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ABSTRACT 

 Atherosclerosis and symptoms of metabolic syndrome such as obesity, high 

cholesterol, and insulin resistance often coincide and exacerbate one another, but the 

cellular and molecular events in common with these conditions have not yet been fully 

elucidated. Low density lipoprotein receptor adaptor protein 1 (LDLRAP1) is an adaptor 

protein which interacts with the cytoplasmic tail of the LDL receptor, internalizing the 

receptor when it engages with LDL. Mutations in this gene lead to LDLR malfunction and 

cause Autosomal Recessive Hypercholesterolemia (ARH) in humans; however, direct 

causality on atherogenesis or metabolism in a defined pre-clinical model has not been 

reported. The aim of this study was to test the hypothesis that deletion of LDLRAP1 

would lead to hypercholesterolemia and atherosclerosis. LDLRAP1-/- mice fed a high fat, 

western diet (HFD) for 16 weeks had significantly increased plasma cholesterol and 

triglyceride concentrations, accompanied with significantly increased plaque burden 

compared with wild-type controls. Unexpectedly, LDLRAP1-/- mice gained significantly 

more weight compared to the wild-type, LDLRAP1-/- mice were insulin resistant, and 

calorimetric studies suggested an altered metabolic profile. We determined that 

LDLRAP1 is highly expressed in white adipose tissue (WAT), and LDLRAP1-/- adipocytes 

are significantly larger and have reduced glucose uptake and AKT phosphorylation, but 

increased CD36 expression. WAT from LDLRAP1-/- mice is hypoxic, and has gene 

expression signatures of dysregulated lipid storage and energy homeostasis. These data 

indicate that lack of LDLRAP1 directly leads to atherosclerosis in mice, and also are the 

first to suggest that LDLRAP1 plays an unanticipated metabolic regulatory role in 

adipose tissue. LDLRAP1 deletion leads to systemic effects, and may act as a molecular 

link which regulates dyslipidemia, atherosclerosis, insulin resistance, and obesity. 
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CHAPTER 1 

INTRODUCTION 

1.1 Cardiovascular Disease and Metabolic Syndrome 

 Cardiovascular disease (CVD) is the leading cause of death in both men and 

women in the United States today, and incidence of CVDs continues to increase 

worldwide. Despite the availability of cholesterol lowering medications, surgical 

interventions, and education to promote healthy lifestyles, nearly half of all Americans 

exhibit at least one CVD, including coronary heart disease, heart failure, stroke, and 

hypertension. Predictably, CVDs impart a larger economic burden on the country than 

any other disease, amounting to more than $350 billion per year in both direct and 

indirect costs (1). While CVD is comprised of multiple conditions, the principal contriubtor 

to the development of CVDs are atherosclerotic vascular syndromes. Atherosclerosis is 

a chronic inflammatory process in which cholesterol accumulates within the 

subendotheial space of the arterial wall, leading to the formation of plaques. This 

process begins when the innermost layer of the vessel, the endothelium, is damanged. 

The endothelium can become damanged in a number of ways, such as free radicals 

caused by smoking, stress, and infections, or mechanical stress caused by disturbed 

blood flow in atheroprone regions of the aorta (2). Once the endothelial layer 

compromised, LDL is able to pass into the intima, where it will encounter reactive 

oxygen species and becomes oxidized. Although oxidized (oxLDL) is naturally produced 

in the body, it is harmful, as it can elicit maladaptive inflammatory responses leading to 

apoptosis of macrophages and vascular endothelial cells (3, 4). Under physiological 

conditions, macrophages function to uptake this oxLDL and deliver it to the liver, where it 

can be processed and excreted in the intestines. However, under pathological 

conditions, such as in the context of hypercholesterolemia, macrophages uptake excess 
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oxLDL, which is stored as lipid droplets. These macrophages then become lipid-laden 

foam cells, which amass to form fatty streaks, the earliest atherosclerotic lesion. oxLDL 

further perpetuates this process by stimulating the expression of cytokines, chemokines, 

and cellular adhesion molecules. Chemokines such as monocyte chemoattractant 

protein 1 (MCP-1) attract additional leukocytes to the area, while adhesion molecules 

such as E-selectin, P-selectin, ICAM-1, and VCAM-1 ensure they adhere to the 

endothelium where they will begin their diapedesis into the intima. Macrophage colony-

stimulating factor (M-CSF) produced by foam cells within the intima stimulates these 

cells to differentiate into macrophages, which will internalize oxLDL via scavenger 

receptors and transform into foam cells themselves (5). Over time the foam cells within 

these lesions will die and apopotose leading to the formation of the necrotic core, a 

known component of unstable plaques which are prone to rupture (6). If unchecked, this 

low-level inflammation can continue and progress for decades, leading to the production 

of matrix metalloproteinases (MMPs). These enzymes reduces the stability of the fibrotic 

cap surrounding the necrotic core, leaving it vulnerable to rupture (7). A ruptured plaque 

can be fatal, as the resulting thrombus may block blood flow to the heart or brain, 

causing a myocardial infarction, or stroke, respectively. Furthermore, experiencing an 

cardiovascular event places a patient at higher risk for recurrent events, making 

preventative measures and effective treatments crucial (8, 9). Figure 1 gives an 

overview of the first steps in the atherogenetic process.    



 3 

 

Figure 1. Atherosclerotic lesion initiation. The oxidation of LDL initiates the 

atherosclerotic process by increasing the recruitment and adhesion of leukocytes and 

formation of macrophage foam cells. These foam cells will amass to form the earliest 

lesion known as the “fatty streak”. See text for details. (Newby AC et al. “Fibrous cap 

formation or destrubction – the critical importance of vascular smooth muscle cell 

proliferation, migration and matrix formation”. J Cardiovasc Res. 1999: 345-360). 

 

 The already complex presentation of cardiovascular disease is even further 

confounded by its overlap with metabolic syndrome. Metabolic syndrome is a cluster of 

conditions including obesity, low HDL cholesterol and high LDL cholesterol, high 

triglycerides, high blood pressure, and insulin resistance, and a patient is defined as 

having this syndrome when they experience three or more of these factors in any 

combination (10). It is currently estimated that over 30% of adults in the United States 

are diagnosed with metabolic syndrome, and this percentage increases to 50% in 

patients over age 60 (11). This information is particularly alarming, as patients with 
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metabolic syndrome are known to be at increased risk for developing cardiovascular 

disease, although statistics vary depending on the study. One study, for example, found 

that a diagnosis of metabolic syndrome indicates an age-adjusted relative risk of a 

cardiovascular event of over two-fold for both men and women (12). Components of 

metabolic syndrome are thought to contribute to the development of cardiovascular 

disease in several ways. High LDL is an obvious mechanism, as a hypercholesteremic 

environment induce the formation of lipid-laden foam cells and the atherosclerotic lesion. 

Obesity, insulin resistance, and hypertension mainly instigate atherogenesis by causing 

inflammation or damage to the vascular endothelium, the first step in the atherogenic 

process. In obesity, dysfunctional adipocytes no longer properly regulate the release of 

adipokines, leading to increased expression of vascular endothelial adhesion molecules, 

leukocyte infiltration through the endothelial wall, and activation of inflammatory 

cytokines. Adiponectin, for example, is an anti-inflammatory, anti-atherogenic adipokine 

which is known to be downregulated in obese adipose; this leads to an increase in NF-

kB activation and expression of adhesion molecules in aortic endothelial cells (13). 

There is evidence that insulin resistance and the resulting hyperglycemia are also 

atherogenic, as both are associated with pro-inflammatory environments. Insulin 

resistance and high blood glucose leads to decreased nitric oxide release, increased 

reactive oxygen species production, and increased VCAM-1 expression by vascular 

endothelial cells, promoting endothelial dysfunction and activation. Furthermore, 

prolonged hyperglycemia can result in epigenetic changes in the promotor of NF-kB, 

increasing oxidative stress and vascular inflammation (14). Lastly, hypertension initiates 

plaque formation by causing damage to the endothelial layer, allowing LDL to enter the 

subendothelial space where it can become oxidized and engulfed by foam cells, which 
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will ultimately perpetuate the pro-inflammatory and oxidative atherosclerotic process 

(15). Figure 2 outlines some of the key ways in which different components of metabolic 

syndrome can lead to the development of atherosclerosis.  

With this information being known, administering anti-inflammatory drugs to 

patients with atherosclerosis and metabolic syndrome would seem to be a logical 

answer. While cholesterol-lowering statins are the current first line of treatment and do 

have some anti-inflammatory effects, purely anti-inflammatory therapies are not yet 

common. However, several trials have investigated the efficiency of targeting the 

inflammasome, cytokines, and adaptive immunity in treating cardiovascular diseases, 

one of the most well-known being the CANTOS trial (16). The Canakinumab 

Antiinflammatory Thrombosis Outcome Study (CANTOS) trial enrolled over 10,000 

patients who previously experienced a myocardial infarction, and administered 

canakinumab, a monoclonal antibody targeted at the pro-inflammatory cytokine 

interleukin 1 beta (IL-1b), every three months. After a median of 3.7 years, treatment 

with canakinumab significantly decreased hsCRP levels as well as incidence of recurrent 

cardiovascular events compared to the placebo, indicating that targeting inflammation in 

CVD could be a viable option. Unfortunately, however, the harmful side effects of 

canakinumab could not be ignored – patients administered this drug experienced much 

higher rates of infection and sepsis compared to those who received the placebo, and 

levels of anti-inflammatory IL-6 were much lower in this group, likely due to dampening 

of the immune response. When it comes to other promising trials such as ones 

employing tocilizumab and colchicine, safety and efficacy are also a concern, preventing 

these anti-inflammatory treatments from becoming a clinical reality (17). A gap in 

knowledge clearly exists in complete understanding of proteins and pathways which link 

atherosclerosis with metabolic syndrome. Therefore, it may be necessary to approach 
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treatment from a different angle – if novel molecular and cellular events in common 

between atherosclerosis and metabolic syndrome can be identified, this could provide 

insight into new routes for therapeutics to treat multiple facets of both diseases.  

 

 

Figure 2. Metabolic syndrome contributes to the development of atherosclerosis. 

Various mechanisms can lead to dyslipidemia as well as vascular damage and 

endothelial dysfunction, increasing risk of atherogenesis and CVD. See text for details. 

(Samson, SL and Garber, AJ. “Metabolic Syndrome”. Endocrinol Metabol Clin N Am. 

2014; 43(1): 1-23). 

 

1.2 Lipid Receptors in Atherosclerosis and Metabolic Syndrome 

 One mechanism that may link atherosclerotic and metabolic syndrome is lipid 

receptor trafficking and signaling, particularly that of scavenger receptors. Although lipids 



 7 

can enter the cell through phagocytosis or pinocytosis, the main method in which 

macrophages uptake modified lipoproteins is through lipid scavenger receptors. First 

described in 1981, scavenger receptors are defined as cell surface receptors that bind a 

wide variety of ligands to promote the removal of nonself or altered-self targets, such as 

apoptotic cells, microbial pathogens, or viruses. Ten classes of scavenger receptors 

have currently been identified, most of which are expressed by macrophages. While in 

general macrophage scavenger receptors do not bind native lipoproteins, they can 

recognize and cause the endocytosis of modified lipoproteins such as acetylated or 

oxidized LDL (18). The purpose of scavenger receptors is to recognize harmful targets, 

however binding to these modified forms of LDL is ultimately detrimental; scavenger 

receptor-mediated uptake of oxLDL initiates an inflammatory response and facilitates 

macrophage foam cell formation, and is considered one of the key steps in the 

development of atherosclerosis (19). 

 A member of scavenger receptor class B, CD36 is one of the most utilized lipid 

scavenger receptors on adipocytes and macrophages. CD36 mainly functions to 

recognize and bind oxLDL and long chain fatty acids, and is responsible for as much as 

70% cholesterol ester accumulation in macrophages in high cholesterol environments 

(20). Predictably as CD36 facilitates oxLDL uptake, it has been linked to increased foam 

cell formation and atherogenesis in both mice and humans. Multiple studies have been 

performed on CD36 deficient mice crossed with the atheroprone ApoE-/- background, 

and results have shown that lack of CD36 led to as much as a 77% decrease in lesion 

size compared to controls administered a high fat diet (21). Also in a bone marrow 

transplantation study, mice that received CD36-null macrophages displayed an 88% 

decrease in plaque size compared to controls, while reintroduction of wild-type 

macrophages increased plaque size over two-fold (22). Patients with acute coronary 
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syndromes have shown increased expression of CD36 on circulating monocytes (23), 

and autopsies performed on obese patients revealed increased expression of CD36 on 

macrophages from atherosclerotic lesions (24). Regardless of species, it is known that 

CD36 promotes atherogenesis through a feed-forward loop. CD36 facilitates oxLDL 

macrophage binding and uptake, and once inside the cell, oxLDL activates the nuclear 

hormone receptor PPARg – this in turn upregulates the expression of CD36, leading to 

increased uptake of oxLDL. This not only increases foam cell formation, but also causes 

the macrophages to secrete oxidants and cytokines, oxidizing more LDL and recruiting 

more immune cells to the area, respectively, perpetuating the process of atherogenesis 

(25).  

CD36 also influences different facets of metabolic syndrome, particularly insulin 

sensitivity in the myocardium. Under physiological conditions fatty acids are the main 

source of energy for the heart, and fatty acid transport is largely facilitated by CD36. 

When stimulated either by insulin or cardiomyocyte contraction, CD36 is rapidly released 

from the endosomes and translocates to the cell surface to uptake increased fatty acids. 

This is similar to how GLUT4 translocation is regulated, as a vacuolar ATPase maintains 

the acidification of the endosomes until CD36 and GLUT4 are required to be released 

(Figure 3) (26). Under chronic lipid overload, CD36 continually uptakes these fatty acids, 

which stimulates the disassembly of the vacuolar ATPase and de-acidification of the 

endosomes. This causes CD36 to become trapped at the cell surface, perpetuating a 

feed-forward mechanism of increased fatty acid uptake into the myocytes. As 

intracellular fatty acid levels increase, triacylglycerol and ceramides accumulate, which 

interfere with the canonical insulin signaling pathway, leading to insulin resistance 

(Figure 4) (27). This is particularly dangerous as cardiac insulin resistance is 

independently associated with heart failure (28), and the lipotoxic effects of excess lipid 
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accumulation can contribute to cardiomyopathy (27). As CD36 is expressed in multiple 

cell types and tissues such as the adipose, macrophages, endothelial cells, skeletal 

muscle, and liver, its ability to regulate metabolism is not limited to the heart, and CD36 

could provide a viable target when researching the treatment of both atherosclerotic and 

metabolic diseases (29).  

 

 

Figure 3. Cellular trafficking of CD36 and GLUT4 in the cardiomyocyte. Under 

physiological conditions, insulin binding to its receptor initiates a signaling cascade 

which leads to the translocation of CD36 and GLUT4 from the endosomes to the cell 

surface (left). See text for details. (Luiken, JJFP, et al. “Understanding the distinct 

subcellular trafficking of CD36 and GLUT4 during the development of myocardial insulin  

resistance”. BBA – Molecular Basis of Disease. 2020; 1866(7): 165775).  
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Figure 4. Chronic lipid overload disrupts CD36 and GLUT4 cellular trafficking. Increased 

lipid concentrations within the cell lead to the disassembly of vacuolar ATPase and the 

de-acidification of the endosome, expelling CD36 to the cell surface. Excess fatty acids 

taken up by CD36 accumulate within the cell and interfere with the insulin signaling 

pathway, preventing GLUT4 translocation and inducing insulin resistance. See text for 

details. (Luiken, JJFP, et al. “Understanding the distinct subcellular trafficking of CD36 

and GLUT4 during the development of myocardial insulin resistance”. BBA – Molecular 

Basis of Disease. 2020; 1866(7): 165775). 

 

 Although not a scavenger receptor, the low-density lipoprotein receptor (LDLR) 

has also been implicated in the pathogenesis of cardiometabolic diseases. The LDLR 

functions to bind and internalize cholesterol-containing LDL through endocytosis, 

removing it from circulation. From there the cholesterol will be utilized by the cell to 

construct the plasma membrane (30), or will be delivered to the liver via reverse 
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cholesterol transport and ultimately excreted into the small intestine (31). Once the 

cholesterol dissociates from the receptor, endocytosed LDLR is either degraded within 

the lysosome, or recycled back to the plasma membrane (32). Patients with mutations in 

the LDLR gene develop familial hypercholesterolemia (FH), a condition where defective 

LDLR leads to premature atherosclerosis and CVD at a young age. Interestingly, LDLR 

function has also been found to play a role in metabolism as well. Statins are the first 

line of treatment in patients with high cholesterol – by inhibiting the enzyme HMG-CoA 

reductase and upregulating LDLR expression in the liver, statins prevent the synthesis of 

new cholesterol and increase LDL uptake respectively, reducing the risk of 

atherogenesis (33). However, multiple studies have linked statin use to a significantly 

increased risk of developing type 2 diabetes. Although the mechanism is not yet fully 

understood, this phenomenon has been contributed specifically to the increased levels 

of LDLR. This is because patients with FH have been found to develop diabetes much 

less frequently than their unaffected counterparts. One possible explanation for this is 

that statins could interfere with the ability of the pancreas to secrete insulin – for 

example studies have shown that in a mouse model of LDLR overexpression pancreatic 

islet abnormalities were observed, while in a LDLR knockout model pancreatic b cells 

resisted cholesterol accumulation and cellular dysfunction after a high fat diet (33). 

These data suggest that the role the LDLR plays in cholesterol metabolism and 

atherosclerosis may also contribute to the pathogenesis of diabetes by altering insulin 

production and signaling.     

1.3 LDL Receptor Internalization by LDLRAP1 

 Low density lipoprotein receptor adaptor protein 1 (LDLRAP1) is a clathrin-

associated adaptor protein responsible for the internalization of the LDL receptor (LDLR) 

in polarized cells (34). LDLRAP1 binds to the cytosolic tail of the LDLR at its FXNPXY 
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domain, connecting it to the cell’s endocytic machinery by also binding to clathrin and 

the AP-2 adaptor complex present on endosomes. Although LDLRAP1 can bind to the 

FXNPXY domain of other LDLR family members such as LRP, it is only to known to be 

specifically required for LDLR endocytosis. For example, in one study done in Arh-/- 

(LDLRAP1-/-) mice, LDLR remained sequestered at the cell surface of hepatocytes while 

LRP was successfully internalized. However, based on its structure and binding motif, 

the possibility of engagement with other receptors exists. LDL is the primary transporter 

of cholesterol in the blood, and patients with mutations in the LDLRAP1 gene develop 

autosomal recessive hypercholesterolemia (ARH), mainly due to the inability of the liver 

to uptake and process cholesterol as the LDLR-LDL complex cannot be internalized 

(35). Along with LDLR, PCSK9, and APOB, heterozygous mutations in LDLRAP1 can 

also cause FH; however, mutations in LDLR are most common in this disease (36). 

Although LDLRAP1 has been studied most extensively in the context of ARH and FH, a 

role for LDLRAP1 in atherosclerosis or metabolic syndrome has yet to be characterized.  

 Interestingly, LDLRAP1 has been reported to have other functions unrelated to 

its ability to sort the LDL receptor, such as centrosome assembly during mitosis. Indeed, 

LDLRAP1 expression is conserved to invertebrates such as the squid, which do not 

have LDLR (37). Using mass spectrometry, one group determined that LDLRAP1 binds 

with components of the g-tubulin ring complex (g-TuRC) as well as multiple dyneins – g-

TuRC facilitates the microtubule nucleation process, while dyneins transport cellular 

cargo and position the microtubules in accordance with the cell cycle phase. Although it 

is unclear how LDLRAP1 may aid in these processes, rat-1 fibroblast cells transfected 

with LDLRAP1 siRNA displayed decreased growth rates while knocking out LDLRAP1 in 

MEFs resulted in prolonged or failed cytokinesis – this indicates that LDLRAP1 is indeed 

necessary for cell cycle progression, at least in certain cell types. The authors also 
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confirmed that LDLRAP1 colocalizes to the centrosome and mitotic apparatus via 

immunofluorescence staining, and that LDLRAP1 deficiency results in smaller or absent 

centrosomes, further solidifying its function as a centrosomal protein (38). These results 

are noteworthy as in addition to atherosclerosis and metabolic disease, LDLRAP1 may 

also prove to play a role in smooth muscle proliferative diseases such as restenosis. 

However, as LDLRAP1 has been posited to have tissue specific functions (37), whether 

LDLRAP1 acts as a centrosomal protein in VSMC needs to be determined.  

1.4 Insulin Signaling and Glucose Homeostasis in Adipose Tissue 

 As one of the primary glucometabolic tissues, the adipose influences the 

metabolism of glucose and lipids, as well as regulates insulin sensitivity. Under 

physiological conditions, insulin stimulates the adipose to uptake glucose and 

triglycerides, synthesize new triglycerides for storage, and prevent lipolysis, and also 

plays a role in adipocyte growth and differentiation by regulating the expression of 

adipose-specific transcription factors such as SREBP-1c and PPARg (39). These 

processes are tightly regulated, as excess lipids deposit on other organs such as the 

liver, heart, pancreas, and high blood glucose levels can be damaging to vessels. After a 

meal, insulin initiates the translocation of the glucose transporter GLUT4 from the 

endosome to the plasma membrane, allowing glucose to pass from the circulation into 

the cell.   

Postprandially, adipose takes up only around 10% of circulating glucose, while 

the rest is delivered to the skeletal muscle. However, adipose tissue is a crucial regulator 

of whole-body insulin tolerance and glucose uptake (40). It has been shown that mice 

deficient in GLUT4 specifically in the adipose were as insulin resistant as mice deficient 

in GLUT4 in the skeletal muscle (41), and adipose specific deletion of GLUT4 leads to 

whole-body insulin resistance and hyperinsulinemia (42). Also, overexpression of 
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GLUT4 led to lower blood glucose and insulin levels and improved glucose tolerance, 

even in obese mice (43). As previously mentioned, dysregulated insulin signaling in the 

adipose can have damaging effects on other organs – insulin is the main antilipolytic 

hormone, and prevents the release of excess non esterified fatty acids (NEFAs) into 

circulation where they will deposit in other areas of the body. This ectopic fat deposition 

can lead to insulin resistance in these tissues, and ultimately predispose a person to 

type 2 diabetes and even cardiovascular disease (40).  

 Adipose tissue is an endocrine organ, which secretes adipokines that can 

regulate insulin sensitivity and glucose metabolism throughout the body. The most well 

defined and abundant adipokine is adiponectin, which exerts anti-diabetic, anti-

inflammatory, and anti-atherogenic effects. Adiponectin maintains insulin sensitivity in a 

number of ways – by binding to its receptors AdipoR1 and AdipoR2 in the skeletal 

muscle, adiponectin stimulates GLUT4 translocation to the cell membrane and 

subsequent glucose uptake. In the liver, adiponectin increases the expression of insulin 

receptor substrate 2 (IRS-2), decreases gluconeogenesis by inhibiting the action of 

phosphoenolpyruvate carboxylase, and inhibits fatty acid synthesis and increases fatty 

acid oxidation (44). Leptin, another essential adipokine, acts on a variety of tissues to 

regulate glucose homeostasis both directly and through the central nervous system, 

although the mechanisms in which it does so are not yet fully understood. Leptin 

stimulates glucose uptake in skeletal muscle tissue, regulates insulin and glucagon 

release from the pancreas, regulates lipolysis in adipose tissue, reduces corticosterone 

release from the adrenal gland, and reduces gluconeogenesis and glucose output in the 

liver. The actions of leptin change depending on whether the body is in a state of insulin 

deficiency, adapting to the body’s dynamic needs (45). Although not an adipokine, the 

recently discovered class of adipose secreted factors fatty acid esters of hydroxy fatty 
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acids (FAHFAs) have shown promise as potential treatments for diabetes and metabolic 

disorders. By binding to and activating G protein-coupled receptors, FAHFAs such as 

palmitic-acid-9-hydroxy-stearic-acid (PAHSA) have the ability to increase glucose uptake 

by stimulating GLUT4 translocation to the membrane, and can maintain glucose 

tolerance by regulating the release of GLP-1 and insulin (46). It is important to note, 

however, that dysregulated adipose tissue, such as in the context of obesity, will secrete 

adipokines that promote inflammation and insulin resistance, such as retinol binding 

protein 4 (RBP4), IL-6, and IL-8. At the same time the production of beneficial 

adipokines such as adiponectin and leptin will be suppressed, further exacerbating local 

and whole-body glucose and insulin intolerance (40).     

1.5 The Role of Vascular Smooth Muscle Cells in Cardiovascular Pathophysiology 

 Historically scientists have focused on the contribution of macrophages and 

macrophage foam cells to the development of atherosclerosis, but new evidence has 

revealed vascular smooth muscle cells to be an important player in in cardiovascular 

disease. It is well established that VSMC form the fibrous cap that surrounds the 

atherosclerotic plaque – atherogenic stimuli such as cytokines, lipids, and shear stress 

stimulate VSMC in the media of the artery to de-differentiate from a contractile state to a 

synthetic, proliferative state. These cells migrate to the intima where they synthesize 

extracellular matrix proteins such as collagen and fibronectin to construct the cap. This 

process is beneficial, as it stabilizes advanced lesions and prevents rupture and the 

formation of thrombi. Interestingly, however, it has been found that under 

hypercholesterolemic conditions, VSMC can also transdifferentiate into a macrophage-

like phenotype, and uptake oxLDL to transform into foam cells. VSMC express multiple 

lipid scavenger receptors such as SR-A1 and CD36, allowing them to uptake oxLDL in a 

similar method to macrophages (47). After cholesterol loading, VSMC display decreased 
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expression of SMC-related genes including a-actin, a-tropomyosin, myosin heavy chain, 

and calponin H1, and increased expression of macrophage-related genes CD68, Mac-2, 

and ABCA1 (48). While at first glance atherosclerotic lesions may appear to be primarily 

comprised of macrophage foam cells, it has been found that up to 70% of cells in 

plaques are actually derived from VSMC (49). Despite contributing to the majority of the 

atherosclerotic lesion, VSMC foam cells are severely understudied. Perhaps a more 

thorough investigation into the mechanisms of VSMC foam cell formation would provide 

a better understanding of vascular pathophysiology, and provide additional therapeutic 

targets for treating atherosclerosis.   

1.6 Summary 

 Cardiovascular disease and metabolic syndrome often overlap and exacerbate 

one another, and together are becoming an increasing burden in our modern world. With 

an increase in sedentary lifestyles and access to high fat, high cholesterol foods, nearly 

all Americans will develop a cardiometabolic disease at some point in their lifetime, and 

current treatments are not sufficient to combat this epidemic. If molecular and cellular 

events in common between these conditions can be identified, this could provide insight 

into new therapeutics to treat multiple facets of each disease. One molecular event that 

may link cardiovascular disease and metabolic syndrome is lipid receptor trafficking and 

signaling. It has already been established that certain lipid receptors such as CD36 can 

play a role these conditions, for example by regulating foam cell formation in 

atherosclerosis and insulin signaling in cardiomyocytes. By facilitating the internalization 

of the LDL receptor, the adaptor protein LDLRAP1 plays a crucial role in regulating 

circulating cholesterol levels, and therefore may have a hand in the prevention of 

cardiometabolic diseases. However, a LDLRAP1’s specific effects on the pathogenesis 

of atherogenesis, obesity, insulin resistance, and other aspects of CVD and metabolic 
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syndrome have not been reported. Understanding the role of LDLRAP1 and how it links 

these conditions may lead to better therapeutic targets, especially in the adipose as it is 

one of the main glucometabolic tissues and maintains whole-body insulin and glucose 

sensitivity.  

1.7 Central Hypothesis 

 The central hypothesis of this dissertation is that the adaptor protein LDLRAP1 

may function as a molecular link between atherosclerosis and dysregulated metabolism. 

LDLRAP1 global knockout in mice will lead to hypercholesterolemia, atherosclerosis, 

and insulin resistance due to dysregulated receptor internalization and signaling.    

1.8 Specific Aims 

Aim 1: Determine the effect of loss of LDLRAP1 on a mouse model of experimental 

atherosclerosis. 

Hypothesis: LDLRAP1 global knockout will lead to atherosclerotic plaque formation due 

to hypercholesterolemia. 

 Aim 1A: Determine the effect of LDLRAP1 knockout on atherogenesis in 

LDLRAP1-/- mice compared to LDLRAP1 wild-type control mice in response to a high fat 

diet. 

 Aim 1B: Determine the effect of LDLRAP1 knockout on serum cholesterol and 

triglyceride levels in LDLRAP1-/- and wild-type mice in response to a standard chow and 

high fat diet.  

Aim 2: Explore the metabolic effects of genetic deletion of LDLRAP1. 

Hypothesis: As there is an established link between hypercholesterolemia and insulin 

resistance, LDLRAP1 deletion will alter metabolism.  

 Aim 2A: Determine the effect of LDLRAP1 knockout on weight gain and 

metabolic profile using metabolic cage analysis.  
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 Aim 2B: Determine the effect of LDLRAP1 knockout on insulin resistance and 

identify potential mechanisms in which insulin signaling and glucose uptake is altered in 

adipose tissue.   

 Aim 2C: Evaluate the effect of LDLRAP1 knockout on adipose pathophysiology 

and gene expression.    

Aim 3: Determine the effect of loss LDLRAP1 of VSMC proliferation and foam cell 

formation. 

Hypothesis: LDLRAP1 knockout will lead to decreased VSMC proliferation and 

neointima formation, as well as decreased VSMC oxLDL uptake and foam cell formation.  

 Aim 3A: Assess the impact of LDLRAP1 knockout on neointimal formation in 

LDLRAP1-/- and wild-type mice in a carotid ligation model after a high fat diet.  

Aim 3B: Examine how LDLRAP1 knockout effects proliferation of VSMC isolated 

from the aortas of LDLRAP1-/- and wild-type mice. 

 Aim 3C: Determine the effect of LDLRAP1 knockout on DiI-oxLDL uptake and 

expression of lipid scavenger receptor expression in VSMC isolated from the aortas of 

LDLRAP1-/- and wild-type mice.  



 19 

 

Figure 5. Project experimental design. Graphical representation of specific aims. 

LDLRAP1 global knockout and corresponding wild-type mice were utilized to test three 

unique aims. Aim 1 sought to determine the effect of LDLRAP1 genetic deletion on 

plasma cholesterol and triglyceride levels and subsequent atherosclerotic plaque 

formation in the aortic arch. The purpose of aim 2 was to compare weight gain and 

metabolic function between the knockout and wild-type mice, as well as to characterize 

the adipose of the knockout mouse (i.e. relative hypertrophy and hypoxia, insulin and 

glucose resistance, differential gene expression). Aim 3 utilized aortic VSMCs isolated 

from LDLRAP1 knockout and wild-type mice to evaluate oxLDL uptake and lipid 

scavenger receptor expression, as well as cell proliferation. A carotid ligation model was 

also used to compare neointima formation between knockout and wild-type mice, and 

served as an in vivo model of VSMC proliferation.  
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Mouse Model and Study Design 

 LDLRAP1 heterozygous mice on a B6/129SF1/J background were purchased 

from The Jackson Laboratory (strain #005212) and mated to produce a homozygous 

knockout line (LDLRAP1-/-). B6/129SF1/J mice (strain #101043) were also purchased 

from The Jackson Laboratory and used as wild-type controls as suggested. LDLRAP1-/- 

and wild-type mice of both sexes were fed a high fat, high cholesterol high fat diet (40% 

of total calories as fat, 1% cholesterol; TestDiet stock# 5TJT; St. Louis, MO) for 16 

weeks. Blood was collected from mice on a chow or high fat diet via a cardiac puncture, 

and was centrifuged at 1000 rpm for 10 minutes to isolate the serum. Fasting cholesterol 

and triglyceride serum levels (mg/dl) were then measured by the Vanderbilt University 

Medical College Lipid Core (Nashville, TN). All animal procedures followed protocols 

approved by the Temple University Institutional Animal Care and Use Committee. 

2.2 Atherosclerotic Lesion Analysis 

 After 16 weeks of a high fat diet, aortas were removed, and atherosclerotic 

plaques were stained with Sudan IV in the en face method as previously described (50). 

Lesion size compared to the aortic arch was quantified using the ImageJ program v1.53f 

25. Plaque macrophage content in the aortic root was determined by 

immunohistochemistry with an anti-CD68 antibody (Biolegend, San Diego, CA) as 

previously described (50). Briefly, aortic roots were frozen in OCT medium and 

sectioned into four transverse serial sections spaced 70-100um apart from the aortic 

sinus to the disappearance of the valve cusps. Each section was stained, and 

immunopositive areas were measured using ImageJ and quantitated as percentage of 

total plaque area.  
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2.3 Immunohistochemistry  

 Adipose tissue was fixed in 10% neutral buffered formalin for 48 hours, 

embedded in paraffin, cut into 5 um sections, and counter-stained with hematoxylin and 

eosin. Adipocyte size was quantitated from these sections using ImageJ – images were 

taken from at least three HPF from three sections from three different mice. Tissue was 

also immunostained with a HIF1a antibody (Novus, cat #NB100-479) and differences in 

staining were visually observed.  

2.4 RNA Isolation, Adipose Fractionation, and RT-qPCR 

 RNA was isolated from tissue using a phenol-chloroform extraction protocol as 

previously described (51). Briefly, tissue was cut into small pieces and placed into 

PowerBead tubes containing 0.7 mm garnet beads (Qiagen, cat #13123-50). 600 uL 

trizol was added, and tubes were vortexed for one hour. The resulting solution was 

pipetted into a new eppendorf tube and centrifuged for 10 minutes at 12,000 g at 4 °C, 

and the supernatant was pipetted into another eppendorf tube and used for RNA 

isolation. 100 ng of RNA was then reverse transcribed as we described (52). Target 

genes were amplified using SYBR green (ThermoFisher Scientific, Waltham, MA) and 

gene-specific primers, in triplicate, using an Applied Biosystems StepOne Plus Real-

Time PCR System. Results were normalized using housekeeping gene GAPDH. Primer 

pairs were purchased from Integrated DNA Technologies (Coralville, IA).  The following 

primer sets were used: 

Mouse GAPDH: F: 5’-GGAGAAACCTGCCAAGTATGA-3’ 

R: 5’-TCCTCAGTGTAGCCCAAGA-3’  

Mouse LDLRAP1: F: 5’-CACTAGCCAGCTCATCGAGA-3’  

R: 5’-CACCTTGTCGTGCATCTTGT-3’  
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Mouse HIF1a: F: 5’-CCTGCACTGAATCAAGAGGTTGC-3’ 

R: 5’-CCATCAGAAGGACTTGCTGGCT-3’  

Mouse CD36: F: 5’-GATGACGTGGCAAAGAACAG-3'  

R: 5’-TCCTCGGGGTCCTGAGTTAT-3' 

Mouse SR-A1: F: 5’-CCCTTTCTCCTTCTGCCTTTAT-3’ 

R: 5’-ACCGAGCGCCATCTTTATC-3’ 

Mouse ABCG1: F: 5’-TGGTGTGTGGTTCTACCTTTC-3’ 

R: 5’-CCGGTATCTCCTACCATGACTA-3’ 

Mouse LXRa: F: 5’-GAGGGACAGTGTCTTGGTAATG-3’ 

R: 5’-CCGTTGCAGAATCAGGAGAA-3’ 

PCR Array. Visceral VAT was collected and combined from three male 8-12-week-old 

LDLRAP1-/- or WT mice, and RNA was isolated from the adipocytes separated from 

the stromal vascular layer. Briefly, epididymal adipose was removed, cut into pieces, 

digested with type I collagenase, shaken for 2 hours at 37 °C, 100 rpm, poured 

through a 100 μm filter, and centrifuged at 600 g for 15 minutes. The top layer 

consisting of adipocytes was then pipetted into a new eppendorf tube, and RNA was 

isolated from this layer using the Direct-zolTM RNA Miniprep Plus Kit (Zymo Research, 

cat #R2072) according to the manufacturer’s protocol. Gene expression for 84 genes 

was analyzed using the Mouse Angiogenesis RT2 ProfilerTM PCR Array from Qiagen 

(cat #PAMM-049Z) as described by the manufacturer, and fold change and statistical 

significance were determined using the software provided online at Qiagen’s 

GeneGlobe Data Analysis Center (53). Gene expression was also analyzed in VSMC 

isolated from three male 8-12-week-old LDLRAP1-/- or WT mice using the Mouse 



 23 

Lipoprotein Signaling and Cholesterol Metabolism RT2 ProfilerTM PCR Arrary from 

Qiagen (cat #PAMM-080Z) as described above.  

2.5 Western Blot Analysis 

 Protein extracts were made from visceral VAT collected from male LDLRAP1-/- 

and wild-type mice. Tissue was cut into pieces and homogenized in T-PER tissue 

protein extraction reagent (Thermo Scientific, Waltham, MA) using the TissueLyser LT 

(QIAGEN, Hilden, Germany) for 5 minutes at 50 Hz. Samples were centrifuged for 15 

minutes at 14000 g at 4 °C, and the supernatant was collected and added to 5x SDS 

running buffer and ddH2O to obtain a protein concentration of 100 ug. Protein extracts 

were separated by SDS-PAGE, transferred to a nitrocellulose membrane, and blocked 

with 5% bovine serum albumin in TBST. The membrane was then incubated with one of 

the following primary antibodies: ARH (LDLRAP1; LSBio, cat #LS-C377809), CD36 

(Invitrogen, cat #PA5-27236), AKT (Cell Signaling, cat #cs9272), pAKT (Ser 473; Cell 

Signaling, cat #cs9271s), or GAPDH (Cell Signaling, cat #2118S). All antibodies were 

used at a concentration of 1:3000 aside from ARH, which was used at a concentration of 

1:500-1:1000. Relative intensity of bands was normalized to GAPDH, and quantitated 

using the ImageJ densitometry program. 

2.6 Metabolic Cage Analysis 

 15-week-old LDLRAP1-/- and wild-type male mice were individually housed in 

TSE Phenomaster (Chesterfield, MO) metabolic cages for 96 hours. Mice were fed 

either a standard chow or western, high fat diet (described above) for 12 weeks before 

being placed in the cages. Measurements were taken every 15 minutes for the following 

parameters: O2 consumption (ml/hour), CO2 production, (ml/hour), respiratory exchange 

ratio (CO2/O2), energy expenditure (kcal/hour), energy balance (kcal/hour), hourly food 

consumption (kcal/hour), total food consumed (kcal), hourly water consumption 
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(ml/hour), total water consumed (ml), locomotor activity (beam breaks), and ambulatory 

activity (beam breaks). Weight was measured each time the mouse entered a 

suspended glass tube. The data analysis was conducted over a 72-hour time frame; the 

first 24 hours were considered an acclimation period and disregarded. All data were 

analyzed and statistics were performed using the CalR software version 1.2 

(CalRApp.org). The CalR program implements the most widely accepted method of 

analysis, which is the analysis of covariance (ANCOVA) where appropriate, and the 

generalized linear model (GLM) where ANCOVA is not appropriate. In each case, body 

mass is utilized as a covariate when modeling mass-dependent metabolic parameters. 

2.7 Insulin Tolerance Test 

 LDLRAP1-/- and wild-type mice on either a chow or high fat diet were fasted for a 

4-hour period, and baseline blood glucose was measured from the tip of the tail using an 

AlphaTRAK2 glucose meter (Zoetis, Parsippany, NJ) and glucose strips (PharmaTech 

Solutions, Inc., Westlake Village, CA). Mice were then given a bolus of insulin via an 

intraperitoneal injection (0.5 U/kg for females, 0.5 or 0.75 U/kg for males; Lilly, 

Indianapolis, IN), and blood glucose levels were measured at 15, 30, 45, 60, and 120 

minutes.  

2.8 HOMA-IR Calculation 

 The homeostasis model assessment of insulin resistance (HOMA-IR) is a 

mathematical model that describes insulin sensitivity – a high HOMA-IR value indicates 

less sensitivity to insulin, while a low HOMA-IR value indicates more sensitivity. HOMA-

IR was calculated for LDLRAP1-/- and wild-type male mice on either a chow or high fat 

diet by dividing the product of fasted glucose and insulin by 405 [(Glucose x Insulin)/405] 

as previously described (54). Fasting glucose levels were measured from the tail tip as 

described in 2.7 after mice were starved for 16 hours. Serum insulin levels were 
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measured at the Vanderbilt University Hormone and Analytical services core facility 

using a commercially available radioimmunoassay (Millipore Cat. # PI-13K). Serum was 

used from at least 6 mice per group were used.  

2.9 Adipocyte Isolation and Glucose Uptake Assay 

 Adipocytes were isolated from visceral adipose from 8-12-week-old LDLRAP1-/- 

and wild-type male mice. Briefly, adipose was collected, cut into small pieces, and 

placed in tubes containing 1 mg/ml type I collagenase in PBS. The tubes were then 

shaken at 100 rpm at 37 °C for 2 hours, and the contents of the tube were poured 

through a 40 μm filter. Cells were then counted on the Nexcelom Cellometer Auto T4 

bright field cell counter, and 40,000 cells/well were plated in a black, flat bottomed well 

96-well plate (Kisker Biotech, cat #655090) coated with rat tail collagen (Advanced 

BioMatrix, cat #5153) in 20% DMEM with no glucose. The plate was centrifuged briefly 

to bring the cells to the bottom of the wells. Cells were then incubated with 100 nM 

insulin for 1 hour in 20% DMEM, and the glucose uptake assay was performed as 

according to the manufacturer’s instructions (Promega, cat #J1341), with the 

modification that cells were incubated with the glucose analog 2-Deoxy-D-glucose (2DG) 

for 30 minutes. Glucose uptake was quantified using a luminometer, as the uptake of 

2DG by the cells ultimately catalyzes a reaction which converts proluciferin to luciferin, 

producing a luminescent signal. Readings were taken at 500 and 1000 ms at 30 

minutes, 1 hour, 2 hours, and 3 hours after adding the 2DG6P detection reagent.  

2.10 VSMC Isolation and Culture 

 Aortas were removed from 8–12-week-old LDLRAP1-/- or wild-type mice from the 

aortic root to the iliac bifurcation using sterile surgical equipment. Aortas were then 

cleaned of surrounding adventitia and fat, cut into small pieces, and then placed into 

eppendorf tubes containing 1 mL of 2 mg/mL type I collagenase (Sigma-Aldrich, St. 
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Louis, MO) in DMEM (ThermoFisher Scientific, Waltham, MA) with no FBS. Eppendorf 

tubes were placed in a 37 °C incubator and inverted periodically until the aorta 

completely dissolved, approximately 3 hours. Contents of the eppendorf tube were then 

mixed with 1 mL of FBS (Cytiva, Marlborough, MA) and distributed into 3 wells of a 6-

well tissue culture plate, each well containing 2 mL of 20% DMEM. After reaching 70-

80% confluency, cells were trypsinized, and replated into 1-2 T75 cell culture flasks. 

Cells were then used for experiments from passage 2-5.  

2.11 VSMC Proliferation Assay 

 LDLRAP1-/- and wild-type VSMCs were seeded in triplicate at a known 

concentration into two 12-well tissue culture plates. After 3/4 days, the cells in the first 

plate were counted using the Nexcelom Cellometer Auto T4 bright field cell counter, and 

this process was repeated with the second plate after 6/7 days.  

2.12 BrdU Assay 

 LDLRAP1-/- and wild-type VSMC were seeded in triplicate at 10,000 cells/well in 

a 12-well cell culture plate. At 70% confluency cells were starved overnight in 0.5% 

DMEM, and then incubated with Bromodeoxyuridine (BrdU) for 16 hours. The BrdU 

assay was then performed according to manufacturer instructions (Cell Signaling, cat 

#6813S), with the modification that at the final step, 100 ul from each well was pipetted 

into 3 wells of a 96 well plate. The 96 well plate was then placed on a plate reader and 

absorbance was measured at 450 nm.  

2.13 oxLDL Uptake via Flow Cytometry 

 LDLRAP1-/- and wild-type VSMC were seeded at 100,000 cells in a 10 cm cell 

culture dishes. At 70% confluency, cells were starved overnight in 0.5% DMEM. Cells 

were then incubated with 0.5 µg/mL fluorescently labeled oxidized LDL (DiI-oxLDL; 
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Kalen Biomedical, cat #770232-9) for 4 hours, trypsinized, and collected in 1% BSA in 

PBS in clear polystyrene tubes. 15 minutes prior to performing flow cytometry, DAPI 

(1:20,000) was added to the tubes. 

2.14 Carotid Ligations 

Carotid ligations were performed on 8-12-week-old male LDLRAP1-/- or wild-type 

male mice. Briefly, an incision was made along the ventral side of the neck, and a single 

suture was tied on the left common carotid as close to the bifurcation as possible using 

7-0 silk sutures. After surgery, the mice were placed on either a chow or high fat diet as 

described above for 4 weeks. Left and right carotids were then removed, embedded in 

paraffin wax, sectioned, and counter-stained with hematoxylin and eosin. Intima and 

media area was measured using ImageJ, and neointimal formation was expressed as 

the intima to media ratio.  

2.15 Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) 

LC-MS/MS analysis was performed as previously described (55). Briefly, wild-type 

VSMC were isolated and transduced with a recombinant adenovirus expressing FLAG-

tagged LDLRAP1 or an empty vector control. Cell pellets were collected and lysed on a 

nutator for 15 minutes at 4 °C, and then centrifuged for 5 minutes at 16,600 g. The 

supernatant was then removed and incubated with anti-FLAG beads. Proteins were eluted 

from the beads in 10 M freshly prepared urea and cleaned on Micro Bio-Spin Columns 

with Bio-Gel P-30 in Tris Buffer (Bio-Rad, Hercules, CA). Samples were then desalted, 

concentrated using a SpeedVac, and acidified using 0.2% formic acid prior to liquid 

chromatography-mass spectrometry analysis. Samples were sent to the lab of Dr. 

Raymond Deshaeis at the California Institute of Technology where LCMS/MS experiments 

were run on a nanoflow LC system, EASY-nLC II (Thermo Scientific, Waltham, MA) 

connected to a hybrid LTQ Orbitrap Classic (Thermo Scientific, Waltham, MA) equipped 
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with a nano-electrospray ion source. Data acquisition was controlled by Xcalibur 2.0.7 and 

Tune 2.4 software (Thermo Fisher Scientific, Waltham, MA). For data analysis, peaks 

were generated from raw data files using MaxQuant (version 1.5.1.2) with default 

parameters and searched using the built-in search engine Andromeda. Peak lists were 

searched against the UniProt human database (148298 sequences including isoforms) 

and The Contaminant Repository for Affinity Purification (CRAPome) database (262 

sequences) to identify common pull-down contaminants. The top 100 candidates with 

known functions and at least 5 peptides were characterized.  

2.16 Statistical Analysis  

 Results are expressed as mean ± SEM. Differences between groups were 

determined using the Student’s t-test or one or two-way ANOVA where appropriate, and 

performed using the Prism software v9.3.1 (GraphPad, La Jolla, CA). Differences were 

considered significant when p < 0.05. All experiments using cultured cells were 

performed in triplicate, from at least three independent experiments. Quantification of 

western blot and immunofluorescent images were performed using ImageJ software 

from at least three independent experiments. For all metabolic cage experiments, 

differences between groups were determined with one or two-way ANOVA with multiple 

comparisons, ANCOVA, or the generalized linear model (GLM) where appropriate using 

the CalR software version 1.2 (CalRApp.org) as part of the cage software package. 
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CHAPTER 3 

RESULTS 

Several of these data (sections 3.1 – 3.4) were published in Leigh et al., 2022 

(56). They are expanded herein.  

3.1 LDLRAP1 Global Knockout Mice Develop Atherosclerotic Plaques on a Western Diet 

 Mice heterozygous for LDLRAP1 were purchased from Jackson labs and bred to 

obtain LDLRAP1 global knockout mice. We determined that the LDLRAP1 protein was 

absent in liver tissue using western blot analysis (Figure 1A), indicating the LDLRAP1 

gene was successfully knocked out. Humans lacking functional LDLRAP1 develop 

premature atherosclerosis and CVD due to the liver’s inability to uptake and process 

cholesterol (57). Therefore, to test the hypothesis that mice lacking LDLRAP1 would 

develop also atherosclerotic plaques, mice were fed a high fat, western diet (40% fat, 

1% cholesterol) for 16 weeks, and aortic arches from these mice were removed and 

examined by en face staining. Figures 1B and 1C show that while the wild-type and 

LDLRAP1+/- mice did not develop plaque, LDLRAP1-/- mice displayed significant plaque 

formation despite not being crossed with an atheroprone background. While plaque 

formation was seen in both male and female LDLRAP1-/- mice, males developed 

significantly more plaque compared to females (13% ± 4.8% versus 3% ± 1.5%, 

respectively; Figure 1D). This could be expected, as male humans develop more severe 

lesions compared to females before menopause (58). Aortic roots were also taken from 

male mice and assessed for plaque formation and plaque composition in terms of plaque 

macrophage content as identified by CD68 immunostaining (Figure 1E).   
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Figure 1. Global knockout of LDLRAP1 increases atherosclerotic plaque 

formation. A. Western blot analysis of liver tissue from LDLRAP1-/- and wild-type mice 

immunoblotted with anti-LDLRAP1 and anti-GAPDH antibodies. B. Representative 

images of aortic arches from wild-type (left), LDLRAP1+/- (middle), and LDLRAP1-/- (right) 

male mice fed HFD for 16 weeks; plaques were identified by en face Sudan IV staining 

and analysis. C. Quantification of percent plaque formation in aortic arches from wild-

type (n=14), LDLRAP1-/- (n=19), and LDLRAP1+/- (n=6) mice. D. Quantification of 

percent plaque formation in aortic arches from male and female wild-type compared with 

male and female LDLRAP1-/- knockout mice. ****= p<0.0001, ***= p<0.001. 

 

LDLRAP1 is necessary for LDLR internalization after binding LDL, and therefore 

LDLRAP1 knockout would be expected to interfere with plasma cholesterol clearance, 

leading to hypercholesterolemia (57). To test this hypothesis, serum was collected from 

LDLRAP1

GAPDH

Wild type         +     -
LDLRAP1 -/- - +

A B

C D

wild
 ty

pe

homozy
gous

hete
rozy

gous
0

5

10

15

20

25 ****
homozygous
wild type

heterozygous

Pe
rc

en
t p

la
qu

e

male       male     female    female

Pe
rc

en
t p

la
qu

e
WT Male -/- Male WT Female -/- Female

0

5

10

15

20

25
****

%
 P

la
qu

e

***

***

wild
 ty

pe

homozy
gous

hete
rozy

gous
0

5

10

15

20

25 ****
homozygous
wild type

heterozygous

wild-type                    LDLRAP1+/- LDLRAP1-/-

c
****

****

c
wild-type
LDLRAP1-/-
LDLRAP1+/-

wild-type
LDLRAP1-/-



 31 

fasting wild-type and LDLRAP1-/- mice, and total cholesterol was measured. Figure 2A 

shows that fasting LDLRAP1-/- mice had significantly higher total cholesterol on a chow 

diet (97.5 ± 8.5 mg/dL versus 160.3 ± 7.9 mg/dL, p< 0.001, for wild-type and LDLRAP1-/-, 

respectively) as well as after a 16-week western, high fat diet (94.7 ± 12.8 mg/dL versus 

400.7 ± 32.9 mg/dL, p< 0.001 for wild-type and LDLRAP1-/-, respectively). Similar to total 

cholesterol, LDLRAP1-/- mice also displayed significantly higher levels of serum 

triglycerides compared to the wild-type mice, but only on a western diet, (33.0 ± 5.9 

mg/dL versus 88.0 ± 7.9 mg/dL, p< 0.01, for wild-type and LDLRAP1-/-, respectively) 

(Figure 2B). No significant differences in plasma cholesterol were seen between male 

and female LDLRAP1-/- mice on a high fat diet, which was unexpected as male mice 

displayed significantly larger plaques (Figure 2D). 
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Figure 2. LDLRAP1-/- mice have significantly higher levels of serum cholesterol 

and triglycerides. A. Fasting (16 hours) serum cholesterol and (B) triglyceride levels of 

LDLRAP1-/- and wild-type mice on chow and after 16 weeks of high fat diet. C. Fasting 

serum cholesterol and (D) triglyceride levels of male and female LDLRAP1-/- and wild-

type mice after 16 weeks high fat diet. ***= p<0.001, **= p<0.01, *= p<0.05. 
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more weight compared to the wild-type mice after 16 weeks on the western diet (10.9 ± 

0.9 g versus 17.1 ± 1.2 g, p< 0.001 for wild-type, n=32 and LDLRAP1-/-, n=28 

respectively) (Figure 3B). Male knockout mice on the chow diet weighed significantly 

more than the male WT mice (23.8 ± 0.7 g versus 27.4 ± 1.1 g, p< 0.01, for wild-type 

and LDLRAP1-/-, respectively), as well the female knockout mice (27.4 ± 1.1 g versus 

22.4 ± 0.7 g, p< 0.01 for male and female, respectively) (Figure 3C). On the western 

diet, weight gain was more drastic when comparing males (12.3 ± 1.0 g versus 19.7 ± 

1.4 g, p< 0.001, for wild-type and LDLRAP1-/-, respectively). Male LDLRAP1-/- mice 

gained significantly more weight compared with female LDLRAP1-/- mice on a western 

diet (19.7 ± 1.4 g versus 13.9 ± 1.5 g, p< 0.01 for male and female, respectively) (Figure 

3D). 
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Figure 3. LDLRAP1 knockout mice gain more weight than wild-type mice. 

LDLRAP1-/- mice weigh significantly more on a chow diet (A) and gain significantly more 

weight during 16 weeks of a western diet compared with their wild-type counterparts (B). 

Male LDLRAP1-/- mice weigh significantly more than male wild-type and female 

LDLRAP1-/- mice on a chow diet (A) as well as a western diet (B).  
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mice before and after administering a high fat diet. For this test, two concentrations of 

insulin were administered via IP injection; 0.5 U/kg insulin was used for female mice, and 

0.5 U/kg or 0.75 U/kg was used for male mice as females were unable to tolerate the 

higher dose. On a chow diet, LDLRAP1-/- mice were significantly more insulin resistant 

compared to the wild-type mice when administered 0.5 U/kg insulin (Figure 4A; WT 

n=27, 15 male, 12 female; LDLRAP1-/- n=23, 12 male, 11 female), and this was 

observed in both males and females (data not shown). LDLRAP1-/- males administered 

0.75 U/kg insulin were also insulin resistant before a high fat diet (Figure 4B; WT n=8, 

LDRAP1-/- n=11). LDLRAP1-/- mice administered 0.5 U/kg insulin were more insulin 

resistant than the wild-type after 16 weeks of a western diet, but the differences were not 

as substantial (Figure 4C; WT n=11, 6 male, 5 female; LDLRAP1-/- n=16, 8 male, 8 

female). Male LDLRAP1-/- mice administered 0.75 U/kg insulin trended toward being 

more insulin resistant, but glucose levels were not significantly different between the 

LDLRAP1-/- and wild-type mice (Figure 4D; WT n=11, LDLRAP1-/- n=16). It is possible 

that the wild-type mice became obese and developed some degree of insulin resistance 

over the course of the western diet. On both a chow and western diet, male LDLRAP1-/- 

male mice were significantly more insulin resistant than female mice (Figures 4E and 

4F). Further metabolic studies were performed on male mice. 
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Figure 4. LDLRAP1 knock out mice are insulin resistant on chow and high fat diet.  

A. Blood glucose levels in male and female LDLRAP1-/- and wild-type mice after IP 

injection of 0.5 U/kg insulin of mice on a chow diet. B. Blood glucose levels in male 

LDLRAP1-/- and wild-type mice after IP injection of 0.75 U/kg insulin of mice on a chow 

diet. C. Blood glucose levels in male and female mice after 16 weeks of HFD diet after 

IP injection of 0.5 U/kg insulin. D. Blood glucose levels in male mice after 16 weeks of 

HFD diet after IP injection of 0.75 U/kg insulin. Blood glucose levels of male and female 

LDLRAP1-/- mice before (E) and after (F) 16 weeks of HFD after IP injection of 0.5 U/kg 

insulin. ***= p<0.001, **= p<0.01, *= p<0.05. 
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Blood glucose and serum insulin levels were measured after starving the mice for 

16 hours. Significant differences in blood glucose levels were only seen in male 

LDLRAP1-/- mice on a chow diet; all other experiments were done on male mice only 

(Figures 5A and 5B). Although no significant differences were observed between 

LDLRAP1-/- and wild-type mice on a chow diet (0.107 ± 0.04 ng/mL versus 0.249 ± 0.11 

ng/mL for wild type and LDLRAP1-/-, respectively), insulin levels were significantly higher 

in LDLRAP1-/- mice after 16 weeks on a western diet (0.478 ± 0.10 ng/mL and 1.29 ± 

0.32 ng/mL for wild type and LDLRAP1-/-, respectively, p< 0.05) (Figure 5C). HOMA-IR 

values were also calculated using the fasting glucose and serum insulin levels from the 

male mice both before and after administering a western diet. The homeostasis model 

assessment of insulin resistance is a mathematical model used to approximate insulin 

sensitivity, with a high HOMA-IR value indicating less sensitivity to insulin (54). On both 

a chow and western diet, LDLRAP1-/- male mice displayed higher HOMA-IR values 

compared to wild-type mice (p=0.057 and p< 0.01 for chow and western diet, 

respectively). The HOMA-IR value significantly increases in LDLRAP1-/- and wild-type 

mice after 16 weeks of a western diet, indicating that insulin resistance develops with 

administration of the diet (Figure 5D). These data suggest that LDLRAP1-/- mice are 

insulin resistant both before and after a western diet, with the mice also becoming hyper-

insulinemic after 16 weeks on the diet likely as a compensatory mechanism.  
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Figure 5. Blood glucose and serum insulin measurements from LDLRAP1-/- mice 

yield higher HOMA-IR values, indicating insulin resistance. Fasting glucose levels in 

male (A) and female (B) mice on chow and HFD after being starved 16 hours. C. Serum 

insulin levels in male mice before and after a 16-week HFD. D. HOMA-IR values. 

HOMA-IR was calculated from fasting glucose and insulin levels as described in 

methods. ***= p<0.001, **= p<0.01, *= p<0.05. 
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food consumption, water consumption, and locomotor and ambulatory activity. Weight 

was measured each time the mouse entered a suspended glass tube. Male LDLRAP1-/- 

mice weighed more than the WT both on a chow and western diet (Figure 6A and B; 

n=8), although food consumption was not significantly different. Indirect calorimetry uses 

O2 consumption and CO2 production to estimate resting metabolic rate – higher O2 

consumption and CO2 production indicates a higher metabolic rate. On a high fat diet, 

LDLRAP1-/- male mice displayed increased CO2 production, indicating possible 

increased energy expenditure. These mice also displayed increased locomotor and 

ambulatory activity, as well as increased total water consumption (Figure 4B, n=8). No 

significant differences were seen between female LDLRAP1-/- or wild-type mice on a 

chow or western diet (data not show; n=4). 
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Figure 6. LDLRAP1 global knockout leads to altered metabolic profile both on 

chow and after a high fat diet. A. Mice on chow diet. B. Mice on HFD for 16 weeks. 

Mice were housed in metabolic cages as described in methods. After 24-hour 

acclimation, measurements were taken every 15 minutes for 72 hours. All data was 

analyzed, and statistics were performed using the CalR software version 1.2 

(CalRApp.org) as part of the software package. ***= p<0.001, **= p<0.01, *= p<0.05. 
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3.3 Glucose Uptake and Insulin Signaling are Dysregulated in LDLRAP1-/- Adipose 

Tissue 

 Out of the three glucometabolic tissues, LDLRAP1 is most highly expressed in 

the adipose tissue of mice both on a chow and western diet (Figure 7A). It was important 

to investigate LDLRAP1 expression in these tissues, as although each may be impacted 

by LDLRAP1 deletion, effects on insulin resistance may be more pronounced in adipose 

because of increased LDLRAP1 expression. This prompted further studies in the 

visceral adipose tissue.  

 Adipose tissue is composed of adipocytes as well as adipose-derived stem cells, 

endothelial cells, smooth muscle cells, macrophages, lymphocytes, and pericytes, 

among others (34). In order to determine where specifically LDLRAP1 is expressed, 

visceral adipose tissue from wild-type mice was digested and centrifuged to yield the 

adipocyte fraction containing solely the adipocytes, and the stromal vascular fraction 

containing all other cells. Figure 7B shows that LDLRAP1 mRNA was significantly more 

abundant in the adipocyte fraction compared to the stromal vascular fraction, where 

there was little expression.  
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Figure 7. Expression of LDLRAP1 in adipose tissue. A. Expression of LDLRAP1 is 

significantly greater in visceral adipose tissue (VAT) compared with liver and skeletal 

muscle. Tissue was isolated from glucometabolic tissue and LDLRAP1 expression 

quantitated by qRT-PCR. B. LDLRAP1 is primarily expressed in adipocytes compared 

with stromal vascular cells. VAT isolated from wild-type and LDLRAP1-/- mice was 

separated into adipocytes and stromal cells, and LDLRAP1 expression quantitated by 

qRTPCR. **= p<0.01, *= p<0.05.  
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development of insulin resistance in adipose tissue (59). Morphological analysis of 
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type (Figure 8A), indicating potential insulin resistance in these mice. Adipose tissue 

hypoxia has also been linked to adipose tissue dysfunction, and may provide a new 

mechanism for understanding the pathogenesis of adipose insulin resistance (60). qRT-

PCR analysis on adipose from LDLRAP1-/- and wild-type male mice showed significantly 
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conditions. Immunostaining of adipose sections also showed increased presence of 

HIF1a (Figure 8B), indicating increased hypoxic conditions in adipose from LDLRAP1-/- 

mice administered both diets.  

 

 

Figure 8. LDLRAP1 knockout adipose is hypertrophic and hypoxic. A. Adipocytes 

from LDLRAP1-/- mice are significantly hypertrophic compared with wild-type. VAT from 

chow and HFD fed wild-type and LDLRAP1-/- mice was stained (left), and adipocyte size 

quantitated by ImageJ (right). B. VAT from LDLRAP1-/- mice is hypoxic. VAT from chow 

and HFD fed wild-type and LDLRAP1-/- mice was isolated and HIF1a expression 

quantitated by qRT-PCR (left). VAT was also immunostained with HIF1a antibody; red-

brown staining indicates positive reaction (right). Scale bars represent 50 μM; 

magnification is 600X for “A” (left), 200X for “B” (right). ***= p<0.001, **= p<0.01.  
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 In the insulin signaling pathway, insulin binding to its receptor leads to the 

downstream phosphorylation and activation of the protein kinase AKT, and subsequent 

translocation of GLUT4 from intracellular endosomes to the cell surface (61). This being 

said, decreased AKT phosphorylation can be an indication of impaired insulin signaling 

and glucose uptake in the tissue. AKT and phosphorylated AKT levels were determined 

in adipose tissue from LDLRAP1-/- and wild-type male mice by western blot analysis 

using a phospho-specific antibody. As shown in Figures 9A and 9B, pAKT is significantly 

decreased in visceral adipose tissue from LDLRAP1-/- mice on a western diet (p<0.05, 

n=4), suggesting that insulin signaling is impaired in the adipose tissue of these mice.  

 CD36 is a scavenger receptor for oxLDL, as well as the main fatty acid 

transporter in the adipose tissue (27). In the canonical insulin signaling pathway, AKT 

phosphorylation initiates the translocation of CD36 from the intracellular endosomes to 

the cell surface. However, under chronic lipid overload, increased CD36 abundance and 

presence at the surfaces induces insulin resistance and glucose intolerance (62); 

therefore it was important to investigate CD36 expression in LDLRAP1-/- adipose tissue. 

Both CD36 mRNA and protein expression were significantly increased in adipose tissue 

from LDLRAP1-/- mice on a chow and western diet compared to wild-type mice (p< 0.05, 

n=4) (Figures 9C and 9D), consistent with the insulin resistance observed in the 

LDLRAP1-/- mice.  
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Figure 9. Dysregulated insulin signaling and CD36 expression in LDLRAP1-/- VAT. 

A. Decreased AKT phosphorylation in LDLRAP1-/- mice. Proteins were extracted from 

VAT from chow and HFD fed wild-type and LDLRAP1-/- mice and immunoblotted with the 

antibodies shown. B. Densiometric analysis of immunoblot in A. C. CD36 mRNA 

expression. VAT from chow and HFD fed wild-type and LDLRAP1-/- mice were isolated 

and CD36 mRNA expression quantitated by qRT-PCR. D. Representative western blot 

of CD36 protein expression. Proteins were extracted from VAT from chow and HFD fed 

wild-type and LDLRAP1-/- mice and immunoblotted with the antibodies shown. ***= 

p<0.001, *= p<0.05. 
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was determined using a glucose uptake assay. Figure 10 shows that adipose from 

LDLRAP1-/- mice takes up significantly less glucose compared with adipose tissue from 

wild-type mice (2646 ± 50.1 versus 1483 ± 162.9, relative fluorescence units, p< 0.01 for 

wild-type and LDLRAP1-/-, respectively) after stimulation with insulin. Insulin receptor 1 

(IRS1) is a signaling adaptor protein essential for insulin-dependent glucose uptake in 

adipose tissue, and is activated by phosphorylation (61). Figure 11 shows that IRS1 

phosphorylation is decreased in visceral adipose tissue in LDLRAP1-/- mice compared 

with wild-type mice administered a western diet. 

 

 

Figure 10. LDLRAP1-/- adipocytes take up less glucose compared with wild-type. 

Primary adipocytes were isolated from chow-fed male wild-type and LDLRAP1-/- mice, 

and glucose uptake determined. Experiment was performed in triplicate from at least 3 

independent isolations. **= p< 0.01.  
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Figure 11. Insulin receptor substrate 1 phosphorylation is reduced in VAT from 

LDLRAP1-/- mice. Proteins were extracted from VAT from three HFD fed wild-type and 

LDLRAP1-/- mice and immunoblotted with anti-phospho IRS1 and total IRS1 antibody. 

 

3.4 Dysregulated Gene Expression in LDLRAP1 Depleted Adipose Tissue 

 To determine if LDLRAP1 deletion would alter adipose gene expression, RNA 

was isolated and pooled from three LDLRAP1-/- and wild-type male mice administered a 

western diet for 16 weeks. Gene expression for 84 genes involved in metabolism and 

adipogenesis was then quantified using a RT2 PCR array. Figure 12A lists genes that 

were significantly up- or down-regulated in the LDLRAP1-/- adipose, many of which 

indicated changes in energy metabolism and lipid storage. Expression of multiple 

transcripts were validated using visceral adipose tissue from individual mice (Figure 

12B). Several adipokines were increased in LDLRAP1-/- adipose including Cfd, leptin, 

and adiponectin, genes involved in adipogenesis such as Bmp7 and Cdkn1a, and 

PPAgc1a, an important metabolic gene regulatory factor. A decrease in gene expression 

was noted in transcripts associated with glucose homeostasis, insulin resistance, and 

metabolism, which together, may be a result of increased hypoxia and inflammation in 

this tissue. 
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Figure 12. Altered gene expression in LDLRAP1 depleted in adipose tissue.  

A. RNA was isolated and pooled from VAT from three wild-type and LDLRAP1-/- mice fed 

HFD, and expression of atherosclerosis-related transcripts were quantitated by biased 

adipogenesis RT-PCR Array. Shown are significant transcripts from the array with 

p<0.05. B. Validation of transcripts in individual wild-type or LDLRAP1-/- mice. Values are 

normalized to wild-type mouse #1, and expression in each LDLRAP1-/- mouse is 

significantly different from each wild-type control mouse. **= p<0.01, *= p<0.05. 
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3.5 LDLRAP1-/- VSMC Display Increased Cholesterol Uptake and Expression of Lipid 

Receptors 

 LDLRAP1 can not only induce plaque formation by increasing serum cholesterol 

levels, but it can also contribute to VSMC transdifferentiation into foam cells, and 

subsequently atherogenesis. VSMC express scavenger receptors for lipids, and can 

transdifferentiate into macrophage-like foam cells after cholesterol uptake which 

contribute to plaque formation, instability, and rupture (48). VSMC from LDLRAP1-/- and 

wild-type mice were cultured and incubated with fluorescently labeled oxLDL for 4 hours, 

and then uptake was quantified by flow cytometry. Unexpectedly, LDLRAP1-/- VSMC 

took up more DiI-oxLDL than the wild-type (6398.0 ± 267.0 versus 4470.0 ± 198.4, 

LDLRAP1-/- versus wild-type, respectively) (Figure 13).  

 

 

Figure 13. Cholesterol uptake is increased in LDLRAP1-/- VSMC. Fluorescently 

labeled oxLDL uptake by LDLRAP1-/- and wild-type VSMC was quantified using flow 

cytometry. Mean fluorescence intensity per cell was measured after incubation with DiI-

oxLDL for 4 hours; n=3. **= p<0.01.  
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 To determine whether LDLRAP1-/- VSMC upregulate the expression of lipid 

scavenger receptors to compensate for the lack of LDLRAP1, qRT-PCR was performed 

using primers for various lipid receptors. As shown in Figure 14, after incubation with 

oxLDL for 24 hours, expression of scavenger receptors SR-A1 and CD36 was 

significantly increased in LDLRAP1-/- VSMC compared to wild-type (p< 0.05; n=3). 

LDLRAP1-/- also downregulated the expression of cholesterol transporter ABCG1 (p 

<0.001; n=3) and nuclear receptor LXRa (p <0.01; n=3).  
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Figure 14. Expression of lipid scavenger receptors is increased in LDLRAP1 

knockout VSMC. RNA was isolated from LDLRAP1-/- and wild-type VSMC that was 

either unstimulated or stimulated with 40 µg/mL oxLDL for 24 hours, and expression for 

scavenger receptors SR-A1 (A) and CD36 (B), cholesterol transporter ABCG1 (C), and 

nuclear receptor LXRa (D) mRNA expression was quantitated by qRT-PCR. ***= 

p<0.001, **= p<0.01, *= p<0.05. 
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and LDLRAP1-/- VSMC incubated with 30 µg/mL oxLDL for 24 hours, and gene 

expression for 84 genes involved in cholesterol metabolism was then quantified using a 

RT2 PCR array. Figure 15 lists genes that were significantly up- or down-regulated in the 

VSMCs isolated from LDLRAP1-/- mice, which include genes for lipid receptors Stab1, 

Scarf1, and Orl1, apolipoproteins ApoA2 and ApoE, members of the LDLR family Sorl1 

and Lrp1b, and Idi2 and Hmgcs2, which are involved in cholesterol synthesis. Without 

LDLRAP1, gene expression is dysregulated in aortic VSMC under hyperlipidemic 

conditions, which could have negative repercussions in the context of VSMC foam cell 

formation and atherogenesis.   

 

 

Figure 15. Altered gene expression in LDLRAP1 knockout VSMC. RNA was isolated 

and pooled from VSMC from three wild-type and three LDLRAP1-/- mice and incubated 

with 30 µg/mL oxLDL for 24 hours. Expression of transcripts related to cholesterol 

metabolism were quantitated by biased mouse adipogenesis RT-PCR Array. Shown are 

statistically significant transcripts from the array with p<0.05.  

 

 

-10 -5 0 5 10 15 20 25 30 35

Orl1

Scarf1

ApoE

Stab1

Hmgcs2

Lrp1b

Sorl1

Angptl3

Idi2

ApoA2

Fo
ld

 C
ha

ng
e

*The threshold I enetered when analyzing the data was p < 0.05, so significance is at least one star 
for all of these genes



 53 

3.7 Lack of LDLRAP1 Exacerbates Carotid Intimal Hyperplasia on a Western Diet 

 Mechanical or inflammatory injury to the endothelium stimulates vascular smooth 

muscle cell proliferation and migration into the intima, leading to neointimal formation 

and pathological vascular remodeling (63). Ligation of the left common carotid artery 

was performed on age-matched male LDLRAP1-/- and wild-type mice to induce vascular 

injury. After 4 weeks, arteries were recovered, sectioned, and vascular compartments 

quantitated using ImageJ. Figure 16A shows that while the intima to media ratio (I/M) 

was not significantly different between the LDLRAP1-/- wild-type carotids on a chow diet 

(0.61 ± 0.07 versus 0.78 ± 0.12 for LDLRAP1-/- versus wild-type, respectively; n=6), the 

I/M was significantly greater in LDLRAP1-/- mice administered a western diet for 4 weeks 

after carotid artery ligation (0.93 ± 0.33 versus 0.58 ± 0.17, n=8 versus n=6 for 

LDLRAP1-/- versus wild-type, respectively; p< 0.05) (Figure 16B).  
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Figure 16. LDLRAP1 knockout leads to increased neointimal formation after 

carotid ligation on a high fat diet. A. Representative images of H&E stained un-ligated 

and ligated left common carotids from wild-type and LDLRAP1-/- mice on a chow diet 

(left). Neointima and media were measured for each ligated carotid using ImageJ, and 

the neointima/intima ratio was calculated and graphed (right). B. Representative images 

and neointima/media ratios for carotids from wild-type and LDLRAP1-/- mice fed a high 

fat diet for 4 weeks.   
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3.8 LDLRAP1-/- VSMC are De-differentiated and Proliferate More Rapidly than Wild-Type 

 In response to vascular injury, vascular smooth muscle cells undergo a 

phenotypic change from a contractile to a de-differentiated, synthetic state. This is 

thought to be due in part to the lipids and mitogens released after injury, and it has been 

shown that lipid loading can induce this phenotypic switch (64). As LDLRAP1 deletion 

increased VSMC lipid uptake, it was logical to test whether LDLRAP1 deletion would 

also increase oxLDL induced VSMC de-differentiation. LDLRAP1-/- and wild-type VSMC 

were incubated with oxLDL for 24 hours, and qRT-PCR was performed using primers for 

five smooth muscle cell markers: a-actin, calponin, Myh11, SRF, and transgelin. Figure 

17 shows that expression of each of these markers was significantly decreased in 

LDLRAP1-/- VSMC (a-actin p< 0.01, calponin p< 0.01, Myh11 p< 0.001, SRF p< 0.001, 

and transgelin p< 0.0001), indicating that these cells transitioned from a smooth muscle 

cell phenotype back to a fetal synthetic state.    
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Figure 17. Expression of smooth muscle cell markers is decreased in LDLRAP1 

knockout VSMC. RNA was isolated from LDLRAP1-/- and wild-type VSMC that was 

either unstimulated or stimulated with 40 µg/mL oxLDL for 24 hours, and expression for 

alpha-actin (A), calponin (B), Myh11 (C), SRF (D), and transgelin (E) mRNA expression 

was quantitated by qRT-PCR. ****= p<0.000, ***= p<0.001, **= p<0.01. 
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mitotic spindles and nuclear membrane (65). To test the hypothesis that LDLRAP1 has a 

proliferative function, VSMC from LDLRAP1-/- and wild-type mice were either untreated 

or incubated with 10 µg/ml oxLDL, seeded at a known concentration, and counted at 

various times after seeding. OxLDL is known to induce VSMC proliferation (66), but 

surprisingly LDLRAP1-/- VSMC proliferated significantly faster than wild-type VSMC both 

with and without oxLDL treatment (Figure 18). To increase experimental rigor, in a 

second approach, VSMC were incubated with Bromodeoxyuridine (BrdU) for 16 hours, 

and BrdU incorporation into newly synthesized DNA was quantified using an assay. As 

shown in Figure 19, BrdU incorporation was significantly increased in LDLRAP1-/- VSMC 

(1.56 ± 0.08 AU versus 0.62 ± 0.10 AU, LDLRAP1-/- versus wild-type, respectively), 

indicating increased proliferation compared to the wild-type VSMC. Taken together, this 

data shows that lack of LDLRAP1 leads to a de-differentiated, proliferative phenotype 

consistent with the increased neointimal hyperplasia observed in the LDLRAP1-/- ligated 

carotid arteries. 
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Figure 18. LDLRAP1-/- VSMC proliferate more quickly than wild-type both with and 

without oxLDL treatment. VSMC were isolated from LDLRAP1-/- and wild-type mouse 

aortas and seeded at known concentrations. Cells were either left untreated (A) or 

incubated with 10 µg/ml oxLDL (B) and counted at days 3 and 6. Experiments were 

performed in triplicate. ***= p<0.001.   

 

 

Figure 19. LDLRAP1-/- VSMC display increased cell proliferation compared to wild-

type. VSMC were isolated from LDLRAP1-/- and wild-type mouse aortas and seeded at 

known concentrations. Cells were incubated with bromodeoxyuridine (BrdU) for 16 

hours, and relative incorporation into the cell was quantitated via immunoassay. 

Experiments were performed in triplicate. **= p<0.01.  
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3.9 LDLRAP1 Protein-Protein Interactions 

 LDLRAP1 is scaffold protein which binds to multiple proteins in order to facilitate 

the internalization of the LDL receptor and traffic endosomes. To identify other LDLRAP1 

binding partners and their potential roles in cardiovascular disease and metabolic 

dysfunction, mass spectrometry was performed using LDLRAP1 as the bait protein. Thirty 

six proteins with at least five peptides or an abundance ratio of one thousand and a known 

function as per the UniProt database (67) were selected from the mass spectrometry 

analysis and sorted into groups based on associated biological process. As expected, 

proteins involved in LDLR binding and internalization were identified as binding partners 

(5/36 proteins), as this is LDLRAP1’s main function. Interestingly, proteins involved with 

collagen binding and cytoskeletal organization (4/36 proteins) as well as cell cycle 

progression and mitosis (3/36 proteins) were also identified (Figure 20 and Table 1). 

These results may provide insight into a potential mechanism for LDLRAP1’s role in VSMC 

proliferation and the pathogenesis of stenotic vascular diseases.  
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Figure 20. Biological processes performed by LDLRAP1-interacting proteins. 

Thirty-six proteins capable of interacting with LDLRAP1 were identified by mass 

spectrometry and selected based on high abundance ratio and/or number of peptides. 

The main molecular function of each protein was then identified on the UniProt database 

(67), and proteins were grouped based on similar function. LDLRAP1 was used as the 

bait protein to which other proteins were matched.    
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Protein Abundance # Peptides Category Biological Process 
 

LDLRAP1 
 

1000 
 

25 
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protein 4 
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Catalyzes the post-
translational formation 
of 4-hydroxyproline in 

collagens 
 

RASAL2 
 

23 
 
6 

 
Signal Transduction 

Inhibitory regulator of 
the Ras-cyclic AMP 

pathway 
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ALDOA 20 5 Glucose Metabolism Role in glycolysis and 
gluconeogenesis 

 
PCOLCE 

 
17 

 
5 

 
Collagen 

Binding/Organization 

Binds to type I 
procollagen and 

enhances procollagen 
C-proteinase activity 

 
SRP68 

 
16 

 
9 

 
Ribosomal Protein 

Ribonucleoprotein 
complex targets 

secretory proteins to 
ER membrane 

HSPA1B 14 15 Heat Shock Protein Heat shock 70 kDa 
protein 1B 

HSPA9 12 18 Heat Shock Protein Stress-70 protein, 
mitochondrial 

 
SRP72 

 
12 

 
15 

 
Ribosomal Protein 

Ribonucleoprotein 
complex targets 

secretory proteins to 
ER membrane 

 
AP2A1 

 
11 

 
22 

 
LDL Receptor 

Binding 

Clathrin-dependent 
endocytosis; 

LDLRAP1 known to 
bind 

 
AP2A2 

 
11 

 
12 

 
LDL Receptor 

Binding 

Clathrin-dependent 
endocytosis; 

LDLRAP1 known to 
bind 

 
AP2B1 

 
10 

 
29 

 
LDL Receptor 

Binding 

Clathrin-dependent 
endocytosis; 

LDLRAP1 known to 
bind 

HSPA8 8 22 Heat Shock Protein Heat shock cognate 
71 kDa protein 

 
AP2M1 

 
8 

 
13 

 
LDL Receptor 

Binding 

Clathrin-dependent 
endocytosis; 

LDLRAP1 known to 
bind 

 
ACLY 

 
8 

 
7 

 
Cholesterol 
Metabolism 

Catalyzes the 
cleavage of citrate 

into oxaloacetate and 
acetyl-CoA 

 
EPRS1 

 
7 

 
38 

 
Lipid Metabolism 

Promotes uptake of 
long-cha FA by 

adipocytes through 
SLC27A1 

 
AP3B1 

 
7 

 
15 

 
Protein Sorting 

Protein sorting in the 
late-Golgi/trans-Golgi 
network (TGN) and/or 

endosomes 
 

AP3D1 
 
7 

 
9 

 
Protein Sorting 

Budding of vesicles 
from the Golgi 

membrane; trafficking 
to lysosomes 
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USP9X 

 
7 

 
5 

 
Cell Cycle/Mitosis 

Chromosome 
alignment/segregation 

in mitosis 
 

TNPO1 
 
6 

 
7 

 
Signal Transduction 

Nuclear transport 
receptor for nuclear 

localization signals in 
cargo substrates 

 
PDIA6 

 
6 

 
6 

 
Protein Folding 

Regulates unfolded 
protein responses; 

prevents aggregation 
of misfolded proteins 

 
CLTC 

 
5 

 
17 

 
Cell Cycle/Mitosis 

Stabilization of 
kinetochore fibers of 
the mitotic spindle  

 
GCN1 

 
3 

 
30 

 
Protein Kinase 

Activity 

Positive activator of 
the GCN2 protein 

kinase in response to 
amino acid starvation 

COL1A1 3 26 Collagen 
Binding/Organization 

Extracellular matrix 
protein 

 

Table 1. Putative LDLRAP1-interacting proteins identified by LC-MS/MS. LDLRAP1 

binding proteins ranked by abundance ratio and number of peptides. Proteins were 

identified via mass spectroscopy, and thirty six were chosen for further investigation 

based on high abundance ratio and/or number of peptides. Biological processes and 

category were identified on the Uniprot database (67). 
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CHAPTER 4 

DISCUSSION 

The main findings of this study are that global knockout of LDLRAP1 leads to 

aortic atherogenesis as well as unexpected metabolic consequences, particularly insulin 

resistance in the adipose tissue. This has important implications in the context of 

cardiovascular disease and metabolic syndrome, as this data suggests lipid receptor 

trafficking and signaling may provide a link between the diseases, and offer guidance for 

developing therapeutic targets to treat components of both conditions. This study also 

gave insight into alternative roles for LDLRAP1 in vascular smooth muscle cells. VSMCs 

lacking LDLRAP1 displayed an increase in oxLDL uptake as well as an increase in 

proliferation, suggesting LDLRAP1 may have a regulatory function in the development of 

VSMC foam cells and vascular stenosis, respectively. Despite being relatively 

understudied, LDLRAP1 may offer new angles to approach treatment of cardiometabolic 

diseases.  

Individuals with mutations in the LDLRAP1 gene develop autosomal recessive 

hypercholesterolemia (ARH), leading to increased serum cholesterol levels, 

atherosclerosis, and increased incidence of cardiovascular disease. However, a direct 

cause for LDLRAP1 deletion and atherogenesis has not yet been defined in a pre-

clinical model. In this study, despite not being crossed with an atheroprone background 

such as LDLR-/- or ApoE-/-, LDLRAP1-/- mice displayed significant plaque formation in the 

aortic arch compared to the wild-type control after administration of a western, high fat 

diet. Atherogenesis occurred in both sexes, but was most apparent in male LDLRAP1-/- 

mice – this could be due to the atheroprotective effects of estrogen in premenopausal 

females (68). Consistent with what is seen in ARH, serum levels of cholesterol and 

triglycerides were significantly increased in LDLRAP1-/- mice. LDLRAP1 is known to be 
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expressed in hepatocytes, and it is likely LDLRAP1 knockout would significantly disrupt 

the ability of the liver to uptake and process cholesterol, resulting in abnormally high 

serum concentrations.  

Cardiovascular disease and metabolic syndrome are comorbidities of one 

another, and lipid receptors are known to play a role in regulating the outcomes of both 

conditions. Therefore, it was logical to investigate the metabolic phenotype of the 

LDLRAP1 knockout mouse. Deletion of the LDL receptor has been shown to lead to diet-

induced obesity in mice in multiple studies, possibly due to the modifications in 

lipoprotein profiles and energy balance (69, 70). In this study, LDLRAP1-/- mice gained 

significantly more weight than the wild-type after a high fat diet, and interestingly 

weighed more prior to the diet as well. In both cases, male LDLRAP1-/- mice weighed 

significantly more than the females – again this may be due to the effects of estrogen, as 

ovariectomized female mice gain as much weight as male mice in obesity studies (71).  

Obesity is often accompanied by and seen as the cause of insulin resistance, 

and the LDLRAP1-/- mice were indeed insulin resistant. The male LDLRAP1-/- were more 

insulin resistant than the female mice, which is consistent with what is seen in humans – 

reproductive age women are better able to secrete and respond to insulin, and have 

higher subcutaneous rather than visceral fat deposition which is seen to be 

advantageous (72). Serum levels of insulin were significantly higher in the LDLRAP1-/- 

mice after the high fat diet compared to the wild-type as well, which is like a 

compensatory response. Interestingly, differences in insulin resistance between the 

LDLRAP1-/- and wild-type mice were more apparent before the high fat diet, although the 

LDLRAP1-/- were not severely obese and did not display significantly higher levels of 

serum insulin at this time. This could be due to the fact over the course of the high fat 

feeding the wild-type mice became obese and developed insulin resistance to some 
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level, narrowing the gap between themselves and the LDLRAP1-/- mice. However, it is 

still unexplained as to how the LDLRAP1-/- became insulin resistant before the high fat 

diet, as studies conducted on LDLR-/- mice only saw the development of diabetes after 

high fat feeding. Perhaps the moderate weight gain and dyslipidemia caused by the 

LDLRAP1 knockout was sufficient to disrupt insulin signaling, resulting in loss of insulin 

sensitivity.  

Based on the calorimetric analyses, LDLRAP1-/- male gained more weight than 

controls despite similar food intake and increased energy expenditure. This could be a 

result of the hyperinsulinemia observed in these mice, as abnormally high insulin levels 

suppress lipolysis and promote lipogenesis in the adipose. Also, pharmacological 

reduction of insulin levels in obese patients significantly reduces body weight (73). This 

suggests that LDLRAP1-/- mice gained more weight due to expanded adipose tissue 

mass induced by increased serum insulin levels. Increased locomotor activity in these 

mice could be due to loss of LDLRAP1 in the brain, leading to unexplained behavioral 

changes. Another possibility is that the mice may be moving more frequently to break 

down fat to use in place of glucose, as adipocytes isolated from LDLRAP1-/- mice are 

inefficient at taking up glucose compared to those isolated from wild-type mice. This was 

shown in the ex vivo assay performed in this study, and indicates that LDLRAP1 directly 

participates in glucose uptake. LDLRAP1-/- male mice displayed increased CO2 

production on the high fat diet, which based on the concept of indirect calorimetry could 

indicate increased energy expenditure and metabolic rate. However, since the 

relationship between locomotion and metabolic rate is linear, it is possible that the 

observed changes in energy expenditure were due to the energetic cost of locomotion 

and not in the activity of metabolic organs. LDLRAP1-/- male mice also consumed more 

water on a high fat diet – similar to humans, diabetic mice tend to drink more water, and 
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so this finding could be an indication that these mice developed diabetes over the course 

of the high fat diet (74).  

The role of LDLRAP1 in metabolism, obesity, and insulin resistance has not been 

previously reported, and the next set of experiments aimed to characterize the effects of 

LDLRAP1 knockout in the adipose tissue. Of the three glucometabolic tissues, 

LDLRAP1 mRNA is the most highly expressed in the visceral adipose tissue (VAT) 

compared to the liver and skeletal muscle. Adipose tissue is comprised of a 

heterogenous population of cells including the adipocytes, as well as endothelial cells, 

mesenchymal progenitor stem cells, fibroblasts, and immune cells which make up the 

stromal vascular fraction (SVF) – LDLRAP1 mRNA was significantly more expressed in 

the adipocytes compared to the SVF. Adipocyte hypertrophy is closely associated with 

the loss of insulin sensitivity, as hypertrophic adipocytes display impaired GLUT4 

trafficking and insulin-dependent glucose uptake, even independent of adipose tissue 

inflammation (59). In this study, LDLRAP1-/- adipocytes were significantly larger than 

wild-type both before and after a high fat diet as revealed by histological analysis. VAT 

from LDLRAP1-/- was also hypoxic, as indicated by increased mRNA expression and 

protein abundance of HIF1a. HIF1a is activated in hypoxic environments, for example 

rapidly expanding adipose tissue, to initiate angiogenesis and regulate energy 

metabolism, and increased levels are associated with insulin resistance in obesity (75).  

VAT from LDLRAP1-/- mice also displayed altered levels of pIRS1, pAKT, and 

CD36, consistent with and indicating a possible mechanism for the insulin resistance 

observed in these mice. Phosphorylation of Insulin Receptor 1 (IRS1) and Protein kinase 

B (AKT) is essential for insulin-dependent glucose uptake in the adipose tissue, and 

expression of pIRS1 and pAKT was decreased after administration of a high fat diet in 

VAT isolated from LDLRAP1-/- mice. This is indicative of insulin resistance and impaired 
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glucose uptake, which was demonstrated in the LDLRAP1 knockout condition in both in 

vivo and ex vivo experiments. Protein and mRNA levels for CD36, a scavenger receptor 

for oxLDL and fatty acid transporter, were significantly elevated in VAT from LDLRAP1-/- 

both on a chow and high fat diet. Efficient CD36 trafficking preserves insulin sensitivity, 

as build-up of lipids via overabundance of CD36 at the cell surface interferes with insulin 

signal transduction, GLUT4 translocation, and glucose uptake (27). CD36 mediates the 

storage and release of fatty acids in adipocytes, and it has been shown that increased 

CD36 is associated with obesity and type 2 diabetes in both mice and humans (76, 77). 

CD36 dysregulation occurs under the context of hypercholesterolemia and 

hyperlipidemia – this is consistent with what was seen in the LDLRAP1-/- mice, which 

may explain why CD36 was increased in LDLRAP1-/- VAT (27). When not in use, CD36 

is stored in intracellular endosomes; although it is not precisely known how CD36 

internalization is regulated, evidence exists that it is at least partially clathrin-dependent 

(78, 79). As a clathrin-associated sorting protein (CLASP), deletion of LDLRAP1 could 

interfere with CD36 endosome sorting, resulting in the insulin resistance observed in the 

LDLRAP1-/- mice. Taken together, LDLRAP1 deletion in adipocytes results in disrupted 

insulin signaling, increased CD36 expression, and impaired glucose uptake (Figure 21).   
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Figure 21. Proposed mechanism of LDLRAP1 knockout on dysregulated insulin 

signaling in adipose tissue. LDLRAP1 is an adaptor protein necessary for LDL-LDLR 

internalization and may have the ability to interact with other molecules involved in 

endocytosis. CD36 trafficking has been shown to regulate both cholesterol levels and 

insulin sensitivity, and CD36 abundance is dysregulated when LDLRAP1 is knocked out 

in adipose tissue. LDLRAP1 may alter CD36 abundance and trafficking, thereby 

disrupting insulin signaling, leading to insulin resistance.  

 

 Adipose tissue is an endocrine organ, capable of synthesizing many adipokines 

that regulate metabolism throughout the entire body. Dysregulated adipose such as in 

the context of hypertrophy and hypoxia exhibit an altered secretory profile, which can 

induce inflammation, obesity, and insulin resistance. Using a biased qRT-PCR array, 

transcripts related to metabolic regulation in the adipose were identified as being 

significantly increased in VAT from LDLRAP1-/- mice, including Bmp7, Src, Cfd, Leptin, 

and PPARgC1a. Cfd (adipsin) and leptin are both adipokines known to regulate insulin 
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secretion and maintain insulin sensitivity, while leptin also preserves energy balance by 

inhibiting the sensation of hunger and mitigating feeding (80, 81). In addition to initiating 

the conversation of white adipose to brown adipose tissue, Bmp7 is also known to 

improve insulin signaling and sensitivity in obese and diabetic mice (82, 83). PPARgC1a 

is implicated in the regulation of cellular cholesterol homeostasis, development of 

obesity, and regulation of insulin sensitivity (84, 85). Since these genes are considered 

to be protective, it is likely their expression was increased in the LDLRAP1-/- mice as a 

compensatory mechanism.   

 Abundance of various transcripts involved in obesity and insulin sensitivity, such 

as LMNA and Sirt3 were decreased in LDLRAP1-/- VAT. Loss of LMNA in humans leads 

to the development of familial partial lipodystrophy of the Dunnigan type (FPLD2), which 

is characterized by dyslipidemia, central obesity, insulin and glucose resistance, and 

type 2 diabetes (86). Sirt3 is known to promote insulin sensitivity through the 

PI3/AKT/mTOR pathway in adipocytes, while pharmacological inhibition induces insulin 

resistance (87). Sirt3 is also necessary in the differentiation of brown adipocytes and 

brown adipose thermogenesis, highlighting its role in energy homeostasis (88). 

Differential expression of the abovementioned genes can support the observed 

metabolic phenotype of the LDLRAP1-/- mouse, such as its exhibited hyperlipidemia, 

obesity, and insulin and glucose insensitivity. 

 In summary, LDLRAP1 global knockout leads to hypercholesterolemia and 

atherogenesis, which may be expected. This is seen in patients with ARH, and could be 

due to the inability of the liver to uptake and process cholesterol without proper 

internalization of the LDLR-LDL complex. However, increased weight gain, insulin 

resistance, and decrease glucose uptake in the adipose were unexpected findings and 

highlights a previously uncharacterized role for LDLRAP1 in metabolic regulation. This 
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metabolic phenotype may be explained by the increase in CD36 expression, and 

dysregulated insulin signaling characterized by decreased pAKT and pIRS1 expression 

that was observed in LDLRAP1-/- adipose. One limitation to these studies is that the 

LDLRAP1 knockout is not tissue specific – LDLRAP1 is expressed nearly ubiquitously, 

and loss of LDLRAP1 in certain tissues may impact the function of others. Future studies 

would benefit from using an adipose-specific LDLRAP1 knockout model to better 

characterize the effect of LDLRAP1 deletion on lipid uptake and metabolism. Secondly, 

LDLRAP1 knockout on females should be further explored and sex differences better 

explained, as females were omitted from multiple experiments. Female LDLRAP1-/- mice 

tended to not develop as significant phenotypes compared to males or wild-type mice, 

but this could have been due to an insufficient sample size, or parameters that weren’t 

sensitive enough to elicit a response. Also, any transcript of interest identified by qRT-

PCR should be validated by western blot analysis – high mRNA levels do not 

necessarily correlate to high protein abundance, and so protein levels should be 

measured to corroborate all findings. Regardless, it is clear that LDLRAP1 participates in 

more than LDLR internalization, and LDLRAP1 may act as a molecular link which 

regulates dyslipidemia, atherosclerosis, insulin sensitivity, and obesity. 

 Additional future directions include exploring the body fat composition of the 

LDLRAP1 knockout mice, as well as interactions between perivascular adipocytes and 

vascular smooth muscle cells in atheroprone vessels. All adipose samples used in 

aforementioned experiments were taken from visceral adipose deposits rather than 

subcutaneous, as visceral adiposity is associated with the development of 

cardiometabolic diseases. Visceral adipose tissue (VAT) is much more hormonally active 

than subcutaneous adipose tissue, and secretes adipokines such as adiponectin, leptin, 

and resitin, which must be carefully regulated to maintain metabolic homeostasis in the 
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adipose as well as the body as a whole (89). VAT is also heavily impacted by the chronic 

inflammation that develops as a result of obesity, which in turn can elicit insulin and 

glucose resistance (90). However, this is not to say subcutaneous tissue does not 

contribute to metabolic regulation at all, and therefore it could be beneficial to perform 

similar experiments outlined in this project on other fat depots in the LDLRAP1-/- and 

wild-type mice as well. Also, it would be interesting to perform body fat composition 

analysis on these mice to determine how the knockout mice differ in terms of lean and 

fat mass compared to the wild type.  

 Perivascular adipose tissue (PVAT) is adipose tissue that surrounds most 

vessels within humans and mice, regardless of size or weight. PVAT is unique as 

although it secretes adipokines produced by the VAT such as adiponectin and leptin, it 

also produces diverse cytokines and growth factors which directly regulates the function 

of the underlying vasculature. These include growth factors such as VEGF (vascular 

endothelial growth factor), thrombospondin-1, TGF-b, and ILGFBP-3 (insulin-like growth 

factor-binding protein-3), all of which can stimulate VSMC proliferation and migration, as 

well as nitric oxide, which induces vessel dilation (91). Similar to VAT, PVAT becomes 

dysregulated during obesity, which in turn negatively impacts vascular remodeling and 

tone, as well as instigates VSMC phenotypic switch. Interestingly under pathological 

conditions the vasculature releases ROS and inflammatory cytokines which is received 

by the PVAT, contributing to its dysfunction and creating a negative feedback loop (91). 

This being said crosstalk between PVAT and the vessel, for example the aorta, may play 

an important role in the development of cardiometabolic diseases such as obesity and 

atherosclerosis. As another future direction, it would be interesting to investigate the role 

of LDLRAP1 in the PVAT, and how genetic deletion of LDLRAP1 contributes to the 

pathogenesis of these conditions. As LDLRAP1 knockout in the VAT leads to the 
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upregulation of beneficial adipokines such as adiponectin, likely as a compensatory 

mechanism, it’s possible that the knockout could have beneficial effects on PVAT-VSMC 

interactions. However, as LDLRAP1-/- mice displayed inflammation, insulin resistance, 

and overall dysfunction in the VAT, it’s also possible that this would have a negative 

impact on the underlying vessel. Given that the PVAT is a unique fat depot dissimilar to 

the VAT, it is possible that LDLRAP1 deletion could have unexpected effects that should 

be thoroughly investigated.  

 LDLRAP1 does not only influence the development of cardiometabolic diseases 

through the liver and adipose, but can also contribute to atherosclerosis and vascular 

stenotic diseases through its actions in the vascular endothelium as well. Foam cell 

formation is a key first step in atherosclerotic plaque formation, and results from 

dysregulated cholesterol homeostasis. When excess cholesterol is taken into the cell by 

lipid scavenger receptors or if an insufficient amount is effluxed from the cell by 

cholesterol transporters, the cholesterol is then stored as lipid droplets, and 

differentiation into a foam cell occurs. While it was once thought macrophage foam cells 

comprised the majority of the plaque, it is now known that VSMCs can also uptake 

cholesterol through lipid receptors and transdifferentiate into macrophage-like foam 

cells, affecting the size and lipid content of the atherosclerotic lesion (49). This being 

said, therapeutic efforts looking to target cholesterol uptake and reverse cholesterol 

transport to reduce plaque size should also focus on VSMCs. In this study, oxLDL 

uptake in aortic VSMCs isolated from LDLRAP1-/- and wild-type mice was observed via 

flow cytometry. Unexpectedly LDLRAP1-/- took up significantly more oxLDL than the 

wild-type, prompting an investigation into the expression of other lipid receptors as well 

as cholesterol transporters. SR-A1 and CD36 are lipid scavenger receptors part of the 

class A and B families, respectively, which are capable of binding and internalizing 
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oxLDL (92). It is likely that as compensation for loss of LDLRAP1, the expression of 

these receptors was increased, leading to excess accumulation of intracellular 

cholesterol levels. Expression of the cholesterol transporter ABCG1 was markedly 

decreased in LDLRAP1-/- VSMC. ABCG1 is a part of the ABC family of transporters, who 

function is to transfer cholesterol outside of the cell where it may be delivered to the liver 

for processing and excretion, an integral step in the reverse cholesterol transport 

process (93). Decreased expression of ABCG1 could have prevented oxLDL from 

exiting the cell, again explaining its accumulation. Lastly expression of LXRa was 

significantly decreased in the LDLRAP1-/- VSMC – LXRa is a nuclear receptor whose 

function is to sense intracellular concentrations of cholesterol and induce the activation 

of genes involved in reverse cholesterol transport (94). Insufficient expression of LXRa 

could have also led to cholesterol overload in the LDLRAP1-/- cells by ultimately 

preventing sufficient efflux. 

 VSMC proliferation is a natural response to vascular injury, and alteration of the 

VSMC phenotype plays a central part in this process. Vascular injury can occur in 

several ways, including damage from free radicals, or mechanical stress resulting from 

turbulent blood flow in atherosclerotic susceptible regions (2). Unfortunately surgical 

treatments for atherosclerosis such as balloon angioplasty and stent placement also 

damage the endothelium, leading to neointima formation and restenosis of the vessel 

(95). LDLRAP1 aids in facilitating cell cycle progression during mitosis by interacting with 

the centrosome, although the specific role it plays in this process is not fully understood 

(38). This being said, LDLRAP1 knockout could be expected to interfere with VSMC 

proliferation and subsequently neointima formation after injury. In this study, carotid 

ligations were performed in LDLRAP1-/- and wild-type mice to induce vascular injury. 
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Interestingly, LDLRAP1-/- mice on a high fat diet exhibited significant neointima formation 

compared to the wild-type. This was wholly unexpected, as previous work has shown 

knockout of LDLRAP1 led to impaired cytokinesis and decreased growth rates in MEFs. 

Perhaps LDLRAP1 impacts the cell cycle differently in different cell types, as LDLRAP1 

function may be tissue specific. For example, in hepatocytes and lymphoblasts from 

ARH patients LDLR internalization was impaired, while fibroblast internalization was 

unaffected (96). Alternatively, LDLRAP1 may impact the cell cycle under 

hypercholesterolemic conditions. oxLDL promotes a proinflammatory environment and 

vascular damage, and is known to induce VSMC proliferation; it is possible that lack of 

LDLRAP1 exacerbated these conditions, for example by leading to increased 

intracellular concentrations of oxLDL as discussed previously (97). This is consistent 

with the data from the mice that were on a chow diet, where no significant differences in 

neointima formation were observed.   

 In order to corroborate these data, proliferation and BrdU assays were 

performed. Unexpectedly, VSMC isolated from LDLRAP1-/- proliferated more quickly 

over the course of a week than those isolated from wild-type both with and without the 

presence of oxLDL. This is directly contradictory to previous experiments where human 

VSMC which had LDLRAP1 knocked down using siRNA proliferated more slowly than 

the scrambled control (98). A possible explanation could be that LDLRAP1 serves a 

different function in a human versus mouse model, or the siRNA yielded different results 

compared to a true in vivo knockout. The BrdU assay also suggested that LDLRAP1-/- 

VSMC proliferate faster than the wild-type. This assay quantifies DNA synthesis by 

measuring the incorporation of a synthetic thymidine into new DNA, and LDLRAP1-/- 

VSMC displayed more synthesis over a 16-hour period. LDLRAP1-/- VSMC were also 

shown to display decreased expression of smooth muscle cell markers compared to the 
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wild-type, including alpha-actin, calponin, Myh11, SRF, and transgelin. After vascular 

injury, VSMC de-differentiate from a typical, contractile smooth muscle cell to a 

synthetic, proliferative state which will migrate to form the neointima. Taken together, 

these data support the findings from the carotid ligation experiments, as increased 

proliferation of LDLRAP1-/- VSMC would lead to the larger neointima formation seen in 

the LDLRAP1-/- mouse carotids.   

 LDLRAP1 is known to bind to the cytosolic tail of the LDLR as well as 

components of the endocytic machinery, such as clathrin and AP-2. This allows the 

LDLR-LDL complex to be internalized, so that LDL can be removed from the blood and 

either utilized by the cell or delivered the to the liver via reverse cholesterol transport 

(cite). Based on data gathered in this study LDLRAP1 serves various other functions, 

such as regulating insulin resistance in the adipose and VSMC proliferation, however the 

exact mechanisms in which it does so are not fully understood. Mass spectroscopy was 

performed to identify LDLRAP1 binding partners and to give insight into potential 

functions outside of lipid receptor internalization. Thirty-six proteins were identified that 

met pre-established criteria, and placed into the following categories: heat shock protein, 

LDLR binding and internalization, collagen binding and cytoskeletal organization, cell 

cycle progression and mitosis, signal transduction, ribosomal protein, glucose 

metabolism, lipid metabolism, cholesterol metabolism, protein sorting, stress granule 

formation, iron-sulfur cluster assembly, protein folding, protein kinase activity, and 

autophagy. It should be noted here that while LDLRAP1 is known to bind to LDLR, LDLR 

does not appear on this list. As shown previously in a yeast two-hybrid binding assay, 

LDLRAP1 binds relatively weakly to the LDLR cytoplasmic tail, which could explain why 

it was not detected in the mass spectrometry analysis (35). As a future direction, it could 

be beneficial to explore the effect of LDLRAP1 knockout on some of these proteins, as 
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well as the resulting phenotype. For example, as LDLRAP1 knockout appears to have 

an effect on metabolism, investigating nischarin (NISCH), aldolase A (ALDOA), ATP 

citrate lyase (ACLY), and glutamyl-prolyl-tRNA synthetase 1 (EPRS1) may be useful as 

these binding partners are known to play a role in glucose, lipid, and cholesterol 

metabolism. Nischarin and ATP citrate lyase may be particularly interesting, as nischarin 

depleted female mice display severe insulin resistance and glucose intolerance as well 

as obesity, while inhibition of ATP citrate lyase prevents dyslipidemia and even 

decreases atherogenesis in hypercholesterolemic mice and pigs (99, 100). In order to 

gain a better understanding of LDLRAP1’s role in VSMC proliferation and stenotic 

vascular diseases, it could be useful to investigate its effects on proteins involved in the 

cell cycle and mitosis, such as DAB2 interacting protein (DAB2IP) and ubiquitin specific 

peptidase 9 X-linked (USP9X). As both proteins are associated with regulation of cell 

growth, perhaps their relationship with LDLRAP1 could explain LDLRAP1’s unexpected 

effects on VSMC proliferation and neointimal formation (101, 102).   

 In summary LDLRAP1 knockout leads to increased neointima formation after 

vascular injury, and LDLRAP1-/- VSMC are de-differentiated and proliferate more quickly 

than the wild-type. These results supported one another, but were unexpected and 

contradictory to existing literature, and difficult to explain. One limitation to these studies 

is that again that LDLRAP1 knockout is not tissue specific, and these experiments would 

benefit from using a VSMC-specific LDLRAP1 knockout model. Also, effects of 

LDLRAP1 knockout on neointima formation in female mice needs to be better explored 

and differences explained. The most pertinent next step would be to identify a 

mechanism for how LDLRAP1 knockout increases proliferation in this cell type. As 

previously mentioned, one way to accomplish this could be to look to the mass 

spectrometry results, and investigate how LDLRAP1 knockout affects the function of 
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LDLRAP1 binding partners involved in cell cycle regulation and mitosis. Another future 

direction could be to corroborate the proliferation results in another way, such as by 

measuring BrdU or EdU incorporation or DNA content of cells via flow cytometry. As 

these results are contradictory, it is essential to support the findings with multiple 

experiments. Lastly it is important to note that LDLRAP1-/- VSMC also took up more 

oxLDL than the wild-type, linking LDLRAP1 back to atherosclerosis, but from a different 

angle. As VSMC are able to take up oxLDL through scavenger receptors, they can and 

become foam cells similar to macrophages, and can contribute to the formation of the 

atherosclerotic lesion. As an adaptor protein LDLRAP1 is versatile, and can contribute to 

the pathophysiology of multiple diseases such as CVD, MetS, and vascular stenotic 

diseases by exerting its effects in different tissues in ways that are not yet fully 

understood.  
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