD, Sack MN (2004) p70s6 kinase is a functional target of insulin acti-
vated Akt cell-survival signaling. Biochem Biophys Res Commun 315:160–165  

    29.    Searls YM, Smirnova IV, Fegley BR et al (2004) Exercise attenuates diabetes-induced ultra-
structural changes in rat cardiac tissue. Med Sci Sports Exerc 36:1863–1870  

    30.    Weiss JN, Yang L, Qu Z (2006) Systems biology approaches to metabolic and cardiovascular 
disorders: network perspectives of cardiovascular metabolism. J Lipid Res 47:2355–2366  

    31.    Swynghedauw B, Delcayre C, Samuel JL et al (2010) Molecular mechanisms in evolutionary 
cardiology failure. Ann N Y Acad Sci 1188:58–67  

    32.    Durgan DJ, Young ME (2010) The cardiomyocyte circadian clock: emerging roles in health 
and disease. Circ Res 106:647–658  

    33.    Meng QJ, Logunova L, Maywood ES et al (2008) Setting clock speed in mammals: the CK1 
epsilon tau mutation in mice accelerates circadian pacemakers by selectively destabilizing 
PERIOD proteins. Neuron 58:78–88  

    34.    Um JH, Yang S, Yamazaki S et al (2007) Activation of 5′-AMP-activated kinase with diabetes 
drug metformin induces casein kinase Iepsilon (CKIepsilon)-dependent degradation of clock 
protein mPer2. J Biol Chem 282:20794–20798  

    35.    Bray MS, Young ME (2008) Diurnal variations in myocardial metabolism. Cardiovasc Res 
79:228–237  

    36.    Wallace DC, Fan W (2010) Energetics, epigenetics, mitochondrial genetics. Mitochondrion 
10:12–31  

The Diabetic Heart: An Evolutionary Perspective



40

    37.    Villeneuve LM, Natarajan R (2010) The role of epigenetics in the pathology of diabetic 
 complications. Am J Physiol Renal Physiol 299:F14–F25  

    38.    Singh GB, Sharma R, Khullar M (2011) Epigenetics and diabetic cardiomyopathy. Diabetes 
Res Clin Pract 94:14–21  

     39.    Asrih M, Steffens S (2012) Emerging role of epigenetics and miRNA in diabetic cardiomyopathy. 
Cardiovasc Pathol 22:117–125  

     40.    Gaikwad AB, Sayyed SG, Lichtnekert J et al (2010) Renal failure increases cardiac histone h3 
acetylation, dimethylation, and phosphorylation and the induction of cardiomyopathy-related 
genes in type 2 diabetes. Am J Pathol 176:1079–1083  

    41.    El-Osta A, Brasacchio D, Yao D et al (2008) Transient high glucose causes persistent epigen-
etic changes and altered gene expression during subsequent normoglycemia. J Exp Med 205: 
2409–2417  

    42.    Brasacchio D, Okabe J, Tikellis C et al (2009) Hyperglycemia induces a dynamic cooperativity 
of histone methylase and demethylase enzymes associated with gene-activating epigenetic 
marks that coexist on the lysine tail. Diabetes 58:1229–1236  

    43.    Yu XY, Geng YJ, Lin QX et al (2010) High glucose leads to increased infl ammatory gene 
expression via epigenetic histone H3 lysine 9 methylation in cardiomyocyte. Circulation 122: 
8891–8898  

    44.    Movassagh M, Choy MK, Goddard M et al (2010) Differential DNA methylation correlates 
with differential expression of angiogenic factors in human heart failure. PLoS ONE 5:e8564  

    45.    Kao YH, Chen YC, Cheng CC et al (2010) Tumor necrosis factor-alpha decreases sarcoplasmic 
reticulum Ca 2+ -ATPase expressions via the promoter methylation in cardiomyocytes. Crit Care 
Med 38:217–222  

    46.    Kuan CJ, al-Douahji M, Shankland SJ (1998) The cyclin kinase inhibitor p21WAF1, CIP1 
is increased in experimental diabetic nephropathy: potential role in glomerular hypertrophy. 
J Am Soc Nephrol 9:986–993  

    47.    Kaneto H, Kajimoto Y, Fujitani Y et al (1999) Oxidative stress induces p21 expression in pan-
creatic islet cells: possible implication in beta-cell dysfunction. Diabetologia 42:1093–1097  

    48.    Yu XY, Geng YJ, Liang JL et al (2010) High levels of glucose induce apoptosis in cardiomyo-
cyte via epigenetic regulation of the insulin-like growth factor receptor. Exp Cell Res 316: 
2903–2909  

     49.    Cheng Y, Liu G, Pan Q et al (2011) Elevated expression of liver X receptor alpha in myocar-
dium of streptozotocin induced diabetic rats. Infl ammation 34:698–706  

    50.    Hausenloy DJ, Yellon DM (2004) New directions for protecting the heart against ischaemia- 
reperfusion injury: targeting the Reperfusion Injury Salvage Kinase (RISK)-pathway. Cardiovasc 
Res 61:448–460  

    51.    Fuglesteg BN, Suleman N, Tiron C et al (2008) Signal transducer and activator of transcription 
3 is involved in the cardioprotective signalling pathway activated by insulin therapy at reperfu-
sion. Basic Res Cardiol 103:444–453  

    52.    Vahtola E, Louhelainen M, Forsten H et al (2010) Sirtuin1-p53, forkhead box O3a, p38 and 
post-infarct cardiac remodeling in the spontaneously diabetic Goto-Kakizaki rat. Cardiovasc 
Diabetol 9:5  

    53.    Berezikov E (2011) Evolution of microRNA diversity and regulation in animals. Nat Rev 
Genet 12:846–860    

V. Sharma and J.H. McNeill



41B. Turan and N.S. Dhalla (eds.), Diabetic Cardiomyopathy: Biochemical 
and Molecular Mechanisms, Advances in Biochemistry in Health and Disease 9, 
DOI 10.1007/978-1-4614-9317-4_3, © Springer Science+Business Media New York 2014

    Abstract     Fructose is an important nutritive component of foods such as honey 
and fruit, but this easily available sweetener may contribute to increased caloric 
 consumption from overeating. Fructose is now a major component of the Western 
diet, with increased consumption associated with obesity, metabolic syndrome, and 
cardiovascular disorders in observational and short-term intervention studies, 
mainly in animal models. Rodent studies have identifi ed possible mechanisms for 
the adverse effects of fructose when ingested in large amounts. Fructose promoted 
de novo lipogenesis, infl ammation, and increased sympathetic tone. These mecha-
nisms induced hepatic insulin resistance, increased total and visceral fat mass with 
accumulation of ectopic fat in the liver and skeletal muscle, and dyslipidemia. 
Fructose reduced leptin and insulin signals for satiety, caused structural and func-
tional damage to the heart and blood vessels, and disrupted the diversity of the gut 
microbiota. These early effects may initiate the development of the metabolic syn-
drome. Despite this evidence from rodents, there are few long-term intervention 
studies in humans, especially at a moderate dose. The defi nition of prudent fructose 
consumption is needed, but this will require carefully controlled dose–response 
studies in humans.  
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1        Introduction 

 Fructose, a polyhydroxyketone with chemical formula C 6 H 12 O 6 , is a naturally 
 occurring monosaccharide isomeric with glucose and galactose. In contrast to fruc-
tose with a ketone group at position 2, glucose and galactose have an aldehyde 
group at position 1 of the carbon chain. In solution, fructose can be present as α- or 
β-pyranoside and furanoside rings [ 1 ]. In nature, fructose is found in honey and 
fruits, hence the name fruit sugar. In addition, fructose occurs as sucrose, a disac-
charide of one glucose molecule linked through an α1–4 glycosidic bond to one 
fructose molecule. Sugar consumption in the United States (USA) was predomi-
nantly sucrose until about 1970 with the introduction of fructose in high-fructose 
corn syrup (HFCS), increasing fructose intake to approximately 49 g/day but 
decreasing the sucrose intake in a total sugar intake around 110 g/day in the 
NHANES 1999–2004 results [ 1 ]. Sugar consumption in Australia was approxi-
mately 42 kg/person/year in 2011 (approximately 115 g/person/day), down from 
57 kg/person/year in 1951 [ 2 ]. Fructose intake in Australia has not been reported, 
but intake in 14-year-old adolescents in the Raine cohort in Western Australia was 
48.3 ± 20.2 g/day for girls and 58.8 ± 26.6 g/day for boys [ 3 ]. 

 Fructose, considered to be about 1.7 times as sweet as glucose with a more rapid 
response, is produced commercially from corn through starch isolation and hydro-
lysis to glucose, followed by enzymatic isomerization of part of the glucose into 
fructose using enzymes grown in bacteria. Fructose is then diluted, providing 
the commercially available mixture known as HFCS, which contains either 42 % or 
55 % fructose [ 4 – 6 ]. HFCS appears to be a cheaper sweetener than other sugar 
products as it is derived from renewable and abundant corn; its consumption is pro-
gressively increasing [ 6 – 8 ]. The escalating use of HFCS in food and beverages has 
generated interest in both fructose metabolism and the possible detrimental effects 
during chronic consumption. Increased dietary fructose contributes to caloric over-
consumption from overeating and the associated energy imbalance because it does 
not stimulate insulin and leptin secretion that promotes satiety. In addition, fructose 
intake is a potential risk factor for obesity, diabetes, dyslipidemia, and cardiovascu-
lar morbidity, collectively known as metabolic syndrome [ 1 ,  7 ,  9 ]. There are many 
animal studies showing that chronic high fructose consumption induced insulin 
resistance [ 10 – 13 ], obesity [ 14 ,  15 ], dyslipidemia [ 16 – 19 ], hypertension [ 11 ,  20 –
 22 ], fatty liver [ 19 ,  23 – 26 ], and ventricular hypertrophy [ 11 ] as signs of the meta-
bolic syndrome. In humans, the association of fructose consumption with metabolic 
syndrome is less clear, with disagreement regarding the role of chronic fructose 
consumption in the development of metabolic syndrome. High doses of fructose 
(17–25 % of total energy for 6 days to 10 weeks) caused insulin resistance [ 27 ,  28 ], 
hyperlipidemia [ 27 ,  29 ,  30 ], and intraabdominal fat accumulation [ 28 ] in some 
human studies but not in others [ 31 – 33 ]. High intakes of pure fructose (60 % of diet) 
have been utilized in short-term studies in rats to study the biological pathways of 
fructose, but these doses are unlikely in humans. It is clear that the evidence from 
animal studies has raised serious concerns about chronic fructose consumption and 

W.-Y. Wong and L. Brown



43

metabolic syndrome in humans. It is generally agreed that human data on adverse 
metabolic effects of fructose consumption are insuffi cient. However, increased fruc-
tose consumption in human subjects has been linked to each of the characteristic 
features of the metabolic syndrome. 

 Several mechanisms have been suggested linking fructose intake to the changes 
in the metabolic syndrome. Fructose activated genes involved in de novo lipogene-
sis, generating fatty acids that cause dyslipidemia, fatty liver, and insulin resistance 
[ 30 ,  34 ,  35 ]. Fructose impaired the anorexic action of leptin [ 36 ] and the satiety 
response of insulin [ 7 ], causing obesity. Fructose induced infl ammation and oxida-
tive stress in liver [ 37 ]. In response to fructose overload, gut microbiota diversity 
was disturbed, favoring the  Firmicutes , which cause intestinal infl ammation that 
later develops as endotoxemia [ 38 ]. Figure  1  depicts the detrimental effects of excess 
fructose consumption, at least in rats.

2        Metabolic Syndrome 

 Metabolic syndrome was recognized by the World Health Organization (1998) 
as the clustering of interrelated risk factors for cardiovascular disease and type 2 
 diabetes, including hypertension, dyslipidemia, hyperglycemia, insulin resistance, and 
abdominal obesity [ 39 – 41 ]. The metabolic syndrome is a global phenomenon. 
Based on National Health and Nutrition Examination Survey (NHANES) 2003–
2006 data, 35.1 % of US men and 32.6 % of US women 20 years of age and older 
met the criteria for metabolic syndrome [ 42 ]. The prevalence of metabolic  syndrome 
ranged between 13.4 % and 30.7 % in Australian adults [ 43 ]. In the Japanese popu-
lation, 51 % of male and 38 % of female subjects met World Health Organization 

  Fig. 1    Detrimental effects of excess fructose consumption in rats       
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(WHO) criteria for metabolic syndrome [ 44 ]. In Chinese men, the prevalence of 
metabolic syndrome associated with hypertension was 32.9 % and 53.1 % by the 
National Cholesterol Education Program (NCEP) Adult Treatment Panel III defi ni-
tion [ 45 ]. In an urban Indian population, the NCEP defi nition included 31.6 % 
with metabolic syndrome, with higher prevalence in women (39.9 %) than in men 
(22.9 %) [ 46 ]. 

 Metabolic syndrome is associated with increased abdominal adipose tissue 
together with increased plasma concentrations of reactive oxidant species, nonester-
ifi ed fatty acids, and oxidized low density lipoproteins (LDL) [ 39 ,  47 ]. Adipose 
tissue includes lipid-fi lled adipocytes, endothelial cells, pericytes, fi broblasts, pre- 
adipocytes, mast cells, and immune cells such as resident macrophages and T cells 
to function not only as an energy store but also as a dynamic organ [ 48 ]. Adipocytes 
and immune cells within adipose tissue secrete many bioactive molecules, known 
as adipokines and pro-infl ammatory cytokines, to initiate vascular dysfunction and 
impaired glucose metabolism [ 47 ,  49 ]. Increased production of nonesterifi ed fatty 
acids by adipocytes inhibited carbohydrate metabolism via substrate competition 
and impaired insulin signaling [ 50 ]. 

 Infl ammatory lipid mediators such as prostaglandins, thromboxanes, and 
leuko-trienes are involved in increased cardiac fi brosis and chronic infl ammatory 
diseases [ 51 ]. These mediators can act as ligands for immune receptors such as 
class A G protein-coupled receptors and Toll-like receptors [ 51 ]. Lipid mediators 
localized in the circulation and adipose tissue may bind to these immune receptors 
and induce low-grade tissue infl ammation, causing metabolic dysfunction [ 52 ]. 
Fat accretion may alter synthesis and action of metabolic hormones, with deposi-
tion in liver, heart, muscle, and pancreatic beta cells causing lipotoxicity, or initi-
ate specialized extracellular and intracellular signaling through lipid-derived 
mediators, thereby causing systemic infl ammation and insulin resistance [ 53 ]. 

 In metabolic syndrome, infl ammation causes both insulin resistance and vascular 
dysfunction [ 52 ,  53 ]. Tumor necrosis factor-α (TNF-α) expression in adipose  tissue 
induced by obesity can cause systemic insulin resistance [ 54 ]. In addition, adipo-
cytes secrete proinfl ammatory cytokines that are detrimental to the vasculature as 
they cause endothelial dysfunction [ 55 ]. Production of proinfl ammatory cytokines 
is linked to nuclear factor-κB (NF-κB) activation [ 56 ]. Activation of NF-κB initiates 
TNF-α-induced insulin resistance [ 57 ].  

3     Fructose Absorption and Metabolism 

 In nature, fructose exists mainly as free fructose, the monosaccharide, or as sucrose, 
the disaccharide. The body can absorb free fructose directly from the gastrointesti-
nal tract. However, the major source of fructose is sucrose, which upon ingestion is 
hydrolzsed into equimolar amounts of fructose and glucose in the small intestine by 
sucrase [ 58 ]. After absorption, fructose enters the liver through the hepatic portal 
vein, where it is later metabolized [ 59 ]. Transport of fructose from intestine into 
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enterocytes can occur via Na + -independent transport using the GLUT5 transporter. 
Fructose can then be transported out of the enterocyte across the basolateral 
 membrane by either GLUT2 or GLUT5 [ 60 ]. The presence of fructose rapidly 
upregulates both GLUT2 and GLUT5 mRNA [ 61 ]. GLUT5 knockout in mice 
induces the symptoms of fructose malabsorption, including distension of the cecum 
and proximal colon with increased cecal contents, including fl uid and gas [ 62 ]. 
Fructose absorption in humans is consistent with the limited absorption capacity of 
a facilitative transport system [ 61 ]. Higher doses of fructose induce fructose malab-
sorption with gastrointestinal symptoms including chronic diarrhea and abdominal 
pain, possibly the result of decreased expression of GLUT5, as in infants and tod-
dlers [ 61 ]. Chronic fructose increased salt absorption in the small intestine and 
 kidney tubules mediated by upregulation of chloride/base exchangers and the Na + /
H + -exchanger; this could be the basis of fructose-induced hypertension [ 63 ]. 

 The metabolism of fructose in the liver differs from glucose because it is insulin 
independent. The fructose metabolism pathway involves three enzymes, fructoki-
nase, aldolase B, and triokinase [ 59 ]. Although these enzymes are present in liver 
and kidney in hamster, guinea pig, dog, rat, and human, they can also be found in 
the small intestine of hamster, guinea pig, and dog [ 59 ]. Absence of these enzymes 
in the intestine of both rats and humans makes rats a good model for human fructose 
consumption [ 59 ]. On entering the liver, fructose is phosphorylated by adenosine 
triphosphate (ATP) catalyzed by the enzyme fructokinase to form fructose-
1- phosphate; this is further converted into the three-carbon phosphate intermedi-
ates, dihydroxyacetone phosphate and glyceraldehyde, members of the glycolysis 
sequence of intermediates, via aldolase B [ 7 ]. Triokinase catalyzes the phosphoryla-
tion of glyceraldehyde by ATP to form glyceraldehyde-3-phosphate, another inter-
mediate of the glycolytic pathway. A portion of these intermediates enters the 
gluconeogenic pathway and is converted to glucose or glycogen, or is metabolized 
to form lactate or pyruvate and later triglycerides. Hence, fructose metabolism 
bypasses the vital checkpoint of glycolysis, the rate-limiting step, phosphofructoki-
nase [ 12 ]. This reaction is negatively regulated by citrate and ATP, which allosterically 
inhibit phosphofructokinase, thereby preventing further glucose uptake into the 
liver [ 64 ]. As fructose uptake by the liver is not regulated by phosphofructokinase, 
excess fructose consumption results in larger increases in the triglyceride pool than 
the consumption of a comparable amount of glucose. Figure  2  summarizes fructose 
metabolism and glycolysis.

4        Chronic Fructose Consumption and Organ Changes 

4.1     Fructose and Fat Accumulation 

 Increased fructose consumption over the past decades has raised major concerns 
worldwide as it has been implicated in increased energy intake and obesity [ 1 ,  9 ]. 
Increased energy intake, body weight, and adiposity occurred in some studies with 
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animals fed with high fructose [ 14 ,  15 ], but not in others [ 11 ,  20 ,  22 ,  65 ]. A study 
on humans showing different regional fat accumulation between fructose and 
 glucose consumption may explain the detrimental effect of fructose not confounded 
by body weight difference [ 28 ]. Fructose consumption increased visceral adipose 
tissue deposition whereas consumption of glucose resulted primarily in subcutane-
ous adipose tissue deposition [ 28 ], possibly because of the activation of lipoprotein 
lipase (LPL), the rate-limiting enzyme involved in the uptake of triglyceride from 
the circulation for storage in the adipose depots [ 66 ]. LPL of subcutaneous adipose 
tissue is more sensitive to activation by insulin than LPL associated with visceral 
adipose tissue [ 28 ,  67 ]. In contrast to glucose, fructose does not stimulate insulin 
secretion from the pancreas because pancreatic β cells lack the transporter GLUT5 
[ 7 ]. Therefore, it was hypothesized that activation of LPL in subcutaneous fat would 
be reduced in subjects consuming high fructose. Conversely, high fructose intake 
would increase the availability of triglycerides for uptake in visceral adipose tissue 
[ 28 ]. Rats fed a 60 % w/w fructose diet for 20 weeks had comparable body weight 
with controls but exhibited an apparent increase in abdominal fat mass size [ 68 ]. 
Visceral obesity is defi ned as fat accumulation around the viscera and inside the 
intraabdominal solid organs. Visceral obesity, or abdominal obesity, is strongly 
associated with pathogenesis of type 2 diabetes, hypertension, and cardiovascular 
changes such as atherosclerosis, coronary calcifi cation, and endothelial dysfunction 
[ 69 ]. In addition, abdominal obesity is associated with elevated serum concentra-
tions of small dense LDL cholesterol particles, apo-B [ 70 ] and triglycerides, and 
reduced HDL cholesterol concentrations [ 71 ,  72 ]. Studies on fructose and regional 
adipose distribution are scarce and future studies looking at the role of fructose in 
abdominal adiposity are warranted. 

  Fig. 2    Fructose metabolism and glycolysis. Fructose bypasses the vital checkpoint of phospho-
fructokinase, which is negatively regulated by citric acid       
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 Patients with Cushing’s syndrome develop central obesity, together with 
 hypertension and insulin resistance, indicating that lipid uptake into adipocytes may 
be enhanced by enhanced glucocorticoid responses within the adipose tissue. Fructose 
feeding in rats increased the glucocorticoid-activated enzyme, 11-beta- hydroxysteroid 
dehydrogenase type 1, increased corticosterone concentrations within the adipose 
 tissue, and enhanced nuclear glucocorticoid receptor accumulation, before the onset 
of obesity [ 73 ]. Increased plasma nonesterifi ed fatty acids suggest a stimulation of 
 lipolysis by this fructose-initiated glucocorticoid action, rather than an increased 
 lipogenesis [ 73 ].  

4.2     Fructose and Nervous System 

 Insulin- and leptin-induced stimulation of the central nervous system may be one of 
the mechanisms linked to increased body weight and calorie intake with increased 
fructose consumption [ 7 ,  9 ]. Fructose does not stimulate secretion of insulin from 
the pancreas; hence, suppression of food intake by insulin in the central nervous 
system may not occur after fructose consumption [ 74 ]. Insulin secreted from the 
pancreas enters the central nervous system, where it acts as a humoral feedback regu-
lator of food intake and energy balance [ 75 – 77 ], providing a negative feedback 
 signal and hence lower food intake [ 7 ]. Insulin receptors [ 78 ] and related intracellu-
lar signaling molecules such as insulin receptor substrate 1, which are concentrated 
in hypothalamic areas such as the arcuate nucleus [ 79 ], may mediate the effect of 
insulin on food intake. The responses of insulin on peripheral tissues and the brain 
appear to be different. Systemic infusion of insulin in diabetic subjects induced 
excess body weight gain [ 80 ], whereas in a separate study, central infusion of insulin 
in diabetic rats produced weight loss [ 75 ]. 

 In addition, there is consistent evidence for a role of the sympathetic nervous 
system and the renin-angiotensin system in fructose-induced cardiovascular and 
renal changes. In humans, infusion of fructose amplifi ed the release of adrenaline in 
response to hypoglycemia [ 81 ]. Fructose-fed mice had increased mean arterial 
 pressure and heart rate during the dark period, when mice are active and sympathetic 
activity was at the highest. Alpha-adrenoceptor antagonism with prazosin in fructose- 
fed mice greatly decreased mean arterial pressure [ 82 ]. In addition, blood pressure 
variability, a detector for early abnormalities in autonomic modulation in diabetes, 
was increased in fructose-fed AT1 wild-type mice during dark phase, suggesting a 
high-fructose diet activated sympathetic input to the circulation [ 82 ]. Suppression of 
sympathetic activity by adrenal medullectomy, followed by weekly 6-hydroxydopa-
mine injections, abrogated the development of both hyperinsulinemia and hyperten-
sion in fructose hypertensive rats without affecting these parameters in control rats 
[ 83 ]. This result suggests that sympathetic excitation may play an early and integral 
role in the fi nal expression of elevated plasma insulin concentrations and blood pres-
sure in rats fed a high-fructose diet [ 83 ]. Fructose feeding in C57/BL mice increased 
plasma angiotensin II concentrations, accompanied by increased expression of AT1a 
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receptors and tyrosine hydroxylase mRNA in the brainstem locus coeruleus [ 84 ]. 
Treatment with AT1 receptor antisense DNA in fructose-fed rats inhibited AT1 
receptors and prevented development of an increased blood pressure [ 85 ,  86 ]. 
Losartan normalized blood pressure, NADPH oxidase activity, endothelial function, 
and angiotensin II-induced vasoconstriction in fructose-fed rats. Expression of AT1a 
receptor mRNA was enhanced in fructose-fed mice [ 87 ]. Also, rats with fructose 
overload had increased blood pressure and insulin resistance combined with reduced 
cardiac vagal tone [ 88 ]. In healthy humans, acute ingestion of fructose increased 
heart rate, blood pressure, and systolic arterial pressure variability, although car-
diovagal barorefl ex sensitivity was decreased [ 89 ]. Similarly, rats fed a fructose-rich 
diet for 4 weeks had an impaired vagal component of barorefl ex response while the 
sympathetic component remained intact [ 90 ]. These studies suggested that fructose 
overload may induce autonomic imbalance, which triggers hemodynamic and meta-
bolic changes, as seen in increased sympathetic modulation to the cardiovascular 
system, and consequently reduced parasympathetic modulation. It is therefore pos-
sible that impaired vagal responses would attenuate the satiety signal to the brain, 
hence increasing body weight or food intake. Adipose, gut, and hepatic tissues that 
secrete metabolically important hormones are heavily innervated by sympathetic 
and parasympathetic fi bers [ 91 ]. Gastric distension, sensors in the portal blood ves-
sels for cholecystokinin, glucose, osmolality, and pH during meal ingestion activate 
vagal afferents, sending signals from the stomach to brainstem and hypothalamus 
that result in the perception of fullness and satiety [ 92 ]. Thus, autonomic imbalance 
caused by fructose overload may reduce satiety signaling, leading to obesity. 
Impairment of the parasympathetic nervous system could be an etiological factor in 
the pathological process, rather than just a consequence of diabetes [ 93 ], which pre-
dates the overt development of type 2 diabetes mellitus by many years [ 90 ]. 

 The satiety effects of fructose consumption may be related to the impaired 
anorexic responses of leptin [ 36 ]. Leptin derived from adipocytes plays a crucial 
role in energy balance and body weight regulation through interactions with hypo-
thalamic nuclei to reduce food intake and increase energy expenditure. Leptin, 
along with insulin, regulates food intake and energy metabolism via neuropeptide 
systems including neuropeptide-Y and melanocortins [ 66 ]. Patients with leptin defi -
ciency exhibited increased hunger and impaired satiety [ 94 ]. Magnetic resonance 
imaging (MRI) scans on leptin-defi cient patients injected with leptin after food 
 consumption showed that leptin-responsive neurons at the ventral striatal region 
provided signals that modulate physiological responses to energy restriction [ 95 ]. 
There appears to be both a short-term and a long-term system for controlling feed-
ing behavior and energy balance [ 96 ]. Leptin and insulin provide the signals to the 
central nervous system in the long-term regulation of the food consumption quantity 
relative to energy expenditure [ 97 ]. In addition, evidence from animals suggested 
that leptin is necessary for the biosynthesis and secretion of thyrotropin-releasing 
hormone [ 98 ,  99 ]. Complete leptin defi ciency is associated with a moderate 
degree of hypothalamic hypothyroidism characterized by low free thyroxine and 
high serum TSH concentrations, which is relatively bio-inactive [ 100 ]. It was 
hypothesized that a reduction in circulating leptin concentrations during prolonged 
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consumption of diets high in energy from fructose could lead to increased energy 
intake or decreased energy expenditure and weight gain [ 66 ]. 

 Leptin resistance ensues when leptin fails to produce metabolic responses 
despite high plasma concentrations. Leptin failed to induce an anorexic response in 
rats fed a high-fat diet, predisposing to increased weight gain [ 36 ]. The onset of 
leptin resistance may predate adiposity, as leptin resistance induced by fructose 
occurred in the absence of an increased body weight or elevated serum insulin 
concentrations [ 36 ]. Two hypotheses were proposed for the mechanism underlying 
fructose-induced leptin resistance: (1) reduced activation of JAK-mediated STAT3 
phosphorylation and (2) impaired leptin transport across the blood–brain barrier. 
Reduced phosphoSTAT3 appeared to cause defective insulin receptor signaling in 
the brain, and subsequently failure of downstream signaling events such as anorexic 
action and regulation of liver glucose fl uxes [ 36 ,  101 ]. In addition, fructose is lipo-
genic because of its ability to induce de novo lipogenesis in the liver, increasing 
plasma triglyceride concentrations [ 30 ,  59 ]. Serum triglycerides may impair the 
ability of the blood–brain barrier to transport leptin, an action probably through 
direct binding of triglycerides to leptin in the circulation or direct action on leptin 
transporter via a regulatory site controlled by triglycerides [ 102 ]. The impaired 
transport can cause leptin resistance [ 102 ].  

4.3     Fructose and De Novo Lipogenesis 

 Animal studies on fructose feeding have shown hyperlipidemia [ 17 – 19 ] with high 
fructose feeding in mice for 16 weeks increasing plasma and muscle triglycerides 
and plasma free fatty acids, similar to high-fat-fed mice [ 17 ]. In livers of mice 
chronically fed with a 30 % fructose solution, triglycerides concentrations were 
approximately 2-fold higher than in glucose-fed mice and 5.3-fold higher than in 
controls [ 19 ]. Rats fed with a cholesterol-free high-fructose diet had increased 
serum total cholesterol, free cholesterol, and triglyceride and phospholipid concen-
trations. Increased serum total cholesterol concentrations showed enhancement of 
its synthesis in the liver because no cholesterol was given in the diet [ 18 ]. 
Hypertriglyceridemia refl ects an imbalance between the production and clearance 
rates of very low density lipoprotein–triglycerides. The main factor infl uencing 
hepatic triglyceride secretion is fatty acid availability [ 103 ]. As already described, 
fructose-derived intermediates rapidly enter the glycolytic pathway, providing an 
unrestricted source of acetyl coenzyme A (acetyl CoA) for de novo lipogenesis and 
formation of long-chain fatty acids, which can be esterifi ed to form triglycerides in 
the liver [ 59 ]. The initial step of de novo lipogenesis is the synthesis of malonyl- 
CoA, which acts as a potent inhibitor of carnitine palmitoyl transferase-1, the mito-
chondrial enzyme that mediates the transport of long-chain fatty acids across the 
mitochondrial membrane for β-oxidation. Therefore, de novo lipogenesis and lipid 
oxidation are simultaneously and inversely regulated by fructose in liver cells [ 30 ]: 
this makes fructose highly lipogenic compared with glucose. 
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 Also, high fructose intake can enhance fatty acid availability by increasing 
hepatic de novo lipogenesis through the activation of transcription factors, including 
the carbohydrate regulatory element-binding protein (ChREBP)[ 34 ] and sterol 
 regulatory element- binding protein-1c (SREBP-1c) [ 104 ]. ChREBP signals the 
induction of lipogenic genes by carbohydrates [ 34 ], whereas SREBP-1c is respon-
sible for the insulin-mediated induction of lipogenic enzymes in liver [ 65 ]. In rats 
and mice,  fructose feeding activated ChREBP or SREBP-1c, increasing the expres-
sion of lipogenic genes such as fatty acid synthase (FAS), acyl coenzyme-A (Acyl 
CoA) carboxylase (ACC), and stearoyl coenzyme-A desaturase-1 (Scd-1) [ 65 ,  104 ]. 
Whether the activation of these lipogenic genes is a direct effect of ChREBP or a 
secondary response mediated by SREBP-1c [ 34 ], these transcriptional factors are 
induced during fructose feeding and they could perhaps work in concert because 
activation of both factors is required for normal expression of lipogenic genes [ 34 , 
 105 ]. Fructose may activate SREBP-1c, independent of insulin [ 104 ]. The increased 
rate of de novo lipogenesis contributes fatty acids that are incorporated into hepatic 
triglycerides; this is associated with increased very low density lipoprotein (VLDL) 
synthesis and secretion from the liver. Hyperlipidemia appears to be a major effect 
of high-fructose feeding. In rats, increased dietary fructose rapidly leads to high 
plasma triglyceride concentrations and more specifi cally to increased VLDL 
 triglycerides [ 16 ], as summarized in Fig.  3 .

   Decreased extrahepatic clearance of VLDL triglycerides could contribute to 
hypertriglyceridemia. Fructose does not stimulate insulin required to increase the 
activity of LPL in peripheral tissues. The lower postprandial LPL reduced triglyceride 

  Fig. 3    Lipogenic effect of 
high fructose consumption       
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clearance, hence contributing to fructose-induced postprandial hypertriglyceridemia, 
increasing circulating and portal concentrations of free fatty acids [ 106 ]. 

 High carbohydrate intake may promote the development of nonalcoholic fatty 
liver disease (NAFLD) [ 19 ]. Steatosis is the initial change in NAFLD and is thought 
to be the benign state of liver injury. As steatosis develops further, it renders the liver 
more vulnerable to injuries, progresses to steatohepatitis, and increases the chances 
of further liver damage [ 107 ]. Animal studies have shown that fructose and sucrose 
play a critical role in the pathogenesis of NAFLD, with increased accumulation of 
lipids in the liver accompanied by insulin resistance, elevated plasma triglycerides, 
and oxidative stress [ 19 ,  23 – 26 ]. Fructose, having bypassed the vital glycolytic 
checkpoint, rapidly increases hepatic triglyceride synthesis and deposition, causing 
fatty liver in rats [ 23 ]. In addition to these hepatic effects, fructose may alter many 
nonconventional pathways in other organs, including the gut, to cause fatty liver 
[ 19 ,  25 ]: this is discussed later. 

 Fructose-induced and high fat-induced insulin resistance share some common-
alities that could be attributed to altered lipid metabolism at the level of skeletal 
muscle [ 9 ]. Diabetes mellitus is a condition in which the blood glucose concentration 
is persistently high because of insuffi cient insulin production or insulin resistance. 
In obesity, diabetes mellitus is commonly caused by insulin resistance, where 
 insulin is unable to produce responses such as increasing glycogen synthesis 
and decreasing gluconeogenesis. Chronic consumption of a high-fructose diet may 
induce insulin resistance, as evident in many animal studies [ 10 – 13 ], although fruc-
tose does not stimulate insulin secretion in the short term [ 108 ]. Increased exposure 
to nonesterifi ed fatty acids may reduce insulin sensitivity by increasing the intra-
myocellular lipid content [ 35 ]. This lipid accumulation in muscle might be associ-
ated with increased expressions of proteins related to lipid transportation and lipid 
synthesis such as FAS and translocase (FAT/CD36) [ 17 ], hence inducing lipotoxic-
ity in muscle. 

 Recent progress on insulin resistance suggested that translocation of GLUT4- 
containing vesicles to the cell surface may involve a group of complex proteins 
called the SNARE proteins [ 109 – 112 ]. Interaction of SNARE proteins with GLUT4 
translocation may be disrupted by high lipid content in skeletal muscles, hence 
prompting insulin resistance [ 109 ]. Accumulation of lipid in skeletal muscles attrib-
uted to unregulated fructose metabolism may disrupt SNARE proteins–GLUT4 
interaction, leading indirectly to insulin resistance [ 9 ,  109 ,  110 ,  112 ]. SNARE 
 proteins consist of SNAP23, syntaxin-5, and VAMP4. SNAP23 is involved in the 
insulin- dependent translocation of GLUT4 to the plasma membrane and has an 
important role in the development of insulin resistance. It was proposed that the 
SNARE proteins catalyzed fusion of newly synthesized triglyceride droplets with the 
larger old droplets [ 109 ]. Further, it was proposed that SNAP23 combines with 
syntaxin-4 to form a t-SNARE complex in the plasma membrane, which is essential 
for the insulin-dependent translocation of the glucose transporter GLUT4 to the 
plasma membrane. Treatment of muscle cells with fatty acids decreased the levels 
of SNAP23 in the plasma membrane and increased the amount in the interior of the 
cell, including on lipid droplets. Lipid accumulation in the cell shifts SNAP23 from 
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the glucose uptake mechanism in the plasma membrane to the interior of the cell. 
Insulin signals for GLUT4-storing vesicles to bind to the membrane and take 
up glucose were reduced as binding of GLUT4 to membranes required SNAP23; 
this caused insulin resistance, and fructose, being lipogenic, may enhance the 
 process [ 111 ].   

5     Fructose and Infl ammation 

 Infl ammation plays a vital role in metabolic syndrome, causing both insulin 
 resistance and vascular dysfunction [ 52 ,  53 ]. TNF-α expression in adipose tissue is 
induced by obesity, hence contributing to systemic insulin resistance [ 54 ]. Production 
of pro-infl ammatory cytokines is linked to NF-κB activation [ 56 ]. Activation of 
NF-κB leads to TNF-α-induced insulin resistance [ 57 ]. Peroxisome proliferator-
activated receptors (PPARs) may attenuate infl ammatory signaling pathways and, as 
such, interfere with cardiac remodeling via inhibition of NF-κB [ 113 ]. 

 Fructose feeding in animals increased TNF-α mRNA in plasma [ 19 ,  114 ] and 
TNF-α concentrations [ 114 ,  115 ] in hepatic tissue. The activation of infl ammatory 
pathways by fructose feeding may infl uence directly the hepatic and intestinal secre-
tion of lipoproteins [ 106 ]. Fructose feeding for 2 weeks increased hepatic NF-κB 
activity and fatty acid oxidation in rats following reduced activity of hepatic PPAR-α 
[ 37 ]. In another study, fructose feeding in mice for 8 weeks increased mRNA expres-
sion of TNF-α [ 19 ], the infl ammatory genes regulated by NF-κB [ 116 ]. Fructose 
induced infl ammation, particularly in the liver, as it is an essential organ for the 
maintenance of lipid, glucose, and hormonal homeostasis. As such, the liver is at 
the crossroads of metabolic health and disease. As discussed earlier,  fructose induced 
de novo lipogenesis as it provides unregulated amounts of the substrate, acetyl CoA, 
for the formation of long-chain fatty acids and triglycerides, increasing hepatic fat 
deposition [ 30 ], hence steatosis. Prolonged insult to the liver induced oxidative 
stress. High dietary fructose consumption for 19 days in rats induced hepatic stress 
response through the c-Jun amino-terminal kinase (JNK)/AP-1 pathway, which is 
similar to that observed for the infl ammatory cytokine TNF-α, suggesting that 
hepatic infl ammation and lipid dysregulation are linked [ 117 ]. 

 Infl ammation and hepatic stress induced by increased fructose intake may partly be 
caused by the metabolism of fructose itself during glycolysis [ 117 ]. Fructose bypasses 
the vital checkpoint, phosphofructokinase, producing excess (hypothetically during 
high-fructose diet) dihydroxyacetone phosphate (DHAP) and  d  -glyceraldehyde , 
which can be phosphorylated to glyceraldehyde-3-phosphate (G3P). The excess 
 supply of unused DHAP and G3P, as during the rested state, leads to methylglyoxal 
accumulation. Methylglyoxal, a highly reactive ketoaldehyde, arises from nonenzy-
matic phosphate elimination from DHAP and G3P [ 118 ]. Methylglyoxal reacts with 
free amino groups of lysine and arginine and with thiol groups of cysteine, forming 
advanced glycation end products (AGEs) [ 119 ]. Methylglyoxal has been associated 
with NF-κB activation and diabetic complications [ 120 ]. 
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 Oxidative stress and infl ammation converge in shared pathways connected to 
 insulin resistance, such as JNK1, making both stimuli important factors to consider 
with fructose exposure [ 106 ]. Insulin resistance in a fructose-fed model may be 
caused by infl ammation. TNF-α is an important mediator of insulin resistance in 
obesity and diabetes through its ability to decrease the tyrosine kinase activity of the 
insulin receptor. Binding of insulin stimulated the intrinsic tyrosine kinase of 
the insulin receptor, which results in autophosphorylation of the subunits on tyrosine 
residues and subsequent phosphorylation of insulin receptor substrate 1 (IRS-1), acti-
vating the phosphatidylinositol-3 kinase/PDK/AKT signaling and hence glucose 
uptake [ 54 ]. However, TNF-α inhibited these proximal steps in insulin receptor sig-
naling in both cultured cells and whole animals [ 54 ], through activation of JNK [ 121 ].  

6     Fructose and Cardiovascular Diseases 

6.1     Hypertension 

 Chronic hypertension is a key risk factor for stroke, myocardial infarction, and heart 
failure [ 122 ]. Fructose feeding produced systolic hypertension in dogs [ 10 ] and rats 
[ 11 ,  20 – 22 ]. High-fructose-fed rats developed high systolic blood pressure over 
16 weeks but without endothelial dysfunction [ 11 ]. However, in a study with 40 % 
fructose feeding for 2 weeks, rats had increased blood pressure accompanied by 
reduced acetylcholine-induced relaxation in the aortic rings, suggesting endothelial 
damage [ 22 ]. In this study, insulin resistance induced endothelial dysfunction, 
resulting in hypertension. Insulin, apart from stimulating the uptake of glucose in 
muscle via GLUT4 transporter, dilates the skeletal muscle vasculature in humans 
[ 123 ,  124 ]. Insulin activates endothelial nitric oxide synthase (eNOS) and stimu-
lates the production of vasodilator NO in the endothelium [ 124 ]. The activation of 
eNOS is via the PI3K/PDK/AKT pathway, triggered by insulin [ 124 ]. In addition, 
insulin vasodilation contributes, in part, to an inhibition of voltage-operated Ca 2+  
channels [ 125 ]. A fructose diet impaired the vasodilator effects of insulin in precon-
tracted aortas [ 22 ,  126 ]. Further, fructose induced autonomic imbalance, triggering 
the increased blood pressure [ 91 ]. 

 In addition, excess fructose feeding alters glucose metabolism by shunting 
 glucose through the polyol pathway, which leads to a buildup of intracellular 
 glyceraldehyde and dihydroxyacetone phosphate. Aldehydes are able to react non-
enzymatically with sulfhydryl groups of protein, thus altering their function [ 68 ]. 
Aldehydes can impair the function of L-type calcium channels, and this may 
 possibly lead to an increased intracellular calcium concentration in vascular smooth 
muscle and to an increase in peripheral vascular resistance [ 1 ,  127 ,  128 ]. 

 Although some studies reported hypertension in fructose-fed rats [ 11 ,  20 – 22 ], 
others did not [ 129 ,  130 ]. Further, chronic consumption of fructose for 24 weeks in 
rats increased blood pressure, which was not maintained after 40 weeks of feeding 
[ 14 ]. In a separate study, rats developed hypertension during the fi rst 3 months of 
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12 months of high-fructose feeding [ 16 ]. These confl icting data may be attributed to 
differences in the composition of the diets and to variable blood pressure responses 
to fructose among different ages and strains [ 129 ] or to different methods used for 
blood pressure measurements [ 131 ].  

6.2     Cardiac Function and Hypertrophy 

 Eccentric hypertrophy, defi ned as a progressive and proportional increase in 
 chamber volume and wall thickness in response to volume overload, has been com-
monly described in obese individuals with altered diastolic function and prone to 
heart failure [ 132 ,  133 ]. A fructose-rich diet in a rat model of chronic volume over-
load, caused by aortic valve regurgitation, worsened left ventricular eccentric hyper-
trophy, as shown by increased left ventricular hypertrophy, atrial and brain natriuretic 
factor mRNA, and increased estimated left ventricular mass [ 134 ]. In addition, left 
ventricular function was decreased, shown by lower systolic ejection fraction [ 134 ]. 
Fructose feeding for 16 weeks induced left ventricular dilation with hypertrophy 
and decreased contractile function, and increased infl ammatory cell infi ltration into 
the ventricular myocardium, resulting in excess collagen deposition and increased 
stiffness of the left ventricle [ 11 ,  20 ]. Increases in collagen deposition are linked to 
the excess production of AGEs, as products of nonenzymatic glycosylation in 
hyperglycemic states [ 135 ]. 

 Vascular calcifi cation is a well-recognized pathological entity associated with 
cardiovascular morbidity and mortality [ 136 ]. In type 2 diabetes, medial arterial 
calcifi cation of peripheral arteries is a strong independent predictor of total cardio-
vascular mortality and a predictor of future coronary heart disease events, stroke, 
and amputation [ 137 ]. Aortic calcifi cation was observed in rats fed with high 
 fructose for 12 weeks, accompanied by mild hypertension, insulin resistance, hyper-
insulinemia, hyperglycemia, and hypertriglyceridemia [ 138 ]. It was suggested that 
fructose increased oxidative stress by increasing lipid peroxidation and inhibition of 
activity of enzymes such as superoxide dismutase and catalase, and oxidative stress 
may be involved in the pathogenesis of vascular calcifi cation [ 138 ].   

7     Fructose and Gut Microbiota 

 The prevalence of obesity is attributed to the so-called Western diet with highly 
refi ned carbohydrates and fat but reduced complex plant polysaccharides [ 38 ]. 
A concomitant increase in fructose intake has mirrored this trend, changing the 
regulation and homeostatic maintenance of host energy balance produced by 
 hormones from the gut and adipocytes [ 38 ]. The gastrointestinal tract is a complex 
digestive organ including genetic interactions between host and microbes, modulating 
a multitude of processes related to digestion, absorption, and metabolism of dietary 
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compounds. Hence, there is a probable link between commensal gut microfl ora and 
obesity [ 139 ]. 

 It was hypothesized that obesity is associated with reduced gut microfl ora 
 diversity and altered genes, hence manifestation of metabolic syndrome [ 140 ,  141 ]. 
The  Firmicutes:Bacteroidetes  ratio appears to be critical [ 140 ]. The gut in the 
Western diet includes  Firmicutes  class  Mollicutes  with genes encoding pathways 
related to the phosphotransferase system, fructose and mannose metabolism, and 
glycolysis/gluconeogenesis, but depleted of genes required for starch and sucrose 
metabolism [ 142 ]. This Western diet is detrimental to  Bacteroidetes , as these 
microbes metabolize polysaccharides and glycans and so prefer complex plant 
materials [ 143 ]. Excess exposure to fructose may cause dysbiosis with loss of 
microbial genetic and phylogenic diversity and perturbed energy regulation [ 38 ]. 
The innate and adaptive immune system may sense these differences in microbial 
composition and metabolic activity, causing intestinal infl ammation and then 
 endotoxemia [ 38 ]. The combination of these processes can exacerbate metabolic 
disorders associated with obesity. It was postulated that bacterial endotoxins may 
cause NAFLD because increased translocation of bacterial endotoxins was found in 
obese humans and animals [ 25 ]. Chronic fructose consumption can increase intesti-
nal translocation of bacterial endotoxins, inducing hepatic TNF-α, and subsequently 
induce liver steatosis in mice [ 25 ]. Furthermore, the bacterial fl ora of rodents can 
ferment carbohydrates to alcohol when intestinal stasis permits their overgrowth in 
the upper parts of the gastrointestinal tract [ 144 ]. This fi nding further supports the 
hypothesis that elevated intake of simple sugars such as fructose and sucrose can 
contribute to the development of obesity and liver damage through mechanisms 
involving alterations in the intestinal microfl ora [ 19 ].  

8     Fructose Consumption in Humans 

 In contrast to the animal studies, there are relatively few data from humans with 
chronic excess fructose intake. Short-term studies with fructose overfeeding (25 % 
of total calories) for 6 days of seven healthy, normal-weight males increased plasma 
triglycerides concentration by 79 % and impaired the suppression of nonesterifi ed 
fatty acids, indicating insulin resistance [ 27 ]. A 6-week diet providing 17 % of 
energy from fructose increased postprandial triglyceride concentrations compared 
with an isocaloric glucose diet in healthy men but not in healthy women [ 29 ]. 
A study on the effects of fructose on intrahepatocellular lipids and insulin sensitiv-
ity in healthy offspring of patients with type 2 diabetes concluded that 7 days of 
high- fructose diet (20 % solution in three meals) increased ectopic lipid deposition 
in liver and muscle and fasting VLDL-triacylglycerols and decreased hepatic insulin 
sensitivity [ 30 ]. Overweight and obese patients consuming a high fructose- 
sweetened beverage (25 % of total calories) had increased visceral adiposity and 
lipids with decreased insulin sensitivity [ 28 ]. In contrast, dietary fructose (20 % of 
carbohydrate calories, 45–65 g daily for 4 weeks) for ten type 2 diabetic patients 
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lowered plasma glucose concentrations and improved insulin sensitivity without 
affecting the lipid profi le [ 145 ]. Fructose consumption (63–99 g/day) for 2 weeks 
by 11 subjects with normal oral glucose tolerance and body weight had no adverse 
effects on triglyceride, pyruvate, lactate, or uric acid metabolism [ 146 ]. A review 
article on the effects of dietary fructose on lipid metabolism pointed out that there 
is strong evidence that fructose consumed at approximately 20 % of total energy 
increases total and LDL cholesterol concentrations, but the effect of dietary fructose 
on triacylglycerol concentrations is less clear [ 147 ]. 

 Fructose had no overall effect on body weight in a review of the effects of  fructose 
on body weight in controlled feeding trials lasting 7 or more days, comparing free 
fructose and nonfructose carbohydrate in diets providing similar calories (isocaloric 
trials) or of diets supplemented with free fructose to provide excess energy and 
usual or control diets (hypercaloric trials) [ 31 ]. High doses of fructose in hyperca-
loric trials lead to signifi cant increases in weight but fructose does not seem to cause 
weight gain when it is substituted for other carbohydrates in diets providing similar 
calories. Free fructose at high doses that provided excess calories modestly increased 
body weight, an effect that may be caused by the extra calories rather than the 
 fructose [ 31 ]. Although fructose induces insulin resistance and affects metabolic 
processes in animal models, the existing data for humans are unclear [ 7 ]. Fructose 
did not differentially affect satiety when compared with glucose [ 32 ,  33 ], although 
different effects have also been reported [ 148 ,  149 ].  

9     Conclusions 

 In summary, fi ndings from human studies are inconsistent; however, animal studies 
have raised serious concerns regarding increased dietary fructose in humans. Animal 
experiments have relied on the importance of fructose overloads (up to 60 % total 
energy intake), which by far exceeded the consumption of fructose in humans. 
However, the animal studies identify possible mechanisms for the adverse effects of 
fructose, although they do not provide clear dietary recommendations for humans. 
Finally, although fructose appears to alter lipid metabolism independently of any 
change in body composition [ 28 ,  150 ], increased whole-body and visceral fat mass 
may play a signifi cant role in other metabolic disturbances [ 9 ,  28 ]. There are, therefore, 
several important questions to be addressed regarding metabolic and cardiovascular 
short- and long-term effects of fructose consumption and the mechanisms underlying 
these effects. Also, future studies in rodents should address the responses to chronic 
moderate fructose consumption to be more realistic and relevant to humans. 

 To date, there is evidence from short-term studies suggesting consumption of 
sweetened beverages is associated with obesity and metabolic syndromes. Further, 
pure fructose caused metabolic changes at high concentrations, especially when fed 
as the sole carbohydrate source. However, there is little evidence from human stud-
ies that strongly suggest common fructose-glucose (HFCS or sucrose) sweeteners 
would do the same. In addition, there is no solid evidence to support that moderate 
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intake of fructose, or fructose from fruits or honey, is unsafe. The fructose that 
comes from whole fruits and vegetables, dairy products, and 100 % fruit juices is 
associated with vitamins, minerals, and fi ber [ 6 ] whereas honey contains phenolic 
acids, fl avonoids, and minerals [ 151 ]. There are no specifi c recommendations for 
fructose intake. The 2009 American Heart Association recommended that the intake 
of added sugar for women should be no more than 100 calories per day and that for 
men no more than 150 calories per day [ 152 ]. Obesity and diabetes rates were low 
when total fructose intake was in the range of 25–40 g/day [ 153 ]. Conclusions as to 
the safe and prudent amounts of fructose consumption are needed but will require 
carefully controlled dose–response studies in humans.     
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    Abstract     Diabetic cardiomyopathy, which is defi ned as cardiac disease independent 
of vascular complications, is considered one of the consequences of the altered 
metabolic milieu during diabetes. Constant requirement for energy in the form of 
ATP is fulfi lled mainly by utilizing carbohydrates (glucose and lactate) and fatty 
acids in the heart. Only minor differences exist between species, and the healthy 
adult heart relies on the oxidation of fatty acids for ATP production. Utilization of 
energetic substrates depends on many factors and hormones play a major role in the 
process. Insulin defi ciency, for example, affects the levels of circulating glucose as 
well as fatty acids and, most certainly, these alterations contribute to the utilization 
of these substrates. In the past few decades, adipose tissue-originated hormones, 
such as leptin and adiponectin with major effects on metabolism, have been identi-
fi ed. Not only the amounts of hormones or substrate supply but also subcellular 
modifi cations seem to determine the heart’s preference for certain substrates during 
physiological and pathological transitions. Among them, in diabetes, the preference 
of the heart changes, or perhaps the heart becomes obligated to adapt to dramatic 
shifts in hormones, substrate supply, and subcellular alterations. This chapter sum-
marizes the contribution of energetic substrate metabolism to the development of 
diabetic cardiomyopathy.  
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1        Introduction 

 The heart has a very high energy demand because of the continuous work performed 
by the cardiac muscle. Under physiological conditions, the main substrates for 
energy production are fatty acids (60–90 % of ATP production), glucose, and lac-
tate. Under nonischemic conditions, more than 95 % of the energy requirement is 
supplied by the oxidation of fatty acids and carbohydrates, and myocardial energy 
expenditure can be estimated from oxygen consumption. The contribution of these 
substrates to overall energy production is a dynamic process, and physiological 
adaptations such as fetal-to-newborn transition [ 1 – 3 ], and alterations related to dis-
ease states have been well established [ 4 – 8 ]. The heart exerts a metabolic fl exibility, 
and myocardial substrate utilization depends on substrate availability, nutritional 
status, and exercise level. With glucose as the more energetically effi cient substrate, 
the healthy heart is able to switch to glucose under stress conditions, such as isch-
emia, pressure overload, or in heart failure. Interestingly, interventions such as 
increasing fatty acid uptake [ 9 ,  10 ], or fatty acid oxidation [ 11 ,  12 ], result in altera-
tions that resemble diabetic cardiomyopathy, and normalization of substrate metab-
olism in diabetic models reverses these alterations [ 13 ]. These studies indicate an 
important contributing role for substrate metabolism in the development of diabetic 
cardiomyopathy. 

 Although excessively available during diabetes, utilization of carbohydrates is 
compromised. Thus, the myocardium is forced to use alternative sources for ATP 
production such as fatty acids, which are high in diabetes as well [ 14 – 18 ]. The con-
sequences of this pathological switch occur at multiple levels, as is discussed here. 

 From the mechanical effi ciency point of view, an increase in fatty acid usage at 
the expense of carbohydrates results in ATP hydrolysis for noncontractile purposes 
and is attributed to a lower phosphate/oxygen (P/O) ratio for fatty acid metabolism, 
increased uncoupling of mitochondrial oxidative phosphorylation, and futile cycling 
(reviewed in [ 4 ]). 

 High levels of fatty acids further lower glucose usage as fi rst defi ned by Randle 
et al. [ 19 ]. We now know that intracellular changes occur during diabetes and 
 contribute to the aforementioned switch as well as development of diabetic 
cardiomyopathy.  

2     Alterations in Cardiac Carbohydrate Utilization 

 Two glucose transporters, GLUT1 and GLUT4, are involved in basal and insulin- 
mediated glucose uptake. GLUT1 shows sarcolemmal localization and represents 
basal cardiac uptake. GLUT4, on the other hand, is located in the intracellular pool, 
and insulin facilitates the localization of this transporter to the sarcolemma [ 20 ]. More 
recently, AMP-dependent protein kinase (AMPK)-mediated and insulin- independent 
uptake of glucose by this transporter has been documented [ 21 ]. A decrease in the 
number and translocation of GLUT4 to the sarcolemma has been suggested to play a 
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major role in the reduction of glucose metabolism in diabetes. A reduction in both 
glycolysis and glucose oxidation was reported in db/db mice in which cardiac 
 dysfunction has been already defi ned [ 13 ]. Because both metabolic parameters and 
cardiac function were normalized in transgenic mice that overexpressed GLUT4, it 
has been concluded that there was a causative relationship between impaired substrate 
metabolism and diabetic cardiomyopathy [ 13 ]. A key enzyme in the regulation of 
glycolysis is phosphofructokinase (PFK)-I, the enzyme that catalyzes the phosphory-
lation of fructose-6-phosphate to produce fructose- 1,6- bisphosphate. PFK-I activity is 
inhibited by citrate and acetyl CoA and activated by a low ATP/ADP ratio [ 22 ]. An 
increase in citrate levels as a result of increased fatty acid oxidation in the diabetic 
heart probably contributes to the inhibition of PFK-I and therefore glycolysis. At the 
transcriptional level of glucose uptake and metabolism, Finck et al. reported that both 
GLUT4 and PFK expression were lower and that PDK4 expression was higher in 
transgenic mice that overexpress peroxisome proliferator-activated receptor (PPAR)-α 
[ 12 ]. The inhibition of GLUT4 and PFK was probably not a direct result of PPAR-α 
overexpression, but associated with alterations in substrate metabolism that were 
mediated by PPAR-α. The increase in PDK4, on the other hand, was likely linked to 
PPAR-α overexpression because PPAR-α ligands were previously shown to activate 
this enzyme [ 23 ]. Another member of the PPAR family of transcription factors is 
PPAR-δ. PPAR-δ is the predominant form in the heart and regulates cardiac substrate 
metabolism [ 24 ]. A decrease in PPAR-δ expression was reported in diabetic heart 
[ 25 ]. However, another similar study reported that mice overexpressing PPAR-β/δ did 
not accumulate myocardial lipid and had normal cardiac function [ 26 ]. Conversely, 
cardiac glucose transport and glycolytic enzymes were activated in PPAR-β/δ 
transgenics. 

 Another limiting step in myocardial glucose metabolism is pyruvate dehydroge-
nase complex (PDH), which catalyzes the irreversible conversion of pyruvate to 
acetyl CoA. The amount of active dephosphorylated PDH is reduced when phos-
phorylated by PDH kinase (PDK) and induced also by PDH phosphatase. The rate 
of pyruvate oxidation depends not only on the phosphorylation state but also on the 
concentrations of its substrates (pyruvate, NAD + , and CoA) and products (NADH 
and acetyl CoA). Thus, an increase in mitochondrial acetyl CoA, through an increase 
in fatty acid oxidation, for example, inhibits pyruvate oxidation. Indeed, the active 
dephosphorylated form of the PDH is reduced in diabetes models [ 7 ]. Moreover, 
PDK-4 is one of the targets of PPAR-α, and upregulation of PDK-4 in mice overex-
pressing PPARα is associated with reduced glucose oxidation [ 27 ]. 

 Inhibition of pyruvate conversion into acetyl CoA results in accumulation and 
diversion of glycolytic intermediates into diacylglycerol biosynthesis, which contrib-
utes to the activation of diacylglycerol-sensitive protein kinase C (PKC) isoforms. 
Recently, inhibition of one of the PKC isoforms, PKC-beta, was shown to preserve 
cardiac function in a transgenic mice model of diabetic diastolic failure [ 28 ]. 

 The reports on carbohydrate utilization in the human diabetic heart are contro-
versial. Studies in type 1 diabetic patients reported lower [ 29 ,  30 ] or unchanged [ 31 ] 
uptake of carbohydrates by the myocardium. In type 2 diabetes, GLUT4 protein 
levels in diabetics were about 30 % lower compared to control patients [ 32 ]. 
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However, other studies reported that cardiac glucose uptake was not compromised 
in type 2 diabetes [ 33 – 35 ] and reduced only in type 2 diabetics with hypertriglyceri-
demia [ 36 ] and increased plasma fatty acids. Because glucose can still enter the cell 
through mass action, as evidenced by a high glucose pool in the type 1 diabetic heart 
[ 22 ], glucose metabolism is unlikely to be regulated at the level of uptake in diabetes 
despite a defi ciency in or resistance to insulin action. 

 Lactate is another potential substrate for myocardial ATP production in vivo 
[ 37 ], but the information on diabetes-related alterations in lactate oxidation is 
 relatively scant. A greater decrease in lactate oxidation relative to glucose oxidation 
in hearts from diabetic rats was observed when lactate and glucose were the 
only substrates in the perfusate for ATP production. Under these conditions, a spe-
cifi c inhibition of lactate oxidation independent of pyruvate dehydrogenase was 
suggested [ 38 ]. Hearts from ZDF rats also showed lower lactate oxidation [ 39 ,  40 ]. 
The contribution of lactate in diabetic cardiomyopathy clearly needs further study.  

3     Alterations in Cardiac Fatty Acid Utilization 

 An increase of fatty acids that are supplied as free acids bound to albumin and 
as esters in chylomicrons and very low density lipoproteins have been reported in 
 diabetes [ 7 ]. The effects of elevated levels of lipoproteins on myocardial fatty acid 
metabolism are not clear, and neither is the relative contribution of cardiac lipopro-
tein lipase (LPL) activity to the delivery of free fatty acids to the diabetic heart. 
Unchanged, increased, and decreased levels of LPL protein and activity were reported 
in the diabetic heart, and this discrepancy was suggested to be related to the diversity 
in rat strains, the dosage of diabetogenic agent, and the duration of diabetes [ 41 ]. 

 Free fatty acids enter the cardiac myocyte either by passive diffusion or via 
a protein carrier-mediated pathway. These protein carriers include fatty acid trans-
locase (FAT)/CD36, the plasma membrane isoform of fatty acid-binding protein 
(FABPpm), and fatty acid transport protein (FATP) 1/6. FAT/CD36 plays a major 
role in the translocation of fatty acid across the sarcolemmal membrane of cardiac 
myocytes as this protein was shown to mediate 50–60 % of fatty acid and transport 
of the heart. Also, FAT/CD36 is able to translocate between intracellular endosomes 
and the sarcolemmal membrane and thereby regulate fatty acid uptake [ 4 ]. 

 Fatty acid uptake is increased in diabetes and leads to increased fatty acid oxida-
tion and triacylglycerol (TAG) storage. In the streptozotocin (STZ)-induced model of 
type 1 diabetes, this increase is facilitated by fatty acid translocase (FAT/CD36) [ 42 ]. 
In type 2 diabetic models, an increase in FAT/CD36 and fatty acid-binding protein 
(FATP1) [ 43 ] and a permanent relocation of FAT/CD36 to the cardiomyocyte 
 membrane was shown to increase fatty acid uptake [ 44 ,  45 ]. Interestingly, insulin was 
suggested to upregulate FAT/CD36 and translocate it to the sarcolemma [ 46 ]. 

 The majority (70–90 %) of the fatty acids that enter cardiomyocyte is oxidized for 
energy production; the rest is converted to TAGs [ 47 ]. Excessive accumulation of 
lipids, or lipotoxicity, within nonadipose tissue provides substrates for nonoxidative 
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processes such as ceramide and diacylglycerol synthesis, which can lead to apoptosis 
[ 48 ,  49 ]. Accumulation of TAG within the myocardium of insulin- resistant rats was 
associated with contractile dysfunction [ 50 ]. We also have shown that insulin- 
resistant rats have increased TAG accumulation, which reduced insulin- stimulated 
glucose metabolism [ 51 ]. Although the exact mechanism of lipotoxicity- induced 
cardiac dysfunction is not known, it seems to be related to a combination of  apoptotic 
cell death and impaired substrate metabolism. 

 The most important step in the regulation of fatty acid oxidation is the transport of 
fatty acids into the mitochondria for further metabolism. The activation of short- and 
medium-chain fatty acids occurs in the matrix and does not require carnitine. However, 
long-chain fatty acids are shuttled into the mitochondria by three carnitine- dependant 
enzymes. Carnitine palmitoyltransferase (CPT)-I catalyzes the conversion of long-
chain acyl CoA to long-chain acylcarnitine. Carnitine:acylcarnitine translocase (CAT) 
transports long-chain acylcarnitine across the inner mitochondrial membrane, and 
CPT-II regenerates long-chain acyl-CoA in the mitochondrial matrix [ 52 ]. Of these, 
CPT-I is the master regulator of mitochondrial uptake of fatty acids and is allosteri-
cally inhibited by malonyl CoA [ 53 ]. The turnover of malonyl CoA in the heart is 
fast. Therefore, myocardial malonyl CoA concentrations are dependent on the bal-
ance between its synthesis from acetyl CoA via acetyl CoA carboxylase (ACC) and 
its degradation via malonyl CoA decarboxylase (MCD) [ 4 ]. A good correlation has 
been established between levels of malonyl CoA and rates of fatty acid oxidation, and 
a reduction in malonyl CoA levels is almost consistent in situations in which fatty acid 
oxidation is increased [ 18 ]. The decrease in malonyl CoA levels seems to be related to 
increased degradation of malonyl CoA by MCD [ 18 ]. MCD is transcriptionally regu-
lated by PPAR-α [ 54 ,  55 ]. In addition to diabetes, activity and expression of  cardiac 
MCD was increased in fasting, high-fat-fed, and newborn hearts [ 56 – 59 ]. Moreover, 
PPAR-α null mice had increased rates of glucose oxidation and decreased expression 
and activity of MCD [ 56 ]. 

 Increase in circulating fatty acids directly modifi es the enzymes in substrate 
metabolism because fatty acids and their derivatives are ligands for the PPAR family 
of nuclear receptors, of which PPAR-α and its coactivator peroxisome proliferator- 
activated receptor-gamma coactivator (PGC)-1 are particularly important in the 
heart [ 60 – 62 ]. PPAR-α signaling was increased in 15-week-old ob/ob and db/db 
mice [ 60 ]. Other studies reported an increase in the expressions of PPAR-α, PGC-1, 
and their targets in models of insulin resistance and type 2 diabetes [ 12 ,  63 – 65 ]. 

 Once in the mitochondrial matrix, long-chain fatty acyl CoAs pass through the 
β-oxidation enzyme system to produce one acetyl CoA at each cycle, one NADH, 
and one FADH. The key enzyme in the β-oxidation pathway is β-hydroxyacyl-CoA 
dehydrogenase. The activity of this enzyme was shown to be normal [ 66 ] or high [ 67 ] 
in diabetic rat mitochondria. Higher expression of another enzyme, 3-ketoacyl-CoA 
thiolase, has also been shown in streptozotocin-diabetic rat hearts [ 8 ]. Thus, a com-
bination of high circulating levels of fatty acids, decreased inhibition of fatty acid 
uptake by the mitochondria, and a normal or accelerated β-oxidation pathway 
results in a large proportion of acetyl CoA for the tricarboxylic acid (TCA) cycle 
being supplied from fatty acid oxidation.  
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4     Alterations in Diabetic Mitochondria 

 Acetyl CoA derived from both β-oxidation of fatty acids and PDH enters the TCA 
cycle. The myocardial TCA cycle does not appear to be altered in diabetes because 
measurements of TCA cycle enzyme activities are similar in diabetic and control 
hearts [ 7 ]. 

 Mitochondrial proteins are produced in the mitochondria and are regulated under 
the mitochondrial transcriptional factor A (TFAM) by mitochondrial DNA. A recent 
study reported that overexpression of TFAM improved ATP content and SERCA2a 
content, both of which were deteriorated by exposing neonatal rat myocytes to 
hyperglycemic conditions [ 68 ].  

5     Ketone Body Metabolism 

 Plasma ketone bodies (β-hydroxybutyrate and acetoacetate) are formed from fatty 
acids in the liver, and their plasma concentration is normally very low. Thus, ketone 
bodies are normally a minor substrate for the myocardium. When plasma levels 
increase during extreme conditions, such as poorly controlled diabetes and starva-
tion, the heart extracts and oxidizes ketone bodies [ 29 ]. Ketone bodies inhibit the 
uptake and metabolism of other energetic substrates [ 69 – 74 ]. The biochemical 
mechanisms responsible for the inhibition of glucose, lactate, or fatty acid oxidation 
is not clearly understood.  

6     Potential Drugs with Metabolic Effects in the Treatment 
of Diabetes 

 Our knowledge of the adipose tissue-originated hormones—adipokines—and their 
biological effects has increased tremendously since the discovery of the OB gene 
product, leptin, in 1994 [ 75 ]. Two of these, leptin and adiponectin, have direct 
effects on substrate metabolism as well as insulin secretion. Despite the presence of 
some confl icting reports, leptin seems to regulate pancreatic cell function and thus 
insulin secretion [ 76 – 79 ]. Acute exposure of myocytes [ 80 ] and isolated working 
hearts [ 51 ] to leptin stimulates fatty acid oxidation. In contrast, type 2 diabetic mod-
els, ob/ob and db/db mice, also display increased myocardial fatty acid β-oxidation 
[ 60 ,  81 ,  82 ], which is probably related to other alterations in these genetic models. 
Moreover, leptin administration to subjects with lipodystrophy, abnormal distribu-
tion of adipose tissue in which leptin levels are usually decreased [ 83 ,  84 ], has 
been shown to improve metabolic abnormalities such as hypertriglyceridemia and 
impaired glucose control, which often are resistant to maximum doses of insulin 
sensitizers or very high doses of insulin [ 85 – 87 ]. Taken together, these studies 

A. Onay-Besikci



71

 suggest that leptin has the potential to become an effective antidiabetic agent with 
effects on substrate metabolism. 

 Described by Scherer et al. in 1995 [ 88 ], adiponectin is another antidiabetic 
 adipokine. Adiponectin possibly affects β-cell function as adiponectin receptors are 
expressed in β cells [ 89 – 91 ]. More recently, adiponectin was shown to protect 
against caspase-8-mediated apoptosis in β cells [ 92 ]. As for the effects on substrate 
metabolism, globular head domain of adiponectin (gAd) stimulates fatty acid oxida-
tion in isolated working 1-day-old rabbit heart [ 93 ]. Similar effects on fatty acid 
oxidation with both the high molecular weight hexameric form of adiponectin and 
gAd have been reported for cardiac myocytes [ 94 ]. 

 Finally, it is worth mentioning other drugs that have benefi cial effects on  substrate 
metabolism. Beta-adrenergic receptor antagonists (β-blockers) are used in the treat-
ment of many disease states such as hypertension, ischemic heart disease, arrhyth-
mia, heart failure, glaucoma, and migraine, as well as to reduce the symptoms 
related to anxiety and hyperthyroidism. Depending on their receptor subtype speci-
fi city, β-blockers have different effects on substrate usage. As clearly shown by 
clinical trials, long-term use of nonselective β-blockers such as proporanolol 
increases the incidence of diabetes [ 95 ,  96 ], and cardioselective β-blockers such as 
atenolol and metoprolol reduce insulin sensitivity [ 97 ,  98 ], whereas carvedilol 
improves serum lipid profi le, reduces insulin resistance, and decreases the risk for 
diabetes [ 99 ,  100 ]. Based on these reports, nonselective and cardioselective 
β-blockers are accepted as “pro-insulin resistant” whereas carvedilol, the drug that 
also blocks α1-adrenergic receptors, is known to have opposite effects (reviewed 
in [ 101 ,  102 ]). The benefi cial properties of carvedilol seem to be related to its 
direct effects on substrate metabolism because carvedilol was shown to reduce the 
 myocardial uptake of long-chain fatty acids and improved left ventricular ejection 
fraction in heart failure patients [ 103 ]. More recently, carvedilol treatment reduced 
fatty acid oxidation and increased glycolysis in C2C12 cells [ 104 ]. The possible 
effects of carvedilol on diabetic cardiomyopathy need future investigations. 
However, the fact that carvedilol has benefi cial effects on insulin resistance warrants 
an improvement in substrate utilization and hence diabetic cardiomyopathy.  

7     Conclusion 

 Diabetes is a complex disorder. Its contributors exist at multiple levels. Hormones 
predominantly determine the levels of energetic substrates, and their major impact 
on energetic substrate utilization has been well documented. However, modulation 
of subcellular steps that are involved in ATP-producing processes seems to be 
just as important in the regulation of substrate metabolism and is expected to have 
benefi cial effects on the mechanical function of the heart. Future studies will reveal 
such interventions that improve the hormonal milieu or deteriorated substrate 
metabolism, and leptin and adiponectin agonists are good candidates.     
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    Abstract     Hyperglycemia (HG) plays a major role in the development of diabetes 
mellitus (DM) and its complications. HG induces numerous maladaptations at the 
cellular level and moreover it is an independent risk factor to worsen cardiac 
 performance and cell survival. The heart is a major target organ for damage with 
hyperglycemia. Alterations as a result of HG can lead to the development of a dia-
betic cardiomyopathy, resulting in changes to cardiac structure and function. 
Mechanisms damaging the heart are similar to those that damage the vasculature, 
but are more widespread in the myocardium. Four major pathways are implicated in 
HG-induced cardiac and vascular damage, including increases in advanced glyca-
tion end products (AGEs), enhanced hexosamine and polyol fl ux, and activation of 
classical isoforms of  protein kinase C (PKC). These changes lead to abnormalities 
such as increased ventricular stiffness, cardiac fi brosis, derangement in cellular cal-
cium ion homeostasis, and reduced myocyte contractility, resulting in heart failure 
(HF) over time. These pathways refl ect upon a single HG-induced process of over-
production of superoxide by the mitochondrial electron-transport chain, which is 
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responsible for the changes occurring in the heart. This chapter discusses the 
HG-induced pathways, focusing on their effects on the structure of the diabetic 
heart, as well as examining the downstream signaling whereby oxidative stress 
leads to myocardial fi brosis and impaired contractile function. In addition, this 
review highlights the role of endothelin-1 (ET-1) in endothelial dysfunction and the 
effects of humoral factors, angiotensin II and transforming growth factor-β, in evok-
ing multiple signaling pathways in cardiac fi broblasts or fi brosis that leads to car-
diac remodelling. How these signaling pathways mediated by HG contribute to the 
pathophysiological alterations in the heart is also discussed in this review.  

  Keywords     Hyperglycemia   •   Diabetes mellitus   •   Diabetic cardiomyopathy   •   Heart 
structure   •   Signaling pathways   •   Endothelial cell dysfunction   •   Cardiac remodelling  

1        Introduction 

 Diabetes mellitus (DM) is universally characterised by microangiopathic complica-
tions, consisting of microvascular (nephropathy, retinopathy, neuropathy) and mac-
rovascular (ischemic heart disease, cerebrovascular diseases, peripheral vascular 
diseases) complications [ 1 ]. DM is a heterogeneous metabolic disorder character-
ized by chronic HG resulting from malfunctioning of insulin secretion, its action, or 
both [ 2 ]. DM is classifi ed into insulin-dependent diabetes mellitus (T1DM) and 
non-insulin-dependent diabetes mellitus (T2DM) on the basis of the history, etiology, 
and clinical presentation of the patient [ 3 ]. T1DM is a lifelong metabolic disorder 
characterized mainly by a defi ciency in endogenous insulin production caused by 
destruction of insulin-producing β-cells of the endocrine pancreas. Consequently, 
the patients become dependent on exogenous insulin administration [ 4 ]. T1DM is 
the most common childhood disease in the developed world and is treated with a 
complex regime of insulin injections, diet, and exercise [ 5 ]. On the other hand, 
T2DM is characterized by insulin resistance (IR), which plays a major role in 
 metabolic abnormalities such as dyslipidemia and hypertension [ 6 ]. T2DM is a 
polygenic disorder as is T1DM that may be triggered by genetic and environmental 
factors, including lifestyle habits [ 4 ,  7 ]. Currently, more than 250 million people 
worldwide suffer from T1DM and T2DM, and this could increase to 350 million 
within the next 20 years [ 8 ]. 

 It was previously estimated [ 9 ,  10 ] that the number of adults with diabetes world-
wide would increase from 135 million in 1995 to 320 million by 2025. It was also 
claimed that patients with DM are likely to have increased risk of cardiovascular 
diseases (CVD). In fact, the UK was reported to have more than 2.9 million people 
diagnosed with DM, with a further 850,000 people still underdiagnosed, which has 
almost doubled in 2012. In terms of expense, it costs about £850 billion to diagnose, 
treat, and care for DM patients worldwide. It is now apparent that more women have 
been diagnosed with diabetes in the age range of 45 to 65 years [ 11 ]. The prevalence 
of diabetes is higher in the developed countries. However, the major increase in 
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people with diabetes is occurring in developing countries such as China, India, and 
the United States. Throughout the developing world, the increasing rates of diabetes 
represent an emerging epidemic with marked pathological consequences that are 
likely to drive previously unpredicted rates of vascular target organ complications 
[ 11 ,  12 ]. Adults with diabetes are at a two- to four-fold increased risk of cardiovascu-
lar events relative to those without diabetes [ 13 ]. CVD account for up to 80 % of 
premature excess mortality in diabetic patients [ 14 ]. In a recent study [ 15 ], it has 
been suggested that diabetes may now be considered a CVD because of the high 
level of morbidity and mortality attributed to CVD resulting from DM. It has been 
established that CVD are the leading cause of morbidity and mortality in less- 
developed countries as well as in developed countries [ 9 ,  14 ,  16 ]. 

 Although medications such as insulin, and many others including hypoglycemic 
drugs, can control many aspects of diabetes, an assortment of complications affects 
the vascular system, heart, kidney, and peripheral nerves in the body. These complica-
tions are very common, and the cost is extremely high in terms of quality of life for 
diabetic patients. Unsurprisingly, DM has a profound infl uence on cardiac metabolism 
in terms of altered substrate supply, insulin action, and metabolic adaptations [ 10 ].  

2     Diabetic Cardiomyopathy (DCM) 

 A high proportion of diabetic patients (both T1DM and T2DM) develop a unique 
cardiomyopathy. This “diabetic cardiomyopathy,” as the name suggests, initiates 
with asymptomatic left ventricular diastolic dysfunction (slowing of relaxation 
kinetics) and, on progression of the disease, systolic function becomes compro-
mised, which results in an increase in the incidence of morbidity and mortality. 
Diabetic cardiomyopathy (DCM) develops as a result of changes to cardiac  structure 
and function in the absence of blood pressure, hypertension, and coronary artery 
disease [ 9 ,  17 ,  18 ]. Initially, the term DCM was introduced based upon the fi ndings 
of postmortem patients with heart failure in the absence of other complications 
[ 19 ]. It has recently been reported that 56 % of diabetic patients have had 
DCM [ 20 ]. The etiology and pathophysiology of DCM are poorly understood and 
multifactorial. 

 Diabetic macrovasculopathy is most commonly coupled with structural (glyca-
tion of wall components) and functional changes (endothelial cell dysfunction and 
increased arterial stiffness) [ 1 ], vasoconstriction, and infl ammation via specifi c 
cytokines [transforming growth factor (TGF)-β1]. In turn, these ultimately promote 
the progression of left ventricular hypertrophy, a self-governing risk factor for car-
diovascular (CV) mortality and important mechanisms in the development of DCM 
[ 14 ,  18 ]. These studies have shown that conventional cardiac risks such as hyperten-
sion, atherosclerosis, and dyslipidemia are more frequent in diabetic patients and 
further aggravate cardiac function. The most prominent histopathological fi nding in 
diabetic patients is fi brosis, which is either perivascular, interstitial, or both. Other 
studies have also claimed that, as the disease progressed, an increase in myocyte 
loss and replacement fi brosis were also identifi ed [ 18 ]. 
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 Diabetic patients are prone to the development of left ventricular (LV) dysfunction, 
which is different from seen in chronic diseases such as hypertension and chronic 
ischemia, in which the ventricle is not prominently hypertrophied [ 21 ]. Numerous 
mechanisms have been proposed to contribute to this clinical situation, including 
oxidative stress [ 22 ], microvascular abnormalities, and decreased sarcoplasmic 
reticular calcium ion uptake. However, the molecular mechanisms that cause this 
cardiac dysfunction are still largely undefi ned. It has been suggested that diastolic 
dysfunction may be caused by myocellular hypertrophy and myocardial fi brosis. In 
turn, at the cellular level these effects are associated with defects in calcium ion 
transport, myocardial contractile protein collagen formation, and fatty acid metabo-
lism [ 23 ]. More recently, it has been suggested that DCM is a very common condi-
tion whose etiology is largely the result of HG, which in turn causes LV hypertrophy. 
Therefore, the occurrence of DCM in DM patients is found to be elevated, and this 
DCM is the result of diastolic dysfunction, which is caused by myocardial fi brosis 
that occurs in response to HG [ 24 ]. Present evidence suggests that persistent 
HG-induced mitochondrial oxidative stress (MOS) is a signifi cant contributor to 
DCM [ 25 ,  26 ]. Certainly, the activity of several antioxidant enzymes is decreased in 
the diabetic heart in both rats and humans [ 27 ].  

3     Hyperglycemia (HG) 

 HG is a hallmark of DM and is most commonly recognized as the causal link 
between diabetes and diabetic complications [ 10 ,  22 ,  28 ,  29 ]. Brief episodes of HG 
induce numerous maladaptations at cellular, subcellular, and molecular levels of 
vascular tissues as an independent risk factor and also worsen cardiac performance 
and cell survival [ 30 ]. HG is the most common factor leading to the development of 
chronic diabetic complications that are of high risk and long term [ 31 ]. HG also has 
adverse effects on left ventricular function. An experimental study demonstrated 
that acute HG is not merely a marker of severe myocardial damage but a potential 
direct cause of abnormal left ventricular function [ 32 ]. 

 Numerous mechanisms of HG are claimed to be responsible for the generation of 
diabetes-induced heart disease, including metabolic abnormalities such as cellular 
overload of fatty acid metabolites, defective glucose transport, structural alterations 
in the form of microangiopathy, and altered calcium metabolism in cardiomyocytes 
[ 28 ,  33 – 35 ]. Increased reactive oxidative stress (ROS) and depleted antioxidant 
defences together with raised levels of ROS are well established in diabetes. The 
role of ROS in relationship to HG and diabetic complications has been well 
described [ 35 – 37 ]. Previous reports have shown that an increase in the production 
of ROS in the mitochondria can result from an HG-induced increase in the proton 
gradient across the mitochondrial membrane [ 36 ,  37 ]. Electron transfer is blocked 
when the gradient exceeds the threshold, leading to the leakage of electrons and the 
formation of the superoxide ion. Through ROS-induced DNA damage and poly- 
ADP ribose polymerase (PARP) activation, ADP-ribose polymers attach and inhibit 
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the cytosolic enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH). It is 
this inhibition that mediates the activation of pathways leading to HG-associated 
tissue damage [ 38 ]. The Diabetes Control and Complications Trial (DCCT) and the 
U.K. Prospective Diabetes Study (UKPDS) have established that HG is the initiat-
ing cause of diabetic complications, relative to tissue damage [ 39 ]. It has been 
shown that these processes are modifi ed by both genetic determinants and indepen-
dent factors such as hypertension. The mechanisms that mediate the tissue- damaging 
effects of HG are of great interest. DM selectively damages cells such as endothelial 
and mesengial cells whose glucose transport rate does not decline as a result of HG, 
leading to an increase in glucose inside the cell. There is much evidence that these 
complications must involve mechanisms that occur inside these cells. 

 Diabetes and insulin resistance (failure of insulin to stimulate glucose uptake by 
fat and muscle cells) cause glucose concentrations in the blood to remain high. 
Consequently, glucose uptake by insulin-independent tissues increases. Increased 
glucose fl ux enhances oxidant production and impairs antioxidant defenses by mul-
tiple interacting nonenzymatic, enzymatic, and mitochondrial pathways [ 13 ,  28 ,  32 , 
 36 ,  40 – 42 ]. Figure  1  illustrates the four major metabolic pathways as being the most 
important contributors for the pathological alterations in the diabetic vasculature 
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as a consequence of HG-induced cell damage: these include increased glucose 
fl ux through the polyol pathway, increased formation of advanced glycation end 
products (AGEs) (discovered in the 1970s), the activation of protein kinase C (PKC) 
isoforms via de novo synthesis of the lipid second messenger diacylglycerol (DAG) 
(discovered in the early 1990s), and increased hexosamine pathway fl ux, discovered 
in the late 1990s. Each pathway is now discussed in detail.

4        Increased Polyol Pathway Flux 

 The polyol pathway is based on a family of aldo-keto reductase enzymes that can be 
utilized as substrates for a variety of carbonyl compounds, reduced via nicotinamide 
adenine dinucleotide phosphate (NADPH) to respective sugar alcohols (polyol) 
[ 38 ]. This pathway involves the HG-induced increase in enzymatic conversion of 
glucose to polyalcohol sorbitol with associated decreases in NADPH and glutathi-
one. Aldose reductase carries out the function of reducing toxic aldehydes present 
in cells to inactive alcohols. When there is an increase in glucose concentration in 
the cell, aldose reductase reduces glucose to sorbitol. This sorbitol is later oxidized 
to fructose by sorbitol dehydrogenase (SDH), which increases the ratio of NADH/
NAD + . This reduction is made possible by the cofactor NADPH, which also plays 
an essential role in being the cofactor for regenerating intracellular antioxidant such 
as glutathione. As a consequence, the polyol pathway increases its vulnerability to 
intracellular oxidative stress [ 36 ]. Aldose reductase is found in tissues such as car-
dio vascular cells and nerve cells. Much consideration has been proposed to ascer-
tain how HG-induced increase observed in the polyol pathway fl ux could cause 
damage to tissues. Most papers have cited an increase in redox stress as the caus-
ative process for the consumption of NADPH, because NADPH cofactor is required 
to regenerate reduced GSH, which is an important scavenger of ROS. Hence, this 
could either induce or aggravate intracellular oxidative stress [ 38 ].  

5     Advanced Glycation End Products (AGEs) 

 The most damaging effects of DM-induced HG are caused by the reactions of a 
nonenzymatic nature that occur between sugars and free amino groups on proteins, 
nucleic acids, and lipids leading to the development of molecular dysfunction 
through formation of advanced glycation end products (AGEs) [ 36 ,  43 ]. Studies 
have shown AGEs can play a key role in the development of DCM. AGEs formulate 
a broad range of cellular, chemical, and tissue effects through changes in their solu-
bility and confi rmation and also they interact with specifi c receptors and binding 
proteins that infl uence the expression of growth factors including TGF-β1 and 
CTGF, thus regulating proliferation and growth [ 43 ]. 
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 The production of AGEs is a physiological process that is enhanced by HG [ 44 ]. 
Previous studies have described the formation of AGEs resulting from a sequence of 
chemical reactions between glucose and proteins, most commonly known as the 
Millard or Browning reaction. The fi rst step involves a condensation reaction between 
the amino and carboxyl group (sugar), leading to the formation of a Schiff base. The 
early glycation products that then undergo molecular rearrangement are known 
formally as the Amadori rearrangement products. These form stable, irreversible 
AGEs that have biological effects such as vasodilation, matrix deposition, and cyto-
kine production [ 45 ]. AGEs are formed by intracellular oxidation of  glucose to gly-
oxal decomposition of the Amadori product (glucose-derived 1-amino- 1-deoxyfructose 
lysine adducts) to 3-deoxyglucosone (accelerated by an amadoriase) and fragmenta-
tion of glyceraldehyde-3-phosphate and dihydroxyacetone phosphate to methylglyoxal 
[ 46 ]. AGEs are derived from these intracellular dicarbonyls (glyoxal   , methylglyoxal 
(detoxifi ed by the glutathione-dependent glyoxalase system) and 3-deoxyglucosone 
by reacting with amino groups of intracellular and extracellular proteins. 
Methylglyoxal reacts with collagen and thus interferes with the crucial cell–matrix 
as well as matrix–matrix interactions. Methylglyoxal, a highly reactive alpha- 
dicarbonyl by-product of glycolysis, is increased in DM; it readily reacts with argi-
nine, lysine, and sulfhydryl groups of proteins as well as nucleic acids, leading to the 
induction of various structurally identifi ed AGEs in target cells and plasma [ 47 ]. 
Methylglyoxal also has an inhibitory effect on mitochondrial respiration as well as 
methylglyoxal-induced modifi cations that specifi cally target mitochondrial proteins. 
This observation is of particular importance because for the fi rst time a study has 
discovered a direct relationship between formation of intracellular AGEs on 
mitochondrial proteins and the decline in mitochondrial function and exceeded for-
mation of ROS [ 48 ]. 

 The precursors of AGEs are known to damage target cells by three main mecha-
nisms: these include (a) intracellular proteins being modifi ed by AGEs, resulting in 
altered functions; (b) extracellular matrix components modifi ed by AGE precursors, 
which interact abnormally with other matrix components and also with the recep-
tors for matrix proteins (integrins) on cells (change signalling between matrix and 
the cell and cause cellular dysfunction); and lastly (c) plasma proteins that are 
 modifi ed by AGE precursors to bind to AGE receptors on endothelial cells, causing 
the production of infl ammatory cytokines and growth factors. In turn, these cause 
vascular pathology and receptor-mediated production of ROS [ 36 ,  38 ,  49 ,  50 ]. 

 An increasing number of AGE receptors have been identifi ed including RAGE, 
AGE-R1, AGE-R2, galectin-3 (AGE-R3), and the macrophage scavenger receptors 
type II. By binding to AGE-modifi ed proteins, RAGE initiates multiple cascades of 
signaling that activate protein kinase C (PKC), which induces pro-infl ammatory cyto-
kines and consequently infl ammation, growth factor release, and fi brosis [ 38 ,  51 ]. 
These proteins are expressed on a wide range of cells including smooth muscle cells 
and endothelial cells. In DM, it has been postulated that an increase in AGEs activates 
the AGE receptors. DM has been associated with signifi cant increases in left ventricu-
lar RAGE protein. Ligation of RAGE brings about activation of  transcription factor 
nuclear factor-kappa beta (NF-κB) that coordinates the infl ammatory responses [ 51 ]. 
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An increase in RAGE protein has been identifi ed in the LV of diabetic animals, 
 implying a role for this receptor in mediating AGE-induced myocardial structural 
alterations. Over expression of AGE-R3 receptor can mediate events by modifying 
the function of the AGE receptor complex. The AGE-R3 receptor has also been 
involved in exerting direct effects on cardiac remodeling, independently on AGE 
ligands, by its adhesive and growth-regulating properties [ 52 ]. The whole process is 
illustrated as a fl ow diagram in Fig.  2 .

   Altered cardiac performance in DM involves alterations in myocardial collagen 
structure. Multiple mechanisms have been discovered whereby chronic HG contrib-
utes to pathological cardiac remodeling: these involve the direct effects of elevated 
glucose on cell nonenzymatic glycation as well as oxidative stress. Studies have 
shown that AGEs can affect the structural components of the extracellular matrix 
such as collagen, which is elevated in tissues of diabetic patients [ 53 ]. The Strong 
Heart Study reported that accumulation of AGEs in the myocardium is involved in 
the frequency and extent of diastolic dysfunction and this was directly proportional 
to HBA 1c  levels. As mentioned earlier, it is well known that DM not only increases 
myocardial AGE receptor expression, but it can also increase cross-linking of 
 collagen and myocardial fi brosis. It was discovered that the lysis of these collagen 
crosslinks decreases myocardial fi brosis and improves diastolic dysfunction [ 54 ]. 
Previous studies have demonstrated that inhibitors of AGE formation such as 
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 aminoguanidine or ALT-946 are able to retard the development of diabetic nephropathy 
[ 55 ]. Treatment of diabetic rats with aminoguanidine prevents the increase in myo-
cardial stiffness by decreasing the formation of myocardial collagen AGEs [ 56 ].  

6     Protein Kinase C 

 PKC activation is one of the sequelae of HG and is thought to play a major role in 
the development of diabetic complications such as retinopathy [ 57 ,  58 ], nephropathy 
[ 59 ], neuropathy, cardiomyopathy, and atherosclerosis [ 60 ]. Many vascular 
abnormalities in cardiovascular tissues in the diabetic state including regulation of 
endothelial permeability, extracellular membrane (ECM) synthesis/turnover, cyto-
kine activation, and cell growth angiogenesis are known to be associated with the 
activation of the diacylglycerol-protein kinase C (DAG-PKC) pathway [ 59 ,  61 ,  62 ]. 
There are multiple mechanisms for its activation in the diabetic state and multiple 
downstream effects attributable to DAG-PKC pathway activation. The essential role 
of PKC activation in the development of cardiovascular and microvascular compli-
cations as well as the mechanisms by which HG causes vascular cell damage 
through activation of PKC are now discussed. 

 It has been suggested that an elevation in the levels of the lipid diacylglyceride 
(DAG) induced by either HG or free fatty acids can act as a stimulus to activate PKC 
pathways, particularly the PKC-β or -δ isoforms [ 61 ] (Fig.  3 ). The metabolic by- 
products of HG (glycation products and oxidants) are also proposed to increase 
DAG levels and activate the PKC system. However, some reports have suggested 
that chronic activation of PKC activities in diabetes could also be caused by 
increased expression of the various PKC isoforms. Once the PKC isoforms are acti-
vated, they possess the ability to alter signalling pathways such as inhibition of PI3 
kinase Akt and the activation of MAP kinase systems [ 62 ]. The overexpression of 
the PKC-β isoforms in the myocardium and vascular tissue can cause cardiac hyper-
trophy, myocardium necrosis, and fi brosis, leading to the development of cardiac 
failure [ 63 ]. This observation indicates that the activation of DAG and PKC path-
ways induced by HG, oxidants, and glycation products can result in biological and 
pathological changes in the micro-cardiovascular systems to mimic many of the 
changes observed in DM. The biological consequence of isoform activation includes 
changes in enzyme activation and expression, such as endothelial nitric oxide syn-
thase (eNOS), Na + /K + -ATPase, and increased expression of endothelin [ 59 ,  64 ].

   PKC isoforms comprise at least 12 isoforms of serine threonine kinases, which are 
further classifi ed into subfamilies based on their enzymatic, structural, and biochemical 
properties as well as tissue distribution, subcellular localization, and substrate 
specifi city [ 64 ]. For DAG activation to take place, PKC must undergo a series of 
phosphorylations at three conserved sites by a series of important kinases. Initially, 
phosphatidylinositol (PI) is phosphorylated to PIP and phosphatidylinositol- 4,5-
bisphosphate (PIP 2 ), leading to the generation of phosphatidylinositol-3,4,5- 
trisphosphate (PIP 3 ). PIP 2  stimulates the activation of phospholipase C (PLC), which 
hydrolyzes PIP 2  to  produce DAG and inositol-1,4,5-trisphosphate (IP 3 ). The IP 3  causes 
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the release of endogenous Ca 2+  that binds to the cytosolic PKC and exposes the 
phospholipid-binding site. The binding of Ca 2+  translocates PKC to the membrane, 
where it interacts with DAG and is transformed into a fully active enzyme [ 65 ]. HG 
can also activate the PKC isoforms indirectly through ligation of AGE receptors and 
also through increased  activity of the polyol pathway. presumably by increasing 
ROS [ 43 ]. 

 Several previous studies have shown that vitamin C and LY333531 (PKC  isoform 
S-specifi c inhibitor) can inhibit PKC activation either directly or indirectly by 
decreasing levels of DAG. Intraperitoneal injection of vitamin E can prevent increases 
in DAG levels and PKC activity in the heart of STZ-induced diabetic rats, and in turn 
they can also improve functional abnormalities [ 59 ,  61 ]. These fi ndings strongly sug-
gest that the observed increase in DAG levels is responsible for PKC activation 
induced by either diabetes or HG and also that PKC activation is  responsible for the 
functional abnormalities seen in DM. 

 Vascular alterations at the histological, cellular, and functional levels have 
been observed, and these changes have been linked to DAG-PKC activation. 
Vascular alterations have included basement membrane thickening, extracellular 
matrix expansion, vascular permeability, and enzymatic alterations such as Na + /
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  Fig. 3    Flowchart highlighting the consequences of hyperglycemia-induced activation of PKC. 
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(Modifi ed from Brownlee [ 43 ])          

 

T. Iqbal et al.



87

K + -ATPase, and MAP kinase. Between the various fi brotic factors, the expression of 
TGF-β1 and connective tissue growth factor (CTGF) have been found to play key 
roles in the growth of the basement membrane thickening and increasing extracel-
lular membrane (ECM) in DM. Both these factors are known regulators of ECM 
accumulation, and in turn they stimulate the production of matrix components 
including IV collagen and fi bronectin [ 61 ]. Increased TGF-β 1  and CTGF levels have 
been reported in the kidney, heart, and many other organs of diabetic animals and 
patients. Hence, it is suggested that activation of PKC may also be involved in 
glucose- induced increases of CTGF and TGF-β1 expression, leading to the synthe-
sis of ECM. The activation of PKC by HG also induces expressions of permeability- 
enhancing factor vascular endothelial growth factor (VEGF) in vascular smooth 
muscle cells [ 38 ]. PKC activation is also known to induce synthesis of type IV collagen 
and fi bronectin. It is now believed that the increased levels of basement membranes 
could to some extent be causing the vascular dysfunction observed in DM [ 10 ,  61 , 
 65 ]. HG-induced activation of PKC has also been implicated in the overexpression 
of fi brinolytic inhibitor, plasminogen activator inhibitor (PAI)-1, and also in the 
activation of NF-κB in endothelial cells and smooth muscle cells, resulting in 
the development of multiple pathological changes in gene expression [ 38 ,  62 ,  66 ].  

7     Hexosamine Biosynthetic Pathway 

 Diversion of fructose-6-phosphate from glycolysis takes place via the rate-limiting 
enzyme of this pathway involving glutamine:fructose 6-phosphate amido- transferase 
(GFAT) [ 67 ]. GFAT converts fructose-6-phosphate to glucosamine 6-phosphate, 
which is then converted to UDP- N -acetylglucosamine, the end product of the 
 hexosamine biosynthetic pathway (HBP). Specifi c  O -GlcNAc transferases use this for 
posttranslational modifi cation of specifi c serine and threonine residues on cytoplas-
mic and nuclear proteins by  O -GlcNAc [ 38 ,  43 ]. Inhibition of GFAT blocks 
HG-induced increases in the transcription of TGF-α, TGF-β1, and PAI-1. It has been 
proposed that HG results in a fourfold increase in  O -GlcNAcylation of the transcriptor 
factor SP 1, which is involved in mediating HG-induced activation of PAI-1 promoter 
in vascular smooth muscle cells and TGF-β1 in endothelial cells. In parallel to tran-
scription factors, various other nuclear and cytoplasmic proteins are modifi ed 
by  O -GlcNAcylation [ 67 ]. An example would be the inhibition of eNOS activity by 
HG-induced  O -acetyl-glucosaminylation at the Akt site of the endogenous nitric 
oxide synthase (eNOS) protein. Previous studies have shown that HG can also impair 
cardiomyocyte Ca 2+  cycling via increased nuclear O-GlcNAcylation, which decreases 
sarcoplasmic reticulum Ca 2+ -ATPase 2a (SERCA2a) mRNA and protein expression 
and also reduced SERCA2a promoter activity, leading to prolonged Ca 2+  transients 
and also impaired relaxation [ 49 ,  68 ]. Hence, activation of the HBP by HG may cause 
many changes in gene expression as well as protein functions, which in conjunction 
contribute to the pathogenesis of diabetic complications.  
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8     Single Hyperglycemia-Induced Process Responsible 
for Pathogenic Mechanisms: Mitochondrial Superoxide 
Production 

 It is unclear whether the processes just described (AGE formation, RAGE ligand 
binding, PKC activation, hexosamine pathway fl ux, aldose reductase inhibitors, etc.) 
and various other diabetes-induced abnormalities are interconnected or whether 
they have a common cause. HG-induced oxidative stress can lead to modifi cations in 
 intracellular proteins that can cause altered functions: these include DNA damage, 
activation of NF-κB causing abnormal changes in gene expression, decreased produc-
tion of NO, and increased expressions of growth factors, cytokines, and pro- coagulant 
and pro-infl ammatory molecules [ 38 ,  43 ,  49 ,  61 ]. Many researchers believe that the 
four different pathogenic mechanisms refl ect a single HG-induced process and that 
overproduction of the superoxide by mitochondrial electron- transport chain is the 
causal link between high glucose and the major pathways responsible for HG-induced 
damage in the heart and blood vessels [ 10 ,  63 ,  69 – 71 ]. In actual fact, DM is naturally 
accompanied by increased production of free radicals or depleted antioxidant defence 
capabilities, which indicate a vital role for reactive oxygen species ROS in the onset, 
development, and pathological consequences of DM. Most studies have reported 
mitochondrial overproduction of the superoxide ion as the “unifying hypothesis” for 
the development of diabetic complications [ 38 ,  72 ]. Hence, it is rationale to assume 
that mitochondrial superoxide production is a vital player in this process. However, 
before elaborating on how HG increases the production of ROS in the endothelial 
cells, it is helpful to briefl y explain glucose metabolism.  

9     Overview of Glucose Metabolism and the 
Electron- Transport Chain (ETC) 

 The process of glycolysis is the starting point for glucose oxidation in which NADH 
and pyruvate are the products of this process. NADH has the ability to donate reduc-
ing equivalents to the mitochondrial electron-transport chain via two shuttle  systems, 
as well as by reduction of pyruvate to lactate. Pyruvate can also be transported into 
the mitochondria where oxidation by the tricarboxylic acid (TCA) cycle produces 
CO 2  and H 2 O, four NADH molecules, and one molecule of FADH 2 . Mitochondrial 
NADH and FADH 2  provide the energy for production of ATP through the oxidative 
phosphorylation by the electron transport chain (ETC). 

 ETC consists of a series of complexes localized within the inner mitochondrial 
membrane, which include four important inner membrane-associated complexes, 
with the help of cytochrome  c  and the moving electron, known as ubiquinone carry- out 
electron transport through the mitochondrial ETC (see fl ow diagram in Fig.  4 ). 
First, NADH (derived from cytosolic glucose oxidation and mitochondrial TCA 
cycle activity) donates electrons to complex I (NADH:ubiquinone oxido-reductase). 
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Ubiquinone is also reduced by electrons donated from several FADH 2 -containing 
dehydrogenases such as succinate:ubiquinone oxido-reductase (complex II) and 
glycerol-3-phosphate dehydrogenase. Electrons from reduced ubiquinone are then 
transferred to ubiquinol:cytochrome  c  oxido-reductase (complex III). Electron 
transport then proceeds through complex IV, the cytochrome  c  oxidase, and fi nally, 
molecular oxygen. Electron transfer through complexes I, III, and IV generates a 
proton gradient that drives ATP synthase (complex V). However, this process is 
disturbed in the diabetic state because diabetic cells have a higher intracellular 
 glucose concentration and consequently more glucose-derived pyruvate is being 
oxidized in the TCA cycle, which increases the fl ux of NADH and FADH 2  in the 
ETC. Consequently, the voltage gradient across the membrane increases until a 
threshold is reached. This threshold causes an electron transfer blockage inside 
complex III of the ETC, which causes the electrons to back up to coenzyme Q that 
donates electrons one by one to molecular oxygen, leading to increased production 
of the superoxide ion [ 38 ].

   Manganese superoxide dismutase (MnSOD) (the mitochondrial form of super-
oxide dismutase; SOD overexpression) abolishes the signal generated by ROS and 
also the overexpression of uncoupling protein-1 (UCP-1). Together these collapse 
the proton gradient that prevents HG-induced overproduction of ROS. Dynamic 
changes in mitochondrial morphology have been demonstrated that are associated 
with HG overproduction of ROS. However, studies have shown that the inhibition 
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of either MnSOD or UCP-1 of HG-induced overproduction of mitochondrial 
 superoxide can completely prevent the increases in AGE formation, PKC activation 
as well as the increase observed in the polyol pathway fl ux and the activity of the 
hexosamine pathway in EC [ 36 ,  38 ,  43 ,  70 ]. Overexpression of either MnSOD or 
UCP-1 also prevents inhibition of eNOS activity by hyperglycemia [ 73 ]. MnSOD 
has also been shown to prevent morphological changes in diabetic hearts and com-
pletely normalize contractility in diabetic cardiomyocytes [ 74 ,  75 ]. 

 Animals and patients with diabetes have decreased activity of the key glycolytic 
enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in cell types that 
develop intracellular HG. Inhibition of GAPDH does not occur when mitochondrial 
overproduction of superoxide is prevented by either UCP-1or MnSOD [ 75 ]. 
However, when activity of GAPDH is inhibited, it increases all the glycolytic inter-
mediates that are upstream of GAPDH. As a result, increased fl ux of the pathways 
mentioned earlier takes place. Inhibition of GAPDH was discovered to be a conse-
quence of poly (ADP)-ribosylation of GAPDH by PARP [poly (ADP-ribose) 
 polymerase], which is known to be activated by breakage of DNA, produced by 
mitochondrial superoxide overproduction [ 76 ]. The AGE pathway is activated 
by the major intracellular AGE precursor methylglyoxal, which has been shown to 
increase expressions of RAGE and also its activating ligands [ 77 ]. Increase in 
glyceraldehyde- 3-phosphate also leads to enhanced activity of the de novo DAG 
synthetic pathway, which causes further activation of the PKC pathway and activa-
tion of NADPH oxidase. It is also similar in both the polyol biosynthetic and the 
hexosamine pathways where the enzyme aldose reductase reduces it by consumption 
of NADPH in the process. Having revised these complex mechanical mechanisms of 
HG-induced complications in DM, the evidence so far indicates that these pathways 
are interconnected in many ways and can potentiate each other [ 36 ,  38 ,  43 ,  77 ]. 

 Under normal conditions, poly (ADP-ribose) polymerase (PARP) is present in 
the nucleus in an inactive form awaiting DNA damage for its activation. An increase 
in intracellular glucose generates an increase in ROS, causing the DNA strands to 
break, and this in turn leads to the activation of PARP, which separates the NAD 
molecule into its component parts, nicotinic acid and ADP-ribose. PARP then 
 continues to make polymers of ADP-ribose that accumulate on GAPDH, which is 
mainly found in the cytosol. However, it does shuttle in and out of the nucleus where 
it plays an essential role in DNA repair. Decrease in GAPDH can lead to the path-
ways described above (see fl ow diagram in Fig.  5 ) [ 73 ,  77 ].

10        HG-Induced Cardiac Fibrosis 

 Cardiac remodeling is caused by changes in shape, size, and function of the heart [ 78 ]. 
Histopathologically, cardiac remodeling is characterized by structural  rearrangement of 
normal chamber components, which involve cardiomyocyte hypertrophy, cardiac 
 fi broblast proliferation, cardiac fi brosis, and cell death [ 79 ]. Cardiac fi brosis is a wides-
pread outcome of numerous pathological causes, including ischemia and infl ammation. 
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It is also a major feature of DCM [ 80 ]. In this condition, overproduction of extracellular 
matrix (ECM) proteins leads to increased myocardial stiffness, resulting in cardiac 
 dysfunction, impairment of cardiac performance, and ultimately cardiac failure [ 81 ]. 
Cardiac fi brosis represents a disproportionate accumulation of fi brillar collagen, and it 
is a fundamental element of remodeling characteristic of the failing heart. Type I col-
lagen is the fundamental collagen found in cardiac fi brosis, resulting in stiffening of the 
ventricles, and moreover it impedes contraction as well as relaxation of the heart [ 79 ]. 
The underlying mechanisms and signaling pathways involved in ECM remodeling are 
of great importance. Oxidative stress, which is a major cause for all HG-induced 
 diabetic complications, is associated with abnormal gene expression, altered signal 
transduction, and also the activation of secondary messenger pathways leading to the 
development of myocyte cell death and cardiac fi brosis [ 28 ,  82 ,  83 ]. The physiological 
alterations associated with muscle tissue and cells include the presence of myocardial 
hypertrophy and impaired contraction. However, alterations associated with the ECM 
include excess deposition of collagens, abnormal glycosylation/crosslinking via the 
AGE pathway, as well as the alterations in diastolic compliance [ 83 ]. Fibrosis impairs 
electrical coupling of cardiomyocytes by separation of myocytes and ECM proteins. 
In addition, fi brosis leads to reduced capillary density and increased oxygen diffusion 
distances, which eventually lead to myocyte hypoxia [ 84 ]. Therefore, fi brosis 
 profoundly alters myocyte metabolism and performance and eventually ventricular 
function.  
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11     Extracellular Matrix (ECM) Regulation 

 The myocardial ECM forms an organized network that consists of a group of fi bril 
collagens, a basement membrane, proteoglycans, and also glycosaminoglycans [ 85 ]. 
The most abundant fi bril collagens include type I and type III and less- abundant col-
lagens include types IV, V, and VI, elastin as well as laminin [ 86 ]. The distribution 
of collagens I and III varies in different regions of the heart. The ECM network of 
collagens plays a supportive role for the myocardial cellular functions in addition to 
being responsible for the distribution of mechanical forces and signal transduction 
throughout the cell via ECM receptors on the cell surface. Fibril collagen plays an 
important role in maintaining cardiac shape, size, and function as already mentioned 
because of its rigid architecture, which is in close contact with cellular and  noncellular 
components of the myocardium. ECM homeostasis is maintained by coordinated 
action of the stimulators and inhibitors. Conversely, in the failing heart, activation of 
numerous humoral autocrine and paracrine pathways determine the regulation of the 
ECM metabolism and also the extent of myocardial remodeling. As a consequence, 
changes in ECM synthesis and degradation lead to disturbance of the composition 
of the collagen network in the heart. This disproportionate increase in synthesis/
inhibition of the ECM proteins may result in cardiac fi brosis [ 87 ]. 

 Fibrosis has been classifi ed as reparative (replacement) and reactive fi brosis. 
Reparative fi brosis/scarring accompanies myocyte death. Reactive fi brosis, however, 
appears as “interstitial” or “perivascular” fi brosis and does not directly lead to myocyte 
death. Collagen in interstitial fi brosis appears in intramuscular spaces. However, col-
lagen in perivascular fi brosis accumulates within the adventitia of intramyocardial 
coronary arteries and arterioles. Words such as “focal” and “diffuse” are also used 
widely to describe the distribution of fi brosis. There are apparent differences between 
reparative and reactive fi brosis, and many factors work in conjunction to control 
fi broblast function [ 87 ,  88 ]. 

 Degradation of collagens occurs by means of metalloproteinases (MMPs), which 
are capable of enzymatically digesting various ECM proteins. The activity of these 
MMPs is controlled at transcriptional level and also via activation and inhibition by 
other proteins including tissue inhibitors of MMPs (TIMPs). Cardiac fi broblasts 
play a crucial role in the production of both ECM proteins and MMPs, hence  playing 
a role in regulating the ECM [ 81 ].  

12     Cardiac Fibroblasts and Myofi broblasts 

 Cardiac fi broblasts (CFs) and cardiomyocytes are the two major cells of the 
 mammalian heart, which together account for 90 % of cells in the myocardium. 
Normal cardiac function is regulated via coordinated and dynamic interactions of 
these cell types. CFs account for about 60–70 % of the cells and are the key source 
of components of the ECM. Regulation of the structure of the heart, as well as the 
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mechanical, chemical, and electrical signals between cellular and noncellular 
 components, are performed by the CFs [ 87 ]. Cardiomyocytes, however, are fewer in 
number, but they occupy the bulk volume of the myocardium and hold the position 
as contractile cells that provide mechanical force transmission involved as the prin-
cipal function of the ECM network. Fibroblasts synthesize the main components of 
the ECM, including collagen I and collagen II, comprising approximately 80 % and 
10 % of the ECM, respectively. These collagens are the major stress-bearing 
element of the ECM that forms a three-dimensional (3D) network around bundles 
of myocytes to generate a stress-tolerant network. CFs are hence described as the 
most important cells of the ECM. CFs are important in the remodeling process of 
the heart in response to the pathological changes following such diseased conditions 
as hypertension, myocardial infarction (MI), diabetes-induced cardiomyopathy 
(DCM), and heart failure (HF) [ 88 ]. 

 CFs differentiate into myofi broblasts (myoFbs) to mediate their functional 
effects, expressing contractile proteins, including the alpha-smooth muscle actin 
(α-SMA), and exhibiting increased migratory proliferative and secretory properties 
[ 89 ]. Cardiac myoFbs predominantly respond to pro-infl ammatory cytokines 
including tumour necrosis factor-alpha (TNF-α), transforming growth factor-beta 
(TGF-β), interleukin-1 (IL-1), and interleukin-6 (IL-6), vasoactive peptides, including    
angiotensin II (Ang II), endothelin-1 (ET-1), and A and B type natriuretic peptides 
(ANP, BNP), and hormones including noradrenaline (NA), all of which are increased 
in the remodeling heart [ 90 ]. Cardiac myoFbs respond to these stimuli via alteration 
of their proliferative as well as their migration properties, thus becoming highly 
proliferative and invasive as they actively reform the cardiac interstitium. They do 
this by modifying ECM turnover through production of ECM proteins and matrix 
MMPs and secretion of the cytokines and vasoactive peptides along with growth 
factors such as vascular endothelial growth factor (VEGF). Hence, CFs are acknowl-
edged for their ability to maintain the structural integrity of the heart through 
 controlled proliferations and ECM turnover [ 90 ,  91 ].  

13     Autocrine and Paracrine Factors Controlling Cardiac 
Fibroblast 

 A common histopathological fi nding in cardiac fi brosis is the accumulation and 
structural remodeling of the fi brillar collagen matrix of the heart. In ventricular 
 tissue, fi brosis is responsible for a decrease in rate of relaxation, diastole suction, 
and myocardial stiffness. Various factors have been discovered to contribute to this 
abnormal accumulation of fi brillar matrix [ 92 ]. 

 Humoral factors affecting the phenotype as well as the function of CFs include 
angiotensin II (Ang II), TGF-β1, as well as insulin-like growth factor-1 (IGF-1) and 
basic fi broblast growth factor (bFGF/FGF-2) [ 93 ]. Among these factors, the most 
important are Ang II and TGF-β1, which regulate cardiac fi brosis and remodeling [ 92 ]. 
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Several studies have supported a role for the rennin-angiotensin-aldosterone (RAA) 
system to be responsible for myocardial fi brosis. Angiotensin II encourages fi bro-
blast proliferation and alteration of the fi brillar collagen turnover, as well as 
 stimulation of aldosterone leading to the accumulation of collagen type I and III 
fi bers, and hence the development of cardiac fi brosis. In turn, this results in tissue 
structure distortion that may be partly responsible for the increase in myocardial 
stiffness, leading to diastolic as well as systolic dysfunctions [ 93 ,  94 ]. Ang II acts as an 
autocrine/paracrine factor whereby Ang II stimulates CFs to secrete growth- promoting 
substances that affect the progression of hypertrophy and remodeling [ 95 ]. 

 Ang II acts via two types of receptors, namely, type 1 (AT 1 ) and type 2 (AT 2 ) 
which are members of the G protein-coupled receptor (GPCR) superfamily [ 96 ]. 
Ang II mostly mediates its physiological effects through the AT 1  receptor (see fl ow 
diagram in Fig.  6 ). The binding of Ang II to AT1 receptors results in the activation 
of well-defi ned G protein-linked pathways such as phospholipase C (PLC), causing 
the release of Ca 2+  and subsequent activation of the PKC pathway. Previous studies 
[ 97 ,  98 ] have suggested that Ang II can act on CFs to elicit pro-fi brotic effects on 
the heart via numerous mechanisms, including elevated ECM protein synthesis, 
decreased MMP activity, and increased TIMP activity. In particular, Ang II can 
stimulate collagen I and III as well as fi bronectin synthesis through AT 1  receptor 
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  Fig. 6    Angiotensin (Ang) II stimulation evokes multiple signaling pathways in cardiac fi broblasts. 
Binding of Ang II activates G proteins via the AT 1  receptor, which triggers numerous pathways 
including PKC, MAPK, and PI3K/Akt; Jak/Stat and ROS are also involved in Ang II signaling. 
Activation of these pathways results in changes in gene expression       
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activation in human CFs. Ang II is a potent stimulus for the expression of TGF-β 
while being a strong inducer of the myoFb phenotype. However, it is not yet clear 
whether Ang II is able to directly induce the myoFb phenotype or whether it does 
this through increased TGF-β expression [ 99 ].

   In some cases, the AT 2  receptor has been reported to counterregulate the AT 1  
 receptor effects [ 100 ]. AT 2  receptor stimulation has been shown to suppress the growth 
of cardiomyocytes and CFs. AT 2  receptor expression was found to be unregulated in 
the failing heart, mainly in the CFs. Hence, it has been postulated that selective 
blocking of the AT 1  signal might have a benefi cial effect in heart failure via the AT 2  
receptors [ 101 ]. Ang II can also reduce expression of collagenases such as MMP-1 in 
rat CFs, and it can also downregulate MMP-2 expression in human CFs [ 102 ]. 
Inhibitory effects of Ang II on MMP activity have been demonstrated by an increase 
in the activity of TIMPs (endogenous inhibitors of MMPs, in particular, increases in 
TIMP-1 and TIMP-2) in rat CF by Ang II. This may be the case for human CFs, fi nd-
ings that are supported by Sato et al. [ 102 ] and Chao et al. [ 103 ] that Ang II decreases 
the mRNA expressions of TIMP-1, TIMP-2, and TIMP-3. Ang II can also cause 
secretion of several important bioactive molecules from CFs indirectly, to regulate 
cellular function in an autocrine/paracrine manner. Ang II (via activation of AT1 
receptor) can induce both the expression and secretion of TGF-β1, TNF-α, IL-6, ET-1, 
and the  natriuretic peptides (ANP and BNP), and VEGF in a number of CF and 
myoFb  models. Many studies have shown that this indirect effect may be the major 
mechanism by which Ang II controls CFs [ 104 ,  105 ].  

14     Transforming Growth Factor-Beta (TGF-β) 

 TGFs are members of a superfamily of cytokines, consisting of three isoforms, of 
which TGF-β1 is the most prevalent. In their active form, all the isoforms are dimers 
of 12-kDa polypeptides    that arise from a larger precursor through proteolytic 
 processing. TGF-β1s are involved in a wide assortment of cell functions, including 
regulation of infl ammation, ECM deposition, cell proliferation, and differentiation as 
well as tissue growth [ 28 ]. TGF-β1 acts to simultaneously stimulate the synthesis of 
ECM to inhibit the actions of proteases that cause matrix degradation to increase the 
expression of cell-surface integrins that interact with matrix components. Through 
these particular effects, TGF-β1 rapidly causes the deposition of an  exuberant ECM 
[ 106 ]. TGF-β1 plays a crucial role in the development of fi brosis. It stimulates 
 fi broblast chemotaxis along with the production of collagen and fi bronectin while 
inhibiting collagen degradation [ 107 ]. It can also induce expressions of alpha-smooth 
muscle actin (α-SMA) in fi broblasts, hence it is considered to be involved in the 
factors held responsible for the formation of myofi broblasts [ 95 ]. In a previous study, 
Wu and Derynck [ 108 ] reported a central role of TGF-β1 signaling in the ability of 
HG to induce hypertrophy in fi broblasts and epithelial cells. It was implied that either 
blocking or enhancing the expression of the kinase activity of TGF-βRI receptor can 
prevent the hypertrophic effects of HG. Exposure of cells to HG has been shown to 
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elicit a rapid increase in cell-surface levels of TGF-β1 receptors (TGF-βRI/TGF-βRII) 
along with the activation of a TGF-β1 ligand by MMP2 and MMP9. This autocrine 
signaling of TGF-β1 in response to HG leads to the activation of the pro-hypertrophic 
Akt-TOR pathway [ 99 ,  108 ].  

15     Role of Micro-RNA-21 and TGF-βRIII in Cardiac 
Fibrosis 

 A recent article by Liang et al. [ 109 ] suggested that TGF-β1 signaling pathways 
play crucial roles in modulating cell function and in the progression of fi brosis. The 
study hypothesised that micro-RNA-21 (miR-21, which belongs to a class of 
endogenous, noncoding small RNAs) is able to regulate collagen content by inhibit-
ing TGF-βRIII expression, which would then contribute to development of fi brosis. 
It has previously been demonstrated [ 110 ,  111 ] that TGF-β1 increases miR-1 and 
TGF-βRIII, which in turn represses TGF-β1 signaling pathways. These fi ndings 
indicate a role of TGF-βRIII in the regulation and expression of miR-21 through 
inhibition of the TGF-β1 pathway. The fi rst stage of this pathway involves the 
 interaction of TGF-β1 with a complex of transmembrane serine/threonine kinase 
receptors (TGFβR1/TGF-βRII), leading to phosphorylation of transcription factors 
Smad2/Smad3, to form a Smad4 complex [ 109 ]. The heteromeric complex (Smad4) 
is translocated into the nucleus where it modulates other target genes via direct 
DNA binding or by interacting with promoter-specifi c transcription factors [ 112 ]. 
TGF-βRIII, formally known as beta-glycan, is found to be involved in the process 
of tumor cell proliferation, differentiation as well as apoptosis [ 113 ]. TGF-βRIII has 
the potential to prevent fi brosis, as it is able to directly neutralize TGF-β1, which 
indirectly prevented the formation of TGF-β1/TGF-βII compounds [ 110 ]. However, 
the mechanism is still poorly understood.  

16     Transforming Growth Factor-β (TGF-β1) in Tissue 
Injury and Repair 

 TGF-β1 has been widely implicated in tissue repair, but it is the agent whose 
 excessive action may be responsible for tissue damage from scarring [ 87 ]. A number 
of events involving TGF-β1 occur during the process of tissue repair. High concen-
trations of TGF-β1 are present in platelets that on degranulation at the site of an 
injury release TGF-β1 into the surrounding tissue. TGF-β1 then initiates a complex 
sequence of events that lead to healing, including chemoattraction of monocytes and 
leukocytes, induction of angiogenesis, and control of the production of cytokines 
and other infl ammatory markers [ 112 ]. TGF-β1 stimulates the synthesis of individ-
ual matrix components including fi bronectin and its variant forms including colla-
gens and proteoglycans. TGF-β1 concurrently inhibits matrix degradation by 
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increasing the synthesis of proteases and also the levels of protease inhibitors [ 106 ]. 
It is also known to increase the expression of integrins and alter their relative 
proportions on the surface of cells in a way that facilitates adhesion to matrix. Each 
of these events is found to be benefi cial in tissue repair. However, TGF-β1 also 
induces deposition of ECM at the sites of injury, leading to scarring and fi brosis. In 
addition, the ability of TGF-β to induce its own production is found to be a major 
factor in the development of fi brosis and scarring into chronic, progressive condi-
tions that alter the tissue structure [ 85 ,  99 ].  

17     Natriuretic Peptides 

 Atrial natriuretic peptide (ANP), fi rst discovered by Bold et al. [ 114 , and brain 
 natriuretic peptide (BNP), discovered by Sudoh et al. [ 115 ], are predominantly syn-
thesized in the myocardium and pursue a crucial role in autocrine and paracrine 
effects of the heart as well as acting in an endocrine manner to regulate blood 
 pressure [ 28 ]. ANP and BNP are heart-derived peptides activated via an increase in 
either wall tension or stretch of the cardiac chambers. Elevated levels of ANP and 
BNP have been observed in patients with various heart diseases including myocar-
dial infarction (MI), hypertrophy, DCM, and HF [ 116 ]. Although these peptides are 
classically known to be secreted and synthesised by cardiomyocytes, evidence 
shows that they can also be produced by CFs [ 117 ]. ANP and BNP are involved in 
stimulating cyclic guanosine monophosphate (cGMP) accumulation in CFs. These 
fi ndings support the fact that the heart itself is also amongst the target organs of 
these peptides, suggesting an important physiological role of these peptides in the 
structural remodeling of the myocardium by regulating fi broblast growth [ 116 ]. 
Therefore, the local accumulation of these peptides in the heart may be of important 
pathological signifi cance. The concentration of BNP in a healthy person has been 
reported to be lower than that of ANP [ 118 ]. Conversely, in chronic heart failure 
(CHF), the plasma BNP/ANP ratio is seen to be reversed. BNP levels are found to 
increase more rapidly than ANP levels in the acute phase of MI and in an obstruc-
tive form of hypertrophic cardiomyopathy. CHF involves cardiac overload with the 
release of both ANP and BNP that activates the particulate guanylyl cyclase (pGC) 
NPR-A. In turn, this results in the generation of a second messenger cyclic GMP 
and its effector, protein kinase G (PKG) [ 119 ].  

18     Endothelial Cell Dysfunction (ECD) 

 HG is the major contributory factor in the development of endothelial cell  dysfunction 
(ECD), although the mechanisms underlying this event are multifactorial [ 120 ]. ECD, 
defi ned as an imbalance of endothelium-derived vasoconstrictor and vasodilator 
substances, is a common denominator in the pathogenesis and progression of both 
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microvascular (retinopathy, nephropathy, neuropathy) and  macrovascular (heart 
disease, stroke, peripheral arterial disease) complications [ 120 ]. Many experimental 
trials have acknowledged HG as the key determinant that has immediate biochemi-
cal sequelae, directly altering ECD and leading to the growth of chronic diabetic 
complications [ 43 ,  44 ]. Both the increase and accumulation of intracellular glucose 
and its metabolites can increase the production of  extracellular matrix components, 
including collagen and fi bronectin. ECD is thus determined as the key initiation 
stage for the development of vascular complications including ischemic heart disease, 
peripheral vascular disease, and cerebrovascular diseases, which are all important 
contributors of morbidity and mortality in both T1DM and T2DM patients [ 121 ]. 

 Physical and chemical stimuli that take place inside the vessels are sensed by a 
receptor-effector endothelial cell (EC), which in turn either modifi es the shape of 
the vessel or releases necessary regulatory mediators such as nitric oxide (NO), 
endothelin-1 (ET-1), ANG-II, plasminogen activator inhibitor-1 (PAI-1), von 
Willebrand factor (vWF), and many others to maintain vascular homeostasis [ 122 , 
 123 ]. Under physiological conditions, a balanced release of these products occurs, 
but this delicate balance is altered during CVD risk factors such as diabetes and 
atherosclerosis, thereby altering the capacity of the EC and leading to further pro-
gression of vascular end-organ damage [ 124 ]. Among the chief molecules synthe-
sized by EC is the vaso-protective molecule nitric oxide (NO), which is constitutively 
produced by endothelial NO synthase (eNOS), an enzyme known to be the major 
weapon of ECs that fi ghts vascular disease [ 22 ,  125 ]. NO is considered as the most 
important endothelium-derived mediator because of its vasodilator, antiprolifera-
tive, antiinfl ammatory, antiplatelet, and permeability-decreasing properties [ 126 ]. 

 Previous reports claim that HG can affect ECD through increased oxidative stress 
[ 127 ,  128 ]. A series of cellular events are induced by HG during a process known as 
eNOS-uncoupling where NOS switches from the production of NO to generate the 
superoxide anion (O 2  − ). This stage in turn increases the production of reactive oxygen 
species (ROS, superoxide anion) that inactivate NO, leading to the formation of per-
oxynitrite (ONNO − ) [ 129 ]. HG initiates this process by increasing the production of the 
superoxide anion via the mitochondrial electron-transport chain. This superoxide anion 
then promotes a surge of endothelial  processes that employ increasing numbers of 
 cellular elements such as PKC to manufacture oxygen- derived free radicals [ 130 ,  131 ]. 
The peroxynitrite ion oxidizes the NOS cofactor tetrahydrobiopterin (BH 4 ) [ 132 ,  133 ], 
which uncouples the enzyme and increases the superoxide anion formation over NO 
production. Hence, the consequence is an ever-increasing production of superoxide 
anion and inactivation of NO. However, some studies also suggest that HG is a neces-
sary but not a suffi cient cause of clinically important microangiopathy. The risk of 
microangiopathy is closely related to risk factors for atherothrombosis including age, 
 hypertension, smoking, dyslipidemia, obesity, hypercholesterolemia, insulin resis-
tance, and impaired fi brinolysis. These factors constantly cause progressive damage 
to vascular walls, leading to endothelial activation and thus ECD (see the fl ow diagram 
in Fig.  7  for details).

T. Iqbal et al.



99

19        HG-Induced Changes to Internal Structures of the Heart 

 Studies in our laboratory using electron microscopy have revealed that the structures 
of mitochondria are deranged in ventricular myocytes of diabetic rats. They are 
swollen with irregular shapes, and moreover their levels are much less in diabetic 
myocytes compared to age-matched controls. Similar fi ndings have been reported 
by other studies, which also suggested that diminished mitochondria can cause dys-
function of the heart that may result in heart failure [ 134 – 136 ]. Similar to mitochon-
dria, the intercalated discs (ICDs) of the cardiomyocytes in the diabetic rats are 
grossly impaired compared to controls. ICDs bind to adjacent cardiomyocytes, thus 
allowing fast and optimal conduction of electrical impulses from one cell to the 
other. In the case of the diabetic cardiomyocytes, defective ICDs can contribute to 
poor impulse conduction, resulting in arrhythmias and heart failure that are com-
mon in diabetic patients [ 137 ,  138 ]. DM is also known to be associated with a loss 
of cardiac myofi brils [ 136 ], which are the main contractile components for muscle 
contraction. Severe loss of myofi brils can lead to decreased contraction and cardiac 
output normally seen in diabetic patients. Previous studies have also demonstrated 
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that the structures of many other cytoplasmic organelles including the sarcoplasmic 
reticulum, T-tubules and plasma membrane, Golgi apparatus, and microfi laments 
are deranged after the onset of long-term DM [ 139 ]. These ultrastructural derange-
ments of the internal components of the heart include invagination of the plasma 
membranes and swelling and reduction in the number of cytoplasmic organelles, all 
of which can lead to dysfunction of the heart [ 139 ]. These results have clearly 
demonstrated that diabetes-induced HG is responsible for the structural changes in 
the myocardium. The cellular, subcellular, and molecular mechanisms involved in 
these processes may lie in changes in signaling molecules within the heart.  

20     Conclusion 

 In summary, this review described the relationship between HG-induced DM, 
 biochemical changes, and structural damage/alteration to the heart. HG seems to have 
both direct and indirect effects to the myocardium via a number of metabolic and 
 signalling pathways, resulting in formation of fi brosis and subsequent remodeling of 
the heart. Cardiac remodeling may be broadly defi ned as alterations in  cardiac structure 
resulting from altered hemodynamic load and/or cardiac injury. The process may 
be physiological or pathological. Cardiac remodeling is a common denominator in the 
etiology of several primary cardiovascular diseases, notably DM, coronary atheroscle-
rosis, hypertension, cardiomyopathy, and myocarditis. Several neurohormonal and 
infl ammatory pathways are activated, including the rennin–angiotensin-aldosterone 
system (RAAS), adrenergic system, infl ammatory cytokine systems, and a host of 
other autocrine and paracrine mechanisms as compensatory mechanisms to maintain 
stroke volume at a reduced ejection fraction. All these pathways have been described 
in this review.     
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    Abstract     Vascular disease as evidenced by aberrant endothelial and vascular 
smooth muscle cell physiology represents one of the major complications of diabetes. 
Although the metabolic disturbances such as oxidative stress, infl ammation, and 
hyperlipidemia have been well described as main players in the process of vascular 
dysfunction, epigenetic modifi cations of gene expression also occur under the 
hyperglycemic state and modulate cardiovascular homeostasis. The main epigenetic 
mechanisms that can modify chromatin structure and gene expression include 
 chromatin remodeling via histone modifi cations or DNA methylation, and gene 
silencing by small noncoding RNA molecules termed microRNAs. Recent studies 
have suggested that these epigenetic events either alone or in concert are capable of 
modulating the expression of multiple target genes involved in redox homeostasis, 
vascular cell proliferation, and migration, as well as in proinfl ammatory pathways 
associated with vascular dysfunction. This review highlights some epigenetic 
changes induced by hyperglycemic and oxidative states in the vascular system and 
discusses their potential role in the pathogenesis of diabetes-associated vascular 
complications.  
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1        Introduction 

 The cluster of cardiovascular complications that occur during diabetes mellitus 
includes atherosclerosis, peripheral vascular disease, cardiomyopathy, and stroke 
[ 1 ]. Although they are distinct with regard to their pathophysiological features 
(endothelial dysfunction, cell proliferation and migration, myocyte hypertrophy, 
vessel narrowing, and apoptosis), these pathologies share the same underlying 
mechanisms that mainly involve major intracellular processes taking place under 
hyperglycemic conditions and for which oxidative stress plays a central role [ 2 ]. 
First, the increase in glucose accumulation leads to an increased activation of the 
polyol pathway that consists of the reduction of glucose or other carbonyl com-
pounds into sorbitol and other corresponding sugar alcohols. This reaction requires 
the catalytic activity of the enzyme aldose reductase that utilizes the cofactor nico-
tinamide adenine dinucleotide phosphate (NAD(P)H) [ 3 ]. Second, hyperglycemia 
also induces protein glycosylation that contributes to the increase in the quantity of 
advanced glycation end product (AGE) and reactive oxygen species (ROS) [ 4 ]. 
AGE binding to their receptors (RAGE) on cell surfaces can activate NAD(P)H 
oxidase and thereby increase ROS production. Hyperglycemia also activates protein 
kinase C (PKC) isoforms partly by AGE receptor activation as well as from ROS- 
dependent increase in intracellular diacylglycerol, the upstream activator of PKC 
[ 5 ]. In diabetes, PKC activation induces massive ROS generation mainly via the 
stimulation of NAD(P)H, resulting in increased redox signaling [ 6 – 9 ]. Thus, oxida-
tive stress via hyperactivation of mitogenic, infl ammatory, and proliferative signal-
ing cascades plays a critical role in vascular complications associated with diabetes 
[ 5 ,  10 ,  11 ]. In addition to a role of hyperglycemia and oxidative stress-mediated 
signaling pathways in inducing diabetic vascular complications, implication of 
epigenetic mechanisms in the pathophysiology of cardiovascular dysfunction has 
also been suggested recently [ 12 ,  13 ]. The purpose of this chapter is to highlight 
some key epigenetic signals that are activated by hyperglycemia and oxidative 
stress in the diabetic state and to discuss their potential role in vascular dysfunction 
in diabetes.  

2     Basic Epigenetic Mechanisms 

 Epigenetic changes modify the patterns of gene expression without affecting 
the DNA structure. These changes occur in response to a variety of stimuli in the 
physical or physiological environment. Epigenetic mechanisms include reversible 
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posttranslational modifi cations of histone structure within the nucleosomes in the 
chromatin, methylation of specifi c sites of the DNA strand, and gene silencing by small 
sequences of noncoding RNA (microRNAs) [ 14 ].  

2.1     Histone Modifi cations 

 The chromatin is constructed of multiple groups consisting of four pairs of histones 
(H3, H4, H2A, H2B) wrapped by a 147-base-pair fragment of DNA and linked 
together with a fi fth type of histone, H1 [ 14 ]. Each monomer of histone at the center 
of a nucleosome extends as a histone tail with a C-terminal domain and an N-terminal 
tail. With regard to gene expression, the standard requirement for an active transcrip-
tion is a loosened chromatin opened for the binding of transcription factors; such 
conformation is called euchromatin. In contrast, a compact chromatin, called hetero-
chromatin, disables transcriptional events. The transition from heterochromatin to 
euchromatin is achieved through reversible posttranscriptional modifi cations within 
the N-terminal fragment of histone tails. Such modifi cations mainly include acetyla-
tion and methylation, catalyzed by histone acetyltransferases (HATs) and histone 
methyltransferases (HMTs), respectively; these enzymes transfer acetyl or methyl 
groups mostly to lysine, serine, or arginine residues within the N-terminal tail of 
histone. These reactions are reversible because of the presence of other enzymes 
with opposite effects, histone deacetylases (HDACs) and histone demethyltransfer-
ases (HDMTs). Altogether, chromatin changes at the histone level form a histone 
code that can be read by other proteins and translated into a functional signal depend-
ing on the underlying context [ 14 ]. Implication of such a code in vascular biology 
has been suggested and is being further explored in the context of diabetic cardiovas-
cular dysfunction [ 15 ].  

2.2     DNA Methylation 

 Methylation of DNA is another form of epigenetic modifi cation that occurs at the 
5′-position of a cytosine residue separated by a phosphate group from a guanosine 
residue in the longitudinal DNA sequence (CpG island) [ 14 ]. Hypomethylation or 
absence of methylation favors gene transcription whereas hypermethylation or meth-
ylation of previously unmethylated CpG causes gene silencing. CpG methylation is 
catalyzed by DNA methyltransferases (DNMTs). It is the best studied epigenetic 
mechanism, and to date, three types of DNMTs have been identifi ed: DNMT1 is 
responsible for the heritable DNA methylation state as it helps to preserve the paren-
tal methylation patterns after DNA replication whereas DNMTs 3a and 3b are de 
novo methyltransferases that methylate previously unmethylated fragments of DNA 
[ 14 ]. The loss of DNMT1 has been shown to be lethal in mice [ 16 ]. Attempts have 
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been made to understand the correlation between DNA methylation state and dia-
betic nephropathy in patients with type 1 diabetes [ 17 ], as well as to identify and to 
replicate the alterations of DNA methylation signatures of diabetic nephropathy in 
renal mesangial and epithelial cells, suggesting the importance of this process in 
diabetes and cardiovascular homeostasis [ 18 ].  

2.3     Gene Silencing by MicroRNAs 

 The central dogma in molecular biology requires that DNA is transcribed into RNA 
and that RNA is translated into proteins. However, it has been found that there are 
tiny RNA fragments that are expressed in the nucleus but remain untranslated. 
These fragments are termed microRNAs (miRNAs, named as miR-specifi c number) 
that are frequently referred to as “micromanagers of gene expression” [ 19 ]. They are 
broadly expressed in eukaryotic cells, and it is estimated that approximately 1,000 
miRNAs are encoded by the human genome [ 20 ]. Mature miRNAs are made up of 
approximately 22 nucleotides. Primary miRNA genes located in the introns of either 
coding or noncoding genes [ 21 ] are transcribed by  RNA polymerase II  or  III  in the 
nucleus to form large pre-miRNA transcripts. These transcripts remain in the nucleus 
and are processed by an RNase III enzyme, Drosha, and by a double- stranded 
RNA-binding protein,  Pasha , into approximately 70 nucleotide pre- miRNAs. Two 
transporters,  RanGTP  and  exportin 5 , export the pre-miRNA into the cytoplasm 
where it is digested by another RNase III,  Dicer,  to form a transient 18- to 24-nucleotide 
duplex. The duplex is incorporated as a single strand into a multiprotein RNA-
induced silencing complex and forms the mature miRNA. miRNAs function through 
binding with complementary sites in the mRNA transcript to induce either transla-
tional repression or gene silencing by RNA degradation [ 22 ]. miRNA function has 
been associated with chromatin modulation as well as with genome stability [ 23 ], 
resulting in the regulation of multiple genes involved in the control of cardiovascular 
functions [ 24 ].  

3     HDACs- and HATs-Mediated Responses in Diabetic 
Cardiovascular Complications 

 Depending on their domain organization or sequence identity, HDACs are divided 
into four classes: I, IIA, IIB, and III. They are expressed in multiple atherosclerosis- 
relevant cell types in the vasculature including monocytes, endothelial cells, and 
smooth muscle cells [ 25 ]. Infl ammation, monocyte adhesion, and aberrant smooth 
muscle cell migration and proliferation are among the critical events that contribute 
to the atherogenic process. Several groups have investigated the roles of HDAC- and 
HAT-mediated deacetylation or acetylation of histone and non-histone proteins in 
the events associated with diabetic complications. For example, de Kreutzenberg 

E.R. Simo Cheyou and A.K. Srivastava



111

et al. reported that high glucose downregulated the expression of Sirt-1, a protein 
that belongs to the class III HDACs, in human peripheral blood mononuclear cells 
[ 26 ]. In these studies, the downregulation of Sirt-1 gene and protein expression was 
associated with increased acetylation of p53, a cell-cycle regulator, and enhanced 
phosphorylation of the stress signaling molecule c-Jun N-terminal kinase (JNK) 
[ 26 ]. Because of a negative association of Sirt-1 expression and the carotid intima- 
media thickness, a potential role of Sirt-1 in regulating early atherosclerosis was 
suggested from these studies [ 26 ]. Downregulation of Sirt-1 was also observed in 
endothelial cells in response to high glucose [ 27 ]. In fact, hyperglycemia was shown 
to induce atherosclerotic endothelial cell aging through reduction of Sirt-1 expres-
sion [ 27 ]. Sirt-1 has also the ability to modify oxidative stress by its effects on the 
transcription of enzymes implicated in regulating ROS generation. Sirt-1, via the 
deacetylation of the transcription factor FOXO [ 28 ], positively regulates the tran-
scription of the manganese superoxide dismutase (MnSOD), an antioxidant enzyme 
that attenuates the oxidative stress induced by hyperglycemia [ 29 ]. Hyperglycemia- 
dependent Sirt-1 downregulation, through a regulatory feedback interaction between 
Sirt-1 and HAT p300, stimulates the acetylation of FOXO and decreases MnSOD 
levels, resulting in increased oxidative stress [ 30 ]. Thus, in diabetic endothelial senes-
cence leading to vascular dysfunction, a persistent redox state is maintained by high 
glucose-induced change in the acetylation state of the non-histone protein FOXO, 
and by modulation of the epigenetic markers Sirt-1 and p300 that exhibit HDAC and 
HAT properties, respectively [ 30 ]. In accordance with this, decreased glucose concen-
trations have been associated with the increase in Sirt-1 in cancer cells [ 31 ]. 

 The thioredoxin interacting protein (TXNIP), which is an endogenous antagonist of 
the ROS scavenging protein thioredoxin, is known to be upregulated under hyper-
glycemic conditions [ 32 ] and contributes to hyperglycemia-induced oxidative stress 
as well as vascular complications [ 33 ,  34 ]. An elegant study reported that glucose- 
induced upregulation of the TXNIP gene expression is dependent on the recruitment 
of the HAT p300 at the TXNIP promoter and its histone H4 acetylation [ 35 ]. These 
studies demonstrated that H4 acetylation plays an important role in the control of 
TXNIP transcription and showed that a pharmacological HDAC inhibitor, tricho-
statin A (TSA), increased TXNIP expression in pancreatic beta cells highlighting 
the role of histone acetylation in TXNIP gene transcription [ 35 ]. 

 Moreover, hyperglycemia has also been shown to induce the expression of 
TXNIP as well as several pro-infl ammatory genes such as cyclooxygenase 2 
(COX- 2), vascular endothelial growth factor (VEGF), and the intercellular adhesion 
molecule type 1 (ICAM-1) in retinal capillary endothelial cells [ 36 ]. In these stud-
ies, hyperglycemia-induced TXNIP gene expression also contributed to the histone 
H3 lysine 9 acetylation of the COX-2 gene promoter via a p38-dependent signaling 
pathway [ 36 ]. Such hyperglycemia-induced histone acetylation has not only been 
described in the context of infl ammation but also in other atherosclerotic events 
such as the expression of vasoactive factors and extracellular matrix proteins [ 37 ,  38 ]. 
For example, high glucose-induced HAT activity via p300 upregulation has been 
shown to be an essential upstream component for glucose-induced expression of 
endothelin-1, fi bronectin, and VEGF in vascular smooth muscle cells (VSMCs) and 
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endothelial cells [ 37 ]. Increased H3 acetylation was associated with these glucose- 
induced responses and, interestingly, overexpression of the HAT p300 potently 
induced glucose-like effects in these cells [ 37 ]. Moreover, because the HAT p300 is 
one of the primary targets of the nuclear factor kappa B (NF-κB) [ 39 ], a marker of 
glucose-induced infl ammation [ 40 ,  41 ], it has been proposed to participate in the 
expression of the pro-infl ammatory cytokine interleukin 6 (IL-6). Accordingly, 
p300 was shown to mediate the lysine acetylation at IL-6 as well as the tumor necro-
sis factor-α (TNF-α) gene promoters and enhance their transcription in monocytes 
[ 42 ]. Similarly, hyperglycemia-induced recruitment of HAT and lysine acetylation at 
key infl ammatory gene promoters were also observed in monocytes from patients 
with either type 1 or type 2 diabetes, suggesting a contribution of chromatin remod-
eling in diabetes-induced infl ammation [ 13 ,  43 ]. 

 Oxidative stress, as observed in diabetes, is an inhibitor of HDAC2, a member 
of the class 1 HDACs, and this inhibition was shown to stimulate the expression of 
another pro-infl ammatory cytokine, interleukin 8 (IL-8) [ 44 ]. Experimental produc-
tion of peroxynitrite as well as treatment of human airway epithelial cells with 
TSA was reported to attenuate HDAC2 activity and expression, resulting in elevated 
production of IL-8 in response to IL-1β [ 44 ]. More importantly, a similar attenuation 
of HDAC activity by TSA in the context of dyslipidemia has been shown to exacer-
bate the atherogenic process; this was observed in hyperlipidemic mice in which 
treatment with TSA was shown to enhance the levels of atherogenic markers such 
as the scavenger receptor A, the lymphocyte CD36, TNF-α, and vascular cell adhe-
sion molecule 1 (VCAM-1) [ 45 ], suggesting a critical role of HDAC activity for 
the maintenance of vascular homeostasis in pathophysiological circumstances. 
The inhibition of HDAC2 by hyperglycemia-induced redox signaling could also be 
deleterious per se because HDAC2 itself is an antagonist of the atherosclerotic plaque 
formation. HDAC2 acts in this sense by deacetylating the class II transactivator 
(CIITA), whose role is to repress the collagen promoter and to activate the major 
histocompatibility complex promoter in smooth muscle cells and macrophages [ 46 ]. 
Thus, it appears that, in these cell types, HDAC2 is a good antagonist of transcrip-
tional activity, as well as a positive regulator of collagen formation, both mechanisms 
contributing to a delay in the atherogenic events [ 46 ,  47 ]. 

 In view of the importance of the histone acetylation state in vascular abnormali-
ties, epigenetic therapy by reversal or mimicking of HAT or HDAC activities, 
respectively, has generated much interest for the treatment of diabetic cardiovascu-
lar complications. In this regard, dietary polyphenols have attracted some attention 
because of their ability to modulate HDAC or HAT activity and, subsequently, 
atherosclerotic gene expression [ 48 ,  49 ]. Among these polyphenolic compounds, 
curcumin, a derivative of the curry spice turmeric, has been shown to exhibit cardio-
vascular protective, as well as antiinfl ammatory, antithrombotic and antioxidant 
properties in the context of type 2 diabetes [ 50 – 53 ]. Interestingly, curcumin has 
been reported to inhibit p300 HAT activity [ 54 ]. It has been shown to inhibit high 
glucose-induced relA/p65 activation, the critical regulatory subunit of NF-κB, in 
monocytes through suppression of HAT activity and upregulation of the HDAC 
activity [ 42 ]. RelA/p65 is regulated on one hand through its own acetylation and 
deacetylation but on the other hand through histone acetylation at the NF-κB 
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promoter [ 42 ,  55 ]. Furthermore, in the context of VSMC physiology, curcumin has 
been demonstrated to inhibit growth of rat and human VSMCs through the induc-
tion of the antiproliferative enzyme heme oxygenase via the translocation of the 
nuclear transcription factor E2-related factor-2 (Nrf-2) and the subsequent activa-
tion of the antioxidant response element (ARE) within the heme oxygenase pro-
moter [ 56 ]. This effect of curcumin on Nrf-2 translocation could also arise from its 
HAT inhibitory property because it has recently been reported that TSA-mediated 
inhibition of HDAC is a potent inducer of Nrf-2 expression, translocation, and bind-
ing to ARE on the heme oxygenase [ 57 ]. 

 Another interesting compound with epigenetic properties is resveratrol, found in 
red grape skin as a polyphenolic phytoalexin, that exhibits the ability to activate 
Sirt-1 [ 58 ,  59 ]. Because of its antioxidant and antiinfl ammatory properties, resvera-
trol has been broadly demonstrated to be benefi cial for cardiovascular health and 
disease [ 60 – 62 ] and also to protect against diabetic nephropathy [ 63 ] as well as 
diabetic atherogenic events in the vasculature [ 64 ]. In vessels isolated from alloxan- 
induced diabetic rabbits, resveratrol attenuated the production of ROS, improved 
vascular reactivity to acetylcholine, and helped in maintaining the integrity of the 
endothelium under diabetic conditions [ 65 ]. It has been reported that high glucose- 
induced mitochondrial ROS production was decreased in a resveratrol-Sirt-1- 
dependent fashion in human coronary arterial endothelial cells (CAECs) [ 66 ]. In 
these studies, siRNA- or electroporation-mediated silencing of Sirt-1 in hyperglyce-
mic CAECs abolished the resveratrol-induced increase in the pro-oxidant mole-
cules, MnSOD and glutathione, as well as the resveratrol-induced reduction in 
intracellular H 2 O 2  [ 66 ]. Such positive effect on endothelial cell physiology was also 
recently reported from studies using bovine aortic endothelial cells (BAECs) under 
hyperglycemic conditions [ 67 ]. Resveratrol was also shown to attenuate glucose- 
induced early atherosclerosis events such as endothelial hyperpermeabilty and over-
expression of caveolin as well as the glucose-induced expression of VEGF and its 
receptor [ 67 ]. It should be noted that VEGF induction has been previously reported 
to be Sirt-1 dependent in HT1080 cell line [ 68 ]. Furthermore, a positive effect of 
resveratrol in reversing the p53 acetylation induced by high glucose and high palmi-
tate in human monocytes was reported and demonstrated to be a Sirt-1-dependent 
process, suggesting the antiapoptotic effect of resveratrol [ 26 ]. Thus, given the 
potential of natural HDAC/HAT modulators in regulating cardiovascular homeosta-
sis and cardiovascular protection, further investigations are required to appropri-
ately assign them a benefi cial role in diabetic vascular dysfunction.  

4     MicroRNA-Mediated Responses in Diabetic Atherosclerosis 

 Multiple studies have assessed the implication of microRNAs in diabetes pathobiology 
[ 12 ,  69 ,  70 ], suggesting a possible involvement of these molecules in diabetic cardio-
vascular diseases. The process of diabetic atherosclerosis is a result of endothelial 
dysfunction, chronic infl ammation, and vessel remodeling [ 71 ].  
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4.1     Endothelial Dysfunction 

 Depending on their specifi city, microRNAs can be considered as either positive or 
negative modulators of diabetic endothelial dysfunction. Caporali et al. have 
assessed the role of miR-503 on endothelial cell function in diabetic conditions and 
demonstrated that hyperglycemia resulted in increased levels of miR-503 in cul-
tured endothelial cells [ 72 ]. They also showed that lentiviral overexpression of miR- 503 
reduced endothelial cell proliferation and migration; these functional capacities 
were upregulated by inhibition of miR-503 suggesting the negative involvement of 
this miRNA in diabetic-induced endothelial dysfunction. Their observations were 
further strengthened by the fi nding that heightened levels of miR-503 are expressed 
in ischemic muscular tissues from diabetic patients [ 72 ]. Similarly, high glucose 
was previously shown to induce an increase of miR-221 in human umbilical vein 
endothelial cells [ 73 ]. Hyperglycemia is known to alter the transmigratory capacity 
of endothelial cells that is essential for angiogenesis following vascular damage, 
and a lack of this capacity exacerbates endothelial dysfunction as seen in numerous 
cardiovascular disorders. In the latter study [ 73 ], the authors found that c-kit, a 
specifi c stem-cell receptor that plays a role in endothelial cell transmigration, was 
downregulated under hyperglycemic conditions. Antisense oligonucleotide- mediated 
inhibition of miR-221 was able to prevent this downregulation and to restore the 
endothelial transmigratory capacities altered by high glucose, suggesting a role of 
miR-221 in facilitating endothelial dysfunction. These two studies proposed that 
miR-221 and miR-503 inhibition in endothelial cells can reinforce their functional 
capacities under diabetic conditions and help in preventing atherosclerotic disease. 
However, some opposite actions of miRNAs have also been reported. For example, a 
study from Meng et al. showed that diabetes was associated with reduced levels of 
miR-126, miR-21, miR-27a, miR-27b, and miR-130a in endothelial progenitor cells 
(EPC) [ 74 ]; among these, miR-126 was the most affected. Overexpression of miR-126 
resulted in enhanced EPC function and reduced EPC apoptosis through the 
downregulation of Spred-1 gene, a known angiogenic inhibitor in endothelial cells. 
These observations were in accordance with another study where miR-126 was 
demonstrated to be a positive regulator of vascular integrity [ 75 ]. Endothelial 
cell-specifi c deletion of miR-126 in mice resulted in the impairment of vascular 
function as illustrated by defective cell migration, proliferation, and angiogenesis [ 75 ]. 
Thus, to clarify the role of various miRNAs in vascular dysfunction, more in-depth 
studies on the contribution of miRNAs in the endothelial system pathobiology under 
diabetic conditions are needed.  

4.2     Infl ammation 

 MicroRNAs also play a role in chronic infl ammation that occurs in the vessels of 
diabetic patients. Molecular hallmarks of infl ammation include the heightened 
production of adhesion molecules and proinfl ammatory enzymes such as COX-2. 
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 COX-2 mRNA is a target of miR-16 in endothelial cells. Past studies have 
demonstrated that under diabetic conditions, infl ammation and atherosclerosis are 
in part caused by the binding of RAGE with their ligand, S100b, leading to their 
subsequent activation [ 76 ]. Recent work from Shanmugam et al. has proposed that 
this is achieved through the S100b-dependent inhibition of the binding of miR-16 with 
COX-2 mRNA [ 77 ]. S100b was in fact shown to displace the nuclear ribonucleo-
protein K into the cytoplasm, where it interacts with COX-2 mRNA and disables 
miR-16 attachment [ 77 ]. These observations support an antiinfl ammatory role of 
miR-16 in diabetes. Moreover, several other microRNAs have been implicated in 
endothelial atherosclerotic infl ammation through pro-infl ammatory gene repression. 
Overexpression of miR-155 and miR-121/122 effectively lowered angiotensin- II 
induced vascular cell adhesion molecule 1 and monocyte chemoattractant protein 1 
(MCP-1) in a study [ 78 ]. It was concluded that these microRNAs participate in 
endothelial cell infl ammation and migration by targeting angiotensin II receptor 
type 1 or the transcription factor Ets [ 78 ]. However, in contradiction to this, 
miR-200b has been demonstrated to exhibit pro-infl ammatory properties in diabetic 
VSMCs [ 79 ]. The overexpression of this miRNA enhanced COX-2 promoter activity 
and induced the expression of MCP-1. In the same study, monocyte binding in 
diabetic VSMCs was also stimulated by miR-200b, suggesting a positive regulation 
of infl ammatory processes by this miRNA [ 79 ]. Another group has also addressed 
the role of miR-125b in the epigenetic regulation of infl ammatory genes in VSMCs 
[ 80 ]. They observed that miR-125b was upregulated in diabetic mice concomitantly 
to a downregulation of histone methyltransferase Suv39H1. Overexpression of 
miR-125b reduced Suv39H1 transcription and resulted in pro-infl ammatory diabetic 
phenotype, as illustrated by the enhanced monocyte binding [ 80 ]. This last set of 
studies demonstrates that, on the basis of their pro-infl ammatory properties, some 
miRNAs contribute to the development of diabetic atherosclerosis.  

4.3     Vessel Remodeling 

 Vessel remodeling is a common feature of cardiovascular diseases and vascular dys-
function that involves the aberrant growth and proliferation of vascular cells and 
rearrangement of the extracellular matrix. miRNAs are involved in VSMC prolif-
eration and hypertrophy, leading to vessel remodeling [ 81 ,  82 ]. In a recent study 
[ 83 ], miR-208 was shown to mediate insulin-induced VSMC proliferation through 
the downregulation of the cell-cycle regulator protein p21, suggesting a role of this 
miRNA in diabetic neointima formation. In addition, a role of miR-143 and miR- 
145 in the maintenance of the benefi cial contractile VSMC phenotype, and in turn 
in vascular homeostasis, has recently been suggested [ 82 ,  84 – 86 ]. It has been dem-
onstrated that miR-143 and miR-145 control VSMC proliferation, migration, and 
differentiation, as well as overall vessel reactivity [ 87 ]. In fact, overexpression of 
miR-143/145 in VSMCs resulted in signifi cant attenuation of DNA synthesis [ 87 ]. 
In addition, VSMCs isolated from miR-143/145 knockout mice exhibited a 
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heightened migratory response to the platelet-derived growth factor (PDGF) and 
presented decreased levels of the VSMC differentiation markers smooth muscle 
myosin heavy chain and smooth muscle α-actin [ 87 ]. It has also been postulated that 
miR-145 could regulate the atherogenic processes in relationship to plaque formation 
and stability. This hypothesis was recently confi rmed in an atherosclerotic animal 
model, the apolipoprotein E knockout mouse, where a VSMC-targeted overexpres-
sion of miR-145 decreased the risk of plaque rupture by reducing its size and by 
promoting the VSMC differentiation toward the contractile phenotype [ 88 ]. Similar 
conclusions were made from studies that focused on the role of miR-133 in vascular 
physiology [ 89 ]. Adenoviral transfection of miR-133 in rat carotid aorta led to a 
reduction of neointima formation, VSMC proliferation, and the phenotypic switch 
from the contractile to the synthetic state after balloon injury, all of these via the 
repression of the transcription factor Sp-1, a mediator of smooth muscle gene expression 
[ 89 ]. Therefore, given the altered expression of multiple miRNAs in diabetes, it can 
be postulated that miRNAs represents potential targets for the modulation of diabetic 
atherosclerosis as they can interfere with endothelial dysfunction, infl ammatory 
processes, and vessel remodeling.  

5     DNA Methylation in Diabetic Cardiovascular 
Complications 

 The DNA methylation process has not been very well explored in the context of dia-
betic cardiovascular complications; however, in addition to genome-wide studies that 
have attempted to characterize the DNA methylation signatures in diabetes and to 
establish a correlation with the risk of diabetic nephropathy in patients with type 1 diabe-
tes [ 17 ], few studies have also associated DNA hypomethylation with atherosclerosis 
in human atherosclerotic smooth muscle cells as well as in obese animal models such 
as high-fat-fed rabbits and ApoE null mice [ 90 – 92 ]. Normal chow-fed mice ApoE null 
mice were also shown to exhibit altered DNA methylation patterns in leukocytes before 
the onset of atherosclerosis [ 93 ]. Furthermore, global DNA methylation in peripheral 
blood leukocytes from patients with chronic kidney disease was associated with infl am-
mation and increased mortality, suggesting the involvement of DNA methylation state 
in the exacerbation of kidney disease and related vascular disorders [ 94 ]. An alteration 
in the DNA methylation of several vascular homeostasis-relevant genes such as 
c-fos, p53, matrix metalloproteinase, endothelial nitric oxide synthase, hypoxia-
induced factor 1, and growth factors has been reported in VSMCs and endothelial 
cells isolated from animal models, suggesting a role of these modifi cations in the 
development of vascular dysfunction [ 25 ,  95 ]. Although a direct role of DNA meth-
ylation in diabetes and its complications remains unclear, studies using animal mod-
els have implicated increased methylation at key gene promoters in islet dysfunction 
and diabetes [ 96 ,  97 ]. However, no differences in DNA methylation have been 
noticed at the promoters of high glucose-induced genes in streptozotocin-induced 
type 1 diabetic rats [ 18 ,  98 ], suggesting further studies are required to better 
enlighten the role of this epigenetic process in diabetes-associated disorders.  
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6     Conclusions 

 Epigenetic modulation of gene expression focused on the effect of DNA methylation 
and histone modifi cations has been studied for a long time in the context of cancer. 
However, it is only recently that there has been a surge of interest in investigating the 
involvement of epigenetic pathways in the pathogenesis of vascular dysfunction in 
diabetes. As a result, evidence has accumulated to show that histone acetylation, 
methylation, and miRNA-induced processes modulate the expression and function 
of the genes that are linked to ROS generation, infl ammation, cell- cycle regulation, 
migration, proliferation, and other proatherogenic events (Fig.  1 ). Nevertheless, 
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Endothelial dysfunction
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DIABETIC VASCULAR COMPLICATIONS
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  Fig. 1     Schematic model depicting the interplay between hyperglycemia, reactive oxygen species, 
and epigenetic events in diabetes-associated vascular complications . Diabetes/hyperglycemia pro-
motes redox signaling through an increase in the generation of reactive oxygen species ( ROS ). 
ROS activity can either be modulated by epigenetic events that result from hyperglycemia or exac-
erbate them, leading to alterations in the expression and function of the genes that are linked to 
ROS generation, infl ammation, cell-cycle regulation, migration, proliferation, and other proathero-
genic events. The consequences of these events are activation of the proinfl ammatory cascades in 
the vessel wall as well as the impairment of endothelial and vascular smooth muscle physiology, 
both contributing to aberrant vascular functions       
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more in-depth studies on the epigenetic modifi cations in the vascular system of 
various experimental models of diabetes and in humans are needed to precisely 
establish a role of these modifi cations in the pathogenesis of vascular dysfunction 
associated with diabetes.
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    Abstract     Diabetes mellitus is a disorder resulting from a lost in control of blood 
glucose level by insufficient insulin release (type 1), impaired insulin function, 
or insulin resistance (type 2). The main etiology for mortality and a great percent of 
the morbidity in patients with diabetes is cardiovascular disease. In addition to 
hyperglycemia, enhanced oxidative stress plays a major role in the pathogenesis of 
diabetes. Although reactive oxygen species (ROS) are known to be mediators of 
intracellular signaling pathways under physiological conditions, excessive produc-
tion of ROS can be detrimental to the cells as a result of increased oxidative stress 
and thereby cellular dysfunction. Hence, well-tuned, balanced, and responsive anti-
oxidant systems are vital for proper regulation of the redox status of the cells. 
Studies have reported valuable effects of antioxidant agents, including trace ele-
ments, on diabetes-induced cardiovascular system dysfunctions, either directly or 
indirectly. Thus, several approaches have been carried out to either diminish an 
elevated ROS production or improve the endogenous levels of antioxidants. Indeed, 
reduced fatty acid oxidation and use of trace elements in treatment strategies result 
in promising prevention hints for diabetes-induced cardiovascular dysfunctions. 
Our scope here is to review the important role of antioxidants, particularly sele-
nium, as cardioprotective agents in several types of disease states including diabe-
tes, presenting our research results on cardiac function by using experimental 
animal models for  diabetes. Although the paradigm that inhibiting overproduction 
of superoxides and peroxides would prevent cardiac dysfunction diabetes-induced 
damage has been diffi cult to verify using conventional antioxidants such as sele-
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nium, of special note is that its role as hyperglycemia controller, insulin sensitizer, 
or antioxidant therapy remains to be further explored as well as the effect of hypo-
lipidemic therapy.  

  Keywords     Diabetes   •   Oxidative stress   •   Antioxidants   •   Action potential   •   Ion channels   
•   Contraction   •   Selenium  

1        Introduction 

 The word  diabetes  is derived from Latin  diabētēs , which in turn comes from Ancient 
Greek  diabētēs  as a combination of dia (= through) and bainein (= to go). Diabetes 
in that language literally means “a passer    through” with the intended meaning 
“excessive discharge of urine” as the name for the disease. Diabetes mellitus became 
known as a disease of pancreatic insuffi ciency or failure when scientists (Minkowski 
in the 1880s and later Banting and Best in the 1920s) modelled this condition in 
dogs by removing a part of or the entire pancreas. 

 Diabetes Mellitus or shortly diabetes is a condition that occurs when the body 
cannot use glucose (a type of sugar) normally. Glucose is the main source of energy 
for the body cells. The levels of glucose in the blood are controlled by a hormone 
called insulin, which is made by the pancreas. Insulin helps glucose enter the cells. In 
diabetes, the pancreas does not make enough insulin or the body does not respond 
normally to the insulin that is made; this causes glucose levels in the blood to rise, 
leading to symptoms such as increased urination, extreme thirst, and unexplained 
weight loss. Hyperglycemia, or elevated blood sugar, is a common effect of 
 uncontrolled diabetes and over time leads to serious damage to many systems of the 
body, especially the cardiovascular system. 

 The classifi cation of diabetes and the tests used for its diagnosis were brought 
into order by the National Diabetes Data Group of the United States and the second 
World Health Organization Expert Committee Diabetes Mellitus on in 1979 and 
1980. Apart from minor modifi cations by WHO in 1985, little has been changed 
since that time. There is, however, considerable new knowledge regarding the etiology 
of different forms of diabetes as well as more information on the predictive value of 
different blood  glucose values for the complications of diabetes [ 1 ]. 

 This group of metabolic disorders is characterized by hyperglycemia resulting 
from defects in insulin secretion or insulin action. Besides hyperglycemia, several 
other factors such as hyperlipidemia and enhanced oxidative stress play a major role 
in pathogenesis of diabetes. The disease is progressive and is linked with a high risk 
of complications [ 1 ]. Diabetes results from one of two mechanisms: (1) inadequate 
production of insulin (which is made mainly by the pancreas) and (2) inadequate 
sensitivity of cells to the action of insulin. Two main types of diabetes correspond to 
these two mechanisms, called insulin-dependent (type 1) and non-insulin-dependent 
(type 2) diabetes. In type 1 diabetes, there is either no insulin or not enough insulin 
for the cells. In type 2 diabetes, there is generally enough insulin but the cells upon 
which it should act are not normally sensitive to its action. The signs and symptoms 
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of both types of diabetes include, generally, increased urine output and decreased 
appetite, as well as general fatigue in the entire body of the subjects. 

 It is well accepted that hyperglycemia increases the production of reactive oxygen 
species (ROS), alters the cellular redox status, and causes rapid changes in mem-
brane function, followed by contractile dysfunction within weeks in the diabetic heart 
[ 2 – 6 ]. Signifi cant increases in oxidants trigger a cascade of pathological events, including 
contractile dysfunction [ 5 ,  6 ]. Oxidative stress, being an imbalance between endoge-
nous ROS and antioxidant systems in favor of the former, is involved in the etiology 
of diabetes-induced downregulation of heart function. Moreover, there is a close 
relationship between impaired insulin signaling and alteration in the heart function 
via the depressed endogenous antioxidant defense mechanism [ 5 – 7 ].  

2     Signs and Symptoms of Diabetes in Humans 

 Both type 1 and type 2 diabetes are multifactorial diseases in which a very complex 
genetic background interacts with environmental factors contributing to the disease 
development [ 8 ]. The symptomatology of diabetes is more readily recognizable in 
children than in adults. Diabetes is a great imitator: infl uenza, gastroenteritis, and 
appendicitis are the conditions more often diagnosed, only to fi nd that the disease is 
certainly diabetes. The sequence of chemical events can be summarized as polyuria, 
polydipsia, polyphagia, progressive cachexia, glucosuria, and increased specifi c 
gravity of urine. These events result in hyperglycemia and acidosis, which in turn 
produce the three “polys” of diabetes—polyphagia, polydipsia, and polyuria—the 
cardinal symptoms of the disease. In non-insulin-dependent diabetes, the insulin val-
ues are found to be increased, and there is often tiredness and frequent infections in 
the subjects [ 9 ]. 

 The epidemic proportion of people with diabetes is alarming, and it has been 
estimated that by the year 2025, 300 million people will become affected by the 
disease [ 10 ]. Among the vast array of secondary problems associated with diabetes, 
cardiovascular complications signifi cantly contribute to increasing rates of morbidity 
and mortality [ 10 ,  11 ]. Nearly 80% of the deaths associated with diabetes are caused 
by cardiac complications [ 12 ,  13 ]. Although previous studies have focused on 
 coronary artery disease and autonomic neuropathy as the primary cardiac com-
plication, during the past 40 years, diabetic cardiomyopathy has also been identifi ed 
as a signifi cant entity [ 14 ,  15 ]. 

 Cardiac dysfunction in diabetic patients, named diabetic cardiomyopathy, was 
introduced fi rst by Rubler et al. in 1972 [ 14 ]. Following the topic orientation of 
many researchers, a typical defi nition includes structural and functional abnormalities 
in the myocardium of diabetic patients without coronary artery disease or hyperten-
sion [ 16 ]. In addition, it is known that diabetic cardiomyopathy can also be 
developed in diabetic patients parallel to coronary artery disease and/or hyperten-
sion in the same subjects. Indeed, diabetes is also accompanied by an extensive 
increase in atherosclerotic pathology of the large vessels, including cardiac, cere-
bral, and peripheral vascular systems, named cardiovascular diseases. 
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 Diabetes has serious and compelling effects on the human cardiovascular system 
by hyperglycemia-induced damage in a number of organs/tissues/cells via a number 
of pathways. Indeed, these processes do not develop independently; each process can 
accelerate or worsen the states of the others. As mentioned previously, a diabetes-
specifi c cardiac dysfunction or diabetic cardiomyopathy leads generally to inability of 
the heart to circulate blood effi ciently, which is defi ned as heart failure. Later, diabetic 
cardiomyopathy can culminate in both pulmonary and peripheral edema. For the 
majority of diabetic patients, the earliest sign of cardiac dysfunction is a mild left 
ventricular diastolic dysfunction with little effect on ventricular fi lling. They may also 
show subtle signs of diabetic cardiomyopathy related to decrease in left ventricular 
compliance, left ventricular hypertrophy, or a combination of both syndromes. 
Following the development of systolic dysfunction, left ventricular dilation and symp-
tomatic heart failure generally develop in diabetic patients [ 14 ,  17 ]. The 60% of 
patients with diabetic cardiomyopathy are accompanied by a variety of electrocardio-
graphic changes with or without structural damages in the heart tissue. Later in the 
sequence, a prolonged QT interval may indicate fi brosis. Although the defi nition of 
diabetic cardiomyopathy excludes concomitant atherosclerosis or hypertension, there 
are no changes in perfusion or in atrial natriuretic peptide levels until the very late 
stages of the disease [ 17 ] when hypertrophy and fi brosis become very pronounced. 

 Functional assessment of diabetic cardiomyopathy is determined by ventricular 
dilation, cardiomyocyte hypertrophy, prominent interstitial fi brosis, and decreased 
or preserved systolic function in the presence of a diastolic dysfunction. Even 
though these complications are secondary outcomes for diabetes, they are also 
related mainly to hyperglycemia as well as several other factors implicated in the 
pathogenesis of this disease. Indeed, the etiology of diabetic cardiomyopathy may 
include (a) microangiopathy and related endothelial dysfunction, (b) autonomic 
neuropathy, (c) metabolic alterations that consist of abnormal glucose use and 
increased fatty acid oxidation, (d) generation and accumulation of free radicals, and 
(e) alterations in ion homeostasis, particularly intracellular Ca 2+  regulation. 

 Among many other suggestions, it is hypothesized that extracellular hyperglyce-
mia leads to intracellular hyperglycemia in endothelial cells unable to regulate their 
glucose uptake. Furthermore, in contrast to myocytes, endothelial cells do not have 
mechanisms allowing them to internalize their glucose transporter. Together with 
this the enhanced intracellular glucose concentration is nearly 4-fold, all resulting 
from increasing concentration of glycolytic intermediates upstream of the rate- 
limiting glyceraldehyde-3-phosphate reaction, which is inhibited by mechanisms 
activated by increased free radical formation, as a common procedure in diabetes 
[ 18 ]. Another research in this fi eld focused on lipid oxidation in the pathogenesis of 
diabetic cardiomyopathy, resulting in increased oxidized LDL cholesterol in patients, 
would seem to provide a rationale for antioxidant therapy [ 19 ]. Both observational 
and epidemiologic studies have suggested that persons with high plasma levels of 
antioxidants have lower rates of coronary heart disease, and an inverse relationship 
has been found between β-carotene and cardiovascular mortality as well [ 20 ].  
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3     Animal Models for Study of Diabetes Mellitus 

 Animal models have enormously contributed to the study of outcomes of this 
 disease as well as giving researchers the opportunity to control in vivo the genetic 
and environmental factors that may infl uence the development of the disease and 
establishment of its complications and thus gain new information about its handling 
and treatment in humans. Although there is much debate about the true value of 
using animal models in the study of diabetes [ 21 ] and the ability of implementing 
an animal-derived therapeutic protocol in clinical use [ 22 ], it must be admitted that 
experimental models are essential tools for understanding the molecular basis, 
pathogenesis of complications, and utility of therapeutic agents in a multifactorial 
disease such as diabetes mellitus [ 23 ]. 

 Animal models can mimic diabetes by either spontaneously or by using chemi-
cal, surgical, genetic, or other techniques, and depict many clinical features or 
related phenotypes of the disease. There are many ways to classify animal models 
of diabetes. Based on methodology, there are three types of experimental models, 
that is, chemical, surgical, and genetic (immunological) modifi cations [ 24 – 26 ]. 
Early studies used pancreatectomized dogs to confi rm the central role of the pan-
creas in glucose homeostasis, culminating in the discovery and purifi cation of 
insulin. Today, animal experimentation is conscientious and subject to legal and 
ethical restrictions that vary throughout the world. Most experiments are carried 
out on rodents, although some studies are still performed on larger animals. 
Several toxins, including streptozotocin (STZ) and alloxan (ALL), induce hyper-
glycemia in rats and mice. Selective inbreeding has produced several strains of 
animals that are considered reasonable models of type 1 diabetes, type 2 diabetes, 
and related phenotypes such as obesity and insulin resistance. Apart from their 
use in studying the pathogenesis of the disease and its complications, all new 
treatments for diabetes, including islet cell transplantation and preventative strate-
gies, are initially investigated in animals. In recent years, molecular biological 
techniques have produced a large number of new animal models for the study of 
diabetes, including knock-in, generalized knockout, and tissue-specifi c knockout 
mice. The surgical method is based on the partial or complete removal of the pan-
creas (pancreatectomy). Genetic models of diabetes include either spontaneously 
developed diabetic rats or genetically engineered mice. 

 Among the animal models, a chemical-induced model appears to be the most 
popularly used procedure because less technical expertise (compared to surgical 
method) is required, with a low less infection risk, more animals survive, and 
application of the chemicals to animals can be friendly. For an example, follow-
ing a single dose of STZ administration, experimental animals (rats or mice) 
should be housed for 5–7 days for full induction of diabetes. On the other hand, 
once a model is established, it can be used for studies of diabetes-induced com-
plications in different organs, tissues, or cells, including cardiovascular diseases 
in the same animals. 
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 As a summary, rodents are commonly used models for testing the new 
 pharmacologically active substances, not only in the context of transplantation 
(immunosuppressive), but also with regard to therapy or prevention of human dis-
eases. Rats and mice are commonly used in safety and effectiveness testing of new 
orally active compounds. Moreover, for more than 50 years, investigators have 
unsuccessfully tried to recreate the cardiovascular complications of diabetes in 
experimental animals. Particularly, accelerated atherosclerosis and dilated cardiomy-
opathy, the major causes of mortality in patients with diabetes, have been con-
spicuously absent in many murine models of the disease. Under the auspices of 
the NIH, the Animal Models of Diabetic Complications Consortium has worked to 
address this issue [ 27 ]. Finally, for maximum benefi ts from these animal models in 
the study of cardiomyopathy, atherosclerosis, and other diabetic complications, a 
system is needed for sharing both animal models and accumulated phenotypic data 
with the greater scientifi c community.  

4     Relationship Between Oxidative Stress/Antioxidant 
Defense and Hyperglycemia 

 Oxidative stress contributes to the development of a wide range of diseases including 
cardiovascular diseases, the pathologies caused by diabetes [ 28 – 32 ]. Oxidative 
stress is caused generally by an inequality between the production of reactive oxygen 
species and the biological system’s ability to readily detoxify the reactive intermedi-
ates or easily repair the resulting damage. There are many sources for generation of 
the reactive oxygen species (ROS) within the cardiomyocyte, such as mitochondrial 
electron transport chain-derived ROS, NADPH oxidase-derived ROS, uncoupled 
nitric oxide (NO) synthases, NOS, xanthine oxidase induced ROS, and enzyme 
systems of mitochondria in addition to electron transport systems such as 2-oxoglu-
tarate, pyruvate dehydrogenase, and fl avoprotein acyl-CoA dehydrogenase [ 33 ,  34 ]. 
Apart from the increased ROS production, decreased system ability can also be a 
cause of increased oxidative stress in cardiomyocytes. A sophisticated enzymatic 
and nonenzymatic antioxidant defense system including catalase (CAT), superoxide 
dismutase (SOD), and reduced glutathione (GSH) counteracts and regulates overall 
ROS levels to maintain physiological homeostasis in the cells. 

 Considering the high energy needs of cardiomyocytes, it is generally accepted 
that the mitochondria are the main source of ROS during homeostasis. In fact, 
mitochondria have many biochemical properties that favor the organelles as per-
manent producers of ROS. This source of ROS is thought to be generated mainly 
at complexes I and III of the electron transport chain (ETC), mitochondrial one- 
electron carriers, through “leakage” during respiration [ 34 – 36 ]. The important 
point here is that mitochondrial ROS levels are infl uenced not only by the ROS 
generation rate but also by ROS-scavenging systems. In this regard, there is close 
linkage and cross-talk between the redox couples involved in substrate oxidation 
and the ETC (i.e., NADH/NAD + ) and those involved in antioxidant defense 
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through NADPH- regenerating reactions that maintain reduced pools of glutathione, 
glutaredoxin, and thioredoxin, that is, NADPH/NADP +  [ 37 ]. Generation of 
NADPH as the oxidative part of the pentose phosphate pathway has been proposed 
as a fuel for NADPH oxidase and sustained ROS production in the heart [ 38 ]. 
Among many others, hyperglycemia-induced ROS production via the NADPH 
oxidase pathway is a well- documented situation for both cardiac and endothelial 
cells [ 39 ,  40 ]. 

 Increased production of mitochondrial ROS by hyperglycemia is recognized as a 
major cause of the clinical complications associated with diabetes and obesity [ 41 ]. 
The metabolic abnormalities of diabetes cause mitochondrial superoxide overpro-
duction in endothelial cells of both large and small vessels, as well as in the myo-
cardium. This increased superoxide production causes the activation of fi ve major 
pathways involved in the pathogenesis of complications: polyol pathway fl ux, 
increased formation of advanced glycation end products (AGEs), increased expres-
sion of the receptor for AGEs and its activating ligands, activation of protein kinase 
C isoforms, and overactivity of the hexosamine pathway. It also directly inactivates 
two critical anti-atherosclerotic enzymes, endothelial nitric oxide synthase and 
prostacyclin synthase [ 42 ].  

5     Redox Status and Excitation–Contraction 
Coupling in Heart Under Hyperglycemia 

 Hyperglycemia is a major etiological component in the development of diabetic car-
diomyopathy and is known to promote the production of reactive oxygen species 
(ROS) and reactive nitrogen species (RNS), and to deplete antioxidant mechanisms in 
many cell types. Increasing evidence indicates that oxidative stress contributes mark-
edly to the alterations observed during diabetes [ 43 ]. Activities of enzymes that play 
important roles in antioxidant defense mechanisms of the cells, including GR, GSHPx, 
glutathione-S-transferase, GST, glucose-6-phosphate dehydrogenase (G6PD), and 
thioredoxin, TRX-P, decreased signifi cantly in the diabetic rat heart [ 44 ]. It should be 
noted that some previous studies reported that both the levels and activities of the 
antioxidant enzymes G6PD, 6-phosphogluconate dehydrogenase (6PGD), GR, 
GSH-Px, and CAT, but not GST, are increased in the diabetic heart [ 45 ,  46 ]. 

 Diabetes alters the activity and expression of nitric oxide synthase (NOS) [ 47 ]. 
Furthermore, it was recently reported that an increase in ROS activity can upregu-
late nitric oxide synthase, NOS expression in vitro and also in vivo. This effect 
appears to be, in part, mediated by limiting the availability of NO, thereby exerting 
a negative feedback infl uence on NOS expression through activation of nuclear 
 factor kappa B, NF-κB [ 48 ]. In the past decade, evidence indicating upregulation 
of the cardiac renin-angiotensin system (RAS) in the diabetic heart is continuing 
to accumulate [ 49 ]. Ang II, via AT1 receptor stimulation, is also suggested to 
increase the production of free oxygen radicals [ 50 ,  51 ] and to activate NAD(P)H 
oxidase enzymes that may generate superoxide anions such as O 2  −  in various tissues 
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including the heart [ 50 – 52 ]. AT1 receptors also activate PKC, as was found in the 
diabetic heart [ 53 ]. Supportingly, Fiordaliso et al. [ 49 ] also observed elevated myo-
cyte death associated with upregulation of RAS in the diabetic heart as well. 

 Activation of the RAS, and subsequent signaling through the AT1 receptors, 
appears to contribute to the development of diabetic cardiomyopathy [ 54 ]. Tissue 
concentrations of Ang II and AT1 density increase in diabetic rat myocardium [ 55 ]. 
Ang II is well known to increase vascular smooth muscle O 2  −  production by activation 
of a membrane-bound NAD(P)H oxidase. Angiotensin-converting enzyme (ACE) 
inhibitors improve the outcome of heart failure in diabetic patients, even to a greater 
extent than in nondiabetic subjects [ 56 ]. AT1 blockade, as well as NADPH oxidase 
inhibition, protects the heart from enhanced ROS production induced by high glu-
cose levels applied to rat cardiomyocytes. Thus, it has been suggested that diabetes-
related oxidative stress attenuates K +  currents through Ang II-generated increased 
superoxide ion levels [ 57 ]. AT1 blockade restores action potential duration, 
 transient-outward K +  current amplitude, Ca 2+  homeostasis including Ca 2+  transient 
kinetics, SR-Ca 2+  load, spatio-temporal properties of Ca 2+  sparks, and the basal Ca 2+  
level, as well as the β-adrenergic-mediated enhancement of glucose uptake [ 53 ,  58 ]. 
The latter report [ 53 ] further described that these effects were associated with 
reduction of the increased PKC level and oxidized protein thiol level in the 
 membrane fraction of the diabetic rat heart. Interestingly, in STZ-induced diabetic 
rat cardiomyocytes, bosentan, an endothelin-1 receptor inhibitor, induced similar 
recovery effects on K +  current and action potential duration [ 59 ] as well as did spi-
ronolactone, a mineralocorticoid antagonist in male but not in female diabetic rats, 
reported to be associated with a reduction in aldosterone-induced oxidative stress 
[ 60 ]. A recent study also demonstrated that a depressed level of Na +  currents con-
tributed a slowdown in depolarization and depression in maximum amplitude of 
action potential measured in diabetic rat cardiomyocytes [ 61 ].  

6     Role of Antioxidants in Diabetic Complications 

 Increased oxidative stress-induced damage in cells contributes to damage in tissues 
following damage/dysfunction of organs that in turn induces several diseases in 
humans. The paradigm that interrupting the overproduction of superoxide radicals 
and hydrogen peroxides would normalize most alterations that contribute to cardiac 
dysfunction has been diffi cult to accomplish using conventional antioxidants. 
Conventional scavenging antioxidants act on a one-to-one basis whereas 
hyperglycemia- induced overproduction of superoxide radicals is continuous, which led 
to the use of catalytic antioxidants such as SOD/CAT mimetic. Various trials have 
examined developing a possible protective/therapeutic strategy by using different 
types of antioxidants as supplements to diabetic subjects [ 62 – 65 ]. In this sense, 
adherence to a Mediterranean diet (not confounded by genetic or shared environ-
mental factors) [ 66 ] or energy-restricted diets [ 67 ] seems to have benefi cial effects 
on oxidative stress-induced damage. 
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 Selenium, considered as a dangerous poison for a long time, became recognized 
to play a role in biology other than threatening life. Selenium compounds exert their 
biological effects by either directly or being incorporated into enzymes and other 
bioactive proteins. The main two inorganic dietary forms of selenium are sodium 
selenite (Na 2 SeO 3 ) and sodium selenate (Na 2 SeO 4 ). The catalytic pro-oxidant attri-
bute of some selenium compounds appears to account for their toxicity when such 
activity exceeds plant and animal methylation reactions and antioxidant defenses. 
This pro-oxidant activity may also account for cellular apoptosis and is used for 
pharmaceutical application of selenium compounds as antibacterial, antiviral, anti-
fungal, and anticancer agents. In the body, selenium is incorporated into proteins to 
make important antioxidant enzymes called selenoproteins. The antioxidant proper-
ties of selenoproteins help prevent cellular damage from free radicals by scavenging 
them and reducing them to water and other harmless molecules. 

 Patients with diabetes demonstrate signifi cantly lower levels of selenoalbumine 
[ 68 ]. The potential relevance of selenium defi ciency to human health remained for 
long supported only by epidemiological studies, which suggested a protective role 
of selenium against cancer and cardiovascular diseases [ 69 ]. The recommended 
dietary allowance for selenium is 55 μg/day for healthy adults in the U.S., although 
to allow full expression of selenoproteins, an intake of 75 μg selenium/day as sele-
nomethionin is suggested to be an optimal value [ 70 ]. Selenium supplementation 
results in a signifi cant increase in plasma selenium and glutathione peroxidase 
(GSH-Px) activity and decreases lipid peroxidation (LPO) [ 71 – 73 ]. Some reports 
have suggested that selenium may be benefi cial in treating diabetes [ 74 ,  75 ]. 
Other studies indicate that selenium supplementation has no overall benefi t in pre-
vention of cardiovascular diseases [ 76 ], or even that high serum selenium levels 
were positively associated with the prevalence of diabetes [ 77 ]. 

 Vitamin E as a lipid-soluble antioxidant mainly scavenges oxidized products that 
result from damaged molecules by hydroxyl radicals and peroxinitrite. However it 
does not provide protection against the damage of these molecules (key enzymes, 
lipids, and DNA). In randomized clinical trials, vitamin E did not provide signifi cant 
benefi t [ 78 ,  79 ]. 

 In the fi rst of these studies, in (n-3) polyunsaturated fatty acids (PUFA), omega-3 
was shown to lower cardiovascular death signifi cantly. Increasing evidence related 
to increased consumption of PUFA benefi ting subjects without adversely affecting 
glucose control has prompted the American Diabetes Association to recommend the 
consumption of fi sh. Experimentally, a regimen including omega-3 together with 
vitamin E given to STZ-induced diabetic rats caused almost complete normalization 
of the antioxidant defense enzymes. This regimen also caused signifi cant recovery of 
the left ventricular developed pressure by normalizing the lengthening of relaxation 
in male rats, although it had little effect in females [ 44 ]. 

 Alpha-lipoic acid is a disulfi de compound that functions as a coenzyme in pyru-
vate dehydrogenase and α-ketoglutarate dehydrogenase mitochondrial reactions, 
leading to the production of cellular energy. α-lipoic and its reduced form, dihydro-
lipoic acid, reduce oxidative stress by scavenging a number of free radicals by 
 chelating transition metals in biological systems, by preventing membrane lipid 
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peroxidation and protein damage through the redox regeneration of other antioxidants 
such as vitamin C and E, and by increasing intracellular glutathione. Specifi cally, in 
STZ-induced diabetic female rats, α-lipoic acid normalized the reduced SOD activity 
in heart after 14 days of treatment [ 80 ]. 

 Aldose reductase (AR) has been implicated in the pathogenesis of various dia-
betic complications. It catalyzes the reduction of aldehydes, including the adehylde 
form of glucose using NADPH as a cofactor, initiating the polyol pathway that 
elicits an increased NADH/NAD +  ratio. At the early stage of hyperglycemia in the 
STZ-induced diabetic mouse model, AR activity was markedly increased. AR pos-
sesses a redox-sensitive cysteine residue that modulates the enzyme activity. Thus, 
 N -acetyl- l -cysteine (NAC), a precursor of GSH, increases the GSSH/GSSG ratio 
along with a decrease in thiobarbituric acid-reactive substances, TBARS [ 81 ]. 
In fact, the levels of GSH in STZ-induced or insulin-dependent diabetic rats are 
elevated in the heart, suggesting that the cardiac tissue exposed to ambient high 
glucose may initiate a defense response by enhancing its antioxidant systems. 
Augmented activities of antioxidative enzymes such as SOD, CAT, and GSH-Px 
were also documented at an early stage of diabetes without any changes in TBARS 
[ 82 ]. More recently, this was also shown for the protein expression of Cu-Zn-SOD, 
heme oxygenase-1, and total SOD activity although manganese-superoxide dis-
mutase (MnSOD or SOD2) activity was clearly reduced [ 83 ,  84 ]. NAC treatment 
prevented the increased expression of Cu-Zn-SOD and HO-1 whereas the reduced 
left ventricular developed pressure and rate of relaxation were only partially 
compensated. 

 Patients having type 1 diabetes have an elevated red blood cell malondialde-
hyde (MDA) level, which is a good candidate as an oxidative stress biomarker, 
together with an increased blood ketone level [ 85 ]. Furthermore, red blood cells 
incubated with ketones were found to have increased production of hydroxyl radi-
cals, membrane lipid peroxidation, and reduced cellular GSH levels. These effects 
of ketones were signifi cantly suppressed by incubation with antioxidants (such as 
vitamin E, NAC). De Mattia and coworkers in their clinical trials have shown that 
the plasma vascular cell adhesion molecule (VCAM)-1 was higher in type 1 dia-
betic patients compared to healthy individuals and that administration of NAC 
 signifi cantly prevented this increase [ 86 ]. In view of the VCAM-1 contribution to 
deep vein thrombosis and atherosclerosis [ 87 ], it is highly probable that antioxi-
dants can prevent diabetes- induced vascular disease through inhibition of VCAM-1 
production. 

 Although many antioxidants have been shown to exert positive effects in experi-
mental cardiovascular complications, their benefi cial actions in clinical trials are 
seen to be controversial [ 88 ]. These controversies can arise from identifying the 
effective dose and determining the effi cacy of antioxidants without checking blood 
oxidant levels. It is becoming evident that for the patients having cardiovascular 
complications antioxidants may not be able to preserve the pathological changes. 
Among the applications of antioxidants either separately or with their combination 
treatments, literature data represent promising results with resveratrol supplementa-
tion [ 89 – 91 ]. This antioxidant, reducing blood cholesterol, seems to prevent and 
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retard the development of atherosclerosis and coronary heart diseases related to 
diabetes. From the clinical trials, it can be recommended that antioxidants have the 
potential to serve as adjuncts to therapeutic approaches for attenuating the progression 
of diabetes-induced cardiovascular disorders.  

7     Selenium Effects on the Control of Cardiac 
Activity in Diabetic Samples 

 Selenium provides a classic example of dichotomy of effects and has generated 
concerns at both ends of its supplement spectrum. Selenium compounds are known 
to play an antioxidant role. However, selenium may have opposite effects [ 92 ]. 
Thus, although selenium at low essential levels (about nM ranges) is required for 
synthesis of redox active selenoenzymes such as GSH-Px and Trx-R, at higher toxic 
levels (>5–10 mM) selenite can react with essential thiol groups on enzymes to 
form RS–Se–SR adducts with resultant inhibition of enzyme activity. Also, toxic 
effects could be directly or indirectly related to increased endogenous release of 
hydrogen peroxide [ 93 ], or to a reduced binding of NF-kB to a nuclear responsive 
element [ 94 ]. 

 Sodium selenite supplementation for 4 weeks to control rats increased blood 
glucose and lowered plasma insulin [ 95 ]. GSH-Px but not SOD activity was 
increased, leading to a signifi cant increase (70%) in GSSG level associated with a 
limited decrease in GSH. This treatment also caused a slight prolongation in action 
potential with no signifi cant effect on spontaneous contraction parameters or intra-
cellular Ca 2+  transients.  L -type Ca 2+  current or transient K +  current kinetics, but not 
density, showed marked alterations, resulting in ≈50% increase or decrease in total 
charges carried by Ca 2+  or K +  currents, respectively, of the selenium- supplemented rat 
cardiomyocytes [ 95 ]. 

 The classical idea that selenium is toxic to the heart at levels higher than available 
in a balanced diet is not always supported by experimental work. In a study on rat 
papillary muscles, it was shown that selenite applied in the millimolar range had 
biphasic contractile effects [ 96 ]. The initial transient increase in force, attributable 
to Ca 2+  sensitization of the myofi laments, is later on counterbalanced by a reduction 
of the Ca 2+  currents and Ca 2+  transients associated with increased diastolic Ca 2+  
level. These effects occurred mainly through oxidative alteration of protein thiols as 
the disulfi de-reducing agent, DTT, restored control observations. These cardiomyo-
cytes acutely exposed to selenite demonstrate signifi cant decreases in both GSH and 
 protein thiol levels [ 96 ]. The increase in resting tension and decrease in contractile 
force induced by selenite were protected by adding ATP to the bathing solution [ 97 ]. 
Furthermore, millimolar selenite, by reducing the Na +  current, shortens the action 
potential recorded on rat isolated papillary muscles, without affecting resting mem-
brane potential [ 98 ]. 

 Experimental studies showed that in STZ-induced diabetic rats, daily sodium 
selenate treatment reduced or normalized high blood glucose level and restored left 
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ventricular pressure parameters without any positive effect on low insulin level [ 99 ]. 
Either selenite or selenate, or NAC treatment could prevent the loss of myofi brils 
and Z-lines, the reduction of cardiomyocyte diameter and the alterations of the 
 discus intercalaris  seen in heart tissue of diabetic rats [ 100 ] as seen also Fig.  1 .

   Sodium selenite treatment reversed the prolongation in both action potential 
duration and twitch duration of the diabetic rats by restoring both fast transient, I to  and 
sustained, I ss  K +  currents [ 4 ], whereas treatment of cardiomyocytes from diabetic 
rats with GSH, similar to insulin application, have been shown to upregulate I to  
density [ 3 ]. Sodium selenite treatment of the diabetic rats caused a signifi cant nor-
malization of cationic homeostasis. Thus, selenite treatment restored basal [Zn 2+ ]  i   
and [Ca 2+ ]  i   values and normalized Ca 2+  transients of cardiomyocytes isolated from 
diabetic rats [ 5 ]. Similarly, in a later study, we showed that either sodium selenate 
or omega-3E treatment of diabetic rats for 4 weeks prevented the diabetes- induced 
depression in left ventricular developed pressure as well as the rates of changes in 
the developed pressure. Moreover, these treatments reduced the diabetes- induced 

  Fig. 1     Effect of antioxidant treatment on diabetes-induced ultrastructural alterations in cardiac 
tissue .  Irregular  and  thickened  Z-lines ( Z ) of myofi bers, and loss of cristae and a granular matrix 
in mitochondria ( M ), were observed in diabetic left ventricular part of heart ( a ,  c ) whereas these 
alterations were found to be normal in appearance in either sodium selenate- or  N -acetyl- l -cysteine 
(NAC)-treated rat heart samples ( b  and  d , respectively).  a ,  c  ×4,646;  b, d  ×12,930       
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increase in myocardial oxidized protein sulfhydryl and nitrite concentrations, 
besides normalization of the reduced TnI and α-actinin protein levels, as well as 
protected the heart against diabetes-induced depression in β-adrenergic-receptor 
responses [ 101 ,  102 ]. A schematic of preventive effects of selenium treatment on 
diabetes-induced cardiac dysfunction is summarized in Table  1 .

   The authors postulated that during ischemia–reperfusion procedure, polyol 
 pathway  activity increases the NADH/NAD −  ratio, leading to the activation of 
protein kinase C (PKC) and inhibition of Na + /K + -ATPase activity. Because the 
NADH/NAD −  ratio is also increased in high glucose-treated hearts because of 
polyol pathway activity, activation of PKC and reduction of Na + /K + -ATPase activ-
ity might be a potential contributory factor for abnormal Ca 2+  signaling in hearts 
exposed to hyperglycemia. Presently, no data are available in cardiac tissues; 
however, it was reported that selenium supplementation resulted in a complete 
normalization of the Na + /K +  pump activity in diabetic aorta homogenates [ 103 ].  

8     Conclusions 

 Diabetes mellitus is a disorder resulting in impaired control of blood glucose 
 levels by either impaired insulin release (type 1) or impaired insulin function or 
insulin resistance (type 2). Selenium has been reported to exert insulin-like cel-
lular functions both in vivo and in vitro. Addition of selenium as sodium selenate 
to isolated primary rat adipocytes stimulated glucose transport [ 104 ]. In STZ-
induced diabetic rats, sodium selenate was shown to improve glucose homeostasis 
[ 105 ]. However, insulin release in response to a glucose challenge is markedly 
reduced in selenate-treated normal rats but not selenium-treated diabetic rats, 
although selenium potentially promotes an overall improvement in islet function 
[ 106 ]. It has been demonstrated that selenium stimulates glucose transport and 
anti-lipolysis by stimulating the tyrosine kinases involved in the distal signaling 
of the insulin signaling cascade but independent of insulin receptor activation 
[ 107 ]. Thus, selenium exerts both insulin-like and non-insulin- like actions in 
cells. It is evident that a critical balance in the ratio of oxidants to antioxidant 
defense system is involved in a wide array of cellular functions in almost all 
organisms under different pathological conditions including hyperglycemia. 
Antioxidants, therefore, have pivotal importance for cellular functioning ranging 
from maintenance of redox status to cellular  signal transduction. However, as 
outlined in this review, it is evident that we are quickening our pace toward better 
ideas in using the antioxidant system and its related molecules as potential thera-
peutic targets for the treatment of a number of diseases such as cardiovascular 
diseases in diabetes. 

 To conclude, although the importance of selenium for heart physiology is known, 
its dietary supplementation has been popularized for its benefi cial effects in general 
health. Much work is still needed to understand its multiple effects and the numerous 
pathways that are implicated.     
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    Abstract     Cardiovascular disease is a major cause of morbidity and mortality in 
patients with diabetes mellitus. Studies by others and ourselves have implicated 
aldose reductase (AR) as a key player in mediating diabetic cardiovascular compli-
cations. Findings by us and others demonstrate that increased fl ux via AR in 
diabetics perpetuates increased injury after myocardial infarction, accelerates 
atherosclerotic lesion formation, and promotes restenosis via multiple mechanisms. 
Taken together, these fi ndings place AR in the center of biochemical and molecular 
stresses that characterize the cardiovascular complications of diabetes. Blockade of 
AR-dependent signaling may hold the key to interrupting cycles of cellular pertur-
bation and tissue damage in diabetic cardiovascular disease.  

  Keywords     Aldose reductase   •   Aldose reductase inhibitor   •   Sorbitol dehydrogenase   
•   Reactive oxygen species   •   Advanced glycation end products   •   Protein kinase C   • 
  Diacyl glycerol   •   4-Hydroxy nonenal   •   Mitochondrial permeability transition pore   
•   Ischemia/reperfusion   •   Malondialdehyde   •   Receptor for advanced glycation end 
products  

1        Introduction 

 Diabetes mellitus (DM) is a chronic disease affecting a large population of the 
world; it is estimated that 300 million people will be diagnosed with DM by the year 
2050. Patients with diabetes have an increased risk of mortality as a result of heart 
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failure in the absence of coronary heart disease (CAD). Cardiac complications 
that arise from macrovascular and microvascular diseases are the major causes of 
morbidity and mortality in patients with diabetes [ 1 ]. A large body of literature from 
both experimental and clinical data illustrates the cardiac structural and functional 
changes that occur as a result of DM in the absence of CAD and hypertension. 
Several pathophysiological mechanisms have been proposed to contribute to 
diabetic complications, including protein kinase C (PKC) activation, increased 
fl ux via the polyol/aldose reductase pathway, formation of advanced glycation end 
products (AGEs), disruption of the mitochondrial respiratory chain, and increased 
reactive oxygen species (ROS) production [ 2 ]. However, glucose metabolism via 
the polyol/aldose reductase (AR) pathway has been proposed as a major contributor 
to the consortium of diabetic complications that occur (Fig.  1 ).

   The primary focus of this chapter is on AR, the fi rst and rate-limiting enzyme of 
the polyol pathway that channels the entry of excess glucose into the cytosol of 
cardiovascular cells. We present evidence that glucose fl ux through AR plays a 
central role in mediating diabetic cardiovascular complications, with reference to 
ischemia–reperfusion injury, atherosclerosis, and restenosis. Finally we discuss the 
clinical application of various AR inhibitors and their benefi cial role in reducing 
these cardiovascular complications in diabetic subjects.  

2     Metabolism Under Normal and Pathological Conditions 

 Understanding myocardial metabolism under normal conditions is critical before 
gaining insight into metabolism under the conditions of diabetes and ischemic 
stress. The heart can oxidize various energy substrates including fatty acids (FA), 

  Fig. 1    Consortium of diabetic complications that occur as a result of increased polyol/aldose 
reductase (AR) pathway       
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glucose, lactate, and ketone bodies to meet its energy demands. Under normal aerobic 
conditions, healthy cardiac tissue preferentially oxidizes FA under beta oxidation, 
a process that yields 70 % of adenosine triphosphate (ATP) production [ 3 ]. The 
remaining 30 % of ATP is generated from oxidation of other substrates including 
glucose, lactate, and pyruvate. The process of beta oxidation is energetically less 
favorable when compared to glucose oxidation because 11–12 % more oxygen is 
consumed per given amount of ATP produced [ 4 ]. Under fasting conditions, FA are 
readily available in the blood stream and undergo beta oxidation. After consumption 
of a meal, insulin levels increase immediately following the increase in blood glucose 
levels. As a result of increased insulin levels, FA oxidation is suppressed and the 
heart switches from utilizing FA to glucose. 

 A substantial amount of evidence exists describing the decreased utilization of FA 
and an increased utilization of pyruvate generated via glycolysis in the ischemic 
heart [ 5 – 7 ]. In a study using radiolabeled tracers, patients with dilated cardiomy-
opathy were found to have FA oxidation reduced by 70 % when compared to healthy 
control subjects [ 6 ]. Several hypotheses aim to explain the switch from FA oxida-
tion under ischemic conditions, and it has been hypothesized that the switch in 
energy substrates occurs to protect the failing heart. The breakdown of myocardial 
glycogen stores that increases blood glucose concentrations as well as rapid trans-
location of GLUT4 transporters to the plasma membrane results in rapid glucose 
uptake by the heart during ischemia. Increased glucose utilization via glycolysis during 
ischemia signifi cantly reduces oxygen consumption while allowing for continued ATP 
production. Despite the reduced production of ATP via glycolysis during ischemia, the 
metabolic switch from FA to glucose oxidation preserves myocardial contractile func-
tion and is critical to rescue damaged tissue. The benefi cial effect of glucose and 
glycolysis to energy production depends on the severity and duration of ischemia. 
If ischemia is severe and prolonged, the positive effects of glycolysis will eventually be 
inhibited by the accumulation of glycolytic by-products. 

 The question of whether the metabolic shift in energy substrate during ischemia is 
adaptive or maladaptive is evolving [ 8 ]. Evidence in a study utilizing heart- specifi c 
lipoprotein lipase knockout (hLpL0) mice demonstrated that after abdominal aortic 
constriction, glucose oxidation alone was insuffi cient to protect the myocardium 
against chronic injury. Under normal conditions, increased pyruvate dehydrogenase 
(PDH) activity resulting in increased glucose oxidation and uptake and decreased 
FA oxidation have been observed in hLpL0 mice. The evidence demonstrating the 
association between negative outcomes and increased FA oxidation during isch-
emia–reperfusion (I/R) have highlighted potential therapeutic strategies that can 
increase glucose oxidation and decrease FA beta oxidation. Carnitine palmitoyl-
transferase-I (CPT-1) is a key enzyme in the process of beta oxidation as it mediates 
the transfer of FA to the mitochondria. Glucose oxidation and PDH activity are also 
infl uenced by  l -carnitine, which also is important in the delivery of FA to the mito-
chondria. Several pharmacological agents, including ranolazine and trimetazidine, 
have been developed that have been shown in some studies to reduce FA beta 
oxidation and improve glucose oxidation. To date, trimetazidine and perhexiline 
remain the most effective pharmacological agents that inhibit FA oxidation and 
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improve myocardial function [ 3 ]. The effects of trimetazidine have been evaluated 
extensively, and studies have shown that it is well tolerated in patients with heart 
failure without affecting blood pressure or heart rate [ 9 – 12 ]. Other pharmacological 
agents including dichloroacetate (DCA) and acipimox, which decrease FA beta 
oxidation, have been tested in clinical trials. DCA, a PDH kinase inhibitor has 
been shown to improve glucose oxidation and myocardial contractility when admin-
istered to patients with heart failure [ 13 ,  14 ]. Use of acipimox in studies has been 
shown to improve glucose oxidation while decreasing FA oxidation [ 15 ]. 
Pharmacological agents that alter energy metabolism in the heart offer exciting new 
methods to treat cardiovascular disorders such as ischemic heart disease. 

 Under normal physiological conditions in which insulin production is suffi cient, 
lipolysis is inhibited. Under diabetic conditions, insulin production is low, thereby 
relieving lipolytic inhibition; this in turn increases circulating free fatty acids that 
inhibit glucose uptake. Additionally, GLUT 4 transporters that mediate glucose 
uptake are decreased, which cumulatively results in impaired glucose metabolism. 
Our studies in the diabetic rat heart have shown that increased AR activity led to 
increases in the NADH/NAD +  ratio [ 16 – 18 ]. Inhibition of AR in this model 
improved cardiac function by lowering the NADH/NAD +  ratio and thus improving 
glucose metabolism under basal and ischemia–reperfusion conditions [ 16 ].  

3     Aldose Reductase (AR) 

 The aldose reductase enzyme, fi rst described in 1956 by Hers, is a member of the 
aldo-keto reductase superfamily [ 19 ]. It is a nicotinamide adenine dinucleotide 
(NAD + ) phosphate (NADPH)-dependent enzyme that catalyzes the conversion of 
glucose to sorbitol in the fi rst, rate-limiting step of the polyol pathway (Fig.  2 ). 
Sorbitol dehydrogenase (SDH) utilizes NAD +  to convert sorbitol to glucose in the 
second part of the polyol pathway (Fig.  2 ). AR is widely expressed in several tissues 
including heart, lens, brain, and kidney [ 20 ,  21 ]. Inagaki et al. [ 22 ] and Grimshaw 
[ 23 ] investigated the glucose anomer specifi city of AR and calculated that AR acts 
on the aldehyde form of  d -glucose with a  K  m  of 0.66 μmol/l; that is, it is a higher 
affi nity substrate than many others. Although AR has a greater preference for glu-
cose as a substrate (binds with a higher affi nity than any other substrate), it has the 
ability to effi ciently catalyze other substrates including retinoids, methylglyoxyl, 
4-hydroxynonenal (4-HNE), and 2-methylpentanal [ 24 – 26 ]. 

 The activity of AR increases under elevated glucose conditions as well as in isch-
emic conditions [ 27 – 30 ]. Under normal glucose conditions, the majority of glucose is 
shunted toward the glycolytic pathway where glucose is phosphorylated by hexoki-
nase, forming glucose-6-phosphate, whereas less than 5 % is fl uxed through the AR 
pathway. Under hyperglycemic and ischemic conditions, glucose fl ux via the polyol 
pathway increases signifi cantly, accounting for more than 15–30 % of glucose use. 

 Increased glucose fl ux via the AR pathway limits glycolytic fl ux by the increased 
demand for NAD +  in both pathways. In glycolysis, GAPDH requires NAD +  for 
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converting glyceraldehyde-3-phosphate to 1,3-diphosphoglycerate. Similarly, SDH 
requires NAD +  to catalyze sorbitol into fructose, and the increased demand for limited 
cytosolic NAD +  creates a competition between the two pathways. A comprehensive 
overview of both the AR and glycolytic pathways is shown in Fig.  2 . Altered metabo-
lism caused by increased AR fl ux has been proposed to mediate diabetic complications 
from increases in reactive oxygen species (ROS) oxidative stress, advanced glyca-
tion end product generation, decreased ATP levels, and imbalances in Ca + -ATPase 
and Na + /K + -ATPase, resulting in increased calcium accumulation (Fig.  2 ).

4        AR and Myocardial Ischemia–Reperfusion Injury: 
Mechanisms 

 Ischemia–reperfusion (I/R) injury in the myocardium is one of the leading causes 
of morbidity and mortality in patients with DM. As mentioned earlier, increased AR 
activity is observed under I/R conditions. Increased polyol fl ux has been shown to 
contribute to increased injury after I/R in the myocardium of both diabetics and 
non-diabetics [ 16 ,  17 ,  31 – 33 ]. Studies that have utilized the isolated perfused heart 

  Fig. 2    Comprehensive overview of the interplay between glucose fl ux via aldose reductase, 
glycolysis, and advanced glycation end product (AGEs) generation       
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and transient occlusion of the left anterior descending (LAD) coronary artery have 
demonstrated enhanced glucose fl ux via AR [ 31 ,  32 ,  34 ,  35 ]. Pharmacological 
interventions via use of AR inhibitors reduced ischemic injury, attenuated ROS 
generation, improved glycolysis, increased ATP levels, and maintained the ionic 
balance (sodium and calcium homeostasis) in the heart [ 31 ,  32 ,  34 ,  35 ]. 

 Proof-of-concept data demonstrating AR as a mediator of ischemia–reperfusion 
injury comes from transgenic mice studies. Inherently, mice display much lower 
levels of AR compared to human subjects. Hence, to develop a more relevant means 
to test the role of AR in murine models, a transgenic mouse line in which human AR 
(hAR) was expressed via a histocompatibility gene promoter [ 36 ] was used to study the 
effect of diabetes on cardiovascular stress. This transgene had AR activity comparable 
to that of humans. Studies utilizing transgenic mice that broadly overexpress human-
relevant levels of AR showed increased cardiac injury during ischemia–reperfusion [ 32 ]. 
A more direct relationship of glucose fl ux via AR to oxidative stress was demon-
strated in cardiac injury. AR infl uenced the opening of the mitochondrial permeabil-
ity transition pore (MPTP) and was linked to generation of hydrogen peroxide and 
diminished antioxidant status as measured by glutathione (GSH). Antioxidants or 
ARIs signifi cantly reduced generation of ROS and inhibited MPTP opening in AR 
transgenic mitochondria after I/R [ 35 ]. Taken together, these studies implicate AR 
and ROS generated through the AR pathway as a key player in mediating I/R injury 
in the heart. In rabbit hearts subjected to I/R injury, inhibition of AR was protective 
[ 37 ], although it has also been reported to abolish the cardioprotective effects of isch-
emic preconditioning [ 30 ]. Others [ 38 ] have shown increases in AR activity during 
ischemia consistent with our earlier publication [ 31 ]; in contrast, they were unable 
to demonstrate cardioprotection with ARIs in a glucose-perfused isolated rat heart 
ischemia–reperfusion (I/R) model. Although reasons for these contrasting fi ndings 
are not clear, it may be speculated that model- dependent variations and substrate 
availability during ischemia may underlie the apparent differences. 

 4-Hydroxynonenal (4-HNE) accumulates during I/R. AR has been proposed to 
detoxify these aldehydes that accumulate during I/R. Although studies by Chen et al. 
show reduction of 4-HNE by activation of ALDH-2 and protection of hearts from 
ischemic damage [ 39 ], other reports [ 40 ], including studies from our group, have 
demonstrated increased injury, poor functional recovery, and increased oxidative 
stress after myocardial I/R in mice hearts overexpressing AR. Further, mice express-
ing human AR displayed greater injury and higher malonyldialdehyde (MDA) content 
[ 32 ]. Studies in rodent hearts subjected to I/R showed increases in the polyol pathway 
activity associated with oxidative damage. In contrast, AR null mice were reported to 
have reduced oxidative stress and protection against ischemic injury [ 41 ]. In rat hearts 
subjected to I/R, increases in polyol pathway activity exacerbated oxidative damage 
[ 42 ]. Furthermore, AR inhibition in animals did not cause increases in lipid peroxi-
dation products such as MDA [ 42 – 46 ]. However, further studies on comprehensive 
measurements of 4-HNE and the role of ALDH-2 will enable us to understand the 
role of AR as a potential detoxifying enzyme in ischemic hearts. 

 Reductions in ATP, increases in calcium, and ROS favor the opening of the 
MPTP, which, when opened, results in apoptotic and necrotic cell death mecha-
nisms Studies that have utilized the ex vivo Langendorff perfusion system and the 
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in vivo (LAD) models have demonstrated that when hAR transgenic mice are 
 subjected to I/R, their hearts displayed greater injury. After I/R, hAR mice hearts 
when compared to wild-type (WT) mice hearts displayed decreased ATP produc-
tion, increased generation of ROS, and increased MPTP opening, all resulting in 
decreased contractile function. 

 Because AR has been shown to be a key component of I/R injury, it has emerged 
as a potential therapeutic target to prevent against the negative pathologies that occur 
through increased AR fl ux. The protective effects of AR inhibition have been dem-
onstrated to reduce ischemic injury and improve myocardial function after I/R. 
Furthermore, inhibition of AR increases cytosolic availability of NAD + , thus 
improving glycolytic fl ux and maintenance of ATP levels. Mice in which the AR 
gene is knocked out (AR null mice) have been shown to be protected from injury that 
is associated with I/R. These observances have illustrated the benefi ts of AR inhibitors 
as potential therapeutic agents given in adjunct with current therapies for treating 
patients with myocardial infarction. It is clear from the studies of Ramasamy et al. 
and others that poor functional recovery, ROS generation, and increased MPTP 
opening are all associated with increased expression and activity of AR. 

 There has been increased interest in recent years on the role of janus kinase (JAK) 
and signal transducer and activator of transcription (STAT) signaling pathways in 
various cardiac pathologies including I/R [ 47 ,  48 ]. Several studies have demon-
strated increased activation of JAK-STAT signaling pathways in rat and mice  models 
as a result of I/R. Specifi cally, Hwang et al. have shown that in hearts isolated from 
rats and transgenic hAR mice subjected to global ischemia, the AR pathway medi-
ates myocardial ischemic injury via JAK2 activation followed by STAT5 activation 
[ 49 ]. Changes in the NADH/NAD +  levels proved to be a critical mediator of JAK2/
STAT5 activation. An increased fl ux via AR reduces the cytosolic availability of 
NAD +  impacting the NADH/NAD +  ratio. Data from this study also indicate that 
lowering of cytosolic NADH/NAD +  by the use of niacin and an aldose reductase 
inhibitor is an important step by which inhibition of AR prevents JAK2/STAT5 
activation [ 49 ]. Increased NADH/NAD +  further infl uenced diacylglycerol (DAG) 
levels and impacts PKC α/β activation. Hearts perfused with chelyrethrine, inhibitor 
of most PKC isoforms, as well as Gö 6976 (inhibitor of PKC α/β-isoforms), estab-
lish that AR-mediated JAK-STAT signaling involves the α- and β-isoforms of PKC. 
Furthermore, use of the aldose reductase inhibitor zopolrestat inhibited phosphoryla-
tion of JAK-2 and STAT5 proteins [ 49 ]. These studies are consistent with others that 
have demonstrated activation of JAK/STAT signaling in vascular smooth muscle cells 
through involvement of AR and PKC [ 50 ]. 

 In addition to JAK2/STAT5 activation, increased AR fl ux has also been demon-
strated to mediate injury via decreased phosphorylation and inhibition of glycogen 
synthase kinase 3β (p-GSK3β) [ 51 ]. GSK3β, a serine/threonine kinase, has been 
identifi ed by several studies as a key signaling protein that mediates cardioprotec-
tion and reduces cell death [ 52 ]. Phosphorylation of GSK3β is a key determinant of 
MPTP opening. Studies that utilized hAR transgenic mice as well as an AR null 
mouse model (ARKO) demonstrated that AR mediates I/R injury, in part, via 
decreased phosphorylation of GSK3β (Ser 9 ), resulting in impaired mitochondrial 
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function as well as impaired functional recovery of the heart [ 51 ]. The observed 
decreased levels of p-GSK3β correlated with increased apoptosis in ARTg hearts. 
Furthermore, data from this study illustrated that increases in AR fl ux lead to PKC-α/β 
activation followed by decreases in Akt and GSK3β phosphorylation and was linked to 
I/R injury. In summary, these studies demonstrate that AR mediates I/R injury, in part, 
via modulation of GSK3β phosphorylation. Second, increased fl ux of AR impairs 
myocardial functional recovery after I/R because of changes in the cytosolic redox 
state, which in turn mediate activation of ROS, JAK2/STAT5, and PKC signaling path-
ways (Fig.  3 ).

5        AR in Failing Hearts 

 Studies have demonstrated increases in AR expression in failing hearts of diabetic 
subjects. In our studies we demonstrated increased glucose fl ux via polyol pathway 
in type 2 diabetic rat hearts and that this increased fl ux is a key factor in mediating 

  Fig. 3    Established signaling mechanisms by which AR mediates ischemia–reperfusion injury in 
diabetic and nondiabetic hearts       
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increased vulnerability to reperfusion injury and contractile dysfunction after ischemic 
stress [ 53 ]. Studies in dogs revealed attenuation in pacing induced heart failure 
caused by AR expression [ 54 ]. Clinical studies have shown AR expression increases 
in patients with ischemic cardiomyopathy and diabetic cardiomyopathy [ 55 ]. These 
emerging studies underscore the importance of AR in the etiology of heart failure.  

6     AR and Diabetic Atherosclerosis 

 Emerging studies demonstrate that integrated actions of AR are key to understanding 
mechanisms driving diabetic cardiovascular complications. Upon crossing onto the 
atherogenic LDL receptor null background, the hAR transgene had an effect on 
acceleration of atherosclerosis, particularly in streptozotocin-induced diabetic mice 
[ 56 ]. In contrast, no signifi cant effect of the hAR transgene was observed in nondia-
betic mice. In parallel with increased atherosclerosis, the diabetic mice overexpress-
ing hAR in the LDL receptor null background showed a decrease in antioxidant 
defenses, as observed by alteration of GSH. In contrast, expression of hAR in 
mice fed a high-fat diet with mild insulin resistance without hyperglycemia had no 
effect on vascular lesions, at least over the time-course studied [ 57 ]. Thus, plau-
sible evidence substantiated the fact that hyperglycemia is needed and might need 
to be suffi ciently increased to provide a substrate for AR in the acceleration of 
atherosclerosis. 

 In contrast, another study demonstrated increased lesion area in diabetic and 
nondiabetic AR knockout mice in an apoE null background [ 58 ]. The lesions 
showed increased presence of 4-HNE, which correlated with the lesion size, and 
this was attributed to defective clearance of toxic phospholipid aldehydes because 
of the AR-defi cient genotype. The lesions were shown to be highly stable, as dem-
onstrated by more collagen [ 58 ]. These contrasting reports lead to a paradox on the 
precise role of AR in cardiovascular disease. A plethora of questions arose regarding 
the ambiguity; wherein it was assumed either association of compensatory regula-
tion in the AR null mice leads to alteration in vascular function or genetic overex-
pression simulates the disease pathophysiology. Emerging studies on the impact of 
aldehyde dehydrogenase 2 (ALDH-2) in detoxifying 4-HNE [ 39 ] add further com-
plexity to the interpretation of lipotoxoic aldehyde levels in AR-overexpressing and 
AR null mice. Thus, further investigation of the interplay between AR and ALDH-2 
in detoxifying 4-HNE and other lipotoxic aldehydes in hAR and AR null mice is 
critical to resolving these contrasting fi ndings. 

 Our recent study has elucidated that overexpression of hAR in apoE null mice 
made diabetic by streptozotocin is proatherogenic and that expression specifi cally 
in endothelial cells leads to increased pathology [ 59 ]. However, the highlight of the 
study was that use of a competitive inhibitor that reduces AR activity was found to 
reduce the lesion size signifi cantly [ 59 ]. Overexpression of hAR led to endothelial 
dysfunction and increased expression of VCAM-1 and MMP-2. Aortic rings of dia-
betic hAR-overexpressing mice demonstrated decreased acetylcholine-mediated 
endothelial vasorelaxation compared to the wild-type aorta. Endothelial cell- specifi c 
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overexpression of hAR imparted a similar effect [ 59 ]. In support of this study, other 
pharmacological studies of AR inhibition have shown improvement in acetylcholine- 
induced relaxation of diabetic aorta in various murine models. These fi ndings suggest 
that increased activity of the AR pathway in hyperglycemia is partly responsible for 
the abnormal endothelium-dependent relaxation in the diabetic blood vessel. 

 AR expression has been reported in CD68+ cells (monocytes/macrophages) in 
human atherosclerotic plaque macrophages [ 60 ]. Monocyte-derived macrophages 
isolated from human blood when incubated with oxidized LDL (oxLDL) demon-
strated increased AR gene expression and activity along with increased ROS. 
Inhibition of AR in these oxLDL-stimulated cells attenuated ROS generation. 
Similarly, endothelial function was improved and VCAM-1 and MMP-2 expression 
reduced by both pharmacological inhibition and targeted silencing of AR in ECs 
exposed to high oxLDL [ 59 ]. 

 An additional mechanism proposed for AR-mediated accelerated atherosclerosis 
is through advanced glycation end (AGE)-linked RAGE activation. In support of 
this, studies in smooth muscle cells incubated with AGE-bovine serum albumin 
(AGE-BSA) resulted in greater increments of ICAM-1 and monocyte chemoattrac-
tant protein 1 (MCP-1), migration, and monocyte adhesion in AR transgenic versus 
wild-type cells [ 61 ]. These AGE adduct-mediated increases were suppressed by 
either pharmacological inhibition of AR using ARI (zopolrestat) or molecular inter-
vention using AR antisense oligonucleotides [ 62 ].  

7     AR and Vascular Injury 

 AR is implicated in proliferation of smooth muscle cell (SMC) growth in a model 
of vascular repair. Intervention of AR prevents SMC growth in culture and in situ in 
balloon-injured carotid arteries [ 63 – 68 ]. Increased glucose fl ux via the AR pathway 
was mediated through high glucose-induced DAG accumulation and PKC activa-
tion in SMCs [ 64 ]. Inhibition of AR prevented high glucose-induced stimulation 
of the extracellular signal-related kinase/mitogen-activated protein kinase and 
phosphatidylinositol- 3-kinase [ 65 ], activated nuclear factor-κB [ 66 ], and 
decreased SMC chemotaxis, vascular infl ammation, and adhesion. These studies 
provide fundamental evidence for further evaluation of ARIs in diabetic patients 
undergoing angioplasty.  

8     ARIs and Translational Applications in Humans Relevant 
to Cardiovascular Studies 

 Genetic variability in the human AR genes, ALD2 or AKR1B, have been stud-
ied extensively and have been found to be associated with rapid progression of 
diabetic complications including nephropathy, neuropathy, and retinopathy [ 69 ]. 
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Additionally, diabetic microangiopathy has been linked to genetic polymorphisms 
of AR in Japanese type 2 diabetic patients [ 70 ]. Finally, the onset of cardiorenal 
complications has been associated with genetic polymorphisms of AR in a popula-
tion of diabetic Chinese patients [ 71 ]. 

 Gene polymorphism and animal model studies clearly demonstrate the benefi t of 
targeting aldose reductase. Although novel classes of ARIs are in various stages of 
development, the ARIs that belong to the carboxylic acid and the hydantoins class 
have been already tested for diabetic neuropathy with mixed results [ 72 – 74 ]. Diabetic 
subjects (with neuropathy) treated with zopolrestat for 1 year displayed increased left 
ventricular ejection fraction (LVEF), cardiac output, left ventricle stroke volume, and 
exercise LVEF [ 75 ]. In contrast, placebo-treated subjects demonstrated decreased 
exercise cardiac output, stroke volume, and end-diastolic volume [ 75 ]. In another 
clinical study, ARI treatment was associated with improved autonomic variability in 
diabetic patients with autonomic neuropathy [ 76 ]. These relatively small but key 
studies in human subjects with established diabetic complications underscore the 
promising potential of inhibiting AR in the heart in long- term diabetes. 

 Increased platelet aggregation as a result of high blood glucose is another factor 
contributing to atherothrombosis and cardiovascular complications observed 
in diabetic populations [ 77 ,  78 ]. Platelets from patients with diabetes (chronic 
hyperglycemic conditions) display an increased responsiveness to collagen [ 79 ]. 
Streptozotocin-induced diabetic rats display platelet hyperaggregation [ 80 ]. 
Inhibition of AR in these models has been shown to reverse these outcomes [ 2 ]. 
Treatment with Sorbinil in diabetic patients normalized increased platelet respon-
siveness to collagen, whereas in rats AR inhibition reversed platelet hyperaggrega-
tion [ 79 – 81 ]. Schulz et al. found AR to be highly expressed in human platelets and 
platelet aggregation to be reduced by AR inhibitor epalrestat [ 82 ]. Taken together, 
these studies allude to the central role of AR in platelet aggregation under high glu-
cose conditions. 

 Clinical studies in type 1 and type 2 diabetic patients with nephropathy treated with 
ARIs have been reported. Administration of tolrestat for 6 months to type 1 diabetic 
subjects reduced urinary albumin excretion [ 83 ]. Similarly, type 2 diabetic subjects 
treated with epalrestat for 5 years had a similar clinical outcome [ 84 ]. In other studies, 
zopolrestat administered to normotensive type 1 diabetic subjects for 1 year resulted 
in a progressive reduction in urinary albumin excretion that was not correlated with 
changes in glycosylated hemoglobin or blood pressure [ 85 ]. 

 These data strongly suggest that AR promotes diabetic cardiovascular and renal 
complications and provides key evidence in human subjects for the benefi ts of ARIs.  

9     Conclusions 

 It is evident from accumulating data in the literature that AR plays a central role in 
the pathophysiology of diabetic cardiovascular complications. Animal studies have 
offered insight into the pathophysiological mechanisms by which increased 
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AR activity mediates cardiovascular dysfunction and complications via oxidative stress 
and mitochondrial damage. Animal studies utilizing AR inhibitors or genetically 
modifi ed AR null mice have shown promising effects in reducing injury associated 
with increased AR activity, and have highlighted AR as a promising target for thera-
peutic interventions. Additional animal studies are required to understand various 
downstream targets of the AR pathway, specifi cally addressing ROS generation, 
source of the ROS at the subcellular level, and interrelationships with other path-
ways such as the AGE-RAGE pathway in relevance to cardiovascular diseases. 
Although there are ongoing studies of ARIs in humans, the need of the hour is a 
well-designed, large randomized multicenter human trial using an ARI, relatively free 
from side effects, that will help establish its therapeutic potential in cardiovascular 
diseases associated with diabetes and myocardial injury.     
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    Abstract     Diabetes is an increasingly widespread epidemic disease, with type 2 
diabetes accounting for most of the cases. Cardiovascular complications are the 
most common cause of morbidity and mortality in diabetic patients. Some studies 
have also reported that gender difference has a profound impact in the pathogenesis, 
development, and severity of cardiovascular diseases in diabetic patients, although 
this assertion was not documented and reviewed in detail. Indeed, cardiovascular 
diseases are the leading cause of death among women in developed countries. 
Similarly, results of human and animal studies have shown that sex differences can-
not be ruled out in diabetes-induced cardiovascular abnormalities. The proposed 
underlying mechanisms of gender-related differences in response to different stim-
uli in healthy and diabetic subjects are the distinction in regulation of cytosolic Ca 2+  
levels and the varied rate of oxidative damage. The female rat myocardium is more 
resistant to diabetes-induced cardiac dysfunction than that of male rats, but this 
female advantage is canceled in postmenopausal individuals. Therefore, it is possi-
ble to suggest that estrogen can exert protective effects against diabetes through 
modulation of altered Ca2+ dynamics and reduction of oxidative damage in the heart. 
Although the current fi ndings provide convincing evidence about the sex- related 
differences in diabetes-induced cardiovascular pathology, further studies are needed 
to clarify the underlying mechanisms of this distinction.  
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1        Introduction 

 Diabetes Mellitus, or in short diabetes, is an increasingly prevalent pathology, with 
cardiovascular disease recognized as a major long-term and life-threatening compli-
cation, although pharmacological treatment continues to prolong the lifespan of 
diabetic patients. Sex-related differences in the development of cardiovascular dis-
eases are not yet well defi ned between the genders of diabetic patients, although 
roles of gender differences in the pathogenesis of cardiovascular diseases became 
relatively well known in the past century [ 1 ]. Indeed, cardiovascular diseases are the 
leading cause of death among women in developed countries. Importantly, results of 
animal studies have shown that sex differences in any organ function cannot be 
ruled out in pathological conditions, and particularly in cardiovascular responses to 
certain neurohumoral stimuli [ 1 – 4 ]. Studies in humans and animals have consis-
tently demonstrated intrinsic sex differences in cardiac function as well as a rela-
tionship between sex and cardiovascular disease [ 5 ,  6 ]. Therefore, caution is needed 
during investigation of the mechanisms and the importance of sex difference in the 
etiology of cardiac dysfunction that arises in response to several types of systemic 
disorders. As an example, diabetes is associated with cardiovascular disease; with 
women showing a greater increase in the risk of sex-specifi c changes in Ca 2+  homeo-
stasis that contribute directly to diabetes-induced heart dysfunction [ 1 ,  7 ]. 

 In the diabetic condition, the energetic processes of the heart become particularly 
dependent on the metabolism of fatty acids. Such an increase in the myocardial 
uptake of fatty acids results in an abnormal increase in fatty acid oxidation and 
reduced glucose oxidation, which leads to decreased ATP production and overpro-
duction of reactive oxygen species (ROS) because of increased mitochondrial 
uncoupling [ 8 ,  9 ]. Thus, increased oxidation of fatty acids would result in increased 
ROS production. The role of increased oxidative stress and depressed antioxidant 
defense system under hyperglycemia is discussed in breadth in the review article by 
Turan and Vassort [ 10 ]. Furthermore, hyperglycemia can not only stimulate exces-
sive ROS production and reactive nitrogen species (RNS) release [ 11 ,  12 ] but also 
reduces activities of antioxidant enzymes that act as the primary defense against 
nitro-oxidative damage and modify other nonstructural proteins [ 8 ,  10 ,  13 ,  14 ]. 
Accordingly, recent studies have suggested that an imbalance in redox status of 
cellular pathways may be involved in the pathogenesis of cardiovascular diseases, 
most likely because of upregulated generation of ROS [ 13 ,  14 ]. 

 In the past decade, the inherent infl uence of gender on myocardial contractile 
performance of both normal persons and diabetics has been examined widely by 
several research groups [ 2 ,  3 ,  15 ,  16 ]. Among general fi ndings, sex-dependent alter-
ations in regulation of diastolic and systolic Ca 2+  levels are proposed as one of the 
predominant mechanisms underlying the sex-based distinction between responses to 
different stimuli in both healthy and diseased individuals. Particularly, under differ-
ent experimental conditions, the increase in intracellular concentration of free Ca 2+  
level ([Ca 2+ ]  i  ) has been shown to be lower in cardiomyocytes from normal female 
rats compared to that of male rats [ 3 ]. In parallel to this fi nding, Schwertz et al. have 
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also reported a signifi cant sex-related difference in myocardial Ca 2+  regulation 
compared to that of age-matched males [ 15 ]. This difference was suggested to relate 
to the female rat myocardium being more resistant against diabetes-induced cardiac 
dysfunction than that of the male rat [ 2 ]. Given the important role of [Ca2+]i in the 
regulation of cardiac function, it is tempting to suggest a pivotal role for differential 
Ca 2+  regulation in cardiomyocytes from male and female individuals under patho-
logical conditions. However, since these studies provide very limited information so 
far, a substantial effort is needed to elicit explicitly the role of sex differences in the 
development and severity of diabetes-induced cardiac dysfunction.  

2     Impact of Diabetes on Longevity 

 Chronic diseases including diabetes can induce destructive abnormalities in indi-
vidual lives. The impact of diabetes on lifespan is a pivotal jeopardy, and thereby 
substantially accentuated. In general, a diabetic patient has shorter life expectancy 
than that of age-matched non-diabetics. It is most likely that there is an inverse cor-
relation between life expectancy and diabetes. Moreover, it can be clearly correlated 
that diabetes-induced complications in humans will be more deleterious if they are 
suffered by other pathological conditions (i.e., aging) together with diabetes. As an 
example, besides differences in the development of coronary disease, sex difference 
has been demonstrated to infl uence the propensity for various types of cardiac 
arrhythmias [ 17 ] and sudden cardiac death in males [ 5 ]. 

 Diabetes is one of the major public health problems and ultimately leads to 
several acute and chronic complications. Cardiac dysfunction occurs in both types 
of diabetes as a result of parameters including glucotoxicity, lipotoxicity, fi brosis, 
and mitochondrial uncoupling. However, heart disease is becoming a main cause of 
death among diabetics as a result of improved treatment of diabetic complications 
other than cardiovascular disorders. Diabetes is a major risk factor for coronary heart 
disease, stroke, and other vascular complications. On the other hand, hyperglycemia 
leads directly to heart damage and diabetic cardiomyopathy, which is suggested to 
contribute to severe cardiac abnormalities independent of any major vascular disease 
[ 18 ,  19 ]. 

 Although the incidence of cardiovascular disease in females is much less than 
that of age-matched males, this sex advantage disappears with the onset of diabetes 
[ 16 ]. Furthermore, a signifi cant increase in mortality has been observed in diabetic 
women after menopause compared to age-matched diabetic men [ 16 ]. This diabetes- 
associated increase in mortality has been attributed largely to the development of 
diabetic cardiovascular complications. Although for many years estradiol has been 
considered one of the most important hormones involved in female physiology, later 
studies showed that it plays important roles also in pathological conditions includ-
ing glucose homeostasis and insulin resistance. Therefore, hormones related to the 
female gender are important indicators for the role of sex differences in diabetic 
complications [ 20 ]. 
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 Some sex differences are seen in acute and chronic complications of this disease. 
Almost twice as many women were diagnosed with nonketotic hyperosmolar coma 
than men, according to the United States National Hospital Survey, with almost 1.5 
times more women diagnosed with hypoglycemia compared to men [ 21 ]. In another 
population-based study, the rate of diabetic acidosis in females was 1.5 times that of 
males [ 22 ]. No notable sex differences exist with respect to chronic complications 
except for a signifi cantly higher frequency of blindness in women than men [ 23 ]. 
Speculations include that women have a longer duration of diabetes, registration of 
blind men may be less complete, and diabetic men may be more likely than women 
to die before they develop severe retinopathy. 

 Perreault and coworkers performed a survey for the Diabetes Prevention Program 
(DPP) on the roles of sex differences in diabetes risk and the effect of intensive 
lifestyle modifi cation [ 24 ]. Their survey demonstrated that in participants of the 
DPP randomized to intensive lifestyle modifi cation, meeting intensive lifestyle 
modifi cation goals strongly correlated with prevention of diabetes in the group as a 
whole. Men met signifi cantly more intensive lifestyle modifi cation goals than 
women but had a similar incidence of diabetes. Therefore, they explored sex differ-
ences in risk factors for diabetes and the effect of intensive lifestyle modifi cation on 
these factors. 

 The effect of diabetes on life expectancy can also be relevant to the quality of care 
a patient receives during the siege. A person who receives a regular salary and thus 
can obtain high-quality care is expected to live longer than a person who has not had 
preventive treatment or received inadequate treatment. In addition, it is clear that the 
effect of diabetes on life expectancy is closely associated with obesity. Because, 
obesity increases the risk of other complications that may lower the life expectancy 
of a diabetic person. Although recent medical advances have greatly improved the 
quality of life of diabetic patients, recent studies have indicated that people with 
diabetes still have a much shorter lifespan than those of the non-diabetics [ 25 ].  

3     General View of Diabetes and Cardiovascular Disorders 

 Clinical studies demonstrate a marked increase in the incidence of diabetic compli-
cations, particularly cardiovascular disorders, despite improved treatment 
approaches and techniques. Further, these studies emphasized the importance of sex 
disparities in heart dysfunction under different pathological conditions. Yet, there 
are no clear data about these disparities in either incidence or mortality of any type 
of disease resulting from sex differences. Similarly, various clinical outcomes 
showed gender differences in heart function under both physiological and patho-
physiological conditions. In addition to the noted sex differences in cardiac physiol-
ogy, studies show that women have higher mortality rates after myocardial infarction 
and exhibit greater diastolic heart failure compared to men [ 26 ]. 

 Clinical investigations using different imaging techniques have clearly estab-
lished the presence of early diastolic dysfunction, which is a nonsymptomatic 
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stage, as a prelude to subsequent progression of systolic dysfunction. In the 
experimental settings, it is possible to dissect components of systolic and dia-
stolic dysfunction more accurately by using ex vivo and in vivo approaches. 
However it is interesting to note that with only a few notable exceptions, these 
experiments involved males only. 

3.1     Importance of Sex Differences in Type 1 Diabetic 
Individuals 

 Diastolic dysfunction is widely demonstrated in rodent models of type 1 diabetes, 
mostly those treated with streptozotocin (STZ). Accordingly, this is characterized as 
reduced end-diastolic volume, slowed relaxation associated with a signifi cant 
increase in the left ventricle end-diastolic pressure, in part caused by increased 
rigidity of the left ventricle [ 27 – 30 ]. In vivo evaluation of animal models showed 
generally a signifi cant reduction in the heart rate of type 1 diabetes model [ 31 ,  32 ] 
with some exceptional situations [ 33 ]. Progressive systolic dysfunction was also 
reported in many studies of type 1 diabetes, characterized by a reduced ejection 
fraction as assessed by echocardiography [ 31 ,  34 ]. However, in animal studies with 
diabetes, contractile diminution signs and resultant systolic dysfunction usually 
appeared in perfused hearts ex vivo. Reduction in systolic pressure and rate of pres-
sure development has been reported in hearts of STZ-induced diabetic animals [ 35 , 
 36 ]. On the other hand, in the ex vivo settings, although relaxation parameters can 
be measured very precisely, it is diffi cult to establish the presence of diastolic dys-
function accurately in basic conditions. 

 Surprisingly, although clinical studies demonstrate sex disparities in the heart, 
potential sex specifi city in cardiac function in healthy and diabetic individuals has 
received very little attention. There is little information about this topic: most of these 
are experimental studies. In a study with STZ-diabetic rats, females exhibited less 
impaired left ventricular pressure development rate compared to those of age-matched 
males [ 37 ]. Other studies of adult rats injected with STZ have suggested that develop-
ment of left ventricular pressure is less affected in females, despite a similar level of 
glucose in both sexes. Furthermore, reduced contractility, prolonged duration, and 
slowed rate of contraction and relaxation have been measured in muscle preparations 
and ventricular myocytes from diabetic hearts [ 19 ,  36 ,  38 ,  39 ]. These fi ndings are 
mostly associated with prolonged action potentials, altered ionic currents, depressed 
Ca 2+  reuptake by sarcoplasmic reticulum (SR), reduced SR Ca 2+  content, isozyme 
switch from α- to β-myosin heavy chain, and alterations in cardiac troponin T expres-
sion and troponin I phosphorylation [ 7 ,  39 – 42 ]. 

 In our STZ-diabetic female and male rats, light and electron microscopic mor-
phometry of left ventricular samples revealed typical diabetic changes such as 
altered volume fraction of myofi brils, vacuolation, loss of myofi brils and Z-lines, 
alterations in sarcoplasmic reticulum and t-tubules, and reduced cardiomyocyte 
dimension, increase in collagen content, interstitial volume, mitochondrial size, 
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volume fraction, and lipid droplet size and numbers [ 43 ,  44 ]. Ultrastructure of heart 
samples from diabetic rats showed marked morphological changes including 
destruction, loss, and degeneration in morphology of myofi laments and Z-lines of 
myofi bers over the length of sarcomeres when compared with controls [ 44 ]. Loss of 
cisterna and granular matrix in the mitochondria and an increased number of lipid 
droplets inside the cytosol of the cardiomyocytes were also observed. 

 Comparison of electron microscopy fi ndings among female and male diabetic 
hearts showed basically that the number and size of the lipid droplets in the female 
heart are signifi cantly lower (~20 %) than in the male heart (Fig.  1 ). This basic fi nding 
simply demonstrates that cardiac dysfunction, a major complication of diabetes, is 
profoundly related with oxidative stress degree which is much higher in males com-
pared to those of females.

   In the Framingham Heart Study, diabetes increased the prevalence of congestive 
heart failure in men with a greater difference in younger patients than in those more 
than 65 years old [ 45 ]. Reduced antioxidant activity and increased oxidative stress 
occur early after the diagnosis of type 1 diabetes, specifi cally in women, accounting 
for an increased susceptibility of diabetic women to cardiovascular complications 
[ 46 ]. The greater effect of diabetes in women compared to men as a risk factor for 
congestive heart failure is in agreement with a greater contribution of diabetes to 
arteriosclerosis in women [ 47 ].  

3.2     Role of Sex Differences in Type 2 Diabetic Individuals 

 Clinical investigations characterized type 2 diabetes with systolic dysfunction in 
patients. In experimental animal model studies with type 2 diabetes induced by high 

  Fig. 1    Marked morphological changes, including destruction, loss, and degeneration in the 
morphology of myofi laments and Z-lines ( Z ) of myofi bers over sarcomere lengths, loss of cisterna 
and granular matrix in the mitochondria ( M ), and increased number of lipid droplets ( L ) inside the 
cytosol when compared with those of the controls using electron microscopy. Number and size of 
lipid droplets in the male heart ( a ) are signifi cantly higher (~20 %) than in the female heart ( b ). 
×6,000. (For methods see Ayaz et al. [ 43 ])       
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fat/low dose of STZ, signifi cant reduction in fractional shortening and ejection fraction 
in the heart has been reported [ 48 ]. In addition, a decrease in left ventricular devel-
oped pressure plus decreased fractional shortening has been shown in diabetic db/
db mice [ 49 ,  50 ], and reduced ejection fraction and fractional shortening were basic 
alterations in non-obese diabetic Torii rats [ 51 ]. Nevertheless, in Otsuka Long- 
Evans Tokushima fatty (OLETF) rats fractional shortening was not reduced, 
although diastolic dysfunction was prominent [ 52 ]. Isolated heart experiments have 
demonstrated reduced left ventricular pressure, contractility, and lusitropy [ 53 ] as 
well as decreased heart rate, diminished cardiac output, and slowed left ventricular 
pressure development in type 2 diabetic mice models [ 54 ]. Similarly, less contrac-
tile work associated with reduced heart rate was found in isolated Zucker rat heart 
[ 55 ] and sucrose-fed rat heart [ 56 ]. 

 As can be seen from the literature, specifi c gender-related complications of 
type 2 diabetes models are not signifi cant compared with models for type 1 diabe-
tes. The differences in functional effects of diabetes in the experimental parame-
ters were not apparent early in the development of the disease, but it seems to 
become a more important factor with aging. Despite these fi ndings, documents 
related with the role of sex differences in cardiac dysfunction of type 2 diabetic 
subjects are very limited. Thus, current studies do not allow defi nitive conclu-
sions, and apparently much more information is needed to suggest a link between 
sex and type 2 diabetes-associated differences observed in clinical and experi-
mental models. Therefore, it requires further verifi cation and convincing results to 
prove gender-dependent differences in diabetes-induced cardiac abnormalities 
unequivocally.   

4     Impact of Sex Differences on Cardiac Function 

 Cardiac function differences between healthy men and women have been compared 
over years. Merri et al. [ 57 ] found longer QT intervals in the heart of healthy women 
than in men. Despite the confounding factors such as age, heart size, and physiolog-
ical status that may lead to confl icting conclusions, gender differences have been 
clearly demonstrated in the incidence and manifestation of heart disease [ 26 ,  58 ]. 
The results of studies in human subjects showed that incidence of heart disease and 
failure are lower in premenopausal women than in age-matched men and postmeno-
pausal women as well [ 26 ,  45 ]. However, in the later phases of life, the prevalence 
of heart failure is also higher in women than men, and older women are more likely 
to have heart failure with diastolic dysfunction, whereas men with failure are more 
susceptible to systolic dysfunction [ 59 ]. 

 Animal studies have also shown gender-based differences in cardiac perfor-
mance and cardiac pathology [ 1 ,  60 ,  61 ]. Studies in animal models have shown 
gender-dependent differences in myocardial function, but the nature of these differ-
ences vary between studies. Schaible and Scheuer [ 60 ] showed moderately higher 
cardiac function in men than in women. However, echocardiographic data of aged 

Sex Differences and Diabetes



166

rats revealed better systolic function in females compared to males [ 62 ]. Experimental 
fi ndings indicated that there are signifi cant differences in atrial function between 
female and male rats and that atria from female rats have faster maximal rate of 
force development (+dF/dt), rate of relaxation (−dF/dt), and time to 50 % relax-
ation. Furthermore, several lines of evidence obtained from animal studies indicated 
that it is more likely to induce cardiac hypertrophy and failure in males than females. 
Accordingly the heart failure progresses faster and the likelihood of impaired relax-
ation is greater in males than females [ 63 ]. Furthermore, females with heart failure 
have been claimed to have a survival advantage over males [ 62 ]. Therefore, female 
sex seems to exhibit a cardioprotective effect in animals, similar to human 
counterparts. 

4.1     Role of Estrogen in Diabetic Cardiovascular Dysfunction 

 In recent years estrogen has been recognized to exert signifi cant cardiovascular 
protection. This proposal comes from the epidemiologic evidence for sex-based dif-
ferences in the incidence of cardiovascular disease, which was found to be signifi -
cantly lower in premenopausal women than in age-matched men [ 47 ,  64 ]. After 
menopause, the risk of cardiovascular disease increases among women comparably 
with men, which can be controlled following estrogen replacement therapy [ 64 ]. 
This prominent reduction in risk is most likely related to the sex hormone estrogen 
and its actions on the heart itself [ 65 ]. Although the exact nature of the possible direct 
effects of estrogen on the heart is still equivocal, estrogen may exert its positive 
effects through modulation of altered Ca2+ dynamics in the heart [ 66 ,  67 ]. 

 Johnson et al. [ 68 ] studied the effects of estrogen on the heart and found an 
increased expression of L-type Ca2+ channel in hearts of estrogen receptor knockout 
mice (ERKO). This Ca2+ channel is increased by 49 % in cardiac myocytes of ERKO 
mice compared to the control group, suggesting that the cardiac L-type Ca2+ channel 
is regulated by the estrogen receptor. This scheme infers a modulation of Ca2+ regu-
lation by estrogen to limit the amount of Ca2+ in the ventricular myocytes. Estrogen 
has also been shown to exert direct effect on the heart and is thus suggested to be 
involved at fast regulation of the transcription. Also, acute application of 17β-estradiol 
has a negative inotropic effect [ 69 ] and inhibits the L-type Ca2+ current [ 66 ,  70 ] in heart 
muscle preparations and isolated ventricular cells.  

4.2     Role of Sex Differences in Development of Diabetic 
Cardiac Dysfunction at the Cellular Level 

 Previous studies designed to investigate sex-related differences in the contractile 
function of the heart have displayed contradictory results. For example, contractile 
performance of papillary muscles isolated from female rats was found to be greater 
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than that of male rats [ 1 ]. However, another study group reported smaller cardiac 
function in female rats than male rats by using perfused hearts [ 60 ] although more 
recent reports showed no difference in intrinsic contractile performance of male 
and female rats’ heart [ 2 ,  71 ]. Decreased papillary muscle contraction was also 
documented in females compared to males [ 67 ]. 

 Curl et al. [ 3 ] attempted to provide direct evidence for gender-specifi c differ-
ences in Ca 2+  handling of ventricular myocytes from both male and female rat hearts 
resulting from the central role of Ca 2+ in regulation of the contractile function of the 
heart. The male cardiomyocytes showed a higher [Ca 2+ ]  i   than those of females under 
different experimental conditions [ 3 ]. Furthermore, data on reduced activation of 
Ca 2+  infl ux and smaller Ca 2+  transients in the female ventricular cells are reported, 
mostly caused by inhibitory effects of 17β-estradiol on the L-type Ca 2+  current [ 66 , 
 69 ,  70 ]. To understand whether sex-dependent differences in Ca 2+  transients under 
electrical stimulation could be responsible for their varied contractile performances; 
Curl et al. [ 3 ] further evaluated contractility of male and female cardiomyocytes via 
detection of change in length. Both the degree and the rate of shortening were 
reported to be signifi cantly lower in the female cells than in the male cells. These 
results are consistent with the data of Ca 2+  and correlate with lesser Ca 2+  infl ux and 
mobilization of intracellular Ca 2+  in the female cell. Reduced SR Ca 2+  content and a 
resultant decrement in Ca 2+  release could be another possible reason for the smaller 
amplitude of the Ca 2+  transients and peak [Ca 2+ ]  i   in female cardiac myocytes. 
Accordingly, several lines of evidence have suggested the possibility of sex-related 
differences in SR function as the main culprit for this dimorphism [ 1 ,  53 ,  67 ]. It was 
also reported that transient Ca 2+  changes in 10-month-old female rats were reduced 
signifi cantly and rate of decay slowed remarkably when compared with those of 
age-matched male rats [ 67 ]. The most obvious reason for this outcome would be a 
reduction in SR Ca 2+ -ATPase (SERCA2) activity [ 53 ]. Despite the abundance of 
studies that ascribe the differences in the rate of decay of Ca 2+  transients to diversity 
in the SR Ca 2+ -ATPase activity between the two sexes, the differences in other Ca 2+  
extrusion mechanisms such as Na + /Ca 2+  exchange cannot be fully excluded. 

 The role of sex differences in β-adrenergic receptor stimulation of diabetic heart 
samples was also assessed. The responses of male and female cardiomyocytes to the 
β-adrenergic agonist isoproterenol were reported to be different among the sexes. In 
male ventricular myocytes, isoprenaline induced greater increase in baseline [Ca 2+ ]  i  , 
peak [Ca 2+ ]  i  , and the amplitude of Ca 2+  transients compared to those of the females, 
although it was demonstrated to stimulate Ca 2+  uptake to a similar extent in cardio-
myocytes from male and female rats [ 3 ]. 

 These functional sex-dependent changes among diabetic individuals were asso-
ciated with both the activity and expression levels of Ca 2+ -handling proteins such as 
beta-adrenergic receptors (�-AR), L-type Ca 2+  channels (Cav1.2), ryanodine recep-
tors (RyR2), SERCA2, phospholamban (PLB), and Na + /Ca 2+  exchanger (NCX) [ 38 , 
 72 ]. Indeed, it has been demonstrated that the ventricular abundance of Cav1.2, 
RyR2, and NCX differs signifi cantly between sexes and is found to be higher in 
females than males [ 73 ], although the Ca 2+  current values cannot refl ect this differ-
ence [ 66 ,  68 – 70 ]. In addition, it is obviously hypothesized that a combination of 
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more Ca 2+  channels and more RyR2 protein in female ventricles would translate 
into greater developed force in the female heart, which also contradicts the experi-
mental fi ndings. However, female myocardia seem to possess lower myofi lament 
Ca 2+  sensitivity than those from males, making the female myocardia more predis-
posed to diabetes-induced reduction in myofi lament Ca 2+  sensitivity. In accordance, 
left ventricular myofi lament Ca 2+  sensitivity has been shown to increase in ovariec-
tomized rats [ 74 ]. However, atrial preparations from female rats developed greater 
force than atria from male rats, and skinned fi bers were reported to be more respon-
sive to Ca 2+  in the female rat, which implicated increased responsiveness of female 
myofi brils to Ca 2+  [ 61 ]. These differences could be tissue specifi c and need further 
investigation to be elucidated. 

 Although sex-related differences have not been studied as much in diabetic 
conditions, Ren and Ceylan-Isik [ 16 ] reported that gender-specifi c difference in 
myocardial function was “canceled off” by diabetes. Female myocytes exhibited 
weaker peak shortening and maximal velocity of shortening/relengthening asso-
ciated with longer contraction duration of the ventricle [ 16 ,  75 ]. Consistent with 
this fi nding, a sex-related difference in cardiomyocyte function has been demon-
strated in an insulin- resistant rat model. Males exhibited more dramatic mechani-
cal impairment and developed cardiac dysfunction at an earlier stage than 
females, and manipulations of intracellular Ca 2+  (i.e., increasing [Ca 2+ ]  o   and stim-
ulus frequency) were suggested to be more effective in restoring normal function 
in females than in males. Thus, cardiomyocyte dysfunction was indicated to 
appear earlier and be more severe in males in a sucrose-fed diabetic model, sug-
gesting that female rats have some cardioprotection during the course of meta-
bolic changes [ 76 ]. 

 Altered Ca 2+  signaling is a distinguishing characteristic of diabetic cardiomy-
opathy and well studied. Yaras et al. [ 38 ] attempted to investigate the relevance of 
gender differences to intracellular Ca 2+  regulating mechanisms in STZ-induced 
diabetic rats. They demonstrated defective intracellular Ca 2+  signaling with 
depressed amplitude and slowed kinetics of the Ca 2+  transients with decreased SR 
Ca 2+  loads in cardiomyocytes isolated from STZ-diabetic male and female rats 
(Fig.  2 ). Furthermore, spatiotemporal properties of the Ca 2+  sparks were found to 
be altered with depressed amplitude and prolonged time to peak in males but not 
females, which was ascribed to defective RyR2 and resultant abnormal SR Ca 2+  
release, although the protein levels of RyR2 and FKBP12.6 were higher in male 
ventricular cardiomyocytes compared to females. In addition, these important dif-
ferences were maintained under diabetic conditions. However, the apparent hyper-
phosphorylation of RyR with less thiol oxidation in diabetic females can account 
for a lower risk of cardiac abnormalities in female rats with respect to male rats 
[ 38 ]. Overall, although our data and previous reports have demonstrated gender-
based differences in both electrical and mechanical cardiac activities in either 
healthy or diabetic conditions, there are some contradictory fi ndings. The main 
controversy may arise from either animal and sample differences or experimental 
protocols.
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5         Role of Oxidative Stress in Sex-Dependent Cardiac 
Dysfunction in Diabetic Animals 

 Despite improved treatment over the years, cardiovascular disorders continue to 
develop and are presently the leading cause of diabetes-induced mortality. Changes 
in cardiac energy metabolism, abnormal glucose uptake, and increased fatty acid 
oxidation in relationship to mitochondrial uncoupling and altered Ca 2+  homeostasis, 
leading to diminished contractile activity, are likely [ 9 ]. Several mechanisms have 
been proposed to explain how all the pathologies involved in the progression of 
diabetic cardiomyopathy might result from hyperglycemia. Diabetes has been 
shown to induce activation of both systemic and cardiac renin-angiotensin systems 
(RAS) [ 77 ,  78 ]. It is known that angiotensin II (Ang II) has direct effects on cardio-
myocytes through the Ang II type 1 (AT 1 ) receptor [ 77 ,  79 ]. Thus, stimulation of the 
AT 1  receptor generates oxygen-derived free radicals, which have detrimental effects 
on the cardiovascular system [ 80 ,  81 ]. The AT 1  receptor has also been shown to be 
coupled to several postreceptor signaling pathways, including NADPH oxidase 
[ 82 ]. Therefore, upregulation of cardiac RAS and increased PKC activity in diabetic 
animals suggests the importance of these pathways in the development of cardiac 
complications. 

  Fig. 2    Line scan images with spontaneously arising Ca 2+  sparks from control (C-M and C-F) and 
diabetic (DM-M and DM-F) male and female rat heart cardiomyocytes. (For methods see Yaras 
et al. [ 44 ])       
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 In supporting work, Gassanov et al. [ 83 ] described marked recovery in the Ang 
II-induced depressed parameters of Ca 2+  sparks with candesartan. We and others 
have shown that chronic administration of Ang II-receptor blockers could protect 
the heart from the development of cellular alterations typically related to diabetes 
[ 39 ,  84 ]. Our study showed that candesartan, an AT 1  blocker, exerts protective action 
against anomalous Ca 2+  homeostasis that is attributable to reduced RyR2 phosphor-
ylation level and recovery of protein levels of both RyR2 and FKBP12.6 in STZ-
induced diabetic cardiomyocytes. Furthermore, candesartan downregulates PKC 
translocation to the membranes. Consistent with these fi ndings, it was demonstrated 
that activation of AT 1  receptor plays a major role in inducing functional changes of 
heart under diabetic conditions via a defective interaction of FKBP12.6 with RyR2 
that is triggered by the hyperphosphorylation of RyR2 via modulation with PKA as 
well as upregulation of the PKC and increase in ROS generation [ 7 ,  39 ,  81 ]. 

 Several mechanisms in the development of cardiomyopathy have been postu-
lated, including alterations in intracellular ion homeostasis and glucose metabolism 
and enhanced oxidative stress. Although alteration of Ca 2+  signaling via changes in 
critical processes that regulate intracellular Ca 2+  has become a hallmark of this type 
of cardiomyopathy, controversies are currently related to specifi c alterations in Ca 2+  
signaling pathways contributing to the cardiac defects in diabetes [ 85 ]. It is widely 
accepted that metabolic shifts brought about by diabetes increase the production of 
ROS and RNS. Nowadays, great interest has risen on the possible role of increased 
oxidative stress in the development of diabetes complications [ 8 ,  18 ]. In patients 
with diabetes, oxidative stress induced by either increased production of ROS or 
reduction of antioxidant defense mechanisms appears to result from the consequent 
increase in lipid peroxidation [ 10 ,  18 ,  86 ]. Although differences in ovarian sex hor-
mones, especially the potent antioxidant capacity associated with estrogen, have 
been speculated to play a major role in this “sex bias” of myocardial contractile 
function [ 16 ,  87 ], the precise mechanism of action behind sex differences in basal 
cardiac function and diabetic cardiomyopathy remains unclear. 

 Ceylan-Isik et al. [ 16 ,  75 ] demonstrated varied contractile function caused by 
gender difference in diabetic cardiomyocytes and suggested that the relatively 
higher glutathione antioxidant capacity in female hearts may contribute to the sex 
differences in cardiomyocyte contractile function. This proposal was supported by 
the observation of increased glutathione capacity and thus elevated antioxidant 
capacity in males with cardiac metallothionein overexpression. Metallothionein 
overexpresion nullifi ed the sex difference in glutathione capacity and canceled the 
sex difference in cardiomyocyte contractile function of STZ-induced diabetic mice. 
Other fi ndings [ 16 ,  88 ] depicted elevated cardiac protein carbonyl formation in dia-
betes in both sexes although there was no sex differences in basal cardiac protein 
carbonyl levels. These results preferably suggest a signifi cant role of cardiac protein 
damage in the onset of diabetic heart dysfunction but not a gender-based difference 
in myocyte contractility. 

 Moreover, Shimoni and Liu [ 4 ] proposed that diabetic cardiomyocytes of female rats 
show lesser thiol oxidation compared to those of males, accounting for less variation 
in K +  currents. The authors also reported that the activation of autocrine/paracrine 
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mechanisms is absent or less pronounced in cardiac cells from type 1 diabetic 
females because of the protective action of estrogen [ 4 ,  89 ]. Therefore, some of the 
cytoprotective effects of estrogen can be attributed to its antioxidative properties 
[ 90 ,  91 ]. Shimoni and Liu [ 89 ] recently demonstrated that induction of diabetic 
cardiomyopathy in females leads to a lower level of oxidative stress expressed as 
lower superoxide ion generation. Several studies, including those of our group, 
showed that oxidative stress is involved in the etiology of diabetes- induced down-
regulation of transient outward K +  currents [ 4 ,  38 ,  89 ]. Thus, different levels of intra-
cellular oxidants could contribute to the sex-related differences in cardiac function 
under control and diabetic conditions. Total and free SH levels measured in isolated 
cardiomyocytes of diabetic rats were signifi cantly less than levels in controls, with 
less reduction in females [ 38 ]. These data suggest that sex- dependent differences in 
diabetes-induced electrophysiological changes of the hearts could in part be caused 
by sex-dependent generation of oxidative stress in diabetes. 

 Some authors have observed increased oxidative stress in the early stages of 
type 1 diabetes in children and adolescents [ 92 ]. Recently, it has been demon-
strated in patients with well-controlled type 1 diabetes that total plasma antioxi-
dant capacity was signifi cantly lower and that two different markers of lipid 
peroxidation were signifi cantly augmented [ 46 ,  93 ]. Oxidative stress occurs early 
in the course of the disease in type 1 diabetes patients, with a difference between 
men and women. Thus, diabetes rapidly initiates destruction of plasma antioxidant 
capacity and increases oxidative stress, even in the early stages of the disease. 
Therefore, type 1 diabetic patients show antioxidant capacity imbalance even at the 
early phase of hyperglycemia, and impaired metabolic control leads to increased 
lipid peroxidation, even in the absence of complications. Instead, the uric acid 
levels contribute to this phenomenon, seen particularly in diabetic women. 
Independent of other factors women with diabetes display a greater decrease in 
antioxidant capacity and thus upregulated lipid peroxidation compared to diabetic 
men, which implies a canceled advantage against cardiovascular risk in women 
during diabetes [ 46 ].  

6     Conclusions 

 In the Framingham Heart Study, diabetes increased the prevalence of congestive 
heart failure in men more than in women, although this difference signifi cantly 
diminished with advanced ages [ 94 ]. Reduced antioxidant activity and increased 
oxidative stress occur early after the diagnosis of type 1 diabetes, specifi cally in 
elderly women, accounting for an increased susceptibility of diabetic women to 
cardiovascular complications [ 46 ]. The greater effect of diabetes in women com-
pared to men as a risk factor for congestive heart failure is in agreement with 
higher contribution of diabetes to arteriosclerosis in women [ 95 ]. However, at the 
cardiomyocyte level, gender differences indicate an increased Ang II level only in 
male rats with a consequent more marked reduction in K +  currents [ 89 ]. Also, 
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diabetes-induced alterations in RyR2 phosphorylation and FKBP12 unbinding, 
total and free sulfydryl group reduction, and PKC increase were less marked in 
females than in male rats [ 38 ]. It should be noted that antioxidant treatment with 
omega-3 induces signifi cant recovery in depressed left ventricular function and its 
rates of changes in males, whereas it further lengthens the diabetes-induced 
increase in time to peak of the developed pressure in females, although restoration 
in the altered antioxidant enzyme activities occured without signifi cant gender dif-
ferences [ 36 ]. It is most likely that the presentation of overall cardiac pathologies 
differs between sexes and deserves intensive further investigation to elucidate the 
underlying mechanisms unequivocally.     
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    Abstract     MicroRNAs (miRNAs) are a novel class of noncoding, conserved, tiny 
(19–24 nt) RNAs that regulate gene expression either by RNA interference (RNAi), 
where they target 3′-UTR and degrade mRNA or repress translation, or by RNA acti-
vation (RNAa), where they target promoter elements at 5′-UTR and induce gene tran-
scription. They have emerged as a therapeutic target for diabetes and cardiovascular 
diseases because each miRNA has several targets that allows it to make a layer of regu-
latory network. Diabetes is recognized as a multifactorial metabolic disease that 
increases the chances of heart failure and exacerbates mortality. MiRNAs regulates 
insulin production, beta-cell differentiation, cardiac hypertrophy, fi brosis, and rhythm, 
and thereby plays a crucial role in cardiac remodeling in diabetes. Differential expres-
sion of circulatory miRNAs has potential as a biomarker for heart failure in diabetes. 
It is documented that miRNAs regulate infl ammation, epigenetic modifi cations, and 
autophagy and are altered by matrix metalloproteinase 9, homocysteine, and exercise, 
which are associated with diabetic cardiomyopathy. This chapter embodies the differ-
entially expressed miRNAs in diabetic hearts, their plausible causes of deregulation, 
and the therapeutic potential of miRNAs in ameliorating diabetic cardiomyopathy.  
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1        Introduction 

 MicroRNAs (miRNAs) are conserved, noncoding RNAs of 19–24 nucleotides that 
maintain the precise levels of genes by either mRNA degradation (if the seed 
sequence of miRNA matches perfectly with the mRNA of the target gene) or trans-
lational repression (if the seed sequence matches imperfectly with the mRNA) [ 1 ,  2 ]. 
Canonically, miRNAs are recognized to inhibit gene by acting on their 3′-UTR in 
the cytoplasm. However, recent studies revealed that mature miRNA can reinter the 
nucleus [ 3 ,  4 ] and bind to the promoter to modulate gene transcription [ 5 – 7 ]. 
MiRNAs can also target the 5′-UTR [ 8 ] and gene termini [ 9 ] to regulate gene 
expression. More than 1,000 miRNAs have been discovered in humans, and they 
target nearly one third of the total genes, thereby regulating almost all biological 
processes [ 10 ,  11 ]. miRNAs are associated with cardiovascular diseases and diabe-
tes [ 2 ,  12 – 17 ] and have emerged as a therapeutic target for diabetic cardiomyopathy 
[ 2 ,  12 ,  18 ,  19 ]. Diabetes is caused by either the defi ciency or absence of insulin 
[destruction of pancreatic beta cells, type 1 (T1D)] or insulin intolerance (type 2, 
T2D). It is documented that insulin production and its transcription are regulated 
by miR-15a [ 20 ] and miR-30d [ 21 ], respectively. There are several miRNAs 
differentially regulated in the diabetic heart [ 22 ] and contribute to cardiac remodel-
ing in diabetes [ 22 – 28 ]. However, the causes of alterations in the levels of miRNAs 
in the diabetic heart are not clearly understood. Recent studies have revealed that 
miRNAs play a crucial regulatory role in stem-cell differentiation, apoptosis, and 
epigenetic modifi cations [ 13 ,  29 – 32 ] and have heterogonous targets that regulate 
different functions [ 33 ]. This novel class of small noncoding RNAs opened a new 
subdiscipline of genomics called microRNomics that is concerned with biogenesis, 
structure, expression, and regulation and fi nding the target genes of miRNAs to 
understand their biology and function [ 33 ,  34 ]. The synergy of miRNA and stem 
cells is emerging as a novel future therapeutic approach for diabetic cardiomyopa-
thy [ 2 ]. Understanding the specifi c role of differentially expressed miRNAs in the 
diabetic heart will provide a candidate to develop intervention tools to ameliorate 
diabetic cardiomyopathy. This chapter describes key miRNAs involved in regula-
tion of cardiac remodeling, stem cell differentiation, and epigenetic modifi cations, 
and the future perspective of miRNAs as a therapeutic target for diabetic 
cardiomyopathy.  

2     Biogenesis and Functions of miRNAs 

 miRNAs are transcribed from introns of protein-coding genes or intergenic regions 
(individually) or polycistronic transcripts (in cluster) [ 18 ,  35 ]. If the miRNA is tran-
scribed from a very short intron, it is called a mirtron [ 36 ]. The mirtrons and intronic 
miRNAs are transcribed by RNA polymerase II, but intergenic miRNAs are 
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transcribed by either RNA polymerase II or III [ 37 ]. The primary transcript of 
miRNA, called primary miRNA (pri-miRNA), is ~200 kb; it has a 5′- and a 3′-polyA 
tail. During processing for maturation, at fi rst the 5′-cap is cleaved by a micropro-
cessor complex that contains RNase III endonuclease Drosha and DiGeorge 
 syndrome critical region gene 8 (DGCR8) that reduces the size to ~70 nucleotides, 
which is called precursor miRNA (pre-miRNA) [ 38 – 43 ]. For maturation, pre- 
miRNA is translocated from the nucleus to cytoplasm with the help of Exportin5 and 
Ran GTP, which also protect pre-miRNA from cytoplasmic degradation [ 44 – 48 ]. 
Mirtron is also transported in the same manner in  Drosophila ; however, in mammals 
the method of transport is unclear [ 10 ,  49 ]. The pre-miRNA has two strands. The 
strand that becomes mature miRNA is called the guide strand and is denoted by 
miRNA*. The other strand is called passenger miRNA and is degraded during mat-
uration [ 50 ]. The maturation of pre-miRNA is processed by dicer (an RNase III 
endonuclease) that degrades the passenger strand and releases the single- stranded 
mature miRNA, which is immediately loaded into an RNA-induced silencing com-
plex (the detailed mechanism is elaborated in [ 2 ]). The mature miRNA inhibits the 
gene at three levels: (1) if the seed sequence of the miRNA complements perfectly 
with the 3′-UTR of mRNA sequence, the mRNA will be degraded; (2) if the seed 
sequence pairs imperfectly with the 3′-UTR of mRNA, the translational machinery 
will be obstructed by pairing of miRNA to mRNA; and (3) miRNA can be imported 
into the nucleus with the help of importin8, where it targets promoter and binds to 
either DNA sequence or nascent cognate transcript derived from the promoter. 
It can either induce transcription (a process called RNA activation, RNAa) or sup-
press transcription by transcriptional gene silencing (TGS). The activation (RNAa) 
or silencing (TGS) depends on recruitment of chromatin-modifying proteins 
(CMPs) to methylate either H3K4 (RNAa) or H3K9/K27 (TGS) [ 4 ].  

3     Diabetic Cardiomyopathy 

 Diabetes, the most rapidly increasing disease in the world [ 51 – 53 ], increases the 
chances of heart failure [ 54 ,  55 ]. Diabetic cardiomyopathy is defi ned as diabetes- 
mediated pathological cardiac remodeling in the absence of coronary artery disease, 
hypertension, or valvular disease [ 56 ]. Diabetes is a multifactorial disease. 
Therefore, the mechanism of diabetic cardiomyopathy is complex. However, under-
standing the mechanism of diabetic cardiomyopathy is important for mitigating 
heart failure caused by diabetes or reversing the pathological cardiac remodeling 
[ 57 – 60 ]. There are three major stages of diabetic cardiomyopathy: (i) The early 
stage is asymptomatic wherein changes occur at cellular and metabolic levels but 
are not recognized by systolic dysfunction; (ii) the middle stage is recognized by 
decrease in ejection fraction (EF <50 %) accompanied by a slight increase in left 
ventricular size and diastolic dysfunction. At this stage apoptosis, insulin resistance, 
and fi brosis are induced. (iii) The late stage is characterized by both systolic and 

miRNA in Diabetes



182

diastolic dysfunction, coronary artery diseases, and cardiovascular autonomic 
 neuropathy [ 13 ]. One of the mechanisms of diabetic cardiomyopathy is metabolic 
perturbation in which the heart is unable to utilize carbohydrates at increased work-
loads or starvation and utilizes free fatty acid, which decreases glucose transporter 
1 and -4 [ 61 – 63 ]. Other mechanisms include (1) insulin resistance [ 58 ,  64 ] and 
activation of peroxisome proliferator-activated receptor-α [ 65 ] by elevated levels 
of free fatty acids; (2) induction of reactive oxygen species [ 66 – 68 ] that induce 
matrix metalloproteinase 9 [ 69 ], which contributes to cardiac fi brosis [ 69 ,  70 ] and 
contractile dysfunction [ 71 ], (3) up regulation of  infl ammatory cytokines [ 22 ,  72 ], 
(4) attenuation of beta-1 and -2- adrenergic receptors [ 73 – 75 ], and (5) changes in the 
myocardial autonomic neurotransmitters [ 76 ]. A high-fat diet and obesity also 
 contributes to insulin resistance, which along with beta-cell destruction causes 
structural, functional, and regulatory remodeling in the heart that leads to diabetic 
cardiomyopathy [ 13 ].  

4     miRNAs in the Diabetic Heart 

 miRNAs are the key regulator of diabetic cardiomyopathy as they regulate the pro-
cesses from beta-cell differentiation to insulin production and cardiac remodeling to 
heart failure, suggesting that diabetes is a miRNA-related disease [ 2 ,  20 ,  21 ,  77 – 80 ]. 
In the diabetic heart, miR-133 is attenuated [ 81 ]. MiR-133 regulates cardiac hyper-
trophy [ 82 ], and fi brosis [ 83 ,  84 ] and arterial remodeling [ 85 ]. Similarly, miR-1, 
-29, -30, and -150 are downregulated in the diabetic heart and contribute to cardiac 
hypertrophy [ 86 ,  87 ]. On the other hand, upregulation of miR- 23, -24,-125,-129, 
-195, -199, and -208 are associated with hypertrophy [ 87 ]. Cardiac fi brosis is upreg-
ulated by inhibition of miR-29 [ 88 ] and induction of miR- 21 [ 89 ]. The upregulation 
of miR-503 in diabetes causes endothelial dysfunction, which is mitigated by inhi-
bition of miR-503 [ 24 ]. miR-221 is induced in the diabetic condition and contrib-
utes to endothelial dysfunction and attenuation of c-kit [ 25 ]. Glucose transporter 4 
is attenuated in diabetics and is regulated by miR-223, which induces glucose trans-
porter 4 [ 26 ]. The role of different miRNAs in diabetic heart failure is also elabo-
rated in several excellent reviews [ 2 ,  12 ,  13 ,  18 ,  78 ]. miRNAs are also associated 
with epigenetic modifi cations. Recently, miR-133 has been shown to regulate DNA 
methyl transferase 1, -3a, and 3b. These methyl transferases are altered in diabetic 
hearts and induce DNA methylation [ 29 ]. 

 miRNAs are also present in the blood, and they circulate through the blood in the 
body. These miRNAs are called circulating miRNAs. The differential expression of 
circulating miRNAs correlates with tumor progression and has emerged as a poten-
tial biomarker for cancer [ 90 – 94 ]. Similarly, circulating miRNAs are documented 
as biomarkers for heart failure [ 14 ,  95 – 99 ]. The differential expression of circulat-
ing miRNAs can be assessed in the different stages of diabetic cardiomyopathy and 
can be used as a biomarker for diabetic cardiomyopathy.  
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5     miRNAs as Therapeutic Targets for Diabetic 
Cardiomyopathy 

 Diabetic cardiomyopathy is a progressive disease with three different stages, starting 
from the asymptomatic (early) stage to diastolic and systolic dysfunction (late) stage. 
The heart is a sophisticated and vulnerable organ and is tightly regulated by miRNAs 
[ 18 ]. In diabetics, the glucose-mediated alterations in the metabolism, infl ammation, 
reactive oxygen species-triggered apoptosis, and extracellular matrix degradation 
changes the microenvironment of the heart and induces pathological cardiac remod-
eling [ 13 ,  18 ]. These alterations also deregulate those miRNAs that maintain the 
homeostasis of the heart. Therefore, investigating those miRNAs that are altered in 
the diabetic heart is important. For example, abrogation of only miR-133 results in 
cardiac hypertrophy [ 82 ], and it is attenuated in the diabetic heart [ 81 ]. Also, the 
transgenic expression of miR-133 protects the heart from pressure overload-induced 
cardiac fi brosis [ 83 ]. Therefore, miR-133 is an important miRNA in diabetic cardio-
myopathy. To protect the diabetic heart from pathological remodeling, overexpres-
sion of miR-133 could be an important intervention tool. The levels of different 
circulating miRNAs can be assessed in the different stages of diabetic cardiomyopa-
thy and compared with the control to diagnose the specifi c miRNAs differentially 
expressed in the three stages of diabetic cardiomyopathy. Similarly, the unique miR-
NAs in the different stages of diabetic cardiomyopathy can be analyzed and used as 
biomarkers for specifi c stages of cardiomyopathy. Therefore, miRNA has great 
promise as a biomarker and therapeutic target for diabetic cardiomyopathy.  

6     Conclusions 

 miRNAs play pivotal roles in diabetic cardiomyopathy. MiRNA profi ling and tar-
geting specifi c miRNA(s) is a promising approach for the therapy of diabetic 
cardiomyopathy.     
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    Abstract     The alterations observed in the ECG of diabetic patients correspond to 
alterations in the repolarizing currents of the cardiac action potential. Diabetes 
affects the amplitude and kinetics of most of the potassium currents by modifying 
the biophysical behavior and even the expression levels of the potassium channel- 
forming proteins. We review here the effects of diabetes mellitus on individual 
currents, as well as the intracellular mechanisms that mediate them. Then, we dis-
cuss how diabetes modifi es the regulation of calcium and potassium channels, with 
particular emphasis on the transient outward potassium current. Impaired sympa-
thetic activity, loss of insulin-mediated trophic effect, and impaired metabolic sta-
tus have major effects on the normal functioning of potassium channels in the 
diabetic heart.  

  Keywords     AMPK   •   Ion channels   •   Diabetes   •   Repolarizing   •   Expression   •   Insulin   
•   Sympathetic   •   MAPK   •   Metabolic status   •   Adrenoceptors  

1        Introduction 

 The functioning of the heart consists of a mechanical process of blood pumping, 
which takes place in response to a specifi c electrical order: the cardiac action poten-
tial (AP). In humans, the cardiac action potential is the result of depolarizing sodium 
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and calcium currents and several repolarizing potassium currents, each of them 
driven by a particular combination of membrane-located ionic channels. Alterations 
in these proteins often affect the shape or duration of the action potential, causing 
arrhythmias than can ultimately alter the mechanical function of the heart. 

 Among the pathologies that severely affect the electrical properties of the cardiac 
tissue, diabetes mellitus appears [ 1 ]. The fact that diabetic patients may die sud-
denly and without any obvious cause has long intrigued scientists. In this sense, the 
electrocardiogram of diabetic patients shows prolonged QTc (QT interval corrected 
for heart rate) and increased QT dispersion (QTd), alterations typically associated 
with a greater predisposition to suffer arrhythmias and sudden death [ 2 – 5 ]. 

 Diabetic laboratory animals have been used extensively in the study of the func-
tion of cardiac ionic channels. Diabetes is typically induced by the administration of 
the pancreatic beta-cell toxins streptozotocin or alloxan [ 6 ]. Thus, the lengthening 
of repolarization observed in the electrocardiograms of diabetic patients is repro-
duced in diabetic animals [ 7 ]. 

 Although one single sodium current, I Na , causes the rapid initial depolarization 
phase of the cardiac action potential, the complex repolarization takes place by the 
balance between inward calcium and outward potassium currents. The results from 
the ECG and the action potential recordings indicate that the repolarization is the 
major phase affected by diabetes. The prolonged QTc and the increase in QTd 
refl ect a lengthened repolarization in diabetic cardiac myocytes that is corroborated 
by prolonged action potential duration, especially at the endocardium [ 8 ,  9 ].  

2     Diabetes Alters the Cardiac Ionic Currents 

2.1     Alterations in Na +  and Ca 2+  Inward Currents 

 The absence of changes in both cardiac conduction in the ECG and the depolariza-
tion phase of the action potential indicates that there is no signifi cant effect of dia-
betes on cardiac sodium currents. The only alteration reported over the I Na  comes 
from Feuvray’s laboratory, who found that diabetes decreases a slowly inactivating 
component of the sodium current [ 10 ]. 

 Because the plateau phase of the cardiac AP is the result of a fi ne balance between 
inward calcium and outward potassium currents, any alterations of that balance 
might cause the increased action potential duration observed in diabetic cardiomyo-
cytes. In adult ventricular myocytes from most species, the L type is the only cal-
cium channel found in the sarcoplasmic membrane, and the increase in the amplitude 
of L-type calcium current (I Ca-L ), as well as alteration of the current kinetics, could 
lengthen AP. 

 The fi rst research work on the characteristics of ionic currents in the diabetic 
heart showed no alteration in the L-type calcium current [ 11 ,  12 ]. More recent work 
has confi rmed that I Ca-L  amplitude, inactivation kinetics, and voltage dependence 
remain unchanged in diabetic ventricular myocytes, and that the expression of the 
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pore-forming subunit of the channel is not signifi cantly altered by diabetes [ 7 ,  13 ]. 
However, it is necessary to point out that these experiments were performed in con-
ditions of intracellular calcium buffering; the relevance of this is discussed next.  

2.2     Alterations in K +  Outward Currents 

 Sodium and calcium channels consist of one α-subunit that forms the pore, senses 
the voltage, and provides ion selectivity, but in the case of potassium channels four 
α-subunits must combine to form a functional pore. The great variety of α-subunits 
that exists for K +  channels makes this group the most diverse among the voltage- 
dependent ionic channels. Further, α-subunits form either homo- or heterotetramers, 
usually associated with auxiliary subunits such as beta subunits (Kvβ), K +  channel- 
interacting proteins (KChIPs), and dipeptidylpeptidases (DPPX), thereby increasing 
even more the diversity of functional K +  channels [ 14 ]. 

 Although important variations between species exist, the main K +  repolarizing 
currents in the human heart are the fast and the slow transient outward currents I to,f  
and I to,s ; the ultrarapid, the rapid, and the slow delayed rectifi ers I Kur , I Kr  and I Ks ; and 
the inward rectifi er I K1  [ 15 – 19 ]. The transient outward potassium current determines 
the rapid repolarization or phase 1 of the cardiac action potential and affects the 
plateau phase. The delayed rectifi ers maintain and fi nish the plateau and eventually 
repolarize the cell. Last, the inward rectifi er keeps the resting membrane potential. 

 In contrast with the unaltered calcium current, reduced potassium permeability 
in the membranes of diabetic cells has been consistently reported, from initial work 
performed over total K +  current up to the recent biophysical studies of individual 
channels. The picture that emerges is that diabetes alters most of the potassium cur-
rents, particularly I to,fast , I to,slow , I Kur , and I Ks , whereas I K1  and I Kr  remain unchanged 
and are the exception [ 7 – 9 ,  13 ,  20 ]. 

 The early studies in potassium currents were performed over total K +  current, 
which was subsequently analyzed by fragments. In the rat heart, this indirect method 
suggested that diabetes mellitus reduced the amplitude of the transient outward and 
the delayed rectifi ers, but not the inward rectifi er I K1  [ 8 ,  11 ,  21 ]. However, it is 
important to remember that in the normal heart the AP duration is not uniform 
throughout the ventricles. In rats, it is shorter in the right ventricle than in the left, 
and also shorter in the epicardium compared to the endocardium [ 22 ,  23 ]. So, when 
the regional variability was included in the study, the results showed that diabetes 
mellitus reduces the amplitude of the transient outward and the delayed rectifi er K +  
currents, but in a different proportion. Thus, the decrease of I to  and I ss  currents 
amplitude is marked and homogeneous. Conversely, the decrease in I K  current var-
ies between 10 % in the right ventricle and the 50 % in the endocardium of the left 
ventricle [ 9 ]. Therefore, this uneven reduction in I K  amplitude is the responsible for 
the regional differences in APD in the diabetic rat heart. 

 Later, new electrophysiological and pharmacological protocols were designed 
enabling the recording, and therefore the direct measurement, of individual currents 
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without overlapping or contamination [ 24 ,  25 ]. Then, the easy method for inducing 
diabetes in rodents, a single injection of streptozotocin, together with its large 
amplitude, has made the rat cardiac I to  by far the most extensively studied repolar-
izing current in diabetes. The amplitude of this fast transient outward K +  current is 
reduced in cardiac myocytes isolated from diabetic rats, mice, and dogs. At the same 
time there is a reduction in the expression of the Kv4.2 and Kv4.3 proteins, the pore-
forming α-subunits responsible for this current in the different species [ 8 ,  9 ,  13 ,  20 ]. 

 When the decrease in the cardiac I to  current amplitude was fi rst reported in dia-
betes [ 8 ], the delayed rectifi er potassium currents I Kr  and I Ks  were just described 
[ 26 ]. After some attempts with the non-human-like rat I K  [ 9 ,  21 ], and some nonre-
producible work in diabetic rabbits [ 27 ,  28 ], the fi rst reliable studies on the effects 
of diabetes on the delayed rectifi ers I Kr  and I Ks  came at last, showing that the two 
currents are not affected by diabetes in a similar manner. 

 Two consecutive studies in diabetic rabbits and then in diabetic dogs reported no 
effect of diabetes in the rapid delayed rectifi er I Kr  [ 7 ,  13 ]. Thus, the amplitude and 
the biophysical behavior of the current, including voltage dependence and activa-
tion/deactivation kinetics, were similar in healthy and diabetic ventricular myo-
cytes. Moreover, the expression of the ERG protein, the pore-forming α-subunit of 
I Kr , is also unaffected by diabetes in the dog heart. Similar results have been found 
very recently in diabetic rabbits [ 20 ]. 

 In contrast, I Ks  current amplitude is reduced in cardiomyocytes isolated from 
diabetic rabbits and dogs. Other parameters such as current voltage dependence or 
kinetics are not altered [ 7 ,  13 ]. Interestingly, the decreased I Ks  amplitude is not 
caused by reduced synthesis of the channel-forming protein Kv7.1, but rather the 
accessory subunit minK [ 13 ]. However, as Varro’s group elegantly postulates, the 
relevance of this fi nding lies on the possibility that diabetes mellitus diminish 
the cardiac repolarization reserve. Thus, if cardiac demand increases, in a condition 
where several potassium currents are decreased they may not be able to compensate 
for each other to ensure a normal repolarization [ 7 ,  29 ]. 

 It is important to point out that in the electrical behavior of ionic currents, the 
amplitude is not the only biophysical parameter that can be affected. A good exam-
ple could be the transient outward potassium current, because diabetes slows down 
the capability of the I to  channels to recover from inactivation [ 21 ,  30 ], and the 
inactivation of I to  current is accelerated in cardiomyocytes isolated from diabetic 
rats [ 8 ,  9 ]. The combined effect of slower recovery and faster inactivation is that in 
the diabetic heart there are fewer I to  channels capable of driving potassium.   

3     Diabetes Alters the Regulation of Ionic Channels 

3.1     Alterations on the Regulation of I Ca-L  

 Diabetic cardiomyopathy affects neither the expression of the pore-forming subunit 
of the L-type calcium channel nor current amplitude, inactivation kinetics, or volt-
age dependence [ 7 ,  11 – 13 ]. However, as mentioned previously, it is important to 
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remind that those experiments were performed under intracellular calcium- buffering 
conditions: this is a key methodological aspect that can determine the results. 
In fact, experiments where intracellular medium is not artifi cially regulated yielded 
opposite results: diabetes reduces the amplitude and slows down the inactivation 
kinetics of I Ca-L  in myocytes [ 31 ,  32 ]. 

 Intracellular calcium handling is severely compromised in diabetic myocytes, 
and these alterations include reduced calcium content, release and reuptake by the 
sarcoplasmic reticulum, and reduced activity of the Na–Ca exchanger in the sarco-
plasmic membrane [ 32 – 39 ]. Because the I Ca -L current is strongly modulated by 
intracellular calcium [ 40 ], the alterations found by Wang et al. and Chattou et al. 
[ 31 ,  32 ] might be secondary to the impaired channel modulation by intracellular 
calcium ions. Thus, the conclusion of these apparently contradictory works might 
be that diabetes does not affect the abundance and behavior of the cardiac L-type 
calcium channel, but rather its regulation by intracellular calcium.  

3.2     Alterations in the Regulation of K +  Currents 

 In a given current, alterations in the amplitude can be caused by changes in the con-
ductivity or changes in the amount of channel proteins. This second hypothesis is 
the more usual and can be achieved by modifi cations in the synthesis of the proteins 
that form the channel. In this regard, there are positive regulators such as insulin or 
norepinephrine that are required for the expression of the channel at physiological 
levels and therefore act as trophic factors [ 30 ,  41 ]. On the other hand, molecules 
such as AMP kinase and tumor necrosis factor (TNF) behave as negative regulators, 
reducing the channel expression [ 42 ,  43 ]. 

3.2.1     Acute Regulation by the Sympathetic Nervous System 

 One of the characteristics of diabetes mellitus is the development of cardiac auto-
nomic neuropathy, defi ned by abnormalities in the parasympathetic and sympathetic 
nervous system, that is in fact a signifi cant cause of morbidity and mortality among 
diabetic patients [ 44 ]. 

 In the normal heart, norepinephrine reduces transient outward potassium current 
amplitude trough a pathway that requires the stimulation of α1-adrenoceptors [ 45 ]. 
However, diabetes mellitus reduces the responsiveness of several tissues such as the 
vas deferens, atria, or ventricles toward sympathetic stimulation [ 46 – 49 ]. Thus, in 
ventricular cardiomyocytes isolated from healthy rats norepinephrine exposure 
decreases I to  current amplitude in a concentration-dependent manner. Diabetes 
shifts the norepinephrine concentration–response curve to the right and reduces the 
maximum effect of the neurotransmitter [ 48 ]. In diabetic cells norepinephrine 
causes a decrease in current amplitude, but this reduction is smaller than in healthy 
cardiomyocytes. This resistance of diabetic myocardium toward sympathetic regu-
lation is one of the multiple manifestations of the progressive development of 
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diabetic cardiomyopathy, the ventricular dysfunction that occurs independently of 
coronary artery disease and hypertension [ 1 ,  50 ]. 

 In the case of I to  regulation, this resistance might be caused by the reduction in 
cardiac α1-adrenoceptor levels that occurs in streptozotocin-diabetic animals [ 51 ]. 
There are no data regarding the sympathetic regulation of other K +  currents in dia-
betic animals. However, because I Kr  is also modulated by α1-adrenoceptors [ 52 ], 
one can hypothesize that the response of I Kr  toward sympathetic stimulation would 
also be reduced.  

3.2.2     Long-Term Regulation by the Sympathetic Nervous System 

 Although norepinephrine release from the sympathetic terminals acutely reduces 
the amplitude of K +  currents such as I to  or I Kr  through the activation of α1-adrenoceptors 
[ 48 ,  52 ], long-term sympathetic activity, now acting through β-adrenoceptors, serves 
as a trophic factor ensuring the maintenance of ionic currents [ 41 ]. Moreover, the 
sympathetic nervous system plays a critical role in the development and/or mainte-
nance of sodium, calcium, and potassium currents [ 53 – 56 ]. Hence, pathology 
affecting the sympathetic innervation of the heart often reduces the amplitude of 
ionic currents. This change is very evident in the case of the transient outward potas-
sium current, which is diminished in the acute state of Chagas’ disease when degen-
eration of sympathetic nerve terminals is present [ 57 ,  58 ]. Similarly, the reduction 
in I to  current amplitude observed in diabetic rats can be caused by an insuffi cient 
cardiac sympathetic supply as the catecholamine content in the stellate ganglion that 
innervates the heart is signifi cantly smaller than in healthy animals [ 41 ,  59 ].  

3.2.3     MAP Kinases Regulate I to  Channels Expression 

 Interestingly, both in Chagasic and in diabetic cardiomyocytes, incubation with nor-
epinephrine for 24 h restores I to  current amplitude, but not current kinetics [ 41 ,  60 ]. 
Similarly, incubation of diabetic myocytes with insulin or the β-adrenoceptor  agonist 
isoproterenol restores I to  current amplitude to control values [ 30 ,  41 ]. In all these 
experiments, the restoration takes place after a long incubation, suggesting that these 
agonists act as trophic factors that activate the synthesis of new channel proteins. 

 In fact, insulin affects the gene expression of a number of proteins including 
potassium channels [ 61 ]. Moreover, when protein synthesis is inhibited with cyclo-
heximide, insulin fails to restore I to  current amplitude in diabetic cells [ 30 ]. Ultimately, 
the intracellular mechanism responsible for the fabrication of new I to  channels in 
response to insulin requires the activation of the MAP kinase cascade [ 62 ]. 

 Very recently the intracellular signaling pathway connecting the activation of 
β-adrenoceptors with the restoration of I to  current amplitude in diabetic cardiomyo-
cytes has been elucidated. As expected, it involves the MAP kinase pathway and an 
increased amount of channel proteins in the plasma membrane. In diabetic cardio-
myocytes, β-AR stimulation by isoproterenol leads to the activation of Gαs and Gαi 
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proteins and the dual phosphorylation of the receptor by PKA and β-ARK1. The 
β-AR then binds arrestin, and internalizes and recruits cSrc, which subsequently 
activates Ras, MEK1/2, and ERK1/2. Finally, this MAPK cascade increases the 
Kv4.2 and Kv4.3 protein expression and thereby restores I to  current amplitude [ 63 ].  

3.2.4     AMP Kinase Mediates K + -Channel Reduction in Diabetic Heart 

 In physiological conditions, where the insulin release is not compromised, the neu-
rohormonal supply would ensure the correct expression of I to . Thus, the natural 
hypotheses to explain why in cardiac muscle potassium currents are reduced in type 
1 diabetes mellitus would be the reduction of protein synthesis secondary to the loss 
of the trophic effect of insulin. 

 This explanation would be satisfactory except for the fact that a 6-h incubation with 
metabolism improvers also restores I to  current amplitude in diabetic cardiomyocytes 
[ 64 ,  65 ]. Similar to insulin, metabolic improvers such as dichloroacetate, L-carnitine, 
or pyruvate require protein synthesis to restore the K +  currents [ 20 ,  30 ,  64 ,  65 ]. 
Because metabolic improvers have no direct effect on protein synthesis, these 
studies claim the fl awed glucose metabolism as the potential cause of the reduced 
cardiac potassium currents in diabetes mellitus. 

 Interestingly, insulin fulfi ls both functions: it directly stimulates protein synthe-
sis and also improves the metabolic state of the cell. In a combined hypothesis, 
reduction of K +  currents in diabetes could be caused by a defect in channel protein 
synthesis secondary to a deterioration of the metabolic status of the cells. 

 In this sense, the AMP-activated protein kinase acts as a cellular energy sensor 
in the heart [ 66 ], which in conditions of energy depletion switches on catabolic 
pathways to generate ATP and at the same time switches off energy-consuming 
anabolic pathways, including protein synthesis [ 67 ]. In heterologous expression 
systems, the reduction of protein synthesis by AMP kinase activity includes the 
downregulation of some voltage-dependent ionic channels such as Kv1.5 or Kv7.1/
mink [ 43 ,  68 ]. In murine cardiomyocytes, AMPK activation in healthy cells reduces 
K + -current amplitudes in the same way that diabetic status does, whereas metabolic 
improvement is unable to restore K + -current densities in diabetic cells when AMPK 
is kept in an active state [ 20 ]. Therefore, AMPK might be the intracellular link 
between metabolic status and K + -channel protein synthesis in the heart.  

3.2.5     I to  Current Kinetics in Diabetic Cardiomyocytes 

 Most of the alterations discussed so far regard the current amplitude; however, 
 diabetes also affects current kinetics. In diabetic myocytes, the transient outward 
potassium current displays slower recovery kinetics than in healthy myocytes [ 21 , 
 30 ]. In this regard, diabetes reduces the expression of the channel-forming Kv4.x 
proteins [ 69 ,  70 ] but increases the expression of Kv1.4 [ 7 ,  70 ]. Although quite  similar 
in structure, Kv4.2/Kv4.3 channels recover from inactivation more than  tenfold 
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faster than Kv1.4. Therefore, altered recovery kinetics of I to  observed in diabetic cells 
could result from a switch from the fast-recovering Kv4.x to the slow-recovering 
Kv1.4 isoform [ 71 ]. 

 Moreover, diabetes accelerates the inactivation rate of rat I to  current [ 8 ,  9 ]. 
Experiments performed in heterologous expression systems and in rat and human 
cardiac myocytes indicate that inactivation of I to  depends on the phosphorylation 
state of the channel. In particular, phosphorylation of Kv4.2/Kv4.3 channels by the 
Ca 2+ - and calmodulin-dependent kinase II (CaMKII) slows down the inactivation 
rate [ 72 – 74 ]. In diabetes, insulin defi ciency causes a reduction in calmodulin 
expression, which subsequently impairs the activity of the CaMKII. As a result, 
phosphorylation of I to  channels is defective and the inactivation of the current 
becomes abnormally fast [ 75 ].    

4     Conclusions 

 The electrocardiogram of diabetic patients often shows alterations that affect  cardiac 
repolarization, especially a prolonged QTc associated with a higher risk of ventricu-
lar arrhythmias. Because the ECG is the result of the summation of the electric 
activity of each individual cardiac cell, the abnormalities observed in the electrocar-
diogram ultimately refl ect alterations in either the activity or the amount of ionic 
channels in the membrane of the cardiomyocytes. Diabetes modifi es inward and 
outward ionic currents in different ways. It is particularly relevant that the reduction 
in protein expression affects the channels responsible for the I to  and I Ks  currents. 
This reduction can be caused by a defective supply of trophic factors such as insulin 
or noradrenalin, as well as a reduction in channel protein synthesis secondary to the 
impaired metabolic status. Finally, diabetes also alters the currents by reducing 
the levels of regulatory proteins and second messengers, as is the case of the L-type 
Ca 2+  current or the K +  current I to , whose intracellular regulation by Ca 2+  and kinases 
is impaired.     
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    Abstract     Although diabetics are at increased risk of structural heart disease from 
vascular complications, the concept of diabetic cardiomyopathy suggests a direct 
cellular insult to the myocardium. Several investigations, mainly echocardiographic 
population-based studies, documented a uniform association between diabetic 
cardiomyopathy and the presence of cardiac hypertrophy and myocardial stiffness. 
In the following review, we attempt to provide a comprehensive insight to discuss 
the possible underlying mechanisms, especially the role of PPARs in diabetic 
cardiomyopathy.  

  Keywords     Diabetic cardiomyopathy   •   Peroxisome proliferator-activated receptors   
•   PPAR-δ   •   Fatty acid oxidation  

1        Introduction 

 Diabetes mellitus (DM) is a common metabolic disorder with a chronic course. The 
prevalence of this disease is on the increase in several regions of the world [ 1 ,  2 ]. 
Diabetes is described as “a coronary heart disease equivalent,” and diabetes is essen-
tially a vascular rather than a carbohydrate malfunction [ 3 ,  4 ]. Individuals with dia-
betes are at a signifi cantly greater risk of developing both micro- and macrovascular 
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disease, and have a cardiac mortality equivalent to that in nondiabetic patients with 
confi rmed heart disease [ 5 ]. Cardiovascular complications including angina, myo-
cardial infarction, and diabetic cardiomyopathy are major causes of morbidity and 
mortality in diabetic patients [ 6 ]. 

 The presence of a diabetic cardiomyopathy was fi rst recognized by Rubler et al. 
[ 7 ], who described four diabetic patients with congestive heart failure and normal 
coronary arteries. In one of the largest epidemiologic studies, involving more than 
800,000 patients, diabetes was found to be independently associated with the occur-
rence of congestive heart failure after adjusting for cardiac hypertrophy, hyperten-
sion, coronary artery disease, and atrial fi brillation [ 8 ]. Diabetic cardiomyopathy 
has been defi ned as “a distinct entity characterized by the presence of abnormal 
myocardial performance or structure in the absence of epicardial coronary artery 
disease, hypertension, and signifi cant valvular disease” [ 9 ,  10 ]. Although diabetics 
are at increased risk of structural heart disease because of vascular complications, 
the concept of diabetic cardiomyopathy suggests a direct cellular insult to the myo-
cardium. Several investigations, mainly echocardiographic population-based stud-
ies, documented a uniform association between diabetic cardiomyopathy and the 
presence of cardiac hypertrophy and myocardial stiffness [ 11 ]. In the following 
review, we attempt to provide a comprehensive insight to discuss the possible under-
lying mechanisms, especially the role of peroxisome proliferator-activated recep-
tors (PPARs) in diabetic cardiomyopathy.  

2     Diabetic Cardiomyopathy in Human and Animal Models 

 In patients, cardiac ejection time is often reduced, and the length of the pre-ejection 
period and the ratio of the pre-ejection period to cardiac ejection time are often 
increased. Diastolic abnormalities have been suggested as an earliest functional 
effect of diabetic cardiomyopathy. In the study of normotensive asymptomatic type 
2 diabetic patients with good glycemic control, 47 % were found to have diastolic 
dysfunction [ 12 ]. More sensitive techniques for systolic assessment, such as strain, 
strain rate, and myocardial tissue Doppler velocity, may detect preclinical systolic 
abnormalities in diabetic patients. One study using several detecting methods found 
that as many as 75 % of diabetic patients demonstrate abnormalities of diastolic 
dysfunction [ 13 ]. Fibrosis of the myocardium is usually present and can be con-
fi rmed with biopsy; myocytic hypertrophy is usually found, and increase in contrac-
tile protein glycosylation [ 14 ], all of which contribute to reduced diastolic 
compliance and ventricular hypertrophy in diabetic patients. In diabetes, deposition 
of advanced glycation end products and deposition of collagen are important deter-
minants of the increased heart stiffness in patients having heart failure with reduced 
cardiac output [ 15 ]. 

 In an animal model, the streptozotocin (STZ)-treated rat has been associated 
with myocardial atrophy as opposed to hypertrophy and, in particular, with loss of 
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contractile proteins. In the isolated heart, abnormalities in diastolic function 
(increased ventricular end-diastolic pressure and operating chamber stiffness) and 
progressive reduction in heart systolic function over 1 year were reported [ 11 ]. 
These experimental models suggested that hyperglycemia alone may account for 
the functional changes observed in diabetic cardiomyopathy. Most studies of type 2 
DM have been performed in genetic models of obesity and insulin resistance such 
as the Zucker fatty rats or db/db mice, both of which have mutations that impair 
leptin receptor signaling, or ob/ob mice, which lack leptin. In these experiments, 
cardiac manifestations depend on the onset and severity of these metabolic altera-
tions. Hyperinsulinemic Zucker fatty (ZF) rats showing obesity and hyperinsu-
linemia develop early onset, and exhibit myocardial hypertrophy and variable 
degrees of diastolic abnormalities, whereas the diabetic ZF rats (similar to meta-
bolic features of type 2 DM) have less increase in cardiac mass and less impairment 
in cardiac systolic function in isolated hearts but not in intact models [ 16 ,  17 ]. These 
fi ndings support that hyperinsulinemia is able to induce cardiac hypertrophy in con-
trast to the infl uence of hyperglycemia, which may mitigate hypertrophy and affect 
systolic dysfunction to a greater extent. In other words, myocardial fi brosis is likely 
to be related to hyperglycemia, whereas left ventricular hypertrophy is most likely to 
be related to the insulin resistance syndrome [ 18 ].  

3     Pathogenesis of Diabetic Cardiomyopathy 

 The mechanisms of this disorder are still not clear. Hyperglycemia, insulin resis-
tance, increased fatty acid metabolism, microcirculatory changes, sympathetic dys-
function, and fi brosis are considered to collectively contribute to its pathology. 
Hyperglycemia may mediate its damaging effects through a series of secondary 
transducers, especially reactive oxygen species (ROS) and advanced glycation end 
products (AGEs). ROS encompass a range of highly reactive oxygen base mole-
cules, which consist of both free radicals (superoxide) and chemicals capable of 
generating free radicals (hydrogen peroxide). Oxidative stress exists when the pro-
duction of ROS outweighs their degradation by antioxidant defenses, and the resul-
tant elevation of ROS has numerous deleterious effects on the cardiovascular system 
via cellular damage by oxidation, disruption of vascular homeostasis through inter-
ference with nitric oxide (NO), and by modulation of detrimental intracellular sig-
naling pathways, the so-called redox signaling. Although under physiological states 
most of the ROS generated within cells arises from mitochondria, in diseased condi-
tions they are produced by a range of other sources [ 19 ]. Overexpression of metallo-
thionin [ 20 ,  21 ], catalase [ 22 ], and manganese superoxide dismutase [ 23 ] in the 
heart reversed diabetic cardiomyopathy in animal models of both type 1 and type 2 
diabetes and increased glucose oxidation and mitochondrial generation of superox-
ide, which in turn leads to DNA damage and activation of poly (ADP ribose) poly-
merase (PARP) as a reparative enzyme. As a result, glucose is diverted from its 
glycolytic pathways and into alternative biochemical pathways that are considered 
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the mediators of hyperglycemia-induced cellular injury [ 24 ], including increases in 
AGEs, increased hexosamine and polyol fl ux, and activation of classical isoforms of 
protein kinase C, as well as altered expression and function of both the ryanodine 
receptor (RyR) and sarco(endo)plasmic reticulum Ca 2+ -ATPase (SERCA2). The lat-
ter are thought to be responsible for decreased systolic and diastolic function [ 25 ]. 
Long-lived extracellular proteins, such as collagen and elastin, are particularly vul-
nerable to the accumulation of AGEs [ 26 ]: this can impair the ability of collagen to 
be degraded, leading to collagen accumulation or fi brosis. Crosslinking of collagen 
and elastin and the resulting fi brosis also cause increased myocardial stiffness and 
impaired cardiac relaxation. Aminoguanidine (an inhibitor of AGE formation) has 
been shown to ameliorate changes in left ventricular structure and function [ 27 ]. 

 Moreover, in diabetes, an increase of free fatty acid (FFA) use and oxidation by 
the heart could increase susceptibility to ischemia and can lead to lipid accumula-
tion, energy deprivation, worsening insulin resistance, and ultimately cardiomyopa-
thy [ 28 ]. Cardiac myocytes respond to increased FFA by upregulating the expression 
of the enzymes necessary for their disposal through mitochondrial β-oxidation. 
These enzymes are under transcriptional control of the nuclear transcriptional factor 
named peroxisome proliferator-activated receptor (PPAR). High FFA levels activate 
PPAR, leading to increased FFA use through myocardial fatty acid oxidation and 
myocardial fatty acid utilization [ 29 ]. In addition, FFAs inhibit pyruvate dehydroge-
nase, which impairs myocardial energy production and leads to the accumulation of 
glycolytic intermediates and intracellular lipids [ 30 ,  31 ]. It has been mentioned that 
an increase of ceramide levels in cardiac myocytes is associated with increased 
oxidative stress, apoptosis, and decreased contractile function [ 32 ].  

4     The Effect of PPARs on Diabetic Cardiomyocytes 

 Peroxisome proliferator-activated receptors (PPARs), ligand-activated transcription 
factors, belong to the nuclear hormone receptor superfamily regulating expression 
of genes involved in different aspects of lipid metabolism, infl ammation, and cardiac 
energy production [ 33 ]. Three isoforms of PPARs, specifi cally PPAR-α, PPAR-β/δ, 
and PPAR-γ, have distinct tissue distributions and functions. PPARs form heterodi-
mers with retinoid X receptors, bind to specifi c hexanucleotide PPAR- response 
elements, and regulate the transcription of target genes. The PPAR isoforms are 
differentially expressed in tissues, and their distribution pattern differs depending 
on the period of organogenesis. Although PPAR-α and PPAR-γ are predominantly 
expressed in liver and adipose tissue, respectively, PPAR-β/δ is ubiquitously 
expressed [ 34 ]. The differences of PPARs in tissue expression, ligands, or activators 
and the main biological effects of all isoforms are shown in Table  1 .

   PPAR-α plays an important role in lipid metabolism by regulation of the 
expression of genes that encode proteins involved in the cellular free fatty acid 
uptake, its β-oxidation, and cellular cholesterol traffi cking [ 35 ]. Parallel to this 
effect, the  antiinfl ammatory activity of these factors was demonstrated [ 36 ,  37 ]. 
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PPAR-α is activated by natural ligands, including polyunsaturated fatty acids, 
such as docosahexanoic acid (DHA) and eicosapentaenoic acid (EPA), oxidized 
phospholipids, lipoprotein lipolytic products, and by synthetic ligands, including 
fi brates such as fenofi brate and gemfi brozil [ 38 ]. In diabetic cardiac hypertrophy, 
disordered glucose transport to the cells impairs fatty acid (FA) participation in 
beta-oxidation, which could inhibit ATP-dependent transporters, paralleled by 
insulin resistance- dependent inhibition of glycogen synthesis. These events cause 
the autoactivation of cell overloading with fatty acids, which are stored as lipid 
droplets in the cytoplasm of cardiomyocytes [ 39 ]. Impaired glucose transport, 
accumulation of lipid droplets in heart muscle, the additive induction of intracel-
lular free fatty acid transport (the induction of membrane transporter of FA: FABP, 
CD36), and activation of enzymes taking part in β-oxidation by PPAR-α activa-
tors [ 40 ]. One experiment used transgenic mice with selective, cardiac-restricted 
overexpression of PPAR-α (MHC-PPAR- α) to investigate the role of PPAR-α in 
diabetic cardiomyocytes. All the mice were induced by injection of STZ. After 4 
weeks, comparing changes in heart muscle in transgenic mice with normal 
PPAR-α expression, STZ diabetic mice showed a signifi cant increase of left ven-
tricular mass index in MHC-PPAR-α +/+  mice as compared with a control group 
[ 41 ]. With the addition of a high-fat diet, MHC-PPAR- α  +/+  mice developed much 
stronger and signifi cant cardiac hypertrophy as compared with the control group. 
In addition to cardiac dysfunction, wall motion abnormalities were observed only 
in the MHC-PPAR-α +/+  group. The possible mechanism might be that constant 
stimulation of the PPAR-α pathway, accompanied by the increased concentration 
of fatty acids in the blood, leads to increased fat acid (FA) uptake by the heart 
muscle (expression of FA transporters) and increased accumulation of long-chain 
fatty acids (LCFA) droplets in cardiomyocytes, which impairs compensatory 
increased glucose metabolism and glycogen synthesis. Downregulation of ATP 
synthesis paralleled with activated FA beta-oxidation under low energy conditions 
may lead to overproduction of free radicals and damage to the myocardium [ 40 ]. 

 PPAR-γ is expressed in endothelial and vascular smooth muscle cells [ 42 ]. 
PPAR-γ controls adipocyte differentiation and lipid storage [ 43 ] and accordingly is 
heavily expressed in adipose tissue. Through its effects on adipose tissue and skel-
etal muscle, PPAR-γ regulates the action of insulin [ 44 ]. Natural ligands for PPAR-γ 
are the prostaglandin D2 derivative 15-deoxy-Δ12,14-prostaglandin J2 and forms 
of oxidized linoleic acid, 9- and 13(S)-HODE. Synthetic ligands for PPAR-γ include 
the antidiabetic agents named thiazolidinediones (TZDs), such as troglitazone, pio-
glitazone, and rosiglitazone [ 45 ]. These insulin-sensitizing agents decrease periph-
eral insulin resistance and thereby reduce blood glucose levels in patients with type 

   Table 1    Peroxisome proliferator-activated receptors (PPARs) family and their main functions   

 PPARs  Distributed tissue  Ligands or activators  Main functions 

 PPAR-δ  Heart, liver, muscle  Fenofi brate, gemfi brozil  Lipid oxidation 
 PPAR-δ  Adipose tissues  Thiazolidinediones  Adipogenesis and others 
 PPAR-β/δ  Many tissues  GW0742  Cardiac protection and others 
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2 DM [ 45 ,  46 ]. The nuclear transcription factor named nuclear factor-kappa B 
(NF- κB) is known to promote ventricular hypertrophy, which has been widely 
implicated in proinfl ammatory and pro-growth action in isolated cardiac myo-
cytes [ 45 ,  47 ] and has been shown to be activated by endothelin, catecholamines 
[ 45 ,  48 ], and predominantly angiotensin II [ 49 ,  50 ]. Some in vitro studies have 
demonstrated that PPAR-γ agonists inhibit pressure overload-induced structural 
changes and inhibit cardiac hypertrophy in rat models [ 51 – 53 ] through inhibition 
of the trophic effects of NF-κB signaling pathways in myocardial tissue. 
However, one study has described the development of cardiac hypertrophy with-
out any effect on cardiac systolic function in rodents treated with over- therapeutic 
doses of rosiglitazone [ 54 ]. 

 PPAR-β/δ (also termed PPAR-δ) is expressed in many tissues [ 55 ,  56 ] and plays 
a role in lipid metabolism by stimulating fatty acid oxidation in heart and skeletal 
muscle cells. PPAR-δ agonists inhibit cardiomyocyte hypertrophy [ 57 ], normalize 
lipid status in obese mice (db/db) and obese monkeys, and have been proposed as a 
putative pharmacological target for the management of obesity, insulin resistance, 
and dyslipidemia [ 58 ,  59 ]. Recent studies have shown that PPAR-δ is the predomi-
nant subtype in the heart [ 60 ], where it plays an important role in regulating the 
expression of genes involved in fatty acid and glucose metabolism [ 61 ,  62 ]. 
Moreover, cardiomyocyte-restricted deletion of the PPAR-δ gene results in cardiac 
dysfunction, cardiac hypertrophy, and progressive myocardial lipid accumulation 
[ 61 ]. Additionally, a PPAR-δ-specifi c agonist inhibited phenylephrine-induced cell 
hypertrophy and hydrogen peroxide-induced cell apoptosis in cultured cardiomyo-
cytes [ 58 ,  62 ]. Thus, cardiac PPAR-δ has been proposed as a therapeutic target for 
treatment of heart failure [ 63 ]. However, little is known about the role of PPAR-δ in 
the development of diabetic cardiomyopathy.  

5     PPAR-δ in Diabetic Cardiomyopathy 

 PPAR-δ expression was reduced in cardiomyocytes in response to increased glu-
cose concentration in a dose-related manner. Moreover, PPAR-δ expression, cell 
size, and protein synthesis were not infl uenced by high glucose level in the presence 
of the antioxidant tiron [ 20 ]. Thus, the mechanism of ROS-mediated cell hypertro-
phy in high glucose-treated cells may involve a reduction of PPAR-δ expression. 
In the animal model, after administration of STZ, rats exhibit cardiac dysfunction 
and hypertrophy, whereas cardiac PPAR-δ expression is signifi cantly reduced in 
diabetic hearts at both mRNA and protein levels. Reduced PPAR-δ expression may 
be involved in hyperglycemia-induced cardiomyopathy in diabetic rats [ 64 ]. Fatty 
acid oxidation is the primary source of energy in the postnatal heart [ 65 ]. Impaired 
fatty acid oxidation and a shift to reliance on glucose metabolism are hallmarks of 
 myocardial diseases such as cardiac hypertrophy and congestive heart failure [ 65 ]. 
As in skeletal muscle, PPAR-δ is a critical regulator of fatty acid oxidation 
in  cardiac tissue. It has been showed that cardiac-specifi c deletion of  PPAR -δ 
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suppresses the expression of oxidative genes [ 62 ]; this leads to impaired fatty acid 
oxidation and a reciprocal increase in glucose oxidation, along with fat accumula-
tion in cardiomyocytes [ 62 ]. Moreover, PPAR-δ-selective agonists increase fatty 
acid oxidation via the induction of oxidative genes in isolated neonatal as well as 
adult rat cardiomyocytes [ 58 ]. The PPAR-δ-dependent maintenance of basal fatty 
acid oxidation is crucial for normal cardiac mechanics.  PPAR -δ-null hearts are 
characterized by decreased rates of contraction and relaxation, increased left ven-
tricular end-diastolic pressure, and decreased cardiac output, factors associated 
with the onset of cardiac failure [ 62 ]. Indeed, mice with cardiac-specifi c deletion 
of PPAR-δ develop age-dependent cardiac lipotoxicity, cardiac hypertrophy, end-
stage dilated cardiomyopathy, and decreased survival [ 62 ]. The protective role of 
PPAR-δ in the heart has been confi rmed by in vitro studies showing that PPAR-δ 
agonists attenuate phenylephrine-induced cardiac hypertrophy. Although phenyl-
ephrine suppresses fatty acid oxidation in cardiomyocytes, concomitant activa-
tion of PPARδ reverses these effects [ 61 ]. Although PPAR-δ may directly increase 
the transcription of fatty acid oxidative genes, at least one study suggests that 
effects could also be indirect because PPAR-δ interacts with and blocks the 
NF-κB-mediated suppression of fatty acid oxidation in cardiomyocytes [ 66 ]. 
PPAR-δ-dependent antagonism of NF-κB could be particularly important during 
sepsis, when endotoxins decrease cardiac fatty acid oxidation and initiate cardiac 
failure [ 66 ,  67 ].  

6     Other Molecules in Diabetic Cardiomyopathy 

 Many fatty acid (FA) oxidation enzymes and mitochondrial respiratory uncoupling 
genes are regulated by PPAR-δ in cardiomyocytes, such as pyruvate dehydrogenase 
kinase and acyl-CoA oxidase [ 68 ,  69 ]. Deletion of cardiac PPAR-δ, which is accom-
panied by decreased contraction, increased left ventricular end-diastolic pressure, 
and lowered cardiac output, leads to decreased contraction and increased incidence 
of cardiac failure [ 62 ]. The effect of digoxin on contractility in patients with heart 
failure has been established; some studies indicated that impaired relaxation is the 
prominent cardiac abnormality, and it is related to depressed troponin function in 
the hearts of STZ diabetic rats [ 70 ,  71 ]. Digoxin improved cardiac contraction in 
STZ diabetic rats is associated with a marked increase in cardiac PPAR-δ expres-
sion without altering other PPARs, such as PPAR-α and PPAR-γ [ 65 ,  72 ]. In neona-
tal cardiomyocytes, higher expression of PPAR-δ by digoxin was observed in cells 
incubated under hyperglycemia and this was blocked by pretreatment with BAPTA. 
The increased expressions of FA oxidation genes induced by digoxin were sup-
pressed by treatment with siRNA specifi c to PPARδ in hyperglycemia-incubated 
cells. Taken together, it can be considered that activation of PPAR-δ by digoxin is 
involved in cardiac FA oxidation of heart [ 73 ]. The possible mechanism was, in 
cardiac muscles, digoxin-induced PPAR-δ expression through a Ca 2+ -triggered 
 signal pathway [ 74 – 76 ] to regulate FA oxidation. Also, digoxin has the ability in 
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regulation of FA metabolism in heart of STZ diabetic rats via an increase in CPT-1, 
LCAD, VLCAD, ACOX-1 and PDK-4, UCP-3, MCD, thiolase, which leads to the 
enhancement of β-oxidation and the TCA cycle (Fig.  1 ). Thus, digoxin has the abil-
ity to modify the lipid metabolism in heart via the activation of PPAR-δ.

7        Conclusion 

 Diabetic cardiomyopathy has evolved from a nebulous concept to concrete reality 
over the years. Diabetes was found to be independently associated with the occur-
rence of congestive heart failure after adjusting for left ventricular hypertrophy, 
hypertension, coronary artery disease, and atrial fi brillation. The higher prevalence 
of biventricular cardiomyopathy in diabetes patients [ 27 ] is also suggestive of dia-
betes as an independent cause of cardiomyopathy. The confounding factors that 
could lead independently to cardiomyopathy in diabetics are still unclear, but hyper-
glycemia, insulin resistance, increased fatty acid metabolism, redox reaction, and 
fi brosis are considered to collectively contribute to its pathology. PPAR-δ activation 
may participate in the pathological processes such as lipotoxicity in patients with 
insulin resistance or diabetes mellitus. Overstimulation of this transcription factor 
may lead to increased fatty acid accumulation and β-oxidation in cardiomyocytes. 
Also, cytokines may increase the signal pathway related to Smad (TGF-β/Smad 3) 
to inhibit the function of PPAR-δ [ 77 ]. The role of cytokines in type 2 DM has been 
established. Thus, PPAR-δ is also related to type 2 diabetic disorders, although 
more studies are needed.     

  Fig. 1    Effect of agents such 
as digoxin that can activate 
peroxisome proliferator- 
activated receptor (PPAR)-β/δ 
(PPAR-δ) on lipid 
metabolism in the heart. 
Increase of two paths in lipid 
metabolism: one is the 
β-oxidation of fatty acids and 
another is the TCA cycle. 
Both pathways are increased 
by PPAR-δ in the heart       
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    Abstract     Cardiovascular disease is the most frequent and costly complication of 
type 2 diabetes (T2D). Infl ammation is a shared feature of T2D and cardiovascular 
disease. Vascular and obesity-mediated infl ammation may be key processes respon-
sible for the accelerated development of atherosclerosis in individuals with T2D. 
Atherosclerosis begins with an insult to the endothelium and progresses through 
several stages, including the development of endothelial dysfunction, the accumula-
tion of lipids and immune cells in the vessel intima, and phenotypic changes to the 
vascular cells, all contributing to the formation of vascular lesions. Infl ammation 
plays a central role in many of these phases. The metabolic imbalances  characteristic 
of T2D, such as insulin resistance, hyperglycemia, and hyperlipidemia, exacerbate 
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vascular dysfunction and infl ammation, accelerating the progression to advanced 
 atherosclerosis. The expression and production of circulating cytokines and adipo-
kines are altered in T2D, contributing to the proinfl ammatory state in blood vessels 
and adipose tissue. Epigenetic mechanisms are emerging as a missing link in diabe-
tes etiology and may contribute to accelerated atherosclerosis. Two other forms of 
vascular disease, restenosis and graft vascular disease, share features with athero-
sclerosis. The presence of T2D similarly worsens these conditions, putting these 
individuals at risk for major adverse cardiac events. Further study of the infl amma-
tory mechanisms and epigenetics will improve our understanding of the role of 
infl ammation in T2D and accelerated cardiovascular disease, and may provide new 
personalized therapies to treat these conditions.  

  Keywords     Type 2 diabetes   •   Infl ammation   •   Macrophage   •   Atherosclerosis   
•   Obesity   •   Adipokines   •   Endothelium   •   Nitric oxide   •   Insulin resistance  

1        Introduction 

 Type 2 diabetes (T2D) affects more than 200 million people worldwide [ 1 ], and this 
number is increasing because of population growth, aging, urbanization, and 
increasing prevalence of obesity and lack of physical activity [ 2 ]. T2D patients 
have a twofold to threefold higher risk of developing coronary artery disease 
(CAD), a greater extent of coronary ischemia, and twice the risk for myocardial 
infarction compared to their non-T2D counterparts [ 3 – 5 ]; these are the primary 
reasons for the higher mortality associated with T2D. The underlying condition 
leading to the elevated incidence of cardiovascular disease in these individuals is an 
accelerated development of atherosclerosis, which also contributes to many of the 
complications of T2D. 

 Atherosclerosis has been described as an infl ammatory disease [ 6 – 8 ]. It is 
thought to begin with injury to the endothelium, triggering a chronic infl ammatory 
response mediated by monocyte-derived macrophages. During this process, macro-
phages and other immune cells accumulate in the intima–medial space of the vascu-
lar wall, along with cholesterol, calcium, and cellular debris. Cytokine release by 
invading immune cells initiates crosstalk among immune cells, endothelial cells, 
and vascular smooth muscle cells (VSMCs), and these undergo morphological 
changes resulting in VSMC proliferation and migration, cellular necrosis, and for-
mation of an atherosclerotic lesion. Vascular remodeling may result in chronic 
luminal obstruction of blood fl ow and diminished oxygen supply to target organs, or 
acute cardiac events, should the lesion rupture and cause thrombosis in the vessels 
supplying the heart. 

 There are close ties between T2D, obesity, and infl ammation. Obesity has long been 
considered an important risk factor for T2D and often occurs concomitantly. A large 
body of evidence describes a low-grade chronic infl ammatory state in obesity [ 9 ]. 
The adipose tissue of obese subjects is host to large numbers of immune cells that 
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are an important source of infl ammatory mediators with autocrine or paracrine 
properties, driving whole-body insulin resistance and setting the stage for the 
pathophysiological events of T2D. 

 There is strong evidence linking infl ammation to the diabetic state [ 10 ,  11 ] and 
to the development of atherosclerosis [ 12 ,  13 ]. The primary hypothesized mecha-
nisms leading to insulin resistance and pancreatic β-cell dysfunction include, among 
others, oxidative stress, endoplasmic reticulum stress, and elevated levels of glucose 
and lipids in the blood. Risk factors for the development of cardiovascular disease 
similarly include metabolic imbalances such as dyslipidemia and obesity. It is nota-
ble that each of these stresses is thought to be exacerbated by, initiated by, or con-
tribute to an infl ammatory response [ 14 ,  15 ]. Given the widespread operation of 
infl ammatory pathways in the pathophysiology of T2D and its complications, 
infl ammation may represent a common foundation for advanced pathologies such 
as T2D and atherosclerosis. Thus, the purpose of this review is to examine the 
mechanisms of vascular and obesity-mediated infl ammation in T2D and to consider 
their role in the development of accelerated cardiovascular disease.  

2     Pathogenesis of Atherosclerosis 

 Atherosclerosis is a subtype of arteriosclerosis, referring specifi cally to the thicken-
ing and loss of elasticity in the walls of medium- to large-sized arteries [ 16 ,  17 ]. The 
disease manifests itself as lesions or “plaques” most commonly located in the coro-
nary vessels, arteries, and abdominal aorta. Although the clinical manifestations of 
atherosclerosis commence primarily in middle age, it is considered a chronic dis-
ease and is believed to initiate as early as childhood [ 18 ]. 

 The etiology of atherosclerosis is multifactorial and complex. The classical risk fac-
tors for atherosclerosis include nonmodifi able factors, such as gender, age, and genet-
ics, as well as modifi able factors, such as smoking, dyslipidemia, hypertension, T2D, 
obesity, and physical activity [ 19 ]. It is these latter risk factors that are potential targets 
for therapeutic intervention, via either pharmaceutical agents or lifestyle modifi cation. 

 The development of an atherosclerotic lesion begins with formation of a “fatty 
streak” in the vessel wall caused by the accumulation of lipid deposits and infl am-
matory cells [ 20 ]. A raised fi brous plaque may develop, consisting of VSMCs that 
have migrated from the medial layer to the subendothelial space to surround the 
lipid-fi lled center of the lesion, overlaid by a cap of extracellular matrix (ECM) 
proteins and collagen. The lipid core of the lesion contains foam cells, derived from 
macrophages and vascular cells that have taken up oxidized low density lipoprotein 
(oxLDL) through scavenger receptors [ 21 ,  22 ]. Further advancement of the disease 
leads to the formation of “complex lesions,” susceptible to alteration by hemor-
rhage, calcifi cation, and neovascularization. The lesion core often becomes necrotic, 
leading to erosion and thrombosis [ 23 ], thus destabilizing the plaque and creating a 
risk of rupture. Lesion rupture may result in acute thrombosis, blockage of blood 
fl ow, and consequent cardiac events [ 24 ,  25 ].  
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3     Mechanisms of Endothelial Dysfunction 

 The endothelium is central in the development of atherosclerosis because it forms 
the interface between circulating blood and the rest of the vessel wall. The endothe-
lium is a single layer of cells lining the interior surface of blood vessels. It is a 
dynamic structure capable of altering its permeability and regulating the passage of 
small and large molecules, and its functional integrity is critical in maintaining ves-
sel wall function. Endothelial cells synthesize important bioactive molecules and 
infl uence smooth muscle cells, platelets and peripheral leukocytes. They are also 
important in maintaining homeostatic control of vascular tone and blood fl ow, 
thrombosis, thrombolysis, and platelet adherence. 

 As a key regulator of vascular tone and blood fl ow, the endothelium produces 
vasodilator substances, most importantly nitric oxide (NO), but also prostacyclin 
and endothelium-derived hyperpolarizing factor. Vasoconstrictors, including endo-
thelin 1 (ET-1) and angiotensin II [ 26 ], are also synthesized by endothelial cells. 
In healthy vessels, homeostatic mechanisms balance the potent vasodilator effects 
of NO and other vasodilators against the actions of vasoconstrictor molecules, 
thus helping to maintain normal arterial compliance and tension. 

 Atherosclerotic plaque development begins with an injury to the endothelium. 
Endothelial cells are subject to both mechanical and chemical stress:

•    Mechanical Stress: Endothelial cells are exposed to hemodynamic forces exerted 
by blood fl owing through the vessels. In healthy vessels, shear forces exerted on 
the endothelium by laminar blood fl ow trigger production of NO. Arterial branch 
points, however, experience disrupted fl ow (e.g., pulsatile and turbulent fl ow), 
which dysregulates vascular tone and endothelial cell function, priming these 
regions for lesion formation [ 27 ]. Arterial branch points are thus highly suscep-
tible to plaque development [ 28 ].  

•   Chemical Stress: Blood-borne chemical signals, such as hormones, nutrients, and the 
noxious by-products of cigarette smoking, can damage endothelial cells by promot-
ing the production of reactive oxygen species (ROS). In endothelial cells, NADPH 
oxidase produces the highly reactive and biologically toxic superoxide anion, which 
damages cellular components and compromises membrane integrity. Superoxide 
also inactivates NO and transforms it into peroxynitrite, thus uncoupling endothelial 
nitric oxide synthase (eNOS) and further impairing endothelial function [ 29 ].    

 These stress factors initiate endothelial activation, which is characterized by a 
change in the endothelial cell gene expression profi le. Activated endothelial cells 
express chemotactic molecules, such as monocyte chemoattractant protein (MCP- 1), 
which recruit leukocytes to the site of injury. They also exhibit an increase in the 
number of cell adhesion molecules (CAMs) on their surfaces. This increase in CAMs 
is believed to facilitate monocyte entry into the vascular wall in several distinct steps: 
rolling, attachment, and transendothelial migration [ 30 ]. This process is accelerated 
by the presence of activated platelets, which form bridges between monocytes and 
endothelial cells [ 31 ,  32 ]. Once the monocytes have entered the intima, the synthesis 
and secretion of infl ammatory mediators creates a local proinfl ammatory 
 microenvironment and aids in the progression of the lesion [ 33 ]. 
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 Injury to the endothelium and the subsequent interactions with the immune 
 system ultimately lead to endothelial dysfunction, which is accompanied by further 
changes in gene expression and cell phenotype. Several factors infl uence pheno-
typic change: (1) disturbed blood fl ow sensed via mechanosensitive endothelial 
cell-surface receptors, which induces prothrombotic and adhesive cell surface prop-
erties [ 34 ,  35 ]; (2) nutrient-dependent transcriptional activation of endothelial cell 
proliferation genes [ 36 ]; and (3) other factors not yet identifi ed, as demonstrated by 
a comparison of endothelial cell phenotype and gene expression across different 
vascular regions, which cannot be explained by hemodynamic forces alone [ 37 ]. 

 Although all these factors contribute to altered endothelial function, the hallmark 
of endothelial dysfunction is impaired NO bioavailability. Loss of the vasorelaxa-
tive properties of NO leads to impaired vasodilation of blood vessels [ 38 ] and 
breakdown of the homeostatic mechanisms that govern the oxidative balance. 
A vicious cycle of increasing oxidative stress ensues, with uncoupling of eNOS and 
further reduction in NO production. To synthesize NO, eNOS function requires the 
cofactor tetrahydrobiopterin (BH4), which is generated from GTP. An insuffi ciency 
of BH4 results in the production of superoxide anion by eNOS [ 39 ]. BH4 itself is 
susceptible to oxidation by superoxide, which may further promote oxidative stress. 
Thus, endothelial dysfunction is the result of a number of mechanisms that reduce 
the ability of the endothelium to maintain its regulatory functions and drives the 
vascular system toward atherogenesis.  

4     Metabolic Abnormalities of Type 2 Diabetes Advance 
Endothelial Dysfunction 

 The altered metabolic state that diabetes confers on patients affects both structure and 
function of the vessels, resulting in atherogenic changes. Several key metabolic 
 abnormalities characteristic of T2D contribute to and accelerate the development of 
cardiovascular complications. Metabolic and immune pathways share many hormones, 
signaling proteins, transcription factors, and bioactive lipids. Thus, altered metabolism 
in T2D provides a link between vascular function and infl ammatory status. 

4.1     Insulin Resistance 

 Insulin is an important activator of eNOS. It acts by binding to its receptor on the 
surface of insulin-responsive cells. The receptor phosphorylates itself and several 
other substrates, including the insulin receptor substrate (IRS) family, initiating 
downstream signaling events [ 40 ]. Subsequent phosphorylation and activation of 
eNOS occurs via PI3 kinase/Akt [ 41 ], leading to stimulation of NO production [ 42 ]. 
NO infl uences several important steps of the atherogenic process: in particular, it 
promotes endothelial regeneration and angiogenesis, and reduces VSMC constric-
tion, migration, and proliferation [ 43 ]. In the setting of insulin resistance, 
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insulin-dependent NO biosynthesis is impaired, vasoconstrictor effects are unop-
posed, and arterial tone is increased [ 44 ]. In addition, diabetes is directly responsi-
ble for increases in endothelium-derived vasoconstrictor substances such as ET-1, 
angiotensin II, and prostanoids [ 45 ,  46 ]. Meanwhile, the effects of insulin on endo-
thelial and VSMC proliferation and expression of ET-1 and intercellular adhesion 
molecule (ICAM)-1 via the MAPK pathway [ 47 ] are unhindered, leading to 
increased vasoconstrictive, proinfl ammatory, and prothrombotic activity. The inhi-
bition of insulin signaling is an important mechanism through which infl ammatory 
pathways lead to insulin resistance and vascular dysfunction  

4.2     Hyperglycemia 

 Elevated levels of glucose in T2D patients induce an increase in the formation of 
advanced glycation end products (AGEs). AGEs arise as metabolites of glucose 
metabolism when the intracellular glucose concentration is excessive. They have 
been shown to cause crosslinking of structural proteins and thus have been impli-
cated in the loss of arterial elasticity [ 48 ]. Recent studies have demonstrated a sig-
nifi cant benefi t to vascular function when AGE crosslinks are broken [ 49 ]. AGEs 
can also react with their respective receptors (RAGEs) to induce metabolic responses 
that contribute to vascular disease. Under normal conditions, RAGEs are expressed 
minimally in endothelial cells and VSMCs, but their expression is enhanced by risk 
factors such as hyperlipidemia during diabetes [ 50 ,  51 ]. Because AGE production is 
also accelerated in diabetes, T2D promotes atherogenesis via RAGE-dependent sig-
naling mechanisms: (i) activation of oxidative pathways via NAPDH oxidase, lead-
ing to increased ROS production; and (ii) stimulation of nuclear factor 
(NF)-κB-dependent gene expression, resulting in production and secretion of proin-
fl ammatory cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, 
IL-6, and IL-8 [ 50 ,  52 ]. These cytokines contribute to the pro-infl ammatory envi-
ronment in atherosclerotic lesions, promoting activation of endothelial cells, 
VSMCs, and immune cells, as discussed in the following section.  

4.3     Hyperlipidemia 

 In T2D, levels of cholesterol-carrying low density lipoprotein (LDL), the oxidized 
form of LDL (oxLDL), and free fatty acids are elevated in the blood. Triglycerides 
are not considered to be directly atherogenic, but several species of triglyceride-rich 
lipoproteins, such as very low density lipoprotein (VLDL), VLDL remnants, and 
chylomicron remnants, appear to promote atherogenesis independently of LDL 
[ 53 ]. Cholesterol, on the other hand, is a major component of the lipid core of ath-
erosclerotic lesions. ROS generate oxLDL by oxidizing the protein component of 
the lipoprotein; however, in a detrimental cycle of cell injury and atherogenesis, 
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oxLDL also promotes ROS synthesis, which can damage endothelial cells and 
induce the expression of adhesion molecules [ 44 ]. Free fatty acids, elevated in the 
blood as a result of insulin resistance in liver and adipose tissue, interfere with NO 
production by inhibiting IRS-1, Akt, and eNOS phosphorylation, resulting in trans-
location of PKC and activation of the classic proinfl ammatory NF-κB pathway in 
the endothelium [ 54 ]. 

 It is clear that the pathogenesis of T2D has important implications in the progres-
sion of atherosclerotic disease. The metabolic abnormalities that characterize diabe-
tes, such as impaired insulin signaling, hyperglycemia, and hyperlipidemia, all 
contribute to the worsening of endothelial dysfunction by promoting oxidative 
stress and dysregulating arterial function. The T2D state also infl uences the interac-
tions of multiple cell types involved in the development of the atherosclerotic lesion, 
as described next.   

5     Changes in Vascular Cells, Immune Cells, and Adipose 
Tissue Contribute to the Progression of Type 2 Diabetes- 
Driven Atherosclerosis 

5.1     Endothelial Cells 

 As endothelial dysfunction becomes more pronounced, the endothelial cells at the 
site of injury undergo functional and structural changes. Dysfunction is accompa-
nied by increased apoptosis [ 55 ] and high turnover rates of endothelial cells [ 56 ]. 
Impaired NO production and increased oxidative stress alter the ability of the endo-
thelium to regulate vascular tone and maintain other homeostatic mechanisms. 
Endothelial cells activated by elevated lipids and glucose in the blood express high 
levels of adhesion molecules, such as vascular cellular adhesion molecules (VCAM) 
and ICAM-1, on their surfaces. These molecules recruit mononuclear leukocytes 
(monocytes and T cells) to the vessel wall, where they transmigrate through the 
endothelium and enter the intima [ 57 ]. Endothelial cell production of infl ammatory 
cytokines and chemotactic factors (e.g., MCP-1) also contributes to the creation of 
a proinfl ammatory milieu in the vessel wall.  

5.2     Vascular Smooth Muscle Cells 

 The main function of VSMCs is regulating vessel tone, which mediates blood pres-
sure and blood fl ow distribution [ 58 ]; however, they also have a prominent role in 
the repair process. This role requires VSMCs to maintain a degree of plasticity, 
which allows them to re-enter the cell cycle and proliferate [ 59 ,  60 ], a characteristic 
that has implicated them in the development of vascular disease and postsurgery 
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repair. VSMCs exhibit a range of phenotypes, from the “contractile” type primarily 
found in adult vessels to the “synthetic” type, characterized by increased cell size 
and extracellular matrix production as well as increased proliferation and migration 
[ 61 ,  62 ]. In the early stages of atherosclerosis, VSMCs are involved in lesion forma-
tion via their proliferative and migratory responses, whereby they envelop the lipid 
core of the developing plaque and cause the plaque to bulge into the lumen of the 
blood vessel. In late-stage disease, VSMCs may play a benefi cial role by synthesiz-
ing collagen, which helps to stabilize the fi brous cap and prevent lesion rupture. 
VSMC apoptosis has been shown to occur in advanced atherosclerotic lesions and 
is thought to be a prominent pathway leading to plaque destabilization [ 63 ].  

5.3     Monocytes/Macrophages 

 Monocytes are recruited to sites on the vascular surface by chemotactic factors 
released from endothelial cells that have been activated by injury. The monocytes 
subsequently infi ltrate the vascular wall by binding to adhesion molecules present 
on the surface of the activated endothelium and migrate across the endothelial bar-
rier to the subendothelial space. Once in the intima, monocytes differentiate into 
macrophages, a process dependent on the cytokines present. Interactions with the 
extracellular matrix, macrophage colony-stimulating factor, and members of the 
tumor necrosis factor (TNF) family are known to drive monocyte differentiation 
[ 64 ]. Changes in gene expression occur concomitantly with differentiation, includ-
ing an increase in scavenger receptor expression. Using these receptors, macro-
phages take up modifi ed lipids, such as oxLDL and oxysterols, to such an extent that 
they become engorged with lipids in characteristic foamy deposits. Foam cells are 
major contributors to lesion formation via ROS production and increased secretion 
of proinfl ammatory TNFs, interleukins and interferons, matrix metalloproteinases 
and several other detrimental signaling molecules. Through this degenerative cycle, 
macrophages have been implicated in every stage of atherosclerosis, from the early 
stages of fatty streak formation to late-stage necrotic events and plaque rupture [ 65 ]. 

 The accelerated development of atherosclerosis in T2D patients is driven, at 
least in part, by the altered properties and function of monocytes and macrophages. 
The classifi cation of macrophages as one of two types, M1 (classically activated) 
or M2 (alternatively activated), is perhaps simplistic given the rapidly expanding 
M2 category, which encompasses cells with dramatically different biochemistry 
and physiology [ 66 ]. However, the M1 classifi cation describes an aggressively pro-
infl ammatory cell type that expresses high levels of IL-1, IL-2, IL-6, IL-12, and 
TNF-α, all of which contribute to activation of vascular cells and further develop-
ment of the atherosclerotic plaque. The ongoing accumulation of M1 macrophages 
and other activated immune cells, such as T cells, B cells, and dendritic cells, create 
a milieu of cytokines that act on the endothelial cells, VSMCs, and each other, driv-
ing the infl ammatory process. 
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 The diabetic state enhances the pathological processes of atherosclerosis through 
several mechanisms: (i) suppression of NO formation, which dysregulates arterial 
tone and initiates changes in vascular cell phenotypes; (ii) increased oxidative 
stress, which exacerbates the loss of NO bioavailability and drives immune cell 
recruitment; and (iii) stimulation of infl ammatory processes via RAGE-dependent 
activation of NF-κB and activator protein 1. These transcription factors regulate the 
expression of several genes encoding mediators of atherogenesis, such as adhesion 
molecules, chemoattractants for monocytes and lymphocytes, and proinfl ammatory 
mediators found in the atheroma, including interleukins and TNF-α [ 67 ]. The 
hyperglycemia characteristic of T2D patients additionally activates protein kinase C 
(PKC), RAGEs, and NF-κB in VSMCs and endothelial cells, which further augment 
production of ROS and infl ammatory factors [ 61 ]. These mechanisms contribute to 
the structural and functional changes in vascular cells and immune cells and may 
explain, at least in part, why T2D patients are at higher risk for cardiovascular 
disease and coronary events than their nondiabetic counterparts.  

5.4     Macrophages in Obesity 

 Adipose tissue actively participates in infl ammation and immunity through the pro-
duction and release of proinfl ammatory molecules (e.g., leptin, TNF-α, IFN-γ, IL-6, 
IL-18) and antiinfl ammatory molecules (e.g., adiponectin, IL-10). Both the resident 
cells of adipose tissue (adipocytes, endothelial cells, fi broblasts, etc.) and infi ltrat-
ing immune cells (T cells, macrophages) are sources of these bioactive substances. 
Although T cells play a prominent role in adipose tissue infl ammation and may 
stimulate pre-adipocytes to recruit macrophages via release of chemotactic factors 
such as MCP-1, the number of macrophages present in adipose tissue has been posi-
tively associated with body weight, body mass index (BMI), and total body fat. This 
association is signifi cant, because macrophages have been identifi ed as a major 
source of proinfl ammatory IL-6 and TNF-α [ 68 ,  69 ], which contribute to the chronic 
systemic infl ammation and insulin resistance observed in obesity. Macrophages 
may also modulate the phenotype of adipocytes, thus altering their secretory func-
tions [ 68 ,  70 ], and further contributing to the dysregulation of this tissue. Because 
obesity and T2D often occur concomitantly, the proinfl ammatory activity of adipose 
tissue likely exacerbates the risk of vascular disease in these conditions [ 71 – 73 ]. In 
addition to the classical infl ammatory markers produced in adipose tissue, many 
other bioactive compounds are secreted by adipocytes and resident immune cells. 
Known collectively as adipokines, these are described in more detail in the follow-
ing section. Adipose tissue also contains endothelial cells that line the blood vessels 
supplying the tissue. These endothelial cells are susceptible to activation by adipo-
kines and infl ammatory mediators produced in their environment, as well as to cir-
culating nutrients such as fatty acids [ 74 ], and can contribute to endothelial 
dysfunction and its sequelae.   
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6     Contribution of Circulating Infl ammatory 
Cytokines and Adipokines 

 Cytokines and their receptors, described as the “currency” of infl ammation, play a 
central role in propagating infl ammatory responses between cells of the immune 
system and the vasculature [ 75 ]. These low molecular weight proteins have auto-
crine and paracrine functions [ 76 ]. Some of the downstream effectors of receptor- 
mediated intracellular cascades initiated by proinfl ammatory cytokine signaling 
include mitogen-activated protein kinases (MAPKs), PKC, and the signal trans-
ducer and activator of transcription (STAT) family [ 77 ]. These effectors most often 
activate the transcriptional “master switch” NF-κB, which controls the expression 
of many genes affecting immune responses [ 78 ,  79 ]. 

6.1     Interleukins 

 Interleukins are often classifi ed in accordance with their effects on lymphocyte 
function or maturation as proinfl ammatory T h 1 or antiinfl ammatory T h 2 cytokines 
[ 80 ]. The T h  classifi cations are derived from the CD4 +  T helper cells, which synthe-
size and release interleukins and other signaling molecules, helping to direct the 
immune response. T h 1 cells are characterized by high expression of interferon 
(IFN)-γ, IL-1, IL-2, IL-12, TNF-α, and other proinfl ammatory cytokines, but T h 2 
cells produce antiinfl ammatory cytokines (IL-4 and IL-10) that dampen the expres-
sion of T h 1 genes. T-helper cells make up about 10 % of the cellular content of the 
human atherosclerotic plaque; however, the proinfl ammatory T h 1 type is much more 
prevalent in human lesions than the T h 2 type [ 80 ,  81 ]. 

 Elevated IL-1β levels are observed in obesity and T2D, and expression of IL-1β 
and its receptor is increased in adipose tissue of obese individuals [ 82 ]. Under nor-
mal conditions, IL-1β is derived primarily from macrophages in response to infec-
tion or injury, but in insulin-resistant states, the activated macrophages resident in 
insulin-sensitive tissues (such as adipose tissue) are an important source of IL-1β. 
This cytokine reduces insulin-stimulated glucose uptake and lipogenesis [ 83 ] by 
inducing suppressor of cytokine signaling (SOCS), which leads to degradation of 
the IRS proteins [ 84 ]. In this way, IL-1β exacerbates insulin resistance in adipose, 
muscle, and liver tissues. IL-1β is also an inducer of adhesion molecule expression 
in endothelial cells, which contributes to atherogenesis, and impairs pancreatic 
β-cell insulin secretion and function [ 85 ]. The actions of IL-1β and TNF-α are 
closely related. Both are produced locally at the site of infl ammation, and they share 
similar signal transduction mechanisms. They also mutually enhance each other’s 
production and act synergistically [ 86 ]. 

 IL-18 belongs to the IL-1 superfamily. IL-18 levels are increased in obesity, insu-
lin resistance, and T2D [ 87 ]. This cytokine has proatherogenic activity mediated by 
binding to the IL-18 receptor and inducing IFN-γ expression, which potentiates the 
infl ammatory process and may interfere with formation of the fi brous cap [ 88 ,  89 ]. 
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IL-18 is expressed in macrophages, adipocytes, endothelial cells, and VSMCs [ 90 ]. 
Recent research has suggested that the induction of IL-18 and IL-1β in metabolic 
diseases such as obesity, T2D, and atherosclerosis originates from the activation of 
the NLRP3 infl ammasome, an IL-1 family cytokine-activating protein complex 
[ 91 ]. Infl ammasome activation in atherosclerosis occurs in two steps: (1) modifi ed 
LDL binds Toll-like receptor 4/6 on macrophages to stimulate infl ammasome prim-
ing via NF-κB-induced upregulation of pro-IL-1β, pro-IL-18, and NLRP3; and (2) 
phagocytosed cholesterol crystals cause lysosomal rupture and release of proteases 
(cathepsins). In combination with ROS, cathepsins mediate the activation of the 
NLRP3 infl ammasome, resulting in caspase 1 cleavage and production of mature 
IL-1 family members. 

 IL-6 plays a central role in the chronic development of atherosclerosis, promot-
ing the creation of complex plaques. IL-6 levels are elevated in T2D, and the cyto-
kine is considered an important determinant of T2D risk [ 92 ,  93 ]. It is produced at 
the site of infl ammation, where it promotes production of proinfl ammatory 
C-reactive protein (CRP) [ 94 ]. It is secreted by a variety of tissues, including acti-
vated leukocytes, adipocytes, and endothelial cells and is involved in the acute 
phase of infl ammation. The adipose tissue is thought to be a major source of IL-6 
[ 93 ], where it promotes infl ammation and adipocyte dysfunction. IL-6 is more 
highly expressed in adipocytes than in macrophages [ 68 ]; therefore, it is considered 
an important mediator of adipose tissue infl ammation and adipocyte dysfunction. 
IL-6 has been implicated in TNF-α activation; the joint activity of these infl amma-
tory mediators inhibits insulin signaling in adipocytes and hepatocytes via induction 
of SOCS family members [ 95 ,  96 ]. Circulating IL-6 also contributes to insulin resis-
tance in T2D by inducing gluconeogenesis and subsequent hyperglycemia, lipoly-
sis, and hepatic free fatty acid secretion [ 97 ]. Its damaging effects on metabolic 
control and insulin signaling in insulin-responsive tissues contribute to the chronic 
low-grade infl ammatory status and atherogenesis. IL-6 is also directly involved in 
atherosclerotic plaque development, increasing adhesion molecule expression and 
contributing to clot formation by stimulating coagulation.  

6.2     TNF-α 

 TNF-α acts as an amplifi er of many cellular signaling events occurring during infl am-
mation [ 98 ]. It is produced and secreted primarily by macrophages, and is elevated in 
obesity, where it is one of the main adipose-derived cytokines [ 99 ]. Endothelial cells 
and VSMCs also express TNF-α. TNF-α interferes with insulin signaling through 
receptor-mediated pathways in muscle cells and hepatocytes by stimulating inhibi-
tory phosphorylation of IRS-1 [ 100 ,  101 ]. TNF-α infl uences the synthesis, secretion, 
and activity of other cytokines. It has been shown to decrease eNOS expression 
[ 102 ], increase expression of adhesion molecules VCAM-1 and ICAM-1 in endothe-
lial cells, stimulate expression of various other proinfl ammatory cytokines through 
activation of NF-κB, stimulate VSMC proliferation, and enhance expression of 
matrix metalloproteinases that contribute to plaque destabilization [ 103 ,  104 ].  
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6.3     MCP-1 

 Chemoattractant factors, such as MCP-1 and macrophage stimulatory factor, recruit 
monocytes to vascular walls and promote synthesis and secretion of proinfl amma-
tory cytokines that enhance their attachment, enabling migration into the vessel 
wall. MCP-1 is also a key chemokine in the activation of resident macrophages in 
adipose tissue, stimulating proinfl ammatory adipokine production and supporting 
recruitment of more macrophages to the tissue via NF-κB regulation [ 105 ]. MCP-1 
levels are increased in patients with T2D, and large-scale population- based studies 
have demonstrated an association between circulating MCP-1 and other risk factors 
for atherosclerosis, such as CRP [ 106 ]. Hyperglycemia increases the expression of 
MCP-1 and CAMs in endothelial cells [ 107 ], as do oxidatively modifi ed lipopro-
teins isolated from the plasma of T2D patients [ 108 ]. Therapies directed at limiting 
MCP-1 production are now under development for this population [ 106 ].  

6.4     CRP 

 CRP, an acute-phase protein secreted by hepatocytes in response to IL-6 signaling, 
is considered an independent predictor of cardiovascular complications such as ath-
erosclerosis [ 109 ], and its association with risk factors for T2D development has 
been studied extensively [ 110 ]. CRP binds a large number of ligands, including 
native and modifi ed plasma lipoproteins, phospholipids, and apoptotic cells, which 
are present in the atherosclerotic lesion. Binding of CRP to ligands activates the 
classical complement pathway. In endothelial cells, CRP stimulates production of 
ET-1, downregulates eNOS and decreases NO biosynthesis, increases ROS produc-
tion, and stimulates expression of VCAM-1, ICAM-1, E-selectin, and MCP-1 [ 111 ].  

6.5     Cell Adhesion Molecules 

 The CAM family consists of proteins located on the cell surface that bind other cells 
or the ECM to bring about cell adhesion. Several CAMs, including VCAM-1, 
ICAM-1, P-selectin, platelet/endothelial cell adhesion molecule-1, and E-selectin, 
have been implicated in the development of atherosclerosis by facilitating vascular 
infi ltration [ 112 ,  113 ]. 

 Although few studies have reported a specifi c role for CAMs in T2D, emerging 
research demonstrates a correlation between circulating soluble adhesion molecules 
(SAMs) and T2D [ 114 ]. Circulating SAMs are thought to refl ect increased endothe-
lial cell-surface expression of CAMs [ 115 ], and high serum levels of SAMs are 
considered markers of endothelial dysfunction, the trigger for cardiovascular dis-
ease in T2D [ 116 ].  
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6.6     Adipokines 

 Cytokine levels have been found to be consistently elevated in T2D [ 117 ], even 
when adjusted for obesity, implying an additive but not exclusive role for obesity in 
infl ammation in diabetic individuals. The adipose tissue is not only a storage depot 
for energy but is also a dynamic endocrine organ that produces metabolically impor-
tant signaling molecules termed adipokines. Many adipokines have immunological 
activity, but not all stimulate the immunological process.  

6.7     Adiponectin, Omentin, and Vaspin 

 Adiponectin, omentin, and vaspin are considered antiinfl ammatory, vasorelaxive, 
and cardioprotective. Adiponectin is an adipose-specifi c protein that has been well 
documented as an antiinfl ammatory adipokine [ 118 ]. Circulating adiponectin levels 
are decreased in subjects with obesity-related insulin resistance, T2D, and CAD. 
Adiponectin expression is downregulated in obese/diabetic states [ 119 ,  120 ]. 
Adiponectin inhibits liver gluconeogenesis, promotes fatty acid oxidation in skele-
tal muscle, and improves insulin sensitivity [ 121 ]. It reduces expression of adhesion 
molecules in endothelial cells and decreases cytokine production from macrophages 
by inhibiting NF-κB signaling. It further counteracts the proinfl ammatory effects of 
TNF-α on the arterial wall and suppresses the transformation of macrophages into 
foam cells [ 122 – 124 ]. Omentin has been shown to block the TNF-α-mediated 
infl ammatory pathway and suppress E-selectin expression [ 125 ]. Adiponectin and 
omentin have also been shown to induce NO-mediated endothelium-dependent 
vasodilation in isolated blood vessels [ 126 – 128 ]. Vaspin administration inhibits 
expression of the proinfl ammatory adipokines leptin, resistin, and TNF-α [ 129 ]. 

 On the other hand, resistin specifi cally inhibits insulin-mediated endothelium- 
dependent relaxation, contributing to increased vascular tone and resistance to 
blood fl ow [ 130 ]. Visfatin is also considered a proinfl ammatory, proatherogenic 
 adipokine as it mediates vascular infl ammation by inducing expression of VCAM-1 
and ICAM-1 via NF-κB activation [ 131 ], and stimulates endothelial [ 132 ] and 
VSMC [ 133 ] proliferation. Leptin is a cytokine-like hormone produced mainly by 
adipocytes in direct proportion to the amount of adipose tissue present in the body. 
It acts in the hypothalamus to regulate appetite and energy consumption, signaling 
in a negative-feedback manner to reduce food intake. Many obese individuals, how-
ever, are leptin resistant, and it follows that because obesity and T2D often occur 
concomitantly, many individuals with T2D are likewise leptin resistant [ 134 ]. In 
obesity, the response to leptin by the hypothalamus is dampened, and so the 
expanded adipose tissue produces leptin in an unregulated fashion without enacting 
an anorexic effect. Hyperleptinemia has been linked to cardiovascular morbidity 
and mortality [ 135 ,  136 ], and human plasma leptin concentrations are indepen-
dently associated with structural and functional vascular abnormalities [ 137 ,  138 ]. 
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Leptin is also considered an important immune modulator, inducing  proinfl ammatory 
cytokine production in monocytes and macrophages [ 139 ,  140 ] and favoring T h 1 
T cell differentiation [ 141 ], an important determinant of atherosclerotic lesion 
development.   

7     Epigenetic Mechanisms in T2D 

 Although it is well known that key gene mutations and genetic factors are involved 
in the pathogenesis of diabetes, increasing evidence suggests that complex interac-
tions between genes and the environment may play a role in metabolic disease such 
as diabetes and its complications [ 142 ,  143 ]. Epigenetics is the study of heritable 
alterations to DNA expression that are not caused by changes in the underlying 
DNA sequence. DNA is wrapped around a histone protein octamer to make up the 
nucleosome, the basic unit of chromatin [ 144 ]. Apart from the binding of transcrip-
tion factors, transcriptional activation and repression are linked to the recruitment of 
proteins that alter chromatin structure via chromatin remodeling, leading to changes 
in accessibility for the gene expression machinery. Such remodeling includes post-
translational modifi cations to histone proteins (e.g., methylation, acetylation, and 
phosphorylation) as well as DNA methylation at CpG islands [ 145 ]. 

 Environmental factors such as diet and exercise have been shown to infl uence 
epigenetic patterns and gene expression and thus may have far-reaching effects in 
disease risk, development, and progression. Despite the use of medication and life-
style changes to control glucose levels in T2D, individuals with T2D continue to 
suffer numerous life-threatening complications even after glycemic control has 
been achieved. This sequel suggests a “metabolic memory” of prior hyperglycemic 
exposure [ 145 ]. Recent studies have suggested that epigenetic changes in target 
cells may explain the missing link in diabetes etiology; exploration of gene– 
environment interactions may help identify new therapeutic targets. 

7.1     Histone Modifi cations 

 Histone lysine acetylation and deacetylation are mediated by histone acetyltransfer-
ases (HATs) and histone deacetylases (HDACs), respectively. HATs and HDACs 
regulate the expression of several key genes linked to diabetes, as reviewed by Gray 
and De Meyts [ 146 ]. The sirtuin (SIRT) family of deacetylases has likewise been 
implicated in regulating several factors involved in metabolism, including insulin 
secretion and adipogenesis [ 147 ]. HATs and HDACs have been shown to affect 
NF-κB transcriptional activity, resulting in changes in infl ammatory cytokine 
expression levels [ 148 ,  149 ]. High glucose levels and oxidized lipids have both been 
shown to infl uence histone lysine acetylation with the downstream effect of increas-
ing expression of infl ammatory genes [ 150 ,  151 ], extracellular matrix components, 
and vasoactive factors in endothelial cells [ 152 ]. 
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 Histone methylation is thought to be more stable than acetylation and thus may 
have more impact on diabetes and its complications. Monocytes from diabetic 
patients and monocytes exposed to hyperglycemic conditions were both shown to 
have altered histone methylation patterns [ 153 ]. Knockdown of histone methylases 
in monocytes attenuated TNF-α-dependent induction of key infl ammatory gene 
expression via NF-κB [ 154 ], and a role for methylation was also observed during 
induction of infl ammation in response to high glucose in endothelial cells [ 155 ,  156 ].  

7.2     DNA Methylation 

 DNA methylation at promoter CpG islands has been associated with gene repres-
sion in the context of tumour suppressor genes and cancer. However, little is known 
about the role of DNA methylation in diabetes. Preliminary studies in mouse embry-
onic cells implicate this epigenetic mechanism in regulating insulin expression 
[ 157 ]. In the agouti mouse, DNA methylation of the agouti gene can affect the 
development of obesity in diabetes [ 158 ]. Other studies indicate a role for DNA 
methylation in β-cell differentiation [ 159 ], homocysteine expression (with links to 
atherosclerosis and T2D-related chronic kidney disease) [ 160 ,  161 ], and the cell 
cycle (affecting endothelial cell proliferation) [ 162 ]. 

 Although T2D has long been considered to have a genetic component, recent 
research has improved our understanding of epigenetic mechanisms in this disease 
state. These studies have demonstrated the involvement of hyperglycemia in regu-
lating gene expression via epigenetic changes, but the complexity of T2D with its 
multiple risk factors and comorbidities suggests that much remains to be discov-
ered. Epigenetics will continue to contribute toward our understanding of the inter-
actions between T2D and atherosclerosis, but further research is necessary to fully 
elucidate the impact of epigenetic mechanisms on complications of T2D: this may 
lead to the development of new therapeutic strategies for T2D and cardiovascular 
disease.   

8     Restenosis and Graft Vascular Disease in T2D 

 Restenosis and graft vascular disease (GVD) are complications of vascular disease 
that occur following a surgical procedure. They are similar to atherosclerosis in that 
they are chronic, progressive processes initiated and driven by local infl ammation of 
medium- and large-sized arteries, and their prevalence is similarly exacerbated by 
the presence of T2D. It should not be surprising that as the incidence of T2D esca-
lates, the number of T2D patients requiring revascularization procedures for 
advanced CAD is also rising. 

  Restenosis , the reoccurrence of stenosis (the narrowing of a blood vessel), is a 
response to vessel injury after a procedure to treat the initial narrowing, such as bal-
loon angioplasty or stenting. Many studies demonstrate that T2D is a strong risk 
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factor for restenosis, with T2D patients experiencing poorer outcomes and more 
 frequent revascularization procedures [ 163 – 165 ]. The same factors that accelerate 
the development of endothelial dysfunction and the other sequelae of lesion forma-
tion in T2D, hyperinsulinemia and hyperglycemia, are believed to drive restenosis 
[ 166 ,  167 ]. The thiazolidinediones, an insulin-sensitizing and antiinfl ammatory class 
of drugs, have been shown to reduce restenosis after coronary stenting [ 168 ,  169 ], 
independent of the glucose-lowering effect of these agents. 

  Graft vascular disease , also known as transplant vasculopathy or graft arterial 
disease, is a response to injury that occurs in allograft vessels following coronary 
bypass surgery or organ transplantation. Although immunosuppression regimens do 
an adequate job of preventing acute allograft rejection, GVD remains a major cause 
of death in patients surviving more than 1 year after transplantation [ 170 ,  171 ]. In 
fact, up to 75 % of all transplant patients have evidence of GVD after just 1 year 
[ 172 ]. The pathogenesis of GVD is thought to occur as follows: injured endothelial 
and perivascular cells induce a low-level immune response, which stimulates the 
secretion of growth factors to activate VSMCs, inducing proliferation and ECM syn-
thesis [ 173 ,  174 ]. VSMCs and ECM components accumulate in the intima, forming 
diffuse concentric intimal lesions, but the internal elastic lamina is characteristically 
spared, a distinguishing feature from native atherosclerosis [ 175 ]. Calcifi cation and 
necrosis are not typically observed unless they occur on a preexisting atherosclerotic 
plaque [ 176 ]. The developing lesions progressively compromise vascular fl ow and 
cause ischemia, leading to vascular graft failure. Although a strong correlation 
between diabetes and GVD is yet to be established, diabetes is considered a risk fac-
tor [ 177 ]. The metabolic abnormalities exhibited by type 2 diabetic individuals (dys-
lipidemia, insulin resistance, and glucose intolerance) likely predispose them to 
developing GVD by the same mechanisms through which diabetes contributes to 
CAD [ 177 – 179 ].  

9     Conclusions 

 It is clear that, despite the enormously complex etiology of vascular disease, infl am-
mation is a central mediator of many of the pathologies involved therein. The phe-
notypic changes triggered by infl ammation in vascular and adipose tissues and 
immune cells are key drivers of the metabolic and vascular dysfunction present in 
T2D. Metabolic changes wrought by T2D further advance the damaging effects of 
vascular dysfunction, accelerating the progression of atherosclerosis and enhancing 
the risk of acute cardiac events. Moreover, obesity-mediated infl ammation stem-
ming from adipocyte dysfunction worsens glycemic control and contributes to sys-
temic metabolic imbalance. The interplay of infl ammatory mediators with features 
of atherosclerosis in T2D is summarized schematically in Fig.  1 . Thus, infl amma-
tion emerges as an attractive target for new therapies committed to correcting the 
metabolic abnormalities in T2D. Insights derived from further studies will help to 
identify multi-approach interventions to curb the worldwide epidemic of debilitat-
ing cardiovascular disease and its complications.
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  Fig. 1    The role of infl ammation in the accelerated progression of atherosclerosis in type 2 diabetes 
(T2D). Injury to the intact endothelium initiates the process (1). The metabolic imbalances of T2D 
facilitate progression to endothelial dysfunction (2), where endothelial cells exhibit impaired NO 
production and increased generation of ROS. Features of T2D enhance these dysfunctional proper-
ties and drive phenotypic changes to endothelial, vascular smooth muscle, immune cells and adi-
pocytes (3). The infl ammatory mediators produced by these activated and dysfunctional cells 
create a proinfl ammatory environment, which aids in the accelerated formation of atherosclerotic 
lesions (4).  CAM  cellular adhesion molecules,  NO  nitric oxide,  ROS  reactive oxygen species, 
 VSMC  vascular smooth muscle cell       
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    Abstract     The heart is extensively innervated, and its electrical and mechanical 
 performance is controlled by the autonomic nervous system. The cardiac nervous 
system comprises the sympathetic, parasympathetic, and sensory nervous systems 
that together regulate heart function on demand. The density of cardiac innervation 
varies in diseased hearts, leading to unbalanced neural activation and lethal arrhyth-
mia. Diabetic sensory neuropathy causes silent myocardial ischemia, which is 
characterized by loss of pain perception during myocardial ischemia and is a major 
cause of sudden cardiac death in diabetes mellitus (DM). Despite its clinical impor-
tance, the mechanisms underlying the control and regulation of cardiac innervation 
remain poorly understood. Nerve growth factor (NGF), a potent chemoattractant, is 
highly expressed in cardiomyocytes during development. In contrast, Sema3a, a 
neural chemorepellent, is highly expressed in the subendocardium of early-stage 
embryos, but is suppressed during development. The balance between NGF and 
Sema3a expression leads to epicardial to endocardial transmural sympathetic 
innervation patterning. Downregulation of NGF leads to diabetic neuropathy, 
whereas NGF supplementation rescues silent myocardial ischemia in DM. In this 
review, we  summarize the molecular mechanisms underlying cardiac autonomic 
innervation, with a particular focus on DM and the clinical implications of cardiac 
autonomic neuropathy.  
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1        Introduction 

 Heart tissue is extensively innervated by the autonomic nervous system, which 
comprises sympathetic, parasympathetic, and sensory nerves. Cardiac autonomic 
diabetic neuropathy (CADN) is one of the most common complications in patients 
with diabetes mellitus (DM). One of the most serious consequences of CADN is 
the risk of death. Mortality from CADN results from the high risk of cardiac 
arrhythmia, silent myocardial ischemia, and sudden cardiac death. Abnormal sym-
pathetic innervation may trigger lethal cardiac arrhythmia. Silent myocardial isch-
emia, characterized by loss of pain perception during ischemia, is a major 
complication of DM that can lead to sudden cardiac death. Despite the severity of 
this complication, changes in cardiac autonomic innervation and the molecular 
mechanisms underlying autonomic neuropathy in diabetic hearts are poorly under-
stood. In this chapter, we review the molecular mechanisms underlying cardiac 
autonomic innervation, with particular focus on DM and the clinical implications 
of cardiac autonomic neuropathy.  

2     Anatomy of the Cardiac Autonomic Nervous System 

 The autonomic nervous system plays a key role in the regulation of cardiovascular 
function. The heart is innervated by sympathetic, parasympathetic, and sensory 
nerves. The cardiac sympathetic nerves originate in the sympathetic neurons of the 
stellate ganglia, which are located bilateral to the vertebrae. Sympathetic nerve 
fi bers are located predominantly in the subepicardium of the ventricle [ 1 ,  2 ]. The 
central conduction system, which includes the sinoatrial node, the atrioventricular 
node, and the bundle of His, is abundantly innervated compared with the rest of the 
working myocardium [ 3 ,  4 ]. There are reports that regional differences in cardiac 
sympathetic innervation are highly conserved among species [ 5 ,  6 ]. 

 In contrast with the sympathetic nerves, the parasympathetic nerves extend from 
the parasympathetic neurons in the cardiac ganglia, which are located in the base of 
both atria [ 7 ,  8 ]. Recently, Ulphani et al. demonstrated that parasympathetic nerves 
innervate both the atria and ventricles, with a high density on the ventricular endo-
cardium but a greater nerve thickness on the epicardium. In addition, the right ven-
tricle (RV) is more densely innervated than the left ventricle (LV), whereas the LV 
endocardium is more densely innervated than the RV endocardium [ 8 ,  9 ]. 

 The cardiac nervous system also includes afferent nerves. The sensory signals 
generated in the heart are conducted through cardiac afferent nerves, primarily 
thinly myelinated Aδ fi bers and nonmyelinated C fi bers that project to the upper 
thoracic dorsal horn (DH) via the dorsal root ganglia (DRG) [ 10 – 13 ].  
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3     Cardiac Autonomic Diabetic Neuropathy 

 Autonomic diabetic neuropathy is a frequent and serious complication among 
patients with diabetes. CADN is defi ned as impaired autonomic control of the car-
diovascular system in the setting of diabetes. The most important feature of CADN 
is a signifi cant cause of morbidity and mortality, which are reported to be caused by 
cardiac arrhythmia or silent myocardial ischemia [ 11 ,  14 ,  15 ]. The Action to Control 
Cardiovascular Risk in Diabetes (ACCORD) trial, which included more than 8,000 
participants with type 2 DM (T2DM), revealed that the prevalence of CADN strongly 
predicts all-cause mortality and mortality from cardiovascular disease [ 16 ,  17 ]. 
CADN could increase mortality risk by promoting life-threatening events caused by 
drug side effects, hypoglycemia, hypokalemia, hypotension, and ischemia [ 18 – 20 ]. 

 The earliest sign of CADN is reported to be a reduction in heart rate variability 
(HRV), which is detectable at the subclinical stage by deep respiration [ 21 ,  22 ]. The 
parasympathetic nerves are damaged, resulting in resting tachycardia because of 
the dominancy of sympathetic effects [ 23 ]. Additional symptoms, such as exercise 
intolerance, orthostatic hypotension, and an increasing limitation in HRV, are the 
manifestations of progressive damage to the autonomic balance [ 24 ]. Cardiac pain 
perception is often impaired by additional damage to sensory nerve fi bers [ 10 ], 
leads to the delay of adequate treatment of myocardial ischemia [ 24 ].  

4     Nerve Growth Factor and Cardiac Sympathetic Nerves 

 Nerve growth factor (NGF) is a prototypic member of the neurotrophin family, the 
members of which are crucial for the differentiation, survival, and synaptic activity 
of the peripheral sympathetic and sensory nervous systems [ 25 – 27 ]. NGF expression 
within innervated tissue corresponds to innervation density [ 28 ]. NGF expression is 
altered in diseased hearts, for example, following myocardial infarction (MI) and 
heart failure [ 29 ,  30 ]. NGF is upregulated following MI, resulting in the regeneration 
of cardiac sympathetic nerves and heterogeneous innervation [ 31 ]. In one study, 
NGF infusion after MI enhanced myocardial nerve sprouting, resulting in a marked 
increase in sudden cardiac death and a high incidence of ventricular tachycardia [ 32 ]. 
In another study, we demonstrated that NGF is upregulated in cardiac hypertrophy, 
leading to sympathetic hyperinnervation and rejuvenation [ 33 ]. Together, these 
results demonstrate that NGF has various crucial roles in the diseased heart.  

5     NGF Downregulation Is Critical for Diabetic Neuropathy 
and Silent Ischemia 

 In contrast with sympathetic innervation, little is known about sensory innervation 
and its alteration in the diseased heart. Immunohistochemical studies using an anti-
body against calcitonin gene-related peptide (CGRP), a sensory nerve marker, 
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demonstrated rich sensory innervation at epicardial sites and in the ventricular 
 myocardium [ 34 ]. In a screen of several neurotrophic factors, we found that the 
development of cardiac sensory nerves parallels the production of NGF in the heart 
(Fig.  1 ) [ 10 ,  35 ]. Cardiac nociceptive sensory nerves that are immunopositive for 
CGRP, including those in the DRG and DH, are markedly retarded in NGF-defi cient 
mice and rescued in mice overexpressing NGF specifi cally in the heart (Fig.  2 ). 
Thus, NGF synthesis in the heart is crucial for the development of the cardiac sen-
sory nervous system. The cardiac sensory nervous system is responsible for pain 
perception and the initiation of the protective cardiovascular response during myo-
cardial ischemia [ 36 ,  37 ]. Cardiac sensory nerve impairment causes silent myocar-
dial ischemia, a major cause of sudden death in diabetic patients [ 38 ]. To investigate 
whether NGF is involved in diabetic neuropathy, diabetes was induced by strepto-
zotocin (STZ) in wild-type (WT) and transgenic mice overexpressing NGF in the 
heart. Downregulation of NGF, CGRP-immunopositive cardiac sensory denerva-
tion, and atrophic changes in DRG were observed in STZ-diabetic WT mice, 
whereas these deteriorations were rescued in STZ-diabetic NGF-transgenic mice 
(Fig.  3 ). Cardiac sensory function, measured by myocardial ischemia-induced c-Fos 
expression in the DRG, was also downregulated in STZ-diabetic WT mice, but not 
in STZ-diabetic NGF-transgenic mice. In another study, direct gene transfer of NGF 
into diabetic rat hearts improved cardiac sensory innervation and function, as deter-
mined by the electrophysiological activity of cardiac afferent nerves during myocar-
dial ischemia. Together, these fi ndings indicate that diabetes-induced downregulation 
of NGF may lead to cardiac sensory neuropathy.

     Vinik et al. reported a consistent association between CADN and the presence of 
silent ischemia, measured by exercise stress testing [ 39 ]. THe Asymptomatic 
Diabetics (DIAD) study, which included 1,123 patients with T2DM, reported that 
CADN was a strong predictor of silent ischemia and subsequent cardiovascular 
events [ 40 ]. Slow heart rate (HR) recovery after exercise was reported to refl ect 
CADN and to be associated with silent myocardial ischemia [ 41 ]. The association 
between CADN and silent ischemia has important implications, because reduced 
appreciation of ischemic pain impairs timely recognition of myocardial ischemia or 
MI, thereby delaying appropriate treatment [ 42 ].  

6     Sema3a and Cardiac Sympathetic Nerves 

 Sema3a is a class 3 secreted semaphorine that has been cloned and identifi ed as a 
potent neural chemorepellent and a directional guidance molecule for nerve fi bers 
[ 43 ,  44 ]. We have demonstrated that Sema3a produced by cardiomyocytes is crucial 
for cardiac sympathetic nerve development [ 45 ]. Sympathetic nerve density is 
reduced in the subepicardium and enhanced in the subendocardium of  Sema3a - 
defi cient  ( Sema3a   −/−  ) mice, resulting in disruption of the innervation gradient in 
ventricles from these mice. As a result,  Sema3a   −/−   mice develop sinus bradycardia 
and abrupt sinus arrest consequent to sympathetic neural dysfunction (Fig.  4a ). 
In contrast, overexpression of  Sema3a  specifi cally in the heart ( SemaTG  mice) 
resulted in reduced sympathetic innervation and attenuation of the epicardial to 
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  Fig. 1    Cardiac sensory innervation is increased with development coincident with nerve growth 
factor (NGF) expression in the heart. ( a ) Representative immunostaining for calcitonin gene- 
related peptide (CGRP) in murine hearts at  E15.5     , 18.5 ,  P4 , and  P14 . Sensory innervation was 
increased with development. ( b ) Quantitative analysis of the immunopositive nerve areas for 
CGRP. ( c ) Time-course of cardiac NGF expression was determined by quantitative RT-PCR       
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endocardial innervation gradient. Consequently, sustained ventricular tachyarrhythmia 
was induced in  SemaTG  but not WT mice after epinephrine administration and 
 programmed electrical stimulation (Fig.  4b ). Thus, Sema3a-mediated sympathetic 
innervation patterning is crucial for the maintenance of an arrhythmia-free heart. 
Further studies are needed to clarify the relationship between DM and cardiac lethal 
arrhythmia mediated by Sema3a.

7        Conclusions 

 Cardiac autonomic nerve innervation is strictly controlled by the balance between 
NGF and Sema3a. CADN is a serious complication of DM and is an independent 
predictor of cardiovascular mortality, the result of a high risk of cardiac arrhythmia, 

  Fig. 2    The cardiac sensory nervous system is restarted in  NGF -defi cient mice. ( a ) Immunostaining 
for  CGRP  and throsine hydroxylase in  NGF   −/−  ,  NGF   +/−  , and  NGF   −/−   hearts at P4. Note that  CGRP + 
nerve endings were reduced in an  NGF  gene dosage-dependent manner. ( b ) Cardiac- specifi c over-
expression of  NGF  rescues the defects of the cardiac sensory nervous system in  NGF - defi cient  
mice. Immunostaining for  CGRP  in the hearts of  NGF   +/+  / WT ,  NGF   −/−  / WT , and  NGF   −/−  / TG  mice       
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silent myocardial ischemia, and sudden cardiac death. Abnormal sympathetic 
 innervation may trigger cardiac lethal arrhythmia. Silent myocardial ischemia, 
 characterized by loss of pain perception during ischemia, is a major complication of 
DM that can lead to sudden cardiac death. Downregulation of NGF decreases the 
density of cardiac sensory nerves, resulting in silent ischemia, a primary cause of 
sudden cardiac death in DM. Furthermore, Sema3a-mediated sympathetic innerva-
tion patterning is crucial for the maintenance of an arrhythmia-free heart. These 
fi ndings can expand our understanding of the cardiac nervous system in patients 
with DM and may lead to further investigations that yield novel therapeutic targets 
to improve the prognosis of DM.     

  Fig. 3    Cardiac sensory innervation and NGF production are reduced in streptozotocin (STZ)-
induced diabetic mice. ( a ) Immunostaining for CGRP in the hearts of control, 8-week-STZ, and 
16-week-STZ mice.  Upper panels  show epicardial ( epi ) sites;  lower panels  show midventricular 
( mid ) sites. Sensory innervation was signifi cantly reduced in 16-week-STZ hearts. ( b ) Cardiac- 
specifi c overexpression of NGF rescues sensory denervation in the diabetic heart. Immunostaining 
for CGRP in the hearts of control and diabetic  WT  and  NGFTG  mice       
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    Abstract     Among various organs such as the pancreas, kidney, liver, skeletal 
 muscle, and adipose tissue responsible for control of blood glucose levels, the liver 
is emerging as one of the principal organs involved in insulin resistance associated 
with type 2 diabetes mellitus. The liver is involved both short- as well as long-term 
maintenance of glucose concentrations in the blood. In type 2 diabetes, impaired 
insulin-mediated suppression of glucose production and diminished glucose uptake 
ultimately causes an increase in postabsorptive glucose production. Type 2 diabetes 
associated with liver dysfunction and the vicious circle between liver, adipose tis-
sue, and pancreas leads to various other diseases including nonalcoholic fatty liver 
disease, cardiovascular complications, and cancer. Despite current advances in 
pharmacotherapy for diabetes, attaining optimal glycemic control and preventing 
micro- and macrovascular diabetic complications has remained intangible and 
daunting. Novel therapeutic targets and their modulators, which include protein 
tyrosine phosphatase 1B inhibitors, glycogen phosphorylase inhibitors, glucokinase 
activators, diacylglycerol acyltransferase inhibitors, acetyl-CoA carboxylases 
inhibitors, and sirtuin activators, show promising results in preclinical and clinical 
studies. Adding new options with new mechanisms of action to the treatment arma-
mentarium may eventually help to improve outcomes and reduce the burden of type 
2 diabetes, which is only possible if we explore and understand the involvement of 
liver and fats in the pathogenesis of type 2 diabetes.  
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1        Introduction 

 Diabetes mellitus is an undoubtedly one of the most challenging health problems of 
the twenty-fi rst century. The current estimates of the International Diabetes 
Federation (IDF) indicate that 366 million people had diabetes in 2011 and that by 
2030 this will rise to 552 million globally. It is characterized by hyperglycemia or 
without insulin resistance. Insulin resistance, which is mainly associated with fail-
ure of various sensitive cells to respond to the normal actions of insulin (type 2 
diabetes mellitus), accounts for more than 90 % of the diabetic population. In the 
early phase of type 2 diabetes, hyperglycemia is handled by the increased produc-
tion of insulin by beta cells of the pancreatic islets of Langerhans. However, it may 
also cause hyperinsulinemia with decrease in beta-cell function, causing frank dia-
betes. The principal organs involved in insulin sensitivity are liver, muscle, and 
adipose tissue, which are mainly responsible for uptake of blood glucose (Fig.  1 ). 
Insulin resistance in these tissues is considered the most important cause of type 2 
diabetes [ 2 – 5 ]. Recent studies have explored the signifi cant role and involvement of 

  Fig. 1    Overview of the pathogenesis of type 2 diabetes contributed by insulin resistance in mus-
cle, adipose tissue, and liver, as well as impaired insulin secretion by β-cells (Adapted from Baudry 
et al. [ 1 ])       
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liver in pathogenesis of type diabetes. The fi rst study, in mice, demonstrated that 
inactivation of the insulin receptor gene in the liver leads to diabetes-like symptoms, 
indicating that insulin plays a critical role in liver metabolism regulation [ 3 ]. 
Another study in two different animal models reported that development of insulin 
resistance is associated with selective inactivation of the capacity of insulin to 
inhibit hepatic glucose production, retaining the ability of the hormone to stimulate 
fatty acid synthesis [ 3 ,  4 ]. In this chapter, we review the importance of glycemic 
control by insulin through the liver, exploring the liver as a target for insulin action 
and the possibility of discovering new drugs.

2        Physiology of Glucose Homeostasis 

 The maintenance of glucose homeostasis involves the integration of several major 
organs and is governed by insulin. In the postabsorptive state (12- to 16-h over-
night fast), normal glucose level in the blood is maintained in the nondiabetic 
patient by the equilibrium between endogenous glucose production and glucose 
utilization. Approximately 2 mg/kg body weight of glucose is produced and used 
by the body every minute. The brain mainly contributes to glucose consumption, 
taking up ~1.1 mg/kg/min glucose (~60 % of total consumption). The splanchnic 
bed, erythrocytes, and other parenchymal organs contribute ~20–25 % to total 
glucose disposal, and the remainder is utilized primarily by skeletal muscle and, 
to a small extent, by adipose tissue. It is imperative to note that glucose utilization 
of brain, splanchnic bed, erythrocytes, and other parenchymal organs is insulin 
independent while only skeletal muscle and adipose tissue are insulin dependent 
for utilization of glucose [ 6 ]. Food ingestion, nutrient absorption, or increase in 
blood glucose causes stimulation of insulin release, which is a major cellular 
mechanism for disposal of glucose load. The signaling mechanism is a complex 
process involving the following stages: arrival of nutrient chyme to the intestine 
stimulates release of insulinotropic peptides, that is, glucose-dependent insulino-
tropic peptide, also called gastric inhibitory peptide (GIP) and glucagon-like pep-
tide 1 (GLP-1), from specialized endocrine cells of the intestinal mucosa. GIP and 
GLP-1, also called incretins, are secreted in proportion to the nutrient load, which 
causes release of insulin from the β-cells. It is important to know that insulin 
secretion is much higher when the same amount of glucose is administered orally 
as compared to glucose administered intravenously, which can be attributed to the 
“incretin effect” [ 7 ]. 

 The secreted insulin binds to the insulin receptor, a type of tyrosine kinase recep-
tor, a dimer of α- and β-subunits. Binding of insulin to α-subunit activates its intrin-
sic tyrosine kinase activity, causing phosphorylation of β-subunit, which in turn 
activates various intracellular and intramembrane substrates. Intracellular substrates 
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such as insulin receptor substrate (IRS) protein, Gab-1, and Src-homology-2- 
containing protein (SHC), and intramembrane substrates such as Caveolin (CaV), 
adaptor protein (APS), and proto-oncogene Cbl, are activated. The key event is 
translocation of GLUT4 glucose transporter from intracellular vesicles to mem-
brane, which is stimulated by both the caveolar and non-caveolar pathway [ 8 ]. 
There are 13 sugar transporter proteins (GLUT1–GLUT12, and HMIT) that cata-
lyze hexose transport across cell membranes through an ATP-independent, facilita-
tive diffusion mechanism. Of these, GLUT4, a 12-transmembrane domain-containing 

  Fig. 2    Pathways of insulin signaling       
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protein, is a key determinant of glucose homeostasis. A central role for GLUT4 in 
metabolism is strongly supported by a variety of genetically engineered mouse 
models [ 8 ]. 

 In the noncaveolar pathway (Fig.  2 ), binding of insulin causes activation of IRS 
proteinn which further causes activation of PI3-kinase enzyme and leads to PIP3 
formation in the membrane. PIP3 causes activation of PDK1 and mammalian target 
of rapamycin (mTOR), which in turn activates PKB, also known as Akt; the Akt 
cascade is also activated by a PKC. Activated Akt further induces glycogen synthe-
sis through inhibition of glycogen synthase kinase 3 (GSK-3), protein synthesis via 
mTOR and downstream elements, and cell survival through inhibition of several 
pro-apoptotic agents (Bad, Forkhead family transcription factors, GSK-3). In the 
caveolar pathway (Fig.  2 ), insulin binding causes phosphorylation of β-subunit, 
which further causes phosphorylation of CAP and formation of the CAP-Cbl-APS 
complex. Next, the CAP-Cbl-APS complex moves to caveolin- and fl otillin-enriched 
compartments, also termed lipid rafts, of the plasma membrane where fl otillin forms 
a ternary complex with CAP, Cbl, and APS; this causes activation of CrkII with the 
guanine nucleotide exchange factor C3G, specifi cally activating TC10 and a small 
GTP-binding protein of the Rho family. Activation of these substrates of the non- 
caveolar and caveolar pathways causes translocation of GLUT4 glucose transporter 
from intracellular vesicle to membrane [ 7 ].

   This translocation of GLUT4 glucose transporter causes intake of extracellular 
glucose. On entry of glucose into a cell, quick phosphorylation is caused by gluco-
kinase, which converts it into glucose-6-phosphate, which further enters the gly-
colysis pathway. Insulin signaling also has growth and mitogenic effects mediated 
by the Akt cascade as well as by activation of the Ras/mitogen-activated protein 
kinase (MAPK) pathway. Insulin signaling also promotes fatty acid synthesis 
through activation of sterol regulatory element-binding proteins (SREBP-1C), 
upstream transcription factor 1 (USF1), and liver X receptor (LXR).  

3     Role of Liver in Pathophysiology of Type 2 
Diabetes Mellitus 

 Although the liver has a variety of functions, it plays a unique role in controlling 
carbohydrate metabolism by maintaining glucose concentrations in a normal range. 
The net glucose release is the result of two simultaneous ongoing pathways that 
include glycogenolysis and gluconeogenesis. Effects of insulin on hepatic glucose 
uptake occur rapidly, within the fi rst 20 min after ingestion of meals, whereas stimu-
lation of peripheral glucose uptake may require up to an hour to reach signifi cant 
rates [ 7 ]. This delay may be caused quick access of insulin to hepatocytes via the 
hepatic portal circulation and liver sinusoids and the slower passage of insulin to the 
receptors on muscle and adipose tissues (Fig.  3 ).
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4        Regulation of Hepatic Glucose Production 

 The rate of gluconeogenesis in liver is predominantly controlled by phosphoenol 
pyruvate-carboxykinase (PEPCK), fructose-1,6-bisphosphatase (FP 2 ase), and 
glucose- 6-phosphatase (G6Pase). PEPCK is known to catalyze the conversion of 
oxaloacetate to phosphoenolpyruvate (PEP), and G6Pase catalyzes the production 
of free glucose from glucose-6-phosphate (G6P). At the genetic level, insulin acting 
through its receptor inhibits gluconeogenesis by suppressing the expression of 
PEPCK and G6Pase whereas glucagon and glucocorticoids stimulate hepatic glu-
cose production by inducing these genes [ 9 ]. 

 In type 2 diabetes, there is insuffi cient insulin action to maintain a normal plasma 
level of glucose. Insulin action refers to the composite effect of plasma insulin concen-
tration and insulin sensitivity of key target tissues. As discussed earlier, the major 
insulin-sensitive organs are skeletal muscles, adipose tissues, and liver. The failure of 
normal amounts of insulin to elicit the expected response is referred to as insulin resis-
tance. In type 2 diabetes, hepatic glucose output is excessive in the fasting state and 
unacceptably suppressed after meals. Elevated levels of glucagon along with insulin 
resistance and insuffi cient insulin secretion lead to excessive hepatic gluconeogene-
sis and glycogenolysis, resulting in abnormally high glucose concentrations (Fig.  4 ). 
It is important to know that despite the ineffective insulin effects on insulin hepatic 

  Fig. 3    Interplay between liver, pancreas, skeletal muscle, and white adipose tissue in nondiabetic 
person in fed and fasting states       
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glucose metabolism, the lipogenic effect of insulin in the liver is maintained by 
 hyperinsulinemia, which contributes to hepatic steatosis that may further worsen to 
hepatocellular carcinoma [ 7 ].

   The role of liver in type 2 diabetes was demonstrated by Michael et al. [ 3 ], in 
which they demonstrated that the loss of liver insulin receptors specifi cally causes 
hyperglycemia. Michael and colleagues used a targeted approach to knock out the 
gene encoding that insulin receptor specifi cally in the liver, resulting in liver- specifi c 
insulin receptor gene knockout (LIRKO) and severe insulin resistance in young 
(2-month-old) animals. It was further observed that elevated liver G6Pase and PEPCK 
expression were caused by the disruption of insulin action in the liver of LIRKO 
mice. This elevated expression leads to resistance to the blood glucose- lowering 
effect of insulin, severe glucose intolerance, and uncontrolled hepatic glucose pro-
duction. The concentration of insulin was also found to escalate in LIRKO mice, 
mainly because of the failure of insulin receptor-mediated clearance of insulin by the 
liver and further, a sixfold increase in pancreatic β-cell mass. The resulting appear-
ance of overt glucose intolerance was in contrast with the lack of effect of inactivat-
ing the insulin receptor gene in muscle (MIRKO). This fi nding clearly demonstrated 
that normal insulin signaling in the liver is important for handling glucose load. 

 At the cellular level, overexpression of G6Pase and PEPCK in liver leads to 
 glucose intolerance, attributed to the deregulation of hepatic gluconeogenic genes 
[ 10 – 12 ]. In hepatocytes, equilibrium between G6Pase and glucokinase (GK) 

  Fig. 4    Interplay between liver, pancreas, skeletal muscle, and white adipose tissue in type 2 dia-
betic person in fed and fasting states       
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determines the concentration of glucose-6-phosphate. Other researchers have 
 demonstrated that there is a decrease in hepatic GK expression and increase in G6Pase 
expression in animal models of diabetes [ 13 – 16 ]. Overexpression of G6Pase was 
associated with abnormalities such as glucose intolerance, decreased hepatic glyco-
gen content, hyperinsulinemia, and triglyceride accumulation in skeletal muscle [ 11 ]. 
Sun and coauthors [ 10 ] demonstrated that transgenic mice overexpressing PEPCK in 
liver show increased basal hepatic glucose production but have normal glucose dis-
posal during a hyperinsulinemic euglycemic clamp study compared to wild-type con-
trols. At the genetic level, it was found that peroxisome proliferator-activated 
receptor-γ co-activator-1α (PGC-1α) and the hepatocyte nuclear factor-4α (HNF-4α) 
are crucial in the transcriptional regulation of PEPCK and G6Pase genes [ 17 ].  

5     Regulation of Lipid Synthesis in Liver 

 Lipid biosynthesis is essential for the maintenance of cellular homeostasis. Defects in 
lipid synthesis or processing contribute to the development of many diseases, includ-
ing obesity, insulin resistance, type 2 diabetes, nonalcoholic fatty liver disease, and 
cancer. Two synergistic pathways of acetyl-CoA carboxylase (ACC) and fatty acid 
synthase (FAS) are important in regulating lipogenic gene expression. The role of 
insulin is to induce GK gene expression, which is then essential for subsequent glu-
cose phosphorylation [ 9 ]. Factors involved in the transcriptional effects of insulin are 
still largely unknown. The mechanisms that regulate lipid synthesis have come into 
focus recently with the discovery of SREBPs, which are membrane- bound transcrip-
tion factors that control the rates of lipid synthesis in animal cells [ 18 ,  19 ]. Studies on 
transgenic and knockout mice suggest that SREBP-1 is involved in metabolism of 
glucose and fatty acid, whereas SREBP-2 is specifi c to cholesterol synthesis. 

 In type 2 diabetes and obesity, hepatic fatty acid synthesis is elevated when plasma 
insulin rises. The fatty acids are exported from the liver in lipoproteins, and they 
reach the extrahepatic organs where they increase insulin resistance and worsen the 
diabetic state [ 20 ,  21 ]. Shimomura and colleagues [ 21 ] demonstrated that transgenic 
mice expressing SREBP-1c in adipose tissue exhibit abnormal adipose differentia-
tion, marked insulin resistance, and diabetes mellitus. In the streptozotocin-induced 
diabetes rat model, insulin stimulated lipid synthesis by selectively increasing hepatic 
SREBP-1c mRNA levels [ 22 ].  

6     Role of the Adipocyte in the Pathogenesis 
of Type 2 Diabetes Mellitus 

 Adipocytes (lipocytes or fat cells) mainly contain adipose tissue of two types, white 
adipose tissue (WAT) and brown adipose tissue (BAT). The most important function 
of adipocytes is to store free fatty acids (FFAs) after food intake and release them 
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during the fasting state to ensure suffi cient energy status is maintained. In short, 
adipocytes store energy in the form of fat. Adipocytes also insulate and provide 
cushioning to the body. During the post-meal phase, triglycerides (TG) are hydro-
lyzed by lipoprotein lipase (LPL) and the resultant FFAs in blood are taken up in 
adipose tissue. This reserve of FFAs is mobilized by hormone-sensitive lipase 
(HSL)-mediated TG hydrolysis in adipocytes. Being a potent inhibitor of HSL as 
well as an activator of LPL, insulin primarily regulates the adipocyte fat content by 
enhancing FFA uptake and TG synthesis in adipocytes [ 23 ].  

7     Dysfunctional Adipocytes and Obesity: A Bidirectional 
Relationship 

7.1     Role of Adipocyte-Produced Adipocytokines in Obesity 

 Adipocytes and adipose tissue play multifaceted roles through production of wide 
array of hormones and cytokines involved in glucose metabolism (e.g., adiponectin, 
resistin), lipid metabolism (e.g., cholesteryl ester transfer protein, CETP), infl am-
mation [e.g., tumor necrosis factor (TNF)-α, interleukin (IL)-6], coagulation (PAI- 
1), blood pressure (e.g., angiotensinogen, angiotensin II), and feeding behavior 
(leptin), thus affecting the metabolism and function of many organs and tissues 
including muscle, liver, vasculature, and brain. Thus, dysfunctional adipocytes are 
important in producing chronic low-grade pro-infl ammation in obesity [ 24 – 27 ]. 
Increase in adipose tissue and adipocyte volume or size causes plasma adipocyto-
kine levels to increase, except adiponectin, which decreases in obesity [ 28 ,  29 ]. 
Thus, increase in adipocyte size leads to increased secretion of adipocytokines that 
include IL-6, IL-8, monocyte chemo-attractant protein 1, and granulocyte colony- 
stimulating factor. Adipocyte hypertrophy causes an imbalance between pro- and 
antiinfl ammatory adipokines. In addition to adipose tissue, infi ltration of pro- 
infl ammatory macrophages is an important event and infl ammatory source in obe-
sity and type 2 diabetes [ 30 ]. For example, most of the tissue TNF-α and IL-6 
production in adipose tissue is attributed to infi ltrating macrophages. Cytokines 
produced by adipocytes or macrophages in adipose tissue that may lead to insulin 
resistance include TNF-α, IL-6, retinol binding protein 4 (RBP4), and lipocalin-2 
(LCN2), leptin, and resistin [ 31 ].  

7.2     Role of Adipocyte-Produced Hormones in Lipid 
Metabolism 

 Leptin, acylation-stimulating protein (ASP), and adiponectin are adipocyte hor-
mones that are important in regulation of energy intake and expenditure and in 
lipid and carbohydrate metabolism. Leptin plays an important role in providing 
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adaptation to reduced energy. Its defi ciency or leptin gene mutation results in 
decreased level of circulating leptin, thereby leading to increased adiposity in the 
body. Its production is mainly regulated by insulin-mediated changes in adipocyte 
metabolism. Dietary fat and fructose do not cause increase in insulin release; how-
ever, they cause decreased leptin production, which explains the mechanism of a 
high-fat/high-sugar diet-related increase in energy intake and body weight [ 32 – 34 ]. 

 ASP is a unique hormone and plays an important role in lipid metabolism regula-
tion. In adipose tissue, ASP promotes glucose uptake and activity of diacyl glycerol 
acyl transferase (DGAT) while inhibiting the activity of hormone-sensitive lipase. 
Thus, in adipocytes, ASP increases the effi ciency of triglyceride synthesis and stor-
age, thereby leading to postprandial lipid clearance. One study demonstrated that 
exogenous ASP administration to mice increases the clearance of FFAs and TGs 
from the circulation after oral administration of fats [ 35 ,  36 ]. To support a role for 
ASP in lipid metabolism regulation in humans, one genetic study demonstrated that 
plasma ASP levels are directly related to genes controlling total cholesterol, LDL, 
and TG levels [ 37 ]. 

 Adiponectin, a 30-kDa protein produced exclusively by mature adipocytes, is an 
antiinfl ammatory adipocytokine whose level decreases in obesity, insulin resistance, 
glucose intolerance, dyslipidemia, and atherosclerosis. Adiponectin mediates fatty 
acid metabolism and modulates energy homeostasis through the adiponectin recep-
tors (AdipoR)-1 and -2 in peripheral tissues and brain. Adiponectin gene expression 
and production are reduced by TNF-α and IL-6 whereas insulin sensitizers and 
PPAR-γ agonists are known to increase adiponectin levels [ 38 ]. 

 Leptin, ASP, and adiponectin production is affected by nutritional status. 
Therapeutic strategies that can modulate these hormones, the pathways that control 
their production, and receptors on which these hormones act are considered to be 
helpful in managing metabolic syndrome, hyperlipidemia, obesity, and insulin 
resistance.   

8     Novel Approaches for the Treatment of Type 2 Diabetes 
and Obesity 

 Currently there are many novel therapeutic targets. This chapter discusses newer 
targets (Table  1 ) that have shown promising results for the treatment of obesity and 
type 2 diabetes.

8.1       HMG CoA Reductase Inhibitors 

 As discussed earlier, obesity has an important impact on predisposing risk factors 
for coronary heart disease, including dislipidemia, glucose intolerance, insulin 
resistance, and hypertension. HMG CoA reductase inhibitors are potent inhibitors 
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of cholesterol biosynthesis that are used extensively to treat hypercholesterolemia. 
Statins exert an important benefi cial effect of lowering lipid, which certainly attenu-
ates the micro- and macrovascular complications associated with diabetes, but on 
the other hand statins also exhibit a pleiotropic effect, that is, a cholesterol- 
independent effect of statins. The pleiotropic effects of these drugs include direct 
benefi cial effects on endothelial function, stabilizing atherosclerosis plaques, and 
improvement in insulin sensitivity [ 39 ]. 

 The international guidelines of the American Diabetes Association (ADA) states 
a target LDL cholesterol of less than 100 mg/dl in individuals with diabetes and 
other cardiovascular risk factors. ADA provides guidelines for the use of statins in 
such diabetic individuals. The guidelines are based on numerous trials showing a 
benefi t for statin therapy as both primary and secondary prevention of cardiovascu-
lar disease and mortality. Trials such as the Collaborative Atorvastatin Diabetes 
Study (CARDS) have proved beyond doubt that patients with type 2 diabetes and 
other risk factors for CVD should be treated with a statin [ 40 ]. Further, in trials such 
as the Stop Atherosclerosis in Native Diabetics Study (SANDS), which enrolled 
adults with type 2 diabetes ( n  = 499), patients were treated to reach aggressive tar-
gets (LDL cholesterol of 70 mg/dl and systolic blood pressure of 115 mmHg) versus 
standard targets (LDL cholesterol of 100 mg/dl and systolic blood pressure of 
130 mmHg). It was found that intimal medial thickness regressed in the aggressive 
group and progressed in the standard group [ 41 ].  

8.2     Lipase Inhibitors 

 Orlistat is a gastrointestinal lipase inhibitor for obesity management that acts by 
inhibiting the absorption of dietary fats. Orlistat is indicated for obesity manage-
ment in conjunction with a reduced-calorie diet. It is also indicated for obese 
patients with risk factors such as hypertension, diabetes, and dyslipidemia. Use of 
orlistat for diabetes associated with obesity was demonstrated by Hauptman [ 42 ]: 
in a series of 1- and 2-year randomized, placebo-controlled trials of obese subjects, 
treatment with orlistat in combination with a mildly calorie-restricted diet consis-
tently produced signifi cantly greater mean weight loss than diet alone. In addition, 
orlistat therapy resulted in signifi cant improvements in several cardiovascular risk 
factors including serum total and low density lipoprotein cholesterol, serum insulin 
levels, systolic and diastolic blood pressure, and waist circumference. Furthermore, 
obese subjects with type 2 diabetes achieved a signifi cantly greater decrease in 
body weight with orlistat compared with placebo, as well as signifi cant improve-
ments in HbA1c and fasting glucose levels. Among subjects with impaired glucose 
tolerance, orlistat compared with placebo reduced the proportion that developed 
type 2 diabetes. Conversely, orlistat increased the proportion of subjects who 
achieved a normalization of glucose tolerance. The only other lipase inhibitor 
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currently in clinical development for the treatment of obesity is ATL-962 (Cetilistat). 
Although clinical trials for Cetilistat are still ongoing, the effi cacy study demon-
strates that Cetilistat 120 mg three times daily was superior to placebo in the pri-
mary  endpoints, reduction of average body weight and also reduced HbA1c and 
LDL cholesterol levels.  

8.3     Protein Tyrosine Phosphatase 1B Inhibitors 

 Protein tyrosine phosphatase 1B (PTP1B) is a prototypical member of the PTP fam-
ily of enzymes. The involvement of PTPs in insulin action has been suggested ever 
since the discovery that vanadate, a nonselective inhibitor of PTPs, could mimic 
insulin activity [ 43 ]. PTP1B is a ubiquitously expressed enzyme known to dephos-
phorylate and control a multitude of signaling events during cell growth, differentia-
tion, apoptosis, and cell movement. Insulin resistance is manifested in adipocytes, 
skeletal muscle, and hepatocytes by defects of insulin receptor and postreceptor 
signaling associated with the increase in activity or expression of protein tyrosine 
phosphatase (PTP)1B. This enzyme acts as a negative regulator of insulin signaling 
by causing termination of the RTK cascade and phosphorylated IRS 1, initiated 
when insulin binds to the IR. PTP1B is also a negative regulator of the leptin signal-
ing pathway, contributing to leptin resistance [ 44 ]. 

 The reported inhibitors can be divided into four general classes: difl uoro methy-
lene phosphonates, 2-carbomethoxybenzoic acids, 2-oxalylaminobenzoic acids, 
and lipophilic compounds. A series of these compounds can be found in the review 
by Johnson et al. [ 45 ]. A study with PTP1B-knockout mice demonstrated resistance 
to obesity and increased insulin sensitivity [ 46 ]. In a recent study in monkeys, inhi-
bition of PTP1B with antisense oligonucleotides led to improved insulin sensitivity 
[ 47 ]. Along with peripheral tissues, neuronal PTP1B has also been implicated in 
controlling adiposity and leptin sensitivity [ 48 ]. Recently ISIS113715 has entered 
the clinical trial phase of drug development. Thus, PTP1B inhibition as a point of 
intervention has many attributes and could provide a new therapeutic option to 
patients with at-risk obesity or type 2 diabetes in the near future.  

8.4     Glycogen Phosphorylase Inhibitors 

 The inappropriate overproduction of glucose by the liver as a result of glycogen 
breakdown is a contributor to hyperglycemia in type 2 diabetes. As the rate of gly-
cogenolysis is regulated by glycogen phosphorylase, inhibition of this key enzyme 
may constitute a therapeutic option for the treatment of type 2 diabetes. Glycogen 
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phosphorylase catalyzes the phosphorolytic cleavage of glycogen to produce 
glucose- 1-phosphate, which is then isomerized to glucose-6-phosphate and enters 
the glycolytic pathway to produce glucose. Creating an inhibitor that specifi cally 
targets glycogen phosphorylase would then essentially decrease the amount of glu-
cose produced by the liver [ 49 ]. 

 Findings from a study by Martin and colleagues [ 50 ] show that CP-91149, a 
 glycogen phosphorylase inhibitor, was able to reduce plasma glucose levels in mice. 
They also found that oral CP-91149 indirectly inhibits gluconeogenesis via the disrup-
tion of glucose/glycogen cycling, thereby improving glucose levels. In addition, 
CP-91149, which has been characterized in vitro and in vivo, suppressed glycogenoly-
sis in both rat and human liver cells. While studying obese mice, the investigators 
found that a single 50-mg/kg oral dose of CP-91149 reduced plasma glucose concen-
trations to near-normal levels 3 h after administration. 

 PSN357 is another compound reported to inhibit glycogen phosphorylase and 
reduce blood glucose levels in animal models with diabetes. An increase in liver 
glycogen was also seen in the study; however, heart and skeletal muscle glycogen 
showed no changes from controls. In addition, a 9-day study in mice showed once- 
daily oral administration of PSN357 maintained antihyperglycemic effi cacy 
throughout this period. Other endpoints observed in this study were a 57 % increase 
in liver glycogen and no changes in other glycogen deposits or in levels of plasma 
insulin or alanine aminotransferase. Thus, the development of glycogen phosphory-
lase inhibitors is promising in the near future.  

8.5     Glucokinase Activators 

 Glucokinase is an enzyme that facilitates phosphorylation of glucose to glucose-6- 
phosphate. It determines the rate of glucose metabolism by regulating the amount of 
insulin produced from pancreatic beta cells. The rate of insulin release from the 
pancreas is directly proportional to the level of glucokinase, which ultimately 
depends on the level of blood glucose. In addition, glucokinase infl uences hepatic 
lipid metabolism and gluconeogenesis in the liver. Glucokinase has been found to 
function to a lesser degree in patients with type 2 diabetes [ 51 ]. 

 A recent study reported that piragliatin (RO4389620) lowers plasma glucose 
both in the postabsorptive state and after a glucose challenge in patients with type 2 
diabetes mellitus. In 15 human volunteers, piragliatin caused a signifi cant dose- 
dependent reduction of glucose levels in both fasting and fed states. Thus, the glu-
cokinase activator piragliatin had an acute glucose-lowering action in patients with 
mild type 2 diabetes, mainly mediated through a generalized enhancement of β-cell 
function and through fasting-restricted changes in glucose turnover [ 52 ]. LY2599506 
and LY2608204 (developed by Eli Lilly), ZYGK1 (developed by Cadila), PSN105 
and PSN010 (developed by OSI Pharmaceuticals), and ARRY-588 and ARRY-403 
(developed by Array Biopharma) are some of the other glucokinase activators in 
various stages of clinical trials.  
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8.6     Glucagon-Receptor Antagonists 

 As discussed earlier, glucagon is secreted in response to falling glucose levels 
 during the fasting period and is primarily a counter-regulatory hormone to insulin. 
It raises blood glucose by enhancing glycogenolysis and gluconeogenesis through 
the activation of the cAMP-dependent protein kinase cascade in the liver. 

 LY2409021 is a potent, selective antagonist of the glucagon receptor. It was 
tested in 23 healthy subjects and 9 patients with type 2 diabetes treated with diet and 
exercise. The study design was a randomized, double-blind, placebo (PBO)-
controlled, crossover study to examine the safety, tolerability, pharmacokinetics, 
and pharmacodynamics of single escalating doses of LY2409021. A single dose of 
LY2409021 was found to reduce blood glucose in healthy subjects and patients with 
type 2 diabetes mellitus [ 53 ]. 

 Bay 27-9955, a non-peptide compound, competitively blocks the interaction of 
glucagon with the human glucagon receptor. A clinical study on eight normal vol-
unteers in a double-blind, placebo-controlled, crossover study revealed that a single 
dose of 200 mg was able to block the effect of exogenous glucagon [ 54 ]. 

 In a phase II study of MK-0893, 342 type 2 diabetes patients were randomized to 
once-daily MK-0893 in four different dosages, metformin 1,000 mg twice daily, or 
placebo. At 12 weeks, treatment with MK-0893 resulted in signifi cant dose- 
dependent reductions in fasting plasma glucose, ranging from 32 mg/dl with a 
20-mg dose to 63 mg/dl with 80 mg, from a baseline of 180–193 mg/dl. Metformin 
reduced FPG by 37 mg/dl and placebo by just 2 mg/dl from baseline. For HbA 1c , 
reductions at 12 weeks ranged from 0.6 to 1.5 percentage points, compared with 0.8 
percentage points with metformin and 0.5 with placebo (MK0893 Link).  

8.7     Diacylglycerol Acyltransferase (DGAT1) Inhibitors 

 The enzyme catalyzing the fi nal and committed step in the triacylglycerol biosyn-
thetic pathway is acyl-CoA:diacylglycerolacyltransferase (DGAT). Transgenic 
overexpression of DGAT1 in adipose tissues resulted in whole-body insulin resis-
tance and other metabolic disturbances, such as liver steatosis [ 55 ]. Thus, potent and 
selective DGAT1 inhibitors are now an area of interest for many industries. 

 Clinically, the most advanced DGAT-1 inhibitor is LCQ-908 (Novartis). In 
preclinical studies, Novartis and others have demonstrated that dosing of DGAT-1 
inhibitors for 14–28 days caused weight loss, improved insulin sensitivity, 
improved lipid disposal following a triglyceride challenge, and reduced hepatic 
steatosis. The product is currently in phase II for the assessment of LCQ-908 
when added to metformin in patients with type 2 diabetes mellitus and in phase 
III to determine long- term safety and tolerability and continued effi cacy in lower-
ing triglycerides of LCQ908 in subjects with familial chylomicronemia syn-
drome. A phase I study of AZD7687, a selective DGAT1 inhibitor developed by 
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AstraZeneca, revealed an attenuating effect of AZD7687 on postprandial TAG. 
However, dose- and  diet- related gastrointestinal side effects may impact further 
development of DGAT1 inhibitors [ 56 ].  

8.8     Acetyl-CoA Carboxylases (ACC) Inhibitors 

 Acetyl-CoA carboxylases 1 and 2 (ACC1 and ACC2) catalyze the synthesis of 
malonyl- CoA, the substrate for fatty acid synthesis and the regulator of fatty acid 
oxidation. These enzymes are highly regulated and are important in the energy 
metabolism of fatty acids [ 57 ]. CP-640186, a mixed inhibitor of ACC-1 and ACC-2, 
has been used to evaluate the effects of ACC inhibition on glycemic endpoints in 
diabetic ob/ob mice. Treatment of ob/ob mice with CP-640186 increased glucose 
and triglyceride levels and reduced insulin levels [ 58 ].  

8.9     AMP-Activated Protein Kinase (AMPK) Activators 

 The growing realization that AMPK regulates the coordination of synthesis and 
storage of glucose and fatty acids and oxidation of glucose and fatty acids metabolic 
processes represents an attractive therapeutic target for intervention in many condi-
tions of disordered energy balance. The net effect of AMPK activation is stimula-
tion of hepatic fatty acid oxidation and ketogenesis, inhibition of cholesterol 
synthesis, lipogenesis, and triglyceride synthesis, inhibition of adipocyte lipolysis 
and lipogenesis, stimulation of skeletal muscle fatty acid oxidation and muscle glu-
cose uptake, and modulation of insulin secretion by pancreatic β-cells. In skeletal 
muscle, AMPK is activated by contraction [ 59 ]. AMPK activators are being explored 
in areas such as type 2 diabetes, obesity, cancer, and Alzheimer disease [ 60 ].  

8.10     Sirtuin Activators 

 The SIRT1 enzyme was the fi rst mammalian sirtuin discovered and is the most 
studied of the seven human sirtuin family members. It has emerged as a major thera-
peutic target for the treatment of metabolic, infl ammatory, and neurodegenerative 
diseases. SIRT1 activation has been shown to stimulate several key cellular signal-
ling pathways involved in regulating energy utilization, including the synthesis of 
new mitochondria. Mitochondrial activity in metabolically active tissues, such as 
muscle, will increase metabolic rate, drive glucose metabolism and fatty acid oxida-
tion, and thereby improve insulin sensitivity and enhance energy expenditure in 
multiple tissues. SIRT1 activation also plays a signifi cant role on other key cellular 
regulators involved in metabolic and oxidative stress. 
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 SIRT1-2104, SRT2379, and SRT3025 have been developed as the compounds 
targeting SIRT1. Development of SRT-501 was halted by GSK in late 2010 because 
of adverse effects in study participants. In an animal model of metabolic dysfunc-
tion including insulin resistance [a diet-induced obesity (DIO) mouse model], these 
new chemical entities (NCEs) discovered at Sirtris signifi cantly improved insulin 
sensitivity and glucose levels in a similar manner observed in DIO mice genetically 
altered to have increased SIRT1 levels. DIO mice treated with these same NCE 
SIRT1 activators also had reduced weight gain, increased energy expenditure, 
improved insulin sensitivity, reversal of hepatic steatosis, and profi les of metabo-
lites (metabolomic analysis) in tissues and plasma consistent with a reversal of the 
metabolic dysfunction induced by the high-fat diet.   

9     Conclusions 

 It appears that although fat is important in the pathogenesis of type 2 diabetes, the 
role of the liver cannot be overlooked. The vicious circle of liver, adipose tissue, and 
pancreas leads to various other diseases including nonalcoholic fatty liver disease, 
cardiovascular complications, and cancer. Despite current advances in pharmacologi-
cal therapies for diabetes, attaining and maintaining optimal glycemic control has 
remained daunting. Novel therapies such as protein tyrosine phosphatase 1B inhibi-
tors, glycogen phosphorylase inhibitors, glucokinase activators, glucagon- receptor 
antagonists, diacylglycerol acyltransferase inhibitors, acetyl-CoA carboxylase inhib-
itors, and sirtuin activators are in various stages of development, showing promising 
results in clinical trials. Adding new options with new mechanisms of action to the 
treatment armamentarium may eventually help to improve outcomes and reduce the 
burden of type 2 diabetes: this is only possible if we explore and understand the 
involvement of liver and fats in pathogenesis of type 2 diabetes. However, it is pru-
dent to remain optimistic as research in this fi eld continues to evolve.     
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    Abstract     Diabetes-induced cardiovascular abnormalities are the major causes of 
mortality and morbidity in diabetic populations. Vascular complications of diabetes 
can be evaluated as microvascular anomalies leading to retinopathy, nephropathy, 
and neuropathy, and macrovascular anomalies causing atherosclerosis, coronary 
artery disease, and peripheral vascular disease. Independent of coronary artery dis-
ease and hypertension, cardiomyopathy is also an important abnormality that can 
occur in the diabetic heart. Hyperglycemia, hyperinsulinemia related to insulin 
resistance, and increased levels of free fatty acids and lipids seem to have prominent 
roles in the development of microvascular and macrovascular complications and 
diabetic cardiomyopathy. Several mechanisms can be implicated in these complica-
tions, including increased polyol pathway fl ux, enhanced nonenzymatic glycation, 
and intracellular formation of advanced glycation end products (AGEs), activation 
of protein kinase C (PKC) isoforms, and increased hexosamine pathway activity. 
The focus of this chapter is recent concepts regarding PKC isoform-specifi c activa-
tion mechanisms and actions that have implications for the development of PKC- 
targeted therapeutics in diabetic complications. The PKC family of serine/threonine 
kinases have been associated with a diverse array of biological responses in health 
and disease. In diabetes, activation of different isoforms of PKC is associated with 
many pathologies seen in the retina, kidneys, vasculature, and heart. Therefore, 
inhibition of PKC isoforms can be evaluated as a therapeutic target for preventing 
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of diabetic complications. In this regard, clinical trials using ruboxistaurin, a PKC-β 
isoform inhibitor, have promising results for treatment of diabetic retinopathy, 
nephropathy, and endothelial dysfunction.  

  Keywords     PKC   •   Diabetes   •   Insulin resistance   •   Diabetic complications   •   PKC 
inhibitors  

1        Introduction 

 The prevalence of diabetes mellitus is growing rapidly. According to International 
Diabetes Federation, the number of people with diabetes (20–79 years of age), 
which is 366 million in 2011, is estimated to reach 552 million worldwide by 2030. 

 The discovery of insulin by Banting and Best for the treatment of diabetes has 
prevented mortality caused by diabetic coma and ketoacidosis, thereby leading to an 
increase in life expectancy of diabetic patients. However, diabetes-induced chronic 
complications, especially related to cardiovascular system are currently the main 
reason for mortality and morbidity in diabetic patients. A common feature of these 
complications is abnormalities in the vasculature of the target organs include the 
eyes, kidneys, heart, lower limbs, and the nervous system. Cardiovascular compli-
cations caused by long-term diabetes can be evaluated as both microvascular anom-
alies, which are manifested as retinopathy, nephropathy, and neuropathy; and 
macrovascular anomalies that cause atherosclerosis, coronary artery disease, and 
peripheral vascular disease. In addition, diabetic cardiomyopathy, which occurs 
even in the absence of coronary artery disease and hypertension, is also an impor-
tant diabetic complication leading to heart failure characterized as diastolic and 
systolic dysfunctions [ 1 ]. 

 It is widely accepted that hyperglycemia is the most important metabolic abnor-
mality, leading to development of diabetic vascular complications. Large prospec-
tive clinical studies demonstrated that better glucose control in patients with type 1 
or type 2 diabetes can prevent microvascular complications [ 2 ,  3 ]. In addition, other 
metabolic factors such as insulin resistance associated with hyperinsulinemia and 
increased levels of free fatty acids and lipids seem to have important roles in the 
development of macrovascular complications and diabetic cardiomyopathy [ 1 ]. 

 A great deal of evidence obtained from experimental and clinical studies has 
shown that insulin resistance and hyperglycemia can cause cardiovascular compli-
cations by several mechanisms, including increased polyol pathway fl ux [ 4 ], 
enhanced nonenzymatic glycation and intracellular formation of advanced  glycation 
end products (AGEs) [ 5 ], activation of protein kinase C (PKC) isoforms [ 6 ], and 
increased hexosamine pathway activity [ 7 ]. It is suggested that all these mecha-
nisms are activated by mitochondrial overproduction of reactive oxygen species 
(ROS) as a result of hyperglycemia and increased oxidation of fatty acids [ 8 ]. 

 In this chapter, we specifi cally outline the association between cardiovascular 
complications and the activation of PKC in diabetes.  
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2     PKC Classifi cation and Regulation 

 PKC was initially identifi ed by Nishizuka and coworkers as a single molecular entity 
that is a cyclic nucleotide-independent, Ca 2+ -dependent serine kinase in the mid- and 
late 1970s [ 9 ]. Today, it has been accepted that PKC is “a group of isoforms” that 
belongs to a family of serine/threonine kinases. By molecular cloning, nine different 
isoforms of PKC have been cloned and characterized [ 10 ]. PKC isoforms are sub-
classifi ed on the basis of the membrane-targeting module that is located on the regu-
latory domain of the protein. The function of the membrane- targeting module is to 
control the subcellular localization of the enzyme [ 11 ]. The conventional PKC iso-
forms (cPKCs; α, the alternative spliced β1 and β2, and γ) are activated by diacylg-
lycerol (DAG)/phorbol ester and Ca 2+  as a result of C1 and C2 binding domains [ 12 ]. 
Novel PKCs (nPKCs; δ, ε, θ, and η) also contain C1 and C2 domains. However, 
compared to cPKCs, the change in the linear sequence of the C1 and C2 domains 
interfere with the binding of Ca 2+ , so nPKCs are activated by DAG/phorbol ester, but 
not by Ca 2+ . Atypical PKCs (aPKCs; ξ and ι/λ) contain only C1 domain; neither 
DAG/phorbol ester nor calcium is the activator of this isoform (Fig.  1 ). The activa-
tion of aPKC is maintained by protein–protein interactions and activation loop phos-
phorylation by phosphoinositide-dependent kinase 1 (PDK-1) [ 11 ].

   The different types of PKC play an important role in a wide variety of cellular 
responses such as proliferation, hypertrophy, angiogenesis, regulation of endothe-
lial permeability and blood fl ow, extracellular matrix (ECM) synthesis/turnover, 
cytokine activation, and leukocyte adhesion [ 13 ]. Diabetes or hyperglycemia can 
alter most of these cellular functions regulated by PKC.  

  Fig. 1    Domain structure of protein kinase C (PKC) family enzymes showing the conserved pseudo-
substrate motif NH 2 -terminal to the  C1  domain, the  C2  domain, and the kinase domain and the more 
variable regions (Reproduced with permission from Physiology (Bethesda) 27:130–139, 2012)       
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3     Activation of DAG-PKC Pathways in Diabetes 

 Activation and translocation of PKC from the cytosol to the plasma membrane 
occur in response to a transient increase in DAG/phorbol esters, Ca 2+ , or phosphati-
dylserine. Posttranslational phosphorylation of PKC also appears to constitute an 
important mechanism for regulating PKC translocation and isoform activity [ 14 ,  15 ]. 
Intracellular production of DAG is the main step leading to activation and transloca-
tion of PKC. DAG can be generated from phospholipase C-mediated hydrolysis of 
phosphoinositides, from the metabolism of phosphatidylcholine by phospholipase 
D or phospholipase C, through release of nonesterifi ed fatty acids (NEFAs) from 
precursor lipids by the action of phospholipase A 2  and de novo synthesis of DAG 
from phosphatidic acid [ 13 ] (Fig.  2 ).

   It has been demonstrated that diabetes and insulin resistance cause an increase in 
activation of DAG-PKC pathways in vascular (retina, aorta, heart, renal glomeruli) 
and nonvascular (liver, skeletal muscle) tissues, but not central nervous system or 

  Fig. 2    Mechanisms of diacylglycerol (DAG)-PKC activation: the pathways activated in the dia-
betic state are shown as  bold arrows. G-3-P  glyceraldehyde-3-phosphate,  PLD  phospholipase D, 
 PLC  phospholipase C,  PLA2  phospholipase A2       
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peripheral nerves from diabetic rats, and in cultured vascular cells exposed to a high 
glucose level (22 mM) (see details in Geraldes and King [ 1 ]). The most prominent 
pathway responsible for enhanced DAG levels in cardiovascular tissues in diabetes 
is de novo synthesis from glyceraldehyde-3-phosphate as the result of inhibition of 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) activity caused by hyper-
glycemia and fatty acid oxidation-induced mitochondrial superoxide production. 
The inhibition of GAPDH activity, which is the main upstream event, is also respon-
sible for activation of the other mechanisms including the polyol pathway, hexos-
amine pathway, and intracellular AGE formation [ 8 ]. Another path leading to 
hyperglycemia-induced DAG formation is hydrolysis of phosphatidylcholine by 
phospholipase D. PKCs can also be activated by oxidants such as H 2 O 2 , which can 
activate PKC in a manner related or unrelated to DAG. 

 The effects of PKC activation in diabetes can be classifi ed as three mechanisms. 
(i) The increased permeability of albumin and other macromolecules through endo-
thelial cells [ 16 ,  17 ] and neovascularization and endothelial permeability by vascu-
lar endothelial growth factor (VEGF)/vascular permeability factor [ 18 ]. These 
mechanisms can contribute to the effects of hyperglycemia on development of ath-
erosclerosis and retinopathy [ 1 ,  19 ]. (ii) Vascular dysfunction by disruption of the 
balance between endogen vasoconstrictors and vasodilators [decreased bioavail-
ability of nitric oxide (NO), decreased production of prostacyclin, increased pro-
duction of endothelin 1 (ET-1) and thromboxan] [ 20 – 22 ] and by activating ROS 
production mediated by vascular NADPH oxidase [ 23 ]. The development of insulin 
resistance, retinopathy, and atherosclerosis can be a result of this mechanism [ 1 ]. 
(iii) The change and expansion of extracellular matrix and basement membrane 
thickening [ 13 ]. The accumulation of collagen, fi bronectin, and laminin by 
increased transforming growth factor-beta 1 (TGF-β1) and connective tissue growth 
factor (CTGF) expression is suggested as a main signaling pathway of extracellular 
matrix change and membrane thickening [ 1 ,  13 ]. This mechanism can be contrib-
uted to the development of retinopathy, nephropathy, and cardiomyopathy in diabe-
tes [ 1 ] (Fig.  3 ).

   PKC isoforms can be detected in different tissues and cultured cells under nor-
mal conditions. Although the predominant isoforms are PKC-α and PKC-β2 in rat 
aorta, heart, glomeruli, and retina under physiological conditions, the major acti-
vated isoform(s) following exposure to elevated glucose or the diabetic state is 
PKC-β2 in aorta and heart [ 13 ], PKC-α, PKC-β, and PKC-ε in the retina [ 24 ,  25 ], 
and PKC-α, PKC-β, PKC-δ, PKC-ε, and PKC-ξ in the glomeruli [ 26 ,  27 ]. 

 In addition, PKC-θ and PKC-ε lead to inhibition of insulin action by elevated 
DAG levels in target organs, which results in insulin resistance [ 28 ,  29 ]. 

 On the other hand, the aPKC isoforms PKCξ and PKCλ contribute to insulin- 
stimulated glucose uptake and GLUT4 translocation in adipocytes and muscle in 
physiological conditions [ 30 ]. In contrast to other PKC isoforms that are increased 
in diabetes, decreased activation of aPKCs has been reported in skeletal muscle of 
type 2 diabetic humans and rodents [ 31 ]. 

 In the following sections, specifi c PKC isoforms related to diabetes-induced 
 cardiovascular complications are discussed in detail.  
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4     PKC-β 

 There is evidence that chronic hyperglycemia-induced PKC activation can  contribute 
to cardiovascular mortality in the presence of diabetic cardiomyopathy [ 32 ]. The 
changes in activated PKC isoforms in the diabetic state with a tissue-dependent 
manner indicate the possible role of PKC-β2 compared to other isoforms in diabetic 
cardiomyopathy leading to heart failure. Similarly, PKC-β expression and activity 
are also shown to be increased in animal models of heart failure [ 33 ,  34 ] and human 
heart failure [ 35 ]. However, studies in transgenic animal models of PKC-β 
 emphasized that PKC-β activity depends on the expression ratio, specifi city of 
expression, and stage of development. Although in PKC-β overexpressed neonatal 
cardiomyocytes, PKC-β activation caused to sudden death associated with increased 
L-type calcium channel activity, and calcium cycling abnormalities [ 33 ,  36 ], pro-
gressive ventricular hypertrophy and diastolic dysfunction were induced without 
any histological impairment in adult cardiomyocytes that have conditional PKC-β 
 overexpression [ 33 ]. In addition, contrary to increased contractility in cardiomyo-
cytes isolated from conditionally expressing PKC-β hearts [ 37 ], in transgenic mice 
with cardiac-specifi c overexpression of PKC-β, cellular and functional changes 
leading to cardiomyopathy were detected [ 38 ]. In a recent study, it has been shown 

  Fig. 3    Schematic representation of diabetic complications induced by PKC activation       

 

I. Ozakca and A.T. Ozcelikay



275

that modulation of contractile function by PKC-β2 upregulation is associated with 
activation of phosphatase(s) and signaling pathways, which modulate the phosphor-
ylation of a number of Ca 2+  handling and myofi lament targets [ 39 ]. 

 The observation that in the myocardium of transgenic PKC-β2 mice increased 
expression of CTGF, which may contribute to the cardiac fi brosis, suggested the 
role of CTGF in the development of cardiomyopathy [ 40 ]. In addition to CTGF, 
TNF-β1 may play a role in extracellular matrix accumulation in diabetes [ 41 ]. It is 
well known that PKC activation can induce the synthesis of type IV collagen and 
fi bronectin [ 42 ,  43 ] and transcription factors [ 42 ,  44 – 46 ]. In PKC-β-knockout 
mice, increased diabetes-induced CTGF, TGF-β1, and extracellular protein 
expression were signifi cantly reduced [ 47 ]. In early stages of diabetes, enhanced 
myocardial NADPH oxidase activation is found to be parallel with increased myo-
cardial PKC- β2 activation and myocardial dysfunction [ 48 ]. In addition, treatment 
with ruboxistaurin (RBX) improved the cardiac performance compared to 
N-acetylcysteine, which is an antioxidant, indicating that the action mechanism of 
RBX is independent of antioxidant activity. Furthermore, RBX treatment inhibited 
PKC-β2 activity by reducing translocation of the enzyme to membrane and 
 phosphorylation at Ser660 [ 48 ]. In diabetic mice that are complicated with a 
model of myocardial infarction, pharmacological inhibition of PKC-β impaired 
the angiogenic response induced by hyperglycemia [ 49 ]. 

 Previous studies associate high-glucose concentrations or diabetes with 
increased activity of PKC-β [ 1 ] and show its link to increased intracellular DAG 
concentrations in several tissues and cell culture systems [ 50 ]. In cardiomyocytes, 
free fatty acid-mediated inhibition of basal and insulin-stimulated glucose oxida-
tion and the detrimental effects of free fatty acids were prevented with RBX treat-
ment [ 1 ]. Furthermore, RBX and captopril, an ACE inhibitor, improved diastolic 
function and increased glucose utilization [ 51 ] and attenuated myocyte hypertro-
phy and collagen deposition [ 52 ] in diabetic rat hearts. Together, these results sug-
gest that both ACE and PKC-β inhibitors regulate metabolic gene expression 
directly in the myocardium and consequently improve cardiac function and metab-
olism in diabetes. In addition, there is evidence that chronic hyperglycemia-induced 
PKC activation can contribute to cardiovascular mortality in the presence of dia-
betic cardiomyopathy [ 32 ]. 

 In diabetic patients, besides cardiomyopathy, diabetic macrovasculopathy can 
contribute to an increased risk of cardiac mortality. In membranous fraction of aor-
tic smooth muscle cells, hyperglycemia activated the PKC-β2 isoform but not 
PKC-α [ 53 ]. Compared with other isoforms, PKC-β1/2 exhibited signifi cant 
increases in the membrane fraction in all vascular tissues [ 26 ]. 

 Although PKC isoforms mediate certain insulin responses, chronic PKC activa-
tion in diabetes leads to a loss of insulin responsiveness caused by inhibitory Ser/
Thr phosphorylations on the insulin receptor itself or its downstream signaling 
 partners [ 54 ,  55 ]. The loss of insulin action on vascular endothelium can lead to 
endothelial dysfunction, which is an indicator of atherosclerosis [ 56 ]. In different 
models of hyperglycemic state and diabetes, endothelial insulin resistance impairs 
 endothelial nitric oxide synthase (eNOS) activation, resulting in reduction of 
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endothelium- dependent NO-mediated vasodilation, and promotes atherogenesis 
[ 57 – 59 ]. Insulin-induced eNOS stimulation was disturbed by the activation of 
PKC-β [ 60 ], and inhibition of PKC-β activation by RBX restored the vascular func-
tion in diabetic rats [ 61 ]. Additionally, PKC-β inhibition with RBX treatment sig-
nifi cantly inhibited the development of endothelial dysfunction induced by acute 
hyperglycemia and improved fl ow-mediated dilation in diabetic patients [ 62 ,  63 ]. 
Recently, consistent with these studies, higher PKC-β levels, which were observed 
in endothelial cells from diabetic patients, were associated with reduced endothelial 
function and inhibition of PKC-β activity ameliorated the insulin response in endo-
thelial cells and reduced basal eNOS phosphorylation in diabetes [ 64 ]. 

 Different from type 1 diabetes, in type 2 diabetes, independent of hyperglycemia, 
abnormalities including increased cytokine expression and circulating levels of free 
fatty acids can cause vascular insulin resistance. Dysfunctional endothelium dis-
plays activation of vascular NADPH oxidase, uncoupling of eNOS, increased 
expression of ET-1, and induction of adhesion molecules [ 47 ]. By using transgenic 
(PKCβ −/− /ApoE −/−  double-knockout mice) and pharmacological (treatment with 
RBX) approaches, the link between PKC-β and atherosclerosis was recently dem-
onstrated [ 65 ] as PKC-β depletion or inhibition leads to decreased atherosclerosis. 

 Diabetes-mediated increases in renal hypertrophy, glomerular hyperfi ltration, 
extracellular matrix production, and ROS were prevented by the deletion of the 
PKC-β gene or treatment with RBX [ 28 ,  47 ,  61 ,  66 ]. 

 Treatment with RBX (0.1–10 mg/kg) improved retinal hemodynamic abnormali-
ties and retinal blood fl ow [ 52 ] and ET-1 mRNA expression [ 67 ] in streptozotocin- 
diabetic rats. The importance of the PKC-β isoform in the development of diabetic 
retinopathy has been shown by several studies that are discussed in the last part of 
this chapter.  

5     PKC-α 

 PKC-α activation occurs through ligand activation of G-protein-coupled receptors, 
including α-adrenoceptors [ 68 ], angiotensin II receptors [ 69 ], and ET-1 receptors 
[ 70 ]. This activation results in hydrolysis of a membrane phospholipid, 
phosphatidylinositol- 4,5-bisphosphate (PIP2), by phospholipase C. The PIP2- 
derived second messengers are DAG and inositol-1,4,5-triphosphate (IP3). IP3 con-
tributes to PKC-α activation through opening of IP3-gated Ca 2+  transport channels 
in the endoplasmic reticulum membrane, thereby increasing [Ca 2+ ] i . 

 Increased expression and/or activity of PKC-α has been shown in cardiac 
hypertrophy and heart failure models [ 34 ,  71 – 73 ]. In addition, the effects of PKC-α 
activation on cardiomyocytes are revealed with the genetic animal models of PKC-
α. In PKC-α knockout mice, contractile performance was found to be increased, 
and in transgenic mice overexpressing PKC-α, contractility was found to be 
reduced [ 74 ]. The mechanism associated with PKC-α-dependent changes on con-
tractility has been attributed to reduced sarcoplasmic reticulum Ca 2+  loading and 
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Ca 2+  transients as a result of enhancement of protein phosphatase I activity [ 74 ]. 
Additional  mechanisms including different sarcomeric proteins [ 75 ,  76 ] and phos-
phorylation of G protein-coupled receptor kinase 2 [ 77 ] and L-type Ca 2+  channel 
subunits [ 78 ] may contribute to contractility changes in response to PKC-α activa-
tion. However, as already mentioned, in vasculature and heart, one of the predomi-
nant PKC isoform is PKC-α, the state of activated PKC isoform change into PKC-β 
in diabetes. Thus, the detrimental effect of PKC-α is limited only to glomeruli in 
which the PKC-α isoform is activated in hyperglycemic conditions. 

 Pathophysiologically, PKC activation can play a pivotal role in the development 
of hyperglycemia-induced infl ammation and endothelial dysfunction. Activation 
with DAG/phorbol ester and Ca 2+  in a human hepatic cell line increased low density 
lipoprotein (LDL) mRNA expression [ 79 ], LDL binding, and PKC-α translocation 
[ 80 ]. Activation of PKC-α seems to be required for LDL receptor upregulation and 
the resulting decrease in serum LDL [ 81 ]. It has been also shown that uncoupling of 
eNOS (increased O 2  −  production by eNOS) observed in oxLDL-treated human 
endothelial cells can be associated with inactivation of PKC-α as a result of dephos-
phorylation of Thr495 of the enzyme [ 82 ]. However, PKC-α activation is observed 
in monocyte-mediated LDL oxidation [ 83 ,  84 ] and increased monocyte adherence 
and vascular endothelial permeability [ 18 ]. Accumulation of oxLDL results in the 
formation of foam cells, generation of atherosclerotic lesions, and ultimately dys-
function of endothelium [ 81 ]. In diabetic nephropathy, inhibition of NADPH oxi-
dase prevents AGEs-mediated damage in the PKC-α-dependent pathway [ 85 ]. 
Additionally, PKC-α-defi cient diabetic mice were found to be resistant to the devel-
opment of albuminuria and glomerular hyperfi ltration stimulated by VEGF [ 86 ].  

6     PKC-δ 

 PKC-δ, a member of the novel PKCs, has also been involved in vascular infl amma-
tion [ 87 ]. By using three different in vivo models (liver-specifi c overexpression, 
whole-body knockout, and liver-specifi c reduction in PKC-δ), PKC-δ has been 
explored as a potential key genetic modifi er of hepatic insulin sensitivity and hepatic 
lipid accumulation [ 88 ]. Also, the correlation between increased levels of PKC-δ 
expression in livers of obese and type 2 diabetic patients and hyperglycemia and 
hypertriglyceridemia indicates the role of this enzyme in the development of meta-
bolic syndrome in humans [ 88 ]. Also, PKC-δ inhibition induced CTGF expression 
and potentially cardiac fi brosis in the presence of angiotensin II [ 89 ]. Interestingly, 
in the myocardial ischemia–reperfusion model it has been shown that PKC-δ activa-
tion coordinates proapoptotic pathways [ 90 ]. 

 It has been recently shown that in retinal lysates of diabetic mice there is a cor-
relation between PKC-δ levels and pericyte apoptosis in vitro and formation of 
acellular capillaries [ 91 ]. Furthermore, retinal PKC-δ activation of diabetic mice 
resulted in platelet-derived growth factor (PDGF) resistance. Pharmacological inhi-
bition of PKC-δ in pericytes and genetic deletion of  Prkcd  inhibit nuclear factor 
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kappa B (NF-κB) activation and improve PDGF signaling. Based on these fi ndings, 
increased reactive oxygen species (ROS) production and NF-κB activity and a 
decrease in the survival signaling pathway of PDGF are mechanisms that can be 
suggested for the hyperglycemia-mediated effects of PKCδ [ 91 ].  

7     DAG-PKC Pathway as Therapeutic Target 
and PKC Inhibitors 

 There is clear evidence to support the hypothesis that PKC activation plays a critical 
role in development of diabetic cardiovascular complications. Several members of 
PKC isoforms, especially PKC-β, seem to be involved in this process. Therefore, 
PKC isoforms can considered an excellent therapeutic target. On this pathway, two 
mechanisms including preventing the rise of enzyme substrate (inhibition of DAG 
accumulation) and blocking the enzyme activity (inhibition of PKC activity) can be 
suggested as possible mechanisms for a therapeutic effect. The only candidate for 
the inhibition of DAG accumulation is α-tocopherol (vitamin E), which acts by 
stimulation of DAG kinase [ 92 ]. Additionally, it has been shown that α-tocopherol 
can modulate PKC-α activity by preventing the transient activation induced by oxi-
dation [ 93 ,  94 ]. It has been reported that α-tocopherol pretreatment of endothelial 
cells inhibits vascular cell adhesion molecule 1 (VCAM-1)-induced oxidative acti-
vation of PKCα [ 95 ]. However, during VCAM-1 activation of PKCα, in addition to 
oxidative activation of PKCα, there is also generation of calcium [ 96 ] and consump-
tion of the PKCα cofactor DAG [ 94 ], suggesting a contribution of both oxidative 
activation of PKC-α and cofactor-dependent activation of PKC-α during VCAM-1 
signaling in endothelial cells. Therefore, α-tocopherol may inhibit VCAM-1 signal-
ing by functioning both as an antioxidant and as an antagonist of PKC-α [ 97 ]. 

 The rationale of treatment with PKC inhibitors is to provide more effective inhi-
bition on the DAG-PKC pathway than treatment with α-tocopherol. However, the 
disadvantage of PKC inhibitors is lack of selectivity because of common pathways 
of signaling enzymes as action mechanism. As can be seen in general PKC isoform 
inhibitors such as PKC-412, in vivo toxic and severe side effects of nonselective 
PKC inhibitors can be a result of interacting with other ATP-binding kinases [ 1 ,  13 ]. 
As mentioned in the section “PKC Classifi cation and Regulation,” the enzyme has 
a regulatory domain that is a binding site for phospholipids and phorbol ester and a 
catalytic domain that is a binding site for substrate or ATP. Thus, suitable specifi c 
PKC isoform inhibitors should target one of these domains [ 1 ]. The specifi c PKC-β 
inhibitor, RBX, which belongs to the bisindolylmaleimide class, is designed as a 
target for the catalytic domain of the enzyme [ 61 ,  66 ]. The IC 50  of RBX to inhibit 
PKC-β1 and PKC-β2 are 4.7 and 5.9 nM, respectively, and for other PKC isoforms 
the inhibitory constants are higher than 300 nM [ 98 ]; this compound is the most 
studied PKC inhibitor in cellular, animal, and especially human studies. The effec-
tiveness of RBX has been evaluated in diabetic patients who have retinopathy, and 
in a lesser extent renal and endothelium dysfunction. Phase I studies were performed 
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to determine the effective dose of RBX for preventing the decrease in retinal blood 
fl ow that is an early indicator of diabetic retinopathy, and results of these studies 
showed that the effective RBX dose for oral use is 32 mg/day [ 99 ]. Phase II and 
phase III studies of RBX were performed in late stages of diabetic retinopathy. 
Although the results of the PKC-Diabetic Retinopathy Study (PKC-DRS) and PKC- 
Diabetic Macular Edema Study (PKC-DMES) were not as satisfying as expected 
[ 100 ,  101 ], it has been shown that the 32 mg/day RBX treatment for 1 month pro-
vides an improvement in the strength of vision that was destroyed because of dia-
betic retinopathy in the PKC-Diabetic Retinopathy Study 2 (PKC-DRS2) [ 102 , 
 103 ]. The clinical outcomes of phase II study in type II diabetic patients with high 
albuminuria treated with ACE inhibitors or angiotensin receptor blockers (ARBs) in 
addition to 32 mg/day RBX were a decrease in albumin-to-creatinine ratio, which is 
a marker for albuminuria and maintenance of glomerular fi ltration rate [ 104 ]. The 
positive effects of RBX (32 mg/day) on blood fl ow have been determined in 
hyperglycemia- induced endothelium dysfunction [ 62 ] and in fl ow-mediated dila-
tion in type II diabetic patients [ 63 ]. The effect of RBX treatment (32 and 64 mg) 
for 1 year was evaluated in patients with diabetic peripheral neuropathy [ 105 ]. 
In this study, the results had been scored by the neuropathy total symptoms score-6 
(NTSS-6) and vibration detection threshold [ 105 ]. The improvement has only been 
observed in patients treated with 64 mg/day RBX with an NTSS-6 score above 6 
[ 105 ]. It is obvious that further clinical studies are required to determine whether 
RBX can effectively improve retinal, renal, and endothelial dysfunction in type 1 
and 2 diabetic patients.  

8     Conclusions 

 PKC activation is one of the mechanisms leading to diabetic complications that 
affect the retina, kidneys, vasculature, and heart. Some mechanisms can be respon-
sible for DAG-PKC activation in diabetes (shown in Fig.  2 ). In light of accumulated 
evidence, the common activated PKC isoforms in hyperglycemia and diabetes are 
PKC-β, PKC-α, and PKC-δ in heart, aorta, glomeruli, and retina. Compared to the 
nonselective PKC inhibitors that have in vivo toxic and severe side effects, the 
selective PKC-β inhibitor RBX can be a promising drug for the treatment of diabetic 
complications.     
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    Abstract     Diabetes mellitus increases the risk of cardiomyopathy independently of 
underlying comorbidities, and heart failure is a major cause of death in diabetic 
patients. The development of this distinct cardiomyopathy in both type 1 and type 2 
diabetes is associated with complex and multifactorial cellular and molecular per-
turbations. It is widely recognized that cardiac dysfunction in chronic diabetes 
involves hormonal imbalance, oxidative stress, proteases activation, defects in Ca 2+  
cycling, and varying degrees of subcellular remodeling of organelles. 

 Ca 2+  -handling abnormalities in diabetic cardiomyocytes have primarily been 
attributed to changes in the sarcolemmal Na + –Ca 2+  exchanger, L-type Ca 2+  channel, 
Na + –K +  ATPase, and Na + –H +  exchanger proteins as well as Ca 2+ -release channels 
and Ca 2+ -pump proteins embedded in the sarcoplasmic reticulum. Intracellular Ca 2+  
overload has been implicated in the impairment of excitation–contraction coupling 
as a result of alterations in Ca 2+ -entry, Ca 2+ -removal, Ca 2+ -uptake, and Ca 2+ -release 
processes in the diabetic heart. These observations are consistent with the view that 
defects in Ca 2+ -handling proteins play a critical role in the pathogenesis of cardiac 
dysfunction during the development of diabetic cardiomyopathy.  
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1        Introduction 

 Cardiovascular disease is the leading cause of death in the diabetic population. 
Although diabetic cardiomyopathy is associated with several comorbidities includ-
ing atherosclerosis, hypertension, coronary artery disease, and valvular malfunc-
tion, it has been demonstrated that chronic diabetes impairs ventricular function 
independently of other risk factors [ 1 ,  2 ]. This distinct diabetic cardiomyopathy is 
characterized by reduced diastolic compliance and rate of myocardial relaxation as 
well as a decrease in absolute force development [ 3 ,  4 ]. The exact underlying patho-
logical mechanisms are not clear; however, several studies have suggested that car-
diac dysfunction in chronic diabetes is intimately associated with varying degrees of 
defects in subcellular organelles such as sarcolemma (SL), sarcoplasmic reticulum 
(SR), mitochondria (MT), myofi brils (MF), and extracellular matrix (ECM) [ 3 ,  5 , 
 6 ]. Remodeling of these components in the diabetic heart primarily occurs in 
response to hormonal imbalance, oxidative stress, activation of different proteases, 
changes in gene expression, and metabolic shift caused by increased levels of cho-
lesterol and fatty acids. It is worthwhile to note that remodeling of SL and SR along 
with altered calcium metabolism has been shown to be an early sign in the process 
for the development of diabetic cardiomyopathy [ 7 – 9 ]. 

 It is well known that intracellular Ca 2+  is a major regulator of excitation–contrac-
tion coupling, and multiple aspects of calcium handling are considered to underlie 
the subcellular mechanisms responsible for the impaired cardiac contraction and 
relaxation in diabetic cardiomyopathy [ 6 ]. Indeed, several studies have reported the 
occurrence of intracellular Ca 2+  overload in diabetic cardiomyocytes [ 3 ,  7 ,  10 ]. This 
alteration have been mostly attributed to the SL and SR remodeling, leading to 
depressed SL Na + –Ca 2+  exchanger activity, decreased SR Ca 2+ -pump ATPase 
(SERCA2a) activity, reduced SR Ca 2+  load, and Ca 2+ -release channel (ryanodine 
receptor) dysfunction [ 11 – 13 ]. It is pointed out that the inward Ca 2+  current is the 
critical initiator of the contractile and relaxation cycle in the heart. Cardiac depolar-
ization opens L-type Ca 2+  channels in the SL membrane and allows the entry of Ca 2+  
into cardiomyocytes. This transient increase in cytoplasmic Ca 2+  concentration trig-
gers Ca 2+  release from SR, mainly through the Ca 2+ -release channel or ryanodine 
receptor2 (RyR2) and by inositol triphosphate receptors (InsP3R) to a lesser extent. 
This event, described as calcium-induced calcium release (CICR), is crucial for 
excitation–contraction coupling in cardiac muscle [ 14 ,  15 ]. Following the opening 
of a RyR2 cluster on the SR, Ca 2+  sparks are generated; this local, rapid, and brief 
elevation in [Ca 2+ ]  i   elevates cytosolic-free Ca 2+  by tenfold or more and initiates con-
traction. The relaxation of cardiac muscle occurs upon lowering the concentration 
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of free Ca 2+  by intracellular SR uptake via SERCA2a as well as SL effl ux via the 
Na + –Ca 2+  exchanger and the SL Ca 2+  pump in the SL membrane [ 6 ,  14 ]. Although 
the MT and nucleus are also known to accumulate a signifi cant amount of Ca 2+  in 
cardiomyocytes, their role in the regulation of cytoplasmic concentration of free 
Ca 2+  during the contraction and relaxation processes is not well established [ 6 ,  14 ]. 
This chapter is therefore focused on discussion regarding the status Ca 2+ -handling 
proteins in SL and SR during the development of diabetic cardiomyopathy.  

2     SL Defects in Diabetic Heart 

 Alterations in SL L-type Ca 2+  channels, Na + –Ca 2+  exchanger, Na + –K +  ATPase, and 
Na + –H +  exchanger proteins, which are involved in Ca 2+  handling directly or indi-
rectly, have been shown to occur in diabetic cardiomyopathy [ 2 ,  6 ]. L-type Ca 2+  
channels are voltage-gated channels mostly located in the transverse tubules in prox-
imity with RyR in SR, thereby suggesting the existence of a physical coupling 
between both Ca 2+ -entry and Ca 2+ -release channels [ 16 ]. SL Ca 2+  channels in cardio-
myocytes are modulated by several pathways including calmodulin (CaM), 
β-adrenergic receptors, phosphatidylinositol-3-kinase (PI3K), protein kinase A 
(PKA), and protein kinase C (PKC) [ 17 ,  18 ]. Although most of the calcium for car-
diac contraction is provided by the SR, the activity of L-type Ca 2+  channels is of 
critical importance for heart function. For instance, genetic mutation of SL Ca 2+  
channels leading to their impaired function has been linked with short QT syndrome, 
arrhythmia, and sudden death [ 19 ]. One of the early alterations detected in diabetic 
hearts was the prolongation of the ventricular action potential, which was attributed 
mainly to depressed transient outward K +  current and to L-type Ca 2+  current [ 3 ,  20 ]. 
Experimental investigations in diabetic animals have revealed an unaltered [ 21 ,  22 ] 
or decreased [ 23 – 26 ] SL Ca 2+ -channel density. These disparities in results seems to 
refl ect differences in models used, especially regarding the progression of disease, 
because alteration of the Ca 2+  current has been shown to occur only in later stages of 
diabetes. The reduced Ca 2+ -channel density has been attributed to decreased levels 
of protein content [ 23 ,  25 ], depressed cell-surface expression [ 24 – 26 ], and changes 
in the phosphorylation status [ 23 ]. Lu et al. [ 24 ], after a series of investigations using 
type 1 ( Ins2  Akita  rats) and type 2 ( db/db  rats) [ 23 ] diabetes models, have reported 
decreased Ca 2+ -current density in both groups of diabetic animals, although the 
reduction was more intense in  db/db  than in  Ins2  Akita  myocytes as compared to non-
diabetic cells. Because reduced phosphorylation status of the L-type Ca 2+  channel 
was observed, it was hypothesized that Ca 2+ -current alteration could be related to a 
lack of insulin in type 1 diabetes and downregulation of the Akt pathway. 

 Following intracellular infusion of phosphatidylinositol-3,4,5-trisphosphate 
(PIP3), a second messenger produced by PI3K, and consequently because of stimu-
lation of the Akt pathway, depression in Ca 2+ -current density was fully restored in 
 Ins2  Akita  myocytes in contrast with the partial restoration seen in  db/db  myocytes. The 
reduced levels of SL Ca 2+ -channel protein in the  db/db  cardiomyocytes were not seen 
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in  Ins2  Akita  cardiomyocytes, thereby leading to the hypothesis that hyperglycemia in 
combination with obesity and insulin resistance in type 2 diabetes could cause more 
damage to SL Ca 2+ -channel function than hyperglycemia and lack of insulin in type 
1 diabetes [ 23 ,  24 ]. It is important to highlight that another study has revealed that the 
activation of the PI3K-dependent Akt signaling pathway by insulin- like growth fac-
tor 1 restored L-type Ca 2+  channels function in type 1 diabetic animals [ 27 ]. Taken 
together, these data suggest that insulin may have a positive inotropic effect and 
could explain how insulin resistance can affect heart function in several pathological 
states [ 3 ]. Despite the fact that most of the investigations support the idea that L-type 
Ca 2+ -channel activity is not impaired in cardiac hypertrophy, Ca 2+  transients trigged 
by Ca 2+ -channel current have shown to be desynchronized, presenting a decreased 
amplitude and slow kinetics. These fi ndings support the view that the intermolecular 
failure state would also apply to SL Ca 2+  channels, the SR Ca 2+ -release channels, 
considering that the Ca 2+  current becomes less effective in triggering SR Ca 2+  release 
in the diabetic heart [ 16 ,  28 – 30 ]. 

 It has become clear that Na + –Ca 2+  exchanger 1 (NCX1) is the major SL protein 
for extruding Ca 2+  that enters the cardiac cell via SL Ca 2+  channels [ 31 ,  32 ]. This 
exchanger promotes the infl ux of 3 Na +  for the extrusion of each Ca 2+ , and its activ-
ity is controlled by both internal and external Na +  and Ca 2+  levels as well as by the 
membrane potential. Under certain pathological conditions, NCX1 also works in 
the reverse mode, contributing to the development of intracellular Ca 2+  overload in 
cardiomyocytes. It is noteworthy that the direction and amplitude of NCX1 current 
relies on the activity of SL Na + –K + -ATPase, which is responsible for maintaining 
the intracellular Na +  concentration at a low level [ 31 ,  32 ]. In type 1 diabetes, both 
depressed NCX activity [ 10 ,  33 ] and expression [ 10 ,  34 ,  35 ] were observed in the 
heart. It has been suggested that NCX1 dysfunction is related to alterations in the 
phospholipid composition of SL and reduced stimulation of the transporter by pro-
tein kinase C [ 36 ]. Furthermore, marked depression in SL Na + –K +  ATPase activity 
in insulin-dependent diabetes animals is considered to stimulate the NCX activity in 
a reverse mode to normalize the cytosolic Na +  concentration [ 37 – 39 ]. Depressed SL 
activity of Ca 2+ -pump ATPase was also reported in the diabetic heart [ 40 ,  41 ]. 
Consequently, a net gain of Ca 2+  would occur as a result of the impaired effl ux and 
increased Ca 2+  entry, leading to intracellular Ca 2+  overload as well as mechanical 
and electrical dysfunction in diabetic cardiomyocytes. On the other hand, in some 
studies involving type 2 diabetes, the NCX1 activity was either increased [ 25 ] or 
unchanged [ 42 ,  43 ], and no difference in mRNA level or protein content was 
detected [ 36 ,  42 ,  43 ]. Thus, the role of NCX in the etiology of cardiomyocyte dys-
function is complex, and changes in its expression or activity are viewed as compen-
satory or causal, depending upon the stage and severity of diabetes. 

 SL Na + –K +  ATPase plays a key role in maintenance of the resting membrane poten-
tial in cardiac cells by removing intracellular Na +  in exchange for extracellular K + . 
It has been demonstrated that Na + –K +  ATPase dysfunction in diabetic cardiomyopathy 
is related to downregulation of its subunit expression as well as alteration in the enzyme 
kinetics [ 37 ,  39 ]. The activity of this enzyme may also be infl uenced by alterations in 
composition of SL membrane observed in diabetes [ 44 ]. The abnormality in Na + –K +  
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ATPase activity in the diabetic heart results in cytosolic Ca 2+  overload involving the 
NCX exchanger. It is important to emphasize that treatment of diabetic animals with 
insulin upregulates the expression of Na + –K +  ATPase and improves cardiac function 
[ 45 ]. Moreover, antioxidant agents, including vitamin E [ 46 ] and fi sh oil containing 
n-3 fatty acids [ 47 ], were able to attenuate and even prevent the diabetic-induced 
changes in SL Na + –K +  ATPase and cardiac dysfunction. These observations suggest 
the role of the observed depression in Na + –K +  in Ca 2+ -handling abnormalities in car-
diomyocytes during the development of diabetic cardiomyopathy. 

 Another integral SL protein, Na + –H +  exchanger (NHE), is involved in intracellu-
lar Ca 2+  modulation. NHE-1, which isoform is mostly expressed in cardiac cells, 
regulates intracellular pH by exchanging one intracellular H +  ion for an extracellular 
Na +  ion. In addition, NHE-1 participates in the regulation of Na +  fl uxes and cell 
volume. Although emerging evidence supports NHE-1 involvement in diabetic car-
diomyopathy, the results are controversial, and its potential role has not been estab-
lished [ 48 ]. The NHE-1 activity has been shown to be decreased in isolated 
cardiomyocytes as well as the SL membranes of the diabetic heart [ 49 ,  50 ]. In another 
study, the reduced activity of NHE-1 in diabetes has been considered responsible for 
resistance of diabetic hearts to ischemia–reperfusion injury [ 51 ]. An increase in 
NHE-1 activity in cardiomyocytes of the Goto-Kakizaki rat model of type 2 diabetes 
has also been detected [ 52 ]. It has been suggested that intracellular acidifi cation in 
cardiac cells stimulates the Akt signaling pathway, which could represent a likely 
mechanism that mediates the myocardial hypertrophy observed in the diabetic ani-
mals. In addition, chronic treatment with cariporide, a NHE-1-selective inhibitor, 
has been shown to prevent the phenotype of hypertrophy [ 52 ]. It is worth noting that 
some studies have also indicated that chronic administration of NHE-1- selective 
inhibitors may prevent vascular hypertrophy in diabetic rats [ 53 ] and also attenuate 
or even reverse the development of cardiac hypertrophy and its progression to heart 
failure in different animal models [ 54 – 56 ]. Thus, the observed alterations in SL Na + –
H +  exchanger in diabetes can be seen to indirectly affect the Ca 2+  handling by cardio-
myocytes and participate in the development of diabetic cardiomyopathy.  

3     SR Changes in Diabetic Heart 

 Several studies have revealed that different Ca 2+ -handling proteins embedded in the 
SR membrane become abnormal during the development of diabetic cardiomyopa-
thy [ 2 ,  6 ,  46 ]. SR channel or RyR is a key component in Ca 2+  handling and excita-
tion–contraction coupling in the heart. Cardiac cells express mostly the RyR2 
isoform, which is regulated by proteins such as calmodulin (CaM), Ca 2+ -CaM- 
dependent kinase (CaMKII), and PKA [ 57 ]. Following the opening of a RyR2 clus-
ter on the SR, Ca 2+  sparks are generated and result in local, rapid, and brief elevation 
in cytosolic-free Ca 2+  by tenfold or more and trigger cardiac contraction. It has been 
demonstrated that RyR2 function in diabetic cardiomyocytes is compromised, 
becoming leaky to Ca 2+  during diastole and accounting for a reduced SR Ca 2+  load. 
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In addition, a leaky RyR would promote Ca 2+  accumulation in the cytosol, resulting 
in increased SL NCX activity to remove the intracellular excess Ca 2+  in exchange 
for Na + . Consequently, the increased Na +  infl ux would induce cell membrane depo-
larization, thereby leading to extrasystolic depolarizations and development of pre-
mature beats [ 58 – 60 ]. It has been suggested that these abnormalities may be linked 
to reduced levels of FKBP12.6 and increased activity of PKA [ 25 ,  61 ]. It should be 
mentioned that FKBP 12.6 is an accessory protein that plays a role in coordinating 
the opening and closing of individual RyRs in an array. The hyperphosphorylation 
of RyR2 by PKA leads to the dissociation of FKBP 12.6 and increasing the open 
probability of the RyR2 receptor [ 43 ]. This increased phosphorylation at Ser2809 
and Ser2814 of RyR2 is also observed in stress/exercise- induced cardiac arrhyth-
mias, sudden death, and catecholaminergic ventricular tachycardia [ 62 ,  63 ]. 

 In a model of diabetic cardiomyopathy, Bidasee et al. [ 58 ] have reported that 
RyR2 proteins of 6-week streptozotocin (STZ)-induced diabetes rats bound less 
[ 3 H]ryanodine in comparison to control, although the affi nity of this specifi c ligand 
and protein expression of the receptor remained unchanged in comparison to con-
trol. In a later study using 6- and 8-week STZ-induced diabetes rats [ 64 ], they also 
observed impaired binding ability of RyR2 to [ 3 H]ryanodine, which was even more 
pronounced in 8-week STZ-induced diabetes cardiomyocytes. In addition, 8-week 
STZ-induced diabetes rats showed a decrease in RyR2 expression (mRNA and pro-
tein). In both studies [ 58 ,  64 ], 2 weeks of insulin treatment initiated after 4 and 6 
weeks of untreated diabetes was able to minimize the loss in function and expres-
sion of RyR2. Taken together, the fi ndings indicate that the loss of functional integ-
rity of the receptor precedes reduction in its expression and that the severity depends 
on the duration of untreated disease. The underlying mechanisms for RyR2 dys-
function remain unclear, but it has been shown that it could be caused by oxidative 
stress, nonenzymatic glycation reactions, and increased formation of disulfi de 
bonds between adjacent sulfhydryl groups of the receptor [ 65 – 67 ]. 

 The InsP3R plays a minor role in excitation–contraction coupling compared to the 
RyR in ventricular cardiomyocytes, but in atrial myocytes InsP3Rs are much more 
numerous and coexist with RyR on the SR, suggesting a prominent role in atrial con-
traction [ 68 ]. Several studies have shown that the InsP3R pathway is involved in 
progression of heart failure and delayed after depolarizations arrhythmias [ 69 ,  70 ]. 
In an experiment involving animals with obesity and type 2 diabetes, InsP3R expres-
sion was unaltered in ventricles from  ob/ob  mice [ 71 ], but in other diabetes studies it 
was shown to be decreased in diabetic rats [ 72 ] and in the atrium from diabetic 
patients [ 73 ]. The existing data indicate that altered InsP3R signaling may account for 
impaired Ca 2+  handling and arrhythmogenesis in diabetic cardiomyopathy. However, 
the precise role of InsP3R in such pathological conditions requires further study. 

 Most of the intracellular Ca 2+  is stored in SR via SERCA, which transfers two 
Ca 2+  ions from the cytosol to the lumen at the expense of the hydrolysis of one ATP 
molecule. SERCA2a, the isoform predominately expressed by cardiomyocytes, is 
regulated by phosphorylation of a SR protein, phospholamban (PLB) [ 32 ,  74 ]. In its 
dephosphorylated form, PLB interacts with the pump, reducing its affi nity for Ca 2+ . 
However, when phosphorylated by PKC or CAMK, PLB is not able to inhibit 
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SERCA2a activity [ 75 ,  76 ]. SR function in diabetic cardiomyocytes has been shown 
to be compromised, presenting a reduced Ca 2+  uptake that could explain the pro-
longed cardiac relaxation observed. As a consequence, SR calcium storage declines, 
resulting in reduced systolic calcium release and therefore a weaker cardiac con-
traction [ 74 ]. In this regard, some investigations with STZ-induced type 1 diabetes 
rats have reported decreased protein content and SERCA2a pumping dysfunction, 
which might be partly associated with an upregulation of activity and inhibitory 
PLB expression [ 35 ,  77 ]. In addition, it was proposed that products from advanced 
glycosylation reactions would form irreversible crosslinks within many proteins, 
leading to impairment of SERCA2a activity in diabetes [ 78 ,  79 ]. Thus far, it has 
been diffi cult to establish a general conclusion regarding myocardial SERCA2a and 
PLB changes in type 2 diabetes, most likely because of data limitation and ambigu-
ity, especially taking in consideration the differences in animals models used. 

 Several studies using different type 2 diabetes animal models observed compro-
mised SERCA2a function [ 25 ,  42 ,  43 ,  80 ]. SERCA2a expression was shown to be 
downregulated in Otsuka Long-Evans Tokushima fatty rats [ 80 ] and  db / db  mice [ 43 ] 
but unaltered in sucrose (SU)-fed rats [ 42 ]. Increased protein level of inhibitory PLB 
was only detected by one study [ 43 ]. Furthermore, Fredersdorf et al. [ 81 ] evaluated 
cardiac function and protein expression of Zucker diabetic fatty (ZDF) rats in the early 
stages of type 2 diabetes. They were able to demonstrate that animals in transition 
from insulin resistance to type 2 diabetes developed signifi cant myocardial hypertro-
phy initially characterized by an increased systolic function and an intense SR Ca 2+  
uptake. In addition, myocardial expression of SERCA2a was markedly elevated and 
PLB expression was depressed. These changes were attributed to Akt signaling path-
way activation induced by high levels of insulin, thereby supporting the view that 
upregulation of myocardial SERCA2a expression may be seen as a feedback mecha-
nism in handling volume overload in the early phase of diabetes type 2. Taken together, 
the confl icting results regarding gene and protein expressions for SERCA2a and PLB 
can be explained by differences in the duration and severity of diabetes in various 
studies. Nonetheless, these observations are consistent with the view that alterations 
in SR function and SR remodeling occur in the diabetic heart [ 74 ]. Moreover, the criti-
cal role of SERCA2a in excitation–relaxation coupling is reinforced with the evidence 
that upregulation of its expression is able to reverse contractile dysfunction and abnor-
mal calcium fl ux in established diabetic cardiomyopathy [ 82 – 84 ].  

4     Mechanisms of SL and SR Alterations in the Diabetic Heart 

 It has been suggested that hyperglycemia along with metabolic shift, as a result of 
the hormonal imbalance caused by elevated plasma levels of catecholamines and 
angiotensin II, leads to oxidative stress and contributes to diabetic injury to multiple 
organs, especially the cardiac muscle [ 2 ,  4 ,  46 ]. The shift in myocardial metabo-
lism, marked by decreased use of glucose and excessive utilization of long-chain 
fatty acids as an energy substrate, intensify the production of reactive oxygen 
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species (ROS) that damage the respiratory and oxidative phosphorylation activities 
of mitochondria, contributing to decreased myocardial effi ciency [ 14 ,  85 ]. In addi-
tion, there is experimental evidence to suggest that mitochondria under several 
pathological conditions can act as a Ca 2+  sink [ 86 ,  87 ]. Although this mechanism 
initially seems to play an important compensatory role in Ca 2+  regulation by pre-
venting or delaying intracellular Ca 2+  overload in cardiomyocytes, it also accounts 
for the development of oxidative stress at late stages of diabetes. The generation of 
ROS can lead to leakage of toxic proteins through opening of mitochondrial pores 
and further damage of cardiomyocytes [ 65 ,  88 ]. Another mechanism of oxidative 
stress is mediated by advanced glycation end products (AGE), which are able to 
activate signaling pathways that induce ROS production, and its accumulation is 
related to structural and functional alterations of proteins in chronic diabetic tissues. 
It is worthwhile to note that hyperglycemia can impair and decrease the antioxidant 
system capacity in the heart and other organs in diabetes [ 85 ,  89 ,  90 ]. Thus, both the 
intense generation of ROS and reduced antioxidant capacity contribute signifi cantly 
to oxidative stress and therefore myocardial damage in chronic diabetes. 

 It is now well established that genomic alterations lead to myocardial dysfunction in 
diabetic cardiomyopathy. Numerous studies have also been relating the diabetic state 
with activation of proteases and changes in signal transduction pathways, including 
PKC, PKA, CaM kinase, and mitogen-activated protein kinase, contributing to subcel-
lular remodeling [ 91 ]. With respect to Ca 2+  cycling, downregulation of SERCA2a 
expression, as well as its promoter activity were reported. Some investigations also 
detected reduced protein levels of SL Ca 2+  channels, NCX1, Na + –K +  ATPase, and RyR2 
[ 74 ,  92 ]. These alterations have been attributed to an increased nuclear O-GlcN acyla-
tion, as a result of oxidative stress induced by hyperglycemia and enhanced activity of 
the PKC signaling pathway [ 93 ]. Moreover, genomic alterations also seem to underlie 
myosin dysfunction [ 94 ,  95 ]. In models of diabetic cardiomyopathy, abnormal myosin 
isozyme distribution, shift in myosin content from V1 to V3, and increased troponin I 
phosphorylation via the PKC pathway have been detected. Taken together, this could 
contribute to the decrease in Ca 2+  sensitivity of myofi laments [ 96 – 101 ].  

5     Conclusions 

 From the foregoing discussion it can be appreciated that diabetes is a complex 
pathology and that a wide variety of mechanisms contributes to cardiac dysfunction. 
The hormonal imbalance along with metabolic shift enhances oxidative stress, 
which leads to several abnormalities including activation of proteases, increased 
intracellular concentration of free Ca 2+ , and alterations in cardiac gene expression 
(Fig.  1 ). Intracellular Ca 2+  overload has been implicated not only in the process of 
excitation–contraction impairment but also in subcellular remodeling of organelles 
in cardiac cells. This event has been attributed to decreased SR Ca 2+  load, depressed 
SERCA2a activity, and RyR2 dysfunction as well as changes in L-type Ca 2+  chan-
nels. Abnormalities of SL proteins such as SL NCX, Na + –K +  ATPase, NHE-1, and 
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Ca 2+ -pump ATPase have also been shown to be involved in diabetic cardiomyopathy. 
Molecular targeting approaches to revert or even attenuate alterations in proteins 
associated with Ca 2+  handling hold promise as a new therapeutic modality. In addi-
tion, recent data have suggested that the insulin signaling pathway and Ca 2+  regula-
tory processes are clearly interrelated, although many of these relationships are yet 
to be defi ned. Thus, further in-depth studies regarding the interactions between 
these pathways should lay the foundations for the design of new therapeutic 
approaches for diabetic heart disease.
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    Abstract     For the heart to produce mechanical force, two cellular components are 
essential: myofi brils, which are responsible for generating contractile activity, and 
mitochondria, which provide most of the required energy. Diabetic cardiomyopathy 
is associated with defects in both mitochondria and myofi brils, indicating that changes 
in energy production and energy utilization are of foremost relevance in the etiology 
of cardiac dysfunction in chronic diabetes. Several elements including hyperglyce-
mia, hyperlipidemia, and changes in the level of different hormones contribute 
directly or indirectly to contractile impairment in this multifactorial diabetic disorder. 
Metabolic imbalance, characterized by excessive fatty acid oxidation, Ca 2+  overload, 
and oxidative stress are considered to reduce mitochondrial phosphorylation activity 
and impair the mitochondrial electron-transport chain in the diabetic heart. These 
subcellular alterations result in reduced level of adenosine triphosphate (ATP) in the 
diabetic heart, limiting cardiomyocyte contractile ability. Altered gene expression 
and excessive proteolytic activity caused by intracellular Ca 2+  overload and oxidative 
stress in chronic diabetes promote changes in both composition and structure of myo-
fi brils; this myofi bril remodeling, characterized by diminished energy consumption 
and insensitivity to Ca 2+ , further impairs heart function in diabetic cardiomyopathy.  
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1        Introduction 

 Diabetes mellitus is becoming a more relevant disease, as the global prevalence 
of diabetes was estimated to be 2.8 % in 2000 and is expected to increase more 
than 50 % until reaching 4.4 % in 2030 [ 1 ]. Diabetes is associated to a wide range 
of clinical manifestations related to either insulin defi ciency in type 1 diabetes or 
insulin insensitivity in type 2 diabetes [ 2 ,  3 ]. This abnormal metabolic state is 
mainly characterized by, but not limited to, hyperglycemia (elevated glucose lev-
els). Other hormonal and metabolic abnormalities, especially hyperlipidemia, are 
known to contribute to diabetes-related cardiovascular complications [ 4 – 9 ]. 
Although the name diabetes mellitus, in opposition to insipidus, is a remnant of a 
time when tasting urine was an acceptable medical procedure, the idea of a defec-
tive cardiac phenotype as a result of diabetes is a relatively new concept. Although 
diabetes mortality is primarily attributed to cardiovascular complications [ 10 ], 
the concept of diabetic cardiomyopathy was neglected for a long time, mainly 
because of the confounding effect of chronic diabetes on heart function by athero-
sclerosis and hypertension [ 9 ,  11 ]. It was in 1972, with the description of four 
diabetic patients showing congestive heart failure in the absence of coronary 
artery atherosclerosis by Rubler et al. [ 12 ], that the term diabetic cardiomyopathy 
was fi rst used. Diabetic cardiomyopathy was defi ned as a cardiac dysfunction that 
occurs because of chronic diabetes, independently of coronary artery disease 
[ 13 ]. Patients with diabetes, in the absence of atherosclerosis, were found to suf-
fer from ventricular dysfunction including shortened left ventricular ejection 
time, longer pre-ejection period, and also elevated end-diastolic pressure [ 14 ]. 
Some epidemiological studies also revealed that diabetes shows increased risk of 
heart failure even when atherosclerosis and hypertension risks are taken into 
account [ 15 ]. Animal models for diabetes also attest to the harmful effects of 
diabetes on heart function. Streptozotocin-induced diabetes in rats is associated 
with reduced heart rate, lower peak ventricular pressure- and also impaired left 
ventricular contractions and relaxations [ 16 – 21 ]. Further animal studies have also 
shown that diabetes, in conjunction with hypertension, leads to congestive heart 
failure [ 22 ,  23 ]. 

 Although the molecular and cellular mechanisms of the cardiac dysfunction in 
diabetic cardiomyopathy are not completely understood [ 24 ], it is clear that an 
imbalance between energy production, in the form of adenosine triphosphate (ATP), 
and energy consumption is a key factor that contributes to the development of this 
pathological disorder [ 13 ,  24 ,  25 ]. The major players of the high-energy phosphate 
production and utilization cycle, in the cardiomyocytes, are the mitochondria (MT) 
and myofi brils (MF), the subcellular components responsible for the phosphoryla-
tion of adenosine diphosphate (ADP) into ATP and the hydrolysis of ATP by ATPase 
activity, respectively. Herein, this review focuses on the mechanisms by which 
chronic diabetes affects MT and MF functions, and also the consequences of the 
resulting energetic imbalance on cardiomyocytes and heart function.  
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2     Defects in Energy Production 

 In cardiac tissue, as in most tissues, MT are accountable for most of the ATP 
 production, and thus any deterioration of these organelles may lead to a state of 
energy restriction and consequently of cellular defi ciency. In fact, MT are respon-
sible, under normal conditions, for more than 95 % of all myocardial ATP synthe-
sis [ 26 ]; cardiomyocytes have a rather limited ATP pool that would be consumed 
in approximately 10 s without continuous mitochondrial activity [ 26 ]. To main-
tain a stable ATP content, and proper myocardial function, energy consumption 
and production have to be tightly coupled in the cardiac muscle. Proper MT func-
tion is, therefore, essential for cardiac function as MT phosphorylation is com-
monly compromised in several different types of cardiac disorders [ 26 – 28 ], 
including diabetic cardiomyopathy [ 29 – 31 ]. MT dysfunction is mainly credited to 
metabolic alterations in diabetes, resulting in increased free fatty acid (FFA) uti-
lization. Oxidative stress and Ca 2+  overload are also relevant to the process that 
leads to MT damage and energy defi ciency in the diabetic heart. These events are 
depicted in Fig.  1 .

Chronic diabetes

Metabolic shift

(Glucose          FFA)

Cardiac dysfunction

Oxidative
stress

Intracellular
Ca2+ - overload

Excessive FFA
utilization

Mitochondrial defects

Reduced ATP production

  Fig. 1    Mechanisms by which chronic diabetes leads to mitochondrial defect, reduced ATP 
reserves, and cardiac dysfunction       
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3        Defects in Energy Utilization 

 Cardiomyocytes require energy, in the form of ATP, to produce MF contractions and 
the mechanical force that ultimately allows the heart to pump blood. Because car-
diomyocyte contractions are controlled, in both intensity and rhythm, by changes in 
intracellular Ca 2+  concentration, a precise MF response to Ca 2+  is crucial to overall 
heart performance. MF is the functional unit of the cardiac muscle, being composed 
mainly of actin and myosin; myosin is the protein that is actively responsible for 
muscular contractions, as it possesses ATPase activity. MF contractions are regu-
lated by the troponin–tropomyosin complex (TnTm): Ca 2+  binds to the TnTm com-
plex, which exposes the myosin ATP-binding site, and this allows actin–myosin 
interactions to occur, resulting in the shortening of the muscle fi ber. This contractile 
process requires energy in the form of ATP and represents about 60–70 % of all ATP 
consumption of the myocardium under normal conditions [ 26 ]. As a matter of fact, 
diabetic cardiomyopathy is associated with MF abnormalities that result in defects 
in the energy utilization process [ 13 ,  32 – 34 ]. Two main factors can be seen promot-
ing cardiac contractile dysfunction: defects in energy utilization and abnormal MF 
regulation. Several cellular abnormalities involved in defects in energy utilization 
and regulation of MF in diabetic heart are depicted in Fig.  2 .

Chronic diabetes

Oxidative stress

Contractile dysfunction

Hormonal imbalance

Altered cardiac
gene expression

Intracellular
Ca2+ - overload

Remodeling of
myofibrils

Activation of
proteases

Defect in energy
utilization

Abnormal myofibril
regulation

  Fig. 2    Role of hormonal imbalance in diabetic cardiomyopathy in promoting myofi brillar 
 dysfunction, as a consequence of oxidative stress, Ca 2+  overload, and the activation of proteolytic 
enzymes       
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   Abnormal energy utilization is associated with MF remodeling, a process that is 
related to changes in gene expression, oxidative stress, intracellular Ca 2+ , and activa-
tion of proteolytic enzymes [ 13 ,  21 ,  32 ,  34 ,  35 ]. Several animal studies have reported 
decreased MF Ca 2+ -dependent ATPase activity in chronic diabetes [ 17 ,  19 ,  21 ,  36 ,  37 ], 
and MF insensibility to Ca 2+  is most likely involved in diabetic cardiomyopathy [ 13 ]. 
Several factors interfere with myofi bril function, involving both functional and regula-
tory enzymes [ 36 – 39 ]. Chronic diabetes, in animals, is  associated with the  prevalence 
of myosin heavy-chain (MHC) isoenzyme β over isoenzyme α [ 34 ,  40 – 48 ]. This shift 
in expression of MHC isoforms could explain the depressed ATPase activity in other 
animals; however, the relevance of this mechanism is uncertain in human hearts, in 
which the β-isoform is normally predominant over the α isoform [ 49 ,  50 ]. On the 
other hand, the phosphorylation of the myosin light chain (MLC) by the myosin light-
chain kinase (MLCK) is a factor that could explain cardiac dysfunction in human 
diabetic cardiomyopathy, because MLC phosphorylation is related to increased MF 
sensitivity to Ca 2+  [ 51 ]. However, MLC, MLCK, and MLC phosphorylation were 
shown to be signifi cantly reduced in diabetic rat heart homogenate, and these changes 
were partially reversed by insulin treatment [ 38 ]. The activation of proteolytic 
enzymes, seen in cardiac dysfunction [ 35 ,  52 – 60 ], can also participate in the develop-
ment of MF dysfunction. Intracellular Ca 2+  overload and oxidative stress are related to 
the activation of proteases [ 61 – 63 ] that would lead to degradation of cardiomyocyte 
MF proteins in diabetic cardiomyopathy. 

 Chronic diabetes is also known to affect cardiac function through impaired MF 
regulation mainly caused by TnTm abnormalities [ 13 ]. The TnTm complex is 
formed by tropomyosin and three subunits of troponin, TnC, TnI, and TnT, that are 
responsible for Ca 2+  binding, ATPase inhibition, and myosin binding, respectively. 
There is evidence that the phosphorylation of TnI and TnT by protein kinase A 
(PKA) and C (PKC) contribute to myofi brillar insensitivity to Ca 2+ , leading, in the 
given order, to reduced ATPase response to Ca 2+  and reduced myosin–actin interac-
tions [ 13 ]. These fi ndings are supported by the fact that impaired actomyosin 
ATPase activity of diabetic animals could be partially normalized in the presence of 
TnTm extracted from healthy animals [ 64 ].  

4     Mechanisms of Alterations in Mitochondria 
and Myofi brils 

 The primary energy source of cardiomyocytes are fatty acids, accounting for approxi-
mately 60–70 % of the myocardial substrate [ 65 ]. The participation of FFA in cardiac 
muscle energy metabolism is known to be even more expressive in a chronic diabetic 
state [ 66 ,  67 ]. Although lipids are essential for heart function, from both an energetic 
and structural point of view, excessive FFA uptake by myocytes is known to have del-
eterious effects on cardiac function, supporting the concept of ‘lipid paradox’ [ 65 ]. 
Studies conducted with both animal and human tissues have concluded that 
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sarcolemmal (SL) glucose transporter (GLUT) 1, GLUT4, and sodium–glucose-linked 
transporter (SLGT) 1 expression is reduced in diabetic hearts [ 68 – 76 ]. In fact, glucose 
uptake is impaired in diabetic hearts by insulin defi ciency or insensitivity [ 77 – 79 ]. The 
opposite is true for FFA uptake: high plasma levels of FFA not only increase cardio-
myocyte FFA uptake but also depress glucose utilization by the diabetic heart 
[ 26 ,  28 ,  80 ]. Increased MT fatty acid oxidation, in chronic diabetes, is credited to 
the upregulation of the perioxisome proliferator- activated receptor α [ 71 ,  81 – 84 ]. 
Such an elevation in the rate of fatty acid oxidation, if maintained for a long period 
of time, is believed to impair MT oxidative phosphorylation, causing damage to the 
electron-transport chain and depressing MT Mg 2+  ATPase [ 29 – 31 ]. In addition to 
the reduction of ATP reserves and depressed cardiac function [ 30 ,  31 ], MT dysfunc-
tion is associated with the formation of MT pores, leaking of MT proteins, and cel-
lular dysfunction [ 9 ,  13 ,  24 ,  30 ,  85 ,  86 ]. Triglyceride synthesis is also remarkably 
upregulated in diabetic cardiomyopathy, leading to a phenomenon called lipotoxic-
ity that is intimately related to cellular damage [ 9 ,  87 ]. Enhanced FFA uptake is 
associated with the accumulation of lipid droplets in the myocardium during the 
development of diabetic cardiomyopathy [ 9 ,  86 ]. 

 Diabetes is intimately associated with defects in several metabolic pathways that 
are responsible for a marked increase in intracellular Ca 2+  concentration [ 13 ,  18 ,  24 , 
 73 ,  86 ,  88 – 95 ]. Ca 2+ -handling defects in chronic diabetes are known to be related to 
SL and sarcoplasmic reticulum (SR) alterations that favor the occurrence of intra-
cellular Ca 2+  overload [ 96 – 99 ]. In this regard, MT are known to function as Ca 2+  
sinks, in the event of Ca 2+  overload, in an attempt to maintain the normal cytoplas-
mic level of free Ca 2+  [ 24 ,  73 ,  100 ,  101 ]. Although this mechanism is intended to be 
protective in nature, excessive MT Ca 2+  uptake depresses MT phosphorylation 
activity [ 13 ]. Different drugs that are capable of attenuating Ca 2+  overload, such as 
Ca 2+  channel blockers and angiotensin-receptor antagonists, have been shown to 
ameliorate cardiac dysfunction in diabetic cardiomyopathy [ 40 ,  95 ,  102 ,  103 ]. 

 It is becoming clear that oxidative stress contributes to the development of sev-
eral diabetic complications [ 104 – 108 ], including diabetic cardiomyopathy [ 13 ,  85 , 
 109 – 113 ]. Hormonal imbalance in diabetes, marked by elevated levels of angioten-
sin II, catecholamines, and endothelins, plays a signifi cant role in promoting oxida-
tive stress and cardiac dysfunction [ 13 ,  114 ]. Damaged MT [ 13 ,  115 ,  116 ] and 
advanced protein glycation, caused by hyperglycemia, are also known to result in 
the development of oxidative stress in chronic diabetes [ 117 ,  118 ]. Initially, cardio-
myocytes cope with increased oxidative stress by boosting their natural antioxidant 
defenses. Elevated activities of superoxide dismutase, glutathione peroxidase, and 
other antioxidant enzymes have been reported in the diabetic rat heart [ 119 – 121 ]. 
Most likely, these initial compensatory mechanisms are eventually exhausted, 
resulting in oxidative stress and leading to subcellular remodeling and myocardial 
cell damage [ 13 ]. Some reports have indicated that antioxidants are effective in 
preventing diabetic cardiomyopathy and cardiac dysfunction [ 13 ,  122 ,  123 ] and 
thus provide evidence regarding the relevance of oxidative stress in the pathophysi-
ology of diabetic cardiomyopathy (Fig.  2 ).  

N.S. Dhalla et al.



305

5     Conclusions 

 From the foregoing discussion, it is apparent that a defect occurs in the process of 
energy production that leads to depression of ATP stores in the diabetic heart, pri-
marily because of a shift in the balance between the utilization of glucose and the 
utilization of FFA as substrates by the myocardium. Excessive utilization of FFA for 
a prolonged period is considered to impair MT function with respect to oxidative 
phosphorylation and the electron-transport system. MT defects also includes open-
ing of MT pores for leakage of cytoplasmic proteins that lead to the development of 
myocardial cell damage in the form of diabetic cardiomyopathy. Abnormalities in 
myocardial metabolism also promotes the occurrence of oxidative stress and intra-
cellular Ca 2+  overload, which results in the activation of different proteases and 
defects in gene expression in the diabetic myocardium. During this process of sub-
cellular remodeling caused by diabetes, MF become defective in respect to their 
ability to utilize ATP as well as sensitivity to Ca 2+  for the generation of contractile 
force. Thus, not only is cardiac dysfunction the result of defects in energy produc-
tion by MT, but also defects in energy utilization by MF play a critical role during 
the development of diabetic cardiomyopathy.     
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    Abstract     Diabetes is a major cause of morbidity and mortality in both the United 
States and Asia. The greatest public health impact of diabetes is its vascular com-
plications, which include both microvascular (retinopathy, nephropathy, and neu-
ropathy) and macrovascular (ischemic heart disease, cerebrovascular disease, 
peripheral vascular disease) processes. Given that the diabetes epidemic contin-
ues to grow worldwide, there is a clear need for improvements in the management 
of the disease and its complications. The identifi cation of biomarkers and patho-
genic determinants of progression not only could provide tools physicians could 
use to monitor disease progression but could also give important insights into the 
mechanisms behind diabetic vascular complications, thus potentially opening 
new avenues for treatment. 

 The roles played by circulating miRNAs in diabetes mellitus (DM) and its vas-
cular complications, both as biomarkers of disease and as critical contributors to 
disease progression, are not very clear. Recently, researchers have identifi ed power-
ful roles for circulating miRNAs and their potential therapeutic implications, partly 
by advances in various technologies with which researchers can identify circulating 
miRNAs (next-generation sequencing, RNA Seq, digital qPCR, etc.) and then suc-
cessfully isolate and study them. Circulating miRNAs play a role in the metabolic, 
infl ammatory, and antiangiogenic pathways in type 2 diabetes (T2D).  
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1        Introduction 

 Diabetes mellitus (DM) is a metabolic disorder caused by defects in insulin secretion, 
insulin action, or both [ 1 – 3 ]. The disease involves disturbances in carbohydrate, 
protein, and fat metabolism and chronic hyperglycemia from insulin defi ciency 
[ 4 – 7 ]. This disease is the most common endocrine disorder and remains a global 
health problem. More than 150 million people are diagnosed with diabetes globally, 
and it is estimated that by the year 2025 this number will be doubled [ 8 – 10 ]. Long- 
term complications such as retinopathy, neuropathy, nephropathy, and cardiovascu-
lar disease arise when the disease is uncontrolled or has progressed [ 11 – 14 ]. There 
are two major classifi cations of DM. In type 1, patients have little or no endogenous 
insulin secretary capacity [ 15 ]. The two main forms of clinical type 1 diabetes are 
type 1a, which is caused by immunological destruction of pancreatic cells, resulting 
in insulin defi ciency, and type 1b (idiopathic), in which there is no evidence of auto-
immunity [ 16 ]. Type 1b is more prevalent among individuals of African and Asian 
origin [ 17 ]. Type 2 is the most common form of diabetes and is characterized by 
disorders of insulin secretion and insulin resistance [ 18 ]. In Western countries, the 
disease affects up to 7 % of the population [ 19 ,  20 ], and globally, it affects 5–7 % of 
the world’s population [ 19 ,  20 ]. This prevalence is underestimated because many 
cases, perhaps as much as 50 % in some populations, remain undiagnosed, espe-
cially in developing countries [ 15 ]. 

 Type 2 diabetes (T2D) is the more common form of DM across the globe: almost 
5–7 % of the world’s population is now affl icted [ 8 ,  9 ,  20 ]. The prevalence of T2D 
varies considerably, ranging from less than 1 % to more than 50 %, depending on 
the country [ 15 ]. The incidence of T2D is higher in urban centers compared to rural 
areas [ 9 ,  21 ,  22 ]. Interestingly, T2D is associated with a more “Westernized” life-
style, marked by decreased physical activity and obesity [ 23 – 25 ]. Recent data high-
light an alarming trend with an increased incidence of T2D [ 25 ,  26 ]. In some 
countries, the numbers of children diagnosed with T2D is beginning to outnumber 
those diagnosed with type 1 [ 27 ].  

2     Importance of Early Detection of Diabetes Mellitus 

 DM is a signifi cant cause of morbidity worldwide as a result of its myriad macro- 
and microvascular complications. Diabetic complications usually arise from long-
standing disease and are aggravated by poor glycemic control, hypertension, and 
hyperlipidemia. Of the 366 million people affected by this disease worldwide [ 1 ], 
about a third have either vision-threatening retinopathy [ 2 ] or nephropathy [ 3 ] or both. 
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Nearly half the patients suffering from T2D have at least one macrovascular 
complication such as cardiovascular, cerebrovascular, or peripheral artery disease; 
the majority have polyvascular disease [ 28 ]. The Framingham study showed that 
there was a two- to threefold increased incidence of cardiovascular disease among 
men and women with diabetes [ 29 ]. In contrast to type 1, where the diagnosis is 
often made at the time of the disease onset, T2D has a long asymptomatic phase, 
which may continue for as long as 12 years before the appearance of the earliest 
symptoms [ 30 ]. During this undiagnosed and untreated ‘silent’ preclinical phase, 
early changes to the vascular system, especially endothelial dysfunction, gradually 
occur. Retinopathy is a common microvascular diabetic complication and is one of 
the earliest clinical signs. As many as 29 % of newly diagnosed T2D patients have 
retinopathy at the time of diagnosis [ 31 ]. The presence of diabetic retinopathy 
increases the risk for developing coronary heart disease [ 13 ] and ischemic stroke 
[ 14 ], partially explainable by the effects of diabetic microangiopathy on larger ves-
sels, where it has been shown that there is an increased angiogenesis of vaso vaso-
rum on the walls of larger arteries [ 32 ]. The development of diabetic complications 
may not be completely prevented but can be delayed with early and appropriate 
treatment with good glycemic control. Thus, early detection and treatment of DM 
signifi cantly delays the onset of micro- and macrovascular complications and 
reduces morbidity and mortality. Nowadays more studies are focused on identifying 
specifi c biomarkers to predict the risk of developing DM [ 33 ,  34 ] as well as devel-
opment of early complications such as retinopathy.  

3     Biomarkers 

 Biomarkers, are detectable and quantifi able biological differences or parameters in 
the body that indicate normal physiological processes and pathological processes or 
changes related to pharmacological therapeutics. Biomarkers may precede the onset 
of any early signs of clinical disease and hence are important as a diagnostic tool. 
Biomarkers are usually detected in the blood, urine, or tissues and are used as a 
measure of physiological status of the body’s responses to pharmacological treat-
ment. As shown in Table  1 , in recent years many groups have worked to identify 
early-stage biomarkers for diabetes.

3.1       Circulating miRNAs 

 MicroRNAs (miRNAs) are small (~19–22 nt), stable noncoding RNAs that critically 
modulate posttranscriptional gene regulation by binding at the 3′-untranslated region 
(or UTR) of corresponding mRNAs [ 43 ]. Because of this binding at the 3′-UTR of 
mRNAs, miRNA either block translation or cause message degradation through 
RNA-induced silencing complex (RISC)-mediated events [ 43 ]. The biogenesis of a 
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miRNA is to be transcribed and processed by RNase II (Drosha) in the nucleus from 
primary miRNA (pri-miRNA) transcript, then transported to the cytoplasm by 
exportin 5, to be spliced by Dicer before formation of the RISC, by association with 
aragonate 2 (Ago 2) and target mRNA [ 43 ]. miRNAs can be found in various biofl u-
ids, including blood and urine, and have been reported as specifi c biomarkers in a 
variety of nonneoplastic diseases. Several studies have shown that the stability of 
circulating miRNAs come from the formation of complexes between miRNA and 
some proteins, including Ago 2 [ 44 – 46 ]. Circulating exosomes or other microvesi-
cles have also been shown to play a protective role for miRNAs, shielding them from 
the high level of nucleases in the blood (Fig.  1 ) [ 47 ].

   More recently miRNAs are emerging as key players in the development of vari-
ous diabetic complications, such as nephropathy [ 48 – 50 ], retinopathy [ 51 – 53 ], and 
cardiomyopathy [ 54 – 56 ]. miRNAs can provide opportunities to explore possible 
new treatment modalities for DM.   

4     Circulating miRNAs and Diabetes 

 Mitchell et al. [ 57 ] showed for the fi rst time that miRNAs can be found in the blood 
and can act as a potential biomarker for cancer detection. This fi nding led to the 
further realization that miRNAs could be secreted actively by different cell types or 
in response to tissue injury, and these miRNAs could subsequently enter freely into 
the bloodstream. These blood-based miRNAs acquire stability in the blood in many 
ways [ 44 – 47 ]. This interesting phenomenon has caught researcher attention. 
Multiple groups have started to look at the use of plasma or serum miRNAs as bio-
markers for disease, both neoplastic and nonneoplastic. A number of well- 
characterized studies on circulating miRNA and cardiovascular complications have 
been published [ 58 – 61 ]. Although this burgeoning fi eld has produced studies for 
various disease conditions, only a handful of publications on DM [ 54 ,  62 – 65 ] have 

   Table 1    Biomarkers for type 1 and and type 2 diabetes mellitus (DM)   

 Type of 
DM  Complications  Source  Biomarkers  References 

 1  Retinopathy  Blood  E-selectin, TNF-α, sICAM-1  [ 35 ] 
 2  Nephropathy  Peritoneal 

dialysate 
 APOA4, AZGP1, EIF4GI, 

HLA-A, ALB, AMBP, 
APOA1, IGHG1, RBP4, HP 

 [ 36 ] 

 2  Unspecifi ed  Urine  HINT1, CLU, EPRS  [ 37 ] 
 2  Unspecifi ed  Plasma  Sfrp5  [ 38 ] 
 2  Unspecifi ed  Blood  AGEs, AOPPs, oxLDL, NOX  [ 39 ] 
 2  Unspecifi ed  Serum  B2M  [ 40 ] 
 2  Coronary artery disease  Serum  Fetuin-A  [ 41 ] 
 1  Retinopathy  Blood  hsCRP, ICAM-1  [ 42 ] 
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surfaced in the past few years. We have summarized here each of the target miRNAs 
from these fi ve different studies, and Fig.  2  shows all the candidate miRNAs that 
may have an important role in DM. Although most of these studies are in animal 
models, Zampetaki et al. [ 63 ] presented a very compelling case for the use of 
miRNA diagnostic biomarkers for T2D in their study for which blood from T2D 
patients was collected and analyzed.

5        Conclusions 

 It is not clear how miRNAs are being released into the circulation or how they are 
taken up into organs from the circulatory system. However, it is well documented 
that changes in miRNAs in the circulation can have profound effects on organ func-
tion. This fi eld is at its very early stages and is evolving constantly. More than 5,000 
hits were found on a “Goggle Patent” search engine for keywords such as “bio-
marker” and “miRNAs,” suggesting that researchers are beginning to embrace 
 circulating miRNAs as a potential biomarker for DM.     

  Fig. 1     MicroRNAs (miRNAs) in circulating system . Circulating miRNAs acquire protection from 
nucleases present in the blood by multiple mechanisms, including the formation of complexes with 
proteins (such as Ago 2) or by residing in a vesicle such as an exosome or HDL       
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    Abstract     Cardiovascular diseases are the leading cause of death and disability 
among diabetic patients. Diabetes-induced cardiovascular complications are pri-
marily caused by impaired NO bioavailability, eventually leading to endothelial 
dysfunction and a sequela of cardiovascular disorders. Phosphodiesterase-5 (PDE- 
5) inhibitors are class erectile dysfunction (ED) drugs that are shown to induce 
powerful cardiovascular benefi ts against ischemia–reperfusion injury, myocardial 
infarction, heart transplantation, cardiac hypertrophy, heart failure, and doxorubicin- 
induced cardiotoxicity. The use of PDE-5 inhibitors, including sildenafi l (Viagra), 
vardenafi l (Levitra), and tadalafi l (Cialis), represent a potential therapeutic strategy 
to reduce the incidence of heart diseases in diabetic patients because these com-
pounds prevent damage to the vascular endothelium by upregulating eNOS, iNOS, 
and increased NO production. This review provides new insights into the potential 
benefi ts of PDE-5 inhibitors for diabetic patients and discusses the multiple molecu-
lar mechanisms by which these drugs protect the diabetic hearts.  
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1        Introduction 

 Diabetes is a major public health concern affecting nearly 170 million people 
 worldwide [ 1 ]. Its incidence is dramatically on the rise, with a global estimate of 
more than 300 million diabetic patients by 2025 [ 1 ,  2 ]. Diabetes is associated with 
increased risk for a wide variety of long-term health problems including macrovas-
cular/microvascular complications that induce damage to major organs such as 
brain, heart, kidney, eye, peripheral vascular system, and nervous system. Among 
the various diabetes-related complications, heart diseases and associated cardiovas-
cular complications continue to be the leading cause of morbidity and mortality, 
accounting for nearly 80 % of the deaths in the diabetic population [ 3 – 6 ]. Both type 
1 and type 2 diabetes have been closely linked to cardiovascular disease (CVD). 
Diabetic patients exhibit increased risk for multiple cardiovascular complications 
such as endothelial dysfunction, coronary atherosclerosis, microangiopathy, and 
hypertension [ 7 ,  8 ]. They also exhibit enhanced risk for cardiac dysfunction that 
occurs independently of other risk factors such as hypertension and coronary artery 
disease. Several factors exaggerate the risk of heart failure and stroke in diabetic 
patients, such as hypertension, insulin resistance, hyperinsulinemia, hyperamiline-
mia, dyslipidemia, and coagulation system disorder and hyperhomosisteinemia. It is 
estimated that two of three diabetes patients develop heart failure and eventually die 
of myocardial infarction or stroke [ 9 ,  10 ]. In addition, diabetics are known to expe-
rience worse outcomes following acute myocardial infarction, coronary angioplasty, 
and cardiac surgery. The CVD treatment accounts for a large part of the healthcare 
costs attributable to management of diabetic complications, averaging nearly 50 % 
of the total healthcare expenditure of diabetic patients [ 11 ]. These concerns all 
denote the overwhelming signifi cance of CVD in diabetic patients [ 12 ].  

2     Pathophysiology of Cardiovascular Disease 
in Diabetic Patients 

 Cardiovascular risk actually begins with insulin resistance, a condition that occurs 
well before diabetes mellitus. Reduced nitric oxide (NO) bioavailability and 
enhanced reactive oxygen species (ROS) formation within the vascular wall results 
in an imbalance between NO and ROS, contributing to impaired insulin utilization 
and thus leading to insulin resistance [ 13 ]. Insulin resistance causes a number of 
micro- and macrovascular insults leading to retinopathy, nephropathy, and painful 
neuropathy, and eventually to more adverse complications such as atherosclerosis, 
coronary artery disease, and cerebrovascular disease. The increased incidence of 
these complications has been attributed to higher levels of infl ammatory cytokines, 
chronic hyperglycemia leading to formation of advanced glycation end products 
(AGEs), and elevated levels of oxidative stress that lead to endothelial dysfunction. 
Vascular NO is critical for normal vasodilatation and endothelial function, and 
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impairment of NO bioavailability is known to cause endothelial dysfunction [ 14 ]. 
In a large meta-analysis, it was reported that endothelial dysfunction is a signifi cant 
independent risk factor for cardiac death, myocardial infarction, stroke, and the 
need for coronary revascularization [ 15 ]. A number of clinical studies have shown 
that hyperglycemia and increased AGEs are key factors in potentiating vascular 
infl ammation and increasing levels of ROS and oxidative stress [ 16 ,  17 ]. This vas-
cular milieu of elevated infl ammation, impaired NO bioavailability, and oxidative 
stress plays an integral role in the progression of atherosclerosis and subsequently 
acute coronary syndromes, culminating in signifi cant morbidity and mortality of the 
diabetic patient [ 18 ]. 

 In recent years, it is known that diabetes may infl uence heart muscles indepen-
dently in addition to early atherosclerosis of the coronary artery, which causes isch-
emic heart disease [ 19 ]. This condition is referred as diabetic cardiomyopathy, a 
disease process that affects the myocardium in diabetic patients, causing a wide 
range of structural abnormalities that eventually lead to left ventricular hypertrophy 
and diastolic and systolic dysfunction [ 20 ]. The cardiomyopathy associated with 
diabetes is a unique myopathic state that appears to be independent of macrovascu-
lar/microvascular disease and contributes signifi cantly to CVD morbidity and mor-
tality in diabetic patients, especially those with coexistent hypertension or coronary 
artery disease with resulting synergistic adverse effects. At the onset of diabetes, the 
heart undergoes short-term physiological adaptation to metabolic alterations, but 
prolonged hyperglycemic conditions induce degenerative changes that eventually 
culminate in irreversible pathological remodeling. Morphological changes include 
thickening of capillary basement membrane, proliferation of small arterioles, myo-
cyte atrophy, accumulation of ground matrix, and cardiac fi brosis [ 21 ,  22 ] in the 
diabetic myocardium. Clinically, diabetic patients manifest abnormalities in dia-
stolic left ventricular function, which is caused by changes such as interstitial fi bro-
sis process, collagen formation, reduced ventricular elasticity, and hypertrophy of 
heart muscle cells. At the cellular level, disruption of calcium release from cyto-
plasm, changes of troponin T structure, and increased activity of pyruvate kinase 
appear [ 19 ]. These changes cause distraction of heart muscle contraction and relax-
ation, as well as elevation of end-diastolic pressure, that cause diabetic cardiomy-
opathy [ 20 ,  23 ]. 

 The pathogenesis of CVD in diabetes is multifactorial, including increased oxi-
dative stress, disturbances in glucose and fatty acid metabolism, mitochondrial dys-
function, alterations of vasoactive factors such as endothelin-1 and NO, abnormalities 
in intracellular calcium homeostasis, altered transcription of genes encoding for 
contractile and structural proteins, autonomic dysfunction, and abnormal expres-
sion of growth factors and their receptors [ 24 ,  25 ]. Moreover, there is increase in 
infl ammatory cytokines, apoptosis of cardiac muscles, dysregulation of the renin- 
angiotensin system, hyperglycemia-induced activation of protein kinase C isoforms, 
and alterations in gene expression induced by miRNAs [ 26 – 28 ]. Additionally, dia-
betic conditions are known to impede key cardioprotective signaling pathways and 
blunt a number of cardioprotective modalities [ 29 – 31 ].  
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3     Role of NO-cGMP Signaling in Diabetes-Induced 
Cardiovascular Damage 

 High levels of glucose cause biochemical changes in the endothelial cells that are 
reminiscent of early molecular alterations in the target organs of diabetes [ 32 ,  33 ]. 
In vitro studies revealed that acute exposure of endothelial cells to high glucose 
signifi cantly lowers NO production [ 34 ]. In addition to its reduced level under 
hyperglycemic conditions, NO may also be sequestered by glucose-induced oxida-
tive stress, which generates an imbalance in the counter-activity of NO and endothe-
lins, which are major vasoactive factors produced by endothelial cells [ 32 ,  33 ,  35 ]. 
Endothelium-derived NO activates soluble guanylyl cyclase in vascular smooth 
muscle cells, resulting in enhanced cyclic guanosine monophosphate (cGMP) con-
centrations and vasorelaxation. Downregulation of the NO-cGMP pathway has 
been implicated in the pathogenesis of diabetes-induced cardiovascular complica-
tions [ 36 ,  37 ]. Consistent with these observations, type 2 diabetic patients have 
impaired NO synthesis and decreased expression of eNOS and iNOS in skeletal 
muscle [ 38 ]. Furthermore, nitric oxide synthase (NOS) enzymes have been sug-
gested to play important roles in acetylcholine-induced paradoxical vasoconstric-
tion in atherosclerotic coronary arteries [ 39 ]. Recent animal studies with NOS 
inhibitors and eNOS gene defi ciency suggest that the NO signaling pathway may 
regulate and promote glucose uptake in myocytes and enhance muscle glucose 
 utilization as well [ 40 – 43 ]. Moreover, insulin-stimulated muscle glucose uptake 
and endothelial NO production was blocked using the eNOS inhibitor, L-NMMA 
( NG -monomethyl - L -arginine) [ 44 ]. eNOS knockout mice had decreased oxygen 
consumption, increased weight gain, and were resistant to insulin [ 45 ]. Furthermore, 
genetic variations of eNOS gene infl uenced energy expenditure, severity of glucose 
intolerance, and risk of developing type 2 diabetes [ 46 ]. A recent epidemiological 
study provided evidence of a strong correlation between the risk factors associated 
with metabolic syndrome (i.e., obesity, elevated fasting glucose levels, dyslipid-
emia, hypertension) and urinary cGMP excretion, suggesting that a reduction of NO 
bioactivity concurs with these cardiovascular risk factors [ 47 ].  

4     PDE-5 Inhibitors in the Treatment of Diabetes-Associated 
Complications 

 Phosphodiesterase 5 (PDE-5) inhibitors including sildenafi l (Viagra), vardenafi l 
(Levitra), and tadalafi l (Cialis) are erectile dysfunction (ED) drugs that reduce dam-
age to the penile vascular endothelium by upregulating eNOS, iNOS, and increased 
NO production [ 48 – 50 ]. PDE-5 inhibitors are commonly used among the diabetic 
patient population because ED is a major and prevalent vascular complication in 
diabetes [ 51 ]. ED is present in 32 % of insulin-dependent diabetics and 46 % of non-
insulin-dependent diabetics. Chronic administration of PDE-5 inhibitors has been 
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associated with increased persistent vascular and endothelial function by increasing 
the level of endothelial cGMP generated by activation of eNOS [ 52 ]. Sildenafi l 
dilates epicardial coronary arteries, improves endothelial dysfunction, and inhibits 
platelet activation in patients with coronary artery disease [ 53 ] and acutely enhances 
fl ow-mediated vasodilation in patients with heart failure [ 54 ]. Therefore, inhibiting 
cGMP degradation by sildenafi l might be a rational approach to treat patients with 
diabetes, coronary artery disease, or heart failure [ 55 ]. In support of this notion, 
previous reports demonstrated that sildenafi l and vardenafi l improved vasorelax-
ation through enhanced endogenous NO signaling in streptozotocin- induced dia-
betic rats [ 56 ,  57 ]. In streptozotocin-induced type 1 diabetic rats, 14 days of 
treatment with sildenafi l improved vasorelaxation, and long- term administration of 
the PDE-5 inhibitor DA-8159 prevented ED and preserved endothelial function 
through enhanced endogenous NO signaling [ 56 ,  58 ]. The PDE-5 inhibitor varde-
nafi l improved cardiovascular dysfunction in experimental diabetes mellitus [ 57 ]. 
Diabetic rats treated with vardenafi l showed a tendency toward higher dP/dt max  and 
dP/dt min , without reaching statistical signifi cance. The load-independent, PV-loop-
derived contractility indices (E max , PRSW, and dP/dt max - EDV) were signifi cantly 
improved in the vardenafi l treatment group. In a clinical study, chronic (alternate-
day) administration of tadalafi l in men with ED of any etiology had improved endo-
thelial function as indicated by marked changes in serum markers of endothelial 
function [ 59 ]. Furthermore, both acute and chronic administration of sildenafi l 
improved endothelial function in patients with type 2 diabetes [ 60 ,  61 ]. 

 Pioneering studies from our laboratory have shown that PDE-5 inhibitors restore 
NO signaling and protect against myocardial ischemia–reperfusion (I/R) injury in 
normoglycemic mice [ 52 ,  62 – 64 ]. Several other investigators have also demon-
strated the cardioprotective effects of PDE-5 inhibitors in different models of isch-
emic injury [ 65 – 67 ]. Moreover, PDE-5 inhibitors attenuate cardiac dysfunction 
following myocardial infarction and doxorubicin-induced cardiomyopathy [ 68 – 71 ]. 
Using proteomic analysis, our laboratory has recently demonstrated that chronic 
tadalafi l treatment (28-day treatment) modulates cardiac proteins, specifi cally those 
associated with cytoskeletal rearrangement such as myosin light chain-2, myosin 
light chain-4, myosin heavy chain-α, and myosin binding protein-C, which contrib-
ute to contractile dysfunction [ 72 ]. These data suggest that tadalafi l therapy may 
downregulate cytoskeletal contractile proteins associated with cardiac remodeling 
and heart failure. A recent study from our laboratory has shown that tadalafi l, simi-
lar to other PDE-5 inhibitors in nondiabetic models, signifi cantly reduces infarct 
size following I/R in the diabetic heart and attenuates necrosis and apoptosis follow-
ing simulated ischemia and reoxygenation in isolated ventricular cardiomyocytes 
[ 73 ]. Moreover, tadalafi l therapy in type 2 diabetic mice ameliorated circulating 
infl ammatory cytokines and chemokines while improving fasting glucose levels and 
reducing infarct size following I/R injury in the diabetic heart [ 73 ]. Tadalafi l treat-
ment also improved PKG activity in the cardiomyocytes of diabetic mice compared 
to vehicle-treated controls [ 73 ]. These studies provided evidence that PDE-5 inhibi-
tors restore NO signaling and induce cardioprotective effects through several 
 cellular and molecular mechanisms.  
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5     PDE-5 Inhibitors in Attenuation of Oxidative Stress 
in the Diabetic Myocardium 

 In diabetes, multiple hyperglycemia-induced pathways causing oxidative stress 
including oxidized low lipoprotein, AGEs/RAGEs, and heme oxygenase pathways 
[ 74 ,  75 ] have been reported. In addition, increased mitochondrial superoxide and 
ROS production lead to apoptosis of cardiomyocytes. Depletion of proteins involved 
in electron-chain transport and increased expression of proteins involved in 
β-oxidation causing increased superoxide production, mitochondrial uncoupling, 
and reduced ATP generation in diabetic myocardium were reported earlier [ 76 ,  77 ]. 
Enhanced oxidative stress can modify cellular components (including proteins) to 
elicit damage and alter gene transcription of specifi c vasoactive and cardioprotec-
tive factors, leading to structural and functional defects in the diabetic myocardium 
[ 35 ,  78 ]. Oxidative stress is a major cause of reduced endothelial NO bioavailability 
in diabetes and is involved in the pathogenesis and progression of diabetic tissue 
damage. Increased ROS generation and impaired antioxidant defenses could both 
contribute to oxidative stress. Many studies have shown that ROS generation 
increases in both type 1 and type 2 diabetes [ 79 – 82 ]. PDE-5 inhibitors may suppress 
oxidative stress. Importantly, we previously demonstrated that PDE-5 inhibitors 
sildenafi l and vardenafi l reduced myocardial infarct size when administered at 
reperfusion following ischemia [ 83 ], a well-established model in which ROS have 
been widely implicated in causing reperfusion injury. Recent studies have also 
shown that sildenafi l inhibits superoxide formation in cultured corpus cavernosal 
smooth muscle cells derived from rabbit penis [ 84 ,  85 ]. Chronic treatment with 
tadalafi l in diabetic mice was shown to improve redox signaling by enhancing the 
antioxidant enzyme glutathione- S -transferase kappa-1 (GSKT-1) and downregulat-
ing redox regulatory chaperones, heat shock protein 8, and 75-kDa glucose regula-
tory protein [ 72 ]. Moreover, tadalafi l-treated diabetic mice had signifi cantly lowered 
plasma levels of GSSG/GSH, suggesting reduction of oxidative stress [ 72 ]. Using a 
combined physiological and biochemical approach we recently demonstrated that 
chronic treatment with tadalafi l attenuated oxidative stress induced in type 2 dia-
betic hearts [ 86 ]. Tadalafi l treatment protected the diabetic mice hearts from I/R 
injury, consistent with our previous studies that demonstrated PDE-5 inhibitors 
induce powerful cardioprotective effects against in vivo myocardial I/R injury in 
normoglycemic mice [ 64 ,  71 ]. Tadalafi l also exhibited benefi cial effects on the sys-
temic abnormalities induced by diabetes. Tadalafi l treatment improved the meta-
bolic status of mice as evidenced by slight decrease in body weight and blood 
glucose coupled with signifi cant reductions in hyperinsulinemia and hypertriglyc-
eridemia. Furthermore, tadalafi l treatment decreased ROS production in isolated 
ventricular myocytes following simulated ischemia and reoxygenation (Fig.  1 ).

   Multiple sources of endogenously generated ROS have been implicated in oxida-
tive damage of the diabetic vasculature and heart [ 87 – 90 ]. Importantly, increased 
expression of NAD(P)H oxidase proteins has been observed in the vasculature from 
animal models of diabetes or from diabetic patients [ 87 ,  91 ,  92 ]. In this recent study, 
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  Fig. 1    Effect of tadalafi l on reactive oxygen species (ROS) generation in adult cardiomyocytes 
following simulated ischemia and reoxygenation: representative images with chlorofl uorescein 
(DCF) staining in isolated cardiomyocytes. ( a ) Bright-fi eld images ( top ) and green fl uorescent 
images ( bottom ). ×200. ( b ) ROS production in cardiomyocytes quantifi ed and expressed as percent 
(%) for DCF-positive cells among total cells. Data are mean ± SEM ( n  = 4/group). * P  < 0.05 versus 
db/db mouse cardiomyocytes       
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we also tested the effect of tadalafi l treatment on NAD(P)H oxidase, a major enzyme 
involved in oxidative stress [ 86 ]. The NAD(P)H oxidase enzyme complex consists of 
the membrane subunit cytochrome  b  558 (p22 phox and gp91 phox), multiple cytoplas-
mic subunits (p67 phox and p47phox), and the small G protein Rac-1. We showed that 
tadalafi l treatment attenuated expression of NAD(P)H oxidase subunits pRac-1 and 
gp91phox in type 2 diabetic hearts (Fig.  2 ) and NAD(P)H oxidase activity (Fig.  3a ). 

  Fig. 2    Effect of tadalafi l on myocardial expression of NAD(P)H oxidase subunits. ( a ) Western 
blots show myocardial expression levels of pRac1, Rac1, gp91 phox  p47 phox  p67 phox , and representa-
tive actin bands. ( b ) Densitometric quantifi cation of protein expression of pRac1 normalized 
against Rac1. ( c ) Densitometric quantifi cation of protein expression of gp91 phox  normalized against 
actin. ( d ) Densitometric quantifi cation of protein expression of p47 phox  normalized against actin. 
( e ) Densitometric quantifi cation of protein expression of p67 phox  normalized against actin. Data are 
mean ± SEM ( n  = 6/group). * P  < 0.05 versus control;  #  P  < 0.05 versus db/db       
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Enhanced lipid peroxidation in diabetes is an autocatalytic mechanism leading to 
oxidative destruction of cellular membranes in the heart. Cardiac lipid peroxidation 
activity in the db/db mice was increased by 41.2 % as compared to the control group 
( n  = 6/group,  P  < 0.05, Fig.  3b ). Tadalafi l treatment signifi cantly attenuated the 
enhanced lipid peroxidation in the diabetic mice. Moreover, tadalafi l treatment 
enhanced the GSH/GSSG ratio in the myocardium of db/db mice (Fig.  3c ). Reduced 
glutathione is a major intracellular redox buffer and functions as a direct free radical 
scavenger.

    In type 2 diabetes, ROS are involved in insulin resistance, via its regulatory 
effects on mitochondrial function [ 93 ]. Maintenance of mitochondrial membrane 
potential (ΔΨ m ) is necessary for production of energy (ATP) and preservation of 
cellular homeostasis. It has been demonstrated that maintenance of ΔΨ m  is a critical 
primary determinant of myocyte survival [ 94 ]. We measured dissipation of Δψ m  of 
ventricular cardiomyocytes following simulated ischemia and reoxygenation injury 
by JC-1 staining. Cardiomyocytes from untreated diabetic mice exhibited loss of 
Δψ m  whereas control and tadalafi l-treated diabetic mice demonstrated preserved 
Δψ m  and intact mitochondrial membrane. Similar preservation of Δψ m  was observed 
following simulated ischemia/reoxygenation in nondiabetic cardiomyocytes treated 
with sildenafi l [ 49 ]. The mechanism by which tadalafi l preserves Δψ m  in diabetic 

  Fig. 3    Effect of tadalafi l on NAD(P)H oxidase activity, lipid peroxidation and glutathione levels 
in diabetic hearts. NAD(P)H-dependent activity represented as percent increases in ethidium fl uo-
rescence compared to control ( a ), myocardial lipid peroxidation ( b ), and GSH/GSSG ratio ( c ) in 
control, db/db, and tadalafi l (TAD)-treated db/db groups. Data are mean ± SEM ( n  = 6/
group).* P  < 0.05 versus control;  #  P  < 0.05 versus db/db       
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cardiomyocytes is not clear, although it may be mediated in part through opening of 
mitochondrial ATP-sensitive potassium channels, which appear to be the effectors 
of cardioprotection with PDE-5 inhibitors as reported previously [ 63 ,  83 ]. The pro-
tective effects of tadalafi l in diabetic heart may be caused by maintenance of bal-
ance in oxidant–antioxidant status, particularly considering that increased ROS 
generation augments impairment of mitochondrial function in diabetic hearts [ 95 ]. 
Moreover, tadalafi l treatment enhanced cGMP and PKG levels in mouse models of 
cardiac injury [ 64 ,  69 ]. As mentioned earlier, recent studies from our laboratory 
demonstrated that tadalafi l reversed detrimental remodeling of myocardial proteins 
[ 72 ], ameliorated pro-infl ammatory cytokines, and reduced infarct size following 
I/R injury while upregulating PKG activity in isolated cardiomyocytes of diabetic 
mice [ 73 ]. In this respect, tadalafi l is attractive because this drug can modulate mul-
tiple molecular targets of cardioprotection as compared to antioxidants, which only 
reduce oxidative stress.  

6     Conclusions 

 PDE-5 inhibitors have been successfully used by millions of people worldwide for 
treatment of male erectile dysfunction. Several basic science studies now demon-
strate that sildenafi l and other PDE-5 inhibitors have a protective effect in clinical 
scenarios including ischemia/reperfusion injury, myocardial infarction, heart trans-
plantation, cardiac hypertrophy, heart failure, doxorubicin-induced cardiotoxicity, 
Duchenne muscular dystrophy, and stem-cell preconditioning [ 96 ]. Today, nearly 
100 clinical trials with PDE-5 inhibitors have been completed or are ongoing that 
focus on the potential cardiovascular benefi ts [ 97 ]. Our studies provide new insights 
into the potential role of PDE-5 inhibitors in type 2 diabetic heart (Fig.  4 ). We 
believe these drugs may protect the diabetic heart through multiple redundant mech-
anisms. First, PDE-5 inhibitors could attenuate ROS generation and decrease the 
accumulation of oxidized glutathione (GSSG) in the diabetic through inhibition of 
NADPH oxidase [ 86 ]. Second, initiation of cGMP-dependent PKG signaling by 
PDE-5 inhibitors may increase PI3/Akt phosphorylation, which could increase 
eNOS phosphorylation leading to enhanced NO bioavailability and activation of 
PKG through soluble guanylate cyclase (sGC)-dependent formation of cGMP. The 
ROS-dependent inhibition of AMPK and PI3/Akt phosphorylation may reduce NO 
formation through disruption of eNOS phosphorylation. The increased NO bio-
availability and formation of cGMP/PKG may reverse or attenuate mitochondrial 
ROS by increased synthesis of the putative mitochondrial antioxidant enzyme 
GSTK1. Finally, PDE-5 inhibition could increase PKG-dependent phosphorylation 
of glycogen synthase 3β (GSK-3β), which has a role in inhibition of MPTP [ 96 ] and 
therefore apoptosis in the diabetic heart following I/R. Our results have also shown 
that PDE-5 inhibition attenuated detrimental alterations in proteins involved in the 
cytoskeletal structure, cardiac contractility, and redox regulatory mechanisms of the 
diabetic myocardium. We propose that tadalafi l treatment could be pursued as a 
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novel therapeutic approach in protection against diabetes-induced cardiomyopathy. 
In fact, a recent clinical study suggested that chronic treatment with sildenafi l 
caused an anti-remodeling effect in patients with early features of diabetic cardio-
myopathy, such as left ventricular concentric hypertrophy associated with altered 
myocardial contraction dynamics [ 98 ]. Moreover, it is tempting to speculate the use 
of PDE-5 inhibitors may be therapeutically benefi cial in protection against other 
oxidative stress-induced organ damage during diabetes, including nephropathy and 
retinopathy. These fi ndings have potential clinical signifi cance in the current sce-
nario as PDE-5 inhibitors are now serving as fi rst-line therapeutics in the treatments 
of ED in diabetic patients.

  Fig. 4    Proposed cardioprotective pathways by phosphodiesterase 5 (PDE-5) inhibition in diabetes       
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    Abstract     Diabetic cardiomyopathy involves vascular endothelial cell dysfunction 
with structural abnormalities related to hyperglycemia and insulin resistance lead-
ing to cardiac complications. The cardiac disorder in diabetic condition is character-
ized by alteration in myocardial vascular endothelial growth factor (VEGF) and 
VEGF receptor expression levels, which are well-known regulators of angiogenesis. 
Hence, promoting angiogenesis in heart can be of therapeutic importance to increase 
blood fl ow and reduce vasoconstriction to prevent tissue ischemia and myocyte 
necrosis. Apart from VEGF, fi broblast growth factor, platelet-derived growth factor, 
hepatocyte growth factor, and placental growth factor may be involved in defective 
intracellular signaling in diabetes. Therefore, targeting disturbed intracellular sig-
naling with various strategies to restore angiogenesis using small molecules may be 
a promising strategy in the management of diabetic cardiomyopathy.  

  Keywords     Angiogenesis   •   Diabetic cardiomyopathy   •   VEGF   •   Gene therapy  

1        Introduction 

 Diabetes is manifested by insulin defi ciency or tissue resistance to insulin leading to 
hyperglycemia. As the incidence of diabetes is drastically increased worldwide, 
treating the disease and its associated complications with new and effective thera-
peutic avenues has gained major attention. 
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 The syndrome is associated with diverse complications such as retinopathy, 
neuropathy, nephropathy, and atherosclerosis (Fig.  1 ). Hyperglycemia is believed to 
be the key determinant in these chronic diabetic complications [ 1 ,  2 ].

   In heart muscles, lack of oxygen leads to ischemia and risk of such ischemic heart 
disease (IHD) as a result of inadequate blood supply increases with factors such as dia-
betes. The cardiovascular complications in diabetes have played a major role in mortal-
ity and morbidity. Some of these cardiovascular complications include accelerated 
atherosclerosis, disregulation of neovascularization, defective arteriogenesis, endothe-
lial cell dysfunction, hypertension, cardiomyopathy, and congestive heart failure [ 3 ].  

2     Diabetic Cardiomyopathy 

 Diabetic cardiomyopathy involves ventricular dysfunction in the absence of hyperten-
sion, coronary artery, and valvular heart disease, which increases the risk of heart failure. 
Hyperglycemia, insulin resistance, abnormal fatty acid metabolism, increased apopto-
sis, cardiac autonomic neuropathy, and local renin-angiotensin- aldosterone system 
(RAAS) overactivation are the important mechanisms of diabetic cardiomyopathy. It is 
characterized by microvascular pathology, which may lead to ischemia and contribute to 
further adverse events mediated by vascular endothelial growth factor (VEGF). 

 Metabolic abnormalities of diabetes produce large amounts of superoxide in the 
myocardium, leading to activation of a few major pathways, namely, protein kinase 
C activation, hexosamine pathway, advanced glycation end (AGE) products and 
expression of AGE receptors, and sarcoplasmic reticular Ca 2+ -ATPase responsible 

  Fig. 1    Complications related to the diabetic condition       
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for complications such as diabetic cardiomyopathy. A few microvascular abnormalities 
such as interstitial fi brosis that are infl uenced by VEGF exist without hypertension 
and coronary atherosclerosis in diabetic cardiomyopathy. The superoxide also inac-
tivates crucial anti-atherosclerotic enzymes, endothelial nitric oxide synthase, and 
prostacyclin synthase, which lead to enhanced generation of reactive oxygen spe-
cies (ROS). These species produce defective angiogenesis as a response to isch-
emia, activate pro-infl ammatory pathways, and cause persistent expression of 
pro-infl ammatory genes, causing long-lasting epigenetic change [ 4 – 15 ]. 

 Diabetes involves elevated levels of ROS and decreased activity of the antioxi-
dant defense system, which creates oxidative stress and related damage in the dia-
betic vasculature (Fig.  2 ). Hyperglycemia can induce production of ROS in 
mitochondria from various sources by exacerbating glucose oxidation and leads to 
increased oxidative stress. This oxidative stress contributes to the development of 
diabetic cardiomyopathy in the insulin-sensitive heart [ 4 ,  14 ].

   Because ROS initiate several cell-signaling pathways, they contribute to diabetes- 
mediated endothelial damage and develop many complications such as DNA dam-
age, accelerated apoptosis, and hyperglycemia-mediated cell injury [ 16 – 18 ].  

3     Impaired Angiogenesis in Diabetic Cardiomyopathy 

 Angiogenesis or neovascularization involves endothelial cell migration and prolif-
eration, breakdown of extracellular matrix, accumulation of pericytes and macro-
phages, smooth muscle cell proliferation and migration, and formation of new 
vasculature. Many growth factors such as VEGF and fi broblast growth factor (FGF) 
are involved in generating angiogenic response in ischemic conditions. 

  Fig. 2    Etiology of diabetic cardiomyopathy       
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 Diabetes is closely associated with impaired neovascularization related to vascular 
occlusion. The abnormalities associated with neovascularization in diabetic condi-
tion include enhanced angiogenesis in retina (retinopathy) and in vessel walls 
(unstable atherosclerosis plaque), impaired angiogenesis in wound healing (skin 
ulcer), impaired release of endothelial progenitor cells from bone marrow with 
defective functions, reduced VEGF and VEGF receptor expression in myocardium, 
and increased production of angiostatin, an angiogenesis inhibitor, which have sig-
nifi cant roles in increased cardiovascular risks in diabetes [ 9 ,  19 – 22 ]. 

 A few studies have shown reduced expression of VEGFR-1 (Flt-1) and VEGFR-2 
(Flk-1), reduced Flk-1 phosphorylation, and activation of serine-threonine protein 
kinase Akt-1 and endothelial nitric oxide synthase (eNOS) in myocardium of dia-
betic patients [ 23 ,  24 ]. The expression of mRNA and VEGF, with its two receptors 
(VEGFR-1 and VEGFR-2), was found to be decreased by 40–70 % in myocardium 
of diabetic animals. The ventricles of diabetic patients also showed twofold reduc-
tion in VEGF and VEGFR-2 expression, both responsible for inadequate collateral 
formation in myocardium of diabetic and insulin-resistant conditions [ 23 ]. Akt-1 is 
a major regulator of cell functions and Flk-1 regulates cell proliferation. Akt-1 acti-
vates eNOS to stimulate nitric oxide production for cell proliferation and inhibition 
of apoptosis. Together, Akt-1 and VEGFR-2 act toward maintenance of the intact 
vasculature [ 17 ]. It is also important to note that in contrast to myocardial condi-
tions, expression of VEGF and its receptors are reported to increase twofold in ret-
ina and glomeruli of diabetic animals, which explains the capillary leakage and 
enhanced neovascularization in the retina in the diabetic condition [ 23 ] (Fig.  3 ).

4        Restoration of Angiogenesis: A Therapeutic Approach 

 Treatment of coronary artery diseases involves medical therapy and revasculariza-
tion procedures such as percutaneous transluminal angioplasty and coronary artery 
bypass surgery. An alternative therapy is required if the patient cannot be treated 

  Fig. 3    Generation of impaired arteriogenesis in hyperglycemic condition       

 

V. Addepalli and D. Gatne



343

with these strategies. Restoring angiogenesis can be one of those therapies for 
development of collateral blood vessels [ 25 ]. 

 Therapeutic angiogenesis with growth factor- or cell-based therapy is aimed at 
restoration of perfusion to chronically ischemic myocardium [ 26 ,  27 ].  

5     Gene Therapy in Ischemic Conditions 

 Clinical trials have suggested gene therapy for treatment of ischemic conditions to 
induce angiogenesis. Administration of genes that encode angiogenic growth fac-
tors induces therapeutic angiogenesis and act as an alternative to traditional revas-
cularization methods. 

 Two types of therapeutic genes have been used. Angiogenic growth factors 
such as VEGF, fi broblast growth factor (FGF), and hepatocyte growth factor 
(HGF), and antiapoptotic genes such as Bcl-2, heme oxygenase-1 (HO-1), and 
small interfering RNAs (siRNAs) have been used in gene therapy of ischemic 
heart disease (IHD). Growth factors have been found to increase blood capillary 
density in ischemic area and protect cells from death. Because expression levels 
of growth factors are low in ischemic tissues, the genes can increase the expres-
sion and thereby the effect of growth factors. Antiapoptotic genes protect isch-
emic myocardial cells from death [ 28 ,  29 ]. 

 However, development of effi cient and safe gene carriers and effective thera-
peutic genes for treatment remains a challenge. Viral and nonviral vectors have 
been used to deliver therapeutic genes. Although viral vectors effi ciently trans-
fer the genes, many safety issues such as toxicity, oncogenicity, and cellular 
immune response are of major concern. Nonviral carriers such as naked plasmid 
DNA and several biodegradable synthetic chemical vectors such as cationic 
polymers, cationic lipids, genetically modifi ed stem cells, liposomes, inorganic 
nanoparticles, dendrimers, and nonviral RNA interference (RNAi) have been 
employed in the studies. One study reported replenishment of myocardial 
expression of VEGF using naked DNA gene therapy via direct intramyocardial 
injection of plasmid DNA encoding VEGF in a diabetic rat model with progres-
sive cardiomyopathy [ 30 ]. 

 There are some serious side effects related to gene therapy, especially nonspe-
cifi c gene expression, leaking of genes into unwanted cells, delivery of genes to 
specifi c tissues, and overproliferation of endothelial cells in normal tissues.  

6     Administration of Growth Factors 

 Replenishment of cardiac-specifi c growth factors in local areas is seen to restore 
microvascular homeostasis, angiogenesis, and cytoprotection to protect myocardial 
tissues from ischemic or metabolic injury [ 31 ]. 
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 A clinical phase I study evaluated effi cacy, safety, and tolerability of intracoronary 
administration of FGF in severe ischemic heart disease. Patients with diabetes but 
with no retinopathy were involved in the study. The effi cacy data showed improve-
ment in quality of life, exercise tolerance, and myocardial perfusion in the ischemic 
area. A few side effects such as hypotension, proteinuria, and myocardial infarction 
were noted in some patients [ 25 ]. 

 Treatment with granulocyte colony-stimulating factor (G-CSF) in nonischemic 
diabetic cardiomyopathy showed improvement in myocardial infarction in an ani-
mal model. Recovery of diastolic function and signifi cant decrease in interstitial 
fi brosis were observed, with reduction in transforming growth factor (TGF)-β 
immunoreactivity, in G-CSF-treated animals. Microscope studies showed less dis-
ruption of myofi laments and decreased collagen deposition [ 32 ,  33 ]. 

 The angiogenic cytokines may benefi t the damaged heart through direct effects 
on the myocardium and indirectly by stimulating progenitor cells [ 34 ,  35 ].  

7     Angiogenic Cell Precursors 

 Adult stem cells were used in a study as angiogenic cell precursors involving patients 
suffering from nonischemic dilated cardiomyopathy, some of whom also suffered 
from diabetes mellitus. The cell precursors were collected from the patients’ own 
blood to avoid any immunological complications and intramyocardially injected 
into the left ventricle. Improvement in quality of life was observed in the health and 
physical condition of treated patients, showing a benefi t of this therapy [ 36 ].  

8     Small Molecule Angiogenic Activators 

 Statins have shown favorable effects such as improved endothelial function, coro-
nary angiogenesis, and reduction of ventricular remodeling in patients with diabe-
tes. In these patients, statin therapy showed a remarkably decreased risk of 
cardiovascular events [ 37 ]. Resveratrol, which is found abundantly in red wine, has 
upregulated pro-angiogenic VEGF expression, modifi ed glucose metabolism, and 
decreased oxidative stress and thus gave a therapeutic option for favorable modifi -
cation of cardiovascular risk factors associated with diabetes [ 38 ]. 

 Activation of peroxisome proliferator-activated receptors (PPAR), a group of 
nuclear hormone receptors that regulate lipid and glucose metabolism, has shown 
stimulation of angiogenesis, which may suggest PPAR agonists as new molecules 
for therapeutic angiogenesis [ 39 ]. A study involving pioglitazone showed cardio-
protective effect with improvement in endothelial dysfunction, increase in endothe-
lial progenitor cells (EPC), enhancement of EPC differentiation, survival, and 
function, and enhancement of angiogenesis in diabetic patients [ 40 ]. 
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 Curcumin, a yellow pigment isolated from turmeric, is well known for its antioxidant, 
antiinfl ammatory, and antimicrobial activities. Curcumin showed benefi cial effects 
in treatment of diabetic cardiomyopathy by modifying fi brosis, oxidative stress, 
infl ammation, cell death, and Akt/GSK-3b signalling pathway [ 41 ].  

9     Erythropoietin 

 Erythropoietin protects the tissues of the ischemic heart to prevent vascular and tissue 
damage. It also stimulates production of endothelial progenitor cells, VEGF expression, 
and neovascularization in the ischemic heart. Erythropoietin decreases myocardial inter-
stitial fi brosis to improve cardiac function. A study with erythropoietin in diabetic rats 
showed improvement in cardiac contractility and reduction in diastolic dysfunction. 
There was signifi cant increase in endothelial progenitor cells, capillary density, and 
VEGF expression in left ventricular myocardial tissues in diabetic rats [ 19 ].  

10     Conclusion 

 Diabetic cardiomyopathy progresses to mortality and morbidity in patients with 
diabetes. Elucidation of the mechanisms responsible for the pathological 
changes can suggest ways to develop target-oriented therapy for diabetic 
cardiomyopathy. 

 Apart from well-known therapeutic strategies, there are new upcoming treat-
ments for diabetes-related cardiac complications. Bone morphogenetic proteins 
(BMPs) and growth differentiation factors (GDFs) are reported to regulate tissue 
growth and differentiation [ 42 ]. These members of the transforming growth factor-β 
(TGF-β) superfamily may provide potential therapeutic development. Glycogen 
synthase kinase-3β protein regulates myocardial apoptosis, modifying Akt phos-
phorylation, which can also give a new treatment approach [ 43 ]. The endothelin 
system [ 44 ,  45 ] and hypoxia-inducible factor (HIF) signaling pathway [ 46 ] in car-
diovascular systems may be therapeutic targets for cardioprotection. New animal 
models, clinical trial designs, and combination therapy to address organ-specifi c 
and glucose-mediated approaches are required for the future.     
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    Abstract     Activation of the angiotensin-converting enzyme (ACE)/angiotensin II 
(Ang II)/angiotensin type-1 receptor (AT 1 ) axis in the heart and vasculature plays an 
important role in the development of diabetic complications. The angiotensin- 
converting enzyme 2/angiotensin-(1-7)/Mas receptor axis has been shown to oppose 
the actions of Ang II. Our results have shown that chronic treatment with Ang-(1-7) 
led to correction of the altered responses to norepinephrine or endothelin-1 and 
carbachol in the mesenteric bed, carotid, and renal arteries of diabetic rats and 
improved recovery of left ventricular function from 40 min of global ischemia. We 
showed that the benefi cial effects of Ang-(1-7) on the diabetic vasculature involve 
inhibition of the detrimental EGFR/ERK1/2/p38MAP kinase pathway. Ang-(1-7) 
treatment inhibited cardiac NADPH oxidase (NOX) and cardiac nuclear factor-κB 
(NF-κB) activity and also suppressed the expression of several pro-infl ammatory 
genes involved in the NF-κB signaling pathway, including complement component 
3 (C3), interleukin 1-beta (Il-1β), interleukin 6 (Il-6), NACHT-containing protein 
(Nalp12), and caspase 1 (Casp1). We conclude that activation of the Ang-(1-7)-
mediated signal transduction pathway appears to be an important therapeutic strat-
egy to reduce cardiovascular events in diabetic patients.  
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1        Introduction 

 Diabetes mellitus is a chronic debilitating disease characterized by high blood 
 glucose levels whose prevalence is increasing rapidly to near-epidemic proportions 
[ 1 ,  2 ]. The latest global estimates suggesting that by the year 2030 there will be 
more than 550 million people with this debilitating disease [ 3 ,  4 ]. Diabetic patients 
tend to have a three- to eightfold higher risk of developing cardiovascular dysfunc-
tion, and complications of the heart and micro- and macrovasculature are major 
contributors to increased morbidity and mortality [ 5 ,  6 ]. The exact underlying 
mechanisms for the development of diabetes-induced cardiovascular complications 
are poorly understood and may involve multiple signaling pathways that are affected 
by hyperglycemia [ 7 ]. 

 Although numerous factors contribute to the development of diabetes-induced 
cardiovascular disease, it is well established that activation of angiotensin- converting 
enzyme (ACE)/angiotensin II (Ang II)/angiotensin type-1 receptor (AT 1 ) axis in the 
heart and vasculature plays an important role in the development of diabetic com-
plications [ 7 ,  8 ]. In the diabetic heart and vasculature, Ang II-mediated signaling is 
associated with oxidative damage, infl ammation, fi brogenesis, myocyte apoptosis, 
and impaired myocardial contractility [ 7 – 9 ]. The importance of the ACE/Ang II/
AT 1  axis in the development and progression of cardiovascular pathology associated 
with diabetes is supported by fi ndings showing that inhibition of Ang II synthesis or 
activity can prevent or slow the progression of diabetes-induced cardiovascular 
complications. ACE inhibitors and AT 1  blockers have become an integral part of any 
therapeutic strategy to reduce cardiovascular events in patients with diabetes [ 8 ,  9 ]. 

 Our studies showing that angiotensin-(1-7) [Ang-(1-7)] is a vasodilator peptide 
with antihypertensive effects have introduced the concept that the renin-angiotensin- 
aldosterone system (RAAS) also has a protective arm [ 10 – 13 ]. Ang-(1-7) is formed 
from Ang II by ACE-2, a homologue of ACE, and ACE2 is the primary enzyme 
responsible for the metabolism of Ang II in the murine cardiovascular system [ 14 , 
 15 ]. Reduced metabolism of Ang II by ACE2 can result in elevated levels of Ang II, 
reduced levels of Ang-(1-7), and end-organ damage [ 16 ,  17 ]. Genetic defi ciency of 
ACE2 is associated with cardiac dysfunction, increased tissue and circulating levels 
of Ang II, and decreased Ang-(1-7) levels [ 18 ]. Ang-(1-7) produces its vasodilatory, 
antifi brotic, antihypertrophic, and antiarrhythmic actions by activating the Mas 
receptor [ 19 – 22 ]. Ang-(1-7) activates the Mas receptor to induce release of vasodi-
latory prostaglandins and nitric oxide [ 21 ,  22 ]. Mas knockout mice show pro-
nounced impairment of cardiac and renal function [ 23 ,  24 ].  

2     Angiotensin-(1-7) Treatment Can Attenuate
Diabetes- Induced Cardiovascular Dysfunction 

 Diabetes mellitus is associated with alterations in vascular structure and function 
that contribute to the development of cardiovascular complications. Endothelial 
dysfunction, enhanced vascular responsiveness to vasoconstrictors, and attenuated 
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    Table 1    The effect of angiotension (Ang)-(1-7) and AVE0991 on postischemic recovery in global 
cardiac contractility and hemodynamics   

 Left ventricular developed pressure 
(mmHg)  Coronary fl ow (ml min −1 ) 

 Groups studied  Perfusion  Reperfusion  % R  Perfusion  Reperfusion  % R 

 Control  51 ± 9  19 ± 3  39 ± 4  6.6 ± 0.6  2.1 ± 0.3  32 ± 5 
 Diabetic (D)  86 ± 14  24 ± 9  28 ± 4 a   8.5 ± 0.6  1.5 ± 0.2  18 ± 4 a  
 D + Ang-(1-7)  115 ± 12  44 ± 3  42 ± 7 b   9.5 ± 0.5  3.4 ± 0.3  36 ± 3 b  
 D + AVE0991  94 ± 10  48 ± 8  51 ± 8 b   7.9 ± 0.6  3.1 ± 0.4  41 ± 4 b  

  Data were computed at 30 min reperfusion and expressed as mean ± SEM ( n  = 6). % R = % 
Recovery = (reperfusion/perfusion) ×100 
  a Value signifi cantly different from control,  p  < 0.05 
  b Value signifi cantly different from diabetes,  p  < 0.05  

responses to vasodilators are common in diabetic patients and animals. We studied 
the effect of chronic treatment (4 weeks) with Ang-(1-7) (24 μg/kg/h i.p.) or 
 Ang-(1-7) non-peptide analogue AVE0991 (24 μg/kg/h i.p.) on vascular reactivity, 
cardiac recovery from ischemia–reperfusion (I/R), and proteinuria in streptozoto-
cin-treated rats (diabetes) [ 25 ]. Our results have shown that chronic treatment with 
Ang-(1-7) or AVE0991 led to correction of the altered responses to norepinephrine 
or endothelin-1 and carbachol in the mesenteric bed, carotid, and renal arteries of 
diabetic rats, indicating that activation of Ang-(1-7) receptors can produce protection 
against diabetes-induced vascular dysfunction [ 25 ]. In the diabetic animals, recov-
ery of left ventricular function from 40 min of global ischemia was signifi cantly 
impaired in isolated perfused hearts from diabetic animals compared to  control 
 animals (Table  1 ). Hearts from Ang-(1-7)- or AVE0991-treated diabetic rats recov-
ered from ischemia with P max  and coronary fl ow values similar to those of control 
animals (Table  1 ). Induction of diabetes also resulted in signifi cant increase in urine 
protein (231 ± 2 mg/24 h) in diabetic animals compared to controls (88 ± 6 mg/24 h). 
Treatment of diabetic animals with Ang-(1-7) or AVE0991 resulted in a signifi cant 
reduction in urine protein compared to controls (183 ± 16 and 149 ± 15 mg/24 h, 
respectively) [ 25 ].

3        Benefi cial Effects of Ang-(1-7) in Diabetic Vasculature Are 
Partly Mediated via Inhibition of EGFR Transactivation 

 The epidermal growth factor receptor (EGFR) tyrosine kinase is an important 
central transducer and signaling hub for cellular signaling pathways that regu-
late growth, differentiation, migration, survival, and apoptosis. Recent reports 
suggest that it is also an important mediator of cardiovascular dysfunction (for 
review, see Akhtar and Benter [ 26 ]). In the normal and pathological states, 
EGFR, a 175-kDa receptor tyrosine kinase, can be activated by several different 
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epidermal growth factor (EGF)-like ligands including EGF and heparin-binding 
(HB)-EGF to induce receptor clustering and autophosphorylation. This step sub-
sequently leads to activation of multiple downstream signaling pathways such as 
the mitogenic Ras/Raf/ extracellular signal-regulated kinase 1/2 (ERK1/2), the 
p38 mitogen-activated protein (MAP) kinase, or the PI3-kinase/Akt survival 
pathways that regulate cell growth, proliferation, and differentiation [ 27 ]. 
Alternatively, transactivation of EGFR can occur via G protein-coupled recep-
tors (GPCRs), such as members of RAAS including Ang II, aldosterone, and 
endothelin [ 28 ,  29 ]. We have recently shown that hyperglycemia-induced trans-
activation of EGFR in vascular smooth muscle cells (VSMC) is mediated via the 
nonreceptor tyrosine kinase, src, through its phosphorylation at tyrosine 416 
[ 30 ]. Also, enhanced EGFR phosphorylation and signaling via ERK1/2 and p38 
MAP kinase pathways appear to be important mediators of vascular dysfunction 
associated with hyperglycemia or diabetes [ 30 ]. In experimental diabetes, 
chronic or acute treatment with AG1478, a selective inhibitor of EGFR tyrosine 
kinase, signifi cantly corrected vascular dysfunction in the mesenteric bed, the 
renal vasculature, and the carotid artery [ 31 – 34 ]. Gene expression profi ling of 
the mesenteric vasculature showed that the correction in vascular dysfunction 
achieved by AG1478 was attained by blocking the upregulation of the majority 
(~85 %) of the 1,100+ genes whose expression had been altered in the diabetic 
mesenteric bed vasculature [ 33 ]. Thus, EGFR was proposed to be an important 
early detrimental pathway mediating vascular dysfunction, both in an experi-
mental model of type 1 diabetes [ 31 ,  32 ] and subsequently in a model of type 2 
diabetes [ 35 ,  36 ]. 

 Given the facts that (a) diabetes-induced vascular dysfunction was also prevented 
by chronic Ang-(1-7) treatment [ 25 ] in a manner analogous to that also reported by 
us for AG1478, a selective inhibitor of EGFR signaling [ 31 ,  32 ], and that (b) Ang II 
signaling, including its transactivation of EGFR, is enhanced in the diabetes state, 
we hypothesised that Ang-(1-7) may counter-regulate Ang II signaling via inhibi-
tion of EGFR transactivation in the diabetic vasculature. In a report by Akhtar et al. 
[ 30 ] in which this hypothesis was tested, we fi rst showed that diabetes or high 
 glucose can induce Ang II-mediated transactivation of EGFR via a src-dependent 
pathway that subsequently, through signaling cascades involving p38 MAP kinase 
and ERK1/2, leads to vascular complications [ 30 ]. Second, we showed that src- 
dependent EGFR transactivation can be inhibited by Ang-(1-7) acting through its 
Mas receptor, representing a novel mechanism of action for inhibiting EGFR and 
for counter-regulating the actions of Ang II. Thus, the benefi cial effects of  Ang-(1-7) 
on the diabetic vasculature involve inhibition, at least in part, of the detrimental 
EGFR/ERK1/2/p38MAP kinase pathway [ 30 ]. Our fi ndings lead us to speculate 
that this could represent a general mechanism by which Ang-(1-7) exerts its benefi -
cial effects in many conditions, especially where enhanced EGFR signaling has 
been implicated.  
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4     Angiotensin-(1-7) Inhibits Renal NF-κB 
and Infl ammatory Response Genes 

 We examined the infl uence of Ang-(1-7), both endogenous and after chronic 
 treatment with the peptide, on ischemia–reperfusion (I/R)-induced cardiac dysfunc-
tion and cardiac nuclear factor-κB (NF-κB) activity in streptozotocin-treated spon-
taneously hypertensive rats (diabetic SHR). In isolated perfused hearts, recovery of 
left ventricular function from 40 min of global ischemia was signifi cantly improved 
in Ang-(1-7)- or captopril-treated diabetic SHR and worsened in animals treated 
with A779, a Mas receptor antagonist [ 37 ]. The benefi cial effect of captopril on 
cardiac recovery was reduced when coadministered with A779. Cardiac NF-κB 
activity was higher in SHR as compared to WKY and also higher in diabetic SHR 
as compared to SHR (Table  2 ). Treatment with Ang-(1-7) decreased NF-κB activity 
in both SHR and diabetic SHR whereas treatment with A779 slightly increased 
NF-κB activity (Table  2 ). The captopril-induced decrease in NF-κB activity was 
partially prevented by coadministration of A779 (Table  2 ). Real-time PCR-based 
gene array analysis of cardiac tissue revealed that Ang-(1-7) or captopril treatment 
reduced expression of the Toll-like receptor 2 (Tlr2), interleukin-1 receptor kinase 
(Irak1), and inhibitor of NF-κB kinase-b subunit (Ikbkb) (Table  3 ). Ang-(1-7) or 
captopril treatment also suppressed the expression of several pro-infl ammatory 
genes involved in the NF-κB signaling pathway, including complement component 
3 (C3), interleukin 1-beta (Il- 1β), interleukin 6 (Il-6), NACHT-containing protein 
(Nalp12), and caspase 1 (Casp1) (Table  3 ) [ 37 ].

    Table 2    Effect of Ang-(1-7) 
on cardiac NF-κB DNA- 
binding activity  

 Groups studied  NF-κB activity 

 1. WKY  7.0 ± 0.5 
 2. SHR  25.0 ± 0.9 a  
 3. SHR-Ang-(1-7)  3.6 ± 0.3 a,b  
 4. Diabetic SHR  33.5 ± 1.3 a,b  
 5. Diabetic SHR-Ang-(1-7)  3.5 ± 0.4 a,b,c  
 6. Diabetic SHR-A779  38.7 ± 2.3 a,b,c  
 7. Diabetic SHR-captopril  10.5 ± 0.6 a,b,c  
 8. Diabetic SHR-captopril-A779  21.6 ± 0.8 a,b,c,d  

  Data are expressed as mean ± SEM ( n  = 5) 
  a Value signifi cantly different from WKY,  p  < 0.05 
  b Value signifi cantly different from SHR,  p  < 0.05 
  c Value signifi cantly different from diabetic SHR, 
 p  < 0.05 
  d Value signifi cantly different from diabetic SHR- 
captopril,  p  < 0.05  
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5         Endogenous Angiotensin-(1-7) Inhibits NOX 

 We previously showed that Ang-(1-7) inhibits activation of NADPH oxidase (NOX) 
and prevents diabetes-induced attenuation in peroxisome proliferator-activated 
receptor (PPAR)-γ and catalase activities in diabetic hypertensive rats [ 38 ,  39 ]. In a 
subsequent study, we reported on the effects of chronically inhibiting endogenous 
Ang-(1-7) formation with DX600, a selective angiotensin-converting enzyme-2 
(ACE2) inhibitor, on renal and cardiac NOX activity, vascular reactivity, and car-
diac function in a model of type 1 diabetes [ 40 ]. The contribution of endogenous 
Ang-(1-7) to the protective effects of losartan and captopril and that of prostaglan-
dins to the cardiovascular effects of exogenous Ang-(1-7) were also examined [ 40 ]. 
Chronic treatment with DX600 exacerbated diabetes-induced increase in cardiac 
and renal NOX activity. Diabetes-induced abnormal vascular reactivity to ET-1 and 
cardiac dysfunction were improved by treatment with Ang-(1-7) and worsened by 
treatment with DX600 or A779, a Mas receptor antagonist [ 40 ]. Ang-(1-7)-mediated 
improvement in cardiac recovery or vascular reactivity was attenuated by indo-
methacin. Captopril- and losartan-induced improvement in cardiovascular function 
was attenuated when these drugs were coadministered with A779. Ang-(1-7)-
mediated decrease in renal NOX activity was prevented by indomethacin. Losartan 
also decreased renal NOX activity that could be attenuated with A779 cotreatment. 
From these studies, we concluded that endogenous Ang-(1-7) inhibits diabetes-
induced cardiac/renal NOX activity and end-organ damage, and likely mediates the 
actions of captopril and losartan. Furthermore, prostaglandins were important inter-
mediaries in the benefi cial effects of Ang-(1-7) in diabetes. Combining either losar-
tan or captopril with Ang-(1-7) had additional benefi cial effects in preventing 
diabetes- induced cardiac dysfunction, and this may represent a novel therapeutic 
strategy [ 40 ].  

    Table 3    The effect of Ang-(1-7) on cardiac gene expression in the NF-κB signaling pathway      

 WKY  SHR 
 SHR- 
Ang-(1- 7) 

 Diabetic 
SHR 

 Diabetic SHR + 
Ang-(1-7) 

 Diabetic 
SHR + captopril 

 Activation of the NF-κB pathway 
 NM_198769 Tlr2  1  1.52  0.99  1.52  0.88  0.83 
 NM_053355 Ikbkb/

AIM-1 
 1  1.58  0.87  1.92  0.66  0.64 

 XM_343844 Irak1  1  2.01  1.03  2.35  0.69  0.77 
 Infl ammatory response genes 
 NM_016994 C3  1  2.45  0.70  2.85  0.66  0.63 
 NM_031512 Il-1β  1  1.85  1.21  2.68  0.54  0.64 
 NM_012589 Il-6  1  1.30  0.92  2.58  0.52  0.61 
 XM_218181 Nalp12  1  2.60  1.40  2.09  0.26  0.33 
 NM_012762 Casp1  1  2.45  0.90  3.16  0.55  0.68 

  All the values indicate increase (above 1) or decrease (below 1) compared to WKY  
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6     Conclusion 

 In summary, we showed that Ang-(1-7) and its analogue AVE0991 can attenuate the 
development of diabetes-induced cardiovascular dysfunction without correcting 
hyperglycemia (Fig.  1 ). This fi nding implies that although certain signaling path-
ways may be triggered by hyperglycemia/diabetes, their subsequent blockade via 
other mechanisms can, at least partially, prevent end-organ dysfunction. We con-
clude that activation of the Ang-(1-7)-mediated signal transduction pathway appears 
to be an important therapeutic strategy to reduce cardiovascular events in diabetic 
patients and may underlie a portion of the benefi cial effects of ACE inhibition or 
AT 1  blockade.

  Fig. 1    Schematic model summarising our fi ndings on the role of angiotensin-(1-7) signaling in 
diabetes-induced cardiovascular dysfunction       
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    Abstract     Cardiovascular complications in the diabetic population are the foremost 
cause of death and impose a huge economic burden. Despite recent advances in our 
understanding of diabetic complications, there is an unmet need for treatment. 
Matrix metalloproteinases (MMPs) are zinc-dependent enzymes that are involved in 
the remodeling of several components of the extracellular matrix. Upregulation of 
MMP-2 and MMP-9 in diabetes leads to disruption of extracellular matrix and thus 
causes complications of diabetes. Matrix metalloproteinase 2 and 9 can be potential 
targets to treat cardiovascular complications of diabetes.  

  Keywords     Matrix metalloproteinase 2   •   Matrix metalloproteinase 9   •   Extracellular 
matrix   •   Diabetic cardiovascular complications  

1        Introduction 

 Diabetes mellitus refers to a number of disorders that share the common  feature of 
elevated blood glucose levels. The classifi cation accepted by the World Health 
Organization (WHO) and the American Diabetes Association (ADA) [ 1 ] combines 
both clinical stages of hyperglycemia and the etiological types. Two main subtypes 
of diabetes are type 1, either autoimmune or idiopathic, and type 2, attributable 
to insulin resistance, insulin secretion defects, or both. Although diabetes has 
been known for centuries, the etiology and pathogenesis of this disease are still 
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incompletely defi ned. Hallmarks of diabetes are chronic hyperglycemia with 
disturbances of carbohydrate, fat, and protein metabolism that results from defects 
in insulin secretion, insulin action, or both [ 2 ]. It is characterized by hyperglycemia, 
particularly during fasting conditions. Several causes of diabetes mellitus have been 
identifi ed; however, the etiology and pathogenesis are not clearly understood. A 
huge economic burden is imposed on healthcare systems by diabetes. Diabetes 
accounts for 11.6 % of the total healthcare expenditure in the world [ 3 ]. 

 Diabetes is strongly accompanied by both microvascular and macrovascular compli-
cations that include ischemic heart disease, peripheral vascular disease, and cerebrovas-
cular disease (macrovascular), and retinopathy, nephropathy, and neuropathy 
(microvascular). These complications results in organ and tissue damage in approxi-
mately one third to one half of people with diabetes. Expectancy of life for people with 
diabetes has been estimated to be as much as 10 years shorter than for people without 
diabetes [ 4 ]. Similarly, diabetes imposes substantial demands on healthcare systems 
because medical expenditures for people with diabetes are up to three times greater than 
for those without diabetes, largely because of macrovascular complications. 

 In the management of micro- and macrovascular complications, a substantial 
economic burden is created by diabetes mellitus [ 5 ]. The microvascular complica-
tions in diabetes include retinopathy, nephropathy, and neuropathy. The fi rst signs 
of these complications in type 1 patients may develop even in adolescence, particu-
larly if insulin treatment has been inadequate [ 6 ]. In type 2 patients, similar compli-
cations occur later in life and are frequently present at the time of diagnosis. The 
injurious effects of hyperglycemia are separated into macrovascular complications 
(coronary artery disease, peripheral arterial disease, and stroke) and microvascular 
complications (diabetic nephropathy, neuropathy, and retinopathy). These compli-
cations not only are inconvenient but also severely impact quality of life [ 6 ]. 

 Two different clinical studies, the DCCT (Diabetes Control and Complications 
Trial) and the UKPDS (U.K. Prospective Diabetes Study), established that hyper-
glycemia is the initiating cause of the diabetic tissue damage that we see clinically 
[ 7 ,  8 ]. The process of damage in complications of diabetes is modifi ed both by 
genetic determinants of individual susceptibility and by independent accelerating 
factors such as hypertension. On the basis of many laboratory fi ndings as well as 
clinical trials, four main hypotheses have been suggested to explain how hypergly-
cemia causes diabetic complications: (1) increased polyol pathway fl ux; (2) 
increased advanced glycation end-product (AGE) formation; (3) activation of pro-
tein kinase C (PKC) isoforms; and (4) increased hexosamine pathway fl ux [ 9 ].  

2     Matrix Metalloproteinases 

 Matrix metalloproteinases (MMPs) are a group of 20 zinc-dependent enzymes 
(Table  1 ) that are involved in the remodeling of several components of the extracel-
lular matrix (ECM). MMPs play a role in several physiological processes, including 
bone remodeling and organogenesis, and also act in the reorganization of tissues 
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during pathological conditions such as infl ammation, wound healing, and invasion 
by cancer cells [ 10 ,  11 ]. In normal cells, MMPs are responsible for remodeling of 
the ECM, including basement membranes. MMPs contain zinc ions that are coordi-
nated by three histidine residues in their active site. Although all MMPs possess 
different primary structures, they are composed of shared modules known as protein 
domains. The catalytic domain of this enzyme possesses a zinc-binding consensus 
sequence, a characteristic sequence shared with other metalloproteinase families. 
Another characteristic feature of the MMP is activation by the cysteine switch 
[ 12 ,  13 ]. When cells produce this enzyme, most of it is secreted in a latent pro-form. 
In the latent form a cysteine sulfydryl group in the amino-terminal pro-domain 

   Table 1    Different types of matrix metalloproteinases and their substrates   

 MMP subtype (enzyme)  Substrate 

 Gelatinases 
 MMP-2 (gelatinase A)  Gelatin, collagens (I, IV, V, VII, X, XI, XIV), elastin, fi bronectin, 

laminin, MMP-1, MMP-9, MMP-13 
 MMP-9 (gelatinase B)  Gelatin, collagens (IV, V, VII, X, XIV), elastin, fi bronectin, 

plasminogen 
 Collagenases 
 MMP-1 (collagenase-1)  Collagens (I, II, III, VII, VIII, X), gelatin, proteoglycans, MMP-2, 

MMP-9 
 MMP-8 (collagenase-2)  Collagens (I, II, III, V, VII, VIII, X), gelatin, proteoglycans 
 MMP-13 (collagenase-3)  Collagens (I, II, III, IV, IX, X, XIV), gelatin, MMP-9 
 MMP-18 (collagenase-4)  Not known 

 Stromelysins 
 MMP-3 (stromelysin-1)  Collagens (III, IV, V, IX, X) gelatin, fi bronectin, laminin, MMP-1, 

MMP-7, MMP-8, MMP-9, MMP-13 
 MMP-10 (stromelysin-2)  Collagenes (III, IV, V), gelatin, casein, MMP-1, MMP-8 
 MMP-11 (stromelysins-3)  Gelatin, collagen IV, fi bronectin, casein, proteoglycans 

 Matrilysins 
 MMP-7 (matrilysin-1)  Collagens (IV, X), gelatin, fi bronectin, laminin, MMP-1, MMP-2, 

MMP-9, MMP-9/TIMP-1 complex 
 MMP-26 (mattrilysin-2)  Collagen IV, fi bronectin, gelatin, pro-MMP-9, fi brinogen 

 Membrane type 
 MMP-14 (MT1-MMP)  Collagens (I, II, III), gelatin, casein, elastin, fi bronectin, laminin, 

MMP-2, MMP-13 
 MMP-15 (MT2-MMP)  Gelatin, fi bronectin, laminin, MMP-2 
 MMP-16 (MT3-MMP)  Collagen III, gelatin, casein, fi bronectin, MMP-2 
 MMP-17 (MT4-MMP)  Gelatin, pro-MMP-2 
 MMP-24 (MT5-MMP)  Proteoglycans, pro-MMP-2, collagen 1, gelatin, fi bronectin, 

laminin 
 MMP-25 (MT6-MMP)  Collagen IV, pro-MMP-8, pro-MMP-9 

 Other MMPs 
 MMP-12 (macrophage 

metalloelastase) 
 Collagen IV, gelatin, elastin, fi bronectin, casein, fi brinogen, 

plasminogen, MMP-2 
 MMP-19, MMP-20  Aggrecan, cartilage oligomeric matrix protein 

   MMP  matrix metalloproteinases,  MT  membrane type  
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interacts with the zinc ion and blocks the active site. Exclusion of the pro-peptide 
from the active site of the enzyme leads to its activation. The amount of MMP secre-
tion depends on biological context; for example, some constitutive or homeostatic 
MMP genes hold simple promoter enhancer regions with  cis -acting elements for 
basal transcription whereas others have complex promoter regions. Different ago-
nists can regulate MMP expression. The levels of expression of these inducible or 
infl ammatory MMPs are determined by the biological milieu. In triple-helical col-
lagens, a specifi c scissile bond is cleaved by the interstitial collagenase (MMP-1), 
neutrophil collagenase (MMP-8), and collagenase 3 (MMP-13) [ 14 ].

2.1       Regulation of Matrix Metalloproteinases 

 Activities of MMPs are tightly controlled. The proteolytic activity of MMPs is regu-
lated at three levels, as follows. 

    Gene Transcription 

 Transcriptional activation of MMPs is induced by infl ammatory cytokines, growth 
factors, and tumor promoters such as interleukin 1b (IL-1b), IL-6, platelet-derived 
growth factor, epidermal growth factor, tumor necrosis factor-α, and macrophage 
colony-stimulating factor [ 15 ,  16 ]. Hyperglycemia, thrombin, reactive oxygen spe-
cies (ROS), oxidized low density lipoprotein (ox-LDL), CD40 ligand, and hypoxia 
are other factors that control its expression [ 17 ,  18 ].  

    Activation 

 Activation of MMPs by protease is required because MMPs are secreted as latent 
enzymes (especially membrane-type MMPs) [ 17 ,  19 ]. Activation of MMPs takes 
place in two steps that lead to exposure of the catalytic site. In the fi rst step, the 
cysteine–zinc interaction is disrupted by an activator, followed by the second step in 
which the pro-peptide domain of MMPs is removed. However, pro-MMP-2 is an 
exception of this two-step process [ 19 ].  

    Inhibition by Tissue Inhibitors of Matrix Metalloproteinases (TIMPs) 

 Active or latent forms of MMPs in a molecular 1:1 ratio are inhibited by inherent 
inhibitors of MMPs [ 20 ]. The net proteolytic activity is determined by the equilib-
rium between active MMPs and their inhibitors [ 21 ].    
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3     Hyperglycemia and Matrix Metalloproteinases 

 Various studies using cell lines have shown that production of MMPs, their 
expression, and their activity can be modulated by glucose concentration. 
Activity and expression of MMP-1, MMP-2, and macrophage-derived MMP-9 
may be enhanced by hyperglycemic cultures of endothelial cells (ECs) [ 22 ]. On 
the other hand, MMP-3 expression and protein levels decrease with high glu-
cose concentration while TIMP-1 concentrations remain unaffected. Thus, deg-
radation of the ECM occurs because of irregular expression of MMPs and 
TIMPs. ECM disruption may enhance migration of monocytes and vascular 
smooth muscle cells (VSMC). This increase in migration may further exacer-
bate atherosclerosis in diabetics, as indicated by a previous study [ 23 ] showing 
that synthesis of MMP-2 and MMP-9 in ECs was enhanced by long-term incu-
bation with high glucose concentrations. Genetic analysis of MMP/TIMP pro-
moters demonstrated they host response elements that are capable of binding 
several transcription factors [ 24 ]. Results from earlier studies suggest that high 
glucose levels stimulate these factors [ 25 ,  26 ]. Thus, it is conceivable that 
hyperglycemia positively regulates these growth and transcription factors fol-
lowed by enhanced MMP gene transcription. However, the effect of genetic 
variation is not clear. In one study, polymorphism of the AP-1 response element 
was found in the promoter region of the MMP-12 gene. This polymorphism 
links with higher MMP-12 activity in diabetic patients with coronary heart dis-
ease [ 27 ]. Results suggest that hyperglycemia, and oxidative stress in addition 
to genetic stimuli, regulate MMP gene transcription [ 22 ]. 

3.1     Glycation Products and MMPS 

 Evidence suggests that advanced glycation end products (AGEs) and their recep-
tors (RAGEs) control several signaling pathways that are involved in vascular 
dysfunction [ 28 ]. Collagen defi ciency, macrophage accumulation in the shoulder 
area of the plaque, and MMP colocalization with infl ammatory cells are the main 
feature of a plaque [ 29 ]. Infl ammatory cells are stimulated by susceptible athero-
sclerotic plaques and COX-2/PGES and release MMPs, which then leads to plaque 
vulnerability [ 30 ]. Within the diabetic atherosclerotic plaque, MMPs may cause 
increased frequency of vascular events. Diabetes likely shares common pathways 
of synthesis of MMPs and plaque deterioration, followed by atherosclerosis. 
Studies showed that COX-2 inhibitors decrease MMP expression [ 31 ,  32 ]. MMP 
activity may also be infl uenced by aspirin (a nonselective COX inhibitor) [ 31 ]. In 
diabetes, synthesis of prostacyclin (PGI2) may decrease [ 33 ]. Diabetes may also 
lead to several irregularities of other mediators of infl ammation [ 33 ], which can 
infl uence the activity of MMPs [ 34 ,  35 ].   
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4     Matrix Metalloproteinases and Diabetic Vascular 
Complications 

4.1     Diabetic Microvascular Complications and MMPs 

 Apart from the role of MMPs in diabetic macrovascular complications, these changes 
may play a role in DM-related microvascular complications. One study [ 36 ] provides 
a justifi cation for the association between microangiopathic complications, such as 
retinopathy, nephropathy, and peripheral neuropathy, and MMP-2 in patients with 
DM1. Increased concentrations of activated MMP-2 and MMP-9 were seen in reti-
nas from diabetic patients in another study [ 37 ], and in the basement membranes of 
new nonfunctional retinal capillaries MMP-2 and MMP-9 levels were also increased 
[ 37 ]. In proliferative diabetic retinopathy patients, a large proportion of specimens 
from epiretinal membranes were stained for MMP-1, -2, -3, and -9 as much as for 
TIMP-1, -2, and -3 [ 38 ]. These processes may lead to retinal neovascularization. 

 In diabetic nephropathy, thickening of mesangial expansion and glomerular 
basement membranes is the histopathological hallmark [ 39 ]. Because accretion of 
ECM within the glomerulus leads to renal dysfunction in diabetes, homeostasis of 
the ECM is important [ 40 ]. Disproportion between synthesis and degradation of 
the ECM is recognized by the amount and composition of mesangial matrix. 
Diabetes stimulates synthesis of mesangial matrix components such as collagen 
type IV, fi bronectin, and laminin [ 41 ]. Further, hyperglycemia restrains the degra-
dation process of ECM, which leads to accumulation of ECM in the glomerular 
mesangium [ 42 ]. In addition, AGE formation in glomeruli leaves the ECM less 
susceptible to degradation [ 43 ]. There is good support for the hypothesis that 
decrease in MMP activity of mesangial cells controls ECM degradation and may 
be involved in the pathogenesis of diabetic nephropathy [ 39 ,  44 ]. It is suggested 
that hyperglycemia regulates MMP gene expression through different mechanisms 
including protein kinase C (PKC) agonists, cytokines, transforming growth factor 
(TGF)-β, and nuclear factor-κB (NF-κB). The mechanisms by which hyperglyce-
mia induces MMP expression are not clear. For example, in diabetics glycation of 
the ECM decreases MT1-MMP expression but increases MMP-2, TIMP-1, and 
TIMP-2 expression [ 43 ]. 

 MMPs facilitate EC migration, promote EC sprouting, and induce growth of new 
vessels [ 45 ]. In response to occlusion and subsequent ischemia, diabetes may infl u-
ence neoangiogenesis adversely [ 46 ,  47 ]. Some preclinical studies from rat hindlimb 
ischemia models indicated that in diabetics, angiogenesis is prevented by inhibition 
of MMP activity [ 48 ,  49 ]. Also, hyperglycemia ameliorated hepatocyte growth fac-
tor and AGE accumulation, leading to reduction of MMP activation [ 49 ]. If neovas-
cularization takes place at atherosclerotic plaques, it may be crucial for continuous 
growth, intraplaque hemorrhage, and subsequent plaque rupture. MMPs are known 
as required components that can aid atherosclerotic plaque nutrition [ 50 ]. Although 
the role of MMPs in peripheral neoangiogenesis in diabetes remains obscure, angio-
genesis in ischemic peripheral tissues might ameliorate the symptoms [ 50 ].  

L.K. Bhatt and V. Addepalli



365

4.2     Diabetic Macrovascular Complications and MMPs 

 Atherosclerotic plaques and their stability are infl uenced by infl ammatory activity 
in the vascular wall. Homeostasis of the fi brous cap also infl uences its stability. 
Results from previous studies suggest that degenerative proteases such as MMPs 
and cathepsins promote plaque instability [ 51 ]. A remarkable upregulation in intra-
cellular MMP-9 levels was found in specimens obtained from patients with unstable 
angina compared to patients with stable angina [ 52 ]. Also, plaques extracted from 
patients undergoing carotid endarterectomy contain increased concentrations of 
MMP-9 [ 53 ]. Collagen present in the interstitial space is the chief contributor to the 
tensile strength of fi brous plaques [ 51 ]. Collagenases provide the degradation of 
collagen fragments by other MMPs. In the unstable plaques collagenase-1 (MMP- 
1) and collagenase-3 (MMP-13) colocalize with macrophages [ 54 ]. Neutrophil col-
lagenase (MMP-8), which is secreted by several vascular cells, is also present in 
high concentration in these plaques [ 55 ]. Apart from the aforementioned MMPs, 
MMP-7 and MMP-12 are also present in carotid plaques [ 56 ]. The polymorphism 
present in stromelysin-1 (MMP-3), which is followed by subsequent increase of 
MMP-3 activity, is coupled with enhanced susceptibility to plaque rupture [ 57 ].   

5     Matrix Metalloproteinases in Cardiovascular 
Complications of Diabetes 

 Various studies reported the role of metalloproteinases and their inhibitors in the 
pathophysiology of cardiovascular disease. They also infl uence the formation and 
destabilization of the atherosclerotic plaque. MMP-1, MMP-2, MMP-3, MMP-7, 
and MMP-9 activation within atherosclerotic arteries [ 58 ,  59 ] is an important pro-
cess in this regard. There is evidence that one factor for occurrence of acute coro-
nary events is polymorphism of the MMP-9 gene. 

5.1     MMPs and Atherosclerosis 

 Compared to the general population, manifestation of atherosclerosis occurs earlier 
in diabetic patients. In diabetics it is more severe and has a more scattered character 
[ 60 ]. MMPs act by infl uencing the process of atherosclerotic lesion formation. One 
of the mechanisms by which MMPs act includes the increased migration of vascular 
smooth muscle cells through the internal elastic lamina into the intimal space, where 
they further increase plaque formation [ 61 ]. The fi brous cap is generally made up of 
extracellular matrix laid down by the smooth muscle cells, even though the matrix 
itself is acellular in nature. Various components of this include collagen, which 
provides strength, and elastin, which provides fl exibility. In the normal remodeling 
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process the fi brous cap is resorbed (destruction) or redeposited (construction). The 
destructive and constructive processes are balanced under stable conditions, and the 
plaque protects the lumen of the vessel from exposure to underlying thrombogenic 
material. However, under pro-infl ammatory conditions, the remodeling process can 
be shifted in favor of resorption of the matrix, leading to a potentially dangerous 
weakness in the cap and resulting in plaque rupture. MMPs are often found associ-
ated with the presence of infl ammatory cells, such as macrophages or T lympho-
cytes [ 21 ]. The MMPs are also associated with sites of potential weakness in the 
plaque where ruptures tend to occur or where extensive remodeling is taking place 
[ 62 ]. Diabetes and increased lipids lead to oxidative stress and release of free radi-
cals in the intima and media of blood vessels, causing activation of MMPs. 
Additionally, cytokine release is stimulated by the presence of lipids (especially 
oxidized low density lipoprotein) from activated macrophages and T cells. This 
stimulation results in further increase in expression and activation of MMPs [ 62 ].  

5.2     MMPs and Heart Failure 

 Studies have shown an increased level of MMPs in heart failure patients and 
increased level with progression of heart failure. The level of MMPs and their 
induction and activation systems are increased in pathological specimens of human 
heart failure [ 63 ]. Studies have also reported a signifi cant rise in MMPs within 
hours of the precipitation of myocardial infarction, followed by local activation of 
cytokines and infi ltration of infl ammatory cells [ 64 ]. 

 This increase in MMP concentrations decreases with the healing process, but 
then is followed by a second wave of activation that results in more ventricular dila-
tion and progression toward heart failure [ 65 ].  

5.3     MMPs and Acute Coronary Syndromes 

 Many authors have reported change in MMP levels in patients with acute myocar-
dial infarction. In diabetic patients, worsening of outcome was observed, which 
leads to high mortality. When plasma levels of MMP-9 and TIMP-1 in patients with 
angiographically identifi ed lesions in the left anterior descending artery were com-
pared with normal subjects [ 66 ], it was found that plasma levels of MMP-9 and 
TIMP-1 increased during acute coronary syndromes [ 66 ]. Another study by Hojo 
et al. of subjects with acute myocardial infarction showed MMP-2 level was 
increased compared with healthy controls; they evaluated both MMP-2 and MMP-1 
[ 67 ]. In another study concentrations of serum MMP-1 and TIMP-1 were examined 
in patients after their fi rst myocardial infarction followed by successful reperfusion 
[ 68 ]. Results of this study showed a signifi cant increase of MMP-1 and TIMP-1. 
Interestingly, concentrations of these enzymes peaked at the 14th day.  
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5.4     MMPs and Aortic Aneurysms 

 Studies both in humans and in animals have shown a relationship between elevated 
aortic tissue MMP-9 levels and abdominal aortic aneurysms. Histological fi ndings 
of aneurysmal aortas suggest explicit changes in the extracellular matrix and the 
aortic wall. Histological study of such slides showed decrease in elastin content and 
an increase in collagen synthesis [ 69 ]. Proteolysis of elastin in pathological condi-
tions also results in the release of elastin degradation product, release of MMP-1 
and MMP-2, and smooth muscle cell proliferation [ 70 ].   

6     Matrix Metalloproteinases 2 and 9 in Cardiovascular 
Complications of Diabetes 

 MMP-2 and MMP-9 greatly infl uence the extracellular matrix. By a different mech-
anism, hyperglycemia in diabetes infl uences MMP-2 and MMP-9 levels and acts on 
the ECM (Fig.  1 ). Earlier studies showed that MMP-2 and MMP-9, by acting on the 
ECM, may aggregate many pathological conditions. Because diabetes induces 
upregulation of MMP-2 and MMP-9, many cardiovascular events that are mediated 
by MMP-2 and MMP-9 are disturbed, resulting in cardiovascular complications of 

  Fig. 1    Mechanism by which hyperglycemia induces matrix metalloproteinase (MMP)-2 and 
MMP-9 levels in diabetes       
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diabetes. In one study, hearts were obtained postmortem within 24 h from patients 
who died from causes other than coronary artery disease (CAD). Increased expres-
sion of MMP-2 and MMP-9 in expansively remodeled plaques was observed com-
pared to constrictive remodeled segments of atherosclerotic coronary arteries [ 71 ]. 
Sun et al. suggested that an excess of tumor necrosis factor (TNF) in the myocar-
dium is directly related to the increased production of local MMP-9 and MMP-2 
[ 72 ]. Further, it was found that this increase in MMP-2 and MMP-9 is associated 
with changes in integrin isoform transition, which may lead to aggressive collagen 
dissolution that can cause acute myocardial rupture. Kai et al. demonstrated increased 
MMP-2 levels in 50 patients (22 with acute myocardial infarction, 11 with unstable 
angina, 17 with stable angina, and 17 normal volunteers) [ 73 ]. MMP-2 levels were 
increased by twofold in the unstable angina and acute myocardial infarction groups 
versus the stable angina and controls and were sustained over the 7-day period [ 73 ].

   For degradation and reorganization of the ECM, vascular remodeling is needed, 
which could be either physiological or pathological. MMPs are important in this 
vascular remodeling [ 74 ]. In the progression of diabetes and arterial disease, high 
activity of MMP-2 and MMP-9 is widely reported [ 74 ]. The MMPs are secreted by 
infl ammatory cells in the adventitia or smooth muscle cells in the media. The 
degraded elastic fi ber induces calcium deposition, which in conjunction with altered 
vascular structure is associated with vessel stiffening [ 75 ]. 

 In our previous studies we showed that long-term hyperglycemia induces upreg-
ulation of MMP-2 and MMP-9 levels in various tissues [ 76 ,  77 ]. This upregulation 
was responsible for thickening of the ECM in blood vessels, which then causes 
decreased vascular reactivity of the blood vessels [ 76 ]. Diabetes alters vascular 
reactivity, thus decreasing relaxation induced by acetylcholine (ACh). Endothelium- 
dependent relaxation responses induced by ACh was signifi cantly decreased in a 
diabetic control group when compared with a normal group. Three-week treatment 
with minocycline (MINO), an inhibitor of MMP-2 and MMP-9, signifi cantly 
increased relaxation and showed higher sensitivity (pD2 = 6.04 ± 0.16 and 
E max  = 64.31 ± 2.537,  P  < 0.05) as compared to diabetic rats (pD2 = 5.45 ± 0.18 and 
E max  = 40.36 ± 2.99) [ 76 ] (Fig.  2 ).

   Protein levels in artery homogenate from treated and untreated diabetic rats and 
normoglycemic rats were assessed using zymography. Different bands correspond-
ing with molecular weight were detected in all samples. A zymogram of the homog-
enate showed high levels of MMP-2 and MMP-9 protein in vehicle-treated diabetic 
animals compared to normal animals (Fig.  3 ). Treatment with MINO attenuated 
levels of MMP-2 and MMP-9 [ 76 ].

   Increase in arterial stiffening in diabetes leads to increased cardiac afterload and 
resultant left ventricular hypertrophy. It also reduces coronary artery perfusion that 
may lead to myocardial ischemia, and increases pulse pressure, which fi nally pro-
motes atheroma formation and vascular remodeling [ 78 – 81 ]. Circulating MMP-2 and 
MMP-9 levels have been found to be associated with large artery stiffness in humans 
[ 82 ]. In our studies we also evaluated the effect of diabetes on cardiovascular perfor-
mance and correlated it with myocardial MMP-2 and MMP-9 levels. Streptozotocin 
(STZ)-induced diabetes mellitus produced decreased body and heart weights. 
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The ratio of heart weight to body weight in hyperglycemic rats was increased 
 compared with a normoglycemic group. Because cardiac hemodynamics is affected 
by changes in collagen content, total collagen content was analyzed in the hearts. 
Total collagen content was increased by twofold in vehicle-treated diabetic hearts 
compared with normoglycemic rats, whereas treatment with minocycline attenuated 
cardiac fi brosis signifi cantly compared with vehicle-treated diabetic rats (Fig.  4 ).

   Protein levels in heart homogenate from treated and untreated diabetic rats and 
normoglycemic rats were assessed using zymography. Different bands correspond-
ing with molecular weight were detected in all samples. A zymogram of the homog-
enate showed high levels of MMP-2 and MMP-9 protein in vehicle-treated diabetic 
animals compared to normal animals. Treatment with minocycline attenuated levels 
of MMP-2 and MMP-9 protein. Hyperglycemia-induced induction of MMP-2 
and MMP-9 in diabetics leads to cardiovascular dysfunctions. Treatment with the 
MMP-2 and MMP-9 inhibitor minocycline showed signifi cant amelioration in 

-10 -8 -6 -4 -2
0

50

100

Normal

Diabetic

Diabetic + MINO

Log [ACh]

%
 C

h
an

g
e 

in
 c

o
n

tr
ac

ti
o

n

  Fig. 2    Effect of 
hyperglycemia on vascular 
reactivity of rat aorta. 
Treatment with MMP-2 and 
MMP-9 inhibitor minocycline 
attenuated vascular reactivity 
assay. ACh concentration 
responses were taken after 
precontraction with PE    on 
aorta from STZ-induced 
diabetic rats and age-matched 
controls       

  Fig. 3    Effect of hyperglycemia on MMP-2 and MMP-9 levels of rat aorta. Treatment with 
the MMP-2 and MMP-9 inhibitor minocycline attenuated MMP-2 and MMP-9 levels in rat aorta. 
( a ) Normoglycemic. ( b ) Diabetic control. ( c ) Minocycline-treated diabetic. * P  < 0.05 when compared 
with vehicle-treated diabetic group       
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cardiovascular dysfunction as evident from improvement in left ventricle performance, 
myocardial collagen, and MMP-2 and MMP-9 levels. Further, this treatment 
ameliorated vascular structure as evident from vascular reactivity assay and aortic 
collagen estimation. Thus, the study suggests a role of MMP-2 and MMP-9 in car-
diovascular dysfunction in diabetic rats.  

7     Targeting Matrix Metalloproteinase 2 and 9 for Treatment 
of Cardiovascular Dysfunction of Diabetes 

 MMPs may be effective as therapies commonly prescribed for patients with cardio-
vascular diseases. For example, use of nitroglycerin increases the expression and 
the activity of MMP-2 and MMP-9 and decreases TIMP-1 levels [ 83 ]. Studies 
reported the MMP-2 levels had been increased by heparin [ 84 ]. In cultured human 
vascular endothelial cells, calcium channel blockers were found to increase the 
activity of MMP-2 [ 85 ]. Losartan, an angiotensin-receptor blocker, has been shown 
to increase MMP-2 activity in human vascular smooth cells [ 86 ]. Earlier in this sec-
tion the role of MMP-2 and MMP-9 is discussed in detail, and it is evident that in 
diabetes increased upregulation of MMP-2 and MMP-9 is responsible for cardio-
vascular complication of diabetes. Targeting MMP-2 and MMP-9 for the treatment 
of cardiovascular complication of diabetes can be a potential therapeutic approach.  

8     Conclusion 

 In conclusion, matrix metalloproteinases have a very important role in the cardio-
vascular complications of diabetes. DM augments the risk for vascular events and 
worsens existing cardiovascular events. Various studies have shown how MMPs 

  Fig. 4    Diabetes leads to 
signifi cant increase in 
collagen levels. Treatment 
with the MMP-2 and MMP-9 
inhibitor minocycline 
attenuated MMP-2 and 
MMP-9 levels in rat 
aorta.* P  < 0.05 when 
compared with vehicle- 
treated diabetic group       
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play a signifi cant role in atherosclerosis and plaque rupture under hyperglycemia. 
Therefore, the MMP/TIMP system may provide a therapeutic approach to over-
come macrovascular events in DM. MMP-2 and MMP-9, important factors in 
vascular remodeling and responsible for precipitation of cardiovascular events, 
can be targeted for relief. However, more clinical and mechanistic data are 
required for better understanding of the process by which MMP-2 and MMP-9 
can become potential targets.     
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    Abstract     Diabetes is a prime risk factor in cardiovascular disease (CVD), which 
includes peripheral vascular disease, coronary artery disease, and cerebrovascular 
disease. Management of cardiovascular dysfunctions associated with diabetes has 
been a challenge for decades. The nutraceutical approach for prevention of diabetic 
cardiovascular complications has been a considerably newer trend. Nutraceuticals 
are medicinal foods that help in maintaining the health of individuals, thereby pre-
venting or treating diseases. A literature search showed that several nutraceuticals 
used as dietary supplements have the ability to reduce cardiovascular risk factors. 
Thus, the nutraceutical approach can be very promising in the treatment of diabetic 
cardiovascular complications. In this review, we summarize the recent research 
fi ndings on dietary fi ber, antioxidants, prebiotics, and probiotics to highlight the 
benefi ts of using nutraceuticals in the management of diabetes-associated cardio-
vascular dysfunctions.  

  Keywords     Insulin resistance   •   Infl ammation   •   Antidiabetic   •   Nutraceuticals   •   Herbs  

1        Introduction 

 Cardiovascular disease (CVD) is a major factor associated with diabetes that exac-
erbates disorders such as coronary artery disease and atherogenesis. The main fac-
tors associated with diabetes that lead to such diabetic cardiovascular complications 
are hyperglycemia, hyperlipidemia, and obesity. Management of cardiovascular 
complications associated with diabetes is often challenging. However, the use of 
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nutraceuticals and dietary supplements has gained immense importance in clinical 
medicine recently because of patient compliance, rational and economic use, and 
acceptance by various authorities having policies that permit and encourage these 
practices. With increasing awareness of individuals in the light of management of 
diabetes using nutraceuticals, there is an increase in the demand for information on 
nutraceuticals. Nutraceuticals consisting of perplexing constituents offer a holistic 
approach to treatment of various diseases and disorders and also demonstrate the 
ability to treat them. 

 In spite of the enormous and rapid development in the fi eld of allopathy during 
the past decade, medicinal plants remain one of the major sources of drugs in the 
modern as well as the traditional system of medicine globally. It has been projected 
that 80 % of the world’s populations still use traditional medicine for their primary 
healthcare needs. According to the statistics given by WHO in 2008, about 80 % of 
the population in developing countries relies on traditional plant drugs [ 1 ]. Such 
traditional medicines comprise about 25 % of the market share of the entire pharma-
ceutical cache. 

 Nutraceuticals have been found to produce desirable effects with decreased 
side effects, thereby reducing the risks of diabetes. Nutraceuticals consist of nat-
ural health-promoting components that help in maintaining the normal physio-
logical functions of individuals. Thus, the attainment of a maximum state of 
nutrition and health has become the ultimate goal using nutraceuticals. There has 
been a resurgence in the consumption and demand for medicinal plants in a com-
plementary system of healthcare in the prevention and management of chronic 
lifestyle-related noncommunicable diseases. These plants are fi nding use as 
pharmaceuticals, nutraceuticals, cosmetics, and food supplements. They are 
available in the form of powders, pills, or capsules, as a single substance, or as 
combination preparations. 

 Nutritional supplementation along with diet and exercise are key for maintaining 
a healthy lifestyle and well-being, especially related to cardiovascular diseases, 
despite remarkable advances in medicine and pharmaceutical drug development [ 2 , 
 3 ]. Therefore, there is a dire need to focus our research on nutraceuticals and their 
role in cardiovascular dysfunctions associated with diabetes mellitus. The term 
“nutraceutical” was coined in 1989 by Stephen De Felico, combining the word 
“nutrient” (a nourishing food or food component) with “pharmaceutical” (a medical 
drug). It has been used to describe medicinally or nutritionally functional foods or 
components, and may include a food, plant, or naturally occurring material that may 
have been purifi ed or concentrated and is used for improvement of health by pre-
venting or treating a disease [ 4 ]. 

 Nutraceuticals are gaining popularity as people are relying on them for safe-
guarding their health and avoiding side effects associated with drugs as well. 
Nutraceuticals are destined to play an important role in future therapeutic develop-
ments and will continue to appeal to consumers because of better patient tolerance 
and decreased healthcare costs compared with conventional pharmaceuticals. They 
are found in a medley of products emerging from the food industry, the herbal and 
dietary supplement market, the pharmaceutical industry, and the newly merged 
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pharmaceutical/agribusiness/nutrition fi rms. There is an urgent surge that 
pharmaceutical research is beginning to realize and to explore the unexplored role 
of natural products in the therapeutics and treatment of cardiovascular complication 
of diabetes mellitus, by strategizing alternative approaches and models to contribute 
safe and effi cacious medicines with minimal adverse effects.  

2     Classifi cation of Nutraceuticals 

 Nutraceuticals can be grouped into the following three broad categories:

    1.    Substances with established nutritional functions, such as vitamins, minerals, 
amino acids and fatty acids:  Nutrients    

   2.    Herbs or botanical products as concentrates and extracts:  Herbals    
   3.    Products derived from other sources (e.g., pyruvate, steroid hormone precursors) 

and serving specifi c functions, such as sports nutrition, weight-loss supplements, 
and meal replacements:  Dietary supplements      

 Thus, nutritional supplements cannot be termed “drugs”; drugs have potent ther-
apeutic effects as well as side effects whereas nutraceuticals act more gently and 
maintain the physiological function in the body. They exert their action in 
several ways.

    1.    By reducing the level of LDL-cholesterol by modulating cholesterol production   
   2.    By reducing reactive oxygen species (ROS) production   
   3.    By reducing artery plaque formation and reducing blood pressure      

3     Infl ammation and Diabetic Complications 

 Thee Metabolic and immune systems of the body have evolved to be closely linked. 
Evidence has been accumulating that infl ammation is a crucial factor in the onset of 
diabetes mellitus and its associated complications such as cardiovascular disease 
(CVD). Chronic infl ammation (sometimes termed “silent” infl ammation) is an 
abnormal process in which the body’s immune system continuously secretes infl am-
matory chemicals, precipitating diseases such as diabetes, heart disease, arthritis, 
neuropathy, and obesity. Recent studies suggest that pro-oxidative and pro-infl am-
matory processes play a signifi cant role in the progression of atherosclerosis; thus, 
infl ammatory markers are predictors of cardiovascular events and progression to 
type 2 diabetes in healthy individuals as well as those with metabolic syndrome, 
underscoring the link between infl ammation, metabolic disorders, and cardiovascu-
lar disease. Diabetes has been linked to abnormalities in markers of systemic infl am-
mation, and there has been hope that an understanding of this nexus could open the 
door to new therapeutic opportunities. 
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3.1     Obesity 

 Obesity associated with diabetes can be a driving force that causes infl ammation. 
According to endocrinologist Jerrold Olefsky, fat cells grow in size as a result 
of weight gain; hence, they do not get suffi cient oxygen from the blood and as a 
result begin to die. This cellular death recruits immune cells to the scene. 
Elevated plasma lipids precipitate peripheral tissue insulin resistance and ath-
erosclerosis [ 5 ]. 

 Obesity is associated with insulin resistance, hyperglycemia, dyslipidemia, 
hypertension, and pro-thrombotic and pro-infl ammatory states. Adipose tissue 
releases a host of factors that include free fatty acids, interleukin 6, tumor necrosis 
factor-α, adiponectin, and plasminogen activator inhibitor 1: these apparently exac-
erbate the risk factors. Overexpression of tumor necrosis factor-α has been demon-
strated in obese rodents to thus impair insulin signaling and has been linked to 
insulin resistance in rodents [ 6 ]. Loss of adiponectin, an anti-atherogenic protein 
secreted exclusively by adipose tissue, has been proposed to have a role in athero-
sclerosis, insulin resistance, and several components of metabolic syndrome, which 
increases the risk of cardiovascular diseases associated with diabetes mellitus [ 7 ]. 
Adipose tissue-derived proteins cause alteration in glucose and lipid metabolism. 
They also promote local and systemic infl ammatory and thrombotic states. Elevated 
concentrations of free fatty acids result in reduction in hepatic and muscle insulin 
sensitivity with an increase in cholesterol production. Increase in free fatty acids 
leads to increases in triglyceride levels and in VLDL levels, thus increasing the risk 
of coronary heart disease.  

3.2     Infl ammation as a Major Pathogenic Mechanism 
in Development of Atherosclerosis 

 The stages involved in atherosclerosis, that is, initiation, growth, and complex-
ity of atherosclerotic plaque, can be considered to be an infl ammatory response. 
Various risk factors such as hypertension, dyslipidemia, and hyperglycemia are 
major injurious factors that lead to atherosclerosis via infl ammation. These fac-
tors stimulate the secretion of leukocyte-soluble adhesion molecules, chemotactic 
factors, and other infl ammatory mediators such as IL-1, IL-6, C-reactive protein 
(CRC), and a host of other acute-phase reactants. Metalloproteinases and other 
connective tissue enzymes cause rupture of the atherosclerotic plaque, which 
then exposes the core to arterial blood and induces thrombosis. Fibrinogen, 
plasminogen activator inhibitor 1 (PA- 1), cytokines, and C-reactive protein are 
often seen in increased concentrations in patients with diabetes, resulting in 
pro-thrombotic and pro-infl ammatory states; this also increases the risk of car-
diovascular diseases.  
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3.3     Insulin Resistance 

 Another factor that is responsible for causing cardiovascular diseases associated 
with diabetes is insulin resistance [ 9 ]. Several studies have demonstrated that 
increases in plasma free fatty acids (FFA) cause insulin resistance in diabetic 
patients and in nondiabetic subjects [ 10 ,  11 ]. Increased levels of circulating FFA in 
obesity caused by diabetes enhance lipid accumulation in insulin target tissues and 
contribute to reducing their sensitivity to insulin. Insulin is an important antilipo-
lytic hormone. Because insulin resistance leads to impaired fatty acid metabolism in 
adipose tissue, its development contributes to an increased release of fatty acids into 
the circulation. This, in turn, leads to multiple abnormalities in the lipoprotein pro-
fi le, resulting in what is known as atherogenic dyslipidemia. 

 The prime molecular link between infl ammation and diabetes is tumor necrosis 
factor-alpha (TNF-α), an infl ammatory cytokine that is overexpressed in the adipose 
tissues of rodent models of diabetes. It has found to activate and increase production 
of numerous proteins that suppress the insulin-signaling pathways, thereby increasing 
the risk of insulin resistance [ 12 ]. The inhibition of signaling downstream of the insu-
lin receptor is considered to be the main mechanism through which infl ammation 
leads to insulin resistance. TNF-α stimulates inhibitory phosphorylation of insulin 
receptor substrates (IRS), which in turn reduces the tyrosine phosphorylation of IRS 
in response to insulin and the ability of IRS to associate with the insulin receptor and 
thereby inhibits downstream signaling, resulting in insulin resistance [ 13 ]. 
Hyperglycemia-induced oxidative stress, soluble advanced glycation end products, 
and products of lipid peroxidation serve as key activators of upstream kinases, leading 
to stimulation of infl ammatory gene expression (Fig.  1 ). In a study where the mono-
cyte cells were cultured and later incubated with high glucose (15 mmol/l for 18 h), 
there was an increase in the release of TNF-α mediated by reactive oxygen species via 
activation of transcription factors nuclear factor-κB (NF-κB) and activating protein 1.

   It was demonstrated that the protein FOXO 1  instigates the expression of another 
infl ammatory mediator called interleukin-1β, which interferes with insulin- signaling 
pathways and reduces the insulin produced from pancreatic beta cells [ 14 ]. 
Infl ammatory signaling pathways can also become activated by metabolic stresses. 
The increased glucose metabolism can lead to higher mitochondrial production of 
ROS, which causes enhanced activation of infl ammatory pathways.   

4     Mechanisms Underlying Diabetes Mellitus 
with Cardiovascular Disease 

 Hyperglycemia is not the sole factor associated with CVD, although it instigates 
several potential mechanisms that increase the risk of atherosclerosis. Diabetic 
patients also have been found to show insulin resistance, obesity, and elevated blood 
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pressure and triglyceride levels, which elevate the risk of acquiring diabetic 
complications such as heart disease. 

 Metabolic changes associated with cardiovascular risk factors of diabetes include 
vascular abnormalities such as endothelial dysfunction, atherosclerosis with throm-
bosis and fi brinolysis, and atherogenic dyslipidemia (Fig.  2 ).

  Fig. 1    General aspects related to development of diabetic complications via the activation of 
infl ammatory signaling pathways and production of reactive oxygen species ( ROS )       

  Fig. 2    Proposed cardiovascular continuum eliciting how the risk factors such as hypertension and 
elevated lipid levels culminate in microvascular abnormalities leading to coronary heart disease 
and congestive heart failure. (Adapted and modifi ed from Dzau et al. 1991    [ 15 ])       
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4.1       Development of Atherogenesis in Diabetes 

 Atherosclerotic lesions that occur in the arterial system are the major factor leading 
to development of CVD. Lipids are deposited extracellularly, followed by infi ltration 
of infl ammatory mediators such as monocytes and T lymphocytes, resulting in the 
formation of fatty streaks. Monocytes transform into macrophages and scavenge 
lipids to form foam cells. The infl ammatory mediators and foam cells produce reac-
tive oxidative species, leading to migration of vascular smooth muscle cells. This is 
a continuous process that causes necrosis, further attracting the other infl ammatory 
cells. There is also formation of fi brous tissue. A complex lesion is formed consist-
ing of a fi brous tissue overlapping a mass of lipid and necrotic tissue. Expansion of 
this lesion can give rise to secondary symptoms such as reduction in arterial fl ow and 
thrombus formation, thereby leading to acute occlusion of the blood vessel [ 16 ,  17 ]. 

 Multiple processes such as endothelial dysfunction, oxidative stress, and infl am-
mation are thus involved in development of atherosclerosis.  

4.2     Endothelial Dysfunction 

 Nitric oxide (NO) is an important component that mediates processes of vasodilation, 
vasoconstriction, and infl ammatory and antiinfl ammatory activities. NO is a potent 
vasodilator that inhibits monocyte adhesion, platelet adhesion, and proliferation of vas-
cular smooth muscle cells [ 18 ,  19 ]. In diabetics, there is a signifi cant decrease in NO 
production because of insulin resistance (Table  1 ). This decrease is pivotal in the devel-
opment of diabetic vascular complications with a complex array of abnormalities such 
as disruption of normal vasoregulation, increased adhesion and migration of leukocytes 
and platelets, and proliferation of vascular smooth muscle cells (Fig.  3 ). Attenuated 
NO-dependent vasodilation is the hallmark of endothelial dysfunction [ 20 ].

4.3         Oxidative Stress 

 Reactive oxygen species (ROS), a group of highly oxidative reactive molecules, are 
produced during normal cellular functions [ 22 ,  23 ]. For example, O 2  −  is a principal 

   Table 1    Abnormalities of endothelial dysfunction in diabetics   

 Characteristic feature  Parameter 

 Increased endothelial adhesiveness  Increased VCAM -1 and E-selectin 
 Impaired vasodilation  Decreased NO production, prostacyclin (PGI 2 ) 
 Increased coagulation  Decreased NO production, prostacyclin (PGI 2 ) 
 Increased tissue factor expression  – 
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ROS produced by vasculature and inflammatory cells that further produces 
additional ROS through chain reactions. 

 A number of feedback mechanisms such as antioxidant scavenging systems main-
tain the equilibrium of the levels of ROS. There is a prevalence of imbalance between 
the production of ROS and antioxidant scavenging feedback mechanisms, resulting in 
increased oxidative stress. Hyperglycemia in diabetes is known to induce oxidative 
stress. Free radicals damage the cellular proteins and mitochondrial DNA. For exam-
ple, increased oxidative stress reduces the bioavailability of NO and promotes leuko-
cyte adhesion, infl ammation, and endothelial dysfunction [ 24 ]. An increase in the 
levels of ROS potentiates the formation of oxidized LDL, which in turn further increases 
oxidative stress [ 25 ]. It plays a vital role in formation of atherosclerotic lesions.  

4.4     Atherogenic Dyslipidemia 

 Lipid abnormalities in type 2 diabetics are associated mainly with insulin resistance. 
The important factor driving these abnormalities is hypertriglyceridemia. When the 
triglyceride levels increase in patients with diabetes, small dense LDL increases in 
proportion to the rise in triglycerides [ 26 ]; this is associated with hepatic lipase 
activity, which is increased in insulin-resistant patients. Hepatic lipase converts the 
triglyceride-enriched LDL to small dense LDL [ 27 ]. 

 Diabetic patients having insulin resistance have higher levels of LDL and 
lower levels of HDL cholesterol [ 28 ]. Diabetics have a fundamental defect 

  Fig. 3    Endothelial dysfunction: infl uence of nitric oxide ( NO ) on endothelial cell function and 
related infl ammatory activities. (Adapted and modifi ed from Hamilton et al. 2004 [ 21 ])       
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pertaining to lipid metabolism; there is overproduction of VLDL 1 , which initiates 
the series of other changes in the lipoproteins such as small density LDL and 
oxidation of LDL particles. Reduced concentration of HDL and apolipoprotein 
A-1 results in the accumulation of cholesterol in the vessel wall and leads to 
atherosclerosis (Fig.  4 ). The increased glycation of apoprotein B is enhanced in 
diabetic patients and may contribute to the development of atherosclerosis. The 
small density LDL particles are associated with endothelial dysfunction. They 
enter the arterial wall rapidly and damage the endothelial cells. Also, they pro-
mote production of procoagulant factors.

   Oxidized LDL has been found to increase oxidative stress. It increases superox-
ide production through xanthine oxidase, NADPH oxidase, and uncoupling of 
endothelial nitric oxide synthase (eNOS) [ 29 ]. The reduced bioavailability of NO 
results in impaired endothelium-dependent vasodilation.  

4.5     Hypertension 

 The relationship between insulin resistance and hypertension is well established. 
Several different mechanisms are proposed. First, insulin is a vasodilator when 
given intravenously to people of normal weight, with secondary effects on sodium 
reabsorption in the kidney. Insulin resistance is also associated with increase in 
sodium reabsorption on kidney and decrease in vasodilation. These factors contrib-
ute to hypertension. Hyperinsulinemia may result in increased sympathetic nervous 
system (SNS) activity and contribute to the development of hypertension.   

5     Management of Cardiovascular Diseases Associated 
with Diabetes Mellitus Using Nutraceuticals 

 Diabetes represents a clustering of risk factors related to an elevated risk of 
cardiovascular disease. Several nutraceuticals used in clinical practice represent 
a different approach to medicine, one based on nutrition and the health or 

  Fig. 4    Free fatty acids and atherogenic dyslipidemia       
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wellness of the whole body, rather than treating the symptoms or effects of 
disease. New scientifi c evidence in the effectiveness of nutraceuticals together 
with the changing lifestyle of modern-day consumers has fueled more rapid 
development around the world today. Allopathic medicines cause side effects 
but nutraceutical products, being derived from natural sources, have no or mini-
mal side effects. Nutraceuticals have the potential to play a role in prevention 
and treatment of diseases.  

6     Several Nutraceuticals Target the Pathogenesis 
of CVD Associated with Diabetes Mellitus 

     1.    Conjugated linoleic acids   
   2.    Polyunsaturated fatty acids   
   3.    Protective minerals   
   4.    Antioxidants   
   5.    α-Lipoic acid   
   6.    Dietary fi ber     

6.1     Conjugated Linoleic Acid (CLA) 

 Conjugated linoleic acids (CLAs) are naturally occurring fatty acids with many 
health benefi ts that are a mixture of positional and geometric isomers of linoleic 
acid ( cis -9,  cis -12-octadecadienoic acid) that contain a conjugated double-bond 
system [ 30 ]. Studies have been proven its anticarcinogenic and antiatherogenic 
properties and antidiabetic effects [ 31 – 33 ]. CLAs can reduce body fats. The insu-
lin-sensitizing effect of CLA has been defi ned by the activation of hepatic peroxi-
some proliferator-activated receptor (PPAR)-α and thereby increased fatty acid 
oxidation. Ryder et al. demonstrated that supplementing the diets of Zucker dia-
betic fatty (ZDF) rats with 1.5 % CLA reduced adiposity and improved glucose 
tolerance compared with control feedings. It also improved insulin-stimulated 
glucose transport in soleus skeletal muscles and insulin-stimulated glycogen syn-
thase activity in soleus and extensor digitorum longus muscles [ 32 ]. The hypo-
cholesterolemic and antiatherogenic properties of CLA were found by Lee et al. 
[ 31 ], who studied rabbits fed high-cholesterol diets with an appropriate amount of 
CLA per day. These rabbits had lower total cholesterol and reduced triacylglyc-
erol concentrations with less atherosclerosis compared with rabbits on high cho-
lesterol in the absence of CLA. The CLA lowers serum cholesterol; however, the 
exact reasons for that effect remain a mystery. It could act by inhibiting the secre-
tion of apolipoprotein B or by enhancing the clearance rate of circulating LDL by 
way of increasing LDL-receptor activity [ 34 ].  
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6.2     Polyunsaturated Fatty Acids (PUFA) 

 Polyunsaturated fatty acids (PUFA) consist of a treasure of activities benefi cial to 
health, including antiinfl ammatory and lipid-lowering effects and the prevention 
of coronary heart disease. PUFA are omega-3 fatty acids that are classifi ed as 
essential fatty acids. Evidence suggests that PUFAs are signifi cant in the preven-
tion of coronary artery disease. Convincing studies have been performed in which 
fi sh meal or fi sh oil was given to a clinical group of patients suffering from CVD, 
including myocardial infarction and stroke, and it was proved that this supple-
mentation signifi cantly reduced these cardiovascular events [ 35 ,  36 ] α-Linolenic 
acid and docosahexanoic acid, types of omega-3 PUFA, are found to be effective 
at reducing blood pressure and heart rate [ 37 ]. These acids are used as supplemen-
tation in type 2 diabetes to lower triglycerides and VLDL-cholesterol and to 
reduce infl ammatory markers [ 38 ]. Omega-3 fatty acids supplementation has no 
statistically signifi cant effects on glycemic control or fasting insulin but may pre-
vent or revert insulin resistance.  

6.3     Protective Minerals 

 The following minerals play essential roles in activating the processes essential for 
the proper metabolism of sugars by stimulating the production of insulin and other 
digestive enzymes in the digestive tract.

    (a)    Chromium     
 Chromium regulates the uptake of glucose in cells in conjunction with 
insulin and thus plays a vital role in the glucose tolerance factor. Diabetics 
usually have deficient chromium levels. A few studies have cast light on 
the fact that chromium supplementation can lead to increased insulin sen-
sitivity and improved glucose tolerance in patients with type 2 diabetes 
[ 39 ]. A recent study showed that supplemental intake of chromium 
(1,000 μg/day) caused significant improvements in glycosylated hemoglo-
bin, glucose, insulin, and cholesterol levels when compared to placebo 
[ 40 ]. Further experimental and clinical studies have consolidated the effi-
cacy of chromium in the management of type 2 diabetes and associated 
comorbidities such as insulin resistance and obesity [ 41 ].

    (b)    Magnesium    
  Diets rich in magnesium have proven to decrease risk for diabetes, suggesting 
an improvement in insulin sensitivity. Hence, supplemental nutrients should 
have adequate levels of magnesium with other nutrients and vitamins to restore 
the depleted levels of such nutrients in diabetic patients. In several rodent studies, 
magnesium helps to preserve adipocyte insulin sensitivity [ 42 ].  
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6.4     Antioxidants 

 The effi cacy of antioxidants as prophylactic and therapeutic agents for cardiac com-
plications of diabetes mellitus has encouraged the recent trend of antioxidant ther-
apy in protecting against cardiovascular disease infl icted by accentuated oxidative 
stress caused by diabetes. It is evident from several preclinical studies that an ade-
quate supply of dietary antioxidants may prevent or delay diabetes complications, 
including renal and neural dysfunction, by providing protection against oxidative 
stress. Epidemiologic data have proven that a strong link exists between intake of 
antioxidants and protection against cardiovascular diseases [ 43 ]. Several dietary 
foods that possess antioxidant properties are mentioned next.

    (a)    Vitamin C    
  Higher dietary intake of vitamin C lowers the risks of development of cardio-
vascular disease. It acts by scavenging ROS directly and preventing the propa-
gation of chain reactions that would lead to a reduction in protein glycation. In 
animals, vitamin C is found to decrease diabetes-induced lipid peroxides in 
erythrocytes [ 44 ].

    (b)    Vitamin E    
  Vitamin E reacts with peroxyl and superoxide radicals and singlet oxygen and 
ensures protection to membranes from lipid peroxidation. In a study, patients 
with type 2 diabetes were given supplementation of vitamin E, and its effects on 
the risks for development of cardiovascular disease were assessed. Vitamin E 
treatment signifi cantly reduced oxidation of low density lipoprotein and soluble 
cell-adhesion molecules [ 45 ]. Vitamin E is also found to improve renal function 
in patients with type 1 diabetes. The major CVD risk factors are microalbumin-
uria and hypertension. Microalbuminuria represents an advanced stage of CVD 
that may precipitate into cardiovascular morbidity and mortality [ 46 ]. 
Supplementation of patients with T2D with persistent micro/macroalbuminuria 
with both vitamins E and C signifi cantly lowered their urinary albumin excre-
tion rate, which suggests the use of vitamin E with other antioxidants in 
the treatment of microvascular complications of diabetes including CVD or 
nephropathy [ 47 ].  

6.5     α-Lipoic Acid 

 α-Lipoic acid is a naturally occurring antioxidant with potent ROS-scavenging 
activity. It has the unusual property of being a ROS scavenger in its oxidized 
state; α-lipoic acid and dihydrolipoic acid work in a redox reaction and together 
have other antioxidant properties. Ischemic injury to the retina, considered to be 
one of the major causes of visual loss, occurs in diabetic retinopathy. α-Lipoic 
acid increases insulin sensitivity by approximately 18–20 % in patients with type 
2 diabetes [ 48 ].  
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6.6     Dietary Fiber 

 Dietary fi bers include polysaccharides, oligosaccharides, lignin, and associated 
plant substances. They can be classifi ed into two groups:

    (a)    Water-soluble fi bers: soluble fi bers that dissolve in water are present in oats, 
dried beans, and legumes.   

   (b)    Water insoluble fi bers are present in brown rice, bananas, vegetables, and whole 
grains. 
 Soluble fi bers are found to be more effective than insoluble fi bers such as cel-
lulose and lignins. Soluble fi bers such as are found in oats, psyllium, pectin, 
fl axseed, and guar gum are associated with reduced cardiovascular risk. They 
have been found to increase insulin sensitivity and lower glucose levels. Soluble 
dietary fi bers in the dose of 2–10 g/day cause a reduction in LDL cholesterol by 
5–7 %; these bind to the bile acids, thus entrapping cholesterol and resulting in 
decreased cholesterol absorption, which leads to reduced cholesterol, increase 
in LDL receptors, and increase in LDL clearance.   

   (c)    Psyllium as a dietary supplement. 
 Psyllium is derived from the husks of the seeds of  Plantago ovata.  It has been 
studied as a “non-systemic” cholesterol-lowering agent, as it is a soluble, indi-
gestible, polysaccharide fi ber that, when taken with water, slows gastric empty-
ing and binds bile acids, causing increased excretion and synthesis of these 
acids. Because cholesterol is utilized in the synthesis of bile acids, the process 
results in a decrease in serum cholesterol.       

7     Herbs Used in Treatment of Cardiovascular Complications 
Associated with Diabetes 

 Natural products identifi ed from traditional medicinal plants present an exciting 
opportunity for the treatment of cardiovascular complications associated with dia-
betes because they contain a wide range of phytochemicals with diverse metabolic 
effects. The following plants have been screened for their hypolipidemic, antidia-
betic, and anti-obesity activity. 

7.1      Nigella sativa  Extract (Family: Ranunculaceae) 

 According to Kanter et al.,  Nigella sativa  or black cumin extracts were found to 
possess the property of lowering blood glucose [ 49 ]. Hypoglycemic effect of black 
cumin was observed by Meral et al. in which the blood glucose (194.41 mg/dl) was 
reduced signifi cantly in diabetic rats treated with an extract of black cumin as 
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compared to that of the control (340.43 mg/dl). The insulinotropic activity of black 
cumin oil was demonstrated by Farah et al. in a type 2 model [ 50 ]. The increased 
free radical production during diabetes decreases the enzyme activity and antioxi-
dant status of the body. Because of its antioxidant properties, black cumin may 
reduce diabetes-induced oxidative stress. Lipid peroxidation often precipitates liver 
damage as there is a sharp increase in the level of different enzymes, which lowers 
the permeability of glucose precursors to liver, thereby leading to lower gluconeo-
genesis. Meral et al. found that black cumin prevents lipid peroxidation of biologi-
cal membranes and also liver damage in diabetic rabbits by restoring the balance in 
the activities of liver enzymes [ 51 ]. 

 Another study showed that black cumin fi xed oil that is rich in sitosterol 
improved the lipid profi le by decreasing cholesterol and triglycerides and elevat-
ing HDL levels [ 52 ]. A study carried out by Morikawa et al. demonstrated that 
nigellamine A-(5) decreased triglyceride levels in cultured mice hepatocytes and 
was found to be as effective as the synthetic drug clofi brate [ 53 ]. Black cumin 
fi xed oil is rich in unsaturated fatty acids, linoleic acids, and eicosenoic acid, 
which help in lipid- lowering and antioxidant activity. It has been found to contain 
a reservoir of polyphenols, α-tocopherol, β-tocopherol, γ-tocopherol, selenium, 
and phytosterols such as β-sitosterol, 5-avenasterol, 7-avenasterol, the major ones, 
and stigmasterol and campesterol, present in minute quantities, which are respon-
sible for hypoglycemic activity.  

7.2      Momordica charantia  Extract (Family: Cucurbitaecae) 

 Aqueous and alcoholic extracts of bitter melon have been traditionally used as a 
remedy for diabetes. Bitter melon contains several active constituents such as cucu-
bitacin B, momordicin, and bioactive glycosides such as charantin, goyaglycosides, 
momordin, charantosides, and momordicosides. Bitter melon also includes cyto-
toxic proteins such as momordin and momorcharin and terpenoid compounds such 
as momordol, momordenol, momordicilin, and momordicinin. These organic ingre-
dients are responsible for the hypoglycemic effect by activating 5'-AMP- activated 
protein kinase (AMPK), a protein molecule that regulates glucose uptake and sup-
presses excess appetite. The fresh juice of the unripe fruit was found to lower blood 
glucose levels in preclinical and human trials [ 54 ]. The alcoholic extract consists of 
mixed steroids that were found to be more potent than the synthetic hypoglycemic 
agent tolbutamide in an animal study [ 55 ]. Non-insulin-dependent diabetes mellitus 
animal models were found to respond to the effects of bitter melon whereas insulin-
dependent animal models rarely showed any positive effects. Several studies per-
formed in vitro have shown positive results of bitter melon treatment by production 
of an increased number of pancreatic beta cells and increased insulin-releasing 
activity in a few cases [ 56 ]. The seeds of  Momordica charantia  also have been 
determined to possess hypoglycemic and lipid-lowering properties. The hypoglyce-
mic mechanism mimicked by  Momordica charantia  is the result of three effects:
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    1.    Depression of gluconeogenic enzymes, increase in glucose transporters, and 
stimulation of glucose uptake in skeletal muscle cells.   

   2.    Protection of islet beta cells and an increase in insulin secretory activity.   
   3.    Reduction of oxidative stress.    

7.3        Trigonella foenum-graecum  Extract (Family: Fabaceae) 

 Fenugreek has been commonly for treatment of various diseases including dia-
betes. It has been popular for its blood glucose-lowering effects. Ethanolic 
extract of seed powder (50 mg/100 g body weight) decreased blood glucose, 
serum cholesterol, serum glutamic-oxaloacetic transaminase (SGOT), and 
serum glutamic-pyruvic transaminase (SGPT) levels in alloxan-induced dia-
betic rats. Hannan et al. evaluated the antidiabetic properties of the soluble 
dietary fi ber fraction of a seed extract of fenugreek in type 1 and type 2 diabetic 
rats [ 57 ]. An increase in glucose tolerance and liver glycogen content with 
reduction in blood glucose, intestinal disaccharidase activity, and glucose 
absorption were observed. These fi ndings indicate that the seed extracts showed 
antidiabetic effects mediated through inhibition of carbohydrate digestion and 
absorption and enhancement of peripheral insulin action [ 58 ]. Another study 
demonstrated that an amino acid extracted from fenugreek seeds, 4-hydroxyiso-
leucine, decreases glucose and insulin in diabetic rodents, thereby increasing 
glucose tolerance and inducing insulin secretion from isolated pancreatic islets. 
The components of fenugreek thought to be useful in diabetes were isolated and 
found to be trigonelline, coumarin (trigoforin), and nicotinic acid. An antihy-
perglycemic compound was isolated from water extract of the seeds of fenu-
greek and named GII [ 59 ]. Galactomannans, the polysaccharides found in 
fenugreek seeds, are composed of a 1,4-linked β-D-mannosyl backbone with 
single-unit galactoside side chains, α-linked at the O-6 oxygen. These com-
pounds are found to be effective in treatment of type 2 diabetes patients by 
reducing hyperglycemia.  

7.4      Allium  Species ( Allium cepa ) (Family: Amaryllidaceae) 

 Various phytochemicals found in  Allium cepa  help reduce the risk of coronary heart 
disease. Onions possess vitamin C, niacin, folate, and potassium, fi ber, fl avonoids, 
fructans, sulfur-containing compounds, saponins, and fl avonoids including querce-
tin and kaempferol. Several anthocyanins are found in onions, the predominant one 
being cyanidin-3-glycoside. These are potent antioxidants that are involved in dif-
ferent functions such as immune functions, platelet aggregation, and cholesterol 
metabolism. A new fl avonoid called alliuocide A has been found to exhibit strong 
antioxidant potential for scavenging the free radicals of ROS and fatty acids [ 60 ]. 
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Onion bulbs contain high contents of fructans (35–40 %) that are involved with 
reduction of blood glucose and serum cholesterol levels. Onion has found to contain 
organosulfur compounds such as cepaenes and thiosulfi nates, which help to reduce 
the symptoms of cardiovascular dysfunctions associated with diabetes and inhibit 
platelet aggregation processes involved in thrombosis.  

7.5     Nuts 

 Nuts, especially walnuts, are a treasure of mono- and polyunsaturated fatty acids, 
with small quantities of dietary fi ber, phytosterols, and polyphenols. Intake of mod-
erate quantities of walnuts is associated with reduced risk of CVD as it is found to 
decrease LDL-cholesterol. The constituents present in walnuts that may be impor-
tant in reducing cardiovascular complications are polyunsaturated fatty acids 
(PUFA) and linoleic acid.  

7.6      Terminalia chebula  Extract (Family: Combretaceae) 

  Terminalia chebula , or  Kadukkai , is one of the ancient traditional remedies for 
treatment of diabetes. It has been reported to possess numerous biological activ-
ities such as anticancer, antimutagenic, antibacterial, and antifungal.  Terminalia 
chebula  contains the triterpenes arjun glucoside 1, arjungenin, and chebulosides 
1 and 2. Other constituents are chebulic acid 3–5 %, chebulinic acid 30 %, tan-
nic acid 20–40 %, ellagic acid, gallic acid, ethyl gallate, terfl avin A, anthraqui-
none, and fl avonoids such as luteolin, rutins, and quercetin that may be 
responsible for the aforementioned therapeutic activities [ 61 ]. An experiment 
by Kaur et al. showed that the effect of  Terminalia chebula  extract on isolated 
rat pancreatic INS-1 β-cells and mouse 3 T3-L1 adipocytes demonstrated stimu-
latory action on the insulin secretion ability of pancreatic cells and an increase 
in the glucose consumption of adipocytes. Studies by Kim et al. [ 62 ] demon-
strated that the extract of  Terminalia chebula  caused a signifi cant reduction in 
blood glucose levels and lipids and improved serum biochemical values in dia-
betic rats.  Terminalia chebula  extract decreased advanced glycation end-prod-
ucts distribution in testis seminiferous tubules [ 63 ]. 

 Through a literature search, the following nutraceuticals were found to be of 
signifi cant importance, such as resveratrol from red grape products as an antioxi-
dant, soluble dietary fi ber products such as   psyllium     seed husk for reducing hyper-
cholesterolemia, fenugreek as an antidiabetic, soy protein from soybeans for 
coronary heart disease, and garlic from  Allium sativum  Linn. for the treatment of 
cardiovascular diseases and many others. Herbs that have been screened for their 
antihyperlipidemic, antidiabetic, and antiobesity activity are listed in Table  2 .
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8         Conclusion 

 A multifactorial link exists between diabetes mellitus and cardiovascular complica-
tions including coronary artery disease and atherosclerosis [ 64 ]. Hyperglycemia, 
hypertension, obesity, and hyperlipidemia together culminate in the cardiovascular 
complications associated with diabetes. This review article has summarized all the 
factors causing the long-term complication of cardiovascular dysfunction of diabe-
tes mellitus. Nutraceuticals now are gaining importance to treat such complications 
owing to their advantages such as cost-effective and economic treatment, wide and 
easy availability, and less or rare side effects. The botanicals discussed in this review 
possess hypoglycemic, hypolipidemic, antioxidant, and insulin-stimulating effects. 
Infl ammation is the major factor leading to cardiovascular dysfunction [ 65 ,  66 ]. The 
nutraceuticals act through different mechanisms to control infl ammatory signaling 
pathways and reactive oxygen species production, thereby preventing endothelial 
dysfunction [ 67 ]. Plants that treat dyslipidemia are used to prevent onset of cardio-
vascular disease by lowering the elevated lipid levels of LDL and triglycerides 
while increasing HDL-cholesterol. 

 Future scope lies in the investigation of the exact mechanism of action of the 
nutraceuticals and their constituents that are responsible for antidiabetic and insulin 
mimetic activity. Extensive research should be carried out exploiting the therapeutic 
properties and fi nding the toxic effects of nutraceuticals and dietary sources for treat-
ing diabetic complications in the light of development of new therapeutic strategies.     

   Table 2    List of herbs used in treatment of cardiovascular dysfunctions associated with diabetes 
mellitus   

 Herbs  Mechanism of action 

 Aloe vera ( Aloe barbadensis )  Stimulates the release of insulin from beta cells in humans 
 Sadabhar ( Catharanthus 

roseus  Linn.) 
 Enhanced secretion of insulin and decreased blood glucose 

 Kali mirch ( Piper nigrum )  Reverses oxidative damage and normalizes antioxidant enzyme 
levels in liver altered by diabetes 

 Turmeric ( Curcuma longa )  Downregulates the infl ammatory cytokines resistin and leptin and 
upregulates adiponectin and other associated proteins 

  Acacia arabica  
(Leguminosae) 

 Hypoglycemic effect by stimulating the release of insulin from 
pancreatic beta cells 

  Eugenia jambolana  
(Myrtaceae) 

 Enhances insulin secretion from pancreatic cells by inhibiting 
insulinase activity from liver and kidney 

  Caesalpinia bonducella  
(Leguminosae) 

 Hypoglycemic, hypolipidemic activity 

  Psyllium  (soluble dietary 
fi ber) 

 Decreases elevated blood pressure, improves glycemia and 
insulin sensitivity 

 Garlic  Inhibition of LDL oxidation 
 Flax seed  Lowers low density lipoprotein 
 Soy  Reduces cholesterol absorption 
 Glutathione  Increases reverse cholesterol transport 
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    Abstract     Several lines of epidemiological, experimental, and clinical evidence 
have demonstrated a correlation between diet and increased risk of developing 
diabetes- induced cardiovascular complications. The increased consumption of 
refi ned and simple carbohydrates, fats, red meats, and low fi bre as well as low intake 
of specifi c minerals and vitamins have been shown to impair insulin response and 
increase plasma glucose levels and thus produce damage to the macro- and micro-
vasculature. On the other hand, healthy dietary choices, specifi c nutrients, and some 
herbal supplements are known to control the glycemic index in subjects with diabe-
tes and thus suppress the progression of diabetic cardiomyopathy. In addition, the 
nutritional experiences of the developing fetus and maternal anemia have been 
reported to alter glucose metabolism and insulin signaling in the offspring. This 
chapter is focused on reviewing the infl uence of nutrition on the risk of developing 
diabetes and the dietary approaches that are undertaken for the management of dia-
betes and prevention of cardiovascular complications. Furthermore, it is intended to 
highlight the impact of the nutritional experience of the developing fetus and 
describe the role of epigenetics and maternal nutrition on the risk of developing 
diabetes and cardiovascular complications.  
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1        Introduction 

 It has been estimated that around 171 million people are affected by diabetes around 
the world, and it is predicted to affect 366 million people by 2030. Moreover, it is 
generally thought that about 30 % of the population with diabetes remain undiag-
nosed in industrialized nations [ 1 ]. Up to 10 % of the diabetic population suffers 
from type 1 diabetes whereas 85–90 % of diabetics are affected by type 2 diabetes, 
making this disease the world’s most prevalent metabolic disease [ 2 ]. The onset of 
type 1 diabetes occurs in children and type 2 diabetes occurs in adulthood; however, 
because of unbalanced diet and early obesity, type 1 diabetes (insulin-dependent) is 
also being identifi ed in adults, whereas type 2 diabetes (insulin-non-dependent) has 
been detected in children and teenagers. Regardless of the type of diabetes, increased 
glucose in the plasma produces damage to the small and large vasculature, which 
underlies the main factor for the increased mortality in diabetic populations. In fact, 
heart disease is the leading cause of death among diabetics and accounts for most of 
the deaths. 

 Approximately 70–80 % of diabetic patients die of cardiovascular complica-
tions, such as ischemic heart disease, atherosclerosis, hypertension, arrhythmias, 
and congestive heart failure [ 1 ]. In addition, diabetic cardiomyopathy has been 
shown to occur in the absence of coronary heart disease in diabetic patients [ 3 ]. 
Diabetic cardiomyopathy is characterized by structural, cellular, and molecular 
abnormalities leading to diastolic dysfunction, which progresses to left ventricular 
hypertrophy followed by systolic dysfunction [ 4 ,  5 ]. Figure  1  shows that diabetes is 
associated with the activation of the sympathetic nervous system and the renin- 
angiotensin system (RAS) [ 6 ,  7 ]. In addition, there is a metabolic shift as well as an 
increase in plasma glucose levels that result in increased formation of oxyradicals. 
The activation of RAS, which results in the depletion of tissue antioxidant levels as 
well as impaired endothelial function, may also provide conditions favoring oxida-
tive stress. Furthermore, oxidative stress induces subcellular remodeling that results 
in Ca 2+ -handling abnormalities and fi nally in contractile dysfunction in diabetic 
heart [ 4 ,  6 ,  7 ].

   Several pharmacological approaches are used to treat and prevent the progres-
sion of diabetic cardiomyopathy [ 8 ]. In general, the treatment of cardiac dysfunc-
tion in diabetic subjects is similar to that for individuals without diabetes, and the 
clinical response to these drugs is similar or better. The benefi cial effects of RAS 
blockade by angiotensin-converting enzyme inhibitors (ACEI), angiotensin recep-
tor, and β-adrenoceptor blockers as well as antioxidants on cardiovascular outcomes 
in diabetes has been well documented [ 9 – 15 ]. In addition, pharmacological 
approaches to lower blood glucose levels and improve insulin action are used as 
fi rst-line therapy for the management of diabetes [ 8 ,  16 ,  17 ]. 
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 Although pharmacological interventions are of benefi t, following a 
 recommended diet, regular physical activity, self-monitoring of blood glucose, and 
smoking cessation [ 18 ,  19 ] are now also regarded as key contributors to a healthy 
lifestyle that can even prevent cardiovascular complications resulting from diabe-
tes. It can be seen from Fig.  2  that there are a number of nonmodifi able (age, 
gender, genetic) and modifi able factors that are linked to increased risk for heart 
disease. Clearly, these modifi able factors are interrelated, and nutrition is a major 
determinant of heart disease. Nutritional interventions have been evaluated as 
cost-effective and highly effi cient components of a strategy to reduce the growing 
disease burden [ 20 ]. In fact, an increase in public awareness for lifestyle changes 
for diabetes management and prevention has been conducted through educational 
programs, public forums, and brochures. In this chapter, we focus only on diet and 
review some effects of nutrition on the development and prevention of diabetes 
and diabetes- induced defects in heart function. Furthermore, the infl uence of spe-
cifi c types of food, minerals, and vitamins, as well as decoctions of some herbal 
products, on diabetes management and prevention of diabetes-induced cardiovas-
cular complications are also briefl y mentioned. In addition, the impact of an 
adverse nutritional environment of the developing fetus is briefl y discussed to fur-
ther increase the awareness that adult disease may have its origins during fetal 
development.

Chronic Diabetes

Cardiac Abnormalities

Activation of
Sympathetic Nervous

System

Oxidative Stress

Metabolic
Shift

Endothelial
Dysfunction

Activation of Renin-
Angiotensin System

Defects in cardiomyocyte
Ca2+-handling

  Fig. 1    Major diabetes-induced defects leading to cardiac abnormalities       
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2        Benefi cial Effects of Nutrients on the Development 
and Prevention of Diabetes 

 Diet is considered to be the cornerstone in the treatment of diabetes and associated 
heart dysfunction. Indeed, dietary advice can be tailored to the individual manage-
ment needs. Although, as reviewed here, a low-fat diet in general is recommended 
for patients with diabetes, particular emphasis is put on nutritional support, encour-
aging food fortifi cation, full-fat products, and high-energy snacks in those patients 
with diabetes who are identifi ed as being at risk of malnutrition [ 21 ]. Prevention and 
attenuation of the diabetes-induced deleterious effects on heart function are based 
on modulation of the diet. These dietary recommendations are very similar to those 
given to the general population for a healthy diet and include increased fi bre and 
fruit and vegetable intake and reduced fat ingestion [ 22 ,  23 ]. 

 Dietary fi bre has been, for several years, a healthy component in popular nutri-
tion; however, with changes in dietary habits, the intake of fi bre is actually decreas-
ing. Lack of fi bre in the diet has been reported as a major risk factor for the 
development of diabetes and heart disease, although strong inverse relationships are 
seen between whole grain intake and incidence of type 2 diabetes [ 24 ,  25 ]. In fact, 
high fi bre intake has been shown to improve glucose tolerance and lipid metabolism 
in subjects with type 2 diabetes [ 26 ] and to decrease systolic blood pressure without 
any changes in increased diastolic blood pressure [ 27 ]. There are a number of poten-
tial mechanisms by which dietary fi bre may modify insulin sensitivity and glucose 
tolerance. For instance, fi bre can infl uence intestinal tract time, absorption of 
 macronutrients, alteration of the action of digestive enzymes, and secretion of 
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pancreatic and gastrointestinal hormones [ 28 ]. Soluble fi bre delays gastric  emptying, 
slowing the absorption and digestion of carbohydrates and potentially delaying the 
insulin response, whereas insoluble fi bre decreases intestinal tract time and thereby 
reduces time for the absorption of carbohydrates in the jejunum [ 29 ]. In addition, 
nondigestive fi bre (resistant starch) can be fermented by the microfl ora of the 
colon, leading into the production of short-chain fatty acids that can also infl uence 
carbohydrate metabolism [ 30 ]. Furthermore, resistant starch has potential applica-
tion in weight management, in the improvement of blood lipid profi le, glucose toler-
ance, and insulin sensitivity [ 31 ,  32 ]. Although dietary guidelines recommend a 
daily resistant starch intake of 15–20 g, many populations consume signifi cantly 
lower amounts of resistant starch/day. Thus, increasing resistant starch intake in the 
diet can be seen as a major step in diabetes management and prevention of cardio-
vascular complications. 

 Current dietary guidelines for the prevention of type 2 diabetes recommend 
 consuming at least 400 g fruit and vegetables per day [ 33 ]; however, data from these 
studies are less conclusive probably because of low quality and heterogeneity of the 
subjects [ 34 ]. In spite of this, the association between greater fruit and vegetable 
intake and reduced risk of cardiovascular disease and cancer has been reported [ 35 , 
 36 ]. It has been estimated that up to 2.7 million lives worldwide could be saved with 
suffi cient fruit and vegetable consumption [ 37 ]. Recently, it has been reported that 
plasma vitamin C, a biomarker for fruit and vegetable intake, is inversely associated 
with glycated hemoglobin, as well as blood glucose level [ 38 ]. However, the role of 
fruit and vegetable intake, independent of each other, need to be further investi-
gated. In developing countries, dietary habits have progressively changed. In fact, a 
shift from a healthy traditional high-fi bre, low-fat, and low-calorie diet toward 
calorie- dense foods containing refi ned carbohydrates (fructose and sucrose), satu-
rated fats, red meats, and low fi bre has occurred [ 39 ,  40 ]. These changes in dietary 
habits are seen to contribute to increases in obesity, type 2 diabetes mellitus, meta-
bolic syndrome, and cardiac dysfunction [ 41 – 43 ]. 

 Reduced consumption of saturated and  trans -unsaturated fatty acids is generally 
advised for diabetic patients because a negative relationship between palmitic acid 
and insulin sensitivity has been reported [ 44 ]. In contrast to saturated fatty acids, 
polyunsaturated fatty acids have been shown to be inversely related to incidence of 
diabetes [ 45 ]. It should be noted that the incorporation of different fatty acids into 
cell-membrane phospholipids alters the microenvironment of membrane-associated 
proteins such as cation channels, enzymes, and receptors, including the insulin 
receptor, and thus may modify their function [ 46 ,  47 ]. Consumption of low-cost 
unhealthy vegetable oils is not cardioprotective because it increases dietary intake 
of  trans -fatty acids, which are known to modify the balance between free fatty acid 
oxidation and lipogenesis and promote insulin resistance [ 40 ]. 

 During diabetes, because glucose transport and oxidation are defective, cardiac 
energy production is almost exclusively by breakdown of fatty acids that are sup-
plied in excess to the heart [ 48 ]. Overload of fatty acids, in particular saturated fatty 
acids such as palmitic acid, has been suggested to be linked with apoptosis, which 
seems to occur independently of hyperglycemia [ 49 ,  50 ]. Becuase diabetic 
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cardiomyopathy is associated with the occurrence of programmed cell death [ 51 , 
 52 ], which in turn is associated with an impaired heart function [ 14 ], it is likely that 
such diabetes-associated complications in the accumulation of fatty acids may con-
tribute to heart disease. In addition to unhealthy fat intake, there is evidence that 
increased consumption of red meat may increase the risk of type 2 diabetes. In fact, 
a 19 % higher risk of the disease was noted with each serving of processed meat 
consumed per day [ 53 ,  54 ]. In contrast, vegetarian food and a prudent diet allowing 
small amounts of red meat have been found to exert favorable effects on metabolic 
parameters, blood pressure, and reduced risk of type 2 diabetes and cardiovascular 
diseases [ 55 ,  56 ].  

3     Amino Acids and Minerals in Diabetes 

 Amino acids are considered to be essential nutrients for maintaining the physiological 
function of the heart, and inadequate levels of some amino acids under different 
pathophysiological conditions have been associated with cardiac dysfunction [ 5 , 
 57 ]. Three amino acids in particular have been studied. Taurine is the most abun-
dant intracellular sulfur-containing amino acid [ 58 ]. Although it can be synthesized 
from methionine and cysteine in the presence of vitamin B 6  [ 58 ], taurine can be 
obtained from the diet, predominantly through eggs, meat, and seafood. Cysteine 
availability is considered as a major rate-limiting factor for the production of the 
major cellular antioxidant, glutathione. Sources of cysteine in humans are dietary 
protein, endogenous proteolysis, and conversion via methionine. Carnitine and its 
derivatives are natural substances involved in both carbohydrate and lipid metabo-
lism. The main food sources of carnitine are red meat and dairy products as well as 
fi sh and poultry. 

 Defi ciencies of these amino acids are known to occur in diabetes patients. 
In diabetes, intracellular accumulation of sorbitol resulting from the high extracel-
lular levels of glucose leads to the depletion of intracellular taurine levels and is 
associated with the development of diabetic cardiomyopathy [ 59 ]. Experimental 
and clinical studies have reported the benefi cial actions of taurine in both type 1 and 
type 2 diabetes. Indeed, the benefi cial actions of taurine in diabetes have been attrib-
uted to the inhibition of platelet aggregation [ 60 ], improved lipid profi le [ 61 ], atten-
uation of oxidative stress [ 62 ], and reduced myocardial cell death [ 63 ]. Carnitine 
defi ciency is often observed in diabetes [ 64 ,  65 ], and exogenous carnitine has been 
shown to improve cardiac metabolism and function [ 66 ]. The mechanisms of carni-
tine action include an increase in glucose metabolism and lipid-lowering effects 
[ 66 – 68 ], increase in insulin sensitivity [ 69 ], and antioxidant effects [ 70 ] as well as 
reduction of pro-atherogenic lipoprotein A [ 71 ]. Cysteine, as a major rate-limiting 
factor for gluthathione production, has been suggested to play an important role in 
the development of cardiac defects caused by diabetes as well as other diseases 
associated with oxidative stress [ 57 ]. In experimental studies in diabetic rats, cyste-
ine was found to prevent cardiac dysfunction due to diabetes [ 72 ]. It was suggested 
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that the benefi cial effects of cysteine may result from the direct scavenging of free 
radicals or improved antioxidant capacity through glutathione preservation [ 73 ]. 

 With respect to minerals, chromium has been proposed to be an essential trace 
element for the improvement of insulin sensitivity [ 74 ]. Although earlier studies 
have indicated the insulin-sensitizing action of chromium picolinate in experimen-
tal models of type 1 and type 2 diabetes [ 75 ], recent animal studies have revealed 
that a diet with low chromium content has no effect on body composition, glucose 
metabolism, or insulin sensitivity compared with a chromium-suffi cient diet, and 
thus it was suggested that chromium may not be an essential trace element [ 76 ]. 
Although the notion that chromium is an essential element for carbohydrate and 
lipid metabolism that may be questionable [ 77 ], in a recent placebo-controlled 
single- blind prospective study conducted in newly-onset patients with type 2 diabe-
tes, chromium supplementation (9 g brewers yeast, 42 μg chromium) for 3 months 
was found to reduce fasting blood glucose, glycated hemoglobin (HbA1c), total 
cholesterol, triglycerides, and LDL levels. These results suggest that chromium 
exerts benefi cial effects on glycemic control and blood lipid profi le [ 78 ]. Chromium 
 supplementation has also been reported to shorten QTc interval, a pro-arrhythmic 
predictor, in diabetic patients [ 79 ]. Despite these lines of evidence, further work is 
warranted in determining the benefi ts of chromium. 

 Experimental studies have reported that vanadate treatment normalizes both car-
diac function and hyperglycemia [ 80 ]. Indeed, both vanadate (V5+) and vanadyl 
(V4+) forms exhibit antidiabetic activity [ 81 ]. Interestingly, following a withdrawal 
of vanadyl treatment of up to 30 weeks, diabetic animals were reported to remain 
normoglycemic and to have normalized glucose tolerance and improved plasma insu-
lin levels [ 81 ]. In addition, treatment of streptozotocin (STZ)-induced diabetic  animals 
with bis(maltolato)oxovanadium (IV) has been shown to enhance insulin- mediated 
GLUT4 translocation in cardiac tissue and improve cardiac function [ 82 ,  83 ]. 
Improved cardiomyocyte Ca 2+  transients have also been reported in STZ- induced 
diabetic rats treated with vanadate administered in a black tea extract for an 8-week 
period [ 84 ]. Furthermore, T/V treatment resulted in a contractile response that was 
not different from cardiomyocytes of control animals. In a recent phase IIa trial, 
treatment of type 2 diabetic individuals with bis(ethylmaltolato)oxovanadium (IV) 
(20 mg, daily for 28 days) resulted in a reduction in fasting blood glucose and 
HbA1c and improved responses to oral glucose tolerance testing [ 85 ]. Thus, it is 
evident that vanadate may be of benefi t for diabetes and prevention of cardiovascu-
lar complications. 

 Selenium, as an antioxidant, has been considered as part of a strategy to control 
oxidative stress and antagonize cardiovascular complications from diabetes [ 86 , 
 87 ]. Treatment of STZ-induced diabetic rats with sodium selenite has been reported 
to reverse the altered mechanical and electrical activities caused by restoration of 
the diminished K +  currents. In addition, selenium also restored the cell glutathione 
redox cycle [ 88 ]. In another study, sodium selenite (5 μmol/kg body weight) of 
STZ-induced diabetic rats for 4 weeks prevented the loss of myofi brils and reduc-
tion of cardiomyocyte diameter [ 89 ]. Furthermore, in the sodium selenite-treated 
diabetic rat heart, alterations of the discus intercalaris and nucleus were corrected 
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and degeneration in myofi laments and Z-lines was reversed [ 89 ]. Thus, it would 
appear that selenium can protect against diabetes-induced structural alterations of 
the heart. From the evidence provided, selenium may therefore be of value for the 
prevention of cardiovascular complications caused by diabetes.  

4     Herbal Medicine and Diabetes 

 In traditional medicine, antidiabetic effects of certain botanicals have been investigated 
in the diabetic population. Interestingly, metformin, an antidiabetic agent, was 
developed from the herb French lilac ( Galega offi cinalis ) [ 90 ]. Numerous other 
herbs have been suggested to be targeted for antidiabetic drug development. Several 
lines of evidence indicate that ginseng ( Panax  spp.), ivy gourd ( Coccinia indica ), 
garlic ( Allium sativum  and  Allium cepa ), holy basil ( Ocimum sanctum ), fenugreek 
( Trigonella foenum graecum ), prickly pear cactus or nopal ( Opuntia streptacantha ), 
milk thistle ( Silibum marianum ), fi g leaf ( Ficus carica ), gurmar ( Gymnema sylves-
tre ), bitter melon ( Momordica charantia ),  Aloe vera , and  Ginkgo biloba  improve 
glycemic control. Although the mechanisms responsible for hypoglycemic effects 
of these herbs are not completely defi ned, it has been suggested that they may delay 
glucose absorption in the gut ( A. vera , prickly pear cactus), increase glucose uptake/
disposal (fi g leaf, ivy gourd), and glucose-stimulated insulin secretion, or may exert 
two or more of these effects simultaneously [ 91 – 93 ]. 

 In spite of these potential benefi cial effects, antihyperglycemic effi cacy remains 
inconclusive for many of these herbs, which may be the result of the small number 
of clinical trials, small sample size, lack of randomization, absence of blinding, and 
inadequate reporting of dropouts. In addition, the safety of long-term use of herbal 
products as well as possible interactions with concomitant medications remains to 
be fully understood for many of these products, and thus caution must be exercised. 
In fact, recently we have reviewed some of the experimental and clinical evidence 
for hypoglycemic and lipid-lowering effects of different functional foods as well as 
some herbal products as possible adjunctive/alternative therapies for diabetes and 
cardiovascular complications [ 94 ]. Figure  3  summarizes the possible mechanisms 
for the hypoglycemic effects of herbal products and dietary interventions.

5        Diet During Fetal Development and Epigenetic Changes 

 Several studies have shown that the risk of developing diabetes and associated heart 
diseases in adulthood is determined not only by the Western diet, but also by nutri-
tional environment of fetus and infant. In fact, poor growth in utero has been found 
to be associated with increased risk of developing type 2 diabetes and cardiovascu-
lar disease in late-life period [ 95 ,  96 ]. The detrimental effects of poor fetal growth 
on metabolic conditions appear to be amplifi ed, if it is followed by accelerated 
postnatal growth and/or obesity. In this regard, children with low birth weights 
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(≤2.5 kg) who underwent rapid childhood weight gain had the worst glucose toler-
ance and increased risk of cardiovascular disease [ 97 ]. Similarly, the highest death 
rate from coronary heart disease occurred in men who were thin at birth but later 
their body mass index was average or above average from the age of 7-year children 
[ 98 ]. Interestingly, studies with both monozygotic and dizygotic twin pairs who 
were discordant for diabetes have found that the diabetic twin has a lower birth 
weight than the normoglycemic co-twin [ 99 ]; this provides further evidence for a 
link between diabetes and low birth weight. 

 The impact of maternal nutrition on the health of offspring has been intensively 
examined and several mechanisms underlying the fetal origins of adult disease or pro-
gramming have been suggested. One of the proposed mechanisms is related to subop-
timal nutrition, in utero. There is now accumulating evidence that epigenetic regulation 
of transcription is a mechanism for inducing changes in phenotype [ 100 ]. Such epigen-
etic changes are defi ned as reversible changes that occur as a result of heritable changes 
without the involvement of primary DNA sequence alterations. Early nutritional defi -
cits have been shown to modify DNA and histones, proteins that regulate gene activity 
of the developing organism [ 101 ,  102 ]. The main epigenetic modulations caused by 
adverse environment include DNA methylation and histone modifi cations, which have 
been shown to maintain specifi c gene regions in a transcriptionally silent state (Fig.  4 ). 
Such epigenetic marks, which are particularly vulnerable during early stages of embry-
onic development, can persist long after the duration of the initiating factor or condi-
tion [ 103 – 105 ] and thus promote defects in later age.
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  Fig. 3    Putative mechanisms of benefi cial action of herbs for reduced risk of diabetes and associ-
ated cardiovascular complications       
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   The main environmental conditions that adversely infl uence the developing fetus 
include low-protein maternal diets, maternal calorie restriction, and maternal anemia. 
In fact, a maternal low-protein diet has been found to alter the methylation status of 
peroxisome proliferator-activated receptor (PPAR)-α [ 102 ], a transcription factor that 
is involved in the regulation of numerous metabolic processes, including metabolism 
of carbohydrates [ 106 ]. These alterations lead to a large change in PPAR-α expres-
sion [ 102 ]. Other studies in offspring have also shown upregulation of PPAR-α tran-
scripts because of postnatal maternal protein restriction; however, there were no 
signifi cant changes in PPAR-α promoter methylation [ 107 ]. In addition to these 
changes, in offspring of female rats fed a protein-defi cient diet, modifi cations in the 
promoters of angiotensin receptor [ 108 ] and glucocorticoid receptors [ 101 ] have also 
been reported. Since PPAR and glucocorticoid receptors regulate triglyceride and 
glucose metabolism these posttranslational modifi cations are likely to account for the 
development of diabetes and associated cardiovascular disease. In addition, histone 
modifi cations from caloric restriction during the second half of pregnancy have been 
found to reduce GLUT4 expression [ 106 ,  109 ]. As histone modifi cations by demeth-
ylases is dependent on fl avin adenine dinucleotide or α-ketoglutarate [ 110 ], it is very 
likely that this process is also responsive to cellular energy status. Therefore, it seems 
that nutritional status may not only exert specifi c effects, but also exhibit global 
effects on histone modifi cations and DNA methylation. 

 In addition to modifi cations in DNA and histones, upregulation of the gene 
expression as well as protein levels of key components of glucose metabolism and 
insulin signal transduction pathway, such as phosphatidylinositol-3-kinase, insulin 
receptor β-subunit and insulin receptor substrate-1, have been suggested to account, 
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at least in part, for the accelerated energy supply, demand, and utilization in  offspring 
of female rats fed a low-protein (casein) diet. These effects were associated with an 
increase in left ventricular internal diameters and wall thickness [ 96 ], indicating a 
direct relationship between adverse environment during development in utero, dia-
betes, and subsequent myocardial abnormalities. The other suggested mechanisms 
by which maternal protein restriction can lead to type 2 diabetes development later 
in life are oxidative stress and impaired oxidative defenses as evidenced by lipid 
peroxidation as well as the reduced levels of antioxidant enzymes [ 111 ].  

6     Conclusions 

 From the aforementioned discussion as well as extensive literature review by others 
[ 112 – 115 ], it is evident that cardiovascular disease is a major cause of mortality in 
the diabetic population. Furthermore, it is becoming clear that prenatal and postna-
tal dietary practices could promote the development of diabetes and increased risk 
of cardiovascular complications. Inadequate or unhealthy diets can be reversed for 
disease prevention and management. Increased intake of fi bre, fruit, vegetables, and 
a reduced consumption of saturated and  trans -fats as well as carbohydrates are rec-
ommended by dietary guidelines. Although some herbs and herbal products exhibit 
hypoglycemic effects and could serve as adjunct therapies, their safety and effi cacy 
remain to be fully determined. It is also apparent that the health benefi ts of food and 
food products in the prevention of cardiovascular disease have been recognized in 
recent years. The market for “food for health” is being driven by an increasing con-
sumer understanding of the link between diet and disease, aging populations, rising 
healthcare costs, and advances in food technology and nutrition research. Although 
this chapter is not meant to deemphasize pharmacological therapies and the role of 
physical activity, it is our contention that healthy nutrition may attenuate diabetes as 
well as diabetes-induced cardiovascular complications.     
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