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Preface

The prevalence of obesity, metabolic syndrome and diabetes, which we pre-

viously defined as the ‘atherothrombotic chain’, has reached pandemic propor-

tions worldwide. Consequences of diseases related to this atherothrombotic

chain such as hypertension, coronary heart disease, peripheral artery disease and

stroke account for much of the morbidity in these patients. As a result, our civi-

lization is currently at war against the threatening enemy of cardio-diabetes. The

growing understanding of the inter-relationship between diabetes and cardiovas-

cular disease has been reflected by recent guidelines for diabetes and cardiovas-

cular disease to enhance the diagnosis and management of cardio-diabetes.

Indeed, effective cardiovascular prevention in patients with obesity, metabolic

syndrome and diabetes needs a global strategy, based on knowledge of the

importance of different risk factors, both conventional and newly described. In

fact, we are currently witnesses and participants of the emergence of a new sci-

entific discipline – Cardiovascular diabetology.

Several independent physiological processes underlie the clustering that

defines cardio-diabetes, including insulin resistance, central obesity, dyslipi-

demia, impaired glucose tolerance, and hypertension. Diabetic arteriopathy,

which encompasses endothelial dysfunction, inflammation, hypercoagulability,

changes in blood flow, and platelet abnormalities, contributes to the early evo-

lution of these events. Chronic complications of diabetes affecting the cardio-

vascular system are characterized by a dysfunction of the viscoelastic properties

of the arterial vessels and, in particular, of arterial distensibility and compli-

ance. Other nonclassical risk factors such as abnormal oxidized low-density

XI



lipoprotein-cholesterol, adiponectin, interleukins, matrixins and C-reactive pro-

tein levels are highly correlated with cardio-diabetes.

Although therapeutic improvements and public health policies for risk fac-

tor control have brought about a dramatic reduction in cardiovascular mortality

among the general population during the last two decades, this success has not

been extended to diabetic patients. The presence of diabetes mellitus increases

all-cause mortality and, in particular, cardiovascular mortality by 2- to 4-fold.

Furthermore, mortality is dramatically increased in the presence of clinical fea-

tures such as diabetic nephropathy. Although part of this increase can be

explained by interaction with other risk factors and by the clustering of diabetes

with other risk elements of the metabolic syndrome, increased cardiovascular

mortality and morbidity are essentially conferred by the presence of diabetes

per se. Atherosclerotic coronary plaques tend to develop earlier and be more

advanced and more diffuse in diabetic patients. Unfortunately, the reperfusion

strategies have proven less efficacious in those patients. Percutaneous coronary

interventions seem to have a worse outcome in these patients, who are affected

by a high incidence of re-occlusion. Due to the frequent coexistence of silent

ischemia, this diagnosis is often found too late.

Furthermore, a complex of different adverse characteristics of diabetes,

including endothelial dysfunction and a prothrombotic state, augments the

probability of plaque instability and occlusion. Diabetes renders patients espe-

cially prone to heart failure, resulting from both diffuse coronary heart disease

and direct microvascular and myocardial damage. Heart failure is the main

cause of death during acute myocardial infarction, the global risk of failure

being almost three times higher in the presence of diabetes. The risk of devel-

oping significant coronary artery disease is also high in diabetic patients

because of the increased frequency of dyslipidemia, which is linked to central

obesity and insulin resistance.

The complex and intimate relationship between cardiovascular disease and

diabetes is discussed in the following chapters of Cardiovascular Diabetology:
Clinical, Metabolic and Inflammatory Facets in a ‘crescendo style’ – from basic

science to clinical and therapeutic concerns. Beginning with molecular, bio-

chemical, inflammatory and cellular aspects, the book continues with histolog-

ical and pathophysiologic issues, details particular problems in specific

metabolic and clinical settings, and finally analyzes several aspects of clinical

pharmacology. The book is made up of nine chapters. In the first, Aronson

delineates the biochemical mechanisms by which hyperglycemia induces a

large number of alterations in vascular tissue that potentially promote acceler-

ated atherosclerosis. Next, Esper and coworkers clarify how the endothelium is

the favorite common target of diabetes and other risk factors, showing that its

functional impairment in response to injury occurs long before the development of
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visible atherosclerosis. Subsequently, Fisman’s group describes the main fea-

tures of interleukins and matrixins, features that suggest a common inflamma-

tory basis for both diabetes and coronary disease. Cernes and coworkers discuss

the factors influencing the viscoelastic properties of the arterial wall, Grossman

and Messerli analyze the several epidemiological and clinical aspects linking

diabetes and hypertension, Tanne analyzes impaired glucose metabolism as a

predictor of cerebrovascular disease, and Feinberg’s group discuss the impact of

metabolic syndrome in patients with acute coronary syndrome. The last two

chapters are dedicated to therapeutic issues. Tenenbaum and coworkers talk

about the optimal management of combined dyslipidemia, detailing both the

classical and modern therapeutic options, and Fisman and coworkers describe

the current problems and future prospects of non-insulin antidiabetic therapy in

cardiac diabetic patients.

We would like to pay tribute and express our appreciation to the distin-

guished and internationally renowned co-authors of this book for their out-

standing contribution. Despite their many commitments and busy time

schedules, these colleagues in Israel, Argentina and the United States enthusias-

tically stated their acquiescence to cooperate. This book could not have become

a reality were it not for their dedicated efforts.

Enrique Z. Fisman
Alexander Tenenbaum
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Hyperglycemia and the Pathobiology of
Diabetic Complications

Doron Aronson

Department of Cardiology, Rambam Medical Center, Haifa, Israel

Abstract
Both type I and type II diabetes are powerful and independent risk factors for coronary

artery disease (CAD), stroke, and peripheral arterial disease. Atherosclerosis accounts for

virtually 80% of all deaths among diabetic patients. Prolonged exposure to hyperglycemia is

now recognized as a major factor in the pathogenesis of diabetic complications, including

atherosclerosis. Hyperglycemia induces a large number of alterations at the cellular level of

vascular tissue that potentially accelerates the atherosclerotic process. Animal and human

studies have elucidated several major mechanisms that encompass most of the pathological

alterations observed in the diabetic vasculture. These include: (1) Nonenzymatic glycosyla-

tion of proteins and lipids which can interfere with their normal function by disrupting mol-

ecular conformation, alter enzymatic activity, reduce degradative capacity, and interfere with

receptor recognition. In addition, glycosylated proteins interact with a specific receptor pre-

sent on all cells relevant to the atherosclerotic process, including monocyte-derived

macrophages, endothelial cells, and smooth muscle cells. The interaction of glycosylated

proteins with their receptor results in the induction of oxidative stress and proinflammatory

responses. (2) Protein kinase C (PKC) activation with subsequent alteration in growth factor

expression. (3) Shunting of excess intracellular glucose into the hexosamine pathway leads to

O-linked glycosylation of various enzymes with perturbations in normal enzyme function.

(4) Hyperglycemia increases oxidative stress through several pathways. A major mechanism

appears to be the overproduction of the superoxide anion (O2
�) by the mitochondrial electron

transport chain. (5) Hyperglycemia promotes inflammation through the induction of cytokine

secretion by several cell types including monocytes and adipocytes. 

Importantly, there appears to be a tight pathogenic link between hyperglycemia-

induced oxidant stress and other hyperglycemia-dependent mechanisms of vascular damage

described above, namely AGEs formation, PKC activation, and increased flux through the

hexosamine pathway. For example, hyperglycemia-induced oxidative stress promotes both

the formation of advanced glycosylation end products and PKC activation.

Copyright © 2008 S. Karger AG, Basel
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Prolonged exposure to hyperglycemia is now recognized as the primary

casual factor in the pathogenesis of diabetic complications [1, 2]. Hyperglycemia

induces a large number of alterations in vascular tissue that potentially promote

accelerated atherosclerosis. Several major mechanisms have emerged that

encompass most of the pathological alterations observed in the vasculature of dia-

betic animals and humans: (1) nonenzymatic glycosylation of proteins and lipids,

(2) protein kinase C (PKC) activation, (3) increased flux through the hexosamine

pathway, (4) increased oxidative stress, and (5) inflammation.

Advanced Glycosylation End Products

The effects of hyperglycemia are often irreversible and lead to progressive

cell dysfunction [3]. For example, in diabetic patients with functioning pancreatic

transplants renal pathology continues to progress for at least 5 years after dia-

betes has been cured [3]. The mechanism for these observations is unclear, but

suggests that cellular perturbations may persist despite the return of normo-

glycemia (the so-called memory effect) [4]. Thus, persistent rather than tran-

sient, acute metabolic changes are of pivotal importance in the pathogenesis of

diabetic complications.

One of the important mechanisms responsible for the accelerated athero-

sclerosis in diabetes is the nonenzymatic reaction between glucose and proteins

or lipoproteins in arterial walls, collectively known as Maillard, or browning

reaction [5] (fig. 1). Glucose forms chemically reversible early glycosylation

products with reactive amino groups of proteins (Schiff bases). Formation of

the Schiff base from glucose and amine is relatively fast and highly reversible

[5] and represents an equilibrium reaction in which the amount of Schiff base

formed is dictated by glucose concentration. When glucose is removed or low-

ered, the unstable Schiff base reverses within minutes.

Over a period of days, the unstable Schiff base subsequently rearranges to

form the more stable Amadori-type early glycosylation products. Formation of

Amadori product from the Schiff base is slower but much faster than the reverse

reaction, and therefore tends to accumulate on proteins. Equilibrium levels of

Amadori products are reached in weeks (fig. 1). As with the formation of the

Schiff base, the amount of Amadori product formed is related to the glucose

concentration [5]. The best-known Amadori product is hemoglobin A1C, which

is an adduct of glucose with the N-terminal valine amino group of the �-chain

of hemoglobin. Thus, measurement of hemoglobin A1C allows assessment of

the degree of glucose control integrated over several weeks.

Proteins bearing Amadori products are referred to as glycated proteins

(distinguishing them from enzymatically glycosylated proteins), while the
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process of Amadori product formation is called glycation [5]. Some of the early

glycosylation products on long-lived proteins (e.g. vessel wall collagen) con-

tinue to undergo complex series of chemical rearrangements in vivo to form

complex compounds and cross-links known as advanced glycosylation end

products (AGEs) [5, 6] (fig. 1). An important distinction of AGEs compared

with the Amadori products is that once formed, AGE-protein adducts are stable

and virtually irreversible. The degree of nonenzymatic glycation is determined

mainly by the glucose concentration and time of exposure. Therefore, AGEs

accumulate continuously on long-lived vessel wall proteins with aging and at an

accelerated rate in diabetes [7]. However, another critical factor to the forma-

tion of AGEs is the tissue microenvironment redox potential. Thus, situations in

which the local redox potential has been shifted to favor oxidant stress, AGEs

formation increases substantially [8, 9].

AGEs accumulate in the vessel wall, where they may perturb cell structure

and function and accelerate the atherosclerotic process. Glycosylation of pro-

teins and lipoproteins can interfere with their normal function by disrupting

molecular conformation, alter enzymatic activity, reduce degradative capacity,

and interfere with receptor recognition. AGEs can modify the extracellular

matrix, modify the action of hormones, cytokines and free radicals, and alter the

 
H CH2

CH2

CH2
   

H—C—H C�O C�O

  
�


(CHOH)4 

C�O

� (CHOH)4 (CHOH)3 C�O
   
CH2OH


HOCH2— CH



Glucose Protein Schiff base Cross-linked AGEAmadori product
(e.g. HbA1C)

NH2—R1

�NH2—R1

NH2—R2

NH2—R2

NH—R1 NH—R1

Hours Days Weeks-months

CH2OH CH2OH

Fig. 1. Formation of advanced glycosylation end-products. The process can be inhib-

ited by aminoguanidine, which reacts with Amadori products and prevents the development

of more advanced products. AGE cross-link breakers bind to a fully formed AGE and create

a ring prone to a sequence of spontaneous break. The result is a severing of AGE cross

bridges between collagen and other macromolecules (see text for details).



Aronson 4

function of intracellular proteins [6]. These changes in the normal physiology

of the vessel wall are relevant to atherogenesis and may promote atherosclerosis

in diabetic individuals.

On of the most important consequences of AGEs formation is their ability

to cross-link adjacent proteins. Collagen can become cross-linked because

AGEs form covalent heat-stable intermolecular bonds [10]. The amount of

cross-linked collagen peptides formed increase as a function of both time and

glucose concentration [11]. In contrast to normal cross-links within normal col-

lagen, which occur only at two discrete sites at the N-terminal and C-terminal

ends of the molecule, AGEs form cross-links throughout the collagen molecule

[7]. Recent studies have demonstrated that collagen cross-linking plays an

important role in changing the mechanical properties of tissues, leading to the

increased vascular rigidity and the reduced left ventricular compliance in

diabetic patients. Collagen cross-linking plays a major role in the pathogenesis

of isolated systolic hypertension and diastolic heart failure [12, 13].

Interruption of AGE formation has been shown to ameliorate microvascu-

lar and macrovascular complications of diabetes. Aminoguanidine (an analogue

of the side chain of arginine), a small nucleophilic compound, is a potent

inhibitor of AGEs formation and protein-to-protein cross-linking [10]. The ter-

minal amino group of the compound reacts with glucose-derived reactive 

�-carbonyl intermediates at the post-Amadori stage (fig. 1). Aminoguanidine

has been proven effective in inhibiting AGE formation in vivo in a variety of

animal models and clinical studies [5]. However, aminoguanidine is also a NOS

inhibitor, which may offset some of its benefits as an AGE inhibitor [6].

Vasan et al. [14] developed a new class of anti-AGE agents that contained

a thiazolium structure, which could break �-carbonyl compounds by cleaving

the carbon-carbon bond between the carbonyls. The thiazolium agent 

3-phenacylthiazolium bromide (PTB) was found to cleave a major proportion

of AGE cross-links formed under physiologic conditions. Subsequently, a more

stable and more active derivative, 4,5-dimethyl-3-phenacylthiazolium chloride

(Alagebrium) was developed for preclinical studies [5]. This agent has been

shown to ameliorate arterial stiffness and diastolic dysfunction in both animal

and human studies [12, 13].

The AGE Receptor Mediates Oxidative Stress and Inflammation
The pathophysiological significance of AGEs stems not only from their

ability to modify the functional properties of proteins, but also to their ability to

interact with AGE binding proteins or AGE receptors, through which AGEs

elicit several biological phenomena. The cellular interactions of AGEs are

mediated through a specific receptor for AGE determinants on cell surfaces [8].

The presence of the AGE receptor (RAGE), a member of the immunoglobulin
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superfamily of receptors [15], has been demonstrated in all cells relevant to the

atherosclerotic process including monocyte-derived macrophages, endothelial

cells, and smooth muscle cells [8, 15].

In mature animals, RAGE expression on these cells is low. However, under

certain pathological circumstances, sustained upregulation of RAGE occurs. In

pathological lesions, abundance of RAGE expressing cells is usually associated

with sites of accumulated RAGE ligands. In diabetic vasculature, cells expressing

high levels of RAGE are often proximal to areas in which AGEs are abundant [8].

AGE interaction with RAGE on endothelial cells results in the induction of

oxidative stress and consequently of the transcription factor NF-�B [16] and

increases the expression of adhesion molecules including VCAM–1, ICAM–1,

and E-selectin [17]. In addition, engagement of AGEs with their specific receptors

results in reduced endothelial barrier function, with increased permeability of

endothelial cell monolayers [18]. Thus, the interaction of AGEs with RAGE-bearing

endothelial cells can promote initiating events in atherogenesis such as increased

lipid entry into the subendothelium and adhesive interactions of monocytes with

the endothelial surface with subsequent transendothelial migration.

Binding of soluble AGEs to RAGE-bearing monocytes induces chemo-

taxis [19], followed by mononuclear infiltration through an intact endothelial

monolayer [20]. Monocyte-macrophage interaction with AGEs results also in

the production of mediators such as interleukin-1, tumor necrosis factor-�,

platelet-derived growth factor, and insulin growth factor-I [20], which have a

pivotal role in the pathogenesis of atherosclerosis [21]. Thus, under conditions

of enhanced tissue AGE deposition, receptor-mediated interaction of AGE-

proteins with vascular wall cells facilitates the migration of inflammatory cells

into the lesion with the subsequent release of growth-promoting cytokines.

Schmidt et al. [8, 15] proposed the following two-hit model for RAGE–

mediated perturbations in diabetic vasculature. In the setting of hyperglycemia,

formation and deposition of AGEs in tissues and vasculature is accelerated. The

presence of AGEs (RAGE ligands) in the vasculture results in a basal state of

increased RAGE expression and activation (first hit). The superimposition of

another stimulus, such as deposition of oxidized lipoproteins or inflammation,

results in an exaggerated, chronic inflammation and promotes accelerated athero-

sclerosis (second hit). In contrast to other inflammatory processes, in which a

negative feedback loop terminates cellular activation, RAGE activation appears to

result in a smoldering degree of cellular stimulation [8, 15].

The potential role of RAGE in the atherogenic process in diabetes has been

demonstrated by Park et al. [22]. In the model of atherosclerosis-prone mice

due to homozygous deletion of apolipoprotein E (apoE) gene, the induction of

diabetes using streptozotocin resulted in atherosclerosis of increased severity

compared to euglycemic apoE controls. The development of vascular disease
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was more rapid with the formation of more complex lesions (fibrous caps,

extensive monocyte infiltration, etc.) and atherosclerosis extending distally in

the aorta and major arteries. Increased expression of RAGE and the presence of

AGEs in the vessel wall, especially at sites of vascular lesions were also evi-

dent. Blockade of AGE-RAGE interaction using a truncated soluble extracellu-

lar domain of RAGE resulted in a striking suppression of lesions in diabetic

mice, with lesions largely arrested at the fatty streak stage and a large reduction

in complex lesions. These effects were independent of glucose and lipid levels

[22]. Activation of RAGE-dependent mechanisms contributes not only to

lesion formation but also to lesion progression in the same mouse model of

atherosclerosis. When established atherosclerosis is already present, RAGE

blockade halts the progression of vascular inflammation [23].

RAGE is not the only receptor for AGE–modified proteins that is relevant

to atherosclerosis. The macrophage scavenger receptor class A recognizes

AGEs and mediates endocytic uptake of AGE baring proteins by macrophages.

Although this action does not involve transduction of cellular signals after

engagement by AGEs, these receptors may cause clearance and possible detox-

ification of AGEs [6].

Similarly, CD36, a member of the class B scavenger receptor family, also

recognizes and endocytoses AGE proteins [6, 24]. CD36 is not involved in the

clearance of AGEs, but induces oxidative stress in the cell [6]. The fact that

foam cells in the early phase of atherosclerosis are driven from monocyte/

macrophages, in which these scavenger receptors are highly expressed (serving

as major oxidized LDL receptors), raises the possibility that scavenger recep-

tors are also involved in AGE-mediated diabetic macrovascular complications.

Protein Kinase C Activation

The metabolic consequences of hyperglycemia can be expressed in cells in

which glucose transport is largely independent of insulin. The resulting intra-

cellular hyperglycemia has been implicated in the pathogenesis of diabetic

complications through the activation of the protein kinase C (PKC) system [25]

(fig. 2).

High ambient glucose concentrations activate PKC by increasing the for-

mation of diacylglycerol (DAG), the major endogenous cellular co-factor for

PKC activation, from glycolytic intermediates such as dihydroxy-acetone phos-

phate and glyceraldehyde-3-phosphate. The elevation of DAG and subsequent

activation of PKC in the vasculature can be maintained chronically [25].

PKC is a family of at least 12 isoforms of serine and threonine kinases.

Although several PKC isoforms are expressed in vascular tissue, in the rat
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model of diabetes there is a preferential activation of PKC-�2 in the aorta, heart,

and retina, and PKC-�1 in the glomeruli [25].

The PKC system is ubiquitously distributed in cells and is involved in the

transcription of several growth factors, and in signal transduction in response to

growth factors [26] as well as nitric oxide [27] and endothelin production [28].

In vascular smooth muscle cells, PKC activation has been shown to modulate

growth rate, DNA synthesis, and growth factor receptor turnover [25]. For exam-

ple, hyperglycemia-induced PKC activation also results in increased platelet

derived growth factor-� receptor expression on smooth muscle cells and other

vascular wall cells (e.g. endothelial cells, monocyte-macrophages) [29].

PKC activation increases the expression of transforming growth factor-�
(TGF-�), which is one of the most important growth factor regulating extracel-

lular matrix production by activating gene expression of proteoglycans and col-

lagen and decreasing the synthesis of proteolytic enzymes that degrade matrix

proteins. Increased expression of TGF-� is thought to lead to thickening of cap-

illary basement membrane – one of the early structural abnormalities observed

in almost all tissues in diabetes. PKC � selective inhibitor (LY333531) attenu-

ates glomerular expression of TGF-� and ECM proteins such as fibronectin and

type IV collagen [26].

PKC activation also appears to be involved in the increased permeability of

endothelial cells in diabetes [30], and contributes to endothelial dysfunction by

increasing oxidative stress and decreasing NO bioavailability [4, 31].

Hyperglycemia

↑DAG

↑ET-1 ↑VEGF ↑PAI-1 ↑NF-�B

↑ROS
↓Fibrinolysis

↑NAD(P)H oxidases↑TGF-�
↓

↑Collagen
↑Fibronectin

↓eNOS

Blood-flow
abnormalities

Vascular
permeability
angiogenesis

Capillary
occlusion

Vascular
occlusion

Pro-inflammatory
gene expression

Multiple
effects

↑PKC
(�- and �-isoforms)

Fig. 2. Consequences of hyperglycemia-induced activation of protein kinase C.

Reproduced from Brownlee [38], with permission.
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The Hexosamine Pathway

Shunting of excess intracellular glucose into the hexosamine pathway may

contribute to diabetic macrovascular disease. In this pathway, fructose-6-phos-

phate derived from glycolysis provides substrate to reactions that require UDP-

N-acetylglucosamine, such as proteoglycan synthesis and the formation of

O-linked glycoproteins [4, 32] (fig. 3).

O-glycosylation typically involves the addition of a single sugar, usually

N-acetylglucosamine (abbreviated GlcNAc) to the protein’s serine and threonine

residues. Serine/threonine phosphorylation is a critical step in the regulation of

Glycolytic pathway

Glucose Glucose Gluc-6-P Fruc-6-P

Glucosamine-6-P

OGT

UDPGlcNAc

GFAT

PA-1

Nucleus

mRNA

–O-G
lcNAc

–PO 4
2�

TGF-�1

Gln

AZA�

or AS-GFAT Glu

Fig. 3. The hexosamine pathway. The glycolytic intermediate fructose-6-phosphate

(Fruc-6-P) is converted to glucosamine-6-phosphate by the enzyme glutamine:fructose-6-

phosphate amidotransferase (GFAT). Intracellular glycosylation by the addition of N-acetyl-

glucosamine (GlcNAc) to serine and threonine is catalyzed by the enzyme O-GlcNAc

transferase (OGT). Increased donation of GlcNAc moieties to serine and threonine residues

of transcription factors such as Sp1, often at phosphorylation sites, increases the production

of factors as PAI-1 and TGF-1. AZA � Azaserine; AS-GFAT � antisense to GFAT.

Reproduced with permission from Brownlee [4].
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various enzymes, raising the possibility that O-glycosylation might result in

perturbations in normal enzyme function.

Many transcription factors and other nuclear and cytoplasmic proteins are

dynamically modified by O-linked GlcNAc, and show reciprocal modification

by phosphorylation [4, 33] (fig. 3). For example, hyperglycemia increases

eNOS-associated O-GlcANc, resulting in a parallel decrease in eNOS serine

phosphorylation (which results in enzyme activation) and therefore a decrease

in eNOS activity [34]. This pathway is also involved in hyperglycemia-induced

increase in the transcription of TGF-� and PAI-1. Inhibition of GFAT, the rate-

limiting enzyme in the conversion of glucose to glucosamine (fig. 3), blocks the

increase of TGF-� [32] and PAI-1 [35] transcription.

Oxidative Stress

Oxidative stress is widely invoked as a pathogenic mechanism for athero-

sclerosis. Oxidative damage to arterial wall proteins occurs even with short-

term exposure to hyperglycemia in the diabetic range [36]. Among the sequelae

of hyperglycemia, oxidative stress has been suggested as a potential mechanism

for accelerated atherosclerosis [9, 37]. Importantly, there appears to be a tight

pathogenic link between hyperglycemia-induced oxidant stress and other hyper-

glycemia-dependent mechanisms of vascular damage described above, namely

AGEs formation, PKC activation, and increased flux through the hexosamine

pathway (fig. 4).

Hyperglycemia can increase oxidative stress through several pathways. A

major mechanism appears to be the overproduction of the superoxide anion

(O2
�) by the mitochondrial electron transport chain [9]. Physiological genera-

tion of O2 species (particularly the superoxide radical) occurs during normal

electron shuttling by cytochromes within the electron transport chain.

Hyperglycemia leads to an increased production of electron donors (NADH and

FADH2) by the tricarboxylic cycle. This generates a high mitochondrial mem-

brane potential by pumping protons across the mitochondrial inner membrane.

As a result, the voltage gradient across the mitochondrial membrane increases

until a critical threshold is reached, and electron transport inside complex III is

blocked. This increases the half-life of free radical intermediates of coenzyme

Q (ubiquinone), which reduces O2 to superoxide, and markedly increases the

production of superoxide [4, 9, 35, 38].

An additional mechanism involves the transition metalcatalyzed autoxida-

tion of protein-bound Amadori products, which yields superoxide and hydroxyl

radicals and highly reactive dicarbonyl compounds [37]. During Amadori

reorganization, these highly reactive intermediate carbonyl groups, known as 
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�-carbonyls, products which include 3-deoxyglucosone and methylglyoxal,

accumulate and lead to ‘carbonyl stress’ [6, 37].

Some of the individual advanced glycosylation products such as N�-(car-

boxymethyl)lysine (CML) and pentosidine are formed in reactions of protein

with glucose only under oxidative conditions [39]. Thus, some AGEs are pro-

duced by combined processes of glycation and oxidation and have been termed

glycoxidation products. Each AGE structure has its own formation mechanism

and thus its own dependence on oxidative stress. However, since glycoxidation

products on proteins are irreversible, it has been suggested that they may be an

integrative biomarker for the accumulated oxidative stress the respective tissue

[O2]

Hexosamine
pathway

↑AGEs ↑PKC

↑ROS
[O2]*

AGE ligand

RAGE

↑Glucose

↑Glycolysis

Glucose
autoxidation

↑Oxidant
generation

↓Antioxidant
activity

↑O2
�

Endothelial cell

Mitochondrion

Tissue damage
endothelial dysfunction

↑NF-�B

Fig. 4. Relationship between rates of oxidant generation, antioxidant activity, oxidative

stress, and oxidative damage in diabetes. [O2]* represents various forms of reactive oxygen

species (ROS). The overall rate of formation of oxidative products leading to oxidative tissue

damage is dependent on ambient levels of both [O2]* and substrate. Increased generation of

[O2]* depends on several sources including glucose autoxidation, increased mitochondrial

superoxide production, and as a result of the receptor for advanced glycosylation end prod-

ucts activation. [O2]* deactivation is reduced because antioxidant defenses are compromised

in diabetes. Note that oxidative stress also promotes other hyperglycemia-induced mecha-

nisms of tissue damage. Oxidative stress activates protein kinase C (PKC) and accelerates

the formation of advanced glycosylation end products (AGEs).
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has been exposed to [37]. Indeed, there are strong correlations between levels of

glycoxidation products in skin collagen and the severity of diabetic retinal,

renal, and vascular disease [40].

Another potential mechanism contributing to oxidative stress involves the

transition metal-catalyzed autoxidation of free glucose, as described in cell-free

systems. Through this mechanism, glucose itself initiates an autoxidative reac-

tion and free radical production yielding superoxide anion (O2
�) and hydrogen

peroxide (H2O2) [41]. This reaction is often catalyzed by transition metals, but

even with the catalyst, the reaction is very slow.

Finally, as previously discussed, the interaction between AGE epitopes and

the cell-surface AGE receptor upregulates oxidative stress response genes [16] and

release oxygen radicals [42]. Thus, hyperglycemia simultaneously enhances both

AGEs formation and oxidative stress, and the interaction between glycation and

oxidation chemistry can augment each of these processes. Furthermore, oxidative

stress generated in the setting of hyperglycemia can lead to the activation of DAG-

PKC in vascular tissue [9, 43].

Importantly, all mechanisms of hyperglycemia-induced cellular dysfunc-

tion appear to be interrelated and augmented by increased oxidative stress [9]

(fig. 4). Nishikawa et al. [9] have shown that hyperglycemia-induced overpro-

duction of mitochondrial superoxide promotes the formation of advanced gly-

cosylation end products, PKC activation, and hexosamine pathway activity.

Inhibition of superoxide production by overexpression of manganese dismutase

(which rapidly converts superoxide to H2O2) or of uncoupling protein-1 (which

collapses the proton electromechanical gradients) prevents hyperglycemia-

induced superoxide overproduction. Concomitantly, increased intracellular

AGE formation, PKC activation, and increased hexosamine formation are

prevented [4, 9].

Thus, several seemingly unrelated hyperglycemia-dependent mechanisms

that contribute to the vascular complications of diabetes might arise from a sin-

gle hyperglycemias-induced process: the overproduction of the free radical

molecule superoxide.

There is also abundant evidence supporting the importance of reactive

oxygen species in inducing and maintaining endothelial cell dysfunction in dia-

betes. Endothelial cell overproduction of superoxide [4, 9, 38], reduces NO

bioactivity because superoxide reacts rapidly with NO, producing the oxidative

peroxynitrite radical. In addition to NO scavenging, superoxide overproduction

may alter the activity and regulation of eNOS through activation of the hex-

osamine pathway, leading to reduced eNOS activity [34, 44] (fig. 5).

Diabetes-related oxidative stress also induces DNA single-strand breakage

leading to the activation of the nuclear enzyme poly(ADP-ribose) polymerase

(PARP). The result of this process is rapid depletion of endothelial energy
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sources, including NADPH. Because eNOS is an NADPH-dependent enzyme,

it activity is suppressed [45, 46]. A PARP inhibitor can maintain normal vascu-

lar responsiveness, despite the persistence of severe hyperglycemia [46].

Diabetes and Inflammation

Chronic, low-level inflammation is an important factor in the initiation and

progression of atherosclerosis. Markers of inflammation such as high-sensitivity

C-reactive protein (CRP) – a sensitive marker for systemic inflammation – can

identify individuals at high risk of developing coronary events.

Increased levels of markers of inflammation such as CRP and interleukin-6

have been documented in both type 1 [47] and type 2 diabetes [48, 49]. Obesity

AGE-receptors

Soluble AGEs

↑ NF-�B

↑ Oxidative
stress

Vasoconstriction ↑ PAI-1, ↑ TF

↑ Surface procoagulant
activity

↑O2
�

↑ PARP 

↓ eNOS activity

↓ NADPH

↓ NO

↑ VCAM-1, ICAM-1
E-selectin 

Monocyte
adhesion

↑ Glucose

Glucose-6-P

↑ Hexosamine
pathway

Mitochondrion

Fig. 5. Mechanisms contributing to increased oxidative stress and endothelial dysfunc-

tion in diabetes. Diabetes leads to reduced NO bioavelability and NF-�B activation, resulting

in perturbations in vascular tone, increased procoagulant activity and increased expression of

adhesion molecules on endothelial cells. TF � Tissue factor; ICAM � intracellular adhesion

molecule; PARP � poly(ADP-ribose) polymerase; VCAM � vascular cell adhesion mole-

cule; TF � tissue factor.
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which is commonly present in patients with type 2 diabetes is associated with a

proinflammatory state [50]. Another important modulator of inflammation in

patients with diabetes is hyperglycemia, which promotes inflammation via

AGEs formation (see ‘The AGE receptor mediates oxidative stress and inflam-

mation’), but can also induce cytokine secretion by several cell types is hyper-

glycemia [51]. In monocytes, chronic hyperglycemia causes a dramatic increase

in the release of cytokines [52]. Furthermore, recent studies have shown that

hyperglycemia, but not hyperinsulinemia, leads to the induction and secretion

of acute phase reactants by adipocytes by promoting intracellular oxidative

stress [53]. Thus, hyperglycemia might amplify inflammation and promote ath-

erosclerosis and plaque vulnerability.

Insulin-sensitizing interventions such as thiazolidinedions reduced CRP in

patients with diabetes [54]. However, the effect of antihyperglycemic therapy

on the level of inflammatory markers is more complex. In the DCCT trial of

patients with type 1 diabetes, there was a significant reduction of sICAM-1 but

no overall treatment effect of intensive insulin regimen on CRP level.

Furthermore, there was a significant rise in CRP levels among intensively

treated patients who gained the most weight [55]. Thus, given the robust proin-

flammatory effect of obesity [50], weight gain may mitigate the beneficial

effect of intensive insulin therapy on inflammation.
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Abstract
The endothelium is the common target of all cardiovascular risk factors, and functional

impairment of the vascular endothelium in response to injury occurs long before the develop-

ment of visible atherosclerosis. 

The endothelial cell behaves as a receptor-effector structure which senses different phys-

ical or chemical stimuli that occur inside the vessel and, therefore, modifies the vessel shape or

releases the necessary products to counteract the effect of the stimulus and maintain homeosta-

sis. The endothelium is capable of producing a large variety of different molecules which act as

agonists and antagonists, therefore balancing their effects in opposite directions. When

endothelial cells lose their ability to maintain this delicate balance, the conditions are given for

the endothelium to be invaded by lipids and leukocytes (monocytes and T lymphocytes). The

inflammatory response is incited and fatty streaks appear, the first step in the formation of the

atheromatous plaque. If the situation persists, fatty streaks progress and the resultant plaques

are exposed to rupture and set the conditions for thrombogenesis and vascular occlusion. 

Oxidant products are produced as a consequence of normal aerobic metabolism. These

molecules are highly reactive with other biological molecules and are referred as reactive oxy-

gen species (ROS). Under normal physiological conditions, ROS production is balanced by an

efficient system of antioxidants, molecules that are capable of neutralizing them and thereby

preventing oxidant damage. In pathological states, ROS may be present in relative excess. This

shift of balance in favor of oxidation, termed ‘oxidative stress’, may have detrimental effects on

cellular and tissue function, and cardiovascular risk factors generate oxidative stress. 

Both type 1 (insulin-dependent) and type 2 (non-insulin-dependent) diabetic patients

have mostly been described under enhanced oxidative stress, and both conditions are known to

be powerful and independent risk factors for coronary heart disease, stroke, and peripheral arte-

rial disease. Hyperglycemia causes glycosylation of proteins and phospholipids, thus increas-

ing intracellular oxidative stress. Nonenzymatic reactive products, glucose-derived Schiff base,

and Amadori products form chemically reversible early glycosylation products which subse-

quently rearrange to form more stable products, some of them long-lived proteins (collagen)

which continue undergoing complex series of chemical rearrangements to form advanced gly-

cosylation end products (AGEs). Once formed, AGEs are stable and virtually irreversible.

AGEs generate ROS with consequent increased vessel oxidative damage and atherogenesis. 
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The impressive correlation between coronary artery disease and alterations in glucose

metabolism has raised the hypothesis that atherosclerosis and diabetes may share common

antecedents. Large-vessel atherosclerosis can precede the development of diabetes, suggest-

ing that rather than atherosclerosis being a complication of diabetes, both conditions may

share genetic and environmental antecedents, a ‘common soil’.

Copyright © 2008 S. Karger AG, Basel

Ever since the endothelium was discovered by microscopic examination, it

has been considered to be a lining that acted as a barrier stopping intravascular

coagulation. Nevertheless, in the last decades, the recognition of its multiple

functions has shown it to be a true regulator of blood flow and tissue homeosta-

sis [1]. The endothelium is the favorite common target of all risk factors, and

functional impairment of the vascular endothelium in response to injury occurs

long before the development of visible atherosclerosis.

Diabetes mellitus (DM) increases coronary heart disease (CHD) mortality

in men and more so in women, abolishing the sex difference between them.

Established CHD risk factors do not account fully for the increased CHD or for

the loss of sex differences in risk, and interest has been focused on the potential

role of endothelium in DM.

Anatomic and Functional Properties of the Endothelial Cell

Basically, the endothelial cell has the same characteristics as all the cells of

the human body; cytoplasm and organelles surrounding a nucleus and con-

tained by the cellular membrane. The cell membrane is made of a double layer

of phospholipids separated by water compartments and crossed by complex

proteins that work as receptors or ion channels. Various contractile proteins

cross the cytoplasm: actin, myosin, tropomyosin, �-actin and others, that allow

motor activities [2]. Some are organized as structures like the cortical web, the

junction-associated actin filament system related to the intercellular unions,

and the striated myofibril-like filament bundles or stress fibers (fig. 1).

The cortical web surrounds the internal surface of the sarcolema and is

responsible for the cell’s shape and elasticity. It is sensitive to changes of intravas-

cular tension and increases its stiffness with increases of intravascular pressure. It

also anchors different membrane proteins, among them annexin, which regulates

endo- and exocytosis, the E-selectins and cadherin, related to the adhesiveness of

leukocytes and platelets. The adherence of these elements and their passage

through the endothelial cell depends on the integrity of the cortical membrane.

The junction-associated actin filament system, known as the FAU system, is

found in the intercellular space and its contraction and relaxation controls the
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dimension of the intercellular space. In this way, it regulates the passage of solutes

and macromolecules between the blood and the subendothelial space. It is acti-

vated by Ca2� concentrations, intracellular second messengers and the common

factor of the external function of cells with intermittent or cyclic activities, the

energy being provided by adenosine triphosphate (ATP). Pro-inflammatory

cytokines, reactive oxygen species, thrombin, platelet-activating factor, an increase

of Ca2� concentration in ischemic conditions, ATP exhaustion and toxic sub-

stances, alter the functions of the junction-associated actin filament system allow-

ing opening of the intercellular space and altering the endothelial permeability.

The FAU system is closely related to the intercellular adhesion molecules, espe-

cially with VE-cadherin, maintaining a balance between adhesive and contractile

forces. Both cyclic adenosine monophosphate (cAMP), originated through the

adenylate-cyclase, and the cyclic guanine mono-phosphate (cGMP), generated by

a Ca2�-nitric oxide guanylate-cyclase dependent pathway, are second messengers

that stabilize the FAU system and counteract the induction of intercellular separa-

tion, which is done through a Ca2�-dependent calmodulin. Nitrates behave the

same way. Protein-kinase C (PKC) activation has the opposite effect (fig. 2).

Intermediate filaments:
vimentin and
occasionally others

Junction-associated
actin filament system
(JAF): actin, myosin
and others

Stress fiber (basal):
actin and myosin-
containing contractile
fibrils

Basal lamina

Focal contact (FC):
integrins, talin,
vinculin, �-actinin
and others

Para-
cellular

Transcellular

Stress fiber
(luminal)

Cortical web (CW):
actin, spectrin and others

Microtubule organizing
center (MTOC)

Microtubule

Water,
macro-
molecules,
solutes

Certain
proteins

Water

Ions,
some
organic
solutes

Microvillus

Fig. 1. General organization of the cytoskeleton in vascular endothelial cells. From

Drenckham and Ness [2].
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Stress fibers are myofibril-like straight filament bundles composed of actin

filaments interspersed with myosin filaments in a similar way as in striated mus-

cle, and cross the cytoplasm in all directions (fig. 1). The more pressure and fric-

tion exerted by the circulating blood, the more abundant are the stress fibers. As

with all contracting tissues, their contraction and relaxation depend on the intra-

cellular Ca2� concentration and the presence of ATP; their principal function is

to adapt the shape of the cells to the mechanical forces of blood flow and wall

distention, reducing the possibility of cellular lesions. When flow increases, so

does shear stress and the cells flatten and align in the direction of blood flow,

whereas when flow decreases shear stress also does and the cells increase their

volume losing their alignment, giving a cobblestone paving appearance.

Morphological changes acquire importance in capillary flow because they

can slow or halt flow, as can be seen under the effects of serotonin, histamine,

noradrenalin and thrombin, although FAU also acts on this function. In the cap-

illaries, the blood cells are usually larger than the diameter, but flow through the

capillary by two main mechanisms: (1) by the flexibility and deforming capac-

ity of both types of cells, blood and endothelial, and (2) by the negative electro-

static charge both cells have and, therefore, repel each other. Endothelial cells

have a negative electrostatic charge because of the high concentration of sialic

acid. If this concentration is diminished for any reason, blood flow is disturbed.

The cell membrane is covered with flask-shaped membrane invaginations,

sometimes shaped like a pocket and sometimes protruding out of the membrane,

Basal lamina

Occludens adherens
junction

Adherens junction

Intercellular cleft
Plaque with
actin filaments

Fig. 2. Intercellular cleft and occludens adherens junction in vascular endothelial cells.

From Drenckham and Ness [2].
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other times flattened, undistinguished from the basic structure of the cell mem-

brane, but all of them very rich in lipids, sphingomyelin, complex protein struc-

tures and multiple receptors. These sites have been called ‘caveolae’. They are

so abundant that it is estimated that they occupy between 5 and 10% of the total

cell surface, and are presumed to be cellular membrane receptor-effector areas

[3]. Under normal circumstances there are various ways of transporting plas-

matic molecules through the endothelial barrier: (a) intercellular unions that

generally act as filters controlled by the hydrostatic pressure that allow the pas-

sage of water and dissolved substances; (b) vesicles formed from the ‘caveolae’

that ease the passage of macromolecules through the cell membrane and cyto-

plasm, and (c) true transcellular channels usually formed from various caveolae

that connect opposite sides of the cell membrane. Through them, the endothe-

lial cell regulates the passage of fluid and macromolecules between the vascular

and cellular compartments, and when this fails in the venous capillary area,

edema is produced, a situation that can be caused by toxic and vasoactive

substances.

Endothelial Physiology

The endothelial cell behaves as a receptor-effector structure which senses

different physical or chemical stimuli that occur inside the vessel and, therefore,

modifies the vessel shape or releases the necessary products to counteract the

effect of the stimulus and maintain homeostasis. The endothelium is capable of

producing a large variety of different molecules, which act as agonists and antag-

onists, therefore balancing their effects in opposite directions. Endothelium pro-

duces vasodilators and vasoconstrictors, procoagulants and anticoagulants,

inflammatory and anti-inflammatory substances, fibrinolytics and antifibri-

nolytics, oxidizing and antioxidizing molecules and many others (fig. 3) [1–6].

When endothelial cells lose their ability to maintain this delicate balance, the

conditions are given for the endothelium to be invaded by lipids and leukocytes

(monocytes and T lymphocytes). The inflammatory response is incited and fatty

streaks appear, the first step in the formation of the atheromatous plaque. If the

situation persists, fatty streaks progress and the resultant plaques are exposed to

rupture and set the conditions for thrombogenesis and vascular occlusion.

Nitric Oxide

Nearly all stimuli that produce vasodilatation do it through nitric oxide

(NO), a volatile, biologically active gas present in practically all tissues, which
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thanks to its low molecular weight and its lipophilic properties diffuses easily

across the cell membranes. The NO crosses the endothelial intima and reaches

the smooth muscular tissue of the arterial wall, and, through nitrosylation of the

hem from the guanylate cyclase, degrades the GTP-releasing cGMP, which in

turn regulates the cytosolic Ca2� and causes smooth muscle fiber relaxation and

therefore vasodilatation [7].

NO is produced by the action of nitric oxide synthases (NOS) on the amino

acid L-arginine, producing NO and L-citruline, requiring O2 and nicotinamide

adenine dinucleotide phosphate (NADP) coenzyme, essential in redox processes.

Tetrahydrobiopterin accelerates this process, which is favored by other cofactors

like flavin adenine dinucleotide, and thiol groups like cysteine and reduced glu-

tathione. Three NOS isoenzymes are known, two constitutives and low produc-

tion, NOS-I from neurological tissue and NOS-III from endothelial cells, both

responding to agonists that increase intracellular Ca2�. The other one, inducible

NOS-II, is specially expressed in macrophage and endothelial cells due to the

effect of pro-inflammatory cytokines and can release several times more NO than

the constitutive NOS. Both constitutives and inducible NOS are in the endothelial

cells. Constitutive NOS produces NO for short periods when it is induced by

vasodilators like acetylcholine or bradykinin. Inducible NOS synthesize NO for

longer periods in a constant manner when the stimulus comes from proinflamma-

tory cytokines like tumor necrosis factor-� (TNF-�) [7, 8].

The most important stimulation for NO release comes from shear stress

that is caused by the increase in blood velocity and leads to a vasodilatation pro-

portional to the amount of NO released by the endothelium [9]. This vasodilata-

tion is called endothelium-dependent. The endothelial cell membranes contain

Vasodilation
Thrombolysis
Platelet disaggregation
Antiproliferation
Anti-inflammation
Antioxidant

Vasoconstriction
Thrombosis
Adhesion molecules
Growth factors
Inflammation
Oxidant activity

Fig. 3. Regulatory functions of the endothelium. Normal or anti-atherogenic versus

dysfunctional or atherogenic properties. From Esper et al. [5].
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specialized ion channels, such as Ca2�-activated K� channels, which open in

response to shear stress [10]. The effect is to hyperpolarize the endothelial cell,

increasing the driving force for Ca2� entry and activating the enzyme NOS-III

and the subsequent generation of NO [10]. Nitrates given in any way are NO

donors, unconfined NO into the circulation directly releasing cGMP in the

smooth muscle cell and causing a vasodilatation that is not dependent on the

endothelial response, and for this reason it is called endothelium-independent

vasodilatation. Shear stress induces a persistent production of NO that main-

tains a constant vasodilatation [11].

Shear stress explains the importance of the hemodynamic factor in the for-

mation and localization of plaque fissures. These usually develop in areas were

the shear stress is low (�6 din/cm2), oscillating or retrograde, were NO release is

diminished and adhesion molecules are increased and chemical and growth fac-

tors create a pro-inflammatory atmosphere. On the other hand, a high shear stress

(�70 din/cm2) can cause endothelial erosion and provoke platelet aggregation, or

cause plaque rupture or damage. That is to say that a low or retrograde shear stress

allows plaque formation and progression of the atherosclerotic lesion, and a high

a shear stress causes plaque damage. Physiological levels of shear stress that pro-

tect the endothelium are between these two values (6–70 din/cm2) [12–15].

NO apart from being a vasodilator, also reduces vascular permeability and

monocyte and lymphocyte adhesion molecules synthesis. NO also reduces

platelet aggregation, tissue oxidation, tissue inflammation, activation of throm-

bogenic factors, cell growth, proliferation and migration, inhibits proathero-

genic and pro-inflammatory cytokines expression and favors fibrinolysis.

Nuclear factor kappa-B (NF�B) inhibitor (I-�B) is also expressed by NO. All

these factors reduce atherogenesis and its complications. For this reason NO is

considered the antiatherogenic molecule [16–22].

The endothelial cell releases angiotensin II (A-II) as an antagonist of NO

by means of hydrolyzing angiotensin I by angiotensin-converting enzyme

(ACE). Through AT1 receptors, A-II causes vasoconstriction and prothrombo-

genic, oxidizing and antifibrinolytic effects, also favoring adhesion molecule

expression and leukocyte adhesion. It also stimulates growth and proliferation

factors, activates inflammation and incites the expression of proinflammatory

and proatherogenic cytokines. All of these effects allow atherosclerosis to start

its development, progression and complications. A-II also stimulates endothelin

converting enzyme that degrades big-endothelin-releasing endothelin I, the

most powerful vasoconstrictor on vessel walls [23–25].

As can be seen, depending on the balance of these two substances, NO and

A-II, a vasodilator and antiatherosclerotic or vasoconstrictor and atherogenic

effect will prevail. This does not necessarily happen by increased production of

one or the other, the diminished synthesis of one of them will make normal
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amounts of the other prevail (fig. 3). The endothelium should maintain an ade-

quate homeostasis so that disease does not appear, and this depends on the

capacity it has of producing the protective molecules. When this function is lost

or damaged, we refer to it as ‘endothelial dysfunction’ or ‘endothelial activa-

tion’.The classical cardiovascular risk factors (hypercholesterolemia, hyperten-

sion, smoking, diabetes, sedentary lifestyle, etc.) and the so-called new risk

factors like hyperhomocysteinemia, lipoprotein Lp(a), infections by Chlamydia
pneumoniae, Helicobacter pylori, Cytomegalovirus, herpes zoster virus or

Bacteroides gingivalis, all have a common property which is to promote a state

of oxidative stress that directly or through heating proteins (HSP-60) stimulates

NF-�B replication that leads to the production of proatherogenic cytokines like

TNF-�, IL-1, IL-6, adhesion molecules, and chemokines that cause inhibition

of ONS-III activity and NO production, favoring A-II synthesis and activity

[26–30]. The pro-inflammatory cytokines stimulate the replication of NF-kB

that leads to more cytokine production. Then, inflammation amplifies the

inflammatory response [31].

It is useful to consider the other great source of vasodilatation, via an

arachidonic acid cascade that ends in prostacyclins, which release cAMP from

ATP that regulates cytosolic Ca2�, therefore producing relaxation and vasodi-

latation. There are other vasodilator mechanisms, like endothelium-derived

hyperpolarizing factor that increases the intracellular concentration of K

through CP450 cytochrome, and natriuretic peptide-C intervention. It has

recently been postulated that some ACE inhibitors stimulate endothelium

derived hyperpolarizing factor which would explain some of the beneficial

effects these compounds have that cannot be satisfactorily explained by ACE

inhibition only. All these alternative mechanisms are important in certain situa-

tions to substitute NO deficit.

Endothelium and Renin-Angiotensin System

The renin-angiotensin system (RAS) is a cascade of enzymatic reactions

that ends in A-II. The renin, produced by the kidney, acts on the angiotensino-

gen produced by the liver degrading it to A-I, which in turn will be acted on by

circulating or tissue ACE and hydrolyzed to A-II. Chymase, carboxypeptidase,

cathepsin G and tonin can generate A-II from A-I independently of ACE, and 

A-II can also originate directly from angiotensinogen by nonrenin enzymes, such

as tissue plasminogen activator (t-AP), cathepsin G and tonin. Because of its

structural similarity, ACE also degrades other peptides that are substrates to this

enzyme such as substance P, enkephalins, neurotensin, tachykinin and kinino-

gen, the latter being responsible for bradykinin generation. The stimulation of
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ONS-III induces ON synthesis and prostacyclin production, which in turn have

opposite effects to those of A-II. As can be seen, the interrelationship between

agonists and antagonists is very complex and requires a delicate balance which

is the primary function of the endothelium [26–31]. There are two RAS, one is

circulatory and the other is in the tissues. The latter, at a cellular level, develops

approximately 90% of the activity of the system.

A-II acts by stimulating specific receptors. In the human body we are able

to distinguish two different types of receptors: AT1 and AT2. The AT1 receptors

are responsible for the known effects of A-II; vasoconstriction, increase in

aldosterone activity, myocardial hypertrophy, vessel wall smooth muscle prolif-

eration, renal sodium reabsorption, increase in peripheral noradrenergic activ-

ity, vasopressin release, sympathetic stimulation, decrease in renal blood flow,

etc. The effects of the AT2 receptor stimulation are not completely known, but

there are animal and human data that allow us to assume that they are responsi-

ble for apoptosis, a clear inhibition of proliferation, vascular endothelial neoge-

nesis stimulation and vasodilatation, effects that are opposite to those of AT1

receptor stimulation [32]. AT2 receptors are found in the fetus during the last 3

months of pregnancy and during the first 3 weeks of life. In adult tissues, they

are predominantly expressed in the brain and adrenals, with lower levels

expressed elsewhere [33]. They are expressed when there is vascular injury.

There are different angiotensin peptides capable of stimulating the AT1

receptors with varying intensities: A-II(2–8), A-IV(3–8), A-II(1–7). This fact

and the different effects of each one when the specific receptors were blocked

suggest that there are other specific receptors sensitive to each of these pep-

tides. In experimental animal models, different specific receptor variants have

been isolated and cloned, for example in the rat AT1A, AT1B, and AT1C.

Nevertheless, in human beings, only AT1 and AT2 receptors of AT-II have been

identified. A-II(1–7) has effects opposite to those of the classic A-II, producing

vasodilatation, inhibiting proliferation, myocardial hypertrophy and vascular

smooth muscle proliferation, and it is very unlikely that it should act through

the known AT1 and AT2 receptors. This led to believe that there are specific

receptors for it. This has actually been reported recently although they have not

yet been cloned [32–34].

Oxidant Byproducts and Atherosclerosis

Oxidant products, such as superoxide anion (O2
�), hydrogen peroxide

(H2O2), hydroxyl radical (HO), hypochlorous acid (HOCl) and lipid radicals

[33], are produced as a consequence of normal aerobic metabolism. These mol-

ecules are highly reactive with other biological molecules and are referred to as
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reactive oxygen species (ROS). Under normal physiological conditions, ROS

production is balanced by an efficient system of antioxidants; molecules that

are capable of neutralizing them and thereby of preventing oxidant damage. In

the tissues, naturally occurring enzymatic antioxidants such as superoxide

dismutase, glutathione peroxidase, and catalase play an important role in the

conversion of ROS to oxygen and water. There are several nonenzymatic

antioxidants, including the lipid-soluble vitamin E and �-carotene and the

water-soluble antioxidant vitamin C, which particularly protects plasma lipids

from peroxidation, scavenges superoxide anion, and plays a role in recycling

vitamin E [35]. In pathological states, ROS may be present in relative excess.

This shift of balance in favor of oxidation, termed ‘oxidative stress’, may have

detrimental effects on cellular and tissue function. As mentioned before, cardio-

vascular risk factors generate oxidative stress (table 1).

LDL-cholesterol molecules are easily oxidized in a state of oxidative

stress, especially the small and dense molecules. Native LDL molecules are

innocuous, in the sense that they do not produce inflammatory reactions nor do

they lead to foam cell production when phagocytosed by specific native

macrophage receptors. Oxidized LDL-cholesterol molecules (LDL-ox), are

highly immunogenic, and are associated with the upregulation of pattern-recog-

nition receptors for innate immunity, including scavenger receptors and Toll-

like receptors [36, 37]. They are found in all atherosclerotic lesions and

generate antibodies that are capable of neutralizing them. LDL-ox attacks the

arterial intima and leads to release of phospholipids that can activate endothe-

lial cells [38], induces the production of endothelium adhesion molecules and

Table 1. Normal aerobic metabolism oxidizing and antioxidizing systems

Oxidizing systems Antioxidizing systems

Oxidant byproducts Enzymatic antioxidants
Superoxide anion (O2

–) Superoxide dismutase

Hydrogen peroxide (H2O2) Glutathione peroxidase

Hydroxyl radical (HO) Catalase

Hypochlorous acid (HOCl)

Lipid radicals

Enzymatic oxidants Lipid-soluble antioxidants
Dehydrogenase xantine Vitamin E

NADPH oxidase �-Carotene

Myeloperoxidase

Monoamino-oxidase Water-soluble antioxidants
ON synthetase Vitamin C
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monocytes attraction [39], has endothelium cytotoxic effects, increases proin-

flammatory genes activity and cellular growth factors, provokes endothelial

dysfunction, platelet aggregation and metaloproteinase expression, and favors

thrombogenesis [40]. LDL-ox molecules are found in the subendothelial layers

and help to activate monocytes, which are transformed into macrophages,

upregulating their scavenger and Toll-like receptors that then phagocyte them.

With progressive accumulation of LDL-ox, macrophages modulate their pheno-

type turning themselves into foam cells. Foam cells are the principal compo-

nent of the fatty streaks which is the first step in atheromatous plaque

formation, and they trigger antigenic reactions in T lymphocytes that initiate or

increase the immunological response [41]. Also TNF-� is activated and

endothelial cell apoptosis induced, mechanisms that have a close relation with

the severity of acute ischemic syndromes [42, 43].

HDL cholesterol and apolipoprotein A-1 have direct antiatherogenic and

vascular protective effects. They have antioxidant effects attributed to the

binding of transition metals and to the presence of paraoxonase, an enzyme

carried predominantly by apolipoproteins A-1 and J, containing HDL particles,

which has powerful antioxidant effects. Moreover, they have shown anti-inflam-

matory effects, scavenging of toxic phospholipids, stimulation of the reverse

cholesterol transport, antithrombotic and profibrinolytic effects and attenuation

of endothelial dysfunction [44].

The excess of ROS, especially superoxide anion, can oxidize NO and

transform it into peroxynitrite (ONOO), an inactive molecule that can lead to

more oxidation. This situation is usually seen when ONS-II activation is

induced, and by the high concentration of NO it generates. This also happens

with high levels of LDL, especially small and dense molecules that are prone to

oxidation. Asymmetric dimethyl amino-arginine (ADMA) exists normally in

the body and inhibits NO synthesis by competing with L-arginine. In this way, it

reduces NO tissue concentration with all the consequences that this causes, to

the extent that many investigators consider it a new atherosclerotic risk factor.

Serum levels of ADMA keep a close relationship with LDL-ox concentration

and vice versa [45, 46]. ONOO can oxidize tetrahydrobiopterin, a critical cofac-

tor for ONS [47].

Long-term treatment without intervals with most organic nitrates is fre-

quently associated with a progressive reduction of hemodynamic effects.

Nitrates activate vascular NADPH oxidase with incremental O2
� generation,

and these highly reactive molecules oxidize NO to ONOO [48]. Moreover, con-

tinuous treatment with nitrates causes ONS-III dysfunction by oxidative stress.

Reduced bioavailability of tetrahydrobiopterin is involved in the pathogenesis

of this phenomenon and is prevented by supplemental folic acid administration.

ROS transform regular ONS-III function, and produce O2
� in place of NO [49].
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Oxidative stress may explain the development of tolerance and the impaired

endothelial function during continuous organic nitrates administration.

Inflammation and Thrombosis

There is a clear relationship between inflammation and thrombosis, each

influencing the other. Inflammatory cytokines induce procoagulant molecules in

endothelial cells such as von Willebrand factor, tissue factor and plasminogen-

activating inhibitor factors PAI-1 and PAI-2. Activated inflammatory cells also

produce molecules that contribute to thrombogenesis, such as tissue factor and

thrombin, which in turn generates an intense mitogenic stimulus and platelet acti-

vation [50–52]. IL-6 not only increases plasma concentration of C-reactive pro-

tein (CRP) in the liver but also fibrinogen, PAI-1, and serum-A amyloid protein.

On the other hand, CRP amplifies immunological response inducing leukocyte

adhesion molecules and chemokines production in the endothelial cells, and

shows synergetic action with bacterial polysaccharides inducing monocyte grow

factors [53]. IL-1 provokes synthesis of PAI-1 in the endothelial cells whereas

IL-4 induces plasminogen tissue activator (t-PA) by monocytes. Cell surface-

based signaling system CD40L ligand (CD154), binding to its receptor CD40 on

the leukocyte, can induce tissue factor expression [50]. Platelets can express CD154,

the molecule that regulates tissue factor gene expression in the macrophage and

smooth muscle cells [51, 52]. As can be seen, this process involves a complex

feed-back in which inflammation favors thrombosis, anti-inflammatory treatment

has antithrombotic effects, and vice versa [54, 55].

Immunological System and Atherogenesis

Atherosclerosis is related to activation of the immune system [56]. The

developing atherosclerotic plaques are infiltrated not only by macrophages

but also by T lymphocytes (CD-4)Th called helper cells, and T lymphocytes

CD-8, which suggest a specific immunological response [57]. Nevertheless,

investigators have not yet reached agreement on whether the effect is harmful

or beneficial for the developing plaque. T lymphocytes (CD4)Th1 produce

TNF-�, interferon-� and IL-6, all of them pro-inflammatory compounds that

activate macrophages and are responsible for the late hypersensitivity reactions.

On the other hand, T lymphocytes (CD-4)Th2 generate IL-4, IL-5, IL-10

and IL-13, all of them anti-inflammatory molecules that promote antibody

responses and inhibit macrophage activity energetically [58]. In the athero-

sclerotic plaque of experimental animals and in humans, inflammatory
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cytokines produced by T lymphocytes (CD4)Th1, such as interferon-� and

IL-12, have been found in a pro-inflammatory surrounding similar to that of

rheumatoid arthritis [59–62]. In other plaques they have not been detected, in

which it is suspected that there may be a reduction in the inflammatory

response. This fact leads to the belief that the balance between T lymphocytes

(CD-4)Th1 and (CD-4)Th2 may play an important role in the progression or

regression of the plaque. In this respect, statins play a role modulating

immunological activity [63–65].

Sphingomyelinase is another immunological mediator produced by

macrophages and endothelial cells when stimulated by inflammatory cytokines.

It is one of the substances responsible for oxidized lipoproteins passing through

the endothelium, for foam cell formation and progression, and for complica-

tions of the atherosclerotic plaque [66, 67].

From Endothelial Dysfunction to Acute Ischemic Syndrome

Atherosclerosis has been considered a disease of ‘four concepts’. In a sub-

study of 5,209 patients from the Framingham Study followed for 10 years, it was

seen that those patients with peripheral vascular disease had more probabilities

of having an acute myocardial infarction (AMI) or a stroke, while those who had

had an AMI had more possibilities of having a stroke or peripheral vascular dis-

ease. Also those who had suffered a stroke had more chances of having an AMI

or peripheral vascular disease. From these observations the first concept that ath-

erosclerosis is a diffuse disease was postulated [54, 68].

The finding of lesions in different stages of development throughout the

body, even in the same territory, lead to the second concept that ‘atherosclerosis

is a heterogeneous and multiform disease’ [68].

In advanced stages of arteriosclerosis, stage IV and Va by the AHA classi-

fication or Ross type III lesion, two types of lesions can be distinguished: (1)

Stable or fibrous plaque, with a small and generally central lipid core protected

by a thick and resistant cover with a high content of collagen and without signs

of inflammation. These lesions usually obstruct the vessel significantly and are

easily seen by arteriography. (2) High-risk, unstable or vulnerable plaque, with

a large lipid core, usually eccentric, covered by a weak and thin fibrous cap with

little collagen and large quantities of macrophage and T lymphocytes that are

expression of a great inflammatory reaction that seldom occlude the vessel sig-

nificantly and is frequently not appreciated by angiography. This has generated

the third concept that the ‘quality of the plaque is more important than the size’,

as proved by the fact that these plaques rupture easily and are responsible for

the majority of the acute coronary syndromes. According to a meta-analysis by
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Falk et al. [69], these high-risk plaques which obstruct less than 70% and even

less than 50% of the lumen, are usually asymptomatic, not easily recognized

and not considered significant at angiography, though they are responsible for

86% of acute coronary syndromes [68–71].

Classical risk factors play an important part in atherosclerotic disease:

high serum cholesterol levels, arterial hypertension, smoking, obesity, seden-

tary lifestyle and the so-called new risk factors such as hyperhomocysteinemia,

Lp(a) lipoprotein, cytomegalovirus, C. pneumoniae, H. pylori, B. gingivalis,

genetic factors (gene ECA, gene HLA and others), serum inflammatory mark-

ers (CRP, serum-A amyloid protein, and others), prothrombotic factors (PAI-I,

D-dimer, fibrinogen, von Willebrand, etc.) and microalbuminemia contribute, in

different degrees, to make acute coronary syndromes occur. This suggests the

fourth concept that ‘atherosclerosis is an inflammatory, immunological, poly-

genic and multifactorial disease’ [71–76].

The evolution of the disease can be slow and patients with risk factors may

develop chronic or unstable angina or AMI, this form being observed in less

than 40% of the cases, or the illness can develop abruptly in patients who were

at low risk and asymptomatic when they developed unstable angina, AMI or

sudden death. This is found in more than 60% of patients and this fact obliges

us to find other explanations based on a new physiopathological model.

All the experience obtained in the last years suggests that the endothelium’s

dysfunction is not only the initial stage of the atherosclerotic disease that gener-

ates plaque formation, but can also cause plaque growth and not protect from

high-risk plaque leading to development of a vascular event. Between these two

extremes endothelial dysfunction is responsible for all the plaque growth, differ-

ences in plaque development and plaque characteristics. For all these reasons,

endothelial dysfunction is one of the principal mechanisms in atherosclerotic dis-

ease [77]. The presence of classical and new risk factors generates a chronic

exogenous state of injury to the endothelium that promotes its abnormal response,

vasoconstriction, accumulation of inflammatory cells, migration of smooth mus-

cle cells, increased cytokine production, etc., all factors that help atheromatous

plaque formation and in turn generate a negative feedback that leads to a second

injury, this time endogenous, that finally leaves the plaque unprotected allowing it

to rupture or erode and triggering thrombogenic phenomena [78].

Assessment of Endothelial Function: Invasive and
Noninvasive Techniques

Endothelial dysfunction, or loss or reduction of its capacity of defense

against proatherogenic factors, is assessed by evaluating any of the endothelial
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functions, e.g. quantifying circulating adhesion molecules, proatherogenic sub-

stances, antifibrinolytics, evaluation of serum markers of inflammation. All

these are direct or indirect markers of the endothelium capacity to protect

against new atherosclerotic lesions or to protect existing lesions from vascular

events. Because of the ease with which it can be done and its reliability, the

most commonly used test in basic science and clinical research is the assess-

ment of endothelium-dependent vasodilatation modulated by flow, considered

at this moment the gold standard [77].

The first experiments to evaluate endothelium-dependent vasodilatation

were performed by invasive techniques catheterizing coronary arteries, where

drugs that induce NO release, such as acetylcholine, metacholine, papaverin,

substance P, etc., were injected, and the percentage of vasodilatation was then

determined [78–80]. Ludmer et al. [11] found that injecting acetylcholine in

normal coronary arteries produced endothelium-dependent vasodilatation,

whereas in coronary arteries with moderate or severe atherosclerotic lesions a

paradoxical vasoconstriction was obtained, indicating that endothelial dysfunc-

tion was present. The paradoxical vasoconstriction is due to stimulation of the

muscarinic receptors of the smooth muscle cells by direct acetylcholine action.

It was also found that injecting nitroglycerin, a NO donor, there was always

vasodilatation, in this case considered as endothelium-independent vasodilata-

tion. Vita et al. [81], using the same method, found that the amount of coronary

vasodilatation obtained by acetylcholine diminished in an inverse ratio with the

increase of total cholesterol or LDL-cholesterol levels. They also observed that

the presence of cardiovascular risk factors, alone or combined, kept an inverse

linear relationship with the endothelium-dependent vasodilator response, thus

evidencing their additive effects on endothelial dysfunction [81].

Later, forearm plethysmography was used. This technique could be consid-

ered partially invasive. It was performed by placing the forearm in a plethysmo-

graph for vein impedance and then injecting the study drug, usually

acetylcholine or metacholine, into the brachial artery. Panza et al. [82–84],

studying hypertensive patients, found them to have less vasodilator response

than normal controls. Also, hypertensive patients had an increase in vascular

resistance in comparison with normotensive individuals, which was permitted

by endothelial dysfunction. As endothelium maintains a constant vasodilatation

level produced by NO, it was considered that in hypertension there was an

endothelial dysfunction that reduced NO release, and with that a reduced basal

vasodilatation. This led them to postulate that endothelial dysfunction could be

one of the causes of hypertension. Later on, other working groups concluded

that endothelial dysfunction was probably a consequence and not the cause of

hypertension [82–84]. This technique mainly evaluates the response of the

resistance arteries.
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In the last years, Celermajer et al. [85] assessed the level of vasodilatation

by ultrasonography. This technique, noninvasive and easy to repeat, due to the

changes that occur through time, allows us to learn the natural evolution of the

disease or see the changes produced by the different treatments given. It con-

sists of causing forearm ischemia and observes the amount of postischemic

vasodilatation. Ischemia is produced by compressing the forearm by inflating a

conventional cuff for measuring blood pressure 30 mm Hg above systolic pres-

sure for 5 min. When pressure is released there is a marked increase in flow to

the forearm and this increases shear stress, which in turn, stimulates NO release

that causes vasodilatation. The amount of vasodilatation is directly proportional

to the amount of NO released by the endothelium and this allows us to evaluate

endothelial function. The increases in flow and vasodilatation are measured by

high-resolution ultrasonography of the brachial artery, and are expressed as a

percentage of basal values [85, 86]. The test can also be performed on the radial

and femoral arteries [85, 87]. This technique evaluates mainly the conductance

vessels, whereas plethysmography mainly evaluates resistance vessels, although

both methods test NO release (fig. 4).

This method has shown a gradual decrease in the endothelium-dependent

response depending on age, due to gradual loss of NO synthesis by the endothe-

lial cells [88–90]. This same response is seen in patients with atherosclerotic

lesions whether symptomatic or asymptomatic [90–92], in postmenopausal

women due to the lack of estrogens [93, 94] and in presence of cardiovascular

risk factors such as hypercholesterolemia [95], hypertension [96], active smok-

ing [97, 98], passive smoking [99], obesity [100], diabetes [101], sedentary

lifestyle [102] and hyperhomocysteinemia [103]. Mild infections [104] and

increasing levels of CPR may also decrease the endothelial response [105].

Reversal of the cardiovascular risk factors allows a better endothelial function

increasing endothelium-dependent vasodilatation which expresses an increase

in NO release. Reduction of serum cholesterol levels [106–110], arterial pres-

sure control [96, 106], quitting smoking [97], weight control [100], diabetes

improvement [111], and physical activity [112] improve the endothelium-

dependent response, indicating the release of more ON. The administration of

L-arginine, an NO precursor, increases vasodilatation in patients with high

cholesterol, coronary artery disease and heart failure [113–116]. As has been

mentioned previously, all these risk factors act by a common pathway, oxidative

stress, with increased production of ROS [117, 118]. It has been observed

that giving antioxidant vitamins C and E diminishes the production of

ROS [119–121], including when given before a meal with a high fat content

to reduce oxidation of post absorption fatty acids and triglycerides [122]; this is

also effective before smoking [123]. Recently, it has been reported that there

is an additive effect with the simultaneous administration of a statin and
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an ACE inhibitor in hypercholesterolemic coronary artery disease patients

(fig. 5) [124].

Although the method of evaluating endothelial responses by measurements

on the brachial artery is noninvasive and easily repeated, without any risk to the

patient, it is time consuming and needs skilled and patient operators [77, 125].

With just a small displacement of the transducer the results are altered. Some

automated systems have shown a reduction in the variation between operators

[77, 126, 127]. Some investigators have developed different equipment to main-

tain the transducer in a constant position. It is a well-known fact that the

response is different according to whether the cuff is positioned on the arm or

forearm. Recently, an International task force published the guidelines for the

techniques and assessment of this method [87].

Looking for simpler methods for performing these procedures, laser-

Doppler has recently been used. This technique considers the vasodilatation and

the increase in blood flow, evaluating tissue perfusion. It has the advantage
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of being simple with immediate results and does not need skilled operators

[128, 129].

Diabetes and Endothelium

Both type 1 (insulin-dependent) and type 2 (non-insulin-dependent) dia-

betic patients have mostly been described under enhanced oxidative stress, and

both conditions are known to be powerful and independent risk factors for coro-

nary heart disease, stroke, and peripheral arterial disease.

Hyperglycemia causes glycosylation of proteins and phospholipids, thus

increasing intracellular oxidative stress. Nonenzymatic reactive products,

known as Maillard or browning reaction, glucose-derived Schiff base, and

Amadori products, form chemically reversible early glycosylation products

which subsequently rearrange to form more stable products, some of them

long-lived proteins (e.g. vessel wall collagen), which continue undergoing a

complex series of chemical rearrangements to form advanced glycosylation
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end-products (AGEs). Once formed, AGEs are stable and virtually irreversible.

AGEs generate ROS with consequent increased vessel oxidative damage [130].

Phagocytes have specialized receptors for AGEs, their activation leading to

oxidation of lipoproteins, especially the phospholipid component in LDL, thus

triggering an immuno-inflammatory response and a thrombogenic response

through tromboxane A2 release and platelet aggregation induction. Diabetic

patients have increased levels of inflammatory markers, including CRP, with

pro-inflammatory and pro-atherogenic properties.

The impressive correlation between coronary artery disease and alterations

in glucose metabolism has raised the hypothesis that atherosclerosis and dia-

betes may share common antecedents. Large-vessel atherosclerosis can precede

the development of diabetes, suggesting that rather than atherosclerosis being a

complication of diabetes, both conditions may share genetic and environmental

antecedents, a ‘common soil’ [131].

Our group [132] found that endothelium-dependent vasodilatation during

unstable angina is practically absent, creating a doubt about whether ‘the

endothelial dysfunction is caused by the plaque rupture or if it existed previ-

ously and did not protect the high-risk atheromatous plaque allowing the acute

coronary event’. Based on this study and comparing with what happens to the

ischemic myocardium created the concept of ‘stunned’ endothelium to explain

the low vasodilatation response in acute ischemia and ‘hibernated’ endothelium

when a poor response is chronic, as observed with hypercholesterolemia and

the presence of other risk factors (fig. 6).
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Published data suggest that abnormal endothelial function precedes other

evidence of vascular disease and that the progression of metabolic syndrome to

type 2 diabetes parallels the progression of endothelial dysfunction to athero-

sclerosis (fig. 7) [101]. Both type 1 and type 2 diabetes, like metabolic syn-

drome and other cardiovascular risk factors, determine an abnormal

endothelium response thought to precede the development of atherosclerosis. A

transient rise in glycemia has been shown to be enough to cause endothelial

dysfunction (fig. 8) [133].

All of these assumptions lead to the hypothesis that patients with either

metabolic syndrome or type 1 or 2 diabetes may have a reduced bioavailability
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of NO or a lessened response to it by the smooth muscle cell of the vascular

wall. Besides, it has been noticed that the presence of diabetes abolishes differ-

ences in mortality between genders by enhancing it in women, though it is not

possible to rule out an impaired glycemic control with greater levels of glyco-

sylated hemoglobin A1c or a diminished compliance with treatment, conditions

frequently seen in women [134].

Studies in animal models have always shown that endothelial dysfunction

is present in diabetic individuals though in humans dissimilar responses have

been observed [135]. However, in any circumstances an impaired vasodilator

response to nitrites has been detected, allowing for the assumption of a dimin-

ished response to NO by the smooth muscle cell of the arterial wall, though in

some studies differences were not statistically significant [136]. These facts

could account for the improvement observed in diabetic individuals treated

with ACE inhibitors or AT1 receptor blockers, whose activation antagonize the

effects of NO [137].

The magnitude of endothelial dysfunction in diabetics is often related to

the severity and duration of the illness, as well as to glycemic and glycosylated

hemoglobin A1c levels, and to the lack of adherence to treatment, this being so

important as to overshadow the actions of the other risk factors. However, it has

been observed that diabetics who have been treated with statins to reduce cho-

lesterol levels, or have quit smoking and increased their physical activities,

achieved greater improvements in endothelial function than those who were

only subjected to the treatment of hyperglycemia, which is in agreement with

the current guidelines for the treatment of diabetes [138].
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Abstract
The impressive correlation between cardiovascular disease and alterations in glucose

metabolism has raised the likelihood that atherosclerosis and type 2 diabetes may share common

antecedents. Inflammation is emerging as a conceivable etiologic mechanism for both.

Interleukins are regulatory proteins with ability to accelerate or inhibit inflammatory processes,

and matrixins are prepro enzymes responsible for the timely breakdown of extracellular matrix.

Interleukins (ILs) are classified based on their role in diabetes and atherosclerosis, hypothesizing

that each interleukin acts on both diseases in the same direction – regardless if harmful, favor-

able or neutral. They are clustered into three groups: noxious (the ‘bad’, 8 members), comprising

IL-1, IL-2, IL-6, IL-7, IL-8, IL-15, IL-17 and IL-18; protective (the ‘good’, 5 members), com-

prising IL-4, IL-10, IL-11, IL-12 and IL-13; and ‘aloof’ , comprising IL-5, IL-9, IL-14, IL-16

and IL-19 through IL-29 (15 members). Each group presented converging effects on both dis-

eases. IL-3 was reluctant to clustering and IL-30 through 33 were not included due to the scarce

available data. It may be seen that (1) favorable effects of a given interleukin on either diabetes

or atherosclerosis predicts similar effects on the other; (2) equally, harmful interleukin effects on

one disease can be extrapolated to the other, and (3) absence of influence of a given interleukin on

one of these diseases forecasts lack of effects on the other. Matrixins seem to present a similar

pathophysiological pattern. These facts further support the unifying etiologic theory of diabetes

and heart disease, emphasizing the importance of a cardiovascular diabetologic approach to these

cytokines for future research. A pharmacologic simultaneous targeting of interleukins and mat-

rixins might provide an effective means to concurrently control both atherosclerosis and diabetes.

Copyright © 2008 S. Karger AG, Basel

Background

The impressive correlation between coronary artery disease (CAD) and

alterations in glucose metabolism has raised the likelihood that atherosclerosis
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and type 2 diabetes may share common antecedents. It is now known that adverse

environmental conditions – perhaps related to less-than-optimal nutrition – in

fetal and early life are associated with an enhanced risk of both diabetes and car-

diovascular disease many decades later. Large-vessel atherosclerosis can precede

the development of diabetes, suggesting that rather than atherosclerosis being a

complication of diabetes, both conditions may share genetic and environmental

antecedents, a ‘common soil’ [1]. These same adverse environmental conditions

associated with hyperinsulinemia and insulin resistance lead to the development

in adult life of the dysmetabolic syndrome, consisting of abdominal obesity,

impaired fasting glucose, high triglyceride levels, low high-density lipoprotein

levels and hypertension. These constituents may be associated with additional ele-

ments, such as elevations in small low-density lipoproteins, prothrombotic factors

and free fatty acids [2]. Taking into consideration that the components of this

cluster of abnormalities are essentially shared by both diabetes type 2 and athero-

sclerosis, the American Heart Association stated in 1999 that ‘diabetes is a car-

diovascular disease’ [3]. Although the mechanism underlying this cluster is not

yet fully clarified, the statistical association is well established [1].

In this context, chronic low-grade inflammation is emerging as a conceiv-

able etiologic mechanism. Inflammation plays an important role in mediating

all phases of atherosclerosis, from initial recruitment of circulating cells to the

inner arterial layer to weakening of the fibrous cap of the plaque, eventually

leading to rupture. Inflammation is heavily involved in the onset and develop-

ment of atherothrombotic disease, which is accompanied by the emergence of

numerous inflammatory biomarkers. Such biomarkers comprise a vast array of

substances, including cytokines as the interleukins, matrixins, acute-phase pro-

teins, adhesion molecules, tumor necrosis factor (TNF) and monocyte chemoat-

tractant protein (MCP) isoforms, interferons, chemokines, etc. [4]. Several

studies have demonstrated an association between these biomarkers and current

or future overt CAD [5–7]. A close relation is also present between the bio-

markers and glucose metabolism abnormalities. For instance, obese patients

with impaired fasting glucose exhibit elevated concentrations of interleukin

(IL)-8 [8], glucose increases monocyte adhesion to human aortic endothelial

cells via stimulation of IL-8 [9], and elevated levels of IL-18 and TNF-� were

found in serum of patients with type 2 diabetes mellitus [10]. Thus, a common

inflammatory basis for both diabetes and CAD seems plausible [11].

Interleukins

Interleukins are probably the most extensively produced biomarkers.

Considerable confusion exists regarding their clinical value, due to several
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factors: (1) increased levels of a given IL, presenting statistical correlation with

disease, does not necessarily imply causation; (2) these compounds are charac-

terized by substantial redundancy in that different interleukins have similar

functions; (3) many of them are pleiotropic, with capability of acting on differ-

ent cell types; (4) interleukins may stimulate secretion of other interleukins,

enhancing or inhibiting each other; (5) interleukins possess ‘paradoxical’

effects, expressed as protective properties regarding a given system, whereas

they may damage another system, and (6) protective or noxious effects of a

given interleukin may be concentration-dependent.

A huge quantity of data regarding interleukins has been accumulating dur-

ing the last two decades; a considerable part is dedicated to their effects on dia-

betes and cardiovascular function. However, no attempts have been made to

present a systematic classification of interleukins based on their influences on

these systems. Several essential questions still remain unanswered: (1) Does a

favorable or harmful effect of a given interleukin on diabetes necessarily imply

similar effects on atherosclerosis? (2) Conversely, can the interleukins effects

on atherosclerosis be extrapolated to diabetes? (3) Can the absence of inter-

leukin activity on one of these diseases predict lack of effects on the other? We

have addressed these questions, describing a novel interleukin classification

based on their role in diabetes and cardiovascular disease [12].

Taking into account the alleged common inflammatory venue of these con-

ditions, we hypothesize that the effects of each of the interleukins on both dis-

orders will probably be moving in the same direction – regardless if harmful,

favorable or neutral. If corroborated, this hypothesis could represent an addi-

tional step in building a unifying theory regarding the inflammatory basis of

both type 2 diabetes and atherosclerosis.

How to Define, How to Classify

Interleukins are a wide spectrum of small regulatory protein molecules

encompassed in the family of cytokines, exerting their effects via gene activation

that leads to cellular stimulation, growth, differentiation, functional cell-surface

receptor expression, and cellular effector function. In this regard, interleukins

may exhibit marked effects on the regulation of immune responses and the patho-

genesis of a great variety of diseases. Indeed, T cells have been categorized on the

basis of the pattern of the interleukins that they secrete, resulting in either a cell-

mediated immune response (TH1) or a humoral immune response (TH2) [13].

The interleukins are produced by a great variety of cells, mainly mono-

cytes, macrophages, neutrophils, T cells, mast cells, and eosinophils. However,

it must be pointed out that this is only a partial list. Endothelial and epithelial
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cells, fibroblasts, smooth muscle cells, neuronal cells, tumoral cells, etc., repre-

sent additional sources. Interleukins were cloned two decades ago and since

then new members have been discovered in an ever-increasing number, the lat-

est being the recently described IL-28 and IL-29 [14].

Attempts for grouping the interleukins according to predefined parameters

may be done on the basis of the location of their activity. Thus, employing a

site-based classification, interleukins are defined as:

(1) Autocrine: acting on the same cell that secretes the IL, like IL-10.

(2) Paracrine: acting on a cell located in an adjacent zone, like IL-12.

(3) Endocrine: secreted into the general circulation and acting far from its

source, like IL-11.

This classification, while presenting some tutorial value, is imperfect

because several interleukins overlap these categories.

Another possibility is to classify these compounds taking into account

their biochemical influences. This generates a role-based classification, accord-

ing to which interleukins will be:

(1) Proinflammatory: secreted mainly by mononuclear phagocytes in response

to infectious agents, such as IL-1, IL-6 and IL-8.

(2) Immunoregulatory: involved in the activation, growth, and differentiation

of lymphocytes and monocytes, like IL-2, IL-4 and IL-10.

(3) Leukocyte developmental: regulating immature white cell growth and dif-

ferentiation; IL-3 and IL-7 represent this category.

This approach is also somewhat problematic, since it is more semantic than

physiological. The term interleukin may be haphazard in some cases. For

instance, IL-2 was formerly known as ‘T cell growth factor’ and IL-11 as ‘adi-

pogenesis inhibitory factor’ [15]. On the other hand, several agents – like TNF-�1,

the monocyte chemoattractant protein (MCP) isoforms and the transforming

growth factor-� – whose functions are similar to those of interleukins, are not

regarded as such. Thus, this nomenclature may be arbitrary.

From the standpoint of diabetes and cardiovascular medicine, the main

concern with both the site-based and the role-based classifications is their lack

of clinical significance. A practical approach would be to look at interleukins

considering their influence on these systems – defined as benefit or damage –

in the framework of an inflammatory process. This would be a yield-based clas-

sification, and in our opinion, preferable [12]. Like the former classifications, it

allows definition of 3 categories:

(1) Noxious (the ‘bad’): interleukins provoking a cascade of events ensuing in

development of macrophages and foam cells, fatty streak formation and ulti-

mately stable or unstable fibrous plaque. Proinflammatory stimuli such as

oxidatively modified low density lipoprotein cholesterol, free radicals, ciga-

rette smoking, elevated plasma homocysteine and infections, cause endothelial
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dysfunction leading to compensatory responses which alter the normal

properties of the endothelium. This cascade of events is mediated by proin-

flammatory and chemoattractant interleukins produced by activated inflam-

matory, vascular smooth muscle and endothelial cells. The fatty streak is the

earliest manifestation of atherosclerosis, consisting mainly of monocyte-

derived macrophages and T lymphocytes [16]. The noxious interleukins also

show a consistent relation to diabetes via glucose regulation of monocyte

adhesion [9] alongside etiopathogenic roles and increased genetic suscepti-

bility to diabetic nephropathy [10, 17].

(2) Protective (the ‘good’): interleukins representing a restraint for the devel-

opment and progression of the atherothrombotic process. These com-

pounds are involved in inhibition of proinflammatory agents production by

activated monocytes or macrophages, suppression of IL-1, TNF-� and

other cytokine activities, inhibition of matrix degrading MMP isoforms,

reduction of tissue factor expression and inhibition of apoptosis of

macrophages and monocytes after infection. In addition, in diabetic experi-

mental models, administration of protective interleukins results in mainte-

nance of euglycemia even in the absence of insulin [18].

(3) Aloof: this group includes interleukins whose influences on the cardiovas-

cular system and on glucose metabolism are practically indifferent or not

yet fully established.

The members of each of these groups are depicted in figure 1 and described

in the following sections.

Fig. 1. Cardiovascular diabetologic approach to IL classification. The noxious ILs

(‘bad’) are depicted as triangles, the protective (‘good’) as circles, and the aloof as squares. 

IL-3 is defined as ambiguous: albeit ‘good’ in terms of glucose metabolism, it was not

clustered into this group due to its proarrhythmic effects on the heart. Modified from Fisman

et al. [12].
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The ‘Bad’: Noxious Interleukins

This group comprises eight members: IL-1, IL-2, IL-6, IL-7, IL-8, IL-15,

IL-17 and IL-18.

IL-1 is a glycoprotein which exists in two major biologically active iso-

forms, the predominantly membrane-bound IL-1� and the secreted IL-1�. Of

these, IL-1� is the principally circulating isoform. Monocytes, macrophages

and macrophage-derived foam cells are the main sources of IL-1, but it is also

produced by others such as endothelial cells [19]. IL-1 mediates the inflamma-

tory response occurring in the vascular wall during atherogenesis by activating

monocytes and expression of adhesion molecules on endothelial cells, inducing

secretion of other cytokines, chemokines and growth factors and stimulating

smooth muscle cell proliferation [19]. It also induces coagulation [14]. As a key

mediator of inflammation, IL-1 is plays a major role in the pathogenesis of

CAD. Increased synthesis of IL-1 has been demonstrated in human arterial

plaques [20], and serum concentrations of IL-1� are raised in patients with

even minimal CAD [21]. In addition, IL-1� has deleterious effects on pan-

creatic islets and insulin-secreting �-cell lines. It is well established that it

inhibits �-cell function and is cytotoxic to human and rodent pancreatic islets

in vitro [22].

IL-2 is a T-cell-derived cytokine involved in the activation, growth, and dif-

ferentiation of a variety of cells, including lymphocytes and monocytes.

Attempting to determine the relationship between T lymphocyte activation and

CAD by measuring plasma levels of cytokines related to T lymphocyte function

in coronary patients, high levels of IL-2 and soluble IL-2 receptor were found in

those with stable but not unstable angina [23]. It plays also a role in experimen-

tal diabetes. The nonobese diabetic mouse strain spontaneously develops

autoimmune diabetes, which is characterized by insulitis, followed by selective

destruction of �-cells in pancreatic islets. Evidence suggests that this �-cell

destruction is mediated in part by IL-2; this cytokine was necessary and suffi-

cient to direct naive T cells into the TH1 lineage [24].

IL-6 is a secondary multifunctional proinflammatory cytokine. It regulates

humoral and cellular responses and plays a central role in inflammation and tis-

sue injury. Its effects are mediated through interaction with its receptor com-

plex, IL-6R. This cytokine plays a very important role in the pathogenesis of

CAD. Large quantities of IL-6 are found in human atherosclerotic plaques [25].

IL-6 levels appear to be predictive of future CAD [26] and is elevated in

patients with unstable angina compared with those with stable angina [27].

Patients with persistently elevated IL-6 levels demonstrate a worse in-hospital

outcome following admission with unstable angina [28, 29]. IL-6 also plays a

role in diabetes. It has been shown that postmenopausal women with type 1
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diabetes present higher serum bioactive IL-6 levels than matched healthy con-

trols [30]. Moreover, IL-6 polymorphism seems to be a genetic susceptibility

factor for the progression of diabetic nephropathy [17]. In addition, we have

recently shown that in patients with angina pectoris and/or healed myocardial

infarction, a significantly higher risk for future cardiac events and mortality

was found in the upper IL-6 quintile (odds ratio, 3.44; 95% CI 1.57–8.13) after

a mean follow-up period of 6.3 years [31].

Recent data suggest a role for IL-7-driven inflammation in atherogenesis

and the promotion of clinical instability in CAD involving interactions between

platelets, monocytes, and chemokines [32]. This is based on the fact that its

plasma levels were significantly increased in patients with stable, and – partic-

ularly – unstable angina compared to healthy controls; increased release from

activated platelets appeared to be a major contributor to raised IL-7 levels in

patients with angina. In addition, IL-7 enhanced the expression of several

inflammatory chemokines in peripheral blood mononuclear cells in both

healthy subjects and patients with CAD, and aspirin reduced both spontaneous

and stimulated release of IL-7 from platelets [32]. Concerning diabetes, IL-7 is

suggested to function through IL-2 production on mature T cells [15], which

can lead to �-cell destruction.

IL-8 is a chemokine, or chemoattractant cytokine. Chemokines are mem-

bers of a superfamily of small polypeptides mediating migration, growth and

activation of leukocytes and a variety of other cells [33]. Chemokines are desig-

nated CC and CXC, according to the spacing of the first two of four conserved

cysteine residues. MCP-1 is the prototype of the CC class, where the first two

cysteines are adjacent, whereas IL-8 and the recently discovered fractalkine [34]

are prototypes for the CXC class, in which the first two cysteines are separated

by a single amino acid residue [33]. IL-8 is expressed by macrophages and

released after inflammatory stimuli in response to the primary cytokines IL-1�
and TNF-�. It induces chemoattraction of monocytes and activated T cells and

can induce vascular smooth muscle cell proliferation and migration. In addition

to causing local immune response, the recruited T cells along with macrophages

occur in large numbers at the sites of plaque rupture, playing a major role in

atherogenesis [35]. Inflammatory cytokines secreted by the T cells are capable of

inducing the expression of several MMP isoforms by macrophages leading to

development of unstable plaques. Moreover, IL-8 and the soluble form of

selectin-P may be useful clinical predictors of unstable CAD [36]. Regarding

glucose metabolism, monocyte MMP-1, MMP-3, and MMP-9 production are

normal in type 2 diabetes [37], but plasma IL-8 concentrations after glucose load

are increased in obese subjects with impaired fasting glucose in comparison to

normoglycemic weight-matched individuals. These increased levels may be both

insulin-mediated (by clamping) or glucose-mediated (during glucose tolerance
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test) [8]. Additionally, it is well established that glucose itself increases mono-

cyte adhesion to human aortic endothelial cells [9].

IL-15 is a T cell growth factor that shares many functional similarities with

IL-2, albeit no significant sequence homologies were found [15]; it has recently

been shown to be present in tissue and organ allografts. IL-15 plays an impor-

tant role in the rejection of a vascularized organ allograft and it was demon-

strated that antagonists to IL-15 may be of therapeutic value in preventing

allograft rejection [38]. In mice models, IL-15 is a cytokine leading to destruc-

tive insulitis, as it elicits TH1-cytotoxic responses in both lymphoid and non-

lymphoid immune cells and is unusually resistant to downregulation by

antagonistic cytokines [39].

IL-17 is a T cell-derived cytokine that stimulates stromal cells and

macrophages to secrete proinflammatory cytokines. It may harmfully influence

diabetes and atherosclerosis due to its capability to induce the production of IL-

6 and IL-8 [15]. In addition, it plays a role in alloimmune responses, shortening

the survival of heterotopic heart transplantation in animals. Interference with

this activity might suppress allograft rejection, representing a novel target for

therapeutic intervention in heart transplant rejection [40]. In fact, IL-17 is a

great family of isoforms sharing four highly conserved cysteine residues

involved in the formation of intrachain disulfide linkages [41].

IL-18 – functionally related to IL-1 – is a proinflammatory cytokine with

multiple biologic functions [42]. In concert with IL-12, IL-18 stimulates TH1-

mediated immune responses. In addition, by itself it can stimulate TH2 cytokine

production [42]. IL-18 plays a central role in orchestrating the cytokine cascade

and accelerates atherosclerosis and plaque vulnerability in animal models.

Serum IL-18 level was identified as a strong independent predictor of death

from cardiovascular causes in patients with CAD regardless of the clinical status,

strongly supporting recent experimental evidence of IL-18-mediated inflamma-

tion leading to acceleration and vulnerability of atherosclerotic plaques [43].

Moreover, IL-18 is raised in heart failure patients, in whom elevations correlate

with poorer cardiac functional class and higher TNF-� concentrations. IL-18

appears likely to participate in the pathophysiology of congestive heart failure

[44]. Accumulating evidence suggests that this activity is supported by proin-

flammatory cytokines such as TNF-�, IL-1� and IL-6. Cytokine actions directly

identified to date include promotion of systemic catabolism, myocardial depres-

sion, cardiac hypertrophy, and apoptosis of myocytes in congestive heart failure

[44]. In the context of glucose metabolism, preclinical stages of type 1 diabetes

are characterized by infiltrating T cells and by the peri- and intraislet accumula-

tion of proinflammatory mediators [45]. Increased IL-18 expression is detected

in islets during advanced stages of insulitis and correlates with elevated

transcripts for interferon-� and for the IL-18 receptor; the biological activity of
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IL-18 is blocked using caspase inhibitors and anti-IL-18 antibodies. It is estab-

lished that beta cells produce bioactive IL-18 in the course of insulitis and

actively contribute to the exacerbation of inflammation leading to their own

demise [45]. In addition, elevated levels of IL-18 and TNF-� in serum of patients

with type 2 diabetes mellitus correlate with diabetic nephropathy [10].

The ‘Good’: Protective Interleukins

Five constituents are included in this category: IL-4, IL-10, IL-11, IL-12

and IL-13.

IL-4 is a cytokine of the T-helper 2 (TH2) subtype, mainly produced by

activated T cells and mast cells. It is a pleiotropic cytokine that affects cells of

multiple lineages, helping to stimulate antibody production. It possesses a striking

ability to suppress proinflammatory responses such as IL-1 and TNF-� produc-

tion [15]. In heart transplant recipients, relatively high frequencies of IL-4-

producing T cells have a beneficial effect on the outcome, being associated with

less rejection episodes [46]. This is manifested by IL-4 production within the

donor heart, mainly by mast cells, and also by fibroblasts present in the donor’s

stromal elements [47]. Concerning diabetes, children with parents with type 1

diabetes demonstrated an impairment in the ability to produce the IL-4-related

immunoglobulin G4 antibody response to tetanus toxoid [48]. This is consistent

with a protective effect of IL-4 in early prediabetes [48]. In addition, the com-

bined administration of IL-4/IL-10 expression plasmids has demonstrated syn-

ergistic effects on the prevention of autoimmune diabetes. On the cellular level,

the chimeric IL-4 and IL-10 expression plasmid can effectively reduce the inci-

dence of autoimmune insulitis [49].

IL-10 is secreted by activated monocytes/macrophages and lymphocytes,

possessing multifaceted anti-inflammatory properties. Its secretion leads to

suppressed cytokine production, to inhibition of MMP isoforms expression,

and to blockage of apoptosis of macrophages and monocytes after infection. All

these inflammatory mechanisms have been shown to play a pivotal role for ath-

erosclerotic lesion development and progression, suggesting a beneficial regu-

latory role of IL-10. Indeed, numerous recent experimental studies have shown

that either systemic or local IL-10 gene transfer not only attenuates atherogene-

sis, but also affects processes associated with lesion progression [50]. IL-10 is

expressed in advanced human atherosclerosis and is associated with low

inducible nitric oxide synthase expression and low levels of apoptosis, again

suggesting a protective role of this anti-inflammatory cytokine [51]. A reduced

IL-10 serum level is not only a marker of plaque instability favoring the devel-

opment of acute coronary syndromes, but more importantly is indicative of a
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poor prognosis even after the occurrence of an acute ischemic event caused by

plaque instability. In addition, the beneficial effect of elevated serum levels of

IL-10 is restricted to patients with elevated CRP serum levels, indicative of an

enhanced systemic inflammatory response [50]. With regard to diabetes, exper-

imental studies using gene-targeted mice [52] provide direct evidence that IL-

10 offers some protection against endothelial dysfunction during diabetes and

that this effect is mediated by inhibition of increases in O2
� in blood vessels. A

source of this O2
� may be xanthine oxidase. It was also demonstrated that

endogenous IL-10 is an important counterbalance to mechanisms that produce

endothelial dysfunction during diabetes [52] and that mucosal administration of

IL-10 enhances oral tolerance in both autoimmune encephalomyelitis and dia-

betes [53]. These findings support the concept that IL-10 is also an important

protective molecule in diabetes [51, 52].

Scarce data are available regarding the cardiac effects of IL-11. It was

shown that myocytes and fibroblasts isolated from human atrium are able to

secrete IL-6, IL-11 and leukemia inhibitory factor; IL-11 could be involved in

autocrine and/or paracrine networks regulating myocardial cytoprotection [54].

The possibility of direct electrophysiologic effect on single human atrial

myocytes was also considered, but not fully proved [55]. IL-11 presents inter-

esting effects on diabetes, in which the inability of insulin to properly signal

and stimulate the translocation of the insulin-responsive glucose transporter in

muscle, adipocytes and liver leads to hyperglycemia. Adipose tissue has been

identified as a site of synthesis and secretion of the proinflammatory cytokine

TNF-�, which, acting in an autocrine manner, leads to insulin resistance. In this

context, IL-11 emerges as an anti-inflammatory cytokine with receptors located

on most cell types and tissues throughout the body, able to maintain euglycemia

in the absence of insulin in animal models [9].

IL-12 is produced by various immune cells (e.g. monocytes, macrophages,

dendritic cells, and neutrophils). It activates natural killer cells and cytotoxic T

lymphocytes and induces the production of interferon-�. IL-12 is associated

with the cell-mediated immune response. It has been demonstrated to present

protective effects in animal models of viral myocarditis [56]. This activity is

enhanced by beta blockers, notably carvedilol, thus conferring a therapeutic

benefit by upregulating the production of IL-12 and interferon-� and by

decreasing the virus load [56]. Moreover, IL-12 can significantly delay the

rejection of allograft in a neonatal rat heart graft model, and this effect is medi-

ated by nitric oxide production [57]. Initial data indicate a favorable action on

glucose metabolism: lymphocyte T activation induced by IL-12 increases the

expression of glucose transporter-like protein [58].

IL-13 is a cytokine primarily produced by the TH2 subset of lymphocytes

that possesses powerful anti-inflammatory properties. It is synergistic with 
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IL-4, diminishes insulitis and is capable of downregulating immunoinflamma-

tory diabetogenic pathways in nonobese diabetic mice, and further supports the

concept that IL-4-related anti-inflammatory cytokines might play a role in the

prevention of type 1 diabetes [59]. Regarding its cardiac aspects, proinflamma-

tory cytokines participate in the worsening of cardiovascular function during

heart failure, and their high circulating levels are related to the severity of

myocardial dysfunction. Conversely, anti-inflammatory cytokines are believed

to exhibit low values in these cases. In this context, plasma IL-13 was not

detected at all in patients with heart failure [60].

The ‘Aloof’ Interleukins

This group of 15 includes the majority of interleukins known at present:

IL-5, IL-9, IL-14, IL-16 and IL-19 through IL-29. Substantial effects on glu-

cose metabolism and the cardiovascular system have not been described for

these compounds.

IL-5, IL-9 and IL-16 are related to the respiratory system. IL-5 is mainly

produced by activated T cells and appears to be required for the accumulation of

eosinophils and airway hyperresponsiveness in the inflammatory lung [61]. IL-

9 is known to regulate many cell types involved in TH2 responses classically

associated with asthma, including B and T lymphocytes, mast cells, eosinophils

and epithelial cells [62]. IL-16 is a lymphocyte chemoattractant factor bearing

no structural resemblance to other cytokines or chemokines and its amino acid

sequence is strongly preserved across species [63]. It is related to asthma and

also able to inhibit human immunovirus replication [15].

IL-14 is a high-molecular-weight B cell growth factor. Autocrine or

paracrine production of IL-14 may play a significant role in the rapid prolifera-

tion of non-Hodgkin’s lymphoma [64].

IL-19, IL-20, IL-22 and IL-24 exhibit substantial sharing of receptor com-

plexes. However, the biological effects of these four cytokines appear quite dis-

tinct: immune activity with IL-19, skin biology with IL-20, stimulation of

production of acute-phase reactants with IL-22, and tumor apoptosis with IL-24

[65]. Despite the fact that they are structurally closely related to the ‘good’ IL-

10, no protective effects have yet been described.

IL-21 induces the apoptosis of resting and activated primary B cells [66]

and is a hepatocyte-stimulating factor [67]. Using gene-targeted mice lacking

only IL-23, it was recently demonstrated that IL-23 is the critical cytokine for

autoimmune inflammation of the brain [68]. IL-25 is derived from TH2 T cells.

Infusion of mice with IL-25 induces IL-4, IL-5, and IL-13 gene expression,
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suggesting that IL-25 is capable of amplifying allergic type inflammatory

responses by its actions on other cell types [69].

IL-26 is a T cell-derived cytokine, normally expressed at low levels but

over-expressed after viral infection [14].

IL-27 is the newest addition to the ‘good’ IL-12 cytokine family, present-

ing specific stimulation on naive CD4� T cells in both mice and humans and

regulates the activity of B and T lymphocytes [70], but beneficial effects on dia-

betes or heart function were not yet described.

IL-28 and IL-29, distantly related to type I interferons, are induced by viral

infection and show both antiviral and antimicrobial activity [14, 71].

Curtail of the Scope

It should be noted that the scope on interleukins depicted in this article pre-

sents several restrictions. These include genetic mapping, description of the

numerous isoforms, characteristics of the interleukin receptors, general and

specific antimicrobial and antiparasitic activities, role in tumoral and toxic

diseases, etc. These issues were not discussed since they are beyond the span of

this article. In addition, IL-3 was not included in any of the groups due to cer-

tain ambiguity. IL-3 – a hematopoietic and leukocyte developmental cytokine –

shows multilineage colony-stimulating factor, augments alloreactive bone mar-

row-derived suppressor cell activity in vivo and in vitro, and is capable of regu-

lating extrathymic T cell development from the bone marrow [15, 72]. It is a

‘good’ interleukin in terms of glucose metabolism, presenting defensive effects

in experimental diabetes. Administration of IL-3 twice weekly starting at 2–4

weeks of age delayed the onset and reduced the overall incidence of diabetes in

mice. Bone marrow cells obtained from IL-3-treated mice protected other mice

from cyclophosphamide-induced diabetes [72]. On the other hand, in sponta-

neously contracting cultured cardiac myocytes, perfusion with IL-3 induced

arrhythmias resulting in a complete cessation of spontaneous contractions and a

severe loss of myocyte inotropy; the effects were concentration-dependent and

reversible [73]. Thus, IL-3 appears to represent a special case, being the only

interleukin whose effect is incongruous: protective for diabetes and noxious for

the heart. However, it should be pointed out that such noxious effects do not

include proinflammatory or atherogenic activities. IL-30 is in fact a protein that

constitutes one of the chains of the heterodimeric IL-27. IL-31 presents a struc-

ture that places it in the family of cytokines being similar to IL-6, and may play

a role in inflammation of the skin. IL-32 Induces monocytes and macrophages

to secrete TNF-� and IL-8. IL-33 mediates its biological effects by interacting

with the orphan IL-1 receptor, and activates the signaling pathways that drive



Fisman/Adler/Tenenbaum 56

production of IL-4, IL-5 and IL-13 [74]. IL-30 through 33 were not classified

due to the scarce available data.

Matrixins

Matrixins, also named matrix metalloproteinases (MMPs), are prepro

enzymes responsible for the timely breakdown of extracellular matrix (ECM).

This is an essential process for embryonic development, morphogenesis, repro-

duction, and tissue resorption and remodeling. The expression of most matrixins

is transcriptionally regulated by growth factors, hormones, cytokines, and cellu-

lar transformation. In addition, their proteolytic activity is precisely controlled

during activation from their precursors and inhibition by endogenous inhibitors,

�-macroglobulins, and tissue inhibitors of metalloproteinases (TIMPs) The

TIMPs are specific inhibitors of matrixins that participate in controlling the

local activities of MMPs in tissues [75]. This regulation is essential, since uncon-

trolled ECM remodeling of the myocardium and vasculature are features of car-

diovascular disorders such as atherosclerosis, vascular stenosis, left ventricular

hypertrophy, heart failure and aneurysms [76]. Various types of proteinases are

implicated in ECM degradation, but the major enzymes are considered to be the

matrixins. For the time being, 29 have been described in humans [77].

Biochemically, they belong to the family of zinc endopeptidases collec-

tively referred to as metzincins. The metzincin superfamily is distinguished by

a highly conserved motif containing three histidines that bind to zinc at the cat-

alytic site and a conserved methionine that sits beneath the active site [78].

Classification

Based on domain organization and substrate preference, matrixins maybe

grouped into five groups: collagenases, gelatinases, stromelysins, matrilysins,

membrane-type (MT) matrixins. The are also several miscellaneous matrixins,

not yet grouped in the above categories [79, 80].

Collagenases (like MMP-1, MMP-8, MMP-13 and MMP-18) are enzymes

that are able to cleave the peptide bonds in the triple helical collagen molecule,

and are characterized by specifically cleaving interstitial collagens I, II and III

into 3/4 and 1/4 fragments, albeit they can digest other ECM molecules and sol-

uble proteins. Recent studies indicated that MMP-1 activates protease-activated

receptor (PAR)-1 by cleaving the same Arg-Ser bond cleaved by thrombins,

which promotes growth and invasion of breast carcinoma cells [81]. Two other

matrixins, i.e. MMP-2 and MMP-14 (MT1-MMP), also have collagenolytic
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activity, but they are classified into other subgroups because of their domain

compositions. Collagenase has also been used in the isolation of cardiomy-

ocytes suitable for the preparation of cultures. If tissue dissociation is accom-

plished by perfusion of the intact organ with enzyme solution, then collagenase

is always the enzyme of choice, either alone or in combination with other

enzymes such as hyaluronidase [82].

Gelatinases (as MMP-2 and MMP-9) readily digest gelatin with the help of

their three fibronectin type II repeats that binds to gelatin/collagen. They also

digest a number of ECM molecules including type IV, V and XI collagens,

laminin, aggrecan core protein, etc. MMP-2, but not MMP-9, digests collagens

I, II and III in a similar manner to the collagenases. The collagenolytic activity

of MMP-2 is much weaker than MMP-1 in solution, but because proMMP-2 is

recruited to the cell surface and activated. The association of a 92-kDa gelati-

nase with changes in left ventricular area suggests a possible modulating role

for this matrix metalloproteinase in disruption of the fibrillar components of the

left ventricular ECM [83].

Stromelysins (MMP-3, MMP-10 and MMP-11) have a domain arrangement

similar to that of collagenases, but they do not cleave interstitial collagens.

MMP-3 and MMP-10 are similar in structure and substrate specificity, but

MMP- 11 (stromelysin 3) is distantly related. The MMP-11 gene is located on

chromosome 22, whereas MMP-3 and MMP-10 are on chromosome 11, along

with MMP-1, MMP-7, MMP-8, MMP-12, MMP-20, MMP-26 and MMP-27.

MMP-3 and MMP-10 digest a number of ECM molecules and participate in

pro-MMP activation. MMP-11, on the other hand, has very weak activity

toward ECM molecules, but cleaves serpins more readily. MMP-11 has a furin

recognition motif RX[R/K]R at the C-terminal end of the propeptide and there-

fore is activated intracellularly. An intracellular 40-kDa MMP-11 isoform (h-

stromelysin 3) is found in cultured cells and placenta. This transcript, resulting

from alternative splicing and promoter usage, lacks the signal peptide and the

pro-domain. The function of this isoenzyme is not known. Its polymorphisms

may not occur as independent events but rather be associated with other poly-

morphisms in the genome, such as cytokines and mediators of the inflamma-

tory response, and may identify patients that are more vulnerable to adverse

myocardial remodeling and, therefore, to a more rapid progression of the heart

failure process [84].

Matrilysins (MMP-7 and MMP-26) are the smallest MMPs. They lack a

hemopexin domain. MMP-7 is synthesized by epithelial cells and is secreted api-

cally. Besides ECM components, MMP-7 processes cell-surface molecules such

as pro-�-defensin, Fas-ligand, pro-TNF-�, and E-cadherin. MMP-26 is expressed

in normal cells such as those of the endometrium and in some carcinomas. It

digests several ECM molecules, and unlike most other MMPs, it is largely stored
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intracellularly. Surface plasmon resonance was used to document a direct MMP-

7 interaction with connexin-43. Connexin-43 cleavage results in generation of a

larger membrane-associated polypeptide and small free peptides derived from the

extreme C-terminus of connexin-43. Thus, MM-7 affects connexin-43 levels,

electrical conduction, and survival after myocardial infarction [85].

Membrane-type (MT) matrixins. There are six membrane-type MMPs (MT-

MMPs): four are type I transmembrane proteins (MMP-14, MMP-15, MMP-16,

and MMP-24), and two are glycosylphosphatidylinositol (GPI) anchored pro-

teins (MMP-17 and MMP-25). With the exception of MT4-MMP, they are all

capable of activating proMMP-2. These enzymes can also digest a number of

ECM molecules, and MT1-MMP has collagenolytic activity on type I, II and III

collagens. MT1-MMP null mice exhibit skeletal abnormalities during postnatal

development that are most likely due to lack of collagenolytic activity. MT1-

MMP also plays an important role in angiogenesis. MT5-MMP is brain specific

and is mainly expressed in the cerebellum. MT6-MMP (MMP-25) is expressed

almost exclusively in peripheral blood leukocytes and in anaplastic astrocytomas

and glioblastomas but not in meningiomas. MT matrixins are upregulated in kid-

neys of diabetic patients, suggesting a novel role for them in the pathogenesis of

renal tubular atrophy and end-stage renal disease [86].

Implications

Atherosclerosis and diabetes present a pleiotropic progression in which

inflammation appears to be a common background, and patients with diabetes

experience accelerated atherosclerosis, which has been termed atheroscleropa-

thy [87, 88]. Controlling the classical risk factors for CAD diminishes the inci-

dence of both diseases. However, these risk factors are only partially successful

in identifying many subjects who subsequently develop the ailments. The

majority of myocardial infarctions are caused by coronary lesions presenting

less than 50% luminal obstruction [89]. Moreover, lipid deposition in the

endothelium, per se, does not explain the proliferation of smooth muscle cells

during atherogenesis. These facts herald the concept that the plaque biology

may be a very important determinant of disease outcome. In addition to the

degree of vessel stenosis, biochemical processes within the plaque – such as

those harvested by interleukins – are now widely recognized as a crucial aspect

of stability. Moreover, sequelae of chronic hyperglycemia, such as oxidative

stress and increased protein kinase C production, are widely invoked as patho-

genic mechanisms for accelerated atherosclerosis [90].

Twenty-eight interleukins exhibit harmonized physiologic behavior regarding

diabetes and atherosclerosis; each one presents converging effects on both diseases.
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Eight interleukins are ‘bad’ (IL-1, IL-2, IL-6, IL-7, IL-8, IL-15, IL-17 and IL-18),

five are ‘good’ (IL-4, IL-10, IL-11, IL-12 and IL-13), and the remaining fifteen are

‘aloof’. According to this novel yield-based classification, the following implica-

tions may be drawn from the standpoint of cardiovascular diabetology: (1) a favor-

able effect of a given interleukin on either diabetes or atherosclerosis will predict a

similar effect on the other; (2) equally, harmful interleukin effects on one disease

can be extrapolated to the other, and (3) absence of influence of a given interleukin

on one of these diseases forecasts lack of effects on the other.

Several studies report on substantial reductions in the incidence of type 2

diabetes during pharmacologic interventions aimed to treat CAD. Such results

were observed with angiotensin-converting enzyme inhibitors [91, 92] and

statins [93]. Reciprocally, antihyperglycemic agents like glitazones have shown

favorable effects on nontraditional biomarkers of cardiovascular disease, sug-

gesting the presence of antiatherogenic effects [94], and treating impaired glucose

tolerance patients with acarbose was associated with a significant reduction in

the risk of cardiovascular disease and hypertension [95]. Our present knowledge

of the multifaceted physiological functions of interleukins allows the assump-

tion that they play a pivotal role at the crossroad between glucose metabolism

and atherothrombotic processes.

In principle, several matrixins with complementary substrate repertoires

should be needed to mediate plaque rupture. Descriptive and correlative studies

consistently demonstrate matrixins overexpression and matrix destruction at the

macrophage-rich regions of atherosclerotic plaques that are prone to rupture.

On the other hand, early fatty streaks also show upregulation of matrixins,

which could therefore be involved in plaque building by intimal expansion as

well as plaque rupture by matrix destruction. TIMPs are upregulated, especially

at the base of plaques, and in part counteract the destructive potential of matrix-

ins [76]. There has been a long-standing interest in the role of MMPs in cardio-

vascular disease. Numerous studies increased levels of MMPs at sites of

atherosclerosis and aneurysm formation have been demonstrated [76].

The concept that the inflammatory process may play a leading role in the

development of atherosclerotic plaques has led to the suggestion that secretion

and activation of MMPs by macrophages induces degradation of ECM in the

atherosclerotic plaque and plaque rupture. Based on these concepts, MMPs have

been proposed to represent sensitive markers of inflammation in patients with

coronary artery disease. The importance of collecting plasma rather than serum

specimens for measuring MMPs in diagnostic testing has been stressed [96].

Similarly to interleukins, overepression of matrixins was documented in

diabetes and its complications [97].

These facts further support the unifying etiologic theory of both ailments

emphasizing the importance of a cardiovascular diabetologic approach to these
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cytokines for future research. Their targeting – in an attempt to develop phar-

macologic activators of the ‘good’ interleukins, and inhibitors of the ‘bad’ ones –

might provide an effective means to simultaneously control both atherosclerosis

and diabetes mellitus.
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Abstract
Arterial stiffness is an independent risk factor for premature cardiovascular morbidity

and mortality that can be evaluated by noninvasive methods and can be reduced by good

clinical management. The present chapter examines the association between arterial stiff-

ness and cardiovascular risk factors including hypertension, metabolic syndrome, diabetes,

advanced renal failure, hypercholesterolemia and obesity. The mechanisms responsible for

the structural and functional modifications of the arterial wall are also described. We deal

with parameters related to arterial compliance, focusing on two of them, pulse wave veloc-

ity and the augmentation index, useful in rapid assessment of arterial compliance by the

bedside. Data that highlight the role of aortic pulse wave velocity and the augmentation

index as independent factors in predicting fatal and nonfatal cardiovascular events in differ-

ent populations are briefly presented. A number of lifestyle changes and traditional antihy-

pertensive agents that improve arterial compliance are finally discussed. Novel therapies,

such as statins, thiazolidindinediones, phosphodiesterase inhibitors and inhibitors or break-

ers of advanced glycation end product cross-links between colagen and elastin hold sub-

stantial promise.

Copyright © 2008 S. Karger AG, Basel

The principal function of the arterial system is to deliver an adequate sup-

ply of blood to the tissues and organs. In performing this conduit function, the

arteries transform the pulsatile flow generated by ventricular contraction into a

continuous flow of blood in the periphery. This latter cushioning function is

dependent on the mechanical properties of the arterial wall. Arterial compliance

depends on the structure and function of the vessel wall.
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Arterial Wall and Arterial Compliance

Arterial Wall

The arterial wall is formed by endothelium, intima, media and adventitia.

The endothelial basement membrane (BM) is the main support for attachment of

endothelial cells and provides a filtering mechanism due to strong anionic

charges of its matrix. The extracellular matrix (ECM) consists of collagen,

elastin, proteoglycans (glycosaminoglicans), hyaluronan and structural adhesive

glycoproteins. All these components are under the control of metalloproteinases.

The endothelial cells and BM along with ECM are the first defense mech-

anism against various toxic stimuli: aldosterone, LDL cholesterol, viruses and

so on.

Therefore, ECM is the first layer that is affected by the process of athero-

genesis. Later, each layer will be affected by these injurious stimuli. We will

briefly describe the ECM components.

Collagen
Collagen is the most abundant protein. The collagen molecule is formed by

three polypeptide chains, which intertwine to form triple-helical rope-like col-

lagen fibrils. These fibrils are cross-linked by hydroxyl groups between alpha

chains (a major contributor to their tensile strength) to form the collagen fiber.

These fibers, in turn, form collagen bundles. Gaps in the collagen fibril give the

cross-banding appearance of type I and II collagen fibers at a characteristic

length of 67 nm when viewed by electron microscopy. In type III collagen there

is a structurally beaded appearance instead of the characteristic cross-banding

appearance observed in type I and II collagen. The physical and tensile strength

of collagens is typified by collagen type I (having the tensile strength of steel),

which predominates in bones, tendons, skin, and mature scars, while type II

collagen is thinner and predominates in cartilage, vitreous humor and nucleus

pulposus. Type III collagen is found in organs requiring more plasticity such as

blood vessels, heart, gastrointestinal tract, uterus, and the dermis. Types I, II

and III collagen are the fibrillar-interstitial collagens and are the most abundant

collagen types. They are important in diabetic remodeling fibrosis within the

myocardium, the tubulointerstitium of the kidney, the intima in atheroscleropa-

thy, dermopathy, interstitial changes within the retina (retinopathy), and possi-

bly the neuronal unit of neuropathy. In contrast, collagens IV, V, and VI are

nonfibrillar or amorphous and are found in BMs and interstitial tissue.

One very unique feature of type IV collagen is the presence of 7–8 cys-

teine residues, which are involved in intra- and intermolecular disulfide bonds,

which aid in the stabilization of this polymer. This presence of cysteine in type
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IV collagen is in contrast to mature fibrillar collagens types I, II and III, as they

lack a cysteine moiety. Type IV collagen is found exclusively in BM [1–3].

Elastin
Elastin is known to provide support and elasticity. This elasticity is impor-

tant for many tissues and organs such as the blood vessels, heart, skin, lung, and

uterus. Elastin is a 70-kDa glycoprotein and constitutes the central core of elas-

tic fibers. It is cross-linked, but unlike most other proteins it does not form def-

inite folds but rather oscillates between different states to form random coils. It

is this cross-linked, random-coiled structure of elastin that determines the

capacity of the elastic network to stretch and rebound.

Elastin provides an elastic molecular rebound capacity to the ECM and this

is why there is a distinct internal and external elastic lamina on either side of the

medial vascular smooth muscle layer of the arterial vessel wall [1–3].

Proteoglycan
Proteoglycan (PG) is found within the intima. It is synthesized primarily

by the vascular smooth muscle cell and in BM by the endothelium. PG consist

of core protein(s) covalently linked to one or more highly sulfated polysaccha-

ride chains, called glycosaminoglycans. These molecules are highly diverse

with multiple combinations of core proteins and polysaccharide chains.

Examples are: heparan sulfate proteoglycans, chondroitin sulfate proteogly-

cans, keratan sulfate proteoglycans, and dermatan sulfate proteoglycans [1–3].

Hyaluronan
Hyaluronan is a huge molecule formed by disaccharides stretched end-to-

end, while lacking a core protein. It binds large amounts of water and forms a

viscous hydrated gel, which gives the ECM turgor and allows it to resist com-

pressive forces. Because of this unique ability it is found in abundance in carti-

lage of joints as it provides resilience and lubrication. It serves as a ligand for

core proteins and is often a backbone for large proteoglycan complexes. It facil-

itates cell migration and inhibits cell-cell adhesion. Hyaluronan is increased in

atherosclerotic plaque erosion and is decreased in the vulnerable thin-cap

atheroma associated with plaque rupture [1–3].

Structural-Adhesive Glycoproteins
Fibronectin forms a primitive matrix that allows the initial organization to

be replaced by the definitive, organ-specific matrix. Fibronectin is a multifunc-

tional adhesive protein whose primary function is to attach cells to a variety of

matrices. Structurally, it consists of two polypeptide chains held together by two

disulfide bonds. In addition to providing structural support it is associated with

cell surfaces and BMs.
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Laminin is the most abundant glycoprotein in BMs. This structural-adhesive

glycoprotein binds to cells, proteoglycans, and type IV collagen. Laminin is a

hetero-trimeric polypeptide and appears as a cross-like structure with a single

central polypeptide A chain and two flanking polypeptide B chains. This adhesive

glycoprotein is felt to be important in cellular alignment [1–3].

Metalloproteinases and Their Inhibitors
Collagen is maintained under the control of a group of zinc dependent,

redox sensitive endopeptidases, named metalloproteinases. There is a delicate

balance between the tearing down, rebuilding, tailoring and remodeling of the

collagens within ECM. Also there is a delicate balance between metallopro-

teinases and their inhibitors. In physiological conditions, homeostasis is

achieved. But, when the balance is broken, metalloproteinases degrade collagen

and hydrolyze elastin, which results in rupture of arterial wall vulnerable

plaques [1–3].

Systolic Hypertension, Wide Pulse Pressure, 
Central Artery Stiffness and Arterial Compliance
Systolic hypertension results principally from increased aortic and central

arterial stiffness, although peripheral vasoconstriction also contributes [4].

The clinical hallmark of systolic hypertension is a pattern of wide pulse

pressure (PP). PP is defined as the difference between systolic blood pressure

(SBP) and diastolic blood pressure (DBP). In young healthy people the elastic

recoil of proximal aorta and large arteries dampens the impact of pulsatile flow

(narrow PP) by retaining a fraction of each cardiac stroke volume during systole

and then delivering this retained volume in diastole.

When central arteries stiffen with age and hypertension, the full stroke vol-

ume is delivered through the resistance arterioles during systole because there

is no elastic recoil (compliance) of the aorta. As a result, the PP widens and the

SBP rises, independent of cardiac output or systemic resistance [4–7].

The arterial stiffness is altered primarily in association with increased col-

lagen content and alterations of extracellular matrix and calcification of the

arterial wall [9]. Arterial stiffness is one of the principal factors opposing left

ventricular ejection. Arterial stiffening increases left ventricular afterload and

alters the coronary perfusion and is a strong independent factor associated with

morbidity and mortality, in the general population as well as in people suffering

from cardiovascular disease and chronic renal failure [4–7].

Compliance defines the capacitive properties of central arteries, whose

role it is to dampen pressure and flow oscillations and to transform pulsatile

flow and pressure in arteries into a steady flow and pressure in peripheral tis-

sues. Stiffness is the reciprocal value of compliance [4–8].
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Assessment of Arterial Stiffness: Measurement of 
Pulse-Wave Velocity and Augmentation Index

Several parameters of arterial stiffness have been investigated. The shift in

importance from diastolic to systolic hypertension has prompted the develop-

ment of new methods to evaluate arterial compliance. Two of these, derived

from the application of applanation tonometry, have emerged as particularly

valuable: pulse-wave velocity (PWV) and the augmentation index (AI). Their

merits are a simple method of calculation/measurement, reproducible values,

and prospectively validated prognostic significance.

PWV is greater in stiffer arteries, and is clearly associated with increased

mortality in populations with cardiovascular disease or chronic kidney dis-

ease. PWV is assessed through the calculation of the time required for a given

pressure waveform to travel from a proximal to a distal site over a known dis-

tance. The AI also is clearly associated with survival. AI represents the differ-

ence between the first and second systolic peak of the pulse-wave contour

divided by PP height. AI is a composite parameter because it expresses the

reflective properties of the peripheral distal arterial bed and elastic properties

of large arteries. Thus, these 2 measures, although correlated, are not inter-

changeable or synonymous. PWV and AIx are determined from contour

analysis of arterial waveforms recorded by applanation tonometry

(SphygmoCortm device, PWV Inc., Westmead, Sydney, Australia) using a

highly reproducible technique previously described elsewhere [9, 10]. Briefly,

PWV is computed from carotid and radial artery waveforms recorded consec-

utively (fig. 1), an ECG gated-signal simultaneously recorded, and standard

anthropometrical distances ([sternal notch to arterial radial site distance] –

[sternal notch to carotid site distance]), as required by the SphygmoCortm

software.

PWV and AI assessed by means of applanation tonometry, a simple bed-

side-applicable technique, may be particularly promising in pharmacological

studies dealing with the influence of different substances (mainly antihyperten-

sive drugs) on the viscoelastic properties of large arteries [9–11].

Arterial Compliance and Hypertension

In patients with essential hypertension the arterial compliance is signifi-

cantly reduced. Also in borderline hypertensives arterial distensibility is already

reduced at a young age. It is still unclear whether the reduction of arterial com-

pliance is caused by increased arterial pressure or by reduction of arterial wall

dynamic properties.
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Recent studies suggest that intrinsic changes in the arterial wall produce

increased stiffness in the arteries. Therefore, the treatment for hypertension

must be directed not only to reduce blood pressure but to improve arterial wall

compliance [12, 13].

Blood pressure includes a steady component – the mean arterial pressure,

and a pulsatile component – the pulse pressure (the difference between systolic

and diastolic pressure), which is the result of intermittent ventricular ejection.

Pulse pressure is also influenced by the cushioning capacity of large arteries

(expressed by compliance) and by the timing and intensity of waves from the

heart to vessels and back to the heart (expressed by PWV). All blood vessels

have a conduit function that means supplying the organs with blood and a cush-

ioning function that implies dampening the oscillation, but larger arteries are

more useful in cushioning and smaller arteries are more useful in blood distrib-

ution [14].

The cushioning function is specifically altered during hypertension.

The physiopathology of arterial rigidity includes structural and functional

aspects.

High blood pressure injures the arterial wall, increases matrix collagen

deposition and reduces the elastin/collagen ratio. In large arteries 50% of
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Fig. 1. Typical pulse waveforms from (top) normal and (bottom) stiffened conduit

arteries derived from percutaneous tonometry tracings. With reference to a normal artery:

T0 � time of start of cardiac cycle; TF � time of finish of cardiac cycle; T1 � time to out-

going pressure peak; T2 � time to peak of reflected wave; S � systole; D � diastole. Peaks

at T1 and T2 coincide in the stiffened artery, leading to augmentation of arterial pressure. AI

is the augmentation pressure (the difference between the second and the first systolic peak

measured on the aortic pressure waveform) divided by PP (pulse-wave height) � 100 [11].
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arterial wall is occupied by the matrix. Therefore, interstitial accumulation of

collagen capable of water immobilization has a profound impact on the struc-

ture and mechanical properties of the large arteries.

In young people the primary reflected wave returns to the central aorta

in diastole, where it augments coronary and cerebral perfusion. If the artery

is stiff, the primary reflected wave arrives back at the aortic root during late

systole, where it is superimposed on the incident wave, adding to central

pulse pressure and cardiac afterload [15]. Arterial stiffness has deleterious

effects on left ventricular function and increases myocardial oxygen consump-

tion [16].

Vascular stiffness is also accompanied by changes in the left ventricle that

increase end-systolic chamber stiffness. This does not require renal disease or

cardiac hypertrophy to be present. This ventricular arterial stiffening alters the

heart response to stress, salt overload or abrupt changes in heart function in

patients with heart failure and preserved ejection fraction. The ventricular-arte-

rial stiffness impacts on cardiovascular reserve and blood pressure lability, and

also decreases diastolic blood pressure and impairs coronary perfusion [17].

Small arteries also have an important role in hypertension.

Enhanced constriction of these arteries in hypertension may increase

peripheral resistance by reducing lumen diameter. According to Poiseuille’s law,

a small decrease in lumen size may induce significant hemodynamic change

and may increase systemic vascular resistance. In small vessels, the main repro-

ducible parameter is media-lumen ratio, measured by histologic techniques,

entirely different than large arteries parameters measurement described in the

previous section. Studies done on samples taken from gluteal fat confirm that

small vessel remodeling does not require true hypertrophy [18]. Here, the

media width is increased but the outer and inner diameters are reduced. In early

hypertension this eutrophic remodeling is dominant, and only in longstanding

hypertension does the well-known hypertrophic remodeling become predomi-

nant. This new view of arteriosclerosis-eutrophic remodeling is thought to

apply also for large vessels, including the aorta. The ‘small aorta syndrome’ is

more prevalent than dilated aorta in longstanding hypertension [19].

The main role in remodeling is played by the extracellular matrix.

Collagen deposition is significantly enhanced in small arteries in patients with

essential hypertension. Deposits of collagen contribute to media thickness.

Collagen deposition is enhanced by different hormones, such as endothelin-1,

angiotensin II and catecholamines. Metalloproteinase activity that degrades

extracellular matrix protein is also diminished [20, 21].

Another remodeling process in hypertension is vascular rarefaction. In

subjects with severe hypertension the density of arterioles is decreased, which

increases vascular resistance [22].
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Figure 2 presents, in a concise manner, the factors that influence systolic

and diastolic hypertension.

Finally, the change in permeability in the vasa vasorum network, a vascular

system that originates from intercostal arteries that provides blood to the arter-

ial wall, may have a role in arterial rigidity by impairing the clearance athero-

genic factors and reducing blood wall oxygenation [23].

Arterial Compliance and Diabetes

Diabetic patients show increased arterial stiffness at a relatively young

age compared with nondiabetic subjects. Also, diabetes is associated with

increased ventricular stiffness in the presence of normal ventricular ejection

fraction [24, 25].

Arterial compliance is affected both in insulin-dependent diabetes mellitus

and non-insulin-dependent diabetes mellitus subjects from an early stage

[26, 27].

This finding suggests that in diabetes the normal aging process of the arte-

rial wall is accelerated. In diabetes, a nonenzymatic reaction between glucose

and protein takes place in the arterial wall. At the beginning, glucose and pro-

teins form an unstable and reversible product, called the Schiff base. After a

period of time, days to weeks, the unstable product accumulates and forms a

more stable product named the Amadori product. The best known Amadori

product is hemoglobin A1C, which is glucose linked to the N-terminal valine

amino group of the beta chain of hemoglobin.

If exposure to high glucose concentration is longer and hyperglycemia is

not lowered, the Amadori product retransforms again into a very stable product,

virtually irreversible and resistant to degradation, named ‘advanced glycosylation

Cardiac stroke volume
Increased

Systolic blood pressure

Increase

Decrease

Diastolic blood pressure

Central arterial stiffness
Increased

Systemic vascular resistance
Increased

Fig. 2. Factors which influence systolic and diastolic blood pressure.



Arterial Elasticity in Cardiovascular Disease 73

end product’ or AGE. AGEs alter arterial wall by cross linking throughout the

collagen molecule, and the result is loss of compliance. In uncontrolled dia-

betes, the formation of AGEs is accelerated [24, 28]. Accumulation of AGEs is

not an isolated phenomenon and can worsen the damage done by hypercholes-

terolemia, smoking and renal failure. AGEs increase low-density cholesterol

trapping through covalent links. Low-density cholesterol links to collagen and

elastin and worsens arterial compliance [29]. Cigarette smoking produces

AGEs from tobacco, by an incompletely understood mechanism [30]. Patients

with advanced renal failure cannot clear AGEs, and these low-weight molecules

accumulate. Modern hemodialysis and peritoneal dialysis methods are unable

to remove AGEs efficiently [24].

Recent experimental studies showed that AGE cross-link inhibitors can

reverse arterial stiffness and diastolic dysfunction. Extensive presentation of this

new class of experimental drugs, AGE cross-link inhibitors, is beyond the scope

of this review; for an excellent overview of this issue, see Aronson [24].

The glycation end products affect both large arteries and small arteries.

Large artery disease results in stroke and myocardial infarction and small artery

disease predisposes to retinopathy and renal failure. Pulse pressure, PWV and

AI are strong survival predictors in diabetes, independent of hypertension.

Worldwide, diabetic subjects are at substantial cardiovascular risk similar to a

nondiabetic subject who has sustained a myocardial infarction. More studies

linking PWV to clinical outcomes of diabetes are needed to provide a better

understanding of cardiovascular disease in diabetes [31–33].

Arterial Compliance, Obesity and Metabolic Syndrome

Obesity is associated with early vascular changes. Excess body fat,

abdominal visceral fat and larger waist circumference have been identified as

risk factors for accelerated arterial stiffening in young and older adults. Several

pre-existing risk factors, including diabetes, hypertension and dyslipidemia,

may particularly increase the negative cardiovascular effects of morbid obesity,

causing greater cardiovascular risk earlier in adulthood. There are a number of

mechanisms by which increasing adiposity and obesity might contribute to

arterial stiffening, both in the short and the long term. First, the state of insulin

resistance that commonly accompanies obesity impairs endothelium-dependent

vasodilatation and increases the local activity of a variety of growth factors in

vascular tissue, promoting collagen production and the development of vascular

smooth muscle cell hypertrophy [34, 35].

In addition, the pro-inflammatory state typical of obesity may promote

free radical formation, leading to the development of oxidative stress. Elevated
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sympathetic nerve activity and norepinephrine-evoked vascular smooth muscle

cell contraction may also contribute to obesity-related stiffness [34]. Finally, obe-

sity might increase arterial stiffness through the hormone leptin, which has been

shown to promote angiogenesis and vascular smooth muscle cell proliferation [36].

Obesity is often accompanied by a metabolic syndrome, and substantial

improvement of the latter also occurs with weight loss. Weight loss in obese

individuals leads to rapid improvement of cardiovascular risk factors; however,

some studies suggested that weight loss may be hazardous in the long term [37].

A recent study showed that dramatic weight reduction in obese patients

with cardiovascular risks corrects metabolic derangements and improves small

vessel compliance [34]. Endothelial dysfunction and alterations in function and

structure of the arterial wall are detectable earlier in small arterioles than in

larger arteries. Lack of change in large artery compliance after weight loss may

imply that the process of tissue repair in the large arteries is lengthy and may

take several months of stable reduced weight [38].

A metabolic syndrome is defined by the presence of hypertension in asso-

ciation with two or more of the following criteria: high-density lipoprotein

�40 mg/dl in men and �50 mg/dl in women, fasting glucose between 100 and

125 mg/dl, triglycerides �150 mg/dl or drug treatment for elevated triglyc-

erides, and waist circumference �102 cm in men or 88 cm in women [39].

Several studies showed that that metabolic syndrome even without diabetes

increases the risk of hypertensive target organ damage [40, 41]. Moreover, arte-

rial distensibility is reduced in nondiabetic healthy persons with insulin resis-

tance syndrome and in patients with metabolic syndrome, indicating that

arterial stiffness is an early sign of pathology in this disorder [42]. Also, stiff-

ness increases in people with a family history of diabetes [43].

A recent study showed that a metabolic syndrome increases arterial stiff-

ness independent of the effect of hypertension. A possible mechanism is accu-

mulation of advanced glycation end products and enhanced oxidative stress,

which alter the structure and function of collagen and elastin.

Insulin resistance, the elevation of leptin and a low level of adiponectin

have an additive effect. The elevated pulse pressure in metabolic syndrome can

explain the increased risk of cardiovascular morbidity associated with this dis-

ease [40].

Arterial Stiffness and Survival in Patients with 
Chronic Kidney Disease

In industrialized societies, there is a close relationship between hypertension

and progressive impairment of renal function. Hypertension and its associated



Arterial Elasticity in Cardiovascular Disease 75

disorder, diabetes mellitus, are the principal reasons for cardiovascular disease

and the initiation of renal replacement therapy with dialysis or transplantation

[44]. Cardiovascular events and mortality increase as glomerular filtration rate

slows down to below 60 ml/min or albuminuria is present only in a modest

degree. In dialysis patients, cardiovascular disease is 10- to 20-fold higher than

in the general population, representing at least half of the 15–25% per year

mortality rate [45–47]. The fact that only a small minority of people with hyper-

tension develop terminal renal failure is probably best explained by the time

interval necessary for renal failure to develop; most hypertensives die of car-

diovascular failure before terminal renal failure occurs.

Parameters of arterial stiffness have been associated significantly with car-

diovascular morbidity and mortality in patients with essential hypertension and

renal failure. Aortic stiffness is an independent predictor of primary coronary

events in these patients [49, 50]. Furthermore, increased PWV and AI are

strong and independent predictors of cardiovascular death in hypertensive and

chronic kidney patients, even without clinically evident atherosclerosis. There

is a direct association between parameters of arterial stiffness (PWV and AIx)

and the worsening of coronary disease assessed by coronary angiography inde-

pendent of traditional and nontraditional risk factors: age, dyslipidemia, dia-

betes, blood pressure, inflammatory status and calcium-phosphate metabolism

[51]. Larger values of AI and PWV in terminal renal disease populations are

either treated by peritoneal dialysis or hemodialysis, but patients treated by

peritoneal dialysis have a worse overall prognosis. This finding is explained by

poorer blood volume control and worse lipid profile in patients treated by peri-

toneal dialysis [52]. There are studies that suggest that in the terminal renal

population, the arterial stiffness changes only after renal transplantation, but the

data are relatively scarce [53].

There are several potential pathophysiological pathways that could explain

why the marked reduction in large artery compliance negatively impacts cardio-

vascular survival in chronic kidney disease patients. First, increased arterial stiff-

ness is strongly associated, in dialysis patients, with left ventricular hypertrophy

and increased left ventricular mass, recognized risk factors for cardiovascular

disease. Second, premature return of reflected arterial waves from peripheral

sites leads to an elevated pulse pressure and reduces the diastolic period with

negative consequences on coronary perfusion, resulting in subendocardial

ischemia. Two more processes in chronic kidney disease patients have recently

gained considerable attention: these are calcification, and chronic inflammation

[49, 50, 54]. Coronary artery calcification has been shown to be very prevalent

and extremely advanced, even when compared to nonrenal patients with severe

coronary artery disease. There is a strong correlation between coronary artery

calcification and aortic PWV in patients with chronic kidney disease. The
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second important process relates to systemic inflammation. A strong correlation

between C-reactive protein and PWV/AIx was found. All these data demonstrate

the role of arterial stiffness in determining the poor outcome of cardiovascular

disease in patients with chronic kidney disease [48–50, 54].

Arterial Stiffness and Therapy

Several dietary modifications are efficient in reducing stiffness.

Flavonoids are antioxidant substances abundant in fruit, vegetables and dark

chocolate that may reduce arterial stiffness [43, 55]. Restriction of dietary

sodium and reducing passive and active cigarette and cigar smoking have a ben-

eficial effect on arterial compliance.

Moderate alcohol consumption and regular aerobic exercise (walking, jog-

ging or swimming) may also improve arterial elasticity [43, 56].

Rapid weight loss in patients with morbid obesity and cardiovascular risk

factors who underwent laparoscopic adjustable gastric banding was found to be

associated with improvement of small artery compliance [34].

The clinical benefits of enhanced external counterpulsation therapy in

chronic stable refractory angina patients who fail to respond to conventional ther-

apy, like percutaneous coronary intervention or bypass surgery combined with

aggressive antianginal medication, include reductions in angina episodes, nitrate

use and improvement in exercise tolerance and quality of life. In a recent study,

enhanced external counterpulsation treatment improved AI and PWV [57].

Interventional studies regarding the effect of drugs on arterial compliance

are rare. Captopril, propranolol and amlodipine significantly reduced PWV

compared with placebo, whereas verapamil had no acute effect on arterial stiff-

ness [58, 59]. Nitroglycerin had a highly significant effect on AI, but just a

minor effect on PWV, suggesting that the former parameter may be more useful

in pharmacological studies [60]. Spironolactone prevents the accumulation of

aortic and myocardial collagen, independent of BP changes, in spontaneously

hypertensive rats. Investigations on the long-term effect of spironolactone on

arterial stiffness are underway [61]. Counting the multiple effects of the rennin-

angiotensin-aldosterone (RAA) axis on the endothelium, RAA inhibition seems

particularly attractive in reducing arterial stiffness. Compared with a thiazide

diuretic, losartan significantly improved the AI. In patients with essential

hypertension, both ACE inhibition and blockade of angiotensin receptor-1

reduced arterial stiffness. Treatment with valsartan in patients with essential

hypertension improved arterial compliance of both large and small vessels [62].

This effect was even more pronounced by the ‘dual’ blockade of the RAA

system [63, 64].
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Clinical studies of hypertensive humans have shown that the antistiffening

effect of converting enzyme inhibition is more pronounced in the presence of

the c variant of the AT1R receptor gene polymorphism. The hypertensive

patients with this type of polymorphism derive more benefit from converting

enzyme inhibitors than from treatment with other hypertensive drugs [65].

Omapatrilat, a combined inhibitor of ACE and neutral endopeptidase, has

been shown to decrease pulse pressure and proximal aortic stiffness much more

than ACE inhibitor alone. This finding indicates the possibility that inhibition

of neutral endopeptidase improves aortic elastic characteristics by affecting

bradykinin, natriuretic peptides and metalloproteinases [66].

Antihypertensive therapy improves arterial stiffness mainly by reducing

BP as a major determinant of diminished arterial compliance. Currently used

antihypertensive drugs that may potentially alter arterial stiffness involve the

risk of inappropriately decreasing diastolic BP, thus jeopardizing coronary

reserve. Moreover, high BP alone definitely does not determine arterial stiff-

ness, which is also influenced by BP-independent structural modifications of

the large artery walls [67]. Therapeutic studies focusing on structural improve-

ment in the vessel walls are just beginning. Promising targets in this respect are

the matrical proteins. During degenerative processes of the arterial wall, these

proteins are establishing nonenzymatic links to glucose (and other similar mol-

ecules), and generating advanced glycation end products (AGEs). These AGEs

accumulate slowly at the level of low-turnover proteins, such as collagen and

elastin, increasing arterial (and myocardial) stiffness. Reducing AGE genera-

tion may improve arterial compliance [68]. A recent clinical trial found that a

breaker of AGE (ALT-711) improves vascular distensibility and ventricular

diastolic distensibility [24, 69]. Treatment with rosiglitazone has reduced

hyperinsulinemia and improved small artery elasticity with a tendency to

improve large artery elasticity in hypertensive as well as normotensive patients.

Rosiglitazone improves insulin receptor sensitivity (IRS), a finding which sup-

ports the hypothesis that hyperinsulinemia and IRS participate in the mecha-

nisms of tissue injury and that their improvement induces improvement in

arterial elasticity [70]. Therapy with statins may also improve arterial stiffness.

Recent investigations showed that PWV improved after fluvastatin and atorvas-

tatin treatment in hypertensive patients, with or without end-stage renal failure

[59, 71].

A novel approach to vascular stiffness is treatment with the PDE5a

inhibitor sildenafil. Sildenafil is used to treat erectile dysfunction. In the vascu-

lar wall sildenafil increases cGMP activation and results in inhibition of fibro-

sis and vascular relaxation [72].

New drugs that enhance elastin by blocking neutrophil elasticity have been

tried, but the study was limited by the toxicity of these drugs [73].
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Renal transplantation is the preferred method of renal replacement therapy

in most patients with ESRD, because renal transplantation largely restores renal

function and patient’s quality of life, and considerably improves survival,

including CV morbidity and mortality, compared with dialysis patients [74, 75].

AI and PWV in living renal transplant recipients were significantly lower than

in HD patients [75–77]. Cyclosporine A treatment, known as a possible factor

of renal vasoconstriction, did not induce an acute increase in arterial stiffness

by using applanation tonometry [77].

Arterial stiffness seems to have a genetic component, which is largely inde-

pendent of the influence of blood pressure and other cardiovascular risk factors.

Recent studies on animals and humans have looked for the structural and genetic

bases of arterial stiffness. They have shown that several genes and molecules are

associated with vascular wall stiffening and have illustrated the consequences of

changes in these genes and molecules under various clinical conditions. There is

strong evidence that arterial stiffness is affected by the amount and density of

stiff wall material and the spatial organization of that material. To identify these

molecules and their signaling pathways is important for the development of

future drug treatments of arterial stiffness [78]. Extensive presentation of the

genetic characteristic of arterial stiffness is beyond the scope of this chapter; for

an excellent overview, see Laurent et al. [78].
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Abstract
Both essential hypertension and diabetes mellitus affect the same major target organs.

The common denominator of hypertensive/diabetic target organ-disease is the vascular tree.

Left ventricular hypertrophy and coronary artery disease are much more common in diabetic

hypertensive patients than in patients suffering from hypertension or diabetes alone. The com-

bined presence of hypertension and diabetes concomitantly accelerates the decrease in renal

function, the development of diabetic retinopathy and the development of cerebral diseases.

Lowering blood pressure to less than 130/80 mm Hg is the primary goal in the management of

the hypertensive diabetic patients. Beta-blockers have been reported to adversely affect the

overall risk factor profile in the diabetic patient. In contrast, calcium antagonists, angiotensin-

converting enzyme inhibitors and angiotensin receptor blockers have been reported to be either

neutral or beneficial with regard to the overall metabolic risk factor profile. Combination ther-

apy is usually required to achieve blood pressure goal in diabetic patients. The addition of

aldosterone antagonists may be beneficial in patients with resistant hypertension and low levels

of serum potassium. Aggressive control of blood pressure, cholesterol and glucose levels

should be attempted to reduce the cardiovascular risk of diabetic hypertensive patients.

Copyright © 2008 S. Karger AG, Basel

Introduction

The tide of diabetes is rising in the United States and all over the globe,

thereby becoming an increasingly powerful threat to global health. In the

United States alone, the prevalence of diabetes has doubled from 1990 to the

year 2000. The World Health Organization projects that by the year 2025 more

than 5% of the world population, i.e. 300 million people will suffer from dia-

betes. A patient who suffers from type 2 diabetes has a 2–4 times greater risk of

death from cardiovascular causes than the patient without diabetes [1]. The most
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common cause of dying in the diabetic patient is heart disease. In addition,

peripheral vascular disease, end-stage renal disease, blindness and amputations

are common co-morbidities in diabetic patients.

Hypertension has been identified as a major risk factor for the development

of diabetes. Patients with hypertension are at a 2–3 times higher risk of develop-

ing diabetes than patients with normal blood pressure [2]. Hypertension by itself

is, of course, a powerful risk factor for cardiovascular morbidity and mortality as

established by data from the Framingham cohort more than three decades ago.

For any given level of systolic blood pressure, the occurrence of diabetes dis-

tinctly increases cardiovascular mortality. Stamler et al. [3] have documented that

diabetes in the normotensive patient confers greater risk than a systolic blood

pressure between 160 and 170 mm Hg. This observation provoked Haffner and

Cassells’ [4] observation that the prognosis of diabetes is just as grim as the one

of a patient who has suffered an acute myocardial infarction. Of note, while this is

true for overall cardiovascular mortality, it does not necessarily mean that dia-

betes and hypertension are synonymous in affecting the individual components of

cardiovascular system. Also, it does by no means follow that specific cardiovas-

cular drugs are equally protective in diabetes and coronary artery disease.

Blood pressure control remains unacceptably low in the general popula-

tion, but is even lower in the diabetic hypertensive patient [5]. Although con-

trolling the blood pressure is a commendable goal of antihypertensive therapy,

treating hypertensive cardiovascular disease in the diabetic patient is more com-

plex than simply achieving blood pressure targets. Recent studies have shown

that antihypertensive drug classes have differing effects on the risk of new onset

diabetes, on metabolic endocrine surrogate endpoints and possibly on outcome

[6]. The present chapter reviews the epidemiology of hypertension and diabetes

and discusses clinical findings and gives some recommendations for therapy of

the diabetic hypertensive patient.

Epidemiology

Between 1976 and 1988, the prevalence of diabetes (among people age 40–74

years) rose from 11.4 to 14.3% in the USA [7]. Similar increase in the prevalence

of diabetes has been described in other parts of the world [8–10]. It is estimated

that globally, the number of people with diabetes will rise from 151 millions in

the year 2000 to 221 million by the year 2010 and to 300 million by 2025 [11].

The projections of increasing numbers of people with diabetes are driven

mainly by the anticipated world population growth, especially amongst the

middle-aged and elderly. This spectacular increase in the frequency of type 2
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diabetes is being paralleled by a similar alarming increase in obesity [12] which

is the major risk factor for type 2 diabetes. Improved nutrition, better hygiene

and control of many communicable diseases, have increased longevity. In addi-

tion, life-style changes that have been well documented in some countries [13]

and include higher fat diets and decreased physical activity contributed to the

increase prevalence of type 2 diabetes. The rising prevalence of obesity and type

2 diabetes is also observed in children and is yet another symptom of the effects

of globalization and industrialization, with sedentary lifestyle and obesity as the

predominant factors involved. Recently, other categories of abnormal glucose

metabolism that are not defined as overt diabetes, such as impaired glucose tol-

erance (IGT) and impaired fasting glucose (IGF), were introduced. These two

conditions also carry a higher risk of future diabetes and probably also of car-

diovascular disease [14]. The prevalence of these categories is also increasing

and in a recent study the prevalence of IGT in an Australian population was as

high as 10.6% [15]. Type 2 diabetes is a descriptive term and a manifestation of

a much broader underlying disorder. This includes metabolic syndrome, a cluster

of cardiovascular risk factors which apart from glucose intolerance includes

hyperinsulinemia, dislipidemia, hypertension, visceral obesity, hypercoagulabil-

ity and microalbuminuria [16]. This combination of risk factors is partly respon-

sible for the increased risk of cardiovascular disease in diabetes [16].

The prevalence of hypertension is expected to increase in the next 25 years

from 26.5% in the year 2000 to 29.2% in the year 2025 [17]. The incidence of

hypertension in patients with type 2 diabetes is approximately twofold higher

than in age-matched subjects without the disease [18]. The definition of hyper-

tension is different in diabetes, and blood pressure levels above 130/80 mm Hg

are already defined as hypertension in diabetic patients [19]. The prevalence of

hypertension is particularly high in obese subjects and it increases with age.

The pattern of hypertension is changes as patients get older. The systolic blood

pressure increases linearly with age across all age ranges, whereas diastolic

blood pressure increases with age only until the age of 50 and then levels off

and declines. Thus, in the elderly isolated systolic hypertension is more com-

mon [20]. Since the prevalence of type 2 diabetes is high in obese subjects and

it increases with age, the co-existence of diabetes and hypertension is particu-

larly high in obese and/or elderly patients.

Diabetic patients have more isolated systolic hypertension, and due to

autonomic neuropathy they experience less nocturnal fall in blood pressure and

higher baseline heart rate than their nondiabetic counterparts [5].

The co-existence of diabetes and hypertension in the same patient is devas-

tating to the cardiovascular system [1, 21] and blood pressure control in these

patients is a great challenge, since the target blood pressure is lower and the

response to treatment is poor [5].
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Clinical Findings

Diabetes mellitus is associated with a high risk of cardiovascular disease

and is the leading cause of end-stage renal disease, blindness, and nontraumatic

amputations in western countries [18]. Elevated but nondiabetic levels of fast-

ing glucose also carry a higher risk of cardiovascular disease [14]. As a cardio-

vascular risk factor, glycemia is a continuous variable with no sudden increase

in risk [22]. The extreme state is the metabolic syndrome that is associated with

a 2- to 3-fold increase in cardiovascular morbidity and mortality [23–25].

Hypertension by itself is a powerful risk factor for cardiovascular morbidity and

mortality.

Although the effects of diabetes mellitus and hypertension on the cardio-

vascular system vary somewhat and are often distinct, their combined presence

in the same patient is destructive [26]. The common denominator of hyperten-

sive/diabetic target organ disease is the vascular tree, which is affected by both

disorders.

The Vascular Tree
Both hypertension and diabetes are well-identified risk factors for athero-

genesis. Several mechanisms acting together mediate the damage to the vascu-

lar tree in the diabetic hypertensive patient [26]. Metabolic abnormalities that

often present in diabetic hypertensive patients accelerate atherosclerosis.

Plasma levels of lipoprotein have been noted to be elevated in diabetic individ-

uals, particularly those with poor glycemic control. Augmented oxidation of

low-density lipoprotein cholesterol and formation of glycated low-density

lipoprotein, which enhance foam cell formation, have been observed in diabetic

states. Anatomic and functional abnormalities of the vascular endothelium have

been described in diabetes mellitus and hypertension [26].

Hyperglycemia activates protein kinase C in endothelial cells, which may

enhance vascular tone, permeability, and atherosclerosis. Elevated circulating

levels of insulin as exist in type 2 diabetes and in many patients with essential

hypertension may contribute either directly or in conjunction with insulin-like

growth factor (IGF) to the accelerated atherosclerosis associated with these

conditions. Insulin and IGF-1 may exert their atherogenic effects through

influences on both vascular endothelial cells and vascular smooth muscle cells

[26]. Diabetes mellitus and hypertension are also associated with hematologic

abnormalities that encourage thrombosis. Enhanced platelet adhesion and

aggregation as well as higher than normal levels of some coagulation factors

contribute to the procoagulation state in diabetic hypertensive patients [26].

Diabetes seems to be a specific risk factor for small vessel disease. In contrast,

hypertension, at least in its nonmalignant form, seems to affect predominantly
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the large arteries. Together, the two disorders synergistically damage the arter-

ial tree.

The Heart

Coronary Artery Disease

Diabetes mellitus is associated with a markedly increased prevalence of

coronary artery disease. The prevalence of coronary artery disease as assessed

by various diagnostic methods is as high as 55% among adult patients with dia-

betes mellitus as compared to 2–4% of the general population [27]. Moreover,

the cardiovascular mortality rate is more than doubled in men and more than

quadrupled in women who have diabetes mellitus compared to those without.

The restenosis rate after coronary balloon angioplasty is about 2-fold higher in

diabetic than nondiabetic patients [28]. Due to autonomic neuropathy diabetic

patients have a decreased perception of ischemic pain, which contributes to a

high prevalence of silent ischemia [29]. Diabetic patients without previous

myocardial infarction have as high a risk of myocardial infarction as nondia-

betic patients with previous myocardial infarction [30].

Myocardial ischemia is common in patients with hypertension [31] and

caused by several pathogenic mechanisms. (1) Hypertension accelerates arte-

riosclerosis of the coronary arteries. (2) Elevated blood pressure increases left

ventricular wall stress, wall tension, and stroke work. (3) Resistance of the

coronary microvasculature is abnormally elevated in hypertensive patients even

in the absence of left ventricular hypertrophy. (4) Long-standing hypertension

causes left ventricular hypertrophy that increases the diffusion distance, com-

promises the vasodilator reserve of the coronary circulation and increases the

oxygen demand of the myocardium [1, 32]. It should be noted that hypertensive

patients, especially those with left ventricular hypertrophy, are as susceptible to

silent myocardial ischemia as patients with diabetes [33].

Coronary artery disease is much more common in diabetic hypertensive

patients than in patients suffering from hypertension or diabetes alone [34]. For

all 2,681 men in the PROCAM trial who had none of the three risk factors (i.e.

hypertension, diabetes, or hyperlipidemia), the coronary artery disease incidence

was 6/1,000 in 4 years. In contrast, the incidence of coronary artery disease in

those participants who were suffering from hypertension or diabetes was 14 and

15 per 1,000 in 4 years, respectively. When both risk factors were present in the

same patient, the incidence rate increased to 48 per 1,000 [34]. Diabetes, and to

a lesser extent hypertension, may alter the perception of ischemic pain, leading

to a high prevalence of silent ischemia. Melina et al. [35] found a high preva-

lence of asymptomatic ST segment depression in diabetic patients with essential

hypertension. The number of ST segment depression episodes was significantly
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related to glycosylated hemoglobin levels, left ventricular mass, and ambulatory

systolic and diastolic blood pressure variability and hypertensive peaks.

Cardiomyopathy

Several clinical studies have indicated that diabetes mellitus is associated

with cardiomyopathy that is independent of atherosclerotic coronary artery dis-

ease [36]. Macroscopic changes include muscular hypertrophy with pale

appearance and firmness to palpation. Microscopic changes include thickening

of the capillary basement membrane, intimal proliferation of small myocardial

arterioles and capillary microaneurysms, and focal myocardial fibrosis with an

accumulation of interstitial glycoproteinand collagen. Electron microscopy

shows perivascular damage with loss of contractile myocardial elements and

deposition of either glycoprotein or material that is positive on periodic acid-

Schiff stain [1]. Structural changes are associated with impaired ventricular

function. Diastolic dysfunction is an early abnormality in diabetic cardiomy-

opathy and can be diagnosed even in young insulin-dependent diabetic subjects

before the onset of systolic dysfunction [37]. Shapiro [38] found abnormal

diastolic function in patients with diabetes mellitus who did not have heart dis-

ease. Diabetes mellitus seems to have less effect on systolic function [39].

Mustonen et al. [40] found similar resting ejection fraction in diabetic patients

and controls. However, during 4 years of follow-up, the left ventricular ejection

fraction at rest markedly decreased in diabetic patients only. Several studies

have shown that ejection fractions after myocardial infarction are lower in dia-

betic than in nondiabetic patients [41]. Impaired myocardial systolic and dias-

tolic functions may lead to congestive heart failure. Congestive heart failure is

substantially increased in diabetic patients irrespective of coronary artery dis-

ease and hypertension [42]. Diabetic patients with coronary artery disease

develop more severe congestive heart failure, more hospitalizations and higher

risk of mortality than nondiabetic patients [43]. In the SOLVD (Studies of Left

Ventricular Dysfunction) trial diabetes was an independent risk factor for mor-

bidity and mortality in heart failure [44]. The negative impact of diabetes on

symptoms and prognosis was more pronounced in women [44]. The

Framingham study data revealed a fourfold greater incidence of congestive

heart failure in diabetic men and an eightfold increase in diabetic women, com-

pared with nondiabetic subjects [45]. In the DIGAMI (Diabetes Mellitus

Insulin-Glucose Infusion in Acute Myocardial Infarction) trial congestive heart

failure accounted for up to 66% of mortality during the first year after myocar-

dial infarction in diabetic patients [46]. In a recent study even impaired glucose

tolerance, when associated with moderate systolic hypertension, increased the

risk of 8-year cardiovascular mortality in men twofold possibly through the

presence of the metabolic syndrome [47]. Marroquin et al. [48] followed for 4
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years 755 women from the Women’s Ischemia Syndrome Evaluation (WISE)

study who were referred for coronary angiography to evaluate suspected

myocardial ischemia. Compared with women with normal metabolic status,

women with the metabolic syndrome had a significantly lower 4-year survival

rate (94.3 vs. 97.8%, p � 0.03) and event-free survival from major adverse car-

diovascular events (death, nonfatal myocardial infarction, stroke, or congestive

heart failure; 87.8 vs. 93.5%, p � 0.003). The higher risk was evident only in

women with angiographically significant coronary artery disease.

Longstanding hypertension leads to left ventricular hypertrophy that may

be either concentric or eccentric. Hemodynamic factors explain the increased

left ventricular mass; however, clinical blood pressure levels are only weakly

related to left ventricular mass [49].

Therefore, nonhemodynamic factors such as sodium intake, activity of

growth-promoting hormones (such as insulin and thyroxin), activity of the sym-

pathetic nervous system, rennin-angiotensin system, whole-blood viscosity glu-

cose levels, and genetics probably contribute to the development of left

ventricular hypertrophy [1]. Cardiac hypertrophy is not a homogenous process,

and growth of nonmyocytic cells, which include endothelial cells, vascular

smooth muscle cells, fibroblasts and macrophages participate in the develop-

ment of left ventricular hypertrophy [50]. In animal models, isoenzymatic

changes of cardiac myosin have been described in experimental hypertensive

cardiomyopathy [51].

Hypertensive cardiomyopathy is associated with impaired cardiac function

[1]. We showed that in hypertensive patients contractility deteriorated as left

ventricular mass increased [52]. In early hypertensive heart disease, impaired

filling is predominantly caused by decreased ventricular relaxation during early

diastole [53]. Patients may have reduced exercise capacity because the stiff left

ventricles are unable to accommodate the increased blood volume [54–56]. A

progressive decline in ventricular function may lead to congestive heart failure.

Data from the Framingham study showed that hypertension was the primary

cause of congestive heart failure in 35% of the cases and played a role in this

condition in another 40% [57]. In a recent survey conducted in Israel, 75% of

patients with congestive heart failure had hypertension and the rate was even

higher in those with diastolic dysfunction [58, 59]. The risk to develop conges-

tive heart failure increased by 55% for a 20 mm Hg increase in systolic pressure

[60] and was approximately eight times greater when electrocardiographic cri-

teria of left ventricular hypertrophy were present [61].

The coexistence of diabetes and hypertension results in more severe car-

diomyopathy than would be expected with either hypertension or diabetes melli-

tus alone [62]. The extensive degenerative changes in the diabetic hypertensive

heart may be related to abnormalities in the microcirculation. The most striking
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microscopic findings of the hypertensive diabetic heart seem to be the distribu-

tion of dense interstitial connective tissue throughout the myocardium [1].

Clinical studies with echocardiography also showed an increased left ventricular

mass in diabetic hypertensive patients [63, 64]. Grossman et al. [63] found

increased septal and posterior wall thickness in patients with hypertension and

diabetes compared with nondiabetic hypertensive patients. Prevalence of left

ventricular hypertrophy was 72% in diabetic hypertensive patients and only 32%

in the nondiabetic hypertensive patients who had a similar degree of hyperten-

sion. Because left ventricular hypertrophy is known to predispose patients with

hypertension to cardiovascular morbid and fatal events, the finding of a high

prevalence of left ventricular hypertrophy in diabetic hypertensives may partially

explain the increased morbidity and mortality in these patients. Cardiomyopathy

of diabetes and hypertension is associated with impaired ventricular function

and a high prevalence of congestive heart failure [65].

The Kidneys
The most common causes for end-stage renal disease (ESRD) are diabetes

mellitus and hypertension [66]. Patients with diabetes mellitus can develop kid-

ney disease and about one-third develop diabetic nephropathy, which accounts for

almost half of all new ESRD cases [66]. Early in the course of diabetic nephropa-

thy, changes in kidney hemodynamics and hyperfiltration lead to an increase in

glomerular filtration rate (GFR) [67]. The progression of nephropathy involves

characteristic pathologic changes, including accumulation of the extracellular

matrix, widening of the glomerular basement membrane, arteriosclerosis, and

some degree of interstitial fibrosis [66]. The earliest clinical manifestation of dia-

betic nephropathy is microalbuminuria (20–200 �g/min) which, if left untreated,

can progress to overt nephropathy after 10–15 years of diabetes, and is also a

marker for cardiovascular disease [68, 69]. In African-Americans, albuminuria

may be present in 30–40% of patients with diabetic nephropathy [66].

Hypertension is a well-defined risk factor for ESRD, and accounts for 27%

of all ESRD cases in the US and 33.4% of ESRD cases among African-

Americans [66]. The risk of ESRD increases as blood pressure increases [70,

71]. Analysis of the data collected from 332,544 men over a 16-year period in

the MRFIT study showed that the adjusted relative risk of developing ESRD

was 1.9 for high-normal blood pressure, and 22.1 for stage 4 hypertension

(according to the JNC 5 criteria), relative to the category of optimal blood pres-

sure [71]. Longstanding hypertension causes arteriolar nephrosclerosis with

impaired kidney function. When hypertension is superimposed on diabetes

mellitus it accelerates the decrease in renal function. Blood pressure control

with levels below 130/80 mm Hg can slow the progression of renal disease in

diabetic patients [72].
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Peripheral Arterial Disease
In patients with type 2 diabetes mellitus peripheral arterial disease (PAD)

is a major culprit for the diabetic foot. Epidemiological evidence confirms an

association between diabetes and increased prevalence of PAD [73]. Individuals

with diabetes have a 2- to 4-fold increase in the rate of PAD [74], more often

have femoral bruits and absent pedal pulses [75], and have rates of abnormal

ankle-brachial indices ranging from 11.9 to 16% [76, 77]. The duration and

severity of diabetes correlate with the incidence and extent of PAD [78].

Diabetes changes the nature of PAD. Diabetic patients more commonly have

infrapopliteal arterial occlusive disease and vascular calcification than non-dia-

betic cohorts [79]. In the Hoorn study [80], the prevalence of abnormal ankle to

brachial indices was 7% in individuals with normal glucose tolerance and

20.9% in those requiring multiple hypoglycemic medications. Patients with dia-

betes more commonly develop the symptomatic forms of PAD, intermittent

claudication, and amputation [81]. In the Framingham cohort, the presence of

diabetes increased the risk of claudication by 3.5-fold in men and 8.6-fold in

women. Diabetes causes most nontraumatic lower extremity amputations in the

US [73].

Age, smoking and hypertension are important risk factors to develop PAD

[82]. PAD presents the early clinical signs of atherosclerosis and is strongly

associated with cardiovascular death [78]. Diabetic patients should be screened

for PAD either by asking for symptoms and signs or taking medical history for

intermittent claudication or by measuring the ankle brachial index (the ratio of

ankle systolic pressure to arm systolic pressure).

Indeed, there is inadequate information regarding the role of medical ther-

apies in diabetic patients with PAD. However, patients with diabetes should be

managed by strategies of proven benefit such as smoking cessation, blood pres-

sure control, and cholesterol control [73]. Two noninvasive therapies have

demonstrated a benefit in improving walking distance in patients with PAD:

exercise and cilostazol [73]. Revascularization is frequently needed in diabetic

patients with PAD. In general, in patients with severe claudication or critical

limb ischemia, surgery is probably superior to percutaneous transluminal

angioplasty for revascularization in the femoral, popliteal, and infrapopliteal

vessels but comes at a price of increased periprocedural cardiovascular morbid-

ity and mortality [83].

The Brain
Diabetes mellitus adversely affects cerebrovascular arterial circulation.

Patients with diabetes have more extracranial atherosclerosis [84]. The preva-

lence of diabetes among patients presenting with stroke is 3 times higher than

that of matched controls [85]. In a survey conducted recently in Israel, 40% of
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the patients hospitalized with acute stroke had diabetes mellitus [86]. The risk

of stroke is increased 150–400% for patients with diabetes [87, 88], and wors-

ening glycemic control relates directly to stroke risk. In the Multiple Risk

Factor Intervention Trial, subjects taking medications for diabetes were 3 times

as likely to suffer a stroke [89]. Diabetes particularly increases the risk of stroke

among younger patients [90]. The prevalence of diabetes increases the risk of

stroke-related dementia more than 3-fold [91], doubles the risk of recurrence

[92], and increases total and stroke-related mortality [93].

Hypertension, mainly systolic, is strongly and directly related to stroke in

all age groups [94, 95] and lowering blood pressure reduces the rate of stroke

remarkably [95]. The occurrence of diabetes more than doubles the risk of

stroke in hypertensive patients [21] and lowering blood pressure in these

patients reduces the risk of stroke by 44% [96].

The Retina
Ever since the pioneering observations of Keith, Wagener, and Barker,

hypertension has been known to affect the retina. Hypertensive retinopathy con-

sists of narrowing of the retinal arteries, dilatation of the vein crossing phenom-

ena, and in severe cases, papilledema, cotton-wool exudates, as well as star

figure in the macula. In contrast to hypertensive retinopathy, diabetic retinopa-

thy is characterized by vascular proliferation leading to neovascularization and

formation of microaneurysms.

Hypertension accelerates the development of diabetic retinopathy.

Knowler et al. [97] found that in diabetic subjects not taking insulin, the inci-

dence of exudates in those with systolic blood pressure of �145 mm Hg was

more than twice that of those with pressures of �125 mm Hg. The combination

of hypertension and diabetic retinopathy is often devastating and remains one of

the leading causes of blindness.

Therapy

Lower Blood Pressure Target Levels

The definition of hypertension (and diabetes) is arbitrary. Hypertension is

perhaps best defined as any blood pressure level that has a negative impact on

the cardiovascular system. Thus, numerical definitions, although hotly debated

by numerous guideline committees, are not helpful to practicing physicians.

Recent guidelines set the target level of blood pressure for uncomplicated

hypertension to below 140/90 mm Hg, and in the diabetic hypertensive patient

to below 130/80 mm Hg [20, 24]. There is solid evidence that the benefits of
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blood pressure lowering are much more pronounced in the diabetic than in the

nondiabetic hypertensive patient. A perhaps more physiologic way of looking at

the impact of blood pressure in the diabetic hypertensive is microalbumin-

uria/proteinuria which is a surrogate endpoint for hypertensive renal disease

and endothelial dysfunction. As long as there is significant proteinuria, a given

patient’s blood pressure must be considered too high for the kidneys and vascu-

lar tree. Nevertheless, the INVEST study [98] has put forward solid data that in

patients with coronary artery disease (which is common in diabetic hyperten-

sive patients) an excessive decrease in diastolic pressure may increase the risk

of acute myocardial infarction. Once diastolic pressure fell below 70 mm Hg,

the rate of heart attack doubled and below 60 mm Hg it tripled in this study. This

would indicate that indiscriminate lowering of diastolic pressure should be

avoided in patients with coronary artery disease. If such a patient has protein-

uria, clinicians may find themselves in the rather puzzling situation that one

target organ (the kidney) is requesting a blood pressure that the other target

organ (the heart) cannot afford. This dilemma further illustrates the complexity

of treatment in the diabetic hypertensive patient. Thus, the goal of lowering the

blood pressure to below 130/80 mm Hg is certainly commendable, but should

be considered as an appropriate target for most but not all patients.

Nonpharmacologic Therapy

Nonpharmacologic therapy, such as weight loss, low sodium diet, regular

exercise, etc., has beneficial effects in hypertension, diabetes, and possibly also

in patients who have both these disorders [24]. However, there is no good out-

come study showing that, indeed, diet per se will decrease morbidity and mor-

tality. Also, we should remember the paper of Sjostrom et al. [99] in obese

hypertensive diabetic patients who were followed for 10 years after bariatric

surgery. After a weight loss of an average of 16% which was maintained for this

time period, the risk of diabetes was drastically reduced. However, although

blood pressure was falling immediately after the intervention and remained low

for months, the follow-up of 10 years documented no antihypertensive efficacy.

Despite a weight loss of more than 20 kg, blood pressure of these patients was

gradually returning to pretreatment levels. Thus, some uncertainties remain per-

taining to the long-term efficacy of nonpharmacologic therapy.

The diabetic hypertensive patient is by definition a high-risk patient. The

recent VALUE study [100] taught us that in such patients swift blood pressure

control (within months) significantly reduces cardiovascular event rates. There is,

therefore, no reason to start out with nonpharmacologic therapy alone, but we

should initiate and reinforce aggressive drug therapy at the earliest possible
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opportunity. Counseling pertaining to diet, lifestyle and exercise can be done con-

comitantly or even later. Once blood pressure, lipids and glycemia are brought

under control by aggressive drug therapy, there will be ample time to reassess the

clinical situation. In the unlikely event that the patient does indeed lose weight

and continues to exercise and diet, step-down therapy can be considered.

Drug Therapy

Blockers of the Renin-Angiotensin-Aldosterone System (RAAS)
Blockers of RAAS, either ACE inhibitors or angiotensin receptor blockers

(ARBs), have become a cornerstone in the management of the hypertensive dia-

betic patient. Both of these drug classes have been shown to favorably influence

surrogate endpoints, such as reducing the occurrence of new-onset diabetes, to

decrease microalbuminuria, to slow down progression from microproteinuria to

macroproteinuria, and to slow down the decline in renal function. Outcome data

in diabetic nephropathy are more solid for ACE inhibitors in type 1 diabetes and

for ARBs in type 2 diabetes. The ADA guidelines initially, therefore, stated that

ACE inhibitors were the drug of choice in patients with type 1 diabetes and

ARBs in patients with type 2 diabetes. However, more recently the overall evi-

dence has been deemed to be sufficient to motivate the ADA to change their

statement, and to extend the indication of both of these drug classes for the

whole spectrum of hypertensive/diabetic renal disease [101].

As discussed above, microalbuminuria is a marker for endothelial dysfunc-

tion and, as such, closely parallels not only target organ disease in the kidneys,

but also elsewhere in the vascular tree, such as, the heart, the retina, and the

brain. Blockade of RAAS either by an ACE inhibitor or by an ARB has been

shown to be beneficial for the whole spectrum of hypertensive/diabetic heart dis-

ease, cerebrovascular disease as well as diabetic retinopathy. Given the unequiv-

ocal benefits of RAAS blockers in the diabetic hypertensive patient, one may ask

whether any controversial or unresolved issues remain pertaining to these drugs.

Hyporeninemic Hypoaldosteronism. It is not uncommon for diabetic

hypertensive patients to exhibit a feature called hyporeninemic hypoaldostero-

nism, i.e. inappropriately low activity of RAAS. These patients’ blood pressure

does not respond well to monotherapy with RAAS blockers, although ACE

inhibitors or ARBs may still be vasculoprotective. Indeed, monotherapy with

any drug class rarely gets blood pressure to goal in diabetic hypertensive

patients; most often two or more drugs need to be combined.

Combination of RAAS Blockers. Should ARBs and ACE inhibitors be

combined in a hypertensive patient with diabetic nephropathy? As a general

rule, this combination has little if any additive effect on blood pressure, but may
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be synergistic with regard to reducing microproteinuria [102] and also, as was

shown in the CHARM study [103], be beneficial in patients with congestive

heart failure. As a rule, if blood pressure is at goal and the diabetic hypertensive

patient still has significant microproteinuria, the combination of an ARB with

an ACE inhibitor should be strongly considered if maximum doses of

monotherapy of one drug have proven inefficacious.

Renal Impairment. Utmost caution is required in the diabetic hypertensive

patient with renal impairment. An increase in creatinine and potassium are not

an uncommon consequence of the RAAS blockade, occurring more commonly

with ACE inhibitors than with ARBs. These adverse events can also be trig-

gered by unforeseeable factors such as dehydration, concomitant drugs such as

Cox 2 inhibitors, nonsteroidal anti-inflammatory drugs, i.v. contrast, etc. Also,

as the disease and renal failure progress, a dose of an ACE inhibitor that was

previously well tolerated may become inappropriate in a given patient. Of note,

a small increase in creatinine (up to 20–25%) is acceptable after initiation of

therapy with a blocker of the renin-angiotensin system and has even been

deemed to be ‘nephroprotective’. However, such therapy in diabetic patients at

risk mandates a close monitoring of creatinine and electrolytes.

Aldosterone Antagonists. Aldosterone antagonists such as spironolactone

and eplerenone can be exceedingly helpful in selected patients [104–109].

These drugs have been shown to reduce target organ disease and surrogate end-

points, such as microproteinuria and left ventricular hypertrophy [107].

Eplerenone has a cleaner adverse effect profile than does spironolactone in that

it does not seem to cause gynecomastia and perhaps also is associated with less

hyperkalemia [106]. However, since the diabetic hypertensive patient is prone

to hyperkalemia (hyporeninemic hypoaldosteronism, renal impairment and/or

ACE inhibitor/ARB treatment), these drugs should be used cautiously in low

doses only and potassium and creatinine will have to be monitored frequently.

Calcium Antagonists
Calcium antagonists as a class are efficacious and dependable antihyper-

tensive agents and have been shown to be at least as beneficial in diabetic

hypertensive patients as is conventional therapy [110]. When used in monother-

apy, non-dihydropyridine calcium antagonists such as verapamil and diltiazem

have an edge over the dihydropyridines because they have been shown to

decrease proteinuria almost to the same extent as the ACE inhibitors. In con-

trast, although proteinuria also decreases with the long-acting dihydropyridine,

the renal benefits of these drugs are less well documented.

We did a meta-analysis of all available studies (n � 14) that reported out-

come in diabetic hypertensive patients and used calcium antagonists [110].

Compared with conventional therapy, calcium antagonists had similar effects
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on coronary heart disease, but reduced the risk of stroke somewhat better (OR

0.87, 95% CI 0.74–1.2). Calcium antagonists, however, in this population

showed a lesser reduction of the risk of congestive heart failure (OR 1.33).

Similarly, when compared to blockers of the renin-angiotensin system, calcium

antagonists were less effective in preventing heart failure (OR � 1.43), but had

a similar beneficial effect on stroke, coronary heart disease and total mortality.

Thus, calcium antagonists were safe and effective in reducing cardiovascular

morbidity and mortality in diabetic hypertensive patients, although their use

was associated with a lesser reduction of the risk of heart failure when com-

pared to other treatment modalities.

Since a blocker of the RAAS is almost mandatory in the diabetic hyperten-

sive patient, the question comes up whether as a second step a dihydropyridine

calcium antagonist (such as amlodipine) or a non-dihydropyridine drug (such as

verapamil) should be added. Very little data are available to look at this ques-

tion. In one Italian study, proteinuria was reduced somewhat better by the vera-

pamil/ACE inhibitor combination than by the amlodipine/ACE inhibitor

combination, and there was also a qualitative difference in proteinuria favoring

the non-dihydropyridine/ACE inhibitor combination [111].

Overall, calcium antagonists are extremely useful in the management of

the diabetic hypertensive patient because of their consistency in lowering blood

pressure regardless of co-morbidity, concomitant medication, salt intake, race,

age, diet, activity of RAAS and their being metabolically neutral. In order to get

blood pressure to goal, add-on therapy with a calcium antagonist is commonly

needed.

Beta Blockers
As a general rule, beta blockers should not be used as first-line therapy in

the diabetic hypertensive patient, although they are attractive as add on drugs in

selected patients. Sympathetic activity is commonly enhanced in diabetes and

coronary artery disease is often present, which are both favorably influenced by

a beta- blocker. In the UKPDS study [96], the outcome was similar whether

patients were randomized to a beta blocker or an ACE inhibitor. However, in

this study the risk of coronary artery disease was not significantly reduced by

either of the two drug classes.

The reason beta blockers are not considered ideal drugs for the diabetic

hypertensive patient lies in their unfavorable effect on endocrine metabolic

findings. Beta-blockers have been shown to increase triglycerides, lower HDL

cholesterol, worsen insulin resistance, lead to a systemic weight gain and mask

hypoglycemia. As a class, beta blockers have never been shown to reduce heart

attacks or strokes in uncomplicated hypertension [112]. In the recent Anglo

Scandinavian Cardiac Outcomes Trial (ASCOT), the amlodipine-based regimen
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was compared to the atenolol-based regimen in 19,257 hypertensive patients

with at least one additional risk factor. The atenolol-based regimen prevented

less cardiovascular events than the amlodipine-based regimen [113].

Beta blockers were not included in the recent NICE and AHA guidelines as

an optional choice for the initial treatment of hypertension [20, 114]. This is

clearly justified for elderly hypertensive patients, but not justified for young

hypertensive patients [115]. The controversy regarding the role of beta blockers

in hypertension still exists and the recent ESH/ECS guidelines left this group of

drugs as one of the first-choice options [24]. It is noteworthy that not all beta

blockers are created equal with regard to hemodynamic and endocrine meta-

bolic findings. Carvedilol, an alpha-beta blocker has been shown to exert a

more favorable effect on some of these parameters than do traditional beta

blockers. Specifically, carvedilol when compared to metoprolol did improve

insulin sensitivity as measured by glucose infusion rate, metabolic clearance

rate, and insulin sensitivity index in nondiabetic patients, carvedilol also

improved fasting glucose levels, glycosylated hemoglobin and insulin level in

diabetic hypertensive patients [116]. These finding were recently corroborated

by the GEMINI study [117], in which patients were prospectively randomized

to either metoprolol or carvedilol, again showing a significant difference in

glycemic control favoring carvedilol when compared to metoprolol. As a gen-

eral rule, the use of beta blockers in diabetic patients should be restricted to

patients who have indications for this drug class such as symptoms of sympa-

thetic excess, tachycardia, coronary artery disease or as add-on therapy for

uncontrolled hypertension. If a beta blocker is to be used in the diabetic hyper-

tensive patient, carvedilol may be the drug of choice.

Diuretics
Thiazide diuretics have been, are and will be a cornerstone in the antihy-

pertensive arsenal. Their efficacy has been documented in numerous outcome

studies in uncomplicated hypertensive patients as well as in diabetic hyperten-

sive patients. However, we do not think that they should be used indiscrimi-

nately in this patient population. Diuretics have been well documented to have

negative effects on endocrine metabolic findings such as insulin resistance and

electrolytes. The addition of an ACE inhibitor or possibly an ARB to a thiazide

diuretic has been shown to mitigate the negative endocrine/metabolic effects to

some extent [118]. However, in the INVEST study [119], the addition of a

diuretic in a dose-dependent way increased the risk of new onset diabetes, and

this was true whether the patient was on verapamil or atenolol.

As a general rule, thiazide diuretics are excellent antihypertensives but

poor diuretics. In contrast, the loop diuretics are excellent diuretics but poor

antihypertensives. Thus, although loop diuretics may have less diabetogenic
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effects than the thiazides, there is little reason for their use in diabetic patients,

unless the increase in creatinine dictates so. Hyperuricemia and gout are com-

mon clinical complications in the diabetic patient. Thiazide diuretics further

increase uric acid and their indiscriminant use may trigger a gout attack in a

susceptible patient.

Diuretics have been documented to protect against strokes better than most

other drug classes [120]. As such, they should be part of the cocktail in all

patients with cerebrovascular disease or at high risk for cerebrovascular disease.

Diuretic may also decrease renal protein excretion in diabetic hypertensive

patients. In a recent study the thiazide-like diuretic indapamide was as effective

as an ACE inhibitor in reducing urine albumin excretion [121]. The unfavorable

effects of diuretics on glucose metabolism were not translated to increased car-

diovascular morbidity and mortality during the follow-up of few years [122].

Recently, a long follow up (15 years) of the SHEP study showed that the dia-

betogenic effect of thiazide had no impact on cardiovascular morbidity and

mortality [123]. As with most drug classes used in hypertension, the long-tem

safety of diuretics remains uncertain. This means that in the diabetic hyperten-

sive patient they should be used in low doses and in combination with other

drugs such as ACE inhibitors and ARBs only.

Alpha Blockers
Alpha blockers have been shown to exert a favorable effect on metabolic

endocrine parameters in that they improve insulin resistance, decrease total

cholesterol, increase HDL, and decrease LDL cholesterol. Despite these seem-

ingly favorable surrogate endpoint effects, the ALLHAT study has documented

superiority of chlorthalidone in preventing coronary heart disease and conges-

tive heart failure [124]. As a class, these drugs should no longer be used for

initial therapy in uncomplicated hypertension. However, they may be useful

agents as third and fourth step therapy and in patients with symptoms of

prostatisin.

Combination Therapy

As discussed above, a RAAS blocker, either an ACE inhibitor or an ARB,

represents the cornerstone of the antihypertensive arsenal in the diabetic hyper-

tensive patient. As a second step, we think a calcium antagonist should be

added, although some authorities (including the American Diabetes Association

and the National Kidney Foundation) prefer a low dose of a thiazide diuretic as

a second step. Regardless of this controversy, triple therapy (the ‘holy trinity’)

in general will consist of a RAAS blocker, a calcium antagonist and a low dose
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of a thiazide diuretic. In monotherapy a non-dihydropyridine calcium antagonist

should be preferred over the dihydropyridines. Once an ACE inhibitor is com-

bined with a calcium antagonist, the difference between dihydropyridine and

non-dihydropyridine is less pronounced although reduction of microproteins

has been better documented with a verapamil/ACE inhibitor than with an

amlodipine/ACE inhibitor combination. A beta blocker, preferentially

carvedilol, can be used as a second step in patients with coronary artery disease

or other indications for beta blockade. Carvedilol can also be added to the stan-

dard triple combination (blocker of the renin-angiotensin system, calcium

antagonist, diuretic) if needed. Caution should be exerted in combining beta

blockers with a non-dihydropyridines calcium antagonist because both of these

drug classes cause bradycardia, may prolong the AV interval, and rarely trigger

AV block.

Additional add-on therapies in patients on quadruple therapy are the alpha

blockers and/or anti-adrenergic agents. We would like to emphasize, however,

that combination therapy by and large is not evidence-based medicine. There

are no outcome studies comparing one combination with the other in hyperten-

sion, not to speak of the diabetic hypertensive patient. Combination therapy,

therefore, remains empirical and has to be based on clinical reasoning.

Adjunctive Therapy

Lipid-Lowering Agents
When event rates in diabetic cohort of randomized trials are scrutinized

[125], it becomes increasingly clear that statins are efficacious in reducing

events in this high-risk population. Simvastatin has been shown to reduce the

rate of coronary heart disease by about 50% when compared to placebo in the

diabetic cohort. In the recent CARDS study, 2,838 diabetic patients with a

mean LDL at baseline of 118 mg/dl later were randomized atorvastatin or

placebo [126]. After a median follow-up of about 4 years, there was a 37%

reduction in the primary endpoint (acute coronary artery disease, death, non-

fatal MI, unstable angina, cardiac arrest, coronary revascularization or stroke).

Strokes were reduced by 48% and total mortality by 27%. The study was halted

due to benefits of atorvastatin in patients with type 2 diabetes.

The recent guidelines of the American College of Physicians stated that

lipid-lowering therapy should be used for primary prevention of macrovascular

complications in all patients with type 2 diabetes and one or more cardiovascu-

lar risk factors, i.e. hypertension [127]. We wholeheartedly concur and recom-

mend that all diabetic hypertensive patients receive statin therapy regardless of

their lipid levels.
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Antihypertensive Therapy and New-Onset Diabetes

Ever since the pioneering observation of Colin Dollery [128, 129] more

than 20 years ago, a variety of studies documented that long-term diuretic ther-

apy diminishes glucose tolerance and increases the risk of new onset diabetes.

Conversely, as we learned from recent trials, treatment with antihypertensive

drugs such as blockers of the renin-angiotensin system or calcium antagonists

seem to decrease this risk [130, 131]. Compared to diuretics or ‘conventional’

(diuretic and/or beta blocker) therapy, blockers of the renin-angiotensin system,

and to a lesser extent calcium antagonists, reduced the risk of new-onset diabetes

substantially. The recent Antihypertensive Treatment and Lipid Profile in a

North of Sweden Efficacy Evaluation (ALPINE) [132] study was designed to

compare the effects of antihypertensive therapy on glucose metabolism in almost

400 patients with uncomplicated hypertension who had never been treated previ-

ously. Patients were randomized to either an ARB (with addition of calcium

antagonist, if needed) or to a thiazide diuretic (and a beta blocker, if needed).

After only 1 year of follow-up, 18 patients in the diuretic arm reached diagnostic

criteria of the metabolic syndrome and 9 had developed frank diabetes. The cor-

responding numbers in the angiotensin receptor blocker arm were 5 and 1.

In the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart

Attack (ALLHAT) [133] study, about 10% of the total study population of

patients developed new-onset diabetes during the 4–6 years’ duration of the

study. Of note, the risk of becoming diabetic was between 40 and 65% higher in

patients on chlorthalidone-based therapy than in patients on lisinopril-based

therapy, and between 18 and 30% higher in patients on chlorthalidone than in

those on amlodipine.

Verdecchia et al. [134] report an up to 16-year follow-up of almost 800 ini-

tially untreated hypertensive patients, 6.5% of whom had diabetes at the onset,

and 5.8% of whom developed new-onset diabetes throughout the study. The

fasting blood sugar at entry as well as diuretic treatment on follow-up were

independent, powerful predictors of new-onset diabetes (p � 0.0001 and

p � 0.004, respectively). Most importantly, compared to subjects who never

developed diabetes, the risk for cardiovascular disease during the follow-up was

very similar in patients who developed diabetes (OR 2.92, 95% CI 1.33–6.41,

p � 0.007) and in the group that had pre-existing diabetes (OR 3.57, 95%

CI.1.65–7.73, p � 0.001). Patients with new-onset diabetes and those with a

prior diagnosis of diabetes were almost three times as likely to develop subse-

quent cardiovascular disease than those who remained free of diabetes. These

provocative findings not only show again that antihypertensive therapy with a

thiazide diuretic confers a substantial risk of new onset diabetes, but more

importantly that patients who have become diabetic will suffer all the adverse
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sequelae of this disease. Conceivably, the combination of a diuretic and an ACE

inhibitor may confer a lesser risk of new onset diabetes. At least in a small

short-term study ACE inhibitors seemed to prevent the metabolic deleterious

effect of diuretic thiazide [118].

Of special interest in this context is the recently reported VALUE study in

which a calcium antagonist strategy (amlodipine) was compared to an ARB

strategy (valsartan) in more than 15,000 hypertensive patients [100]. New-onset

diabetes, not a pre-specified endpoint, was 23% less common in the valsartan

arm than in the amlodipine arm. Not surprisingly, drugs that block the renin-

angiotensin system prevent hypokalemia and/or diminish the activity of the

sympathetic nervous system are more favorable in terms of new-onset diabetes

than drugs that are either metabolically neutral (calcium antagonists) or those

that stimulate (diuretics) these physiologic systems. Indeed, hyperkalemia was

almost twice as common in the amlodipine arm than in the valsartan arm.

Conclusion

The growing prevalence of diabetes and the metabolic syndrome under-

scores the need for therapies that reduce CVD risk factors while lowering

plasma glucose. Hypoglycemic agents have disparate effects on the CVD risk

factors.
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Abstract
Ischemic stroke and vascular cognitive impairment are leading causes of long-term dis-

ability and constitute a major public health burden and a significant economic burden to

health systems. An increasing body of evidence demonstrates that disorders of glucose

metabolism including diabetes, and the intermediate states of impaired fasting glucose and

impaired glucose tolerance, as well as the cluster of risk factors known as the metabolic syn-

drome, are important risk factors for ischemic stroke. The associations with accelerated cog-

nitive decline and dementia are also discussed. Underlying pathogenetic mechanisms are

myriad but include insulin resistance, endothelial dysfunction, dyslipidemia, chronic inflam-

mation, procoagulability, and impaired fibrinolysis. The high risk associated with diabetes

and other disorders of glucose metabolism carries important implications for preventive

strategies for cerebrovascular disease and vascular cognitive impairment that are currently

under investigation.

Copyright © 2008 S. Karger AG, Basel

Stroke is a leading cause of long-term disability, a major public health bur-

den, and a significant economic burden to health systems [1]. It constitutes the

second commonest cause of mortality worldwide and the third commonest

cause of mortality in more developed countries. The World Health Organization

estimates that about 15 million strokes occur annually worldwide and about

5 million deaths per year are due to stroke. Based on a recent population-based

study of all acute vascular events conducted in Oxford (The Oxford Vascular

Study), the relative incidence of cerebrovascular events is higher than that of

coronary events: the ratio is 1.2-fold higher overall and 1.4-fold higher for non-

fatal strokes vs. coronary events [2].
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Diabetes mellitus constitutes one of the major risk factors for stroke.

Patients with type 2 diabetes are at increased risk of stroke with an increased

relative risk ranging from 2- to 6-fold, and worsening glycemic control relates

to stroke risk [3–10]. Diabetes particularly affects the risk of stroke among

younger patients [11, 12]. In the stroke population younger than 55 years, dia-

betes increases the risk of stroke more than 10-fold [12]. Diabetes adversely

affects cerebrovascular arterial circulation. Patients with diabetes have acceler-

ated progression of carotid intima-media thickness, more extra- and intracranial

atherosclerosis, and are prone to small vessel occlusive disease, affecting small

penetrating arteries in the brain, and cardiac disease predisposing to embolic

stroke. They are at increased risk, therefore, for all subtypes of ischemic stroke.

They are also at increased cerebrovascular risk due to the effects of hyper-

glycemia on vascular tissues and coagulation, and aberrations in blood pressure

regulation, lipid metabolism, endothelial function, vascular inflammation, lipid

metabolism, smooth muscle cell proliferation, and fibrinolysis. Diabetes affects

stroke outcome as well. It increases the risk of stroke-related dementia more

than 3-fold [13], doubles the risk of recurrence [14], and increases total and

stroke-related mortality [3].

Not only patients with diabetes are at increased risk of stroke but also

patients with impaired fasting glucose or impaired glucose tolerance [15–19].

Among a cohort of about 14,000 patients with chronic coronary heart disease,

we have found a J-shaped association between fasting plasma glucose and inci-

dent ischemic cerebrovascular events (fig. 1) [15]. As compared to those with

fasting glucose 90–99 mg/dl, stroke incidence rates increased for levels

100–109 (adjusted OR 1.3) and 110–125 mg/dl (adjusted OR 1.6), with rising

OR associated with increasing fasting glucose levels. Also patients with low

fasting glucose levels (�80 mg/dl) exhibited a 1.5-fold increased risk of stroke,

although the mechanisms underlying this association need yet to be elucidated.

Similarly, among over 3,000 patients with a transient ischemic attack (TIA) or

minor ischemic stroke that participated in the Dutch TIA Trial, stroke risk was

nearly doubled in patients with impaired glucose tolerance compared with those

with normal glucose levels and nearly tripled in diabetic patients [16]. Patients

with low glucose levels also exhibited a 50% increased stroke risk.

Few studies, though not all, have suggested that insulin resistance may be

associated with risk for stroke [17]. Emerging evidence has linked insulin resis-

tance to the pathophysiologic derangements in type 2 diabetes mellitus that

accelerates atherosclerosis. Analyses from the Third National Health and

Nutrition Survey revealed that impaired insulin sensitivity assessed using the

homeostasis model is independently associated with stroke, even after adjust-

ment for glycemic control [18]. Among patients with recent stroke, 70% will

have known diabetes, occult diabetes (detectable on an oral glucose tolerance
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test), or prediabetes [19]. Treatment of insulin resistance with weight loss, exer-

cise, or medications can correct these derangements, and represent a promising

approach to stroke prevention. Thiazolidinediones activate the peroxisome pro-

liferator activated receptor-gamma (PPAR-�) that functions as a transcription

factor and modulates several genes involved in glucose and lipid metabolism,

inflammation, cytokine production, and cell proliferation. A pilot study has

found that the thiazolidinedione pioglitazone is effective for improving insulin

sensitivity among patients with recent TIA or stroke and impaired insulin sensi-

tivity [20], and an ongoing pivotal randomized clinical trial (Insulin Resistance

Intervention after Stroke; IRIS trial) is currently assessing the efficacy of pioglita-

zone compared with placebo, for prevention of recurrent stroke and myocardial

infarction among nondiabetic men and women with a recent ischemic stroke or

TIA and insulin resistance.

Subjects with metabolic syndrome are at increased risk not only for

ischemic heart disease but also for ischemic stroke [21–25]. In a prospective

1.8

1.2 1.3

1.6

1

1.5

2.8

0

0.5

1.0

1.5

2.0

2.5

3.0

�
80

80
–8

9

90
–9

9

10
0–

10
9

11
0–

12
5

12
6–

14
0

�
14

0

Categories of fasting plasma glucose (mg/dl)

A
dj

us
te

d
 O

R

Fig. 1. Adjusted odds ratios (95% CI) for ischemic cerebrovascular disease by cate-

gories of fasting plasma glucose levels. Odds ratio for the 90–99 mg/dl category is defined as

1 (arrow). Modified from Tanne et al. [15].
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cohort of patients with chronic coronary heart disease, we have found that more

than half the patients have metabolic syndrome or diabetes [21]. A significant

increase in the risk of ischemic stroke or TIA was found in the presence of meta-

bolic syndrome, even without diabetes. The presence of metabolic syndrome per

se was associated with a 1.5-fold higher risk vs. a more than 2-fold higher risk

associated with the presence of diabetes. Although both men and women with

metabolic syndrome were at increased risk of ischemic stroke, relative odds were

more pronounced in women then in men. The risk of ischemic stroke or TIA

increased in an incremental fashion with an increasing number of components of

the syndrome. The age- and sex-adjusted odds ratio for ischemic stroke or TIA

among patients without diabetes was 2-fold greater in patients with 3 compo-

nents of the metabolic syndrome present and as high as 5-fold greater in patients

with all 5 components of metabolic syndrome present compared to patients

without any of the components. Among patients from the same cohort, low high-

density lipoprotein and high triglycerides [26] as well as inflammatory biomark-

ers such as C-reactive protein (CRP) and intracellular molecule-1 levels were

found to be associated with an increased hazard for ischemic stroke [27, 28]. In

a cohort of male civil servants and municipal employees free of cardiovascular

disease and diabetes, low high-density lipoprotein concentrations and indices of

body fat distribution predicted long-term stroke mortality, independent of the

main mediators of the effect of obesity on health [9, 29, 30].

An increased risk of stroke among subjects with metabolic syndrome was

observed in several other cohorts. A prospective study of subjects with hyper-

tension without cardiovascular diseases found that metabolic syndrome was an

independent predictor for both cardiovascular and cerebrovascular disease [24].

In a population-based cohort study with an average follow-up of 14 years from

eastern Finland, the risk of any stroke was increased in men with metabolic syn-

drome in the absence of stroke, diabetes and cardiovascular disease at baseline

[22]. Over 14 years of follow-up among subjects included in the Framingham

Offspring Study, the relative risk of stroke in subjects with metabolic syndrome

alone was 2.1, diabetes alone 2.5, and both 3.3 [31]. The population-attributable

risk, owing to its greater prevalence, was greater for metabolic syndrome alone

than for diabetes alone (19 vs. 7%), particularly in women (27 vs. 5%). In a

study among middle-aged Japanese men and women, metabolic syndrome

increased the risk of ischemic stroke 1.5-fold [25].

Impaired glucose metabolism is associated not only with stroke but also

with changes in cognition. In type 2 diabetes cognitive changes mainly affect

learning and memory, mental flexibility, and mental speed. Several large longi-

tudinal population-based studies have shown that the rate of cognitive decline is

accelerated in elderly people with type 2 diabetes. The determinants of this

accelerated cognitive decline, however, are less clear. In a systematic review the
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incidence of any dementia was higher in those with diabetes than in those with-

out [32]. The high-risk types included both Alzheimer’s disease and vascular

dementia. Among participants in the Israeli Ischemic Heart Disease study, dia-

betes in midlife was linked to dementia more than three decades later in the

very old survivors of this large male cohort [33]. The findings of mechanistic

studies suggest that vascular disease and alterations in glucose, insulin, and

amyloid metabolism underlie the pathophysiology, but which of these mecha-

nisms are clinically relevant is yet unclear. Both diabetes and insulin resistance

per se were found to be associated with worse executive dysfunction in older

persons [34, 35], and metabolic syndrome was shown to be an important con-

tributor to worsening of memory among elderly women [36].

In conclusion, an increasing body of evidence suggests that disorders of

glucose metabolism including diabetes, impaired fasting glucose and impaired

glucose tolerance, as well as the cluster of risk factors known as metabolic syn-

drome are important predictors of cerebrovascular diseases, ischemic stroke,

and accelerated cognitive decline and dementia. These findings carry important

implications for preventive strategies for cerebrovascular disease and vascular

cognitive impairment that are currently under investigation.
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Abstract
The reported incidence of metabolic syndrome among patients with an acute coro-

nary syndrome varies between 29 and 46%. The standard fasting cut-off levels for glucose

and blood pressure cannot be applied on admission in patients with acute coronary syn-

drome and therefore modified criteria were used to define the metabolic syndrome.

Patients with metabolic syndrome and acute coronary syndrome had increased incidence

of heart failure, and worse long-term mortality compared to those without metabolic syn-

drome. However, they had less heart failure than those with known diabetes mellitus.

Hyperglycemia as a risk factor for poor outcome is particularly significant in patients with

metabolic syndrome. De novo identification of the metabolic syndrome on admission has

the potential to improve risk stratification and management of patients with an acute coro-

nary syndrome.

Copyright © 2008 S. Karger AG, Basel

Patients with metabolic syndrome have an increase risk of developing type

2 diabetes mellitus, cardiovascular disease, and long-term cardiovascular and

overall mortality [1, 2]. The aim of this review is to summarize current pub-

lished evidence of the impact of metabolic syndrome on the outcome of acute

coronary syndrome as described recently in a few retrospective studies includ-

ing the ACSIS 2004 (Acute Coronary Syndrome Israeli Survey) [3–7]. ACSIS

is a national survey held once every 2 years and includes all patients admitted

with an acute coronary syndrome to all coronary care units operating in Israel

during a 2-month period.

The reported incidence of metabolic syndrome among patients with an

acute coronary syndrome varies between 29 and 46% [3–7]. In studies where
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patients with known diabetes mellitus were excluded from the analysis, the

range was between 29 and 34% [3, 6] while it was between 38 and 46% [4, 5, 7]

in those studies where diabetic patients were not excluded. In addition, signifi-

cant differences exist regarding the definition of metabolic syndrome criteria,

time intervals between the acute coronary syndrome and inclusion point, as

well as duration of follow-up. Despite these diversities, patients with metabolic

syndrome were consistently shown to have an increased rate of in-hospital com-

plications [4, 6, 8] and worse long-term mortality [3–7].

Diabetes Mellitus vs. Metabolic Syndrome

Patients with diabetes mellitus have increased incidence of coronary artery

disease and myocardial infarction with higher rates of mortality and morbidity

[9–11]. In addition, patients with diabetes mellitus had worse outcome when

compared with patients with metabolic syndrome (without known diabetes mel-

litus) and recent myocardial infarction [3], or acute coronary syndrome (fig. 1).

It appears that the in-hospital course in patients with diabetes mellitus admitted

with acute coronary syndrome as well as their demographic and history of coro-

nary artery disease characteristics varies significantly from those with meta-

bolic syndrome who resemble patients without diabetes mellitus excluding the

determinants used to define metabolic syndrome (table 1). Therefore, in order

to show the clear impact of metabolic syndrome on the outcome of patients

with acute coronary syndrome those with diabetes mellitus should better be

excluded [3, 6] (table 2).
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Fig. 1. Kaplan-Meier survival curve: patients with diabetes, metabolic syndrome and

others (ACSIS 2004). p (log-rank) � 0.001.
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Table 1. Patients’ characteristics and outcome (ACSIS 2004)

Variable DM MS Others P1 P2

(n � 688) (n � 359) (n � 701)

Age, years 66 � 12 63 � 13 62 � 13 0.12 �0.001

Women 242 (35%) 98 (27%) 130 (19%) 0.001 0.01

Body mass index 28.2 � 4.7 29.4 � 4.2 25.3 � 3.3 �0.001 �0.001

Hypertension 472 (69%) 275 (77%) 216 (31%) �0.001 0.007

Hyperlipidemia 412 (60%) 197 (55%) 279 (40%) �0.001 0.12

Smoker (current) 151 (22%) 145 (40%) 313 (45%) 0.19 �0.001

Past MI 257 (37%) 71 (20%) 147 (21%) 0.65 �0.001

Past angina pectoris 245 (36%) 106 (30%) 182 (26%) 0.22 �0.05

Past CABG 109 (16%) 33 (9%) 50 (7%) 0.24 0.003

Past PCI 190 (28%) 63 (18%) 122 (17%) 0.95 �0.001

Past heart failure 91 (13%) 13 (4%) 24 (3%) 0.87 �0.001

Chronic renal failure 105 (15%) 24 (7%) 33 (5%) 0.18 �0.001

Past stroke 76 (11%) 30 (8%) 36 (5%) 0.04 0.17

Past PVD 80 (12%) 19 (5%) 28 (4%) 0.33 �0.001

Malignancy 28 (4%) 13 (4%) 28 (4%) 0.77 0.72

Killip 2 134 (19%) 43 (21%) 70 (10%)

Killip 3 78 (11%) 22 (6%) 23 (3%)

Killip 4 8 (1%) 2 (1%) 5 (1%)

Killip on admission �2 220 (31%) 67 (19%) 98 (14%) 0.03 0.001

Admission systolic blood pressure, mm Hg 147 � 31 146 � 31 138 � 29 �0.001 0.64

Admission diastolic blood pressure, mm Hg 81 � 17 84 � 17 81 � 17 0.003 0.026

Glucose on admission, mg/dl 243 � 106 156 � 62 121 � 35 �0.001 �0.001

Triglycerides, mg/dl 200 � 311 202 � 113 127 � 92 �0.001 0.94

HDL, mg/dl 41 � 18 36 � 9 46 � 13 �0.001 �0.001

LVEF, %1 43 � 12 47 � 12 47 � 11 0.56 �0.001
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ACS
Q wave MI 243 (35%) 168 (47%) 338 (48%)

Non-Q-wave MI 245 (35%) 114 (32%) 199 (28%)

Unstable angina 205 (30%) 77 (21%) 164 (23%) 0.49 0.001

MI location
Anterior 194 (28%) 123 (34%) 245 (35%) 0.82 0.04

Inferior 188 (27%) 114 (32%) 205 (30%) 0.52 0.13

Others � Patients without metabolic syndrome (MS) or clinically diagnosed diabetes mellitus (DM); available in 72% of patients.

MI � Myocardial infarction; CABG � coronary artery bypass grafting; PCI � percutaneous coronary intervention; PVD � peripheral vascular

disease; HDL � high-density lipoproteins cholesterol; LVEF � left ventricular ejection fraction; ACS � acute coronary syndrome. P1 � MS vs.

others, P2 � DM vs. MS.
1Available for 70% of patients.
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Definition of Metabolic Syndrome in Acute Coronary 
Syndrome (table 3)

Early determination whether a patient has metabolic syndrome is desir-

able as it effects early outcome [6, 8]. The standard NCEP ATP III definition

of metabolic syndrome is based on detection of 3 of 5 components in a stable

fasting condition; impaired glucose metabolism, hypertension, decreased

HDL cholesterol, increased triglycerides and obesity [12]. The standard fast-

ing cut-off levels for glucose and blood pressure cannot be applied at admis-

sion in patients with acute coronary syndrome and therefore current

publications have defined metabolic syndrome in the context of acute coro-

nary syndrome in different ways. Zeller et al. [4] and Nakatani et al. [7] used

pre-discharge assessment for this purpose and Schwartz et al. [5] used history

of diabetes and hypertension instead of assessment of blood pressure and fast-

ing glucose levels.

It should be noted that in the absence of diabetes, nonfasting blood glucose level

generally is not �140mg/dl [13]. We therefore used blood glucose level �140 mg/dl

(increased occasional glucose) as a criterion for impaired glucose metabolism

on admission of patients with acute coronary syndrome [6] (ACSIS 2004).

Hypotension is a marker of high-risk patients admitted with acute coronary

syndrome, reflecting pump failure. Higher blood pressure levels were identified

as protective in such a population [14]. Mild elevations of blood pressure

Table 2. Hospital complications and outcome (ACSIS 2004)

Variable DM (n � 688) MS (n � 359) Others (n � 701) P1 P2

CHF (all) 134 (19.5%) 50 (13.9%) 66 (9.4%) 0.03 0.03

Stroke 6 (0.9%) 5 (1.4%) 1 (0.1%) 0.01 0.53

Renal failure 67 (9.7%) 19 (5.3%) 23 (3.3%) 0.11 0.13

Renal MI 8 (1.2%) 4 (1.1%) 6 (0.9%) 0.68 0.94

7 days’ mortality 23 (3.3%) 8 (2.2%) 7 (1.0%) 0.11 0.32

30 days’ mortality 49 (7.1%) 18 (5.0%) 12 (1.7%) 0.002 0.19

6 months’ mortality 79 (11.5%) 29 (8.1%) 25 (3.6%) 0.002 0.09

1-year mortality 102 (14.8%) 32 (8.9%) 32 (4.6%) 0.001 0.07

Others � Patients without metabolic syndrome (MS) or clinically diagnosed diabetes mel-

litus (DM).

Abbreviations as in table 1.

P1 � MS vs. others, P2 � DM vs. MS.
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Table 3. Definition of metabolic syndrome in the studies reporting outcome OF acute coronary syndrome

NCEP ATP III1 Zeller et al. [4] Schwartz et al. [5] Feinberg et al. [6] Nakatani et al. [7]

Elevated fasting Pre-discharge History of diabetes Glucose on Pre-discharge fasting 

glucose: �100 mg/dl fasting glucose mellitus admission blood glucose 

�100 mg/dl �140 mg/dl �110 mg/dl or 

antidiabetic therapy

Elevated blood Pre-discharge History of History of Pre-discharge blood 

pressure: blood pressure hypertension hypertension pressure �130 mm Hg,

�130/85 mm Hg �130/85 mm Hg or blood pressure �85 mm Hg, or use of

(cardiogenic �130/85 mm Hg antihypertensive therapy

shock excluded)

Reduced HDL Reduced HDL Reduced HDL Reduced HDL Pre-discharge reduced 

men �40 mg/dl men �40 mg/dl men �40 mg/dl men �40 mg/dl HDL men �40 mg/dl

women �50 mg/dl women �50 mg/dl women �50 mg/dl women �50 mg/dl women �50 mg/dl

Elevated Elevated Elevated Elevated Pre-discharge

triglycerides triglycerides triglycerides triglycerides elevated triglycerides

�150 mg/dl �150 mg/dl �150 mg/dl �150 mg/dl �150 mg/dl

Elevated waist Waist BMI �30 BMI �28 Pre-discharge BMI �25

circumference circumference

men �102 cm men �102 cm

women �88 cm women �88 cm

1The Third Report of The National Cholesterol Education Program (NCEP) Expert Panel on Detection, JAMA

2001;285:2486–2497.

probably reflect a normal physiologic response in the context of acute coronary

syndrome. To avoid this pitfall, we used a preexisting diagnosis of hypertension

as the criterion for metabolic syndrome [6]. Serum lipids (HDL cholesterol and

triglycerides) are expected to change less early at admission [15], and those cri-

teria were not modified. Increased BMI is used as a criterion for obesity when

waist circumference is not available [16]; however, different cut-off levels were

proposed for this purpose. Nakatani et al. [7] used 25 for a Japanese population,

Schwartz et al. [5] used 30, and 28 was used in the ACSIS 2004.

In-Hospital Complications in Patients with Metabolic Syndrome

Patients with metabolic syndrome and acute coronary syndrome had

increased incidence of heart failure on admission and during hospitalization,
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requiring more frequent mechanical ventilation, compared to those without

metabolic syndrome [6]. However, they had less heart failure than those with

known diabetes mellitus (tables 1, 2). Clavijo et al. [8] also found an increased

incidence of heart failure among patients with acute coronary syndrome and

metabolic syndrome undergoing coronary angiography without excluding those

with diabetes mellitus.

The incidence of stroke was significantly higher among patients with

metabolic syndrome in ACSIS 2004 [6]; however, the number of patients with

this complication was small (table 2). Zeller et al. [4] did not report a higher

rate of stroke among patients with metabolic syndrome. Clavijo et al. [8]

reported a high incidence of renal failure among patients with metabolic syn-

drome that had a coronary angiography. The rate of recurrent myocardial infarc-

tion was similar among those with metabolic syndrome compared to others and

patients with diabetes mellitus [4, 6] (table 2).

Hyperglycemia with Metabolic Syndrome

An independent graded association between increasing levels of admission

glucose and adverse clinical outcomes was reported in patients with an acute

myocardial infarction [17]. Hyperglycemia in patients with an acute coronary

syndrome is consistently associated with increased mortality and heart failure

[17–19]. The incidence of hyperglycemia is higher among patients with meta-

bolic syndrome, and the early outcome of patients with hyperglycemia and

metabolic syndrome is worse than in those without hyperglycemia [6]. In the

ACSIS 2004, most patients who died at 30 days (74%) had glucose levels

�140 mg/dl and most (85%) had metabolic syndrome [6]. The impact of metabolic

syndrome on 30 days’ mortality in patients with and without hyperglycemia on

admission is shown in figure 2. Patients with metabolic syndrome and hyper-

glycemia on admission had more than a 3-fold increase of 30 days’ mortality

rate compared with patients with hyperglycemia but without metabolic syn-

drome (8.3 vs. 2.5%, p � 0.05) (fig. 2).

The exact means by which hyperglycemia confers an increase in cardiovas-

cular risk in the setting of acute coronary syndrome is not completely under-

stood. Several potential mechanisms have been proposed to explain the

association between stress hyperglycemia on admission for acute coronary syn-

drome and increased early and late mortality [20–25]. Insulin deficiency is

associated with increased lipolysis and excess fatty acids are toxic to the

ischemic myocardium [20, 21]. Hyperglycemia may cause osmotic diuresis,

volume depletion and reduced stroke volume, and may adversely effect coagu-

lation [23], platelets [24], and endothelial function [25].
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Undiagnosed diabetes is common in patients hospitalized because of

acute coronary syndrome [26]. Although the stressful situation of acute coro-

nary syndrome leads to a nonspecific increase in plasma glucose, the real

prevalence of undiagnosed diabetes and impaired glucose tolerance is reported

to be high in patients with an acute coronary syndrome [27]. Furthermore, it

has been shown that newly detected abnormal glucose tolerance in patients

with an acute coronary syndrome is a strong predictor of future cardiovascular

events [28].

These findings seem to indicate that the significance of hyperglycemia as

a risk factor for poor outcome is particularly significant in patients with meta-

bolic syndrome.

Outcome of Patients with Metabolic Syndrome with Acute
Coronary Syndrome (table 4)

Levantesi et al. [3] described the impact of metabolic syndrome in a large

multi-center study of patients with a recent myocardial infarction (�3 months,

median; 16 days). This study showed that patients with metabolic syndrome

without a history of diabetes mellitus had an increased 3.5-year mortality rate

compared to patients with neither. Zeller et al. [4] found a significant association

between metabolic syndrome and mortality in patients with acute myocardial
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Fig. 2. Thirty days’ mortality rate among non-clinically diagnosed diabetes mellitus

patients with hyperglycemia (glucose �140 mg/dl) with and without metabolic syndrome.
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Table 4. Impact of metabolic syndrome on outcome of patients with acute or recent coronary syndromes

Study population n MS (%) Follow-up End point HR (95% CI)

Levantesi et al. [3] post recent MI 10,384 29 1,260 days all cause mortality 14.5 1.29 (1.10–1.51)

(up to 3 months, (diabetics) vs. 8.5 (MS)

median 16 days) vs. 7.4% (others)

Zeller et al. [4] post acute MI 633 46 hospitalization all cause mortality nonsignificant after

10.7 vs. 3.8% adjustment

Schwartz et al. [5] ACS 3,038 38* 16 weeks death, nonfatal MI, 1.49 (1.24–1.79)

cardiac arrest

or UA 19 vs. 14%

Feinberg et al. [6] ACS non-diabetics 1,060 34 1 year all cause mortality 1.96 (1.18–3.24)

8.9 vs. 4.6% adjusted

Nakatani et al. [7] post acute MI 3,858 43 725 days (median) cardiac death or nonfatal MI 1.48 (1.13–1.94)

7.2 vs. 5.4% adjusted

MS � Metabolic syndrome; HR � hazard ratio; CI � confidence interval; ACS � acute coronary syndrome; UN � unstable angina. 

*MS is defined as 3 of the following: history of diabetes, history of hypertension or blood pressure �130/�85 mm Hg, BMI �30, 

HDL �40 mg% (men) or �50 mg% (women), triglycerides �150 mg%.
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infarction without excluding diabetics. In the Myocardial Ischemia Reduction

with Aggressive Cholesterol Lowering (MIRACLE) trial, patients with acute

coronary syndrome and metabolic syndrome (including patients with diabetes)

had increased all-cause mortality and an increased primary end point (death,

nonfatal myocardial infarction, cardiac arrest, or recurrent unstable myocardial

ischemia) during a 16-week follow-up [5]. In the ACSIS 2004, metabolic syn-

drome was a significant independent risk factor for 1-year all-cause mortality

after adjustment for age, gender, Killip on admission and other risks associated

with mortality that were present on admission in patients with acute coronary

syndrome without clinically diagnosed diabetes mellitus [6]. Nakatani et al. [7]

reported an increased rate of cardiac death or nonfatal myocardial infarction

among patients with metabolic syndrome (without excluding diabetics) during

a 2-year follow-up period (median).

Criteria for the presence of metabolic syndrome were prospectively col-

lected in the Acute Coronary Syndrome Israeli Survey (ACSIS 2006) for 1,153

non-clinically diagnosed diabetes mellitus patients. Fasting glucose levels

were determined the day following admission using standard NCEP ATP III

cut-off levels and waist circumference was measured on admission. The 30

days’ mortality rate among patients with metabolic syndrome was signifi-

cantly higher than in patients without clinically diagnosed diabetes mellitus or

metabolic syndrome (3.8 vs. 1.6%, p � 0.02) [unpubl. data]. Metabolic syn-

drome remained a significant risk factor for 30 days’ mortality with an odds

ratio (95% CI) of 2.49 (1.06–6.57) after adjustment for age, gender and Killip

�1 on admission.

Potential Mechanisms Involved with Acute Coronary Syndrome in
Patients with Metabolic Syndrome

In addition to the traditional cardiovascular risk factors (dyslipidemia, obe-

sity, hypertension and hyperglycemia), there are a number of nontraditional risk

factors in people with metabolic syndrome. These include first of all insulin

resistance and hyperinsulinemia [12], which may confer some additional inde-

pendent risk. Insulin resistance is associated with increased lipolysis and excess

fatty acids toxic to the ischemic myocardium [20, 21]. Additional nontraditional

risk factors include increases in oxidative stress, angiotensin II effects, and

markers of inflammation (increase of interleukin-6, tumor necrosis factor-�, 

C-reactive protein, plasminogen activator inhibitor-1 and leptin, and reduced

adiponectin levels) [29]. All these combine to increase atherogenesis, endothe-

lial dysfunction and inflammation in people with metabolic syndrome before

and after an acute coronary event.
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Clinical Implications

Patients with metabolic syndrome have an increased incidence of conges-

tive heart failure during hospitalization and an augmented mortality rate that

persists for over 1 year. Early de novo identification of metabolic syndrome on

admission using modified NCEP ATP III criteria is feasible even in the nonfast-

ing and stressful situation generally associated with an acute coronary syn-

drome. Hyperglycemia is a common marker of increased risk in patients with

metabolic syndrome. Patients with metabolic syndrome have less established

coronary artery disease, diastolic dysfunction and heart failure than diabetics

and they might benefit from early aggressive risk reduction. Based on these

findings, we believe that de novo identification metabolic syndrome on admis-

sion has the potential to improve risk stratification and management of patients

with an acute coronary syndrome. However, caution should be used in inter-

preting these finding since they were identified retrospectively.
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Abstract
Evidence of the effectiveness of 3-hydroxy-3-methylglutaryl coenzyme A reductase

inhibitors (statins) within continuum of atherothrombotic conditions and particularly in the treat-

ment and prevention of coronary heart disease (CHD) is well established. Large-scale, random-

ized, prospective trials involving patients with CHD have shown that statins reduce the clinical

consequences of atherosclerosis, including cardiovascular deaths, nonfatal myocardial infarction

and stroke, hospitalization for acute coronary syndrome and heart failure, as well as the need for

coronary revascularization. Direct testing of varying degrees of low-density lipoprotein (LDL)-

cholesterol lowering has now been carried out in 4 large outcomes trials: PROVE IT–TIMI 22, A

to Z, TNT and IDEAL. However, the question whether more aggressive LDL-cholesterol lower-

ing by high-dose statins monotherapy is an appropriate strategy is still open: higher doses of

statins are more effective mainly for the prevention of the nonfatal cardiovascular events but

such doses are associated with an increase in hepatotoxicity, myopathy and concerns regarding

noncardiovascular death. Moreover, despite the increasing use of statins, a significant number of

coronary events still occur and many such events take place in patients presenting with type 2

diabetes and metabolic syndrome. More and more attention is now being paid to combined

atherogenic dyslipidemia which typically presented in patients with type 2 diabetes and meta-

bolic syndrome. This mixed dyslipidemia (or ‘lipid quartet’) – hypertriglyceridemia, low high-

density lipoprotein (HDL)-cholesterol levels, a preponderance of small, dense LDL particles and

an accumulation of cholesterol-rich remnant particles – emerged as the greatest ‘competitor’ of

LDL-cholesterol among lipid risk factors for cardiovascular disease. Most recent extensions of

the fibrates trials (BIP, HHS, VAHIT and FIELD) give further support to the hypothesis that

patients with insulin-resistant syndromes such as diabetes and/or metabolic syndrome might be

the ones to derive the most benefit from therapy with fibrates. However, different fibrates may

have a somewhat different spectrum of effects. Other lipid-modifying strategies included using

of niacin, ezetimibe, bile acid sequestrants, CETP inhibitors and omega–3 fatty acids.

Particularly, ezetimibe/statins combinations provide superior lipid-modifying benefits compared
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with any statins monotherapy in patients with atherogenic dyslipidemia. Atherogenic dyslipi-

demia is associated with increased levels of chylomicrons and their remnants containing 3 main

components: apolipoprotein B-48, triglycerides and cholesterol ester of intestinal origin.

Reduction in accessibility for one of them (specifically cholesteryl ester lessening due to eze-

timibe administration) could lead to a decrease of the entire production of chylomicrons and

result in a decrease of the hepatic body triglycerides pool as confirmed in number of clinical

studies. However, the ENHANCE study showed no difference in the progression of carotid

atherosclerosis between ezetimibe/simvastatin vs. simvastatin alone over a 2-year period.

Conclusions regarding ezetimibe/statins combinations should not be made until the three large

clinical outcome trials will be completed within the next 2–3 years. In addition, bezafibrate as a

pan-PPAR activator has clearly demonstrated beneficial pleiotropic effects related to glucose

metabolism, insulin sensitivity and pancreatic beta cell protection. Because fibrates, niacin,

ezetimibe, omega–3 fatty acids and statins each regulate serum lipids by different mechanisms,

combination therapy – selected on the basis of their safety and effectiveness, could be more help-

ful in achieving a comprehensive lipid control as compared with statins monotherapy.

Copyright © 2008 S. Karger AG, Basel

Introduction

The evidence of the effectiveness of 3-hydroxy-3-methylglutaryl coen-

zyme A reductase inhibitors (statins) within continuum of atherothrombotic

conditions and particularly in the treatment and prevention of coronary heart

disease (CHD) is well established. Large-scale, randomized, prospective trials

involving patients with CHD have shown that statins reduce the clinical conse-

quences of atherosclerosis, including cardiovascular deaths, nonfatal myocar-

dial infarction and stroke, hospitalization for acute coronary syndrome and

heart failure, as well as the need for coronary revascularization [1–8].

However, despite the increasing use of statins, a significant number of coro-

nary events still occur and many such events take place in patients presenting with

type 2 diabetes and metabolic syndrome. More and more attention is now being

paid to combined atherogenic dyslipidemia which typically presented in patients

with type 2 diabetes and metabolic syndrome [9]. This mixed dyslipidemia (or

‘lipid quartet’) – hypertriglyceridemia, low high-density lipoprotein-cholesterol

(HDL-C) levels, a preponderance of small, dense low-density lipoprotein-choles-

terol (LDL-C) particles and an accumulation of cholesterol-rich remnant particles

(e.g. high levels of apolipoprotein B) – emerged as the greatest ‘competitor’ of

LDL-C among lipid risk factors for cardiovascular disease.

Therapeutic approach involves intervention at a macro-level and control of

multiple risk factors using therapeutic lifestyle approaches (diet control and

increased physical activity, pharmacotherapy – anti-obesity agents) for control of

obesity and visceral obesity, and a targeted approach for the control of individual

risk factors. Anti-obesity drugs such as sibutramine, orlistat and rimonabant
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appear promising in this regard. The lifestyle changes recommended by NCEP

ATP III for controlling dyslipidemia (i.e. elevated levels of triglycerides and

decreased levels of HDL-C in patients with metabolic syndrome or type 2 DM

include (1) reduced intake of saturated fats and dietary cholesterol, (2) intake of

dietary options to enhance lowering of LDL-C, (3) weight control, and (4)

increased physical activity. If lifestyle changes are not successful for individuals

at high risk of developing CHD, or for those who currently have CHD, a CHD

risk equivalent, or persistent atherogenic dyslipidemia, then pharmacotherapy

may be necessary. Current therapeutic use of statins as monotherapy even in opti-

mal doses and achieved target LDL-C reduction is still leaving many patients

with mixed atherogenic dyslipidemia at high risk for coronary events. Moreover,

the question whether more aggressive LDL-C lowering by high-dose statins

monotherapy is an appropriate strategy is still open: higher doses of statins are

more effective mainly for the prevention of the nonfatal cardiovascular events but

such doses are associated with an increase in hepatotoxicity, myopathy and con-

cerns regarding noncardiovascular death [8].

Targeting multiple lipid pathways can provide greater reductions in LDL-C

as well as improvements in other lipid parameters. In the current chapter, we

briefly examine recent data regarding different lipid-lowering approaches

(statins as monotherapy, non-statins-based or combined strategies) in patients

with mixed atherogenic dyslipidemia.

Intensive LDL-C-Lowering Strategy Using Statins as Monotherapy

Direct testing of varying degrees of LDL-C lowering has now been carried

out in 4 large outcomes trials: PROVE IT–TIMI 22, A to Z, TNT and IDEAL.

The fifth and largest of the trials comparing intensive vs. standard-dose statins

therapy, the Study of the Effectiveness of Additional Reductions in Cholesterol

and Homocysteine (SEARCH), is expected to report its findings in 2007, com-

paring simvastatin 80 mg daily vs. simvastatin 20 mg daily among 12,064

patients with a previous myocardial infarction (MI). The ‘scores’ of the already

completed trials where ‘positive’ means ‘in favor of intensive LDL-C-lowering

strategy using statins as monotherapy’ are as follows:

First, the Pravastatin or Atorvastatin Evaluation and Infection Treatment-

Thrombolysis in Myocardial Infarction (PROVE IT–TIMI 22) trial. This trial

compared a standard-dose pravastatin that achieved a median LDL-C level of

95 mg/dl, with a more intensive strategy using high-dose atorvastatin that

achieved a median LDL-C level of 62 mg/dl. The trial results demonstrated a

statistically significant benefit of the more intensive statins treatment, with a

16% reduction in the risk of death and major cardiovascular events, which
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emerged rapidly and was observed over the subsequent 2 years following an

acute coronary syndrome [2].

Second, the A to Z trial compared early intensive (40 mg/day of simvastatin

for 1 month followed by 80 mg/day thereafter, n � 2,265) versus a delayed con-

servative strategy (receiving placebo for 4 months followed by 20 mg/day of

simvastatin, n � 2,232) in patients with acute coronary syndromes [3]. It was a

negative study which did not achieve the prespecified end point. However, the

early initiation of an aggressive simvastatin regimen resulted in a favorable

trend toward reduction of major cardiovascular events, but outcomes were not

statistically significant.

Third, the Treating to New Targets (TNT) trial had a highly significant

reduction in cardiovascular events and expanded the benefit of more intensive

statins therapy to patients with stable coronary artery disease. There were reduc-

tions in cardiovascular death, myocardial infarction (MI), need for revasculariza-

tion, and stroke with use of high-dose vs. standard-dose atorvastatin [4].

Although the trial results were consistent with the concept that for cholesterol,

‘the lower the better’, concerns were raised regarding a nonsignificant difference

in total and noncardiovascular death in favor of less intensive statins therapy.

Fourth, the Incremental Decrease in End Points Through Aggressive Lipid

Lowering (IDEAL) trial was a prospective, randomized, open-label, blinded

end-point evaluation trial with a median follow-up of 4.8 years, which enrolled

8,888 patients aged 80 years or younger with a history of acute MI. Patients

were randomly assigned to receive a high dose of atorvastatin (80 mg/day;

n � 4,439), or usual-dose simvastatin (20 mg/day; n � 4,449). Again, in this

study of patients with previous MI, intensive lowering of LDL-C did not result

in a significant reduction in the primary outcome of major coronary events.

There were no differences in cardiovascular or all-cause mortality. Patients in

the atorvastatin group had higher rates of drug discontinuation due to nonseri-

ous adverse events. However, when using the primary end point of the TNT

and/or PROVE IT–TIMI 22 trials, which also included stroke and/or revascu-

larization, there was a significant reduction of cardiovascular events rate: the

primary differences were in the nonfatal end points [5]. Overall, the 4 trials of

aggressive statins therapy to date have shown that the degree of LDL-C lower-

ing was related to the degree of cardiovascular clinical benefit [7] but not to a

total mortality reduction (in expense of nonsignificant trends in noncardiovas-

cular causes of deaths). A new meta-analysis of these four trials showed a sig-

nificant reduction in coronary death or any cardiovascular event with intensive

treatment [10]. A significant 16% odds reduction in coronary death or myocar-

dial infarction (p � 0.00001), as well as a significant 16% odds reduction of

coronary death or any cardiovascular event (p � 0.00001) in those receiving

high-dose statins therapy versus standard dose were found. No difference was
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observed in total or noncardiovascular mortality, but a trend toward decreased

cardiovascular mortality (odds reduction 12%, p � 0.054) was observed. It

should be noted that meta-analysis as a statistical technique enjoyed consider-

able success in influencing medical opinion and treatment practice in selected

areas. However, the level of evidence required for consensus is not well under-

stood and cannot be defined precisely. The retrospective nature of meta-analy-

sis and the risks of biased data acquisition mandate a conservative approach to

data analysis and interpretation [10]. Meta-analysis can be used productively in

planning new clinical trials, but it can not be a substitute for prospective ran-

domized trials. Again, a meta-analysis of the four trials of intensive statins ther-

apy still failed to detect a statistical difference in total mortality [11]. Although

the increase in deaths from noncardiovascular causes in part of the trials could

be due to chance, it is still a matter of concern. Any reduction in nonfatal events

may be outweighed by more numerous and more severe adverse effects [12].

Because many nonfatal events resolve with little residual damage or discom-

fort, meticulous recording of all possible adverse side effects is mandatory.

Cholesterol is vital for the development and function of the brain. It is there-

fore unsurprising that reduced concentrations may produce mental and neurolog-

ical complaints such as severe irritability, aggressive behavior, suicidal impulses,

cognitive impairment, memory loss, global amnesia, polyneuropathy, and erectile

dysfunction [13–20]. In many cases the symptoms were reversible and recurred

after rechallenge. Compared with the low-dose statins therapy, intensive statins

therapy has been associated with increased incidence of discontinuation, hepato-

toxicity (0.2–1.1 vs. 0.9–3.3%, respectively) and myalgia (1.1–4.7 vs. 1.8–4.8%,

respectively). It must be kept in mind that the incidence of side effects with the

high-dose statins might be higher in clinical practice than that reported in these

clinical trials due to careful selection of patients in these trials [21].

In accordance with AHA/ACC guidelines for secondary prevention for

patients with coronary and other atherosclerotic vascular disease, when the

LDL-C �70 mg/dl target is chosen, it may be prudent to increase statins ther-

apy in a graded fashion to determine a patient’s response and tolerance.

Furthermore, if it is not possible to attain LDL-C �70 mg/dl because of a high

baseline LDL-C, it generally is possible to achieve LDL-C reductions of �50%

with either statins or LDL-C-lowering drug combinations. Moreover, this

guideline for patients with atherosclerotic disease does not modify the recom-

mendations of the 2004 ATP III update for patients without atherosclerotic dis-

ease who have diabetes or multiple risk factors and a 10-year risk level for CHD

�20%. In the latter 2 types of high-risk patients, the recommended LDL-C goal

of �100 mg/dl has not changed. Finally, to avoid any misunderstanding about

cholesterol management in general, it must be emphasized that a reasonable

cholesterol level of �70 mg/dl does not apply to other types of lower-risk
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individuals who do not have CHD or other forms of atherosclerotic disease;

in such cases, recommendations contained in the 2004 ATP III update still

pertain [1].

In view of the lack of an effect of the current intensive lipid-lowering

(statins as monotherapy) strategy on overall mortality, it is logical to ask

whether other strategies could be more beneficial and safer. The relative safety

and efficacy of other strategies such as combination treatment of statins with

nicotinic acid derivatives, fibrates, and ezetimibe will need to be determined.

Moreover, current therapeutic use of statins as monotherapy even in optimal

doses and achieved target LDL-C reduction is still leaving many patients with

mixed atherogenic dyslipidemia at high risk for coronary events. Targeting mul-

tiple lipid pathways can provide greater reductions in LDL-C as well as

improvements in other lipid parameters. Combination therapy with agents with

complementary mechanisms may enable more patients to be treated to recom-

mended targets for optimal CAD risk reduction [22, 23].

Fibrates

Fibrates have been used in clinical practice for more than four decades

due to their ability to substantially decrease triglyceride levels, to increase HDL-

cholesterol levels and in addition to reduce LDL-C moderately but significant [9].

Due to their beneficial effects on glucose and lipid metabolism, peroxi-

some proliferators-activated receptors (PPARs) and alpha agonists (fibrates) are

good potential candidates for reducing the risk of MI in subjects with metabolic

syndrome and diabetes [24–26]. Although less clinical intervention studies

have been performed with fibrates than with statins, there is evidence indicating

that fibrates may reduce the risk of cardiovascular disease and particularly non-

fatal MI [27–33]. Interestingly, reduction of cardiovascular disease with two of

the fibric acid derivates – gemfibrozil and bezafibrate – was more pronounced

in patients displaying baseline characteristics very similar to metabolic syn-

drome definitions [27, 28, 34].

There have been no direct head-to-head comparisons of a statin with a

fibrate in any clinical endpoint trial. However, compared with statins, fibrates

appear to more selectively target the therapeutic goals in obese individuals with

features of insulin resistance and metabolic syndrome (i.e. with near-goal LDL-C

and inappropriate HDL-C and triglyceride levels).

Gemfibrozil: Confirmed Long-Term Efficacy
The primary-prevention trial Helsinki Heart Study (HHS) showed that

treatment with gemfibrozil led to a significant reduction in major cardiovascular
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events [27]. Regarding secondary prevention, in the VAHIT study (Veterans

Affairs High-density lipoprotein cholesterol Intervention Trial) – which

included 30% of diabetic patients – gemfibrozil reduced the occurrence of

major cardiovascular events by 22% [28]. Similarly, reduction of cardiovascular

disease with gemfibrozil was more pronounced in patients displaying more

than three of the features of metabolic syndrome [35, 36].

The 18-year results from the Helsinki Heart Study shows that patients in

the original gemfibrozil group had a 23% lower risk of CHD mortality com-

pared with the original placebo group. But those in the highest tertile of both

body mass index and triglyceride level at baseline had the most dramatic risk

reductions with gemfibrozil – 71% for CHD mortality and 33% for all-cause

mortality [37].

These results are entirely consistent with the original positive results of

HHS and are strongly supported by the findings of VA-HIT.

Fenofibrate: Disappointing Results of the FIELD
The recent Fenofibrate Intervention and Event Lowering in Diabetes

(FIELD) study [38] investigated the effects of fenofibrate on cardiovascular

events in type 2 diabetes patients. This was a multinational, randomized, double-

blind, placebo-controlled trial in 9,795 subjects aged 50–75 years of age with

type 2 diabetes who were not prescribed statins therapy at study entry. The pri-

mary endpoint was coronary events (CHD death or nonfatal myocardial infarc-

tion). The prespecified endpoint for subgroup analyses was cardiovascular

events (cardiovascular death, myocardial infarction, stroke, and coronary and

carotid revascularization procedures). After 5 years, fenofibrate-treated patients

had a nonsignificant 11% reduction in the incidence of the primary endpoint,

nonfatal myocardial infarction, or CHD death (5.2% event rate for the fenofi-

brate group compared with 5.9% for the placebo group; p � 0.16). Fenofibrate

treatment did, however, reduce the incidence of the broader total cardiovascular

events endpoint (a prespecified secondary endpoint) by 11% (p � 0.035).

Fenofibrate reduced the incidence of most other prespecified endpoints of

macrovascular disease, including nonfatal myocardial infarction events by 24%

(p � 0.01), coronary revascularizations by 21% (p � 0.003), and all revascular-

izations by 20% (p � 0.001). Fenofibrate treatment had a particularly benefi-

cial effect in patients that had no prior CHD. In this primary prevention

population (78% of the total population), fenofibrate reduced the incidence of

the primary endpoint (CHD events) by 25% (p � 0.014) and the incidence of

total cardiovascular events by 19% (p � 0.004). In addition, fenofibrate unex-

pectedly showed statistically significant reductions in several endpoints, sug-

gesting that a microvascular benefit was provided by this treatment. These

included a reduction in the requirement for laser retinopathy (5.2 vs. 3.6%, for
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a 30% reduction; p � 0.0003) and a reduction in albuminuria (2.5% absolute

reduction and 1.2% regression; p � 0.002).

The FIELD study design allowed for statins therapy or other lipid-lowering

drugs to be added at any time after randomization to either the fenofibrate arm

or the placebo arm. The average use of other lipid-lowering therapies (mainly

statins) was 17% in the placebo patients and 8% in the fenofibrate patients

(p � 0.0001). Significant differences also existed in the use of other in-treat-

ment therapies between the two treatment arms, including angiotensin-convert-

ing enzyme (ACE) inhibitors (p � 0.003), beta blockers (p � 0.01), diuretics

(p � 0.006), and coronary revascularization procedures (p � 0.003), with the

greater use always occurring in placebo patients. There was a continual increase

in statins use through the course of the study, and by the end of the study the

statins drop-in rate was 36% in the placebo patients and 19% in the fenofibrate

patients. Initiation of statins therapy and other secondary preventive therapies

such as aspirin, ACE inhibitors, and beta blockers also occurred at higher rates

in patients with a prior history of CHD compared with patients with no prior

history of CHD. The differential use of statins and other evidence-based thera-

pies significantly attenuated the benefits of fenofibrate therapy. Adjustment for

statins use revealed a pronounced reduction of total cardiovascular events.

A second explanation for the negative outcome of FIELD related to the

change in lipids with fenofibrate, which was considerably less than expected for

HDL cholesterol: it was increased by just 5% (compare, for example, with 18%

increasing of HDL-C by bezafibrate in the BIP trial).

Bezafibrate: Emerged Benefits in Metabolic Syndrome
Bezafibrate, in comparison with other fibrates, has a unique characteristic

profile of action since it activates all three PPAR subtypes (alpha, gamma and

delta) at comparable doses [39–41]. Therefore, bezafibrate operates as a pan-

agonist for all three PPAR isoforms. In two old studies bezafibrate decreased

the rate of progression of coronary atherosclerosis and decreased coronary

event rate [29, 30]. In another large trial in 1,568 men with lower extremity arte-

rial disease, bezafibrate reduced the severity of intermittent claudication [31].

In general, the incidence of coronary heart disease in patients on bezafibrate

has tended to be lower, but this tendency did not reach statistical significance.

However, bezafibrate had significantly reduced the incidence of nonfatal coro-

nary events, particularly in those aged �65 years at entry, in whom all coronary

events may also be reduced. In the Bezafibrate Infarction Prevention (BIP)

study an overall trend of a 9.4% reduction of the incidence of primary end point

(fatal or nonfatal myocardial infarction or sudden death) was observed. The

reduction in the primary end point in 459 patients with high baseline triglyc-

erides (USD 200 mg/dl) was significant [32].
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Most recent extensions of the BIP trial give further support to the hypothe-

sis that patients with insulin-resistant syndromes such as diabetes or metabolic

syndrome might be the ones to derive the most benefit from therapy with

fibrates [34, 42–44]. Bezafibrate can improve the metabolic profile and reduce

the incidence of MI in patients with metabolic syndrome (figs 1, 2). Overall,

bezafibrate treatment was associated with reduced risk of any MI and nonfatal
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(bezafibrate retard vs. placebo) following annual measurements.
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MI with HR (CI), respectively: 0.71 (0.54–0.95) and 0.67 (0.49–0.91). The car-

diac mortality risk tended to be lower on bezafibrate (HR 0.74, CI 0.54–1.03).

This trend persisted in patients with augmented features of metabolic syndrome

(at least 4 risk factors for metabolic syndrome); of note, a marked reduction in

cardiac mortality was observed among these patients on bezafibrate (HR 0.44,

CI 0.25–0.80).

Measurements obtained during placebo treatment within the BIP trial

demonstrated a natural history of progressive increasing of insulin resistance

over long-term follow-up [42]. Moreover, in diabetic patients a progressive

decline of pancreatic beta cell function was observed [45]. These unfavorable

longitudinal changes were stopped when patients used bezafibrate [42, 45]. In

addition, reduced incidence of type 2 diabetes in patients on bezafibrate has

been demonstrated [43, 44]. These new data raise the intriguing possibility that

bezafibrate and other fibrates may eventually prove to be clinically useful for

conditions other than dyslipidemia [46].

The factor that dominates in overweight-related metabolic syndrome is the

permanent elevation of plasma free fatty acids (FFA) and the predominant uti-

lization of lipids by the muscle inducing a diminution of glucose uptake and

insulin resistance. Currently, an insulin-resistant state – as the key phase of

metabolic syndrome – constitutes the major risk factor for development of

macrovascular complications [47–50].

On the basis of the current concept of the evolution of adipogenesis via

PPAR modulation toward insulin resistance and atherothrombotic macrovascular
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(mean follow-up, 8.1 years) for the study groups (bezafibrate retard vs. placebo). Modified

from Tenenbaum et al. [34].
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complications (including MI), the decreasing of plasma FFA and improving of

insulin sensitization by PPAR agonists seems to be a logical and valuable goal

for therapy.

It is important to note that on a whole-body level, lipid and glucose metab-

olisms interact intimately. Briefly, PPAR alpha is activated by fibric acids (e.g.

bezafibrate) and form heterodimers with the 9-cis-retinoic acid receptor

(RXR). These heterodimers bind to peroxisome proliferator response elements,

which are located in numerous gene promoters and increase the level of the

expression of mRNAs encoded by PPAR alpha target genes. Bezafibrate

reduces triglyceride plasma levels through increases in the expression of genes

involved in fatty acid-beta oxidation and by a decrease in apolipoprotein C-III

gene expression. Fibric acids increase HDL-C partly by increasing apolipopro-

tein A-I and apolipoprotein A-II gene expression. Their triglyceride-lowering

and HDL-C-raising effects lead to decreased systemic availability of fatty acid,

diminished fatty acid uptake by muscle with improvement of insulin sensitiza-

tion and reduced plasma glucose level [51–54].

Evidence also suggests that there is a ‘fibrate effect’ that mediates the

reduction in CHD risk beyond the favorable impact of these agents on HDL-C

levels. This last notion is consistent with the pleiotropic effects of fibrates

which are known to be related to their mechanisms of action [55]. Through

PPAR alpha, fibrates have a significant impact on the synthesis of several

apolipoproteins (apo) and enzymes of lipoprotein metabolism as well as on the

expression of several genes involved in fibrinolysis and inflammation. Such

changes contribute to improve the catabolism of triglyceride-rich lipoproteins,

leading to a substantial increase in HDL-C levels accompanied by a shift in the

size and density of LDL particles: from small, dense LDL particles to larger,

more buoyant cholesteryl ester-rich LDL. These observations becomes particu-

larly important given the dramatic increase in obesity, diabetes, and metabolic

syndrome, conditions associated with low HDL and high triglyceride levels and

small, dense LDL particles, the lipid profile for which fibrates would seem to

be ideally suited [46].

However, different fibrates may have a somewhat different spectrum of

effects. Bezafibrate as a pan-PPAR activator has clearly demonstrated benefi-

cial pleiotropic effects related to glucose metabolism and insulin sensitivity.

The recent collaborative Israeli-Japanese study had shown that bezafibrate sig-

nificantly increased adiponectin levels both in humans and rodents. This effect

was mediated mostly via PPAR alpha, but partially via PPAR gamma as well

[56]. Bezafibrate effectively ameliorates atherogenic dyslipidemia by reducing

remnants and small LDL as well as by increasing HDL particles in hypertriglyc-

eridemic subjects [57] and induced plaque regression in thoracic and abdominal

aortas [58]. Therefore, pooled together evidence suggests that gemfibrozil and
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bezafibrate have optimum cardiovascular benefit in metabolic syndrome and/or

other appearances of insulin resistance.

Nicotinic Acid

Nicotinic acid (or niacin) has beneficial effects on all traditional blood lipid

and lipoprotein fractions, particularly for increasing HDL-C and reducing

lipoprotein(a). Nicotinic acid has been used for the treatment of dyslipidemia

since the 1950s, but the mechanism of action has only recently been elucidated.

Niacin, a vitamin of the B complex which participates in tissue respiration oxida-

tion-reduction reactions, decreases the fractional catabolic rate of apoA-I via

reduction in hepatocyte uptake [59]. Increasing apoA-I would facilitate greater

RCT by making apoA-I more bioavailable to remove excess cellular cholesterol

from the arterial wall macrophage. Niacin also inhibits hepatic diacylglycerol

acyltransferase 2 (DGAT2) which is a key enzyme in the synthesis of triglyc-

erides destined for VLDL [60]. Nicotinic acid additionally inhibits adipose tissue

lipolysis by inhibiting hormone-sensitive triglyceride lipase [61]. It is through this

combination of action that nicotinic acid exerts its changes upon lipid parameters

– increased HDL, lowered LDL and triglycerides – and the clinical consequences

of these effects have been positively borne out in clinical trials.

The benefits of niacin therapy upon cardiovascular events and mortality

was first demonstrated in the Coronary Drug Project (CDP), a randomized,

double-blind, placebo-controlled trial on 8,341 men with prior myocardial

infarction that was started in 1966 [62]. Significantly fewer cardiovascular

events and a mortality benefit were seen at the conclusion of the original trial

after 6 years of follow-up, and these results persisted 15 years after the initiation

of niacin [63]. Niacin therapy, however, is poorly tolerated by patients primarily

because of skin flushing. Of subjects taking immediate-release niacin, 85%

experience flushing [64]; in fact, 75% of patients in the niacin arm of the CDP

dropped out of the study [65]. The flushing issue has been ameliorated by the

introduction of slow-release niacins – flushing for these products is approxi-

mately 26% [64] – and premedication with aspirin. However, slow-release

niacins lead to hepatotoxicity, which appear to be caused by metabolites of the

nicotinamide metabolic pathway.

New prolonged-release nicotinic acid designed to produce less vasodila-

tory flushing than crystalline immediate-release nicotinic acid and less hepato-

toxicity than previous sustained-release formulations of nicotinic acid [66].

Despite the benefit of this therapy, patient adherence is poor. Nicotinic acid has

also been criticized for dysregulation of glycemic control [67]: nicotinic acid

therapy, particularly in large doses, can decrease insulin sensitivity and increase
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plasma glucose levels [68, 69]. Probably, this effect for prolonged-release nico-

tinic acid is less than previously reported for crystalline nicotinic acid [70].

Bile Acid Sequestrants

There are three most popular bile acid sequestrants: cholestyramine, cole-

sevelam, and colestipol. The principal mechanism of action of these drugs is the

binding of bile acids within the intestinal lumen thereby reducing the reabsorp-

tion of bile acids and available intrahepatic cholesterol. Partial diversion of the

enterohepatic circulation using bile acid sequestrants depletes the endogenous

bile acid pool by approximately 40%, thus stimulating an increase in bile acid

synthesis from cholesterol, which lowers LDL-C by 15–26%.The mechanism

by which HDL is raised is through increased intestinal production of apoA-I

[71]. The largest trial to study a bile acid sequestrant as monotherapy for hyper-

cholesterolemia was the Lipid Research Clinics Coronary Primary Prevention

Trial. This trial of 3,806 hypercholesterolemic men without CHD found a 19%

reduction in the incidence of CHD in the men treated with cholestyramine [72].

Bile acid sequestrants are not absorbed by the intestine and thus have no sys-

temic drug-drug interactions, but may interfere with the absorption of some

drugs [73]. The use of bile acid sequestrants is limited by patient adherence as

these drugs commonly cause gastrointestinal side effects, especially constipa-

tion, and require large and frequent dosing. The effect on HDL elevation is usu-

ally negligible. Lastly, for the dyslipidemic patient who concomitantly has high

triglycerides, these drugs have no beneficial effect.

Why Ezetimibe Could Be Effective for Atherogenic Dyslipidemia?

Ezetimibe is a novel cholesterol absorption inhibitor that blocks the translo-

cation of dietary and biliary cholesterol from the gastrointestinal lumen into the

intracellular space of jejunal enterocytes [74]. Similar to the bile acid seques-

trants, ezetimibe reduces intestinal cholesterol absorption by binding to the apical

cholesterol export pumps ABC proteins. The ABC transporters are located in the

intestinal enterocytes brush border and promote efflux of dietary cholesterol and

plant sterols from enterocytes back into the intestinal lumen, thus limiting the

amount of absorbed cholesterol [75]. The newly identified Niemann-Pick C1-like

1 (NPC1L1) protein is expressed at the apical membrane of enterocytes and plays

a crucial role in the ezetimibe-sensitive cholesterol absorption pathway.

Experimental models suggest that ezetimibe, similar to other lipid-modify-

ing agents, results in reduced atherosclerosis; in apoE-knockout mice, ezetimibe
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Management of Combined Dyslipidemia 141

administration resulted in reduced carotid and aortic atherosclerotic develop-

ment [76]. Ezetimibe effectively lowers circulating LDL-C levels both when

administered as monotherapy and especially in combination with other hypolipi-

demic drugs, mostly statins [77, 78]. The coadministration of ezetimibe with a

statin has yet to be proven to have a morbidity or mortality advantage over statins

monotherapy and clinical trials are in development.

Meanwhile, the ENHANCE study (720 patients with familial hypercholes-

terolemia) showed no difference in the progression of carotid atherosclerosis

between a combination of ezetimibe/simvastatin 10/80 mg vs. simvastatin 80 mg

alone over a 2-year period. This was a surrogate end point that was not powered

or designed to assess cardiovascular clinical event outcomes. The  safety profiles

were similar and there were no cases of rhabdomyolysis. Conclusions should not

be made until the three large clinical outcome trials that involve more than

20,000 high-risk patients will be completed within the next 2–3 years.

Nonetheless, ezetimibe/statins combinations provide superior lipid-modi-

fying benefits compared with any statins monotherapy in patients with athero-

genic dyslipidemia typical for type 2 diabetes or metabolic syndrome [79].

Atherogenic dyslipidemia is associated with increased levels of chylomicrons

and their remnants – triglyceride-rich lipoproteins (TRLs) containing 3 main

components: apolipoprotein B-48 (apoB-48), triglycerides and cholesterol ester

of intestinal origin. Theoretically, reduction in accessibility for one of them

(specifically cholesteryl ester lessening due to ezetimibe administration) could

lead to a decrease in the entire production of chylomicrons and results in a

decrease of the hepatic and whole body triglycerides pool. Indeed, a number of

clinical studies demonstrated that ezetimibe reduces the triglycerides level both

as monotherapy and in combination with statins or fibrate (figs 3, 4) [80–83].

Overall, ezetimibe has a favorable drug-drug interaction profile, as evi-

denced by the lack of clinically relevant interactions between ezetimibe and a vari-

ety of drugs commonly used in patients with hypercholesterolemia. Ezetimibe

does not have significant effects on plasma levels of statins, fibrates, digoxin,

glipizide, warfarin and triphasic oral contraceptives. Higher ezetimibe exposures

were observed in patients receiving concomitant ciclosporin, and ezetimibe

caused a small but statistically significant effect on plasma levels of ciclosporin.

Because treatment experience in patients receiving ciclosporin is limited,

physicians are advised to exercise caution when initiating ezetimibe in the setting

of ciclosporin coadministration, and to carefully monitor ciclosporin levels. 

(20 mg or 40 mg) alone; ‡ � atorvastatin (40 mg) alone; § � p � 0.05 for combination therapy

vs corresponding dose of atorvastatin alone. It should be pointed that coadministration of eze-

timibe with atorvastatin provided greater reductions for triglycerides and greater increase in 

HDL-C (c and d) than atorvastatin alone. Modified from Ballantyne et al. [81].
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Cholesteryl Ester Transfer Protein Inhibition

Increasing HDL-C levels by pharmacological inhibition of the cholesteryl

ester transfer protein (CETP) was until recently under intense investigation.

Two small-molecule compounds, JTT-705 and torcetrapib, have been shown to

effectively increase HDL-C levels in humans [84–85]. However, whether this

approach will translate into a reduction in risk of atherosclerotic disease had not

been clarified. Elevated HDL secondary to CETP deficiency may not be

atheroprotective. An inhibition of CETP would allow the accumulation of lipid-

laden HDL, but not lipid-deficient HDL. One hypothesis that could support the

epidemiologic findings is that although HDL is increased, more atherogenic

low-density particles could accumulate, and if HDL is already lipid-laden, there

would be less lipid-deficient HDL to participate in RCT. Animal models sug-

gest that partial inhibition of CETP results in reduced atherosclerosis. Clinical

trials of CETP inhibitors in humans have resulted in impressive increases in
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Fig. 4. Atherogenic dyslipidemia is associated with increased levels of chylomicrons

and their remnants containing 3 main components: apolipoprotein B-48 (apoB-48), triglyc-

erides and cholesterol ester of intestinal origin. Reduction in accessibility for cholesteryl

ester due to ezetimibe administration could lead to decrease entire production of chylomi-

crons and results decreasing of hepatic triglycerides pool. ACAT � Acyl coenzyme A cho-

lesteryl acyltransferase; NPC1L1 � Niemann-Pick C1-like 1 protein.
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HDL. Torcetrapib, a small molecule inhibitor of CETP, increased HDL by

46–106% without any significant change in other lipid parameters [86].

Another small molecule inhibitor JTT-705 increased HDL by 34% with a mod-

est 7% decrease in LDL [87]. However, the effectiveness of CETP inhibition as

a strategy for antiatherosclerotic therapy has been controversial [86–91].

Specific concern about the benefits and risks of torcetrapib emerged when ini-

tial clinical trials demonstrated a dose-dependent increase in blood pressure

[92]. Several potential mechanisms could explain the lack of antiatherosclerotic

efficacy observed in the torcetrapib-atorvastatin group. The increase in systolic

blood pressure observed in this group may have counterbalanced any benefits

derived from the increases in HDL-C levels and decreases in LDL-C levels. The

functionality of HDL-C produced through CETP inhibition remains uncertain.

The possibility that the HDL-C produced by torcetrapib might be dysfunctional

deserves careful consideration. The increase in blood pressure observed in

torcetrapib-treated patients may reflect more generalized vascular toxicity,

effects that could have counterbalanced any antiatherosclerotic benefits derived

from an increase in HDL-C. Phase III clinical trials of this drug were recently

stopped because 82 patients taking torcetrapib and atorvastatin died, compared

with only 52 deaths in those on atorvastatin alone [21]. Following these results

and in interests of patient safety, Pfizer stopped all torcetrapib clinical trials

[93, 94].

Omega–3 Long-Chain Polyunsaturated Fatty Acids

Epidemiologic studies have reported a lower prevalence of impaired

glucose tolerance and type 2 diabetes in populations consuming large amounts

of the omega–3 long-chain polyunsaturated fatty acids (omega–3 LC-PUFAs)

found mainly in fish [95–97]. The two marine omega–3 fatty acids eicos-

apentaenoic acid (EPA) and docosahexaenoic acid (DHA), prevalent in fish

and fish oils, have been investigated as a strategy towards prophylaxis of

atherosclerosis.

For dietetics professionals in clinical practice, appropriate dietary guid-

ance for patients with metabolic syndrome should incorporate the recommen-

dation to consume fatty fish, such as salmon, rainbow trout, sardines, mackerel,

and herring, at least twice a week. Two to three 3-oz servings of fatty fish per

week, containing at least 1 g per serving of EPA and DHA, would provide

about 300–450 mg omega–3 LC-PUFAs per day. Slightly larger serving size

(3.5–4 oz) of certain fatty fish, such as king, sockeye, pink, and Atlantic

(farmed) salmon, consumed three times per week easily provides about 850 mg

EPA and DHA per day [98, 99].
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However, sources of EPA and DHA devoid of methyl-mercury (founded in

many fatty fishes) are preferable, since methyl-mercury is a risk factor for car-

diovascular disease.

Omega–3 fatty acids supplementation reduces plasma triacylglycerols and

improves the lipoprotein profile by decreasing the fraction of atherogenic

small, dense LDL and may increase HDL-C levels. However, EPA and DHA do

not lower LDL-C. These effects are likely mediated through the activity of tran-

scription factors relating to expression of genes involved in lipid oxidation and

synthesis. Other pleiotrophic effects of EPA and DHA may contribute to

decreasing the burden of the metabolic syndrome, such as modulating inflam-

mation, platelet activation, endothelial function, and blood pressure [95–100].

Omega–3 fatty acids have beneficial effects in reducing remnant lipoprotein

levels in persons with obesity and type 2 diabetes [101].

Recent studies using low doses of omega–3 LC-PUFAs, ranging from 1 to

2 g/day, have reported no deterioration in glucose control. The increase in gly-

cated hemoglobin associated with the higher doses of omega–3 LC-PUFAs

could be prevented by moderate exercise [101–105].

An antiarrhythmic effect of omega–3 LC-PUFAs can be demonstrated on

the supraventricular and the ventricular level. More importantly, large clinical

studies (The Diet and Reinfarction Trial (DART), Gruppo Italiano per lo Studio

della Sopravvivenza nell’Infarto miocardico (GISSI) and Japan EPA lipid inter-

vention study (JELIS)) showed reductions in clinical endpoints like sudden car-

diac death or major adverse cardiac events [106–108].

Although differences in biological activity exist between EPA and DHA,

both exert a number of positive actions against atherosclerosis and its compli-

cations. Studies comparing the effect of both major omega–3 LC-PUFAs are

limited, DHA probably appears even more efficient than EPA in correcting sev-

eral cardiovascular risk factors [109–111], whereas latter may be preferable for

mood control (in according with number of small randomized controlled trials)

[112–116]. Both EPA and DHA are equally effective in reducing serum triglyc-

erides, but DHA and not EPA increased HDL-C and, in particular, the HDL2

cholesterol sub-fraction. Additionally, DHA increased LDL particle size, poten-

tially an antiatherogenic effect [109]. Neither EPA nor DHA affects total cho-

lesterol concentrations. DHA is more effective in reducing blood pressure than

EPA and these blood pressure-lowering effects correlate with improvements in

endothelial relaxation and attenuated vascular constriction. DHA but not EPA

also significantly decreased heart rate, suggesting that this fatty acid may be

more important than EPA regarding the anti-arrhythmic effects [111].

Additional cardiovascular benefit might be realized from the synergistic

effect of omega–3 LC-PUFAs with statins therapy on improved lipoprotein pro-

files, reduced disease progression, and lower risk of mortality [117].
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Therefore, currently available evidence has shown that consumption of

omega–3 LC-PUFAs in persons with type 2 diabetes and metabolic syndrome

has cardioprotective effects without sizable adverse effects on glucose control.

Accordingly, a number of cardiac societies have incorporated recommenda-

tions of EPA and DHA use for cardiovascular prevention into their relevant

guidelines.

Combined Therapy: Approaches to Optimization of 
Lipid-Lowering Management

Whereas statins remain the drug of choice for patients who need to achieve

the LDL-C goal, fibrates, niacin or bile acid sequestrants may represent the

alternative intervention for subjects with atherogenic dyslipidemia typical for

metabolic syndrome and an LDL-C already close to goal values. In addition,

the concomitant use of fibrates or niacin seems to be attractive in patients

whose LDL-cholesterol is controlled by statins therapy but whose HDL-choles-

terol and/or triglyceride levels are still inappropriate [118–122]. This strategy

will be tested in the ongoing Action to Control Cardiovascular Risk in Diabetes

(ACCORD) trial [123]. Although like FIELD, fenofibrate is used in ACCORD

to treat diabetes, unlike the FIELD study fenofibrate is not being used as

monotherapy but only in combination with simvastatin to compare results with

simvastatin therapy alone. This design should largely avoid the problem of off-

trial drug use encountered in FIELD and at the same time might solidify a role

for fenofibrate as a specific adjunct to statins therapy in the treatment of dia-

betic dyslipidemia [123].

Controlled clinical trials show similar or even greater cardiovascular bene-

fits from statins-based therapy in patient subgroups with diabetes, impaired

fasting glucose, and metabolic syndrome, compared with overall study popula-

tions [124]. Therefore, statins are the drug of first choice for aggressive lipid

lowering actions and reducing risk of coronary artery disease in these patients

with combined atherogenic dyslipidemia. However, current therapeutic use of

statins as monotherapy is still leaving many patients with mixed atherogenic

dyslipidemia at high risk for coronary events and commonly insufficient to

achieve all lipid targets recommended by the current guidelines. For this reason,

other approaches to treatment of combined hyperlipidemia should be consid-

ered. Because fibrates, niacin, ezetimibe and statins each regulate serum lipids

by different mechanisms, combination therapy may offer particularly desirable

benefits in patients with combined hyperlipidemia.

A combination statins/fibrate or statins/niacin therapy may be often neces-

sary to control all lipid abnormalities in patients with metabolic syndrome and
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diabetes adequately, since fibrates and niacin provide additional important ben-

efits, particularly on triglyceride and HDL-C levels. Thus, this combined ther-

apy concentrates on all the components of the mixed dyslipidemia that often

occurs in persons with diabetes or metabolic syndrome, and may be expected to

reduce cardiovascular morbidity and mortality.

Safety concerns about some fibrates such as gemfibrozil may lead to exag-

gerate precautions regarding fibrate administration and therefore diminish the

use of these agents. However, other fibrates (such as bezafibrate and fenofibrate)

appear to be safer and better tolerated [125–131]. Additionally, bezafibrate as

pan-PPAR-activator has clearly demonstrated beneficial pleiotropic effects

related to glucose metabolism and insulin sensitivity. Therefore, a proper co-

administration of statins with other agents – fibrates, niacin [132] or ezetimibe

[133] – selected on the basis of their safety and effectiveness, could be more

valuable in achieving a comprehensive lipid control as compared with statins

monotherapy.

In addition, statins therapy may be needed to offset the secondary increase

in levels of LDL cholesterol that frequently results from treatment with a

triglyceride-lowering agent in patients with marked hypertriglyceridemia. In a

number of small studies, the combination of statins and omega–3 fatty acids has

been consistently shown to be an effective, safe, and well-tolerated treatment

for combined dyslipidemia. Patients with recent myocardial infarction may also

benefit from this combination. When considering risks and benefits of adding a

second agent to statins for treatment of combined dyslipidemia, omega–3 fatty

acids provide additional lipid improvements without requiring additional labo-

ratory tests and do not increase the risk for adverse muscle or liver effects.

Because fibrates, niacin, ezetimibe, omega–3 fatty acids and statins each reg-

ulate serum lipids by different mechanisms, combination therapy may offer partic-

ularly desirable benefits in patients with combined atherogenic hyperlipidemia.
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Abstract
Five types of oral antihyperglycemic drugs are currently approved for the treatment of

diabetes: biguanides, sulfonylureas, meglitinides, glitazones and alpha-glucosidase

inhibitors. We briefly review the cardiovascular effects of the most commonly used antidia-

betic drugs in these groups in an attempt to improve knowledge and awareness regarding

their influences and potential risks when treating patients with coronary artery disease

(CAD). Regarding biguanides, gastrointestinal disturbances such as diarrhea are frequent,

and the intestinal absorption of group B vitamins and folate is impaired during chronic ther-

apy. This deficiency may lead to increased plasma homocysteine levels which, in turn,

accelerate the progression of vascular disease due to adverse effects on platelets, clotting

factors, and endothelium. The existence of a graded association between homocysteine lev-

els and overall mortality in patients with CAD is well established. In addition, metformin

may lead to lethal lactic acidosis, especially in patients with clinical conditions that predis-

pose to this complication, such as heart failure or recent myocardial infarction.

Sulfonylureas avoid ischemic preconditioning. During myocardial ischemia, they may pre-

vent opening of the ATP-dependent potassium channels, impeding the necessary hyperpo-

larization that protects the cell by blocking calcium influx. Meglitinides may exert similar

effects due to their analogous mechanism of action. During treatment with glitazones,

edema has been reported in 5% of patients, and these drugs are contraindicated in diabetics

with NYHA class III or IV cardiac status. The long-term effects of alpha-glucosidase

inhibitors on morbidity and mortality rates and on diabetic micro- and macrovascular com-

plications is still unknown. Combined sulfonylurea/metformin therapy reveals additive

effects on mortality. Four points should be mentioned: (1) the five oral antidiabetic drug

groups present proven or potential cardiac hazards; (2) these hazards are not mere ‘side

effects’ but are deeply rooted in the drugs’ mechanisms of action; (3) current data indicate

that combined glibenclamide/metformin therapy seems to present a special risk and should

be avoided in the long-term management of type 2 diabetics with proven CAD, and (4)
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customized antihyperglycemic pharmacological approaches should be investigated for the

optimal treatment of diabetic patients with heart disease. New possibilities are represented

by incretin mimetic compounds, dipeptidyl peptidase (DPP)-4 inhibitors, inhaled insulin

and eventually oral insulin.

Copyright © 2008 S. Karger AG, Basel

Introduction

Diabetes mellitus threatens to become a global health crisis, and treating

diabetes and its complications is going to dominate future health care expendi-

ture. Type 2 diabetes accounts for about 90% of the total diabetic population, and

coronary artery disease (CAD) is the most common cause of morbidity and mor-

tality. Cardiovascular deaths are increased up to 4-fold in diabetics compared

with their nondiabetic counterparts [1]. More than two-thirds of diabetics are

obese. They require drugs that stimulate beta cells to make more insulin and/or

drugs that help insulin work better. When these no longer work, people require

insulin. Unfortunately, this form of diabetes is growing at an alarming rate. Since

these patients will receive antidiabetic therapy indefinitely, any undesirable car-

diovascular effects from well-known and widely used oral antidiabetic drugs

should be analyzed in depth. In 1970, the University Group Diabetes Program

(UGDP) reported a higher frequency of major cardiovascular events in patients

with type 2 diabetes treated with tolbutamide, a sulfonylurea [2]. Awareness of

this issue has increased during recent years following detection of the harmful

influences of sulfonylureas on the ischemic myocardial cell [3, 4]. On the other

hand, cardiovascular derangement associated with the use of metformin has also

been reported during both short- [5, 6] and long-term follow-up [7].

When oral antidiabetic monotherapy does not achieve the glycemic goal,

combination treatment is implemented. A sulfonylurea – usually glibenclamide

(known also as glyburide in the USA) – plus metformin constitutes the most

widely used antihyperglycemic combination in clinical practice [8]. However,

the safety of this therapeutic regimen in long-term treatment is questionable [9].

The use of insulin in type 2 diabetes is also controversial. Nonetheless, after 15

or 20 years of disease, the majority of patients receive insulin [10]. The issue

whether the adverse cardiovascular effects of each of these medications may be

additive and detrimental for the coronary patient is of paramount importance

but has not yet been addressed specifically.

Insulin resistance represents the background of a series of common factors

for the development of both diabetes and heart disease. These factors include

genetics, hypertension, obesity, hyperglycemia, dyslipidemia, prothrombotic

state, aging, and physical inactivity. Once both diseases are clinically established,
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antidiabetic therapy per se may lead to a further derangement of cardiovascular

status. Five types of oral antihperglycemic drugs are currently approved for the

treatment of diabetes: biguanides, sulfonylureas, meglitinides, glitazones and

alpha-glucosidase inhibitors. We will briefly review the cardiovascular effects

of the most commonly used antidiabetic drugs within these types in an attempt

to improve the knowledge and awareness regarding their influences and poten-

tial risks when treating patients with CAD, and review the current and potential

research paths.

Biguanides

Metformin is the only drug belonging to the biguanide class currently

available in most parts of the world. It reduces blood glucose levels through

suppression of gluconeogenesis, stimulation of peripheral glucose uptake by

tissue (mainly skeletal muscles) in the presence of insulin, and decreased

absorption of glucose from the gastrointestinal tract. It has no direct effects on

beta cells, does not produce hypoglycemia, reduces glycohemoglobin and

improves both blood lipid profile and fibrinolytic activity. In contrast to other

antidiabetic medications, metformin does not cause weight gain and appears to

be the drug of choice in obese patients.

Despite these beneficial effects, metformin presents disadvantages that

may influence the cardiovascular system. Gastrointestinal disturbances such as

diarrhea are frequent, and the intestinal absorption of group B vitamins and

folate is impaired during chronic therapy [15]. This deficiency may lead to

increased plasma homocysteine levels which, in turn, accelerate the progression

of vascular disease due to adverse effects on platelets, clotting factors, and

endothelium [16] The existence of a graded association between homocysteine

levels and overall mortality in patients with CAD is well established [16]. In

addition, metformin may lead to lethal lactic acidosis, especially in patients

with clinical conditions that predispose to this complication, such as heart fail-

ure or recent myocardial infarction [6]. It should be remembered that another

drug of the biguanide group, phenformin, was withdrawn in many countries

during the 1970s due to its link to lactic acidosis. A possible association of

phenformin with increased cardiovascular mortality has also been suggested

[17]. Finally, metformin undergoes renal excretion, presenting undesirable

pharmacologic interactions with several widely used cardiovascular drugs. The

coadministration of nifedipine or furosemide leads to increased metformin

plasma levels. Furthermore, digoxin, quinidine, and triamterene – which are

eliminated by renal tubular secretion – may interact with metformin by competing

for proximal renal tubular transport systems [18]. Metformin was introduced in
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the USA in 1995, and serious controversies regarding cardiovascular safety fol-

lowed its approval for use [5]. We have found increased mortality in CAD

patients receiving metformin after a 5-year follow-up [7]. However, it should be

stressed that this finding ought be treated with caution since it arose from a

nonrandomized study in which information on drug doses and severity and

duration of diabetes was incomplete or unavailable. In addition, metformin was

found to be associated with less morbidity than sulfonylurea therapy in patients

with diabetes and heart failure [19].

Sulfonylureas

These compounds have been available for nearly half a century. Today, sul-

fonylureas continue to represent a mainstay of therapy in patients with type 2

diabetes; their hypoglycemic potency is directly related to baseline plasma glu-

cose values [20]. At the cellular level, they exert their action by closing the

ATP-dependent potassium channels; this feature is responsible for both the

insulinotropic effect and the adverse effects on the heart [3, 4]. Namely, sul-

fonylureas bind with high affinity to a subunit of these channels leading to

depolarization of the cell. Under physiologic conditions, the channels remain

closed. During ischemia, sulfonylureas may prevent their opening, avoiding the

necessary hyperpolarization that protects the cell by impeding calcium influx

[4]. In this context, it should be stressed that cardiac and vascular sulfonylurea

receptors are structurally different from their pancreatic analog [4]. In fact, sul-

fonylureas have been reported to reduce resting myocardial blood flow [21],

impair the recovery of contractile function after experimental ischemia [22],

increase the ultimate infarct size [23], elicit proarrhythmic effects [24], abolish

ischemic preconditioning in animal models [25], and increase early mortality in

patients with diabetes mellitus after direct angioplasty for acute myocardial

infarction [26]. Prevention of myocardial preconditioning by glibenclamide has

also been demonstrated in clinical trials [27].

It is important to stress that not all the undesirable effects on cardiovascu-

lar outcome reported for the first-generation sulfonylureas such as tolbutamide

[2] can be automatically extrapolated to the more modern second-generation

compounds such as glibenclamide, which is short-acting and possesses antiar-

rhythmic properties [3]. In our experience, cardiovascular mortality rates in

CAD patients on sulfonylureas (mainly glibenclamide) were lower than those

on combined sulfonylurea-metformin therapy, and similar to the rates in

patients on diet alone [7]. Another new second-generation sulfonylurea,

glimepiride, is more pancreas-specific and does not show interaction with car-

diovascular ATP-dependent potassium channels [3, 27].
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Meglitinides

Meglitinides stimulate insulin secretion. The first drug of this group,

repaglinide, a benzoic acid derivative, was introduced in the USA in 1998. The

second, nateglinide, is a d-phenylalanine derivative. Like sulfonylureas, these

compounds act by closing the ATP-dependent potassium channels. However, its

mechanism of action seem to be more complex since possibly three meglitinide

receptor-binding sites have been found on the beta cells [28].

Despite a common basic mechanism of action, the insulinotropic effects of

the two approved agents can be influenced differently by ambient glucose, lead-

ing to dissimilar responsiveness. Nateglinide may exert a more physiologic

effect on insulin secretion, i.e. a glycemia-dependent response, than repaglin-

ide, presenting less propensity to elicit hypoglycemia in vivo [29]. On the other

hand, nateglinide presents a relatively lesser influence on glycohemoglobin lev-

els. When used as monotherapy, these drugs reduce both fasting plasma glucose

and glycohemoglobin, and have no significant effects on the lipid profile. They

present some specific characteristics that differentiate them from sulfonylureas:

pills are taken before meals (the medication should not be administered if a

meal is skipped), exhibit a short onset of action and a short pharmacologic half-

life, and act mainly on postprandial glucose.

The cardiovascular safety of these insulin secretagogues is still uncertain.

Increased morbidity, particularly acute ischemic events, was observed for

repaglinide after 1 year compared with glibenclamide. Nevertheless, patients on

repaglinide appeared to have had more severe CAD at baseline than those in the

glibenclamide group, and when adjustments were made the relative risk declined

[30]. Thus, while definite assertions regarding cardiovascular safety cannot be

made at this stage, caution should be implemented in view of the strong involve-

ment of the ATP-dependent potassium channels in the mechanism of action.

Glitazones

This group of drugs was introduced in 1997 and includes antidiabetic med-

ications such as troglitazone, pioglitazone, and rosiglitazone, the chemical struc-

ture and mechanisms of action of which are very different from those of the

other groups. Chemically, they are thiazolidinediones having chroman moieties;

some of the analogues may present an aminoalkyl group as a linker between the

chroman ring and the 4-[5-(2,4-dioxo-1, 3-thiazolidinyl)methyl] phenoxy moi-

ety. Troglitazone, which was the first agent in this class to receive labeling

approval, was withdrawn from clinical use in the US due to hepatotoxicity [31].
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These recently developed drugs are insulin sensitizers, and they bind to a

novel receptor called peroxisome proliferator-activated receptor (PPAR)-

gamma, leading to increased glucose transporter expression. Sensitivity to

insulin – especially in adipocytes, muscle and liver – is improved, and an addi-

tional major effect is the inhibition of hepatic gluconeogenesis [32]. It should

be pointed out that no increment in insulin secretion is documented. PPARs are

transcription factors belonging to the superfamily of nuclear receptors; nowa-

days, three isoforms (alpha, beta/delta, gamma) are known, which regulate glu-

cose homeostasis, lipoprotein metabolism, local immune responses, local

inflammation, tumor development and thrombosis and also present potential

antiatherogenic effects [33].

Glitazone monotherapy is only modestly effective in reducing glucose and

glycohemoglobin levels. Plasma triglycerides are reduced by 10–20%, and

HDL cholesterol levels increase by 5–10%, since glitazones also stimulates the

isoform PPAR-alpha that regulates lipid metabolism. These favorable effects

are counterbalanced by a 10–15% increase in LDL cholesterol [11]. Edema has

been reported in 5% of patients, and these drugs are contraindicated in diabet-

ics with NYHA class III or IV cardiac status [11]. Regarding hepatotoxicity,

studies with rosiglitazone and pioglitazone indicate that it is not a class effect.

Further differences in the safety profiles of these agents arise because the

oxidative metabolism for each agent occurs by distinct cytochrome pathways:

pioglitazone involves CYP 3A4 and CYP 2C8 whereas rosiglitazone is princi-

pally metabolized by CYP 2C8. CYP 3A4 is involved in the metabolism of over

150 drugs, hence the potential for drug interactions with pioglitazone is much

greater than with rosiglitazone. Class effects include slight reductions in hemo-

globin and hematocrit (due to hemodilution) [31].

It was stressed that rosiglitazone reduces urinary albumin excretion in type

2 diabetes and may even mildly reduce blood pressure [34]. Nontraditional

markers of cardiovascular disease – such as matrix metalloproteinase-9 – may

also be reduced [35]. In addition, another notorious characteristic of glitazones

is their capability of lowering leptin levels, leading to several degrees of weight

gain, usually proportional to the administered dose [34]. This feature has obvi-

ous harmful clinical implications and was documented in both experimental

[36, 37] and human studies [35]. In addition, it was recently suggested that

rosiglitazone may be associated with a significant increase in the risk of

myocardial infarction and with an increase in the risk of death from cardiovas-

cular causes that had borderline significance [38].

Thus, glitazones exhibit a broad landscape of complex clinical effects, in

part favorable and in part detrimental for the cardiovascular system. The con-

cluding balance between these effects requires further elucidation.
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Alpha-Glucosidase Inhibitors

The primary mechanism of action of some novel antidiabetic drugs like

acarbose, voglibose and miglitol is grounded on competitive inhibition of several

enzymes of the alpha-glucosidase group (maltase, isomaltase, sucrase, glucoamy-

lase). These are membrane-bound enzymes that hydrolyze oligosaccharides and

disaccharides to glucose in the brush border of the small intestine Thus, by

delaying the digestion of carbohydrates, these compounds shift their absorption

to more distal parts of the small intestine and colon, and defer gastrointestinal

absorption of glucose. Their hypoglycemic potency is less than that of biguanides

and sulfonylureas [11] and, unlike the latter, they do not cause hypoglycemia.

The most frequent side effects of these drugs are mild abdominal pain, flatulence

and diarrhea [39].

It is well established that impaired fasting glucose concentrations in nondi-

abetic patients with ischemic heart disease are a marker for a worse prognosis

[40, 41]. Acarbose could be used, either as an alternative or in addition to

changes in lifestyle, to delay the development of type 2 diabetes in these

patients [39]. The long-term effects of these agents on morbidity and mortality

rates and on diabetic micro- and macrovascular complications have not yet been

studied [42].

Combined Antihyperglycemic Treatment

Combined therapy is based on the premise that pharmacological agents

acting via different mechanisms and presenting differing side effects permit the

design of individualized antidiabetic regimens. This approach reflects the plau-

sibility that monotherapy with any currently available medication is likely to

fail over time in some patients, and this type of pharmacological diabetes man-

agement is widely used. Recent findings from the UKPDS showed that after 3

years, approximately 50% of patients could attain satisfactory glucose levels

with monotherapy; by 9 years this had declined to only 25% [43]. Long-term

problem-oriented prospective studies that focus specifically on the outcome of

coronary diabetics on combined therapy are lacking. Data from an observa-

tional study – which included exclusively documented coronary patients – per-

formed at our laboratory [44] indicate an all-cause increased crude mortality

over a mean 7.7-year follow-up in diabetics on combined treatment with met-

formin and glibenclamide. These results were corroborated when multivariate

analysis was performed. Another study that focused on the general diabetic

population found that there was an higher cardiovascular mortality in type 2
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diabetics taking sulfonylurea and metformin in combination than in those taking

only sulfonylurea [45], concluding that it cannot be excluded that this kind of

combination therapy possibly increases cardiovascular mortality. Combination

therapy is known to promote additional blood glucose reduction but there is as

yet no evidence that these or another antidiabetic formulations are beneficial in

preventing or delaying macrovascular disease. These observations are in keep-

ing with the United Kingdom Prospective Diabetes Study (UKPDS) reports

demonstrating excess risk of all-cause mortality in the whole diabetic popula-

tion receiving combined therapy, especially in patients in whom metformin was

added at an early stage [46].

Hence, the combined antihyperglycemic treatment leads to a peculiar

entanglement since sulfonylureas and metformin are (1) the most powerful

antiabetic drugs; (2) those presenting the most unfavorable cardiac effects, and

(3) the most frequently employed combination in routine clinical practice.

Clinical Implications

As we enter the 21st century, our pharmacological armamentarium is

increasingly complex, offering a wide array of drugs, both as monotherapy or in

combination. It is therefore frequently difficult to determine the best therapeu-

tic option for a given patient. A common problem arises when a drug is known

to give a prompt and beneficial effect in the short term, but data regarding long-

term outcome and safety are either lacking or insufficient. This is particularly

true regarding antihyperglycemic drugs in patients with CAD.

Comprehensive risk reduction is mandatory for diabetic patients with

CAD. General measures should comprise diet, physical activity, complete ces-

sation of smoking, and weight and lipid profile management. However, fewer

than 10% of patients achieve acceptable long-term glycemic values with non-

pharmacological therapy only [47]. Special emphasis should be given to blood

pressure control; we have reported the presence of widespread undiagnosed

hypertension in this population, which presented a 5-year mortality even higher

than that in diabetics previously identified as hypertensives [48]. Moreover, the

increased mortality associated with hypertension in mild diet-treated type 2 dia-

betes strongly supports the need for early onset of antihypertensive treatment in

these patients [49]. When examining the status of glucose metabolism in

patients with heart failure secondary to coronary artery disease, it is disclosed

that both type 2 diabetes and impaired fasting glucose are associated with

increased prevalence of heart failure among patients with CAD [50].

Evidence is available that long-term maintenance of normal or near-

normal glucose levels using pharmacological means is protective in diabetics,
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improving microvascular disease (retinopathy, nephropathy, and neuropathy)

and reducing both morbidity and mortality [51]. Taking into consideration that

several degrees of undesirable cardiovascular effects have been reported for

most antidiabetic drugs, is this also applicable to coronary diabetics? Current

data indicate that the answer is yes, but alleviation of macrovascular complica-

tions remains dubious and the therapeutic criteria should not be automatically

extrapolated to CAD patients, who need carefully customized treatment.

We believe that an oral antihyperglycemic agent, for example a sulfony-

lurea, or metformin in obese patients, should constitute first-line pharmacolog-

ical therapy in type 2 diabetics with CAD; this is in keeping with the

recommendations of the American Heart Association [52]. As second-line ther-

apy, ancillary medications such as alpha-glucosidase inhibitors could be added

if target glucose levels are not achieved, but glibenclamide and metformin

should not be used together. Finally, there is no contraindication to add insulin

at a later stage as third-line therapy, provided the risk of hyperinsulinemic

hypoalphalipoproteinemia – especially when associated with low HDL choles-

terol levels – is monitored [53].

What should the policy be regarding the widely used sulfonylurea-met-

formin combined treatment? Following approval of a given therapy for a

chronic condition, large prospective, randomized, placebo-controlled trials

designed to check its long-term safety and effectiveness require many years to

be completed, and sometimes such studies are not performed at all. This is the

case with this combined treatment in CAD patients. The data available at pre-

sent indicate increased mortality in patients receiving this therapy [44–46, 54],

suggesting that this combination should be used with caution in diabetics with

proven CAD. The excessive mortality rate could reflect an additive expression

of the adverse cardiovascular effects of each of these medications. However, we

would like to stress that our own observations specifically address gliben-

clamide-metformin combined treatment [42] and we have no information

regarding combinations of metformin with other sulfonylureas such as

glimepiride or gliclazide. Thus, we consider that:

(1) Four of the five oral antidiabetic drug groups present proven or potential

cardiac hazards.

(2) These hazards are not mere ‘side effects’, but phenomena which are deeply

rooted in the drugs’ mechanism of action.

(3) Current data indicate that combined glibenclamide/metformin therapy

seems to present a special risk and should be avoided in the long-term man-

agement of type 2 diabetics with proven CAD.

(4) Customized antihyperglycemic pharmacological approaches should be

investigated for the achievement of optimal treatment of diabetic patients

with heart disease [54].
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Current and Future Research Paths

Taking into consideration the intimate interrelationship between diabetes

and heart disease, in 1999 the American Heart Association coined the phrase

‘diabetes is a cardiovascular disease’ [52]. Diabetic patients with CAD connote

an enormous population which deserves a specific approach. Incretins and

dipeptidyl peptidase (DPP)-4 inhibitors represent novel pharmacological

approaches.

Incretins
Incretin mimetic drugs are nowadays extensively investigated. A key role

for intestinal peptides in the regulation of postprandial insulin secretion and

glucose levels was proposed, based on the observation that insulin responses to

an oral glucose load exceeded those measured after intravenous administration

of an equivalent amount of glucose [55]. This phenomenon, termed the ‘incretin

effect’, postulated the existence of gut-derived signals promoting insulin secre-

tion in response to nutrient intake [56]. Subsequently, the incretin hormones,

gastric inhibitory polypeptide (GIP, renamed glucose-dependent insulinotropic

peptide) and glucagon-like peptide-1 (GLP-1), were discovered [57]. These two

principal incretin hormones are small peptides, 42 and 30 amino acids, respec-

tively, that rapidly stimulate the release of insulin only when blood glucose lev-

els are elevated, thereby enhancing the glucose-sensing and insulin secretory

capacity of the endocrine pancreas during postprandial hyperglycemia [58].

The physiological actions of incretins have been extensively defined in

animal studies with exogenous GLP-1 and GLP-1 receptor antagonists, high-

lighting its role as a meal-stimulated factor with potent glucose-lowering activ-

ity. Of significant clinical relevance is that exogenous GLP-1 has the potential

to normalize fasting plasma glucose concentrations in patients with type 2 dia-

betes. In several studies in subjects with diabetes, GLP-1 – whether adminis-

tered by intravenous or subcutaneous infusion – normalized both fasting and

postprandial glycemia by enhancing glucose-mediated insulin secretion, as well

as by suppressing glucagon secretion [59–62].

Additional studies in animals and humans have demonstrated glucose-low-

ering effects of GLP-1. GLP-1 slows gastric emptying to decrease the rate of

nutrient absorption, which results in more synchronous nutrient delivery with

endogenous insulin action. Significant acute reductions in appetite and food

intake after intravenous administration of GLP-1 in both healthy individuals

and in patients with type 2 diabetes have also been demonstrated [63–65].

The mechanism through which the incretin hormones elicit their cytopro-

tective effects on the beta cell has attracted significant attention because preser-

vation and restoration of beta cell mass may contribute to the therapeutic
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potential of the incretins for the treatment of both type 1 and type 2 diabetes.

Endoplasmic reticulum stress within the beta cell, possibly occurring as a result

of the overproduction or misfolding of insulin, may be a contributing factor to

increased beta cell apoptosis and the loss of islet mass observed in diabetic

patients [66].

Exenatide was first in the new class of incretin mimetics for the treatment

of patients with type 2 diabetes. Several short-term phase 2 clinical trials in

patients with type 2 diabetes have reported that subcutaneous exenatide acutely

lowered both fasting and postprandial plasma glucose concentrations. The rate

of gastric emptying was also slowed in patients treated with exenatide. Large-

scale clinical trials designed to assess the safety and efficacy of twice-daily sub-

cutaneous exenatide over a 6-month period were completed in subjects with

type 2 diabetes who were unable to attain glycemic control with oral sulfony-

lureas, metformin, or both [67].

Another incretin mimetic compound, liraglutide, is a once-daily GLP-1

derivative which is in development for the treatment of type 2 diabetes. GLP-1,

in its natural form, is short-lived in the body (the half-life after subcutaneous

injection is approximately 1 h), so it is not very useful as a therapeutic agent.

However, liraglutide is a ‘timed release’ form of GLP-1 with prolonged activity;

the half-life after subcutaneous injection is 11–15 h, making it suitable for

once-daily dosing. This prolonged action is achieved by attaching a fatty acid

molecule at one position of the GLP-1 molecule, enabling it to bind to albumin

within the subcutaneous tissue and bloodstream. The active GLP-1 is then

released from albumin at a slow, consistent rate. Binding with albumin also

results in slower degradation and reduced elimination of liraglutide from the

circulation by the kidneys compared to GLP-1 in its natural form [68, 69].

Dipeptidyl Peptidase (DPP)-4 Inhibitors
DPP-4 is a ubiquitously expressed serine protease that exhibits postproline

or alanine peptidase activity, thereby generating biologically inactive peptides

via cleavage at the N-terminal region after X-proline or X-alanine. It is a com-

plex molecule that exists as a membrane-spanning cell-anchored protein that is

expressed on many cell types, and as a soluble form in the circulation; both

forms have proteolytic activity. Because both GLP-1 and GIP have an alanine

residue at position 2, they are substrates for DPP-4. DPP-4 inhibitors like

sitagliptin are orally administered drugs that improve glycemic control by pre-

venting the rapid degradation of incretin hormones, thereby resulting in post-

prandial increases in levels of biologically active intact GLP-1 and GIP [70, 71].

Sitagliptin is an orally bioavailable selective DPP-4 inhibitor that was dis-

covered through the optimization of a class of beta amino acid-derived DPP-4

inhibitors. It lowers DPP-4 activity in a sustained manner following once daily
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administration, preserves the circulating levels of intact GIP and GLP1 follow-

ing meals in both acute and chronic studies and reduces blood glucose levels

without significant increases in hypoglycemia [72]. Thus, the drug works by

inhibiting the inactivation of the incretin GLP-1 and GIP by DPP-4. By pre-

venting GLP-1 and GIP inactivation, GLP-1 and GIP are able to potentiate the

secretion of insulin and suppress the release of glucagon by the pancreas.

Several additional DPP-4 inhibitors, like saxagliptin and vildagliptin, are

currently investigated. Their beneficial effects are that they (1) increase circu-

lating levels of GLP-1 in animals and humans, (2) increase the genesis, prolif-

eration and differentiation of beta cells, (3) inhibit apoptosis of these cells, (4)

enhance insulin secretion, (5) reduce fasting glucose, (6) reduce postparandial

glucoser, and (7) reduce HbA1c levels.

In comparison to DPP-4 inhibitors, incretin mimetic agents have more

pharmacological specificity but require subcutaneous injections. As with DPP-

4 inhibitors, improvements in glycemic control were achieved with either no

weight gain or with weight loss. Considering the impact of obesity on diabetes,

along with weight gain that generally accompanies the use of insulin, insulin

secretagogues, and insulin sensitizers, interventions with positive effects on

weight are likely to become increasingly important.

Cardiovascular adverse effects were not described for these compounds,

targeting them as an ideal combined therapy for diabetic patients with heart

disease.

Additional Therapeutic Paths
Future paths of antidiabetic pharmacological investigation should focus on

both longitudinal problem-oriented long-term epidemiological studies and on

research in molecular biology. An important area of research would be to fur-

ther scrutinize the structural and functional differences between pancreatic and

cardiac isoforms of ATP-dependent potassium channels. This would allow

development of specific insulinotropic compounds that interact exclusively

with the pancreatic channel, leaving the cardiac channel unaffected [4, 27].

The development of newer insulin compounds represents an additional

path of intensive current research. Since the discovery of insulin, subcutaneous

injection has been the only possible mode of administration due to the massive

degradation of orally administered insulin by proteases in the gastrointestinal

tract. The subcutaneous route leads to unphysiologically high insulin levels in

peripheral blood relative to those achieved in the portal vein, besides being

cumbersome and painful. A recent development aimed at partially overcoming

these problems is insulin glargine, a long-acting analogue created by the recom-

binant DNA modification of human insulin. Injected once daily, it provides a

relatively constant basal level of circulating insulin with no pronounced peak, is
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well tolerated and elicits less hypoglycemia, especially nocturnal episodes, than

NPH insulin, with similar levels of glycemic control [73].

An additional interesting progress is inhaled insulin. The lung presents

inherent advantages for insulin administration, which include a vast and well-

perfused absorptive surface, absence of some peptidases that are present in the

digestive tract, and a thin alveolar-capillary barrier [74]. The optimal particle

size for pulmonary insulin appears to be in the range of 2–5 �m; these sizes

allow deposition in the alveoli. Larger particles will precipitate on the orophar-

ynx or bronchial mucous membranes, while smaller ones will be exhaled. The

inhalation of insulin particles results in a time-action profile characterized by a

faster onset than regular subcutaneous insulin [75]. Compared with patients

who only received insulin injections, patients receiving inhaled insulin experi-

enced significant reductions in both fasting plasma glucose levels and 2-hour

postprandial glucose levels. Concerns have been raised about the safety of the

preparation and whether it will compromise lung capacity or damage lung tis-

sue in long-term use. However, in clinical trials the frequency and nature of

adverse events were similar in the active and the control groups [76].

Finally, oral insulin compounds have been investigated and constitute a

promising field. Significant improvements of oral insulin absorption were

already attained by masking the hydrophilic surface of its molecule. Moreover,

chemical modification of the molecule by optimizing the fatty acid chain length

with palmitic acid achieved an enhanced oral absorption of insulin [77–79].
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