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Abbreviations and acronyms 

 

ApoA-I: Apolipoprotein A-I 

ApoA-IV: Apolipoprotein A-IV 

ApoB-100: Apolipoprotein B-100 
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ApoC-III: Apolipoprotein C-III  

ApoE: Apolipoprotein E  

BMI: Body mass index 

C3: Complement component 3  

CAD: Coronary artery disease  

CEC: Cholesterol efflux capacity  

CETP: Cholesteryl ester transfer protein 

CVD: Cardiovascular disease 

HDL: High density lipoprotein 

HDL-C: HDL cholesterol 

HOII: HDL oxidative/inflammatory index  

IDL: Intermediate density lipoprotein  

LCAT: Lecithin cholesterol acyltransferase 

LDL: Low-density lipoproteins  

LDL-C: LDL cholesterol  

MedDiet: Mediterranean diet 

MET: metabolic equivalents of task 

PON1: Paraoxonase 1 

ROS: Reactive oxygen spices  

SAA: Serum amyloid A  

S1P: Sphingosine-1-phosphate 

VLDL: Very low-density lipoprotein  
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Abstract  

 

Background 

High-density lipoprotein (HDL) functions have arisen as alternative 

biomarkers to better explain HDL atheroprotective capacity rather 

than HDL cholesterol levels.  

 

Aims  

To study the association between HDL functions and the incidence of 

coronary artery disease, and assess the capacity of lifestyle 

interventions to improve HDL functions.  

 

Methods  

We studied several HDL functional determinations in three 

population-based studies. First, we analyzed the association between 

HDL functions and the incidence of coronary artery disease in a 

general population (REGICOR study). Second, we evaluated the 

association between changes in the consumption of key Mediterranean 

diet food groups and HDL functions in individuals at high 

cardiovascular risk (PREDIMED study). Third, we examined the 

effect of an intervention with an energy-restricted Mediterranean diet 

and physical activity on HDL functions in a population with metabolic 

syndrome (PREDIMED-plus study). Finally, we performed a 

systematic review of randomized controlled trials evaluating the effects 

of lifestyle modifications on HDL functions. 
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Results  

High HDL levels of complement component 3 and low 

concentrations of apolipoprotein A-I and sphingosine-1-phosphate in 

HDL particles were associated with a greater incidence of coronary 

artery disease.  

Regular consumption of virgin olive oil, nuts, legumes, whole grains, 

and fish was associated with improved HDL function. In addition, the 

lifestyle intervention with an energy-restricted Mediterranean diet and 

physical activity enhanced the HDL role in triglyceride metabolism. 

Finally, evidence summarized in the systematic review suggested that 

dietary interventions with polyunsaturated fatty acids and dietary 

antioxidants improve HDL functions.  

 

Conclusion 

Dysfunctional HDLs are a risk factor for coronary artery disease in the 

general population. Several lifestyle modifications are capable of 

increasing HDL functionality in individuals at high cardiovascular risk.  
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Resum 

 

Antecedents 

Les funcionalitats biològiques de les lipoproteïnes d’alta densitat 

(HDL) han sorgit com a marcadors alternatius als nivells de colesterol 

continguts en les HDL per explicar les capacitats protectores contra 

l’aterosclerosi d’aquesta lipoproteïna.  

 

Objectius  

Els objectius principals de la tesi són estudiar l’associació entre les 

funcionalitats HDL i la malaltia coronaria i analitzar la capacitat 

moduladora de les intervencions d’estil de vida en la funcionalitat 

HDL. 

 

Mètodes  

Per abordar aquests objectius, es van analitzar una àmplia bateria de 

determinacions de les funcionalitats de les HDL en tres estudis 

poblacionals. Primer, es va analitzar l’associació entre les funcionalitats 

HDL i la incidència en la malaltia coronària en mostres de la cohort 

REGICOR. Segon, es va estudiar l’associació entre els canvis de 

consumició en els grups d’aliments més importants de la dieta 

mediterrània i els canvis en la funcionalitat de les HDL en mostres de 

l’estudi PREDIMED. Tercer, es va analitzar l’efecte d’una intervenció 

amb una dieta Mediterrània amb restricció calòrica i promoció 

d’activitat física en la funcionalitat de les HDL en una mostra de 

l’estudi PREDIMED-plus. Finalment, es va realitzar una revisió 

sistemàtica per resumir l’evidència científica sobre l’efecte de 
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intervencions aleatoritzades d’estil de vida en la funcionalitat de les 

HDL. 

 

Resultats 

Els nivells en HDL de component 3 del complement, de la 

apolipoproteïna A-I i de esfingosina 1 fosfat es van associar amb la 

incidència de malaltia coronaria en població general.  

 

Respecte a les intervencions d’estil de vida, la consumició regular de 

oli d’oliva verge, productes integrals, fruits secs, llegums i peix s’han 

associat a millores de diverses funcionalitats de les HDL. A més a més, 

una intervenció amb dieta Mediterrània amb restricció calòrica i 

promoció d’activitat física és capaç de millorar sobretot el 

metabolisme de triglicèrids de les HDL. Finalment, la revisió 

sistemàtica subratlla la capacitat de les intervencions riques en àcids 

grassos poliinsaturats i antioxidants de millorar les funcionalitats de les 

HDL.  

 

Conclusions 

La disfuncionalitat de les HDL es un factor de risc per la malaltia 

coronaria en població general. Varies intervencions d’estil de vida son 

capaces de millorar diverses funcionalitats HDL en persones amb un 

alt risc cardiovascular. 



 

 
 

  

1. Introduction 
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1.1. Epidemiology of cardiovascular disease  

 

Cardiovascular disease (CVD) is a term used to encompass a group of 

disorders affecting the heart and blood vessels. It includes: 1) coronary 

artery disease (CAD) (also known as coronary heart disease or 

ischemic heart disease) which is based in the accumulation of an 

atherosclerotic plaque in the arteries supplying the heart; 2) 

cerebrovascular diseases, when the plaques affect the blood vessels of 

the brain; 3) peripheral arterial disease, when the vessels supplying 

extremities are affected; 4) hypertensive heart diseases; 5) heart valve 

disorders (including rheumatic heart diseases); 6) cardiomyopathies 

Figure I. Cardiovascular diseases classified by absolute mortality  
 

 
 

Modified from [1] 
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and myocarditis (affections and inflammatory disorders of the heart 

muscle); and 7) other cardiovascular diseases from different etiologies, 

such as congenital heart diseases, aneurysms, vein thrombosis, and 

pulmonary embolism (Figure I). 

 

During the past three decades, CVDs have been the leading cause of 

death and disability (1). The Global Burden of Disease project has 

published the most recent and comprehensive data regarding 

mortality, premature death, and years lived with disability. This project 

estimated that CVDs were responsible for 17.8 million of deaths 

worldwide, representing approximately one third of global deaths in 

2017. In addition, CVDs also are the principal contributor to reduced 

quality of life. They represent 330 million years lost due to premature 

deaths, 35.6 million years lived with disability (2), and 366 million of 

disability-adjusted life years. The sum of years of life lost and years 

lived is used as an indicator of the absolute burden of this disease. In 

this regard, among CVD, CAD is the major contributor to mortality 

and burden of disease (3) (Figure I).  

 

Observing CVD progression from 2005, the global number of deaths 

is increasing (4), although such situation is not equally distributed. The 

major burden of the disease happens in low- and middle-income 

countries, where populations in economic transition are progressively 

growing and, consequently, ageing (3). Additionally, age-specific death 

rates have been globally decreasing, meaning that cardiovascular 

mortality is appearing at older ages (5). The scenario in high-income 

countries, with better health systems and public policies, is, however, 

quite different. For example, in most European countries mortality 
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rates of coronary artery disease and stroke progressively decreased 

from 1980 to 2015 and resulted in the most important reductions in 

age-specific death rates (6). In 2017, age-adjusted CVD mortality was 

3-fold lower in high-income countries relative to low- or middle-

income ones (7). Such a gap could be explained by differing preventive 

interventions to control cardiovascular risk factors. In wealthier 

countries, there has been a greater management of dyslipidemia, high 

blood pressure, diabetes, and acute CVD due to stronger health 

systems, more availability of CVD medication, and better public 

policies (7). Even so, CVD and CAD are still the leading cause of 

death. Spain is a region with a low incidence of CVD, mainly due to 

the Mediterranean diet (MedDiet) (8). Nonetheless, CAD is still the 

first cause of death, representing 14.6% of total mortality (followed by 

Alzheimer and other dementias (13.6%)) (9). Since 1990, CVD 

incidence has augmented by nearly 30%. Following the same tendency 

as high-income countries, age-standardized mortality rate and 

disability-adjusted life years have decreased, indicating that new cases 

are older and with fewer years lived with disability (6,9). 

 

High rates of mortality and years lived with disability represent a major 

economic burden for the health systems. In 2015, CVD generated a 

cost of €210 billion in European Union countries, and $351.3 billion 

in the United States. 60% of the costs were attributable to direct 

health care cost (primary, emergency, hospital inpatient and outpatient 

care, and medication expenditure), and the rest were due to 

productivity losses and informal care (6,10).  
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In 2015, the United Nations and the World Health Organization 

launched a global challenge with the objective of reducing CVD 

mortality by 25% before 2025 (11). This plan, commonly named 25 by 

25, highlights the importance of improving lifestyle factors. Specific 

goals include enhancing diet quality, increasing physical activity, and 

decreasing tobacco use. Such preventive strategies reduce risk factors 

for CVD in its early stages (12).  

 

 

1.2. Atherosclerosis 

 

Atherosclerosis is the main subclinical outcome leading to CAD 

development (13). It consists of the accumulation of lipids, pro-

inflammatory cellular waste products, calcium, fibrin, and collagen-rich 

proteins within the intima layer of artery walls. This, in turn, forms a 

plaque and stiffens the artery wall (13).  

 

The pathophysiology of atherosclerosis is complex and involves many 

different processes (Figure II) (14). The earliest step is endothelial 

dysfunction, a malfunction of the endothelial cells, the first cell layer 

of the blood vessels in direct contact with blood. This endothelial layer 

is a key regulator of vascular tone, cellular adhesion, thrombosis, 

proliferation of smooth muscle cells, and inflammation (15). 

Endothelial dysfunction disrupts all the protective functions of 

endothelium, which leads to an increase in layer permeability, reduced 

vasodilation, and the promotion of a pro-inflammatory and a pro-

thrombotic response (16). The possible cause of endothelial damage is 

considered to be prolonged exposure to pathological conditions such 
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as high level blood pressure, triglycerides, glucose, homocystein, free 

radicals, and certain infectious microorganisms (16,17). A more 

permeable endothelium allows circulating low-density lipoproteins 

(LDLs) (which are cholesterol-rich) to leave the bloodstream and 

reach the intima (also known as the subendothelial layer). Here, LDLs 

are retained and accumulated by the union of apolipoprotein B-100 

(ApoB-100, LDL main protein) with proteoglycans of the extracellular 

matrix (18). In parallel, endothelial dysfunction is also linked to the 

activation of an immune response. Damaged endothelium releases 

cytokines (interleukin 1, interleukin 6, tumor necrosis factor γ), 

chemokines (monocyte chemoattractant protein 1, interleukin 8), and 

adhesion molecules (vascular cell adhesion protein 1, endothelial cell 

adhesion molecule-1, endothelial cell adhesion molecule-1, E-selectin), 

which in turn attract monocytes and T-lymphocytes into the sub-

endothelium space (19). The local microenvironment becomes richer 

in reactive oxygen species (ROS). The higher presence of oxidative 

substances induces the oxidation of LDL (modifying its proteins and 

lipids) and turns LDLs into pro-inflammatory oxidized ones. These 

modified lipoproteins display a substantial chemotactic activity and 

attract more monocytes (20). The pro-oxidant, pro-inflammatory 

microenvironment contributes to the differentiation of local 

monocytes into active macrophages. Macrophages are able to engulf 

oxidized LDL through scavenger receptors (cluster of differentiation 

36, scavenger receptor-AI/II) (21). Under normal conditions, 

macrophages can properly metabolize and eliminate the cholesterol 

content in phagocyted LDLs by transferring it to high-density 

lipoproteins (HDL). These particular lipoproteins can finally transport 

cholesterol to the liver to be transformed or excreted as bile acids 
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(22,23). However, during atherosclerosis, the excessive phagocytosis 

of oxidized LDLs disrupts the capacity of macrophages to properly 

metabolize cholesterol. The excessive cholesterol uptake is 

disproportionatedly accumulated in macrophages, which transforms 

them into hyperreactive, pro-inflammatory foam cells, one of the 

hallmarks of plaque formation. Foam cells worsen the pro-

inflammatory process by releasing more chemokines and cytokines 

(24) which enter into a positive feedback loop. Foam cells also 

contribute to the production of more ROS, leading to an increased 

oxidation of the LDL particle. 

 

The formation and accumulation of foam cells is crucial for the 

development of the plaque and the narrowing of the blood vessel 

diameter. Foam cells, other immune cells, and endothelial cells secrete 

growth factors, which induce the proliferation and migration of 

vascular smooth muscle cells to the subendothelium. One of the major 

functions of these cells within the fatty streak is the production of 

extracellular matrix (proteoglycans, type I and III collagen, and 

fibronectin). The extracellular proteins and vascular smooth muscle 

cells will progressively form a fibrous plaque encapsulating the fatty 

streak to contain its progression (13,25). In parallel, foam cells 

overloaded with cholesterol eventually undergo necrosis. Necrotic 

cells break their plasma membrane and release their lipid content, 

DNA, calcium, and other cellular waste products, which constitute the 

main components of the necrotic core. At first, the fibrous plaque is 

stable and can contain the atherosclerotic lesion asymptomatically. 

Progressive calcification, however, and growth of the necrotic core 

makes it more rigid and fragile which results in a vulnerable or 
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unstable plaque with a tendency to collapse (26). Plaque disruption 

produces the release of the necrotic core, which is very thrombogenic 

and causes the formation of a blood clot.  

 

Atherosclerosis progression can lead to a considerable number of 

severe clinical consequences. The process is initiated at a young age 

over an extensive period without any clinical symptoms. Nevertheless, 

over the years the plaque formation could: a) progressively narrow the 

artery lumen and limit blood flow; and b) promote embolisms which 

can also disturb the blood flow. The continued narrowing of the artery 

lumen will eventually decrease the blood flow to the adjacent tissues 

Figure II. Atherosclerosis progression  
 

 
 

Modified from [14] 
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(ischemia). In addition, a plaque rupture might release its 

thrombogenic content into the blood stream and induce the 

generation of a thrombus (27).  

 

Atherosclerosis can be considered as the result of a misbalance 

between pro-inflammatory and inflammation-resolving mechanisms 

(28). A combination of a proper lifestyle intervention with lipid-

lowering medications could delay, reduce, or even reverse its 

progression at initial stages. Complete regression, however, of the 

atheroma plaque remains a challenging issue and further research is 

warrented (29). Contrary to LDL, HDL is an extremely pleiotropic 

lipoprotein which has shown a wide variety of anti-atherosclerotic 

properties (30). HDLs are able to reduce foam cell formation due their 

capacity to pick up cholesterol excess from macrophages. They are 

also able to counteract oxidation of LDLs, neutralize ROS generated 

in the subendothelial space, reduce inflammatory responses, and 

contribute to normal endothelial function. The study of HDL anti-

atherosclerotic functions has arisen as a promising area to better 

understand atherosclerosis and improve its treatment.  

 

 

1.3. Cardiovascular risk factors  

 

One of the most relevant characteristics of CVD is that in most cases 

there is a total absence of symptoms prior to a heart attack or other 

severe complication (12). It is, therefore, crucial to identify early 

medical conditions that help predict CVD incidence. These 

intermediate markers are known as cardiovascular risk factors, a term 
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coined in the 1950s by investigators from the Framingham Heart 

Study, one of the first long-term, comprehensive, epidemiological 

studies (31). Since then, several risk factors have been associated with 

CVD. The most predominant are age, sex, family history of CVD, 

dyslipidemia, hypertension, smoking, diabetes mellitus, and obesity 

(32). Clearly, some such as age, sex, genetic heritage, and ethnicity 

cannot be modified. Other factors, however, can be influenced by 

lifestyle and pharmacological interventions, and controlling them may 

prevent up to 80% of premature CVD deaths (33). In this section, we 

will describe the main cardiovascular risk factors.  

 

 

1.3.1 Age and sex  

 

Ageing, an inevitable part of life that represents numerous changes in 

physiological and molecular mechanisms, has been established as the 

main contributor to cardiovascular risk (34). The risk of presenting 

CVD before the age of 40 is very low, nevertheless, CVD morbidity 

and mortality increase exponentially afterwards. The major burden of 

disease occurs in individuals over 65 years old and accounts for 40% 

of all causes of death (35). Such an increase can be partially explained 

by the acquisition (or worsening) of other traditional cardiovascular 

risk factors over the years. Yet in multilinear regression models age 

still appears as an independent risk factor (36). This fact could suggest 

that age englobes other physiological modifications unexplained by 

traditional risk factors.  
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Sex represents the second major non-modifiable cardiovascular risk 

factor. Among men and women CAD is the leading cause of death 

(37,38), however, there are marked differences between the sexes. Men 

have a higher risk of developing CAD (and at younger ages) than 

women (39). In contrast, women have a greater risk of suffering a 

stroke (39). The contribution of some cardiovascular risk factors may 

additionally differ between sexes. For example, women tend to present 

lower levels of blood pressure and a better lipid profile (40,41). 

Outcomes that have sustained the belief that CVD is more associated 

with men, despite it being also the major cause of mortality and 

disability in women (37). As a consequence, women have been 

underrepresented in clinical trials (42) and are less likely to receive 

proper therapy (43). 

 

 

1.3.2 Hypertension 

 

Hypertension is a chronic medical condition that occurs when levels 

of blood pressure are elevated. It affects approximately 30% of the 

total adult population and is considered the leading modifiable 

cardiovascular risk factor (44).  

 

Blood pressure, the pressure produced by circulating blood on the 

artery walls, is measured in millimeters of mercury (mmHg) using 

sphygmomanometers. It is divided into two measurements: 1) systolic, 

blood pressure, the levels of blood pressure occurring after the systole; 

and 2) diastolic blood pressure, the levels of blood pressure occurring 

during diastole. Greater levels of systolic or diastolic blood pressure 
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are directly associated with a higher risk of CVD following a linear 

trend (45,46). Every 10 mmHg reduction in systolic blood pressure is 

related with a 17% decrease of CAD risk (46). The most common 

thresholds used in Europe to diagnose hypertension are resting 

systolic blood pressure ≥ 140 mmHg, and diastolic blood pressure 

≥90 mmHg (45). In general, patients with 130-139 mmHg and 85-89 

mmHg, for systolic and diastolic blood pressure, respectively, are 

periodically controlled and provided with life-style recommendations. 

North American guidelines, however, have recently revised the cutoff 

points as 130 mmHg for systolic blood pressure and 80 mmHg for 

diastolic blood pressure (47). Proper control of hypertension is crucial 

to reduce the burden of CVD (45). Nevertheless, a considerable 

proportion of population remains underdiagnosed due to the 

symptomless character of this condition (48).  

 

 

1.3.3 Diabetes and hyperglycemia 

 

Diabetes is a chronic metabolic disease characterized by elevated levels 

of circulating glucose (hyperglycemia). There are different types of 

diabetes classified by etiology, the most common being diabetes type 

1, diabetes type 2, and gestational diabetes. Type 1 diabetes is an 

autoimmune disease caused by the destruction of the insulin-

producing beta cells leading to an insulin deficiency. It represents 

about 5-10% of diabetes cases and mainly develops during childhood 

(49). Type 2 diabetes, however, is a consequence of insulin resistance. 

It appears when muscle, adipose, or hepatic tissues do not properly 

respond to insulin and beta pancreatic cells cannot produce enough 
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insulin to compensate this situation. Finally, gestational diabetes has an 

etiology similar to type-2 diabetes, is usually transient, and reverts after 

delivery under proper control. Among diabetes types, type 2 diabetes 

accounts for approximately 90% of cases and is the most analyzed in 

epidemiological studies (50). According to European guidelines, 

diabetes is diagnosed when levels of fasting glucose are ≥6.99 

mmol/L (≥126 mg/dL) or levels of glycated hemoglobin are 48 

mmol/mol (51). Since 1980, the global prevalence of diabetes has 

been continuously rising. In 2019, it affected 463 million individuals, a 

figure that is estimated to increase to 700 million by 2045 (50,52). 

Lifestyle interventions inducing weight loss are effective strategies for 

the prevention and management of diabetes (51,53,54) in a dose-

dependent manner (55).  

 

Diabetes has been consistently established as a CVD risk factor. A 

meta-analysis of 102 prospective studies reported that presenting 

diabetes increases by two-fold the risk of having a CAD event (51,56). 

In addition, CAD risk was higher in participants with long-standing 

diabetes. Most individuals with type 2 diabetes also present other 

CVD risk factors such as hypertension, dyslipidemia, and obesity 

(57,58). Increases in fasting glucose levels are also associated with 

higher CVD risk. Glucose >100 and >126 mg/dL increases CAD risk 

by 11% and 78%, respectively (56).  

 

1.3.4 Excess weight  

 

Excess weight is a chronic condition defined as the excessive 

accumulation of body fat. The most common method to measure and 
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classify body weight and obesity is the body mass index (BMI). It is 

calculated as the individual’s weight in kilograms divided by the square 

of the height in meters. Several categories according to BMI values 

have been defined: underweight (<18.5 kg/m2), normal weight (18.5-

24.9 kg/m2), overweight (25.0.-29.9 kg/m2), and obesity (≥30.0 

kg/m2). Obesity can be further categorized in class I (30.0-34.9 

kg/m2), class II (35.0-39.9 kg/m2), and class III or severe obesity (≥ 

40.0 kg/m2) (59). Besides BMI, waist circumference measure is a 

complementary method that evaluates abdominal fat. It is measured 

using an anthropometric tape as the measure in cm midway between 

the lowest rib and the iliac crest. Both measurements have been 

consistently associated with CVD (60,61). 

 

Obesity affects nearly one third of the world’s population (62). Obese 

individuals are at risk of presenting several co-morbidities (CVD, type 

2 diabetes) leading to further mortality and disability (63). This disease 

also has adverse effects on other cardiovascular risk factors. It is 

associated with dyslipidemia (high levels of LDLs and triglycerides, 

and low levels of HDL), hypertension, and hyperglycemia (64). 

 

As a rapidly growing tendency obesity has come to represent a 

pandemic. From 1990 to 2017, the global number of deaths attributed 

to this condition doubled, reaching a total of 4.7 million (65). This 

trend is also present in populations with low cardiovascular risk such 

as Spain. Since 1987, overweight and obesity have increased 0.28% 

every year (66).  
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1.3.5 Smoking 

 

Smoking, responsible for approximately 20% of CVD deaths, is one 

of the most important modifiable risk factors (67). The risk of 

presenting an acute CAD event in smokers is double compared to 

non-smokers (68). Smoking increases the risk of CAD events and 

mortality in a dose-response manner (68). Even low doses and second-

hand smoke are a strong cardiovascular risk factors (69,70).  

 

Smoking is involved in the initiation and development of 

atherosclerosis. Cigarette smoke contains thousands of chemical 

products which are responsible for the formation of ROS and other 

mediators of oxidative stress (71). Oxidative stress is a key inductor of 

endothelial dysfunction, the first step of atherosclerosis (16,17). In 

addition, it contributes to lipid oxidation of LDLs, chronic 

inflammation, and platelet activation (71). 

 

Smoking cessation is crucial for CVD prevention and treatment (72). 

Quitting smoking reduces cardiovascular risk and mortality over time 

(68). Nevertheless, cardiovascular risk remains elevated for several 

years after quitting, especially during the first 5 years (68,73). General 

public policies are effective strategies to reduce tobacco use and its 

subsequent CVD incidence. The Spanish 2006 law, which banned 

smoking in the workplace and several public and private spaces, was 

able to reduce acute myocardial infarction incidence and 

hospitalizations by 11% (74). 
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1.3.6. Dyslipidemia 

 

The general disorder in the levels of lipids and/or lipoproteins is 

defined as dyslipidemia. It can be characterized by the presence of 

high levels of triglycerides (hypertriglyceridemia) and LDL cholesterol 

(LDL-C), and low levels of HDL cholesterol (HDL-C) (75,76). 

Clinical management of blood triglycerides and cholesterol, through 

the modification of the levels of their main carriers (LDL, very-low 

density lipoprotein [VLDL], and HDL) is one of the most successful 

strategies for CVD prevention (77). 

 

 

 Hypertriglyceridemia 

 

Hypertriglyceridemia is defined as plasma triglyceride levels > 150 

mg/dL (1.7 mmol/L) (78). These levels reflect the quantity of 

triglycerides transported by the VLDLs, chylomicrons and their 

remnants (also known as triglyceride-rich lipoproteins). 

Epidemiological studies have described high triglyceride levels as an 

independent cardiovascular risk factor (79–81). A meta-analysis 

reported 14% and 37% increases in CAD risk in men and women, 

respectively, per each 1 mmol/L increase in blood triglycerides (82). 

Its causal association with CVD has been confirmed by Mendelian 

randomization studies (genetic predisposition to presenting high 

triglyceride levels throughout life is linked to greater risk of CVD) 

(81,83).  
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The reduction of triglyceride levels is associated with decreases in 

cardiovascular risk. Each 1 mmol/L (88.57 mg/dL) fall in triglyceride 

levels through pharmacological interventions (statins, fibrates, niacin) 

led to 16% less risk of major CVD (84). Triglyceride management can 

be improved by lifestyle interventions. Weight loss interventions with 

diet and exercise in obese/overweight individuals reduced triglyceride 

levels (85–87). Alcohol consumption, however, raises triglyceride 

concentrations and should be avoided (88). 

 

 

 High LDL cholesterol concentrations  

 

In clinical practice, the level of cholesterol transported by LDL 

lipoproteins (LDL-C) is usually recommended to be below 2.59 

mmol/L (100 mg/dL). For patients at high cardiovascular risk, 

however, the therapeutic goal is to achieve LDL-C reductions of 

≥50% from baseline and levels below 1.81 mmol/L (70 mg/dL) (87). 

In a large number of epidemiological studies LDL-C has been 

consistently established as a cardiovascular risk factor. Indeed, high 

levels of LDL-C are log-linearly associated with higher CAD risk 

(87,89). In a general population the risk of myocardial infarction and 

CVD incremented by 34% and 16% per each 1 mmol/L increase in 

LDL-C, respectively (90). The causal association between high LDL-C 

levels and CVD has been proven in multiple Mendelian randomization 

studies (genetic predisposition to high LDL-C concentrations 

throughout life is related to increased CVD risk) (83,89,91,92).  
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The clinical benefits of LDL-C lowering therapies on cardiovascular 

health are also clear. Statins are first line drugs recommended to 

decrease LDL-C concentration, and are effective in reducing the risk 

of major CVD with a good safety profile and low cost (87,93). For 

each 1 mmol/L decrease in LDL-C concentrations achieved by statins, 

CVD risk diminished by 23% (93). Even populations at low 

cardiovascular risk presented equivalent reductions in the risk of CVD 

after statin use (94). In addition to these drugs, there are other second 

line treatments to lower LDL-C such as ezetimibe, cholestyramine, 

and proprotein convertase subtilisin/kexin type 9 inhibitors 

(evolocumab, alirocumab) (93). The combination of these drugs with 

statins is recommended in patients at high cardiovascular risk. In 

particular, evolocumab and alirocumab present the highest capacity to 

reduce LDL-C levels (~60% relative to baseline levels) alone or in 

combination with statins (87,95,96). Changes in LDL-C levels through 

diet or weight loss are usually modest. Nevertheless, diets promoting 

the substitution of saturated and trans fats for polyunsaturated and 

monounsaturated ones have shown reductions in LDL-C (-8 to -15 

mg/dL) (97). A 1-year intervention with the MedDiet, and dietary 

interventions in obese individuals, have has also been linked to modest 

decreases in LDL-C (98,99). 

 

 

 HDL-C levels 

 

The association between HDL-C and cardiovascular risk is more 

controversial. HDL-C concentrations below 1 mmol/L (40 mg/dL) in 

men, or below 1.3 mmol/L (50 mg/dL) in women, have been 
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associated with increased CVD risk in classic epidemiological studies 

(100). The first evidence of an inverse association between HDL-C 

concentration and CVD was published in 1977 in the Framingham 

and the Tromsø Heart Studies (101,102). Since then, other studies 

have validated this relationship (103,104). This inverse association 

suggested a possible protective capacity of high HDL-C levels on 

CVD and encouraged the scientific community to search for HDL-C 

raising therapies. Recent evidence, however, has questioned the role of 

HDL-C as a clinical target.  

 

Several clinical trials have evaluated the use of HDL-C raising 

pharmacological agents and CVD outcomes. Cholesteryl ester transfer 

protein (CETP) inhibitors are the drugs displaying the highest capacity 

to increase HDL-C levels (31-138% relative to baseline levels). 

However, no CETP inhibitor (anacetrapib, dalcetrapib, torcetrapib) 

has decreased CAD mortality, incidence of non-fatal myocardial 

infarction or stroke (103,105,106). The use of torcetrapib was even 

linked wth increases in cardiovascular risk in high cardiovascular risk 

participants in the ILLUMINATE Study (107) and patients with 

familial hypercholesterolemia (108). Neither did niacin, another drug 

capable of incrementing HDL-C levels by 20%, decrease CVD 

mortality and major CVD incidence in high cardiovascular risk 

patients (109,110). Finally, an extensive meta-analysis summarized the 

effects of the most relevant HDL-C raising therapies (CETP 

inhibitors, niacin, and fibrates) on CV outcomes. It included a total of 

39 randomised controlled trials with 117,411 participants. The study 

concluded that CETP inhibitors, niacin, and fibrates did not reduce 

all-cause mortality, CAD mortality, and CAD events after increasing 
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HDL-C levels (105). In addition, Mendelian randomization studies 

failed to find a causal role between high HDL-C levels and lesser 

incidence of CVD (111,112). 

 

The failure of the HDL-C raising therapies, and the lack of association 

between genetic predisposition to high HDL-C concentrations 

throughout life and CVD risk, have led to a change of paradigm in the 

research field. Scientists are starting to assess HDL functional 

properties besides HDL-C levels. HDL particles have been associated 

with a wide range of atheroprotective functions, such as their ability to 

pick up cholesterol excess from peripheral cells, antioxidant capacities, 

and protective functions of the endothelium (113). Such properties 

may be linked to the future development of CVD risk better than 

mere HDL-C concentrations (30). The relationship between HDL 

functions and CVD will be discussed in depth in the following section 

after a description of the different HDL functions.  

 

 

1.4. HDL function and cardiovascular disease 

 

To understand the complexity of HDL functions, we need to describe 

first the whole cycle in which they are involved. 

 

1.4.1 The biological cycle of lipoproteins 

 

Lipoproteins are complex particles whose main function is to 

transport lipids in blood, together with some enzymes and proteins. 
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They are formed by a hydrophilic monolayer (phospholipids, free 

cholesterol, other polar lipids, proteins) in contact with blood and a 

hydrophobic core (triglycerides, cholesterol esters, other non-polar 

lipids). (Figure III) (114,115). There are 5 main plasma lipoproteins 

(chylomicrons, VLDLs, intermediate density lipoproteins [IDLs], 

LDLs and HDLs), which vary according to size, density, lipid 

composition, major apolipoproteins, and function. HDLs are the 

smallest (8-10 nm) and most dense (1.063–1.21 g/ml) due to their high 

protein content (116). 

Figure III. Lipoprotein structure 
 

 
 

Obtained from [115] 
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Lipoproteins are responsible for lipid distribution in our body (Figure 

IV). The cycle can be divided in two main parts; 1) the exogenous 

pathway, which explains the distribution of dietary lipids by 

chylomicrons and chylomicron remnants; and 2) the endogenous 

pathway, which describes the distribution of lipids synthesized in the 

liver by VLDLs, IDLs and LDLs and their removal from peripheral 

tissues by HDLs.  

 

 

 Exogenous pathway 
 

The absorption of dietary triglycerides, free cholesterol, and 

cholesteryl esters occurs in the small intestine. The presence of fats 

stimulates the secretions of bile acids which emulsify lipids to facilitate 

their mixture into the intestinal fluid. Inside enterocytes, triglyceride 

droplets are coated with cholesterol, phospholipids, and 

apolipoprotein B-48 (ApoB-48) forming nascent chylomicrons 

(114,117). These then diffuse into the lymph and arrive into the blood 

stream through the thoracic duct. At that point, nascent chylomicrons 

obtain two apolipoproteins from HDLs, apolipoprotein E (ApoE) and 

C-II (ApoC-II) (118,119). After this process, nascent chylomicrons 

turn into mature chylomicrons which are able to transfer triglycerides 

to muscles and adipocytes. This transference is mediated by the 

lipolytic action of lipoprotein lipase, activated after union with Apo C-

II (120). Triglyceride-poor chylomicrons (chylomicron remnants) 

return ApoC-II to HDLs to be cleared in the liver in a process 

mediated by the binding of ApoE to the ApoE receptors (the so-

called LDL receptors and LDL receptor-related proteins). The 
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remaining cholesterol and triglycerides in chylomicron remnants 

endocyted by the liver are used for storage, the formation of bile (in 

the case of cholesterol), or later distribution to peripheral tissues 

packed in VLDLs (114).  

 
 

 Endogenous pathway 

 

Dietary cholesterol and triglycerides, and those coming from the de 

novo synthesis in the liver, are recirculated into the bloodstream by 

packing them together with ApoB-100 (similar to ApoB-48, encoded 

Figure IV. Lipoproteins biological cycle  
 

 
 

Obtained from [http://anitapopescu.me/projects/Notes/12-
Lipoprotein-Metabolism.html] 
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by the same gene but differently spliced) into VLDLs (121). This 

lipoprotein, very rich in triglycerides, presents a very similar function 

to chylomicrons. VLDL obtains ApoC-II and ApoE from HDLs and 

allows the transfer of triglycerides to peripheral cells by binding to 

lipoprotein lipase. After losing most of their triglycerides, VLDLs 

return ApoC-II to HDLs and become VLDL remnants, also known as 

IDLs (114,122). About 50% of IDLs are cleared by the liver through 

the interaction of ApoE with ApoE receptors. The rest have their 

triglycerides hydrolyzed by hepatic and endothelial lipases, lose their 

ApoEs, and become LDLs (123). The function of LDL is to transport 

cholesterol to peripheral tissues. It is present in cell membranes and 

necessary for the synthesis of sexual hormones in sexual organs, 

glucocorticoids and mineralocorticoids in the adrenal cortex, and 

cholecalciferol in the epithelial cells of the skin. ApoB-100 interacts 

with ApoE receptors on the cell surface, LDLs are endocyted, and are 

finally degraded. Circulating LDLs are collected by the liver through 

its ApoE receptors. Under normal conditions, most LDLs are recycled 

(about 70%) (114,122). However, excessive LDL levels in circulation 

increase the chances of developing atherosclerosis. As previously 

described in section 1.2, LDLs can randomly cross the endothelial 

barrier, become oxidized in the subendothelial space (especially in 

regions with endothelial dysfunction), and trigger the development of 

atherosclerosis (21).  
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 HDL biological cycle 

 

HDLs are mainly responsible for the reverse cholesterol transport 

from peripheral tissues to the liver (Figure V). The majority of 

Figure V. HDL biological cycle  
 

 
 
ABCA1: ATP-binding cassette transporter A1. ABCG1: ATP-
binding cassette transporter G1. CE: cholesterol esters. CETP: 
Cholesteryl ester protein. FC: free cholesterol. HDL: High density 
lipoprotein LCAT: Lecithin cholesterol acyltransferase. LDL: Low 
density lipoprotein. PLTP: Phospholipid transfer protein. VLDL: 
Very low density lipoprotein. 

Obtained from [125] 
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peripheral tissues are not capable of catabolizing cholesterol. Its excess 

is especially critical in macrophages, in which accumulation leads to 

conversion into foam cells and the development of atherosclerosis. 

Thus, the capacity of HDLs to remove cholesterol contained in cells 

such macrophages is crucial for maintaining cholesterol homeostasis. 

This capacity is named cholesterol efflux capacity (CEC) and is one of 

the most relevant HDL functions (124).  

 

HDLs originate from apolipoprotein A-I (ApoA-I), their main protein. 

This is mainly synthesized in enterocytes and hepatocytes, but can also 

come from the disintegration of mature HDL (125). ApoA-I is 

secreted as a lipid-free monomer which forms homodimers in 

circulation. Once in circulation, ApoA-I can incorporate small 

amounts of phospholipids through the action of the phospholipid 

transfer protein, an enzyme which transfers phospholipids from 

VLDLs to HDLs. Phospholipid incorporation creates an immature 

form of HDL known as lipid-poor ApoA-I or pre-β HDL (126). 

Lipid-free ApoA-I and immature HDLs are capable of interacting with 

peripheral cells to collect their cholesterol excess. In particular, lipid-

free ApoA-I and immature HDLs bind ATP-binding cassette A1 

transporters in the cell surface.  Through this channel, free cholesterol 

and phospholipids are transferred from cells (127). Free cholesterol is 

transformed into cholesterol esters by the function of the lecithin 

cholesterol acyltransferase (LCAT) enzyme and internalized to the 

core of the lipoprotein. This process allows the maturation of HDLs 

into fully functional spherical particles (127–129). Mature HDLs will 

continue to pick up cholesterol interacting with other cholesterol 

membrane transporters such as the ATP-binding cassette G1 and the 
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scavenger receptor class B type I (125,130). The former allows active 

cholesterol transfer from cells to HDLs (independent from the 

cholesterol concentration in HDL particles), whilst the latter only 

permits a downward gradient flow (from higher to lower 

concentrations) (125,130).  

 

This cholesterol will be eventually eliminated. There are two pathways 

to return cholesterol back to the liver, a direct and an indirect one. 

Direct transfer occurs when HDLs interacts with the membrane 

receptors of hepatocytes such ApoE receptors (by endocytosis of 

HDL containing ApoE) or by union with scavenger receptor class B 

type I (by selective cholesterol ester uptake and bi-directional diffusion 

of free cholesterol) (130,131). The indirect pathway, which is the main 

one, requires the intervention of apoB–containing lipoproteins (mainly 

VLDL). HDL transfers cholesterol esters to apoB–containing 

lipoproteins in exchange for an equal content of triglycerides. During 

this process, mediated by the CETP enzyme, cholesterol is recirculated 

from where it is very dangerous (macrophages) and transported back 

to the liver when VLDLs become LDLs and are captured by the liver 

(132).  

 

HDLs also are key regulators of triglyceride metabolism. They obtain 

triglycerides in exchange for cholesteryl esters through the action of 

the CETP enzyme. Triglyceride-rich HDLs (depleted from 

cholesterol) can be cleared by the liver whenever they are internalized 

by hepatocytes after binding to ApoE receptors (132). In addition, 

HDLs are involved in the biological cycle of various apolipoproteins 

strictly related with triglyceride metabolism. As previously explained, 
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HDLs collect and transfer ApoC-II from and to VLDLs and 

chylomicrons. This apolipoprotein is the ligand for lipoprotein lipase 

in triglyceride-rich lipoproteins, and thus its levels are inversely related 

with triglyceride concentrations (118,119). HDLs can also carry 

apolipoprotein C-III (ApoC-III) on their surface, a known inhibitor of 

lipoprotein lipase (133) which delays triglyceride lipolysis and, 

therefore, promotes triglyceride accumulation in lipoprotein (133–

135). ApoC-III additionally disrupts the binding of ApoB and ApoE 

to hepatic receptors, in turn interrupting lipoprotein clearance (133). 

Both apolipoproteins can be found in HDLs, LDLs, VLDLs, and 

chylomicrons and are continuously exchanged and shared among 

them (136). Finally, apolipoprotein C-I seems to play a role in the 

complex regulation of the activity of enzymes and receptors involved 

in the metabolism of VLDL and HDL. 

 

 

1.4.2 HDL function and dysfunction 

 

HDL presents a wide set of atheroprotective functions. To date, the 

most studied are CEC, antioxidant capacities, role on inflammation, 

ability to protect endothelial cells, and contribution to triglyceride 

metabolism (137) (Figure VI). Such functions are partly due to the 

bioactive constituents of HDL which include apolipoproteins, 

enzymes, and active lipid components (116,138). Under chronic pro-

inflammatory responses, however, HDLs might lose their anti-

atherosclerotic functions and turn into pro-inflammatory lipoproteins 

(139,140). Dysfunctional HDLs are characterized by changes in their 

proteome (141) which reveal increased levels of serum amyloid A 
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(SAA) and complement C3 (C3) (142), both capable of displacing 

ApoA-I (143). A second mechanism involved in dysfunction is the 

oxidation of HDL proteins such ApoA-I and paraoxonase (144–147). 

The most important bioactive components of HDL are summarized 

in Table 1. 

  

Figure VI. HDL functions  
 

 
 

Modified from [137] 
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Table 1. Major HDL proteins 

Name Synthesis Function and properties 

Apolipoproteins 

Apolipoprotein A-I 
Liver and 

 intestine 

 

Major HDL protein (approximately 

70% of total protein content). 

Structural protein involved in HDL 

stability. 

Mediator of the interaction with 

peripheral cell receptors. 

Major functional protein which 

mediates CEC and antioxidant 

capacity. 

Apolipoprotein A-II  Liver 

 

Second most abundant (15-20% of 

total protein content). 

Structural protein involved in HDL 

stability. 

Functional role is still unclear. 

 

Apolipoprotein A-IV Intestine 

Structural protein. 

Involved in antioxidant and CEC 

functional capacities. 

Apolipoprotein C-I Liver 

Modulator of lipid metabolism. 

Inhibitor of CETP and hepatic 

lipase. Activator of LCAT. 
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Name Synthesis Function and properties 

Apolipoprotein C-II Liver 

Modulator of lipid metabolism. 

Activates lipoprotein lipase 

stimulating triglyceride hydrolysis. 

Apolipoprotein C-III Liver 

 

Modulator of lipid metabolism. 

Inhibitor of lipoprotein lipase. 

Blocks interaction between ApoB 

and ApoE with hepatic lipase 

reducing liver uptake of 

lipoproteins. 

 

Apolipoprotein C-IV Liver 
Modulator of triglyceride 

metabolism. 

Apolipoprotein D 

 

Liver 

 

Binding of small hydrophobic 

molecules. 

Apolipoprotein E Liver 

 

Involved in HDL stability. 

Ligand of LDL receptor and LDL 

receptor related proteins. 

Regulates lipoprotein hepatic 

clearance. 

Possibly related with CEC through 

interaction with ATP-binding 

cassette transporter A1. 
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Name Synthesis Function and properties 

Apolipoprotein F Liver Inhibitor of CETP. 

Apolipoprotein H Liver 
Binding of negatively charged 

molecules. 

Apolipoprotein J Liver 
Binding of hydrophobic molecules 

and interaction with cell receptors. 

Apolipoprotein M Liver 

Principal carrier of Sphingosine-1-

phosphate and involved in HDL 

endothelial protection function. 

Enzymes 

Lecithin cholesterol 

acyltransferase 

Liver, 

Brain 

Regulator of lipoprotein 

metabolism. 

Esterification of free cholesterol to 

cholesteryl esters. 

Involved in HDL CEC and 

antioxidant capacity. 

Cholesteryl ester 

transfer protein 
Liver 

Regulator of lipoprotein 

metabolism. 

Exchange of CE and triglycerides, 

and exchange of PL between HDL 

and apoB-containing lipoproteins. 

Involved in HDL CEC and 

antioxidant capacity. 
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Name Synthesis Function and properties 

Paraoxonase 1 Liver 

Calcium-dependant enzyme with 

lactonase, arylesterase, and 

paroxonase activity. 

Major enzyme involved in HDL 

antioxidant capacity. 

Paraoxonase 3 Liver 

Calcium-dependant enzyme. Potent 

lactonase and limited arylesterase 

activity. 

Platelet-activating 

factor-acetyl-

hydrolase 

Macrophage 

 

Hydrolysis of short-chain oxidized 

phospholipids. 

Involved in HDL antioxidant 

capacity. 

 

Phospholipid transfer 

protein  

Widely 

expressed in 

different 

tissues 

 

Phospholipid transfer to HDL 

particles. 

Regulator of HDL size. 

Possibly involved in HDL 

antioxidant capacity. 
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Name Synthesis Function and properties 

Sphingolipids 

Sphingosine-1-

phosphate 

Secreted 

from blood 

platelets and 

erythrocytes 

 

Stimulates nitric oxide production 

of endothelial cells. 

Preserves endothelial cell 

homeostasis. 

Associated in HDL with 

apolipoprotein M. 

 

 

Acute-phase proteins & complement proteins 

Serum amyloid A Liver 

Major acute-phase reactant protein 

associated with HDLs. 

Found mainly under chronic 

inflammatory responses. 

Pro-inflammatory protein involved 

in HDL dysfunction. 

Complement 

component 3 
Liver 

Complement activation. 

Found mainly under chronic 

inflammatory responses. 

Pro-inflammatory protein involved 

in HDL dysfunction. 
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Name Synthesis Function and properties 

Alpha-1-antitrypsin Ubiquitous 

 

Inhibitor of elastase and other 

proteases secreted by macrophages. 

Involved in HDL anti-inflammatory 

capacity. 

 

Modified from Kontush A, Handbook of Experimental 

Pharmacology, 2014.  

 

In the following sections, we will summarize the evidence of the most 

widely studied HDL functions and their main implications for 

cardiovascular health to date. 

 

 

 Cholesterol efflux capacity  

 

CEC, which quantifies the capacity of HDLs to remove cholesterol 

from cells, is the most studied HDL function. It can be measured by 

in vitro assays in macrophage-derived cell cultures treated with 

fluorescent-labelled or radio-labeled cholesterol. HDL particle number 

has been related to CECin some studies, although not in all (148,149). 

ApoA-I modifications (oxidation, glycation) are linked to decreased 

CEC values in individuals with previous CVD or type-2 diabetes 

(145,150). The presence of other minor apolipoproteins such as 

apolipoprotein A-II, apolipoprotein A-IV (ApoA-IV), and ApoE has 

also been shown to be associated with increased CEC (151–153), as 

well as a reduced HDL content of CETP (154,155).  
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CEC is associated with subclinical atherosclerosis and incident CVD. 

In the high impact journal, New England Journal of Medicine, CEC 

was linked with subclinical atherosclerosis and incident CVD by using 

ex vivo cell experiments (156,157). An association, independent of 

HDL-C concentrations, which has been confirmed in some 

prospective studies in high cardiovascular risk individuals (158) and a 

general population (159), although not by all authors (113). A recent 

meta-analysis estimated that each 1-SD increase in CEC values was 

linked to 14% and 23% less CAD and CVD mortality, respectively 

(113).  

 

 

 HDL antioxidant capacity  

 

HDLs are also capable of preventing LDL oxidation (160). They carry 

several antioxidant enzymes and proteins such as paraoxonase, which 

is capable of degrading oxidized lipids in lipoproteins (161–164). 

Paraoxonase in HDL can be found in two isoforms, paraoxonase-1 

(PON1, the most common) and paraoxonase-3 (165). It presents three 

types of hydrolytic activities (lactonase, arylesterase, and paroxonase 

activities) to metabolize ozidized lipids (166). ApoA-I also exhibits key 

antioxidant capacities (185,186) and is crucial in the stabilization of 

antioxidant enzymes such as paraoxonase (167). HDLs are also able to 

directly uptake oxidized lipids from other lipoproteins and therefore 

improve their oxidative state (168,169). 
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There are various in vitro techniques to evaluate HDL antioxidant 

capacity. The HDL oxidative/inflammatory index (HOII) is a cell-free 

assay that estimates the global HDL capacity to prevent the oxidation 

of a fluorescent lipid marker by oxidized LDLs. Decreased values of 

HOII are related with greater antioxidant capacity, whilst increased 

ones are indicative of a dysfunctional, pro-oxidant, pro-inflammatory 

lipoprotein (170). We can also evaluate the oxidative status of HDL 

itself by measuring its content of malondialdehyde (a lipid peroxide) 

(141,143,144,171).  

 

Regarding HDL antioxidant capacity, the activity of PON1 enzyme 

has been inversely associated with incident CAD events in some 

epidemiological studies (172,173). A meta-analysis estimated 19% 

lower PON1 activity in CAD patients compared to controls (173). 

These results agree with studies evaluating HOII. Three different 

observational studies reported increased levels of HOII in participants 

with acute coronary syndrome (174–176).  

 

 

 HDL anti-inflammatory capacity 

 

HDL has been shown to modulate inflammatory responses in in vitro 

and animal models (177,178). HDLs can inhibit the transmigration of 

monocytes treated with oxidized LDLs in cell models (179). This 

reduced migration is accompanied by a reduction in the expression of 

endothelial adhesion proteins (vascular cell adhesion protein 1, 

endothelial cell adhesion molecule-1, E-selectin) (180,181) and 

chemokines (such monocyte chemoattractant protein 1) (179). 
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Dysfunctional HDLs are, however, also known to present an 

increased levels of acute phase proteins such as SAA or C3 (182), 

which displace active proteins such as ApoA-I and paraoxonase from 

the HDL surface. HDL-bound SAA has been reported to be able to 

promote the production of monocyte chemoattractant protein 1 in 

vascular smooth muscle cells (183). 

 

A relationship between HDL-related inflammatory markers and CAD 

has been suggested. An HDL proteomic analysis revealed that the 

levels of SAA and C3 in HDLs were higher in individuals with acute 

coronary syndrome compared to matched controls (142).  

 

 

 HDL role on endothelial protection  

 

There is also growing evidence indicating a relevant role of HDL in 

endothelial homeostasis. A healthy endothelium maintains proper 

permeability and regulates vascular tone, cellular adhesion, 

thromboresistance, and proliferation of smooth muscle cells (15). In 

this regard, HDLs facilitate the release of nitric oxide from endothelial 

cells. Nitric oxide is the main physiological vasodilator in blood vessels 

and its production is decreased during atherosclerosis (184). HDLs 

binding to endothelial cells through SR-BI receptors is one of the 

mechanisms postulated for the activation of endothelial nitric oxide 

synthase, the enzyme responsible of nitric oxide production (185,186). 

Whilst most of this evidence comes from in vitro studies (186–188), it 

has also been observed in vivo in hypercholesterolemic men (189). 

Another bioactive agent intimately involved in the promotion of 
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endothelial function is a phospholipid, sphingosine-1-phosphate 

(S1P). More than 70% of S1P in circulation is transported in HDLs, 

bound to apolipoprotein M (190). There, S1P can bind S1P receptors, 

which in turn promote the function of endothelial nitric oxide 

synthase (186,191,192), the synthesis of other vasodilators such as 

cyclooxygenase-2 and prostaglandin I-2 (both eicosanoids) (193), and 

the homeostasis of the endothelial barrier by enhancing the synthesis 

of tight junction proteins (138,194). 

 

Although very few epidemiological studies have assessed the 

atheroprotective role of HDL-bound S1P it has been reported that 

individuals with CAD history had lower levels of S1P in HDL 

compared to healthier controls (138,195). In addition, low levels of 

S1P in HDLs have been linked to an increased incidence of acute 

coronary syndrome in individuals at high cardiovascular risk (158). 

 

 

 HDL role on triglyceride metabolism 

 

Whilst most references are focused on reverse cholesterol transport, 

the role of HDL in triglyceride transport and metabolism has been 

barely studied. We have already highlighted that HDLs are involved in 

the metabolism of triglyceride-rich lipoproteins (132) and can carry 

apolipoproteins directly involved in the regulation of some key 

elements in triglyceride metabolism such as lipoprotein lipase (136). In 

addition, triglyceride-rich HDLs are related to an impaired HDL 

functionality due to changes in the lipoprotein structure that lead to an 

unstable ApoA-I conformation (196,197). Excessive CETP activity, 
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which results in an increase in HDL triglyceride content (132), is 

increased in hypertriglyceridemia, and this greater triglyceride 

accumulation in HDLs may also be linked to a poorer function (198). 

 

Two markers related with HDL triglyceride metabolism have been 

linked with CVD in epidemiological studies. High triglyceride levels in 

HDL have been causally associated with a greater risk of CAD in a 

Mendelian randomization study (199). In addition, elevated ApoC-III 

levels in HDLs have been recently associated with greater CAD 

incidence in a meta-analysis of two large cohorts with adults free from 

previous cardiovascular diseases (200). 

 

 

 Other HDL functions 

 

In addition to the previously mentioned functions, there are other 

HDL atheroprotective capacities described in the literature. On the 

one hand, HDLs are known to have an antithrombotic capacity, 

reducing platelet aggregation and inducing fibrinolysis. In animal 

studies, HDLs have been related with a reduced expression of 

selectins, thrombin, platelet-activating factors, and pro-aggregant 

eicosanoids such as thromboxane A2, and an increased expression of 

antithrombotic elements such as plasminogen activator inhibitor-I 

(201). On the other hand, HDL may also improve glucose 

metabolism. In this regard, animal studies have described the capacity 

of HDLs to promote glucose uptake in skeletal muscle cells (202).  
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1.5. Lifestyle interventions, cardiovascular health, 

and HDL functions  

 

The most important strategy for primary CVD prevention is the 

motivation of a healthy lifestyle due to its capacity to improve all 

modifiable cardiovascular risk factors. The main lifestyle interventions 

currently proposed in North American and European guidelines are: 

1) the promotion of a healthy diet such the MedDiet; 2) the 

maintenance of adequate levels of physical activity; 3) weight loss in 

overweight and obese individuals; 4) smoking cessation (72,203). We 

summarize the most recent evidence of their protective effects on 

cardiovascular health in general and HDL functions in particular. 

 

 

1.5.1 Mediterranean diet  

 

The MedDiet is a dietary pattern based on the traditional culinary 

habits of countries bordering the Mediterranean Sea (Spain, Italy, 

Greece, northern African countries, etc.). It is also a valuable cultural 

heritage representing customs, elaborated cooking styles and recipes, 

and implying crucial social interaction during meals. In 2010 it was 

declared as intangible heritage by the UNESCO. The MedDiet is 

characterized by: 1) a high intake of fruit, vegetables, nuts, legumes, 

cereals, and whole-grain products; 2) the use of olive oil as the main 

culinary fat; 3) a moderate consumption of fish, poultry, and dairy 

products; and 4) a reduced intake of processed foods, red or processed 
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meat, free sugars (soft drinks, pastries, cakes) and fat spreads (butter, 

margarine) (Figure VII).  

 

 

 Mediterranean diet and cardiovascular disease 

 

The Traditional MedDiet is capable of preventing the development of 

primary and secondary CVD (204). The Seven Countries Study led by 

Ancel Keys in 1958 was the first epidemiological approach to identify 

an association between MedDiet and lower CVD incidence (205,206). 

From the Seven Countries Study several prospective studies have 

Figure VII. Mediterranean diet Pyramid 
 

 
Modified from [https://dietamediterranea.com/ca/nutricio-saludable/] 
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supported the protective effect on CVD (207). To date, the 

PREDIMED Study (Prevención con Dieta Mediterránea) has 

provided scientific evidence of the highest quality on the effects of the 

MedDiet on CVD prevention. A 5-year, large-scale, randomized, 

controlled, parallel-group, multicentric trial with 7,447 older adults at 

high cardiovascular risk, the PREDIMED compared three different 

diets; 1) a traditional MedDiet enriched with extra-virgin olive oil; 2) a 

traditional MedDiet enriched with nuts; 3) a low-fat control diet 

following American Heart Association dietary recommendations at the 

time of trial commencement (2003). Both MedDiet groups decreased 

the incidence of a number of CVD outcomes (myocardial infarction, 

stroke, and death from cardiovascular causes) by 30% (208). The 

MedDiet also presents beneficial effects on the secondary prevention 

of CVD. In this respect, the Lyon Diet Heart study, a 46-month, 

randomized, controlled trial with 605 patients who had survived a 

myocardial infarction, assessed the effect of a MedDiet enriched with 

α-linoleic acid on the incidence of new cardiovascular events 

compared to a control group following a western-diet. A 50% 

reduction in cardiovascular recurrence (including fatal and nonfatal 

myocardial infarction, unstable angina, stroke, heart failure, pulmonary 

or peripheral embolism, and minor hospital admission) was reported 

(209).  

 

The MedDiet effects on CVD incidence can be explained by changes 

in cardiometabolic risk factors. According to various meta-analyses, 

following a MedDiet increases HDL-C levels, lowers the 

concentrations of total cholesterol, triglycerides, fasting glucose, and 

glycated hemoglobin, and normalizes blood pressure. It also decreases 



  1. Introduction 

51 
 

the levels of low-grade inflammation biomarkers (such as tumor 

necrosis factor alpha, interleukin-6, and C reactive protein), indicators 

of oxidative stress, and linked to a decreased incidence of clinical 

outcomes that increase cardiovascular risk such as type 2 diabetes 

(204,210–212).  

 

The MedDiet is abundant in several food components that may 

explain improvements in CVD incidence and cardiovascular risk 

factors (213). First, it is very rich in antioxidant compounds such as 

antioxidant vitamins (vitamin C and E), phenolic compounds 

(monophenols, flavonoids, and other types of polyphenols), and 

carotenoids (coming from extra-virgin olive oil, fruit, vegetables, nuts, 

and legumes) (214–217). Antioxidants are able to reduce oxidative 

stress (they neutralize ROS), and in turn decrease low-grade 

inflammation (218), counteract LDL oxidation (219), and prevent 

endothelial dysfunction (220). In addition, some phenolic compounds 

are able to induce AMP-activated protein kinase, a key regulator of cell 

metabolism. The induction of AMP-activated protein kinase: 1) 

activates the response of peroxisome-proliferator activated receptor 

alpha in the liver, which decreases the de novo synthesis of 

triglycerides and boosts the production of ApoA-I (in turn decreasing 

triglyceride and increasing HDL-C levels) (221,222) and the synthesis 

of acute phase proteins such as SAA, C reactive protein, and 

fibrinogen (223); 2) optimizes glucose metabolism in insulin-

dependent cells, which decreases glucose levels (224,225); 3) promotes 

the function of endothelial nitric oxde synthase, which favours 

vasodilation and an antihypertensive effect; and 4) decreases the low-

grade inflammation responses in several immune cells (226). Second, 
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the MedDiet is very rich in unsaturated fatty acids such as 

monounsaturated fats from olive oil (oleic acid), and omega-3 

polyunsaturated fats from nuts (alpha linolenic acid) and fish 

(eicosapentaenoic and docosahexaenoic acids). Unsaturated fats have 

been consistently associated with decreases in CAD incidence and 

mortality (227–230). They are inductors of the response of 

peroxisome proliferator activated receptor alpha (which increases 

HDL-C and decreases the levels of triglycerides and acuite phase 

proteins, as previously described), peroxisome proliferator activated 

receptor gamma (which increases insulin sensitivity), and facilitators in 

the decrease of pro-inflammatory responses in immune cells such as 

macrophages. Third, vegetables, fruit, legumes, and whole grains are a 

source of dietary fibre, whose consumption has been associated with 

lower CAD incidence and decreased levels of total cholesterol, LDL-

C, triglycerides, and glucose (231). Dietary fibre delays and diminishes 

the absorption of dietary glucose and cholesterol, and adsorbs dietary 

cholesterol and sterol-related compounds such as bile acids. This helps 

explain its capacity to decrease glycemia and cholesterolemia. In 

parallel, the metabolism of dietary fibre by intestinal probiotic bacteria 

produces short-chain fatty acids (such as butyric, propionic, and acetic 

acids). Short-chain fatty acids have been related with some 

cardioprotective mechanisms. They are capable of stimulating AMP-

activated protein kinase, which improves lipid profile and low-grade 

inflammation as previously explained (232–234), and contribute to a 

more efficient secretion of insulin and its reduced consumption of red 

or processed meat, processed foods, and carbohydrates of high 

glycaemic index, which are associated with greater CVD incidence and 

mortality (235–237).  
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 The Mediterranean diet and HDL functions  

 

The MedDiet is able to improve a wide variety of HDL functions, as 

observed in a large sub-sample of high cardiovascular risk participants 

in the PREDIMED study. A one-year intervention with a MedDiet 

rich in extra-virgin olive oil in high cardiovascular risk participants was 

able to promote the function of some HDL antioxidant enzymes (e.g. 

PON1) and increase the capacity of HDLs to induce the release of 

nitric oxide in cultured human endothelial cells relative to the low-fat 

control diet. It was also linked to increases in CEC, and total HDL 

antioxidant capacity, and decreases in HDL oxidation and CETP 

activity relative to baseline levels (238). These effects could be 

explained by wide variety of MedDiet food components. For example, 

the consumption of virgin olive oil enriched with anthocyanins and 

carotenes has been individually associated with greater CEC values 

(239–241) and improved HDL antioxidant and anti-inflammatory 

properties (242,243). Nevertheless, most studies evaluating the 

association between the cardioprotective food components of the 

MedDiet and HDL functions have presented limited statistical power 

and short follow-ups.  

 

 

1.5.2 Physical activity  

 

Physical activity is the generic term referring to any movement of the 

body produced by skeletal muscle that requires energy expenditure. It 

includes all movements performed during the day (at work, home, 

leisure time movements, etc.). When physical activity is planned and 
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presents structured movements it is known as exercise (e.g. walking, 

swimming, housework, etc.) (244,245). According to its intensity, it 

can be differentiated into light, moderate, or vigorous. Physical activity 

intensity is measured in metabolic equivalents of task (METs). One 

MET is equivalent to the energy consumed while sitting at rest and 

corresponds to 1.0 kcal/kg·h. More clearly, METs express the energy 

cost of exercise as a multiple of resting metabolic rate (246). Light 

intensity physical activity corresponds to activities of less than 3 METs 

(e.g. walking), moderate intensity to activities between 3 to 5.9 METs 

(e.g. walking at a brisk pace), and vigorous activity to ≥6 METs (e.g. 

team sports, running). Two other characteristics that influence the 

effects of physical activity are frequency (the number of sessions per 

day or per week) and duration. Finally, physical activity can be also 

classified by the nature of the exercise performed: 1) aerobic or 

anaerobic; 2) strength or resistance training; and 3) balance or stability 

training (244). 

 

It is estimated that almost 1 out of 4 adults present a sedentary 

lifestyle (characterized by an excessive number of hours/day sitting or 

lying) and this proportion increases in older ages (247). For older 

adults it is crucial to follow moderate and regular levels of physical 

activity to maintain an adequate quality of life (248). Ageing and the 

marked presence of co-morbidities can, however, hinder this 

population’s capacity to undertake physical activity. The World Health 

Organization has recommended a minimum of 150 minutes per week 

of moderate-intensity physical activity (replaceable by 75 minutes of 

vigorous activity) and two sessions of muscle strengthening. Once this 

minimum has been reached it is recommended to gradually increase 
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physical activity (intensity, duration, and frequency) according to the 

individual’s possibilities (245,248). 

 

 

 Physical activity and cardiovascular disease 

 

Sedentarism or physical inactivity has a major impact on 

cardiovascular health. The Framingham Study in the 1960s first 

reported an increased risk of presenting myocardial infraction in 

participants with a sedentary lifestyle (249). Since then, several 

epidemiological studies have shown associations between physical 

inactivity and CVD (250–254), and quantified that up to 6% of total 

CVD is due to this risk factor (255). For this reason, physical activity 

promotion is a first line strategy for primary CVD prevention (256). 

Augmenting physical activity leads to reductions in mortality and 

incidence of CVD, hypertension, type-2 diabetes, weight loss, and 

raised HDL-C concentrations (247,257–260). Even modest increases 

in physical activity are beneficial for CVD prevention, and increases in 

intensity, frequency, and duration add extra-beneficial effects to CVD 

health (261,262). A recent meta-analysis has reported that changing 

from a sedentary lifestyle to meeting physical activity 

recommendations (150 min/week of moderate-intensity leisure-time 

physical activity) decreases CAD risk by 14%. Additionally, doubling 

the amount of physical activity resulted in a CAD reduction of 20% 

(263). 

 

The cardioprotective mechanisms of physical activity are complex and 

not yet fully understood. Physical activity improves cardiovascular risk 
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factors such as obesity, and induces activation of the AMP-activated 

protein kinase (see previous comments for a more thorough 

description of the latter mechanism). Taken together, the two lead to 

decreases in glucose levels, insulin resistance, blood pressure, 

triglycerides, and LDL-C, and boost HDL-C concentrations (264,265). 

The generation of ROS and low-grade inflammation responses are 

also counteracted (266).  

 

 

 Physical activity and HDL functions  

 

Physical activity has been also related with improvements in HDL 

functions in some prospective trials. Non-randomized controlled trials 

with moderate-intensity interventions on high cardiovascular risk 

individuals have shown improvements in HDL antioxidant and anti-

inflammatory properties. They reported increments in PON1 activity, 

decreases in HDL oxidation, and a promotion of HDL capacity to 

decrease the secretion of pro-inflammatory cytokines (such as 

monocyte chemoattractant protein 1) and the expression of vascular 

cell adhesion protein 1 in endothelial cell cultures (267–269). Some 

randomized controlled trials have, however, observed contradictory 

effects (270). The role of physical activity promotion on CEC is less 

clear. Whilst high-intensity exercise increased CEC values in 

overweight participants (271), interventions with lower intensities 

failed to modify CEC in individuals with obesity (270), cardiovascular 

risk factors (267), and history of peripheral artery disease (272). 

Physical activity promotion represents a potential intervention to 

improve HDL functions, nevertheless, the heterogeneity and small-
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scale nature of the studies performed to date warrant new high-quality 

evidence to confirm such results. 

 

 

1.5.3 Healthy dietary patterns combined with weight loss 

 

Considering the positive effects of the MedDiet and physical activity 

separately, their combination may result in greater improvements in 

cardiovascular health and HDL functions. Such interventions could be 

particularly beneficial for individuals with obesity, overweight, type 2 

diabetes, or metabolic syndrome, for whom the current 

recommendations are mainly focused on intensive lifestyle 

interventions with weight loss goals (273). The two main approaches 

to achieve weight loss are calorie restrictions and the promotion of 

physical activity. Calorie restriction is based on low-fat or low-

carbohydrate diets, which display similar capacities to reduce weight 

(274). Although these dietary patterns tend to reduce weight in short-

term studies they tend to lose efficacy after 12 months (275), and their 

overall nutritional quality is not always high. Therefore, the use of 

another dietary pattern with a better nutritional composition, such as 

the MedDiet (rich in fat vegetal products and with a high palatability 

and adherence), may lead to weight loss maintenance and extend its 

cardiovascular benefits due to the biological properties of its bioactive 

compounds (276). 
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 Healthy dietary patterns combined with weight loss and 

cardiovascular diseases  

 

 

Sustained weight loss interventions are usually recommended to 

reduce cardiovascular risk factors in obese individuals and metabolic 

syndrome patients. To date, however, no long-term, randomized, 

controlled trial has demonstrated any effect on CVD incidence and 

mortality. The Look AHEAD trial evaluated the effect of a long-term, 

weight loss intensive intervention based on dietary recommendations 

and physical activity in 5,145 overweight or obese participants with 

type 2 diabetes. After a median follow-up of 9.6 years, they reported 

no effects on CVD incidence (277). Similar results have also been 

found in a meta-analysis assessing the effects of different kinds of 

weight loss interventions based on lifestyle modification on CVD 

outcomes (278). Weight loss improves cardiovascular risk factors. 

Even moderate decreases in body weight (5-10%) and short-term 

interventions are linked to improvements in fasting glucose, blood 

pressure, triglycerides, and LDL-C/HDL-C levels (85,279,280). The 

PREDIMED-plus study (Prevención con dieta Mediterránea-Plus) is 

an ongoing, large-scale, randomized, controlled trial. It will evaluate 

the effect of a 6-year intervention with an intensive lifestyle 

intervention (based on the combination of calorie restriction, 

MedDiet, and physical activity for specific weight loss goals) relative to 

a non-restricted MedDiet intervention without physical activity on the 

primary incidence of CVD in 6,874 elderly Spanish participants with 

metabolic syndrome. Although the trial has not yet finished, it has 

presented some preliminary results after 1 year of intervention. The 
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intensive intervention decreased weight, waist circumference, fasting 

glucose, insulin resistance, and triglycerides, and increased HDL-C 

levels (280). 

 

 Healthy dietary patterns combined with weight loss and 

HDL functions  

 

The evidence regarding combined lifestyle modifications on HDL 

functions is very scarce and comes from modest clinical trials. A 3-

month intervention with a calorie-restricted DASH diet and physical 

activity promotion in 53 metabolic syndrome participants was 

associated with an increase of CEC values and a decrease of CETP 

activity relative to baseline (281). Another randomized, controlled trial 

with 16 obese adolescents in a 10-month intervention with calorie 

restriction and physical activity increased CEC values and HDL 

capacity to restore endothelial function compared with control 

participants under usual care (282). Additionally, some non-controlled 

prospective trials with similar interventions reported increments in 

HDL antioxidant capacity (283,284). To date, no long-term, large-

scale, randomized controlled trials with such interventions have 

assessed their effects on HDL functionality.   



 

 
 

  



 

 
 

2. Hypothesis 
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Rationale 

 

The lack of a causal relationship between HDL-C and CAD has 

placed HDL functions as better biomarkers to explain the HDL 

atheroprotective role.  

 

CEC, the most studied HDL function, has been inversely associated 

with subclinical atherosclerosis (156) and incidence of cardiovascular 

events in a general population (157) and a high cardiovascular risk one 

(158). Evidence of associations between other HDL functions and 

CVD incidence in the general population is, however, scarce. 

 

Lifestyle interventions such as the Mediterranean diet and physical 

activity have been shown to be able to improve HDL functions, 

especially in high cardiovascular risk patients (268,285). Nevertheless, 

it is yet to be established which food groups in this diet are particularly 

linked to improvements in HDL functions, or whether a combination 

of a healthy diet and physical activity may further improve HDL 

biological capacities. 

 

Considering this background, we established the following hypotheses. 
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 Hypothesis 1 

 

A comprehensive set of HDL functions (CEC, HDL antioxidant 

capacity, HDL role on endothelial homeostasis…) may be associated 

with the incidence of cardiovascular events in the general population. 

 

 Hypothesis 2 

 

Cardioprotective food groups from the Mediterranean diet (virgin 

olive oil, nuts, legumes, fish, whole grains) could be linked to 

improved HDL functions in high cardiovascular risk individuals.  

 

 Hypothesis 3 

 

An intervention with a combination of a calorie-restricted 

Mediterranean diet and physical activity may improve HDL functions 

in older adults at high cardiovascular risk. 

  



 

 
 

  

3. Objectives 



 

 
 

  



  3. Objectives 

 

67 
 

Objective 1 

 

To establish whether HDL functions are associated with CAD 

incidence at 5 years in a sample of Spanish adults, representative of the 

general population. 

 

Objective 2 

 

To evaluate whether increases in the consumption of cardioprotective 

food groups are related to improvements in HDL functions in older 

adults at high cardiovascular risk. 

 

Objective 3 

 

To assess whether an intensive life-style intervention with a calorie-

restricted Mediterranean Diet and physical activity, versus a traditional 

Mediterranean diet pattern, improves HDL functions in older adults at 

high cardiovascular risk. 

 

Objective 4 

 

To summarize the results of all randomized controlled trials to date 

that study the effect of lifestyle modifications on HDL functions.



 

68 
 

  



 

 
 

  

4. Methods 
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4.1 Study populations  

 

The present thesis includes four manuscripts. The first three were 

designed within the framework of three different study populations. 

The fourth is a systematic review of 118 randomized controlled trials. 

Manuscript I analyzed the association between HDL functions and 

CAD in a general population from the REGICOR study. Manuscript 

II studied the associations between the consumption of 

cardioprotective food groups and HDL functional improvements in a 

high cardiovascular risk population from the PREDIMED study. 

Manuscript III examined the capacity of an intensivelifestyle 

intervention to improve HDL functions in high cardiovascular risk 

individuals from the PREDIMED-plus trial. 

 

 

4.1.1 The REGICOR study 

 

The REGICOR study (in Catalan: Registre Gironí del Cor) is a long-

term population-based cohort conducted in the province of Girona 

(northeastern Spain) (https://regicor.cat/es/). The primary objective 

of the study was to assess the prognosis and evolution of CAD and its 

related risk factors at a population scale. The REGICOR study started 

in 1978 and, from then on, three different cohorts have been 

performed (in 1995, 2000, and 2005). From the 2005-REGICOR 

cohort, 5,404 participants were included. The participants were non-

institutionalized adults aged 35-75 years old without history of any 

CVD at the beginning of the study. To verify the apparition of CAD 
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events, participants had a ten-year follow-up (mean time: 6.15 years) 

with standardized telephone interviews. The primary outcome was a 

composite endpoint including fatal and non-fatal first occurrence of 

acute myocardial infarction, angina, or mortality caused by CAD. 

Events were evaluated by an expert committee that revised 

participants’ interviews and medical records. Fatal CAD events were 

further verified through the revision of the Official Catalan Death 

Registry and autopsies. Outcomes corresponded to the International 

Classification of Diseases ICD-9 codes: 410, 411.0, 411.1, 412, 414; or 

to the International Classification of Diseases ICD-10: I21, I22, I24, 

and I25. All participants signed the informed consent. The study 

Figure VIII. Case-cohort subsample design from the 2005 
REGICOR cohort. 
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protocol was conducted under the ethical principles of the declaration 

of Helsinki and was approved by an Institutional Review Board. 

Further details of study protocol have been published elsewhere (286). 

 

In Manuscript I we used a sub-sample from the 2005-REGICOR 

cohort to analyze the association between HDL functions and CAD. 

We designed a case-cohort study with 110 CAD cases and 494 non-

cases. From the 5,404 participants, 117 developed a CAD event after 

the follow-up period. The case-cohort participants were selected as 

follows. We randomly selected a sub-sample of 518 participants (20 

CAD cases and 498 non-cases). Eleven biological samples were lost 

before sample processing. The randomly selected cohort included 494 

non-cases and 13 incident CAD cases. The 97 remaining CAD cases 

were non-randomly included making up a total of 110 CAD cases.  

 

At the study baseline, trained nurses and interviewers collected general 

and clinical data, anthropometric measurements, physical activity 

questionnaires validated for Spanish adult population (the Minnesota 

leisure-time physical activity questionnaire), and biological samples.  

 

  

4.1.2. The PREDIMED study 

 

The PREDIMED study (in Spanish: Prevención con dieta 

Mediterránea) is a long-term, multi-center, parallel, randomized 

controlled trial, which evaluated the effects of a traditional MedDiet 

high in extra-virgin olive oil or nuts on the primary prevention of 
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CVD relative to a low-fat control one (http://www.predimed.es/). 

The study recruited a total of 7,447 high cardiovascular risk older 

Spanish adults (women aged 60-80, and men 55-80) free from 

previous CVD. Inclusion criteria were to present type 2 diabetes or at 

least 3 of the following cardiovascular risk factors: 1) smoking habit (≥ 

1 cigarrette/day during the previous month); 2) hypertension (systolic 

blood pressure ≥ 140 mmHg, diastolic blood pressure ≥ 90 mmHg or 

being treated with antihypertensive drugs); 3) LDL-C < 160 mg/dL or 

a treatment with lipid-lowering drugs; 4) HDL-C levels < 50 mg/dL 

for women and 40mg/dL for men; 5) overweight or obesity (BMI ≥ 

25 kg/m2), and 6) a family history of premature CV deaths. All 

participants signed the informed consent before trial commencement. 

The study protocol was approved by an institutional ethical committee 

and registered with the International Standard Randomized Controlled 

Trial Number ISRCTN35739639. Full study protocol has been 

published elsewhere (287).  

 

The PREDIMED participants were randomly allocated to one of 

three dietary interventions: 1) a traditional MedDiet enriched with 

extra-virgin olive oil (participants were given 1 liter per week for 

cooking and dressing to take into account the needs of the whole 

family); 2) a traditional MedDiet enriched with mixed nuts (15 g 

walnuts, 7.5 g hazelnuts, and 7.5 g almonds per day); and 3) a control 

group with low-fat diet counseling. Further extra-virgin olive oil or 

nuts were provided to participants to increase intervention 

compliance. Dietary interventions consisted of personalized 

educational interviews performed by trained dietitians at baseline and 

repeatedly throughout the study. Both MedDiet groups were 
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instructed to: 1) increase their consumption of vegetables, fruit, nuts, 

and fish; 2) use olive oil as the main culinary fat; 3) decrease their 

intake of red or processed meat; 4) prepare homemade traditional 

foods based on “sofrito” (a mixture of stir-fried tomato, onions, garlic, 

and aromatic herbs); 5) in participants who reported drinking alcohol, 

moderate consumption of red wine (limited to 300 ml/day) with meals 

was recommended (288,289). MedDiet groups also received meal 

plans, shopping lists, dietary recipes, and detailed descriptions of 

recommended foods. The control group was encouraged to follow a 

low-fat diet according to the American Heart Association guidelines in 

effect at the beginning of the study (2003) (290). The main 

recommendations were: 1) to increase consumption of fruit, 

vegetables, and legumes; 2) to decrease consumption of red, processed 

meats, and other fat-rich products (confectionery, processed foods, 

snacks, nuts, fatty fish, and sauces); 3) to reduce the use of cooking 

fats; and 4) to select non-fatty alternatives of standard food items and 

remove visible fat from meat products.  

 

In Manuscript II we evaluated the association between 1-year 

changes in food group consumption and HDL functional traits in a 

randomly selected, sub-sample of 296 volunteers from the 

PREDIMED study (291). Information about the different 

cardioprotective food groups were obtained from the validated 137-

item food frequency questionnaires of the study. The MedDiet 

cardioprotective food groups analyzed were: 1) virgin olive oil; 2) nuts 

(walnuts, hazelnuts, almonds, pistachios, and pine nuts); 3) fruit and 

vegetables (green leafy vegetables, tomatoes, carrots, cruciferous 

plants, beans, peppers, allium plants, cucurbits, asparagus, other 
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vegetables, all fruit from rosacea and citrus families, bananas, berries, 

melons, watermelons, pineapples, kiwis, grapes, and others); 4) 

legumes (chickpeas, lentils, beans, and peas); 5) whole grains (breads, 

biscuits, and other cereals); 6) fish (lean and fatty fish); and 7) wine 

(red, rosé, white, sparkling, and sweet). At baseline and after one year 

of intervention, we collected anthropometric measurements (height, 

weight, waist circumference, and blood pressure), plasma samples (for 

biochemical analyses), and health questionnaires (the 14-item 

questionnaire for adherence to the MedDiet, the Minnesota leisure 

time physical activity questionnaire, and other general health 

questionnaires).  

  

Figure IX. PREDIMED sub-study design. 
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4.1.3 The PREDIMED-plus study 

 

The PREDIMED-plus trial (in Spanish: Prevención con dieta 

Mediterránea-Plus) is a long-term, multi-center, parallel, randomized 

controlled trial with 6,874 high cardiovascular risk participants from 

Spain. The main objective of the trial is to evaluate the effect of an 

intensive lifestyle intervention consisting of a calorie-restricted 

MedDiet and physical activity on the primary prevention of CVD. The 

study is conducted in older adults (range age: 60-75 years for women 

and 55-75 for men) with a BMI between 27 and 40 kg/m2 and who 

meet at least three components for metabolic syndrome diagnosis. 

Metabolic syndrome is a cluster of cardiovascular risk factors, which 

are: 1) triglyceride levels ≥150 mg/dL or receiving triglyceride-

lowering medication; 2) fasting glucose levels of ≥100 mg/dL or being 

treated with glucose-lowering drugs; 3) blood pressure below 130/85 

mmHg or treatment with antihypertensive medication; 4) HDL-C 

levels <50 mg/dL for women and <40 mg/dL for men; and 5) waist 

circumference ≥80 cm in women and ≥ 94 cm in men (292). Study 

protocol is available in the study website 

(https://www.predimedplus.com/en/project). It was designed under 

the principles of  the declaration of  Helsinki and approved by 

institutional review boards of  all participating study centers. The 

International Standard Randomized Controlled Number is 

ISRCTN89898870.  

 

Candidates were randomly allocated to either receive a calorie-

restricted MedDiet combined with physical activity promotion 

(intensive lifestyle group) or to a non-restrictive MedDiet (control 
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group). Participants allocated in the control group received individual 

and group educational sessions with trained dietitians to follow a 

traditional MedDiet with spontaneous caloric intake and no changes in 

physical activity. The dietary intervention was the same as previously 

described for the PREDIMED study (289). Participants in the 

intensive lifestyle group received individual and group educational 

sessions with the specific purpose of achieving weight reductions of 

about 8% of their initial weight and 5% decreases in waist 

circumference during the first six months of the study. After that, the 

objective was to maintain these reductions until the end of the study. 

Subjects were encouraged to combine a daily aerobic activity of 

moderate intensity (a minimum of 45 min/day of activities such as 

brisk walking, swimming, cycling, etc.) with 2 sessions a week of 

resistance, balance, or flexibility exercises (30-40 min/day). All 

recommendations were adapted to an older population to gradually 

achieve physical activity goals. Moreover, dietitians modified the 

previously described MedDiet recommendations to progressively 

reach a 30% decrease in energy requirement according to each 

participant’s basal metabolic rate (a reduction of about 600 kcal/day) 

(280). Calorie restriction was promoted by decreasing the 

consumption of red meat, processed meats, processed foods, sugary 

drinks, and spread fats and the substitution of refined carbohydrates 

with whole grains (293). 

   

Manuscript III was carried out with a sub-sample of 391 participants 

from one of the PREDIMED-plus recruitment centers (Hospital del 

Mar Medical Research Institute in Barcelona, Spain). All available 

plasma samples collected at baseline and after 6 months of 
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intervention were selected (201 samples from the control group and 

190 from the intensive lifestyle one). The objective of the study was to 

determine whether an intensive lifestyle intervention (relative to a non-

restrictive MedDiet with no recommendations on physical activity) 

was able to improve a wide set of HDL functions. Plasma samples, 

anthropometric measurements, and questionnaires were obtained at 

baseline and after 6-months of intervention. Physical activity was 

evaluated by the Minnesota-REGICOR leisure-time physical activity 

questionnaire validated for the Spanish population (294). Total energy 

intake and adherence to a calorie-restricted MedDiet were estimated 

using a 143-item semi-quantitative food frequency questionnaire and a 

17-item questionnaire, respectively (293,295). 

Figure X. PREDIMED-plus sub-study design. 
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4.2 Laboratory determinations 

 

The study of HDL functions and HDL components with functional 

connotations is the link among the four manuscripts of the thesis. A 

summary of all determinations performed in each study is available in 

Table 2. 

 

Fasting plasma or serum samples were obtained from study 

participants, aliquoted and stored at -80ºC prior to use in all cases. 

HDL functional analyses were mainly determined in ApoB-depleted 

plasma or ApoB-depleted serum. ApoB-depleted samples are 

specimens in which all lipoproteins but HDLs have been removed by 

precipitation. Briefly, plasma or serum specimens were mixed with a 

20% polyethylene glycol 8000 suspension (Sigma-Aldrich, Madrid, 

Spain), incubated 20 minutes at 4ºC, and centrifuged at 10,000g during 

15 minutes at 4ºC. Then the supernatant (the ApoB-depleted 

specimen) was collected, aliquoted, and stored at -80ºC (156).  
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Table 2. Laboratory determinations and specimens used in each 

study 

Determinations 

REGICOR 

study 

(Manuscript 

I) 

PREDIMED 

study 

(Manuscript 

II) 

PREDIMED

-plus study 

(Manuscript 

III) 

Biochemical profile  Serum Plasma  Plasma  

Cholesterol efflux 

capacity 

ApoB-depleted 

serum 

ApoB-depleted 

plasma 

ApoB-depleted 

plasma 

HDL 

oxidative/inflamma

tory index 

ApoB-depleted 

serum 
- 

ApoB-depleted 

plasma 

HDL oxidation - - 
ApoB-depleted 

plasma 

HDL Endothelial 

protection capacity 
- 

ApoB-depleted 

plasma 
- 

PON1 arylesterase 

activity 

ApoB-depleted 

serum 
Serum - 

Cholesteryl 

ester transfer 

protein 

activity 

- Serum - 

HDL capacity to 

esterify cholesterol 
- 

HDLs isolated 

by sequential 

ultracentrifugati

on 

- 

Lecithin cholesterol - Serum - 
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4.2.1 Biochemical profile 

 

All systemic determinations in serum (for Manuscript I) and plasma 

(for Manuscripts II-III) were performed in an ABX Pentra 

autoanalyzer (Horiba ABX). Levels of glucose (Glucose HK CP, 

Horiba ABX, Madrid, Spain), triglycerides (Triglycerides CP, Horiba 

ABX, Madrid, Spain), and total cholesterol (Cholesterol CP, Horiba 

ABX, Madrid, Spain) were measured by enzymatic methods. HDL-C 

acyltransferase 

mass 

Serum amyloid A - - 
ApoB-depleted 

plasma 

Complement 

component 3 

ApoB-depleted 

serum 
- 

ApoB-depleted 

plasma 

Sphingosine-1-

phosphate 

ApoB-depleted 

serum 
- 

ApoB-depleted 

plasma 

Triglycerides - - 
ApoB-depleted 

plasma 

Apolipoprotein A-I 
ApoB-depleted 

serum 
- 

ApoB-depleted 

plasma 

Apolipoprotein A-

IV 
- - 

ApoB-depleted 

plasma 

Apolipoprotein C-

III 
- - 

ApoB-depleted 

plasma 

Apolipoprotein E - - 
ApoB-depleted 

plasma 
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levels were determined by a selective accelerator detergent 

methodology (HDL Direct CP, Horiba ABX, Madrid, Spain). Finally, 

LDL-C was estimated with the Friedewald Equation whenever 

triglyceride levels were <300 mg/dL. 

 

 

4.2.2 Cholesterol efflux capacity  

 

The determination of CEC was performed in a human THP-1 

monocyte-derived macrophages cell line. First, THP-1 monocytes 

were grown in suspension at 37ºC and 5% CO2 with RPMI-1640 

medium (supplemented with 10% fetal bovine serum, 1% L-

glutamine, 1% sodium pyruvate, and 1% penicillin-streptomycin). The 

cell medium was refreshed every 72h. After reaching confluence, 

monocytes were differentiated into macrophages incubating cells with 

200 nM of phorbol-myristate-acetate (Sigma-Aldrich, Madrid, Spain) 

for 96h. Once differentiated, macrophages were incubated for 24h 

with 0.2 µCi/mL of [1,2- 3 94 H(N)]-cholesterol (Perkin-Elmer) (in 

Manuscript II) or with 0.025 mM fluorescent 23-

(dipyrrometheneboron difluoride)-24-norcholesterol (Avanti Polar 

Lipids Alabaster, AL, USA) (in Manuscripts I and III). Then, the 

medium with the radiolabeled or the fluorescent-labeled cholesterol 

analog was washed and substituted for RPMI-1640 (with 1% of 

bovine serum albumin, 1% L-glutamine, 1% sodium pyruvate, 1% 

penicillin-streptomycin, and without supplementation of fetal bovine 

serum) for 24h. Finally, macrophages were washed again and 

incubated with participants’ samples of ApoB-depleted plasma or 

ApoB-depleted serum at 5% for 16h. Culture supernatant was 
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collected, and the remaining cell content treated with Triton X-100 

1%, 4ºC for 1h, homogenized, and collected for its evaluation. The 

radioactivity response was read in a beta scintillation counter Tri-Carb 

101 2800TR (Perkin-Elmer) and the fluorescent response in Infinite 

200 reader (Tecan Ltd). Cholesterol efflux was calculated as the ratio 

between the radioactive or fluorescent response in the supernatant × 

100 divided by response in the homogenized cells + response in the 

supernatant. The reading of samples without incubation with ApoB-

depleted plasma or ApoB-depleted serum samples was used as a blank. 

 

 

4.2.3 HDL antioxidant capacities and HDL oxidative status 

 

The global antioxidant capacity was measured with the HDL 

oxidative/inflammatory index (HOII). It evaluates the capacity of 

HDL to protect a fluorescent marker (2’-7’dichlorohydrofluorescein –

Life Technologies, USA) from becoming oxidized by oxidized LDLs. 

The steps required were the following: 1 we diluted the marker 2’-7’-

dichlorodihydrofluorescein diacetate in methanol for 30 minutes to 

obtain the fluorescent metabolite (2’-7’dichlorohydrofluorescein); 2) 

we mixed 3 μg/mL of 2’-7’dichlorohydrofluorescein with 5µL of 

volunteers’ ApoB-depleted plasma or ApoB-depleted serum and with 

1.5 μg/mL of oxidized LDLs (Cu2+oxidized) in black polystyrene 

plates in an Infinite M200 reader (Tecan Ltd); 3) we added the 

fluorescent marker to the mix and measured fluorescence (Ex/Em: 

485/530 nm) every 3 minutes at 37ºC during 60 minutes in an Infinite 

200 reader (Tecan Ltd); 4) in all the results, we subtracted the 

florescent blank, and then, the negative control values (wells without 
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ApoB-depleted plasma or ApoB-depleted serum). The index was 

calculated as the slope of the linear regression with the values read 

between 15 and 60 minutes (158).  

 

In some of the studies we assessed the PON1 arylesterase activity in 

serum samples using a commercial enzymatic activity kit 

(Arylesterase/Paraoxonase Assay Kit, Zeptometrix, USA). 

 

The oxidative status of HDL was assessed as the content of 

malondialdehyde equivalents per unit of protein (an indicator of 

oxidative stress produced from lipid peroxidation) in ApoB-depleted 

plasma samples (291). 

 

 

4.2.4 HDL pro-inflammatory markers  

 

We determined the HDL content of C3 by immunoturbidimetry in an 

ABX Pentra autoanalyzer (C3; Horiba ABX, Madrid, Spain) and SAA 

with a sandwich ELISA kit (Human SAA ELISA Kit, Life 

Technologies, USA). 

  

 

4.2.5 HDL endothelial properties  

 

In some of the articles, we measured the HDL capacity to promote 

the endothelial release of nitric oxide in human umbilical vein 

endothelial cells (HUVEC, Lonza). Briefly, the protocol proceeds as 

follows: 1) we grew human umbilical endothelial cells at 37ºC and 5% 
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CO2 with EGM-2 medium (Lonza). Cell media were refreshed every 

48-72h until reaching 80% confluence; 2) cells were trypsinized, 

transferred to 96-well plates, and incubated during 24h; 3) cells were 

incubated with EGM-2 medium (supplemented with 0.75% bovine 

serum albumin, 1% fetal calf serum, and 1% penicillin-streptomycin) 

with the fluorescent marker 4,5-diaminofluorescein diacetate at final 

concentration: 5 µM (DAF-2DA, Sigma) and with 30% of 

participants’ ApoB-depleted plasma (or a negative control without 

ApoB-depleted plasma); and 4) the fluorescent response was read after 

30 and 60 minutes in an Infinite M200 reader (Tecan Ltd) (Ex/Em: 

485/532 nm). We measured the velocity of nitric oxide formation in 

the endothelial cell culture. First, we calculated the slope of the linear 

regression between fluorescent response at 30 and 60 minutes. 

Second, we subtracted the blank signal from all the values. Finally, we 

calculated the velocity of nitric oxide formation with the following 

formula: (slope of cells treated with ApoB-depleted plasma - slope of 

negative control × 100) / slope of negative control. 

 

Regarding HDL components that are actively involved in HDL 

protective properties in endothelial cells, we quantified the levels of 

HDL-bound S1P in ApoB-depleted samples with a competitive 

ELISA kit (Sphingosine 1 Phosphate BioAssay ELISA Kit, US 

Biological, USA). 
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4.2.6 CETP and LCAT determinations  

 

We measured CETP activity in serum using the CETP Assay Kit 

(MBL International, USA). LCAT concentration was assessed with the 

Lecithin Cholesterol Acyltransferase ELISA Kit (Sekisui Diagnostics, 

USA).  

 

The HDL capacity to esterify cholesterol was calculated as the 

percentage of esterified cholesterol in HDL divided by LCAT mass. 

To evaluate the percentage of esterified HDL, we first measured the 

quantity of total cholesterol and free cholesterol in HDL isolated by 

ultracentrifugation in an ABX Pentra autoanalyzer (Cholesterol-LQ, 

Free Cholesterol-LQ, Spinreac). Second, we estimated the content of 

esterified cholesterol (total cholesterol in HDL - free cholesterol in 

HDL). Finally, the percentage of esterified cholesterol was calculated 

as: content of esterified cholesterol × 100 / total cholesterol in HDL. 

 

 

4.2.7 HDL components  

 

In some of the thesis articles, we determined the levels of ApoA-I, 

ApoC-III, ApoE, triglycerides, and total protein content in ApoB-

depleted samples in an ABX Pentra autoanalyzer (ApoA1, 

Triglycerides CP, and Total Protein CP; Horiba ABX, Spain; ApoC-

III, and ApoE, Spinreact, Spain). ApoA-IV levels were measured with 

a sandwich ELISA kit (Human Apolipoprotein A-IV ELISA Kit, UK). 
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4.2.8 Quality control of HDL functional determinations 

 

Complex laboratory determinations with biological samples, cellular 

models, and multiple assay runs increase the risk of presenting high 

variability. In order to reduce the batch effect in different 

experimental runs: 1) we examined all the study samples in a random 

order; 2) we analyzed samples from the same participant in the same 

experimental run (e.g. samples from baseline and from follow-ups of 

the same volunteer); 3) we included a sample pool collected from 20 

healthy volunteers in each experimental run to calculate intra-assay 

and inter-assay coefficients of variation; 4) we performed HDL 

functions (CEC, HOII, HDL oxidation, PON1 activity, and HDL 

capacity to promote endothelial release of nitric oxide) in duplicate 

and removed results with coefficients of variations >15%; and 5) we 

normalized the results from non-automatized assays with the sample 

pool included in each experiment, obtaining unitless ratios.  
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6.1 General overview 

 

This thesis presents four manuscripts exploring the association of 

HDL functions with cardiovascular risk and how they are modulated 

by lifestyle changes such as diet or physical activity. We worked within 

the framework of three different population-based studies: a 

representative cohort of adult participants from the Spanish 

population (the REGICOR study) and two randomized controlled 

trials based on lifestyle interventions (the PREDIMED and the 

PREDIMED-plus studies). We first analyzed the association between 

HDL functions and CAD in a general population within the 

REGICOR study (Manuscript I). Second, we investigated the 

associations between the consumption of cardioprotective food 

groups and improvements in HDL function in the PREDIMED study 

population (Manuscript II). Third, we examined the capacity of an 

intensive life-style intervention with a calorie-restricted Mediterranean 

Diet and physical activity to improve HDL functions in high 

cardiovascular risk participants from the PREDIMED-plus trial 

(Manuscript III). Finally, we summarized the results from 

randomized controlled trials studying the effects of dietary and 

physical activity modifications on HDL functions in a systematic 

review (Manuscript IV). The main characteristics of the manuscripts 

are summarized in Table 3. 

 

The discussion will be focused on the interpretation and integration of 

the findings from the four texts.  
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Table 3. Summary of manuscripts 

Objective 
(Manuscript) 

Design /outcomes Main results 

Objective 1 
( Manuscript 1) 

Design: Case-cohort 
study with 10-year follow-
up of CAD incidence.  
Study: REGICOR 
(general population). 
Outcome: Association 
between HDL functional 
traits and CAD 

 

CAD is associated with: 
1) High levels of 

C3 in ABDS.  
2) Low levels of 

ApoA-I n 
ABDS.  

3) High levels of 
S1P in ABDS in 
participants with 
desirable HDL-
C values. 

 

Objective 2 
( Manuscript 2) 

 

Design: Randomized 
controlled trial with three 
parallel interventions of 1 
year: 
1) Traditional MedDiet 
enriched with extra virgin 
olive oil (1L/week).  
2) Traditional MedDiet 
enriched with nuts (30 
g/day of mixed nuts). 
3) Low fat diet. 
Study: PREDIMED 
(Metabolic syndrome 
participants) 
Outcome: Association 
between MedDiet food 
groups and HDL 
functions 
 

 

HDL functions are 
associated with increases 
in consumption of: 

1) Virgin olive oil. 
2) Nuts. 
3) Legumes. 
4) Whole grains.´ 
5) Fish. 
 

Objective 3 
( Manuscript 3)  

 

Design: Randomized 
controlled trial with two 
parallel interventions of 6 
months: 
1) Energy-restricted 
MedDiet, together with 

 
Intervention group 
presented lower levels 
of: 

1) ApoC-III in 
ABDP. 

2) Triglycerides in 
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ABDS: Apolipoprotein B-depleted serum, ABDP: Apolipoprotein B-
depleted plasma ApoA-I: Apolipoprotein A-I, ApoC-III: Apolipoprotein C-
III, CAD: Coronary artery disease, C3: Complement component 3, HDL-C: 
HDL colesterol, MedDiet: Mediterranean diet, MUFA: Monounsaturated 
fatty acids, PUFA: Polyunsaturated fatty acids. 

 
  

physical activity 
promotion. 
2) Traditional MedDiet 
without calorie restriction. 
Study: PREDIMED-plus  
( Metabolic syndrome 
participants) 
Outcome: Changes on 
HDL functions 
 

ABDP. 
 

Objective 4 
( Manuscript 4) 

 

Design: Systematic 
review of dietary (fatty 
acids, cholesterol, 
antioxidants, alcohol, and 
calorie restriction) and 
physical activity 
randomized controlled 
trials. 
Outcome: Changes on 
HDL functions 
 

 

MUFAs, PUFAs, dietary 
antioxidants, dietary rich 
patterns, ethanol, and 
dietary cholesterol 
improved HDL 
functions. 
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6.2 Association between HDL functions and CAD in a 

general population 

 

CAD is highly prevalent and one of the leading causes of mortality (3). 

Nevertheless, many issues related to this condition in population 

studies remain unclear, thus research into new biomarkers potentially 

involved in CAD pathophysiology is warranted (38). Among such 

biomarkers, CEC, HDL antioxidant/anti-inflammatory potential, 

HDL content of ApoA-I, and HDL components involved in 

endothelial protection including S1P, have been associated with 

cardiovascular disease incidence in diverse populations (156–158). In 

Manuscript I, we evaluated the association between these biomarkers 

and some other HDL functional traits with CAD in a sample of adults 

representative of the Spanish general population. In particular, we 

reported an independent association between high C3 levels and low 

ApoA-I concentrations and increased CAD risk. In addition, 

augmented S1P levels were linked to lower CAD incidence among 

participants with desirable HDL-C concentrations. 

 

HDL plays a key role on inflammatory responses in atherogenesis 

(296). Under certain circumstances, HDLs can become dysfunctional, 

pro-inflammatory particles when they incorporate acute phase 

proteins such as C3 into their structure (182). We report for the first 

time an independent association between C3 in apoB-depleted serum 

and incident CAD in a general population. C3 concentrations in 

plasma have been associated with CAD (297), and their levels in HDL 

particles have been related to acute coronary syndrome occurrence 
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(142). Moreover, concentrations have been reported to be elevated 

(although nonsignificantly) in individuals with high unstable angina 

odds (158,298). In agreement with our results, one anti-inflammatory 

capacity of HDL, measured as the ability of HDLs to inhibit the 

secrtetion of vascular cell adhesion molecule-1 from endothelial cells, 

has been inversely related with CAD incidence in a general population 

in a recent study (299). 

 

ApoA-I, the major protein in HDLs, is crucial in several HDL 

functions such as CEC and its antioxidant capacity (145,149,167,300). 

Plasma levels of this apolipoprotein have been inversely associated 

with CAD by some authors (104,301,302) but not by others (303). 

Despite these associations in cohort studies, the causal role of 

systemic ApoA-I levels is currently questioned, in a similar manner to 

HDL-C concentrations (149). Such a lack of association with CAD of 

both HDL-C and ApoA-I concetration could be due to conditions 

intimately related to low HDL-C. In this respect, low HDL-C and 

(159)apoA-I levels in circulation are present when triglyceride levels 

are high (304) and/or HDL functionality is decreased (305). The 

association between HDL-C levels and cardiovascular risk may also be 

dose-dependent, since a null association between high HDL-C 

concentrations and cardiovascular protection beyond a certain 

threshold level have been reported in intervention trials (306). We 

cannot rule out that this controversy may be also extended to certain 

HDL functional properties. In the present work, ApoA-I levels in 

apoB-depleted serum were inversely associated with CAD when 

adjusting for HDL functional traits, and this association was stronger 

in individuals with low HDL-C concentrations. Our results agree with 



  6. Discussion 

258 
 

previous findings, such as the association between ApoA-I levels in 

apoB-depleted serum and greater CAD incidence in older adults at 

high cardiovascular risk (158). In this regard, the number of ApoA-I 

molecules bound to HDL particles could be a determinant for particle 

functionality especially when HDL-C levels are low. Thus, our 

findings suggest that greater ApoA-I levels could be particularly 

atheroprotective in high cardiovascular risk populations. 

 

HDLs are also able to protect endothelial cells and promote their 

functionality (307). One of the essential HDL components in this 

function is S1P, a bioactive phospholipid involved in endothelial 

homeostasis (296). According to our findings, increased S1P levels in 

apoB-depleted serum were associated with decreased CAD risk 

individuals with optimal HDL-C concentrations. Our results agree 

with previous evidence, since S1P levels in HDL have been inversely 

associated with acute coronary syndrome incidence in high risk 

individuals (158) and the extent of atherosclerotic lesions in stable 

patients with CAD (308).  

 

In contrast to other studies, we did not find an association between 

CEC values and incident CAD cases (157,159). Soria-Florido MT et al 

reported that cholesterol efflux capacity was associated with increased 

odds of acute coronary syndrome in high cardiovascular risk subjects 

(158), the article of the present thesis and two other studies were, 

however, conducted in a general population (157,159). The divergence 

could be due to several reasons. First, our CEC methodology is 

slightly different from previous studies. In one of them, the authors 

used a cell line of J774.1 murine macrophages and only measured 
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ABCA1-dependent efflux (157), whilst in the other one they used a 

radiolabeled cholesterol probe instead of a fluorescent one (159). 

Second, median HDL-C values in these studies were also lower (47 

mg/dL (157) and 45 mg/dL (159)) in relation to our population (51 

mg/dL). Third, our population is essentially Mediterranean whilst 

previous studies have either focused on subjects from the United 

Figure XI. Graphical abstract of the association between HDL 
functions and CAD. 
 

 
 
ApoA-I: Apolipoprotein A-I. C3: Complement component 3. CEC: 
Cholesterol efflux capacity. HDL: High density lipoprotein. HOII: 
HDL oxidative/inflammatory index. PON1: Paraoxonase 1. S1P: 
Sphingosine-1-phosphate. 
*S1P is only associated in participants with desirable HDL 
cholesterol values (≥40/≥50mg/dL in men/women). 
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States, with a high prevalence of Afro-Americans (50%) (157), or 

northern European individuals (159). Finally, the healthy diet in the 

Mediterranean countries may play a role in decreased CAD incidence 

in these populations in relation to those in northern Europe or the 

United States (309). 

 

 

6.3 Changes in HDL functions after lifestyle 

interventions 

 

Lifestyle interventions such as following a healthy diet and physical 

activity are first line strategies for the prevention of primary and 

secondary CAD (10,256). Some of these, for instance following a 

MedDiet, improved novel cardiovascular risk factors such as HDL 

functions The most comprehensive study to date of the effects of a 

lifestyle intervention on HDL functions was based on a MedDiet rich 

in extra-virgin olive oil in high cardiovascular risk individuals from the 

PREDIMED study (285). Weight loss interventions based on the 

promotion of physical activity have also improved some HDL 

properties such as antioxidant and anti-inflammatory functions 

(267,270). In addition, the combination of physical activity with calorie 

restriction has been associated with improvements in CEC and HDL 

antioxidant/anti-inflammatory capacities in short-term, non-

randomized trials (284,310). Thus, we tried to expand current 

knowledge by: 1) assessing the relationship between the consumption 

of cardioprotective food groups from the MedDiet (virgin olive oil, 

nuts, legumes, fruit/vegetables, whole grains, fish, and wine) and HDL 
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function (in Manuscript II); 2) studying the effects of an intervention 

with a calorie-restricted Mediterranean Diet and physical activity on 

HDL functionality (Manuscript III); and 3) summarizing in a 

systematic review the findings of all the randomized, controlled trials 

to date that investigated the effects of lifestyle modifications on HDL 

functions (Manuscript IV).  

 

Increases in the consumption of virgin olive oil and whole grains were 

related with increments in CEC values. These results agree with those 

observed in the systematic review. First, the intake of phenolic 

compound-rich virgin olive oil has been associated with augmented 

CEC in two randomized controlled trials in hypercholesterolemic 

(240) and healthy individuals (239). Such improvements could be in 

part explained by an increased HDL monolayer fluidity and an 

increment in HDL antioxidant content. The incorporation of 

monounsaturated fatty acids from virgin olive oil in HDLs has been 

related with increments in HDL particle fluidity, a greater flexibility to 

bind cholesterol transporters (311–313), and finally increased CEC 

values (314). In addition, the high content in antioxidants in virgin 

olive oil could counteract the oxidation of HDL functional elements 

such as proteins (ApoA-I, LCAT (145,147)) and lipids (315). Finally, 

olive oil phenolic compounds have been shown to be able to induce 

AMP-activated protein kinase, a metabolic regulator that can trigger 

hepatic ApoA-I synthesis through the activation of the peroxisome 

proliferator actvated receptor α and subsequently enhance HDL 

function (316)(233,317). In relation to whole grains, evidence of their 

role on HDL function is scarce. Whole grain consumption has not 

been related with changes in HDL-C and ApoA-I levels (318,319). 
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Nevertheless, interventions with fiber have been observed to decrease 

CETP and increase LCAT activities which could possibly mediate an 

increment in CEC values (320,321). Besides, dietary cholesterol and 

ethanol have also been shown to increase CEC, levels of total 

cholesterol, LDL-C, and HDL-C after the intake of dietary cholesterol 

(322). Increments of circulating pool cholesterol could result in a 

higher necessity to return it back to the liver, therefore a greater 

activity of the enzymes involved in the metabolism of cholesterol 

would be expected (LCAT, CETP) and augmented CEC (323–327). 

Concerning ethanol, its consumption has been consistently associated 

with increases in HDL-C and ApoA-I levels (328), and it is likely that 

these changes are linked to an improved HDL function. The main 

molecular hypothesis relies on the capacity of acetate, the principal 

metabolite of ethanol, to reduce cholesterol ester exchange between 

HDL and VLDLs through CETP, thus increasing the circulating levels 

of HDL-C. Acetate is also capable of decreasing lipolysis in 

adipocytes, subsequently linked to a reduction in the circulating levels 

of triglycerides in VLDLs, which may contribute to decreasing CETP 

activity (329). Finally, with respect to more general lifestyle 

modifications, an intensive lifestyle intervention with an energy 

restricted MedDiet and physical activity promotion was not able to 

increase CEC in high cardiovascular risk patients in the PREDIMED-

plus study. These results differ from those observed after an 

intervention with a non-restrictive MedDiet in the PREDIMED study. 

Such divergence can be explained as follows. First, in the 

PREDIMED sub-study there were more type 2 diabetic participants 

(50%) relative to the PREDIMED-plus (35%), these individuals 

presented particularly low CEC values and could obtain major benefits 
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from a healthy lifestyle intervention (330). Second, the intervention in 

the PREDIMED-plus study was shorter and led to a substantial 

weight loss, which may also have affected CEC values. Finally, the 

techniques used to evaluate CEC in both studies are not directly 

comparable. The methodology employed in the PREDIMED-plus 

samples to evaluate CEC was adapted to a new fluorescent-labelled 

cholesterol marker instead of the one previously used in the 

PREDIMED study, radiolabelled cholesterol analog, in order to 

reduce radiolabelled waste products and facilitate the procedure. 

 

HDL antioxidant and anti-inflammatory capacities are consistently 

enhanced by antioxidant-rich lifestyle interventions such as the 

MedDiet. Our results highlight the capacity of the MedDiet, and its 

cardioprotective food components, to improve such properties. 

MedDiet antioxidants, which are known to decrease oxidative stress 

and inflammation (331,332), can be incorporated into the HDL 

structure and induce a local antioxidant/anti-inflammatory effect 

(240,333,334). We reported an association between 1-year increases in 

the consumption of nuts, legumes, and fish and increments in PON1 

activity. In addition, HOII, HDL oxidative status, and the circulating 

levels of C3 and SAA (pro-inflammatory proteins) showed decreased 

values relative to baseline in all the participants following a MedDiet 

(both study arms in the PREDIMED-plus sub-study). Our results 

agree with previous evidence: an intervention with a MedDiet 

enriched with virgin olive oil was associated with decreased HOII and 

increased PON1 activity relative to baseline (238). The capacity of 

antioxidant-rich foods to improve HDL antioxidant/anti-

inflammatory capacity was reflected in the systematic review. Lifestyle 
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interventions with nuts, phenol-rich virgin olive oil, anthocyanins, 

carotenes, and a whole MedDiet pattern have been shown to be able 

to increase PON1 activity, decrease HOII, and reduce the levels of 

pro-inflammatory proteins in HDL (SAA and alpha-1-antitrypsin). In 

contrast, to the best of our knowledge, the association between 

legume consumption and higher PON1 activity has not been 

previously reported. An improvement in HDL antioxidant/anti-

inflammatory capacities can be explained as follows. Antioxidants 

could prevent the oxidation of HDL proteins (145,146) and lipids 

(315). In addition, through a number of mechanisms antioxidants also 

lead to decreased low-grade inflammation (218,226,234,335). This is 

linked to lower levels of pro-inflammatory molecules in circulation, 

which in turn bind less to HDL particles. Fish intake has also been 

associated with greater PON1 activity in our data, although some 

results have proven to be controversial. Interventions with fish-

derived omega 3 fatty acid supplements have been reported to increase 

PON1 activity compared to placebo in participants with high 

cardiovascular risk (336–338), whilst no differences were found in 

other studies in women (339) and type 2 diabetes individuals (340). 

Moreover, elevated doses of omega 3 fatty acids were shown to induce 

a detrimental effect on HOII in heart failure patients, attributed to a 

dose-dependent effect (341). Further research is therefore warranted.  
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The contribution of HDLs to triglyceride metabolism has been usually 

overlooked in favour of their role in cholesterol transport. 

Nevertheless, in recent years it has been increasingly studied. First, 

Figure XII. Possible mechanisms for the effect of lifestyle 
interventions on HDL functions  
 

 
 
AMPK: AMP-activated protein kinase. ApoA-I: Apolipoprotein A-I. 
ApoC-III: Apolipoprotein C-III. C3: Complement component 3. 
CEC: Cholesterol efflux capacity. CETP: Cholesteryl ester transfer 
protein. HDL: High density lipoprotein. HDL-C: HDL cholesterol. 
LCAT: Lecithin cholesterol acyltransferase. MUFA: 
Monounsaturated fatty acids. NF-κβ: Nuclear factor kappa B. 
PPARα: Peroxisome proliferator activated receptor alpha. PPARγ: 
Peroxisome-proliferator activated receptor gamma. PON: 
Paraoxonase. PUFA: Polyunsaturated Fatty Acids. ROS: Reactive 
oxygen spices. TG: Triglycerides. SAA: Serum amyloid A. VLDL: 
Very low-density lipoprotein.  
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triglyceride-rich HDLs have been causally associated with CAD (199). 

Triglyceride accumulation in the HDL core disturbs its structure and 

results in an impaired HDL function (196). In addition, HDL can 

carry ApoC-III, a key regulator of triglyceride metabolism and an 

emergent risk factor associated with CAD in plasma (342). ApoC-III 

content in HDLs has been directly associated with CAD (343,344). In 

our data, an intervention with an energy-restricted MedDiet and 

physical activity decreased the levels of triglycerides and ApoC-III in 

HDL particles compared to the group following a non-restrictive 

MedDiet. Weight loss was shown to be the main mediator of this 

change. As far as we know, this is the first report of such an effect 

after an intensive lifestyle intervention with weight loss goals. There 

are some plausible hypotheses to explain how weight loss could 

modify levels of triglycerides and ApoC-III in HDLs. Aerobic exercise 

can decrease triglyceride synthesis in the liver by the stimulation of 

AMP-activated protein kinase (233). The hepatic synthesis of ApoC-

III is in turn stimulated by high levels of circulating glucose (capable 

of activating the carbohydrate response element-binding protein) and 

a high dietary intake of saturated fatty acids (activators of PPARγ). 

(345,346). The intensive lifestyle intervention decreased glucose levels, 

and the dietary intake of saturated fatty acids was moderated when 

compared to the control arm, both changes may thus decrease the 

levels of ApoC-III in plasma and subsequently in HDL particles.  

 

Finally, lifestyle interventions have also been reported to improve the 

role of HDLs on endothelial integrity. As mentioned in the systematic 

review, a 1 year intervention with a traditional MedDiet enriched with 

extra-virgin olive oil increased the capacity of HDL to promote the 
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release of nitric oxide from endothelial cells compared to a low fat one 

(291). Our results, however, showed a decrease of S1P in HDL levels 

relative to baseline (although non-significant compared to the control 

group). Weight loss in the intensive intervention group could have 

been responsible for the reduced plasma concentrations of S1P and 

the subsequent lower levels in HDLs. Obesity is linked to 

hyperactivated adipose tissue (related to greater lipolysis) which leads 

to increased non-esterified fatty acids in circulation (347). These fatty 

acids can be transformed in the liver into ceramides such as S1P (348) 

thus explaining a decrease in S1P levels in HDLs after weight loss 

(349). 

 

 

6.4 Strengths and limitations  

 

The present thesis has several general strengths and limitations to 

consider. Strengths: First, a comprehensive profile of the HDL 

functions has been analyzed across all the studies. Second, all the 

population-based studies presented a large sample size, which 

increases the statistical power of the analysis. Third, we used 

standardized protocols to evaluate all the HDL functions and 

components, together with pools from healthy volunteers to reduce 

inter-assay variability and assure a proper quality control. Finally, all 

the results obtained from the lifestyle intervention trial in Manuscript 

III are complemented and better contextualized with the evidence 

summarized in the systematic review of 118 randomized controlled 

trials. Limitations: Some HDL functions have not been tested in all 

the studies. For example, PON1 activity could not be measured in the 
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PREDIMED-plus because only plasma treated with 

ethylenediaminetetraacetic acid was available (it chelates calcium, 

which is necessary for the activity of PON1, and therefore cannot be 

measured). In addition, the use of complex in-vitro techniques may 

not reflect the physiological presence of counter-regulatory 

mechanisms and the complexity of the final effect of the intervention 

in humans. 

 

Due to the different nature of the three population-based studies 

analyzed, there are also specific strengths and limitations of each of 

the articles included in this thesis.  

 

Manuscript I (case-cohort study within the REGICOR study). 

Strengths: As far as we know, it was the first study to evaluate the 

relationship between a comprehensive, hypothesis-driven range of 

HDL functionality traits and CAD incidence in a general population. 

It was a well-characterized population sample with data on several 

health outcomes. Limitations: First, the number of CAD events from 

our population was limited and may have affected the statistical power 

of the study. The reduced number of CAD events could be in part 

explained by the low incidence of CAD found in Mediterranean 

countries (350). Second, our results could only be generalized to a 

general population. Finally, HOII presented 15% missing values due 

to the complexity of the laboratory process (for the rest of the 

determinations this proportion was <2%) which may have hindered its 

association with CAD.  
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Manuscript II (cohort study within the context of the PREDIMED 

controlled trial). Strengths: We provided a quantitative measurement 

of the favorable effects of food groups on HDL functions (as 

percentage changes). In addition, prospective data were obtained from 

a large sample size using standardized protocols to evaluate HDL 

functions. Limitations: First, this was a prospective analysis, thus our 

conclusions should be confirmed in randomized controlled trials. 

Second, our results were obtained in a population at high 

cardiovascular risk and cannot be extrapolated to other populations. 

Finally, the intervention was based on real-life dietary modifications 

that, as expected, could be linked to modest changes on HDL 

functions.  

 

Manuscript III (randomized controlled trial with a sub-sample of 

PREDIMED-plus participants). Strengths: Its main strength was the 

large sample size and its randomized design, which reduces the 

presence of bias and confounding factors. To the best of our 

knowledge, this has been the largest study to date to evaluate the 

effect of an intensive lifestyle intervention with specific weight loss 

goals in a set of HDL functions (hypothesis-driven selected). 

Limitations: First, in a similar manner to the second manuscript, 

results were obtained from elder participants with metabolic syndrome 

and cannot be generalized to other populations. Second, both groups 

followed a real lifestyle intervention adapted to an elder population 

(with a control group designed as an active comparator) and their diet 

patterns were Mediterranean-like, one restrictive and the other non-

restrictive. Consequently, as expected, the variations between groups 

were modest. Finally, differences among groups regarding energy 
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restriction were modest compared to those from physical activity. 

Nevertheless, the energy restriction goals were planned with a view to 

maintain long-term weight loss and our analyses only showed changes 

for the first 6 months of the PREDIMED-plus study. 

 

Manuscript IV (systematic review of randomized controlled trials). 

Strengths: It is at present the most comprehensive review 

summarizing the results of randomized controlled trials concerning 

the effects of lifestyle interventions on HDL functions. Limitations: 

First, a considerable number of the trials were short-term 

interventions with small sample sizes. Second, a high proportion of 

the studies included (54.2%) were attributed an unclear risk of bias 

according to the Cochrane tool. For that reason, presence of bias 

cannot be dismissed. Finally, the considerable heterogeneity in the 

description of exposures and outcomes prevented us from meta-

analyzing the results which need to be interpreted with caution.  
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  7. Conclusions 

273 
 

7.1. Association between HDL functions and CAD 

(Manuscript I) 

 

General conclusion: 

 

 There is an association between CAD and HDL functional 

traits in a general population. 

 

Specific conclusions:  

 

1) High levels of C3 and low concentrations of ApoA-I in apoB-

depleted serum were associated with decreased CAD 

incidence.  

 

2) High concentrations of S1P in HDL were linked to decreased 

CAD risk in participants with desirable HDL-C values.  

 

 

7.2. Effects of lifestyle interventions on HDL functions 

(Manuscripts II, III, IV) 

 

General conclusion:  

 

 Healthy lifestyle interventions (such as a MedDiet and its 

cardioprotective food groups, or the combination of calorie 
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restriction and physical activity) are relevant strategies to 

improve a wide variety of HDL functions. 

 

Specific conclusions:  

 

1) Increases in the consumption of virgin olive oil, nuts, legumes, 

whole grains, and fish were associated with improvements in 

HDL functions (CEC, CETP activity, PON1 activity, and 

HDL capacity to promote the release of nitric oxide from 

endothelial cells). 

 

2) A lifestyle intervention with a calorie-restricted MedDiet and 

physical activity improved the role of HDLs in triglyceride 

metabolism relative to a non-restrictive MedDiet control 

group in older adults with metabolic syndrome. Both 

intervention arms (based on a MedDiet pattern) were 

associated with improvements in HDL antioxidant/anti-

inflammatory properties relative to baseline.  

 

3) According to the literature, dietary interventions with 

monounsaturated and polyunsaturated fatty acids (particularly 

long-chain, omega-3 fatty acids in fish) and dietary 

antioxidants such as phenolic compounds can enhance HDL 

functions, particularly in individuals with cardiovascular risk 

factors. 
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This thesis reports an association between certain HDL functional 

traits and CAD in the general population. This result opens up several 

opportunities for future research projects. First, the next step could be 

to evaluate the causal nature of the association between HDL 

functions and CVD. A possible technique to study this question would 

be Mendedelian randomization. To perform this technique, we would 

search for genetic variants independently associated with the different 

HDL functions, and would then assess whether they are linked to 

CAD or other CVD. Second, to ensure reproducibility, our results 

should be replicated in larger prospective trials and in different 

populations. Third, there are other less studied HDLs functions that 

might be also associated with CVD, such as HDL antithrombotic 

capacity and HDL ability to improve glucose metabolism. To this 

purpose, suitable in vitro techniques should be standardized in the 

context of the REGICOR study to evaluate the association of these 

properties with CAD. Finally, our group is also focused on the 

identification of other biological determinants of HDL function. For 

example, it would be interesting to identify which microRNAs are 

associated with HDL functions (an ongoing project led is currently 

studying this question in biological samples of the REGICOR and the 

PREDIMED-plus studies).  

 

The present thesis has also described how lifestyle interventions could 

modify HDL functions. In the PREDIMED-plus trial, we have shown 

improvements in HDL functions after 6-months of weight loss within 

a healthy lifestyle intervention. However, the effect of longer-term 

weight reductions on HDL functions is still unclear. It would also be 

pertinent to evaluate whether these effects are also observed in other 
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populations with different ethnicity, or after other weight loss 

interventions (e.g. intermittent fasting). In addition, other healthy 

dietary patterns may also enhance HDLs functions. For example, there 

is an increasing interest in vegetarian and vegan lifestyles and in dietary 

patterns that restrict meat intake. Therefore, assessing the effects of 

these diets on HDL functions (compared, for example, to a traditional 

MedDiet) would contribute to the advance of this discipline. 
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