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“Wait & hope”
Le Comte de Monte-Cristo
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Resum

Els efectes antiaterogénics atribuits a una dieta de tipus mediterrani, rica en acids
grassos monoinsaturats (AGM), aportats per oli d’oliva verge, sén deguts, en part, a
I'augment o al manteniment de les concentracions plasmatiques de colesterol de les
lipoproteines d’alta densitat (HDL). No obstant i fins al moment, no es coneixen del
tot els mecanismes que expliguen aquestes concentracions. L'apolipoproteina (apo)
A-I (apoA-I) és l'apolipoproteina majoritaria de les HDL i els seus parametres
cinétics, com ara la taxa de produccid i la taxa de catabolisme, reflexen la cinética de

les particules d'HDL. La nostra hipotesi de treball és la seglient: una dieta

Mediterrania rica en AGM aportats per oli d'oliva verge, comparada amb una dieta
STEP II, incrementa o manté els nivells de colesterol de les HDL degut a un augment
de la produccié i no a una disminucié de la degradacié d’apoA-I. Possiblement, la
realitzacié d’estudis de cinetiques utilitzant isotops estables és la forma més
fisiologica d'avaluar la produccié i la degradacié d’apolipoproteines en I'home.
Objectiu: Implementar la metodologia necessaria per realitzar cinétiques d’apo B-100
i, especialment, d’apoA-I i d’apoA-II en voluntaris /n vivo utilitzant isdtops estables
com a marcatge de les proteines. Aplicar aquesta metodologia per comparar els
efectes d’una dieta Mediterrania rica en oli doliva verge amb una dieta pobra en
greixos STEP II sobre el metabolisme de les HDL i de les lipoproteines de baixa
densitat (LDL). Disseny: Estudi creuat randomitzat de 4 setmanes d’intervencio
dietética, amb un periode de rentat entre elles. 10 voluntaris, homes sans,
moderadament hipercolesterolémics van seguir ambdues dietes. Aquest estudi va ser
aprovat pel Comité d’Etica i d'Investigacié Clinica de I'Hospital Universitari de Sant

Joan de Reus. Instrumentalitzacié: Estudi cinétic mitjancant la injeccié i perfusié

d’isotop estable 2H3—L—Ieucina en forma d’un bolus inicial i de perfusié durant 16h al
final de cada dieta. Les diferents fraccions lipoproteiques es van separar per
ultracentrifugacié. La deteccié d’isdotop incorporat va ser mitjancant GC-MS. Les
dades obtingudes es van analitzar amb models multicompartimentals i el programa
SAAM 1I. Els estudis cinétics d’apoA-I i d’apoA-II es van posat a punt i realitzat a la
nostra Unitat de Recerca a Reus. Els estudis d’apo B-100 i la modelitzacié de les
dades cinétiques es van realitzar en col-laboraci6 amb el grup de recerca de la
Vascular Biochemistry Section, Division of Cardiovascular & Medical Sciences, Royal
Infirmary, University of Glasgow, Glasgow). Resultats: La dieta Mediterrania,
comparada amb la dieta STEP II, incrementa significativament la concentracio
plasmatica d’apoA-I. S’han realizat 17 cinetiques perd, degut a la complexitat de la
metodologia, en aquesta tesis es presenten els resultats de les 7 cinetiques (4
després de la dieta Mediterrania i 3 després de la dieta STEP II) analitzades per GC-
MS fins ara. A pesar de I’'escas nombre de cinetiques, s’‘observen certes tendéncies.
La dieta Mediterrania, comparada amb la dieta STEP II, presenta una major taxa de
produccié d'apoA-I de les HDL, aixi com una major taxa de produccié i de
catabolisme de I'apo B-100 de les LDL. Conclusions: S’ha implementat la metodologia



UNIVERSITAT ROVIRA I VIRGILI

IMPLEMENTATION OF STABLE ISOTOPES LIPOPROTEIN KINETIC STUDIES: EFFECTS ON HDL METABOLISM OF A MEDITERRANEAN TYPE DIET RICH
IN MUFAS FROM VIRGIN OLIVE OIL.

Autora: Katia Uliaque Cugat
ISBN: 978-84-690-6746-8 DL: T.1183-2007

dels estudis de cinétiques amb isotops estables de I'apoA-I i I'apoA-II de les HDL i de
I'apo B-100 de les VLDLy, VLDL,, IDL i LDL. El determinant de les concentracions
més elevades d'apoA-I en plasma és una major taxa de produccié d’aquesta apo i no
diferéncies en el seu catabolisme. Les aportacions de las cinétiques de les
lipoproteines permetran avancar en els mecanismes lipidics involucrats en les

malalties vasculars i aportar nous aspectes sobre les dianes nutricionals i
farmacologiques.
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Summary

The anti-atherogenic effects ascribed to a Mediterranean-type diet rich in
monounsaturated fatty acids (MUFAs) from virgin olive oil are due, partly, to an
increase in, or maintenance of, plasma concentrations of high density lipoprotein
(HDL) cholesterol. However, the underlying mechanisms that may explain these
concentrations are not well characterised, to-date. Apolipoprotein (apo) A-I (apoA-I)
is the major HDL apo and its kinetic parameters, such as production rate and
catabolic rate, reflect the kinetics of the HDL particle. Our working hypothesis is as
follows: a Mediterranean-type diet rich in MUFAs from virgin olive oil, compared to a
STEP II diet, increases or preserves HDL cholesterol concentrations due to an
increase in apoA-I production and not to a decrease in apoA-I catabolism. Kinetic
studies using stable isotopes are, perhaps, the best approach in physiologically
evaluating apo production and catabolism in humans. This methodology has not as
yet been implemented in Spain. Objectives: to implement the necessary methodology
to perform kinetic studies of apo B-100 and, especially, of apoA-I and apoA-II in
volunteers in vivo using stable isotopes to label proteins in vivo. Further, we used this
methodology to analyse the overall effects of a Mediterranean-type diet rich in
monounsaturated fatty acids from virgin olive oil compared with a low-fat, STEP II
diet, on HDL and low density lipoprotein (LDL) metabolism. Design: we conducted a
crossover, randomised study with dietary intervention periods of 4 weeks,
interspersed with a washout period between diets. A total of 10 healthy, moderately
hypercholesterolaemic, male volunteers consumed the two diets. The project was
approved by the Clinical Research Ethical Committee of the Hospital Universitari de

Sant Joan, Reus. Instrumentation: kinetic studies were performed at the end of each

diet using a 16h primed constant infusion of stable isotope 2H3-L-Ieucine. Lipoprotein
fractions were separated using ultracentrifugation technique. Stable isotope
incorporated into proteins was measured using GC-MS. The data obtained were
analysed applying multi-compartmental modelling technique with the SAAM II
program. ApoA-I and A-II kinetic studies were conducted in our Research Unit in
Reus. Apo B-100 kinetic studies and kinetic parameter modelling were performed in
collaboration with Dr. Caslake and Professor Packard of the Vascular Biochemistry
Section, Division of Cardiovascular & Medical Sciences, Royal Infirmary, University of

Glasgow, Glasgow, Scotland. Results: the Mediterranean diet, compared to the STEP

II diet, significantly increases apoA-I plasma concentrations. A total of 17 kinetic
studies have been performed but, due to methodological complexity, only the results
of 7 kinetic studies (4 following a Mediterranean diet and 3 following a STEP II diet)
that have been analysed in a GC-MS to-date, are presented in this thesis. Despite the
limitation of the low number of kinetic studies analysed, we are able to document
that the Mediterranean diet induces a high apoA-I HDL production rate compared to
the STEP II diet. Also, the Mediterranean diet induces a high apo B-100 LDL
production rate and fractional catabolic rate compared to the STEP II diet.

Conclusions: we have, for the first time in Spain, implemented the necessary
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methodology to perform apo B-100, apoA-I and A-II kinetic studies in vivo using
stable isotopes in human subjects. A high apoA-I production rate is the main
determinant of high plasma concentrations of apoA-I, and not variations in its
catabolism. Lipoprotein kinetic studies enable the monitoring of lipoprotein metabolic
parameters and the investigation of nutritional and pharmacologic interventions in

the primary and secondary prevention of cardiovascular disease targets.
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What is known about the topic?

The anti-atherogenic effects ascribed to a Mediterranean-type diet rich in
monounsaturated fatty acids (MUFAs) from virgin olive oil are due, partly, to an
increase in, or maintenance of, plasma concentrations of high density lipoprotein
(HDL) cholesterol. However, the underlying mechanisms that may explain these
concentrations are not well characterised, to-date. Apolipoprotein (apo) A-I (apoA-I)
is the major HDL apo and its kinetic parameters such as production rate and catabolic
rate reflect the kinetic of HDL particle. Changes in HDL concentrations can be induced
by an increase in apoA-I production rate, or by a decrease in apoA-I catabolic rate, or
by both parameters simultaneously. Kinetic studies using stable isotopes are,
perhaps, the best approach in physiologically evaluating apolipoprotein production

and catabolism in humans.

Which are the present thesis contributions?

The present study is the first to compare the impact of a Mediterranean-type diet
high in MUFAs from virgin olive oil, compared to a STEP II diet using stable isotopes

kinetics.

The Mediterranean diet, compared with the STEP II diet, significantly increases
plasma concentrations of apoA-I and shows a trend, albeit not significant, towards an
increase in plasma concentrations of HDL cholesterol, and significantly decreases the
apo B-100/apoA-I ratio. Both diets induce similar decreases in LDL cholesterol plasma
concentrations, albeit statistically not significantly.
Because of the labour-intensive nature of the studies and the need for high-
technology equipment, our lipoprotein kinetic study has the limitation of the low
number of analysed kinetic studies, to-date. Despite these limitations, we are able to
document that:

* the Mediterranean diet induces a high apoA-I HDL production rate

compared to the STEP II diet.

* the Mediterranean diet induces a high apo B-100 LDL production rate and

fractional catabolic rate compared to the STEP II diet.

Our data suggest that a high apoA-I production rate is the main determinant of high

plasma concentrations of apoA-I, and not variations in its catabolism.
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1. The pathogenesis of atherosclerosis

1.1 Atherosclerosis: general insight of a complex aethiology

Current world-wide estimates sugget that most deaths (approximately 32 million) are
attributable to non-communicable diseases and that just over half of these (17
million) are the result of cardiovascular disease (CVD). Further, CVD is also
responsible for disability and decrease in life expectancy. CVD can be defined as any
abnormal condition characterised by dysfunction of the heart and blood vessels. CVD
includes coronary heart disease (CHD), cerebrovascular disease (stroke), transient

ischaemic attack and peripheral arterial disease (PAD). In developed countries, heart
disease and stroke are the 1%t and 2" leading causes of death for adult men and

women. In Europe, CVD is still the main cause of death. In Spain, each year, 125,000
deaths are attributable to atherosclerosis, 5 million people are admitted to hospital
because of the disease and more than 560,000 patients are discharged from hospital
with the diagnosis of CVD. Current predictions indicate that, by the year 2020, CVD
atherosclerosis in particular will have become the leading global cause of overall
disease burden. Progressive ageing of the world’s population and an unhealthy
lifestyle (high-fat, high-calorie diets and lack of regular physical activity) will have

contributed to this process > ™.

Atherosclerosis is the principal cause of CVD. Etymologically, atherosclerosis means
“hardening of arteries”. It is a multifactorial and progressive disease. It is the result
of genetic and environmental factors and is characterised by the accumulation of
lipids and fibrous elements within the arterial vessel wall. Atherosclerosis begins early
in childhood, progresses asymptomatically throughout adulthood, and becomes

- . oo 51
clinically manifested later in life 10,

Progression of atherosclerosis begins in response to an endothelial injury in large
arteries, followed by the accumulation of lipids and fibrous elements at the injury
site. This leads to a series of inflammatory responses that include recruitment of
macrophages and lymphocytes and the accumulation of lipoproteins in the arterial
wall together with proliferative and apoptotic cellular events that produce complex

5-13

plaques in the arterial wall . Deposition of fatty material in the arterial wall results

in narrowing of the arterial lumen and eventual impairment of blood flow (Figure 1).
As such, plasma lipoproteins are important factors in the atherosclerosis process.

Preceding the formation of atherosclerotic lesions, endothelial injury and dysfunction
increases endothelial vascular permeability to lipoproteins and this leads to the
earliest lesions (sub-endothelial accumulations of foam cells). Briefly, lipoprotein
particles and their aggregate particles accumulate within the intima of the artery. The
stimulated endothelial and smooth muscle cells (SMCs) synthesise cell adhesion
molecules, chemotactic proteins and growth factors that result in the recruitment of

11, 14-24

lymphocytes and monocytes to the arterial wall . Monocytes adhere to the
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surface of the endothelium and transmigrate across the endothelial monolayer into
the intima. Some specific cytokines activate these inflammatory cells and transform
monocytes into macrophages. Modified low-density lipoprotein (LDL), for example
oxidised LDL, within the intima are taken-up by macrophages, leading to the
formation of cholesterol-filled macrophages, or foam cells; the mechanism by which
LDL promote atherogenesis being related to oxidative modifications of lipids and
proteins of these particles within the artery wall, and which provide an inflammatory
stimulus. When foam cells die, their lipid content contributes to the core of the lesion.
Lymphocytes, as well as endothelial cells, secrete cytokines and growth factors that
can promote the migration and proliferation of SMCs from the medial layer of the
artery, which then accumulate in the plaque and secrete fibrous elements (depending
on changes in their phenotype) (Figure 2). The lesion continues to grow as a result of
the migration of new cells, cell proliferation, extracellular matrix production and

25-35

accumulation of extracellular lipids These early atheroma plaques are

characterised by a fibrous cap consisting of SMCs and extracellular matrix that
enclose a lipid-rich necrotic core. Such fatty streak lesions are the precursors of more
advanced lesions containg a greater accumulation of lipid-rich necrotic debris and
SMCs. Further, atheromatous plaques can become increasingly complex (including
calcification). Although advanced lesions can block blood flow through the lumen, the
most important clinical complication is an acute occlusion or blockage due to the
formation of a thrombus and which, when occurring in the coronary arteries, results
in @ myocardial infarction or when in the cerebral arteries, results in a stroke.
Usually, a thrombosis results from the rupture of a vulnerable plaque that has a thin

fibrous cap (Figure 3) 24, 3640



UNIVERSITAT ROVIRA I VIRGILI

EFFECTS ON HDL METABOLISM OF A MEDITERRANEAN TYPE DIET RICH

IMPLEMENTATION OF STABLE ISOTOPES LIPOPROTEIN KINETIC STUDIES:

IN MUFAS FROM VIRGIN OLIVE OIL.

Katia Uliaque Cugat
978-84-690-6746-8 DL:

Autora:
ISBN:

INTRODUCTION

T.1183-2007

5

Figure 1. Atherosclerotic lesion progression
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Figure 2. Endothelial dysfunction, increased LDL permeability and atherosclerotic

lesion formation °.
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1.2 The concept of atherosclerosis risk factors

Over the past decade, there have been substantial improvements in the assessment
of CVD risk. A CVD risk factor is a characteristic, or condition, or behaviour that
increases the individual’s susceptibility to heart disease. Epidemiological studies have
identified nummerous risk factors for atherosclerosis. A better knowledge of the
atherogenic effects of well known cardiovascular risk factors has been accompanied
by the awareness that the interaction of these factors, described as the global risk
profile, provides better predictive power than any single traditional risk factor. A

number of recently identified and, as such less well-known, factors have received

intense attention over recent years 24,

Traditional, or classical, CVD risk factors include non-modifiable risk factors (such as
age, gender, race, family history and genetic features), as well as modifiable risk
factors (such as plasma lipoprotein concentrations, smoking habit, hypertension,
insulin resistence, obesity, life-style, chronic infections). Recently, several novel or
non-traditional risk factors have been indentified as have new biochemical markers of
risk. These include impaired fasting glucose, triglycerides (TG) and TG-rich lipoprotein
remnants, lipoprotein (a), homocysteine, fibrinogen and high sensitivity C reactive

24, 41-44

protein; all are considered as contributing to an increased CVD risk , albeit

the weight of evidence supporting these risk factors differing considerably. Factors
that participate in the atherosclerosis process need to be distinguished from those
that may serve merely as markers of risk, without direct involvement in the
pathogenesis of the disease.

The established major risk factors are 24,4552,

* cigarette smoking.

* hypertension (blood pressure >140/90 mmHg).

* low high-density lipoprotein (HDL) cholesterol.

* high LDL cholesterol.

* diabetes mellitus.

* family history of premature CVD (in male first-degree relative <55 years of age
and in female first-degree relative <65 years of age).

* age (male =245 years of age and female =55 years of age).

* life-style risk factors: obesity (body mass index =30 kg/mz), lack of physical
activity and an atherogenic diet.
The emerging risk factors include 24, 45-52,
* lipoprotein (a) (Lp(a)): Lp(a) has similar characteristics as LDL but it has an
apo (@) in its composition. Lp(a) is an homolog of plasminogen and might inhibit
fibrinolysis by competition. Although individuals with high Lp(a) concentrations
have increased CVD risk, Lp(a) concentrations do not predict CVD risk in

populations.
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* homocysteine: high concentrations of homocysteine may promote thrombosis;
the pathophysiology of this association is still uncertain.

* prothrombotic markers: for example, high concentrations of fibrinogen and
plasminogen-activator inhibitor 1 (PAI1) are related to blood clotting; albeit their
plasma concentrations have not been proven to add information to other risk
factors.

* proinflammatory markers: for example, plasma concentrations of the marker of
overall chronic inflammation, especially high-sensivity C-reactive protein (hs CRP)
which appears to add predictive information to other risk factors (high CRP
concentrations may reflect overall atherosclerosis burden, and/or inflammation
status that could contribute to the atherosclerosis process).

* impaired fasting glucose.

* sub-clinical atherogenesis.

CVD mortality is on the increase and there is a global trend towards greater
atherosclerotic disease. Decreases in the number of risk factors have been shown to
be associated with a decrease in CVD mortality in men and women. It is important
that individuals adopt a healthy life-style. As such, the prevention of atherosclerosis
becomes a long-term challenge to healthcare professionals and politicians. The
classical definitions used in healthcare distinguish between primary, secondary and
tertiary prevention. Primary prevention implies measures taken to avoid a disease
before it occurs; secondary prevention is application of measures to pre-empt
recurrence of a disease that already has been diagnosed, and tertiary prevention is
the reduction in the amount of disability caused by a disease so as to achieve the
highest level of function for the patient. Within the overall problem of atherosclerosis

the key to prevention is primary care > >°,

1.2.1 An attempt to define the significance of various risk factors

Several attempts have been made to define the relative significance of the various
CVD risk factors in populations, and to develop new concepts of categorising patients
at highest risk. The objective has been to reduce the incidence of the first, or
recurrent, clinical event due to CHD such as ischaemic stroke and PAD and, further,
to focus on disability and the prevention of premature death. Total CVD risk is the
likelihood of a person suffering a fatal cardiovascular event within a defined period of
time. Preclinical atherosclerosis reflects the integrated effects of multiple risk factors
over time. Considering the impact on clinical practice, it is essential for clinicians to
be able to make a rapid assessment of risk rapidly with enough accuracy to enable

) - 59-62
evidence-based management decisions to be taken

. Detection of preclinical
atherosclerosis provides a strong argument in justifying the decision to treat a
patient, especially in primary prevention. New methods of detection of preclinical

atherosclerosis are, preferably, non-invasive. These methods include measuring the

10
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thickening and stiffening of the walls of the larger arteries using high-resolution
ultrasonography or echo-tracking techniques, coronary artery calcification using

electron beam computed tomography and endothelium-dependent vasoactivity 63, 64,

Another approach to determine CVD risk is the risk chart, published in 1994 and 1998
for implementation of its recommendations in Europe. This chart, developed from a
concept pioneered by Anderson et al (1991) used age, gender, smoking status, total
cholesterol (C) and systolic blood pressure to estimate the risk of a CHD event, fatal
or non fatal, over the subsequent 10 years. A 10-year risk of 220% was used as an
arbitrary threshold for intensive risk-factor intervention. Several problems were
associated with this risk chart. Firstly, it was derived from American data of the
Framingham study and its applicability to European populations was uncertain.
Secondly, the dataset used for the chart was fairly small. Thirdly, the definition of a
non-fatal endpoint differed from that used in many other studies, making validation

of the chart difficult ®> 6,

A new model for total risk estimation based on the Systematic Coronary Risk
Evaluation (SCORE) system was developed subsequently and presented several
advantages over the previous chart. The SCORE risk assessment system is derived
from a large dataset from prospective European studies and attempts to predict fatal
CVD events over a 10-year period. Separate charts have since been developed for
higher- and lower-risk areas of Europe. The SCORE system integrates the following
risk factors: age, gender, smoking habit, systolic blood pressure, total C or total
C/HDLC ratio. Since this chart predicts fatal events, the high-risk threshold is defined
as 25% instead of the previous >220% in charts using composite coronary endpoints.
In Spain, the proposal has been to adapt the SCORE system, although there are
other total risk estimation models such as the Registre Gironi del Cor (REGICOR)
system which was developed using data generated in Catalunya.

Currently, several research groups are developing tools with which to estimate overall

CHD risk in Spain ¢777°,

1.2.1.1 Lipoprotein, lipid and apolipoprotein risk factors

Abnormalities in plasma lipoprotein concentrations and derangements in lipid
metabolism are the best-established risk factors for atherosclerosis. Several expert

panels have provided guidelines for the screening and management of lipid disorders.

Lipids are transported in blood within lipoprotein molecules. The relative
concentrations of the different plasma lipoprotein particles appears to be of primary
importance in atherosclerosis; a high level of atherogenic lipoproteins being a

- . 8,12, 19, 24, 71
prerequisite for the disease ™"~ ~7" =7 ° 7,

11
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1.2.1.1.1 Lipoproteins
1.2.1.1.1.1 General structure and classification of lipoproteins

Lipids are a heterogeneous group of fat-like substances (all containing aliphatic
hydrocarbons as a major constituent) which are characterised by being insoluble in
water but soluble in organic solvents. Lipids, which are easily stored in the body,
serve as source of energy and as essential structural components with biological
functions in living cells. In animals, lipids are composed mainly of C, TG and
phospholipids (PL). In plasma, lipids are transported within lipid-protein complex
particles termed lipoproteins which consist of a spherical hydrophobic core of TG and
cholesteryl esters (CE) surrounded by PL, unesterified C and apolipoproteins (apos)

(Figure 4) 24, 72-75

Plasma lipoproteins are divided into four major classes based on their relative
densities (determined by the amount of lipid and protein per particle): chylomicrons
(Cm), very low-density lipoproteins (VLDL), intermediate-density lipoproteins (IDL),
LDL and HDL (Table 1). Each lipoprotein class, in turn, can be divided into subclasses
that vary sightly in their density (determined by ultracentrifugation), diameter
(determined by gel electrophoresis), electrophoretic mobility (determined by agarose
gel electrophoresis) and protein composition.

Most TG is transported in Cm or VLDL and most C is carried as CE in LDL and HDL.
Apos are required for the assembly and structure of lipoproteins. Apos serve to
activate important enzymes and to mediate the binding of lipoproteins to cell-surface

receptors (Table 2).

Figure 4. Scheme of a lipoprotein particle 2,
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Table 1. Characteristics (A) and composition (B) of plasma lipoproteins particles 73
74
(A)

Lipoprotein Diameter Density Electrophoretic
(nm) (kg/1) mobility
Cm 80-500 <0.93 None
VLDL 30-80 0.93-1.006 Pre-p
IDL 25-30 1.006-1.019 Slow pre-p
LDL 19-25 1.019-1.063 B
HDL2 8-11 1.063-1.125 o
HDL3 6-9 1.125-1.210 o
(B)
Percentage composition
Lipoprotein CE FC TG PL Prot
Cm 1-3 1 86-94 3-8 1-2
VLDL 12-14 6-8 55-65 12-18 8-15
IDL 20-35 7-11 25-40 15-22 12-19
LDL 35-45 6-10 6-12 20-25 20-25
HDL2 15-20 4-6 3-8 30-40 35-40
HDL3 10-18 1-4 3-6 25-35 45-55

Cm=chylomicron; VLDL=very low-density lipoprotein; IDL=intermediate-density lipoprotein;
LDL=Ilow-density lipoprotein; HDL=high-density lipoprotein; CE=cholesteryl ester;
FC=free cholesterol; TG=triglycerides; PL=phospholipids; Prot=protein.

13
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Table 2. Apolipoprotein composition of the lipoproteins, and their putative function

24

Apos
Lipoprotein Major Other Function Other
constituents
Apo B-48 — structural protein
ApoA-I, A-1V, ApoC-II — LPL cofactor
Cm Apo B-48 C-I, C-1I, ApoC-III — inhibits lipoprotein retinyl esters
C-III, E binding to receptors
Apo-E — LDL receptor ligand
Apo-E, A-I,
VLDL Apo B-100 A-II, A-V, Apo B-100 — structural protein and vitamin E
C-I, C-II, LDL receptor ligand
C-III
ApoC-II — LPL cofactor
IDL Apo B-100 Apo-E, C-I, ApoC-III — inhibits lipoprotein vitamin E
C-II, C-III binding to receptors
Apo-E — LDL receptor ligand
LDL Apo B-100 Apo B-100 — structural protein and vitamin E
LDL receptor ligand
ApoA-I — structural protein and
HDL ApoA-I ApoA-II, A-1V, LCAT activator LCAT, CETP,

E, C-III

ApoA-II — structural protein

paroxonase

1.2.1.1.1.2 Lipoprotein metabolism

LPL=lipoprotein lipase; CETP=cholesteryl ester transfer protein;

HL=hepatic lipase; LCAT=lecithin cholesterol acyltransferase.

Protein nomenclature according to UniProtKB/SwissProt

(http://www.expasy.org/uniprot/).

The body can regulate plasma lipoprotein concentrations (and, hence, the lipid

concentrations) by increasing, or decreasing, lipoprotein production and catabolic

rates. In plasma, lipoprotein metabolism is regulated by specific apos, receptors,

lipolytic enzymes and transfer proteins. The liver has a central role in this regulation.

Lipoprotein transport can be described as having an exogenous pathway (for the

transport of dietary lipids), an endogenous pathway (for liver-derived lipoproteins)

and reverse cholesterol transport

24, 72-75

14
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1.2.1.1.1.2.1 Exogenous pathway or dietary lipid transport

The exogenous pathway of lipoprotein metabolism enables an efficient tranport of
dietary lipids (Figure 5) 24 Cm are the lipoproteins formed to mobilise dietary lipids

for transport to the rest of the body.

In order for the body to make use of dietary lipids, they must first be absorbed from
the small intestine. Lipids are insoluble in the aqueous environment of the intestine,
and bile acids from the liver solubilise (or emulsify) dietary lipids. The emulsification

of dietary fats renders them accessible to pancreatic lipases (lipase and
phospholipase Ay). These enzymes generate free (unesterified) C, free fatty acids

(FFAs) and glycerols that diffuse into enterocytes.

Cm are assembled in enterocytes. Inside the enterocyte, dietary C is esterified with
fatty acids (FAs) to form CE and dietary FAs are incopored into TG. Then, CE and TG
are packaged with apo B-48, FC and PL to form Cm. Finally, Cm leave the intestine
via the lymphatic system and enter the systemic circulation. In the bloodstream, Cm
acquire apoC-II and apo-E from plasma HDL. Nascent Cm are processed by
peripheral tissues before reaching the liver. TG from Cm are hydrolysed into FAs by
lipoprotein lipase (LPL), a TG hydrolase found on the surface of endothelial cells of
the capillaries. LPL is activated by its cofactor, apoC-II from Cm, in the presence of
PL. FFAs are then taken-up by tissues for their internal energy requirements. The
resultant Cm remnants (containing primarily CE, apo-E and apo B-48) are rapidly
removed and taken-up by the liver through interaction with the Cm remnant receptor
(which requires apo-E for recognition). In this manner, Cm deliver dietary TG to body

tissues and dietary C to the liver 7679

1.2.1.1.1.2.2 Endogenous, or hepatic lipoprotein, transport pathway

The exogenous pathway of lipoprotein metabolism refers to the hepatic secretion and

metabolism of VLDL, IDL and LDL (Figure 5) %%.

VLDL are assembled in hepatocytes. Within hepatocytes, TG are packaged with
vitamin E, apo B-100, CE, FC and PL to form VLDL; the enzyme microsomal transfer
protein (MTP) being required for the process. VLDL are secreted from the liver into
the circulation. In the bloodstream, VLDL acquire apo-C's and apo-E and are
processed by peripheral tissues before reaching the liver. VLDL, therefore, transport
endogenously-derived TG to body tissues for storage or the generation of energy
through oxidation. TG from VLDL are hydrolysed into FAs by LPL. This process is

coupled to a loss of apo-C’s that converts VLDL to VLDL remnants 80, 81

As VLDL remnants undergo further TG hydrolysis, they become IDL. Due to lost of
apo-C’'s, the remaining apos in IDL are predominantly apo B-100 and apo-E. IDL are
converted either to LDL (by further lost of TG) or are taken-up directly by the liver.

15
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The liver takes-up VLDL remnants and IDL by VLDL- and/or LDL-receptor-mediated
cell endocytosis. These interactions require the presence of apo-E 82-86

The rest of the IDL are remodelled to form LDL by the action of hepatic lipase (HL).
HL is a lipase synthetised in the liver and bound to its cells surfaces. Most LDL TG are
hydrolysed and LDL apos are transferred to other lipoproteins, except apo B-100.
LDLC accounts for 70% of plasma C. The uptake of LDL occurs predominantly in the
liver (75%). As with IDL, LDL are taken-up by cells via LDL-receptor-mediated
endocytosis (interaction requiring the presence of apo B-100). LDL taken-up by cells
are deposited in lysosomes, where apos are degraded and C is made available for

cells 87792,

Although the liver secretes mainly VLDL, it also appears to directly secrete a minor

portion of IDL and LDL particles 92,

Figure 5. Plasma lipoprotein metabolism: endogenous and exogenous pathways %3,
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CR=chylomicron renmants; LRP=LDL receptor-related protein; LDLR=LDL receptor;
SRBI=scavenger receptor type BI; VLDLR=VLDL receptor; LPL=lipoprotein lipase;
CETP=cholesteryl ester transfer protein; H=hepatic lipase; LCAT=lecithin cholesterol
acyltransferase; ABCAl=membrane ATP binding cassette protein Al;

membrane ATP binding cassette protein G5 and G8=ABCG5 and ABCGS;
NPC1L1=Niemann-Pick C1-like 1 protein.
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1.2.1.1.1.2.3 HDL metabolism and reverse cholesterol transport

All cells synthesise C, although specifically hepatocytes metabolise and excrete it
from the body. C from peripheral cells is transported to the liver for its secretion into
bile acids by a process mediated by HDL called reverse cholesterol transport (RCT)

(Figure 5) %%,

Nascent HDL are synthesised by the liver and small intestine as protein-rich disc-
shaped particles. The newly formed HDL are depleted of FC and CE but contain PL
(mainly lecithin) and apoA-I. Nascent HDL acquire unesterified C and PL from
peripheral tissues through action of the membrane ATP binding cassette protein Al
(ABCA1). C is then esterified through action of the HDL-associated enzyme,

lecithin:cholesterol acyltransferase (LCAT) 80, 94-96

. HDL also acquire additional apos
and lipids transferred from the surface of Cm and VLDL during their lipolysis. As a
result, HDL are converted into spherical lipoprotein particles through the
accumulation of CE.

HDLC is transported to hepatocytes by a direct as well as an indirect pathway. HDL
CE can be transferred to apo B-100-rich lipoproteins in exchange for TG through

action of HDL-associated enzyme, cholesterol ester transfer protein (CETP) 97, 98,

This allows CE to be removed by the liver through the LDL receptor mediated
endocytosis pathway. HDLC can also be removed directly by the liver through
scavenger receptor BI (SRBI). SRBI mediates selective uptake of CE from HDL
without lysosomal degradation of lipoprotein particles (resecreted) 99-105,

In this manner, HDL undergo extensive remodelling within the plasma as they
transfer lipids and apos to lipoproteins and cells. PL can also be transferred to HDL by
action of phospholipid transfer protein (PLTP). After CETP-mediated lipid exchange,
TG-enriched HDL become a substrate for HL. HL hydrolyses TG and PL and generates
smaller HDL particles 88, 106

Once absorbed, C may be packaged into Cm or effluxed via ABCA1 to lipid-free apoA-
I. ABCG5 and ABCGS8 are also expressed by enterocytes and promote transport of C
back into the intestinal lumen, thus directly influencing the efficiency of C absorption.
Recent data suggest that Niemann-Pick C1-like 1 protein (NPC1L1) is a key molecule
in intestinal C absorption. Biliary C can be reabsorbed from the intestinal lumen

(between 50 and 80%) 077112,

1.2.1.1.2 Lipids
1.2.1.1.2.1 Total, LDL and HDL cholesterol

The most clinically relevant plasma lipid is C, a sterol. C is an important component of

cell membranes. It is also the major precursor for the synthesis of vitamin D, of

17
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several steroid hormones (cortisol, cortisone and aldosterone), of sex hormones

(progesterone, oestrogen and testosterone), oxysterol and bile acids 2,

Epidemiologic studies and clinical trials have established that elevated concentrations
of LDLC are associated with increased CVD risk; the higher the C concentrations, the
greater the CVD risk. As such, lowering total and LDLC concentrations significantly
reduces CVD. As an independent risk factor, LDLC reductions in primary and
secondary prevention of CVD had been associated with significant benefits with

respect to mortality and morbidity rates 26, 42,44, 53, 54, 59-62, 68, 71, 113-118

Approximately 25 to 35% of plasma C is transported by HDL. These lipoproteins
transport C from tissues back to the liver, where it is secreted into bile. Prospective
studies have established that low HDLC concentrations are strongly, and inversely,
associated with CVD risk. As such, high HDLC is seen as having a protective effect

against CVD 59-62, 113-118

In the United States (US), the Third Report of the Expert Panel on Detection,
Evaluation and Treatment of High Blood Cholesterol in Adults (Adult Treatment Panel
III; or ATP III) presented the National Cholesterol Education Program’s (NCEP)
updated recommendations for C testing and management. This report continues to
identify LDLC as the primary gold of therapy. CVD risk is calculated and individuals
are assigned to one of three treatment categories according to LDLC goals (Table 3).
Individuals are recommended to improve their life-style, and to consider medication,

depending on their CVD risk 24,40-42, 44, 59-62

Recently, the Third Task Force has provided European guidelines and Expert
Consensus documents with the objective of reducing the incidence of first, or
recurrent, clinical CVD events. The current guidelines address the role of life-style
changes, the management of major cardiovascular risk factors and the use of
different prophylactic drug therapies for the prevention of clinical CVD. LDLC goals
related to CVD risk categories are summarised in Table 4. Treatment goals for lipid

. . i . - 4 -62, 67-7
management in asymptomatic subjects are summarised in Figure 6 0, 59-62, 67-70,

119-122

No specific treatment goals are defined for HDLC, although its concentrations are
used as markers of increased risk. HDLC <1.0 mmol/l (40 mg/dl) in men and <1.2

mmol/l (46 mg/dl) in women serve as cut-off values of increased CVD risk 67-70,
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Table 3. ATP III LDLC goals and cut-off points 2%,
LDLC levels at LDLC levels at
LDLC goal which to initiate which to consider
Risk category (mg/dl) therapeutic lyfe- drug therapy
style changes
(mg/dl)
(mg/dlI)
0-2 risk factors <160 >160 >190
(drug optional between 160-189)
2+ risk factors <130 >130 10-years risk 10% — =160
(10-years risk < 10-years risk 10-20% — =130
20%)
CVD or <100 >100 >130
CVD risk equivalent* (drug optional between 100-129)

* as diabetes mellitus.

Table 4. Third Joint Task Force LDLC goals °® .

Risk category LDLC goal (mg/dl)
10-years risk <5% <115
10-years risk >5% <100 (moderate dose drug
therapy)
CVD or CVD risk <100 (drug therapy)

equivalent *

* as diabetes mellitus.

adapted and adopted in Spain 69.
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Figure 6. Third Joint Task Force treatment goals for asymptomatic individuals with a

10-year risk of death from CVD <5%> 68, 69,

Total risk <5% Total risk >5%

Life-style advice to
reduce LDLC <115 mg/dI

Total risk >5% Total risk >5%
LDLC <115 mg/dIl LDLC >115 mg/dl
Life-style advice Life-style advice

Drug therapy

Reduce LDLC <100 mg/dl

J

Total risk remains >5%

Drug therapy to
reduce LDLC <100 mg/dI

adapted and adopted in Spain 69,

1.2.1.1.2.2 Triglycerides

TG are glycerides in which the glycerol is esterified with three FAs. TG play an

important role in metabolism as a source of energy; they contain twice as much

energy as carbohydrates (CH) 2,

High plasma TG levels have been associated with CVD but they have not been
established as an independent risk factor. Many individuals with CVD also have high
plasma TG concentrations and also high total C, high LDLC and low HDLC
concentrations (frequently with other major risk factors such as obesity, diabetes,
and/or high blood pressure). The reciprocal association between TG and HDLC has
been well established; with TG increase, HDLC is decreased. However, recent

evidence suggest that high plasma TG levels are a significant CVD risk factor 60-62,

121, 123-126

The ATP III guidelines of the NCEP establish the cut-off point for normal TG <150

. . . 24, 61
mg/dl; placing more emphasis on moderate elevations “ " o1,
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According to the European guidelines of the Third Joint Task Force, no specific
treatment objectives are defined for TG. But fasting TG concentrations >150 mg/dlI

. . 7-7
are used as a marker of increased CVD risk 6 0.

1.2.1.1.2.3 Fatty acids

FAs are carboxylic acids with a long hydrocarbon linear chain. FAs can be classified
according to their main carbon chain-lengths into: long-chain (>12 carbons), middle-
chain (8-12 carbons) and short-chain (<8 carbons). FAs can also be classified based
on the number of double bonds between carbon atoms into: no double bonds or
saturated FAs (SFAs) and double bonds or unsaturated FAs. Unsaturated FAs can be
further divided into: one double bond or monounsaturated FAs (MUFAs) and two or

more double bonds or polyunsaturated FAs (PUFAs) 72,

In the decade of the 1950’'s, studies suggested that the type of fat might be more
important than the total amount of dietary fat. FAs are major factors that determine
plasma lipid concentrations through regulation of C homeostasis and lipoprotein

concentrations. Further, dietary FAs affect the levels of other risk factors, such as

127-131

blood pressure, haemostasis and body weight . Food intake involves a mixture

of SFAs, MUFAs and PUFAs which complicates any study of the effects of specific
classes of FAs on CVD.

1.2.1.1.2.3.1 Saturated fatty acids

SFAs in the human diet are mainly derived from animal products (meat, dairy
products), oils (coconut, palm oils) and cooking fats (lard, hard margarines). SFAs
are directly related to total C, LDLC and HDLC concentrations, to the development of
atherosclerosis, and to CVD. Several studies have shown that when SFAs are
replaced by unsaturated fats, total plasma C is decreased. Further evidence for the

benefits of lowering dietary SFAs has been provided by a corresponding lowering in

CVD mortality 327136,

1.2.1.1.2.3.2 Polyunsaturated and monounsaturated fatty acids

Unsaturated FAs can be classified into PUFAs and MUFAs.

PUFAs are long chain FAs containing two or more carbon-carbon double bonds. PUFAs
are grouped on the basis of the position of the terminal double bond with respect to

the terminal carbon atom of the FA chain "%. The two major groups are 137-142,

* -3 or n-3 FAs series (a-linolenic acid, eicosapentaenoic acid and

docosahexaenoic acid): mainly present in seafood, fish oils, green leafy
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vegetables, walnuts, grains, various seeds and seed oils. a-Linolenic acid can
be n-3 group precursor (o-linolenic acid is converted to eiocosapentaenoic
acid and docosahexaenoic acid in the body).

* ©-6 or n-6 FAs series (linoleic acid and arachidonic acid): mainly present in

vegetables, fruits, walnuts, grains, various seeds and seed oils.

a-Linolenic acid and linoleic acid are two essential FAs (not synthetised in the body
and acquired from the diet). Many studies have shown the health benefits of PUFAs.
There is a strong inverse association between PUFAs and CVD risk. Replacing SFAs
with PUFAs decreases LDLC as well as HDLC concentrations. The recommendations
are that n-3 and n-6 should be consumed in appropriate quantities as well as in the
correct proportions (an optimal ratio of n-6 to n-3 is considered as 4:1).

MUFAs have one carbon-carbon double bond in the FAs chain. These fats are present
in all animal and vegetable products (e.g. oils). Oleic acid, a non-essential FA, is the
most common dietary MUFA. Major dietary sources include olive oil, canola oil,

. . . 72
avocados, peanuts, hazelnuts, almonds, pistachios and various seeds "“. Several

studies have found that replacing SFAs with MUFAs decreases LDLC concentrations.

Replacing SFAs with MUFAs or CH not induce much change, or can increase HDLC

plasma concentrations **>"147,

1.2.1.1.3 Apolipoproteins

Apos are structural components of lipoprotein particles (e.g. apo B-48, A-I, A-II),
ligands of cell membrane receptors (e.g. apo B-100, E), activators or inhibitors of key
enzymes (e.g. apoA-I, C-II, C-II) or transport systems (e.g. apoA-1V, F). The
interaction of proteins on the surface of lipoprotein particles with each other, with
enzymes and with specific apos on the cell’s surface determines whether TG and C

will be incorporated, or removed, from lipoproteins (Table 5) 148171,

Another approach to CVD risk assessment is to measure concentrations of apos in
plasma (especially apo B-100, the sole apo in LDL; and apoA-I, the major apo in
HDL) or to combine these values into ratios (such as the apo B-100/apoA-I ratio).
Growing evidence indicates that apo B-100/apoA-I ratio is a better marker for CVD
risk assessment than lipids or lipoproteins-to-lipid ratios. However, since
measurements of some apos are not universally available, measurements of apos
concentrations are not generally included as an integral part of the commonly-used

- . 67-70
guidelines for risk assessment .
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1.2.1.1.3.1 Apo B-100

Apo B exists in human plasma as two isoforms of one gene; apo B-48 and apo B-100

172,173, Apo B-48 is synthesised in the small intestine. It comprises the N-terminal

region of apo B-100 and results from post-transcriptional changes. Apo B-48 is
present in Cm and Cm remnants and plays a role in intestinal absorption of dietary
fats. Apo B-100 is synthesised in the liver and it is required for the assembly of VLDL.
Apo B-100 is also the major physiological ligand for the LDL receptor (LDLR). Unlike
other apos, it does not interchange between lipoprotein particles and it is found in
IDL and LDL particles; >90% of the LDL particle protein content being apo B-100.

72, 154

Apo B-100 plays a central role in lipoprotein metabolism . Concentrations of

apo B-100 can be used as a direct measure of the concentration of atherogenic
lipoproteins. As such, measurement of apo B-100 concentrations has been proposed
as a better CVD risk marker than LDLC. Apo B-100 concentrations reflect not only
LDL, but also that of other atherogenic lipoproteins (e.g. VLDL and IDL). Some
observational studies have proposed apo B-100 as a more powerful independent CVD

risk predictor than LDLC 67-70, 157,171,174, 175

1.2.1.1.3.2 ApoA-I

ApoA-I is synthesised in the liver and the small intestine. ApoA-I is the major apo of
176-184

HDL. It functions as an LCAT cofactor and promotes C efflux from cells
ApoA-I seems to be protective against atherosclerosis because of its role in HDL
metabolism. Low concentrations of apoA-I are, like HDLC, associated with high CVD

risk. As such, apoA-I has been proposed as a better marker of protection against

CVD than HDLC 67770, 120, 124, 154, 185-188

1.2.1.1.3.3 ApoA-II

ApoA-II is synthesised in the liver. ApoA-II is the second most abundant protein of
HDL particles. ApoA-II may affect HDL structure and metabolism (e.g. apoA-II might
affect HL association and increase its activity, inhibit LCAT and CETP and hepatic

CE uptake from HDL through SRBI, while it could displace apoA-I from HDL and

accelerate its catabolism) 187191,

As a major constituent of HDL particles, apoA-II might play an important role as a
modulator in RCT and lipid metabolism. As yet, there is not much known regarding

apoA-II biochemistry and, although the anti-atherogenic role of apoA-I has been

clearly demostrated, little is known on apoA-II function in HDL metabolism 72, 124,

154, 192-203

23



UNIVERSITAT ROVIRA I VIRGILI
IMPLEMENTATION OF STABLE ISOTOPES LIPOPROTEIN KINETIC STUDIES: EFFECTS ON HDL METABOLISM OF A MEDITERRANEAN TYPE DIET RICH
IN MUFAS FROM VIRGIN OLIVE OIL.

Autora: Katia Uliaque Cugat
ISBN: 978-84-690-6746-8 DL: T.1183-2007 INTRODUCTION

Table 5. Characteristics and distribution of the major apos 73,74, 148171

Lipoprotein fraction

Apo Plasma Cm VLDL LDL HDL2 HDL3 Tissue MW
(mg/dl) source (Da)
Liver
ApoA-I 100-150 0-5 70 65 Intestine 29,016
ApoA-II 30-50 0-1 10 20 Liver 17,414
ApoA-IV 15 10 . Intestine 44,465
ApoA-V . Liver 41,213
ApoB-48 5% 20-25 Intestine 241,000
Apo B-100 80-100 35-40  95-100 Liver 512,723
Liver
ApoC-I . . Intestine 9,332
ApoC-II 3-8 15 7-8 . . . Liver 8,900
ApoC-III 8-15 35-40 35-40 . 10 5 Liver 8,800
Intestine
Apo-D . . 5 5 Liver 33,000
Pancreas
Apo-E 3-6 5 5-10 . 1-10 1-2 Liver 34,145
Intestine
Apo-F 2 . . . Liver 113,000
Apo-H 15 . . . Liver 50,000
Variety of
Apo-J tissues 52,495
Apo-L Liver
(I-VI) 0.9 . . Pancreas 44,000
Liver
Apo-M . . . Kidney 21,253

*apo B-48 is present only during the post-pandrial period.

¢ apo present but no quantitative data available.

apo=apolipoprotein; Cm=chylomicron; VLDL=very low-density lipoprotein;
LDL=low-density lipoprotein; HDL=high-density lipoprotein; MW=molecular weight;
Da=daltons.

Protein name according to UniProtKB/SwissProt (http://www.expasy.org/uniprot/).
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1.2.1.2 Life-style modifications

Dietary interventions are highly effective in the prevention of recurent events in
patients with established CVD. Hence, dietary changes are an integral part of the
prevention and health-care management strategies. Diets act in many different
aspects related to CVD such as in the regulation of plasma lipid concentrations,
lipoprotein composition, lipid oxidation, arterial pressure, endothelial function,
thrombogenesis and inflammation. The diet can be improved by modifying the

amount and type of ingested fat 