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Chapter

Dyslipidemia: Current
Perspectives and Implications
for Clinical Practice

Sanja Klobucar Majanovié, Olga Cvijanovic Peloza,
Dijana Detel, Gordana Kendel Jovanovié, Miro Bakula,
Dario Rahelic, Tea éaljkusvic' Mance, Tamara Soi¢ Veanicé
and Sanja Zorici¢ Cvek

Abstract

Dyslipidemia refers to a broad spectrum of various genetic and acquired
disorders that affect blood lipid levels and largely contribute to global cardiovascu-
lar disease burden. Consistent evidence from epidemiological and clinical studies,
supports the key role of the circulating LDL-cholesterol and other apoB containing
lipoproteins in atherogenesis. All ApoB-containing lipoproteins with size less than
70 nm can cross the endothelial barrier, particularly in the presence of endothelial
dysfunction. Uptake and accumulation of apoB-containing lipoproteins in the arte-
rial wall is a critical initiating event in the development of atherosclerosis. Statin
treatment, targeting LDL cholesterol reduction, remains the cornerstone of dyslip-
idemia management. There are abundant data supporting the concept of ‘the lower
LDL-C, the better’ in the primary and secondary cardiovascular disease prevention.
This chapter provides an overview of the key insights into the lipid abnormalities
associated with an increased risk of CV events particulary in the context of dyslip-
idemia management in everyday clinical practice. Understanding the important role
that metabolic derangements play in the pathogenesis of atherosclerosis pave the
way for stronger implementation of current guidelines for CVD risk assessment and
prevention.

Keywords: atherosclerosis, dyslipidemia, cardiovascular disease,
lipid-lowering therapies, lipoproteins

1. Introduction

Cardiovascular disease (CVD) remains a major cause of global mortality and
rising health care costs worldwide. CVD burden is predominantly attributable
to modifiable behavioral and metabolic risk factors with dyslipidemia being one
of them [1, 2]. Dyslipidemia is a term that encompasses a broad spectrum of
various genetic and acquired disorders that affect blood lipid levels. This chapter
provides an overview of the key insights into the lipid abnormalities associated
with an increased risk of CV events particularly in the context of dyslipidemia
management in everyday clinical practice. Understanding the important role that
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metabolic derangements play in the pathogenesis of atherosclerosis paves the way
for stronger implementation of current guidelines for CVD risk assessment and
prevention.

2. Lipids and lipoproteins

Lipids are essential components of the human body, having several important
biological functions such as storing energy, acting as structural components of
cell membranes and participating in signaling pathways. The three main types of
lipids are phospholipids, sterols, and triglycerides (also known as triacylglycerols)
[3]. In view of the fact that the term “lipid” has been defined as any of a group
of organic compounds that are insoluble in water but soluble in organic solvents,
lipids comprise a broad range of molecules such as fatty acids, triglycerides (TG),
phospholipids, sterols, sphingolipids and many others. However, from a clinical
standpoint, given their role in the pathogenesis of CVD, the two major forms
of circulating lipids in the body are TG and cholesterol. Although insoluble in
plasma, these lipids can be transported throughout the bloodstream as lipopro-
teins when packaged with phospholipids and proteins known as apoproteins or
apolipoproteins.

Lipoproteins are complex particles that have a central hydrophobic core com-
posed of non-polar lipids, primarily cholesterol esters (CE) and TG and a hydro-
philic surface consisting of polar lipids (phospholipids and free cholesterol) and
apoproteins. The protein component provides structural integrity to the framework
of the lipoproteins and being attached to the surface of particles, make them detect-
able for enzymes and receptors. Hence, apoproteins modulate enzyme activity (eg,
apoprotein C-II activates lipoprotein lipase) and serve as ligands, specific recogni-
tion sites for cell surface receptors during cellular uptake (eg, apoprotein B-100
binds to the low-density lipoprotein receptor).

Lipoproteins are synthesized in both the liver and the intestines, playing a key
role in the absorption and transport of dietary lipids by the small intestine, in the
transport of lipids from the liver to peripheral tissues, and from peripheral tissues
to the liver and intestine (a process known as reverse cholesterol transport). Within
the circulation, lipoproteins go through constant change in composition and physi-
cal structure as the peripheral tissues take up the various components before the
remnants return to the liver [4].

3. Classification and composition of plasma lipoproteins

Lipoproteins vary in size, density and composition which affects their func-
tions, atherosclerotic risk profiles and other effects on health [3]. Based on major
lipid and apolipoprotein content which determines their density, lipoproteins are
classified into six categories; chylomicrons, very low-density lipoprotein (VLDL),
intermediate-density lipoprotein (IDL), low-density lipoprotein (LDL), lipoprotein
(a) [Lp(a)], and high-density lipoprotein (HDL) (Table1). Accompanying apoli-
poproteins and their functions are described in Table 2.

The main function of chylomicrons is the transport of dietary triglycerides
from the intestine to the liver and other peripheral tissues, while VLDL particles
carry endogenously synthesized triglycerides from the liver to other tissues. LDL
particles are the major carriers of cholesterol in the circulation, supplying it to the
cells, whereas the role of HDL is to transfer cholesterol from peripheral tissues to
the liver.
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Lipoprotein Density Diameter TGs  Cholesteryl PLs  Cholesterol  Apolipoproteins

[v) 0, 0, 0,
(g/mL) (nm) (%) esters (%) (%) (%) Major Others
Chylomicrons <0.95 80-100  90-95 2-4 2-6 1 ApoB-  ApoA-],
48 IL,IV,V
VLDL 0.95- 30-80 50-65 8-14 12-16 4-7 ApoB- ApoA-I,
1.006 100 C-II,
C-IILIL E,
AV
IDL 1.006- 25-30 25-40 20-35 16-24 7-11 ApoB- ApoC-II,
1.019 100 C-lIIILE
LDL 1.019- 20-25 4-6 34-35 22-26 6-15 ApoB-
1.063 100
HDL 1.063- 8-13 7 10-20 55 5 ApoA-1 ApoA-II,
1.210 C-ILE,M
Lp(a) 1.006- 25-30 4-8 35-46 17-24 6-9 Apo(a)  ApoB-100
1125

Apo - apolipoprotein; HDL - high-density lipoprotein; IDL - intermediate-density lipoprotein; LDL - low-density
lipoprotein; Lp(a) - lipoprotein(a); PLs - phospholipids; TGs - triglycerides; VLDL - very low-density lipoprotein.
Adapted from Ref. [5].

Table 1.
Physical and chemical chavacteristics of human plasma lipoproteins.

Apolipoprotein Location Origin Function

Apo A-1 HDL Liver, Major component of HDL, activates
intestine LCAT

Apo A-II HDL Liver Component of HDL

Apo B-48 Chylomicrons Intestine Major component of chylomicron,

synthesized in the intestine

Apo B-100 VLDL, IDL, LDL, Lp(a) Liver LDL receptor ligand

Apo C-II Chylomicrons, VLDL, HDL Liver co-factor for LPL, stimulates
triglyceride hydrolysis

Apo C-III Chylomicrons, VLDL, HDL Liver Inhibits LPL

ApoE Chylomicrons, remnants, Liver, LDL receptor ligand

VLDL, HDL intestine

Apo(a) Lp(a) Liver Component of Lp(a), links to LDL,

inhibits fibrinolysis

Apo - apolipoprotein; HDL - high-density lipoprotein; IDL - intermediate-density lipoprotein; LCAT - lecithin-
cholesterol acyltransferase; LDL - low-density lipoprotein; LPL - lipoprotein lipase; Lp (a) - lipoprotein (a);
VLDL - very-low-density lipoprotein.

Table 2.
Major apolipoprotein characteristics.

3.1 Chylomicrons

Chylomicrons are the largest particles in the lipoprotein family with the highest
lipid to protein ratio. These triglyceride-rich particles contain apolipoproteins A-I,
A-I1, A-1V, AV, B-48, C-II, C-III, and E, nevertheless, apo B-48 is the core structural
protein and each chylomicron particle contains one Apo B-48 molecule [6]. The size
of chylomicrons varies depending on the amount of fat ingested. A meal high in fat
results in the formation of large chylomicron particles due to the increased quantity
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of TG being transported whereas in the fasting state the chylomicron particles are
smaller since they are carrying decreased amount of TG.

3.2 Chylomicron remnants

The removal of TG from chylomicrons by peripheral tissues results in smaller
particles called chylomicron remnants. Compared to chylomicrons these particles
are enriched in cholesterol and are pro-atherogenic [7].

3.3 Very low-density lipoproteins (VLDL)

Very low-density lipoproteins are also triglyceride-rich particles, however, they
are smaller than chylomicrons and contain relatively less TG but more cholesterol
and protein. Similar to chylomicrons the size of the VLDL particles vary depending
on the amount of TG carried in the particle. Hence, when TG production in the liver
is increased, the secreted VLDL particles are large. VLDL particles contain apolipo-
proteins B-100, C-I, C-II, C-III, and E. Apo B-100 is the core structural protein and
each VLDL particle contains one Apo B-100 molecule [8].

3.4 Intermediate-density lipoproteins (IDL; VLDL remnants)

The removal of TG from VLDL by peripheral tissue (muscle and adipose tissue)
results in the formation of IDL particles which are enriched in cholesterol. These
particles contain apolipoprotein B-100 and E and are pro-atherogenic [8].

3.5 Low-density lipoproteins (LDL)

Low density lipoproteins are derived from VLDL and IDL particles by the
lipoprotein lipase-mediated intravascular removal of TGs and are further enriched
in cholesterol. Therefore, the LDL inner core is predominately composed of choles-
terol esters. LDL particles are the primary transport mechanism for the delivery of
cholesterol to peripheral tissues, accounting for the majority of circulating choles-
terol in humans. Apo B-100 is the predominant structural protein and each LDL
particle contains one Apo B-100 molecule [3]. LDL comprise a range of particles
differing in size and density. Small dense LDL (sdLDL) particles are considered to
be more atherogenic than larger LDL subfractions [9]. A growing body of evidence
suggests that sdLDL particles have a decreased affinity for the LDL receptor result-
ing in a prolonged retention time in the circulation. Longer circulation times lead
to multiple atherogenic modifications of sdLDL particles, further increasing its
atherogenicity. Moreover, sdLDL particles bind more avidly to intraarterial pro-
teoglycans and are characterized by the enhanced ability to enter the arterial wall.
Finally, sdLDL particles are more susceptible to oxidation, which could result in an
enhanced uptake by macrophages [10].

The predominance of sdLDL has been associated with hypertriglyceridemia, low
HDL and high-hepatic lipase activity. This lipid phenotype was found to be present
across the broad spectrum of metabolic disorders including obesity, metabolic syn-
drome, type 2 diabetes and is considered as a risk factor of coronary heart disease.

3.6 High-density lipoproteins (HDL)
High density lipoproteins are the smallest particles in the lipoprotein family

composed of a relatively high proportion of protein thus having the lowest lipid to
protein ratio. Their core is mainly composed of cholesterol esters. HDL particles

4
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contain apolipoproteins A-I, A-II, A-1V, C-I, C-II, C-III, and E. Apo A-I is the core
structural protein and each HDL particle may contain multiple Apo A-I molecules.
The main physiological role of HDL is in the transport of cholesterol from periph-
eral tissues to the liver, which is one possible mechanism to explain their ability

to inhibit atherosclerosis [11]. In addition, HDL particles have anti-oxidant, anti-
inflammatory, anti-thrombotic, and anti-apoptotic properties, which may also
contribute to their anti-atherogenic potential. HDL comprise a range of particles
varying in size, density and apolipoprotein composition.

3.7 Lipoprotein(a) [Lp(a)]

Lipoprotein(a) consists of an LDL particle and the specific apolipoprotein(a),
which is attached via a single disulfide bond to the Apo B-100. Lp(a) contain
Apo(a) and Apo B-100 in a 1:1 molar ratio. The structure of apolipoprotein(a) is
similar to plasminogen and tissue plasminogen activator (tPA) containing multiple
kringle repeats. Due to a variable number of kringle repeats, each of which con-
sists of 114 amino acids, the molecular weight of apo(a) isoforms can range from
250,000 to 800,000 [12]. The production rate of Lp(a) is predominantly genetically
determined resulting in highly variable Lp(a) plasma concentration ranging from
undetectable to more than 200 mg/dl. There is a general inverse correlation between
the Lp(a) concentration in plasma and the size of the apo(a) isoform. Individuals
with low molecular weight Apo (a) tend to have higher levels while individuals
with high molecular weight Apo(a) isoforms tend to have lower levels of Lp(a).

It is hypothesized that the larger the isoform, the more Apo(a) precursor protein
accumulates intracellularly in the endoplasmic reticulum and consequently the liver
is less efficient in secreting high molecular weight Apo(a) [13]. The mechanism of
Lp (a) clearance is still not fully elucidated but does not seem to include LDL recep-
tors. As kidney disease is associated with an increase in Lp (a) levels, the kidney
appears to have an important role in Lp (a) clearance. Elevated plasma Lp(a) levels
are associated with an increased risk of atherosclerosis. There are several proposed
mechanisms to explain a proatherogenic role of Lp(a). As the structure of Apo(a)

is similar to plasminogen and tPA it competes with plasminogen for its binding site,
leading to reduced fibrinolysis. Moreover, Lp(a) stimulates the secretion of PAI-1,
which results in enhanced thrombogenesis. Also, Lp(a) particles are preferential
carriers of atherogenic pro-inflammatory oxidized phospholipids in human plasma
that attracts inflammatory cells to vessel walls and stimulate smooth muscle cell
proliferation [14]. However, statin therapy as well as other therapies that accelerate
LDL clearance and decrease LDL levels do not decrease Lp(a) levels [15].

4. The role of lipids and lipoproteins in atherogenesis

Consistent evidence from epidemiologic and clinical studies, supports the key
role of the apoB containing lipoproteins in atherogenesis. All ApoB-containing
lipoproteins with size less than 70 nm can cross the endothelial barrier, particularly
in the presence of endothelial dysfunction [16]. Uptake and accumulation of apoB-
containing lipoproteins in the arterial wall is a critical initiating event in the devel-
opment of atherosclerosis. Upon entry, apoB-containing lipoproteins are modified
and oxidized into proinflammatory particles, which provoke the activation of the
innate immune system within the arterial intima. The endothelial cells secrete
adhesion molecules, and the smooth muscle cells (SMCs) secrete chemokines,
which together attract monocytes and other immune cells into the arterial wall.
When monocytes enter the subendothelial space, they transform into macrophages.
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Macrophage inflammation leads to enhanced oxidative stress and cytokine secre-
tion, further promoting apoB-containing lipoproteins oxidation, endothelial cell
activation, proliferation of SMCs and monocyte recruitment [17]. Uptake of the
apoB containing particles by macrophages promotes foam cell formation which
accumulate in early atherosclerotic lesions known as fatty streaks [18]. Fatty streaks
are not clinically significant, but they are the precursors of more advanced lesions
characterized by the accumulation of lipid-rich necrotic debris and SMCs. With the
secretion of fibrous elements by the SMCs, forming a fibrous cap over the lipid-rich
necrotic cores, atherosclerotic fibrous plaques develop. Continued exposure to
apoB-containing lipoproteins results in additional particles being retained over time
in the arterial wall, and to the growth and progression of atherosclerotic plaques
[19]. A person’s total atherosclerotic plaque burden is determined by the concentra-
tion of circulating LDL and other apoB-containing lipoproteins, and by the cumula-
tive exposure to these particles. In general, people with higher concentrations of
plasma apoB-containing lipoproteins will retain more particles and accumulate
lipids faster, resulting in more rapid growth and the progression of atherosclerotic
plaques ultimately leading to the reduced vascular lumen and clinically significant
ischemia. Plaques can become increasingly complex, with calcification, ulceration
at the luminal surface, and hemorrhage within the arterial wall from small fragile
vessels growing into the lesion from the media. Eventually, changes in the composi-
tion of the plaque reach a critical point at which disruption of a plaque can result,
with the formation of an overlying thrombus that acutely obstructs blood flow.
Atherosclerotic plaque formation is greatest at the branching points of major vessels
and in areas of turbulent flow [17]. Depending on the location, atherosclerosis may
lead to a variety of conditions, such as coronary heart disease, cerebrovascular and
peripheral artery disease.

Epidemiological studies have consistently shown that HDL-C levels are inversely
related to atherosclerotic cardiovascular events [20, 21]. HDL-C has been tradition-
ally considered as,,good “cholesterol having a protective role against atherosclerosis.
The proposed mechanism underlying its protective effect is the role in the removal
of excess cholesterol from peripheral tissues. Besides, it has been considered that
HDL prevents lipoprotein oxidation and removes oxidized lipids from LDL due to
its anti-inflammatory and anti-oxidant properties. However, the protective role has
been seriously challenged by the evidence from recent clinical trials aimed at raising
HDL-C that failed to reduce cardiovascular events. Modern genome-wide and
Mendelian randomization studies have failed to show a causal link between total
HDL-C concentration and CAD, which might be related to the fact that HDL com-
prise a range of particles differing in size and density [22, 23]. It has been shown
that the concentration of large HDL particles is inversely associated with CVD while
that of small HDL particles is positively associated with CVD.

5. Clinical classification of dyslipidemias

Dyslipidemia may present as a single disorder affecting only one specific type
of lipid, such as pure or isolated hypertriglyceridemia or hypercholesterolemia or
may represent as a combination of lipid abnormalities, such as mixed or combined
dyslipidemias. Lipid disorders were traditionally categorized by patterns of eleva-
tion in lipids and lipoproteins into six phenotypes according to the Fredrickson
classification (Table 3). A more practical approach is to classify dyslipidemias
as primary or secondary. Primary dyslipidemias are genetic disorders caused by
single or multiple gene mutations that result in either overproduction or defective
clearance of LDL and TG or excessive clearance of HDL. The understanding of the
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Phenotype Elevated Lipoprotein(s) Elevated Lipids

I Chylomicrons TG

Ila LDL Cholesterol

IIb LDL and VLDL TG and cholesterol
111 VLDL and chylomicron remnants TG and cholesterol
v VLDL TG

\% Chylomicrons and VLDL TG and cholesterol

LDL - low-density lipoprotein; TG - triglycerides; VLDL - very-low-density lipoprotein.

Table 3.
Fredrickson classification of dyslipidemias.

genetic and biochemical basis of these disorders has revealed a large and diverse
group of diseases, many of which have similar clinical expressions (Table 4) [24].
The names of many primary dyslipidemias reflect an old nomenclature in which
lipoproteins were differentiated by how they separated into alpha (HDL) and beta
(LDL) bands on electrophoretic gels. Individuals with primary dyslipidemias are
at higher risk of developing complications, such as atherosclerotic cardiovascular
disease, at a younger age. Patients may also present with acute pancreatitis and
deposition of cholesterol in the skin and tendons (xanthomas), eyelids (xanthe-
lasma), and corneas (arcus corneae).

Familial hypercholesterolemia (FH) is one of the most common monogenic
lipid disorders associated with premature CVD due to significantly elevated plasma
levels of LDL-C. FH is caused by loss-of-function mutations in the LDL receptor or
apoB genes, or a gain-of-function mutation in the PCSK9 gene [25]. There are two
main types of FH; homozygous (HoFH) and heterozygous (HeFH). The prevalence
of HeFH in the population is estimated to be 1/200-250, making it the most com-
mon genetically transmitted disease [26, 27]. If left untreated, men and women
with HeFH typically develop early coronary artery disease (CAD) before the ages
of 55 and 60 years respectively. However, early diagnosis and appropriate treat-
ment can dramatically reduce the risk for CAD. HoFH is a rare and life-threatening
disease with a prevalence estimated to be 1/160,000-320,000. Patients present with
extensive xanthomas, premature and progressive CVD, and total cholesterol level
exceeds 13 mmol/L. Most patients die before 30 years of age [28].

Secondary dyslipidemias are caused by lifestyle factors or medical condi-
tions that interfere with blood lipid levels [29, 30]. The most important cause is a
sedentary lifestyle with excessive dietary intake of total calories, saturated fats,
cholesterol and trans fats. Some diseases that are associated with a higher risk of
dyslipidemia are diabetes mellitus, cholestatic liver disease, chronic kidney disease,
nephrotic syndrome, hypothyroidism and obesity [31, 32].

Diabetes is an especially important secondary cause of dyslipidemia character-
ized by an atherogenic combination of high TGs, high sdLDL particles and low HDL
[33]. Patients with type 2 diabetes are particularly at risk [34]. It has been shown
that the lipoprotein abnormalities are related to the severity of the insulin resistance
and the degree of visceral adiposity. Poor glycemic control and inflammation of vis-
ceral adipose tissue increase the concentration of circulating free fatty acids (FFAs),
leading to increased VLDL production in the liver. TG-rich VLDL then transfers
TG and cholesterol to LDL and HDL, promoting formation of TG-rich, sdLDL
and clearance of TG-rich HDL. Diabetic dyslipidemia is additionally promoted by
unhealthy diet and physical inactivity. Other factors that increase the risk of dys-
lipidemias are smoking, alcohol overuse and certain medications such as thiazide



Disorder

Genetic Defect

Inheritance

Clinical Features

Apo C-II deficiency

Apo C-II (causing functional LPL deficiency)

Recessive

* metabolic syndrome (often present)
* pancreatitis (in some adults)

¢ TG: > 8.5 mmol/L

Cerebrotendinous xanthomatosis

Hepatic mitochondrial 27-hydroxylase defect accumulation
of cholestanol due to the blockage of bile acid synthesis and
conversion of cholesterol to cholestanol

Recessive

® cataracts

premature CAD

neuropathy

e ataxia

Cholesteryl ester storage disease and
Wolman disease

Lysosomal acid lipase deficiency

Recessive

premature CAD

accumulation of cholesteryl esters and TG in

lysosomes in the liver, spleen, and lymph nodes

cirrhosis

Familial apo Al deficiency/mutations

Apo Al

Unknown

corneal opacities, xanthomas, premature CAD
(in some people)

e HDL: 0.39-0.78 mmol/L

Familial combined hyperlipidemia

Unknown, possibly multiple defects and mechanisms

Dominant

e premature CAD, responsible for about 15% of
Mls in people < 60 years

* Apo B: Disproportionately elevated
e TC: 6.5-13.0 mmol/L
e TG:2.8-8.5 mmol/L

Familial defective apo B-100

Apo B (LDL receptor-binding region defect)
Diminished LDL clearance

Dominant

 xanthomas, arcus corneae, premature CAD

e TC: 6.5-13 mmol/L

Familial dysbetalipoproteinemia

Apo E (usually e2/e2 homozygotes)
Diminished chylomicron and VLDL clearance

Recessive or dominant

* xanthomas (especially tuberous and palmar),
yellow palmar creases, premature CAD

e TC: 6.5-13.0 mmol/L
¢ TG: 2.8-5.6 mmol/L

vuaprdrjs€(q Jo mamaSvuvpy



Disorder

Genetic Defect

Inheritance

Clinical Features

Familial HDL deficiency

ABCAI1 gene

Dominant

e premature CAD

Familial hypercholesterolemia

Loss-of-function mutations in the LDL receptor or apoB genes,
or a gain-of-function mutation in the PCSK9
Diminished LDL clearance

Codominant

Heterozygotes:

* tendon xanthomas, arcus corneae, premature
CAD (ages 30-50), responsible for about 5% of
MlIs in people < 60 years

e TC: 6.5-13 mmol/L
Homozygotes:

* planar and tendon xanthomas and tuberous
xanthomas, premature CAD (before age 18)

e TC > 13 mmol/L

Familial hypertriglyceridemia

Unknown, possibly multiple defects and mechanisms

Dominant

Usually no symptoms or findings; occa-
sionally hyperuricemia, sometimes early
atherosclerosis

* TG:2.3-5.6 mmol/L, possibly higher depend-
ing on diet and alcohol use

Familial LCAT deficiency

LCAT gene

Recessive

Corneal opacities, anemia, chronic kidney
disease

e HDL: < 0.26 mmol/L

Fisheye disease (partial LCAT deficiency)

LCAT gene

Recessive

 Corneal opacities

e HDL: < 0.26 mmol/L

Hepatic lipase deficiency

Hepatic lipase

Recessive

e premature CAD

* TC: 6.5-39 mmol/L
* TG: 4.5-93 mmol/L
e HDL: variable

98€g6 uadoyoarur/z/LSor/340 10p°xp//:d13y (O
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(1)

Disorder

Genetic Defect Inheritance Clinical Features
LPL deficiency Endothelial LPL defect Recessive e failure to thrive (in infants), eruptive xantho-
Diminished chylomicron clearance mas, hepatosplenomegaly, pancreatitis
e TG:> 8.5 mmol/L
PCSK9 gain of function mutations Increased degradation of LDL receptors Dominat * similar to familial hypercholesterolemia
Polygenic hypercholesterolemia Unknown, possibly multiple defects and mechanisms Variable * premature CAD
e TC: 6.5-9.0 mmol/L
Primary hypoalphalipoproteine-mia Unknown, possibly apo A-I, C-III, or A-IV Dominat * premature CAD
(familial or nonfamilial) « HDL: 0.39-0.91 mmol/L
Sitosterolemia ABCGS and ABCG8 genes Recessive ¢ tendon xanthomas, premature CAD
Tangier disease ABCA1 gene Recessive * premature CAD (in some people), peripheral

neuropathy, hemolytic anemia, corneal opaci-
ties, hepatosplenomegaly, orange tonsils

HDL: < 0.13 mmol/L

ABCA1 - ATP-binding cassette transporter Al; ABCGS5 and 8 - ATP-binding cassette subfamily G members 5 and 8; apo - apoprotein; CAD - coronary artery disease; HDL - high-density lipoprotein; LCAT

- lecithin-cholesterol acyltransferase; LDL - low-density lipoprotein; LPL - lipoprotein lipase; MI - myocardial infarction; PCSK9 - proprotein convertase subtilisin-like/kexin type 9; TC - total cholesterol;
TG - triglyceride; VLDL - very-low-density lipoprotein.

Adapted from Ref. [23].

Table 4.
Primary dyslipidemias.
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Medical conditions Lipid abnormalities
Diabetes mellitus, metabolic syndrome 1 sdLDL-C, | HDL-C, 1 TG
Cholestatic liver disease 1 TC 1 LDL-C

Nephrotic syndrome 1TC, 1 LDL-C

Chronic kidney disease 1 LDL-C, | HDL-C, 1 TG
Hypothyroidism 1 LDL-C, 1 TG

Obesity 1+ TC, 1 LDL-C, | HDL-C, 1 TG
Cigarette smoking | HDL-C

Excessive alcohol consumption 1 TG

Medications

Diuretics, cyclosporine, glucocorticoids, amiodarone 1 LDL-C

Oral estrogens, glucocorticoids, protease inhibitors, sirolimus, beta 1 TG

blockers, thiazides, anabolic steroids

HDL-C - high density lipoprotein cholesterol; LDL-C - low density lipoprotein cholesterol; sdLDL-C -small dense
low density lipoprotein cholesterol; TC-total cholesterol; TG - triglycerides.

Table 5.
Secondary causes of dyslipidemia.

diuretics, beta blockers, oral contraceptives, atypical antipsychotics, antiretroviral
agents, corticosteroids, tacrolimus, and cyclosporine. Secondary causes of dyslipid-
emia and their major lipid abnormalities are shown in Table 5.

6. Treatment strategies
6.1 Impact of diet and lifestyle modifications on lipid levels

Consistent evidence from epidemiological studies indicates that saturated fatty
acids (SFAs) and trans unsaturated fatty acids are the dietary factors with the
greatest elevating impact on LDL-C levels [5]. Therefore, current dietary guidelines
uniformly recommend reducing intakes of saturated and trans fatty acids with
replacement by increasing intake of mono- and polyunsaturated fatty acids [35].
Moreover, recommended food choices to lower LDL-C and improve the overall
lipoprotein profile include higher consumption of non-starchy vegetables, fruit,
legumes, nuts, fish, vegetable oils, yoghurt, and wholegrains, along with a lower
intake of red and processed meats, foods higher in refined carbohydrates, and salt
[36, 37]. Dietary patterns that may have a role in the prevention and management of
dyslipidemia are the Mediterranean diet and the DASH diet [38, 39]. Excessive body
weight loss exhibits the LDL-C decreasing effect, but the magnitude of the effect
is small. In people with obesity, a decrease in LDL-C concentration of 0.2 mmol/L
is observed for every 10 kg of weight reduction [40, 41]. Regular physical exercise
results in even smaller reduction of LDL-C levels [42, 43]. Overall, through dietary
changes and weight loss, LDL-C can be lowered by approximately 10-15% [44].

6.2 Drugs for treatment of dyslipidemias
Statin treatment, targeting LDL cholesterol reduction, remains the cornerstone

of dyslipidemia management. There is a clear linear relationship between the degree
of LDL-cholesterol lowering achieved with statins and CV benefits, pointing out
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that a reduction of 1 mmol/L of LDL-C is associated with a 20-25% reduction in the
relative risk of major CV events including cardiovascular mortality, non-fatal myo-
cardial infarction and non-fatal stroke [45]. Statins reduce the biosynthesis of cho-
lesterol in the liver by competitively inhibiting the enzyme hydroxymethylglutaryl
CoA (HMG-CoA) reductase, the rate-limiting step in the production of cholesterol.
The reduction in intracellular cholesterol promotes up-regulation of LDL receptor
(LDLR) at the surface of the hepatocytes, which in turn results in increased hepatic
uptake of LDL from the blood, thereby lowering plasma concentrations of LDL-
and other ApoB-containing lipoprotein particles. The degree of LDL-C reduction is
dose-dependent and varies between the different statins. A high intensity statin, on
average, reduces LDL-C by >50%, while, moderate-intensity therapy is defined as
the dose expected to reduce LDL-C by 30-50% [35]. Statins should be initiated with
the highest tolerated dose to reach the LDL-C goal determined by the individual’s
risk category. There are abundant data supporting the concept of ‘the lower LDL-C,
the better’ in the primary and secondary cardiovascular disease prevention. Statins
are generally safe and well tolerated apart from myalgia which is the most com-
monly reported statin adverse effect, although its frequency is higher in everyday
clinical practice than in RCTs [46]. However, due to low adherence to statin therapy
or statin intolerance, many patients do not reach LDL-C target levels. Because the
LDL-C targets suggested in guidelines, currently <1.4 mmol/L in patients with
very-high CV risk, < 1.8 in patients with high CV risk and < 2.6 mmol/L in those
with moderate CV risk respectively, are often not achieved, additional and more
aggressive LDL-C lowering therapies are needed [35].

Ezetimibe inhibits dietary and biliary cholesterol absorption by interacting
with the Niemann-Pick C1-Like 1 protein (NPC1L1), thereby lowering the amount
of cholesterol delivered to the liver. In response to reduced cholesterol delivery,
the liver reacts by upregulating LDL receptor expression, which in turn leads to
increased clearance of LDL from the blood. A large clinical trial evaluating the
addition of ezetimibe to statins in patients with prior acute coronary syndrome
found a 24% reduction in LDL-C levels and a 6.4% reduction in the relative risk
of CV death, major coronary events, or nonfatal stroke at 7 years [47]. Statin-
ezetimibe combination treatment is the first choice for managing elevated LDL-C in
very-high-risk patients with high LDL-C unlikely to reach goal with a statin, and in
primary prevention familial hypercholesterolaemia patients [48].

A new class of drugs, PCSK9 inhibitors, that targets a proprotein convertase
subtilisin/kexin type 9 (PCSK9) is recommended by current guidelines for the
secondary prevention of very high-risk individuals not at LDL-C goal despite
maximally tolerated statin doses and ezetimibe [35]. This protein regulates plasma
concentrations of LDL-C by interacting with LDL receptors on hepatocytes.

After binding to an LDL receptor, PCSK9 directs it to lysosomal degradation.
Consequently, it inhibits recycling of the receptor to the surface of the hepatocyte
and delays catabolism of LDL particles [49]. Currently approved PCSK9 inhibi-
tors are the human monoclonal antibodies, alirocumab and evolocumab. The
mechanism of action relates to the reduction of the plasma level of PCSK9, which
in turn results in decreased intracellular degradation and increased expression of
LDL receptors at the cell surface and therefore in a reduction of circulating LDL-C
levels [50]. Co-administration with statin treatment has a sound rationale because
statins upregulate PCSKO. In clinical trials, PCSK9 inhibitors either alone or in
combination with statins, and/or other lipid-lowering therapies have been shown
to significantly reduce LDL-C levels on average by 60%, depending on dose. In
contrast to statins, inhibiting PCSK9 with monoclonal antibodies also reduces Lp(a)
plasma levels.
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An alternative approach targeting PCSK9 consists of RNA interference.
Recently, the small interfering RNA (siRNA) molecule inclisiran, which inhibits the
intracellular hepatic translation of PCSKO9, has been approved in Europe based on a
robust clinical development program demonstrating effective and sustained LDL-C
reduction of up to 52% in patients with elevated LDL-C despite maximally tolerated
statin therapy [51, 52]. With two doses a year, this new lipid lowering strategy is
expected to support long-term adherence.

The cholesterol efflux capacity, mainly mediated by HDL-C, from arterial
tissues to liver has demonstrated its association with major adverse cardiovascular
events [53]. The pharmacological approach that has led to the greatest elevations
in HDL-C levels has been direct inhibition of cholesterol ester transfer protein
(CETP) by small-molecule inhibitors, which may induce an increase in HDL-C
by >100% on a dose-dependent basis. Although CETP inhibitors significantly
increased HDL-C levels in trials, they have not displayed benefits on cardiovascu-
lar outcomes [22].

Hypertriglyceridemia is a well-described contributor to the residual cardio-
vascular risk [54]. Statin treatment is recommended as the first drug of choice to
reduce CVD risk in high-risk individuals with TG levels >2.3 mmol/L. In high and
very high-risk patients with TG levels between 1.5-5.6 mmol/L despite statin treat-
ment, n-3 PUFAs (icosapent ethyl 2x2 g/day) should be considered in combination
with a statin. It has been demonstrated that icosapent ethyl, a highly purified and
stable eicosapentaenoic acid (EPA), on top of statins was associated with a 25%
relative CV risk reduction and a 4.8% absolute risk reduction in major adverse CV
events in high-risk individuals [55]. The underlying mechanism how omega-3 fatty
acids affect serum lipids and lipoproteins, in particular VLDL concentrations is
poorly understood, although it may be related, at least in part, to their ability to
interact with peroxisome proliferator-activated receptors (PPARs) and to decreased
secretion of ApoB. In primary prevention patients who are at LDL-C goal with TG
levels >2.3 mmol/L, fenofibrate may be considered in combination with statins.
Fibrates are agonists of PPARs, acting via transcription factors regulating various
steps in lipid and lipoprotein metabolism. Consequently, fibrates have good efficacy
in lowering fasting and post-prandial TGs and TG-rich lipoprotein remnant par-
ticles [56, 57].

Agents that enhance catabolism of TG-rich lipoproteins, such as the antisense
oligonucleotide to ApoC-III mRNA, which lead to a concomitant reduction in TGs
(>70%) and a marked elevation in HDL-C (>40%) in hypertriglyceridemia, are
under development [58].

7. Conclusion

Dyslipidemias largely contribute to global cardiovascular disease burden.
Consistent evidence from epidemiological and clinical studies, supports the key role
of the circulating LDL-C and other apoB containing lipoproteins in the develop-
ment of atherosclerosis. Therefore, reducing LDL-C and other ApoB-containing
lipoproteins is a core component of lipid management for both the primary pre-
vention of CVD and the secondary prevention of recurrent CV events. A major
outstanding challenge is how best to implement use of evidence-based therapies
in clinical practice, particularly statins and PCSK9 inhibitors. Understanding the
important role that metabolic derangements play in the pathogenesis of atheroscle-
rosis pave the way for stronger implementation of current guidelines for CVD risk
assessment and prevention.
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