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     Hepatic acyl coenzyme A:cholesterol acyltransferase 2 (ACAT2) synthesizes 

cholesteryl ester (CE) from free cholesterol and fatty acyl-CoA.  ACAT2 is responsible 

for the packaging of cholesteryl oleate (CO) into VLDL secreted from the liver and 

studies have shown a relationship between both ACAT2 activity and CO content of 

apoB-containing lipoproteins with atherosclerosis.  The purpose of the studies was to 

extend our understanding of ACAT2 and primarily to elucidate its role in the initiation 

and treatment of atherosclerosis.  To elucidate it’s role in the initiation of atherosclerosis 

we proposed that as a result of elevated ACAT2 activity, more CO would be packaged 

into the low-density lipoprotein (LDL) core and resulting in a particle with a greater 

likelihood to be retained in the artery wall.  To determine it’s role in the treatment of 

atherosclerosis, we utilized an antisense oligonucleotide (ASO) to knockdown ACAT2 

expression in the liver to determine how depleting atherogenic particles of CO would 

effect atherosclerotic lesion regression. 

     To study the effects of ACAT2 dependent enrichment of LDL particles in CO, we 

utilized B-100 only, LDLr-/- mice that had a functional or dysfunctional ACAT2 gene.  

We fed the mice diets enriched in either cis-monounsaturated fatty acids (Mono) or n-3 

polyunsaturated fatty acids (Fish) to yield four distinct LDL particles of varying 

composition.  We then undertook the task of developing a novel real-time binding assay 

using the properties of surface plasmon resonance (SPR) from a Biacore machine to 

measure the affinity of the particles to interact with immobilized Biglycan (BGN), a 

proteoglycan known to interact and retain LDL particles in the artery wall.  We found 

that particles enriched in CO, produced by the mice fed the Mono diet had the highest 

binding affinity to BGN.  When the LDL particle was depleted in CO by genetic deletion 
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of ACAT2 or administration of the Fish diet, there was a substantial reduction in binding 

to BGN.  Furthermore, when taken out to 16 weeks diet, the experimental mice producing 

LDL particles with the highest binding affinity developed significantly more 

atherosclerosis.  We concluded that enrichment of the LDL particle with CO, the product 

of hepatic ACAT2, results prolonged retention in artery wall and resulting in more 

atherosclerosis. 

     To determine the role of ACAT2 in regression of atherosclerosis, we again utilized the 

B-100 only, LDLr-/- mouse model.  Mice were placed on the Mono diet for a period of 

24 weeks to induce the formation of a complicated lesion.  After 24 weeks mice either 

continued on the Mono diet with no treatment, or received biweekly injections of a 

nonspecific ASO or an ACAT2 ASO to knockdown ACAT2 expression in the liver.  A 

fourth group of mice were switched to the Fish diet and the ASO and dietary treatment 

periods lasted for 16 weeks.  Important for this study was the development of a novel 

imaging protocol that utilized a 7T MRI to non-invasively track both plaque progression 

and regression in the aortic arch of the mice.  We found that 24 weeks on the Mono diet 

successfully induced complicated plaques in the arch that were detectable by MRI as 

early as 12 weeks into the progression phase.  Treatment for 16 weeks with ACAT2 ASO 

was unsuccessful at regressing the size of the plaque compared to baseline; however, the 

final four weeks of treatment showed a significant reduction in plaque size back to 

baseline values just prior to treatment.  There were no differences in macrophage or lipid 

content of the lesions amongst groups as evaluated by histology; however, CE 

measurements in the aorta revealed no additional CE deposition in mice treated with 

ACAT2 ASO or fish oil compared to aortas after induction.  We concluded that hepatic 
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knockdown of ACAT2 successfully depleted the LDL particles of CO and arrested 

plaque development.
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LDL Particle Composition and Atherosclerosis 

     Atherosclerosis is the underlying disease process leading to clinical complications of 

coronary heart disease (CHD), an epidemic responsible for 1 out of every 6 deaths in the 

United States and at an estimated rate of 1 dead American with every passing minute1.  It 

was estimated in 2008, cardiovascular diseases accounted for $297.7 billion in direct and 

indirect costs in the US, a figure expected to triple in less than 20 years1.  

Hypercholesterolemia has long been recognized as a risk factor for atherosclerosis and 

plasma Low Density Lipoprotein cholesterol (LDLc) concentration is considered the 

standard in determining CHD risk2, 3.  The strong correlation between LDLc and 

atherosclerosis has led to increased research focus on LDL and more recent studies 

suggest that structural and chemical properties such as size and lipid composition are 

stronger indicators of the atherogenicity of the particle than LDLc concentrations alone4-

7. 

     The relationship between LDL particle size and atherogenicity has been studied 

exhaustively.  To date, evidence in support of small dense LDL (sdLDL) or large LDL as 

independent determinants in predicting the risk of CHD development remains 

controversial.  Both sdLDL8, 9 and large buoyant LDL10, 11 have been shown to be highly 

atherogenic.  Evidence supporting the enhanced atherogenicity of sdLDL include 

increased propensity for uptake by arterial issue12, suggesting greater transport across the 

endothelial barrier.  In addition sdLDL may have reduced receptor-mediated uptake and 

increased binding to arterial proteoglycans13-15.  Lastly, it has been shown that large 

buoyant LDL particles are more resistant to oxidation, a significant factor in development 

of atherosclerosis that has not been shown with sdLDL16-20.  Despite the associated 
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properties of sdLDL that may confer the elevated risk for coronary artery disease (CAD), 

more recent epidemiological studies have been unable to achieve a statistical association 

of sdLDL and CAD21, 22.  In fact, Masulli et. al. used nuclear magnetic resonance (NMR) 

spectroscopy to show strong associations of carotid intima-media-thickness (IMT) with 

LDL particle number and found a strong relationship between carotid plaque and greater 

concentrations of large LDL particles (p=0.003).  Taken with previous clinical studies 

showing increased atherogenicity of larger LDL10, 23, it is clear that work remains to be 

done before declaration of LDL size as an independent predictor of CAD development. 

     While the importance of LDL size to atherosclerosis remains elusive, the chemical 

composition of LDL particles has been more revealing. Particularly interesting is the 

relationships revealed between LDL cholesteryl ester fatty acid (CEFA) content and 

CHD risk24-29.  Specifically, an abundance of data in animal models of atherosclerosis has 

shown that the degree of cholesteryl oleate (CO) enrichment of LDL particles is 

consistently associated with the extent of atherosclerosis27, 28, 30-32.  Additionally, several 

European groups have shown that plasma lipoproteins with a lower proportion of 

cholesteryl linoleate (and conversely a higher proportion of CO) are typical in patients 

with CHD complications compared to normal controls33-40.  Furthermore, in the large 

Atherosclerosis Risk in Communities (ARIC) study, evaluation of atherosclerosis non-

invasively as carotid IMT by Ma et al.41 revealed a positive correlation between plasma 

CO levels and IMT.  More recently, a study performed in patients with acute coronary 

syndrome showed CO to be a strong predictor of CAD42.  Taken together, this evidence 

strongly implicates CO as an important factor in atherogenesis. 
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Hepatic ACAT2: Influence on Lipoprotein Composition and Atherosclerosis 

     The enzyme most responsible for CO enrichment of the LDL particle is hepatic Acyl-

Coenzyme A:Cholesterol Acyltransferase 2 (ACAT2)43.  A member of the family of 

acyltransferases, ACAT2 is an integral membrane protein localized to the endoplasmic 

reticulum responsible for producing intracellular cholesterol esters (CE) from long-chain 

fatty acyl-CoA and cholesterol44.  ACAT2 has been identified in monkeys45, mice46, and 

humans47 and its expression is limited primarily to hepatocytes in the liver and 

enterocytes in the intestine48.   

     The causal role of ACAT2 in promoting atherosclerosis has been well documented in 

animal models of the disease.   Critical to this understanding was a study performed in 

non-human primates by Rudel et. al26.  Monkeys were fed various atherogenic diets for 5 

years and results from isolated liver perfusion experiments revealed highly significant 

positive correlations (r ≥ 0.8) to coronary artery atherosclerosis extent.  This occurred in 

monkeys fed both saturated and monounsaturated fatty acids in spite of lower LDL and 

higher HDL/LDL cholesterol ratios in the monounsaturated fatty acid fed group.  Authors 

went on to conclude that dietary monounsaturated fat promoted CO packaging into the 

LDL particle which appeared to be the primary factor in the outcome of atherosclerosis.  

     Studies in mouse models of atherosclerosis confirmed the atherogenic properties of 

hepatic ACAT2 found in non-human primates.  Atherosclerosis development in the 

absence of a functional ACAT2 gene was first studied in mice that also contained a 

dysfunctional apolipoprotein E (apoE) gene49.  Despite similar concentrations of 

apolipoprotein B (apoB)-containing lipoproteins, ApoE-/-ACAT2-/- mice had marked 

reductions in aortic atherosclerosis compared to the apoE-/-ACAT2+/+ mice after 27 weeks 
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on a chow diet.  Further analysis revealed over a 70% decrease in plasma CE, a result 

primarily due to the replacement in the lipid core of the apoB-containing lipoproteins 

with triglyceride (TG).  A similar study by Lee et al50 in mice without a functional LDL-

receptor (LDLr) revealed that genetic disruption of ACAT2 resulted in an 88% reduction 

in aortic atherosclerosis compared to LDLr-/- control mice.  While there was a small 

decrease in total plasma cholesterol (TPC), there were no differences seen between LDLc 

concentrations in both groups.  The primary difference between the two mouse groups 

was found in the LDL fatty acid composition of CE.  Mice with a functional ACAT2 

gene had an accumulation of monounsaturated fatty acids in the LDL particle associated 

with the increase in atherosclerosis.  Genetic deletion of ACAT2 resulted in a shift from 

monounsaturated to polyunsaturated fat in the LDL core and considerably less 

atherosclerosis.   

     The mechanisms by which ACAT2-derived CEs in apoB-containing liporproteins 

promote atherosclerosis appear to be related to the lipoprotein’s physical and chemical 

properties.  Enrichment of LDL particles in ACAT2-derived CEs has been shown to 

result in a larger more atherogenic particle in both non-human primates26 and mouse30 

models of atherosclerosis.  Studies on LDL particles from the non-human primate 

revealed that increased packaging of monounsaturated fatty acids result in an elevation of 

the lipoprotein transition temperature above body temperature51.  This, in turn, results in a 

change from an ordered crystalline state to a more disordered liquid crystalline state.  

Work by Lada et al.52 in THP-1 macrophages incubated with LDL particles isolated from 

monkeys fed monounsaturated fatty acids revealed increased particle uptake and an 

elevation in anisotropic lipid droplets in the macrophages compared to n-6 and n-3 
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polyunsaturated fed counterparts.  They also showed a decrease in CE hydrolysis and 

cholesterol efflux from macrophages incubated with the LDL particles from the mono-

fed group compared to their counterparts suggesting the physical state of the CE is 

heavily influenced by the n-3 and n-6 polyunsaturated fatty acids and in turn can have 

serious consequences on progression of atherosclerotic plaques.  Essentially, through the 

actions of ACAT2 in the hepatocyte, dietary consumption of monounsaturated fatty acids 

results in their increased packaging into LDL particles and increased deposition into 

arterial plaques.  While there is an increase in uptake by macrophages at the lesion site, 

the increased transition temperature of the lipid droplets results in a reduction in CE 

hydrolysis and cholesterol efflux out of the macrophage onto HDL for reverse cholesterol 

transport thereby promoting the development of more atherosclerosis. 

 

The Response to Retention Hypotheses:  Initiation of Atherosclerosis 

     In 1995, Dr. Ira Tabas and Kevin Jon Williams created the Response to Retention 

model of atherosclerosis in which they hypothesized that the initiating event of 

atherosclerosis is the subendothelial retention of apoB-containing lipoproteins in 

susceptible areas of the artery wall53. The hypothesis was based on a foundation of work 

in the 1970s and 1980s, which showed that lipoproteins could interact with the artery 

wall54-58.  The consequence of the retention of atherogenic lipoproteins is a net 

accumulation of lipid and prolonged exposure to oxidative and non-enzymatic factors in 

the vessel wall.  This, in turn, can trigger an inflammatory response that leads to 

accelerated lesion development59.   
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     The sequestration and accumulation of apoB-containing lipoproteins is generally 

regarded to be the result of interactions with the arterial matrix, primarily proteoglycans.  

Proteoglycans are structural moieties produced by endothelial and smooth muscle cells 

(SMC) that consist of a core protein with a varying number of attached carbohydrate 

chains containing negatively charged repeating disaccharide units called 

glycosaminoglycans (GAGs)60.  The extracellular matrix of the intima contains a variety 

of species of proteoglycans, including heparan sulfate (HSPG), dermatan sulfate (DSPG), 

and chondroitin sulfate (CSPG) proteoglycans61.  Studies have shown that the sites most 

vulnerable to lesion development in arteries occur at bifurcations where there is increased 

turbulent flow, shear stress, and intimal thickening62 and increased retention of 

lipoproteins in these sites has been demonstrated63-65.    Furthermore, it has been shown 

that purified CSPGs, particularly from these atherosclerosis susceptible sites have a high 

affinity for LDL66-68 and both CSPGs and DSPGs, particularly biglycan (BGN), have 

been shown to co-localize and interact with apoE and apoB in human plaques.  

     It has been demonstrated that these electronegative GAGs form ionic interactions with 

positively charged residues on apoB-100 of atherogenic lipoproteins69.  ApoB-100 is the 

primary protein moiety found on LDL.  ApoB-100 is a large (4536 amino acids), non-

exchangeable protein70, and studies of delipidated apoB-100 identified 8 clusters of 

positively charged amino acid residues that interact with proteoglycans71-73.   

Subsequent studies performed in mice expressing apoB-100 with site-directed mutations 

in CS-binding regions of apoB were the key experiments linking LDL-proteoglycan 

interactions to early development of atherosclerosis74, 75.  The studies were elegantly 

designed so there would be unhampered interactions with the LDL receptor ensuring the 
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differences seen in atherosclerosis would be the result of decreased binding to arterial 

proteoglycans.  Results of the study showed compelling evidence that mice expressing 

proteoglycan binding-defective LDL had decreased development of atherosclerosis and 

direct evidence that this was due to decreased interaction of those particles with the 

arterial wall74.  Later studies in those mice identified residues 3359-3369 (site B) as the 

functional proteoglycan binding site in LDL and concluded that the other sites identified 

to interact with proteoglycans were likely buried within the phospholipid (PL) surface 

monolayer rendering them non-functional75.   

     While critical in establishing the causal role of LDL-proteoglycan interactions in the 

early development of atherosclerosis, these studies raised additional areas of interest.  

The first is a study performed in mice expressing either apoB-100 only, or apoB-48 only 

in which the authors showed that mice that had similar cholesterol levels developed 

similar amounts of atherosclerosis despite which form of apoB they expressed76.  This 

presented a paradox as site B, the primary site that binds to arterial proteoglycans, is 

located in the C-terminal domain of apoB meaning it is not present in the apoB-48 mice.   

Subsequent studies were performed in which candidate proteoglycan binding sites in the 

N-terminal region of apoB  were systematically mutated.  Results revealed that amino 

acids 84-94 (site Ib), normally masked with expression of the full length protein, were 

exposed in apoB-48 LDL particles and that mutation of these amino acids inhibited the 

interaction of apoB-48 with proteoglycans77.   

     ApoB-100 is a dynamic protein that is sensitive to deviations in size and lipid content 

of the particle78, 79.  It has been shown that sdLDL isolated from patients undergoing 

coronary angiography have a higher affinity for arterial proteoglycans80.  Additionally, 
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conversion of apoB lipoproteins into a small dense form by treatment with phospholipase 

A2 (PLA2) in vitro has also been shown to increase the particles affinity for 

proetoglycans81.  Cholesterol enrichment of the LDL particle has also been shown to 

increase the affinity for both the LDLr and arterial proteoglycans82 through a mechanism 

authors believed was mediated by a conformational change in site B.  Core lipid content 

has also been shown to play a role in mediating binding to proteoglycans.  Cynomolgus 

monkeys consuming a diet enriched in n-3 polyunsaturated fatty acids yielded LDL 

particles with relatively little CE and decreased affinity for proteoglycans83.  Overlooked, 

but important is the finding that these particles were smaller in size (4.2 g/mol) than their 

lard fed counterparts (4.7 g/mol), likely a reflection of the differences in CE content of 

the LDL particles between the two experimental groups.  Interestingly, work in Rhesus 

monkeys showed that simply limiting caloric intake resulted in production of LDL 

particles of a smaller size with less PL and TG that had decreased binding to 

proteoglycans84.  The positive correlation between TG content and LDL binding to 

arterial proteoglycans is an interesting observation considering more recent evidence 

previously discussed indicating that CEs are more atherogenic than TG.   

     While the primary clusters of amino acids in apoB responsible for retention of the two 

native forms of apoB have been identified, there have been several studies that have 

shown a number of factors can modulate the retention of LDL in the artery wall.  Studies 

crossing human apoB transgenic mice with mice expressing group IIa sPLA2, a 

recognized risk factor for CHD85, have shown a modified LDL particle in which both site 

B and site A (residues 3148-3158) on apoB-100 are exposed and act cooperatively to 

enhance binding to arterial proteoglycans82.  Enzymatic modifications of LDL in the 
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artery wall by sPLA286 and sphingomyelinase87 have been shown to result in aggregation 

or fusion of lipoproteins that also enhance their affinity for arterial proteoglycans.  

Additionally, a number of bridging molecules such as serum amyloid A88, α-defensins89, 

apoE90, and lipoprotein lipase (LpL)91 among others have all been shown to enhance 

binding to arterial proteoglycans. 

 

Treatment of Atherosclerosis:  Regression of the Vulnerable Plaque 

     Prolonged residence time within the artery wall renders cholesterol-rich lipoproteins 

vulnerable to oxidation or non-enzymatic modification.  This can result in a cascade of 

responses that contribute to lipid deposition and the formation of the vulnerable plaque.  

A vulnerable plaque is defined as a lesion that has a high risk for rupture or thrombosis 

leading to a symptomatic acute coronary event based on its anatomic and biological 

properties92.  The vulnerable plaque has three main histological features (1) They have a 

lipid pool that occupies > 40% of the cross-sectional plaque area; whereas 90% of 

unstable plaques have a large lipid pool, only 11% of intact plaques have lipid pools this 

size (2) Vulnerable plaques have a significant infiltration by inflammatory cells such as 

monocytes, macrophages, and lymphocytes and (3) a thin fibrous cap due, or at least 

partially due, to a decrease in smooth muscle cell activation, that is susceptible to shear 

stress and thus is at an increased risk for rupture93.   

     While pharmaceutical interventions such as HMG-CoA reductase inhibitors (statins) 

result in substantial reductions in plasma concentrations of LDL and have been shown to 

reduce risk for cardiovascular endpoints by 30-45%94, many events still occur.  A 

proposed explanation is pre-existing plaque burden prior to administration of cholesterol 
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lowering drugs95.  Many of these lesions could already be unstable, a clinical presentation 

that has been shown to account for the majority of acute events associated with CHD93.  

Thus, better understanding of the underlying cellular and molecular processes involved in 

plaque regression could lead to advancements in the treatment of pre-existing 

atherosclerosis. 

     Absolute regression of atherosclerosis would be defined as a complete return of the 

artery wall to its baseline state prior to the onset of atherosclerosis.  Even though there 

have been substantial achievements in regressing atherosclerotic plaques, it still appears 

that 100% reversal of atherosclerosis can not occur even under the most favorable 

circumstances.  The idea of regression has been adopted throughout the years and is 

better defined as a remodeling process that includes lesion shrinkage, reduced foam cell 

content, increased mobilization of lipid out of the plaque, and an increase in SMC 

content; particularly around the necrotic core of the plaque.   

     The idea that plaque regression was a feasible goal is not new.  Anitschkow and 

colleagues performed the first documented studies on regression in rabbits as early as in 

the 1920s96, 97.  They induced atherosclerosis by feeding cholesterol to rabbits for a period 

of 3 to 4 months after which they removed cholesterol from the diet for a period of 2-3 

years.  They reported a transformation of a large lipid-rich plaque into one composed 

primarily of fibrous tissue consisting primarily of collagen and elastin suggesting plaque 

stabilization.  Nearly 50 years passed before convincing evidence of substantial 

regression of advanced atherosclerosis was documented in nonhuman primates by 

Armstrong and colleagues98.  They achieved lesion regression by lowering TPCs from a 

level of 700 mg/dl maintained through the induction period of 17 months, to 140 mg/dl 
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through the treatment period which was simply to remove the cholesterol from the diet.  

They observed significant reductions in lumen narrowing (from 58% to as low as 18%), 

less fat and more connective tissue, and decreases in both free and esterified cholesterol 

in the aortas.  This laid the foundation for a series of follow-up studies that revealed 

decreases in intra- and extracellular lipids and reductions in necrotic material were also 

associated with regression of atherosclerosis.  Additionally, they also showed evidence 

that endothelial damage observed during the onset of atherosclerosis was able to correct 

itself during regression99-101.  These studies laid the foundation to what is now known 

about changes in the plaque composition during regression and the important observation 

that to successfully achieve regression a robust decrease in circulating apoB-containing 

lipoproteins is required.  

     The impact of the work done in the nonhuman primates by Armstrong and Wissler can 

not be understated, but the emergence of genetically engineered mouse models of 

atherosclerosis has provided a new, substantially cheaper, but more challenging avenue to 

study lesion regression.  Mice are naturally resistant to atherosclerosis due to their high 

plasma HDL:LDL ratio and thus it took the creation of apoE-/- and LDLr-/- mice to 

increase their normally low levels of plasma apoB-containing lipoproteins through 

decreased clearance.  Paradoxically, it is these gene deletions that make it so difficult to 

study atherosclerosis regression in mice due to the difficulty of lowering the 

concentrations of apoB-containing lipoproteins.  This difficulty has been overcome with 

the emergence of gene therapy techniques102-104 or the use of a surgical transplantation 

model105-107.  Results from both techniques have confirmed earlier work in other animal 

models that dramatic improvement of the plaque milieu was required to achieve 
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significant disease regression.  Compositional changes in the lesion included reduced 

foam cell content, increased smooth muscle cell content, decreased necrosis, and 

decreased cholesterol clefts.  Furthermore, the transplantation model showed very rapid 

improvement of advanced lesions in only 9 weeks.  So, while difficult, successful plaque 

regression in mice has been achievable. 

 

Imaging Modalities and Clinical Evaluation of Atherosclerosis 

     It is now recognized that there is a dissociation between vulnerable plaques likely to 

rupture and cause acute coronary events and the degree of vessel stenosis.  This 

disconnect was first reported in 1988 through the use of coronary angiography108 and 

further illustrated in randomized control trials with statins, which showed despite 

significant reductions in acute coronary events109, there was only a modest reduction in 

stenosis110-112.  With this revelation there has been a shift in focus in clinical diagnosis 

using imaging techniques to evaluate not only plaque morphology, but also plaque 

composition and it’s relationship with acute coronary events.  Recent advancements in 

imaging techniques such as ultrasound, computed tomography (CT), and magnetic 

resonance imaging (MRI), have allowed investigation of these features and how they 

change during onset and treatment of the disease. 

     B mode ultrasound measurements of carotid IMT is the standard imaging modality 

used for endpoints in clinical trials evaluating the efficacy of drugs in the treatment of 

atherosclerosis113-115.  Carotid IMT has been associated with cardiovascular and total 

mortality risk116, has been shown to be predictive of cardiovascular events in patients 

with CHD117, and reductions in carotid IMT have been associated with decreased 
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cardiovascular events114, 115.  Despite these positives, B-mode ultrasound has several 

limitations.  Due to population variability, carotid IMT measurements require large 

sample sizes leading to increase cost118 and measurements have been shown to correlate 

poorly with actual coronary and carotid disease119.  Furthermore, while carotid IMT 

correlates with coronary risk, much of the predictive power is lost once adjustments are 

made for age, sex, and blood pressure120.  Lastly, B-mode ultrasound provides little to no 

information on the biology or composition of the plaque. 

     Intravascular ultrasound (IVUS) has helped address many of the shortcomings of B-

mode ultrasound.  IVUS is a catheter-based technique in which a miniaturized ultrasound 

probe is transluminally placed into an affected coronary artery.  The probe is retracted at 

a rate of 0.5-1 mm/s during which ultrasonic reflections of the artery wall are acquired 

and processed.  Conventional gray-scale IVUS has been shown to be more sensitive at 

detecting and evaluating the extent of atherosclerosis than coronary angiography121 and it 

has been shown to provide information on plaque composition122 and even lipid pools123 

but with limited specificity.  Virtual-histology IVUS (VH-IVUS) is a technique designed 

to address these issues by characterizing plaque though spectral analysis of the 

radiofrequency signal.  VH-IVUS has been shown to accurately detect the presence of 

fibrous, fibrolipidic, calcified, and calcified-necrotic regions from plaques124.  The 

strength of VH-IVUS has been shown when used in addition to conventional gray-scale 

IVUS in the PROSPECT trial.  Classification of lesion-types using this method found that 

patients with high-risk plaques had significantly more cardiovascular events within 3 

years compared to those classified with the lowest risk plaques125.  While useful, IVUS 

also has its disadvantages and limitations.  A major drawback is the invasive nature 
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limiting its use to patients who are undergoing x-ray angiography for clinical 

manifestations of acute coronary events.  Furthermore, its use is limited to nonstenotic 

lesions as identification of stenotic lesions likely result in treatment with stents.  This 

provides a disadvantage when trying to evaluate lesions longitudinally throughout a 

clinical trial. 

     Two methods of CT have been used to assess atherosclerosis:  electron-beam CT 

(EBCT) and multiple-row detector CT (MDCT).  EBCT was specifically designed using 

stationary x-ray tubes to better image heart structures due to their continuous motion.  

Images from the EBCT are used to obtain a coronary artery calcium score, a measure of 

calcium burden in the artery, to assess cardiovascular risk.  Calcium is readily identified 

by CT and coronary artery calcium scoring has been shown to provide predictive 

information126.  Furthermore, a relationship between coronary calcium and coronary 

atherosclerosis evaluated by histology has been shown127.  The capability of EBCT to 

differentiate lipid-rich from fibrous plaque has also been shown128; however, there was a 

large overlap in signal attenuation between the two classifications of lesions, which 

decreases specificity of CT given the heterogeneous nature of most lesions.  Furthermore, 

lesions with a greater degree of calcium tend to obscure the arterial lumen making it 

difficult to accurately evaluate the degree of stenosis.  It was recently determined that a 

one-year change in coronary artery calcium was not a suitable endpoint for longitudinal 

studies in patients with CAD; however, it should be noted that the trials used in the meta-

analysis employed 64-slice scanners.  With new 256- and 512-slice scanners, and the 

development of CT contrast agents such as N1177129 and gold HDL nanoparticles130 
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specific for plaque macrophages, the applicability of CT in assessment of atherosclerosis 

is likely to increase in the future. 

     MDCT uses a continuously rotating x-ray source that allows slices to be obtained 

during a single hold-of-breath by a patient and can be used with intravenous contrast to 

produce coronary angiographic (CTA) pictures non-invasively that are also capable of 

providing information on the plaque.  CTA has the ability to detect lipid-rich plaques and 

it has been shown to overcome difficulties to detect stenosis in heavily calcified areas 

associated with EBCT131.  One of the primary drawbacks from employing MDCT in the 

assessment of atherosclerosis is the risk from radiation exposure.  It has been calculated 

that a single cardiac scan using MDCT in a 20-year-old female results in a 1 in 143 

chance of developing cancer later in life132.  However, this was calculated based on 

helical scanning protocol, and new advancements such as volume scanning have been 

shown to reduce the radiation dose by 90%133.  MDCT is still a relatively new technique 

and while it’s ability to detect plaque progression has been shown134, work remains to 

determine its efficacy in monitoring and evaluating plaque over time. 

     MRI has been shown to provide valuable information on atherosclerotic plaque 

morphology and composition135 and this modality appears to have the greatest ability to 

characterize the plaque constituents noninvasively.  Most of the MRI research in patients 

to date have focused on the carotid artery and the aorta136-138 and in the carotid it has the 

ability to differentiate four major plaque components: the fibrous cap, lipid-rich/necrotic 

core, intraplaque hemorrhage, and calcium137.  Identification of cap rupture and 

intraplaque hemorrhage in the carotid arteries by MRI was recently shown to correlate 

well with clinical manifestations of the vulnerable plaque138; a potential valuable tool in 
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the treatment of atherosclerosis.  The potential value in longitudinal studies testing drug 

efficacy has also been demonstrated111, 112, 139.  Measurements of the lumen area, vessel 

wall thickness, and vessel wall area revealed significant reductions in wall area and 

thickness with no change in lumen area after 12 months treatment with Simvastatin111, 

and further decreases were reported after 18 and 24 months112.  This effect was further 

corroborated recently in which MRI was able to detect significant reductions in the 

plaque index (normalized vessel wall area) as early as 3 months after statin treatment, 

which were significantly correlated with later change at 12 months139.   

     The recent development of contrast agents and molecular probes has further 

accentuated the potential of MRI in the clinical setting.  Gadolinium-based contrast 

agents have already been shown to enhance the fibrous cap140.  More recently, there has 

been increased focus on the development of molecular contrast agents including 

liposomes, nanoparticles, lipoproteins, and quantum dots that could potentially highlight 

the specific molecular components involved in the plaques141.  While these agents are still 

being developed and tested in animal models of the disease, continuous improvements in 

pulse-sequences and hardware have shown that MRI is quickly evolving as a powerful 

tool in clinical understanding and diagnosis of the vulnerable plaque. 
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Abstract 

     Accumulation of lipids in the artery wall, particularly cholesteryl esters (CE), is a 

classic feature of atherosclerosis.  Apo B-containing lipoprotein particles are the primary 

vehicles by which CEs are delivered across the endothelial barrier and once present in the 

subendothelial space these particles are subject to sequestration by native proteoglycans.  

Several studies of atherosclerosis strongly suggest that core enrichment in cholesteryl 

oleate (CO) of low-density lipoprotein (LDL) particles play a significant role in 

determining the extent of disease. Acyl-CoA:cholesterol O-acyltransferase 2 (ACAT2) is 

the enzyme responsible for CO enrichment of LDL particles and gene deletion of ACAT2 

in animal models is protective against atherosclerosis.  We hypothesized that LDL 

particle core enrichment in CO results in modification(s) of ApoB on the particle surface 

that may enhance interaction with arterial proteoglycans and atherosclerosis. 

     Apo B-100 only, LDLr-/- mice (ACAT2+/+) and Apo B-100 only, LDLr-/-, ACAT2-/- 

(ACAT2-/-) mice were fed diets enriched in either cis-monounsaturated fatty acids 

(Mono) or n-3 polyunsaturated fatty acids (n-3 PUFAs) for up to 16 weeks.  LDL 

particles were isolated from plasma by size exclusion chromatography and particle 

composition and cholesteryl ester fatty acids (CEFA) were quantified.  LDL affinity to 

arterial proteoglycans was determined using an immunocapture surface plasmon 

resonance (SPR) technique we developed. Atherosclerosis was quantified by measuring 

the cholesterol content of the aorta. 

     ACAT2+/+ mice fed a Mono diet displayed the highest degree of CO packaging into 

the particle core and the highest propensity to bind to arterial proteoglycans.  Feeding a 

diet enriched in n-3 PUFA and/or knocking out ACAT2 successfully inhibited the 
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packaging of CO into the LDL particles.  Accompanying the decrease in CO content was 

a significant decrease in binding to Biglycan (BGN) and development of atherosclerosis.  

In conclusion, elimination of CO from the LDL particle core results in significantly less 

binding to arterial wall proteoglycans and in turn, less development of atherosclerosis. 
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Introduction 

     Atherosclerosis is the disease process leading to clinical complications of coronary 

heart disease (CHD), an epidemic that has cost more lives in the United States over the 

past century than the next four causes combined1.  The most accurate predictor of 

coronary heart disease (CHD) is plasma LDLc concentrations and it has been well 

documented that higher concentrations of LDL promote more atherosclerosis2, 3.  

Mounting evidence suggests that it is the retention and accumulation of LDL in the artery 

wall that is the defining event in the initiation of atherosclerosis4.  This process is 

generally regarded to be the result of electrostatic interactions between apolipoprotein B-

100 (apoB-100), the primary apolipoprotein associated with LDL, and proteoglycans, a 

major component of the extracellular matrix.  

     Plasma populations of LDL particles are heterogeneous in size and the relationship 

between the size and atherogenicity of the particle is debatable.  Some epidemiological 

studies suggest individuals with small, dense LDL are predisposed to accelerated 

development of CHD5-7 while others have shown large LDL is associated with increased 

risk of CHD8, 9.  More recently, the Multi-Ethnic Study of Atherosclerosis (MESA) 

revealed a significant association of both large and small LDL particles with subclinical 

atherosclerosis measured by carotid intima-media thickness (IMT)10.  The contradictory 

evidence from multiple clinical trials has confounded the role, if any, that the size of the 

LDL particle plays in the development of atherosclerosis. 

     While the direct effect of LDL size on the development of atherosclerosis remains 

unclear, the impact of LDL lipid composition is more revealing.  Dietary studies have 

revealed that saturated and trans fatty acids play serious roles in the development of CHD 
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and substituting unsaturated fatty acids in the diet has been shown to improve risk11-13.  

Particularly important is the role of monounsaturated fatty acids; specifically CO in the 

development of atherosclerosis.  Animal models of atherosclerosis have consistently 

shown a strong relationship between CO enrichment of the LDL particle and the extent of 

disease14-16.  Studies in non-human primates revealed that enrichment of the LDL particle 

core with CO was strongly and positively (R=0.8) associated with more severe coronary 

artery atherosclerosis15-17.  Additionally, the large Atherosclerosis Risk in Communities 

(ARIC) study revealed a positive correlation between plasma CO levels and carotid 

IMT18.  More recently, CO was shown to be a high predictor of coronary artery disease 

(CAD) in patients with symptoms of acute coronary syndrome19.  Taken together, this 

evidence strongly implicates cholesteryl ester (CE) composition as a primary feature in 

atherogenesis. 

     Acyl-CoA:Cholesterol O-Acyltransferase 2 (ACAT2), is a membrane bound enzyme 

localized in the endoplasmic reticulum (ER) and is responsible for CO enrichment of 

LDL particles20.  ACAT2 is expressed in hepatocytes and enterocytes21 and has been 

identified in humans, non-human primates, and mice22-24.  Gene deletion and knockdown 

of ACAT2 in animal models have been shown to be protective against the development 

of atherosclerosis further implicating the role of CO in the disease process14, 25.  While 

studies have consistently revealed CO as an important component in the development of 

atherosclerosis, there remains a gap in knowledge that explains why CO enriched 

particles are more atherogenic.  Thus, the purpose of this study was to determine if LDL 

particle core enrichment with CO promotes interaction between the LDL particle and 

resident arterial proteoglycans resulting in the development of more atherosclerosis. 
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Methods 

Mice and Diet 

     Two experimental mouse lines on an LDL receptor deficient background (LDLr-/-) 

were created for these studies; apoB-100 only (ACAT2+/+) and apoB-100 only, with a 

disabled ACAT2 gene (ACAT2-/-).  The LDLr-/-, apoB-100 only mouse (75% C57Bl/6, 

25% 129S/Sv)26 was a gift from Dr. Steven Young.  The apoB-100 only, LDLr-/-, 

ACAT2-/- mice were generated as previously described14.  Mice were switched from 

rodent chow to one of two homemade diets consisting of 10% energy as either cis 

monounsaturated fat (Mono) or long chain ω-3 polyunsaturated fat (n-3 PUFAs) with 

.02% cholesterol (w/w) for a period of 10-16 weeks.  Details of the dietary ingredients 

and fatty acid composition have been previously described14.  All experimental animals 

were sacrificed after 10-16 weeks.  Mice were maintained in an American Association for 

Accreditation of Laboratory Animal Care-approved pathogen-free animal facility, and the 

institutional animal care and use committee at Wake Forest University School of 

Medicine approved all experimental protocols. 

 

Plasma lipid and lipoprotein distribution 

     Blood was taken from each mouse at the terminal time point via heart puncture and 

transferred to tubes containing 10 uL of protease inhibitor cocktail (Sigma P2714) in 5% 

Azide and 5% EDTA.  Plasma was separated from red blood cells by centrifugation at 

7500 x g for 15 minutes at 4°C.  Total plasma cholesterol (TPC) concentrations were 

determined by a colorimetric assay as described previously27, 28.  Cholesterol distribution 

amongst the lipoprotein classes was determined from an aliquot of whole plasma 
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fractionated by fast protein liquid chromatography (FPLC) with a Superose-6 10/300 

column (GE Healthcare) run at a flow rate of 0.5 ml/min as previously described29. 

 

Isolation of LDL particles and LDL compositional analysis 

     It has been previously reported that isolation of LDL particles by ultracentrifugation 

can wash off minor, but important apolipoproteins associated with the particle surface 

that could play a role in binding to arterial proteoglycans30.  Thus, for these experiments 

LDL particles were isolated by size exclusion chromatography as previously described14.  

Briefly, a Superose 6 10/300 column (GE Healthcare) was first equilibrated with sample 

buffer (100 mM HEPES, 20 mM NaCl, 2 mM MgCl2, 2 mM CaCl2, pH = 7.4) containing 

.05 mL of protease inhibitor (SIGMA) per gram of LDL cholesterol.  350 uL of whole 

plasma from individual mice were injected onto the column and fractions were eluted 

with sample buffer at a flow rate of 0.4 ml/min.  Based on the lipoprotein profile 

measured at OD280, fractions corresponding to the entire LDL window were collected 

for particle analysis.  To eliminate LDL particle size as a variable in the binding assay, 

LDL particles for the SPR binding assay were collected in a more narrow window (28-33 

min) that was shared amongst profiles of all 4 experimental groups. 

     To accurately quantify LDL particle protein (LDL-PRO) content, purified LDL 

particles are needed to prevent protein contamination from plasma proteins that elute in 

the same fraction as LDL from the column.  Purified LDL was isolated from plasma of 

ACAT2+/+ and ACAT2-/- mice fed either the Mono or n-3 PUFA diet for 24 weeks by 

ultracentrifugation as previously described31.  Briefly, the density of the plasma samples 

were adjusted to 1.019 g/ml with solid KBr and ultracentrifuged at 100,000 rpm for 90 
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min at 15°C in a Beckman TLA 120.2 rotor.  The bottom fraction was collected and the 

density was adjusted to 1.063 g/mL with KBr and centrifuged at 100,000 rpm for 4.5 

hours.  The top fraction containing the purified LDL was collected and used to quantify 

LDL-PRO. 

     Total cholesterol (TC), free cholesterol (FC), and triglyceride (TG) content of the 

column isolated LDL particles were determined using enzymatic assays as previously 

described31.  Phospholipid (PL) was determined by measuring inorganic phosphorus by 

the method of Fiske and SubbaRow32.  Cholesteryl ester (CE) was determined by 

subtracting the FC from the TC of the column isolated LDL and multiplying by 1.67 to 

account for the mass of the acyl chain.  Protein was determined on the purified LDL by 

the method of Lowry et al33.  Estimates of protein for the column isolated LDL were then 

determined by applying the ratio of TC to PRO from the purified LDL to the TC value of 

the column isolated LDL.  For the chemical compositions, masses of the individual lipids 

were summed and data is expressed as a percentage of total lipoprotein lipid mass. 

     LDL particle size was determined using size exclusion chromatography with the 

concomitant use of Multi-Angle Light Scattering (MALS) and Quasi-Elastic Light 

Scattering (QELS).  After LDL particle isolation, 150 uL of the LDL was injected onto 

the Superose 6 column and eluted with sample buffer at a flow rate of 0.4 ml/min.  

Detection was performed at a wavelength of 661 nm by a refractive index detector model 

Optilab rEX (Wyatt Technology) and a MALS detector model DAWN HELEOS II 

(Wyatt Technology).  Signals from the detectors were processed using ASTRA software 

version 6.0.1.10 (Wyatt Technology) and the hydrodynamic radius was evaluated at the 

peak of the size distribution curve, generated as a function of particle retention time. 
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LDL CE analysis 

     LDL cholesteryl estesr (CEs) were detected and quantified by mass spectrometry as 

previously described19.  Briefly, 10 uL of isolated LDL in sample buffer was stored at -

80°C under argon gas to prevent any oxidation prior to analysis.  Just prior to the time of 

analysis samples were thawed and diluted in 1 mL of methanol solution containing 500 

pg/uL of 17:0 CE  as the internal standard and 1 ng/uL of sodium formate.  CEs were 

measured using a Quattro II mass spectrometer equipped with a Z-spray interface 

(capillary voltage = 3.2kV, cone voltage = 50V, source temperature = -80°C, desolvation 

temperature = 200°C).  Samples were maintained at 15°C in a temperature controlled 

Spark Holland Reliance autosampler/stacker until analysis.  25 uL of each sample was 

infused into the mass spectrometer at 10 uL/min.  CEs were quantified in the positive ion 

mode by monitoring the common neutral loss of 368.5 Da.  The CE molar concentrations 

were calculated from individual profiles (Supplemental Figure 1) and the internal 

standard.  Individual CE measurements are reported as percentages of total CE mass. 

 

LDL-BGN Interaction 

     The interaction of LDL and biglycan (BGN) was examined using a Biacore T100 

surface plasmon resonance (SPR) platform as previously described34, 35.  Briefly, the 

dextran surface of a CM5 biosensor chip (Biacore, Inc., Piscataway, NJ) for both 

reference and sample channels were activated for amine coupling (34).  Following 

surface activation a high affinity monoclonal antibody (mAb) specific to BGN (R&D 

Systems) was covalently coupled to the dextran surface of the chip through its lysine 

residues, reproducibly yielding a sparse IgG monolayer (10,000 – 15,000 Response 
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Units, RU) in both channels.  After mAb attachment, ethanolamine was passed over the 

chip to block any unreacted sites on the chip surface. 

     Following immobilization of the mAb the Biacore T100 system was equilibrated with 

sample buffer.  Each binding cycle began with the delivery of recombinant human 

BGN36-39, kindly provided by Dr. Rick Owens, to the sample channel at a concentration 

of 34 ug/mL protein at a flow rate of 30 uL/min for 200 seconds to achieve ~10% 

saturation of the mAb sample channel surface (Supplemental Figure 2A, 2B).  Following 

immobilization of the BGN, column isolated LDL was delivered (0-30 ug/mL LDLc) in 

sample buffer at a flow rate of 30 uL/min for 700 seconds (binding) to both the reference 

channel (mAb only) and the sample channel (mAb-BGN) followed by sample buffer at 

the same rate for 700 seconds (dissociation).  After the binding interaction, 3M sodium 

thiocynate was delivered at a flow rate of 30 ul/min to remove the LDL:BGN complex, 

yielding a fresh mAb surface that remained stable for at least 40 cycles (RU after each 

wash = 9 ± 5).  The biosensor was than equilibrated for 300 seconds with sample buffer 

prior to the next cycle of BGN capture, LDL binding, and regeneration.  Isolated LDL 

particles were maintained at 25°C in the sample compartment and all data was collected 

at 25°C in the analysis chamber.  LDL used for the binding experiments were isolated 

from mice that were maintained on diet for a period of 10 to 14 weeks. 

     Importantly, binding experiments were performed with fresh LDL within 24 hours of 

column isolation due to a notable loss of binding signal over time (Supplemental Figure 

3).  In the time-dependent studies, plasma was obtained from a ACAT2+/+ mouse 

consuming a chow diet.  Plasma was aliquoted into three separate groups.  The first 

aliquot was stored for 1hr at room temperature while two separate aliquots were frozen 
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for 1 hour with or without 10% sucrose.  After 1 hour the two frozen samples were 

thawed and LDL particles were column isolated for all three aliquots.  Binding 

experiments were performed using the isolated LDL the following day, 7, or 9 days later 

(Supplemental Figure 3A).  Prior to the binding experiments, the isolated LDL particles 

were maintained at 4°C under argon gas to prevent oxidation.   

     A simultaneous experiment was run in which aliquots of plasma from the same 

ACAT2+/+ mouse were frozen with and without 10% sucrose at -80°C.  Plasma samples 

were then thawed the day of collection or 7 days after storage at -80°C.  In both cases, 

LDL was isolated as described and binding experiments were performed the day after 

isolation (Supplemental Figure 3B). 

 

Quantification of atherosclerosis 

     Aortic atherosclerosis was measured biochemically by evaluating total CE 

concentration in the aorta as previously described31.  Briefly, at time of termination, 

aortas were removed from the mouse and preserved in 10% neutral buffered formalin.  

Extraneous connective tissue and fat were removed and lipids were extracted in 2:1 

chloroform:methanol in a test tube containing a known amount of 5α-cholestane as an 

internal standard.  FC and TC (after saponification) were determined by gas-liquid 

chromatography (GLC) and aortic CE concentration was determined.   
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Statistical Analysis  

      Differences amongst groups were assessed by 1-way ANOVA using a Tukey 

Honestly Significant Difference (HSD) test.  Relationships between binding and disease 

parameters were analyzed by bivariate analysis.  Statistical significance was considered at 

P<0.05. 
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Results 

     Consistent with previous reports14, consumption of diet containing n-3 PUFA 

successfully prevented diet-induced hypercholesterolemia (Figure 1A).  Interestingly, 

gene deletion of ACAT2 did not prevent elevated TPC levels seen in ACAT2+/+ mice 

consuming the Mono diet.  The rank order of TPC concentrations for the experimental 

groups were:  ACAT2+/+ fed Mono (898 mg/dl) = ACAT-/- fed Mono (644 mg/dl)  > 

ACAT2+/+ fed n-3 PUFA (275 mg/dl) = ACAT2-/- fed n-3 PUFA (233 mg/dl).  Analysis 

of lipoprotein cholesterol distribution revealed that the attenuation of TPC concentrations 

in the n-3 PUFA experimental groups were the result of reductions in plasma very low-

density (VLDLc) and LDLc concentrations accompanied by a minor but statistically 

significant reduction in high-density (HDLc) in the ACAT2-/- mice (Figure 1B-1C).  

Consistent with the TPC data, there were no differences in concentration of any of the 

lipoprotein fractions when knocking out ACAT2.  Thus, based on the plasma cholesterol 

data, the experimental groups that display the most atherogenic plasma profiles were both 

the ACAT2+/+ and ACAT2-/- mice consuming the Mono diet. 

     Effects of dietary fat consumption and/or gene deletion of ACAT2 on the composition 

of the LDL particle are displayed in Table 1.  Differences in the LDL particles amongst 

experimental groups were limited to the core lipids, CE and TG.  There was no dietary 

effect on lipid composition of the LDL particles while gene deletion of ACAT2 resulted 

in significant decreases in the amount of CE packaged into the LDL core with 

simultaneous increases in TG packaging.  Protein values measured in purified LDL 

particles were extrapolated to column-isolated particles and while differences between 

experimental groups exist, there were no variations that appear to be linked to diet 
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consumption or gene deletion of ACAT2.  Particle diameter, obtained by MALS, showed 

a small range in size of the particles (23-26 nm) and consistent with previous reports14, 

ACAT2+/+  mice consuming the Mono diet had significantly larger LDL particles then 

those in the other experimental groups.  

     LDL-CEFA composition was heavily influenced by dietary fat consumption and gene 

deletion of ACAT2.  While differences exist in the amount of saturated fat in the CE 

between experimental groups, the primary deviations occurred in the mono- and 

polyunsaturated fatty acids.  Dietary n-3 PUFA consumption resulted in CE cores 

consisting primarily of n-3 polyunsaturated fat in both ACAT2+/+ (44.8%) and ACAT2-/- 

(57.5%) mice.  In ACAT2+/+ mice, dietary n-3 PUFA consumption resulted in a 14.7% 

decrease in monounsaturated fat packaged into the CE core while there was no significant 

difference in the ACAT2-/- mice.  Gene deletion of ACAT2 resulted in particles enriched 

primarily in n-6 polyunsaturated fat (63.7%) accompanied with large reductions in the 

monounsaturated fat (26.8% decrease) compared to ACAT2+/+ mice consuming the Mono 

diet. 

     A more detailed breakdown of the individual fatty acid differences between each 

experimental group is summarized in Table 2.  As expected, the differences observed in 

the monounsaturated fatty acids between experimental groups can be attributed primarily 

to differences in the amount of CO (18:1) packaged into the LDL-CE.  Consumption of 

the n-3 PUFA diet or gene deletion of ACAT2 resulted in over a two-fold reduction in the 

packaging of CO in the CE compared to the ACAT2+/+ mice fed the Mono diet while 

there was a trend towards a synergistic effect of n-3 PUFA and gene deletion of ACAT2.  

The concurrent increase in packaging of the n-6 polyunsaturated fats in the Mono fed 
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ACAT2-/- mice was a result of an increased packaging of arachidonic acid (AA, 20:4) 

which comprised nearly half of all of the fatty acids present in the LDL-CE of that group.  

The increase packaging of the n-3 polyunsaturated fats in the n-3 PUFA fed mice resulted 

from large increases in packing of eicosapentaenoic acid (EPA, 20:5). 

     In summary, genetic deletion of ACAT2 had no effects on circulating plasma 

lipoprotein concentrations and resulted in decreased packaging of CE into the LDL 

particle core with an associated increase in TG.  There was also a large reduction in CO 

packaging into the CE core linked with an increase in AA in its stead.  Consumption of a 

dietary n-3 FA resulted in large reductions in circulating apoB-containing lipoproteins 

and LDL particles with a CE component consisting primarily of EPA.  

     The binding interaction between LDL particles and immobilized BGN was determined 

by the difference in the response units (RUs) between the sample and the reference 

channels and LDL RU was normalized to the BGN RU for each cycle in the analysis 

(Supplemental Figure 2A).  Increasing concentrations of LDL isolated from ACAT2+/+ 

mice on chow resulted in increased binding to immobilized BGN (Figure 2A, 2B).  

Specificity of the interaction was tested by incubating LDL particles with increasing 

concentrations of chondroitin sulfate (CS) glycosaminoglycans (GAGs) (Figure 2C, 2D) 

to block binding sites on the surface of the LDL particles and with 100 fold molar excess 

of CS, binding to immobilized BGN was nearly completely inhibited (over 97%).  Based 

on the concentration curve generated, LDL particles isolated from the experimental mice 

were tested at a concentration of 30 ug/mL of LDLc.  The highest signal response, and 

hence greatest extent of interaction with the immobilized BGN occurred with LDL 

particles isolated from ACAT2+/+ mice fed the Mono diet while mice consuming n-3 
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PUFA and mice lacking ACAT2 produced LDL particles with significantly less binding 

(Figure 2E-2F).  To ensure differences in the RU between experimental groups was not a 

result of the differences in particle size, LDL particles used in the binding assay were 

collected in the same fraction window.  MALS analysis of the particles confirmed there 

was no difference in the hydrodynamic radius of the LDL particles in the experimental 

groups (Data not shown). 

     Lastly, the extent of atherosclerosis was evaluated by quantifying the FC and CE 

concentration in the aorta.  Consumption of dietary n-3 PUFA and/or gene deletion of 

ACAT2 resulted in 77-89% less atherosclerosis development compared to ACAT2+/+ 

mice consuming the Mono diet (Figure 3A, 3B).  Regression analysis was performed to 

investigate relationships between LDL binding and both LDL CO content and the 

development of atherosclerosis (Figure 4A, 4B).  Results revealed a highly significant 

correlation (R=0.87) between the LDL binding to BGN and the percentage of CO 

packaged into the LDL CE fraction of the core.  Furthermore, there was a strong 

correlation (R=0.70) between the LDL binding to BGN and the magnitude of CE 

deposition in the aorta. 
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Discussion 

      Previous work has shown the beneficial outcome on atherosclerosis development that 

result from consumption of dietary fish oil or genetic disruption of ACAT214, 25, 29, 40.   

While reductions in the packaging of monounsaturated fatty acids into the core of apoB-

containing lipoproteins, particularly CO, have been speculated to be responsible for these 

outcomes, these treatments have also resulted in vast improvement of the lipoprotein 

profiles.  Thus, it has been difficult to attribute the decrease in atherosclerosis exclusively 

to the reduction in CO production. 

     Surprisingly, results from this study found no differences in the plasma lipoprotein 

profile in experimental mice consuming the Mono enriched diet despite genetic deletion 

of ACAT2.  Sharing the same hypercholesterolemic plasma profile as the ACAT2+/+ mice 

on the mono diet, the ACAT-/- mice still showed drastic reductions in the development of 

atherosclerosis.  As expected, analysis of the LDL particles isolated from these mice 

revealed a small reduction in the amount of CE in the particle core and a large reduction 

in the packaging of monounsaturated fatty acids into the CE fraction; predominantly CO.  

Importantly, these particles showed over a 50% reduction in binding to arterial 

proteoglycans compared to their ACAT2+/+ counterparts; a property that at least in part, 

likely attributes to the decrease in development of atherosclerosis.  

     To investigate the interaction of LDL particles with arterial proteoglycans we built 

upon a previous technique41 and developed an assay to take advantage of SPR 

technology; a method that allows for label free, real-time monitoring of the interaction of 

LDL with immobilized proteoglycans.  Kinetic plots of the interaction revealed that LDL 

particles interact rapidly and bind tightly to the exposed immobilized BGN on the chip 
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surface.  Interestingly, after the initial interaction, there are small reductions in the signal 

from the maximum response prior to dissociation with buffer (Figure 2B, 2D, 2F).  This 

unexpected kinetic event was consistent amongst groups and makes it difficult to 

mathematically model the response and obtain reliable on-rates of the LDL to the BGN.  

The gradual loss in signal would indicate the dissociation of the LDL from the BGN on 

the chip surface.  The dissociation of a small amount of LDL from the proteoglycans in a 

flowing system is certainly feasible but more puzzling is the lack of binding of fresh LDL 

that is still flowing through the system.  It has been reported that GAG chains of 

proteoglycans can self-associate42, 43.  Thus, one explanation would be that after 

interaction with the LDL particles that the GAG proteoglycans undergo a conformational 

change during which the LDL particle is released resulting in the drop in the kinetic 

signal.  If these GAG chains then self-associate, they may no longer be able to interact 

with fresh LDL particles which could explain why the signal continuously drops despite 

fresh LDL flowing through the system.  Despite the kinetic abnormalities seen with the 

binding, the differences in the interaction of the LDL particles between the experimental 

groups are clear.  The LDL response was measured at the peak response, the response 

just prior to buffer dissociation, and the response after buffer dissociation and the 

differences in contrast in binding between experimental groups were maintained giving 

us confidence in the accuracy of the method.  Our results showing the reduction in 

binding of the LDL particles from mice consuming dietary n-3 PUFA was consistent with 

previous studies44-46 further strengthening the validity of this assay.   

     Critical to this assay was the use of freshly isolated LDL particles from freshly 

isolated plasma.  Data from time-course studies showed a clear reduction in LDL 
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response to the immobilized BGN over time (Supplemental Figure 3A-B).  LDL isolated 

directly from plasma or from plasma briefly frozen with and without sucrose had almost 

identical binding profiles when binding experiments were performed the day after 

isolation (Supplemental Figure 3A).  Storage of the isolated samples at 4°C resulted in an 

average decrease in the signal response of 61% and 68% just 7 and 9 days after isolation, 

respectively.  This is likely due to degradative damage to the LDL that has previously 

been described with this storage method47-50.  Surprisingly, cryopreservation of plasma 

samples of mice with and without sucrose resulted in similar decreases in binding signal 

7 days post-storage at -80°C.  This signal loss occurred in spite of running freshly 

isolated particles after thawing.  While it has been reported that freezing plasma without 

sucrose can result in a decrease in apoB content51 it has been documented that 

cryopreservation of LDL particles frozen with sucrose can help to maintain some 

physical and biological properties52, 53.  It should be noted that LDL particles were first 

isolated and then frozen in sucrose in those studies, while in our studies plasma was 

frozen and stored.  More recently, it was reported that a redistribution of apolipoproteins 

E and C-III occur in plasma samples cryopreserved at -80°C in which they demonstrate a 

shift of apoE and apoC-III from apoB-containing lipoproteins to HDL54.  This occurred in 

spite of using sucrose as a stabilizing agent; an interesting observation considering the 

reported roles both apoE and apoC-III play in enhancing LDL-proteoglycan binding55.   

     While there is a clear association between CO content of the LDL particle and the 

propensity of the particle to bind to BGN, work remains to elucidate the molecular 

mechanism responsible for this increased interaction.  It has been demonstrated that the 

negatively charged sulfate groups on the GAG side chains interact with basic amino acid 
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residues on Apo B-10056 and this interaction is believed to be responsible for the 

prolonged residence time of the lipoprotein particles in the intima.  The structure of 

apoB-100 on the LDL particle surface is sensitive to temperature and deviations in the 

neutral lipid core57 and it has been shown that variations of core lipids can alter particle 

affinity for the LDL receptor58.  The LDL receptor recognition sites in the apoB-100 

structure have been identified59 and have also been proposed to act cooperatively during 

proteoglycan association56.  Thus, packaging of CO into the particle core could alter the 

structure of apoB-100 on the particle surface exposing more proteoglycan binding 

domains thereby resulting in the increased binding observed in the WT mice consuming 

the mono diet.  While not measured in this study, apoE and apoC-III have been 

documented to enhance the binding capacity of LDL particles.  Thus, it is realistic that 

the lipid core composition could also mediate the degree to which these exchangeable 

apolipoproteins associate with the particle thereby affecting their affinity to the BGN. 

     This study was designed to test the hypothesis that CO packaging into the core of the 

LDL particle would increase the binding affinity for arterial proteoglycans.  Several 

reports have demonstrated that prolonged retention time can result in an increased 

development of atherosclerosis60-62.  Our results show that LDL particles containing less 

CO exhibit less binding to BGN and in turn, mice producing these particles develop 

significantly less atherosclerosis.  This study indicates that the LDL core composition 

plays an important role in mediating the interaction of the particle with BGN and this 

interaction is independent of particle size.  Furthermore, these data highlight the 

importance of ACAT2 in atherosclerosis.  When ACAT2 is present, the liver produces a 
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pro-atherogenic LDL particle with a higher probability of retention in the artery wall 

contributing to the faster development of atherosclerosis. 
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Figure 1:  Diet and ACAT2 Knockout Effects on Plasma Cholesterol Distribution.  

Plasma was isolated at the terminal time point of the study and TPC concentrations (A) 

were determined by enzymatic assay.  Cholesterol distribution amongst the lipoproteins 

(B-D) was determined using gel-exclusion chromatography.  The bars represent the 

means ± SEM for 11-17 mice for each diet/genotype.  Different letters indicate 

statistically significant differences. 
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FIGURE 1 
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TABLE 1 

 

 

Table 1:  Effect of Diet and ACAT2 Deletion on LDL Particle Composition.  LDL 

diameter was determined using MALS.  All values represent the means ± SEM for 15-17 

mice for each diet/genotype.  Different letters indicate statistically significant differences 

amongst experimental groups for individual LDL components. 
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TABLE 2 

 

 

 

Table 2:  Individual Cholesteryl Esters of LDL.  Cholesteryl esters are expressed as a 

percentage of the total fatty acid makeup of the LDL-CE portion of the core determined 

by mass spectrometry.  All values represent the means ± SEM for 13-19 mice for each 

diet/genotype.  Different letters indicate statistically significant differences amongst 

experimental groups for individual LDL CEs. 
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Figure 2:  LDL Interaction to Immobilized Biglycan.  A:  Binding response of 

different concentrations of LDLc (0-30 ug/mL) isolated from a WT mouse on a chow 

diet.  C:  Binding response of isolated LDL particles from a WT mouse that were 

incubated with 1, 5, 20, and 100 molar excess of chondroitin sulfate GAGs. E: Binding 

response of LDL particles isolated from W/T and ACAT2-/- mice administered the mono 

or fish diet for 10-16 weeks.  LDL response was normalized to the amount of BGN 

attached to the chip for each individual binding cycle in A,C, and E.  The bars represent 

the means ± SEM for 6-12 mice for each diet/genotype.  Different letters indicate 

statistically significant differences.  B,D, and F:  Binding kinetics (response over time) 

for representative runs in A,C, and E respectively. 
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FIGURE 2 
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Figure 3:  Effect of Diet and ACAT2 Deletion on Atherosclerosis.  CE (A) and FC (B) 

content of the aorta for WT and ACAT2-/- mice administered the mono or fish diet for 10-

16 weeks.  The bars represent the means ± SEM for 20-30 mice for each genotype.  

Different letters indicate statistically significant differences.  
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FIGURE 3 
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Figure 4:  Relationship of LDL Binding with LDL Cholesteryl Oleate and 

Atherosclerosis.  Regression analysis of LDL binding to immobilized BGN and (A) CO 

content of the CE fraction of the LDL particle core and (B) the aortic CE content.  

Relationships were determined using a bivariate analysis for data representing WT and 

ACAT2-/- mice fed the mono or fish diet. 
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FIGURE 4 
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Supplementary Figure 1:  Cholesteryl Ester Spectrums from Mass Spectrometry.  

Representative spectrums for CEs for WT mice fed mono (A), WT mice fed fish (B), 

ACAT2-/- mice fed mono (C), and ACAT2-/- mice fed fish (D).   
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SUPPLEMENTARY FIGURE 1
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Supplementary Figure 2:  Kinetic Responses of Biglycan Attachment and LDL-

Biglycan Binding.  A: Representative kinetic response of the sample channel and 

reference channels (grey) and the RU difference between channels (black) of BGN 

attachment to the mAb on the surface of the chip, LDL binding to BGN, and LDL 

dissociation.  B:  Response of BGN attachment to mAb for each cycle prior to LDL 

binding for experimental groups. 
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SUPPLEMENTARY FIGURE 2 
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Supplementary Figure 3: Signal Loss of LDL Binding Over Time.  A:  Binding of 

LDL isolated directly from fresh plasma, plasma thawed after being frozen at -80°C, and 

plasma thawed after being frozen at -80°C in 10% sucrose from the same ACAT2+/+ 

mouse on chow at 2, 7, and 9 days after isolation.  B:  Plasma from the same ACAT2+/+ 

mouse was frozen at -80°C with and without sucrose.  LDL was isolated the same day as 

plasma collection after 1 hour freezing or from plasma frozen for 9 days after collection.  

Binding experiments were performed the day after LDL isolation in both situations. 
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SUPPLEMENTARY FIGURE 3 
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Abstract 

Introduction:  Several reports have suggested that packaging of cholesteryl oleate (CO) 

into the core of apo B-containing lipoprotein particles is a primary atherogenic feature of 

the particle composition.  Acyl-CoA:cholesterol O-acyltransferase 2 (ACAT2) is the 

enzyme responsible for CO enrichment of apo B-containing lipoproteins and gene 

deletion or knockdown of ACAT2 in animal models has been shown to protect against 

the development of atherosclerosis.  Since pre-existing lesions are present in patients 

suffering from heart disease, it is of interest to determine the extent to which ACAT2 

effects on the chemical properties of LDL can promote regression of atherosclerosis.  

This study evaluates whether knockdown of hepatic ACAT2 with antisense 

oligonucleotides (ASO) can influence regression of atherosclerosis and whether 

differences in atherosclerosis can be accurately evaluated in-vivo by MRI.   

 

Methods:  Atherosclerosis was induced in apo B-100 only, LDLr-/- mice by feeding a 

diet enriched in cis-monounsaturated fatty acids (Mono) for 24 weeks.  Mice were then 

maintained on the Mono diet and treated with an ACAT2 or control ASO for a period of 

16 weeks or switched to a diet enriched in n-3 polyunsaturated fatty acids (n-3 PUFA).  

Aortic atherosclerosis was quantified after 24 weeks of induction and 16 weeks of 

treatment by measuring the total surface area of lesions and the cholesterol content of the 

aorta.  In-vivo wall measurements of the aortic arch were determined non-invasively by 

MRI to closely monitor morphometric changes throughout the study.   
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Results:  Compared to the Mono control groups, mice administered ACAT2 ASO or 

mice consuming a diet enriched in n-3 PUFA had significant reductions in total plasma 

cholesterol (TPC), VLDL cholesterol, and LDL cholesterol.  ACAT2 ASO and n-3 

PUFA treatment also resulted in significantly less cholesteryl ester (CE), specifically, CO 

being packaged into the LDL particle core.  Atherosclerosis measurements revealed that 

aortas of ACAT2 ASO treated mice had significantly less surface area occupied by 

lesions, contained less cholesterol, and had a smaller vessel wall area compared to 

controls; however, there were no differences compared to baseline treatment 

measurements post-induction.   

 

Conclusion: Elimination of hepatic ACAT2 effectively arrests lesion development in 

mice with pre-existing atherosclerosis and MRI of the aortic arch is a useful tool for 

monitoring changes in atherosclerosis. 
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Introduction 

     Unstable atherosclerotic plaques account for the majority of acute clinical events 

associated with CHD1.  Lipid deposition is regarded as the initiator of atherosclerosis and 

in vulnerable plaques, lipids account for greater than 40% of the lesion cross-sectional 

area2.  The processes involved in the initiation and development of vulnerable plaques 

has been well characterized and resulting advances in treatment have shown great 

potential in successfully retarding the progression of the disease.  Less well studied are 

the molecular mechanisms by which vulnerable plaques can regress.  What is known is 

that regression of atherosclerosis involves a remodeling process that includes a reduction 

in intracellular and extracellular lipid, cell proliferation, and necrosis, which in turn, often 

results in a reduction in lesion size.  To date, studies in mouse models of atherosclerosis 

have suggested plaque regression can only be achieved with robust reductions in 

circulating apoB-containing lipoproteins3-5.  Understudied, but important, is that with this 

drastic reduction in atherogenic lipoproteins is a likely parallel decrease in circulating 

levels of plasma CO. 

     Studies in humans6, non-human primates7, 8, and mice9-11 have shown that the 

elevation of circulating levels of CO is strongly associated with increased development of 

atherosclerosis.  Furthermore, dietary manipulation10 and or genetic treatment9 resulting 

in the elimination of CO packaging into lipoproteins has been shown to prevent lesion 

development in animal models of atherosclerosis.  There is no data; however, from 

human or animal studies that show whether sustained reductions in CO will result in 

beneficial effects on composition of advanced, preexisting lesions.   Since the efficacy of 

depleting atherogenic lipoproteins of CO to prevent lesion formation has been 
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established, it was of interest to determine whether this reduction would also promote 

beneficial changes in pre-existing lesions that had advanced beyond the early foam-cell 

stage. 

      Recent work has established high-resolution MRI as a valuable tool in longitudinal 

studies of atherosclerosis in mice3, 12-15.  While important, these studies have been limited 

primarily to magnets of field-strength ≥ 9.4T and have been performed only in the apoE-/- 

mouse model.  Furthermore, the only study employing MRI to measure lesion regression3 

involved a surgical transplant of the aorta into a wild-type (WT) mouse to induce 

regression.  While this provides powerful insight into the processes involved in mouse 

atherosclerosis regression, the amount of lesion regression was so substantial, it fails to 

test the efficacy of MRI to accurately detect more subtle changes that may be involved in 

lesion regression likely seen with therapeutic drug or diet treatments.   

     Thus, this study had two primary goals:  (1) Use dietary supplementation of fish oil or 

genetic disruption of ACAT2 to lower circulating levels of CO and determine if either 

treatment results in plaque regression and/or positive modifications in plaque 

composition and (2) develop a MRI protocol using a lower field-strength magnet (7 

Tesla) with sufficient resolution to monitor lesion progression and regression in the B-

100 only, LDLr-/- mouse model of atherosclerosis over time. 
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Methods 

Mice, Diet, and Experimental Design 

Male apo B-100 only, LDLr-/- mice (75% C57Bl/6, 25% 129S/Sv), were bred for this 

study as previously described16.  See supplemental Figure 1 for full experimental design.  

For the progression phase mice were switched from rodent chow to one of two synthetic 

diets consisting of .02% cholesterol (w/w) and 10% energy as either cis monounsaturated 

fat (Mono) to induce atherosclerosis or long chain ω-3 polyunsaturated fat (Fish) as a 

negative control for a period of twenty-four weeks.  Details of the dietary ingredients and 

fatty acid composition have been previously described10.  After the progression phase, all 

mice consuming the Fish diet and a subset of mice on the mono diet (n=10) were 

terminated.  The remainder of mice on the mono diet were divided into four groups after 

the progression phase: (1) A negative control group (progression) that continued on the 

mono diet with no additional treatment, (2) a dietary treatment group that switched over 

to the fish diet, (3) a group maintained on the mono diet receiving biweekly injections of 

25 mg/kg of an ASO targeting the knockdown of ACAT2 (ACAT2 ASO; 5’-

TTCGGAAATGTTGCACCTCC-3’) and (4) a group maintained on the mono diet 

receiving biweekly injections of 25 mg/kg of a non-targeting ASO (control ASO; 5’-

GTCGCTCAACATCTGAATCC-3’).  The ACAT2 and control ASO used in this study 

have been previously described9, 16.  Mice were maintained in an American Association 

for Accreditation of Laboratory Animal Care-approved pathogen-free animal facility, and 

the institutional animal care and use committee at Wake Forest University School of 

Medicine approved all experimental protocols. 
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Plasma lipid and lipoprotein distribution 

     Blood at non-terminal timepoints was harvested by submandibular vein puncture and 

at terminal time points via heart puncture and transferred to tubes containing 10 uL of 

protease inhibitor cocktail (Sigma P2714) in 5% Azide and 5% EDTA.  Plasma was 

separated from red blood cells by centrifugation at 7500 x g for 15 minutes at 4°C.  Total 

plasma cholesterol (TPC) concentrations were determined by a colorimetric assay as 

described previously17, 18.  Cholesterol distribution amongst the lipoprotein classes was 

determined from an aliquot of whole plasma fractionated by fast protein liquid 

chromatography (FPLC) with a Superose-6 10/300 column (GE Healthcare) run at a flow 

rate of 0.5 ml/min as previously described11. 

 

Isolation of LDL particles and LDL compositional analysis 

     Purified LDL was isolated from plasma by ultracentrifugation as previously 

described19.  Briefly, the density of the plasma samples were adjusted to 1.019 g/ml with 

solid KBr and ultracentrifuged at 100,000 rpm for 90 min at 15°C in a Beckman TLA 

120.2 rotor.  The bottom fraction was collected and the density was adjusted to 1.063 

g/mL with KBr and centrifuged at 100,000 rpm for 4.5 hours.  The top fraction 

containing the purified LDL was collected and used for subsequent compositional 

analysis. 

     Total cholesterol (TC), free cholesterol (FC), and triglyceride (TG) content of the 

isolated LDL particles were determined using enzymatic assays as previously 

described19.  Phospholipid (PL) was determined by measuring inorganic phosphorus by 

the method of Fiske and SubbaRow20.  Cholesteryl ester (CE) was determined by 
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subtracting the FC from the TC of the column isolated LDL and multiplying by 1.67 to 

account for the mass of the acyl chain.  Protein was determined by the method of Lowry 

et al21.  For the chemical compositions, masses of the individual lipids were summed and 

data is expressed as a percentage of total lipoprotein lipid mass. 

 

LDL CE analysis 

     LDL cholesteryl esters (CEs) were detected and quantified by mass spectrometry as 

previously described6.  10 uL of isolated LDL in sample buffer was stored at -80°C under 

argon gas to prevent any oxidation prior to analysis.  Just prior to the time of analysis 

samples were thawed and diluted in 1 mL of methanol solution containing 500 pg/uL of 

17:0 CE  as the internal standard and 1 ng/uL of sodium formate.  CEs were measured 

using a Quattro II mass spectrometer equipped with a Z-spray interface (capillary voltage 

= 3.2kV, cone voltage = 50V, source temperature = -80°C, desolvation temperature = 

200°C).  Samples were maintained at 15°C in a temperature controlled Spark Holland 

Reliance autosampler/stacker until analysis.  25 uL of each sample was infused into the 

mass spectrometer at 10 uL/min.  CEs were quantified in the positive ion mode by 

monitoring the common neutral loss of 368.5 Da.  The CE molar concentrations were 

calculated from individual profiles and the internal standard.  Individual CEs are 

indicated by their respective fatty acid and are reported as percentages of total CE mass. 
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Quantification of atherosclerosis 

     Aortic atherosclerosis was measured biochemically by evaluating total CE content in 

the aorta as previously described19.  Briefly, at time of termination, aortas were removed 

from the mouse and preserved in 10% neutral buffered formalin.  Extraneous connective 

tissue and fat were removed and lipids were extracted in 2:1 chloroform:methanol in a 

test tube containing a known amount of 5α-cholestane as an internal standard.  FC and 

TC (after saponification) were determined by gas-liquid chromatography (GLC) and 

aortic CE was determined.   

 

Aortic Arch Histological Analysis 

    At the completion of the treatment period and following the final imaging time point 

mice were anesthetized and exsanguinated by heart puncture.  The vasculature was then 

perfused with PBS followed by 10% neutral buffered formalin (NBF) at 100 mm Hg for 

60 minutes.  The upper third of the heart and ascending aorta through the arch was 

removed by cutting the vessel just proximal to the brachiocephalic artery.  The heart and 

aortic arch were frozen in optimal cutting temperature compound (OCT) and stored at -

80°C for subsequent sectioning for cross-sectional analysis as previously described22.  

Briefly, samples were removed and stored in a Leica Cryostat (model 1950) at -20°C for 

45 minutes to allow the sample to reach the ambient temperature.  Serial 10 µm thick 

cross-sections of the aortic arch were obtained in the area of MR imaging and placed on 

glass slides (SuperFrost, Labtech).  

    In order to delineate lesion areas and assess lipid content, and macrophage content 

sections were stained using a Verhoeff-Van Gieson (VVG) staining protocol, Oil Red O 
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(ORO), or CD68, respectively, as previously described23.  Images were digitized and 

lesion morphometry was measured using ImageJ (v1.45s).  Area measurements of 

collagen, lipid, and macrophages were determined using ImageJ and setting a color 

threshold corresponding to the positively stained regions and subsequently using an 

automated area measurement within the software. 

 

MRI  

Images of the aortic arch in all mice were obtained non-invasively using Magnetic 

Resonance Imaging (MRI) at 6 weeks of age just prior to switching from chow to the 

synthetic diets, and then at 12 and 24 weeks during the progression phase and at baseline 

(24 weeks), 12, and 16 weeks during the treatment phase.  In vivo MR imaging was 

performed using a 7.0 Tesla magnet with a horizontal 30 cm-bore (Bruker Biospin, 

Ettlingen, Germany), operating at a proton frequency of 300.2 MHz.  An actively 

shielded gradient insert with an inside diameter of 60 mm capable of generating a 

maximum gradient of 1000 mT/m was used.   

     Mice were anesthetized using 3% isoflurane mixed with oxygen at a flow rate of 4 

L/min in an induction chamber.  Anesthesia was maintained via nose cone with 1.5% 

isoflurane and 1.0 L/min of oxygen.  Mice were positioned with their aortic arch centered 

in a transmit-receive Quadrature radio frequency (RF) volume coil with an inside 

diameter of 35 mm (Bruker, Ettlingen Germany).  Neonatal monitoring electrodes (3M, 

St. Paul, MN) were placed on the forepaws of the mice to monitor heart rate and to 

facilitate cardiac gating.  Respiration was monitored and gated by placing a pressure 

sensor over the abdomen.  Body temperature was monitored using a thermocoupler and 
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maintained at 37° C throughout the imaging protocol by blowing thermostatically 

controlled warm air into the bore of the magnet (SA Instruments, Stony Brook, NY). 

     A three plane localizer scan was performed to verify that the mouse’s aorta and RF 

coil were correctly positioned at the iso-center of the magnet. The localizer scan was a 

turbo spin echo Rapid Acquisition with Relaxation Enhancement (RARE) pulse sequence 

with 8 echoes and the following parameters: repetition time (TR) = 1500 ms, effective 

echo time (TE) = 40 ms, number of excitations (NEX) = 1, matrix size = 128x128, slice 

thickness (thk) = 2.0 mm, and field of view (FOV) = 4.0 cm (giving an in plane 

resolution of 4/128 um). Once the aorta was correctly centered in the RF coil and the RF 

coil correctly centered in the magnet, a series of multi slice gradient echo Fast Low Angle 

Shot (FLASH) scout images were planned and acquired using the most recent three plane 

localizer followed by the previous orthogonal FLASH scout image to locate the aortic 

arch. The 2-D FLASH scout pulse sequence was ECG and respiratory gated to suppress 

cardiac and respiratory motion, and had the following parameters: TR=40ms, TE=2.8ms, 

flip angle (FA) =30o, NEX = 1, matrix size = 256x256, thk = 1.0 mm, FOV = 2.5 cm 

(giving an in plane resolution of 98um x 98 um). When two sets of scout images that 

were orthogonal to each other and parallel to the long axis of the aortic arch to be 

scanned were acquired, high resolution slices were planned so that the transverse slices 

cover the region of interest (the aortic arch at the innominate artery) and were 

perpendicular to the long axis of the aorta as viewed in both sets of scout images.   

     High resolution ECG & respiratory-gated MRI scanning parameters were selected to 

optimize visualization and characterization of the aortic arch wall.  A 3-D gradient echo 

FLASH pulse sequence was used for high-resolution transverse imaging, with a slice 
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thickness of 250 um and no inter slice gap. Parameters used for the 3-D FLASH were: 

TR=20 ms, TE = 4.1 ms, FA=15o, NEX=2, slab dimensions = 3.0 cm x 3.0 cm x 3mm, 

matrix size = 512x512x8. A saturation pre pulse was applied to the flowing blood 

upstream from the image plane to suppress signal from the blood in the image plane. A 

second saturation pulse was applied to the image planes to suppress the signal from the 

fat, to minimize chemical shift artifacts, and to allow better delineation of the outer 

boundary of the artery wall.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   101	  

Results 

     The response of total plasma cholesterol (TPC) over time for both the progression and 

treatment phases of the study are shown in Figure 1.  Diet-specific differences were 

apparent within 12 weeks into the progression phase of the study with mice consuming 

the Mono diet having significantly higher TPC levels than those consuming the Fish diet 

(averages of 1292 and 436 mg/dL, respectively).  After 24 weeks the TPC of mice 

consuming the Mono diet continued to climb and peak at 1514 mg/dL, while those of 

mice consuming the n-3 PUFA diet remained at or near their baseline values.  After 

twenty-four weeks on the Mono diet, mice were separated into four treatment groups (See 

Supplemental Figure 1).  Over the sixteen-week treatment period, mice that were 

maintained on the Mono diet as a positive control displayed slight reductions in TPC and 

administration of the control ASO had no significant effect.  Compared to the control 

mice, treatment with ACAT2 ASO or consumption of the n-3 PUFA diet resulted in 

parallel reductions in TPC apparent after just 12 weeks of treatment.  These values 

continued to drop with an additional 4 weeks of treatment (554 and 663 mg/dl, 

respectively) but were unable to reach baseline values seen at week 0 of the study (370.5 

mg/dL). 

     Distribution of cholesterol in the lipoprotein fractions was determined throughout the 

progression and treatment phases and values after 24 weeks progression and 16 weeks 

treatment are summarized in Table 1.  The elevation seen in TPC with consumption of 

the Mono diet in the first 24 weeks was primarily a result of elevations in the apoB-

containing lipoprotein fractions (VLDLc and LDLc), while there was a slight but 

significant increase in HDLc.  As stated above there was a modest decrease in TPC of the 
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mice that were maintained on the Mono diet through the treatment phase and this 

appeared to be confined primarily to the VLDL fraction in those mice.  The large 

reductions in TPC seen with ACAT2 ASO or n-3 PUFA treatments were a result in drops 

primarily in LDLc and VLDLc.  Treatment with ACAT2 ASO resulted in a small but 

significant reduction in HDLc. 

     Effects of dietary fat consumption and gene knockdown on the composition of the 

LDL particle for the progression and treatment phases are summarized in Table 2.  For 

the progression phase dietary consumption of the Mono diet resulted in elevation in the 

PL and a decrease in the TG fraction of the LDL particle compared to mice consuming 

the n-3 PUFA diet, while there were no differences in the FC, CE, or protein between the 

two groups.  For the treatment phase of the study, the mice that were maintained on the 

mono diet with no additional treatment showed no differences in composition after an 

additional 16 weeks of treatment indicating that the LDL composition had reached a 

steady-state level.  The control ASO had a small, but statistically significant decrease in 

the PL fraction of the LDL particle, compared to the Mono group at 24 weeks with no 

differences in any of the other fractions.  Gene knockdown of ACAT2 resulted in an LDL 

particle with significantly less PL, more TG, and more detectable protein compared to the 

ACAT2+/+ group at 24 weeks.  There was a trend toward a decrease in the amount of CE 

packaged into the particle with ACAT2 ASO treatment, although it was not statistically 

significant.  Finally, switching from a Mono diet to the n-3 PUFA diet resulted in a 

significant decrease in PL and more detectable protein in the LDL particle while FC, TG, 

and CE were unchanged. 
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     Fatty acid composition of the LDL-CE was significantly altered by dietary 

intervention and gene knockdown of ACAT2.  After twenty-four weeks progression on 

the Mono diet, administration of ACAT2 ASO for 16 weeks resulted in a large reduction 

(36.2 %) in the monounsaturated fatty acids and concomitant increase (32.2%) in the n-6 

polyunsaturated fatty acids packaged in the CE fraction of the LDL particle core.  

Additionally, there was a modest 7.2% increase in the n-3 polyunsaturated fatty acids 

associated with ACAT2 ASO treatment.  Replacing the Mono diet with the n-3 PUFA 

diet for 16 weeks resulted in a more modest (8.9%) but significant decrease in the 

packaging of monounsaturated fatty acids into the CE fraction of the LDL particle core.  

The primary result of switching diets was a 19.8% decrease in the packaging of n-6 

polyunsaturated fatty acids and a 28.4%  increase in the packaging of n-3 polyunsaturated 

fatty acids into the CE fraction of the LDL particle core.  Essentially, intervention with 

the n-3 PUFA diet resulted in a CEFA makeup of the LDL particle core that was nearly 

identical to that of the LDL particles isolated from mice consuming fish during the 24 

week progression period.  As expected no treatment, and administration of the control 

ASO had no effect on the four primary fatty acid constituents of the CE. 

     A detailed breakdown of individual fatty acid differences between the experimental 

groups is summarized in Table 3.  As expected the reduction in the monounsaturated fatty 

acids associated with the ACAT2 ASO was primarily in the CO (18:1) packaging into the 

LDL-CE.  Interestingly, the simultaneous increase in the n-6 polyunsaturated fatty acids 

seen with the ACAT2 ASO treatment was predominantly a result of a substantial increase 

in the packaging of arachidonic acid (AA, 20:4), which comprised nearly half of all the 

fatty acids present in that group.  The elevation of n-3 polyunsaturated fatty acids seen 
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when switching from Mono diet to the n-3 PUFA diet can be attributed to an increase 

primarily in eicosapentaenoic acid (EPA).  Switching from the Mono diet to the n-3 

PUFA diet resulted in small, but significant differences in the CEFA of the LDL particles 

compared to those isolated from mice consuming n-3 PUFA diet during the progression 

phase. 

     High resolution MRI was used throughout the study in order to monitor morphometric 

differences in the aortic arch of mice through the progression and treatment phases of the 

study.  Figure 2A displays example images of the aortic arch obtained from two mice 

consuming either the mono or n-3 PUFA diet at baseline, 12, and 24 weeks progression.   

Averages were taken for 4-5 slices per mouse and 6 mice per experimental group were 

averaged for Figure 2D-G.   Measurements of the outer wall (vessel area) revealed steady 

increases in cross-sectional area of the whole vessel after 12 and 24 weeks of diet 

consumption; however, there were no statistically significant differences between diet 

groups.  Lumen cross-sectional area also increased over the 24-week dietary period and 

although not statistically significant, mice consuming the Mono diet trended towards a 

retardation in the growth of the lumen compared to mice consuming the n-3 PUFA diet.  

The difference between the vessel and lumen cross-sectional area measurements was 

calculated and designated as the wall area.  Mice consuming the Mono diet resulted in 

larger wall areas that were statistically different as early as 12 weeks compared to mice 

consuming the n-3 PUFA diet (1.13 and 0.84 mm2, respectively) and differences were 

maintained throughout the 24 week progression point (1.32 and 0.98 mm2, respectively).  

Expressing the differences as the percent change from baseline (Figure 2E-G) indicates 
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that, although not statistically significant, the differences in the wall area between the diet 

groups are primarily a result of differences in the cross-sectional area of the lumen. 

     Changes in the aortic arch measured during the 16-week treatment period by MRI are 

summarized in Figure 3.  Both vessel and lumen cross-sectional area continued to 

increase over the 16 weeks of the treatment phase for control mice receiving no treatment 

and mice administered either an n-3 PUFA diet or ACAT2 ASO.  While not statistically 

significant, genetic knockdown of ACAT2 did appear to result in a decrease in the vessel 

cross sectional area over the final 4 weeks of the treatment period.  Additionally, it 

appeared that ACAT2 ASO experimental group trended toward having a greater lumen 

cross-sectional area over the first 12 weeks of treatment, which appeared to level off over 

the final 4 weeks of treatment.  A difference amongst the experimental groups occurred 

in the wall area measurements after 16 weeks of treatment.  As expected, the wall area of 

the untreated Mono fed group continued to increase over 16 weeks.  The wall area in 

mice that were switched to the n-3 PUFA diet continued to grow for the first 12 weeks of 

treatment and appeared to level off the last four weeks of treatment.  Genetic knockdown 

of ACAT2 also had little effect on wall growth over the first 12 weeks of treatment, but 

resulted in a significantly smaller wall area compared to the untreated Mono fed group 

after an additional 4 weeks of treatment. 

     The relationship between arterial cross-sectional area measured by MRI and 

histopathology is summarized in Figure 4.  After 24 weeks progression, MRI suggested 

that lesion development was limited to only the ventral surface of the aortic arch and that 

larger lesions were developing in mice consuming the Mono diet.  Lesions appeared to 

grow larger in size and become more circumferential as they continued to develop over 
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an additional 16 weeks on the Mono diet.  Administration of a n-3 PUFA diet did not 

appear to alter this process, while mice with hepatic knockdown of ACAT2 didn’t appear 

to have any additional morphological changes in their aorta compared to the 24 week 

progression mice on the Mono diet.  Corresponding histological sections obtained in the 

same region imaged by MRI and stained in VVG solution confirmed this localized lesion 

development at the end of the progression phase of the study (Figure 4A) as well as the 

continued lesion growth or lack-there-of in the treatment phase.  Wall area measurements 

obtained by MRI and histopathology for all groups in the progression and treatment 

phases of the study showed excellent agreement (R=0.91) suggesting MRI is an excellent 

tool for non-invasive evaluation of morphometric changes associated with lesion 

development in mice. 

     The extent of atherosclerosis was measured chemically by quantifying the FC and CE 

concentration of the aorta spanning from the branch of the brachiocephalic artery distal to 

iliac bifurcation (Figure 5).  Consumption of the Mono diet during the progression phase 

of the study resulted in higher FC and CE deposition into the aorta compared to mice 

consuming the n-3 PUFA diet.  Mice that continued on the Mono diet and received only 

the control ASO during the treatment phase had significantly higher CE and FC 

deposition over the additional sixteen weeks compared to 24 weeks induction.  Mice that 

were switched to the n-3 PUFA diet or received the ACAT2 ASO had elevated levels of 

FC deposition in the aorta after sixteen weeks of treatment with no change in CE 

concentration.  Regression analysis of CE deposition in the aorta showed excellent 

agreement with the lesion surface area (R=0.93) measured by en face analysis (Figure 

6A).  Importantly, there was also a strong relationship between aortic CE concentration 
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and cross sectional wall area measurement obtained by MRI (R=0.81) further suggesting 

MRI as a powerful non-invasive measure of atherosclerosis burden in mice. 

     Composition of the lesions in the experimental groups was evaluated 

histopathologically by staining with ORO and CD68 to measure fat and macrophage 

content of the lesion respectively (Figure 7).  The areas that stained positive for fat or 

macrophages were quantified and expressed as a percentage of the total tissue area 

measured in the histological section.  Results indicate that none of the treatments had any 

effect on fat content in the aorta compared to the Mono fed mice after 24 weeks 

progression.  There appeared to be a reduction in the macrophage content in all of the 

experimental groups throughout the treatment period compared to the Mono fed mice 

after twenty four weeks progression.  However, this decrease was also apparent in the 

mice that continued on the Mono diet for an additional 16 weeks suggesting that there 

were no significant alterations in the plaque composition directly associated with 

treatment with a n-3 PUFA diet or hepatic knockdown of ACAT2. 
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Discussion 

     This study successfully demonstrated the feasibility of this MRI technique as a tool to 

non-invasively measure the subtle morphometric changes in atherosclerotic plaques that 

occur with progression or regression of the disease.  Comparisons of MRI and 

histological wall area measurements showed excellent agreement at 24 weeks progression 

and 16 weeks treatment and importantly, the MRI wall area measurements showed a very 

strong relationship with lesion area measurements by histology.  Furthermore, histology 

confirmed MRI findings that the lesions begin to form in a localized region of the arch 

resulting in eccentric thickening of the artery that becomes more concentric as the lesion 

is allowed to progress.  Atherosclerosis in mouse models was also gauged chemically as 

CE composition in the artery and when examining the relationship between chemistry 

and MRI wall area, again, there was a strong relationship. 

     The progression phase of the study achieved two goals: confirmation of the accuracy 

of MRI and successful induction of atherosclerosis in the Mono fed mice.  MRI revealed 

that mice consuming the Mono diet had increased wall area compared to mice consuming 

the n-3 PUFA diet with no differences between the groups in the vessel area; indicating a 

greater burden of atherosclerosis in the Mono fed mice.  The differences appeared as 

early as 12 weeks on diet and became even more pronounced after 24 weeks.  While not 

statistically significant, it was clear that the major differences between the two diet 

groups were due to differences in the area of the lumen.  While the entire vessel area in 

both groups continued to increase at the same rate over time, the lumen area in the mice 

consuming the n-3 PUFA diet increased to a higher degree over 24 weeks.  Interestingly, 

this would suggest that the vessels are growing at the same rate in both diet groups, but 
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the lesions developing in the Mono fed mice are developing inwardly, encroaching upon 

the lumen during development.  This would be in contrast to previous reports of positive, 

outward remodeling13, 24-26; however, only two of these studies were performed in a 

mouse model and in both cases it was an apoE-/- mouse13, 24 while the current studies were 

performed in LDLr-/-, B-100 only mouse models.  Thus, it’s realistic that the inward 

remodeling seen in this study is strain specific and thus this study suggests that the LDLr-

/- mouse may serve as a good model for studying the inward remodeling process of lesion 

formation; a prominent feature of restenosis seen after surgical implantation of stents. 

     Treatment with either the n-3 PUGA diet or genetic knockdown of hepatic ACAT2 

was unsuccessful in achieving true lesion regression; however, ACAT2 treatment was 

successful at completely arresting lesion development.  Interestingly, the results indicate 

lesions in the ACAT2 ASO group continued to grow over the first twelve weeks of 

treatment and then suddenly reversed course and rapidly started to shrink but only back to 

baseline values seen after induction.  While both treatments resulted in significant 

reductions in levels of apoB-containing lipoproteins the major differences between the n-

3 PUFA diet and ACAT2 ASO groups was found in the LDL composition.  Treatment 

with ACAT2 ASO resulted in more TG and less FC and CE in their LDL particles than 

their n-3 PUFA treated counterparts.  More notable was the drastic reduction in CO 

packaged into the CE core of the LDL particle in ACAT2 ASO treated mice compared to 

baseline LDL particles and LDL particles obtained from mice consuming the n-3 PUFA 

diet.  It’s possible that if the treatment period had been extended, successful plaque 

regression would have been achieved. 
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      While it appeared that the ACAT2 ASO treatment had begun to regress the plaques 

near the end of the treatment, histological measures of the plaque composition showed no 

significant difference between baseline measurements and treatment groups.  ACAT2 

ASO treatment did trend towards a decrease in lipid content (20%) compared to mice fed 

the Mono diet terminated at the end of the progression period (24%) but it was minor.  It 

should be noted that the ORO stains on the histological specimens were very inconsistent 

even within the same mouse.  Thus, it’s possible that these values are not truly reflective 

of the fat content within the lesion.  These stains need to be repeated and ORO positive 

staining needs to be reevaluated to assure accurate results.  CD68 staining for 

macrophages revealed a decrease in macrophage content in both treatment groups as well 

as the positive control group that received no treatment.  CD68 positive area was 

normalized by tissue area so the reduction seen in the positive control group and n-3 

PUFA treatment group could be a result of increased lesion size.  

     While there was no regression in the lesion size and no differences in lesion 

composition in ACAT2 ASO treated mice when compared to lesions at 24 weeks, the 

ability to arrest further lesion development and complication is noteworthy.  Lesion 

development is a dynamic process initiated by a lipid imbalance between the artery wall 

and the blood vessel.  Modification of LDL particles and further lipid accumulation in the 

artery wall results in a variety of immunological responses that perpetuate lesion growth.  

While ACAT2 ASO treatment resulted in a reduction in circulating apoB-containing 

lipoproteins, the reduction was marginal and would not be considered close enough to 

result in true plaque regression.  The primary effect of the treatment was massive 

reduction in CO production and packaging into these particles.   It’s possible that the 
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cascade of responses involved after the initiation of lesion development continued well 

into the treatment with ACAT2 ASO.  It may have taken the twelve weeks to overcome 

the immunological and inflammatory responses and once those were resolved lesion 

shrinkage occurred in the final four weeks. 

     This study was successful in validating MRI as a non-invasive method to study plaque 

progression and regression.  It also provided new insight into how lesions develop in the 

LDLr-/- B-100 only mouse model of atherosclerosis.  While the goal of plaque regression 

was not achieved by dietary supplementation of n-3 PUFAs or hepatic knockdown of 

ACAT2, it did not diminish the value of ACAT2 as a possible drug target for treatment of 

atherosclerosis.  Knockdown of ACAT2 completely arrested further lesion development 

despite continuation on an atherogenic diet, a significant task.  Further work remains 

before ruling out ACAT2 as a possible therapeutic target in plaque regression.  
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Figure 1:  Total Plasma Cholesterol Response to Diet and ACAT2 ASO Treatment 

Over Time.  Cholesterol concentrations were determined by enzymatic assay and error 

bars represent the mean ± SEM for n ≥ 7 mice per group at each time point. 
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Figure 1 
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Table 1 

 

 

Table 1:  Diet and Treatment Effects on Plasma Cholesterol Distribution.  TPC and 

lipoprotein cholesterol distribution was determined using gel-exclusion chromatography 

after 24 weeks induction and 16 weeks treatment (40).  The bars represent means ± SEM 

for n ≥ 7 mice per group.  Different letters indicate statistically significant differences 

among treatment groups within each column by 2-Way ANOVA using a Tukey Honestly 

Significant Difference (HSD) test. 
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Table 2 

 

 

Table 2:  Diet and Treatment Effects on LDL Particle Composition.  Composition 

was determined after 24 weeks induction and 16 weeks treatment (40) on isolated LDL 

particles.  The bars represent means ± SEM for n ≥ 7 mice per group.  Different letters 

indicate statistically significant differences among treatment groups within each column 

by 2-Way ANOVA using a Tukey HSD test. 
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Table 3 

 

 

Table 3:  Diet and Treatment Effects on Individual Cholesteryl Esters of the LDL 

Particle.  CE components are expressed as a percentage of the total CE detected in that 

fraction of the LDL particle core determined by mass spectrometry.  All values represent 

the means ± SEM for 5 mice for each experimental group.  Different letters indicate 

statistically significant differences among treatment groups for each fatty acid by 2-Way 

ANOVA using a Tukey HSD test. 
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Figure 2:  Diet Effects on the Aortic Arch Measured by MRI During Progression.  

A:  Representative transverse slices obtained by MRI for both diet groups for the same 

mouse at 0,12, and 24 weeks progression.  “D” represents the dorsal side and “V” 

represents the ventral side of the lumen.  Vessel area (B), lumen area (C), and wall area 

(D) measurements determined from transverse images obtained by MRI at each time 

point for mice on the Mono ( ) and Fish ( ) diets.  All values represent the means ± 

SEM for 6 mice for each experimental group.  The average of n = 4-6 slices was 

measured in each mouse.  Asterisks denote statistically significant differences between 

experimental groups at individual time points determined by 1-Way ANOVA with a 

Tukey HSD test.  E-F:  Percent change from baseline to 12 weeks or 24 weeks for each 

of the wall parameters determined by MRI. 
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Figure 2 

 



	   119	  

Figure 3:  Diet and Treatment Effects on the Aortic Arch Measured by MRI During 

Treatment.  A:  Representative transverse slices obtained by MRI for experimental 

groups for the same mouse at 24 weeks progression and 12 and 16 weeks treatment. “D” 

represents the dorsal side and “V” represents the ventral side of the lumen.  Vessel area 

(B), lumen area (C), and wall area (D) measurements determined from transverse images 

obtained by MRI at each time point. E-F:  Percent change from 24 weeks progression (0) 

to 12 weeks or 16 weeks treatment of wall parameters determined by MRI.  All values 

represent the means ± SEM for 6 mice for each experimental group.  The average of n = 

4-6 slices was measured in each mouse.  Asterisks denote statistically significant 

differences between experimental groups at individual time points determined by 1-Way 

ANOVA with a Tukey HSD test. 
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Figure 3 
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Figure 4:  Relationship of MRI and Histological Measurements of Aortic Arch 

Morphology After Progression and Treatment.  VVG stained histological section 

comparsions to MRI transverse sections in the same mouse for experimental groups 

during progression (A) and treatment (B).  “D” represents the dorsal side and “V” 

represents the ventral side of the lumen.  Regression analysis of wall area measured by 

MRI to wall area measured histologically (C) and lesion area measured histologically 

(D).  Relationships were determined using a bivariate analysis for data representing 

progression mice on Mono ( ) and n-3 PUFA ( ) and treatment mice on Mono 

receiving no treatment ( ), ASO injections ( ), and mice that were switched to the n-3 

PUFA diet ( ). 
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Figure 4 
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Figure 5:  Aortic Atherosclerosis After Induction and Treatment Periods.  FC (A) 

and CE (B) content of the aorta for experimental mouse groups after progression and 

treatment.  The bars represent the means ± SEM for n ≥ 7 mice for each genotype.  

Astericks denote statistically significant differences from the Mono Progression group at 

24 weeks (First black bar) determined by 1-Way ANOVA with a Tukey HSD test. 
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Figure 5 
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Figure 6:  Relationship of Aortic Atherosclerosis with Lesion Surface Area and MRI 

Wall Area.  Regression analysis of aortic CE content to lesion surface area measured by 

en face in 3 mice per group (A) and aortic arch wall area obtained by MRI in 6 mice per 

group (B).  Relationships were determined using a bivariate analysis for data representing 

progression mice on Mono ( ) and Fish ( ) and treatment mice on Mono receiving no 

treatment ( ), ACAT2 ASO injections ( ), Control ASO injections ( ) and mice that 

were switched to the Fish diet ( ). 
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Figure 6 
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Figure 7:  Effect of Diet and Treatment on Lipid and Macrophage content of the 

Lesion.  ORO (Top) and CD68 (Bottom) stains of representative histological sections 

from mice in experimental groups during progression (A) and treatment (B).  C:  Area of 

all tissue that stained positive for lipid by ORO.  D:  Area of all tissue that stained 

positive for CD68.    Bars represent mean ± SEM for n = 4 mice per group.  There were 

no statistically significant differences from the Mono progression group (First black 

bar) evaluated by 1-Way ANOVA with a Tukey HSD test. 
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Figure 7: 
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Supplemental Figure 1:  Study Design 
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     A connection between ACAT2 derived CE and accelerated development of 

atherosclerosis has been well established1-4.  The purpose of these studies was to expand 

on the function of ACAT2 and determine how it could affect both the initiation and 

treatment of atherosclerosis.  One of the potential mechanisms by which CO packaging 

into the LDL can result in accelerated development of atherosclerosis is via an increased 

affinity of the LDL particle for arterial proteoglycans5-7.  The first project was successful 

in establishing this connection.  LDL particles with increased CO content derived from 

mice with functional ACAT2 had higher binding to biglycan compared to mice lacking a 

functional ACAT2 gene.  This was further confirmed with diet manipulation.  

Substituting a diet enriched in n-3 polyunsaturated fat also resulted in an LDL particle 

depleted in CO.  These particles also showed substantially less binding to biglycan than 

those particles enriched in CO.   

     Despite establishing a link between ACAT2 derived CE in the LDL particle and 

increased affinity for arterial proteoglycans, work remains to be done.  As previously 

discussed, there are a number of sites on apoB have been identified to play a role in LDL 

binding to arterial proteoglycans8-11.  Additionally, the dynamic conformation of apoB on 

the particle surface has been shown to be heavily influenced by the particle core12, 13.  

Thus, it is possible that the differences seen in binding between the LDL particles in the 

studies performed here are due to the exposure of different sites of apoB on the particle 

surface that enhance the affinity of the particle for arterial proteoglycans.  It would be of 

interest to obtain several distinct antibodies specific to the different binding sites on 

apoB-100.  This would allow a series of sequential SPR studies to identify the sites on 

apoB important in binding.  LDL particles would be isolated from each experimental 
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group.  The SPR assay would then be performed on the LDL before and after incubation 

with each antibody.  A loss in binding signal after incubation with a particular antibody 

would indicate that the residues specific to that antibody on apoB are exposed on the 

surface and likely playing a role in the enhanced interaction with the immobilized 

biglycan.  This would allow for a systematic elimination of the non-functional sites on 

apoB.  Ideally, incubation with one or more antibodies would completely inhibit the 

interaction.  If the interaction was not completely inhibited, this would indicate that an 

additional protein or bridging molecule may be present on the LDL particle that is also 

playing a role in the interaction. 

     As previously discussed, one way the core lipid content can affect the conformation of 

ApoB on the particle surface is by changing the core melting temperature13.  Saturated 

and monounsaturated fatty acids have a higher melting temperature than their 

polyunsaturated counterparts14.  Thus, a critical experiment is to run the binding assay at 

various temperatures, specifically at 37° C which is more reflective of the interaction at 

physiological conditions.  These studies were performed at 25° C and thus are, 

admittedly, not fully physiological.  It’s likely that the LDL core of particles in these 

experiments are not in the same state as they would be at 37° C.  Thus, it’s necessary to 

determine if the same contrast in binding properties exists between the experimental LDL 

particles at body temperature. 

     It would also be of interest to further characterize the minor apolipoproteins associated 

with the LDL particles from the different groups.  With advancements in technologies 

such as mass spectrometry it is now possible to do full proteomic analysis of isolated 

LDL particles15.  It is possible there is a difference in content of apolipoproteins E and 
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CIII between the particles in the experimental groups.  It is also feasible that there is 

some other apolipoprotein present on the particle surface that could be responsible for 

increased or decreased binding that has yet to be identified.  With a fully functional 

proteomic analysis of the LDL particles, valuable information can be obtained that could 

link fatty acid content, with association of a particular protein that results in increased or 

decreased affinity for arterial proteoglycans.  This along with development of functional 

ELISA assays to quantify differences in bridging molecules could provide extensive 

insight into the molecular interactions resulting in differences in binding and 

atherosclerosis. 

     In addition to structural studies of the LDL particles, it would be interesting to gain 

further insight into the role of the proteoglycans in the interaction.  There are extensive 

studies that indicate not only that different proteoglycans play contrasting roles in LDL 

retention, but the structure of the proteoglycans is highly variable and important in the 

interaction16-24.  Our studies used biglycan isolated from engineered human smooth 

muscle cells25-28.  While a strong relationship between the LDL and this biglycan has 

been established, it is certain the proteoglycan content of the mouse aorta was more 

heterogenous and the structure(s) different.  With more mice in each experimental group, 

reasonable amounts of the native proteoglycans in the aorta could be extracted and 

isolated.  Depending upon the available antibodies, it would then be possible to perform 

the SPR binding assay to evaluate the nature of the interaction between the native LDL 

particles and native proteoglycans. 

     Current clinical assessment of risk for an acute coronary event involves primarily 

plasma measurements of the lipoprotein constituents (VLDLc, LDLc, and HDLc).  While 
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robust, it would be advantageous to develop a high-throughput functional assay that, in 

addition to the plasma cholesterol concentrations, allowed rapid assessment of the 

likelihood of LDL retention in the artery wall.  The advent of SPR, in addition to the 

foundation of the assay developed in these studies, suggests that this is possible.  The first 

step to achieve this would be to eliminate the need and cost of LDL isolation and modify 

the binding assay to simply assess the interaction by injecting a known volume of blood 

plasma.  This would appear achievable by a series of dilution steps of plasma into binding 

buffer.  It would be necessary to base loading on some plasma parameter such as total 

cholesterol or total protein that would fall into a linear range of binding below saturation 

levels of the immobilized proteoglycan. 

     The next step would be to assess the different contributions of the various plasma 

constituents to the binding signal.  Presumably, a majority of the signal contribution is the 

result of proteoglycan interaction with the apoB-containing lipoproteins.  The exact 

contribution could be evaluated by removing the apoB-containing particles from the 

plasma by running plasma through an affinity column containing polyclonal antibodies to 

apoB.  Signal contribution could then be determined by performing the binding assay on 

plasma with and without apoB-particles and assessing the differences in the response 

between the samples.  If there was little to no binding observed in plasma without the 

apoB-containing particles, the validity of the assay in assessing risk for extent of disease 

or likelihood of a coronary event could be evaluated in a clinical trial by relating it to a 

known predictor such as carotid IMT29.  Considering the number of bridging molecules 

that have been identified with binding domains for proteoglycans30-34, it is possible a 

significant amount of signal could be the result of non-apoB constituents in the plasma.  
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While it may be possible to systematically remove each individual constituent and 

evaluate how each contributes to the interaction, this would be a lengthy and complicated 

process that would likely exceed the cost-benefit ratio of the assay development. 

     Lastly, a strong advantage of developing the binding assay by SPR is the real-time 

nature of the interaction.  While these experiments were successful at fully dissociating 

the LDL-biglycan complex from the antibody for subsequent runs, this assay could take 

advantage of the strong covalent interaction of the antibody and biglycan to measure 

LDL dissociation from the proteoglycan.  It’s logical that disruption of the LDL-

proteoglycan interaction would be a major therapeutic target in the prevention and 

treatment of atherosclerosis.  Thus, this assay would be advantageous for testing the 

efficacy of a variety of compounds that could possibly disrupt the ionic interaction of the 

LDL to the proteoglycan while leaving the proteoglycan in tact.  

     Another major accomplishment of these studies was development of a new method to 

obtain non-invasive, high-resolution MRIs of the aortic arch in mice.  With the 58.6 uM 

resolution, this method has the sensitivity to measure both progression and regression of 

atherosclerotic lesions.  While a significant accomplishment, the logical next step is 

further developing the protocol to non-invasively identify the constituents of the 

atherosclerotic plaque.  These studies were performed using a fat suppression technique, 

meaning that signal contribution from fatty areas of the plaque should appear void after 

image reconstruction.  Previous work has shown that it’s possible to infer plaque 

composition by performing T1, T2, and PDW scans35.  With the technique developed 

here, simply performing two scans with and without fat suppression would allow one to 

tease apart the two separate images and match it with histological sections showing fatty 
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areas.  The most important aspect would be to perform a follow-up validation study.  In 

this study a user blinded to the images would evaluate the fat content of the lesion from 

the different MRIs of the mouse aorta.  Only after these measurements were obtained 

through the two-scan technique would they be compared to histology to confirm 

presumed areas representing fat from the MRI are indeed truly representative.  This 

would allow for longitudinal studies to evaluate not only the morphometric changes in 

the lesion but the fat content; the primary constituent of the vulnerable lesion.  This 

would be invaluable in terms of drug efficacy studies on lesion remodeling associated 

with regression of atherosclerosis with the added benefit of no need for contrast agents 

for visualization.  (Removed the translation to 3T sentence) 

     While the experiments were not successful in showing true plaque regression with 

either treatment, this could be contributed to a flaw in the study design.  To ensure 

reasonable detection of the atherosclerotic plaque by MRI, mice were placed on an 

atherogenic diet for a period of 24 weeks.  It is clear that the resolution achieved by the 

scanning protocol is sufficient to measure changes in the lesion at much earlier 

timepoints.  Thus, it is likely that the induction period of 24 weeks resulted in a very 

advanced, complicated lesion that would need a longer period of treatment to regress the 

plaque.  It would be interesting to redesign the study and reduce the induction period and 

increase the treatment period before ruling out inhibition of ACAT2 as a good target for 

treatment of atherosclerosis. 

     Staining for lipid with ORO and macrophages with CD68 showed no significant 

differences amongst experimental groups; however, only 4 mice per experimental group 

were stained.  With the variability seen within individual experimental groups, it is 
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possible that differences in lesion and macrophage content could emerge by increasing 

the number of mouse aortas stained in each group.  There are also a variety of other 

staining methods that could provide valuable information about the lesions.  For instance, 

it would be of interest to better quantify the connective tissue content of the lesions in the 

experimental groups using a Masson’s trichrome stain.  This method has been shown to 

stain SMCs pink, red blood cells red, and collagen blue36.  Furthermore, it has been 

shown that picosirius red staining not only stains all of the collagen present in the lesion, 

but can also be used to differentiate type I (orange) and type III collagen (green) under 

polarized light providing additional detailed information on the lesion development in 

this study.   

     Recent evidence suggests that plaque pathogenesis is influenced by the type of 

macrophages, either M1- or M2-like macrophages, present in the lesion37.  So while there 

were no differences in macrophage content within the lesions amongst the experimental 

groups in this study, there could exist differences in the type of macrophages present.  A 

number of macrophage stains exist that could by employed to determine if any difference 

in macrophage phenotype exists with the treatment groups compared to the control 

group38.  While evaluation of inflammatory responses were not the goal of this study, 

little is known regarding the role of macrophage phenotype in progression and regression 

of atherosclerosis and thus, this type of staining could provide some insight into the 

mechanism or response with induction and treatment of disease.   
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