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ABSTRACT OF DISSERTATION 

 
 
 

EXPLORING THE EFFICACY OF miR-33 ANTAGONISM IN PROMOTING 
REGRESSION OF INTRACRANIAL ATHEROSCLEROSIS IN A NONHUMAN 

PRIMATE MODEL 
 

Atherosclerosis, characterized by lipid accumulation and arterial inflammation, is 
a major contributor to global morbidity and mortality. Despite significant progress in 
understanding atherosclerosis in extracranial arteries, the study of intracranial 
atherosclerosis (ICAS) has been relatively neglected, despite its crucial role in stroke and 
vascular cognitive impairment. Challenges related to ICAS, including its location within 
the cranium and limited availability of suitable animal models, have hindered research 
progress in this area. Although nonhuman primates (NHPs) are commonly used for 
studying extracranial atherosclerosis, a comprehensive understanding of ICAS 
pathophysiology in these animals is lacking. By subjecting NHPs to a high-fat/cholesterol 
diet, we successfully induced measurable ICAS, providing a unique opportunity to 
investigate underlying mechanisms and potential therapeutic strategies for ICAS 
regression. This study presents a robust NHP model of ICAS development and explores 
the potential of miR-33 antagonism for promoting atherosclerosis regression. Mouse 
studies have shown that inhibiting miR-33a can stabilize or regress atherosclerosis in 
extracranial arteries, but their translatability is limited. To address this, we employed an 
NHP model that closely mimics human miR-33a and miR-33b expression and 
atherosclerosis development. Our investigation aims to assess the effectiveness of miR-33 
antagonism in promoting ICAS regression in 61 NHPs, using histological characterization 
and digital pathology techniques to evaluate ICAS morphology and composition. 
Surprisingly, our results showed no histological evidence supporting the efficacy of miR-
33 antagonism in improving ICAS regression measures. This study significantly 
contributes to our understanding of ICAS and its potential treatment strategies by 
establishing a reliable animal model for ICAS development. However, further investigation 
is required to determine the role of miR-33 antagonism in atherosclerosis regression. These 
findings have important implications for future research and the development of 
therapeutic strategies to improve brain health and function while reducing the burden of 
ICAS on stroke and vascular cognitive impairment. 
 
KEYWORDS: Intracranial Atherosclerosis, Vascular Dementia, microRNA, miR-33, 

Nonhuman Primates, Stroke 
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CHAPTER 1. BEYOND PLAQUE BUILDUP: EXPLORING INTRACRANIAL ATHEROSCLEROSIS
FROM PATHOGENESIS TO CONSEQUENCES

1.1 Atherosclerotic Vascular Disease 

Atherosclerosis is the primary vasculopathy in cardiovascular and cerebrovascular 

disease.1 Globally, atherosclerosis is the number one contributor to ischemic and/or 

occlusive cardiovascular and cerebrovascular events, accounting for approximately 85% 

of all heart attacks and strokes1 and 17.8 million deaths annually.2 In the United States, 

atherosclerosis remains one of the leading causes of disability, with approximately 121 

million adults (nearly 37% of the population) predicted to be at risk for developing 

atherosclerosis,3 18 million (8%) to have been diagnosed with atherosclerotic vascular 

disease (AVD), and over 6 million of those with AVD  are at risk for a clinical event.4 

Moreover, AVD, is responsible for one out of every four deaths in the United States, with 

coronary artery disease (CAD) and stroke being the most common manifestations.2  

The development and progression of atherosclerosis is strongly influenced by 

modifiable risk factors, including unhealthy lifestyle habits, such as poor diet and lack of 

physical activity that contribute to comorbidities like obesity, hyperglycemia, insulin 

resistance, hypertension, dyslipidemia, and hypercholesterolemia.3 Additionally, related 

to these risk factors, the age-adjusted prevalence of AVD in the United States has been 

steadily increasing, underscoring the need for improved risk prevention and management 

strategies to curb the escalating burden of cardiovascular and cerebrovascular events.3 

Efforts to mitigate the public health crisis of atherosclerosis on global and national 

levels have primarily focused on targeting the major modifiable risk factors and/or 

comorbidities through lifestyle interventions, public health campaigns, and 

pharmacological therapies aimed at optimizing metabolic functions associated with the 
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pathogenesis of AVD.3 Addressing the atherosclerotic process and its contribution to 

cardiovascular and cerebrovascular events is crucial for reducing the morbidity and 

mortality associated with these conditions and improving the overall health of populations 

worldwide. 

This literature review aims to provide a comprehensive overview of atherosclerosis, 

a complex and multifactorial disease that affects both the cardiovascular and 

cerebrovascular systems. Specifically, the review will discuss the contributing factors, 

pathogenesis, treatment strategies, and spatial consequences of atherosclerosis in both 

extracranial and intracranial arteries. While the review will cover all aspects related to 

atherosclerosis, special attention will be given to the impact of intracranial atherosclerosis 

on stroke and vascular dementia, emphasizing the need for more research in this area. 

Additionally, the review will address the lack of experimental animal models of 

intracranial atherosclerosis and the potential for nonhuman primates as a unique 

translational model. By examining these topics, the review aims to deepen our 

understanding of atherosclerosis as a whole and the importance for the continual 

development of effective prevention and management strategies that can address residual 

risks associated with AVD and reduce the morbidity and mortality associated with this 

disease. 

1.2 Atherosclerotic Vascular Disease: The Risk Factors 

Atherosclerotic vascular disease (AVD) is a progressive condition characterized by 

inflammation and lipid accumulation in the arterial wall, leading to the development of 

atherosclerotic plaques. If left unaddressed, these plaques worsen vascular dysfunction, 

disrupt blood flow, and can ultimately result in severe cardiovascular and cerebrovascular 
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events, such as coronary artery disease (CAD) and ischemic stroke. Several modifiable 

metabolic risk factors are associated with the development and progression of AVD, 

including obesity, hyperglycemia, hypertension, and dyslipidemia. By managing these 

metabolic risk factors through a healthy diet, regular exercise, and/or therapeutic drug 

interventions, it is possible to significantly reduce the risks of AVD and its associated 

complications, such as CAD and stroke.  

1.2.1 Diet and Physical Activity  

Poor dietary intake was associated with 6.58 million cardiovascular related deaths 

and 11.3 million global deaths in 2021.5 Eating a healthy diet is a key factor in maintaining 

optimal metabolic function. It's not just about calories; it's also about the quality of 

nutrients going into the body. In Western societies, animal proteins, fruits, vegetables, fats, 

oils and processed carbohydrates are readily available and integral to the cultural diet. 

However, food commercialization in these Westernized societies has promoted a 

“Western” diet characterized by consumption of nutrient-poor, calorie-rich foods such as 

processed and refined sugars, unhealthy fats, and low intake of reduced caloric nutrient-

dense foods like fruits, vegetables, and whole grains. When consumed in excess, these 

nutrient-poor, calorie-rich foods can lead to metabolic dysfunctions, including weight gain, 

hyperglycemia, insulin resistance, hypertension, and/or dyslipidemia, considerably 

increasing the risk for AVD. Unmanaged metabolic dysfunctions contribute to the 

development and progression of vasculopathies, such as atherosclerotic plaques, by 

promoting inflammation, oxidative stress, and endothelial dysfunction within the arterial 

wall.  
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The Framingham Heart Study has long since set up the connection between diets 

high in saturated and trans fats and the development, morbidity, and mortality of 

cardiovascular disease.6 Subsequent studies comparing Mediterranean diets, which are low 

in saturated fats and high in monounsaturated fats, to Western diets have corroborated these 

findings. In countries where Western diets are prevalent, morbidity and mortality rates have 

been positively associated with the average percentage of dietary energy intake from 

saturated fats. Conversely, in countries where the Mediterranean diet is more common, 

morbidity and mortality have been inversely associated with a protective ratio of increased 

dietary monounsaturated fats to decreased saturated fats.7   

However, recent research suggests that the protective effects of the Mediterranean 

diet may not be solely attributed to the consumption of monounsaturated fats but also the 

increased intake of whole grain carbohydrates, fruits, vegetables, and fiber. Additional 

studies on the Western diet have linked elevated risk for metabolic dysfunction and AVD 

related events to the consumption of red and processed meats, fried foods, and refined 

sugars in place of whole foods with healthy unprocessed proteins, fresh fruits, and fresh 

vegetables.8 Despite this  evidence, the modern Western diet continues to include these 

calorically dense, nutrient-poor proatherogenic foods in place of AVD risk lowering, 

nutrient dense whole foods.  

The average caloric intake and macronutrient distribution of today's Western diet 

can vary depending on the country and specific population studied. For Instance, in the 

United States the average daily caloric intake is estimated to be around 2,500-2,700 kcal 

for men and 1,800-2,000 kcal for women. The macronutrient distribution of the Western 

diet typically consists of a high proportion of carbohydrates (45-65%), with a significant 
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portion coming from refined grains and added sugars; a moderate to high amount of fat 

(30-40%), with a high intake of saturated and dietary cholesterol coming from meat and 

dairy; and relatively low protein intake (10-35%), often sourced from animal products.9 

The combination of an unhealthy diet and a sedentary lifestyle exacerbates the risk of 

developing metabolic dysfunction, including insulin resistance, glucose intolerance, and 

dyslipidemia, which are all significant contributors to the development and progression of 

AVD. Studies have consistently shown that adopting a healthier diet and increasing 

physical activity can improve metabolic parameters and reduce AVD risk.10 

Physical inactivity has been identified as an independent risk factor for AVD. 

Reduced caloric/energy expenditure from lack of daily physical movement and sedentary 

behavior leads to increased adiposity, insulin resistance, and systemic inflammation. The 

Nurses' Health Study and the Health Professionals Follow-up Studies have demonstrated 

that individuals with low levels of physical activity are at a higher risk of developing 

metabolic dysfunction and CAD/AVD compared to those who are more regularly active. 

10–12  

Conversely, regular daily physical activity has been shown to reduce AVD risk 

through various mechanisms such as improved lipid profiles, enhanced endothelial 

function, and reduced blood pressure.14–17 Additionally, physical activity has been 

associated with the attenuation of inflammation, as evidenced by lower C-reactive protein 

levels in physically active individuals.13 Engagement in regular aerobic exercise can foster 

a lipoprotein and lipid profile that reduces AVD risk through increased plasma high density 

lipoprotein cholesterol (HDL-C) levels and HDL function and reduced plasma low density 

lipoprotein cholesterol (LDL-C), triglycerides, and total cholesterol levels.14–16  



6 
 

Considering the complex interplay between diet, physical activity, and metabolic 

function, it is essential to understand the individual metabolic factors associated with AVD. 

These factors include obesity, hyperglycemia, insulin resistance, hypertension, and 

dyslipidemia. 

1.2.2 Obesity 

Obesity is a well-established risk factor for AVD, as it promotes a pro-

inflammatory state, insulin resistance, and dyslipidemia.17. The prevalence of obesity has 

dramatically increased in Western societies, particularly in the United States. According to 

the World Health Organization, in 2016, more than 1.9 billion adults worldwide were 

overweight, and of these, over 650 million were obese.19 In the US, the age-adjusted 

prevalence of obesity among adults has risen from 30.5% in 1999-2000 to 42.4% in 2017-

2018.18 This increase in obesity rate reflects the growing trend of metabolic dysfunction in 

these populations and highlights the urgent need to address this public health crisis. 

Obesity often serves as an outward reflection of metabolic dysfunctions that 

promote and exacerbate vasculopathy, such as AVD, through several inflammatory 

mechanisms.19 Weight gain and abdominal fat expansion are early signs and key 

contributors to the development of hyperglycemia, hypertension, and 

dyslipidemia/hypercholesterolemia.20 These metabolic abnormalities, in turn, further 

promote AVD progression and elevate the risk of cardiovascular events. As such, 

addressing obesity is crucial in mitigating the impacts of associated metabolic 

complications on vascular health. 
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Obesity is associated with chronic low-grade inflammation that contributes to 

further metabolic dysfunction. Obesity has been shown to trigger a shift in the immune 

response within adipose tissue and other organs, such as the liver, from a predominantly 

anti-inflammatory to a pro-inflammatory state.21 In adipose tissue, this shift is 

characterized by an increase in the number and ratio of pro-inflammatory macrophages to 

anti-inflammatory macrophages, which leads to the production of cytokines that contribute 

to further metabolic dysfunction.22 Similarly, in the liver, obesity may result in activation 

of inflammatory pathways, macrophage infiltration, and the production of inflammatory 

chemokines and cytokines, which can contribute to the development of nonalcoholic fatty 

liver disease (NAFLD).19  

Obesity has also been linked to insulin resistance through multiple mechanisms, 

including the pro-inflammatory state induced by adipose tissue inflammation and the 

secretion of adipokines that interfere with insulin signaling.19,22 This intimate connection 

between obesity and insulin resistance contributes to atherosclerotic plaque development 

by promoting a chronic inflammatory state and exacerbating hyperglycemic conditions, 

which further impair metabolic function and increase AVD risk. Additionally, obesity may 

contribute to the development of hypertension by increasing the activation of the renin-

angiotensin-aldosterone system, promoting sodium retention, and impairing blood vessel 

function through endothelial dysfunction and arterial stiffness.23  

Obesity is also associated with dyslipidemia characterized by increased Very Low 

Density Lipoprotein Cholesterol (VLDL-C) and reduced plasma HDL-C levels. In 

individuals with obesity, there is an increased influx of free fatty acids (FFA) to the liver 

due to higher adipose tissue lipolysis. The liver then processes these FFA into triglycerides, 
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which are later incorporated into VLDL particles and secreted into the bloodstream. This 

results in higher circulating levels of VLDL-C.24 Additionally, obesity can impair the 

function of enzymes involved in HDL-C metabolism, such as lecithin-cholesterol 

acyltransferase (LCAT) and cholesteryl ester transfer protein (CETP), leading to reduced 

HDL-C levels and impaired reverse cholesterol transport.25 These combined effects of 

obesity on inflammation, insulin resistance, hyperglycemia, hypertension, and 

dyslipidemia significantly amplify the risk and progression of AVD. 

1.2.3 Hyperglycemia and Insulin Resistance 

While obesity provides an overt sign of metabolic dysfunction, hyperglycemia 

often stays hidden, silently contributing to vasculopathy, such as AVD, until the clinical 

presentation of insulin resistance and diabetes mellitus becomes apparent. Hyperglycemia, 

characterized by fasting plasma glucose levels above 100 mg/dL, is a significant risk factor 

for diabetes mellitus (DM) and for the development of AVD.27 In 2019, the global 

prevalence of diabetes was estimated at 9.3%, affecting 463 million people, with diabetes 

mellitus type 2 (DM2) accounting for 90 to 95 percent of all diabetes diagnoses. Notably, 

one in two people living with diabetes remain undiagnosed.26 In the presence of diabetes, 

the risk of cardiovascular disease and mortality rates increase significantly. Studies have 

found that adults with diabetes face a 75% higher risk of mortality, with cardiovascular 

disease accounting for a sizable part of the excess mortality. Moreover, adults with diabetes 

face a 2-4 times higher risk of developing cardiovascular and cerebrovascular AVD-related 

complications, which escalates with deteriorating glycemic control.27  

Persistent hyperglycemia worsens endothelial cell (EC) dysfunction, promoting the 

development and progression of atherosclerotic vascular disease. For instance, 
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hyperglycemic conditions enhance oxidative stress via reactive oxygen species (ROS) 

formation that activates protein kinases, leading to the upregulation of proinflammatory 

cytokines that increase vascular permeability at the endothelial layer.28,29 Furthermore, 

advanced glycation end products (AGEs), which form due to hyperglycemia, also increase 

ROS activity, disrupting the structure and function of the extracellular matrix and 

ultimately impairing endothelial protective functions.30 It is also worth noting that 

hyperglycemia hinders endothelial nitric oxide synthase (eNOS) activity, leading to 

decreased nitric oxide (NO) production and a subsequent loss of vascular tone,32  which 

may contribute to proatherogenic non-laminar blood flow and reduced shear stress.31 In 

addition to proinflammatory mechanisms related to ECs, persistent hyperglycemia can 

elevate triglycerides and increase VLDL particles in circulation while reducing plasma 

HDL-C levels, promoting a proatherogenic lipid profile that increases AVD risk.32  

Common causes of hyperglycemia include an unhealthy diet high in sugar and a 

sedentary lifestyle with reduced physical activity, which can lead to insulin resistance, a 

key factor in the development of diabetes.33 Insulin resistance occurs when the body's cells 

do not respond adequately to insulin, impairing glucose uptake and leading to elevated 

blood glucose levels. This dysfunctional glucose metabolism is intricately linked to the 

development of diabetes mellitus, which has two primary types: type 1 (DM1) and type 2 

(DM2). DM1 is an autoimmune disorder where the immune system destroys insulin-

producing pancreatic beta cells, while DM2 is primarily considered a metabolic condition 

that is more prevalent than DM1 and develops from a combination of insulin resistance 

and impaired insulin secretion.34  
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Insulin resistance in DM2 promotes dyslipidemia characterized by elevated 

triglycerides and lipid exchange processes between apoB and apoA-containing 

lipoproteins, resulting in the formation of smaller, more proatherogenic LDL particles and 

HDL particles with reduced functionality. Smaller LDL particles are said to be more 

susceptible to oxidation and intimal retention, while a decrease in large, buoyant HDL 

particles impairs their protective properties against atherosclerosis development and 

progression.32 Additionally, in DM2, platelet activation and aggregation are heightened 

due to increased oxidative stress, elevated levels of inflammatory markers, and endothelial 

dysfunction, which potentially contribute to thrombi formation within complex and 

vulnerable atherosclerotic plaques, thus increasing the risk for ischemic or occlusive 

events.35 Furthermore, hyperglycemia and insulin resistance in DM2 have been associated 

with kidney disease and poorly controlled hypertension,36,37, which both contribute to a 

further increased risk for AVD-related events across the cardiovascular and 

cerebrovascular systems. 

Hyperglycemia, insulin resistance, and DM2 are critical factors contributing to the 

development of AVD. The molecular mechanisms underlying these conditions, such as 

oxidative stress, inflammation, endothelial dysfunction, dyslipidemia, and platelet 

activation, play significant roles in the development and progression of complex and 

vulnerable atherosclerotic plaques, increasing the risk for ischemic or occlusive events that 

contribute to global morbidity and mortality rates. 

1.2.4 Hypertension 

Hypertension (HTN), a silent and pervasive disease, remains a significant global 

health concern. Defined as a persistent elevation in systolic blood pressure (SBP > 130 
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mmHg) and/or diastolic blood pressure (DBP > 80 mmHg) over time, HTN is typically 

diagnosed after a series of blood pressure (BP) measures taken during rest and activity.38 

Modifiable lifestyle factors, particularly poor diet and physical inactivity are key 

contributors to the onset and progression of hypertension.38  

The global prevalence of HTN is staggering, with approximately 1.13 billion people 

affected worldwide in 2015,39 while in 2017 an estimated 63% of adults 45-75 years living 

in the United States are reported to have HTN.40 Moreover, in the United States alone, 

hypertension is present in approximately 49% of adults with cardiovascular disease and 

62% of adults with cerebrovascular disease.41 The risk of atherosclerotic cardiovascular 

and cerebrovascular events in individuals with HTN is significant, and this risk is further 

exacerbated when both HTN and hypercholesterolemia are present.42 Indeed, individuals 

with both HTN and hypercholesterolemia have a 1.5 to 2 times higher likelihood of 

developing atherosclerotic related coronary artery disease (CAD) and stroke compared to 

those with either condition alone.43 Like obesity, hyperglycemia, and insulin resistance, 

HTN exacerbates the development and progression of atherosclerotic lesion by inducing 

endothelial dysfunction. 

Changes in normal blood flow and fluid dynamics across endothelial cells can 

activate various bio-mechanosensitive signaling pathways and promote endothelial 

dysfunction that increases the susceptibility to a variety of vasculopathies such as 

atherosclerosis.43 Blood flows normally in a smooth and uniform manner, when it travels 

a straight arterial path and can be characterized by concentric, laminar layers. However, 

when the arterial path deviates from a straight course, this orderly laminar blood flow can 

be disrupted, giving rise to turbulent or disrupted flow dynamics.44 Deviations from 
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laminar flow dynamics frequently occur at arterial branching points, such as those in the 

coronary arteries, or in regions where arteries become convoluted, like those among the 

circle of Willis. Moreover, arterial areas of disrupted blood flow dynamics are most often 

associated with areas of initial atherosclerotic lesion development and areas where complex 

and vulnerable lesions are most pervasive.44  

Persistent HTN-induced disruptions in laminar flow initiating several 

proinflammatory mechanisms, further exacerbating EC dysfunction and creating a more 

proatherogenic milieu within the vascular wall, characterized by increased leukocyte 

adhesion, intimal lipid accumulation, and further arterial wall inflammation.43 An essential 

factor in mitigating this process is shear stress, the frictional force exerted by blood flow 

on the endothelial cell surface. Under normal laminar flow ECs experience unidirectional 

shear stress which induces endothelial nitric oxide synthase (eNOS) expression promoting 

an anti-inflammatory phenotype;45 however, reduced shear stress due to altered fluid 

dynamics, such as those influenced by HTN, promotes a more proinflammatory phenotype 

resulting in vasculopathy that promotes the development and progression of 

atherosclerosis.46,47  

Reduced laminar shear stress has been shown to mediate endothelial dysfunction 

through the regulation of key genes involved in inflammation and thrombosis that 

contribute to the progression of complex and vulnerable atherosclerotic plaques.46 For 

example, under normal laminar sheer stress the induction of transcription factor Kruppel-

like factor 2 (KLF2) leads to increased expression of several genes involved in the anti-

inflammatory, anti-thrombotic, and vasodilatory pathways, and decreased expression of 

genes involved in vasoconstriction, thrombosis, and inflammation. KLF2 activation also 
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leads to increased endothelial nitric oxide synthase (eNOS) expression and activity, 

resulting in increased nitric oxide (NO) production and subsequent vasodilation. 

Furthermore, KLF2 has been shown to inhibit platelet activation and adhesion, thus 

reducing thrombotic activity.47  

In contrast, disturbed flow patterns, such as those observed in bifurcations, vascular 

remodeling (AVD/stenosis), and HTN may result in decreased KLF2 expression and 

activation, leading to a pro-atherogenic endothelial phenotype characterized by increased 

expression of pro-inflammatory, pro-thrombotic, and pro-oxidant genes, as well as 

decreased eNOS expression and activity, leading to reduced NO production and impaired 

vasodilation.47 Diminished NO production can then lead to increased thrombotic activity 

and vasoconstriction, which are important contributors to complex and vulnerable 

atherosclerotic plaques, and subsequent ischemic and/or occlusive events.48 

In addition to its effects on eNOS expression, reduced KLF2 expression has been 

associated with increased levels of reactive oxygen species (ROS) in endothelial cells, 

which can promote oxidative stress and contribute to endothelial dysfunction in 

atherosclerosis. Moreover, decreased KLF2 expression has been shown to promote the 

expression of pro-inflammatory molecules, such as vascular cell adhesion molecule-1 

(VCAM-1) and intercellular adhesion molecule-1 (ICAM-1),49 which can promote the 

recruitment of monocytes and leukocytes to the arterial wall where they may enhance the 

uptake of oxidized LDL by endothelial cells, leading to the formation of foam cells and the 

development of atherosclerotic plaques.50  

The metabolic disorders of obesity and diabetes, as well as hypertension, all 

contribute to the initiation and exacerbation of endothelial dysfunction and inflammation 



14 
 

through molecular proinflammatory and bio-mechanosensitive signaling pathways, 

ultimately setting the stage for atherosclerosis. However, it is the retention of cholesterol 

and low-density lipoproteins (LDL) because of genetic and/or metabolic 

hypercholesterolemia and dyslipidemia that drive the development and progression of 

AVD. 

1.2.5 Dyslipidemia and Hypercholesterolemia 

Although hypertension, hyperglycemia, insulin resistance, and obesity are 

significant risk factors for developing atherosclerotic vascular disease (AVD), 

dyslipidemia and hypercholesterolemia have been well established as central players in this 

intricate disease process52,53. The prevalence of hypercholesterolemia has evolved into a 

pressing global public health issue, with an estimated 39% of adults worldwide living with 

elevated plasma cholesterol levels, resulting in approximately 2.6 million deaths 

annually.51 Globally, hypercholesterolemia, particularly elevated low-density lipoprotein 

cholesterol (LDL-C), has been identified as the primary risk factor for developing AVD 

and related ischemic and/or occlusive coronary and cerebral events.52  

In the United States, the prevalence of hypercholesterolemia has followed an 

upward trend over recent decades. Over 100 million American adults exhibit elevated 

plasma total cholesterol (TC) levels, with more than 36 million adults presenting high 

plasma LDL-C levels exceeding 130 mg/dL.3 The escalating prevalence of 

hypercholesterolemia in the United States and across the globe highlights the pressing need 

for public concern. 
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Dyslipidemia and hypercholesterolemia are two interconnected terms describing an 

individual's lipid and lipoprotein profile. Dyslipidemia refers to an abnormal lipid profile, 

characterized by elevated levels of lipids such as cholesterol, free fatty acids (FFAs), and 

triglycerides (TAG), and/or abnormal lipoprotein distribution or function. 

Hypercholesterolemia, conversely, specifically refers to elevated levels of total cholesterol 

(TC) and LDL-C in the bloodstream and plasma. 

This section aims to enhance the foundational understanding of how dysfunctional 

lipid and lipoprotein metabolism sets the stage for the development and progression of 

atherosclerotic lesions. We will first discuss cholesterol, delving into its metabolism, 

transport, and role in the pathogenesis of atherosclerotic lesions. Comprehending the fate 

of cholesterol will enable us to understand the various other lipids and lipoproteins 

involved, which are also intimately associated with the pathogenesis of AVD. 

1.2.5.1 Lipids and Lipoproteins 

The discovery of cholesterol in the body dates to the 18th century when François Poulletier 

de la Salle first discovered the waxy substance in gallstones.53 As researchers ventured into 

the 20th century, they began investigating cholesterol's role in atherosclerosis, with 

Anitschkow's groundbreaking 1913 experiment demonstrating the development of 

atherosclerosis in cholesterol-fed rabbits.54 Later, in the mid-20th century, Gofman's 

pioneering work using ultracentrifugation techniques led to the identification of lipoprotein 

classes and established their association with cardiovascular disease (CVD).55 

Cholesterol esters and other non-polar lipids are packaged and transported in lipoproteins, 

which are complex particles featuring a hydrophobic lipid core surrounded by a hydrophilic 

membrane composed of phospholipids, free cholesterol, and apolipoproteins (Apo). These 
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apolipoproteins serve as structural proteins, receptor ligands, immune system modulators, 

lipase activators/inhibitors, and lipid transporters in the bloodstream. Various lipoprotein 

classes can be distinguished by their size, density, associated apolipoproteins, and the lipids 

they carry. For example, chylomicrons are linked with apoB-48 and transport dietary 

triglycerides and cholesterol from the intestine to peripheral tissues and the liver. In 

contrast, very-low-density lipoproteins (VLDL) are associated with apoB-100 and 

primarily shuttle TAG from the liver to different tissues throughout the body. Low-density 

lipoprotein particles also associate with apoB-100 and deliver cholesterol to cells, while 

HDL particles are linked with apoAI and II and remove cholesterol from cells, transporting 

it back to the liver for elimination.56  

Dietary fatty acids and cholesterol are converted to TAG and cholesterol esters (CE) in the 

liver where they are packaged with apoB-100 (and apoC-1, apoC-II, apoCIII, and apoE) 

into VLDL particles (VLDL-P) before being transported to various tissues. In tissue 

lipoprotein lipase (LPL) lipolyzes TAG within the VLDL-P releasing free fatty acids 

(FFAs), and as TAG is depleted the VLDL-P reduces in size to form a smaller remnant 

IDL particle (IDL-P). The end-product of VLDL metabolism is a smaller CE rich TAG 

poor apoB-100 containing LDL particle (LDL-P) that is then circulated in the blood to 

target tissues where it binds plasma membrane receptors and is endocytosed by LDL 

receptor-mediated endocytosis.57  

Conversely, the nascent HDL particle (HDL-P) is synthesized in the liver and intestine, 

with its main structural protein ApoA-I as a key component in its biogenesis. ApoA-I 

receives cholesterol and phospholipids from enterocytes and hepatocytes through the 

transporter ATP-binding cassette transporter 1 (ABCA1) forming a discoidal HDL particle. 
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The HDL-P circulates in the blood and lymph receiving free cholesterol (FC) and 

phospholipids from tissues and other lipoproteins. Neutral lipids are added to the core of 

the HDL-P through the action of lecithin cholesterol acyltransferase (LCAT), which 

converts free cholesterol to cholesteryl ester, and cholesteryl ester transfer protein (CETP), 

which exchanges HDL cholesteryl ester for VLDL triglyceride. The HDL-P then facilitates 

reverse cholesterol transport (RCT) by delivering its cholesterol to the liver where uptake 

is mediated by scavenger receptor class B type I (SR-BI). After cholesterol clearance, the 

now smaller HDL-P is released by SR-BI into circulation.58  

Although correlated, it is crucial to differentiate between LDL-P, which refers to the LDL 

particle itself, and LDL-C, which specifies the cholesterol it contains. LDL particle 

profiles, which reflect size and carrying capacity, can vary significantly among individuals, 

with smaller and denser LDL particles considered more proatherogenic.59 Similarly, HDL-

C measures the cholesterol in the plasma carried by HDL-P, and HDL-P profiles can also 

differ significantly, with diverse subspecies possessing varying functional capacities and 

potential to mitigate atherosclerotic risk.60 This implies that evaluating plasma LDL-C and 

HDL-C levels alone, without considering the lipoprotein particles themselves, may 

underestimate the proatherogenic or pro-resolving functional capacity of LDL-C and HDL-

C in the development or regression of AVD, respectively. 

While the importance of examining the lipoprotein profile in its entirety is well-supported, 

limitations remain in defining diagnostic criteria and approaches for routine measurements 

of lipoprotein particle function to improve risk prediction in conjunction with standard 

cholesterol measures. Nonetheless, measures of LDL-C and HDL-C levels continue to be 

used as proxies for assessing the risk of atherosclerotic vascular disease (AVD). Elevated 
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LDL-C levels above the recommended optimal guidelines (>129 mg/dL) and reduced 

HDL-C levels below the optimal guidelines (<40 mg/dL) have been consistently associated 

with an increased risk for AVD.3,61 Therefore, while improvements in diagnostic criteria 

and approaches are needed to enhance the accuracy of risk prediction, the current standard 

measures of LDL-C and HDL-C levels should not be ignored. Indeed, early detection and 

treatment to reduce plasma LDL-C and raise HDL-C remain the first line defense to 

reducing risk for AVD related ischemic and/or occlusive events. 

1.2.5.2 LDL 

Studies on inherited autosomal-dominant (ADH) hypercholesterolemia have provided 

valuable insights into the significance of LDL receptor (LDLR) activity on regulating 

LDL-C in the body and the pathogenicity of apoB containing lipoproteins. The discovery 

of the LDLR and its role in cholesterol metabolism was a significant scientific 

breakthrough that began in the early 1970s when researchers began investigating the 

genetic causes of familial hypercholesterolemia (FH), a condition characterized by 

abnormally high plasma LDL-C levels. In the seminal study published in 1974 Goldstein 

and Brown used cultured human fibroblasts to identify the LDLR as the key receptor 

responsible for controlling the uptake of LDL into cells. Comparing cells from a normal 

subject to those from a patient with homozygous FH, they demonstrated that cells from the 

patient with FH lacked a LDLR receptor and were unable to accept LDL cholesterol. In a 

follow-study in 1976,62 Goldstein and Brown exposed human fibroblasts to radiolabeled 

LDL to demonstrate that receptor-mediated cellular uptake of LDL-C was both saturable 

and specific. 
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The expression of LDLR gene is regulated at multiple levels, including transcriptional and 

post-transcriptional mechanisms. The level of intracellular cholesterol is one of the main 

factors that regulate LDLR gene expression. When cellular cholesterol levels are low, the 

transcription factor sterol regulatory element-binding protein 2 (SREBP-2) is activated, 

which then binds to the LDLR promoter region and activates its transcription, leading to 

increased LDLR protein expression on the cell surface. This allows for increased uptake of 

LDL-C from the blood replenishing cellular cholesterol stores. Conversely, when cellular 

cholesterol levels are high, SREBP-2 activation is suppressed, leading to a decrease in the 

transcription of the LDLR gene and a reduction in LDLR protein expression on the cell 

surface, which in turn reduces the uptake of LDL-C from the blood.63  

The regulation of LDLR expression by SREBP-2 is a critical mechanism for controlling 

cholesterol metabolism in the body and maintaining cholesterol homeostasis. Goldstein 

and Brown's studies on the LDLR receptor were essential in establishing the link between 

LDL receptor activity and defects among individuals with FH, laying the foundation for 

subsequent genetic studies that identified thousands of mutations in the LDL receptor gene 

as the primary cause of the disorder and the most common cause of ADH.64 However, it 

was population-based studies on individuals with ADH, specifically FH, which provided 

significant insights into the causal role of elevated LDL-C as the primary risk factor in the 

development of AVD and subsequently ischemic/occlusive events. These studies also 

demonstrated that reducing LDL-C was associated with reduced AVD mortality.  

FH is one of the most common genetic causes of premature coronary artery disease (CAD) 

due to a persistent lifelong elevation in plasma LDL-C levels. In the United States 

Heterozygous FH is thought to be present in 1/250 individuals, whereas homozygous is 
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extremely rare affecting 1/160000 to 1/250000 individuals.65 However, the true burden of 

FH is largely unknown, as it is often underdiagnosed, confounded by the vast number of 

individuals at risk for CAD due to more common modifiable risk factors. Nevertheless, 

heterozygous FH individuals exhibit plasma total cholesterol (TC) levels of 310-580 mg/dL 

and plasma LDL-C levels of 155-325mg/dL, which often leads to adults developing CAD 

before the age of sixty. In contrast, homozygous FH individuals have total cholesterol 

levels of 460-1160 mg/dL and plasma LDL-C levels of 400-1000mg/dL, resulting in early 

CAD development and, if left untreated, death before the age of 20.66 Early diagnosis and 

treatment with cholesterol-lowering medications can attenuate atherosclerosis 

development and prevent CAD in those with FH.  

A rare gain-of-function (GOF) mutation in the protein proprotein convertase 

subtilisin/kexin type 9 (PCSK9) has also been characterized as ADH mutation, which 

further highlights the crucial role of LDLR activity in LDL-C metabolism and the 

significant association of LDL-C with the development and mortality of atherosclerotic 

vascular disease (AVD). GOF PCSK9 mutations, which occur in approximately 12.5% of 

individuals with ADH, increase the degradation of LDL receptors, reducing the availability 

of LDLR for LDL clearance in the liver. This leads to a systemic increase in LDL-C and 

consequently heightens the risk for AVD.67 Conversely, loss-of-function (LOF) mutations 

in PCSK9 have a contrasting effect on plasma LDL-C levels. These mutations cause 

inefficient degradation of LDL receptors, resulting in a higher number of receptors clearing 

LDL in the liver and a systemic reduction of LDL-C. Notably, even moderate lifelong 

reductions in LDL cholesterol levels due to PCSK9 LOF mutations can lead to a substantial 

decrease in the incidence of coronary events, regardless of non-lipid-related cardiovascular 
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risk factors. In fact, the Atherosclerosis Risk in Communities (ARIC) study found an 88% 

reduction in the risk of developing ischemic heart disease among individuals with inborn 

PCSK9 LOF mutations.68 ADH mutations such as FH and PCSK9 that affect LDLR 

functional capacity have revealed critical insights into cholesterol metabolism and risks 

associated with elevated LDL-C. 

Apart from uncovering the functional capacity of LDLR, the identification of ADH related 

mutations in apoB gene has been crucial in enhancing our understanding of the 

pathogenicity of apoB containing LDL-P in AVD. A landmark study by Vega and Grundy 

(1986)69 discovered a mutation in the apoB gene, which reduced the binding affinity of 

LDL-P to their corresponding receptors leading to persistent elevations in LDL-C similar 

to that observed in FH.70 The significance of this research should not be understated, as 

these findings laid the groundwork for later studies that characterized and established apoB 

containing lipoproteins, such as LDL-P as key pathogenic contributors to the development 

of AVD.72 The outcomes of this research collectively highlighted that solely relying on 

LDL-C measures might overlook other pathogenic factors intrinsic to the lipoprotein 

particles themselves.59,71  

Following Vega's discovery, a myriad of subsequent genetic exploration identified 

numerous distinct apoB mutations that contribute to elevated plasma LDL-C 

concentrations and an increased risk for AVD.72 Collectively, these studies have not only 

expanded our understanding of the genetic basis of the LDLR, apoB-containing 

lipoproteins, and LDL-C metabolism but also encouraged the development and 

improvement of diagnostic methods and tools.56 This progress has enabled the 

establishment of targeted therapeutic interventions for the reduction of LDL-C in ADH and 



22 
 

more common forms of hypercholesterolemia, thereby substantially reducing the impact 

of elevated LDL-C on cardiovascular and cerebrovascular health.73 Despite the 

effectiveness of therapeutics in lowering plasma LDL-C and TC levels, a residual risk 

persists, particularly in individuals with atherosclerotic plaques that have developed over 

an extended period. Consequently, addressing the residual risk that remains from LDL-C 

lowering alone is a significant challenge in the field, leading many to explore alternative 

approaches of targeting HDL function and metabolism as a potential route for therapeutic 

drugs that would address this residual risk. 

1.2.5.3 HDL 

In opposition to genetic factors that elevate LDL-C, decreased HDL-C levels also exhibit 

a robust genetic component, with heritability estimates typically ranging between 40-

60%.74,75 Historically, a considerable proportion (>30%) of coronary artery disease (CAD) 

cases associated with AVD reveal low plasma HDL-C levels (<40mg/dL) in affected 

individuals.76 Predominantly, mutations underlying monogenic HDL deficiency and gene 

variations impacting HDL-C levels in the population are present in genes encoding proteins 

vital for HDL formation, maturation, and catabolism, such as apolipoprotein A-I (apoA-I), 

ATP binding cassette transporter A1 (ABCA1), cholesterol ester transfer protein (CETP), 

and lecithin: cholesterol acyltransferase (LCAT). One study discovered that approximately 

16% of individuals with HDL-C levels in the bottom 5% possessed rare mutations in these 

genes, compared to  2% in those with HDL cholesterol levels in the top 5%.75  

Low HDL-C (<40mg/dL) has long been regarded as a biomarker for AVD.76 

Epidemiological studies consistently demonstrate an inverse relationship between HDL-C 

levels and the risk of AVD.77 This association appeared to be independent of other 
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established risk factors, such as LDL-C and TAG.78,79 This observation gave rise to the 

“HDL-hypothesis,” proposing that high HDL-C is athero-protective, and thus, increasing 

HDL-C would reduce the risk of AVD and related events. However, more recent findings 

indicate that HDL-P measures, which pertain to the number, structure, and function of 

HDL-P in circulation, may be a superior predictor of cardiovascular risk than standard 

HDL-C measures alone.60,80,81  

Historically, the HDL particle is known for its capacity to remove excess cholesterol from 

peripheral tissues and return it to the liver, a process termed reverse cholesterol transport 

(RCT).82 In addition to RCT, the HDL-P has demonstrated anti-inflammatory and 

antioxidant effects that may alleviate the inflammatory burden associated with 

atherosclerosis.83 Furthermore, HDL-P has been shown to exhibit vasodilatory effects that 

may enhance endothelial function, smooth muscle tone, and fluid dynamics, thus reducing 

the risk of atherosclerotic plaque rupture.84,85 Studies also revealed that HDL-P can protect 

against thrombosis, another critical factor in the development of atherosclerotic vascular 

disease. This antithrombotic effect of HDL is mediated by its ability to inhibit platelet 

activation and aggregation and to promote fibrinolysis.86  

The significance of HDL structure, encompassing size, shape, and lipid and protein 

composition, considerably influences its athero-protective properties.87 For example, 

smaller, denser HDL particles have been associated with a greater athero-protective 

capacity compared to larger, less dense particles.80,88 Moreover, the apolipoproteins 

contributing to HDL structure also play a critical role in HDL-P's functional capacity.89  

Apolipoprotein A-I (apoA-I), the major protein component of HDL, interacts with cellular 

receptors to promote cholesterol efflux from peripheral tissues.82 Mutations that impair 
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cholesterol efflux, such as those observed in ABCA1 gene mutations, result in an 

accumulation of cellular cholesterol and a reduction in HDL-C levels.75 Moreover, when 

ABCA1-mediated cholesterol efflux is impaired, nascent HDL-P are less stable and more 

susceptible to renal clearance, which further reduces circulating HDL-P. Due to the 

diminished formation and stability of HDL-P, the overall capacity of RCT is reduced.90 

This leads to decreased cholesterol removal from peripheral tissues and macrophages, 

which can contribute to the formation of cholesterol-laden proinflammatory foam cells and 

the progression of atherosclerotic plaques. Furthermore, suppressed levels of mature HDL-

P can impact HDL's antioxidant and anti-inflammatory functional capacity, essential for 

reducing the oxidation of LDL-P and inflammation within artery walls.83 Indeed, the 

ABCA1 gene plays a crucial role in maintaining both HDL-C levels and HDL-P athero-

protective properties. 

However, other proteins, such as LCAT and CETP, also play important roles in HDL 

metabolism. For instance, mutations in CETP illustrate the importance of considering 

HDL-P measures over HDL-C. When a loss-of-function mutation occurs in the CETP gene, 

it results in decreased cholesterol ester (CE) transfer between apoB-containing lipoproteins 

(LDL, VLDL) and apoA-containing HDL-P, leading to increased HDL-C levels.91 

However, several clinical trials using CETP inhibitors have shown that this increase in 

HDL may not reduce the risk of AVD.92 Indeed, many studies have demonstrated that 

CETP deficiency or inhibition is associated with larger, CE-enriched HDL-P, a profile 

linked with reduced capacity for RCT.82 Moreover, these large lipid-rich HDL-P have also 

been shown to exhibit impaired antioxidant capacity and anti-inflammatory functions.59  
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Conversely, mutations in the LCAT gene are associated with reduced HDL-C and 

dysfunctional maturation of nascent HDL-P. The enzyme LCAT catalyzes the 

esterification of free cholesterol (FC) to CE within HDL-P, thus contributing to the 

maturation and remodeling of HDL-P.93 Therefore, mutations leading to reduced LCAT 

activity or nonfunctional LCAT protein result in impaired cholesterol esterification, 

accumulation of FC in HDL-P, and reduced HDL-C levels.94 Furthermore, the inability to 

esterify FC within HDL-P hinders the maturation of nascent HDL particles into their 

mature spherical state, a process that reduces the overall capacity of HDL RCT and may 

lead to an increased risk for development and/or progression of AVD.94  

The importance of HDL-P structure and function over HDL-C levels in cardiovascular 

disease is further highlighted by recent clinical trials targeting HDL-C levels. Despite 

promising preclinical data, these trials have largely failed to demonstrate a reduction in 

cardiovascular events with HDL-C raising therapies.95 These studies reflect the limitations 

of HDL-C as a biomarker for assessing AVD risk. The multifunctionality of HDL-P, 

encompassing reverse cholesterol transport, anti-inflammatory, and antioxidant properties, 

highlights the complex nature of their protective role against atherosclerosis. These insights 

on HDL biology underscore the complexity of HDL-P and signify the importance of 

addressing specific HDL-P functions as potential therapeutic targets that may potentially 

reduce the residual AVD risks left behind from traditional cholesterol-lowering therapies. 

With a basic foundational understanding of the lifestyle, genetic, and metabolic risk factors 

that lead up to the development and/or progression of AVD, we will now move onto the 

pathophysiology of the atherosclerotic lesion and the clinical implications of 

atherosclerosis in extracranial and intracranial arteries. 
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1.3 The Atherosclerotic Lesion 

1.3.1 The Artery 

Arteries, blood vessels responsible for transporting oxygen-rich blood from the heart to the 

body, possess a unique anatomical structure enabling them to endure various 

biomechanical forces associated with hemodynamic flow.96 The innermost layer of an 

artery comprises a single layer of endothelial cells (EC) that line the intimal space. This 

endothelial layer functions as a barrier between blood, the intima, and the remaining arterial 

wall, regulating the exchange of nutrients and waste products from circulation and within 

the arterial wall.97 The media layer of the artery is separated from the intimal layer by the 

internal elastic lamina (IEL) and consists of vascular smooth muscle cells (VSMC) that can 

contract and relax, providing the necessary biomechanical tone to regulate blood flow and 

maintain blood pressure.98 The adventitia constitutes the outermost layer that surrounds the 

artery and is composed of connective tissues containing blood vessels, nerves, and immune 

cells.99  

The arterial anatomy's cellular, structural, and biomechanical components are crucial in 

maintaining optimal vascular health and resistance against vasculopathies such as 

atherosclerosis. The endothelial layer serves as the first line of defense against 

proatherogenic risk factors, including diet, lack of physical activity, obesity, 

hyperglycemia, insulin resistance, hypertension, and hypercholesterolemia. Damage to the 

endothelial layer due to these factors may lead to lipid and immune cell accumulation 

within the intimal space, contributing to the initial development of atherosclerotic lesions.97 

Similarly, the vascular smooth muscle cells in the media can contribute to the formation of 

atherosclerotic plaques by migrating into and proliferating within the intima, where they 
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may undergo dedifferentiation into a proinflammatory phenotype.100 Furthermore, 

inflammation in the adventitia can exacerbate the progression of atherosclerotic lesions.99 

Understanding the anatomy of arteries is essential for comprehending the pathogenesis of 

atherosclerosis that will be discussed. 

1.3.2 The Lesion 

1.3.2.1 Initiation 

The pathophysiology of the atherosclerotic lesion entails intricate interactions between 

various cell types: ECs, VSMCs, macrophages (0M), and lymphocytes (LYM). These 

cellular interactions drive the pathogenesis of endothelial dysfunction, inflammation, 

oxidative stress, matrix degradation, and vascular remodeling, which contribute to the 

overall development and progression of atherosclerotic lesions and atherosclerotic vascular 

disease (AVD). The initial stages of plaque formation involve endothelial injury and 

dysfunction, leading to lipid accumulation, foam cell formation, and the migration and 

proliferation of VSMCs within the intima.101 Subsequently, vulnerable atherosclerotic 

plaques develop, characterized by a complex lipid-rich acellular necrotic core, 

mineralization, destabilization of the extracellular matrix (ECM) resulting in fibrous cap 

thinning, and eventual plaque destabilization and rupture, causing acute thrombosis and 

ischemic or occlusive events in the cardiovascular and cerebrovascular arteries.102  

Under normal circumstances, the subendothelial layer, or intimal space, serves as a 

protective buffer between the endothelial and medial layers. This subendothelial layer may 

undergo adaptive remodeling in either an eccentric or diffuse manner, referred to as 

eccentric intimal thickening (EIT) or diffuse intimal thickening (DIT), respectively. EIT 
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and DIT are considered nonatherosclerotic lesions and arise as a response to various stimuli 

such as aging, shear stress, or injury. Histologically, DIT is characterized by an expanded 

area within the intima, atypical accumulation of VSMCs, and an absence of lipids and 

inflammatory cells. Nevertheless, EIT and DIT may signify an initial stage of the arterial 

wall's response to injury associated with endothelial dysfunction and inflammation, 

potentially progressing into the early stages of atherosclerotic plaque development.103  

Fatty streak formation is considered the earliest phase of atherosclerosis with some 

observations of its development before birth, suggesting a potential fetal programming 

scenario of a pro-atherosclerotic phenotype induced by maternal genes related to 

cholesterol metabolism.104  The study of Napoli, C., et al. identified intimal thickening, 

lipid accumulation, the presence of resident 0M, apoB retention, and oxLDL in aortic 

cross-sections from fetuses and premature newborns. Early fatty streak development 

indicators were most prevalent in fetuses from hypercholesterolemic mothers.104 Despite 

the limited number of follow-up studies on fetuses and premature newborns, autopsy 

examinations on infants who succumbed to natural causes have also revealed instances of 

fatty streak formation, referred to as "infantile atherosclerosis".105 These findings provide 

some evidence of atherosclerosis in predevelopment stages of life independent of exposure 

to traditional risk factors related to environment and lifestyle. 

The development of early fatty streaks involves a complex interplay of various cellular and 

molecular processes, including LDL retention and oxidation (oxLDL), endothelial 

dysfunction, proinflammatory cascades, leukocyte adhesion, lipid retention, matrix 

proteoglycan release, and further intimal thickening.106,107 The exact mechanism which 

LDL-P enters the intima preceding LDL-P retention is not fully understood and remains a 
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topic of active research. Nevertheless, LDL retention within the arterial intima is thought 

to be a critical initiating event in the development of early fatty streaks.106  

Negatively charged ECM molecules within the intima, such as proteoglycans, can retain 

LDL particles by binding the positively charged amino acid residues on apoB-100 

containing lipoproteins.107 Extracellular lipid accumulation within the intima begins as 

LDL is retained as either intact or partially degraded LDL-Ps, initiating an inflammatory 

response resulting in endothelial dysfunction.106,108 Furthermore, LDL retention increases 

the susceptibility of LDL-P to undergo modifications such as oxidation, forming oxLDL-

P, even before the presence of inflammatory cells like macrophages.104 OxLDL-P 

exacerbates inflammation and endothelial dysfunction, accelerating the development of 

fatty streaks and the progression of atherosclerotic lesions.109  

1.3.2.2 Progression 

Pathological intimal thickening (PIT) commences as lipids and proinflammatory cells 

accumulate within the intimal space. This proinflammatory milieu creates an environment 

for endothelial dysfunction that induces the expression and activation of adhesion 

molecules (e.g., vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion 

molecule-1 (ICAM-1), selectins), procoagulant molecules (e.g., tissue factor), and 

chemokines (e.g., interleukin-8 (IL-8) and monocyte chemoattractant protein-1 (MCP-1)). 

These molecules collectively induce a proinflammatory endothelial phenotype, promoting 

the adhesion of circulating leukocytes to the endothelium and facilitating their migration 

into the subendothelial space (intima).97  
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Upon entering the intima, monocytes differentiate into macrophages (0M), a process driven 

by local growth factors and cytokines such as macrophage colony-stimulating factor (M-

CSF) and granulocyte-macrophage colony-stimulating factor (GM-CSF). As extracellular 

lipids accumulate in the intima, LDL-P and oxLDL bind scavenger receptors on the surface 

of macrophages, such as scavenger receptor class A members (SRA) and cluster of 

differentiation 36 (CD36), a class B scavenger receptor. This initiates macrophage 

phagocytosis and lipid uptake, culminating in foam cell formation.110 The growing 

proinflammatory milieu of cytokines and chemokines perpetuates the recruitment of 

additional leukocytes and further modification of LDL-Ps, thereby maintaining a chronic 

inflammatory state. This persistent proinflammatory environment promotes the migration 

and proliferation of VSMC into the subendothelial space where they begin remodeling and 

thickening the intima, which is best described as pathological intimal thickening (PIT).111  

During the initial stages of PIT, VSMCs, which are usually present in the medial layer of 

the arterial wall, migrate to the intima under the influence of growth factors such as platelet-

derived growth factor (PDGF).112 In the intima, VSMCs can dedifferentiate switching from 

a contractile to a synthetic phenotype, characterized by increased proliferation and 

synthesis of ECM components, such as collagen, elastin, and proteoglycans.113 

Proteoglycan-rich ECM contribute to feed forward mechanisms that further drive the 

progression of atherosclerosis by enhancing LDL retention, inflammation, and the 

formation of a lipid-rich necrotic core. 

For instance, proteoglycans in the newly formed ECM can bind to LDL, increasing its 

susceptibility for modification.113–115 Lectin-like oxidized low-density lipoprotein 

receptor-1 (LOX-1) is up regulated in both macrophage and VSMCs in response to 



31 
 

modified LDL and  proinflammatory cytokines within the intima such as TNF-a, 

interleukin 1 (IL-1) and interferon gamma (IFNy).113–115 Modified oxLDL binds to LOX-

1 on the surface of VSMC inducing the release of growth factors that perpetuate 

inflammatory signaling and the proliferation of VSMC within the intima.115 Moreover, 

under the influence of proinflammatory mediators the transcription factor (TF) kruppel-

like factor 4 (KLF4) is upregulated in VSMC promoting phenotype switching towards a 

more macrophage-like cell capable of phagocytosis lending to the growing pool of lipid 

laden foam cells.116  

Under the American Heart Association (AHA) classification system the preceding 

pathology described as PIT is considered a Type III lesion. This system categorizes 

atherosclerotic lesions into types (I-VI) based on the histological appearance of the lesion. 

It emphasizes the various components of the plaques, such as lipid content, macrophage 

infiltration, and fibrous tissue. This classification system focuses primarily on the 

progression of atherosclerosis from early to advanced stages.103 More recently a 

“modified” AHA classification based on morphological description has been proposed. 

This system is more focused on the specific morphological features and thrombotic 

potential of atherosclerotic plaques. It incorporates additional categories, such as thin 

fibrous cap atheroma (TFCA), plaque rupture, erosion, calcified nodule, and fibrocalcific 

plaque, to better describe the complexity and heterogeneity of plaques102,117  

There are advantages and disadvantages for each system that should be considered when 

assessing atherosclerotic lesions, as I will be doing in the following text. For instance, the 

AHA system provides a clear and straightforward way for describing and understanding 

the natural sequence of the progression of atherosclerotic lesions.103 However, the AHA 
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system lacks granularity required to describe the morphology and composition of complex 

and advanced atherosclerotic plaques that may limit its usefulness for guiding research and 

clinical based decision making. Alternatively, the modified AHA system provides feature 

rich descriptions of compositional nuances within atherosclerotic plaques that underline 

their potential for rupture and thrombosis. While potentially aiding in the development and 

implementation of targeted interventions,117 the modified AHA classification system can 

require a greater degree of expertise and resources that might not be widely available, 

especially for large scale applications where several histological strategies of preparing, 

imaging, and analyzing are required. For this discussion, I will avoid jumping between 

systems and will only be providing the most common morphological and compositional 

observations that are related to the pathology being discussed.  

Histopathological composition of PIT can be characterized by diffuse extracellular lipid 

accumulation and lipid laden foam cells beneath a proteoglycan-rich matrix observed with 

both HE and Movat chemical staining.107 Substantial amounts of vascular smooth muscles 

cells within the intima are readily observed with antibodies against alpha actin (a-actin) or 

smooth muscle myosin heavy chain.118 Diffuse numbers of inflammatory cells such as 

macrophage may be observed throughout the intima when stained with antibodies against 

cluster of differentiation 68 (CD68) and 163 (CD163).119,120 However, VSMC that have 

undergone phenotype can lose the expression of a-actin and smooth muscle myosin heavy 

chain and gain expression CD68 and/or CD 163.119,120 This can complicate the 

identification of “true” macrophage cells within the atherosclerotic plaque. Therefore, 

caution is needed when characterizing macrophage expression/involvement and may 

require additional strategies for validation. Nevertheless, pathological intimal thickening 
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is characterized by the presence of diffuse extracellular lipids, foam cells, proinflammatory 

cells and VSMC within a proteoglycan-rich matrix, and the absence of necrosis or necrotic 

core.  

1.3.2.3 Features of the Advanced Atherosclerotic Lesion 

As vascular remodeling progresses, the lesion can gradually encroach upon the lumen of 

the blood vessel, resulting in the formation of a stenotic lesion that reduces the total lumen 

area and restricts the flow of blood.117 Lesion remodeling may either occur in a concentric 

fashion around the entirety of the vascular wall or in an eccentric fashion forming a 

“shoulder lesion” on just one side of the vessel. Concentric lesions are often seen in PIT 

and hyperplasia post stent procedures and can result in stenosis. While atherosclerotic 

lesions do form concentrically, eccentric formation is most often observed among 

advanced lesions and is considered be more vulnerable to rupture.121,122  

Independent of stenosis, continual intimal remodeling and inflammation progresses PIT 

into a fibroatheroma (FA) with a well-defined necrotic core, exhibiting the first signs of a 

true atherosclerotic plaque.122 With continued plaque progression foam cells and 

macrophage-like VSMCs may undergo cell death beneath the fibrous ECM formed during 

PIT. This cell death may occur through either apoptosis or necroptosis due to excessive 

intracellular lipid accumulation and the proinflammatory milieu within the intima.122 

Apoptosis is a programmed cell death, a controlled mechanism that removes damaged or 

unnecessary cells without inciting inflammation. Conversely, necroptosis is an 

uncontrolled cell death resulting from extreme cellular distress or injury. Necrotic cells 

undergo swelling, membrane rupture, and the release of intracellular contents subsequently 

enhancing the inflammatory response within the intima.123  



34 
 

Apoptotic cells display specific "eat-me" signals on their surface, such as 

phosphatidylserine (PS) that are recognized by various receptors on phagocytic 

macrophages that leads to subsequent binding to apoptotic cells and the initiation of 

phagocytosis. Following phagocytosis, the apoptotic cell is internalized within 

phagolysosomes where they are metabolized by lysosomal enzymes. The end products of 

apoptotic cells are then either recycled within the cell or effluxed by the macrophage.123  

Compared to apoptotic cells, recognition and clearance of necrotic cells is impaired. During 

necroptosis cells do not exhibit the same controlled “eat-me” signals that are on the 

surfaces of apoptotic cells making their recognition and uptake by macrophages inefficient. 

Instead, necrotic cells release damage-associated molecular patterns (DAMPs) which 

initiate a localized inflammatory response recruiting inflammatory cells to the site of 

necrosis.123 Furthermore, the release of DAMPs such as, high mobility group box 1 

(HMGB1), heat shock proteins (HSPs), and S100 proteins further exacerbating the 

proinflammatory environment and impairing efferocytosis of apoptotic cells.124  

Efferocytosis is the process by which apoptotic and necrotic cells are recognized, engulfed, 

and cleared by macrophages, a process crucial to the homeostasis and prevention of 

necrotic core development. Localized cellular debris begins to accumulate within the 

fibrous ECM when apoptotic and necrotic cells are not efficiently recognized and 

metabolized by macrophages. The extracellular contents released by unprocessed apoptotic 

and necrotic cells begin the formation of the necrotic core beneath an ECM fibrous cap 

forming a fibroatheroma (FA).125  

The most noticeable difference observed with HE staining between PIT and FAs is the 

presence of a localized acellular, lipid-laden necrotic core resting underneath a collagen-
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rich fibrous cap.  The necrotic core can consists of extracellular lipid pools, cholesterol 

clefts, cholesterol crystals, and cellular debris as products of impaired efferocytosis.122 

Compared to PIT, FA may have reduced expression of IHC markers for VSMC, such as a-

actin, and increased expression of proinflammatory markers, such as CD-68, especially 

around the necrotic core and within the fibrous cap.122 Furthermore, compared to the 

proteoglycan-rich ECM observed in PIT, the FA will have higher amounts of fibrous tissue, 

mainly collagen, that is most readily observed using Movat, Masons Trichrome, or 

Picrosirius Red Fast Green (PSRF) chemical staining.101  

The fibrous collagen-rich matrix plays a vital role in plaque stabilization and protection by 

providing resistance to mechanical stress and rupture of the necrotic core, and synthetic 

VSMCs are crucial to this defensive process.126 Both 0M and VSMC produce 

metalloproteinases (MMPs) such as MMP-2 and MMP-9 that are involved in the 

degradation of the collagen and elastin and play a significant role in the remodeling of the 

fibrous cap. The proteolytic activity of MMPs is inhibited through a negative feedback 

loop provided by the release of tissue inhibitors of metalloproteinases (TIMPs) from 

synthetic VSMCs, that binds the active sites on MMPs, inhibits their enzymatic activity, 

and helps maintain ECM homeostasis within the fibrous cap.126,127  

However, continual LDL retention, lipid accumulation, inflammation and oxidative stress 

within the intima enhances the activity of MMPs while reducing the expression of TIMPs 

disrupting the negative feedback loop and enhancing the degradation of ECM overlaying 

the necrotic core.127 Moreover, proinflammatory mediators continue to enhance VSMC 

phenotype switching away from collagen producing synthetic VSMC towards more 

proinflammatory macrophage-like VSMCs.128 Therefore, a reduction of synthetic VSMCs 
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and elevation in proteolytic MMP activity leads to reduced collagen deposition and 

increased collagen breakdown, a process that results in the thinning and destabilization of 

the fibrous cap, predisposing the necrotic core to rupture and a thrombic event.129  

Alternatively to laying down a collagen-rich matrix, synthetic VSMCs may also produce 

bone matrix proteins promoting intraplaque calcification.130 However, in the milieu of 

cytokines (e.g., TNF-a, IL-1B) and growth factors such as osteoprotegenerin, VSMCs may 

also differentiate into osteoblast-like cells that can contribute to calcification inside the 

plaque.131 Moreover, microcalcification can begin to develop as apoptotic and necrotic 

cells release matrix vesicles containing calcium and phosphate that precipitate around the 

necrotic core.132 The process of calcification can be stabilizing but more often infers 

destabilization and increased risk for plaque rupture.133  

Further destabilizing processes in the plaque can continue with persistent exposure to a 

proinflammatory environment of cytokines (e.g., TNF-α, IL-1β), along with growth factors 

(e.g., vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), and 

platelet-derived growth factor (PDGF)), that may stimulate angiogenesis or 

neovascularization within the plaque.133 Alternatively, neovascularization may also occur 

following severe inward remodeling as a consequence of stenosis. With reduced blood 

flow, oxygen supply to the plaque's deeper layers becomes limited, leading to hypoxia. In 

turn, hypoxia can provoke the cellular release of hypoxia-inducible factor-1 (HIF-1) from 

resident lesion cells that may then upregulate the expression of angiogenic growth factors 

such as VEGF and stimulate neovascularization within the plaque.134   

Consequently, newly formed blood vessels deep within the intima promote both growth 

and expansion of the lesion through the supply of nutrients and oxygen to the plaque.135 
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Neovascularization facilitates the infiltration of inflammatory cells deep into the plaque 

feeding forward the proinflammatory processes.133 Furthermore, neovascularization 

creates immature blood vessels susceptible to leakage especially when exposed to 

proinflammatory stimulus, such as cytokines within the lesion. The rupture of these 

neovessels has been shown to lead to intraplaque hemorrhage exacerbating inflammation, 

impaired efferocytosis, necrotic core expansion and degradation of the fibrous cap.136  

There are a variety of ways intraplaque calcium may present histologically and each 

presentation has different implications for plaque stability. For instance, small darkly 

stained (HE) calcium, or microcalcifications, deposit within the fibrous cap reducing the 

plasticity of the ECM and contributing to a localized increase in biomechanical stress 

increasing the chance for rupture.137 Conversely, deep within the plaque proximal to the 

internal elastic lamina (IEL), large, well-organized, continuous layers of calcium maybe 

observed as sheet-like calcification deposits. These sheet-like calcium deposits are most 

often observed in aged fibroatheromas lacking large necrotic cores, and here the calcium 

provides mechanical support and stabilization to the lesion.137 However, histological 

observations may also reveal small irregular and protruding (eruptive) nodular 

calcifications that interrupt the surrounding tissue architecture lending to destabilization 

and chance for rupture, especially when found in or around a thinning fibrous cap.138  

Observing the extent of lesion calcification in situ within the intima can be challenging. 

Calcium deposits such as sheets and nodules can disrupt the surrounding architecture of 

the lesion and this can lead to tissue destruction through sheering or tearing while 

processing cross-sections on a standard microtome, as the hard calcium maybe displaced 

taking tissue with it. Moreover, while histological processing techniques such as 
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decalcification may improve routine sectioning, they may also result in stripping calcium 

from the lesion leaving only remnants of positive calcium staining around the borders of 

where it was previously deposited making difficult to quantify or classify the full extent of 

calcification within the lesion. 

Nevertheless, fibrocalcific plaques are a hallmark presentation of advanced and complex 

atherosclerotic lesions. The typical fibrocalcific plaques are collagen-rich lesions with 

significant luminal stenosis. In the absence of inflammatory cells, the interplay between 

ECM collagen and calcium becomes significant, potentially working together to contribute 

to the formation and characteristics of fibrocalcific plaques. This collaborative mechanism 

may also play a role in stabilizing fibrocalcific atheroma lesions. However, under continual 

pro-atherosclerotic conditions the ECM may slowly become degraded thinning the fibrous 

cap over the necrotic core leading to destabilization of the lesion. Furthermore, in thin cap 

fibroatheromas (TCFA) calcium loses its contribution to stability and is believed to 

promote further destabilization, increased susceptibility to intraplaque hemorrhage and/or 

rupture137,138  

Most often factors preceding atherosclerotic plaque rupture and thrombosis include 

inflammation, macrophage infiltration and activation, MMP release with ECM 

degradation, calcification, and intraplaque hemorrhage. Indeed, histological cross sections 

of advanced atherosclerotic lesions often reveal evidence of a complex interplay of cellular 

and molecular mechanisms, including lipid accumulation, inflammation, cell migration and 

proliferation, ECM synthesis and degradation, and plaque calcification. Histopathological 

observations behind these cellular and molecular mechanisms leading up to plaque 

instability and rupture have been crucial to our understanding of atherosclerotic lesion 
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progression. Observations from histological studies suggest that with each additional layer 

of complexity that develops within the atherosclerotic lesions there comes an increasing 

risk for plaque rupture, thrombosis, and an ischemic event that may precipitate a heart 

attack or stroke. 

1.4 Extracranial Atherosclerosis 

Building upon our analysis of atherosclerotic plaque formation, progression, and 

subsequent complications, we now turn our attention to the repercussions of atherosclerosis 

across extracranial and intracranial vascular regions. While all atherosclerosis stems from 

a common etiology, its consequences differ depending on the location of the plaque and 

the probability for a tissue damaging ischemic event. Atherosclerotic vascular disease 

mutually links cardiovascular and cerebrovascular health. This section will briefly explore 

Extracranial Atherosclerosis (ECAS) and its ramifications for heart health before 

penetrating deeper into Intracranial Atherosclerosis (ICAS) and its implications for brain 

health.  

Coronary artery disease (CAD), synonymous with ischemic heart disease, emerges as 

extracranial atherosclerotic plaque progressively accumulates and compromises the lumen 

of coronary arteries, thereby curtailing blood supply to the heart. This chain of events 

precipitates angina, potentially escalating to a heart attack, myocardial infarction.139  With 

approximately 19.1 million global deaths in 2020, CAD stands as the foremost cause of 

mortality worldwide. Moreover, an estimated 244.1 million individuals reportedly suffered 

from some form of CAD in the same year, with the highest prevalence rates emerging in 

low-income countries in Asia, Eastern Europe, North Africa, and the Middle East.3 In the 
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United States, per the Centers for Disease Control and Prevention (CDC), one in twenty 

American adults over the age of twenty are living with CAD, which translates to roughly 

5% of the population. Furthermore, the CDC estimates that approximately 805,000 

Americans experience a heart attack annually and that CAD claimed nearly 695,000 lives 

in 2021. 

1.5 Intracranial Atherosclerosis 

1.5.1 Stroke 

Conversely, a stroke is a cerebrovascular event that disrupts the brain's blood supply, 

leading to neuronal injury and possibly permanent disability or death. Strokes can be of 

two types, ischemic or hemorrhagic. The latter, characterized by the rupture of intracerebral 

arteries and subsequent blood seepage into brain tissue, accounts for 10-20% of global 

strokes and 8-15% of strokes in the United States.140 In contrast, globally ischemic strokes 

constitute 62% of all stroke cases and 87% of stroke cases in the United States.141,142  

A primary cause of ischemic stroke is intracranial atherosclerotic plaque development, 

resulting in invasive stenosis or plaque rupture with occlusive thrombi/emboli within a 

cerebral artery.143 The incidence of ischemic stroke varies according to age, gender, 

race/ethnicity, and geographic region. The American Heart Association (AHA) estimated 

in 2022 that about 6.7 million Americans aged 20 or older have experienced either an initial 

or recurrent stroke.3 In the U.S., the anticipated fatality rates for seniors range from 5 to 

15% for those aged 18 to 49, with a significant rise every subsequent decade, peaking at 

around 30 to 40% for those aged 80 and older.3 The lifetime risk (LTR) of ischemic stroke 

is higher in females, although the average age of onset is later (75 years) compared to males 
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(68 years).144 Among ethnic groups, African Americans, Hispanic Americans, and Asian 

Americans exhibited a higher incidence of ischemic stroke relative to non-Hispanic white 

Americans.3  

The incidence ischemic stroke continues to rise in young adults; however, there has been a 

reduction in ischemic stroke related mortality among the elderly.3 This decrease in elderly 

mortality may be attributed to advancements in treating atherosclerotic risk factors, timely 

stroke identification, and emergency/surgical interventions addressing transient ischemic 

attacks, which often precede a full-blown ischemic stroke.  

Despite advances to reduce stroke related mortality, the survival of a stroke greatly 

increases the odds for a follow-up or reoccurring stroke.  Research suggests that individuals 

who have survived a stroke face an increasing yearly risk of recurrence, which poses a 

significant threat, particularly among the aging population. Within the initial 90 days post-

stroke, the likelihood of a second stroke can be as high as 13% surpassing the general 

population’s stroke risk by 15 times.145,146 Prevention of reoccurring strokes requires quick 

clinical intervention to reduce proatherogenic vascular risk factors such as hyperglycemia, 

hypertension, and hypercholesterolemia.147 The clinical approach to rapidly reduce risk 

factors associated with stroke reoccurrence does save lives. However, independent of 

increased lifespan, the clinical approach appears to fall short in addressing the 

consequences of residual neuropathology developed from past stroke events, and how 

those consequences may lead to functional deficits and cognitive impairments in the aging 

brain. 
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1.5.2 ICAS and the Blood Brain Barrier 

Intracranial atherosclerotic stenosis (ICAS) significantly contributes to the development of 

neuropathology associated with ischemic stroke which in turn may lead to Vascular 

Cognitive Impairment (VCI). Healthy brain tissue and cellular function hinge on a 

continual supply of oxygen-rich blood, tight regulation of nutrient exchange and waste 

disposal, and homeostatic hemodynamics throughout the cardiovascular-cerebrovascular 

axis, particularly at the blood-brain barrier (BBB).148  

Any perturbation in these domains could result in a consequential loss of BBB's integrity, 

ensuing damage to brain tissue and its functional cellular units. The structural integrity of 

the BBB relies on healthy luminal endothelial cells (ECs), maintenance of tight junctional 

(TJ) and adherin proteins, active pericytes (PCs), functional vascular smooth muscle cells 

(VSMCs), and astrocyte (AC) end feet, each playing a crucial role.97,112,149,150 These 

components together with resident AC, microglia (MG), and neurons constitute the 

functional neurovascular unit (NVU).151  

Proinflammatory events within luminal endothelial cells (EC), or aberrant changes to 

laminar blood flow, can dysregulate the protective function of the blood-brain barrier 

(BBB). This dysregulation of the BBB could cause neuroinflammation and uncoupling of 

the neurovascular unit (NVU), potentially leading to white matter hyperintensities (WMH) 

and/or cerebral microbleeds (CMB). Such vascular consequences have been suggested to 

pave the way for a neurodegenerative pathway that leads to vascular cognitive impairment 

(VCI).150–152  
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The “two-hit hypothesis” presents an intriguing model for neurodegenerative disease 

progression.153 It postulates that a primary hit, originating from a vascular insult along the 

cardiovascular—neurovascular axis, instigates BBB dysfunction and/or oligemia (reduced 

blood volume), subsequently paving the way for the second hit: toxic protein accumulation 

and/or cerebral hypoperfusion (ischemia) resulting in subsequent neurodegeneration (cell 

death). 

Hit 1: The progression of atherosclerosis triggers further vascular inflammation and 

irregular vascular remodeling along the cardiovascular—cerebrovascular axis.97,154  

Extracranial atherosclerosis exacerbates vascular inflammation promoting the upregulation 

of pro-inflammatory molecules and extracellular matrix (ECM) degrading proteins, such 

as matrix metallopeptidase proteins 3 and 9 (MMP3 and MMP9).154,155 These ECM 

degrading proteins break apart the supporting fibrous cap that surrounds the underlying 

necrotic core within advanced atherosclerotic lesions. Reduced atherosclerotic lesion 

integrity increases the risk for rupture and the initiation of an ischemic event that can take 

place in either the heart or brain.97,155 Additionally, ICAS instigates vascular inflammation 

within intracranial arteries and small cerebral vessels that could result in the upregulation 

of MMPs. Increased MMPs disrupt tight junction (TJ) proteins connecting the endothelial 

cells (ECs) of the blood-brain barrier (BBB).156 The loss of TJ proteins enhances BBB 

permeability and leakage, paving the way for various neurovascular pathologies associated 

with cognitive impairment (CI).150–152  

Hit 2: Increased BBB permeability and a milieu of inflammatory mediators have been 

shown to reduce the clearance of neurotoxic proteins such as amyloid beta from the brain. 

For instance, vascular inflammation at the BBB has been reported to reduce the expression 
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of membrane-bound low density lipoprotein receptor-related protein (LRP-1), while 

concurrently augmenting the release of advanced glycation end products (AGE).157 Upon 

activation of AGE receptors (RAGE) and a reduction of LRP-1, a dysregulated clearance 

of amyloid beta (abeta) from the brain may occur.157,158 The accumulation of abeta within 

the brain has been heavily implicated in Alzheimer's Disease (AD) neuropathology and 

CI.159,160  

An alternate “two hit hypothesis” might originate from vascular remodeling caused by 

ICAS, specifically stenosis. Stenosis disrupts the laminar blood flow along the 

endothelium, leading to biomechanical processes that initiate pro-inflammatory EC 

signaling.97,161 Concurrently, progressive stenosis of large cerebral vessels reduces cerebral 

blood flow (CBF),161,162 resulting in oligemia across the BBB that has been associated with 

the uncoupling of the neurovascular unit (NVU).158,163,164 Uncoupling of the NVU along 

with oligemia leads to reduce clearance of toxic metabolites and proteins from the 

brain,158,159 resulting in the activation of brain resident glial cells.165,166 The activated glial 

cells may quickly establish a localized neuroinflammatory environment that can instigate 

neurodegenerative pathologies associated to cognitive impairment (CI).166  

1.5.3 Vascular Cognitive Impairment 

Dementia, not being a disease but a syndrome characterized by a collection of symptoms, 

impacts cognitive domains including memory, reasoning, language, judgment, and 

behavior.167 Major neuropathological contributors to dementia include Alzheimer's disease 

(AD), vascular dementia (VaD), Lewy body dementia (LBD), frontotemporal dementia 

(FTD), and mixed dementia.168 Progressive and accumulative harm to neuronal function 

precipitates cognitive decline, complicating daily tasks like problem-solving and decision-
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making. Simultaneously, unusual changes in mood, personality, and social behavior 

significantly affect a person's quality of life and their ability to live independently.167,169  

The global prevalence of dementia, currently affecting over 55 million people, is estimated 

to triple by 2050 [WHO Fact sheets, 2023, accessed Apr 23]. The Alzheimer's Association 

reported a steady increase in dementia cases in America, with 6.5 million Americans living 

with some form of dementia in 2023, compared to 5.4 million in 2016.170 It's approximated 

that around 1 in 9 individuals over 65 and nearly 1 in 3 over 85 are living with dementia.170  

Dementia's treatment and care impose a large financial burden globally, with an annual 

global cost reaching $1314 billion in 2019. In the US, the annual care cost for dementia 

patients is approximately $23,796, which can impose a significant financial burden on the 

patient and their family.171 At present, the available medical and palliative approaches offer 

limited ability to halt or reverse the progression of dementia. Instead, these approaches 

primarily focus on slowing down the disease's progression and alleviating associated 

symptoms. While these interventions can provide some relief and moderately improve the 

quality of life for individuals living with dementia, they do not offer a cure or complete 

resolution of the condition.172,173  

AD, often linked with a buildup of improperly folded amyloid and tau proteins,174 

neuroinflammation,175 neuronal dysfunction, and neuronal death,176 is considered the 

primary contributor to dementia. AD accounts for 60-70 percent of dementia cases 

worldwide, ranking as the seventh leading cause of death in the United States [CDC Key 

Facts, 2023 march, accessed Apr 2023]. Vascular dementia, the second most common 

subtype, accounts for approximately 15%-20% of all dementia cases in North America and 
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Europe. With its incidence rate doubling every five years after the age of 65, VaD poses a 

significant concern for our aging population.177  

For optimal brain function and health, the presence of healthy vessels supplying oxygen-

rich blood and vital nutrients is indispensable. Any impairments to these vessels may 

precipitate neurodegenerative vascular pathologies, including cerebral infarcts, white 

matter lesions, microbleeds, and cerebral amyloid angiopathy (CAA). These are but a few 

of the adverse outcomes of vascular dysfunction that can contribute to vascular cognitive 

impairment (VCI).178,179  

Within the array of potential vascular dysfunctions, intracranial atherosclerosis (ICAS) 

stands out as the most prevalent vascular lesion observed at autopsy in the aging brain, 

irrespective of dementia status.180 The implications of ICAS are multifaceted, affecting 

cerebral blood flow (CBF), promoting ischemic events, exacerbating vascular 

inflammation, and amplifying the permeability of the blood-brain barrier (BBB). These 

cumulative effects may all precipitate neuroinflammatory events, ultimately tying ICAS to 

neurodegenerative processes and vascular-associated cognitive impairment.158,159,161–166  

However, ICAS is not the only significant factor; other vascular risk factors such as 

obesity, smoking, diabetes, and hypertension, when persistent over a lifetime, can be 

equally deleterious to brain health and cognition. Notably, all these factors contribute to 

the pathological development and progression of atherosclerosis.181 Despite the widespread 

co-occurrence of ICAS and VCI findings at autopsy, establishing the direct mechanisms 

that links ICAS to neurodegenerative pathology remains elusive, largely due to the scarcity 

of biomarkers for vascular/neurodegenerative disease, limitations in imaging techniques, 
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and the lack of animal models that develop both extracranial atherosclerosis (ECAS) and 

ICAS.181–183  

The uncertainties of the direct impact of ICAS on cognition and brain function necessitates 

general recommendations for achieving optimal brain health. Promoted by the AHA and 

the American Stroke Association, preserving cardiovascular health is considered a salient 

factor for the enhancement of cognitive abilities, including memory, learning, judgment, 

and language proficiency. This translates into adopting a VCI risk reduction strategy 

identical to the guidelines for reducing the risk of cardiovascular disease, specifically 

atherosclerosis related.181 Key preventive measures involve tobacco abstinence, 

maintaining a body mass index below 25 kg/m2, increased physical activity, and a healthy 

diet abundant in fruits and vegetables with limited saturated fats and sugars. Further, 

achieving optimal blood pressure (120/80) mmHg), cholesterol (<200mg/dL), and fasting 

blood glucose levels (<100 mg/dL) are strongly recommended. The aforementioned 

interventions, that form the backbone for cardiovascular health, are supported by an array 

of evidence showing their potential in improving cerebrovascular health, potentially 

reducing the risk for stroke, VCI, and dementia.181 However, it is important to note that 

none of these measures have been demonstrated to reverse the damage elicited by 

atherosclerotic vascular disease (AVD) on tissues, including the heart and brain. 

Consequently, further research is warranted to assess whether the regression of 

atherosclerotic lesions can improve downstream vasculopathies association with 

neurodegeneration, cognitive impairment, and dementia. 
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1.6 Mitigating Risk (Therapeutics) 

The traditional first-line therapeutic approach to reduce the risk of atherosclerotic vascular 

diseases has been to lower circulating LDL-C levels. While statin therapy is widely and 

successfully used to reduce LDL-C and AVD events, a considerable population of patients 

remain either unresponsive or intolerant to statin therapies. Moreover, unrecognized 

hypercholesterolemia and late initiation of statin therapy fails to reverse established and 

advanced atherosclerotic lesions, thus leading to a residual risk for developing 

cardiovascular and cerebrovascular events.184 Recognizing and addressing the residual risk 

that remains emphasizes the necessity for innovative therapeutic approaches. 

PCSK9 inhibitors, such as Evolocumab and Alirocumab, have demonstrated effective 

LDL-C reduction and significant lowering of CV event risks.185,186 Conversely, the efficacy 

of CETP inhibitors has been inconsistent despite their potential to reduce LDL-C and 

elevate HDL-C levels.78,185  

RNA-based therapies are showing encouraging preclinical and clinical outcomes, causing 

improvements in lipid profiles and delays in atherosclerosis progression. Antisense 

oligonucleotides (ASOs) and siRNAs can target and inhibit pro-inflammatory genes 

involved in atherosclerosis, while targeting certain miRNAs, such as miR-143/145 and 

miR-27, can ameliorate vascular smooth muscle cell plasticity, reduce inflammation, and 

alleviate plaque burden.185–187 Among the most widely studied miRNAs, miR-33 

suppression has been associated with improvements in fatty acid oxidation, cholesterol 

efflux, and macrophage function, thereby indicating potential benefits for stabilizing or 

even regressing AVD. 188–191  
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Concurrent research is also exploring alternative approaches including the targeting of long 

non-coding RNAs, messenger RNAs, macrophage-targeting nanoparticles, and liver X 

receptor (LXR) inhibitors.192–194 As it stands, the challenge lies in fully understanding the 

effects and limitations of these emerging therapies. However, their promise lies in their 

potential to address the residual risk that remains with AVD. Expanding our understanding 

of these RNA-based therapies necessitates devising suitable experimental conditions to 

induce and monitor atherosclerotic progression. In parallel, developing animal models that 

exhibit both ECAS and ICAS is critical.  

1.7 Animal Models of Atherosclerosis 

The application of animal models has long been instrumental in elucidating the intricate 

mechanisms underlying atherosclerosis, as well as in the exploration of potential 

therapeutic interventions. Ranging from small-sized species such as mice to larger 

mammals like non-human primates (NHPs), each animal model provides distinct 

capabilities and insights into this multifaceted disease and its progression. However, 

leveraging these resources to their fullest potential requires a comprehensive understanding 

of their unique strengths, and perhaps more important, their limitations. Furthermore, an 

appreciation of the breadth of variations in AVD expression and progression across 

different models aids in contextualizing their respective findings and collectively enabling 

a more accurate translation to human pathophysiology. The complexity across these 

models underscores the importance of a rigorous approach to the selection and application 

of each, setting a firm foundation for insightful and translational research in 

atherosclerosis. 
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Mice have long been the preferred models in atherosclerosis research due to a combination 

of factors, including their adaptability for genetic manipulation, relatively low cost, and 

rapid breeding capabilities. The use of genetically modified strains, specifically ApoE−/− 

and LDLR−/− mice maintained on a high-fat/cholesterol diet may recapitulate aspects of 

human atherosclerosis. This model has been instrumental in shedding new light on the 

underlying molecular processes driving the disease.195  

However, an important limitation exists in mouse models, particularly related to the spatial 

development of atherosclerosis. Mice, unlike humans, chiefly develop ECAS along the 

aorta not within coronary or intracranial arteries. This spatial limitation impedes the use of 

these models in fully understanding the impact that progression of both ECAS and ICAS 

has on the heart and brain.195 Thus, while genetically modified mouse models have offered 

valuable insights into the mechanisms of atherosclerosis, caution must be exercised when 

extrapolating these findings to the human disease process due to the uniquely different 

spatial development of AVD. 

Rabbits bring a unique niche to hypercholesterolemia research due to their human-like 

plasma lipid profile, a characteristic that offers a more reliable replication of human 

cholesterol dynamics and AVD development.196,197 This is illustrated by WT rabbits' ability 

to develop rapid fibrofatty atherosclerotic lesions under diet-induced 

hypercholesterolemia, a process that closely mirrors key aspects of human AVD's initiation 

and progression, albeit at an accelerated level.198 A pertinent distinction, however, arises 

in how cholesterol is transported, where humans predominantly employ LDL as their 

carrier, contrasting with rabbits' carrying the majority of their cholesterol on VLDL.197,199 

Despite the capability of rabbit models to develop both coronary and carotid 
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atherosclerosis, a significant constraint arises in their inability to consistently develop 

ICAS in the absence of additional proatherogenic stimuli, such as surgically induced 

hypertension.197,200 These limitations continue to underscore the importance of careful 

animal model selection tailored to the specifics of each atherosclerosis research question. 

Transitioning from smaller to larger animal models, pigs exhibit promise in atherosclerosis 

and ICAS research due to their size, genetic, anatomical, and physiological characteristics 

closely resembling those of humans.201–203 These models not only develop coronary 

atherosclerosis spontaneously, but diet-induced porcine models can also mimic the human 

atherosclerotic progression pattern culminating in advanced atherosclerotic lesions that are 

both spatially and compositionally like that found in humans. This replication of disease 

progression underscores their value in ECAS studies, particularly those focused on surgical 

interventions for coronary atherosclerosis.203,204 Their anatomical similarity to humans and 

extensive development of ECAS make porcine models fitting for surgical intervention and 

imaging studies. 

Despite these advantages, porcine models present certain limitations that need to be 

considered. Their reasonably large size and considerable associated costs in terms of 

housing, feeding, and material needs has limited their widespread adoption.204 

Additionally, limited availability of immunologic tools, such as porcine-specific 

antibodies, present further challenges. Notably, while ICAS has been observed by our lab 

in a small cohort of LDLR -/- pigs (unpublished data), other porcine models may not 

consistently demonstrate similar ICAS development. Therefore, additional research is 

needed to determine if any neuropathological and/or cognitive changes occur in this model 

when ICAS is present. 
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Amongst these animal models, NHPs serve as a remarkable platform for research, 

primarily due to their significant genetic, anatomical, and physiological similarities to 

humans. These factors grant NHPs a unique standing among animal models, making them 

the 'gold standard' for preclinical efficacy and safety in pharmaceutical drug studies.205 

Nonhuman primates are responsive to diet, react to environmental and social stressors, 

have extended lifespans, develop neuropathological and cognitive changes with age, and 

are capable of developing complex ECAS and ICAS lesions, thereby enabling a 

comprehensive exploration of lifestyle and disease factors associated with vascular biology 

and pathology.206–210 Nevertheless, NHP models are not without their unique complexities, 

which include variable responses to hypercholesterolemia and atherosclerosis, attributed 

to numerous genetic, metabolic, and environmental factors.211,212 Ethical concerns, limited 

availability and skyrocketing cost must also be considered when using NHP models. 

While the distinct advantages offered by each model - mice, rabbits, porcine, and NHPs - 

significantly advance our understanding of atherosclerosis, their inherent limitations 

remind us of the careful extrapolation needed when applying these findings to human 

disease progression. Despite their unique complexities, NHPs' close genetic and 

physiological similarities to humans make them a potent platform for studying 

atherosclerosis, particularly in the context of both ECAS and ICAS. 

The selection of an animal model for atherosclerosis research demands thoughtful 

consideration, aligning study objectives with the specific strengths and inherent limitations 

of the chosen model. Each of these models, from the genetically tractable mice to the 

physiologically similar NHPs, can provide a unique set of data from which we can 

understand and further explore the complex pathophysiology of atherosclerosis. 
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Despite certain limitations, mice models, with their genetic tractability, have proven 

instrumental in illuminating a number of molecular mechanisms related to atherosclerosis 

195. Rabbit models, notable for their human-like plasma lipid profiles, have offered 

significant insights into hypercholesterolemia’s role in ECAS lesion development, 

although their potential in ICAS development remains uncertain.197,200  

The porcine models, in spite of their size and costs, offer a uniquely human-like model for 

studying atherosclerosis due to their genetic and physiological proximity to humans.201–204 

And then we have NHPs, which are genetically and physiologically most similar to 

humans, offering an unparalleled platform for studying vascular biology and pathology, 

despite the unique complexities they present.206–212  

The use of animal models in atherosclerosis research is not just an optional approach, but 

rather a vital and essential one. Animal models provide researchers with a controlled 

experimental environment to explore the complex mechanisms involved in the 

development, progression, and regression of atherosclerosis. By studying animals that 

closely resemble humans in terms of genetics, physiology, and anatomy, researchers can 

gain valuable insights into the underlying disease processes. Animal models allow for the 

testing of novel therapeutic interventions and the evaluation of their effectiveness before 

progressing to clinical trials. 

Among animal models, NHPs are particularly well-suited for investigating atherosclerosis 

regression. NHPs offer a unique research platform that closely replicates the progression 

of atherosclerotic vascular disease observed in humans. Their development of human-like 

atherosclerotic lesions provides a realistic benchmark to assess the efficacy of therapies 
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aimed at stabilizing and reversing established atherosclerotic lesions in both coronary and 

intracranial arteries. 

Furthermore, NHPs present an opportunity to examine the potential impact of 

atherosclerosis regression, particularly in intracranial arteries, on clinical outcomes related 

to stroke and dementia. This expands the scope of atherosclerosis research to encompass a 

broader context of cerebrovascular and cognitive health and function. By utilizing NHP 

models, researchers can further our understanding of the complex interplay between 

atherosclerosis, stroke, and cognitive decline, leading to the development of more effective 

interventions and treatment strategies. 

1.8 Closing Remarks 

In the hope of providing a comprehensive overview, this chapter has delved into the 

intricate mechanisms of atherosclerosis development and its contemporary treatment 

strategies. The focus has been on the profound impact of this disease on both heart and 

brain health, and the indispensable role of animal models in enhancing our understanding 

of this multifaceted condition. The challenges and opportunities that pervade this field 

underscore the pressing need for sustained research and innovation. 

This chapter has been planned and written to instill a robust foundational understanding of 

atherosclerosis, with a particular emphasis on its manifestation within intracranial arteries. 

The exploration of this specific aspect is of great interest to myself and others in the field, 

given its significant implications for cognitive health and overall brain function. 

Moreover, this chapter is meant to serve as a springboard for the forthcoming section of 

this dissertation, which will delve deeper into the development, regression, and potential 



55 
 

treatment of ICAS using an NHP model. The insights gleaned from this chapter should 

provide a solid foundation for understanding the subsequent research findings and 

discussions within this dissertation. 

In essence, this chapter was not just meant to be an isolated discussion on atherosclerosis, 

but a steppingstone towards a more profound understanding of the challenges faced when 

studying atherosclerosis, particularly ICAS. It is a journey that takes us from the broad 

landscape of atherosclerosis to the specific nuances of ICAS in NHPs. As we navigate 

through this journey, it is hoped that the knowledge and insights gained will contribute 

significantly to the field of vascular biology and beyond, ultimately leading to improved 

strategies for the prevention, diagnosis, and treatment of atherosclerosis. 

 

 



56 
 

 
CHAPTER 2. UNDERSTANDING INTRACRANIAL ATHEROSCLEROSIS: INSIGHTS FROM AN 

NHP MODEL AND THE ROLE OF MIR-33 ANTAGONISM 

2.1 Introduction 

Atherosclerosis, a chronic inflammatory vascular disease characterized by the 

accumulation of lipids and fibrous elements in the large arteries, has become a significant 

global health crisis. Its profound impact on cardiovascular and cerebrovascular health, 

especially among the aging population, calls for innovative strategies in prevention and 

treatment. With atherosclerosis contributing to over half of all heart disease and stroke-

related deaths, it stands as a major cause of mortality worldwide.3 However, the detrimental 

effects of atherosclerosis extend beyond mortality, as it directly affects the quality of life 

in aging populations. 

Atherosclerosis within the intracranial arteries has long been considered a hallmark 

of vascular cognitive impairment (VCI) and vascular dementia (VD).180,181 As the global 

population ages, the prevalence of neurocognitive disorders associated with 

cerebrovascular diseases, including VCI and VD, is increasing, posing a significant public 

health challenge.171,179,180,213 Vascular dementia is the second most common cause of 

dementia after Alzheimer's disease in many developed countries.170 The cognitive decline 

resulting from these disorders has a profound impact on individuals' daily functioning, 

leading to emotional distress and economic strain for patients, families, and healthcare 

systems.171 Urgent action is needed to develop novel strategies that can stabilize or reverse 

atherosclerosis, with the potential to reduce the incidence of death and neurocognitive 

disorders. Such approaches hold the promise of improving brain health and function, 

ultimately enhancing the overall quality of life for our aging population. 
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For half a century, the cornerstone of extracranial atherosclerosis (ECAS) and 

intracranial atherosclerosis (ICAS) management has revolved around the regulation of 

circulating cholesterol levels.4,214. The introduction of statins, potent inhibitors of 

cholesterol biosynthesis, transformed the landscape of cardiovascular and cerebrovascular 

disease management, leading to marked reductions in low-density lipoprotein cholesterol 

(LDL-C) levels and subsequently, a steady decline in atherosclerosis-related mortalities.215, 

52,184,216. Despite these significant advancements, an element of residual risk continues to 

haunt the therapeutic scenario. This persistent risk is attributed to a spectrum of factors 

beyond LDL cholesterol, including inflammation, oxidative stress, and other lipid 

abnormalities, such as elevated triglyceride levels and low high-density lipoprotein (HDL) 

cholesterol levels.19,32,59,66,72,80 Addressing this residual risk has become a paramount 

concern for researchers and clinicians worldwide, prompting the need for innovative 

therapeutic strategies that comprehensively address the complex pathophysiology of 

atherosclerosis. 

In recent years, there has been increasing attention in the field of cardiovascular 

research towards the therapeutic potential of microRNAs (miRNAs), particularly the miR-

33 family, in the context of atherosclerosis. 187,217 MicroRNAs are small non-coding RNA 

molecules that play a significant role in regulating gene expression post-transcriptionally. 

They achieve this by binding to the 3' untranslated regions of multiple messenger RNAs 

(mRNAs) involved in specific biological pathways, leading to the degradation of the target 

mRNA or the suppression of its translation.218  

Among the multitude of identified microRNAs, miR-33a and miR-33b have drawn 

significant attention due to their profound influence on cellular lipid homeostasis.191 These 



58 
 

microRNAs, embedded within the sterol regulator element-binding protein (SREBF 1/2) 

host genes, suppress the expression of numerous genes involved in fatty acid oxidation and 

cholesterol efflux.189,190 This unique regulatory function places miR-33a and miR-33b at 

the intersection of lipid metabolism and inflammation, exerting a significant influence on 

the progression of atherosclerotic disease. 

Earlier studies have provided compelling evidence that inhibition of miR-33 leads to 

enhanced macrophage cholesterol efflux, autophagy, and efferocytosis. 188,219 These 

cellular processes are believed to promote a shift in macrophage polarization towards an 

anti-inflammatory, pro-resolving phenotype, thereby modulating the inflammatory 

environment within atherosclerotic lesions. Building upon these findings, in vivo studies 

using mouse models of atherosclerosis have demonstrated that suppression of miR-33a 

expression results in a reduction in aortic atherosclerosis.220 This beneficial outcome, 

attributed to the combination of improved macrophage function and a decreased 

inflammatory milieu, highlights the potential therapeutic value of miR-33 antagonism in 

the treatment of atherosclerosis. 

It is important to note that humans and other primates express two isoforms of miR-

33, miR-33a and miR-33b, unlike mice that only express miR-33a. This distinction is 

significant because therapeutic implications derived from models expressing only miR-

33a, such as mice, may not fully translate to humans. However, preliminary investigations 

conducted in healthy African green monkeys, a non-human primate (NHP) species that 

naturally expresses both miR-33a and miR-33b, have yielded promising insights. In these 

studies, treatment with anti-miR-33 antisense oligonucleotides (ASOs) resulted in 

increased hepatic ABCA1 expression, circulating HDL-C levels, and HDL efflux capacity 
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in these NHPs.221 These encouraging findings in a dual miR-33 isoform model provide a 

compelling basis for considering the potential therapeutic implications of miR-33 

antagonism in human atherosclerotic lesions. 

Based on the promising initial findings in healthy African green NHPs, we aimed to 

investigate the potential of miR-33a and miR-33b antagonism in regressing atherosclerotic 

lesions using a more susceptible NHP model of atherosclerosis. The cynomolgus monkey 

(Macaca fascicularis), an old-world primate, was chosen for its well-documented 

susceptibility to diet-induced extracranial atherosclerosis (ECAS), particularly in males.212 

This model closely recapitulates the pathogenesis of human ECAS, enhancing the potential 

translational relevance of our study findings. 

To simulate the progression phase of ECAS, a total of 61 NHPs were subjected to a 

high fat/cholesterol diet for a period of 20 months, resulting in the development of 

hypercholesterolemia. Following this progression phase, we initiated a dietary shift to a 

standard NHP "chow" diet. Concurrently, the animals were divided into two groups and 

received either anti-miR-33 ASO or a saline vehicle for either 6 weeks or 24 weeks. This 

intervention aimed to correct hypercholesterolemia while investigating the potential 

benefits of miR-33 antagonism on the morphometric and compositional measures of 

atherosclerosis regression in this non-human primate model. 

During our research on ECAS in this NHP model, we unexpectedly made a 

remarkable discovery: the presence of pronounced ICAS within the large intracranial 

vessels of the Circle of Willis (COW). While it is known that old world NHPs can develop 

measurable atherosclerosis within the COW under specific conditions, previous studies 

have not extensively characterized the progression of ICAS or examined the potential for 
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regression of established ICAS lesions.209,222 This serendipitous finding presented us with 

a unique and invaluable opportunity: the chance to investigate whether a translational 

therapeutic approach using anti-miR-33 ASO could regress ICAS lesions. This unexpected 

dimension added significant importance and novelty to our atherosclerosis research, 

highlighting the critical role and potential impact of our study in addressing the challenging 

issue of ICAS. 

By exploring the potential of anti-miR-33 ASO in stabilizing or regressing ICAS 

lesions, our study aims to fill the gap in knowledge regarding the therapeutic possibilities 

for this complex form of atherosclerosis. We hypothesized that by antagonizing miR-33, a 

pivotal regulator of lipid metabolism and inflammation, we could induce the regression of 

ICAS. Our hypothesis was based on the rationale that targeting miR-33 would result in 

measurable changes in vessel morphology and composition, ultimately providing novel 

therapeutic avenues for the management of this debilitating condition.  

Our findings have far-reaching implications for understanding the complex 

pathophysiology of ICAS and provide a solid foundation for future investigations into 

innovative therapeutic strategies. By shedding light on the underlying mechanisms of ICAS 

and exploring novel treatment approaches, our study contributes to the advancement of 

medical knowledge and brings us closer to effective interventions for this challenging 

condition. 
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2.2 Methods 

2.2.1 Animals and Treatment Groups 

A total of 61 young adult male cynomolgus monkeys (Macaca fascicularis) were 

included in this nonhuman primate study. The monkeys were captive-bred and sourced 

from Mauritius, and at the start of the study, they had an average age of 5.2 years (range: 

4.2-6.7). The NHPs were housed in an AAALAC-accredited facility under the direct care 

of the University of Kentucky (UK) Division of Laboratory Animal Resources (DLAR) 

and were maintained under climate-controlled conditions with a 12-hour light and dark 

cycle. Initially, the NHPs were fed a standard nonhuman primate diet (Teklad 2050) ad 

libitum. Subsequently, the NHPs were singly housed from approximately 08:00 to 15:00 

each day and provided weighed portions of a semi-synthetic atherogenic diet. The 

atherogenic diet composition is provided in appendix Table 1. The average daily caloric 

intake from the atherogenic diet was 72 kcal/kg body weight. After 20 months on the 

atherogenic diet, the monkeys were switched back to the standard diet and treated for either 

6 weeks or 24 weeks with either vehicle (USP grade saline) or miR-33a/b antagonist 

RG428651, a 2’-fluoro/methoxyethyl-modified, phosphonothioate (PS)-backbone-

modified, antisense oligonucleotide (ASO).221 The dosing regimen involved subcutaneous 

injections of the vehicle or 5 mg ASO/kg body weight. During the treatment period, the 

NHPs were singly housed from approximately 08:00 to 15:00 each day and received a 

standard nonhuman primate diet, providing an average of 64 kcal/kg body weight/day. 

2.2.2 Plasma Lipid and Lipoprotein Cholesterol Concentrations 

After an overnight fast, monkeys were sedated with ketamine (10 mg/kg, IM), body 

weights were recorded, and blood was collected from the femoral vein into EDTA-
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containing or serum separation vacutainers. Plasma and serum were isolated by 

centrifugation at 1,500xg for 30 min at 4°C. Enzymatic assays were used to measure 

plasma total cholesterol (C7510, Pointe Scientific) and triglyceride (T2449 & F6428, 

Sigma).  The plasma cholesterol distribution among lipoprotein classes was determined 

after separation by gel filtration chromatography based upon the method described 

previously2. An aliquot of plasma was diluted to 0.5 µg total cholesterol/µL in 0.9% NaCl, 

0.05% EDTA/NaN3 and centrifuged at 2000xg for 10 minutes to remove any particulate 

debris.  The supernatant was transferred to a glass insert contained in a GC vial.   

After loading the vial into an autosampler set at 4°C (Agilent Technologies, 

G1329A), 40 µL of sample was injected onto a Superose 6 10/300 or Superose 6 Increase 

10/300 (GE Healthcare Life Sciences) chromatography column.  Under the control of an 

isocratic pump (Agilent Technologies, G1310A/B), the sample was separated at a flow rate 

of 0.4 ml/min with eluent containing 0.9% NaCl, 0.05% EDTA/NaN3. The column effluent 

was mixed with total cholesterol enzymatic reagent (C7510, Pointe Scientific) running at 

a flow rate of 0.125 mL/min and the mixture was passed through a knitted reaction coil 

(EPOCOD, Aura Industries Inc.) in a 37°C H2O jacket.  The absorbance of the reaction 

mixture was read at 500 nm using a variable wavelength detector (Agilent Technologies, 

G1314F). The signal was subsequently integrated using Agilent OpenLAB Software Suite 

(Agilent Technologies). VLDL-C, LDL-C, and HDL-C concentrations were determined by 

multiplying the TPC concentration by the cholesterol percentage within the elution region 

for each lipoprotein class.   
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2.2.3 Tissue Collection and Preparation 

At the end of the treatment period, the NHPs underwent specific procedures for 

tissue collection. The monkeys were fasted overnight and then sedated with ketamine (25 

mg/kg, IM) and isoflurane (3-5% induction, 1-2% maintenance). To minimize potential 

post-mortem tissue damage caused by delay between brain and cerebrovascular tissue 

collection that was preceded by cardiovascular tissue collection, a cold pack was applied 

to the head of the animal. This approach aimed to induce cerebral hypothermia and lower 

the brain temperature, preserving tissue integrity and minimizing cellular degradation 

during subsequent brain tissue collection. Following collection of the cardiovascular tissue, 

the skin and muscle from the superior aspect of the skull was dissected to expose the 

calvarium from the orbits and ears to the atlantooccipital area. The calvarium was then 

carefully removed using a bone saw (Mopec 810 Autopsy Saw, 115 volts/60hz/IPH, with 

a standard Mopec blade part# BD101, Madison Heights, MI 48071). Caution was used to 

avoid damaging underlining parenchyma and full removal of the calvarium was aided with 

the use of a Virchow Skull Breaker (Mopec, Madison Heights, MI 48071). The falx cerebri, 

a portion of the dura that descends and extends down the longitudinal fissure between the 

cerebral hemispheres, was initially removed to prevent sheering or tissue damage upon 

removal of the brain. Following dissection of the falax cerebri, the cranial nerves and spinal 

cord were dissected proximal to floor of the cranial cavity exercising caution so as to not 

damage the brain or vascular tissue. The brain and cerebrovascular tissue were then 

immediately removed and submerged in a chilled saline solution for 10 minutes. This 

process was meant to firm the tissue and preserve its integrity for subsequent removal of 

the circle of Willis (COW) and sectioning of brain tissue.  
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The brain was then placed with its superior surface down into a chilled dish with 

chilled saline solution. The entire COW was carefully excised from the brain starting 

caudally at the vertebral arteries (VA) moving rostrally to the anterior cerebral artery 

(ACA).  Once removed, the intact COW was placed in a 15 mL glass container filled with 

10% neutral buffered formal (NBF) and stored at room temperature for later dissection. 

The brain was then placed with the superior surface down into a chilled stainless steel 

coronal slicing matrix (Ted Pella, INC., Redding, CA, 96049-2477) and dissected into 

thirteen 4 mm coronal sections using a modified tissue blade (Thomas Scientific, Cat # 

NC9436795). The coronal sections were then imaged for cataloging before being further 

dissected into left and right hemisphere at the longitudinal fissure. The left hemisphere was 

snap frozen using powdered dry ice, then wrapped in aluminum foil sachets before being 

stored at -80˚C for future study while sections from the right hemisphere were placed in 

10% NBF for future histology studies.   

Following fixation, the ACAs, internal carotid arteries (ICAs), medial cerebral 

artery (MCAs), posterior cerebral artery (PCAs), basilar artery (BA) and vertebral artery 

(VA) were dissected from the COW. The BA was further dissected into three sections BA1 

(proximal to the VA), BA2 (a central section marked as waste) and BA3 (proximal to the 

PCA). All COW vessels were then marked with blue tissue marking dye (Mark-ItTM, 

ThermoFisher Scientific, Cat # 5000, Waltham, MA 02451) for tissue embedding 

orientation before being placed into nylon tissue bags (FisherbrandTM Nylon Biopsy Bags, 

small, Cat # 15-182-500, Fisher Scientific) that were then secured in tissue processing 

cassettes (VWR, Histology Cassettes, VWR, Cat # 18000-244, Radnor, PA 19087-8660) 

and submerged into 10% neutral buffered formalin. The ACA, BA1, and BA3 were then 



65 
 

processed for tissue embedding at the University of Kentucky Pathology Research Core D 

(University of Kentucky, Lexington, KY 40536-0200). The embedded ACA, BA1, and 

BA3 were then cut using a microtome (Shandon Finesse, 77500102 Issue 9, Thermo Fisher 

Scientific, Waltham, MA, USA) into 5µm cross sections and mounted onto glass slides for 

chemical and immunohistochemical staining.  

2.2.4 Histology for Morphometric Measurements and Collagen Composition 

The paraffin-embedded ACA, BA1 and BA3 sections collected were first 

deparaffinized with xylene and rehydrated with decreasing concentrations of ethanol 

before being subjected to routine histological staining procedures for morphological 

analysis and collagen composition. In brief: 

1. Hematoxylin and Eosin (H&E) staining for visualization of cytoplasmic 

structures and the internal elastic lamina (IEL) for morphology measures: Slides 

were incubated with hematoxylin (Harris Hematoxylin, Cat# HHS16, Thermo 

Fisher Scientific, Waltham, MA, USA) for 7 minutes for nuclear staining, followed 

by counterstaining with eosin (Cat# E6003, Sigma-Aldrich, St. Louis, MO, USA) 

for 45 seconds before being rinsed, dehydrated through increasing concentrations, 

cleared in xylene and cover slipped in DPX (Cat# 13515, Electron Microscopy 

Sciences, Hatfield, PA, USA).  

2. Picrosirius Red/Fast Green Staining (PSRFG) for visualization of collagen 

within the atherosclerotic lesion: Slides were stained with Weigert's hematoxylin 

(Thermo Fisher Scientific, Waltham, MA, USA) for 8 minutes, followed by 

incubation in a solution containing Fast Green FCF (F7258; Sigma-Aldrich, St. 

Louis, MO) and Sirius Red F3B (Cat #365548, Sigma-Aldrich, St. Louis, MO) in 
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saturated picric acid ((1.3% saturated Picric acid, Cat#: P6744,  Sigma-Aldrich, St. 

Louis, MO) for 60 minutes at room temperature. After staining, the slides were 

rinsed with acidified water, dehydrated through increasing concentrations, cleared 

in xylene and cover slipped in DPX. 

2.2.5 Immunohistochemistry for Vascular Smooth Muscle Cells and Inflammatory 

Macrophages 

For immunohistochemical (IHC) analysis, the ACA, BA1 and BA3 sections were 

deparaffinized with xylene, and rehydrated with decreasing concentrations of ethanol. 

Antigen retrieval was performed by boiling the slides in citrate buffer (pH 6.0) (Declere, 

Cell Marque, CA, USA, Cat# 921P-06) for 25 minutes, then cooled to 50°C. 

Slides were incubated with 3% H2O2 in methanol for 5 minutes at room 

temperature, blocking endogenous peroxidase activity. Slides were then washed with 

TBST (Tris-buffered saline with 0.1% Tween 20) and blocked with 5% goat serum 

(Thermo Fisher Scientific, Waltham, MA, USA) in TBST for 1 hour at room temperature.  

Primary antibodies, including mouse anti-human alpha actin (1:500 in TBST; Biolegend, 

CA, USA, Cat # 904601) and mouse anti-human CD-68 antibody (1:500 in TBST; 

Biolegend, CA, USA, Cat# 916104) were incubated with the tissue sections overnight at 

4°C. 

Following overnight incubation with primary antibody slides were washed with 

TBST and then incubated with biotinylated secondary antibodies:  goat anti-mouse IgG 

(H+L), 1:200 in TBST with 5% goat serum, Cat# BA9200; goat-anti-rabbit IgG (H+L), 

1:200 in TBST with 5% goat serum, Cat# BA1000, Vector laboratory, Burlingame, CA) 

for 1 hour at room temperature before being washed and incubated with the ABC-HRP 
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(Avidin-Biotin Complex-Horseradish Peroxidase) amplification and detection system 

(Vecta stain Elite ABC-HRP [peroxidase, standard], Cat# PK-6100, Vector Laboratory, 

Burlingame, CA). The activity of horseradish peroxidase was visualized using the Nova 

red substrate kit (Cat# SK4800, Vector laboratory, Burlingame, CA, USA), resulting in red 

precipitate at the site of the antigen following approximately 1 minute of incubation. The 

Nova Red enzymatic reaction was halted in a PBS wash, counterstained with hematoxylin, 

dehydrated through increasing concentrations of ethanol, cleared in xylene, and cover 

slipped in DPX. 

2.2.6 Imaging and Image Processing 

Images of chemical and IHC stained ACA, BA1, and BA3 were collected using the 

Zeiss Axio Scan slide scanner at 20x magnification. To assess vessel morphology and 

atherosclerotic lesion collagen matrix and cellular composition we first established binary 

regions of interest (ROI) using Elements AR Image Analysis System (Nikon Instruments, 

Melville, NY).   

All morphological area measurements were calculated using hand drawn binaries in 

Elements AR. Lumen area was set at the surface of the endothelial cell layer. The intima, 

or lesion area, was defined as the space between the internal elastic lamina (IEL) and 

endothelial surface area. Media area encompassed the entire tunica media, from the 

external elastic membrane to the IEL. Additional morphological calculations included 

percent stenosis, wall area, percent lesion, and total vessel area as follows: 

1. Percent stenosis: (intima area / (lumen area + intima area)) x 100 

2. Wall area: (intima area + media area) 

3. Percent lesion: (intima area / wall area) x 100 
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4. Vessel area: (lumen area + intima area + media area) 

Binary thresholds for positive stained collagen, CD-68 positive cells (macrophages), 

and alpha-actin positive cells (vascular smooth muscle cells) were set on a subset of images 

(20 slides per stain) to train a working threshold. All quantification was then performed 

using batch analysis on each category of staining, ensuring a blinded and standardized 

approach using Elements AR General Analysis 3 package (GA3, Nikon Instruments, 

Melville, NY). Total positive binary area measurements from positive thresholding were 

then used to calculate percent collagen, CD-68, and alpha-actin positive matrix and 

cellularity within the lesion.  

2.2.7 Cholesterol Measurements in the External Carotid Arteries  

Frozen left external carotid artery (ECA) was ground to powder using a 

Freezer/Mill® Cryogenic Grinder (SPEX, Model # 6775, Metuchen, NJ 08840).  The 

conditions used for grinding were 1 minute precool, run time 30 seconds, cool time 1 

minute, cycle 3, rate 15 cps.  A portion of the ECA powder (15-20 mg) was transferred into 

a tared 16x100mm glass screw top tube containing 50 µg of 5-alpha cholestane (Steraloids, 

C3300-000), and the tube was weighed using an analytical balance to determine the exact 

wet weight of the ECA powder.  To extract total lipids from the ECA powder, 2 ml 2:1 

chloroform: methanol was added to the tube, which was then sealed with a Teflon-lined 

cap and incubated at 60˚C for 3 hours.  Using a glass Pasteur pipet, the lipid extract was 

transferred to a new 16x100mm glass screw top tube along with two subsequent 1 ml 2:1 

chloroform: methanol washes of the extracted ECA powder.  After evaporation of the 

solvent at 55˚C under a stream of nitrogen gas, the lipid was dissolved in 4 ml 2:1 

chloroform: methanol and 0.8 ml 5M NaCl was then added.  The tube was sealed with a 
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Teflon-lined cap, vortexed for 20 seconds, and centrifuged at room temperature at 1500xg 

for 10 minutes.  After aspirating the upper, polar phase, ~4 ml of the lower, nonpolar, lipid-

containing phase was transferred using a glass Pasteur pipet to a new 16x100mm glass 

screw top tube.  After evaporation of the solvent as described above, the lipid was dissolved 

in 200 µL hexane and transferred to a 12x32 mm gas liquid chromatography vial (Sun Sri 

#500300) containing a 350 µL cylinder insert (Thermo Fisher #200668).  The extracted 

lipid was analyzed for free cholesterol by injecting 1 µL of sample onto a 250˚C ZB-50 

gas-liquid chromatography column (0.53 mm inner diameter × 15 m × 1 μm, Phenomenex, 

Part # 7HM-G004-17, Torrance, CA 90501-1430), which was installed in an Agilent 

Technologies 7890B gas chromatograph equipped with an Agilent Technologies 7693 

autosampler using on-column injection and a flame ionization detector.  The amount of 

free cholesterol in the sample was calculated using the following equation:  

µg cholesterol = AUC cholesterol/AUC 5-alpha cholestane x 50 µg 5-alpha 

cholestane/0.86 

Where 0.86 equals the determined relative response factor of cholesterol vs 5-alpha 

cholestane.  

The lipid-containing hexane was returned to a 16x100mm glass screw top tube and 

the hexane was evaporated as described above.  To saponify the lipids, 2 ml 100% ethanol 

and 0.2 ml 50% KOH was added to the tube, which was sealed with a Teflon-lined cap, 

vortexed for 20 seconds, and incubated at 60C for 3 hours.  After allowing the tube to 

cool to room temperature, 2 ml hexane and then 2 ml water were added to the tube with 20 

seconds of vortexing between additions.  The polar and nonpolar phases were separated by 

centrifuging the tube at room temperature at 1500xg for 10 minutes.  The upper hexane 
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phase was transferred to a clean glass tube, the hexane was evaporated as described above, 

and the non-saponifiable lipid was dissolved in 500 µL hexane.  The hexane was transferred 

to a 12x32 mm gas liquid chromatography vial and total cholesterol was analyzed by gas 

chromatography as described above.  The amount of total cholesterol in the sample was 

calculated using the same equation for determining free cholesterol.  Esterified cholesterol 

was calculated as the difference between total cholesterol and free cholesterol. 

2.2.8 Bulk RNA Sequencing of External Carotid Arteries 

Carotid arteries were pulverized as described above in the carotid cholesterol 

analysis section. Following the manufacturer’s instructions, RNAzol RT (#RN190, 

Molecular Research Center, Cincinnati, OH) was used to extract RNA from 50-80 mg of 

fine carotid powder from 7-8 randomly selected animals per treatment group.  RNA quality 

and concentration were assessed by the University of Kentucky Genomics Core Laboratory 

using an Agilent 4150 TapeStation.  RNA samples (n=7 for 6wk vehicle, 24wk vehicle, 

6wk anti-miR-33 and n=8 for 24wk anti-miR-33) that had the required quality and quantity 

were then shipped to Novogene (CA) for bulk mRNA sequencing.  cDNA library was 

generated from total mRNA (1 µg) using NEBNext UltraTM RNA Library Prep Kits for 

Illumina (New England BioLabs). cDNA libraries were sequenced by NovaSeq 6000 

(Illumina) in a paired-end fashion to reach more than 1.5M reads.  Reads were removed 

with adapter contamination, when uncertain nucleotides constituted more than 10 per cent 

of either read (N > 10%), and when low-quality nucleotides (Base Quality less than 5) 

constituted more than 50 per cent of the read.  Paired-end reads were mapped to the 

cynomolgus reference genome (Macaca_fascicularis_5.0) using HISAT2 (v2.0.5) and 

quantified using FeatureCounts (v1.5.0-p3).  
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2.2.9 Data Analysis 

Data will be presented as either mean ± standard deviation (SD) or median with 

interquartile range (IQR) and will be noted as so in the text. Statistical analysis was 

performed using GraphPad Prisim analysis software program (GraphPad Software, Boston, 

MA 02110). Plasma lipids, vessel morphology, lesion composition, and carotid cholesterol 

levels were first tested for normality using Shapiro-Wilk test (SWT) then analyzed by 

either ordinary one-way analysis of variance (ANOVA) with post-hoc Tukey’s test or 

Kruskal-Wallis test (KWT) with post-hoc Dunn’s test, dependent on results of SWT. 

Statistical significance was assigned when the P-value was <0.05. Bulk RNA sequencing 

data were analyzed using “edgeR” (v3.36.0) Bioconductor package on R (v4.1.0) with R 

studio (2022.12.0). Dispersion parameter estimates and normalization factor calculation 

using the trimmed mean of M-value (TMM) method were performed. FDR-adjusted 

P<0.05 was considered statistically significant. 

2.3 Results 

2.3.1 The Model, the Treatment Groups, and the Plasma Lipid Response Between 
Groups 

In this multifaceted study, sixty-one male cynomolgus monkeys (Macaca 

fasicularis) were fed a high fat/high cholesterol diet (38% calories from fat, 0.4% 

cholesterol w/w) for 20 months to induce hypercholesterolemia and atherosclerosis in both 

extra- and intracranial arteries. After 20 months on atherogenic diet, a fifth of the animals 

(n = 12) were euthanized and designated as the progression group.  The remaining animals 

(n = 49) entered the regression phase, during which they were fed a standard NHP diet 

(14% calories from fat) to reduce plasma lipids, and were divided into four treatment 
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groups. Approximately half of the animals entered a 6-week regression arm, where they 

received weekly subcutaneous injections of either saline vehicle (n = 13) or 5 mg/kg of the 

miR-33 targeting ASO RG428651 (n = 12).  The rest of the animals (n = 24) were part of 

a 24-week regression group, receiving either the saline vehicle (n = 12) or the anti-miR-33 

ASO treatment (n = 12) as described for the 6-week regression groups. Figure 1 provides 

a graphical representation of the experimental design. 

Blood plasma from several time points was collected and analyzed to determine a 

general lipid profile that included total cholesterol (TC), very low-density lipoprotein 

cholesterol (VLDL-C), low-density lipoprotein cholesterol (LDL-C), high-density 

lipoprotein cholesterol (HDL-C), and triglycerides (TG), [Figure 2]. For reference, the 

median baseline lipid profile for all animals (n = 61) on standard NHP diet at the start of 

the study was as follows: TPC = 85 mg/dL, VLDL-C = 2.1 mg/dL, LDL-C = 30 mg/dL, 

HDL-C = 54 mg/dL, and TG = 37 mg/dL.  

2.3.2 Frequency and Spatial Distribution of Atherosclerotic Lesion within the 
Circle of Willis (COW) 

The COW [Figure 3b] of each animal was grossly inspected at necropsy and later 

inspected histologically for the presence or absence of atherosclerotic lesions. 

Observations of one or more lesions within the COW classified the animal as being a lesion 

animal. For simplicity we will refer to lesion animals and normal animals as simply ‘lesion’ 

or ‘normal’.  

 Gross and histological inspection of the COW revealed one or more lesions among: 

10 animals within the progression group (n = 12; 83% with lesion), 11 animals within the 

6 wk vehicle group (n = 13; 85% with lesion), 8 animals within the 6wk anti-miR-33 group 
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(n = 12; 67% with lesion), 11 animals within the 24wk vehicle group (n = 12; 91% with 

lesion), and 7 animals within the 24wk anti-miR-33 group (n = 12; 58% with lesion). Total 

lesion animals across all groups were 47 (n = 61; 77% with one or more lesions).  A 

graphical representation of the frequency distribution of the 61 animals across their 

perspective treatment groups can be observed in Figure 3a. There was no significant 

difference observed in lesion frequency across the animal groups.  

 Vessel segments from the COW that were found to have the greatest frequency of 

lesions were the anterior cerebral artery (ACA) and the basilar artery (BA) Figure 3c. All 

animals presented with only a single distal ACA, azygous presentation of the ACA is 

common among cynomolgus monkeys223 and can be observed in Figure 3c (red dot). The 

single distal ACA was dissected proximal to bifurcation at the left and right ACA branches. 

Given the extended length of the BA it was dissected into 3 segments, and only segments 

BA1 and BA3 were analyzed due to their frequent appearance of lesions at their point of 

bifurcation with the posterior cerebral artery (PCA) and with vertebral artery (VA) 

respectively. 

 A total of 180 vessel segments (n = 61 ACA, n = 60 BA1, and n = 59 BA3) were 

ultimately selected for morphometry and compositional measurements [Figure 3d]. A total 

of 87 vessel segments (48% of total vessel segments) were found to have lesions (n = 24 

ACA; 39%, n = 31 BA1; 52%, and n = 32 BA3; 54%). A greater frequency of lesions was 

observed across the BA segments [Figure 3d], while the most occlusive or stenotic lesions 

with decreased lumen area were generally observed across the ACA segments [Figure 3e]. 
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2.3.3 Morphometric Analysis of ACA, BA1, and BA3 Vessel Segments 
Independent of Lesion 

Following gross observations, the ACAs (n =61), BA1s (n = 60) and BA3s (n = 59) 

were embedded (FFPE), sectioned (5µm), stained (HE), and imaged. Binarized ROIs were 

set labeling the lumen, intima, and media for area measurements. The lumen [Figure 6b, 

binary ROI in Blue] was defined at the level of the endothelial layer inward. The intima 

[Figure 7a, binary ROI in yellow] was defined to be between the internal elastic lamina 

(IEL) and the endothelial cell (EC) layer. The media [Figure 8b, binary ROI in red] was 

defined as being between adventitia and IEL.  

Raw morphological area measurements including lumen area [Figure 4a-c], intima 

area [Figure 4d-f.], media area [Figure 4g-i], and vessel area [Figure 4j-l] were collected 

inside Nikon Elements AR software. We then used raw area data to calculate additional 

morphology measures including percent stenosis [Figure 5a-c], percent lesion [Figure 5d-

f], and wall area [Figure 5g-i]. The calculations for percent stenosis, percent lesion, and 

wall area can be found within the methods section. Statistical analysis using KWT and 

Dunn’s test for multiple comparison was performed on all raw and calculated 

morphometric data using GraphPad Prism.  

Initially each vessel segment (ACA, BA1, BA3) independent of the presence or 

absence of a lesion was analyzed between treatment groups.  The only statistically 

significant difference for the morphological measures was a decrease in total vessel area 

of the ACA for the 24wk anti-miR-33 versus progressions group [Figure 4j].  While not 

backed by statistical analysis, some trends were observed in the data.  The ACAs from the 

progression group had among the smallest lumen areas [Figure 4a] while also having the 
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greatest percent stenosis [Figure 5a] when compared to other vessel segments and 

treatment groups.  The ACAs from the progression group also were observed to have a 

greater median intimal area [Figure 4d] and percent lesion when compared to BA segments 

and other treatment groups. The BA1 segments compared to all treatment groups and vessel 

segments had the largest median media area [Figure 4g-i]. Total median vessel area [Figure 

4j-l] and wall area [Figure 5g-i] from both BA1 and BA3 vessel segments, independent of 

treatment groups, was larger than those of ACA segments.  

2.3.4 Morphometric Analysis of Vessels Only from Animals with Lesions 

A majority of animals were identified as having a lesion across one or more of the 

vessel segments (47 of 61 animals with lesions; 77% total animals) [Figure 3a]. If an animal 

did not present with a lesion across one of the three vessel segments, then all their vessel 

segments were removed from further analysis (n = 14 animals free of lesion; n = 42 vessel 

segments removed from analysis). For clarity, only the vessels from those animals with 

lesions were analyzed (n = 3 vessel segments from each lesion animal) for both 

morphometric and compositional measures.  

Figures 6 thru 8 represent the three independent vessel morphometry measures from 

each lesion animal and therefore the sample counts for each of the treatment groups is as 

follows: progression (n = 30), 6wk vehicle (n = 33), 6wk anti-miR-33 (n = 24), 24wk 

vehicle (n = 33), and 24wk anti-miR-33 (n = 21). The median lumen area of the progression 

group was larger than the other treatment groups with notable significance (p = 0.034*) 

between the progression and 6wk anti-miR-33 groups [Figure 6a]. Conversely to a larger 

lumen area, the progression group also tended to have a higher median percent stenosis 

when compared to the other treatment groups. Stenosis was highly variable among vessels, 
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representative degrees of stenosis (25%, 50%, 75%, 100%) can be observed in Figure 6d-

g. A total of 7 animals had >98% stenosis in their ACAs (n = 5 from progression, n = 1 

from 6wk vehicle, and n = 1 from 24wk vehicle) [Figure 6c]. There were no significant 

differences for percent stenosis across the treatment groups.  

The median intima area in the progression group tended to be greatest amongst the 

groups and was significantly larger compared to the 24wk vehicle (p = 0.0128) and 24wk 

anti-miR-33 (p = 0.0031) groups [Figure 7a].  No significant differences were observed 

between groups when percent wall is intima was calculated. Instead, we observed a similar 

trend in percent wall is intima as we did with intima area, with progression tending to be 

higher than the other treatment groups [Figure 7c]. Examples of percent wall is intima for 

lesion containing vessels are presented in Figure 7e-f. 

The progression group’s median vessel area was significantly (p = 0.0358) larger 

than that of the 24wk vehicle treated group [Figure 8e] but there were no significant 

differences across groups in median media area [Figure 8a] and median wall area [Figure 

8c]. The median wall area in the progression and 6wk vehicle groups tended to be slightly 

larger than that observed for the 6wk vehicle and both 24wk regression groups [Figure 8c].  

Similarly, the progression and 6wk vehicle groups tended to have a slightly higher median 

vessel area when compared to remaining groups [Figure 8e]. 

2.3.5 Compositional Analysis of Vessels Only from Animals with Lesions 

Figures 9 thru 11 represent the three independent vessel measures for lesion 

composition from each lesion animal and therefore the sample counts for each of the 

treatment groups is as follows: progression (n = 30), 6wk vehicle (n = 33), 6wk anti-miR-
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33 (n = 24), 24wk vehicle (n = 33), and 24wk anti-miR-33 (n = 21). Lesions features such 

as foam cells, lipid pools, cholesterol crystals and clefts, necrotic cores, and inter plaque 

hemorrhages could be observed under routine HE histology [Figure 7d-f]. Lesion 

composition measure however were split into 3 domains using additional approaches to 

staining: collagen content as measured by Picro sirius red/fast green (PSRFG) chemical 

staining [Figure 9b], vascular smooth muscle cell (VSMC) migration/proliferation as 

measured by α-actin IHC [Figure 10b], and macrophage (0M) infiltration as measured by 

CD-68 IHC [Figure 11b]. Of importance, all lesion compositional measures were 

performed only within the intimal area [Figure 7b, ROI/binarization of intima in yellow].  

 To determine the amount of positive staining within the lesion, ROI binarization of 

the lumen, intima, and media was first performed within Nikon Elements AR. A full 

description of image processing and analysis can be found in the methods section. In brief, 

the image pre-processing pipeline involved white balance and automated contrast being 

applied before image analysis was conducted.  A subset of pre-processed images was 

chosen (~25 tissue sections for each stain) for threshold training within Nikon Elements 

AR. Initial thresholds were set across training slides for each stain then tested manually 

against another set of slides (~15 slides for each stain). If needed, refinements were made 

to training threshold before setting up images from each stain for automated image analysis 

and quantification of PSRFG, α-actin, and CD68.    

We observed positive PSRFG staining within all lesions and even small traces of 

positive staining within the intimal space of lesion free vessels. Figure 9b-e illustrates a 

vessel with positive PSRFG staining within the lesion as well as the binarization and 

positive labeling of PSRFG for collagen. The median positive PSRFG area was 
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significantly greater in the progression group compared to the 6wk vehicle (p = 0.0052) 

and 24wk anti-miR-33 (p = 0.0053) groups [Figure 9a].  The collagen positive area also 

tended to be larger in the progression group compared to the other regression groups.  When 

percent positive PSRFG was calculated, there were no significant differences between 

groups, but this parameter for both the 6wk anti-miR-33 group and 24wk vehicle group 

tended to be greater than the other groups [Figure 9f]. Figure 9g-j depicts four lesion vessels 

and their relative distribution of percent positive PSRFG. Figure 9g shows the ACA of an 

animal with a full occlusion, note the size of the lesion and lack of PSRFG positive red 

staining underline that lesion size (raw intima area) was not always an accurate predictor 

of increased positive PSRFG staining. Indeed, the percent positive PSRFG staining across 

lesion animals was highly variable.  

Similar to PSRFG, we observed positive α-actin staining within the intima of all 

vessels, normal and lesion. Figure 10b-e illustrates a lesion vessel with positive α-actin 

staining within the intima as well as the binarization and positive labeling of α-actin for 

detection of VSMC in the lesion. The median positive α-actin area was significantly greater 

in the progression group compared to that observed among the 6wk anti-miR-33 (p = 

0.0487), 24wk vehicle (p = 0.0012), and 24wk anti-miR-33 groups (p < 0.0003) [Figure 

10a].  In contrast, percent positive α-actin was not significantly different between groups, 

although there was a trend towards a stepwise reduction from progression to 6 wk 

regression to 24 wk regression [Figure 10f]. Figure 10g-j depicts four lesion vessels and 

their relative distribution of percent positive α-actin staining. Figure 10g captures the ACA 

of animal with a near full occlusion but only 6% positive actin staining that appears 
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proximal to the lumen whereas a smaller eccentric lesion is observed in a BA1 segment 

[Figure 10i] but contains a much larger percentage of positive α-actin staining (43%).  

 CD68 positive staining for macrophages was highly variable in the ACA, BA1, 

and BA3 lesions [Figure 11g-j] and was completely absent within the intimal space of 

normal vessels. Figure 11b-e illustrates a lesion vessel with positive CD68 staining within 

the intima as well as the binarization of the staining. There was additional background from 

the CD68 antibody in large occlusive lesions such as those in Figure 11b and Figure 11i. 

Positive CD68 staining was highly variable among the progression, 6wk vehicle, and 6wk 

anti-miR-33 groups [Figure 11a]. The median positive CD68 area was significantly greater 

for the progression group compared to the 24wk vehicle (p = 0.0011) and 24wk anti-miR-

33 groups (p = 0.0008) [Figure 11a]. Unlike PSRFG and α-actin staining, percent positive 

CD68 area showed significance differences across several groups: progression/24wk 

vehicle (p = 0.012), progression/24wk anti-miR-33 (p = 0.075), 6wk vehicle/24wk vehicle 

(p < 0.0089), and 6wk vehicle/24wk anti-miR-33 (p < 0.0063) [Figure 11f]. 

2.3.6 Atherosclerosis in External Carotid Artery Assessed by Cholesterol Content 

To assess atherosclerosis in an extracranial artery that can directly impact blood 

flow to the brain, cholesterol levels in the external left carotid artery (CA) were measured 

by GC following lipid extraction from the tissue [Figure 12a].  Esterified cholesterol (EC) 

and free cholesterol (FC) are established markers of atherosclerosis since these lipids 

accumulate at high levels in foam cells and necrotic cores of lesions.      

 The EC in the progression group was significantly (p < 0.0001) higher than the 

24wk vehicle and 24wk anti-miR-33 groups [Figure 12h]. Additionally, we observed 
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significantly higher EC in the 6wk vehicle group when compared to the 24wk vehicle and 

24wk anti-miR-33 groups (p < 0.05) [Figure 12h]. Similarly, EC in the 6wk anti-miR-33 

group was significantly higher (p < 0.05) when compared to the 24wk vehicle and 24wk 

anti-miR-33 groups [Figure 12h].  

 The FC in the progression group was significantly (p < 0.0001) higher than the 6wk 

vehicle, 24wk vehicle and 24wk anti-miR-33 groups [Figure 12i]. Additionally, we 

observed significantly higher FC in the 6wk vehicle group when compared to the 24wk 

vehicle group (p < 0.05) [Figure 12i]. Similarly, FC in the 6wk anti-miR-33 group was 

significantly higher (p < 0.05) when compared to both the 24wk vehicle and 24wk anti-

miR-33 groups [Figure 12i].   

In summary, transitioning animals from an atherogenic diet (promoting progression 

of the disease) to a standard diet (promoting regression of hypercholesterolemia) over 

periods of 6 weeks or 24 weeks resulted in a progressive decrease in EC or FC in the CA. 

However, no significant differences in these lipids were discernible between the group 

treated with the vehicle and the group receiving anti-miR-33 treatment, regardless of 

whether atherosclerosis regression was evaluated at the 6-week or 24-week mark. 

2.3.7 Analysis of miR-33 Target Gene Expression in External Carotid Artery 

Because there were no significant differences in ICAS and ECAS between the anti-

miR-33 and vehicle treated groups, RNAseq was used to assess in the left CA the 

expression of experimentally verified miR-33 targets (Table X).  This analysis was limited 

to comparison between the vehicle and anti-miR-33 groups at either 6wk or 24 wk 

treatment.  Based upon the trimmed mean of M-values (TMM) [Figure 11a-b], the miR-33 
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targets had a broad expression range in the CA.  Based upon fold change (log2), anti-miR-

33 treatment for 6wk or 24 wk appeared to derepress the expression of few of the miR-33 

targets [Figure 11c-d].  Importantly, when considering false discovery rate (FDR), no 

significant differences in the expression of miR-33 targets was found between the anti-

miR-33 and vehicle groups [Figure 11e-f]. 

2.4 Discussion 

In this study, we leveraged a cohort of 61 cynomolgus monkeys with diet-induced 

atherosclerosis to evaluate the influence of miR-33 antagonism on the regression of ICAS 

lesions. Upon necropsy, we found that 77% of animals developed ICAS, though the 

prevalence of lesions did not significantly vary across different treatment groups. 

Furthermore, when assessing various morphological metrics, no significant differences 

were found between the vehicle and anti-miR-33 groups, regardless of whether the 

assessment was conducted at the 6 or 24-week mark. 

The dichotomy between animals with and without lesions was considered, but even 

when only vessels from animals with lesions were analyzed for parameters such as lumen 

area, stenosis, intima area, wall is intima, media, wall area, and vessel area, the findings 

remained unchanged. Likewise, we detected no significant variations concerning intimal 

collagen, vascular smooth muscle cells (VSMC), or macrophage content between the 

vehicle and anti-miR-33 treatment groups at both 6 and 24-week intervals. 

These consistent observations extended to the analysis of external CA tissues where EC, 

FC, or miR-33 target genes showed no significant shifts between the vehicle and anti-miR-

33 groups. Collectively, our findings suggest a lack of treatment effect on vessel 
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morphology, composition, cholesterol content, or miR-33 target genes. As such, the null 

hypothesis remains unchallenged by our data. 

The NHP model demonstrates remarkable similarities to humans in terms of diet-

induced atherosclerosis, lipid metabolism, and cardio/cerebrovascular physiology.212 

Therefore, the NHP serves as an exceptional model for studying atherosclerosis. A notable 

advantage of this model is its ability to develop atherosclerotic lesions within intracranial 

arteries, providing a unique opportunity to explore the pathology of ICAS progression. 

Additionally, these conditions allowed for testing and monitoring the efficacy of miR-33 

antagonism aimed at promoting the stabilization and/or regression of ICAS under 

controlled experimental conditions.  

To induce hypercholesterolemia, all animals were fed a high-fat (38% fat) and high-

cholesterol (0.4% w/w) diet for a duration of 20 months, resulting in elevated cholesterol 

levels (median TC = 562 mg/dL). The majority of this cholesterol originated from LDL-C 

(368 mg/dL), which is known to play a causal role in the development of atherosclerotic 

lesions.224 These levels of hypercholesterolemia closely resemble those observed in 

humans with untreated heterozygous familial hypercholesterolemia (FH), where TC ranges 

from 350 to 550 mg/dL and LDL-C exceeds 160 mg/dL.225 Such elevated cholesterol levels 

are strongly associated with an increased risk of coronary artery disease and stroke.215 

Notably, FH patients often exhibit cutaneous bumps or lumps called xanthomas, which are 

visible manifestations of extreme hypercholesterolemia. Xanthomas form as a result of 

excess cholesterol deposition over tendons or beneath the skin.226 Perhaps not surprisingly, 

at the conclusion of the progression arm, we observed multiple cutaneous xanthomas in the 

vast majority of animals (data not shown). The elevated plasma TC, LDL-C, and the 
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presence of cutaneous xanthomas indicated that our animals exhibited a phenotype 

resembling heterozygous FH. 

Based on this observation, we hypothesized that our NHPs fed atherogenic diet for 

20 months would have both ECAS and ICAS.  As anticipated, we observed extracranial 

atherosclerotic lesions within the coronary arteries of all animals and intracranial 

atherosclerosis in the COW of 47 out of the 61 animals (77%). To the best of our 

knowledge, there is no existing study that has demonstrated diet-induced intracranial 

atherosclerosis across such a large number of animals. In fact, only a few reports have 

mentioned diet-induced intracranial atherosclerosis in non-human primates (NHPs), and 

those studies often focused on surgical models with hypertension or brain ischemia.209,227 

The presence of ICAS in our study underscores the invaluable role of NHPs as study 

models, given the significant contribution of intracranial atherosclerosis to ischemic stroke 

and vascular cognitive impairment (VCI) in humans.142,180  

One of the key genes targeted by miR-33 is ATP-binding cassette transporter A1 

(ABCA1), which plays a crucial role in HDL formation and reverse cholesterol transport 

(RCT).189 ABCA1 facilitates the export of cholesterol and phospholipids from cells to lipid 

poor apolipoproteins such as apoAI and apoE.  Additional cholesterol is then collected by 

the HDL and is transported to the liver for excretion.220 By repressing ABCA1, miR-33 

reduces the amount of cholesterol that can be effluxed from cells, resulting in a decrease 

in HDL-C levels.  Therefore, part of our hypothesis was that antagonizing miR-33 would 

alleviate its repression on ABCA1, enhancing cholesterol efflux and leading to an increase 

in HDL-C levels. Indeed, our findings validated this hypothesis, as we observed significant 

increases in HDL-C among the groups treated with anti-miR-33 compared to those treated 
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with a saline vehicle (Table 1). These results are in line with previous studies in NHPs, 

supporting the role of miR-33 antagonism in elevating HDL-C levels.221,228  

The COW is a crucial arterial anastomotic system located at the base of the brain. 

It serves as a safeguard, providing collateral blood flow (CBF) and ensuring continuous 

cerebral perfusion, especially during instances of arterial occlusion.229 This ring-like 

structure was initially described by the 17th-century British physician Thomas Willis.230 

The paramount importance of the COW in maintaining cerebrovascular health cannot be 

overstated.   

However, the COW is susceptible to the effects of atherosclerosis. Atherosclerotic 

vascular remodeling leads to stenosis, hindering CBF and challenging the compensatory 

capabilities of the COW under ischemic conditions. This can result in severe clinical 

manifestations, such as ischemic stroke or vascular cognitive impairment (VCI).231 

Recognizing the impact of atherosclerosis in the COW on cerebrovascular disease and 

brain health is crucial for the development of diagnostic and therapeutic strategies. 

Investigating the COW ICAS poses historical challenges due to its vulnerable 

spatial location within the cranial vault. Conventional imaging modalities, although 

effective in measuring stenosis, often lack the necessary high-resolution images required 

for a detailed evaluation of atherosclerosis to assess the efficacy of therapeutic strategies 

aimed at stabilizing or regressing ICAS.232 Furthermore, while some imaging modalities 

offer better resolution, they may be considered invasive, carrying inherent risks and ethical 

considerations.232  
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One of the challenges in investigating ICAS within the COW is the limited 

availability of animal models that spontaneously develop COW ICAS or exhibit it under 

dietary conditions. Mouse and Rat models, anatomically lacking the complexity of the 

human COW, do not naturally nor experimentally develop ICAS in the COW, limiting 

their suitability for ICAS research.233 NHPs have been suggested as a more suitable model 

due to their anatomical similarities to humans in terms of the COW structure and potential 

for ICAS development.234 However, few studies have successfully replicated ICAS in the 

COW solely through non-invasive means, with most reports relying on surgical 

interventions to simulate an occlusive atherosclerotic lesion and subsequent ischemic 

events.209  

In our study, gross observations of atherosclerotic lesions were made in over half 

of the animals (77%) during necropsy, providing us with ample vascular tissue for 

investigation. The majority of gross atherosclerotic lesions were observed in the ACA and 

BA segments of the COW, with less frequent observations in the middle cerebral artery 

(MCA) and internal carotid artery (ICA) vessels. These findings somewhat differ from 

observations in humans, where occlusive ICAS is predominantly seen in the MCA, BA, 

and ICA segments, with less involvement of the ACA.235  

Interestingly, our histological examinations revealed that the ACA segment 

exhibited the most occlusive and complex lesions. This discrepancy may be attributed to 

slight anatomical differences between humans and NHPs in the ACA structure. Humans 

have two distal ACAs joined by a communicating arterial segment, whereas NHPs have a 

single distal ACA.223 This anatomical variation of lacking two distal ACAs may have 

broader implications in ICAS, potentially affecting the regulation of CBF due to the 
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absence of collateral blood flow facilitated by parallel distal ACAs. Additionally, the 

occurrence of ACA lesions among our animals was most frequent at the point where the 

proximal right and left ACAs converge into the distal ACA, the bifurcation site known for 

early complex lesion development associated with shear stress mechanisms.46  

While the ACA exhibited the most occlusive and complex lesions, the highest 

frequency of lesions was found in the BA segment proximal to the point of bifurcation with 

the posterior cerebral artery (PCA) and vertebral artery (VA) segments. Given the length 

of the BA, we further divided it into BA1, BA2, and BA3 sections. The BA1 and BA3 

sections were then chosen to assess the lesions frequently observed proximal to the two 

bifurcation points. Unlike the large occlusive concentric lesions observed in the ACA, the 

BA segments mostly presented with eccentric lesions. The concentricity or eccentricity of 

atherosclerotic lesions have been associated with varying risks for plaque stability and 

rupture. Concentric lesions are thought to be more stable but more occlusive, while 

eccentric plaques are thought to be less stable and more vulnerable to rupture, particularly 

around the shoulder region in thin cap fibroatheromas (TCFA).122 However, we did not 

observe TCFA in any of the BA or ACA segments. 

Morphometric measurements of the ACA and BA segments revealed a notable 

trend: the BA segments (BA1/BA3) tended to have larger vessel/wall areas compared to 

the ACA [Figure 4J-l and Figure 5g-i]. This difference in size between the anterior (ACA) 

and posterior (BA) segments of the COW has also been observed in humans.236 However, 

it is important to note that within the BA segments, the BA3 segment exhibited a smaller 

media compared to both the ACA and BA1 segments. This difference in vessel size 

(vessel/wall area) is likely attributed to BA3 segments having a slightly larger lumen area 
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than those of the BA1 [Figure 4b-c], as the overall vessel area is calculated by summing 

the media, intima, and lumen areas together. 

Overall, there were no significant changes in raw area measurements (lumen, 

intima, media) when comparing treatment groups. It is important to note that these initial 

morphometric measures aimed to determine the heterogeneity between treatment groups, 

independent of the presence or absence of atherosclerotic lesions. Therefore, the variability 

observed in Figure 4 and Figure 5 is likely influenced by lesion vessels, which may skew 

the median area of the collective vessel segments. This should be considered when 

interpreting these figures. Thus, while ACA vessel area was significantly higher in the 

progression compared the 24wk anti-miR-33-treated animals, this observation may be 

skewed due to the mixture of lesion and non-lesion vessels in the analysis. 

To address the aforementioned issue, we categorized the vessels into two groups: 

those with lesions and those without lesions. Lesion vessels were identified by an expanded 

intimal space, presence of cellular bodies, accumulation of lipid, and positive staining for 

PSRFG, α-actin, or CD68. Normal vessels, on the other hand, showed no signs of intimal 

expansion, cellular bodies, or lipid accumulation within the intima. It is worth noting that 

even some normal vessels exhibited small amounts of positive PSRFG or α-actin within 

the intima. In such cases, the presence or absence of actual cellular bodies was used to 

confirm the absence of a lesion. 

After separating the animals with lesions vessels from the animals without lesions, 

we conducted the same morphometric measurements, this time only on lesion animals. 

With the exception of raw media area, all raw and calculated morphometric measures 

tended to be highest in the progression group [Figures 6-8]. The vessels from the 
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progression animals were significantly larger than those in the 24wk anti-miR-33 treated 

group. However, lumen area does not necessarily correlate to lumen occlusion. Therefore, 

we calculated a percent stenosis score, and the significance between the progression and 

24wk anti-miR-33 groups was lost after this calculation, instead the median percent 

stenosis between groups became more similar [Figure 6c]. 

Since stenosis often results from atherosclerotic lesions obstructing the luminal 

space, we shifted our focus to assessing the intima area of vessels across the different 

treatment groups. Similar to our findings in luminal area measurements, we observed the 

largest intima to be within the progression group, which were significantly higher than 

those in both 24wk regression groups.  The significance between these groups was lost 

when we calculated the percent wall is intima, although the trend in the progression group 

being higher than the other sets persisted. It is worth noting that the progression group 

showed a wider spread of sample data, as evidenced by the distribution of points being 

distant from the median in the violin plots of Figure 7. This spread could be attributed to 

the large number of occlusive ACA vessels in the progression group. Large ACA 

occlusions (as observed in Figures 6g, Figure 7f, and Figure 9g) were most frequently 

observed in the progression vessels and accounted for the 7 data points in the fourth quartile 

of the progression group, as seen in the violin plots in Figure 7. 

Additional morphometric measures did not reveal much beyond significantly larger 

median vessel areas in the progression set compared to the 24wk vehicle-treated set. 

Collectively, the morphometric data indicated that larger and more stenotic lesions were 

most frequently observed in the progression set of vessels compared to the other treatment 

sets. However, there was no significant difference in the median morphometric data 
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measured between the 6wk and 24wk treatment groups. Moreover, there appeared to be no 

significant difference in median raw area and calculated measures between the vehicle and 

anti-miR-33 groups. This suggests that miR-33 antagonism did not have a treatment effect 

on morphometric measure of lesion vessels.  

By targeting ABCA1, the autophagy pathway, and other proteins involved in 

intracellular cholesterol trafficking, miR-33 in macrophage foam cells can have the adverse 

effect of inhibiting cholesterol efflux [Ouimet, M., 2017, ATVB]. Moreover, during the 

progression of atherosclerosis, activated lipid laden macrophages have been shown to 

polarize towards a proinflammatory phenotype contributing to further dysfunction and 

formation of the necrotic core.188 Conversely, when miR-33 is inhibited, macrophages can 

efficiently offload excess cholesterol onto HDL, resulting in a shift from a proinflammatory 

state to a pro-resolving state.188 Based on this understanding, we hypothesized that 

antagonizing miR-33 would improve lesion composition by reducing proinflammatory or 

total macrophage content in the lesion. 

Moreover, a reduction in inflammatory cells and their proinflammatory mediators 

has been associated with improvements in extracellular matrix proteins such as collagen, 

which is synthesized by VSMCs within the lesion.129 Therefore, our hypothesis also 

included that there would be both a reduction in macrophages and an increase in synthetic 

VSMCs along with more collagen present, all suggestive indicators of plaque stability and 

regression. 

By targeting miR-33 and promoting a shift in macrophage phenotype and 

modulation of extracellular matrix proteins, we aimed to promote a favorable environment 

within the lesions, ultimately contributing to plaque stability and regression. Understanding 
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the impact of miR-33 antagonism on these cellular and molecular processes provides 

valuable insights into potential therapeutic strategies for atherosclerosis management and 

prevention of disease progression. 

The compositional characteristics of the lesions were assessed independently from 

morphometric changes. Collagen, VSMCs, and macrophages were stained to evaluate 

lesion composition. Initial attempts to quantify collagen using picro sirius red or Mason 

Trichrome staining were limited by the lack of collagen resolution for brightfield imaging. 

As a result, we employed picro sirius red with fast green (PSRFG) counterstaining for 

quantification. Contrary to expectations, we observed more raw area collagen staining in 

the progression group compared to the other treatment groups. This increase in raw 

collagen area could be due to the notably larger intima in the progression group [Figure 7a 

and Figure 9a]. To improve data resolution, we calculated the percent area of positive 

staining, which brought the median values of all groups closer together.  

Similar trends were observed in lesions stained for α-actin. The raw median positive 

area of α-actin staining was largest in the progression group, likely influenced by the larger-

sized lesions in that group [Figure 7a and Figure 10a]. The calculation of percent positive 

α-actin area within the intima did not reveal any notable differences among the groups. 

While there was a significant decrease in the total positive α-actin-stained area between the 

progression group and the 6-week vehicle, 24-week vehicle, and 24-week anti-miR-33 

treatment groups, there was no significant difference between the vehicle and anti-miR-33 

groups.  

The last compositional measure involved staining the samples for CD68 to assess 

the presence of macrophages.  It is also possible that CD68 stained a subset of VSMCs as 
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these cells are known to undergo phenotypic switching under inflammatory atherosclerotic 

conditions [Miano, J., 2021, Circulation]. However, the results of the CD68 staining were 

not as informative as expected, with most lesions showing minimal or no CD68-positive 

areas [Figure 11a]. Similar to the findings from PSRFG and α-actin staining, the majority 

of positive CD68 staining was observed in the progression group, where larger lesions were 

more common. 

To further analyze the CD68 staining, we calculated the percentage of positive 

CD68 area and found significant differences between the progression group and both the 

24-week regression groups, with the progression group exhibiting a higher percentage of 

positive staining [Figure 11f]. Furthermore, there was a significantly higher percent 

positive CD68 area when comparing the 6-week vehicle group to both the 24-week vehicle 

and anti-miR-33 groups. However, no significant differences were observed between the 

regression groups (vehicle/anti-miR-33) at either 6 or 24wk of treatment. Overall, the 

staining with CD68 did not provide substantial insights into the macrophage presence in 

the lesions. Although there were some differences observed between the progression group 

and the 24-week groups, the overall impact of miR-33 antagonism on the presence of 

inflammatory cells was not significant when comparing the different regression groups 

(vehicle/anti-miR-33). 

These findings, along with those observed from the PSRFG and α-actin staining, 

suggest that miR-33 antagonism did not change the composition of the lesions beyond what 

was observed with vehicle treatment. Therefore, miR-33 antagonism in our NHP model 

did not appear to enhance the stability of the atherosclerotic lesions by increasing collagen 

and VSMCs and decreasing macrophages. 
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In our study, the anti-miR-33 treatment did not exhibit a significant effect on both 

intracranial and extracranial atherosclerosis, as reflected by morphometry, composition, 

cholesterol levels, and miR-33 gene expression. Several hypotheses may shed light on this 

unexpected result. One plausible explanation could be related to cholesterol efflux from 

plaque foam cells. Although anti-miR-33 treatment resulted in elevated circulating high-

density lipoprotein (HDL), it may not have been sufficient to significantly increase 

cholesterol efflux from these cells. This observation underscores that HDL elevation alone 

may not be enough to stimulate effective cholesterol efflux, suggesting a need for 

supplementary interventions. 

Another possible explanation pertains to the delivery of the anti-miR-33 treatment. 

It is conceivable that the treatment did not reach a concentration within the atherosclerotic 

lesions high enough to substantially inhibit miR-33, thereby derepressing the expression of 

its target genes. This hypothesis highlights an ongoing challenge in atherosclerosis 

treatment: ensuring that therapeutics efficiently reach their target location within 

atherosclerotic plaques. 

Furthermore, the cynomolgus monkey model might exhibit too low expression levels of 

miR-33a/b to significantly impact target gene expression and, consequently, the size or 

composition of atherosclerotic lesions. This suggests that the effectiveness of anti-miR-33 

treatment could hinge on the baseline levels of miR-33 in the specific animal model used. 

Finally, the high degree of variability in intracranial atherosclerotic lesions might have 

masked any potential treatment effects. This complexity of atherosclerosis as a disease 

necessitates larger-scale studies. Future research involving a more substantial number of 
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animals may yield more definitive insights. Each of these hypotheses merits further 

investigation to continue exploring the role of miR-33 in atherosclerosis. 

The variability in lesion presentation, with some lesions showing signs of 

progression while others did not, may be attributed to the inter/intra- species variability of 

the response to an atherogenic diet observed in cynomolgus monkeys. Previous studies 

have noted that under the same proatherogenic conditions, some NHPs develop robust 

progressive extracranial atherosclerotic lesions while others do not.237 Unfortunately, the 

limited macrophage involvement and other compositional measures within the lesions may 

have prevented us from accurately assessing the efficacy of miR-33 antagonism on lesion 

stabilization or regression.  

It is important to address the limitations of our study. Firstly, we focused on only 

three segments of the COW, which limited the generalizability of our conclusions to the 

entire COW and reduced the total number of lesion vessels for assessment. A more 

comprehensive approach would include analysis of all major vessel segments of the COW 

(ACA, MCA, ICA, PCA, BA, etc.). Additionally, the relatively short regression periods 

may have been sufficient for significant changes in lesion size or composition. However, 

extending the treatment duration could further compromise the already limited 

compositional measures observed in the study. 

Furthermore, the scarcity of viable antibodies for use in NHPs restricted our ability 

to investigate other markers associated with miR-33, such as autophagy and efferocytosis. 

Lastly, A significant limitation of this study lies within the inherent constraints of its 

experimental design. Specifically, our ability to control or manipulate variables was largely 

confined to the stage of intracranial vessels and brain tissue collection, aimed at assessing 
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the impact of miR-33 antagonism on ICAS. The experimental design of this study was 

largely shaped by the requirements of the parent study, which primarily focused on 

evaluating the effect of miR-33 antagonism on ECAS. 

Despite the limitations and the lack of supporting evidence for the efficacy of miR-

33 antagonism on ICAS regression, this study has several noteworthy strengths. Firstly, it 

was built upon a larger atherosclerosis study that specifically investigated miR-33 

antagonism on ECAS. While we acknowledged this as a limitation, it is important to 

highlight the value of utilizing this valuable NHP model to delve into uncharted territory. 

By successfully addressing the formidable challenge of studying diet induced ICAS in an 

experimental model, this study achieved a significant feat. 

The key strength of our study lies in the successful induction of ICAS in a non-

human primate model without resorting to hypertensive manipulations, a strategy often 

employed in stroke models. This achievement, to the best of our knowledge, is a first in 

atherosclerosis research, thus filling a critical gap in our understanding of ICAS within an 

atherogenic context. 

This notable breakthrough offered a unique opportunity to explore the effects of 

miR-33 antagonism on ICAS regression, shedding light on the intricate mechanisms 

underpinning this disease. These findings not only hold significant potential for advancing 

our understanding of ICAS but also for spearheading the development of innovative 

therapeutic strategies. Moreover, this model paves the way for evaluating the efficacy of 

other potential treatments for ICAS, thereby facilitating the effective translation of 

preclinical findings into clinical applications. 
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2.4.1 Conclusion 

Our study, conducted as part of a larger atherosclerosis investigation in nonhuman 

primates, presented a serendipitous opportunity to delve into the intricacies of intracranial 

arteries and explore the formation of atherosclerotic plaques within the Circle of Willis. 

Through comprehensive analysis, we have provided compelling evidence to support the 

notion that persistent exposure to a high-fat, high-cholesterol diet, coupled with 

hypercholesterolemia, can indeed stimulate the development and progression of 

intracranial atherosclerosis in an animal model. This groundbreaking achievement 

represents a significant advancement in the field, as prior establishment of intracranial 

atherosclerosis in an animal model had remained elusive. 

The discovery of intracranial atherosclerosis in nonhuman primates opens a realm 

of possibilities for future research endeavors. One promising avenue lies in the exploration 

of advanced imaging modalities to monitor the dynamic progression or regression of these 

atherosclerotic plaques under experimental conditions. By honing our understanding of the 

factors influencing plaque stability and regression, we can lay the groundwork for the 

development of innovative treatment strategies aimed at reducing the burden of intracranial 

atherosclerosis. 

Moreover, our study holds immense potential for unraveling the intricate 

mechanisms underlying intracranial atherosclerosis and its consequential impact on stroke 

and vascular cognitive impairment. By delving into the complexities of intracranial 

atherosclerosis within a controlled experimental setting, we gained valuable insights that 

may ultimately translate into effective interventions to mitigate the deleterious effects of 

intracranial atherosclerosis on brain health and function. 
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In conclusion, our investigation not only established the presence of ICAS in a 

carefully controlled NHP model but also shed light on the pathogenesis and progression of 

this condition. This pivotal achievement paves the way for future studies to further explore 

the nuances of intracranial atherosclerosis, devise novel imaging techniques, develop 

targeted therapeutic interventions, and ultimately alleviate the burden of ICAS-related 

complications on individuals' lives. 
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Table 2.1  Macronutrient Distribution Across Diets 
Macronutrient distribution of Progression and Regression diets for comparison. (a) 

Represents house made Western-type atherogenic diet. (b) Represents commercial monkey 

diet (https://www.inotivco.com/primate-natural-ingredient-diets) 
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Table 2.2  MicroRNA-33 Target Genes  
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Figure 2.1: Study Design  
Illustration of study design, including diet, number of animals, and treatment groups. 

Figure generated with BioRender.com. 
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Figure 2.2: Median Plasma Lipids Across Treatment Groups 
Changes in plasma lipid levels across different time points. Due to a non-normal 

distribution of data, as determined by the Shapiro-Wilks test (SWT), we employed the 

Kruskal-Wallis test (KWT) followed by Dunn's post hoc test for multiple comparisons. 

Each panel represents median plasma lipid levels for the respective animal groups: those 

with n = 12 are denoted by *, and those with n = 13 are denoted by #. Different superscript 

letters within each row denote statistically significant differences (p < 0.05) between 

treatment groups at each respective time point. 
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Figure 2.3: Gross and Microscopic Observations of Lesion Frequency and Spatial 
Distribution of Lesions within the Circle of Willis (COW) 
(a) Frequency of lesions observed in animals across treatment groups. (b) Graphical 

representation of the Circle of Willis (COW). (c) Photographs of extracted COW with one 

or more gross atherosclerotic lesions. Small color dots align with ACA, BA1, BA3 
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(Continued Figure 2.3) segments pictured in (b). (d) Illustrates frequency of lesions within 

each vessel segment, percentages based of total animals in study (N=61). (e) Example 

micrographs of vessels with and without lesions aligned with each of the above COW (c) 

and vessels segments to the left (d). 
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Figure 2.4: Quantification of Morphometrical Raw Area (mm2) Binarization from 
Vessel Segments Observed Among all Animals Across Treatment Groups.  
Vessel images were binarized to establish ROI for each of the following row measures 

raw (a-c) lumen area, (d-f) intima area, (g-i) media area, (j-l) vessel area. Due to a non-
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(Continued Figure 2.4) normal distribution of data, as determined by the Shapiro-Wilks 

test (SWT), we employed the Kruskal-Wallis test (KWT) followed by Dunn's post hoc 

test for multiple comparisons. Significant markers: * p=0.05-0.01. The three columns 

represent the median area (mm2) for each measure across vessel segments ACA, BA1, 

BA3 (N=183 vessels) and treatment groups. Total ACA vessels in progression (n=12), 

6wk vehicle (n=13), 6wk anti-miR-33 (n=12), 24wk vehicle (n=12), 24wk treatment 

(n=12). Total BA1 vessels in progression (n=12), 6wk vehicle (n=13), 6wk anti-miR-33 

(n=12), 24wk vehicle (n=12), 24wk treatment (n=12). Total BA3 vessels in progression 

(n=12), 6wk vehicle (n=13), 6wk anti-miR-33 (n=12), 24wk vehicle (n=12), 24wk 

treatment (n=12). Treatment groups are indicated in the top legend.   
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Figure 2.5: Quantification of Calculated Morphometry Measures from Raw Area 
(mm2) Binarization of Vessel Segments Observed Among all Animals Across 
Treatment Groups. 
Calculated morphometry measures from vessel raw area data in Figure 2.4 (a-c) percent 

stenosis, (d-f) percent wall is intima, (g-i) wall area (mm2). Due to a non-normal 

distribution of data, as determined by the Shapiro-Wilks test (SWT), we employed the 

Kruskal-Wallis test (KWT) followed by Dunn's post hoc test for multiple comparisons. 

Significant markers: * p=0.05-0.01. The three columns represent the median area (mm2) 

for each measure across vessel segments ACA, BA1, BA3 (N=183 vessels) and treatment 

groups. Total ACA vessels in progression (n=12), 6wk vehicle (n=13), 6wk anti-miR-33 
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(Continued Figure 2.5) (n=12), 24wk vehicle (n=12), 24wk treatment (n=12). Total BA1 

vessels in progression (n=12), 6wk vehicle (n=13), 6wk anti-miR-33 (n=12), 24wk vehicle 

(n=12), 24wk treatment (n=12). Total BA3 vessels in progression (n=12), 6wk vehicle 

(n=13), 6wk anti-miR-33 (n=12), 24wk vehicle (n=12), 24wk treatment (n=12). Treatment 

groups are indicated in the top legend.   
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Figure 2.6: Quantification and Micrographs of Lumen Measures from Lesion 
Animals Only Across Treatment Groups 
(a, c) Analysis of lumen measures, raw area and percent stenosis, in only those vessels 

from lesion animals. The ACA, BA1, and BA3 segments from each lesion animal were 

clustered into each of their perspective treatment groups. Due to a non-normal distribution 

of data, as determined by the Shapiro-Wilks test (SWT), we employed the Kruskal-Wallis 
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(Continued Figure 2.6) test (KWT) followed by Dunn's post hoc test for multiple 

comparisons. Significant markers: * p=0.05-0.01. (b) Example of lumen binarization for 

raw and calculated lumen measures. (d-g) Representative images of different degrees of 

stenosis, actual percent stenosis measures are bolded below images. Scale bar represents 

500µm.  
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Figure 2.7: Quantification and Micrographs of Intima (Lesion) Measures from Lesion 
Animals Only  
(a, c) Analysis of intima measures, raw area and percent wall is intima, in only those vessels 

from lesion animals. The ACA, BA1, and BA3 segments from each lesion animal were 
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(Continued Figure 2.7) clustered into each of their perspective treatment groups. Due to 

a non-normal distribution of data, as determined by the Shapiro-Wilks test (SWT), we 

employed the Kruskal-Wallis test (KWT) followed by Dunn's post hoc test for multiple 

comparisons. Significant markers: * p=0.05-0.01, ** p=0.01-0.001. (b) Example of intima 

binarization for raw and calculated intima measures. (d-f) Representative images of lesions 

within the intima, actual percent wall is intima measures are bolded next to images. (e-f) 

Digital zoom of lesion features (e) necrotic core with inflammatory cells on the periphery, 

(d) large foam cells clustered together, (f) cholesterol clefts observed within a necrotic 

core. Scale bar represents 500µm. 
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Figure 2.8: Quantification and Micrographs of Additional Morphometrical Measures 
from Lesion Animals Only Across Treatment Groups 
(a, c,) Analysis of calculated measures (mm2) in only those vessels from lesion animals. 

The ACA, BA1, and BA3 segments from each lesion animal were clustered into each of 
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(Continued Figure 2.8) their perspective treatment groups. Due to a non-normal 

distribution of data, as determined by the Shapiro-Wilks test (SWT), we employed the 

Kruskal-Wallis test (KWT) followed by Dunn's post hoc test for multiple comparisons. 

Significant markers: * p=0.05-0.01. (b) Example of media binarization for raw media area. 

(d) Example of media and intima binarization for calculation of wall area. (f) Example of 

media, intima, and lumen binarization for calculation of total vessel area. Scale bar 

represents 500µm. 
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Figure 2.9: Quantification and Micrographs from the Binarization of PSRFG Positive 
Staining for Collagen within the Intima Measured Only from Lesion Animals Across 
Treatment Groups 
(a, f,) Analysis of positive picro sirius red fast green (PSRFG) within the intima, raw area 

and percent positive intima area. The ACA, BA1, and BA3 segments from each lesion 

animal were clustered into each of their perspective treatment groups. Due to a non-normal 
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(Continued Figure 2.9) distribution of data, as determined by the Shapiro-Wilks test 

(SWT), we employed the Kruskal-Wallis test (KWT) followed by Dunn's post hoc test for 

multiple comparisons. Significant markers: ** p=0.01-0.001. (b-e) Example of positive 

PSRFG binarization within the intima for collagen raw area and percent area measures. (c) 

Masked binary area of positive stained PSRFG in intima. (g-j) Representative images of 

different degrees of percent positive PSRFG within intimal lesions, actual percent PSRFG 

measures are bolded below images. (b,c, g-j) Scale bar represents 500µm. (d-e) Scale bar 

represents 100 µm. 
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Figure 2.10: Quantification and Micrographs from the Binarization of α-Actin 
Positive Staining for Vascular Smooth Muscle Cells within the Intima Measured Only 
from Lesion Animals Across Treatment Groups  
(a, f,) Analysis of positive alpha-actin (α-actin) within the intima, raw area and percent 

positive intima area. The ACA, BA1, and BA3 segments from each lesion animal were 

clustered into each of their perspective treatment groups. Due to a non-normal distribution 
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(Continued Figure 2.10) of data, as determined by the Shapiro-Wilks test (SWT), we 

employed the Kruskal-Wallis test (KWT) followed by Dunn's post hoc test for multiple 

comparisons. Significant markers: * p=0.05-0.01 ** p=0.01-0.001, ***p=0.001-0.0001. 

(b-e) Example of positive α-actin binarization within the intima for vascular smooth muscle 

cell raw area and percent area measures. (c) Masked binary area of positive stained α-actin 

in intima. (g-j) Representative images of different degrees of percent positive α-actin 

within intimal lesions, actual percent α-actin measures are bolded below images. (b,c, g-j) 

Scale bar represents 500µm. (d-e) Scale bar represents 100 µm. 
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Figure 2.11: Quantification and Micrographs from the Binarization of CD68 Positive 
Staining for Inflammatory Macrophage within the Intima Measured Only from 
Lesion Animals Across Treatment Groups 
(a, f,) Analysis of positive CD68 within the intima, raw area and percent positive intima 

area. The ACA, BA1, and BA3 segments from each lesion animal were clustered into each 
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(Continued Figure 2.11) of their perspective treatment groups. Due to a non-normal 

distribution of data, as determined by the Shapiro-Wilks test (SWT), we employed the 

Kruskal-Wallis test (KWT) followed by Dunn's post hoc test for multiple comparisons. 

Significant markers: * p=0.05-0.01 ** p=0.01-0.001, ***p=0.001-0.0001. (b-e) Example 

of positive CD68 binarization within the intima for macrophage raw area and percent area 

measures. (c) Masked binary area of positive stained CD68 in intima. (g-j) Representative 

images of different degrees of percent positive CD68 within intimal lesions, actual percent 

CD68 measures are bolded below images. (b,c, g-j) Scale bar represents 500µm. (d-e) Scale 

bar represents 100 µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



119 
 

 
 

Figure 2.12: Graphical Abstract Illustrating the Removal and Processing of the 
External Carotid Artery for Lipid Analysis and Quantification 
(a) Relationship of external carotid artery to intracranial vessels. (b-e) Sample micrographs 

depicting serial sections of an ACA vessel segment. (b) Movat staining where intraplaque 

hemorrhage can be observed. (c) PSRFG staining for collagen where intraplaque 
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(Continued Figure 2.12) hemorrhage from (b) can be observed as light green area. (d) α-

actin staining for vascular smooth muscle cells shows little positive staining within the 

lesion. (e) CD68 staining for inflammatory macrophage shows heavy positive staining 

within the lesion. (g-i) Analysis of total, esterified, and free cholesterol (TC, EC, FC) 

measures from processed external carotid tissue (f) across treatment groups. Due to a non-

normal distribution of data, as determined by the Shapiro-Wilks test (SWT), we employed 

the Kruskal-Wallis test (KWT) followed by Dunn's post hoc test for multiple comparisons. 

Significant markers: * p=0.05-0.01, ** p=0.01-0.001, *** 0.001-0.0001, **** p < 0.0001. 

Scale bar represents 500µm. 
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Figure 2.13: RNAseq Gene Expression Analysis of External Carotid Arteries from 
6wk and 24wk vehicle and anti-miR-33 Treated Animals 
(a) Trimmed mean of M-values (TMM) from bulk RNAseq filtered for miR-33 target genes 

in animals treated with vehicle or anti-miR-33 for 6wks. (b) TMM for miR-33 target genes 
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(Continued Figure 2.13) in animals treated with vehicle or anti-miR-33 for 24wks. (c,d) 

Fold change (FC; log2) between anti-miR-33 vs Vehicle treated animals, (c) 6wk FC 

aligned with (a) and (d)24wk FC aligned with (b) target genes. (e-f) False discovery rate 

(FDR) for each of the miR-33 target genes.  

 
  



123 
 

CHAPTER 3. DISCUSSION 

3.1 Discussion 

Atherosclerosis, a chronic inflammatory disease characterized by the accumulation 

of lipids and the remodeling of the vascular wall of large arteries, is a leading cause of 

morbidity and mortality worldwide. The study of atherosclerosis, particularly its 

manifestation within intracranial arteries, has been a focal point of cardiovascular and 

cerebrovascular research due to its profound impact on heart and brain health. The 

manifestation of intracranial atherosclerosis (ICAS) is particularly concerning due to its 

association with stroke and vascular cognitive impairment. Despite the significant health 

burden posed by ICAS, our understanding of its pathophysiology and our ability to 

effectively treat it remain limited. The residual risk associated with current treatments, the 

lack of suitable animal models for studying ICAS, and limitations in imaging techniques 

for diagnosing and monitoring ICAS have all posed significant hurdles in the path of 

progress. This dissertation aimed to address some of these challenges by exploring the role 

of miR-33 in atherosclerosis and developing a non-human primate model for diet induced 

ICAS.    

In the first chapter of this dissertation, we provided a comprehensive overview of 

atherosclerosis, with a particular emphasis on ICAS. We discussed the impact of 

atherosclerosis on heart and brain health and highlighted the crucial role of animal models 

in advancing our understanding of this complex disease. We then set the stage for the 

subsequent chapter by outlining the need for further research into the development, 

regression, and potential treatment of ICAS.  
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In the second chapter, we presented our original research on the efficacy of miR-

33 antagonism in promoting regression of ICAS in a non-human primate model. The 

findings from these chapters have not only contributed to our understanding of the efficacy 

of miR-33 antagonism on atherosclerotic lesions, but also served as a formal introduction 

to ICAS in a non-human primate (NHP) model. The mere opportunity to study a therapeutic 

thought to stabilize and/or regress atherosclerosis should not be understated. For the first 

time, we were able to reliably recapitulate the conditions for, and manifestation of, human-

like ICAS in an experimental animal model, underscoring the enormous value NHPs offer 

for the study of ICAS while laying the foundation for future therapeutic approaches for the 

treatment of this disease.   

In this discussion chapter, we will synthesize the findings from the first two 

chapters, situate them within the broader context of the field, and discuss their implications 

for future research. We will also address the limitations of our study and propose future 

directions for ICAS research. The ultimate goal is to highlight the potential impact of our 

work on improving brain health and function and reducing the risk of stroke and vascular 

cognitive impairment. 

3.1.1 Historical Challenges in Atherosclerosis Research 

The treatment of extracranial atherosclerosis (ECAS) and ICAS has seen significant 

advancements over the years, leading to a reduction in the global burden of these diseases. 

However, despite these advances, a significant residual risk remains from the complex and 

multifactorial nature of atherosclerosis, which involves various cellular and molecular 

processes, such as inflammation, lipid metabolism, and vascular remodeling.73 

Additionally, complex interactions between genetic, environmental, and lifestyle factors, 
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presents a significant challenge for patients to overcome and clinicians to control for.73 

Furthermore, current treatment strategies primarily target systemic risk factors, such as 

hypertension and dyslipidemia, but do not directly address the local pathological processes 

within atherosclerotic lesions.238  

The lack of suitable animal models for studying ICAS has also been a significant 

challenge in the field. While various animal models have been used to study ECAS (mice, 

rabbits, pigs), these models have not been shown to accurately replicate the development 

and complex pathophysiology of human ICAS.195,233 In parallel to a lack of animal models, 

limitations in imaging techniques for diagnosing and monitoring ICAS have posed 

significant challenges. While advancements in imaging technologies have improved our 

ability to visualize atherosclerotic extracranial plaques, these techniques often lack 

sufficient resolution to accurately assess, beyond stenosis and gross lesion size, the cellular 

and molecular composition of intracranial atherosclerotic plaques.232,239 This has limited 

not only our understanding of the disease but also our ability to noninvasively monitor the 

efficacy of treatment strategies to reduce residual risk through promoting the stabilization 

and/or regression of both ECAS and ICAS.  

3.1.2 Development and Validation of the Nonhuman Primate Model for ICAS 

The establishment of a robust and reliable animal model for ICAS arose from our 

original investigation into the effectiveness of anti-miR-33 ASO in promoting the 

regression of cardiovascular atherosclerotic plaques in NHPs. The unexpected and 

serendipitous discovery of diet induced ICAS in this model marks a significant milestone 

in the field of cerebrovascular atherosclerosis research, with far-reaching implications. 
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Non-human primates serve as valuable models for studying many human diseases 

due to their genetic, physiological, and anatomical similarities with humans. These animals 

have been extensively utilized in research focusing on ECAS. However, limited evidence 

exists regarding their potential as models for ICAS. While it has been reported that NHPs 

naturally develop ICAS, the reliable induction of ICAS in this model remains relatively 

unexplored in the existing literature. 

Only one group has demonstrated the presence of large atherosclerotic plaques 

within the COW of cynomolgus monkeys. This pioneering research conducted by Prusty 

et al. in 1988 involved studying two animals and provided evidence that an atherosclerotic 

diet combined with surgically induced hypertension (coarctation of thoracic aorta) resulted 

in the development of occlusive atherosclerosis in multiple segments of the COW.209 

Subsequent work by Hollander et al. in 1993 further investigated the induction of ICAS, 

comparing the effects of diet alone (n=16) versus diet combined with surgically induced 

hypertension (n=16). Their findings revealed that animals treated solely with an 

atherogenic diet had smaller lesion scores and lower lesion frequency (n=5; 31%), whereas 

a higher frequency of complex occlusive lesions was observed in animals (n=15, 94%) 

treated with both the atherogenic diet and surgically induced hypertension.222  

 The combination of diet and surgically induced hypertension was shown to have a 

significant impact on promoting severe ICAS development, highlighting the role of blood 

pressure in the progression of plaque formation. Interestingly, the occurrence of ICAS was 

found to be only 31% in animals treated with diet alone, which was relatively low compared 

to the much higher incidence of ICAS (94%) in animals treated with both diet and 

surgically induced hypertension. It is important to acknowledge that the use of surgical 
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means to induce hypertension may not fully replicate the natural progression of 

hypertension and atherosclerosis. However, these initial findings provided early support 

for the potential of diet induced ICAS in NHPs, a concept that had not been further explored 

until now. 

In our research, we implemented a hypercholesterolemic NHP model that allowed 

us to study both ECAS and ICAS. Unlike the previous studies mentioned, which utilized a 

12-month atherogenic diet feeding period, we opted for 20-month of high fat/high 

cholesterol diet feeding. This extended duration of dietary intervention had a significant 

impact on the lipid profile of our animals. Within the first month of being on the diet, we 

observed a nearly six-fold increase in plasma total cholesterol (TC) levels, primarily driven 

by proatherogenic low-density lipoprotein cholesterol (LDL-C). These elevated lipid levels 

closely resembled those typically observed in individuals with heterozygous familial 

hypercholesterolemia.66  

There are several factors that may explain the contrasting results between our study 

and the work of Hollander's group. Firstly, it is worth noting that the diet provided to 

Hollander's animals was indeed capable of inducing hypercholesterolemia, as evidenced 

by a mean plasma TC level of 658±52 mg/dL.222 However, the specific level of LDL-C 

achieved in their animals is unclear from their report. While sufficient 

hypercholesterolemia alone was not enough to induce ICAS, one potential explanation for 

the discrepancy in lesion frequency could be the duration of exposure to the diet or the time 

spent under hypercholesterolemic conditions. Hollander's study had a duration of 12 

months, whereas our study extended to 20 months. The additional eight months of diet and 
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elevated TC/LDL-C exposure in our study might have played a notable role in promoting 

the development of ICAS. 

However, it is also important to consider the variability observed in primates, both 

humans and monkeys, in their response to atherogenic diets. This variability is often 

characterized by hypo- and hyper-responders, reflecting the complex interplay between 

genetic, environmental, and lifestyle factors in the development of atherosclerotic vascular 

disease.237 It is possible that the cohort of animals used in Hollander's 1993 study had a 

higher proportion of hypo-responders, which could explain why 69% of their animals did 

not develop ICAS, while in our study, 77% of the animals did. 

Hollander et al. (1993) concluded that hypertension played a role in the 

development and severity of lesions within intracranial arteries.222 It is feasible given the 

diet and lack of physical activity that our animals developed hypertension during the course 

of our study, whereas the animals in Hollander's study not subjugated to aortic coarctation 

did not. However, we lack any supporting evidence to definitively claim that our animals 

were hypertensive. 

In addition to hypertension, psychosocial stress and depression are known to impact 

cardiovascular and cerebrovascular health in both humans and NHPs.206,240. It is plausible 

that the environment and social interactions experienced by Hollander's animals were more 

favorable compared to those in our study, which could have influenced the frequency of 

ICAS development. 

Another factor that may have influenced the disparity in ICAS frequency between 

our studies is the age of the animals at the beginning and end of the experiment.208 Our 
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animals were relatively young (5.2 years) and had reached sexual maturity at the start of 

the study, but we do not have information on the age of Hollander's animals. 

Collectively these observations underscore the multifactorial nature of 

atherosclerosis, particularly ICAS, and highlight the need for further research to better 

understand the individual factors that contribute to its development and progression. 

Moreover, these observations highlight some of the complexity of working with NHPs and 

the importance of considering variables such as species, diet, lipids, blood pressure, 

environment, psychosocial factors, and age in the conception and design of future NHP 

studies. Taking these factors into account can help provide a more comprehensive 

understanding of the development and progression of atherosclerotic vascular disease in 

NHP models. 

In our study, a total of 47 animals showed gross measures of ICAS upon necropsy, 

which were further confirmed through histological and immunohistochemical (IHC) 

analyses. The findings from our IHC studies revealed striking similarities between ICAS 

lesions in NHPs and humans. While many lesions exhibited characteristics of 

fibroatheromas, there were also notable instances of advanced atherosclerosis, including 

the presence of inflammatory foam cells, loss of collagen matrix, initiation of necrotic cores 

(cholesterol crystals/clefts), intraplaque hemorrhages, and severe to fully occlusive 

stenosis.102  

The successful production of a reliable ICAS model in NHPs allowed us to test the 

efficacy of our anti-miR-33 treatment and evaluate its impact on the cellular and molecular 

components within intracranial lesions. The model also holds significant promise for 

studying the mechanisms and potential therapeutic interventions for ICAS, as well as 
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assessing the effects of targeted treatments on the complex pathology of ICAS in a 

preclinical model that closely resembles the human condition. 

. Despite having a substantial numberDespite having a substantial number of animals with 

lesions (n=47) and a considerable number of measurable vessels with lesions (n=89) evenly 

distributed across treatment groups, we did not observe any significant treatment effect 

with miR-33 antagonism.  Contrary to our hypothesis, we did not observe the anticipated 

signs of plaque stabilization, such as increased collagen matrices, nor did we observe a 

reduction in inflammatory cells as an indication of plaque regression.220,241 However, with 

a return to baseline lipid levels, we noted a general reduction in collagen between the 

progression and regression arms of the study, with no discernible treatment effect on either 

collagen or CD68-positive cells between the vehicle and anti-miR-33 treatment groups. 

These findings suggest that miR-33 antagonism did not have the intended impact on the 

cellular and molecular components of ICAS lesions in our NHP model. 

To assess the cholesterol burden within the arterial wall of the external carotids in 

all 61 animals, we employed biochemical measures to evaluate free cholesterol (FC) and 

esterified cholesterol (EC) similar to that performed by Hollander et al. (1993). FC refers 

to unesterified cholesterol that has not been bound to fatty acids and is believed to directly 

contribute to the development of atherosclerosis. Elevated levels of FC within the vessel 

wall may indicate increased inflammation. On the other hand, EC is cholesterol that has 

been esterified with fatty acids and stored within cells, such as foam cells, playing a role 

in the progression of atherosclerosis. Higher levels of EC may indicate lesion progression, 

while decreased EC levels may suggest an improvement in the lipid status within the 

lesion.216  
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The measurements of different forms of cholesterol within the vascular tissue 

provided valuable insights into the progression and severity of atherosclerosis, as well as 

the potential impact of miR-33 antagonism on relieving cholesterol burden. We observed 

significant increases in FC and EC during the progression period, indicating the 

accumulation of cholesterol within the arterial wall. The reduction in tissue cholesterol 

levels was found to be associated with the duration of time on the cholesterol-lowering 

diet, with levels returning to baseline after 24 weeks. However, no significant differences 

were observed between the vehicle and anti-miR-33 treated groups, suggesting that miR-

33 antagonism did not have a measurable effect on cholesterol reduction within the lesions 

or vessel wall. These findings are consistent with the results of our histology and 

immunohistochemistry studies, providing no clear evidence to support the hypothesis that 

miR-33 antagonism promotes the regression of either carotid or intracranial 

atherosclerosis. 

In our efforts to assess the effectiveness of miR-33 antagonism, we also studied 

changes in the expression of miR-33 target genes through bulk RNA sequencing of carotid 

tissue. Contrary to our expectations, none of the miR-33 targets displayed significant 

changes in expression between the vehicle and anti-miR-33 treated groups, as determined 

by false discovery rate (FDR) analysis. We had hypothesized that the miR-33 ASO 

treatment would have boosted the expression of numerous target genes, yet this wasn't the 

case. 

The lack of influence on target gene expression could be due to several factors that 

warrant further research. For instance, it is possible that the dosage of the ASO 

administered was not sufficient to effectively inhibit miR-33 or, alternatively, that miR-33 
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was not expressed at levels high enough to notably affect target gene expression in the 

cynomolgus monkey model. Understanding these intricacies is crucial, as they could 

potentially influence the role of miR-33 in the context of atherosclerotic plaque formation 

and progression in this model. This is an important area of focus for future investigation in 

the quest for improved therapeutic strategies against atherosclerosis. 

Although not specifically addressed in chapter 2, we did make efforts to validate 

the effectiveness of the anti-miR-33 treatment. For instance, early analysis of liver tissue 

using Western blotting revealed an increase after 24 weeks of anti-miR-33 treatment in 

ABCA1 expression, a primary target of miR-33. This increase was also reflected in a 

significant elevation of HDL-C levels in the plasma of anti-miR-33 treated animals 

compared to those treated with the vehicle. These findings were aligned with past 

observations using the miR-33 antagonist in mice and NHPs.188,221 Additionally, 

preliminary IHC analysis of vessel cross sections indicated the presence of the anti-miR-

33 antisense oligonucleotide (ASO) in vascular tissue, suggesting its localization in 

atherosclerotic lesions. However, despite these preliminary observations, the overall 

evidence in the end was insufficient to support our hypothesis, leading us to conclude that 

miR-33 antagonism had no direct effect on the regression of ICAS in NHPs. 

Our study has successfully established a reliable animal model of atherosclerosis 

with both ECAS and ICAS l. This comprehensive representation of atherosclerosis along 

the cardiovascular-cerebrovascular axis is a significant achievement. Furthermore, our 

comprehensive histological studies characterizing ICAS in this unique model have 

provided compelling evidence that a healthy diet and maintenance of optimal plasma 

cholesterol levels has the potential to modify ICAS lesion composition and cholesterol 
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levels in as little as 6 weeks. These findings highlight the importance of a healthy diet in 

reducing the risk of ICAS, stroke, and VCI. 

While our =study of miR-33 antagonism in an NHP model did not yield the 

expected result, our study still contributes valuable insights to the field. It emphasizes the 

significance of diet and plasma cholesterol in ICAS progression, and our unique model 

opens additional avenues for further research to develop targeted interventions and 

preventive strategies for managing ICAS and its associated complications. 

3.1.3 Trends in Current Therapeutics for the Treatment and Management of 
ICAS and Associated Complications 

The therapeutic landscape for ICAS consists of two major categories: 

pharmacological and non-pharmacological approaches. By combining both 

pharmacological and non-pharmacological approaches, comprehensive management 

strategies can be developed to address the multifactorial nature of ICAS and optimize 

patient outcomes. 

Pharmacological approaches include medications such as antiplatelet therapies 

(aspirin, clopidogrel), anticoagulants, and lipid-lowering agents (statins). These 

medications aim to reduce thrombus formation, slow down the progression of 

atherosclerosis, and stabilize existing plaques.242–244 Blood pressure control is also crucial 

in ICAS management, and medications like angiotensin-converting enzyme (ACE) 

inhibitors, angiotensin receptor blockers (ARBs), or calcium channel blockers may be 

prescribed to achieve optimal cerebral perfusion and lower the risk of stroke.245,246 

Individualized treatment plans may include additional medications based on specific 
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patient needs, such as glycemic control agents for diabetes management, and symptomatic 

treatment options for headache or dizziness. 

Non-pharmacological interventions focus on lifestyle modifications. These include 

adopting a balanced diet, regular physical exercise, and quitting tobacco use.181,238 Lifestyle 

changes also target the management of co-existing conditions like hypertension, diabetes, 

and obesity, aiming to address the underlying causes of atherosclerosis and reduce overall 

cardiovascular and cerebrovascular risk. These interventions target fundamental etiological 

factors contributing to ICAS and aim to improve long-term outcomes. 

While therapeutic strategies aimed at addressing the underlying causes of ICAS 

show promise, there is still a residual risk associated with the development of stroke and 

other cardiovascular events, even with optimal treatment adherence. This residual risk can 

be attributed to various factors, including the progression of atherosclerosis, the variability 

in patient response to therapy, and potential complications arising from concurrent medical 

conditions. 

Despite efforts to slow down or halt the progression of atherosclerosis, the disease 

may continue to advance in some individuals, leading to the development of new lesions 

or the worsening of existing ones. This ongoing progression can increase the risk of plaque 

rupture or thrombosis, ultimately leading to adverse events with long term consequences, 

such as stroke with diminished motor and cognitive capacity. 

Additionally, individual patients may exhibit variations in their response to therapy. 

Factors such as genetic predisposition, underlying comorbidities, and lifestyle choices can 

influence how a patient's body interacts with the prescribed treatment. This interindividual 
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variability can contribute to differences in clinical outcomes and the residual risk of an 

atherosclerotic related event. 

Furthermore, concurrent medical conditions can complicate the clinical 

management of ICAS, contributing to the residual risk. Conditions such as hypertension, 

diabetes, and renal disease can interact with ICAS, exacerbating its progression and 

increasing the risk for vulnerable plaques to rupture. Additionally, the presence of 

comorbidities may require complex treatment strategies, increasing the potential for 

medication interactions and non-compliance contributing to undesired outcomes. 

Addressing the residual risk associated with ICAS requires a comprehensive 

approach that encompasses ongoing monitoring of disease progression, personalized 

treatment strategies, and the management of comorbidities. Further research is needed to 

better understand the underlying mechanisms contributing to this risk and to develop 

targeted interventions that can effectively mitigate it.  

3.1.4 Emerging Therapeutics for the Treatment of Atherosclerosis 

Emerging therapies for the treatment of atherosclerosis aim to address the residual 

risk that remains from traditional common therapies used today. For example, we 

previously discussed in chapter 1 the use of PCSK9 inhibitors that further lower LDL 

cholesterol levels beyond what can be achieved with statins alone. These inhibitors work 

by targeting and inhibiting PCSK9, a protein that plays a role in the regulation of LDL 

receptor recycling and degradation, thereby increasing the number of LDL receptors 

available to clear LDL cholesterol from the bloodstream. Clinical trials have demonstrated 
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that PCSK9 inhibitors can significantly reduce LDL cholesterol levels and cardiovascular 

events in high-risk patients.247  

Similarly, the development of anti-inflammatory therapies, including targeted 

therapies against specific inflammatory pathways, aims to address the inflammatory 

component of atherosclerosis. Chronic inflammation plays a critical role in the initiation, 

progression, and destabilization of atherosclerotic plaques.248 By targeting specific 

inflammatory pathways, such as interleukin-1β (IL-1β) or the NLRP3 inflammasome, these 

therapies seek to reduce plaque inflammation and stabilize vulnerable plaques. 

Other emerging therapies, such as miRNAs and antisense oligonucleotides (ASOs), 

offer potential avenues to modulate key molecular targets involved in lipoprotein 

metabolism and plaque regression. ASOs targeting apolipoprotein B (apoB) have shown 

promise in reducing plasma LDL cholesterol levels and atherosclerosis development in 

hyperlipidemic mice.249 Mipomersen, an ASO inhibitor of apoB, has been approved for 

treating hypercholesterolemia in individuals with familial hypercholesterolemia (FH).250 

Clinical trials using Mipomersen have demonstrated notable reductions in apoB-containing 

lipoproteins and plasma LDL-C in FH patients.251,252 Further research is needed to 

determine the efficacy of apoB suppression in regressing atherosclerotic lesions in humans 

and to address safety concerns.253  

The main treatment strategy presented in this dissertation involved the use of ASOs 

to inhibit miRNAs, specifically miR-33, as a potential approach for regressing 

atherosclerosis. I would like to briefly revisit the rationale behind the proposal of ASOs 

that antagonize miR-33 as a promising treatment strategy for promoting the regression of 

atherosclerosis. The miR-33 family consists of two members, miR-33a and miR-33b, 
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encoded within intron 16 of sterol regulatory element binding factor 2 (SREBF2) and intron 

17 of SREBF1.189,254  

MicroRNA-33, specifically miR-33a and miR-33b, play a significant role in 

regulating cellular lipid homeostasis. These microRNAs bind to the 3' untranslated region 

of target mRNAs, leading to their degradation or inhibition of translation.186,217 By doing 

so, miR-33a and miR-33b function in coordination with their host genes to suppress the 

expression of important genes involved in fatty acid oxidation and cholesterol efflux. This 

regulatory mechanism has widespread effects on maintaining lipid balance within cells. 

It has previously been demonstrated that antagonizing miR-33 in mice can 

effectively reduce the burden of aortic atherosclerosis by promoting regression or 

stabilization of existing plaques.220 This favorable outcome is closely associated with the 

regulation of ATP binding cassette transporter A1 (ABCA1), a target of miR-33. ABCA1 

plays a crucial role in the formation of nascent high-density lipoprotein (HDL) particles 

and the efflux of cellular cholesterol from foam cells onto discoidal HDL particles.90,255 

Maintaining proper expression of ABCA1 at both the liver and vessel wall  is believed to 

facilitate the removal of cholesterol from atherosclerotic plaques by promoting the efflux 

of cholesterol from foam cells to circulating HDL, ultimately facilitating its return to the 

liver. 

It has been established that miR-33 binds to ABCA1 mRNA, thereby repressing its 

anti-atherogenic function.186 Genetic deletion or inhibition of miR-33 in mice has been 

shown to enhance hepatic ABCA1 expression and increase circulating HDL-C levels by 

25-30%.189–191 Additionally, antagonizing miR-33 promotes fatty acid oxidation and 

induces M2 macrophage polarization, promoting an anti-inflammatory and pro-resolving 
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environment within atherosclerotic lesions.188 Moreover, miR-33 antagonism has been 

shown to reduce plaque necrosis by upregulating key autophagy proteins in macrophages 

and enhancing phagocytic efferocytosis for the clearance of apoptotic debris.191,219  

It is important to highlight that these studies demonstrating the therapeutic potential 

of miR-33 antagonism were primarily conducted in mice, which naturally express only 

miR-33a. However, in primates, including humans and monkeys, both miR-33a and miR-

33b isoforms are expressed.189,254 Having both miR-33a and miR-33b, NHPs are well-

suited for investigating the full effectiveness of miR-33 antagonism in stabilizing and/or 

regressing atherosclerotic plaques due to their closer resemblance to the human 

physiological context. Our group and others have utilized anti-miR-33 ASO treatment to 

inhibit both miR-33a and miR-33b in healthy NHPs.221,228  

Compared to healthy control animals treated with saline vehicle, inhibition of both 

isoforms of miR-33 using the anti-miR-33 ASO (Regulus [RG428651]) resulted in 

increased hepatic ABCA1 expression and circulating HDL-C levels, which remained 

elevated even after the animals were exposed to a high carbohydrate/moderate cholesterol 

diet.221,228 Furthermore, animals treated with the ASO exhibited a more favorable 

lipoprotein profile, characterized by HDL with an enhanced capacity for cholesterol efflux 

when compared to the vehicle treated groups.221  

In our study presented in this dissertation, we observed an increase in hepatic 

ABCA1 expression and circulating plasma HDL-C levels following miR-33 antagonism. 

However, despite these effects, we did not observe any additional benefits in terms of 

reducing lesion size or altering plaque composition. These findings were inconsistent with 

previous studies in mice that supported the role of miR-33 antagonism in promoting the 
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regression of atherosclerotic lesions and resolving plaque inflammation. A potential 

limitation of our study lies in the infrequency of macrophage-laden lesions and necrotic 

core formations within the ICAS lesions. This infrequency limited our ability to fully assess 

other markers of regression that are associated with improvements in efferocytosis and 

apoptosis. Understanding these biological processes in greater depth is critical, as they play 

integral roles in the development, progression, and potential regression of atherosclerotic 

disease. Future studies with an increased prevalence of such lesions could offer further 

insight into the role of miR-33 antagonism in the context of these processes. 

By addressing the underlying mechanisms of atherosclerosis, including lipid 

metabolism, inflammation, and plaque stability, emerging therapies have the potential to 

further reduce the residual risk that remains despite traditional therapies. However, 

challenges exist in the development and clinical translation of these novel therapies, 

including the need for effective strategies to assess their efficacy in both experimental 

models and humans. Collaborative efforts among academia, industry, and regulatory 

agencies are crucial to address these challenges and expedite the development and 

implementation of these therapies into clinical practice. 

By employing improved methodologies and assessing a broader range of 

technologies to assess cellular and molecular indicators of plaque progression and 

regression we can gain a more comprehensive understanding of the mechanisms underlying 

atherosclerosis and test the efficacy of novel strategies for targeted intervention, ultimately 

aiming to reduce the burden of ECAS and ICAS and improve patient outcomes. 
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3.2 Closing Remarks 

This dissertation has provided a detailed characterization of intracranial atherosclerosis 

(ICAS) within a diet-induced atherosclerosis model in NHPs. The mere discovery of ICAS 

in an animal model represents a significant advancement in cerebrovascular research, 

offering a framework for further investigations into the underlying mechanisms of ICAS 

and the evaluation of potential therapeutic interventions. Additionally, this dissertation has 

shed light on the potential links between ICAS and vascular neuropathologies associated 

with stroke and vascular cognitive impairment (VCI). 

However, our findings also highlight the multifaceted nature of ICAS and emphasize the 

need for a comprehensive approach in its study. Despite initial hypotheses, we did not 

observe regression of ICAS with miR-33 antagonism, underscoring the complexity of the 

disease and the importance of further research into the role of miR-33 and other factors in 

ICAS progression. 

To advance further understanding of ICAS for the development of treatment strategies, it 

is imperative to consider various factors behind atherosclerosis progression, including lipid 

metabolism, inflammation, and plaque stability. Assessing these factors will rely heavily 

on new technologies that allow us to monitor the progression and regression of 

atherosclerosis in situ. Promising advancements in current imaging technologies, such as 

intravascular ultrasound (IVUS), optical coherence tomography (OCT), and molecular 

imaging techniques, hold the potential to revolutionize our ability to visualize and 

characterize atherosclerotic plaques at a cellular and molecular level in living organisms.  

In addition to the aforementioned in vivo imaging advancements, the fields of microscopy, 

digital pathology, and machine learning hold great potential for accelerating the 
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visualization of whole vessel morphology and composition ex vivo. These technologies 

offer promising solutions to address current limitations by providing a wider spatial view 

of the atherosclerosis burden. 

Microscopy techniques, such as multiphoton microscopy and confocal microscopy, allow 

for high-resolution imaging of vascular tissue, enabling researchers to examine the nuances 

of cellular and subcellular structures within atherosclerotic lesions. These approaches have 

the potential to provide valuable insights into the spatial distribution of plaque components, 

including lipid deposits, inflammatory cells, and extracellular matrix proteins. 

Digital pathology leverages digital imaging and computer vision to transform traditional 

histopathology slides into archivable and widely assessable digital formats. This enables 

remote access to pathological data and facilitates the integration of quantitative image 

analysis algorithms across collaborators. Moreover, by leveraging machine learning and 

artificial intelligence, digital image formats allow for automated segmentation, 

identification, and classification of plaque features, providing a more efficient and 

standardized approach to atherosclerotic plaque characterization. 

Machine learning is exciting, and algorithms have shown enormous promise in the analysis 

of large-scale datasets, aiding in the identification of patterns and predictive modeling 

previously unseen. By training deep learning algorithms on annotated datasets, machine 

learning algorithms can learn to recognize and quantify specific plaque characteristics, 

such as macrophage burden, fibrous cap thickness, and lipid content. This rapidly growing 

technology has the potential to enhance our understanding of plaque composition and 

vulnerability and assist in predicting the response to therapeutic interventions. 
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By harnessing the power of both in vivo and ex vivo imaging technologies, researchers can 

gain a more comprehensive understanding of atherosclerosis by examining plaque burden 

and composition across the entire vessel, rather than relying solely on localized 

assessments. This broader spatial view can provide valuable insights into the distribution 

and heterogeneity of plaques within the vascular system, aiding in risk stratification of 

atherosclerotic plaques and the development and monitoring of targeted therapies. 

Furthermore, rapid advancements in molecular biomarkers, spatial genomics, 

metabolomics, and proteomics provide exciting opportunities to explore the intricate 

molecular pathways involved in both the progression and regression of atherosclerosis. By 

studying gene expression profiles, protein markers, and cellular signaling pathways within 

atherosclerotic plaques, we may identify potential targets for therapeutic interventions and 

assess the efficacy of novel treatment strategies. 

The complexity of atherosclerosis necessitates an integrative approach that combines 

various imaging modalities, computer-based technologies, molecular techniques, and 

preclinical models. Furthermore, translating these findings will require a collaborative 

effort among academia, industry, and regulatory agencies to address these complexities 

and expedite the development and implementation of these therapies into both clinical trials 

and practice.  

A long road remains but despite these challenges, we remain optimistic. With continued 

research and collaborative efforts, we are confident that we can gain a more comprehensive 

understanding of ICAS, develop effective strategies for targeted interventions, and 

ultimately improve patient outcomes. The discovery and characterization of ICAS in NHPs 

presented in this dissertation serve as a steppingstone for future research in the field of 
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ICAS, contributing to the collective effort to alleviate the burden of this disease and 

enhance the quality of life for individuals worldwide. 
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