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1. ABSTRACT 
 

Diabetes is associated with major life-threatening 
complications such as a markedly increased risk of 
cardiovascular disease, even in the presence of rigid 
glycemic control. Indeed, nearly 75% of diabetic patients 
eventually die of cardiovascular disease or cardiovascular 
complications. A striking feature of the diabetic 
cardiovascular phenotype is the appearance of accelerated 
atherosclerosis, which resembles atherosclerosis that may 
be encountered in the non-diabetic individual, except that it 
is more extensive, aggressive, and occurs at an earlier age. 
Atherosclerosis (or atherosclerotic vascular disease; 
ASVD), is a pathological syndrome affecting arterial 
vessels characterized by narrowing of the vascular lumen 
secondary to intravascular buildup of fatty material such as 
cholesterol, aggregated cellular debris, and inflammatory 
change in the vascular endothelium. Seemingly distinct, 
these two well-defined disorders are nevertheless, 
intimately and intricately linked. In fact, these two 
pathologies appear to be linked by common signaling 
pathways and shared regulatory systems that appear to go 
awry in an as yet poorly understood manner. In recent 
years, a body of evidence has been growing that suggests 
that inflammation peculiar to the vascular system, occurs in 
the diabetic patient. This review aims to present the 
empirical underpinning of the hypothesis that inflammatory 
change in the vasculature might be the integrated 
mechanism that connects a diabetic phenotype with its 
attendant vascular complications. 

2. INTRODUCTION 
 

Diabetes is a metabolic disorder characterized by 
hyperglycemia and glucose intolerance due to insulin 
deficiency or insulin insensitivity, or both. The two clinical 
subtypes of diabetes are type I diabetes mellitus (T1DM), 
and type II diabetes mellitus (T2DM), which are distinct 
from one another in terms of clinical presentation, 
epidemiology, prognosis and outcomes. T1DM is causally 
linked to autoimmune destruction of pancreatic beta-cells 
which leads to loss of insulin production. This variant is 
somewhat less prevalent in the general population than 
T2DM, with the latter accounting for nearly 95% of all 
diabetics, nearly half of whom are obese. The hallmark of 
T2DM is peripheral insulin resistance or insensitivity.  
 
3. VASCULAR INFLAMMATION AND 
ATHEROSCLEROSIS 
 

Classical systemic inflammation was recognized 
by the ancient Greeks and described as having five classical 
features: Dolor, Calor, Rubor, Tumor and Functio laesa 
(pain, heat, redness, swelling, and loss of function). In the 
context of the cardiovascular system, and in particular the 
vasculature, inflammatory change is qualitatively distinct 
from this classical description of systemic inflammation 
and refers to a cellular and humoral response to specific 
pathophysiological triggers, that provoke well-defined 
alterations in vascular function. In the vasculature, risk 
factors such as diabetes, obesity, and smoking, provoke a 
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coordinated alteration in the cellular milieu of the vessel 
intima and wall that is akin to systemic inflammation. For 
example, the fatty streak (the earliest identifiable change in 
atherogenesis), is clearly an inflammatory reaction typified 
by the accumulation of lipids, monocytes, and T-
lymphocytes in response to vascular injury or by the 
presence of high levels of blood glucose (as in diabetes). 
Not normally resident in the vessel wall, monocytes and 
lymphocytes transmigrate into the subendothelial space 
through the actions of locally expressed chemotactic 
cytokines and adhesion molecules by the injured or 
disturbed endothelial surface. Ongoing recruitment of 
additional circulating immune competent cells into the 
injured vessel wall along with low-density lipoprotein 
(LDL) oxidation and reactive proliferation of smooth 
muscle cells ultimately manifests as a fully evolved 
atherosclerotic lesion. At the site of the lesion, over time, 
extracellular secretion of metalloproteinases (MMPs) and 
cathepsins by resident macrophages destabilizes the fibrous 
cap, leads to plaque rupture, vascular occlusion, and 
thromboembolic events that prove catastrophic and even 
fatal, as is the case with subsequent cardiac or cerebral 
ischemia (1) (Progression of the atheromatous lesion is 
summarized in Figure 1). 
 

In recent years, it has been widely recognized 
based on clinical and laboratory evidence that inflammation 
not only contributes to cardiovascular events in general, but 
is also a key player in the initiation and progression of 
atherosclerosis (2). Identifying people at high risk of 
cardiovascular events has been the cornerstone of 
cardiovascular medicine and the primary aim of prevention 
of cardiovascular disease for many years. In the context of 
inflammation in the cardiovascular system, the value of 
inflammatory and oxidative markers for the prediction of 
cardiovascular mortality, is an area of intense interest at the 
present time. Historically, large studies like the 
Framingham trial that resulted in the creation of a variety of 
risk scores, have been available for their discriminative 
power in predicting cardiovascular events using traditional 
risk factors, such as sex, age, diabetes, blood pressure, 
smoking, and LDL-and high-density lipoprotein (HDL)-
cholesterol profile (3). Despite the fact that more recently 
acquired understanding of inflammation and oxidative 
stress in the pathogenesis of atherosclerosis and other 
cardiovascular diseases, has been validated in many 
studies, this information has not been translated into routine 
clinical practice, where the mainstay of treatment is still 
modification of the lipid profile. Nevertheless, risk 
prediction using biomarkers is rapidly evolving and 
numerous recent reports have established a relationship 
between various inflammatory and oxidative biomarkers 
and cardiovascular risk, in both healthy individuals as well 
as those with established cardiovascular disease (3). There 
is a wide range of biomarkers that have been proposed for 
diagnostic and predictive use and these include oxidized 
LDL, myeloperoxidase (MPO), lipoprotein-associated 
phospholipase A2, pentraxin-3, cytokines, such as IL-6, 
proteases such as MMP-9, and C-reactive protein (4-7). C-
reactive protein (CRP) is an early response biomarker that 
has been studies for several decades. In clinical practice, it 
has become the gold standard to detect and to monitor 

infectious diseases. It has a half-life of about 19 hours and 
has a well-established range of increase following an 
inflammatory stimulus, of up to 100-fold from baseline 
levels. Thus, CRP is the prototypic acute phase response 
protein and is mainly produced by hepatocytes, as well as 
in small amounts by monocytes and macrophages, and 
possibly by smooth muscle cells, in response to pro-
inflammatory cytokines like IL-1 and IL-6 (8). More than 
20 different prospective studies have reported a significant 
and independent association between increased 
concentrations of CRP and future cardiovascular events in 
healthy subjects.  
 

Myeloperoxidase (MPO) is a cationic protein, 
which is found predominantly in granules of neutrophils as 
well as in some subsets of monocytes/macrophages (8). 
MPO is secreted after leukocytes are activated and induces 
the formation of potent oxidants that contributes to innate 
host defenses. It has been implicated in several 
inflammatory conditions, including atherosclerosis (8) and 
related reactive oxidant species have been detected in 
atherosclerotic lesions. MPO derived oxidative products 
such as oxidized-LDL and HDL are known to be involved 
in all stages of atherogenesis. In a recent study called 
CAPTURE, at increased risk was found for subsequent 
cardiac events in both the short and medium term, were 
found to be correlated with MPO levels (9). 
 

In addition to MPO and CRP, protein tyrosine 
nitration is also emerging as a marker of pathophysiological 
events implicated in cardiovascular disease. In particular, 
the modulation of nitric oxide (NO) has been reported to 
occur in a number of disease states (10). This process is 
characterized by a series of oxidation processes which 
modify the tyrosine residues on specific molecules 
mediated by reactive nitrogen species (RNS). RNS are 
generated through the reaction of excess or deregulated NO 
with reactive oxygen species (ROS) (10). As a 
consequence, the nitration of tyrosine residues to form 3-
nitrotyrosine (3-NT), has generally been considered a 
marker for the formation of peroxynitrite radical (ONOO-). 
Increased production of ONOO- has been observed under 
hyper oxygenation states such as those that may occur in 
myocardial ischemia-reperfusion injury (10). Furthermore, 
the extent of protein tyrosine nitration and chlorination of 
ApoA-I, in both the plasma as well as the arterial wall, has 
been reported to be significantly higher in coronary artery 
disease (11). In addition, for example, the levels of nitrated 
proteins in aortic tissue are increased more than 6-fold in 
mice lacking the low-density lipoprotein receptor and 
apobec (LA) and LA mice with genetic deletion of apoA-I 
(LA-apoA-I-/-). In addition to these well studied 
biomarkers, ongoing research is also attempting to define 
the role of many other inflammatory biomarkers relevant to 
cardiovascular disease and atherosclerosis. These include a 
variety of cytokines [IL-6, IL-18, IL-10, monocyte 
chemotactic protein-1 (MCP-1), tumor necrosis factor 
alpha (TNFalpha)], a variety of cell adhesion molecules 
(ICAMs, VCAMs, selectins), and several markers of plaque 
in destabilization and rupture [MPO, MMPs, placental 
growth factor (PIGF), pregnancy associated plasma 
protein-A (PAPP-A), CD40L]. Despite these well-
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established correlations, it is not clearly understood how 
inflammation, cardiovascular diseases, and diabetes are 
interrelated.  
 

The classical description of atherosclerosis is a 
deposition of lipids within the vessel wall of medium-sized 
and large arteries. In atherosclerosis, very early change in 
the blood vessel is an increase in the number of intimal 
macrophages and the presence of a few foam cells and 
these are common in infancy and childhood (12). However, 
the majority of these lesions regress and only a few 
progress, over many years or decades, to form frank 
atheromata. The determinants of these contrasting fates of 
early intravascular events are not well understood. It is 
becoming more evident however, that failure to regress is 
likely associated with persistent inflammation in the 
vascular wall (13). 
   

In the early phases of the atherogenic process, 
plasma proteins may enter the vessel wall to a higher 
degree than usual (14). In addition to this, monocytes 
which are rich in the chemokine receptor 1 (CX3CR1), 
also infiltrate the vessel wall and initiate an 
inflammatory response. In the late 1990s, Ross proposed 
that “endothelial activation” (a term referring to a 
specific change in the endothelial phenotype 
characterized by an increase in endothelial–leukocyte 
interactions and permeability) may be initiated by 
several different pathways such as an altered response to 
flow, oxidized or otherwise modified LDL, bacterial 
antigens, membrane components of bacteria, and 
endogenous inflammatory signals like cytokines (2). 
Such early phase activation of the endothelium, results 
in infiltration of the intima by leukocytes, migrating and 
proliferating smooth muscle cells, and the subsequent 
formation of the “fatty streak” (the first grossly visible 
lesion in the development of atherosclerosis composed 
of leukocyte macrophages and appearing as an irregular 
off-white to yellow-white discoloration near the luminal 
surface of the artery) (15). 
  

In later phases of the formation of an 
atherosclerotic plaque, other cell types also accumulate in 
the vessel wall. For example, during the establishment of 
the plaque , many monocytes invade the vessel wall (15). In 
the wall, monocytes eventually become lipid-laden 
macrophages (the so-called “foam cells”), and these form 
the “core region” of the plaque. In addition, T-cells as well 
as others have been detected in plaques (16) and include 
mast cells as well as B-cells. As outlined in an excellent 
review by Libby, several major steps pertaining to the 
evolving inflammatory reaction in the artery, can be 
recognized in the formation of atheromatous plaque (17): 
 
1. Activation of adhesion molecules such as vascular cell 
adhesion molecule (VCAM) in the endothelium. 
2. Adhesion to the endothelium of monocytes and 
penetration of this barrier by these cells. 
3. Increased synthesis of chemokines by the monocytes. 
4. Transformation of monocytes to foam cells in response 
to cytokines such as macrophage colony stimulating factor 
(MCSF). 

5. Alteration of plaque stability by cytokines via 
modification of the “fibrous cap” with a potential for 
rupture and thrombosis of the plaque resulting in stroke or 
myocardial infarction. 
 

Cumulatively, these changes lead to an evolving 
inflammatory reaction, which is instrumental in the 
initiation of atherosclerotic plaques, the progression of 
these lesions and ultimately, their destabilization and 
rupture (18,19). Because inflammation or inflammatory 
signaling affects the function of several cell types, 
including vascular smooth muscle cells (VSMC), platelets, 
leukocytes, renal mesangial cells, retinal pericytes, and 
macrophages, it is not surprising that inflammatory 
processes underpin many if not most aspects of endothelial 
dysfunction (ED; broadly defined as an imbalance between 
vasodilating and vasoconstricting substances produced by 
or acting on the endothelium) and atherosclerosis.  
 
4. VASCULAR INFLAMMATION AND DIABETES-
ENHANCED CARDIOVASCULAR DISEASES 
 

Cardiovascular disease is the most common cause 
of morbidity and mortality in patients with diabetes (20). 
Individuals with either T1DM or T2DM, have 
cardiovascular disease rates 4 to 10 times higher than those 
observed in non-diabetic subjects (20). In addition, patients 
with diabetes also show more advanced atherosclerosis, for 
example, as measured by the thickness of the intima and 
media in the carotid arteries or as a measure of coronary 
artery calcium scores. Type 2 diabetics also manifest a 
number of other systemic abnormalities that include 
hypertension, disturbed lipoprotein metabolism, anomalies 
in the inflammatory responses as well as abnormal 
coagulation. These disturbances are all thought to 
exacerbate atherogenicity and increase cardiovascular 
disease risk based on a large number of observational as 
well as mechanistic studies conducted both in human 
populations, and experimental models of diabetes. 
 

Although diabetes-enhanced CVD might be 
multifactorial, inflammation might be a common 
pathophysiological pathway for enhanced CVD morbidity 
and mortality in diabetes (Figure 1). Direct evidence for 
inflammation as a causal mechanism in diabetes comes 
from clinical studies where either small molecules with 
anti-inflammatory properties, or biological agents that 
specifically target pro-inflammatory cytokine pathways, 
have been used for blood glucose control (21). The most 
promising approaches include selective blockade of IL–
1R1 using an antibody-based approach, and inhibition of 
the NFkappaB pathway with derivatives of salicylate, such 
as salsalate. It has been reported that both approaches have 
achieved blood glucose control as well as improved beta-
cell function and insulin sensitivity, along with attenuation 
of systemic inflammation (22,23). These early studies have 
validated the appropriateness of targeting inflammatory 
mediators as a treatment for T2DM and also support a 
cause-and-effect role of inflammation in diabetes. 
Furthermore, these seminal studies could pave the way for 
the development of new therapeutic approaches that could 
effectively modify diabetes progression to the extent that 
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Figure 1. Summary of changes in atherogenesis as a function of age. A timeline is depicted as decades of age, key features of the 
lesion and its constituents as they change and evolve with age. 

 
simple palliation would become redundant. Thus, in several 
preclinical studies, three anti-inflammatory approaches 
have been tested overall: (1) blockade of TNF, (2) 
antagonism of IL-1beta, and (3), treatment with salsalate 
(21). Of these, antagonism of TNF has not proven 
successful (24,25). Interestingly however, in patients who 
were being treated for rheumatoid arthritis with TNF 
blockers who had diabetes co-morbidity, benefits in terms 
of blood glucose levels were clearly identified (21). The 
most recent interest in a variety of trials has focused on the 
use of salsalate and IL-1beta antagonsism. The advantage 
of the former is that it can be administered orally while IL-
1β antagonsists are only available as injections. Salsalate, 
however, has a very short half life which requires multiple 
daily doses to maintain therapeutic blood levels. The trials 
that have reported positive effects of these anti-
inflammatory therapeutic strategies, largely from phase 2 
trials with IL-1 blockade or inhibition of the NFkappaB 
system, include reductions in glycated hemoglobin, 
attenuation of CRP levels, increased insulin synthesis by 
the pancreas, improved insulin sensitivity, improved lipid 
profile, and reduced fasting blood glucose levels (21). 

 
Therefore, it is clear both from mechanistic 

studies as well early and intermediate phase trials, is that 
inflammation in the cardiovascular system, is likely a 
causal phenomena in diabetes-associated vascular disease. 
These trials with anti-inflammatory compounds have 
shown great promise but a final verdict has to await 
completion of trials, regulatory approval, and long-term 
testing in the clinical realm. 
 
5. ETIOLOGY OF ABERRANT VASCULAR 
INFLAMMATION AND ATHEROSCLEROSIS IN 
DIABETES 
 
5.1.Hyperglycemia 
 

The primary clinical manifestation of diabetes, 
both in T1DM and T2DM, is hyperglycemia. Whether 

hyperglycemia is caused by insufficient or absent insulin 
synthesis by the pancreas, or by peripheral insulin 
resistance, the end result is elevated blood glucose levels 
[defined characteristically as being higher than 10 mM/L 
(or 180 mg/dL)]. Tissue that is damaged by hyperglycemia 
is generally composed of cell types that are unable to 
effectively control their intracellular glucose concentration. 
These include neurons, endothelial cells and renal 
mesangial cells (26). Raised level of glucose inside the cell 
results in an increased flux through the catalytic pathway 
and the Krebs cycle. In turn, this results in increased 
production of reducing equivalents, nicotinamide adenine 
dinucleotide (NADH), and succinate. Reducing equivalents 
donate electrons to the mitochondrial respiratory chain and 
the passage of electrons along the chain enables hydrogen 
pumping across the inner mitochondrial membrane with the 
generation of a pH gradient. This gradient is then used by 
ATP synthase to produce ATP and provide for the energy 
needs of the cell. The magnitude of this gradient is 
positively correlated with the production of superoxide 
(O2

.-) (27). Under the influence of hyperglycemia, the 
increased production of NADH and succinate results in 
amplified production of O2

.-. O2
.-, which has the ability to 

damage DNA, creates cascades of aberrant signaling 
resulting in further compromise of endothelial cellular 
function, including cell death (Figure 2). 
 

Raised blood glucose levels are also becoming 
recognized as being pro-inflammatory as well as pro-
oxidant (26). For example, mononuclear cells isolated from 
healthy volunteers exhibited increased nuclear factor kappa 
B (NFkappaB) binding, with raised ROS levels as well as 
increased mRNA for tumor necrosis factor-alpha 
(TNFalpha), following exposure to hyperglycemia (28,29). 
In addition, glucose fluctuations in patients with T2DM 
were found to be associated with increased urinary levels of 
8-iso prostaglandin F2 (a marker of oxidative stress) (30). 
These types of findings have also been validated in animal 
diabetic models and as an example, in diabetic rats, plasma 
levels of interleukin-6 and -10 (IL-6 and -10) have been 
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Figure 2. Intracellular consequences of hyperglycemia. 
 

reported to be significantly higher compared to non-
diabetic animals (31). Hyperglycemia also tends to produce 
a hypercoagulable state through an increased expression of 
tissue factor (TF), which activates factor VII in the 
coagulation cascade and ultimately results in the generation 
of thrombin, which converts fibrinogen to fibrin. 
 

Exposure to glucose alone can cause monocytes 
and macrophages to activate in vitro. For example, 
monocytes grown in high glucose conditions show 
evidence of increased expression of the cytokines IL-1beta 
and IL-6 (32). These inflammatory changes are also 
associated with induction of protein kinase C (PKC), 
activation of NFkappaB and increased synthesis of ROS, 
such as O2

.-, and these further participate in glucose 
mediated oxidative stress. 
 
5.2. Free fatty acids (FFA) 

FFA have been shown to disrupt insulin 
stimulated glucose transport (33). Plasma FFA enter cells 
and are either oxidized to generate energy in the form of 
ATP or are re-esterified for storage as triglycerides (TG). 
Therefore, in situations where plasma levels of FFAs are 
high (as in the case of diabetes) intracellular 
(intramyocellular or intrahepatocellular) accumulation of 
TGs occurs (34). Increased FFA levels also results in 
accumulation of several metabolites involved in FFA re-
esterification including long chain acyl-CoA and 

diacylglycerol (DAG) (35). DAG is a potent activator of 
PKC isoforms . In addition, other serine/threonine kinases, 
such as  IkappaB kinase complex (IkappaK-β) and the c-
Jun NH2-terminal kinase (JNK), are also activated by 
raised plasma FFA levels (36). Once activated, these 
serine/threonine kinases can interrupt insulin signaling by 
attenuating tyrosine phosphorylation of the insulin receptor 
substrate 1 or 2 (IRS 1/2) (37). This inhibits the IRS/PI3 
kinase/Akt pathway which regulates critical insulin actions 
including glucose uptake, glycogen synthesis, 
glycogenolysis, and lipolysis (38). The IRS/PI3 kinase/Akt 
pathway is also critical for the activation of endothelial 
nitric oxide synthase (eNOS) and the production of NO. In 
addition, FFA can reduce NO production through another 
mechanism which acts via stimulation of nicotinamide 
adenine dinucleotide phosphate oxidase [NAD(P)H 
oxidase]. This has been shown to occur in a PKC-
dependent manner, and leads to increased production of 
ROS and a decrease in NO (39). 
 
5.3. Adipokines 

Recent advances in adipocyte biology has 
revealed that these cell types are actually an active 
endocrine organ which secretes several important bioactive 
compounds called “adipokines” (40). These include several 
types of cytokines (e.g. TNFalpha and IL-6), chemokines 
(like  IL-8 and MCP-1), and hormones (such as leptin, 
resistin, and adiponectin) (41). These adipokines have been 
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the subject of intense scrutiny by biologists and physicians 
in the context of metabolic disorders given that obesity has 
reached pandemic proportions, virtually on a global scale 
(42).  Obesity appears to be an independent risk factor for 
the development of coronary artery atherosclerosis (43) 
which has led to a frantic attempt on the part of public 
health agencies, physicians, and policymakers in the 
western hemisphere, to address the challenge of combating 
dramatic increases in obesity in western populations. 
Abdominal obesity or adiposity (also called central or 
visceral obesity) in particular, is a major factor associated 
with accelerated progression of atherosclerosis. It is 
therefore not surprising to find that obesity is associated 
with a chronic low-grade inflammatory condition in 
adipose tissue (44). In obese individuals, adipose tissue is 
infiltrated by macrophages which secrete a number of pro-
inflammatory cytokines (generally referred to as 
adipokines). Recently, T-cells have been detected in 
adipose tissue found infiltrating sites of high-fat 
accumulation in obese individuals (45). Adipokines have 
been shown to mediate the recruitment of immune cells, 
supporting the view that a feedback regulation mechanism 
exists, which perpetuates the chronic inflammatory state 
observed in obese individuals and animal models (46). In 
mouse models of atherosclerosis, an increased 
inflammatory response in peri-adventitial and visceral 
adipose tissue has been demonstrated (47). In these 
animals, fat depots revealed chronically increased 
infiltration by macrophages. When these fat depots were 
transplanted into atherosclerosis-prone ApoE-knockout 
animals, the plasma levels of leptin, resistin and monocyte 
chemotactic protein-1 (MCP-1), were all increased. Mice 
transplanted with visceral fat also developed significantly 
more atherosclerosis compared with sham-transplanted 
animals. All of this data has prompted research into 
defining and identifying the hormones or chemicals 
released by adipose tissue. Some adipokines are pro-
atherogenic while others have protective properties against 
the formation of atherosclerotic lesions. Adiponectin exerts 
a protective effect and in in vitro studies for example, it has 
been shown to inhibit TNF-alpha-induced increase in the 
endothelial expression of inter-cellular adhesion molecule 1 
(ICAM-1), VCAM-1, and E-selectin (48). Adiponectin also 
suppresses VSMC proliferation, as well as the 
transformation of macrophages to foam cells (49,50). In 
addition, Adiponectin reduces lipid accumulation in foam 
cells and attenuates the formation of atherosclerotic lesions 
by enhancing the uptake of cholesterol into macrophages 
(51,52). In vivo studies have shown that 
ApoE/Adiponectin-double knockout mice have increased 
levels in the plasma of Interferon gamma (IFN-gamma)-
induced expression of interferon gamma-induced protein-
10 (IP-10) as well as increased atheromatous plaques 
compared with controls. IP-10 also inhibits the production 
of chemokine ligands in macrophages and reduces T-
lymphocyte recruitment during the process of atherogenesis 
(53). Adiponectin also has been shown to prevent 
fibroblasts in the adventitia of blood vessels, from 
proliferating and transforming into myofibroblasts, 
migrating to the intima, thereby worsening atherosclerosis 
(54). Mice that were transgenic for macrophage derived 
Adiponectin, exhibited reduced macrophage foam cell 

formation in the arterial wall when these animals were 
crossbred with LDL-deficient mice (55). In ApoE knockout 
mice, when plasma Adiponectin levels were artificially 
boosted by using an adenovirus transfection system, there 
was a significant suppression in the progression of 
atherosclerotic lesions in the aortic sinus (56). In contrast to 
Adiponectin, another important adipokine called Leptin, 
exhibits some discrepancies in data regarding its role in 
atherogenesis. As an example, a study has suggested that 
Leptin treatment of ApoE knockout mice did not alter the 
size of atherosclerotic lesions or the surface area but did 
increase the calcification of these lesions and the 
expression of markers specific for osteoblasts, namely 
osteocalcin and osteopontin (57). In another study using 
ApoE knockout mice, treatment with recombinant Leptin 
resulted in an increase in atherosclerosis in terms of the size 
of the surface of the lesion as well as a shortening of the 
time required for these lesions to completely occlude the 
vessel lumen (58). The deficiency of Leptin in LDL 
receptor (LDLr) deficient mice has also been shown to 
induce a several fold reduction in the size of atherosclerotic 
lesions (59). Although these studies appear to identify a 
critical role for Leptin and Leptin receptors in the 
modulation of atherogenesis, further studies are clearly 
needed before definitive conclusions can be reached. 
Another interesting example of an adipocyte derived 
chemokine, is Resistin. This protein was originally 
discovered to be secreted by adipocytes in mice. In contrast 
to rodents, where adipocytes are the major source of 
Resistin, humans appear to express this protein only in 
macrophages (60). However, Resistin is present in both 
murine and human atherosclerotic lesions. ApoE knockout 
mice, for example, have significantly higher Resistin 
mRNA and protein levels in the aorta as well as having 
increased levels in the circulation. Overall, from these 
studies the conclusion has been drawn that complex, 
interactive and reciprocal regulation may occur among 
adipokines. Quite recently, another adipokine, Visfatin, has 
been discovered to play a specific newly defined role in 
insulin resistance (61). In this instance, Visfatin treatment 
has been shown to increase the level of circulating IL-6 
without affecting the levels of TNF (62). 
 
5.4. Advanced glycation endproducts (AGE) 

AGEs are products of non-enzymatic glycation 
and oxidation of proteins and lipids. These products 
accumulate in the vessel wall, especially in diabetes, and 
are thought to be driven by oxidant stress (63). Although 
there are a wide range of AGE-related chemical structures 
known to be present in the vasculature, specific AGEs 
commonly found in diabetic tissue include 
carboxymethyllysine  (CML)-protein adducts, carboxyetyl-
lysine (CEL)-adducts, pentosidine-adducts, pyrallines, 
imidazoles, metylglyoxal and crosslines (64-67). AGEs 
may directly impact the integrity of the vessel wall as well 
as the underlying basement membrane. In particular, 
increased cross-linking of matrix molecules such as 
collagen, may disrupt matrix-matrix and matrix-cell 
interactions (68). In addition, AGEs have also been shown 
to quench NO, thereby impacting vascular relaxation and 
function (69). A number of cell surface interaction sites for 
AGEs have been discovered over the years. These include, 
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aside from the canonical RAGE (receptor for advanced 
glycation endproducts), molecules such as macrophage 
scavenger receptor (MSR), oligosaccharyltransferase 48kD 
(OST-48), 80K-H (a substrate of PKC), Galectin-3 and 
CD36 (70). RAGE has been identified as the main signal 
transduction receptor for AGEs. It mediates the effects of 
CML-adducts and physiologically relevant concentrations 
of these adducts have been reported, both in vivo and in 
vivo, to activate endothelial cells, VSMCs, and 
mononuclear phagocytes. In addition, the activity of 
RAGE, causes expression of a variety of pro-inflammatory 
molecules as well as the activation of NFkappaB (71). It 
has been proposed, that mitochondrial-derived ROS, 
generate the pathogenic phenotype of diabetic vascular 
complications, partly via the interaction of AGE with 
RAGE (72). 
 
5.5. Dyslipidemia 

It has proven challenging to develop and use 
animal models of T1DM or T2DM, because, as is the case 
in humans, it is difficult to separate the effects of 
hyperglycemia from those of other atherogenic factors, 
primarily dyslipidemias which frequently accompany 
insulin resistance and the metabolic syndrome. Bearing this 
limitation in mind, data from animal models of diabetes can 
be better appreciated in a critical light. Early studies in 
rabbits, which had been made diabetic by the 
administration of Alloxan was seen to cause marked 
hypertriglyceridemia. Clearly this created a marked 
confounding problem for atherosclerosis studies (73), 
because a change in triglycerides in the circulation is 
known to have a significant impact on atherogenesis. In 
research done in pigs, the presence of diabetes has been 
shown to increase atherosclerosis in the presence of 
hyperlipidemia (74). These and other similar results, 
demonstrate that glucose and lipids might act 
synergistically to accelerate the formation of atherosclerotic 
lesions. Similar to higher mammals, studies in the mouse 
have also demonstrated confounding problems between the 
atherosclerotic propensity in diabetes and hyperlipidemia. 
For example, increased atherosclerosis observed in the 
diabetic ApoE-deficient mouse was associated with an 
increase in plasma cholesterol levels (75). Diabetes was 
also associated with an increased formation of 
atherosclerotic lesions in severely hyperlipidemic LDLr 
deficient mice (76). In this mouse model, diabetes has been 
shown to accelerate the formation of the atherosclerotic 
lesion, as evidenced by an increase in the accumulation of 
macrophages and the formation of fatty streaks as well as 
increased intra-plaque hemorrhage in the brachiocephalic 
artery (77). In these studies, the effects of diabetes on the 
initiation of atherosclerotic lesions, appear to be 
independent of differences in plasma lipid levels and 
therefore appeared to be most likely due to hyperglycemia 
or the consequences of hyperglycemia. In addition, insulin 
therapy in these and other studies appear to normalize the 
initiation and progression of lesions, which further provide 
proof that the likely mechanism was hyperglycemia in the 
pathogenesis of atherosclerosis. It is also fascinating to note 
that mice are relatively deficient in the aldose reductase 
enzyme, which is capable of generating toxic products of 
glucose (73). In fact, LDLr deficient mice with a human 

aldose reductase transgene developed more atherosclerosis 
than controls (78). 
 

Overall, it appears that although hyperglycemia 
plays a central role in the initiation of the atherosclerotic 
lesion, it is likely that lipids are required for this effect. In 
humans, for example, the onset of high blood glucose 
levels often occurs many years after the onset of lipid 
abnormalities, such as those associated with the 
development of the metabolic syndrome (79). 
 
5.6. Insulin resistance 

The most important mechanism by which the 
body maintains glucose homeostasis is the rapidity with 
which insulin acts to stimulate glucose uptake and 
metabolism in peripheral tissues. Resistance to the actions 
of insulin in skeletal muscle is a major pathogenic factor in 
both T1DM and T2DM. In the latter, insulin resistance is 
thought to be the fundamental anomaly. Insulin signaling 
involves the cascade which is initiated by binding of the 
hormone to its receptor, followed by autophosphorylation 
of the receptor, activation of receptor tyrosine kinases with 
consequent phosphorylation of tyrosine on the insulin 
receptor substrate (IRSs; IRS1, IRS2, IRS3, IRS4, Gab1 
and Shc) (80). IRS then bind to the regulatory subunit of 
PI3K, which then phosphorylates PIP2. This is followed by 
the activation of 3-phosphoinositide-dependent protein 
kinases, PDK-1 and -2, and the activation of protein kinase 
B (PKB)/Akt as well as PKCgamma/zeta. Activated Akt 
phosphorylates it substrate which then stimulates the 
translocation of insulin-mediated GLUT4 from intracellular 
vesicles to the plasma membrane, thereby enabling the 
fundamental cellular glucose transport mechanism. 
 

Insulin resistance is the inability of insulin to 
produce its numerous actions, despite the unimpaired 
secretion of the hormone from the pancreas (81). Over the 
years, a large body of evidence has accumulated that 
indicates that insulin resistance contributes to the 
development of cardiovascular diseases. For example, it 
has been reproducibly demonstrated that lean type II 
diabetics and obese normal glucose tolerant patients, are 
both resistant to insulin and that this resistance primarily 
affects the glycogen synthetic pathway (82). While the 
molecular mechanisms that underlie this phenomenon are 
very complex, in the context of systemic or vascular 
inflammation, some specific information is relevant to this 
discussion. Obesity appears to be a very common cause of 
insulin resistance. A potential mechanism for this 
relationship is the accumulation of lipid. Obesity is also 
associated with a systemic chronic inflammatory response 
which is characterized by abnormal cytokine synthesis and 
anomalous activation of inflammatory signaling pathways 
(83). Several reports have linked this abnormal 
inflammatory response to the development of insulin 
resistance. The mechanistic explanation behind this 
observation is thought to be twofold. First, activation of 
inflammatory signaling intermediates may be directly 
involved in the serine phosphorylation of IRS-1 within 
insulin-sensitive cells. Second, the infiltration of 
inflammatory cells within adipose tissue may be involved 
in altering lipid metabolism in the adipocyte as well as 
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altering the synthesis of cytokines by adipose tissue (83). 
Inflammatory cytokines such as TNFalpha and IL-6 have 
been linked to insulin resistance. Expression of TNFalpha, 
for example, is increased in adipose tissue in obese rodents 
as well as obese humans, and suppressing signaling by this 
molecule either by knocking it out genetically or by 
infusing antagonists, can reduce insulin resistance in obese 
rodents (84). On the other hand, it has also been shown that 
TNFalpha antibody infusion in humans did not alter insulin 
sensitivity, and this has lent some uncertainty about the 
biological relevance of this pathway, at least in human 
insulin-resistant states (85). It has been proposed that FFA-
induced serine phosphorylation of IRS-1, might be 
mediated by IkappaBK-beta. This hypothesis has been 
supported by studies that show that inhibition of IkappaK-
beta by high doses of salicylates, or by deletion of the 
IkappaK-beta gene, can attenuate insulin resistance in 
obese rodents (86). The JNK-1 kinase has also been 
identified as a potential mechanistic link behind insulin 
resistance in that it was shown to induce serine 
phosphorylation of IRS-1 (87). Yet another link has been 
described that could connect inflammation with insulin 
resistance. This involves the suppressor of cytokine 
signaling 3 (SOCS-3), which is thought to participate in 
negative feedback loops in cytokine signaling. This 
signaling system is usually amplified by the activation of 
signal transducers and activators of NFkappaB (88). In in 
vitro studies, SOCS3 was shown to interact directly with 
the insulin receptor, thereby inhibiting IRS-1 tyrosine 
phosphorylation and leading to producing insulin-
stimulated glycogen synthesis in cultured myotubes (89). 
Thus, overall, it appears that inflammation and insulin 
resistance are mechanistically linked in ways that are 
relevant for diabetic patients, and these have largely been 
validated in diabetic animal models and appear to synergize 
with the pathogenesis of cardiovascular disease, 
particularly atherosclerosis. 
 
5.7. Endothelial dysfunction  

In recent years, the concepts of endothelial 
physiology and pathology have undergone significant 
changes. It has now been established that ED, induced by 
elevated LDL, increased generation of free radicals, the 
effect of infectious microorganisms, shear stress from 
blood flow, high blood pressure, and the prevalence of 
toxins in the circulation, combine to induce a compensatory 
inflammatory response in the vasculature (90,91). ED is 
characterized by reduced bioavailability of NO, local 
oxidation of circulating lipoproteins and a predominance of 
vaso-constrictive hormones and signaling molecules in the 
milieu of the vessel wall (92). Although a precise definition 
of vascular inflammation, which encompasses all vascular 
pathologies that are known to have inflammatory 
components, is impossible, a general description can be 
articulated. At sites of inflammation, infection or injury, 
pro-inflammatory stimuli can make the vascular endothelial 
surface attractive to circulating leukocytes (93). This 
response is triggered by closely regulated signaling 
cascades which involve specific consecutive steps of 
interactions between the circulating cells and the 
endothelium. Initial contact between endothelial cells and 
leukocytes causes a rolling action whereby leukocytes 

move over the endothelial surface in a rolling motion 
mediated through a bond which is dependent on selectins 
(93). Subsequent to this, the leukocytes are activated by 
chemokines that are secreted by the endothelial lining, 
resulting in the activation of integrins on the leukocyte 
itself and leads to arrest of leukocytes on the endothelial 
surface. Once firmly attached to the endothelial surface, 
leukocytes utilize a transmigration processes to pass across 
the endothelial barrier. One is the transcellular route which 
takes the leukocytes through the endothelial cell body 
itself. The other is the paracellular route involving passage 
of the cell through endothelial junctions. In addition to 
leukocytes, other circulating cells such as platelets also 
arrive at the site of injury/inflammation under the influence 
of chemotactic signals and contribute to a pro-coagulant 
and pro-atherogenic state as well as to enhancement of the 
local immune response, partly facilitated by leukocyte-
endothelial interactions. These initial and very early events 
characterize the vascular inflammatory process that 
underlies a variety of systemic pathologies and their 
vascular correlates and counterparts. Of these, 
atherosclerosis, is a key example (Figure 1). 
 
6. INFLAMMATORY MEDIATORS IMPLICATED 
IN ATHEROSCLEROSIS AND DIABETES 
 

Historically, the concept that inflammation is 
related to metabolic conditions such as obesity and insulin 
resistance, began with the seminal publication by 
Hotamisligil et al, nearly 20 years ago, which demonstrated 
that adipocytes constitutively express the cytokine 
TNFalpha, and that the expression of this molecule in obese 
animals is markedly increased (this was demonstrated in 
ob/ob, db/db, and fa/fa Zucker mice) (83). Compellingly, 
these researchers demonstrated that neutralization of 
TNFalpha led to a decrease in insulin resistance in these 
animal models (83). Subsequent published data also 
showed that adipose tissue in humans also expressed 
TNFalpha in an obese background and these expression 
levels declined with weight-loss (94). Furthermore, in the 
1990s, Crook et al and Pickup et al, independently 
proposed that type II diabetes was also an inflammatory 
condition being characterized by elevated concentrations of 
acute phase inflammatory reactions in the plasma such as 
sialic acid, and the proinflammatory cytokine IL-6 (95,96). 
Several subsequent studies have confirmed that the 
presence of inflammation is not simply a biomarker for 
metabolic disorders, it also predicts the development of 
type II diabetes. For example, Schimdt et al pioneered the 
demonstration that the presence of inflammatory mediators 
predicted the future occurrence of type II diabetes in adults 
(97) and their data was published as part of the larger 
Atherosclerosis Risk in Communities Study (ARIC). Novel 
data has also recently been published that confirms that 
concomitant presence of promoter polymorphisms of 
TNFalpha and IL-6 in obese subjects with impaired glucose 
tolerance carries two times the risk of conversion to type II 
diabetes when compared with other genotypes (98-100). In 
this regard, it is interesting to note that a state of insulin 
resistance promotes inflammation. This appears to be 
secondary to the fact that insulin exerts an anti-
inflammatory effect at the cellular and molecular level, 
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both in vitro and in vivo (94). For example, low-dose 
infusion of insulin reduces the generation of ROS by 
mononuclear cells suppresses, NADPH oxidase expression, 
attenuates intra-nuclear NFkappaB binding, induces 
IkappaB expression, and suppresses, ICAM-1 and MCP-1 
concentrations (94). 
  

It is now widely accepted that diabetes causes 
atherosclerotic lesions, regardless of other factors (101). 
For example, it has been shown the diabetic mice, have 
significantly higher cholesterol even when they are 
maintained on a cholesterol free diet as compared with 
nondiabetic mice (101).in another study data has been 
presented that suggests that hyperglycemia is responsible 
for the development of atherosclerosis (102). Furthermore, 
researchers have also shown the lipoprotein lipase 
synthesized by macrophages in the vascular wall favors the 
development of atherosclerosis through the promotion of 
lipid accumulation within the atherosclerotic lesion. 
Sartippour et al have, quite intriguingly, demonstrated that 
high glucose concentrations stimulated in vitro murine and 
human macrophage production of lipoprotein lipase (103). 
Thus, several studies have proven useful in elucidating 
multiple mechanisms by which glucose might provoke 
atherogenesis. However, because of the inherent limitations 
of animal models, these mechanisms have to be validated in 
in vivo models of atherosclerosis. Indeed, in vivo work has 
also confirmed the cause-and-effect relationship between 
glucose and atherosclerosis. For example, following 
glucose infusion, leukocyte rolling and adhesion to the 
endothelium was shown to be stimulated in the rat (73). 
Most compellingly, this effect was seen to be normalized 
by treatment with insulin (104). In other studies, for 
example, overexpression of the glucose transporter GLUT1 
in arterial smooth muscle cells was shown to attenuate 
apoptosis following vascular injury (73). 
 

In diabetic and/or obese patients, increased levels 
of circulating inflammatory markers have been noted. 
These include CRP, TNFalpha, IL-6 and ICAM (105,106). 
Increased levels of inflammatory markers in patients also 
predict cardiovascular risk in diabetes (107). 
 

NFkappaB, is not only a key regulator of 
inflammatory signaling, but is also critical in the regulation 
of endothelial activation and has been linked to the 
pathogenesis of insulin resistance (108). NFkappaB is 
activated by FFAs, inflammatory cytokines as well as the 
RAGE (109-111). NFkappaB activation involves the 
phosphorylation and subsequent degradation of the 
inhibitory subunit IkappaB by the IkappaB kinase, IKK-
beta. This signaling step allows translocation of the 
regulatory subunits of NFkappaB, p50 and p65, to the 
nucleus, where they promote expression of inflammatory 
genes. It has been demonstrated, that in skeletal muscle for 
example, TNFalpha or overexpression of IKK-beta, can 
both produce insulin resistance (112). Genetic suppression 
or pharmacological inhibition of IKK-beta has also been 
shown to prevent insulin resistance, which further validates 
this paradigm (108). Many studies in cultured endothelial 
cells with support from animal studies, have firmly 
established links between activation of NFkappaB, 

development of an inflammatory phenotype, insulin 
resistance, and endothelial dysfunction (113). 
 

In many human studies as well, the mechanistic 
link and interaction between diabetes and inflammation has 
been established. As an example, when obese human 
subjects were treated with anti-inflammatory compounds, 
along with the reduction in circulating markers of 
inflammation, insulin sensitivity was also markedly 
improved (23). In addition, increased expression of p65 
accompanied with decreased expression of IκB, has been 
observed in endothelial cells isolated from elderly obese 
individuals (114). 
 

PKCbeta is a member of a family of 
serine/threonine kinases that act at the plasma membrane 
and regulate signal transduction in a variety of cell types. 
PKCbeta is an important member of this family and is the 
predominant isoform in endothelial cells. In the cells, 
PKCbeta is activated by DAG when the cell is confronted 
with conditions of increased glucose and increased fatty 
acid concentration (115). Activation of this kinase, may 
explain the links between inflammation, endothelial 
dysfunction, insulin resistance, and diabetes. PKCbeta 
inhibits PI3K and Akt which leads to reducing eNOS 
phosphorylation (116). PKCbeta also activates NFkappaB 
(117). When PKCbeta is inhibited, NO bioavailability is 
improved, and activation of the inflammatory cascades in 
the endothelium is attenuated, in several different 
experimental models (118,119). Intriguingly, in humans, 
treatment with a PKCbeta pharmacological antagonist has 
been shown to prevent the development of endothelial 
dysfunction after glucose infusion in healthy volunteers 
(120). Overall, it is becoming widely accepted that the 
impact of diabetes on the vasculature has a strong 
inflammatory basis and the “vascular inflammation 
paradigm” also successfully explains the mechanisms of 
vascular disease and vascular complications in diabetes. 
 

Based on data from a large number of in vitro and 
in vivo studies, a consensus has emerged that the keys 
cellular constituents in the progression from a normal blood 
vessel to plaque rupture and all the intermediate phases, are 
thought to be endothelial cells, monocyte-derived 
macrophages, and arterial smooth muscle cells (20). In 
endothelial cells, there is an increased expression of 
inflammatory factors or adhesion molecules. In these cells, 
against the backdrop of atherogenic risk factors, there is 
also increased expression of inhibitors of endothelium-
dependent vasodilation as well as the increased incidence 
of endothelial cell death. In macrophages, sterol and 
cholesterol transport are disturbed and adhesion molecules 
and inflammatory cytokine expression is increased. In 
smooth muscle cells, there is a predilection for proliferation 
that leads to altered composition of the extracellular matrix 
under atherogenic pressure. 
 

Studies in isolated cells have demonstrated that 
hyperglycemia increases adhesion of monocytes to the 
endothelium and this results in heightened expression of 
adhesion factors on both the surface of endothelial cells as 
well as monocyte-macrophages (121). Hyperglycemia has 



Inflammation underlies diabetic vascular pathology 

1149 

also been shown to increase the expression of NFkappaB in 
endothelial cells as well as macrophages along with 
increased production of O2

.- and ROS, thus amplifying 
oxidative stress (122). In turn, increased oxidative stress 
leads to increased production of oxidized LDL in the blood 
vessel wall, which further exacerbates atherogenicity. In 
addition, hyperglycemia has also been shown to impair NO 
production, which is critical for endothelium-dependent 
vasodilation. Furthermore, proteins modified by AGE have 
also been documented to interrupt key steps in normal 
cholesterol transport (123). Overall, it has become quite 
clear that changes in endothelial cells in an atherosclerotic 
phenotype correlate directly to hyperglycemia as well as a 
atherogenic lipoprotein profile. In these animal models, the 
notion that hyperglycemia is directly injurious to the vessel 
wall, has been validated many times. For example, 
endothelial cells express receptors that recognize AGE 
proteins, and signaling via these receptors appears to 
activate proinflammatory genes (20). Several groups have 
reported that modifying signaling via the AGE receptors 
can lead to reducing the formation of these and products as 
well as attenuating atherosclerosis in mouse models of 
diabetes (124,125). Exposure to glucose alone can also 
affect monocytes and macrophages to activate in vitro. For 
example, monocytes grown in high glucose conditions 
show evidence of increased expression of the cytokines IL-
1beta and IL-6 (32). These inflammatory changes are also 
associated with induction of PKC, activation of NFkappaB 
and increased synthesis of ROS such as superoxide, and 
these further participate in glucose mediated oxidative 
stress. 
 

While in vitro studies have proven useful in 
elucidating multiple mechanisms by which glucose might 
provoke atherogenesis, because of the inherent limitations 
of animal models, these mechanisms have to be validated in 
in vivo models of atherosclerosis. Indeed, in vivo work has 
also confirmed the cause-and-effect relationship between 
glucose and atherosclerosis. For example, following 
glucose infusion, leukocyte rolling and adhesion to the 
endothelium was shown to be stimulated in the rat (73). 
Most compellingly, this effect was seen to be normalized 
by treatment with insulin (104). In other studies, for 
example, overexpression of the glucose transporter GLUT-
1 in arterial smooth muscle cells was shown to attenuate 
apoptosis following vascular injury (73). 
 
6.1. Reactive oxygen species  

The generation of O2
.-, also appears to be central 

in the formation of the atherosclerotic plaques. O2
.- 

Promotes the formation of reactive intermediates including 
ONOO-, hydrogen peroxide (H2O2) and hydroxyl radical 
(OH-). O2

.- is derived both from vascular sources as well as 
macrophages. Vascular sources of this highly reactive 
radical include mitochondrial oxidases, myeloperoxidase, 
xanthine oxidase, NOS and NAD(P)H oxidase (126). In the 
inflammatory milieu, cytokines enhance ROS production in 
the vasculature. As an example, MCS-F, which regulates 
proliferation, differentiation and chemotaxis of 
macrophages, has been shown to stimulate the raft-
associated NAD(P)H-oxidase (127). Collectively, these 
molecules accelerate atherogenesis via oxidation of LDL 

and enhanced foam cell formation. Oxidized LDL can 
further lead to production of ROS. It appears that positive 
feedback mechanisms also exist in the vasculature, which 
significantly contribute to the genesis of pathological 
change. An important example of this, is the self-
propagating phenomena involving H2O2 and NAD(P)H 
oxidase, which was recently described and proposed to 
contribute to atherogenesis (126). ROS also play a very 
significant role in the regulation of NFkappaB. NFkappaB 
controls more than 160 gene products including those 
involved in cell proliferation, apoptosis and inflammation. 
Many reports have implicated ROS-driven induction of 
NFkappaB by oxidized LDL and H2O2 via inhibition of 
IkappaB (128,129). As described above, NFkappaB 
promotes the synthesis of pro-inflammatory cytokines, 
cyclooxygenase-2 (COX-2) and MMPs (130). COX 
isoforms promote the oxygenation and transformation of 
arachidonic acid into eicosanoids that possess both pro-
PGE2 (Prostaglandin) and anti-PGI2 properties, thereby 
providing a homeostatic balance which is likely to be 
critical to the vascular endothelium and the vascular milieu. 
PGE2 derived from COX-2, for example, stimulates EP-4 
receptor-mediated enhancement of plaque formation as 
well as induction of MMP-9 expression. In later stages, this 
process contributes to plaque destabilization (131-133). 
Experimental evidence has shown that a reduction in 
oxidative stress in the endothelium could be beneficial in 
animal models of atherosclerosis. For example, anti-
oxidants were shown to suppress atherosclerotic lesions in 
ApoE-deficient as well as ApoE/LDL-receptor-deficient 
mice (134). It is interesting to note, that several commonly 
used cardiovascular drugs (such as the Statins)  possess 
antioxidant properties and these have been demonstrated to 
target redox-sensitive transcription factors, as well as to 
reduce the expression of VCAM-1, ICAM-1 and selectins 
in human aortic endothelial cells (135). In recent years, the 
development of ROS inhibitors that are specific for various 
cellular sources of ROS, have also shown promise. For 
example, antioxidants targeted at mitochondria-derived 
ROS, appeared to confer marked protection against 
mitochondrial oxidative damage in atherosclerosis 
(136,137). 
 
6.2. Eicosanoids  

Eicosanoids are signaling molecules made by 
oxidation of twenty-carbon essential fatty acids. They exert 
complex control over many bodily systems, mainly in 
inflammation and the immune response. Upon binding of 
growth factors and cytokines to their receptors, they 
activate several phospholipases which act on membrane 
phospholipids to release arachidonic acid (138). 
Arachidonic acid leads to the formation of a number of 
precursor molecules that are metabolized to bioactive lipid 
mediators through the P450 monooxygenase pathway 
(CYP). In addition to the P450 pathway, the 
cyclooxygenase (COX) pathway and the lipooxygenase 
pathway, are also very critical in the eicosanoid signaling 
system. There appears to be compelling evidence that 
shows involvement of the COX derived lipid mediators in 
the pathogenesis of atherosclerosis. In monocytes, the 
expression of COX-2 is stimulated by IL-1, TNFalpha, 
lipopolysaccharide, Transforming growth factor beta (TGF-
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beta) , EGF (epidermal growth factor), PDGF (platelet 
derived growth factor) and FGF (fibroblast growth factor) 
(139). These cytokines and growth factors are known to be 
present in the initial phases of atherosclerotic lesion 
formation. Once COX-2 is induced in activated 
macrophages within the wall of the artery, it can promote 
atherosclerosis through several mechanisms. These include 
activation of chemotaxis, induction of vascular 
permeability, promotion of cytokine signaling, and 
stimulation of VSMC migration. Furthermore, expression 
of COX-2 in macrophages has pro-inflammatory effects 
because in the cells it couples with, prostaglandin synthase 
and leads to synthesis of PGE2, which is a prostanoid with 
pro-inflammatory properties (140). Most compellingly, 
inhibition of COX-2 has been demonstrated to have potent 
anti-inflammatory effects, which leads to interference with 
monocyte recruitment in LDLr deficient mice along with 
reduction in the formation of fatty streaks by the selective 
COX-2 inhibitor, rofecoxib (141,142). However, other 
studies regarding the role of COX-2 in the pathogenesis of 
atherosclerosis have led to less obvious results, and these 
point to the complexity of its role, which may be due in 
part to the fact that it can couple with a variety of different 
downstream mediators leading to opposing actions on the 
genesis of atherosclerotic plaques (140). 

. 
Thromboxanes are also a member of the 

eicosanoid family. They are synthesized by Thromboxane-
A synthase, an enzyme found in platelets, which converts 
the arachidonic acid derivative prostaglandin H2 to 
Thromboxane. The two major thromboxanes are 
thromboxane A2 and thromboxane B2. These molecules act 
by binding to their specific receptors, which are G-protein 
coupled. They are potent vasoconstrictors and facilitate 
platelet aggregation. Thromboxane A2 is produced by 
activated platelets, has thrombotic properties, and further 
stimulates activation of platelets as well as enhancing 
platelet aggregation on the vascular endothelium. It has 
been shown that the thromboxane A2 receptor (TPr), 
when stimulated induces hypertrophy in vascular 
smooth muscle cells. In this process, evidence has been 
reported that the activation of AMPK is stimulated by 
the receptor, and AMPK in turn limits the synthesis of 
the receptor in vascular smooth muscle cells (143). As 
has been found that hypertrophy of smooth muscle cells 
is a critical element in vascular remodeling that is so 
often associated with cardiovascular disease and 
atherosclerosis. The role of TPr has also been defined in the 
context of insulin signaling in the endothelium. Zou and 
colleagues have reported recently that the receptor activates 
a Rho-associated kinase/LKB1/PTEN signaling pathway to 
suppress insulin signaling in the vascular endothelium 
(144). Interestingly, a fresh report from this group has also 
implicated TPr in the activation of NAD(P)H oxidase, 
culminating in uncoupling of eNOS in bovine aortic 
endothelial cells with experiments validated in 
gp91(phox) knockout mice (145). Overall, there appears 
to be abundant evidence implicating eicosanoids in the 
pathogenesis of atherosclerotic plaque. However, the role 
of inhibitors of the eicosanoid synthetic pathways has 
remained controversial, largely because of lack of 
demonstrable efficacy in a clinical setting. 

The 5-lipoxygenase pathway was initially 
ascribed a role in atherosclerosis from studies which 
identified a locus on the mouse chromosome 6, and which 
conferred almost total prevention of atherogenesis (146). 
Subsequently, when mice were generated to be deficient in 
5-lipoxygenase, their resistance to atherogenesis was 
reproduced. However, in subsequent investigations in mice 
lacking this enzyme, this early reproducibility was not 
observed and instead, this pathway was linked to 
hyperlipidemia dependent inflammation of the arterial wall 
and to the pathogenesis of aortic aneurysms (147). On the 
other hand, the role of 5-lipoxygenase in atherogenesis has 
been supported by findings that the expression of this 
enzyme correlates with disease severity (148). As further 
examples, 5-lipoxygenase, Src Like Adapter Protein 
(SLAP), and leukotriene A4 (LTA4) hydrolase, are 
localized in macrophages of human atherosclerotic lesions 
and the number of these cells reportedly increases in 
advanced lesions (148). Furthermore, 5-lipoxygenase 
dependent synthesis of the leukotriene LTB4 signaling 
through the BLT1 receptor (the high affinity receptor for 
this leukotriene) has recently been reported as being 
essential for MMP-2 and MMP-9 as well as the activation 
of the vascular smooth muscle cells via 4-hydroxynonenal 
(149).  
 
7. CURRENT AND POTENTIAL FUTURE 
THERAPEUTIC TARGETS FOR VASCULAR 
INFLAMMATION IN ATHEROSCLEROSIS 
 
7.1. Insulin 

Insulin is a central therapeutic agent used 
predominantly in the treatment and management of T1DM. 
In certain situations, insulin can also be used to manage 
hyperglycemia in T2DM. It has been reported that insulin 
has a potent anti-inflammatory effect. For example, this has 
been observed in human aortic endothelial cells (HAECs) 
(150). Overall, at physiological concentrations, insulin 
causes suppression of NFkappaB, ICAM-1 and MCP-1. It 
has been hypothesized that these effects could be related to 
insulin's ability to induce the release of NO and/or to 
enhance the expression of constitutively expressed NOS 
(151,152). Furthermore, infusion of insulin and low 
dosages in obese human subjects, has been demonstrated to 
suppress NFkappaB, decrease p47phox [a subunit of 
NAD(P)H oxidase] and decrease CRP (153). It is thought 
that these effects of insulin are rapid and have very potent 
anti-inflammatory as well as anti-atherogenic 
consequences. Insulin has also been shown to suppress 
activator protein-1 (AP-1), which is the transcription factor 
modulating MMPs, expressed in plaques and which are 
largely responsible for plaque rupture (154,155). 
Interestingly, the successful use of insulin in acute 
myocardial infarction, with or without the use of 
thrombolytics in diabetics as well as non-diabetics, has 
been shown to improve clinical outcomes. This most likely 
reflects the profound anti-inflammatory as well as anti-
thrombotic properties of this hormone (156). These and 
similar findings in the primary literature, not only attribute 
an additional therapeutic role to insulin, they also 
underscore the importance of inflammation in 
cardiovascular disease and atherogenesis. 
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7.2. Metformin 
Metformin is the only member of the biguanide 

family of drugs with current FDA approval. It is a popular 
compound used in the treatment of T2DM and decreases 
blood glucose concentration by mechanisms which are 
distinct from those of insulin or sulfonylureas. It lowers, 
rather than increases, the concentration of insulin in the 
fasting state and acts by enhancing insulin sensitivity, by 
increasing the preferred uptake of glucose, and by 
decreasing the output of glucose from the liver (157). In the 
large United Kingdom prospective diabetes study (UKPDS; 
undertaken in the United Kingdom between 1977 and 
1997), 4075 patients were recruited in 15 centers, all with 
newly diagnosed T2DM without symptoms of 
hyperglycemia. In this study, two groups of patients were 
studied. In one, metformin was used as the primary 
modality and in the other conventional therapy was 
instituted. In this landmark study, metformin showed a 
variety of beneficial effects in T2DM, which included a 
32% reduction in risk for any diabetes-related endpoint, 
42% for diabetes-related death and 36% for all-cause 
mortality. These and many other subsequent findings and 
studies have led to metformin becoming a very popular 
drug of choice in T2DM. One key mode of action of 
metformin is the activation of the AMP-activated protein 
kinase (AMPK). AMPK is a major cellular energy sensor 
and key regulator of metabolic homeostasis (158). A 
number of physiologically relevant processes have been 
shown to activate AMPK and these include conditions that 
change the AMP to ATP ratio such as hypoxia and glucose 
deprivation. In addition, AMPK also affects calcium 
concentrations in the cell and modulates the action of 
various hormones, cytokines, and adipokines. Once 
activated, AMPK is responsible for metabolic changes via 
the phosphorylation of various downstream substrates. 
Overall, the net effect of AMPK activation is shifting 
tissues and organs from an energy-consuming state to an 
energy-producing profile in order to restore energy balance 
(158). As stated, vascular inflammation is a feature of 
endothelial dysfunction, and NFkappaB activation is a 
major player in this process. It is therefore very intriguing 
that recent reports suggest that AMPK is a master regulator 
of macrophage differentiation in an anti-inflammatory 
phenotype (159). Cacicedo et al have reported that 
pharmacological or genetic activation of AMPK blunts 
palmitate- or TNF-induced NFkappaB activation and 
consequent expression of adhesion molecules in endothelial 
cells (160). AICAR has also been shown to reduce NOS-II 
synthesis by adipocytes, macrophages, myocytes, and glial 
cells (161,162). Similarly, metformin is reported to inhibit 
NFkappaB activation in vascular endothelial cells and 
suppress inflammation via AMPK activation (163). 
Therefore it is becoming more accepted that AMPK 
appears to be a natural suppressor of NFkappaB and 
vascular inflammation in endothelial cells. In specific 
mechanistic terms, AMPK is also implicated in 
upregulating mitochondrial uncoupling protein-2 (UCP-2) 
in endothelial cells which attenuates ROS stress in these 
cells against a diabetic phenotype (164). The kinase has 
also been reported to mediate the suppression of oxidative 
stress  by RNS afforded by statin drugs (Simvastatin in this 
report) in cultured endothelial cells (165) as well protecting 

from endoplasmic reticulum stress (ER stress) in an in vivo 
model of atherosclerosis where the alpha2 subunit of 
AMPK was found to be critical (166). These findings, as 
well as reports that AMPK in skeletal muscle is activated in 
response to exercise, have led to an increased interest in 
developing AMPK activators as potential therapies for 
T2DM as well as obesity (158). Recent studies have shown 
that metformin can stimulate AMPK activity and enhances 
the peroxisome proliferator-activated receptor-gamma co-
activator-one alpha (PGC-1alpha) (167). The drug has also 
been shown to have favorable effects on certain key 
inflammatory markers such as CRP (168). The impact of 
metformin on oxidative stress has also been investigated in 
a large number of studies. It has been shown for example 
that metformin can quench ROS in insulin resistance and 
diabetic states. For example, Rosen et al have reported that 
in the GK rat model of T2DM, metformin can reduce 
mitochondrial derived oxidative stress (169). The drug has 
also been shown to reduce ROS levels in human leukocytes 
by directly scavenging free radicals as well as modulating 
their synthesis in the cell (170). Metformin has been noted 
to reduce oxidant stress through inhibition of the PKC and 
NAD(P)H oxidase pathways as well (171). Furthermore, it 
has been observed to exert anti-proliferative effects on 
VSMC through the inhibition of the PKC pathway, which 
can also inhibit the rate of formation of atherosclerotic 
plaque (172). In a very comprehensive study by Lund and 
colleagues, levels of TNFalpha, plasminogen activator 
inhibitor−1 (PAI-1), tissue plasminogen activator (tPA) 
antigen, von Willebrand factor, ICAM-1 and E-selctin, 
were all significantly lower following metformin treatment 
versus treatment with repaglinide (a member of the 
meglitinide family of hypoglycemic agents that are widely 
used in diabetes therapy) in patients with T2DM (173). 
Thus, it is now widely accepted that this popular and 
effective drug not only appears to attenuate high blood 
glucose levels via direct mechanisms, but also has profound 
anti-inflammatory properties which might account for its 
wider beneficial effects in patients with diabetes (The 
impact of metformin and AMPK activation is summarized 
in Figure 3). 

 
7.3. Peroxisome proliferation-activated receptors 
(ppars) and thazolidinediones 

PPARs are ligand-activated transcription factors, 
which belong to the nuclear hormone receptor superfamily 
(174). Three isotypes of these factors have been identified 
in mammals: PPARalpha (also called NR1C1), 
PPARbeta/delta (NR1C2) and PPARgamma (NR1C3). 
These receptors have different tissue distributions and 
functions as well as different ligand specificities. They 
form heterodimers with the retinoid X receptor (RXR) and 
activate transcription by binding to a specific DNA element 
called the peroxisome proliferator response element 
(PPRE). These elements are found in the regulatory regions 
of a variety of genes encoding proteins that are involved in 
critical cell functions involving lipid metabolism and 
energy homeostasis (175). PPARs are also expressed in 
macrophages, B-lymphocytes, T-lymphocytes as well as 
other members of the cellular immune response family. 
PPARalpha is also found in endothelial cells where it 
regulates the expression of leukocyte adhesion molecules. 
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Figure 3. AMPK as a therapeutic target treating vascular complications in diabetes. Activators of AMPK shown in green are 
commonly used in clinical practice in the management of T2DM. Arrows indicate enhancing/promoting/modulating effects. ‘T-
ended’ bars indicate suppressing/inhibiting effects or pathways. TZD: Thiazolidinediones; Berberine: Plant alkaloid thought to 
exert beneficial effects in cardiovascular disease; Resveratrol: Polyphenol commonly found in grapes and wine and thought to 
have beneficial effects in cardiovascular disease.  

 
In mutant mice, that are deficient in PPARalpha, 

an imbalance occurs between Th1/Th2 (T-lymphocyte 
subsets) cells pushing them toward a more pro-
inflammatory Th1 phenotype (176). Upon ligand 
activation, PPARalpha down-regulates components of the 
pro-inflammatory response such as chemokines and 
cytokines, by decreasing the expression of the Th1 
transcription factor, T-bet (T box expressed in T cells) and 
increasing the expression of GATA-3 (guanosine adenosine 
thymidine adenosine 3). Both of these are known as 
positive regulators of Th2 cells (177). PPARalpha agonists 
also inhibit the activity of NFkappaB, AP-1 (activated 
protein 1), GATA and NFAT (nuclear factor of activated T 
cells), thereby mediating the induction of genes that are 
responsible for inflammation (176). In mice that are 
deficient in PPAR, a severe inflammatory phenotype has 
been observed which suggests an anti-inflammatory role 
for unliganded PPAR or PPAR activated by endogenous 
ligands (178). In chronic inflammation, PPARalpha, when 
bound to its ligand, suppresses the production of pro-
inflammatory cytokines such as IF-gamma and IL-17. In 
macrophages, PPARgamma ligands attenuate the 
expression of the subset of the toll-like receptor (TLR) by a 
mechanism that has been called “ligand-dependent 
transrepression” (179). PPAR ligands also suppress the 
expression of cell adhesion molecules on the surface of 
endothelial cells as well as reducing the secretion of 
chemokines by the cells and decreasing the recruitment of 
leukocytes to the site of vascular inflammation (180). 
 

The thiazolidinediones are a class of drugs, which 
are synthetic ligands for PPARgamma. They are used as 

insulin sensitizers in the treatment of diabetes. In recent 
reports, these drugs have been reported to decrease the 
cellular response observed as part of the insulin resistance 
syndrome (181,182). A key member of this drug family, 
pioglitazone, promotes apoptosis in adipose tissue 
macrophages as well as improvement of insulin sensitivity 
(183). These drugs have also been shown to regulate 
inflammatory cytokines like TNFalpha, and CRP, PAI and 
Adiponectin (182,184-186). In a report by Hwang and 
colleagues, rosiglitazone (another member of this family) 
reduced NADPH oxidase activity and superoxide 
generation in the vasculature, taken from obese, diabetic, 
leptin receptor deficient mice (187). Thus, PPAR-agonists 
have shown remarkable promise as adjunct therapy in 
diabetes and appear to act, in part, via anti-inflammatory 
mechanisms. 
 
7.4. Statins 

Statins, constitute the best characterized class of 
drugs with lipid-modulating as well as anti-inflammatory 
properties in primary and secondary prevention of coronary 
artery disease. Clinical evidence for direct anti-
inflammatory effect of statins comes from the post-hoc 
CRP studies on several trials which include PROVE-IT, 
TIMI 22, A TO Z and REVERSAL (188-190). These 
studies documented that statin-induced reductions of CRP 
and LDL cholesterol levels were weakly correlated whereas 
reduction in CRP was markedly correlated with reduction 
in the progression of atherosclerotic lesions, independent of 
the drugs’ LDL and cholesterol lowering properties. In the 
important JUPITER trial, it was prospectively confirmed 
that in primary prevention of patients with elevated CRP, 
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similar effects of statins were noted along with lowering of 
LDL cholesterol (188). The ARMYDA trial has also shown 
that administration of high doses of statins prior to 
revascularization in patients with acute coronary stenosis, 
reduces major adverse cardiovascular events (191).  
While Statins have no direct effect on the insulin profile of 
diabetes or sensitivity of peripheral tissues to this hormone, 
their influence on cardiovascular risk is immeasurable. 
Thus in patients with metabolic syndrome and overt lipid 
anomalies like hypercholesterolemia and 
hypertriglyceridemia, they have shown such remarkable 
efficacy in preventing cardiovascular disease that their use 
is now considered virtually indispensible. 
 
8. CONCLUSIONS 
 

Overall, in vitro, in vivo, as well as human data 
all point to a role for acute and chronic inflammatory 
change in the vasculature as a possible mechanistic 
explanation underlying atherosclerosis. Several clinical 
findings are also consistent with this hypothesis. For 
example, an increased incidence of myocardial infarction 
has been noted in patients diagnosed with chronic 
inflammatory conditions which include rheumatoid 
arthritis, systemic lupus erythematosus, psoriasis, and gout 
(192-195). In addition, the discovery of a link between 
polymorphisms in the promoter region of MHC class II 
transactivator and rheumatoid arthritis, multiple sclerosis 
and myocardial infarction, has lent this idea strong 
additional support. Expression of MHC class II molecules 
is also reported to be induced by the pro-inflammatory 
cytokine IFN-gamma on several different cell types which 
include VSMCs, endothelial cells and macrophages, all of 
which a relevant to atherosclerosis and cardiovascular 
disease. Research in chronic inflammatory diseases, has 
further refined the identity of specific markers and 
mediators of inflammation which include the tumor 
necrosis factor superfamily and the IL-1 superfamily (196). 
Interestingly, coronary artery disease appears to share 
features of both autoimmune and inflammatory diseases. 
For example, in patients with coronary artery disease, who 
present with acute myocardial infarction, several 
compounds have been discovered to be elevated in the 
circulation and these include members of the tumor 
necrosis factor superfamily such as TNFalpha, CD40L, 
LIGHT, RANKL, OPG and TRAIL as well as members of 
the IL-1 superfamily which include IL-1beta, IL-18 and IL-
33 (197-205). The levels of these compounds correlated 
with the subsequent risk of cardiovascular death or 
congestive heart failure. 
 

The fact that diabetes is clearly associated with 
an increased incidence of atherosclerosis and that 
atherosclerosis is fundamentally a consequence of vascular 
inflammation, is relatively undisputed. However, because 
of any demonstrable lack of morphological or structural 
difference between the atherosclerotic plaques found in the 
non-diabetic individuals and those with diabetes, it is often 
difficult to comprehend why diabetes predisposes 
individuals to atherosclerotic vascular disease. It is 
fundamentally in this regard that the inflammatory 
hypothesis of atherosclerosis provides a compelling link 

between this pathology and diabetes. Specifically, it is 
because increased of vascular inflammation is generally 
observed in diabetic mouse models of macrovascular 
disease, and there is evidence linking hyperglycemia to 
increased vascular inflammation in the absence of 
hyperlipidemia (77), that the inflammatory hypothesis has 
been entertained. As described, systemic expression of 
inflammatory markers such as C-reactive protein and 
several proinflammatory cytokines appear to be a common 
feature in humans with type II diabetes (206). Inflammation 
is also a compelling candidate as a mediator of vascular 
complications in diabetes because it links the concomitant 
occurrence of macro- and micro-vascular disease frequently 
observed in diabetic patients, a phenomenon absent in those 
free of diabetic pathology (207). Therefore, overall, a 
number of different signaling systems have been implicated 
in endothelial dysregulation by hyperglycemia resulting in 
atherosclerotic change in the vasculature. These include 
increased flux of glucose through the polyol pathway 
leading to  increased consumption of NAD(P)H (a critical 
co-factor for several antioxidant enzymes), activation of 
RAGE by advanced glycation end products (AGEs) leading 
to expression of proinflammatory cytokines, stimulation of 
PKC by high intracellular glucose resulting in increased 
transcription of several proinflammatory and vasoactive 
genes, and increased flux through the Hexosamine pathway 
leading to formation of N-acetyl glucoseamine that 
influences phosphorylation of transcription factor 
regulators (for example, the PAI-1 and TGF-beta genes). 
Furthermore, atherosclerosis is primarily characterized by 
an oxidative attack on lipoprotein lipids in the vascular 
extracellular matrix. Oxidized lipoproteins in the 
subendothelial space induce a number of proinflammatory 
genes within the vessel wall, and these collectively help to 
recruit, retain, and activate inflammatory cells in the vessel 
wall (208-210) (these events are summarized in figure 2). 
Thus, the role of inflammation as a candidate integrating 
mechanism in diabetic vascular pathology, particularly 
atherosclerosis, is both elegant and compelling. 
 

Despite the bulk of such evidence, the results of 
clinical trials aimed at inhibiting inflammation in 
cardiovascular disease have not been extremely promising. 
For example, the data has been inconclusive in clinical 
trials aimed at attenuating inflammation during reperfusion 
injury in a non-selective manner using steroids or by 
targeting neutrophil recruitment (211,212). This suggests 
that the focus thus far has been on time points that may not 
be relevant to the formation of atherosclerotic lesions. It 
has been accepted that patients with coronary artery disease 
are at high risk for future coronary events, despite currently 
available treatments, as well as strong evidence of 
inflammation in the vasculature. However, this cohort does 
represent the most promising study population for novel 
anti-inflammatory therapies. For example, a trial termed 
Cardiovascular Inflammation Reduction Trial (CIRT) has 
recently been designed. This trial will aim to compare the 
effects of the drug methotrexate at very low dosages 
against placebo in addition to standard treatments, in 
secondary prevention in patients with coronary artery 
disease. In this and similar trials, cardiovascular death 
should be the primary endpoint and data derived and 
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Figure 4. Hypothesized model of inflammation as the causal link between diabetes and atherosclerotic cardiovascular disease. 
 

analyzed from these studies will likely yield important 
clinical information in addition to the discovery of new 
biomarkers that are modifiable by anti-inflammatory 
therapies as well as vascular imaging for adequate 
therapeutic monitoring (213). Any candidates for 
successful and novel therapies that target the inflammatory 
process in atherosclerosis will need to be designed for 
direct interference with endothelium/smooth 
muscle/atherosclerotic plaque inflammatory signaling 
without interfering with the cardiovascular risk profile 
(such as the lipid profile) of patients with cardiovascular 
disease. Another compelling strategy, in the light of 
similarities between cardiovascular disease from 
atherosclerosis and many autoimmune and inflammatory 
diseases, would be to design clinical trials using novel 
immunomodulatory compounds and registering 
cardiovascular endpoints to include traditional risk profiles 
for postpartum analysis (213). In an excellent review by 
Klingenberg and Hansson, the authors have suggested that 
the immunomodulatory agent Fingolimod used in the 
treatment of multiple sclerosis, could be such a candidate. 
This is especially compelling since some experimental data 
is already available on Fingolimod’s role in atherosclerosis. 
 

Atherosclerotic pathology underlies several 
serious human diseases like myocardial infarction and 
stroke. Despite the success of statin drugs, prevention of 
atherosclerosis remains a major challenge in human 
medicine. Emerging new evidence clearly indicates the 
inflammatory process and its various anomalies, might be 
linked to the changes in the endothelium and vascular 
smooth muscle and these changes ultimately lead to the 

formation of atherosclerotic plaques and acute vascular 
occlusion causing potentially deadly outcomes. 
Inflammation also appears to play a decisive role in the 
progression of atherosclerosis that leads to plaque 
destabilization which converts a chronic process into an 
acute disorder by virtue of thromboembolic consequences. 
It appears that during atherosclerosis, immune cells such as 
macrophages and T-cells, infiltrate the wall of the vessel 
triggered by an initial phase of endothelial dysfunction, and 
locally interact in a manner that is synergistic and insidious. 
Macrophages transform into foam cells after uptake of 
oxidized LDL and these foam cells then secrete matrix 
metalloproteinase which predisposes the plaque to 
subsequent rupture. Our proposed paradigm of 
inflammation being the potential causal link between 
diabetes and cardiovascular disease is summarized in 
Figure  4. It appears that immune modulation techniques, 
pharmacological antagonism and blockade of key 
molecules of receptors as well as the management of a 
variety of risk factors, holds the potential for effectively 
controlling, managing, and possibly curing the human 
population of atherosclerosis and its attendant 
complications. To achieve these lofty goals, we foresee 
several years if not decades of intense research, some of 
which would be directed against teasing out further details 
of the complex inflammatory mechanisms that underlie 
vascular dysfunction and atherosclerosis in the world's 
diabetic populations. This work and its inevitable 
challenges is clearly a worthy undertaking, not least of all 
because it can potentially save millions of lives given that 
both diabetes and its vascular sequelae, are on an alarming 
upswing worldwide. 
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