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Atherosclerotic cardiovascular disease is on course to surpass infectious diseases as

the leading cause of morbidity and mortality worldwide.6 Multiple risk factors are 

responsible for this trend, including the increasing average life expectancy, 

reducing rates of communicable diseases in addition to potentially modifiable risk 

factors, such as tobacco use, hypertension, hyperlipidemia, and diabetes mellitus. 6

The development of atherosclerosis is driven by multiple factors including 

hypertension, dyslipidemia, inflammation, insulin resistance, hyperglycemia.  While 

many techniques are available to accurately measure atherosclerosis (coronary 

artery calcium scanning, CT angiography, intravascular ultrasound), understanding 

the pathophysiology of the disease may help drive discovery to ultimately prevent 

the disease. 

Insulin Resistance and Atherosclerosis 

An important distinction to draw is the role of insulin resistance versus 

hyperglycemia in the development of atherosclerosis. Although both likely have a 

synergistic atherogenic effect in the setting of type 2 diabetes, insulin resistance 

has been shown to have a strong link to CVD, even in the absence of 

hyperglycemia.2

Insulin resistance promotes a pro inflammatory state and dyslipidemia in addition to

perturbed insulin signaling on important intimal cells (endothelial, vascular smooth 

muscle cells, and macrophages) resulting with advanced plaque progression in the 

setting of hyperinsulinemia.2 Normal insulin signaling in skeletal muscle starts with 

insulin binding to its receptor, which causes tyrosine phosphorylation of insulin 
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receptor substrate (IRS - 1) to exert insulin’s effect on glucose metabolism.2 

Meanwhile in liver, IRS - 1/IRS - 2 activates phosphatidylinositol (PI - 3) kinase which

phosphorylates PI, PI - 4, PI - 4,5, and mediates glucose transport and glycogen 

synthase.4 In vivo trials conducted in hyperinsulemic, euglycemic lean type II 

diabetics and obese non diabetics have shown that the impaired phosphorylation of 

IRS - 1 and PI - 3 kinase activation caused significant dysfunction in glucose and 

glycogen synthesis.10 Nitric oxide synthase is activated through the same PI - 3 

kinase pathway, the resultant decrease in nitric oxide production leads to 

endothelial dysfunction and accelerated atherosclerosis.10

Hyperglycemia and Atherosclerosis

Chronic hyperglycemia has been shown to interfere with multiple metabolic 

pathways resulting in microvascular complications (e.g retinopathy, neuropathy, 

nephropathy).11 However, there is uncertainty in the literature on the degree of 

impact hyperglycemia exerts on macrovascular outcomes compared to other risk 

factors.12 Nevertheless, recent meta analyses have found that elevated blood 

glucose is an independent risk factor for cardiovascular and all cause mortality in 

both diabetic and non diabetic patients.3 Three major mechanisms have been 

described to facilitate these outcomes: 1) non enzymatic glycosylation of proteins 

and lipids 2) oxidative stress 3) protein kinase C (PKC activation).1

Advanced glycation end-products (AGEs) occur through the Maillard reaction in 

which reducing sugars undergo non-enzymatic reactions leading to the formation of 

reactive carbonyl compounds and the subsequent glycooxidation of proteins, lipids, 

and nucleic acids.5 AGEs accumulate with advancing age, but this process markedly 
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increases in the setting of hyperglycemia, oxidative stress, and inflammation.5  The 

mechanisms in which AGEs further atherosclerosis can be classified as non-receptor

dependent and receptor mediated (Aronson). 

The prototypical non receptor mechanism is the alteration in the normal physiology 

of the low-density lipoprotein (LDL) particle.1 Glycosylation of the apoprotein B (Apo 

B) and phospholipid components of LDL result in disturbances in LDL clearance and 

susceptibility to oxidative modification.1 Human monocyte - derived macrophages 

have a higher affinity for glycated LDL via the nonspecific (scavenger) receptor 

which stimulates foam cell formation and promotes atherosclerosis.1 Furthermore, 

glycation of LDL confers increased susceptibility to LDL becoming oxidized, which is 

a key step in atherogenicity.1  Aminoguanidine is an inhibitor of AGE formation, but 

has not been clinically efficacious due to toxicity limitations.11

The receptor mediated mechanism involves the binding of AGE receptor (RAGE).1 

RAGE has been demonstrated in all cells relevant to atherosclerosis including 

monocyte-derived macrophages, endothelial cells, and smooth muscle cells 

(SMCs).1

Oxygen free radicals leading to atherosclerosis and diabetic complications is a long 

held theory.11 Glucose is metabolized into reductive equivalents which drive the 

generation of ATP via oxidative phosphorylation with free radicals as byproducts.11 

“Increased oxidant stress reduces nitric oxide levels, damages cellular proteins, and

promotes leukocyte adhesion to the endothelium while inhibiting its barrier 

function.”11 These effects ultimately result in accelerated atherosclerosis.
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Protein Kinase C are chronically elevated in diabetics. The physiologic activation of 

Protein Kinase C (PKC) occurs from activating phospholipase C, increasing calcium 

and diacylglycerol (DAG) levels, which in turn activate PKC.11 In diabetes, pathologic

activation can occur through elevation of glyceraldehyde-3-phosphate, subsequent 

elevation of DAG, and ultimately, activation of PKC.11 PKC pathway dysfunction can 

have many downstream consequences, including increased permeability, nitric 

oxide dysregulation, increased leukocyte adhesion, and induction of growth factor 

expression (VEGF, TGF - beta). 11

Cholesterol and Atherosclerosis

An undeniable causal relationship exist between plasma cholesterol levels and 

atherosclerosis.6 Atherogenesis is mediated in large part by the endothelium 

causing inflammation and accumulation of oxidatively modified LDL in the intima of 

the vessel wall facilitating monocyte recruitment and foam cell formation.8 

Typically, the endothelium acts as a selective barrier between blood and tissues 

with increased permeability at arterial branch points/curvatures.8 The initial, most 

atherogenic event is accumulation of LDL in the subendothelial matrix.8 Conditions 

for this event are optimal when circulating amounts of LDL are increased and HDL 

(a lipid which transports excess cholesterol from peripheral tissues for 

storage/degradation in the liver) is decreased.8 LDL is taken up by macrophages to 

form foam cells once it is sufficiently oxidized by a multiplicity of factors including 

reactive oxygen species, myeloperoxidase, sphingomyelinase, and a secretory 
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phospholipase (group II sPLA2).8 Macrophages primarily uptake the LDL by 

scavenger receptors, SR - A and CD 36.8

Inflammation and Atherosclerosis

Historically, the pathogenesis of atherosclerosis was based on the lipid theory with 

explanations related to excess cholesterol being the sole cause of lipid deposition in

the arterial wall. In the past two decades, it has been increasingly recognized that 

inflammation is involved in every step of the atherosclerotic process.7,9 Currently, 

atherogenesis is characterized by chronic accumulation of 

monocytes/macrophages, SMCs, and lymphocytes which release pro inflammatory 

molecules within the arterial wall.7,9 As a result, ongoing research is being 

performed in order to create anti - inflammatory therapies to prevent the 

development of atherosclerotic plaques.7Both innate and adaptive responses of the 

immune system are leveraged in atherogenesis. 

As mentioned previously, the initial event for atherogenesis is lipid retention in the 

intima of arteries enabled by endothelial dysfunction from insult-induced damage. 

Next, the trapped LDL is modified by enzymes and oxygen radicals, which 

subsequently stimulates endothelial cells to express adhesion molecules (e.g. 

VCAM-1 and ICAM-1) and vascular SMCs to release chemokines (CCR2, ZCCR5, 

ZCX3CR1 and their ligands) and chemoattractants, which recruit “inflammatory” 

monocytes and T cells into the developing plaque.7,13 Monocytes differentiate in situ 

into macrophages and uptake oxidized LDL. 
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The adaptive immune system begins to facilitate atherogenesis in the early stages 

as well when lymphocytes transmigrate into the arterial wall.7 Helper T (Th) - cells 

have multiple subtypes, most notably, Th1 cells are clearly atherogenic, whereas 

Treg is athero-protective, the other subtypes do not yet have clearly defined roles.7 

The protein component of the LDL particle is presented by macrophages and 

dendritic cells to T - lymphocytes via the major histocompatibility complex class II 

(MHC - II) and the T cell produces pro inflammatory cytokines.7 Another key 

component of the adaptive response is B cells. B1 cells predominantly produce IgM 

antibodies, which are protective of atherosclerosis while B2 cells produce IgG 

antibodies, which promote atherosclerosis by interacting with CD4 T-cell activation 

and stimulating effector T-cell proliferation.7

Toll like receptors play a central role in innate and adaptive immune responses and 

appear to be expressed in atherogenic leukocytes, including 

monocytes/macrophages, dendritic cells, T and B lymphocytes.7 As the 

inflammatory process becomes chronic, SMCs also start to migrate into the intimal 

layer of the artery in response to chemokines and aided by release of 

metalloproteinases (MMPs).9 With chronicity, plaque vulnerability becomes the 

primary determinant of thrombus and rupture-mediated complications.13 

Macrophages become pivotal in plaque destabilization through various enzymes, 

bioactive mediators, but notably, MMP has been implicated as an important 

pathogenic molecule contributing to plaque destabilization.13 Eventually, continuous

apoptosis of macrophages and accumulation of non degradable necrotic debris 

leads to the formation of the lipid laden necrotic core seen in late lesions.13  Fibrous 

plaques are characterized by a growing mass of extracellular lipid and by 
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accumulation of SMCs and SMC - derived extracellular matrix.8 The most vulnerable 

plaques to rupture generally have thin fibrous caps and increased numbers of 

inflammatory cells.8

Concluding Remarks

Atherosclerosis is a chronic disease, which only stands to become even more 

significant as life expectancy continues to increase and risk factors, such as 

hypertension, diabetes, tobacco use, and hyperlipidemia become more prevalent. 

We have demonstrated multiple etiologies and accompanying mechanisms 

contributing to the formation and propagation of atherosclerotic plaques.14,15 Going 

forward, it will be important that our understanding of this complex disease 

continues to evolve in concert with imaging modalities and novel therapeutic 

targets to detect and prevent the disease. 

 Acknowledgement 
(State here for all sources of support/funding, including federal and industry support, 
negative response should state "No funding received") No funding received 

Disclosure 
(All authors are required to disclose all potential competing interest, including specific 
financial interests and relationships and affiliations (other than those affiliations listed 
on the title page of the manuscript) relevant to the subject of their manuscript, negative
response should state "None declared")Dr Budoff reports grant support from the 
National Institutes of Health and General Electric.  No other author reports a conflict. 

References

1.Aronson, D, Rayfield, E. J. “How hyperglycemia promotes atherosclerosis: 
molecular mechanisms.” Cardiovascular Diabetology 2002;1:1 - 10

2.Bornfeldt, K. E., Tabas, I. “Insulin Resistance, Hyperglycemia, and 
Atherosclerosis.” Cell Metabolism Review 2011;14:575 - 585

8



3.Cavero - Redondo, I., Peleteiro, B., Alvarez-Bueno, C., Rodriguez-Artalejo, F., 
Martinez-Vizcaino, V. “Glycated hemoglobin A1c as a risk factor of cardiovascular 
outcomes and all-cause mortality in diabetic and non-diabetic populations: a 
systematic review and met - analysis.” BMJ Open 2017;7(7):e015949

4.Defronzo, R. A. “Insulin Resistance, lipotoxicity, type 2 diabetes and 
atherosclerosis: the missing links. The Claude Bernard Lecture 2009” Diabetologia
2010;53(7):1270 - 1287

5.Fishman, S. L., Sonmez, H., Basman, C., Singh, V., Poretsky. “The role of advanced
glycation end-products in the development of coronary artery disease in patients 
with and without diabetes mellitus: a review.” Molecular Medicine 2018;24:59

6.Levenson, J. W., Skerrett, P. J., Gaziano, J. M. “Reducing the Global Burden of 
Cardiovascular Disease: The Role of Risk Factors.” Preventative Cardiology 
2007;5:188 - 199

7.Li, B., Li, W., Li, X., Zhou, H. “Inflammation: A Novel Therapeutic Target/Direction 
in Atherosclerosis” Current Pharmaceutical Design 2017;23(8):1216 - 1227

8.Lusis, A. J. “Atherosclerosis” Nature 2000;407(6801):233 - 241

9.Milioti, N., Bermudez-Farjardo, A., Penichet, M. L., Oviedo-Orta, E. “Antigen-
Induced Immunomodulation in the Pathogenesis of Atherosclerosis” Clinical and 
Development Immunology 2008;2008

10. Pendergrass, M., Bertoldo, A., Bonadonna, R., Nucci, G., Mandarino, L., 
Cobelli, C., Defronzo, R. A. “Muscle glucose transport and phosphorylation in type 
2 diabetic, obese nondiabetic, and genetically predisposed individuals” American 
Journal of Physiology Endocrinology Metabolism 2007;292 (1):E92 - 100

11. Sheetz, M. J., King, G. L. “Molecular Understanding of Hyperglycemia’s 
Adverse Effects for Diabetic Complications.” JAMA 2002; 288(20):2579-2588 

12. Yurong. “Glycosylated Hemoglobin in Relationship to Cardiovascular 
Outcomes and Death in Patients with Type 2 Diabetes: A systematic Review and 
Meta-analysis.” PLoS One 2012;7(8):e42551

13. Zhong-qun, Y., Hansson, G. K. “Innate immunity, macrophage activation, and 
atherosclerosis” Immunologic Reviews 2007;219(1):187 – 203

14. Budoff M, Backlund JC, Bluemke DA, Polak J, Bebu I, Schade D, Strowig S, 
Raskin P, Lachin JM; DCCT/EDIC Research Group.The Association of Coronary 
Artery Calcification With Subsequent Incidence of Cardiovascular Disease in Type 
1 Diabetes: The DCCT/EDIC Trials. JACC Cardiovasc Imaging. 2019 Mar 8. pii: 
S1936-878X(19)30143-3.

15. Budoff MJ, Raggi P, Beller GA, Berman DS, Druz RS, Malik S, Rigolin VH, 
Weigold WG, Soman P; Imaging Council of the American College of Cardiology. 
Noninvasive Cardiovascular Risk Assessment of the Asymptomatic 

9

https://www.ncbi.nlm.nih.gov/pubmed/30878435
https://www.ncbi.nlm.nih.gov/pubmed/30878435
https://www.ncbi.nlm.nih.gov/pubmed/30878435
http://www.ncbi.nlm.nih.gov/pubmed/26846937


Diabetic Patient: The Imaging Council of the American College of Cardiology. JACC
Cardiovasc Imaging. 2016;9(2):176-92.

10

http://www.ncbi.nlm.nih.gov/pubmed/26846937



