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Chapter 4
Pathogenesis of the Plaque Vulnerability 
in Diabetes Mellitus

Vikrant Rai and Devendra K. Agrawal

Abstract Atherosclerosis leads to narrowing of vessels and acute coronary syn-
drome resulting in ischemic events due to either vasospasm or decreased blood flow. 
Atherosclerosis and acute coronary syndrome are more common in diabetes melli-
tus. Hyperglycemia and hypercholesterolemia in diabetes predispose the arteries to 
plaque development. Smoking, hypertension, male sex, and family history or 
genetic susceptibility are other predisposing factors for plaque development. 
Depending on the size, morphology, and symptoms of the patients, plaques can be 
classified as stable and unstable plaques. Unstable plaques are characterized by the 
presence of thin fibrous cap, necrotic core, and proliferation of vascular smooth 
muscle cells, angiogenesis and calcification. Plaque formation initiates with fatty 
streak and progresses through atheroma, atheromatous plaque to fibroatheromatous 
plaque. Fibroatheromatous plaques with thick fibrous cap are stable plaques. 
Thinning of the fibrous cap makes a plaque unstable, prone to rupture and thrombus 
formation. Mechanisms such as increased inflammation, foam cell deposition, 
impaired repair mechanism, endothelial cell dysfunction, vascular smooth muscle 
cell proliferation, angiogenesis, intra-plaque hemorrhage, and calcification which 
facilitate the plaque rupture are increased in diabetes mellitus. Thus, diabetes mel-
litus increases the prevalence of plaque formation and rupture. Diabetes mellitus 
affects various cellular and molecular effectors involved in plaque development and 
rupture. Understanding these cellular and molecular effectors and involved mecha-
nisms in association with diabetes mellitus is essential for the development of 
potential therapeutic strategies. This review is a critical overview on the effect of 
hyperglycemia in diabetes mellitus on the pathogenesis of plaque formation and 
rupture.
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4.1  Introduction

The luminal narrowing due to plaque formation or precipitating thrombus in athero-
sclerosis results in adverse cardiac events (myocardial infarction, angina), brain 
injury (ischemic stroke) and peripheral vascular disease. Coronary artery disease 
(CAD) is the most common of all these, resulting in myocardial infarction and 
angina pectoris. An increased serum level of low-density lipoprotein (LDL) is suf-
ficient to induce the atherosclerotic changes. The facilitating factors such as smok-
ing, hypertension, diabetes mellitus, male sex, and family history or genetic 
susceptibility further add nuances to the disease presentation [1]. Coronary arteries, 
carotid bifurcations, abdominal aorta, iliofemoral arteries, the branch points of 
arteries, and the artery near the curvature are the common sites for atherosclerotic 
lesion due to the presence of low or oscillatory endothelial shear stress [2]. 
Depending on the clinical symptoms, the atherosclerotic plaques may be asymp-
tomatic (subclinical disease), obstructive (stable angina, transient ischemic attack, 
amaurosis fugax), and symptomatic (acute thrombosis leading to acute coronary 
syndrome, stroke) [1, 3].

CAD is more common in diabetes mellitus type II (T2DM), or the individuals 
with persistent hyperglycaemia are more prone to CAD due to increased blood glu-
cose and atheroma formation [4]. Further, it has also been documented that elevated 
glycosylated haemoglobin [5] and genetically driven hyperglycemia distinctly from 
T2DM also increases the risk of CAD [6], suggesting hyperglycemia as a major risk 
factor for CAD and can affect the pathogenesis as well as the stability of the plaque. 
Obesity is a chronic inflammatory disease and results in obesity-induced insulin 
resistance or impaired insulin secretion resulting in hyperglycemia, which further 
leads to functional and structural alterations of the vessel wall and culminates with 
diabetic vasculopathies [7]. Hyperlipidemia is another major risk factor for athero-
sclerosis. Deposition of LDL in the intima initiates the process of atherosclerosis. 
T2DM is associated with elevated triglycerides, decreased high density lipoprotein 
(HDL) and increased low density lipoprotein levels collectively characterizing the 
hyperlipidemia [8].

Hyperlipidemia and hyperglycemia are the risk factors for atherosclerosis, and 
increased deposition of lipids and inflammatory cells resulting in necrotic core 
within the atherosclerotic plaque renders the plaque vulnerable. Nearly 75 % of all 
acute coronary events and 90  % of all carotid plaques causing ischemic stroke 
results due to atherosclerotic plaque rupture [9]. Increased infiltration of inflamma-
tory cells, thin fibrous cap, large necrotic core, and increased angiogenesis are the 
mechanisms involved in plaque rupture [10]. Since hyperglycemia and hyperlipid-
emia, both associated with T2DM causes the functional and structural alterations of 
the vessel wall, the core morphological alteration behind atherosclerosis, diabetes 
mellitus can affect the pathogenesis and process of atherosclerotic plaque formation 
and rupture. This chapter is focused on the effect of hyperglycemia on the various 
aspects of plaque pathogenesis and vulnerability.
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4.2  Pathogenesis of Plaque Formation and Plaque Rupture

The process of plaque formation consists of adaptive intimal thickening with smooth 
muscle cell (SMC) proliferation, lipoprotein retention, intimal inflammation with 
inflammatory cell recruitment, foam cell formation, apoptosis and necrosis,matrix 
synthesis, calcification, angiogenesis, and arterial remodelling. Fibrous cap rupture 
results in thrombus formation and ischemic events [1]. LDL binding with the pro-
teoglycans in the intima is important for initiation of the plaque formation [11]. The 
oxidation and aggregation of LDL lead to chronic innate and adaptive immune 
response resulting in induction of endothelial and smooth muscle cells. This results 
in expression of various adhesion molecules, chemo-attractants, and growth factors 
leading to enhanced homing, migration, and differentiation of the monocytes into 
macrophages and dendritic cells [12, 13]. Oxidized LDL also aids in pro- 
inflammatory macrophage (M1) predominance [14]. Further, macrophage and den-
dritic cells act as the deposits of the LDL.  Deposition of LDL and foam cell 
formation leads to xanthoma formation, which further progresses to atherosclerotic 
lesion with the pathological intimal thickening involving deposition of acellular 
lipid-rich material in intima [15]. Deposition of collagen and extracellular lipid 
pools results in formation of fibroatheroma, characterized by the presence of a 
necrotic core, angiogenesis and fibrous cap. Calcification occurs in progressive ath-
erosclerotic lesions which increase with age, and apoptotic cells, extracellular 
matrix, and necrotic core material in fibroatheroma act as nidus for calcification 
increasing the calcium deposits [16, 17] (Fig. 4.1).

The precipitating factor for acute coronary syndrome (ACS) is luminal thrombus 
or a sudden plaque hemorrhage within the atherosclerotic plaque. The ACS is not 
necessarily accompanied with concomitant vasospasm. Plaque rupture is the most 
frequent cause of thrombosis. Plaque rupture results in the exposure of highly 
thrombogenic, red cell–rich necrotic core material to the blood [18]. Plaque rupture 
mainly occurs in thin-cap fibroatheromas having an extremely thin fibrous cap. 
Infiltration of the foam cells or macrophages in the intima results in thinning of the 
fibrous cap, mainly in the cap margin or shoulder region. Thinning of the fibrous cap 
is mediated by gradual loss of SMCs from the fibrous cap and degradation of the 
collagen in fibrous cap via infiltrating macrophages/foam cells secreting proteolytic 
enzymes such as plasminogen activators, cathepsins, and matrix metalloproteinases 
(MMPs). Thrombus formation can also occur in the areas of plaque erosion, most 
often in the areas of pathological intimal thickening. Coronary vasospasm is the 
frequent event responsible for plaque erosion and rupture [19]. Emotional stress or 
increased physical activity may be the precipitating event in plaque rupture [1, 18, 
19]. Thin fibrous cap, thrombus formation, large necrotic core, neovascularisation, 
hemorrhage within the plaque, adventitial or perivascular inflammation, and spotty 
calcification characterize the vulnerable plaque (Fig. 4.1).
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4.3  Diabetes Mellitus and Atherosclerosis

Diabetes mellitus is one of the major risk factors for atherosclerosis and cardiovas-
cular disease in the United States. Hyperglycemia increases the risk for atheroscle-
rosis by a cumulative effect of various mechanisms (Fig. 4.2) discussed elaborately 
in the literature [7, 8]. Briefly, oxidized LDL enhances the oxidative stress in the 
intima which leads to activation of inflammatory cascade involving inflammatory 
receptors [receptor for advanced glycosylation end products (RAGEs), toll-like 
receptors (TRLs), and triggering receptor expressed on myeloid cells (TREMs)], 
downstream signaling kinases [protein kinase C (PKCs), c-Jun NH2-terminal kinase 
(JNK), ERK, mitogen-activated protein kinase (MAPK) etc.] and pro-inflammatory 
cytokines [interlekin (IL)-6, tumor necrosis factor (TNF)-α]. This leads to increased 
monocytic infiltration, M1 macrophage predominance and foam cell formation, 
which further enhances the inflammation and vascular smooth muscle cells 
(VSMCs) proliferation resulting in atherosclerosis (Figs. 4.2 and 4.3) [3]. Further, 
research studies have also demonstrated the involvement of inflammatory surface 
markers (TREMs and TLRs) [20–22] and pro-inflammatory cytokines (IL-6 and 
TNF-α) [22] in plaque vulnerability.The increased secretion of these pro- 
inflammatory cytokines [23], and increased expression of the inflammatory surface 
marker [24, 25] involved in the pathogenesis of atherosclerotic plaque formation 
and rupture suggest that persistent hyperglycemia in diabetes have a potential role 
in plaque formation and rupture.

Fig. 4.1 Pathogenesis of plaque formation and plaque rupture. Deposition of the lipids in the 
intima leads to fatty streak formation and adaptive intimal thickening. Infiltration of inflammatory 
cells, lipid deposition, and vascular smooth muscle cells (VSMCs) proliferation results in progres-
sion of the fatty streak to atheroma and atheromatous plaque. Formation of the necrotic core due 
to increased apoptosis and necrosis in plaque; increased lipid deposition and angiogenesis and 
thinning of the fibrous cap results in the development of vulnerable fibroatheromatous plaque
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4.4  Diabetes and Plaque Vulnerability

4.4.1  Diabetes and Fibrous Cap

Fibrous cap of the plaque faces the lumen of the vessel and is responsible for the 
integrity of the plaque. Normally, fibrous cap is composed of VSMCs embedded in 
a collagen type I and III rich matrix. Thinning of the fibrous cap is associated with 
the plaque rupture and ACS. Studies have suggested the role of MMPs and macro-
phages in autolysis of the matrix content resulting in thinning of the fibrous cap, 
however, the exact mechanism underlying the MMP activity in under research. It 
has been found that symptomatic plaques have increased macrophage density, 
higher expression of MMPs, decreased VSMCs density, and decreased expression 
of collagens compared to asymptomatic plaques, and increased expression of MMPs 
with a decreased collagen expression is associated with plaque vulnerability [3, 
20–22, 26]. Further, the association of diabetes with a higher prevalence of macro-
phage infiltration and thin-cap fibroatheroma suggest the proneness of plaque 

Fig. 4.2 Pathogenesis of atherosclerosis and plaque vulnerability in diabetes mellitus. Persistent 
hyperglycemia in diabetes mellitus potentiate several mechanisms such as hyperlipidemia, 
increased angiogenesis, intra-plaque hemorrhage, proliferation of vascular smooth muscle cells 
(VSMCs), infiltration of inflammatory cells, foam cell formation, necrotic core formation due to 
oxidative stress, and hypercoagulability enhancing the thrombus formation along with thinning of 
the fibrous cap by altering the collagen content. These mechanisms make the plaque prone to rup-
ture and thereby prevalence of acute coronary syndrome
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rupture in T2DM, as well as the role of persistent hyperglycemia in thinning of 
fibrous cap [27] (Fig. 4.2).

The mechanisms involving and promoting the thinning of the fibrous cap remains 
incompletely understood. The alteration of ECM matrix, impaired collagen content, 
and accumulation of lipids remains the cornerstone of the plaque rupture and thin-
ning fibrous cap forming the rupture-prone plaque. A study on the diabetic and 
hypercholesterolemic swine reported that coronary regions exposed to low endothe-
lial shear stress favour the collagen-poor, thin-capped fibrous plaque formation 
compared to high endothelial shear stress. This thinning of the fibrous cap was 
accompanied by reduced intimal SMC content; decreased procollagen-I gene 
expression; increased (MMP)-1, -8, -13, and -14 expression; and reduced collagen 
content [28]. Increased collagen loss in the fibrous cap suggests increased activity 
of MMPs in the symptomatic plaque whose prevalence is high in diabetics. 
Upregulated expression of IL-6, IL-8, and monocytes chemoattractant protein 
(MCP)-1 and the activities of MMP-2 and MMP-9 and downregulated expression of 

Fig. 4.3 Schematic representation of the factors involved in the development of atherosclerosis in 
diabetes mellitus. Hyperglycemia in diabetes mellitus leads to increased free fatty acid (FFA) 
accumulation and oxidation. This results in increased oxidative stress due to the generation of reac-
tive oxygen species (ROS) and the decreased availability of nitric oxide (NO). This leads to activa-
tion of various inflammatory pathways resulting in increased prevalence of atherosclerosis. 
Advanced glycosylation end products (AGEs); diabetes mellitus type 2 (T2DM); extracellular 
matrix (ECM); interleukin (IL)-6; Intercellular Adhesion Molecule (ICAM) 1;monocytes che-
moattractant protein (MCP)-1; nuclear factor-kappa beta (NF-kB); protein kinase C (PKC); recep-
tor for advanced glycosylation end products (RAGE);toll-like receptors (TLRs); triggering receptor 
expressed on myeloid cells (TREM); transforming growth factor (TGF)-alpha (α)-beta (β); tumor 
necrosis factor (TNF)-α; vascular cell adhesion protein (VCAM)-1;vascular smooth muscle cells 
(VSMCs)
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tissue inhibitor of metalloproteinase (TIMP)-2 with hyperglycemia via 
hyperglycemia- induced glycosaminoglycans alterations in the cell surface perlecan 
as well as in the extracellular matrix (ECM) have been reported [29], however, 
lower concentration of MMPs (MMP-2 and MMP-9) in T2DM has also been docu-
mented suggesting the complexity of the role MMPs [30]. Similarly, Fiaschi et al. 
[31] reported that hyperglycemia in association with angiotensin II enhances the 
collagen I production and deposition in ECM involving signal transducer and acti-
vator of transcription (STAT)3 in cardiac fibroblasts.

4.4.2  Diabetes and Lipid Deposition

T2DM and insulin resistance has been associated with reduced HDL cholesterol, a 
predominance of small dense LDL particles, and elevated triglyceride levels [8]. 
Deposition of the lipids in the intima initiates the process of atherosclerosis, and a 
large deposition of lipids (lipid core) within the fibroatheroma characterizes the 
vulnerable atherosclerotic plaque [26] (Fig.  4.2). Increased lipid deposition and 
larger lipid index have been reported in coronary plaques of diabetics compared to 
non-diabetics [27]. These results suggest that increased LDL levels are associated 
with increased atherosclerosis and plaque rupture. However, elevated plasma tri-
glyceride levels but not the elevated plasma cholesterol levels have been reported 
with diabetes in hyperlipidemic pigs in association with increased atherosclerosis 
[32]. This suggests that diabetes is associated with hyperlipidemia (hypertriglyceri-
demia but not hypercholesterolemia) and increased prevalence of atherosclerosis, 
however, it has also been reported that isolated hypertriglyceridemia alone in not 
associated with increased CAD, but hypertriglyceridemia in association with hyper-
cholesterolemia have a synergistic effect on CAD development [33]. Thus, increased 
LDL in diabetes is associated with increased prevalence of atherosclerosis, and 
increased lipid deposition in plaque is associated with plaque rupture correlates 
increased prevalence of plaque rupture with T2DM.

4.4.3  Diabetes and Inflammation

Infiltration of the inflammatory cells (monocytes, macrophages, dendritic cells etc.) 
is a key mechanism involved in fibroatheromatous plaque development (Figs. 4.2 
and 4.3). Studies have suggested the association of increased infiltration and density 
of these cells in symptomatic plaque compared to asymptomatic plaque [21, 22, 26]. 
Further, it has also been suggested that inflammation not only enhances atheroscle-
rosis and plaque formation but also the thrombus formation by affecting platelet 
function, coagulating factors and clotting mechanism, potentiated by diabetes being 
a chronic inflammatory disease [34]. Increased inflammation in the atheroma is also 
associated with hyperlipidemia in diabetic patients suggesting the synergism 
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between hyperlipidemia and inflammation in diabetes resulting in enhanced vulner-
ability of plaque [1].

4.4.4  Diabetes and Calcification

Calcification is a histological feature of fibrous atherosclerotic plaque. Minimally 
oxidized LDL and T2DM are the risk factor for increased calcification in the patho-
genesis of plaque development. Hyperglycemia influences the calcification in the 
vessel wall through ROS production. Increased expression of Cbfal (transcription 
factor for bone formation) and bone morphogenetic protein (BMP)-2 and enhanced 
calcification of VSMCs is associated with high serum glucose. Increased levels of 
BMP-2 exert pro-inflammatory and proatherogenic effects of BMP-2 induce the 
oxidative stress and endothelial dysfunction, leading to enhanced plaque calcifica-
tion by inducing osteogenic phenotype in VSMCs [35, 36]. Avogaro et al. [37] have 
discussed various mechanism in association with diabetes such as upregulation of 
runt-related transcription factor 2 (Runx2), osterix, osteopontin (OPN), osteocalcin, 
and downregulation of smooth muscle-specific genes in VSMCs trans- differentiating 
it to more bone-forming cells. Increased calcification and higher prevalence of cal-
cification have been reported in coronary plaques of diabetics compared to non- 
diabetics [27]. These studies suggest that diabetes is associated with increased 
calcification in the intima, which in turn is associated with increased prevalence of 
plaque rupture.

4.4.5  Diabetes and Thrombus Formation

Diabetes is a hypercoagulable disease due to an imbalance of pro- versus anticoagu-
lation, and is associated with increased numbers of endogenous pro-coagulant trig-
gers bearing circulating microparticles. Hypercoagulability in diabetes increases 
the risk of atherosclerosis and peripheral vascular disease [38]. Increased associa-
tion of inflammation and oxidative stress with hypercoagulability state in diabetes 
has been established which leads to endothelial dysfunction, plaque formation, pro-
gression and rupture [39]. Further, increased thrombus formation in diabetes due to 
inflammation by affecting the platelet function, coagulating factors and clotting 
mechanism has been reported [34]. Higher prevalence of thrombus formation has 
been reported in coronary plaques of diabetics compared to non-diabetics [27]. 
These studies suggest that hypercoagulable state of diabetes promotes inflammation 
and thrombus formation (Fig. 4.2).
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4.4.6  Diabetes and Intra-plaque Hemorrhage

The structural type I collagen, the predominant structural collagen, in the vessel 
wall is produced by smooth muscle cells and fibroblasts in the vascular media and 
intima. Type III collagen is present as a minor component in vessels. However, 
Purushothaman et al. [40] while comparing the diabetic and non-diabetic subjects 
reported that diabetes is associated with increased type III collagen instead of type 
I collagen, a feature of progressive atherosclerotic plaque, accompanied with 
inflammation, neovascularization, and intraplaque hemorrhage (IPH). Similar 
trends in collagen reversal in association with diabetes have been documented by 
various other studies [41–43]. Further mature plaques have a rich network of small 
vessels called as ‘vasa vasorum’ within the matrix of plaque, and rupture of these 
vessels within the plaque leads to IPH. Higher prevalence of IPH has been associ-
ated with symptomatic plaques [44], and plaque rupture [45] (Figs. 4.2 and 4.3).

4.4.7  Diabetes and Angiogenesis

Angiogenesis is a morphological feature of fibroatheroma. Lipid deposition and 
inflammation causes oxidative stress and increased ROS. Increased oxidative stress 
is a precursor for angiogenesis and arteriogenesis. Similarly, the toxic metabolites 
in metabolic syndrome and diabetes induce angiogenesis via oxidative stress, which 
further accelerates the progression of atherosclerosis [46]. Increased infiltration of 
inflammatory cells and angiogenesis increases the size of the necrotic core and IPH 
rendering the plaque prone to rupture [47]. A greater degree of plaque intimal neo-
vascularization and inflammatory infiltrate leading to plaque vulnerability has been 
reported in diabetic subjects compared to non-diabetic subjects [48]. Although, the 
distribution, density and the role of vasa vasorum have been discussed in the context 
of plaque progression, atherosclerosis, and IPH, the causative or the only reactive 
role of vasa vasorum in atherogenesis needs to be elucidated (Figs. 4.2 and 4.3).

4.4.8  Diabetes and Impaired Endothelial Repair

Inflammation of the atheroma and plaque rupture is the cornerstone of the ACS. 
Plaque rupture occurs at the thinnest part of the fibrous cap, which is due to ECM 
and collagen loss. ECM and collagen loss leading to thin fibrous cap occurs due to 
impaired repair mechanism. Edsfeldt et al. [10] studied the carotid endarterectomy 
specimens in T2DM and non-diabetic patients analyzing the plaque structure, con-
nective tissue proteins, inflammatory cells, and inflammatory markers, and reported 
the increased proneness of the atherosclerotic plaques to rupture in subjects with 
T2DM because of impaired repair responses rather than to increased vascular 
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inflammation. The plaques in T2DM patients had lower collagen and elastin con-
tent, decreased levels of the VSMC growth factor, platelet-derived growth factor 
(PDGF), decreased levels of inflammatory cells and decreased levels of MMP2. 
However, Ruiz et  al. [49]  reported the increased proliferation of VSMCs and 
decreased apoptosis leading to enhanced arterial remodeling in diabetic patients 
with upregulated expression of Bcl-2 gene with glucose (Figs. 4.2 and 4.3).

4.5  Conclusion

Unstable plaques and plaque rupture precede the acute coronary syndrome. Unstable 
plaque is characterized by the presence of necrotic core, lipid deposition, angiogen-
esis and thin fibrous cap. Inflammation in the atheroma, infiltration of inflammatory 
cells, angiogenesis and collagen loss renders a stable plaque to unstable plaque. 
Diabetes mellitus is a chronic inflammatory disease, associated with increased 
inflammation, oxidative stress, hyperlipidemia and increased angiogenesis, thereby 
increasing the prevalence of atherosclerosis as well as plaque vulnerability. Higher 
prevalence of atherosclerosis and plaque vulnerability has been reported in various 
studies along with the improved modalities of imaging to assess the plaque volume 
and its proneness to rupture. Although, there are reports about the most common 
arteries involved in atherosclerosis, diabetes induced structural changes in intima 
and intimal thickening, predominance of collagen III instead of collagen I, and pres-
ence of vasa vasorum and IPH, still further studies are needed to elucidate the 
molecular mechanism more clearly underlying these changes in diabetes to develop 
a potential therapy for plaque stability in diabetes mellitus.
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