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▪ ABSTRACT 

 

Mimetic peptides are potential therapeutic agents for atherosclerosis 

prevention. D-[113–122]apolipoprotein (apo) J (D-[113–122]apoJ) is a 10-

residue class G* peptide from apolipoprotein J(apoJ); it possesses anti-

inflammatory and anti-atherogenic properties. This prompted us to study its 

effect on the in vitro and in vivo aggregation process of low-density 

lipoprotein (LDL) particles, an early event in the evolution of 

atherosclerosis. We also analyzed the effect of this peptide in low-density 

lipoprotein receptor knockout mice (LDLR-KO) on the development of 

atherosclerosis and lipoprotein function. 

 

For in vitro studies, LDL particles in presence or absence of D-[113–

122]apoJ peptide were incubated at 37 °C with sphingomyelinase (SMase) 

or were left to aggregate spontaneously at room temperature. The 

aggregation process was analyzed by size-exclusion chromatography 

(SEC), native gradient gel electrophoresis (GGE), absorbance at 405 nm, 

dynamic light scattering (DLS), and transmission electronic microscopy 

(TEM). Additionally, circular dichroism was employed to determine 

changes in the secondary structure of apoB. At an equimolar ratio of D-

[113–122]apoJ peptide to apoB-100, D-[113–122]apoJ inhibited both 

SMase-induced or spontaneous LDL aggregation. All methods showed that 

this peptide retarded the progression of SMase-induced LDL aggregation 

at long incubation times. No effect of D-[113–122]apoJ on apoB secondary 

structure was observed. Binding experiments showed that this peptide 

presents low affinity for native LDL but it binds readily to LDL during the 

first stages of aggregation.  
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For in vivo studies, female LDLR-KO mice fed an atherogenic Western-

type diet were treated for eight weeks with D-[113–122]apoJ peptide, a 

scrambled peptide, or vehicle. Peptides were dispensed subcutaneously 

three days per week. After euthanasia, blood was collected and the aortic 

arch was studied for the presence of atherosclerotic lesions. Lipoproteins 

were isolated and their composition and functionality were analyzed. The 

area of atherosclerotic lesions was 43% lower with D-[113–122]apoJ 

treatment than with the vehicle or scramble. The lipid profile was similar 

between groups, but the high-density lipoprotein (HDL) of D-[113–

122]apoJ-treated mice had a higher antioxidant capacity and increased 

ability to promote cholesterol efflux than the control group. Moreover, low-

density lipoprotein (LDL) from D-[113–122]apoJ-treated mice was more 

resistant to induced aggregation and presented lower electronegativity 

than in mice treated with D-[113–122]apoJ. 

 

These results demonstrate that D-[113–122]apoJ peptide not only prevents 

in vitro and in vivo SMase-induced LDL aggregation but also prevents the 

extent of atherosclerotic lesions in mice models, which could be partially 

explained by the improvement of lipoprotein functionality. Our results open 

the possibility for the use of this mimetic peptide as a therapeutic tool.   
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▪ RESUMEN 

 

 

Los péptidos miméticos son potenciales agentes terapéuticos para la 

prevención de la aterosclerosis. D- [113-122] apoJ es un péptido de clase 

G* de 10 residuos de la apolipoproteína J (apoJ); posee propiedades 

antiinflamatorias y anti-aterogénicas. Esto nos ha llevado a estudiar su 

efecto sobre el proceso de agregación in vitro e in vivo de partículas de las 

lipoproteínas de baja densidad (LDL), el cual es un evento temprano en la 

evolución de la aterosclerosis. También analizamos el efecto de este 

péptido en ratones knockout del receptor de lipoproteínas de baja densidad 

(LDLR-KO) sobre el desarrollo de la aterosclerosis y la función de las 

lipoproteínas. 

 

Para los estudios in vitro, las partículas de LDL en presencia o ausencia 

del péptido D- [113-122] apoJ se incubaron a 37 ° C con esfingomielinasa 

(SMasa) o se dejaron agregar espontáneamente a temperatura ambiente. 

El proceso de agregación se analizó mediante cromatografía de exclusión 

por tamaño (SEC), electroforesis en gel de gradiente nativo (GGE), 

absorbancia a 405 nm, dispersión dinámica de luz (DLS) y microscopía 

electrónica de transmisión (TEM). Además, se empleó dicroísmo circular 

para determinar cambios en la estructura secundaria de apoB. El péptido 

D- [113-122] apoJ inhibió la agregación de LDL tanto inducida por SMasa 

como espontánea en una proporción equimolar de péptido D- [113-122] 

apoJ a apoB-100. Todos los métodos mostraron que este péptido 

retardaba la progresión de la agregación de LDL inducida por SMasa en 

tiempos de incubación prolongados y no se observó ningún efecto de D- 

[113-122] apoJ sobre la estructura secundaria de apoB. Los experimentos 

de unión mostraron que este péptido presenta baja afinidad por la LDL 
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nativa, pero se une fácilmente a la LDL durante las primeras etapas de 

agregación. 

 

Para los estudios in vivo, ratones LDLR-KO alimentados con una dieta 

aterogénica de tipo occidental se trataron por vía subctánea (tres días a la 

semana) durante ocho semanas con péptido D- [113-122] apoJ, un péptido 

scramble o un vehículo. Al finalizar el tratamento y después de la 

eutanasia, se extrajo sangre y se estudió el arco aórtico en busca de 

lesiones ateroscleróticas. Se aislaron las lipoproteínas y se analizó su 

composición y funcionalidad. Se observó que el área de las lesiones 

ateroscleróticas fue un 43% menor con el tratamiento con D- [113-122] 

apoJ que con el vehículo o scramble. El perfil lipídico fue similar entre los 

grupos, pero la lipoproteína de alta densidad (HDL) de los ratones tratados 

con D- [113-122] apoJ tenía una mayor capacidad antioxidante y una 

mayor capacidad para promover el eflujo de colesterol que el grupo control. 

Además, la lipoproteína de baja densidad (LDL) de ratones tratados con 

D- [113-122] apoJ fue más resistente a la agregación inducida y presentó 

menor electronegatividad que en los ratones tratados con D- [113-122] 

apoJ. 

 

Estos resultados demuestran que el péptido D- [113-122] apoJ no solo 

previene la agregación de LDL inducida por SMasa in vitro e in vivo, sino 

que también previene la extensión de las lesiones ateroscleróticas en 

modelos de ratones, lo que podría explicarse parcialmente por la mejora 

de la funcionalidad de las lipoproteínas. Nuestros resultados abren la 

posibilidad del uso de este péptido mimético como herramienta terapéutica 

frente la arteriosclerosis. 
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1. Atherosclerosis 

 

Cardiovascular disease (CVD) is the leading cause of mortality worldwide, 

accounting for 17.3 million deaths each year. The primary cause of the 

majority of CVD patients is atherosclerosis, a disease that is characterized 

by the accumulation of lipids and immune-cell containing plaques in the 

intima of large and mid-sized arteries [1]. Atherosclerosis is a progressive 

inflammatory disease, which leads to the development of atherosclerotic 

plaques that cause a reduction of the arterial lumen. Frequently, these 

plaques persist stable for years, but can quickly become unstable, rupture, 

and prompt thrombus formation. Consequently, besides the limitation of the 

vessel lumen, the existence of atherosclerotic plaques is related to an 

increased risk of acute cardiovascular events such as myocardial infarction 

(MI) and stroke [2]. 

 

Epidemiological studies have revealed numerous risk factors for 

atherosclerosis. These can be categorized into factors with an important 

genetic component, and those that are mostly environmental. The relative 

abundance of the different plasma lipoproteins appears to be of primary 

importance, as increased levels of atherogenic lipoproteins are a 

prerequisite for most forms of the disease. The interactions between risk 

factors aggregate another level of complexity to the atherosclerosis 

process. Frequently, these are not simply additive; for example, the effects 

of hypertension on coronary heart disease (CHD) are considerably 

amplified if cholesterol levels are high [3]. 

 

Atherosclerosis develops progressively through the continuous evolution of 

arterial wall lesions centered on the accumulation of cholesterol-rich lipids 

and the accompanying inflammatory response. Many studies support that 

inflammatory mechanisms are related to atheroma formation. Leukocyte 

recruitment and proinflammatory cytokines contribute to the initial stage of 
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atherogenesis [1, 4]. Briefly, this pathophysiological process implicates 

different steps: (1) endothelial cells face inflammatory activation; (2) blood 

monocytes and other leukocytes access the atheroma; (3) chemokines and 

chemoattractant proteins take part in the recruitment of further 

inflammatory cells into the intima; (4) monocytes differentiate to 

macrophages and internalize lipoprotein particles and generate foam cells, 

which is a hallmark of the nascent atheroma; (5) inflammatory cytokines, 

reactive oxygen species, and other mediators are secreted by foam cells; 

(6) macrophages can suffer apoptosis, establishing the so-called lipid or 

‘necrotic core’ of the atherosclerotic lesion; (7) phagocytes actions increase 

the local inflammatory response, by producing matrix metalloproteinases 

(MMPs), which degrade extracellular matrix macromolecules that lend to 

the strength of the plaque fibrous cap; (8) fracture of a weakened fibrous 

cap permits blood to contact another macrophage product, the potent pro-

coagulant protein tissue factor (Figure 1).  

 

Different innate immune processes can drive superficial erosion, another 

sort of thrombotic event. Thus, inflammation leads to atherosclerosis and 

prompts thrombotic plaque complications, which usually cause stroke, 

myocardial infarction (MI), and cardiovascular death [4, 5]. 
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 Mononuclear phagocytes in atherogenesis.  

Taken from [5] 

 

 

1.1 Atherosclerosis development 

 

As atherosclerosis development progresses, the processes and histologic 

changes become progressively complex and can vary significantly among 

individuals. In the natural course of atherosclerosis, spontaneous 

regression of early-stage lesions may occur, but the intermediate and 

advanced stages seem to be continuously progressive. This concept of a 

developmental continuum of plaque changes is useful as an aid to 

understanding the potential steps of atherosclerosis development. 

Although our current molecular understanding of these steps and their 

integration is fragmentary, their general outline supports crucial interplay 

among lipid accumulation, lipid oxidation, and inflammation. 

 

The continuous development of atherosclerosis usually is described as an 

extended series of histologic changes: 
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- Early Fatty Streak Development: it begins in childhood and adolescence 

[6-8]. The initial step occurs when low-density lipoprotein (LDL) particles in 

the blood enter the arterial intima, where, if LDL levels are increased, they 

accumulate [9]. Then, they are oxidized and modified by enzymes into 

proinflammatory particles, which cause the reaction of the innate 

inflammatory system within the intima [10]. These earliest changes in the 

arterial wall occur at the branch of arteries, where adaptive intimal 

thickening appears in response to normal hemodynamic stresses.  

 

Inflammation begins when the endothelial cells become activated and 

secrete adhesion molecules, and the smooth muscle cells secrete 

chemokines and chemoattractants, which together pull monocytes, 

lymphocytes, mast cells, and neutrophils into the arterial wall [11]. Also, the 

intimal smooth muscle cells secrete proteoglycans, collagen, and elastic 

fibers into the extracellular space. Upon entry, monocytes transform into 

macrophages, take up lipids as multiple small droplets, and become foam 

cells. Isolated foam cells, multiple layers of foam cells, and isolated 

extracellular pools of lipids are not considered advanced-stage lesions. 

These early changes are microscopic and may progress to gross visibility. 

At this stage, these lipid changes can be reversed. Atherosclerosis is 

believed to start when the lipid accumulation appears as confluent 

extracellular lipid pools and extracellular lipid cores with decreased 

cellularity [12]. 

 

- Early Fibroatheroma: occurs in persons in their teens and 20s [8, 13-15]. 

Macrophage foam cells, other activated inflammatory cells, and smooth 

muscle cells from arteries accumulate. Macrophages take a controlling role 

in plaque development, but inflammation may become unchecked and 

excessive. Extracellular proteoglycans, secreted by smooth muscle cells, 

bind lipids and gradually increase their lipid-binding capacity by extension 

of their disaccharide arms. Some factors promote the death of 
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macrophages and smooth muscle cells. The necrotic debris provokes 

further inflammation.  

 

Increasing accumulation of extracellular lipid coalesces into pools and 

causes cell necrosis. This progressively alters the normal structural design 

of the intima until it is completely disrupted. These enlarging pools form 

lipid-rich necrotic cores that dominate the central part of the intima, 

ultimately occupying 30% to 50% of arterial wall volume. Fibrous tissue is 

added to form a fibrous cap over the lipid-rich necrotic cores and just under 

the endothelium at the blood interface. This forms the fibrous plaque 

lesions that develop to become the dominant lesion (Figure 2). 

 

 

 Coronary fibrous cap atheroma in a 24-year-old 

man.  

Taken from [8] 

 

 

- Advancing Atheroma. Thin-Cap Fibroatheroma and Its Rupture: 

advancing atheroma occurs in persons aged ≥55 years. In this phase of 

plaque development, a thin-cap fibroatheroma (TCFA) develops and may 

rupture [15-17]. The fibrous cap at some sites becomes thin and weakened 

when proteolytic enzyme activity continues unchecked and dissolves the 

fibrous tissue. This thin cap is susceptible to rupture, which exposes the 
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thrombogenic interior arterial wall and produces a thrombus that extends 

into the arterial lumen. These intramural hemorrhages provoke increased 

fibrous tissue. This lesion usually is labeled a vulnerable plaque because 

of the risk of rupture and life-threatening thrombosis. These lesions appear 

at about age 55 to 65 years, just before the peak incidences of myocardial 

infarction and stroke (Figure 3). 

 

 

 

 Thin fibrous cap. 

Taken from [8] 

 

 

- Complex Lesion Development:  many ruptures of thin fibrous caps are 

clinically silent in that they heal by forming fibrous tissue matrices of cells, 

collagen fibers, and extracellular space but may rupture again with 

thrombus formation [8, 13, 15]. These cyclic changes of rupture, 

thrombosis and healing may recur as many as 4 times at a single site in 

the arterial wall, resulting in multiple layers of healed tissue (Figure 4A). 

Calcium deposits in the wall occur throughout all these steps, initially as 

small aggregates, and later as large nodules. Plaques may rupture into the 

lumen and expose the nodules, which become sites for thrombosis. 
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Erosion of endothelium, underlain by some of the changes described 

previously or with no underlying histologic abnormality, may occur, 

resulting in thrombosis. The increasing mass of some plaques alone may 

become enough to form significant stenosis that may cause lethal ischemia 

simply through flow restriction (Figure 4B). All these changes may be 

significantly influenced by risk factors, notably the stresses of local 

hemodynamics and blood flow patterns, hypertension, tobacco smoking, 

and diabetes, as well as genetically determined arterial susceptibility or 

resistance to atherosclerosis [18]. The mechanisms of these risk factors in 

influencing atherosclerosis are the target of intensive investigation by 

molecular pathology, along with proteomics and genomics, conducted to 

determine the exact molecular biological processes involved in their 

development. 

 

 

 (A) Healed plaque rupture. (B) Stenosis of the 

anterior descending coronary artery in a 40-year old 

man. 

Taken from [8] 

A 

B 
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Also, it is useful to condense lesion development into classes of plaques 

that are grossly visible. This classification is summarized in Table 1. 

 

 

 

 Major types of lesions of atherosclerosis. 

Taken from [12] 

 

 

2. Mouse models of atherosclerosis 

 

Mouse and rabbit models have been mostly used, followed by pigs and 

non-human primates. Each one of these models has its advantages and 

limitations. Animal models of atherosclerosis are based on accelerated 

plaque formation due to a cholesterol-rich/Western-type diet, manipulation 

of genes involved in the cholesterol metabolism, and the introduction of 

additional risk factors for atherosclerosis. The mouse has become the 

predominant species to study experimental atherosclerosis because of its 

fast reproduction, ease of genetic manipulation, and its ability to monitor 

atherogenesis in a reasonable time frame [19, 20]. 
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Nevertheless, mice are quite resistant to the development of 

atherosclerosis because of their different lipid profile as compared to 

humans. Consequently, genetic manipulation of their lipid metabolism is 

required [20, 21].  

 

In mice, most of the cholesterol is transported in high-density lipoprotein 

(HDL)-like particles. Consequently, mice have only low concentrations of 

atherogenic LDL and very low-density lipoprotein (VLDL). Lipoproteins, 

their structure, and their function will be described in detail in the following 

section. 

 

Mice deficient in the receptor clearing these LDL particles (LDLR-KO) 

develop considerably higher plasma levels of cholesterol than wild-type 

mice. Apolipoprotein E (ApoE) is a glycoprotein that acts as a ligand for 

receptors that clear chylomicrons and VLDL remnants. Deficiency in this 

apolipoprotein also leads to increased plasma levels of total cholesterol, 

mainly in the VLDL and chylomicron fractions [22], which are increased 

fourfold by a high-fat or Western-type diet (WD) [23]. Both mouse models 

have widely been used to study the mechanisms underlying the initiation 

and progression of atherosclerosis.  

 

Atherosclerotic lesions in mice are developed in regions of the vasculature 

subjected to low or oscillatory shear stress [19, 24]. Preference sites in the 

mouse are the aortic root, lesser curvature of the aortic arch, and branch 

points of the brachiocephalic, left carotid and subclavian arteries. However, 

on a high-cholesterol diet, apoE-KO mice develop plaques faster and with 

a more advanced phenotype as compared to LDLR-KO mice [25], making 

the apoE-KO model extensively used in experimental atherosclerosis 

studies. 
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There are also other mouse models of atherosclerosis, the most used are 

described in detail in Figure 5.  

 

 

 Overview of current mouse models of 

atherosclerosis.  

Taken from [2]  
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2.1 LDL receptor-deficient (LDLR-KO) mice 

 

The LDL receptor (LDL-R) is a membrane receptor (160 kDa), which 

mediates the endocytosis of cholesterol-rich LDL and thus maintains the 

plasma level of LDL. It also mediates the cellular uptake of apolipoprotein 

B- and E- containing lipoproteins. LDL receptor deficiency along with 

mutations in the gene encoding for the LDL receptor count for the 

phenotypic events described in familial hypercholesterolemia (FH) [26]. 

Mice with targeted inactivation of the LDL receptor were created in 1993 

[27, 28]. The LDLR-KO model in atherosclerosis susceptible C57BL/6 

genetic background is very widely used to study atherosclerosis with a 

variety of physiological and genetic interventions [29] and is the model used 

in the second part of this thesis.  

 

Compared to wild-type mice, LDLR-KO mice maintained on chow diet 

exhibit moderately elevated levels of LDL but develop no or only minimal 

atherosclerosis [28, 30], even in mice fully inbred into the C57BL/6 

background [31, 32]. However, the addition of fat and cholesterol to the diet 

results in significant increases in the level of VLDL and VLDL remnants as 

well as further increases in LDL levels, and the relatively rapid development 

of advanced atherosclerosis over 2 to 3 months. Thus, a high cholesterol 

diet with or without a high fat is needed to provide the hyperlipidemic drive 

for atherogenesis. Regarding lipoprotein particles, the increase is higher 

among intermediate-density lipoprotein (IDL) and LDL-sized particles, 

whereas high-density lipoprotein (HDL) and triglycerides remain unaffected 

[27, 28]. It is worth mentioning that this is different from apoE-KO mice, in 

which cholesterol is primarily accumulated in large lipoprotein particles 

such as chylomicron remnants, VLDL and IDL particles [23, 33]. The 

response to high-fat/high cholesterol Western-type diets shows a 

remarkable change in the lipoprotein profile of these mice with a high 

probability for atherosclerotic lesion development. 
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The major accumulating lipoprotein in the plasma of LDLR-KO mice fed 

high cholesterol, low-fat diet is LDL [34], and with the high cholesterol high 

fat diet, VLDL is also elevated [35]. The VLDL in this model is much more 

triglyceride-rich than is the case for the apoE-KO mice. LDLR-KO mice fed 

the Western-type diet for 12 weeks show a very good correlation between 

aortic root lesion size and VLDL cholesterol concentration [36]. The 

plaques that develop LDLR-KO mice are similar to those seen in ApoE-KO 

mice [37]. A Western-type diet induces larger and more advanced lesions 

with a collagen-rich fibrous cap, a necrotic core containing cholesterol clefts 

and cellular enrichment adjacent to the lumen [34]. The plaque 

development happens in a time-dependent manner, initially in the proximal 

aorta, and expanding toward the distal aorta. Similar to humans, the 

locations where the blood flow is disturbed are more prone to 

atherosclerotic lesions [37]. By creating LDLR-KO and ApoE-KO mice 

homozygous for the human ApoB-100 allele, total plasma cholesterol levels 

of approximately 300 mg/dl were found on a normal diet. LDLR-KO 

ApoB100/100 mice developed more atherosclerotic lesions than the ApoE-

KOApoB100/100 mice, even with a normal diet [30, 38]. 

 

An example of atherosclerotic lesions in LDLR-KO mice fed a regular chow 

diet or high-fat diet is shown in Figure 6. 
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 Aortic sinus lesion morphology in LDL-R KO 

mice.  

A) Representative sections in LDL-R KO mice fed CD (0 M) 

or HFD for 1 to 12 months stained with Oil Red-O and 

hematoxylin. (B) Lesion area was quantified using 

computer software IPP6.0. 

Taken from [39]  

B 

A 
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The LDLR-KO mouse model has certain advantages compared to apoE-

KO mice. First, plasma cholesterol is mainly carried by LDL particles, which 

generate a more human-like lipid profile. Second, the absence of the LDL 

receptor does not have an impact on inflammation as compared to ApoE 

deficiency. Therefore, atherosclerotic plaque development in this mouse 

model is based on elevated plasma lipid levels and not caused by other 

functions linked to the LDL receptor [20]. Third, the LDLR-KO mouse model 

shares the characteristics detected in human familial 

hypercholesterolemia, which is caused by the absence of functional LDL 

receptors [40, 41]. 

 

3. Lipoproteins and Lipoprotein Metabolism 

 

Lipids (cholesterol, triacylglycerols, and phospholipids) are transported in 

blood as part of lipoprotein particles. Lipoproteins are formed from lipid and 

protein molecule complexes. Lipoproteins are spherical particles, with a 

center core made of cholesterol ester and triacylglycerol molecules. These 

are surrounded by an outer shell composed of unesterified cholesterol and 

phospholipids with the fatty acids oriented toward the core of the particle. 

Incorporated in this outer shell are specific proteins known as 

apolipoproteins. As a part of its main functions, lipoproteins transport and 

deliver fatty acids, triacylglycerol, and cholesterol to and from target cells 

in many organs [42]. The general structure of lipoproteins is shown in Fig. 

7.  
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 Lipoprotein structure 

Taken from [43] 

 
 
Lipoproteins have been classified based on their hydrated density, size and 

apolipoprotein composition (Table 2 and Figure 8 and 9). 

 

 

 

 Lipoprotein Classes 

Taken from [44] 
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 Classes of Lipoproteins 

Taken from [44] 

 

 

Lipoproteins have an exogenous and endogenous pathway (Figure 9). In 

the exogenous pathway, dietary lipids that are absorbed from the intestine 

via the systemic circulation are transported by chylomicrons. Chylomicrons 

(triglyceride-rich) are catabolized by the endothelium-associated 

lipoprotein lipase (LPL) and free fatty acids (FFA) are generated. These 

FFA are taken up by the liver, muscle, and adipose tissues. Through this 

catabolic process, chylomicrons reduce their size and become chylomicron 

remnants, which are taken up via the LDL-R and the LDL receptor-related 

protein (LRP) by the liver.  

 

In the endogenous pathway (Figure 9) triglyceride-rich very-low-density 

lipoprotein (VLDL) particles are assembled and produced by the liver. 

These particles transport triglycerides from the liver to peripheral tissues. 

Once the triglycerides are hydrolyzed by LPL, the VLDL particles are 
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transformed to IDL, which are taken up by the liver or can be additionally 

hydrolyzed by hepatic lipase (HL), also called hepatic triglyceride lipase 

(HTGL), to form LDL particles. Through this process, the particles become 

depleted of triglycerides but preserve significant cholesterol amounts [45]. 

 

LDL is responsible for cholesterol transport from the liver to peripheral 

tissues. Through the LDL receptor, the apolipoprotein apoB-100 is 

responsible for the recognition and uptake of LDL particles. This process 

clears 60 to 80% of total LDL. The residual LDL is removed by other 

receptors, such as LRP, or by scavenger receptors. Via scavenger 

receptors on macrophages and vascular smooth muscle cells, oxidized 

LDL (ox-LDL) particles can be uptaken. These macrophages are 

transformed into foam cells, which is a major step in the development of 

atherosclerosis, when they are overloaded with cholesteryl esters [46]. 

When LDL becomes lipid depleted, small dense LDL (sdLDL) is produced. 

sdLDL has a lower affinity for the LDL-R but is more susceptible to 

oxidative modification, being more atherogenic than larger LDL particles 

[47]. 

 

HDL plays an important function in reverse cholesterol transport, which 

shuttles cholesterol from peripheral cells to the liver [48], an efficient path 

that relieves the peripheral cells from cholesterol burden (Figure 9). 

 

HDL precursor particles are secreted by the liver and intestine and absorb 

free cholesterol from cell membranes, this process is mediated by ATP 

binding cassette transporter 1 (ABCA1) and the apolipoproteins in HDL, 

apoA-I, and apoA-IV. ApoA-I activates the enzyme lecithin-cholesterol 

acyltransferase (LCAT), which is responsible for the esterification of the 

free cholesterol accepted by the HDL particles to allow more efficient 

packaging of the cholesterol for transport. HDL3 particles are transformed 

into larger HDL2 particles by the progressive acquisition of cholesteryl 
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esters and other apolipoproteins [48, 49]. There are three different routes 

that reverse cholesterol can take. First, the liver via LDL-R can take up 

large HDL particles with several copies of apoE [50]. Also, the liver can 

selectively take up the accumulated cholesteryl esters from HDL via 

scavenger receptor B1 [51]. Third, the cholesteryl ester transfer protein 

(CETP) moves cholesteryl esters from HDL to triglyceride-rich lipoproteins 

[48]. 

 

 

 

 

 Lipoprotein metabolism. 

Blue arrows refer to points of action of the respective 

enzymes in blue.  

Taken from [52] 

 
 
3.1 Chylomicrons 

 

Chylomicrons are large triglyceride particles produced by the intestine, 

which transport dietary triglycerides and cholesterol to peripheral tissues 
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and the liver. ApoB-48 is the core structural protein, containing one apoB-

48 molecule in each chylomicron (Figure 10)  [45]. The size of chylomicrons 

depends on the amount of fat ingested. A high-fat meal produces large 

chylomicron particles, due to the increased amount of triglyceride being 

transported. However, in the fasting state, the chylomicrons particles are 

small because of carrying decreased quantities of triglyceride and their 

concentration is very low. 

 

 

 

 Chylomicron structure.  

Taken from [53] 

 

 

3.2 VLDL 

 

VLDL is produced and secreted by hepatocytes, being the major 

transporter from the liver of endogenously produced triacylglycerol. Each 

VLDL particle contains one apoB-100 molecule, which is a large 

hydrophobic protein and the main structural component of VLDL, IDL and 

LDL. VLDLs are also triglyceride-rich and contain other apolipoproteins as 

apoC-II, apoC-III and apo E (Figure 11). Though unlike chylomicrons, they 
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are smaller, contain fewer triglycerides, and now carry apoB-100 

(physiologic ligand for the LDL receptor) instead of apoB-48. However, is it 

important to mention that mouse VLDL and LDL contain apoB-48. LPL (of 

which apoC-II is a cofactor) reduces VLDL triglyceride content further, 

leaving the particles progressively smaller, denser, and more cholesterol-

enriched as the cascade moves down to IDL formation [54]. 

 

 

 

 VLDL structure. 

Taken from [53] 

 

 

3.3 HDL 

 

HDL particles are rich in cholesterol and phospholipids and undergo 

constant remodeling and recycling (Figure 12). Each major component, 

apolipoproteins, phospholipids, cholesteryl esters and triglycerides follow a 

different metabolic pathway, depending on the organ or tissue. ApoA-I is 

the main structural protein, and each HDL particle might contain several 
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apoA-I molecules. Some HDL particles contain apoA-II, and other less 

abundant apolipoproteins and enzymes associated with HDL are found on 

only a small fraction of HDL particles. Hence, HDL particles are very 

diverse and heterogenous, depending on the presence or absence of 

numerous proteins [55]. Some HDL’s accessory proteins such as 

paraoxonase and apoL-I are associated with apoAI’s antioxidant activity 

[56]. 

 

 

 HDL structure. 

Taken from [57] 

 

 

HDL particles play an important role in cholesterol transport from peripheral 

tissues to the liver, which is known as reverse cholesterol transport, one 

potential mechanism considered key to its atheroprotection. Cholesterol 

efflux capacity (CEC) is an important in vitro assay that measures the ability 

of an individual's HDL to promote cholesterol efflux from cholesterol donor 

cells, for example, macrophages [58]. This capacity has emerged as a 
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better predictor of cardiovascular (CV) risk compared to merely plasma 

HDL-cholesterol (HDL-C) levels [59]. 

 

HDL is also known to exert anti-inflammatory, antioxidant, anti-thrombotic 

and, anti-apoptotic properties, which could also contribute to their capacity 

to prevent atherosclerosis [60]. There is strong evidence showing that the 

atheroprotective actions of HDL include its ability to protect LDL from 

oxidation by free radicals. In fact, HDL potently protects both lipid and 

protein moieties of LDL, inhibiting the accumulation of primary and 

secondary peroxidation products [61, 62].  

 

HDL function can be measured in several in vitro assays [55, 63]. There 

are cell-based and cell-free assays to assess the anti-inflammatory and 

antioxidant activities of HDL [64]. LDL added to endothelial cells co-

cultured with smooth muscle cells suffers oxidation and stimulates 

expression of monocyte chemotactic factors and rises monocyte binding 

and transmigration. The addition of HDL can block this response, which is 

indicative of HDL’s antioxidant and anti-inflammatory activities [65]. 

However, HDL from patients facing an acute phase reaction did not show 

antioxidant activity nor monocyte chemotaxis inhibition but increased it, 

exhibiting a pro-inflammatory activity [66]. This means that HDL could also 

become dysfunctional.  

 

Exist an inverse correlation between HDL-C levels and CHD risk, which 

suggests that high HDL-C plasma levels protect from atherosclerosis [67]. 

Thus, many studies aimed at understanding the valuable role of HDL-C 

levels in human pathology. However, it has been demonstrated from 

experimental mice and clinical trials, that HDL particle functionality is 

considerably more important for atheroprotection than HDL-C levels alone 

[55, 67, 68].  
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3.4 LDL 

 

VLDL particles that are not eventually removed from the circulation in the 

form of IDL are converted to LDL. LDL carries most of the cholesterol that 

is in the circulation. The LDL particles have an average diameter of 22-28 

nm, and they are composed of an amphipathic phospholipid surface layer 

and a hydrophobic lipid core. Each LDL particle contains a single apoB-

100 molecule, which is partially embedded in the surface lipid monolayer. 

The layer is composed of about 400 unesterified cholesterol (UC) 

molecules and 800 phospholipid molecules, of which around 500 are 

phosphatidylcholine (PC) and 200 sphingomyelin (SM) [69]. Additionally, 

the surface also contains about 80 molecules of lysophosphatidylcholine 

(LPC) and a few phosphatidylethanolamine and ceramide molecules [70]. 

The lipid core includes around 1600 CE, 200 UC, and 170 TG molecules 

[71]. The main apolipoprotein is B-100 (Figure 10), which represents 

approximately 98% of the protein mass in LDL.  There are, however, 

several other plasma proteins that can provisionally be associated with LDL 

particles in circulation, although their concentration is very low in LDL. 

Proteomic analyses have detected by different techniques over 50 

proteins, in addition to apoB-100 [72-74]. They include the apolipoproteins 

regulating lipoprotein metabolism and lipid transport (apoC-II, apoC-III, 

apoE, apoA-I, apoA-IV, and apoF), proteins related to inflammation (apoD, 

apoJ, apoM, serum amyloid A4, paraoxonase 1, prenylcysteine oxidase 1, 

migration inhibitory factor-related protein 8, and retinol-binding protein), 

thrombosis (fibrinogen a chain), the complement system, and antimicrobial 

functions and innate immunity (lysozyme C, a-1 antitrypsin, apoL-1, and 

transthyretin) [47]. Thus, LDL consists of a spectrum of particles varying in 

composition, size, and density.  
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 LDL structure. 

LDL is a spherical particle with a diameter of 220 nm 

and a mass of ~3,000 kDa. Each particle contains 

~1,500 molecules of cholesteryl ester in an oily core 

that is shielded from the aqueous plasma by a 

hydrophilic coat composed of ~800 molecules of 

phospholipid, ~500 molecules of unesterified 

cholesterol, and 1 molecule of a 500 kDa protein, 

apoB. 

Taken from [75] 

 

 

The rate of LDL production and the rate of LDL clearance define the LDL 

plasma concentration. Both rates are regulated by LDL receptors number 

in the liver. The LDL production rate from VLDL is partly determined by the 

hepatic LDL receptor activity, with high LDL receptor activity resulting in a 

decrease of LDL production due to an increase of IDL uptake. However, 

low LDL receptor activity will result in an increase in LDL production 

formation due to a decrease in IDL uptake. Regarding LDL clearance, 70% 

of circulating LDL is cleared through hepatocyte LDL receptor-mediated 

endocytosis, and the rest is taking up by extrahepatic tissues [76]. A rise in 

the number of hepatic LDL receptors increases LDL clearance, leading to 
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a decrease in plasma LDL levels. A reduction in hepatic LDL receptors 

slows LDL clearance leading to an increase in plasma LDL concentrations 

[77]. 

 

The quantities of liver LDL receptors are mostly regulated by the 

cholesterol content of the hepatocyte. When cell cholesterol levels are low, 

inactive sterol regulatory element binding proteins (SREBPs), are cleaved 

into active transcription factors and stimulate the transcription of the LDL 

receptor and other genes, including HMG-CoA reductase, the rate-limiting 

enzyme in cholesterol synthesis. When cellular cholesterol levels rise, the 

SREBPs remain in an inactive form and do not stimulate LDL receptor 

synthesis. Additionally, cholesterol in the cell is oxidized and these oxidized 

sterols activate LXR, a nuclear hormone receptor that stimulates the 

transcription of E3 ubiquitin ligase, which mediates the ubiquitination and 

degradation of the low-density lipoprotein receptor. As a result, the cell can 

sense the availability of cholesterol and regulate LDL receptor activity. 

Finally, the LDL receptor is targeted for degradation by PCSK9, a protein 

that binds to the LDL receptor and enhances LDL receptor degradation in 

the lysosomes. Thus, the endogenous lipoprotein pathway enables the 

movement of triglycerides synthesized in the liver to muscle and adipose 

tissue. It also gives a pathway for the transport of cholesterol from the liver 

to peripheral tissue [44, 78]. 

 

4. LDL and Atherosclerosis 

 

As mentioned at the beginning of the chapter, subendothelial lipid 

accumulation plays a crucial role in the development of atherosclerotic 

lesions in the arterial cells. 

 

Extra and intracellular lipid accumulation primarily of cholesterol esters 

leading to the formation of foam cells is not only one of the initial 
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manifestations of atherosclerosis, but also the triggering event of the 

atherosclerotic lesion development [79]. The 100 years-old [80] proposed 

hypothesis of cholesterol retention in the artery wall linked to the high levels 

of total cholesterol, that cause the onset and progression of atherosclerosis 

is not applied anymore. Later, it was demonstrated that lipid accumulation 

in the arterial intima is associated with high levels of the atherogenic LDL 

cholesterol [81, 82]. LDL circulating in human blood is the main source of 

lipids accumulated in the arterial walls. However, not all LDL particles are 

atherogenic, native non-modified LDL does not cause lipid accumulation in 

the arterial wall [83]. In contrast, the existence of LDL subfractions 

susceptible to multiple atherogenic modifications (enzymatic and non-

enzymatic) define LDL atherogenicity [84, 85]. Several studies highlighted 

the evidence of modified LDLs in atherosclerotic lesions in both animal and 

human tissues. Orekhov and coworkers reported that LDL acquires 

atherogenic properties after 3h of incubation with blood plasma from 

atherosclerotic patients (Table 3), and its atherogenic potential increases 

during the incubation until 36h when the maximum was reached [84]. 

 

 

 

 Scheme of LDL modification 

Taken from [86] 

 

 

Different types of atherogenic modification of LDL have been discovered in 

the blood of atherosclerotic patients, particularly, small-dense, 

electronegative, oxidized, and desialylated LDL particles [87]. It was 
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demonstrated that the same LDL particle can suffer multiple modifications 

developing the properties of small dense, electro-negative, oxidized and 

desialylated lipoproteins [88]. Therefore, the risk of onset and development 

of atherosclerosis is dependent on the level of multiply modified LDL and 

not as much on the concentration of total LDL in the blood. Hence, it is 

reasonable to believe that this level of modification is a better biomarker of 

atherosclerosis in comparison with the total LDL level [89]. 

 

The mechanisms of LDL modification that yield inflammatory effects and 

their atherogenicity are explained below. 

 

4.1 Oxidized LDL (oxLDL) 

 

LDL oxidation is likely to occur in the vascular wall but not in the blood. It 

has been reported non-enzyme-mediated oxidative modifications, involving 

interaction with proteoglycan, free radical, glycosylation, and also 

modifications mediated by enzymes as, lipoxygenases and 

myeloperoxidase. Additionally, depending on the component of LDL that 

suffers oxidation, modifications can be classified into lipid modification and 

protein modification [90]. In both cases of enzymatic and nonenzymatic 

modifications, the physical structure, the chemical properties, and the 

biological activity of LDL particles can be altered [91].  

 

Under normal conditions, plasma LDL is composed of triglycerides and 

cholesterol esters with an outer layer composed of phospholipids, free 

cholesterol, and apoB that hold hydrophobic cholesterol through the blood. 

However, under oxidative stress, the oxidation of LDL occurs primarily by 

a process of lipid peroxidation involving the phospholipid molecules and 

apo-B. In some pathological conditions, apoB-containing lipoproteins in the 

plasma infiltrate through the injured endothelium into vascular 

subendothelial intima getting oxidized by the reactive oxygen species 
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(ROS) generated by the cell metabolism [92-94]. Under these conditions, 

the native LDL particle is modified into oxLDL (Figure 11)  [95]. 

 

 

 

 

 OxLDL. Oxidized product-induced native LDL 

oxidation and modifications of apoB amino acids. 

Taken from [96] 

 

 

4.2 Desialylated LDL 

 

Desialylation is probably one of the first steps in a series of several LDL 

atherogenic modifications in the bloodstream of atherosclerotic patients, 

and as a result, these LDL particles have a decreased content of sialic acid. 

Sialic acids are a family of amino sugars that are usually found as terminal 

oligosaccharide residues present in the LDL apolipoprotein and glycolipid 

constituents. Different studies have demonstrated that LDL has a 2.5- to 5-

fold lower content of sialic acid in patients with coronary artery disease 

compared with healthy subjects [83]. Sialic acid-poor LDLs have been 

shown to stimulate intracellular lipid accumulation, and in contrast to native 

LDL, desialylated LDL can bind to the scavenger receptor, the 

asialoglycoprotein receptor, and the cellular surface proteoglycans. After 
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desialylation, other physical and chemical modifications occur, involving a 

decrease of the cholesterol, triglycerides and phospholipids content, a 

decrease of the particle size and an increase of the electric charge (Table 

3) [86]. 

 

4.3 Glycated LDL (glyLDL) 

 

The glycosylation process affects the apoB in LDL particles. The 

irreversible glycation of native LDL begins with the non-enzymatic addition 

of reducing sugars to the positively charged lysine and/or arginine residues 

of apoB and continues with the formation of sugar-amino acid products, 

known as advanced glycation end-products (AGE) (Figure 12)   [97]. This 

mechanism of modification is highly relevant in diabetes and insulin 

resistance [98]. 

 

 

 

 Glycosylation: modification of LDL and apoB 

by advanced glycosylation end-products (AGEs). 

Taken from [96] 
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4.4 Small-dense LDL (sdLDL) 

 

These LDL particles present decreased size and increased density 

compared to normal large LDL particles. Metabolic studies have revealed 

that sdLDL particles originate after the delipidation of very large 

atherogenic VLDL by LPL and HL [99, 100]. The circulation mean lifetime 

of these particles is longer than that of large LDL particles which are cleared 

with more efficacy through the LDL receptor [101]. Consequently, 

circulating sdLDL particles suffer several atherogenic modifications 

(desialylation, glycation, and oxidation) which increase their atherogenicity 

[90].  

 

4.5 Carbamylated LDL 

 

Carbamylation is a nonenzymatic modification of a protein by cyanate 

(Figure 13) [102]. It has been demonstrated that carbamylated LDL induces 

endothelial dysfunction via endothelial nitric oxide synthase (eNOS) 

uncoupling, being consequently, an increased source of ROS [103, 104]. It 

has been also reported that carbamylation of LDL renders these particles 

more susceptible to oxidation [105]. 

 

 

 Carbamylation. Urea dissociates to cyanate 

and reacts irreversibly with the N-terminal group of 

amino acids. 

Taken from [96] 



61 

 

4.6 Electronegative LDL [LDL(-)] 

 

A common characteristic of the previously mentioned LDL modifications is 

an increase in the electronegative charge of the LDL particles. Different 

studies described that electronegative LDL [LDL(-)] exhibits numerous 

atherogenic properties, which include increased oxidative level, increased 

aggregation and loss for LDL-R affinity [106-108]. Also, LDL(-) promotes 

inflammatory responses, apoptosis and cell proliferation [109, 110]. LDL(-) 

is a heterogeneous combination of particles due to its multiple origins, 

which includes not only modified LDL particles but also LDLs with size, 

density, and composition alterations. They show different compositions and 

properties, being their negative charge a common characteristic between 

them [105].  

 

Electronegative LDL could considerably contribute to the development of 

CHD, despite being a small percentage of total plasma LDL. In the plasma 

of diabetic individuals and other individuals with high CHD risk, the relative 

proportion of LDL(-) is increased [111]. The LDL(-) percentage is increased 

in pathologies as FH, hypertriglyceridemia, type 1 and type 2 diabetes, 

obesity, renal failure, insulin resistance and metabolic syndrome (MS) 

[105]. Furthermore, LDL(-) is associated with the size of atherosclerotic 

lesions [112]. 

 

4.7 Aggregated LDL (agLDL). 

 

As it is mentioned throughout the chapter, LDL particles move into the 

arterial intima and bind to the extracellular matrix, they become modified 

by proteases, lipases, and oxidizing enzymes. Modification of the surface 

structure of an LDL particle might cause the loss of particle stability, and 

this will affect the interactions between the LDL particles, leading to their 

aggregation and subsequent fusion (Figure 11) [113].  
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The most relevant mechanism for LDL aggregation in the arterial wall 

environment is lipolysis, mainly mediated by sphingomyelinase (SMase) 

[114, 115]. SMase is secreted by endothelial cells and macrophages and 

in areas of the atherosclerotic lesion is hyper-expressed. It is possible to 

modify LDL particles in vitro with this enzyme, originating aggregated 

particles that resemble lipoproteins isolated from atherosclerotic lesions, 

including the increased ceramide content that is present in very large LDL 

aggregates [113, 115-117].  

 

 

 

 Aggregation and fusion of LDL. 

Native LDL, Aggregated LDL and Fused LDL (Taken 

from left to right). 

Taken from [113] 

 

 

The LDL particles isolated from atherosclerotic lesions have a lower PC 

and a higher LPC content compared to plasma LDL [118], suggesting that 

their phospholipids have been oxidatively altered or hydrolyzed by 

phospholipase A2. Both enzymes, Phospholipase A2 and SMase induce 

changes in the conformation of apoB-100 [119, 120]. Regarding SM 

hydrolysis, LDL aggregation is mediated via protein-protein interactions 
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which occur after lipolysis-induced conformational changes in apoB-100 

[120].  

Also, proteolytic enzymes present in human atherosclerotic lesions have 

been shown to induce aggregation and/or fusion of LDL particles in vitro, 

increasing the interaction of these LDL particles with the components of the 

extracellular matrix present in the arterial intima [113]. 

 

Modified LDL particles could bind to antibodies and aggregate. The 

majority of circulating oxidized LDL particles are found as oxLDL immune 

complexes, and their concentration is associated with atherosclerosis and 

cardiovascular events [121, 122]. These immune complexes could be also 

formed inside the intima, where modified lipoproteins accumulate, and be 

part of atherosclerosis lesions [123]. 

 

5. Apolipoprotein J (ApoJ) or Clusterin (CLU) 

 

ApoJ (also known as clusterin, CLU) is a heterodimeric glycoprotein of 70–

80 kDa, linked by five disulfide bonds, constituted of α and β subunits 

produced by a single cleavage from the protein precursor (Figure 12). It is 

expressed in several tissues and all human fluids [124, 125]. Plasma apoJ 

mainly appears as a soluble protein or as a part of a lipid-poor subclass of 

HDLs [126], although recent proteomic analyses also revealed that it is 

bound to LDL and VLDL [73, 127]. Clusterin is implicated in numerous 

physiological processes such as complement inhibition, sperm maturation, 

lipid transportation, tissue remodeling, membrane recycling, stabilization of 

stressed proteins in a folding-competent state, and the inhibition or 

promotion of apoptosis. ApoJ is upregulated under a variety of pathological 

conditions, including aging, atherosclerosis, diabetes, and degenerative 

diseases [128-130]. Additionally, it has been associated with cancer 

promotion and metastasis [131].  
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In plasma, apoJ coexists in HDL particles with apoA‑I and apoE, which 

might play an essential role in RCT from peripheral tissues to the liver [124]. 

ApoJ was detected in the intima, as well as in the media layer, in early 

stages of atherosclerosis but not in normal aortic walls [132]. It has been 

demonstrated that apoJ has a protective role in atherosclerosis and 

induces cholesterol and phospholipid export from macrophage‑foam cells 

[133]. 

Exist two alternatively spliced forms of the CLU gene that encode for 

secretory CLU (sCLU) or nuclear CLU (nCLU). What we know as apoJ 

specifically corresponds to sCLU. The secretory form appears to be 

cytoprotective [134] while nCLU migrates to the nucleus on cytotoxic stress 

to trigger cell death [135]. Regarding the cytoprotective effect of sCLU 

(apoJ), there is increasing evidence that apoJ is induced by stress and acts 

as an extracellular chaperone similar to small heat shock proteins [136]. It 

means that apoJ is a protein that regulates the correct folding of maturing 

proteins or prevents the aggregation of denatured proteins [137]. 

 

The primary structure of apoJ is highly conserved between different 

species and after its first isolation, an amphipathic character was described 

[138]. Regarding secondary structural elements, an α-helical content of up 

to 60% was calculated [139, 140]. On the tertiary structure level, apoJ fits 

the family of intrinsically disordered proteins, meaning that it partially lacks 

a defined tertiary structure, consequently exposing hydrophobic regions, 

towards the external space [141]. This allows for binding to other molecules 

via hydrophobic interactions. 
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 ApoJ structure 

Taken from [142] 

 

 

During vascular damage, apoJ was found to accumulate in the human 

serum of diabetes type II patients, during myocardial infarction, or in the 

artery wall during atherosclerosis [128, 143]. It is present in mouse and 

human atherosclerotic lesions, but not in normal arterial tissue [132, 144].  

 

In tissue cultures apoJ acts as an acceptor of cholesterol from 

macrophage-derived foam cells, which suggest that this protein at high 

concentrations in the surrounding environment of stressed cells, has the 

potential to eliminate cholesterol from damaged cell membranes and then 

transport it to HDL particles for subsequent clearance through RCT [145]. 

In another study it was found that apoJ colocalizes with enzymatically 

modified LDL in atherosclerotic lesions, favoring protective roles through 

its ability to inactivate C5b-9 complement complexes, and by reducing the 

cytotoxic effects of modified LDL on cells that gain contact with the 

lipoprotein [146]. Additionally, our group has previously demonstrated that 

apoJ plays an active protective role against LDL aggregation [147].  
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6. Mimetic Peptides 

 

Peptides are fragments of proteins with biological functions. They act as 

signaling units and interfere with protein-protein interactions, which are 

essential in biological processes. Generally, a mimetic peptide consists of 

at least six amino acids, and short peptides should not contain more than 

45 amino acids [148]. Mimetic peptides have aroused significant interest 

due to their unique features and promise in innovative biotherapies. They 

can mimic the entire protein function and achieve an expected result, but 

they are much easier and cheaper to produce and manage. Also, mimetic 

peptides have been shown to have desirable pharmacological profiles and 

their specificity has been observed to translate into remarkable safety, 

tolerability, and efficacy profiles in humans [149, 150]. 

 

Focus on lipids has been the major strategy used in treating CVD and 

cholesterol-lowering drugs are the main therapy to prevent atherosclerosis. 

Other used drugs in CVD include anticoagulants, anti-inflammatory 

medicines, and beta-blockers. Even that these drugs have shown efficacy, 

many of them are also associated with varied side effects [151, 152]. Many 

therapies are currently under study to improve pathological cardiovascular 

complications, but nowadays there have been very few new drugs 

approved for treatment. In recent times, an interest in developing peptides 

and their mimetics for therapeutic intervention has emerged. Peptides that 

mimic the role of mediators implicated in the pathologic processes during 

vascular damage have been developed [153], some of them will be 

described below. 

 

6.1 ApoA-I mimetic peptide 

 

The first apoA-I mimetic peptide was synthesized by Anantharamaiah et al. 

[154]. Later, this 18 amino acid peptide has suffered several modifications 
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to generate variant mimetic peptides with higher lipid affinity, increased 

homology to apoA-I, and enhanced anti-atherogenic properties [155]. An 

example of this is the 4F peptide that replicates the helical and amphipathic 

portion of apoA-I which is key for its function [156]. D-4F and L-4F, which 

involve D- and L-isomers of the amino acids, demonstrate similar 

functionality as apoA-I, D-4F being more stable via oral administration 

[157]. However, even though this peptide demonstrated effective 

antioxidant, anti-inflammatory, and atheroprotective effects in experimental 

models in apoE null mice and human aortic cell cultures, 4F peptides have 

failed to show some effectiveness in human trials [158-161]. 

 

Other apoA-I mimetics have been developed to improve some of the 

limitations of previous peptides. For example, the 6F peptide, which was 

also shown to have potent anti-inflammatory, antioxidant, and 

atheroprotective effects in LDL receptor-null mice but with reduced overall 

costs for synthesis [162, 163]. Another example is the 5A peptide, in which 

five amino acids were replaced to decrease its cytotoxicity associated with 

its high lipid binding affinity [164].  

 

A recently described apoA-I mimetic peptide, named FAMP (Fukuoka 

University APOA-I mimetic peptide), has been shown to efficiently enhance 

HDL function in apoE-deficient mice. It has been described to act via 

ABCA1 in a highly specific manner [165]. 

 

6.2 ApoE mimetic peptide 

 

Mimetic peptides based on the apoE structure have been recently 

designed. The ATI-5261 is a 36 amino acid peptide that induces ABCA1-

mediated cholesterol transport and reduces aortic lesion area and plaque 

lipid content in mice models of atherosclerosis [166].  
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One of the most characterized apoE mimetic is the Ac-hE18A-NH2, 

constituted of a region of the LDL binding domain of apoE connected to the 

previously described apoA-I mimetic 18A [167]. This peptide was shown to 

reduce plasma cholesterol in different animal models with dyslipidemia and 

had the additional advantage of clearing atherogenic lipoproteins because 

of the presence of the LDL binding domain [168]. This peptide, under the 

name AEM-28, is undergoing initial clinical review [169]. 

 

6.3 ApoJ mimetic peptide 

 

As previously described, apoJ is another HDL-associated protein. The 

helices on the apoJ peptide are primarily class G* amphipathic helices. This 

G* class helix holds a random distribution of positively and negatively 

charged residues on the polar face and it has a broad nonpolar face which 

allows it to easily bind to phospholipids [170]. 

 

Navab et al. found several potential G*amphipathic helices in apoJ and 

synthesized and tested seven of these structures [171]. Six of them were 

anti-inflammatory, but only two were as efficient as the intact apoJ protein. 

These peptides were synthesized from D-amino acids and investigated for 

their ability to inhibit atherosclerosis in apoE null mice after oral 

administration. As a result, only the sequence D-[113–122]apoJ (Figure 

13), which is the peptide that we studied in this project of thesis, inhibited 

the lesion formation in apoE null mice [171].  
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 D-[113–122]apoJ peptide structure. 

Taken from [172] 

 

 

Oral administration of the 10-aminoacid D-[113–122]apoJ peptide reduced 

atherosclerosis by 70%. In comparison with D-4F peptide, after an oral 

dose, D-[113–122]apoJ associated with HDL more slowly and was also 

cleared from plasma much more slowly. Consequently, a single oral dose 

of D-[113–122]apoJ improved the anti-inflammatory properties of apoE null 

mice HDL. In monkeys, oral D-[113–122]apoJ peptide reduced lipoprotein 

lipid hydroperoxides and improved HDL inflammatory properties [171]. 

 

This thesis will add to the existing D-[113–122]apoJ evidence, significant 

studies that not only confirm the already promising functions of this peptide 

but new data regarding its involvement in atherosclerosis. 
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Chapter II 

 

▪ HYPOTHESIS AND OBJECTIVES 
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A growing interest in the application of mimetic peptides as therapeutic 

agents has been raised in the last years. Experimental evidence suggests 

that peptides derived from apolipoproteins, such as apoA-I, apoE, and 

apoJ-derived peptides, are potential therapeutic agents against 

atherosclerosis. Most of these peptides promote cholesterol efflux and 

enhance the antiatherogenic functions of the HDL.  

 

ApoJ is a glycoprotein that is mainly associated in plasma with HDL, but it 

also can be transported by LDL and VLDL. ApoJ has been detected in the 

aortic wall during early stages of atherosclerosis, which is considered an 

antiatherogenic mechanism. D-[113–122]apoJ, a mimetic peptide derived 

from the amino acid sequence of apoJ, displays anti-inflammatory and anti-

atherogenic properties in the experimental model of apoE knockout mice. 

It has been reported that this synthetic peptide enhances the anti-

inflammatory capacity of the HDL and reduces lipid hydroperoxide content 

in vivo and in vitro conditions. However, the direct effect of this peptide on 

LDL has not been studied yet. This is relevant since the development of 

atherosclerotic lesions in humans is mainly mediated by the cholesterol 

transported in LDL particles. 

 

However, the in vitro and in vivo action of D-[113–122]apoJ peptide on LDL 

remains poorly explored. This is in part because of its high association with 

HDL and the difficulty to obtain an important amount of LDL particles for 

analysis in most mice models of atherosclerosis. 

 

D-[113–122]apoJ peptide administration has been proven to reduce 

atherosclerosis. It was previously demonstrated that apoJ prevents the LDL 

aggregation process induced by SMase in vitro, we, therefore, 

hypothesized that the D-[113–122]apoJ peptide might also prevent this 

process.  
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Since LDL is the main lipoprotein found in atherosclerotic lesions and LDL 

aggregation is an important process during atherosclerosis development, 

we tested the hypothesis that D-[113–122]apoJ peptide administration 

could improve the functional properties of LDL in vitro, and also that the 

peptide could retard the atherosclerosis progression in a suitable mouse 

model in vivo. 

 

Based on the existing knowledge of apoJ and the D-[113–122]apoJ 

mimetic peptide, the objectives of this thesis were the following: 

 

1. To study in vitro the putative inhibitory effect of D-[113–122]apoJ 

mimetic peptide on spontaneous and SMase-induced LDL 

aggregation. 

 

2. To elucidate the molecular mechanisms involved in the inhibition of 

LDL aggregation mediated by D-[113–122]apoJ mimetic peptide. 

 

3. To determine the effect of D-[113–122]apoJ peptide administration 

on aortic atherosclerosis in LDLR-KO mice. 

 

4. To explore the lipoprotein function in LDLR-KO treated mice, by 

analyzing the: 

 

a. Pro- and antioxidant capacity of mice lipoproteins. 

 

b. Cholesterol efflux capacity of HDL. 

 

c. LDL aggregation process induced by SMase. 

 

d. Electronegativity of LDL. 
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5. To evaluate the potential role of D-[113–122]apoJ on liver 

inflammation through the analysis of inflammation-related genes. 
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Chapter III 

 

▪ MATERIALS AND METHODS 
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Specific methods and procedures of each research design are summarized 

in Table 4 and detailed described afterward. 

 

METHOD Paper 

1 

Paper 

2 

1. Peptides X X 

2. Animal study design  X 

3. Lipoprotein isolation 

    3.1 Human lipoprotein isolation 

    3.2 Mice lipoprotein isolation 

 

X 

 

 

X 

4. LDL subfraction separation X  

5. Plasma and lipoprotein characterization 

    5.1 Lipid composition 

    5.2 Protein composition 

    5.3 Sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE) 

    5.4 Laurdan generalized polarization (GP) 

 

X 

X 

X 

X 

X 

 

X 

X 

6. In vitro modification of LDL  

    6.1 Spontaneous aggregation 

    6.2 SMase-induced aggregation 

 

X 

X 

 

 

X 

7. Methods for monitoring LDL aggregation 

    7.1 Turbidity 

    7.2 Size exclusion chromatography (SEC) 

    7.3 Non-denaturing gradient gel electrophoresis (GGE) 

    7.4 Dynamic light scattering (DLS) 

    7.5 Transmission electronic microscopy (TEM) 

 

X 

X 

X 

X 

X 

 

X 

X 

8. Binding of D-[113–122]apoJ peptide to LDL X  

9. Susceptibility to oxidation of LDL and HDL  X 

10. Electronegativity of LDL  X 

11. Cholesterol efflux capacity of HDL  X 
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12. Evaluation of atherosclerotic lesions 

      12.1 Oil red O staining 

 

 

X 

X 

13. Quantitative RT-PCR analyses 

      13.1 Tissue collection    

      13.2 RNA isolation 

      13.3 cDNA generation 

      13.4 RT-PCR  

  

X 

X 

X 

X 

14. Statistical analysis  X X 

 

 Methodology used in each of the publications 

presented. P: publication. 
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1. Peptides 

 

The amino acid sequence of D-[113–122]apoJ peptide is 

Ac-LVGRQLEEFL-NH2. The inactive control scrambled peptide 

(Sc-D-[113–122]apoJ) has the same amino acid composition as 

D-[113-122]apoJ but in a sequence that does not promote G* amphipathic 

helix formation (Ac- LRGVQLLEFE-NH2). Both peptides were obtained 

from Caslo (Kongens Lyngby, Denmark). 

 

2. Animal Study Design 

 

LDLR-KO mice from the C57BL/6 background were purchased from 

Jackson Laboratories (Bar Harbor, ME, USA; #002207).  

 

Fifteen-month-old, female mice were randomly distributed into three 

groups depending on the received treatment. D-[113–122]apoJ peptide 

group (n = 12), scrambled peptide group (n = 8) and vehicle group (control, 

n = 8). The reason for using females is that the development of 

atherosclerosis is higher in female than in male mice [173]. 

 

Mice were housed in a controlled temperature environment (22 ºC), 

exposed to a 12-h light/dark cycle, and food and water were provided ad 

libitum. Mice fed Western diet (WD) (TD.88137, Harlan Teklad, Madison, 

WI, USA, containing 21% fat and 0.2% cholesterol). Peptides (10 µg/g body 

weight) were administered subcutaneously three days per week (200 µg in 

100 µL of saline). Weight and food intake were monitored for all 

experimental groups.  

 

At the end of the study (eight weeks of treatment), mice were kept on a 4h 

food deprivation, sacrificed, and exsanguinated by cardiac puncture 

previously anesthetized with isoflurane (Forane®, Abbott). After 
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euthanasia, blood, heart, and liver were collected. Mice plasmas were 

obtained by centrifugation at 3,000 g for 10 min. Figure 20 illustrates a flow 

chart of the experimental design. 

 

 

 

 Experimental design. 

 

 

All animal procedures were reviewed and approved by the Institutional 

Animal Care Committee of the Institut de Recerca de l’Hospital de la Santa 

Creu i Sant Pau (Procedure Nº 103), and the methods were conducted in 

accordance with the approved guidelines. 

 

3. Lipoprotein isolation by Sequential Ultracentrifugation 

 

All lipoproteins were isolated by ultracentrifugation flotation, using the 

appropriate density. 

 

Materials  

- Centrifuge tubes of 2.5 mL maximal volume (polycarbonate plastic). 

- Centrifuge tubes of 20 mL maximal volume (polycarbonate plastic). 

- Ultracentrifuge Beckman. 

- Analytical fixed-angle rotor (50.3 and 55.38, Beckman Coulter). 

- Lab material (pipettes, tips, eppendorf tubes …). 

- Density Solutions: 
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1.006 g/mL density solution: 0.15 mM chloramphenicol, 0.15 M 

NaCl, 0.08 g gentamycin. Dissolve all components in distilled water in a 

final volume of 2 L and adjust pH at 7.4. 

 

1.019 g/mL density solution: 9.5 g of potassium bromide (KBr) to 

500 mL of density solution 1.006 g/mL (KBr is just directly added to this 

volume of 1.006 g/mL solution). 

 

1.050 g/mL density solution: 6.54 g KBr to 100 mL of density 

solution 1.006 g/mL (KBr is just directly added to this volume of 1.006 g/mL 

solution). 

 

1.063 g/mL density solution: 8.53 g KBr to 100 mL of density 

solution 1.006 g/mL (KBr is just directly added to this volume of 1.006 g/mL 

solution). 

 

1.340 g/mL density solution: 57.40 g KBr to 100 mL of density 

solution 1.006 g/mL (KBr is just directly added to this volume) 

 

All density solutions contained 1mM ethylenediaminetetraacetic acid 

(EDTA) and 2 μM butylated hydroxytoluene (BHT), and ultracentrifugation 

steps were performed at 4 °C to prevent lipoperoxidation. 

 

3.1 Human lipoprotein isolation 

 

The obtention of human plasma samples for this study was approved by 

the Ethics Committee of the Hospital de la Santa Creu i Sant Pau. 
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Pooled plasma of healthy volunteers was obtained after their informed 

consent. Cholesterol and triglycerides were measured to ensure that all the 

samples were normolipemic.  

 

Lipoproteins were isolated using potassium bromide (KBr) gradients by 

sequential ultracentrifugation (55.38 rotor, Beckman Coulter, Fullerton, CA, 

USA) for 24 hours at 100,000 g at 4 ºC [174] in accordance with their 

density as shown in Table 5.  

 

 

LIPOPROTEIN DENSITY 

VLDL 

LDL 

HDL 

<1.019 g/mL 

1.019-1.050 g/mL 

1.063-1.210 g/mL 

 

 Lipoprotein density distribution 

 

 

The density to isolate each lipoprotein fraction was reached by adding the 

proper amount of KBr following the formula of Radding and Steinberg [175] 

(Figure 20). The density of plasma generally is assumed to be 1.006 g/mL. 

 

 

 Radding and Steinberg formula. Where X = g of 

KBr, V = mL of plasma, di = initial density, df = final 

density, 0.312 = partial specific volume of KBr mL/g 

Taken from [175] 

 

For LDL isolation, the first isolation step at a density of 1.019 g/mL was 

performed to remove VLDL and IDL. Then, total LDL was isolated at 1.050 

g/mL to avoid contamination with Lp(a) and oxidized LDL. 
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3.2 Mice lipoprotein isolation 

 

VLDL (density <1.019 g/mL), LDL (density 1.019–1.063 g/mL), and HDL 

(density 1.063–1.210 g/mL) were isolated from each mice plasma by 

sequential ultracentrifugation, using KBr for density adjustment, at 100,000 

g for 24 h at 4 ºC with an analytical fixed-angle rotor (50.3, Beckman 

Coulter, Fullerton, CA, USA). Once calculated the needed quantity in g of 

KBr, these were added to the plasma sample using the concentrated 

density solution 1.340 g/mL as follow: 

 

VLDL isolation 

 

𝑔𝐾𝐵𝑟 =
𝑉𝑓(𝑑𝑓−𝑑𝑖)

1−(0.312∗𝑑𝑓)
  =  

2.5 𝑚𝐿(1.019−1.006)

1−(0.312∗1.019)
= 0.05𝑔𝐾𝐵𝑟 

 

𝑚𝐿 1.340 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =
0.05𝑔𝐾𝐵𝑟 ∗ 117.9 𝑚𝐿

57.4𝑔𝐾𝐵𝑟
= 0.103𝑚𝐿 

 

For the isolation of LDL and HDL, the above-mentioned calculations are 

used but with their respective densities. 

 

4. LDL subfraction separation 

 

LDL holds a small amount of LDL(−), which displays a phospholipase C 

(PLC)-like activity [176], which could interfere with our aggregation studies. 

Hence, in SMase-induced aggregation studies, total LDL was sub-

fractionated in native LDL (LDL[+]) and LDL(−). 

 

Isolated LDL was dialyzed against Buffer A (Tris-HCl 10 mM, EDTA 1 mM, 

pH 7.4) to remove KBr and sub-fractioned by anion-exchange 

chromatography using a HiLoad 26/10 Q-Sepharose High-Performance 
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Column in an ÄKTA Fast Protein Liquid Chromatography (FPLC) system 

(GE Healthcare). 

 

The method used was a step salt gradient (Table 6) using Buffer A as a 

binding buffer and Buffer B or salted buffer (Tris-HCl 10 mM, NaCl 1M, 

EDTA 1 mM, pH 7.4) as an elution buffer. 

  

Buffer volumes Buffer B (%) 

0 – 108 mL (2 cv) 

108 – 161 mL (1 cv) 

161 – 267 mL (2 cv) 

267 – 373 mL (2 cv) 

373 - 479 mL (2 cv) 

479 – 506 mL (0.5 cv) 

0 % 

0 – 10 % 

24.5 % 

60 % 

100 % 

0 % 

 

 Step salt gradient for LDL (+) and LDL (-) 

isolation by FPLC. Cv: column volume. 

 

LDL (+) eluted and collected at 0.25 M NaCl (26% B Buffer) and LDL (-) 

eluted at 0.6 M NaCl (60% B Buffer). Chromatograms were obtained by 

monitoring absorbance at 280 nm. 

 

5. Plasma and lipoprotein characterization 

5.1 Lipid composition 

 

Plasma lipid profile and lipoprotein composition of major lipids were 

measured by commercial methods adapted to a Cobas 6000/c501 

autoanalyzer (Roche Diagnostics, Basel, Switzerland). 

 

Total cholesterol (TC), triglycerides (TG), aspartate transaminase (AST), 

alanine transaminase (ALT), and apolipoprotein (apo) B reagents were 

obtained from Roche Diagnostics (Basel, Switzerland). Total phospholipids 
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(PL), non-esterified fatty acids (NEFAs), and free cholesterol (FC) reagents 

were obtained from Wako Chemicals (Richmond, VA, USA). TC, TG, AST, 

ALT, PL and NEFA, used enzyme-colorimetric assay while apoB employed 

an immunoturbidimetric assay. The quality control assessment for each of 

these tests was done at run-time and all of them fell within the acceptable 

range defined as two times the standard deviation. Mice triglyceride 

determinations were corrected for the free glycerol present in plasma 

(Sigma-Aldrich St. Louis, MO).  

 

Cholesterol, triglycerides, and phospholipid content in mice livers was 

determined after solvent extraction. Liver lipids were extracted with 

isopropyl alcohol-hexane (2:3, v/v) from 500-1000 mg of the liver. After the 

addition of sodium sulfate (Na2SO4), the lipid layer was isolated, dried with 

nitrogen, reconstituted with 0.5% (w/v) sodium cholate (Serva, Heidelberg, 

Germany) and sonicated using an ultrasound bath (model 5510-MT, 

Branson Ultrasonics Corp., Danbury, CT, USA) for 10 min (50 Hz) prior to 

lipid measurements. 

 

5.2 Protein composition 

 

The protein content of each lipoprotein was assessed by bicinchoninic acid 

technique Pierce TM BCA Protein Assay (Thermo Fisher Scientific, 

Rockford, IL, USA) following the next procedure: 

 

1. On a microplate pipette 25 µL of each standard or unknown sample 

replicate into a microplate well (working range = 20–2000 µg/mL).  

2. Add 200 µL of the working reagent to each well and mix the plate 

thoroughly on a plate shaker for 30 seconds. 

3. Cover the plate and incubate at 37°C for 30 minutes. 

4. Cool plate to RT. Measure the absorbance at or near 562 nm on a plate 

reader. 
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Note: wavelengths from 540–590 nm have been used successfully with this 

method. 

5. Subtract the average 562 nm absorbance measurement of the Blank 

standard replicates from the 562 nm measurements of all other individual 

standard and unknown sample replicates. 

6. Prepare a standard curve by plotting the average Blank–corrected 562 

nm measurement for each BSA standard vs. its concentration in µg/mL. 

Use the standard curve to determine the protein concentration of each 

unknown sample. 

 

5.3 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE) 

 

ApoB degradation was assessed by SDS-PAGE in 7.5% polyacrylamide 

gels stained with Coomassie Brilliant Blue (see Figure 22). 

 

 
 Schematic view of SDS-PAGE process of 

protein samples. 

Taken from [177] 
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5.4 Laurdan generalized polarization (GP) 

 

Laurdan (2-dimethylamino-6-lauroylnaphthalene) generalized polarization 

(GP) fluorescence was used to assess the effect of D-[113–122]apoJ 

peptide on lipid packaging in the LDL surface. Fluorescence was measured 

in a Biotek Synergy HT fluorimeter (Biotek Instruments, Winooski, Vermont, 

USA), using an excitation wavelength at 380 nm and emission wavelengths 

at 420 and 480 nm, as described in the below procedure: 

 

1. Incubate LDL overnight with D-[113–122]apoJ peptide at RT. 

2. Label LDL with 0.3 µL of a 1.34 mM solution of Laurdan in dimethyl 

sulfoxide (final concentrations: 0.4 μM Laurdan, 0.01% (vol%) DMSO). 

3. Equilibrate the sample for 10 minutes at RT. 

4. Transfer 200 µL of LDL to a 96-well plate for fluorescence measurement. 

5. Measure fluorescence in a fluorimeter (excitation 380nm, emission 420 

and 480nm). 

6. Following subtraction of the blank, calculate GP with the following 

equation [178]: 

𝐺𝑃 =
I420 − I480

I420 + I480
 ; 

 

where I420 and I480 are the emission intensities at 420 and 480 nm, 

respectively. 

 

6. Modification of LDL in vitro 

6.1 LDL spontaneous aggregation 

 

For spontaneous aggregation studies total LDL (including LDL(+) and 

LDL(−)) was used since LDL(−) acts as a primer for lipoprotein aggregation. 

 



90 

 

Total LDL (0.5 mg/mL) apoB in buffer A containing was incubated at 25 °C 

in the absence or presence of D-[113–122]apoJ peptide (apoB/peptide 

molar ratios of 1:1 and 1:10) for up to 16 days without any external 

aggregation stimuli [147]. Therefore, the aggregation process occurred 

spontaneously. 

 

6.2 LDL SMase-induced aggregation 

 

In SMase-induced aggregation studies we used LDL(+) since 

electronegative LDL could interfere with the aggregation studies because 

its intrinsic phospholipase C (PLC)-like activity.  

 

LDL(+) (0.5 mg/mL apoB) dialyzed in 20 mM Tris (pH 7.4) buffer, containing 

150 mM NaCl, 2 mM CaCl2, 2 mM MgCl2, and 2 μM BHT, was incubated 

at 37 °C in the presence or absence of D-[113–122] apoJ or scrambled 

peptide for up to 24 h with SMase from Bacillus cereus sp. (Sigma 

Diagnostics, Livonia, MI, USA) with a final concentration of 5 mU/mL [147]. 

A molar ratio of 1:1 of apoB/peptide was used. Enzymatic lipolysis was 

stopped by the addition of 10 mM EDTA.  

 

The same process was applied to study mice LDL aggregation, however, 

the LDL concentration in mice was 0.6 mmol/L cholesterol, it was dialyzed 

in phosphate-buffered saline and incubated at 37 ºC for 2 h with SMase 

from Bacillus cereus sp. (Sigma Diagnostics, Livonia, MI, USA) at a final 

concentration of 50 mU/mL in the presence of 2 mM CaCl2 and 2 mM 

MgCl2. 
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7. Methods for monitoring LDL aggregation 

7.1 Turbidity  

 

Samples' turbidity was determined by measuring absorbance at 450 nm of 

100 μL of LDLs (0.5 mg/mL apoB) in an AD340 microplate reader 

(Beckman Coulter, Brea, CA, USA). 

 

7.2 Size exclusion chromatography (SEC) 

 

Size-exclusion chromatography (SEC) was performed for monitoring 

aggregation using a Superose 6 Increase 5/150 GL column in an AKTA-

FPLC system (GE Healthcare Chicago, IL, USA). Fifty μL of human LDL at 

0.5 mg/mL apoB and two hundred µL of mice LDL were injected in the 

column, eluted at a flow rate of 0.3 mL/min, and peaks were detected at 

280 nm. This chromatography distinguishes two peaks of LDL, eluting first 

aggregated LDL (2.5 mL) and later monomeric LDL (3.1 mL). 

 

7.3 Non-denaturing gradient gel electrophoresis (GGE) 

 

The development of aggregated particles was evaluated by non-denaturing 

polyacrylamide gradient (2–16%) gel electrophoresis after 6 h of 

electrophoresis at 100 V. 

 

7.4 Dynamic light scattering (DLS) 

 

The detection of the light scattered from the interaction of light with matter 

gives information related to the physical characteristics of the sample. 

Volume size distribution of LDL particles was determined by DLS at 633 

nm in a Zetasizer NanoZS (Malvern Instruments Limited, Malvern, UK) at 

a concentration of 0.5 mg/mL apoB. Particle size was obtained from the 

function of distribution by intensity, while the relative proportion of each 



92 

 

population was derived from the function of distribution by volume, 

employing the software of the instrument. 

 

7.5 Transmission electronic microscopy (TEM) 

 

TEM was applied to visualize LDLs particles and generate a highly 

magnified image. LDLs were absorbed and processed for negative staining 

with 2% potassium phosphotungstate, pH 7.0, on carbon-coated grids. 

Micrographs were obtained using a Jeol 120-kV JEM-1400 TEM with an 

Erlangshen ES1000W CCD camera (Gatan, Abingdon, UK). 

 

8. Binding of D-[113–122]apoJ peptide to LDL 

 

The ability of D-[113–122]apoJ peptide to bind to LDL with different levels 

of aggregation was tested as described below: 

 

One hundred μL of D-[113–122]apoJ peptide at 1 mg/mL was incubated 

for 12 h at 4 °C in 96-well plates for fluorescent detection. The peptide not 

bound was washed out and the free binding sites in wells were blocked 

with a solution of 20 g/L albumin in PBS for 2 h at 37 °C. Subsequently, 

LDLs (0.5 g/L apoB) were added in triplicate and incubated with soft 

agitation for 12 h at 37 °C. Plates were washed four times with PBS, and 

the quantity of bound LDL was assessed using an Amplex® Red 

Cholesterol Assay Kit (Sigma Diagnostics, Livonia, MI, USA), according to 

the manufacturer's instructions. This kit provides a simple fluorometric 

method for the sensitive quantitation of cholesterol using a fluorescence 

microplate reader or fluorometer. 

 

To test the effect of aggregation, different LDLs with rising levels of 

aggregation were used. First, total LDLs were left at room temperature to 

spontaneously aggregate. Then, we used fresh LDL(+) (aggregation below 
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1%) and total LDL incubated for 7 days (10–15% of aggregated particles), 

12 days (20–25% of aggregated for particles), or 20 days (50–60% of 

aggregated particles) at room temperature. The level of aggregation was 

determined by SEC as previously described. 

 

9. Susceptibility to oxidation of LDL and HDL 

 

Mice LDL and HDL susceptibility to copper-induced lipid oxidation and mice 

HDL capacity to inhibit the oxidative modification of human LDL were 

measured by monitoring the formation of conjugated dienes at 234 nm, for 

7 h at 37º C in a BioTek Synergy HT spectrophotometer (BioTek Synergy, 

Winooski, VT, USA) [179].  

 

LDL was dialyzed in PBS by gel filtration chromatography on PD-10 

columns (GE Healthcare, Chicago, IL, USA) and HDL was dialyzed by 

Dialysis Cassettes G2 (Thermo Fisher Scientific, Rockford, IL, USA). The 

oxidation of lipoproteins was started by adding 2.5 µmol/L CuSO4 in wells 

containing mice LDL, mice HDL alone or mice HDL in the presence of 

human LDL (0.1 mmol/L cholesterol in all cases). Conjugated diene kinetics 

were acquired by continuously monitoring the absorbance at λ=234 nm and 

the maximum slope through the propagation phase of the kinetics was the 

parameter used to assess the susceptibility of lipoproteins to oxidation. 

 

The antioxidant ability of HDL was expressed as the capacity to decrease 

the slope of the oxidation kinetics of human LDL alone after the subtraction 

of the kinetics of mice HDL alone, as previously described [180]. 
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10. Electronegativity of LDL 

 

The electric charge of LDL was determined by anion exchange 

chromatography in an ÄKTA–FPLC system (GE Healthcare), using a 

MonoQ 5/50 GL column (GE Healthcare).  

 

First, mice isolated LDL (0.4 mmol/L cholesterol) was dialyzed against 

buffer A (Tris 10 mmol/L, EDTA 1 mmol/L, pH 7.4). Second, 100 µL of this 

LDL was injected into the column at a flow rate of 2 mL/min. Two fractions 

of LDL (native or LDL(+) and modified or LDL(-)) were separated with a 

stepwise NaCl gradient using buffer A and buffer B (same composition as 

buffer A containing 1 M NaCl).  

 

Compared to human LDL, mice LDL fractions eluted at a higher ionic 

strength. Consequently, LDL(+) eluted at 35% buffer B while LDL(-) eluted 

at 70% buffer B. Finally, the percentage of these fractions was calculated 

from the 280 nm peak area integration. 

 

11. Cholesterol efflux capacity of HDL  

 

Cholesterol efflux capacity is an assay that measures the ability of an 

individual's HDL to promote cholesterol efflux from cholesterol donor cells 

such as macrophages. This capacity was determined using [3H]cholesterol-

labeled J774A.1 mouse macrophages (ATCC® TIB67TM, Manassas, VA, 

USA).  

 

First, 1.5 x 105 cells/well were seeded in 6-well plates and allowed to grow 

for three days in RPMI 1640 medium with 2 mM L-Glutamine (Pan Biotech, 

Aidenbach, Germany) supplemented with 10% fetal bovine serum (FBS) 

(Pan Biotech) and 100 U/mL penicillin/streptomycin (Dominique Dutscher, 
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Brumath, France). Next, cells were labeled with 1 µCi/well of [1α,2α(n)-

3H]cholesterol (GE Healthcare, Little Chalfont, UK) and 5% FBS for 60 h.  

 

The cells were then equilibrated with 0.2% bovine serum albumin (BSA) in 

medium overnight and incubated for 4 h with mice HDL (25 µg/mL protein), 

previously isolated by ultracentrifugation and dialyzed in PBS. 

 

Lastly, radioactivity was measured in both the medium and the cells, and 

the percentage of cholesterol efflux from cells was calculated. 

 

12. Evaluation of atherosclerotic lesions 

 

At the end of the experiment, mice were euthanized, and their hearts 

flushed with saline, embedded in OCT, and immediately flash frozen in dry 

ice. Frozen sections of 5-10 μm thickness were taken in the region of the 

proximal aorta, starting from the end of the aortic sinus and the beginning 

of the aorta. 

 

Atherosclerotic lesion severity was expressed as the area of positive Oil 

red O staining in four sections separated by 80 µm. The lesion area was 

quantified using AxioVision V 4.8.1.0 image analysis software (Zeiss, 

Oberkochen, Germany). 

 

12.1 Oil red O staining (ORO) 

 

This procedure was used to determine the amount of lipid accumulation in 

the proximal aorta of treated mice following the next steps. 

 

ORO preparation: 
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1. Dissolve 0.5 g of ORO (Ref. O0625-25G- Sigma Aldrich) in 200 mL of 

isopropyl alcohol. 

2. Warm the solution in a 56ºC water bath for 1 h until it is cool. 

3. The working solution is prepared prior to use by adding four parts of 

distilled water to six parts of stock solution. 

4. Mix and stand for 10 min. 

5. Filter through a fine filter paper. 

 

Procedure: 

 

1. Rinse frozen sections in distilled water. 

2. Rinse in 60% isopropyl alcohol prepared with distilled water. 

3. Stain in ORO for 10 min. 

4. Wash quickly in 60% isopropyl alcohol. 

5. Wash in distilled water. 

6. Strain in hematoxylin (Ref. HHS32-1L- Sigma Aldrich) for 1 min. 

7. Wash in running water. 

8. Wash in distilled water.  

 

13. Quantitative RT-PCR analyses 

13.1 Tissue collection    

 

For RNA analysis, organs were collected, weighted and rapidly frozen in 

liquid nitrogen. 

 

13.2 RNA isolation 

 

Total liver RNA was obtained using TRIzol LS reagent (Invitrogen, 

Carlsbad, CA, USA) according to the manufacturer’s protocol, and it was 

purified with an EZ-10 DNAaway RNA Miniprep Kit (Bio Basic, Markham, 

ON, Canada).  
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After purification, RNA concentration was determined using a 

NanoDrop2000 bioanalyzer (Thermo Scientific). The optical density (OD) 

at λ=260 nm was used to determine the RNA concentration in the solution, 

considering that an A260 of 1.0 is equivalent to about 40 µg/mL of RNA. 

 

The ratio of absorbance at λ 260 nm and 280 nm was applied to evaluate 

the purity of RNA. A ratio of ~2.0 is generally accepted as “good” for RNA. 

If the ratio is considerably lower, it could indicate the presence of protein, 

phenol or other contaminants that absorb strongly at or near 280 nm. 

 

13.3 cDNA generation 

 

RNA was reverse transcribed to complementary DNA (cDNA). cDNA 

synthesis is reached by the action of reverse transcriptase, an enzyme 

capable of creating a single-stranded DNA from an RNA template in the 

presence of primers. cDNA was generated using EasyScript First-Strand 

cDNA Synthesis SuperMix (Transgen Biotech, Beijing, China). 

 

13.4 Quantitative real-time PCR (RT-PCR) 

 

Quantitative polymerase chain reaction (qPCR) was applied to amplify 

cDNA products reverse transcribed from mRNA. A relative quantification 

method was applied, in which internal reference genes are used to 

determine fold-variations in the expression of specific genes. The internal 

reference is a housekeeping gene. 

 

Real-time PCR amplification was performed using the GoTaq(R) Probe 

qPCR Master Mix (Promega, Madison, WI, USA). Thermal cycling 

conditions involved 10 min at 95°C, 40 cycles at 95°C for 15 s and 65°C for 

1 min. 
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Specific mouse TaqMan probes (Applied Biosystems, Foster City, CA, 

USA) were used to analyze gene expression of Tnf (Mm99999068_m1), 

Ccl2 (Mcp1, Mm0441242_m1), Cd36 (Mm00432403_m1), and Cd68 

(Mm03047343_m1). Real-time PCR tests were performed on a C1000 

Thermal Cycler linked to a CFX96 Real-Time System (Bio-Rad, Hercules, 

CA, USA). All analyses were performed in duplicate.  

 

Gapdh (Mm99999915_g1) gene was used as the control housekeeping 

gene. The relative mRNA expression levels were calculated using the ∆∆Ct 

method. 

 

14. Statistical analysis 

 
GraphPad Prism 6.0 software (GraphPad, San Diego, CA, USA) and the 

statistical software package R version 3.5.2 (www.r-project.org) were used 

to perform statistical analyses. For the first publication, results were 

expressed as mean ± SD or as mean ± SEM when indicated. Statistically 

significant differences were assessed by unpaired (Mann-Whitney) or 

paired (Wilcoxon) non-parametric tests. 

 

Student’s t-test was used to compare the differences between two groups. 

Two-way ANOVA with Tukey’s multiple comparisons post-test was used to 

compare more than two groups (second publication). To analyze the 

association between atherosclerosis and parameters of lipoprotein 

function, Spearman’s rho correlation was used, considering all variables as 

non-parametric. Linear regression analyses were performed to explore 

potential confounding. Data are expressed as the standardized beta 

coefficient (β). A p-value < 0.05 was considered statistically significant.  
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Novel therapeutic targets against CVD 

 

Cardiovascular disease is the leading cause of mortality worldwide, and in 

the vast majority of individuals who suffer from it, the origin is the 

development of arteriosclerotic lesions. Atherosclerosis is a multifactorial 

disease in which numerous pathophysiological processes overlap, one of 

the most relevant being the modification of LDL by different independent 

physicochemical mechanisms. LDL particles can suffer multiple 

modifications, being its aggregation one of the most important. Aggregation 

and fusion of LDL in the arterial intima favor its retention in the 

subendothelial space because of the increase in the size of these particles 

and its enhanced binding affinity to PGs present in the arterial wall [181]. 

Both phenomena result in the entrapment of LDL particles in the intima due 

to the impossibility of leaving this space. The relevance of this type of 

modification is that it occurs during the early stages of development of the 

lesion, at a time when this process is still reversible. Being able to intervene 

during the initial phases of the formation of the atherosclerotic lesion would 

be an interesting strategy in order to prevent health complications derived 

from the appearance of advanced lesions. However, the current 

therapeutic arsenal against cardiovascular disease is mainly limited to 

prevent the main risk factors (lipid-lowering, antihypertensive, 

hypoglycemic drugs) or mitigating the effects of the injuries that have led 

to vascular accidents (anticoagulant, anti-inflammatory drugs). Thus, 

research on alternative therapeutics is needed.  

 

One of these alternatives has focused on HDL/apoA-I mimicking 

molecules, intending mainly to improve reverse cholesterol transport. The 

first synthesized apoA-I mimetic peptide was the 18A and several 

modifications have been made to generate peptides that more closely 

mimic the apoA-I function, such as 4F, 6F, FX-5A and FAMP peptides 

[182].  Most of these peptides efficiently promote cholesterol efflux [157, 
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183] and possess anti-inflammatory and antioxidant effects in in vitro 

studies and experimental models [184]. Additionally, infusible HDL mimetic 

therapies have been described. Recently, three of them (apoA-I Milano, 

CSL-112 and CER-001) have reached clinical trials in humans. These 

mimetics increase cholesterol efflux capacity. However, they have failed to 

translate in a favorable effect on regression of coronary atherosclerosis, 

except CSL-112 since the results of the clinical trial are not yet known [185]. 

 

Additionally, apoE and apoC-II derived peptides have been synthesized. 

The Ac-hE18A-NH2 peptide was the first apoE mimetic and it is the only 

one that has reach clinical trials in humans [186]. This peptide improves 

the hepatic removal of apoB-containing lipoproteins. There have been used 

other apoE-related peptides that reduce plasma cholesterol, such as 

mR18L and hEp peptides. Also, some of them promote cholesterol efflux 

[153]. Regarding apoC-II peptides, the 18A-CII was the first apoC-II 

produced peptide, which is a strong activator of LPL [187]. Recently, the 

D6PV peptide has been described. This peptide also activates LPL and 

significantly lowers plasma TG levels in mouse models [153]. Still, no 

clinical trials of apoC-II mimetic peptides have been reported [188]. 

 

LDL susceptibility to aggregation as a therapeutic target 

 

Another novel alternative is considering the aggregation process of LDL as 

a therapeutic target, which could be very efficient considering that this is 

one of the initial events of injury development. Ruuth et al. previously 

demonstrated that LDL particles of patients who had suffered coronary 

death aggregated faster than those who had no cardiovascular events. 

Also, this study described an association between the existence of 

aggregation-prone LDLs with future coronary artery disease deaths 

independent of conventional CAD risk factors [189]. In line with this, Heffron 

et al. showed that patients with atherosclerotic occlusive peripheral arterial 
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disease had LDLs that aggregated faster than LDLs obtained from healthy 

controls. Moreover, these patients also had a significantly elevated risk of 

major adverse cardiovascular events [190]. 

 

In this case, the studies conducted to prevent the aggregation of LDL 

during these early stages of atherosclerosis are much scarcer than those 

focused on the regression of advanced lesions. Despite that the 

aggregation of LDL in the subendothelial space is the triggering event in 

atherogenesis few studies have proposed the intervention in this process. 

Nguyen and coworkers showed that the apoA-I mimetic peptide 4F is able 

to inhibit the SMase-induced LDL aggregation and it also decreases the 

binding of SMase-treated LDL to human aortic proteoglycans [191]. More 

recently, Ruuth et al. demonstrated that consumption of plant stanol esters 

reduces the aggregation susceptibility of LDL particles by modifying LDL 

lipid composition. Also, it decreases the binding of LDL to proteoglycans by 

lowering LDL levels in circulation [192]. 

 

Effect of D-[113–122]apoJ on the LDL susceptibility to aggregation in 

vitro 

 

The rationale for using the D-[113–122]apoJ mimetic peptide was based 

on previous studies from our group conducted with the whole apoJ 

molecule. We have previously demonstrated that apoJ bound to LDL is 

increased in the aggregated forms of this lipoprotein present in blood and, 

its addition in vitro prevents LDL aggregation [147]. We considered these 

findings as indicative of a putative protective action. Earlier, Navab et al. 

reported that oral administration of the same peptide prevented 

atherosclerosis development in apoE-KO mice [171], being important the 

improvement of the anti-inflammatory properties of HDL and the stimulation 

of the reverse cholesterol transport. Based on these studies and 

considering the fact that the use of apolipoprotein-derived mimetic peptides 
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has become more and more relevant in recent years, we studied the effects 

of the D-[113–122]apoJ mimetic peptide on LDL aggregation. 

 

Peptides can be synthesized using D or L amino acids. In our studies, we 

used peptides formed by D-amino acids. D-peptides are less vulnerable to 

proteolytic degradation in the digestive tract or inside cells than L-peptides. 

D-peptides can consequently be taken orally and be effective for a longer 

period [193]. In contrast, the L-peptides are more easily absorbed and 

could have a faster effect. There is currently some discussion as to which 

of the two types of peptides might be more efficient from a pharmacological 

point of view. 

 

We first demonstrated by different in vitro experimental approaches 

(turbidity, SEC, GGE, TEM, and DLS) that D-[113–122]apoJ mimetic 

peptide, at equimolar ratio with apoB, is able to prevent the aggregation of 

LDL independently of the mechanism by which this aggregation is 

achieved, either by SMase-mediated lipolysis or by spontaneous 

aggregation. The beneficial effects of D-[113–122]apoJ mimetic peptide 

described by Navab et al. and the effects found in our study, demonstrate 

that this peptide acts through various mechanisms on different lipoproteins. 

Not only an improvement of HDL function, as described by Navab et al. 

define the atheroprotective property of D-[113–122]apoJ mimetic peptide 

but the effect of this peptide on LDL susceptibility to aggregation appears 

as a putative alternative/complementary mechanism.  

 

When LDL(+) aggregation was induced by SMase, the D-[113–122]apoJ 

mimetic peptide inhibited the degradation of SM. This inhibition was not 

due to a direct effect on the enzyme but to an indirect action that makes 

LDL more resistant to SMase hydrolysis. Similar results were obtained by 

Nguyen et al. preventing SMase-induced LDL aggregation with 4F, an 

apoA-I–derived mimetic peptide [191]. When spontaneous LDL 
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aggregation occurs, D-[113–122]apoJ peptide also inhibits aggregation by 

directly interacting with the LDL particle surface since the changes in the 

lipoprotein composition is not affected by the presence of the D-[113–

122]apoJ peptide.  

 

Our results also demonstrated that this peptide poorly binds to native LDL, 

but this binding is strong during the first stages of LDL aggregation. 

However, such contact decreases when the levels of aggregation are 

elevated. It seems that D-[113–122]apoJ peptide interacts with LDL when 

its hydrophobic areas become solvent-exposed during the initial stages of 

aggregation. As the aggregation progresses, the LDL particles themselves 

cover the extensive hydrophobic areas, decreasing the binding of the 

peptide. This behavior could be explained because D-[113–122]apoJ 

adapts its structure forming a class G* amphipathic α-helix conformation in 

the presence of phospholipids [172]. Following this line, we also 

demonstrated by the Laurdan assay that D-[113–122]apoJ peptide 

increases the packaging of lipids on LDL surface and preserves its order. 

 

Effect of D-[113–122]apoJ on the LDL susceptibility to aggregation in 

vivo 

 

Once we demonstrated this anti-aggregative capacity of D-[113–122]apoJ 

peptide in vitro, we tested this peptide on an animal model of accelerated 

atherosclerosis, specifically on the LDLR-KO mice, to find out if this ability 

would occur in an in vivo situation. As LDL aggregation is an important 

process during atherosclerosis development, we considered that the D-

[113–122]apoJ peptide could retard the progression of atherosclerotic 

lesions. Furthermore, since the qualitative characteristics of LDL and HDL 

determine its atherogenicity or anti-atherogenicity, respectively [47, 105, 

194, 195], we hypothesized that this peptide could reach protective roles 
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by improving lipoprotein function, and a possible new therapy could be 

developed based on these effects. 

 

Genetic defects in the LDL receptor produce hypercholesterolemia in 

humans with familial hypercholesterolemia (FH). Patients with this 

condition in homozygosis, have vastly elevated levels of IDL and LDL, and 

they develop atherosclerosis at an early age [196]. There are two 

hypercholesterolemic mouse models which similarly reproduce this HF 

condition, and they have been widely used as animal models of 

atherogenesis, the apo-E deficient mouse and the LDL receptor-deficient 

[30]. Previous studies have demonstrated that LDLR-KO mice under CD 

show mildly increased plasma cholesterol levels from an accumulation of 

LDL and develop no or only minimal atherosclerotic lesions in the proximal 

aortic root [27]. We choose the LDLR-KO mice over the apoE-KO mice 

because the LDLR-KO mouse specifically shows an increase in the level 

of both VLDL and LDL particles, in contrast with apoE-KO, which mainly 

increases VLDL particles and has low levels of LDL-like particles. Although 

LDL was not the only target lipoprotein in this study, we wanted to analyze 

the susceptibility to aggregation of these particles. LDL from LDLR-KO is 

similar in size and density to human LDL [197]. To accelerate the onset of 

atherosclerosis we fed the animals with a high-fat diet or WD, thus, the 

development of arteriosclerotic lesions and high LDL plasma 

concentrations were guaranteed. 

 

As mentioned before, Navab et al. demonstrated that the oral 

administration of D-[113–122]apoJ peptide for 24 weeks reduced 

atherosclerosis in apoE-KO mice by 70.2% in the aortic root sinus lesion 

area. It was associated with a significant increase in HDL-cholesterol levels 

and an increase in HDL paraoxonase activity. Also, this peptide 

significantly improved the ability of apoE-KO mice plasma to promote 

cholesterol efflux from macrophages [171]. Data shown in our study 
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demonstrated a reduction of 40% of aortic root atherosclerotic lesion areas 

under hyperlipidemic conditions as a consequence of qualitative 

improvements of both the antiatherogenic HDL abilities and the LDL 

atherogenic properties. These results agreed with those found by Navab et 

al. when the same peptide was administered to apoE-KO mice. However, 

we fed the LDLR-KO mice an atherogenic diet, while in the study of Navab 

et al., the apoE-KO mice were fed a chow diet. As a result, the plasma 

cholesterol concentrations were much higher in our model, and probably, 

the development of lesions should be higher as well. Despite these higher 

levels of cholesterol the D-[113–122]apoJ peptide was able to reduce the 

extent of atherosclerotic lesions. 

 

The administration of [113–122]apoJ peptide did not change the usual mice 

plasma lipoprotein concentration, consequently, their lipoprotein profile 

was unaffected. Regarding lipoprotein composition, our data showed an 

increased concentration of free cholesterol in the HDL of D-[113–122]apoJ-

treated mice. Higher content of free cholesterol on the surface of the 

lipoproteins reduces their oxidizability by enhancing the lipid packaging 

[198, 199], which could be an important factor for the preservation of the 

antioxidant properties seen in the HDL from these treated mice. Both, HDL 

susceptibility to oxidation and HDL antioxidant capacity from D-[113–

122]apoJ-treated mice group, were improved. This observation agrees with 

the study by Navab et al., which proved that D-[113–122]apoJ diminishes 

the content of lipoperoxides in lipoproteins from monkeys treated with this 

peptide [171]. In this way, this lipoperoxide-sequestering action of D-[113–

122]apoJ could be important to explain the decreased susceptibility to 

oxidation of HDL, as well as its increased antioxidative properties. 

Moreover, it was shown a rise in the HDL capacity from D-[113–122]apoJ-

treated mice to promote the efflux of cholesterol from macrophages.  
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The use of the LDLR-KO mice model allowed us to evaluate the peptide 

effects on murine LDL, which is scarce in most mice models. Our results 

show that neither the LDL composition nor the LDL susceptibility to 

oxidation from D-[113–122]apoJ-treated mice changes after treatment. In 

contrast, the use of the peptide enhanced other LDL atherogenic 

characteristics or reduced atherogenic characteristics. D-[113–122]apoJ 

treatment prevented the LDL aggregation induced in vitro by SMase, which 

might indicate that the LDL particles present in the blood of treated mice 

are less susceptible to the in vivo aggregation process. Consequently, it 

could be extrapolated that LDL would be possibly protected from the 

aggregation in the subendothelial environment, thus preventing lipoprotein 

retention. Another atherogenic characteristic of LDL is its electronegativity, 

which has been extensively studied in humans [200] but in mice is not so 

well described. Even though, some studies reported an increased 

proportion of these particles in rodents undergoing accelerated 

atherosclerosis [201, 202]. In accordance with these studies, we found that 

the electronegativity of the LDL particles was lower in those mice treated 

with than control or scramble groups. However, the reason for this 

decreased negative electric charge of LDL is still unclear. It might be due 

to the improved antioxidant capacity of HDL preventing the formation of 

oxidized LDL. Another possible mechanism is the decrease of liver 

inflammation, which could indicate a reduction in the systemic inflammation 

status, which in turn would imply fewer lipoprotein modifications by 

oxidative stress, or increased expression at the arterial wall level of lipases 

and proteases. All these D-[113–122]apoJ peptide effects on LDL of 

treated mice could also have contributed to the reduced atherosclerotic 

lesions observed in these mice.  

 

Inflammation is an important process in the development of atherosclerosis 

and the liver plays a key role in CVD [203]. Accordingly, we determine the 

possible anti-inflammatory effect of the D-[113–122]apoJ peptide through 
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the hepatic expression of genes that are implicated in inflammation. We 

selected Tnf, Ccl2, and Cd68 genes, whose mRNA levels are usually 

elevated in hepatic inflammation [204]. Tnf and Ccl2, two inflammatory 

mediators, showed a reduced hepatic expression in those mice treated with 

the D-[113–122]apoJ peptide. Also, a decreased gene expression of Cd68 

in these mice was observed, which suggests lower infiltration of 

macrophages in the liver. Moreover, the expression of the scavenger 

receptor CD36 was significantly lower in treated mice. It means that the 

increased liver Cd36 expression related to improved hepatic fatty acid 

uptake and triglyceride accumulation, as a result of a high-fat diet [205], is 

prevented by the administration of the D-[113–122]apoJ peptide. Overall, 

the use of D-[113–122]apoJ improves some alterations induced by an 

atherogenic diet in liver inflammation.  

 

As we hypothesized before, our results strongly indicate that D-[113–

122]apoJ peptide acts through several different mechanisms on lipoprotein 

function and also at the hepatic level, and the combination of these effects 

could be responsible for atheroprotection. One observation in our study 

which is important to highlight is that the correlation analysis revealed that 

the parameters related to the reduction in atherosclerosis development 

were the susceptibility to the oxidation of HDL and the electronegativity of 

LDL. This finding demonstrates the special significance to preserve the 

physiological properties of both lipoproteins.   

 

However, the specific mechanisms by which the peptide shows this 

protective action are not completely understood. Our first publication 

describes that D-[113–122]apoJ protects LDL from induced in vitro 

aggregation through the binding of the peptide to hydrophobic patches in 

the lipoprotein surface generated during the aggregation process [206]. 

Consequently, it may be the cause of decreased susceptibility to 

aggregation observed ex vivo. Nevertheless, the reason for other 
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lipoprotein-related protective effects induced by D-[113–122]apoJ is 

unclear. For example, the decreased negative electric charge of LDL might 

be due to the improved antioxidant capacity of HDL preventing the 

formation of oxidized LDL, but how the peptide renders HDL molecules with 

increased antioxidant potential is unknown. However, the fact that other 

amphipathic peptides, such as 4F and 5F display similar effects on HDL 

oxidizability suggest a common mechanism. This mechanism could be 

related to the capacity of amphipathic peptides to sequester lipoperoxides 

facilitating their deactivation by enzymes carried by HDL, such as PON1, 

PAF-AH, CETP, LCAT, or glutathione reductase [169, 170]. 

 

Regarding the improvement of the expression of inflammatory mediators 

induced by D-[113–122]apoJ in the liver, the mechanisms involved are 

unclear and further studies are necessary to unravel this effect. However, 

in agreement with our data, other studies using mimetic peptides from 

apoA-I have found similar results [207-211]. These coincidences could also 

be related to having an amphipathic helix structure. The decrease in liver 

inflammation not only could have a protective effect reducing systemic 

inflammation but also could affect lipoprotein function. Thus, it could have 

an effect on the electronegativity of LDL since an increase in inflammatory 

mediators causes a greater expression of lipases and proteases, which in 

turn results in the modification of lipoproteins. 

 

In conclusion, our data indicate that D-[113–122]apoJ mimetic peptide 

could be a potential therapy against atherosclerosis, by acting on different 

atherogenic mechanisms, including lipoprotein and hepatic function. 

However, further analyses are warranted to achieve a better understanding 

of the effects displayed by D-[113–122]apoJ on other aspects of the lipid 

metabolism, as well as to determine its safety.  
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Chapter VI 

 

▪ CONCLUSIONS 
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From the results presented in this thesis, we can conclude: 

 
 

1. D-[113–122]apoJ peptide retards the spontaneous and SMase-

induced in vitro LDL aggregation process at a molar ratio of 1:1 

(apoB/peptide). 

 

2. The D-[113–122]apoJ binding to the LDL occurs during the early 

stages of aggregation, however, this ability is reduced as 

aggregation progresses. 

 

3. The presence of D-[113– 122]apoJ peptide enhances the rigidity of 

the LDL surface. Consequently, the LDL aggregation is prevented 

by an increase of the lipid packaging order in the lipoprotein 

surface. 

 

4. Subcutaneous administration of D-[113–122]apoJ reduces aortic 

atherosclerosis in LDLR-KO mice fed with atherogenic diet 

independently of alterations on lipoprotein profile. 

 

5. D-[113–122]apoJ peptide favorably influences the oxidative 

properties of lipoproteins, specifically, the HDL susceptibility to 

oxidation is improved as well as the HDL capacity to retard the 

oxidation of human LDL. 

 

6. D-[113–122]apoJ treatment prevents the aggregation of LDL 

induced in vitro by SMase.  

 

7. D-[113–122]apoJ treatment decreases the LDL electronegativity.  
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8. The cholesterol efflux capacity of HDL is improved by D-[113–

122]apoJ peptide. 

 

9. D-[113–122]apoJ reduces the hepatic expression of inflammation-

related genes and significantly correlates with aortic lesions. 

 

10. The susceptibility to oxidation of HDL and the electronegativity of 

LDL significantly correlate with the area of atherosclerotic lesions in 

those mice treated with D-[113–122]apoJ peptide.   
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