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We are proud editors of this follow-up edition of the well-received Handbook of
Experimental Pharmacology Volume 170 “Atherosclerosis: Diet and Drugs,” which
was published more than 15 years ago. Since then, major progress has been made in
the primary and secondary prevention of atherosclerotic cardiovascular diseases
(ASCVDs), thanks to improved control of the classical risk factors with well-
established causality in the pathogenesis of ASCVDs, namely, LDL-cholesterol,
blood pressure, diabetes, and prothrombotic states. The five chapters in the first part
of this book summarize the progress in this evidence-based state-of-the-art manage-
ment of ASCVDs as well as the perspectives of ongoing drug developments towards
better control of these risk factors. The five subsequent chapters of Part II address the
state of research and development towards the control of risk factors which are well
established by epidemiology but still equivocal due to negative, contradictory, or
missing outcomes of randomized controlled trials [triglycerides, HDL-cholesterol,
Lipoprotein(a), obesity, nutraceuticals]. Vascular and immune cells, adipose tissue
as well as microbiota are important in the pathogenesis of atherosclerosis and
intensely investigated. The validation of some anti-inflammatory drugs (e.g., colchi-
cine or methotrexate) or targets (interleukin 1 beta) by clinical trials has been started
and generated promising results in first trials. The six chapters of Part III describe the
ongoing translational efforts directed to unravel and validate novel target molecules
for drug development. Hypothesis-free systems biology approaches have become an
important strategy also in atherosclerosis research, which are covered by the four
chapters of Part IV. Genomics, transcriptomics, proteomics, and metabolomics have
successfully helped to identify novel players in the pathogenesis of atherosclerosis or
validate the causality of candidate molecules or processes in the development or
clinical manifestation of ASCVDs.

This Handbook of Experimental Pharmacology on atherosclerosis is part of the
educational activities of the European Atherosclerosis Society (https://www.eas-
society.org). EAS finances the open access publication of this handbook, to foster
the training and promotion of early career scientists and the dissemination of old and
new knowledge on ASCVD and their risk factors to the scientific and medical
community as well as the lay public. As the editors of this Handbook of Experimen-
tal Pharmacology, we gratefully acknowledge not only this financial but also the
moral and intellectual support by the Executive Committee of EAS. We applaud the


https://www.eas-society.org/page/about_eas
https://www.eas-society.org/page/about_eas

Vi Preface

authors of the 19 chapters for their engagement and reliable cooperation. Finally, we
thank Prof. Martin Michel for his sustained interest and guidance as well as Susanne
Dathe, Alamelu Damodharan, and Anand Ventakachalam from Springer Nature who
supported us with patience and enthusiasm in the production of this book.

Zurich, Switzerland Arnold von Eckardstein
Vienna, Austria Christoph J. Binder
August 2021



This publication is supported by the European Atherosclerosis Society (EAS;
https://www.eas-society.org), which also covered the costs of its Open Access
dissemination

For more than 50 years, the Society’s expertise has been used to teach clinicians
how to manage lipid disorders and how to prevent atherosclerosis. Through its
publications, EAS creates a framework for discussion of new developments in the
field. Activities cover the prevention and care of atherosclerosis and its clinical
manifestations, and also basic science in the atherosclerosis field. With live and
online educational activities including Advanced Courses, Rare Lipid Disorder
Courses, and its Annual Congress, EAS supports exchange of knowledge between
scientists and clinicians. Many lectures from these events are recorded and available
on the Society’s educational platform, EAS Academy. By reaching out to involve
young scientists and researchers also from related disciplines, EAS strengthens and
expands development of the field now and in the future. These activities will
ultimately lead to improved healthcare for persons with cardiovascular disease and
lipid disorders.
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Abstract

Cardiovascular disease is the leading cause of death globally The past few
decades have shown that especially low- and middle-income countries have
undergone rapid industrialization, urbanization, economic development and mar-
ket globalization. Although these developments led to many positive changes in
health outcomes and increased life expectancies, they all also caused inappropri-
ate dietary patterns, physical inactivity and obesity. Evidence shows that a large
proportion of the cardiovascular disease burden can be explained by behavioural
factors such as low physical activity, unhealthy diet and smoking. Controlling
these risk factors from early ages is important for maintaining cardiovascular
health. Even in patients with genetic susceptibility to cardiovascular disease, risk
factor modification is beneficial.

Despite the tremendous advances in the medical treatment of cardiovascular risk
factors to reduce overall cardiovascular risk, the modern lifestyle which has led to
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greater sedentary time, lower participation in active transport and time spent in
leisure or purposeful physical activity, unhealthy diets and increased exposure to
stress, noise and pollution have diminished the beneficial effects of contemporary
medical cardiovascular prevention strategies. Therefore attenuating or eliminating
these health risk behaviours and risk factors is imperative in the prevention of
cardiovascular diseases.

Keywords

Cardiovascular diseases - Diet - Lifestyle - Prevention

The global burden of disease has dramatically shifted from communicable to
non-communicable diseases, making cardiovascular disease (CVD) the leading
cause of death in Europe as well as most parts of the world. According to 2017
European Cardiovascular Disease Statistics, there are more than 11 million new
cases of cardiovascular disease in Europe, and cardiovascular disease accounts for
45% of all deaths. Europe is in the midst of an epidemiologic, economic, social and
nutritional transition. The past few decades have shown that especially low- and
middle-income countries have undergone rapid industrialization, urbanization, eco-
nomic development and market globalization. Although these developments led to
many positive changes in health outcomes and increased life expectancies, they all
also caused inappropriate dietary patterns, physical inactivity and obesity. Fat and
energy consumption is increasing mostly in Eastern Europe, and smoking remains a
key public health issue despite decline in some countries.

The causal factors for CVD are well defined today. Genetic susceptibility,
environmental factors and lifestyle are the most important determinants of cardio-
vascular health. Preventable or treatable risk factors such as high blood pressure,
high cholesterol, diabetes, smoking and obesity play an important role in the
development of cardiovascular disease as well as lifestyle, socioeconomic and
environmental conditions. We also know that socioeconomic deprivation increases
the dependence on alcohol and tobacco use as well as leading to consumption of
unhealthy foods. When we look at the ranking of European countries according to
GDP per capita, we see that cardiovascular risk goes hand in hand with low income.

Although genetic susceptibility is extremely important in the development of
cardiovascular disease, even the subjects with high genetic risk derive benefit from
healthy lifestyles. In a recent study, genetic risk was determined by a polygenic risk
score of up to 50 single-nucleotide polymorphisms and adherence to a healthy
lifestyle consisting of 4 factors (no current smoking, no obesity, healthy diet and
regular physical activity). A favourable lifestyle was associated with a 50% lower
relative risk of CAD in all three groups of low, intermediate and high genetic risk
(Khera et al. 2016). A healthy lifestyle will modify and decrease traditional risk
factors like hypertension, diabetes, dyslipidemia and obesity. In addition lifestyle
modification has positive effects beyond attenuation of traditional risk factors. To
maintain cardiovascular health, it is important to strive for optimal levels of four
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health behaviours (non-smoking, body mass index <25 kg/m?, physical activity and
ideal diet) and three health factors (untreated total cholesterol <200 mg/dL,
untreated blood pressure <120/<80 mmHg and fasting blood glucose <100 mg/
dL) (Lloyd-Jones et al. 2010).

Although there have been tremendous advances in the medical treatment of
cardiovascular risk factors in the past decades, the same cannot be said for lifestyle.
The modern lifestyles have led to greater sedentary time, lower participation in
active transport and time spent in leisure or purposeful physical activity, unhealthy
diets and increased exposure to stress, noise and pollution.

1 Diet

The evidence that dietary factors influence the development of CVD derives mainly
from epidemiological observations and from clinical studies on the impact of dietary
changes on traditional risk factors such as plasma lipids, blood pressure or glucose
levels.

In fact, epidemiological studies clearly indicate that higher consumption of fruit,
non-starchy vegetables, nuts, legumes, fish, vegetable oils, yogurt and whole grains,
along with a lower intake of red and processed meats and foods high in refined
carbohydrates and salt, is associated with a reduced incidence of cardiovascular
events. Moreover, they indicate that the replacement of animal fats, including dairy
fats, with PUFAs or other vegetable sources of fats as well as fibre-rich carbohydrate
foods can decrease the risk of CVD (Forouhi et al. 2018; Sacks et al. 2017).

Conversely, the evidence from randomized controlled trials (RCTs) is based on
few studies that provide, in some cases, conflicting results. In this respect, the
difficulties of performing clinical trials that adequately test nutritional interventions
for CVD prevention cannot be underestimated since these studies require thousands
of participants followed for years or decades. As to the lack of concordance between
studies, this is due not only to methodological problems, particularly inadequate
sample size or the short duration of many trials, but also to the difficulty of
evaluating the impact of a single dietary factor independently of any other change
in the diet (Forouhi et al. 2018).

These limitations suggest caution in interpreting the results of RCTs or even
meta-analyses of RCTs in relation to the effect of a single dietary change on CVD,
particularly where they diverge from the existing global evidence (Catapano et al.
2016). Therefore, in evaluating the role of diet in the prevention of cardiovascular
diseases, we will consider not only RCTs on the impact dietary modifications on
CVD events but also observational studies and clinical trials on the effects on major
CVD risk factors.
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Table 1 Summary of the effects of dietary fatty acids, carbohydrates and salt on cardiovascular
risk factors and cardiovascular events

LDL- HDL- | Plasma Insulin Blood

C Triglycerides | C glucose sensitivity | pressure | CVD
Trans " dl 1 - 1 - m
fatty
acids
SAFA " - -n _ 1l 1 1
MUFA - - - l T = l
PUFA - ! 1 1= 7 - 1
n-6
PUFA - 11 (at high - - - ! 1
n-3 dose) (at high (at high

dose) dose)
Refined - T l T 1 - _
starch
Sugars - I ! T (long 1 /- T
term)

Dietary 1l ~/] - i T ! !
fiber
Salt - - - - - T T

T increase; | decrease; — no effect

1.1 Dietary Fat (Table 1)

1.1.1  Effects on CVD Risk Factors

The available evidence supports current dietary guidelines recommending that
saturated fatty acid (SAFA) intake be reduced and replaced with unsaturated fatty
acids. This approach aims at improving blood lipid and lipoprotein profile in order to
reduce the risk of coronary heart diseases, since high LDL cholesterol and elevated
plasma triglyceride concentrations are established independent CVD risk factors
(Catapano et al. 2016; Graham et al. 2012; Reiner 2013; Reiner et al. 2011). A
reduction in dietary SAFA intake can be achieved through the isocaloric replacement
with unsaturated fatty acids, mainly monounsaturated (MUFA, mostly cis-oleic
acid) or polyunsaturated fatty acids (PUFAs) or with dietary carbohydrates.
According to the results of meta-analyses of RCTs, replacing 5% of calories from
SAFA with MUFA or PUFA (predominantly linoleic acid; C18:2n-6) is able to
significantly reduce LDL cholesterol levels by 0.21 mmol/L (8 mg/dL) and
0.28 mmol/L (11 mg/dL), respectively. In addition, this dietary approach is able to
significantly improve insulin sensitivity and reduce triglyceride levels, mostly in the
postprandial period; notably, the triglyceride-lowering effect is more pronounced
with n-6 PUFA than with MUFA. As for HDL cholesterol levels, there is no relevant
effect when SAFA is replaced by MUFA, whereas a small decrease occurs when
they are substituted by n-6 PUFA (Mensink et al. 2003). Replacing SAFA with
refined carbohydrates also reduces LDL cholesterol levels (by 0.16 mmol/L, 6.2 mg/
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dL), but has untoward effects on other lipoproteins, namely, HDL cholesterol and
plasma triglyceride levels.

Dietary trans-fatty acids (TFAs) are partially hydrogenated fatty acids formed
when oils are solidified to produce margarine. Overall, the average intake of trans-
fatty acids in western countries is presently low and derives mainly from foods of
industrial origin. Quantitatively, dietary trans-fatty acids increase LDL cholesterol
levels to the same extent as saturated fat, although, at variance with SAFA, they
induce a marked reduction of HDL cholesterol levels (Mensink et al. 2003).

Among the various types of dietary fat, the most relevant effect on plasma
triglycerides is achieved with long-chain n-3 polyunsaturated fatty acids; however,
in order to reach an intake sufficient to induce a clinically relevant triglyceride-
lowering effect (usually 25-30%), it is necessary to rely on foods artificially
enriched with n-3 polyunsaturated fat or on pharmacological supplements. Dietary
fatty acids may also affect other non-lipid CVD risk factors, particularly, blood
pressure (Rasmussen et al. 2006; Zock et al. 2016). In fact, the results from the
DIVAS study — a 16-week parallel group RCT on individuals with moderate CVD
risk — showed that the isocaloric replacement of 9.5-9.6% of calories from SAFA
with MUFA or n-6 PUFA attenuated the increase in night systolic pressure
(—4.9 mmHg, p = 0.019) and reduced E-selectin. In line with this finding, a
multicentre study in which our group was involved demonstrated that in healthy
individuals, the consumption of a diet rich in MUFA for 3 months, compared to a
SAFA-rich diet, significantly decreased diastolic blood pressure, provided that total
fat intake was not exceedingly high (below 35-40% energy intake) (Rasmussen et al.
2006). The beneficial effects of replacing SAFA with unsaturated fat have been
summarized in a meta-analysis reporting significantly lower systolic and diastolic
blood pressure with high-MUFA diets (Schwingshackl et al. 2011). As to n-3 PUFA,
lower blood pressure levels were observed only in hypertensive subjects given >3 g/
day as pharmacological supplement (Miller et al. 2014).

Dietary fatty acids are also able to influence insulin sensitivity and, more in
general, glucose metabolism; this was suggested by a recent meta-analysis of RCTs
indicating that increased PUFA intake is able to improve long-term glycaemic
control and reduce insulin resistance (Imamura et al. 2016). In particular, replacing
5% of calories from SAFA partially replacing SAFA or carbohydrates with PUFA or
MUFA improved both blood glucose control and insulin sensitivity; moreover,
PUFA increased also insulin secretion (Imamura et al. 2016). Other clinical trials
have shown that the isocaloric replacement of SAFA with MUFA or PUFA
improved insulin sensitivity in healthy subjects (Vessby et al. 2001) and also
reduced hepatic fat accumulation (Summers et al. 2002). In line with these findings,
Bozzetto and colleagues showed that partially replacing SAFA and carbohydrates
with MUFA for an 8-week period induced a clinically relevant reduction of hepatic
fat content (29%) in type 2 diabetic patients (Bozzetto et al. 2012).

1.1.2 Effects on CVD Events
TFAs represent one of the few dietary components unanimously considered as
deleterious in relation to the cardiovascular risk. Data in the literature are very
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consistent in showing that TFA intake is associated with a higher risk of CVD and
sudden death; this relationship is stronger than with any other nutrient (Mozaffarian
et al. 2006). In fact, a meta-analysis of four prospective cohort studies has shown that
a 2% increase in energy intake from TFAs is associated with a 23% higher incidence
of coronary heart disease (CHD) (Mozaffarian et al. 2006).

In recent years, concern has been expressed regarding the impact of dietary
saturated fatty acids (SFAs) on cardiovascular risk. The uncertainty stems from
recent meta-analyses failing to find an association between the amount of SFA in
the habitual diet and the incidence of CVD (Chowdhury et al. 2014; Siri-Tarino et al.
2010). However, other meta-analyses of prospective studies and RCTs as well as
large longitudinal observations clearly indicate that high SFA is linked with a small
but potentially important increase in cardiovascular risk (Jakobsen et al. 2009;
Li et al. 2015); recently, a Cochrane systematic review has shown that a low-
saturated-fat diet induces a 17% reduction in cardiovascular events compared to a
control diet (Hooper et al. 2015).

Inconsistencies are due to multiple reasons and, in particular, to the way the data
are evaluated; in fact, the meta-analysis by Siri-Tarino overadjusted the outcomes by
correcting them for plasma lipid levels, thus eliminating one of the major patho-
physiological links between SFA intake and CVD (Siri-Tarino et al. 2010). More in
general, in RCTs evaluating the effects of SFAs on CVD, the choice of the foods/
nutrients utilized in the control diet to replace SFAs (for instance, unsaturated fat
versus refined grains) can influence the effect observed and significantly modify the
outcomes of the comparison. The importance of SFA as a risk factor for CVD has
been recently underlined by recommendations of scientific societies and public
health authorities (Sacks et al. 2017; USDA 2016).

PUFA intake is associated with lower CVD risk, as shown in a meta-analysis of
13 prospective cohort studies (310, 602 subjects) reporting that dietary linoleic acid
(LA) intake is inversely associated with the risk of CHD incidence (15%) and
mortality (21%) (Farvid et al. 2014).

The available data on the relationship between dietary cholesterol and CVD are
inconsistent, probably due to the difficulty to evaluate the impact of dietary choles-
terol independently of SAFA that is present in many cholesterol-rich foods. How-
ever, a recent meta-analysis from six prospective US cohorts in which many of the
possible confounders were properly accounted for showed that each additional
300 mg of dietary cholesterol consumed per day (roughly one egg) was significantly
associated with higher risk of CVD incidence (17%) and mortality (18%) (Zhong
et al. 2019).

1.2 Dietary Carbohydrates (Table 1)

1.2.1 Effects on CVD Risk Factors

Dietary carbohydrates are the main determinants of postprandial blood glucose
levels, which represent an important and independent risk factor for cardiovascular
diseases, not only in diabetic patients but also in individuals with normal fasting
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glucose values (Rivellese et al. 2012). There is a wealth of data indicating that a high
intake of refined carbohydrates affects also plasma insulin and triglyceride levels,
both at fasting and in the postprandial period, as well as HDL-cholesterol levels
(Katan et al. 1997; Riccardi and Rivellese 1991; Sacks and Katan 2002). However, it
is worth highlighting that dietary carbohydrates are a heterogeneous class of
nutrients that include not only sugars and refined starches but also dietary fibre
(i.e. non-starch polysaccharides), with different chemical structures and physical
forms and therefore different metabolic effects in relation to their digestion and
intestinal activity (Giacco et al. 2016). In line with this concept is the recent evidence
supporting the hypothesis that the quality of dietary carbohydrates rather than their
amount plays a relevant role in the prevention and development of major cardiovas-
cular risk factors (Reynolds et al. 2019; Riccardi and Costabile 2019). The main
indicators of carbohydrate quality refer essentially to the amount of fibre and the
glycaemic index of carbohydrate-rich foods as well as the sugar content.

There is consolidated evidence of the beneficial role of consuming low-glycaemic
index carbohydrates on blood glucose control, HbAlc levels, fasting and postpran-
dial triglyceride levels and HDL cholesterol levels (Augustin et al. 2015; Riccardi
et al. 2008; Thomas and Elliott 2010). However, the best available evidence of the
beneficial metabolic impact of low-glycaemic index foods comes from studies in
people with type 2 diabetes.

In the last decades, several clinical trials have been conducted to investigate the
possible effects of different types of fibre —i.e. fibre from whole grain, legumes, fruit
and vegetables and fibre supplements — on body weight changes, blood glucose
metabolism, plasma lipids and blood pressure control. The overall evidence shows
that soluble fibre, mainly pB-glucans from oat and barley but also inulin, guar gum,
glucomannan, pectin and psyllium principally found in fruit, vegetables and
legumes, are able to significantly reduce plasma LDL-cholesterol levels, improve
blood pressure (mainly p-glucan and psyllium) and induce a small reduction in body
weight (Bozzetto et al. 2018). Moreover, there is evidence of a triglyceride-lowering
effect of dietary fibre and whole grain during the postprandial period (Bozzetto et al.
2014; De Natale et al. 2009; Giacco et al. 2014).

These results support the current nutritional recommendations to replace refined
grains with whole grains and increase dietary fibre intake to at least 25-29 g per day
to reduce the incidence of the main cardiometabolic risk factors.

Among refined carbohydrates, specific attention should be paid to simple sugars,
particularly fructose, whose adverse effects (at amounts higher than 10% of total
energy) on human health have been highlighted. According to evidence from
observational and intervention studies, the consumption of high fructose-sweetened
beverages increases fasting and postprandial triglycerides levels, especially in
subjects with obesity and hypertriglyceridemia (Chiavaroli et al. 2015; Stanhope
et al. 2009), and also has adverse effects on visceral fat deposition, blood pressure
and insulin sensitivity (Stanhope et al. 2009).
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1.2.2 Effects on CVD Events

Since dietary carbohydrates are a heterogeneous class of nutrients with different
metabolic effects, the evaluation of the relationship between the total amount of
carbohydrates in the diet and the incidence of cardiovascular diseases is misleading.
In fact, a recent prospective study in 135, 335 individuals from 613 communities in
18 countries has shown, in contrast with the results from meta-analyses of several
large cohort studies in North America and Europe, that a high carbohydrate intake is
associated with higher risk of total mortality (Dehghan et al. 2017). The reasons for
the inconsistency have been highlighted by a recent meta-analysis performed on data
from four US communities showing that both very high and very low carbohydrate
diets were associated with increased mortality: the lowest mortality was observed in
people in whom carbohydrates represented 50-55% of their energy intake
(Seidelmann et al. 2018). However, the quality of carbohydrate-rich foods rather
than their quantity has the strongest effect on the development of major health
outcomes; in this respect, what really matters is the presence of vegetable fibre
and/or sugar in the diet.

In fact, a recent meta-analysis reports a 15-30% decrease in all-cause and
cardiovascular-related mortality and in the incidence of coronary heart disease
between the highest and the lowest dietary fibre intake. The relationship between
fibre intake and CVD was linear although the greatest risk reductions were observed
for individuals with a fibre intake of 25-29 g/day, mainly provided by cereal fibre; a
habitual consumption of 40-50 g/day of whole grains was associated with a risk
reduction of 20-30% (Reynolds et al. 2019).

On the other hand, a higher consumption of sugar is associated with an increased
risk of coronary events (17% for every serving/day increase in sugar-sweetened
beverages consumption) (Xi et al. 2015).

1.3 Salt (Table 1)

1.3.1 Effects on CVD Risk Factors

Extensive scientific evidence shows that reducing dietary salt (sodium chloride)
intake significantly decreases systolic and diastolic blood pressure in adults with
or without hypertension (He et al. 2013; Stamler et al. 2018). Recent data from the
international multicentre population INTERMAP study reported a positive associa-
tion between salt intake and blood pressure values also within the normal range
(Zhou et al. 2019). In addition to sodium reduction, an increase in potassium intake
is beneficial to prevent and control blood pressure in people with hypertension, with
no adverse effects on plasma lipid concentrations (Aburto et al. 2013a). In line with
these findings, current nutritional recommendations include a potassium intake of at
least 3.5 g per day in adults. Therefore, a diet that combines low sodium and high
potassium intakes is more effective in reducing blood pressure and hypertension
risk. An example of this type of approach is the DASH diet, recommended for the
non-pharmacological management of hypertension. This diet includes also changes
in the quality of fat — promoting unsaturated fat and carbohydrates — favouring
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unrefined ones. Recent results from a systematic review and meta-analyses of RCTs
support the beneficial effect of the DASH diet not only on blood pressure but also on
other cardiovascular risk factors, including total and LDL cholesterol concentrations
(Siervo et al. 2015).

1.3.2 Effects on CVD Events

Two recent meta-analyses of cohort studies showed a direct relationship between
sodium intake and stroke, CVD and CHD mortality; a higher sodium intake was
significantly associated with an increased risk of CVD (12%) and CHD (32%)
mortality, in addition to a much higher risk of stroke mortality (63%) (Aburto
et al. 2013b; Poggio et al. 2015). Consistently, two recent meta-analyses of clinical
trials showed that dietary salt reduction induces a significantly lower incidence
(—20%) of CVD (Adler et al. 2014; He and MacGregor 2011).

Actually, in many parts of the world, the average sodium consumption (mainly
derived from dietary salt intake and food additives, such as sodium glutamate) is
above that recommended by guidelines: less than 5 g of salt/day (equivalent to about
2.3 g of sodium daily) (WHO Guidelines Approved by the Guidelines Review
Committee 2012).

In the last decades, the science of human nutrition has shifted from a reductionis-
tic approach focused on specific nutrients to a broader view emphasizing the role of
food groups/dietary patterns (van Horn et al. 2016). This paradigm change is due to
convincing scientific evidence showing that human health is indeed influenced by
single nutrients but also by their complex interactions and by their interplay with
other bioactive substances present in foods. These are likely to act synergistically,
and, therefore, their impact on human health may not be appreciated unless
evaluated within the context of the whole diet. Furthermore, characteristics other
than nutrient combinations (i.e. physical features of the foods, technological pro-
cesses, cooking procedures) may influence the absorption and bioavailability of
nutrients and in turn modulate their metabolic effects. Therefore, there is growing
attention to the identification of dietary patterns associated to the risk of disease or
death. The Mediterranean diet is one of dietary patterns for which strong evidence
from observational and intervention studies has accumulated on the benefits in the
primary and secondary prevention of cardiovascular disease and other major chronic
diseases, such as type 2 diabetes, cancer and probably cognitive impairment
(de Lorgeril et al. 1999; Estruch et al. 2018; Sofi et al. 2014).

The Mediterranean diet is characterized by a food pattern resembling the healthy
food choices outlined above and, in particular, by the regular consumption of plant
foods — including vegetables, pulses, nuts, fruits and unrefined cereals — and fish as
well as a low intake of red and processed meats and whole fat dairy products; the
main source of fat is extra virgin olive oil (Table 1). The optimal nutrient distribution
and the balanced food choices of this dietary pattern have supported it as a useful
model for the implementation of a healthy diet at the population level. Its strengths
are not only the evidence in support of its beneficial impact on cardiovascular disease
prevention but also its very deep cultural roots that are the source of the large body of
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Table 2 Summary of lifestyle measures and healthy food choices for managing total
cardiovascular risk

Dietary recommendations should always take into account local food habits; however, interest in
healthy food choices from other cultures should be promoted

A wide variety of foods should be eaten. Energy intake should be adjusted to prevent overweight
and obesity

Consumption of fruits, vegetables, legumes, nuts, wholegrain cereal foods and fish (especially
oily) should be encouraged

Foods rich in trans-fatty acids should be avoided totally; foods rich in SFAs (tropical oils, fatty or
processed meat, sweets, cream, butter, regular cheese) should be replaced with the above foods
and with monounsaturated fat (extra virgin olive oil) and polyunsaturated fat (non-tropical
vegetable oils) in order to keep SFA intake of <10 En% (<7% in the presence of high plasma
cholesterol values)

Salt intake should be reduced to <5 g/day by avoiding table salt and limiting salt in cooking and
by choosing fresh or frozen unsalted foods; many processed and convenience foods, including
bread, are high in salt

For those who drink alcoholic beverages, moderation should be advised (<10 g/day for women
and <20 g/day for men), and patients with hypertriglyceridaemia should abstain

The intake of beverages and foods with added sugars, particularly soft drinks, should be limited,
especially for persons who are overweight, have hypertriglyceridaemia, metabolic syndrome or
diabetes

Physical activity should be encouraged, aiming at regular physical exercise for at least 30 min/day
every day

Use of and exposure to tobacco products should be avoided

culinary recipes to make a healthy choice a gastronomical adventure (Catapano et al.
2016) (Table 2).

2 Physical Activity

Having a sedentary life is a cardiovascular risk factor in itself. The amount of time
spent being sedentary is increasing all over Europe even in young people. Watching
TV, being stationary in front of a computer and using vehicles for transportation are
the disadvantages of modern living. Especially in middle-aged females, sedentary
lifestyle is almost as risky as smoking (Brown et al. 2015). Several studies have
shown that sedentary behaviour increases cardiovascular risk. One of the largest
prospective registries was the PURE study where physical activity was recorded in
130, 843 participants without existing CVD for 6.9 years. Compared with low
physical activity (<600 metabolic equivalents [MET] X minutes per week or
<150 min per week of moderate-intensity physical activity), moderate (600-3,000
MET X minutes or 150-750 min per week) and high physical activity (>3,000
MET x minutes or >750 min per week) were associated with graded reduction in
mortality and major cardiovascular events (Lear et al. 2017).

Experimental studies that mimicked sedentary behaviour have shown greater
postprandial glucose and insulin levels during bouts of prolonged sitting compared
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with individuals taking frequent standing or walking breaks (Pulsford et al. 2017).
Compared with prolonged sitting, breaking up sitting time with intermittent, even
light-intensity activity, can increase expression of anti-inflammatory and
antioxidative pathway modulators (Latouche et al. 2013). A recent meta-analysis
investigated the association between sedentary behaviour and incident CVD events
using data from nine prospective cohort studies and showed that risk increased with
increased sedentary time, with the highest risk being in more than 10 h a day of
sedentary time (Pandey et al. 2016). A recent study has shown that sustained
physical activity but not weight loss was associated with improved survival in
coronary heart disease (Moholdt et al. 2018).

Physical activity has a positive effect on body weight, blood pressure, blood
glucose, lipid levels, endothelial function, autonomous regulation and coagulation.
The summary of all these effects leads to a decrease in cardiovascular disease
incidence and mortality. Physical activity has both acute and chronic effects on
blood pressure. With increased physical activity, blood pressure is lowered espe-
cially in subjects with prehypertension compared to those with normal blood pres-
sure (Physical Activity Guidelines Advisory Committee 2018). Physical activity
combined with calorie restriction can contribute to weight loss and supports the
maintenance of weight loss. The risk of type 2 diabetes mellitus is greatly reduced
with physical activity, and this benefit is observed irrespective of body weight.
Engaging in 150-300 min a week of moderate-intensity physical activity can reduce
the risk of developing type 2 diabetes mellitus by 25-35% (Physical Activity
Guidelines Advisory Committee 2018). Regular physical activity or exercise can
affect serum lipid levels favourably. Men and women who exercise regularly have
significantly lower LDL-C and VLDL and higher HDL-C levels compared to age-
and gender-matched sedentary controls (Vodak et al. 1980; Wood et al. 1976).
Similarly, moderate physical exercise decreases LDL-C and triglycerides and
increases HDL in male survivors of myocardial infarction (Ballantyne et al. 1982).
The effect of exercise on lipids varies in exercise intervention studies, and there
appears to be a minimum exercise volume to increase HDL-C (Kodama et al. 2007).
There are additional antiatherogenic effects of physical activity besides those affect-
ing traditional cardiovascular disease risk factors (Green et al. 2017). Exercise
intensity improves vascular endothelial function in a dose-dependent manner for
aerobic activities (Ashor et al. 2015). Endothelial function is improved with exercise
even in the absence of changes in classical risk factors like lipids levels, blood
pressure, glucose or BMI (Green et al. 2008). Acute- and moderate-intensity
exercises increase shear stress, which stimulates endothelium-dependent vasodilata-
tion through the increased synthesis of nitric oxide (Erkens et al. 2017). Regular
exercise training also leads to increased coronary artery size and dilatation capacity
(Haskell et al. 1993) and increased luminal diameter of conduit arteries (Green et al.
2008). Exercise training can reduce the wall thickness of conduit arteries and
increases the development of coronary collateral blood vessels (Thijssen et al.
2012). Unhealthy gut microbiota has recently been shown to increase the risk of
CVD (Fu et al. 2015; Lanter et al. 2014). Regular physical activity or endurance
exercise training can positively alter the human gut microbiota by increasing
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bacterial diversity, increasing faecal concentrations of short-chain fatty acids and
increasing the proportion of healthy bacterial species (Allen et al. 2018; Bressa et al.
2017; Estaki et al. 2016). A recent study on endurance training has shown that
exercise increases telomerase activity and length, whereas resistance training did not
show these effects (Werner et al. 2019). Ideally, a combination of resistance and
endurance training should be implemented (Reiner et al. 2019).

Physical activity is any activity that moves the skeletal muscles and consumes
energy, whereas systematic physical activity, like swimming and running, is
described as exercise. In healthy individuals, regular physical activity decreases
all-cause and cardiovascular mortality by 20-30% (Lollgen et al. 2009; Moore
et al. 2012; Sattelmair et al. 2011). Regular physical activity increases cardiorespi-
ratory fitness (The American College of Sports Medicine 2014). Cardiorespiratory
fitness is associated with reduced prevalence of CVD risk factors and improves
prognosis (Harber et al. 2017). A meta-analysis of 33 studies in over 100, 000
individuals observed that every 1 estimated MET increase in CRF was associated
with 13 and 15% reductions in all-cause and CVD mortality (Nauman et al. 2017).
Cardiorespiratory fitness is important even in the presence of other risk factors and
shown to be protective even in men with metabolic syndrome (Katzmarzyk et al.
2004) and obesity (Moholdt et al. 2017).

Although all agree that any level of physical activity is better than none, there is
controversy about the optimal dose of physical activity for CVD prevention. The
intensity and frequency of exercise should be personalized and adapted to a person’s
needs as well as lifestyle. We also need to keep in mind that there is a high degree of
interindividual variation in cardiorespiratory fitness responses to exercise.

The 2016 ESC prevention guideline recommends (Piepoli et al. 2016) for healthy
adults of all ages to perform at least 150 min a week of moderate-intensity or 75 min
a week of vigorous-intensity aerobic physical activity (PA) or an equivalent combi-
nation. For additional benefits in healthy adults, a gradual increase in aerobic PA to
300 min a week of moderate-intensity or 150 min a week of vigorous-intensity
aerobic PA, or an equivalent combination thereof, is recommended. Multiple
sessions of PA should be considered, each lasting >10 min and evenly spread
throughout the week. Clinical evaluation, including exercise testing, should be
considered for sedentary people with cardiovascular risk factors who intend to
engage in vigorous PAs or sports.

Even low-level physical activity, such as low-dose running or commuting to work
by bicycle, has been associated with a lower incidence of obesity, arterial hyperten-
sion, dyslipidaemia and diabetes mellitus (Grontved et al. 2016). The most recent
Physical Activity Guidelines for Americans from the US Department of Health and
Human Services has stated that benefits related to physical activity start even earlier
and are easier to obtain than was previously thought according to recent evidence
(Physical Activity Guidelines Advisory Committee 2018). These guidelines state
that although one should try to get to guideline-recommended goals, the threshold at
which health benefits begin to start is less than 150 min a week for most outcomes.
There is no lower limit to the benefits of physical activity in reducing cardiovascular
disease risk. However, getting to goal helps in obtaining benefits for the greatest



Diet, Lifestyle, Smoking 15

number of outcomes. Additional physical activity confers additional benefits, and
health risk does not seem to increase with high amounts of physical activity, even
beyond 3-5 times the 150 min a week recommendation in healthy individuals.
Compared with inactive adults, meeting the goals is associated with a 14% reduced
risk of developing coronary heart disease (Physical Activity Guidelines Advisory
Committee 2018).

2019 ACC/AHA Guideline on the Primary Prevention of Cardiovascular Disease
(Arnett et al. 2019) also recommends that adults should engage in at least 150 min
per week of accumulated moderate-intensity or 75 min per week of vigorous-
intensity aerobic physical activity to reduce atherosclerotic cardiovascular disease.
For adults unable to meet the minimum physical activity recommendations,
engaging in some moderate- or vigorous-intensity physical activity, even if less
than this recommended amount, and decreasing sedentary behaviour can be benefi-
cial to reduce CVD risk.

Although some exercise is beneficial for all, for those with known cardiovascular
disease, the dose of exercise needs to be individualised to prevent adverse outcomes.
The risk of having an adverse cardiovascular event during exercise is very low,
especially during light exercise. However, it is best to do a risk assessment and tailor
the exercise program according to the need of the individual. Light- and moderate-
intensity exercise can be done with minimal risk, whereas intensive exercise should
be preceded by a medical evaluation, especially for middle-aged people. The
cardioprotective effects of regular PA, whether performed in low or high volumes,
are clear and extend across all ages, gender and race (El Saadany et al. 2017; Nes
et al. 2017; O’Donovan et al. 2018). Whether overexercising in healthy individuals
can have unfavourable consequences has been questioned. In some studies, long-
term strenuous exercise has been shown to increase the risk of atrial fibrillation
(Gorenek Chair et al. 2017). It is never too late to start exercising. The Aerobics
Center Longitudinal Study has shown that men who were in the lowest percentile of
CREF at their first examination but fit at the time of their second examination years
later had a 52% reduction in CVD mortality compared with men who remained unfit
(Blair et al. 1995). For every one estimated MET increase, all-cause and CVD
mortalities were reduced by 15% and 19%, respectively (Lee et al. 2011).

3 Smoking

Smoking is one of the most important modifiable risk factors for CVD. Furthermore,
stopping smoking is the most cost-effective prevention intervention. It is well known
that smoking and using all forms of tobacco products cause CVD and increase
mortality (Mons et al. 2015; Teo et al. 2006). Because tobacco use even in small
amounts increases cardiovascular risk, reducing the number of cigarettes or the
amount of tobacco consumption is not sufficient. Even smoking one cigarette per
day carries a risk (Hackshaw et al. 2018). Therefore there is no safe level of smoking
and quitting is mandatory. Passive smoking also increases cardiovascular risk, and
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studies have shown that second-hand smoke exposure increases CVD and triggers
adverse events in non-smokers (Lv et al. 2015).

Cigarette smoke contains more than 4,000 chemicals and toxins like nicotine,
carbon monoxide, cadmium and oxidants (Smith and Fischer 2001). Exposure to
these chemicals affects all stages of atherosclerotic vascular disease unfavourably.
Endothelial dysfunction due to reduced NO bioavailability and activation of NF-kB
will lead to functional and eventually physical damage to the endothelium (Collins
1993; Rahman and Laher 2007). Nicotine has been shown to promote MMP
expression in smooth muscle cells and decreased collagen synthesis in the arterial
wall impairing the stability of the plaque (Carty et al. 1996; Raveendran et al. 2004)
Cigarette smoke increases systemic inflammation (Csordas et al. 2008). The
catecholamines are increased in the circulation triggering vasospasm (Zhu and
Parmley 1995). Smoking also alters the balance between pro- and anticoagulant
factors towards procoagulation. Plaque thrombogenicity is increased with increased
plasma tissue factor, VWF, thrombin and thrombomodulin and activated platelets
(Markuljak et al. 1995; Miller et al. 1998). Upon smoking cessation, several of these
prothrombotic changes revert to normal. Blood viscosity is also increased with
smoking (Lowe et al. 1980). All of these effects contribute to plaque formation,
vulnerability and thrombus development. Interestingly, there is a genetic suscepti-
bility to the atherothrombotic effects of smoking. Different variants have been
described that alter one’s susceptibility to the negative effects of smoking (Wang
et al. 1996).

Smoking dependence is a chronic disease that needs to be managed with patience,
expertise and time. The ESC prevention guidelines recommend the following
strategy for smoking cessation (Piepoli et al. 2016): systematically inquire about
smoking status at every opportunity; unequivocally urge all smokers to quit; deter-
mine the person’s degree of addiction and readiness to quit; agree on a smoking
cessation strategy, including setting a quit date, behavioural counselling and phar-
macological support; and arrange a schedule of follow-up (“five As” for a smoking
cessation strategy for routine practice — ask, advise, assess, assist, and arrange). In
case where advice and motivational interventions fail, drug-based interventions can
be used to aid quitting smoking. Nicotine replacement therapies, bupropion and
varenicline, have been shown to be helpful in increasing quitting (Cabhill et al. 2013;
Hughes et al. 2014; Stead et al. 2012). Electronic cigarettes emitting an aerosol
containing nicotine have been developed to aid quitting; however, they may also
emit toxic gases that may increase the risk of cardiovascular and pulmonary diseases,
arrhythmias and hypertension (Benowitz and Fraiman 2017). Patients often are
concerned about weight gain after smoking cessation. However a recent study
from the cohorts of the Nurses’ Health Study (NHS), (NHS II) and the Health
Professionals Follow-Up Study (HPES) has shown that even if the smoking cessa-
tion was accompanied by substantial weight gain, this did not decrease the benefits
of quitting smoking on reducing cardiovascular and all-cause mortality and cardio-
vascular mortality decreased in all weight-change groups (Hu et al. 2018).

Modern lifestyles expose us to air pollution and occupational noise which also
have a negative impact on cardiovascular diseases. It has been shown that the risk of
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STEMI rises within hours of exposure to air pollutants (Sahlen et al. 2019). Further-
more, several investigations support that inhalation of ambient particulate matter
triggers pulmonary and systemic inflammation resulting in metabolic syndrome and
cardiopulmonary disease (Clementi et al. 2019). Exposure to high occupational
noise is also associated with increase in hypertension, cardiovascular disease and
cardiovascular mortality (Skogstad et al. 2016; Teixeira et al. 2019).

A healthy lifestyle is critically important to improve cardiovascular health and
increase the control of risk factors. Healthy lifestyles should be adapted from birth to
childhood and maintained throughout the lifespan. This can be possible only with
creating health-promoting environments and improving healthcare policies, the
interaction between the patient and the physician and education of the patient and
the public about healthy lifestyles.

The WHO has put together a global action plan for the prevention and control of
non-communicable diseases (WHO 2013). The goal is to reduce the risk of prema-
ture non-communicable disease deaths by 25% by 2025. According to this plan,
reductions in tobacco use, salt intake, physical inactivity, harmful use of alcohol,
raised blood pressure as well as stopping the diabetes and obesity epidemics are the
goals. Early action and aggressive implementation of this plan may decrease the
cardiovascular disease epidemic if the individual WHO targets are met and
healthcare systems are strengthened. At the individual level, it is important for us
to promote healthy lifestyles to everyone, including patients who already have CVD
since it is never too late to benefit from a healthy lifestyle.
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Extensive evidence demonstrates that lowering blood pressure can substantially

reduce the risk of atherosclerotic cardiovascular disease and death.
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In light of the latest 2018 European Society of Cardiology/European Society
of Hypertension Joint Guidelines, we summarize the current recommendations
about lifestyle intervention strategies, pharmacotherapy, and device-based
treatments for the management of arterial hypertension. Special attention is
given to direct effects exerted by some antihypertensive drugs targeting vascular
wall cell components that are involved in the pathogenesis of atherosclerosis.

Keywords

Blood pressure medical treatment - Cardiovascular risk factors - Device therapy -
Hypertension - Hypertension-driven atherosclerotic complications - Lifestyle
interventions

Abbreviations

ACE Angiotensin-converting enzyme
Ang II  Angiotensin II

ARBs  Angiotensin II receptor blockers
BP Blood pressure

CCBs  Calcium channel blockers

CVD  Cardiovascular disease

ESC European Society of Cardiology
ESH European Society of Hypertension
MR Mineralocorticoid receptor

NO Nitric oxide

ROS Reactive oxygen species

SHF Swiss Heart Foundation

SNSF  Swiss National Science Foundation

1 Introduction

Continuous progress in understanding the epidemiology, pathophysiology, and
pharmacology of arterial hypertension has consistently improved the possibility of
an efficient and safe treatment of elevated blood pressure (BP).

Extensive evidence demonstrates that lowering BP can substantially reduce the
risk of cardiovascular disease (CVD) and death with similar proportional reductions
across various population subgroups. Every 10 mmHg systolic BP reduction signifi-
cantly diminished the risk of major CVD events (RR 0.80, 95% CI 0.77-0.83),
coronary heart disease (0.83, 0.78-0.88), stroke (0.73, 0.68-0.77), heart failure
(0.72, 0.67-0.78), and all-cause mortality (0.87, 0.84-0.91) (Ettehad et al. 2016).

Arterial hypertension is characterized by structural and functional changes in
blood vessels, which lead to increased arterial stiffness, vascular inflammation,
endothelial dysfunction, fatty streaks, early atherosclerotic plaque, plaque progres-
sion, and plaque rapture. Vice versa, arterial stiffness, endothelial dysfunction, and
vascular inflammation may also contribute to increased BP. Several lifestyle
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Table 1 From ESC/ESH guidelines for hypertension, Eur Heart Journal 2018 (©ESC/ESH 2018)

Table 3. Classification of office blood pressure® and definitions of hypertension grade®

Category Systolic (mmHg) Diastolic (mmHg)
Optimal <120 and <80

Normal 120-129 and/or 80-84

High normal 130-139 and/or 85-89

Grade 1 hypertension 140-159 and/or 90-99

Grade 2 hypertension 160-170 and/or 100-109

Grade 3 hypertension >180 and/or >110

Isolated systolic hypertension” >140 and <90

BP blood pressure, SBP systolic blood pressure

The same classification is used for all ages from 16 years

“BP category is defined according to seated clinic BP and by the highest level of BP, whether
systolic or diastolic

PIsolated systolic hypertension is graded 1, 2, or 3 according to SBP values in the ranges indicated

interventions and drugs lowering BP were demonstrated to improve endothelial
function, decrease arterial stiffness and vascular inflammation, and ultimately pre-
vent the development and/or progression of atherothrombosis.

After exclusion of the main causes of a secondary hypertension, lifestyle
modifications should be suggested as BP and cardiovascular risk lowering strategy
to every patient with arterial hypertension. However, sooner or later, most patients
diagnosed with arterial hypertension will require a pharmacological therapy.

According to the 2018 ESC/ESH Guidelines (Williams et al. 2018), the necessity
of a pharmacological therapy will be defined by the grade of arterial hypertension
(see Table 1), the cardiovascular risk, and the presence of hypertension-mediated
organ damage or concomitant diseases such as a history of cardiovascular events,
diabetes mellitus, or chronic kidney disease. The 2018 Guidelines suggest as general
rule to reduce office BP below 140/90 mmHg aiming to reach a BP around
130/80 mmHg; see Table 1.

The ultimate goal of antihypertensive therapy is the prevention of cardiovascular
events. The higher the absolute cardiovascular risk, the more likely it is that a patient
will benefit from a more aggressive BP goal. However, although cardiovascular
events generally decrease with more intensive lowering of BP, the risk of adverse
effects, cost, and patient inconvenience increase as more medication is added
(Ettehad et al. 2016; Williams et al. 2018). See Fig. 1.

This recommendation together with good clinical judgment and shared decision-
making between patients and care providers should guide our BP-lowering therapy.

2 Non-pharmacological Therapy

Treatment of hypertension should always include non-pharmacological therapy
(Fig. 1) (Williams et al. 2018).
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The ESC/ESH Guidelines (Williams et al. 2018) suggested the following lifestyle
changes as contributors for reducing BP and cardiovascular risk to the majority of
patients with arterial hypertension: healthy diet including dietary sodium restriction
and moderation of alcohol consumption, overweight reduction, regular physical
activity, and cessation of consumption of any product containing tobacco or
nicotine.

2.1 Salt Restriction

In general, a healthy diet should avoid any excess: moderate sodium reduction is
associated with a decrease in BP in hypertensive and normotensive individuals of a
maximum of 4.8-2.5 mmHg systolic and 1.9—1.1 mmHg diastolic, respectively
(He and MacGregor 2003).

Young patients with hypertension usually are salt-resistant, while older patients
as well as obese individuals or patients with diabetes mellitus and chronic kidney
disease are characterized by increased salt sensitivity (Weinberger 1996).

Evidence supporting very strong reduction of salt intake is weak. The effect of
reduced dietary sodium on cardiovascular event rates remains unclear (Bibbins-
Domingo et al. 2010; He et al. 2011; He and MacGregor 2011; Taylor et al. 2011).

Prospective cohort studies have reported an overall increased risk of mortality and
cardiovascular events on high sodium intake, but to date, no prospective randomized
controlled trial has provided definitive evidence about the optimal sodium intake to
minimize cardiovascular events and mortality. However, it was reported that reduc-
ing sodium intake below 3 g of sodium per day further reduced BP, but paradoxically
was associated with an increased risk of all-cause and cardiovascular mortalities in
both the general population and in hypertensive patients, suggesting a J-curve
phenomenon (Mente et al. 2016).

Increased potassium intake is associated with BP reduction and may have a
protective effect, thereby modifying the association between sodium intake, BP,
and CVD. Increasing potassium intake (e.g., including high intake of vegetables and
fruits in the diet) could be a problem in patients with diabetes and chronic kidney
disease and cannot be applied to all hypertensive patients (Bernabe-Ortiz et al. 2020;
Binia et al. 2015; Mente et al. 2016; Miller et al. 2016).

Therefore, every patient with arterial hypertension independently of his/her
sodium sensitivity should reduce the sodium consumption and avoid processed
and frozen food, which frequently is rich in salt.

2.2 Reduce Alcohol Intake

For a long time, positive linear associations between alcohol consumption, BP,
prevalence of hypertension, and cardiovascular risk have been established.

The Prevention and Treatment of Hypertension Study (PATHS) investigated the
effects of reduced alcohol consumption on BP; the intervention group had a modest
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1.2/0.7 mmHg lower BP than the control group at the end of the 6-month follow-up
period. A meta-analysis of 56 epidemiological studies suggested that reduction of
alcohol consumption, even for light-moderate drinkers, might be beneficial for
cardiovascular health (Holmes et al. 2014). Binge drinking can cause strong
increases of BP (Mancia et al. 2013).

Hypertensive men and women, who drink alcohol, should be advised to limit
their consumption to 14 units and 8 units per week, respectively (one unit is equal to
125 mL of wine or 250 mL of beer). Alcohol-free days during the week and
avoidance of binge drinking are also recommended (Williams et al. 2018).

23 Weight Loss and Avoidance of Overweight and Obesity

Weight loss in overweight or obese individuals leads to a significant reduction in BP,
independently of exercise and dietary sodium restriction (Appel et al. 2006; Cohen
and Gadde 2019), and has multiple beneficial effects against pathologic factors
leading to high BP and to end-organ damage in this patient population (Cohen and
Gadde 2019).

Weight loss is associated with decreased intra-abdominal pressure exerted on
vessels by the excessive visceral fat deposition. Another beneficial effect of weight
loss is the amelioration of insulin resistance, which is associated with renal sodium
reabsorption and increased sympathetic tone in obesity. Moreover, chronic inflam-
mation associated with overweight/obesity promotes vascular aging, favoring the
onset of hypertension. Inflammation also contributes to arterial stiffness and impairs
the physiologic anti-contractile effect of perivascular adipocytes on adjacent small
arteries (Virdis et al. 2015; Aghamohammadzadeh et al. 2013). Decrease in body
weight with lifestyle management, although effective in the short term, is difficult to
sustain in the longer-term follow-up. Indeed, the overall efficacy of lifestyle
interventions in reducing cardiovascular outcomes has been questioned by the
results of the Action for Health in Diabetes (Look AHEAD) Study (Look, Ahead
Research Group et al. 2013; Semlitsch et al. 2016). Currently, the most effective
pharmacological treatments against obesity include glucagon like peptide-1 (GLP-1)
receptor agonists and bariatric surgery. GLP-1 receptor agonists, in particular
liraglutide, are cornerstones in antidiabetic therapy, which also have shown positive
effects in reducing BP and CVD mortality (Helmstadter et al. 2020; Pi-Sunyer et al.
2015; Mingrone et al. 2015). Liraglutide is currently available also as weight-loss
medication in obese patients without diabetes and has promising effects improving
hypertension and cardiovascular risk profile over 1-year treatment (Pi-Sunyer et al.
2015; Fonseca et al. 2014; le Roux et al. 2017).

Bariatric surgery has a sustained effect on weight loss, which is superior to
pharmacological and lifestyle modifications. Considerable weight loss after bariatric
surgery corresponds to high rates of remission of hypertension (Pareek et al. 2019).
The GATEWAY trial showed that a reduction of >30% of the total number of
antihypertensive medications while maintaining controlled blood pressure occurred
in 83.7% of the patients randomized to receive the Roux-en-Y gastric bypass plus



Blood Pressure-Lowering Therapy 31

antihypertensive medical therapy compared with only 12.8% patients from the
control group with pharmacological therapy alone. Indeed, remission of hyperten-
sion was present in almost 50% of patients randomized to gastric bypass, whereas no
patient randomized to control therapy was free of antihypertensive drugs at
12-month follow-up (Schiavon et al. 2018).

24 Regular Physical Activity

Epidemiological studies suggest that regular aerobic physical activity is beneficial
for both reducing BP and decreasing CVD event rates and mortality (Franklin et al.
2020; Williams et al. 2018). As a result and along with the notion that “more exercise
is better,” more and more normotensive and hypertensive adults have increased their
participation in high-intensity interval training or competitive long distance endur-
ance events. However, the quality and intensity of the physical activity is very
important. Recent evidence suggests that beyond a safe upper limit, exercise may
result in deleterious cardiovascular adaptations. For instance, exercise-induced
hypertension and the race distances may contribute to the occurrence of myocardial
fibrosis detectable by MRI in asymptomatic triathletes (Tahir et al. 2018).

Aerobic endurance training, dynamic resistance training, and isometric training
reduce resting systolic BP and diastolic BP by mean 3.5/2.5, 1.8/3.2, and 10.9/
6.2 mmHg, respectively, in general populations. Regular physical activity of lower
intensity and duration lowers BP less than moderate- or high-intensity training, but is
associated with at least a 15% decrease in mortality in cohort studies (Rossi et al.
2012). Thus, the current ESC/EHS Guidelines recommend at least 30 min of
moderate dynamic exercise (walking, jogging, cycling, or swimming) on 5-7 days
per week (Williams et al. 2018). The impact of isometric exercises on BP and CVD
risk is less well-established, although it can be part of a comprehensive treatment
regimen (Chrysant 2010).

3 Pharmacological Therapy for the Treatment of Arterial
Hypertension

Current evidence suggests that treatment and gradual control of hypertension by the
use of the major classes of antihypertensive drugs exert positive effects on athero-
sclerosis. Randomized controlled trials provided robust evidence that five drug
classes lower BP and prevent CVD events. They are therefore recommended by
the 2018 ESC/ESH Guidelines (Williams et al. 2018) for the treatment of hyperten-
sion: angiotensin-converting enzyme (ACE) inhibitors, angiotensin II receptor
blockers (ARBs), beta-blockers, calcium channel blockers (CCBs), and diuretics
(thiazides and thiazide-like diuretics such as chlorthalidone and indapamide). ACE-I
or ARBs alone or in combination with a calcium antagonist or a diuretic (thiazide-
like to be preferred to thiazide) are considered for the first-line treatment. The use of
beta-blockers is limited to special indications.
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3.1 Who Should Be Treated with Pharmacological Therapy?

The benefits of antihypertensive therapy are clear in the majority of patients with
arterial hypertension, but still controversial in subgroups. They include patients with
Grade 1 hypertension but without manifest CVD, patients with white coat or masked
hypertension and low cardiovascular risk, patients with an estimated 10-year cardio-
vascular risk <10%, and patients older than 75 years of age who are non-ambulatory
or living in nursing homes.

Randomized trials demonstrated that treating hypertension with any antihyper-
tensive therapy reduces cardiovascular morbidity and mortality. According to the
ESC/ESH Guidelines, antihypertensive drug therapy should be initiated without any
delay in patients with hypertension Grades 2 or 3 or after some time under
non-pharmacological therapy in individuals with very high cardiovascular risk and
Grade 1 or high-normal BP (Fig. 1). The decision to initiate drug therapy should be
individualized and involve shared decision-making between patient and provider.

3.2 Choice of Initial Antihypertensive Agents

Multiple studies and meta-analyses conclude that the degree of BP reduction rather
than the kind of antihypertensive medication is the major determinant of reduction in
cardiovascular risk in patients with hypertension (Ettehad et al. 2016).

However, not all antihypertensive drugs are equally effective in reducing cardio-
vascular events and only few reduced mortality (van Vark et al. 2012).

Recommendations for the use of specific classes of antihypertensive medications
are based upon clinical trial evidence of decreased cardiovascular risk, BP-lowering
efficacy, safety, and tolerability. Most patients with hypertension will require more
than one BP medication to reach their BP goal. As the consequence, the new
guideline for treatment of hypertension suggests to use combination therapy at
early stage and, if possible, a fixed-dose single-pill combination medication to
improve adherence (Williams et al. 2018). Having multiple available classes of BP
medications, practitioners and clinicians can individualize therapy based upon
individual patient characteristics and preferences.

The following drugs are suggested for the start of monotherapy or combination
therapy of arterial hypertension:

— ACE inhibitors

— ARBs

— Long-acting CCBs (most often a dihydropyridine such as amlodipine)
— Thiazide-like or thiazide-type diuretics

The previous 2013 Guidelines (Mancia et al. 2013) favored monotherapy for the
start of treating hypertension. However, only a minority of patients reach the target
blood pressure level under monotherapy, and the combination of two drugs is much
more efficient than increasing the dose of a single drug (Williams et al. 2018).
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Therefore, the current 2018 Guidelines limit the start of monotherapy to low-risk
patients with stage 1 hypertension whose SBP is <150 mmHg, very high-risk
patients with high-normal BP, or frail older patients; see Table 1.

33 Combination Therapy

Single-agent therapy will not adequately control BP in most patients whose baseline
systolic BP is 15 mmHg or more above their goal. Combination therapy with drugs
from different classes has a substantially greater BP-lowering effect than doubling
the dose of a single agent (Wald et al. 2009).

When more than one agent is needed to control BP, a therapy with a long-acting
ACE inhibitor or ARB in combination (fix if this is possible) with a long-acting
dihydropyridine CCB or a diuretic is the first choice. Combination of an ACE
inhibitor or ARBs with a thiazide diuretic is considered less beneficial, when
hydrochlorothiazide instead of thiazide-like diuretic (chlorthalidone or indapamide)
is used (Burnier et al. 2019; Williams et al. 2018). ACE inhibitors and ARBs should
not be used together.

Chlorthalidone and indapamide have been used in several RCTs showing cardio-
vascular benefits, and these agents are more potent per milligram in lowering BP and
have a longer duration of action compared with hydrochlorothiazide without any
evidence of more side effects (Williams et al. 2018).

As such, even if head-to-head RCTs are missing, this data suggests that thiazide-
like diuretics such as chlorthalidone and indapamide should be preferred over
classical thiazide diuretics (e.g., hydrochlorothiazide and bendrofluazide) (Williams
et al. 2018; Burnier et al. 2019; Roush et al. 2015).

The Danish Cancer Registry and the Danish Prescription Registry examined the
association between the use of hydrochlorothiazide (HCTZ) and the risk of basal cell
carcinoma, squamous cell carcinoma, and nodular melanoma (Pedersen et al. 2018a,
2018b, 2019). These two case-control studies showed that high cumulative doses of
HCTZ (>50 g) are associated with a dose-dependent increase in the risk of
non-melanoma skin cancer, but not of melanoma. The increase of risk was only
small for squamous cell carcinoma and negligible for basal cell carcinoma. These
studies have several limitations including the investigation of a pale-skinned popu-
lation and the lack of information on genetic predisposition, sun habits, and ultravi-
olet exposure. Moreover, the risk reduction of death due to lower BP by HCTZ was
much stronger than the small risk increase for squamous cell carcinoma by HCTZ. In
general, statistically significant associations from observational studies do not prove
any causal relationship.

The next step is the combination of RAAS blocker, Ca antagonists, and thiazide/
thiazide-like diuretics.

If BP is not sufficiently controlled by this triple combination therapy, a mineralo-
corticoid receptor (MR) antagonist (i.e., spironolactone or eplerenone) may be added
(Williams et al. 2015).
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In patients with difficult-to-treat/resistant hypertension, a beta-blocker, an alpha-
blocker, or a direct arterial vasodilator could be added.

Generally, concomitant use of beta-blockers and non-dihydropyridine CCBs
should be avoided, as both drug classes reduce heart rate.

34 Direct Effects of Antihypertensive Drugs on Atherosclerosis

Apart from lowering blood pressure and thereby removing an important risk factor,
some antihypertensive drugs appear to exert direct effects on vascular cells that are
involved in the pathogenesis of atherosclerosis.

3.4.1 ARBs and ACE Inhibitors

ARBs and ACE inhibitors directly affect the renin-angiotensin-aldosterone system
(RAAS), by blocking the binding of angiotensin II (Ang II) to the AT1 receptor and
decreasing the production of Ang II, respectively. Hypertension promotes and
accelerates the atherothrombotic process via inflammatory mechanisms linked to
activation of oxidative stress by Ang II, which subsequently leads to endothelial
dysfunction and development of atherogenic lesions and plaques. Endothelial dys-
function is observed in the early stages of atherosclerosis. A healthy endothelium
induces vasodilatation and has antioxidant and anti-thrombotic effects. The dysfunc-
tional endothelium releases less of nitric oxide (NO) and other protective molecules,
has a disrupted redox balance, and acquires pro-constrictive and pro-thrombotic
phenotypes (Flammer et al. 2012; Sudano et al. 2011). A dysfunctional endothelium
has been associated with cardiovascular risk factors including diabetes mellitus or
impaired glucose metabolism, hypertension, cigarette smoking, dyslipidemia, obe-
sity, and/or metabolic syndrome (Flammer et al. 2012; Sudano et al. 2011).

RAAS antagonists, as well as some dihydropyridine CCBs, possess ancillary and
synergistic effects that increase NO bioavailability, reduce oxidative stress, and
suppress inflammatory responses, thereby improving both endothelial activity and
vascular function (Safar and Smulyan 2007; Sudano et al. 2011; Taddei et al. 2002).

3.4.2 Diuretics

Among the diuretics, thiazide-like diuretics such chlorthalidone and indapamide but
not hydrochlorothiazide were found to improve endothelial function (Dell'Omo et al.
2005; Vinereanu et al. 2014). Indapamide also reduces arterial stiffness (Agnoletti
et al. 2013).

3.4.3 Calcium Antagonists

Dihydropyridine CCBs lower BP mainly through vasodilation and reduction of
peripheral resistance. Several clinical studies have demonstrated that they have
clinical benefits in patients with CVD. Some studies have indicated that
dihydropyridine CCBs have anti-atherogenic effects beyond their BP-lowering
effects (Silva et al. 2019; Sudano et al. 2011). In fact, in several animal models,
dihydropyridine CCBs were found to suppress the formation of atherosclerotic
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lesions. It is well-known that the production of reactive oxygen species (ROS) is
involved in the progression of atherosclerosis by stimulating the production of
inflammatory factors such as chemokines, cytokines, and adhesion molecules
(Mason 2002; Ishii et al. 2012). Dihydropyridine CCBs can suppress ROS genera-
tion and subsequent inflammatory actions in vascular cells and arterial walls.
Furthermore, several reports have revealed that dihydropyridine CCBs suppress
the expression of adhesion molecules, thereby inhibiting monocyte adhesion to
endothelial cells, which is an early step in the pathogenesis of atherosclerosis.
Dihydropyridine CCBs also suppress proliferation and migration of smooth muscle
cells both in vitro and in vivo (Mason 2002; Ishii et al. 2012). In macrophages,
dihydropyridine CCBs decrease cholesterol accumulation and intracellular choles-
terol esterification and increase cholesteryl ester hydrolysis. Moreover,
dihydropyridine CCBs suppress the expression of matrix metalloproteinases,
which affects the stability of atheromatous plaques. Interestingly, recent studies
have revealed that the anti-atherosclerotic effects of dihydropyridine CCBs are
mediated, at least in part, via the activation of peroxisome proliferator-activated
receptor-y (Ishii et al. 2012).

3.4.4 Beta-Blockers

In general, beta-blockers usually do not have any effect on endothelial function and
atherothrombosis. The only exception is nebivolol, thanks to its high selectivity as
betal-blocker. Nebivolol inhibits the proliferation of human coronary smooth mus-
cle and endothelial cells (Brehm et al. 2001). The specific vasorelaxant properties of
nebivolol are mediated by endothelium-dependent NO release and antioxidant
activity (do Vale et al. 2018). Unfortunately, nebivolol treatment in patients with
non-obstructive coronary artery disease was associated with greater plaque progres-
sion and constrictive remodeling as compared to atenolol (Hung et al. 2016).
Carvedilol, a nonselective blocker with additional adrenergic receptor antagonist
activity, has also been shown to exert beneficial actions against endothelial dysfunc-
tion through its antioxidant effects (Bank et al. 2007), although the molecular
mechanisms have not yet been fully clarified (Virdis et al. 2011).

3.4.5 Mineralocorticoid Receptor Antagonists

The MR antagonists, spironolactone and eplerenone, have been shown to reduce
morbidity and mortality, in part, by blunting the adverse effects of aldosterone on
endothelial function and inflammation involved in the development and
complications of atherosclerosis. Recent evidence highlight that pharmacological
blockade or genetic deletion of endothelial MR blunt vascular inflammation includ-
ing expression of adhesion molecules, leukocyte-endothelial interactions, and
plaque inflammation. Of note, in preclinical studies endothelial MR inhibition is
protective only in male, but not in female mice (Moss et al. 2019). Thus, gender- and
sex-specific actions of the MR in vascular function and atherosclerosis, so far still
poorly investigated, will deserve future attention also in the clinical setting (Shen
et al. 2017). Sympathetic hyperactivity with rising catecholamine levels and adren-
ergic receptors stimulation is a common feature of many CVDs, including
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hypertension. This is associated with endothelial NO synthase uncoupling and a
pro-constrictive vascular phenotype on adjacent small arterial vessel wall
components, such as smooth muscle and endothelial cells. Activation of MR signal-
ing in the perivascular adipose tissue surrounding small arteries contributes to
B-adrenoceptor overstimulation. Thus, MR antagonists targeting the endothelium
and the perivascular adipocytes surrounding small arteries may achieve a dual
benefit in hypertension with involvement of sympathetic over-activation, as, for
instance, in overweight and obesity (Victorio et al. 2016).

4 Perspectives of Future Antihypertensive Therapy

4.1 Unresolved Medical Needs

Despite large evidence confirming the importance of lowering BP and the availabil-
ity of many effective and well-tolerated antihypertensive drugs, BP control rate is
unfortunately not as high as it should. This is, at least in part, related to poor
adherence to lifelong antihypertensive therapy but also, in a minority of patients,
due to “difficult to treat” or “resistant” hypertension.

According to the guidelines, resistant or difficult-to-treat hypertension is defined
as: blood pressure that is not controlled to goal despite adherence to an appropriate
regimen of three antihypertensive drugs of different classes (including a diuretic) in
which all drugs are prescribed at suitable antihypertensive doses (Williams et al.
2018). Pseudo-resistance as well as secondary causes of hypertension should be
excluded before this diagnosis is made.

Pseudo-resistance results from some or all of the following (Williams et al. 2018):

* Inaccurate blood pressure measurement (e.g., use of an inappropriately small
blood pressure cuff, not allowing a patient to rest quietly before taking readings)

¢ Poor adherence to blood pressure medications

* Poor adherence to lifestyle and dietary approaches to lower blood pressure

* Suboptimal antihypertensive therapy, due either to inadequate doses, an inappro-
priate drug combination, or exclusion of a diuretic from the antihypertensive
regimen

*  White coat hypertension

» Extracellular volume expansion

* Increased sympathetic activation

* Ingestion of substances that can elevate the blood pressure, such as nonsteroidal
anti-inflammatory drugs (NSAIDs) or stimulants

* Secondary or contributing causes of hypertension
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4.2 New Drug Developments

Recent research has not yielded major advances in treatment of hypertension: no
new targets were identified for development of antihypertensive drugs. In fact, trends
show a dramatic slowing of research and development for novel blood pressure-
lowering drugs. The reasons are manifold: the field is crowded with relatively
effective drugs; there is a lack of major new discoveries and targets; and there are
many challenges in developing blockbuster drugs. A short look in clinicaltrial.gov
shows that while the development of new classes of antihypertensive drugs is
apparently waning, the most current activities by big pharmaceutical companies
focused on developing new combination pills, including fixed-dose combination
drugs with the exception of a new ARB (fimasartan) and the compound AGSCT101,
which is actually tested versus carvedilol. Fimasartan is an Ang II receptor antago-
nist with selectivity for the AT-1 receptor subtype, developed in 2012 by a Korean
company (Boryung Pharmaceutical) as an oral antihypertensive drug (Fimasartan
2011; Chi et al. 2011). Fimasartan reduced BP with a good tolerability profile in a
large-scale observational population study — Safe-KanArb (Park et al. 2013). The
K-MetS study (Park et al. 2017) included 10,601 patients with metabolic syndrome
and evaluated long-term effects of fimasartan on major adverse cardiovascular
outcomes.

A recent study evaluated the effects of fimasartan and amlodipine therapy on
carotid atherosclerotic plaque inflammation using 18F-fluorodeoxyglucose positron
emission tomography imaging. Both drugs similarly decreased carotid atheroscle-
rotic plaque inflammation in patients with acute coronary syndrome (Oh et al. 2019).

Concerning AGSCT101, a new antihypertensive drug developed by Ahn-Gook
Pharmaceuticals Co., Ltd., the details are scarce. The Phase III Clinical Trial to
Evaluate the Antihypertensive Effect of AGSCT101 Versus Carvedilol in Patient
with Stage 1 to 2 Essential Hypertension is described in clinicaltrial.gov. Unfortu-
nately, data about mechanism of action of this drug and status of recruiting of the
described study are missing.

4.3 Device Therapy

Various device-based therapies such as renal denervation, carotid baroreceptor
stimulation, creation of an arteriovenous fistula, or endovascular carotid body
modification have emerged, principally targeted at the treatment of resistant
hypertension.

Most data are available for renal denervation. The principle of renal denervation
is to destroy some of the sympathetic nerves around the renal artery leading to lower
sympathetic nervous activity and lower BP. The first results on renal denervation
were obtained with devices using radiofrequency application in the open label SY
MPLICITY HTN-1 and SYMPLICITY HTN-2 trials, along with several case series
and observational studies. The SYMPLICITY HTN-3 trial proved safety, but was
unable to show efficacy of renal denervation using a radiofrequency catheter when
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compared with sham treatment in patients with severe resistant hypertension on
multiple medications (Williams et al. 2018). Post hoc analyses of the SYMPLICITY
HTN-3, however, revealed important information concerning patient selection,
difference in adherence to antihypertensive medication in the treatment groups, a
higher use of antihypertensive drugs in the sham group, as well as technical failure in
performing renal denervation, which led to a revision of renal denervation technol-
ogy and technique. Based on this background, several novel, sham-controlled
studies have been conducted and are, in part, published. SPYRAL HTN-OFF
MED (Townsend et al. 2017; Bohm et al. 2020), SPYRAL HTN-ON MED
(Kandzari et al. 2018), as well as RADIANCE-HTN SOLO (Azizi et al. 2018)
showed significant and consistent reductions in BP, both office and ambulatory, in
patients with and without concomitant antihypertensive.

The SPYRAL HTN-ON MED was recently published and showed the superiority
of catheter-based renal denervation compared with a sham procedure to safely lower
BP in the absence of antihypertensive medications (Bohm et al. 2020). Catheter-
based renal denervation is superior to a sham procedure to safely lower BP in the
absence of antihypertensive medications.

Less data are available about the effect of carotid baroreceptor stimulation and
endovascular carotid body modification both techniques aiming to reduce BP
through reduction of sympathetic tone and obtained by creation of an arteriovenous
fistula. Concerning carotid baroreceptor stimulation, the first-generation device
reduced BP in controlled and uncontrolled clinical trials, while controlled clinical
trials proving efficacy in BP reduction do not exist for the currently available second-
generation carotid sinus stimulator (Jordan et al. 2019; Heusser et al. 2020).

Some, mostly uncontrolled, studies suggest that other techniques such as
baroreflex amplification and carotid body modulation may lead to reduction of BP
in patients with difficult-to-treat hypertension. However more evidence on safety
and efficacy from ongoing large randomized sham-controlled trials is needed before
baroreflex amplification and carotid body modulation can be implemented in routine
clinical practice (Groenland and Spiering 2020).

Last, but not least, the possibility to safely reduce BP in patients with uncon-
trolled hypertension by creating a central iliac arteriovenous anastomosis was tested.
The ROX CONTROL HTN study (Lobo et al. 2015) tested this hypothesis using the
novel arteriovenous ROX Coupler (ROX Medical, San Clemente, CA, USA).

This small study (44 patients treated and 39 patients in the standard of care group)
enrolled and showed that creation of an arteriovenous anastomosis was associated
with significantly reduced BP.

The actual ESC/ESH Guidelines do not recommend the use of any device-based
therapies for the routine treatment of hypertension, unless in the context of clinical
studies and RCTs (Williams et al. 2018).

Nevertheless, device-based therapy for hypertension is a fast-moving field, and
new data especially data from study evaluating renal denervation are expected in the
near future and could change this recommendation.
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5 Conclusion

Hypertension represents one of the most important modifiable risk factors for stroke,
heart failure, myocardial infarction, and chronic kidney disease, contributing signifi-
cantly to the global burden of CVD.

The initial assessment of a patient with hypertension is essential for choosing
effective therapy. All cardiovascular risk factors as well as hypertension-mediated
target organ damage and presence of comorbidities should be taken into account.

The treatment of hypertension should focus on the overall health of the patient,
focusing on reducing the risk of future cardiovascular events.

For a long-lasting adherence, it is important that patients are actively involved in
the process of choosing the best BP-lowering strategies.
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Abstract

Reduction of glucose is the hallmark of diabetes therapy proven to reduce micro-
and macro-vascular risk in patients with type 1 diabetes. However glucose-
lowering efficacy trials in type 2 diabetes didn’t show major cardiovascular
benefit. Then, a paradigm change in the treatment of patients with type 2 diabetes
has emerged due to the introduction of new blood glucose-lowering
agents. Cardiovascular endpoint studies have proven HbAIc-independent
cardioprotective effects for GLP-1 receptor agonists and SGLT-2 inhibitors.
Furthermore, SGLT-2 inhibitors reduce the risk for heart failure and chronic
kidney disease. Mechanisms for these blood glucose independent drug target-
related effects are still an enigma. Recent research has shown that GLP-1 receptor
agonists might have anti-inflammatory and plaque stabilising effects whereas
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SGLT-2 inhibitors primarily reduce pre- and after-load of the heart and increase
work load efficiency of the heart. In addition, reduction of intraglomerular
pressure, improved energy supply chains and water regulation appear to be
major mechanisms for renoprotection by SGLT-2 inhibitors. These studies and
observations have led to recent changes in clinical recommendations and treat-
ment guidelines for type 2 diabetes. In patients with high or very high cardio-renal
risk, SGLT-2 inhibitors or GLP-1 receptor agonists have a preferred recommen-
dation independent of baseline HbA 1c levels due to cardioprotection. In patients
with chronic heart failure, chronic kidney disease or at respective risks SGLT-
2 inhibitors are the preferred choice. Therefore, the treatment paradigm of glucose
control in diabetes has changed towards using diabetes drugs with evidence-
based organ protection improving clinical prognosis.

Keywords

GLP-1 receptor agonists - Heart failure - SGLT-2 inhibitors - Type 2 diabetes

Risks for clinical complications of micro- and macro-vascular disease appear to be
increased in patients with type 1 and type 2 diabetes. Whereas the relation between
elevated glucose levels and microvascular complications seems to be directly
correlated and generally specific for diabetes. The relation to macrovascular risk,
however, is more complex, multifactorial and not exclusive for diabetes. The link
between type 2 diabetes and macrovascular risk is extending beyond glucose levels
and may be related to obesity, fat partitioning, and insulin resistance, a concert also
called metabolic syndrome.

In the following, we provide epidemiological evidence for increased vascular risk
in diabetes, discuss the role of glucose control and introduce the cardiovascular
outcome trials (CVOTs) for GLP-1 receptor agonists and SGLT-2-inhibitors. These
trials provide direct clinical evidence for cardio-renal protection, independent of
baseline HbAlc levels, leading to major changes in treatment algorithms in current
guidelines. In conclusion, we will allude to the emerging of efficient obesity
treatments, which might ultimately alter pathophysiological features of the metabolic
syndrome and potential targets for atherosclerosis.

1 Cardiovascular Risk in Diabetes

The Emerging Risk Factors Collaboration analysed individual data from a total of
more than one million people with more than 135,000 deaths (Danesh 2015). The
relative risk of mortality was increased approximately twofold in the presence of
diabetes or myocardial infarction, almost fourfold for the combination and almost
sevenfold for additional stroke.

In the Swedish National Diabetes Registry, 318,083 patients with type 2 diabetes
were compared with nearly 1.6 million matched controls over 5-6 years for
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cardiovascular endpoints and all-cause mortality (Sattar et al. 2019). Patients
diagnosed with diabetes before age 40 years had on average a mean twofold
increased risk of all-cause mortality, 2.72-fold increased risk of cardiovascular
mortality, 4.77-fold increased risk of heart failure and 4.33-fold increased coronary
risk. The risk was age-dependent and was no longer increased in a person older than
80 years old. Due to the increased risk of mortality in patients with diabetes, a
database of care providers was used to analyse its relative risk in 31,987 newly
diagnosed patients with diabetes compared to 162,656 controls over a 9.5-year
period (Zucker et al. 2017). During this period, 14% of patients with diabetes
died, but only 8% of matched controls without diabetes died. When adjusted for
age, sex, socioeconomic status, obesity, smoking and comorbidities incident diabe-
tes was associated with a 38% higher relative risk of all-cause mortality. A system-
atic review summarised published data over 10 years (2007-2017) on the prevalence
of cardiovascular disease in nearly five million people with diabetes (Einarson et al.
2018). 32.2% of patients with type 2 diabetes had clinically manifest cardiovascular
disease, 14.9% had clinically manifest heart failure and 10% had myocardial infarc-
tion. In 9.9% of cases, cardiovascular disease was the cause of death, which
represented 50.3% of the total death rate.

Patients with type 1 diabetes are notably well analysed in the Swedish national
registry. In this registry, the patient’s mean age between 1998 and 2011 was
35.8 years. Patients were followed for a mean of about 8 years and compared to
random control individuals by age, sex and region. Patients with type 1 diabetes had
a significantly higher overall mortality of 8.0% compared to 2.9% in subjects
without diabetes, corresponding to a relative risk of 3.52 (Lind et al. 2014). Recently,
this registry analysed the prognostic significance of 17 risk factors for death,
i.e. mortality from all causes, acute myocardial infarction or stroke. Of the 32,611
patients with type 1 diabetes in this Swedish registry cohort, 5.5% died over the
course of 10.4 years. The strongest predictors of death and cardiovascular endpoints
were HbA 1 ¢, albuminuria, diabetes duration, systolic blood pressure and blood LDL
cholesterol concentration. An increase of approximately 1.0% in HbAlc was
associated with a 22% higher risk. Furthermore, HbAlc levels <7.0% were
associated with a significantly lower risk (Rawshani et al. 2019).

2 Microvascular End-Organ Damage and Cardiovascular Risk

Microvascular alterations with increased risk for end-organ damage, such as retino-,
nephro- and neuropathy, are increased in diabetes. The duration and intensity of
hyperglycaemia appear to play a major role. One clinical relevant question for
cardiovascular risk stratification is whether microvascular “end-organ damage” in
turn also increases the risk for macrovascular complications. To address this ques-
tion, a population-based cohort study of 49,027 patients with type 2 diabetes
analysed the association between the combined endpoint consisting of cardiovascu-
lar death, nonfatal myocardial infarction, stroke and the cumulative presence of
retinal, nephro- and peripheral neuropathy over 5.5 years (Brownrigg et al. 2016).
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Each microvascular end-organ damage was associated with an increased cardiovas-
cular risk by approximately 35-40%. The accumulation of relative cardiovascular
risk in the presence of one, two or three microvascular diseases increased by 32%,
62% and 99%, respectively. Similar trends were seen for cardiovascular death,
all-cause mortality and hospitalisation for heart failure.

Therefore, microvascular end-organ damage appears to indicate or even mediate
increased cardiovascular risk. In the case of a possible mediating role, common links
discussed include damage to the microvascular pathway including endothelial dys-
function. This is clinically relevant because microvascular complications and endo-
thelial dysfunction can be directly influenced by elevated blood glucose
concentrations. However, the incidence as well as progression of end-organ damage
is also modulated by other factors, such as increased blood pressure, smoking, etc.
(Climie et al. 2019; Ziegler et al. 2020).

3 Role of Hyperglycaemia for Micro- and Macro-vascular
Complications

Diabetes is not only associated with an increased micro- and macro-vascular risk, but
also with a variety of non-vascular changes or syndromes. Since diabetes per se is
currently (still) defined by hyperglycaemia, we will briefly discuss the possible roles
of hyperglycaemia as an indicator, mediator or modulator of late complications.

Microvascular complications seem to be essentially caused by hyperglycaemia.
However, it has to recurrently persist to display clinical consequences or
complications. Though, macrovascular complications are more likely to be caused
by other factors, such as insulin resistance, altered fat ectopic accumulation (e.g. in
the liver, skeletal muscle or heart — see below), dyslipidaemia, hypertension, hyper-
coagulability, etc. Therefore, these complications are not diabetes-specific and can
occur even before diagnosis, e.g. prediabetes or metabolic syndrome (Rask-Madsen
and Kahn 2012; Kahn et al. 2019). Numerous non-vascular changes are not specific
to diabetes, but are observed more frequently in patients with diabetes, e.g. fatty
liver, COPD, certain forms of cancer, depression, cognitive disorders, osteoporosis,
disorders of the gastrointestinal tract as well as the genitourinary system, skin
changes, increased risk of infection, cheiroarthropathies, etc.

The role of hyperglycaemia in the many facets of vascular and other late
complications may vary, i.e. hyperglycaemia may be a mediator, a modulator
or just an indicator of increased risk. Moreover, the “damaging thresholds”
of hyperglycaemia fluctuate for different micro-, macro- and non-vascular
complications. One reason for this may also be that functional loss of the target
organ, like retina or glomerular filtration, is not only a direct consequence of
microvascular changes, but also involves other non-vascular cells, e.g. pericytes,
podocytes, etc. Hitherto, it remains unclear how hyperglycaemia can exactly cause
microvascular or organ damage. One common hypothesis is that hyperglycaemia
leads to epigenetic and thus long-term changes that are unlikely to be quickly
reversible by good blood glucose control. Furthermore, metabolically oriented
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hypotheses assume that the function, synthesis and degradation of proteins through
glycosylation or increased substrate supply for various metabolic pathways can
indirectly or directly lead to cell and tissue disorders, e.g. endothelium, nerve
cells, proteins in the blood, e.g. of coagulation factors as well as connective tissue
proteins. The formation of advanced glycosylation end-products (AGE), increase in
sorbitol or hexosamine metabolic pathways, intracellular activation of protein kinase
C through an increase in diacylglycerol as well as other signalling cascades and gene
regulatory mechanisms play a decisive role. In addition to glycosylation, the forma-
tion of reactive oxygen radicals and superoxides in the mitochondria could also have
a key biological role in this complex process in a subcellular level. Clinically, it is
important to note that glycosylation is usually irreversible, i.e. a near-normal blood
glucose control does not acutely lead to a “dissolution” of already manifested
alterations, but ensures that no further changes occur and that the cellular metabo-
lism and the pattern of modified proteins reconstitute themselves over (long) time.
Therefore, early and long-term control of blood glucose metabolism, especially in
younger people who still have a long life expectancy, remains a clinical concept.

In this respect, it is recognised that early and sufficient glucose control may
reduce the incidence and possible progression of vascular disease. However, disso-
lution and cure of already established glucose-related damage, as it occurs in older
patients with type 2 diabetes, longer disease duration, or prevalent atherosclerotic
cardiovascular disease, appears not feasible. Therefore, it is a milestone that new
drug classes like GLP-1 receptor agonists and SGLT-2-inhibitors have HbAlc-
independent complication-protective effects even in the short-term.

4 Role of Hyperglycaemia in Reducing Vascular Risks in Type
1 Diabetes

The hypothesis that therapeutic lowering of HbAlc and thus hyperglycaemia is
associated with a reduction in late complications has been proven in patients with
type 1 diabetes by the DCCT (Diabetes Control and Complications Trial) study. The
DCCT study has shown as a proof-of-concept study that early and effective blood
glucose lowering can significantly reduce the incidence and progression of micro-
vascular complications in patients with type 1 diabetes; similar associations were
found in further follow-up for macrovascular complications. It could be that
macrovascular complications or atherosclerosis develops quite differently in type
2 diabetes than in type 1 diabetes, or that the DCCT study examined very young
patients in whom the many other modulators of vascular risk (see above) do not yet
have the decisive significance as in later adulthood or in most patients with type
2 diabetes. The DCCT study was initiated by the National Institute of Diabetes and
Digestive and Kidney Disease (NIDDK) from 1983-1993 with 1,441 patients with
type 1 diabetes mellitus and became a milestone for the treatment of patients with
type 1 diabetes. This study showed that intensified insulin therapy lasting a mean of
6.5 years halved the incidence and progression of microvascular sequelaec compared
to conventional therapy, which was associated with a significant difference in
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HbA1c (The Diabetes Control and Complication Trial 1993). After a mean follow-
up of 17 years in >90% of the initially enrolled patients, the cardiovascular risk was
significantly reduced by 42% in the intensified treatment group, and the reduction in
HbA 1c was significantly associated with this (The Diabetes Control and Complica-
tion Trial/Epidemiology of Diabetes Interventions and Complications (DCCT/
EDIC) Study Research Group 2005). In the EDIC (Epidemiology of Diabetes
Interventions and Complications) study, patients have now been followed up for
over 30 years. In summary, after 30 years the following was concluded (Zinman
et al. 2014):

— Hyperglycaemia is the primary modifiable mediator of late complications in type
1 diabetes.

— Near-normal glucose control reduces the incidence and progression of microvas-
cular complications, such as retinopathy, nephropathy and neuropathy.

— Intensive diabetes therapy reduces cardiovascular complications in type
1 diabetes.

Recently, the concept and importance of good glycaemic control has been further
explored and discussed in the DCCT/EDIC trial in relation to cardiovascular
complications (Riddle and Gerstein 2019). A mediation analysis and multivariable
models show (Bebu et al. 2019) that the quality of adjustment of traditional risk
factors accounts for only about 50% of the cardioprotective effect of improved
metabolic control. HbAlc can be an indicator for changes in other parameters,
e.g. lipids, albuminuria, etc., but this explains <10% of the effect. Therefore,
about 40% of the cardioprotective effect remains for HbAlc or elevated glucose
concentrations per se. Thus, the therapeutic concept is further confirmed that HbAlc
lowering in patients with type 1 diabetes is clinically relevant for reducing the
incidence and progression of micro- and macro-vascular late complications. The
future must show whether the predictability of the clinical prognosis for late
complications through other parameters, such as the duration of glucose control in
the desired range, so-called time in range (TiR), has a benefit alongside or in addition
to HbAlc (Battelino et al. 2019).

5 Efficacy Trials of Glucose Lowering in Type 2 Diabetes

The UKPDS trial randomly assigned 5,102 patients with newly diagnosed type
2 diabetes to intensive glucose control with sulphonylurea or insulin or to manage-
ment with diet alone. Those who were overweight at study entry also could be
randomised in the intensive arm to receive metformin (UKPDS 33 1998; Stratton
et al. 2000). In the insulin and sulphonylurea analyses, HbAlc levels of
7.0% vs. 7.9%, respectively, were significantly associated with a relatively
decreased risk for a composite endpoint of all diabetes-related complications by
12%, and microvascular disease risk by 25% during an average follow-up of
10 years. Intensive control showed a trend towards decreased risk of myocardial
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infarction and no effect on stroke. In overweight patients, metformin yielded better
glucose control (HbAlc 7.4% vs. 8.0%) and significantly decreased relative risk for
myocardial infarction by 39% and for all-cause mortality by 36%. The long-term
follow-up of the UKPDS trial cohort suggests a “legacy” of cardiovascular benefit of
early and tight glycaemic control. Similarly, this was a finding observed in the long-
term follow-up of the Diabetes Control and Complications Trial (DCCT) in patients
with type 1 diabetes. However, the results of the following efficacy trials in patients
with longer diabetes duration were not so promising.

The ACCORD trial compared intensive vs. standard glucose control in 10,251
patients with type 2 diabetes who had high CVD risk, achieving an HbAlc of
6.4% vs. 7.5% (Gerstein et al. 2008). This trial was halted early due to an excess
of all-cause mortality in the intensively treated group (257 vs. 203 events; p = 0.04),
with no significant difference observed in the primary composite cardiovascular
disease endpoint of cardiovascular death, myocardial infarction, and stroke. The
ADVANCE trial enrolled 11,140 patients with type 2 diabetes who had cardiovas-
cular disease, microvascular disease, or another vascular risk factor at study entry
(Heller 2009). Patients randomly received intensive glucose control with gliclazide
plus other drugs in the intensive arm, compared with standard control with other
drugs. Similar to the ACCORD trial, the ADVANCE trial did not show statistically
significant improvement in the composite outcome of cardiovascular death,
myocardial infarction, and stroke with intensive control (achieved HbAlc of
6.4% vs. 7.0%), despite having 1,147 events. In the Veterans Affairs Diabetes
Trial (VADT), 1791 US veterans with type 2 diabetes and inadequate glucose
control randomly received either intensive or standard glucose control (Duckworth
et al. 2009). Despite a wide separation in glucose control levels (HbAlc of
6.9% vs. 8.4%) and ascertainment of 499 primary major adverse cardiovascular
events (MACESs), this trial also found no significant improvement in cardiovascular
outcomes with intensive control. From post hoc analyses of data for each of these
trials and supported by the long-term observations from UKPDS in patients with
newly diagnosed diabetes at study entry, the concept has emerged that more inten-
sive glycaemic control may be safer and may have more favourable cardiovascular
effects when used earlier in the course of diabetes. In contrast, patients with a longer
duration of type 2 diabetes and more intense glucose control has only resulted in
modest impact on cardiovascular events over time. In this respect, cardiovascular
safety studies are of interest, because they aim to assess the safety of a new drug and
possibly a mainly glucose independent superiority effect on predefined endpoints,
like cardiovascular or renal complications.

6 Cardiovascular Safety Studies in Type 2 Diabetes

Cardiovascular safety studies are designed in such a way that the substance under
investigation is compared with placebo, but that the risk parameter to be influenced,
in this case HbAlc or blood glucose, should also be comparably reduced in the
placebo arm of the study according to study protocol to achieve glycaemic
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equipoise. Therefore, this design tests not only the safety of a therapeutic molecule,
but also its effect on cardiovascular risk, independent of blood glucose-lowering.
Overall, insulin glargine (The ORIGIN Trial Investigators 2012), insulin degludec
(Marso et al. 2017) as well as acarbose (Holman et al. 2017b), and sulphonylurea
therapy (in directly tested, see Vaccaro et al. 2017, Rosenstock et al. 2019a) are
cardiovascular neutral. In this respect it is worthwhile to mention that pioglitazone
has been shown to reduce relative risk for myocardial infarction and stroke in a
special patient population (subgroup of the PROACTIVE trail), i.e. patients after
stroke or transient ischaemic attack (Kernan et al. 2016). Cardiovascular safety
studies were conducted for the DPP4 inhibitors alogliptin, linagliptin, saxagliptin
and sitagliptin; there is no corresponding prospective endpoint study for vildagliptin.
These endpoint studies (Zannad et al. 2015 EXAMINE, Rosenstock et al. 2019b
CARMELINA, Scirica et al. 2013 SAVOR-TIMI 53, Green et al. 2015 TECOS)
showed safety, but not superiority, in patients with pre-existing cardiovascular
disease or multiple risk factors for the primary endpoint, which is in most cases
composed of cardiovascular death, myocardial infarction and stroke. In the SAVOR-
TIMI (Saxagliptin Assessment of Vascular Outcomes Recorded in Patients with
Diabetes Mellitus-Thrombolysis In Myocardial Infarction) 53 trial, 16,492 patients
with type 2 diabetes and manifest cardiovascular disease or risk factors were
randomised and followed up for a mean of 2.1 years. The primary endpoint,
i.e. cardiovascular safety, was proven. However, compared to placebo, a higher
hospitalisation due to heart failure was observed in the treatment group with
3.5% vs. 2.8%. For this reason, saxagliptin is not recommended in patients with
pre-existing heart failure. Thus, GLP-1-RAs have shown to be cardiovascular
protective and SGLT-2 inhibitors provide consistent evidence for cardio- and
nephroprotection. Therefore, we will focus on the clinical evidence and potential
mechanisms related to these observations.

7 GLP-1 Receptor Agonists (GLP-1-RA)

Therapeutically used GLP (glucagon like peptide)-1 receptor agonists act directly
via the GLP-1 receptor, which leads not only to a glucose-dependent metabolically
mediated release of insulin from the beta cells, but also to inhibition of glucagon
release from the pancreatic alpha cells. Most of them are injected subcutaneously
once daily or weekly, depending on the preparation. In addition to effective HbAlc
lowering, this therapy also leads to clinically relevant weight loss.

The cardioprotective evidence for GLP1 receptor agonists is based on the results
of 7 placebo controlled endpoint trials: LEADER for liraglutide (Marso et al.
2016b); SUSTAIN-6 for subcutaneous semaglutide (Marso et al. 2016a), HAR-
MONY for albiglutide (Hernandez et al. 2018), REWIND for dulaglutide (Gerstein
et al. 2019a), and AMPLITUDE-O for efpeglenatide (Gerstein et al. 2021). These
trials demonstrated a significant reduction in the 3-point MACE endpoint (cardio-
vascular death, nonfatal myocardial infarction, or nonfatal stroke). In the PIONEER-
6 study with oral semaglutide, the primary endpoint was negative, but cardiovascular
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death and all-cause mortality were reduced (Husain et al. 2019). In the studies with
lixisenatide (Pfeffer et al. 2015) and long acting formulation (LAR) of exenatide
(Holman et al. 2017a), the primary endpoint was negative. The clinical results of
these trials compared with placebo are summarised in Table 1. The results appear
heterogeneous for the individual endpoints, which could be due to the study design
and different patient populations. Effects on a reduction in the hospitalisation rate
due to heart failure were not observed in any study (Lim et al. 2018). Since the
curves between treatment and placebo generally only began to diverge after about
1 year, it is assumed that the cardioprotective effects are rather due to a modulation
of atherosclerotic processes (Marx and Libby 2018), see Fig. 1.

In Fig. 1, we have distinguished between direct and indirect mechanisms, which
we cannot discuss in detail here and therefore refer to recent reviews (Drucker 2016,
Nauck et al. 2017; Miiller et al. 2019, Giorgino et al. 2020, Nauck et al. 2020). In
case of indirect mechanisms, the reduction of blood pressure and weight are certainly
in the foreground, whereby interestingly, ectopic lipid accumulation in the liver
(Armstrong et al. 2016; Newsome et al. 2021) and epicardial fat (Iacobellis and
Villasante Fricke 2020) is also reduced, see below. In addition, there are first
indications that certain intraepithelial T lymphocytes in the intestine modulate
metabolism and the risk of atherosclerosis as well as that GLP-1 could play an
important role as a mediator (He et al. 2019). In terms of direct mechanisms, it must
be emphasised that endothelial function, plaque stabilisation and anti-inflammatory
effects are of particular importance for the clinical risk posed by plaque (Libby and
Hansson 2019). All these mechanisms can be modified by incretin hormones in
experimental studies. Therefore, it is thought that GLP-1 receptor agonists may also
directly influence the development and stability of atherosclerotic plaque
(Rakipovski et al. 2018; Kahles et al. 2018). For example, GLP-1-receptors in
various plaque cells like endothelial cells, vascular smooth muscle cells, monocytes,
and macrophages are coupled to responses which might modulate plaque biology
(Nauck et al. 2020). Similar to ROS formation, oxLDL activation of inflammatory
cells and adhesion molecules are reduced. eNOS formation in endothelial cells is
increased. After GLP-1- receptor stimulation, foam cell formation is reduced as well
as their caspase-mediated apoptosis and the necrotic core in plaque. Interestingly,
GLP-1 receptor agonist treatment of cells reduced MMP expression, potentially
leading to less degradation of extracellular matrix and thereby increased plaque
stability. It is also interesting that GLP-1 receptor agonists may favourably influence
the consequences of an ischaemic event (Giblett et al. 2016; Brott 2015; McCormick
et al. 2015).

In addition, reduction in progression of chronic kidney disease and clinical renal
endpoints were positive as secondary endpoints in LEADER (Mann et al. 2017) and
REWIND (Gerstein et al. 2019b). This effect might relate to GLP-1-RA treatment-
associated reduction in the progression of albuminuria and mild natriuresis possibly
by some inhibition of NHE-3 in the tubulus system.
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Risk factors
Blood pressure
Atherogenic lipoproteins
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Direct cardiovascular effects

Indirect mechanisms * Reduction and stabilisation of

atherosclerotic plaque
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Clinical Event
Cardiovascular death,
heart attack, stroke

—_—

Fig. 1 Potential mechanisms and concepts for modulation of atherosclerotic plaque formation,
rupture and erosion and their cardiovascular consequences by GLP-1 receptor agonists. For further
explanation see text

8 SGLT (Sodium Glucose Transporter) 2 Inhibitors

SGLT-2 inhibitors are a group of blood glucose-lowering substances that lead to an
increased excretion of glucose in the urine by reducing the activity of the transporter
selectively in the proximal tubulus of the kidney by approximately 40-60%. CVOTs
have been published for canagliflozin, dapaglifiozin, empagliflozin, ertugliflozin,
and sotagliflozin, mentioned here in alphabetical order and are summarised in
Table 2.

The EMPA-REG OUTCOME study (Zinman et al. 2015) enrolled 7,020 patients
with pre-existing cardiovascular disease over a mean observation period of 3.1 years
and investigated the effect of 10 or 25 mg empagliflozin daily in addition to existing
medication. The primary endpoint was a composite of cardiovascular death and
nonfatal myocardial infarction and stroke and was significantly reduced with a
relative risk reduction (RRR) of 14%; the event rate was 12.1% in the placebo
group and 10.5% with empagliflozin treatment. There was no difference between the
two doses of empagliflozin. Component analysis showed no effect on nonfatal
myocardial infarction or stroke, but cardiovascular mortality was significantly
reduced with an RRR of 38%, which also reduced all-cause mortality. In addition,
hospitalisation due to heart failure was also significantly lower with an RRR of 35%,
an effect that became significant after only a few weeks. The effect on renal function
was further analysed. The prespecified secondary renal endpoint was worsening
nephropathy (progression to macroalbuminuria, doubling of serum creatinine, initi-
ation of renal replacement therapy or death due to renal causes) and incidence rate of
albuminuria. The incidence or relative risk of worsening nephropathy was signifi-
cantly reduced by 44% with empagliflozin (Wanner et al. 2016). In the primary
CANVAS programme (Neal et al. 2017) and in the CREDENCE study (Perkovic
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et al. 2019), the SGLT-2 inhibitor canagliflozin also significantly reduced the risk of
the combined cardiovascular endpoint (cardiovascular death, nonfatal myocardial
infarction or stroke) by 14% and renal endpoints. This confirmed the concept of
cardio-renal risk reduction by a second substance, and the question now arose
whether this principle of action could also be observed with a third substance and,
above all, also in patients with lower cardio-renal risk. In the DECLARE-TIMI
58 trial, 17,160 patients with type 2 diabetes were studied over a mean of 4.2 years
with and without dapagliflozin 10 mg; 10,186 of these patients had no previous
atherosclerotic disease (Wiviott et al. 2019). The primary safety analysis confirmed
non-inferiority of dapagliflozin for MACE (major cardiovascular events), and the
primary efficacy analysis showed a significantly lower event rate for the combined
endpoint of cardiovascular death and hospitalisation for heart failure (HHF),
although this outcome was substantially driven by HHF. A sub-analysis of 3,586
patients with pre-existing myocardial infarction showed that compared with placebo,
dapagliflozin significantly reduced the relative risk of MACE by 16% with an
absolute risk reduction of 2.6% (Furtao et al. 2019). The effect of dapagliflozin on
nephropathy has been investigated as a renal composite secondary endpoint (>40%
decrease in eGFR in mL/min/1.73 mz, new manifestation of ESRD, or death due to
renal or cardiovascular causes). The relative risk for this renal endpoint was signifi-
cantly reduced by 24% with dapagliflozin. In the 671 patients with heart failure and
impaired left ventricular pump function, dapagliflozin also significantly reduced not
only hospitalisation for heart failure but also cardiovascular death with a relative risk
reduction of 45% compared to placebo (Kato et al. 2019). Ertugliflozin was
investigated in the VERTIS CV trial in 8246 patients with type 2 diabetes and
cardiovascular disease over a mean of 3.5 years (Cannon et al. 2020). Ertugliflozin
was noninferior to placebo for MACE and clinical renal endpoints. However, results
were consistent with other SGLT2-inhibitors in respect of reducing hospitalisation
for heart failure in a respective prespecified group and reduction in decline rate of
eGFR. Sotagliflozin, an SGLT2 inhibitor with possibly some SGLT-1 blocking
potential, was investigated in patients with diabetes and recent worsening of heart
failure (SOLOIST-WF) and in patients with diabetes and chronic kidney disease
(SCORED) resulting in a significant risk reduction for cardiovascular death and
hospitalisation for heart failure in patients with heart failure (Bhatt et al. 2020b) or
chronic kidney disease with or without albuminuria (Bhatt et al. 2020a).

In consideration of these very impressive trial results with major impact on risk
for heart failure and renal complications to a large extent non-related to baseline
HbAlc and glucose-lowering capacity in these trials, the question was emerging,
whether SGLT2-inhibitors reduce also clinical risk primarily in patients suffering
from chronic heart failure or kidney disease with and also without diabetes. Four
studies have been published so far, the DAPA-HF and EMPEROR-Reduced trials
for chronic heart failure and CREDENCE for patients with chronic kidney disease
(CKD) in patients with diabetes and the DAPA-CKD trial in CKD patients with and
also without diabetes.

In the DAPA-HF study (McMurray et al. 2019), 4,744 patients with manifest
heart failure and impaired left ventricular function (LVEF <40%, NT-proBNP
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>600 pg/mL) were enrolled and treated with dapaglifiozin 10 mg or placebo in
addition to existing standard therapy. The study was event-driven and ran for
approximately 3 years. The relative risk for the primary endpoint was significantly
reduced by 26% and was composed of cardiovascular death, hospitalisation or
urgent medical visit for heart failure. There was no difference between the 42% of
patients with or without diabetes. In the EMPEROR-Reduced trial (Packer et al.
2020) 3730 patients with chronic heart failure and reduced left ventricular ejection
fraction (<40%) were investigated over a mean period of 16 months. The relative
risk for the primary combined endpoint being cardiovascular death and
hospitalisation for heart failure was significantly reduced by 25% regardless of the
presence or absence of diabetes. Therefore, both studies show the benefit of SGLT2-
inhibition in patients with clinically relevant chronic heart failure independent of
diabetes status. These data have an impacted current guidelines for the treatment of
patients with chronic heart failure, SGLT2-inhibition being an evidence-based
treatment option.

In patients with chronic kidney disease, CREDENCE (Perkovic et al. 2019) was
the first study to investigate the effect of an SGLT-2 inhibitor, in this case 100 mg
canagliflozin OD, primarily on renal function. The primary renal endpoint was
composed of end-stage renal failure (defined by need for dialysis, kidney transplan-
tation or drop in eGFR to <15 mL/ min/1.73 m?), doubling of serum creatinine
levels or death due to renal or cardiovascular causes. 4,401 patients with type
2 diabetes, an eGFR between 30 and 90 mL/min/1.72 m? and albuminuria of
>300-5,000 mg/g creatinine were included and studied for a mean of 2.62 years.
Canagliflozin significantly reduced the relative risk for the primary renal endpoint by
30%, the relative risk for end-stage renal failure by 32% and its combination with
creatinine doubling and renal death by 34%. DAPA-CKD (Heerspink et al. 2020)
randomly assigned 4,304 patients with an eGFR of 25-75 mL/min/1.73 m” and a
urinary albumin-to-creatinine ratio of 200-5,000 receiving 10 mg dapaglifiozin or
placebo over a median time of 2.4 years. The relative risk for the combined endpoint
of sustained decline in the eGFR of at least 50%, end-stage kidney disease, or death
from renal causes was significantly lower by 44% in the dapaglifiozin arm compared
to the placebo group. This effect was irrespective of having type 2 diabetes or not.
Therefore, SGLT-2 inhibitors are also finding their position in guidelines for the
treatment of chronic kidney disease. However, one should be aware that currently
there are still differences in specifications of their label in patients with reduced
eGFR in different countries and regions of the world.

9 Mechanisms of Action for Cardio-Renal Protection
Through SGLT-2 Inhibition

SGLT-2 transports glucose in exchange for sodium in the proximal tubule of the
kidney and reabsorbs approximately 90% of the 180 g of glucose normally filtered
daily in primary urine, for review see Heerspink et al. (2016); Lytvyn et al. (2017);
Verma and McMurray (2018); Marton et al. (2021). SGLT-2 inhibitors selectively
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SGLT-2 inhibitors: Potential mechanisms for cardiac protection
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Fig. 2 Potential mechanisms and concepts of cardiac protection by SGLT-2 inhibitors. For further
explanation see text

prevent the transporter with high affinity by an average of about 40-60%. This
inhibition leads to glucosuria, associated osmotic diuresis, increased natriuresis and
an increase in glucagon levels. Figure 2 summarises the principal mechanisms of
action and outlines how the cardioprotective effects associated with SGLT-2-
inhibitor therapy are currently imagined.

Glucosuria leads to a loss of calories, approx. 70-80 g over 24 h, corresponding to
approx. 300 kcal, and weight reduction of approx. 2-3 kg, half of which is due to the
reduction of fat mass. The other half is due to the osmotic diuresis of approx.
300 mL/24 h. In contrast to diuretics, this, in combination with natriuresis, leads to
an interstitial fluid mobilisation without a significant reduction in intravascular
volume, and thus not to an activation of the sympathetic nervous system or an
increase in the pulse rate. These effects also cause a reduction in peripheral vascular
resistance and, in combination, a reduction in blood pressure of 4-6 mmHg systolic
(1-2 mmHg diastolic), which can be even more pronounced at elevated blood
pressure levels or in combination with diuretics.

In addition, natriuresis and possibly direct interaction of SGLT-2 inhibitors in the
myocardium with sodium proton exchanger-1 (NHE-1) may favourably alter the
intracellular ratio of sodium and calcium. The increased natriuresis, also through
additional inhibition of tubular NHE-3, probably leads indirectly in the medulla of
the kidney to higher consumption of oxygen and thus renally to an increased
formation of erythropoietin and an increase in the formation of red blood cells and
the oxygen carrier haemoglobin. In a mediation analysis of the cardiovascular
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endpoint study of empagliflozin, this appears to be clinically relevant for under-
standing the observed effect in cardioprotection (Inzucchi et al. 2018).

An increase in glucagon levels of about twofold by SGLT-2 inhibitors is
associated with an approximately twofold increase in the concentration of ketone
bodies during therapy. Ketone bodies in turn can be effective substrates (especially
a-hydroxy-butyrate) for cardiac muscle and possibly also lead to altered metabolism
of branched-chain amino acids in the cardiac muscle, which can be disturbed in
diabetic cardiomyopathy (Wanner and Marx 2018). In summary, therapy with
SGLT-2 inhibitors results in a rapid and effective pre- and afterload reduction of
the heart as well as possibly a clinically relevant favourable change in metabolism
and intracardiomyocyte electrolytes, stabilising the structure and function of the
myocardium and increasing work efficiency.

For renoprotection, the key mechanism is probably increased natriuresis in the
proximal tubule, leading to activation of the tubuloglomerular feedback (TGF)
mechanism. The natriuresis caused by SGLT2 inhibition is sensed by the macula
densa in the juxtaglomerular apparatus and leads to a counter-regulation,
i.e. specifically a reduction of glomerular filtration by constriction of the vas afferens,
probably mediated by adenosine. This lowers the intraglomerular pressure and thus
also leads to a reduction in albuminuria and in the long term to a stabilisation and
reduced progressive decrease in the glomerular filtration rate. This fascinating obser-
vation now also makes the hyperfiltration in the early phase of a renal change in
patients with diabetes understandable, because an increased activity of the SGLT-
2 transporter in diabetes leads to increased reabsorption of sodium, thus reduction of
TGF and vasodilation of the vas afferens and thus hyperfiltration of the glomerulum.

In addition to the aforementioned hypotheses of reduction of cardiac pre-and
after-load and intraglomerular pressure reduction by tubuloglomerular feedback
mechanisms, a recent hypothesis involves metabolic adaptations. Under SGLT-2-
inhibitor treatment, there is an increased caloric loss and an about twofold increase in
glucagon levels with a consecutive increase in ketone bodies. These endocrine-
metabolic changes provide both a better energy efficient substrate utilisation for
the heart and the metabolism switch to a state of chronic hypometabolism and water
deprivation. This state is compensated in the long-run by appropriate adaptation of
energy homeostasis or metabolic rate and water conservation. This adaptation
process, called “aestivation”, is evolutionary conserved enabling adaptation to
energy and water shortage (Marton et al. 2021). This metabolic switch induced by
SGLT-2-inhibition might play a role in improved function and reduced damage
progression of different organs, most extensively clinically proven for heart and
kidney.

10 Change in Guidelines and Clinical Recommendations
Patient-centred care is the focus of most guidelines and new recommendations

(Davies et al. 2018; Consentino et al. 2019; Buse et al. 2020; Landgraf et al. 2020;
American Diabetes Association 2021). Based on the clinical evidence provided
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recently and discussed above, guidelines nowadays don’t put HbAlc in focus for
decision about treatment strategy in type 2 diabetes, but rather the clinical picture
and risk of cardio-renal complications in the foreground. Evidence-based means that
the results of large studies, especially cardiovascular endpoint studies, must be
translated into practice.

The recent ESC recommendations on “Diabetes, prediabetes and cardiovascular
disease” (Consentino et al. 2019), produced in collaboration with the EASD, have
incorporated the extensive data from large cardiovascular endpoint studies in recent
years with new antidiabetic agents and have led to a new and more specific
positioning of metformin and cardioprotective blood glucose-lowering drugs in
patients with high and very high cardio-renal risk and diabetes mellitus. The decisive
factor for the choice of a glucose-lowering substance for cardiovascular risk reduc-
tion is primarily not an HbAlc target anymore, but the risk stratification of patients
with diabetes according to the ESC recommendations 2019:

Very high risk patients are those with diabetes and established cardiovascular
disease or end organ damage or three or more risk factors or early onset of type
1 diabetes of long duration (>20 years). Patients with diabetes duration >10 years
without end-organ damage but with another risk factor are classified in the high risk
category. The moderate-risk category includes young patients (type 1 diabetes under
35 or type 2 diabetes under 50 years) with diabetes duration under 10 years without
other risk factors.

The new algorithm for cardiovascular risk reduction with antihyperglycaemic
agents in untreated type 2 diabetic patients — regardless of HbA1c level — focuses on
the high/very high risk categories. Patients with atherosclerotic cardiovascular
disease or high/very high risk should receive an SGLT2 inhibitor or GLP1 receptor
agonist monotherapy as a class Ia recommendation, according to the evidence from
the studies above. In patients with existing or increased risk for heart failure, SGLT-
2 inhibitors are recommended. Similar recommendation belongs to renal protection.

Although the effect of metformin on risk for myocardial infarction was better than
expected from degree of glucose lowering in the UKPS trial, it has been questioned
whether metformin should continue to be first-line therapy in all patients with type
2 diabetes. The CVOTs described above suggest that in these patient groups GLP-1
RAs and SGLT2-inhibitors should be first choice driven by evidence and not
metformin. This is supported by further evaluations of these CVOTs indicating
that metformin has no modulating effect on risk protection by GLP-1RA or
SGLT2-inhibitors (Marx 2020; Sattar and McGuire 2021).

11 Perspectives: Fat Partitioning as a New Target
of Diabetes Drugs

Like treatment of chronic heart failure or chronic kidney disease in patients with and
without diabetes by SGLT2-inhibitors initially developed for diabetes, it is also
interesting to note that new incretin-based drugs, like “twincretins”, reach mean
body weight reductions between 8 and 12 kg and absolute reductions in HbAlc of
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around 2.0% (Rosenstock et al. 2021; Frias et al. 2021). Results of these kind of
studies might help decipher new networks between fat tissue, diabetes and athero-
sclerosis related risks. In this respect, increased and abnormally distributed fat might
be a new target. Numerous clinical and pathogenetic studies have changed our
understanding of adipose tissue in such a way that the amount of adipose tissue is
not the only essential pathophysiological phenomenon, but in particular the abnor-
mal deposition of fat in other cells or organs, called ectopic lipid accumulation or fat
partitioning (Blither 2016; Crewe et al. 2017; Scherer 2016; Stefan et al. 2008;
Unger 2002). When the normal storage capacity and plasticity of subcutaneous
adipose tissue and its ability to adapt to increased energy balance are exhausted,
there is recruitment of inflammatory cells in adipose tissue and increased deposition
of fat in other cells, such as visceral fat cells, and in cells of the liver and cardiovas-
cular system. The deposition of fat alters the function of these cells, e.g. resistance to
insulin in the liver, release of mediators from visceral fat, or possibly changes in
contractility in the case of cardiac muscle cells. A clinically important and classic
example of ectopic lipid accumulation is Non-Alcoholic Fatty Liver Disease
(NAFLD), which is often associated with insulin resistance, obesity and diabetes
(van Heerebeek and Paulus 2016) and diastolic dysfunction of the heart (van Wagner
et al. 2015). A growing number of studies show that intracardiomyocyte fat is
associated with altered cardiac cell function including heart failure and epicardial
fat (EAT) cells may influence cardiac function and cardiovascular risk through
release of humoral, inflammatory and metabolic mediators (Unger 2002; McGavock
et al. 2007; Fontes-Carvahlo et al. 2014). Recently it has been shown that in patients
with diabetes EAT volume was independently associated with coronary calcium
score (Cosson et al. 2021) and that extracellular vesicles from EAT facilitate atrial
fibrillation and induce proinflammatory and fibrotic responses in cell culture
(Shaihov-Teper et al. 2021). Furthermore, considering potential cardiovascular
benefit of greater weight reductions, as we have learned from bariatric surgery
(Sjostrom et al. 2004), CVOTs of these new treatment options are awaited with
great curiosity. In addition, these degrees of fat reduction and glucose-lowering open
up possibilities to reach “remission” of type 2 diabetes (Lean et al. 2018). Overall
perspectives in the treatment of type 2 diabetes are to identify different subgroups
with different risk profiles for late complications and to better understand major
pathomechanisms that can then be therapeutically targeted therapeutically (Ahlquist
et al. 2019; Zaharia et al. 2019).
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Abstract

The causal relation between elevated levels of LDL-C and cardiovascular disease
has been largely established by experimental and clinical studies. Thus, the
reduction of LDL-C levels is a major target for the prevention of cardiovascular
disease. In the last decades, statins have been used as the main therapeutic
approach to lower plasma cholesterol levels; however, the presence of residual
lipid-related cardiovascular risk despite maximal statin therapy raised the need to
develop additional lipid-lowering drugs to be used in combination with or in
alternative to statins in patients intolerant to the treatment. Several new drugs
have been approved which have mechanisms of action different from statins or
impact on different lipoprotein classes.

Keywords

Cardiovascular disease - Dyslipidemias - Ezetimibe - Familial
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1 Introduction

Atherosclerosis is a chronic inflammatory disease affecting arterial wall and
characterized by a progressive accumulation of lipids in the subendothelial space.
Epidemiological and genetic evidence suggests low-density lipoprotein cholesterol
(LDL-C) as a causal factor in cardiovascular disease (Ference et al. 2017), and the
results of a large number of randomized clinical trials definitely proved that decreas-
ing LDL-C levels translates in a proportional reduction of the risk of atherosclerotic
cardiovascular (CV) events (Baigent et al. 2005, 2010, 2011; Cannon et al. 2015a;
Sabatine et al. 2017a; Schwartz et al. 2018).

Populations of modern societies present with LDL-C levels largely exceeding
those believed to be physiological. Optimal plasma concentration of LDL-C ranges
around 25 mg/dL, since above this value the LDL receptor (LDLR) is saturated
(Brown and Goldstein 1986); furthermore, individuals with genetically determined
low levels of LDL-C are healthy and exhibit very low incidence of CV events
(Glueck et al. 1997; Cohen et al. 2006). These observations, coupled to the results
of clinical trials testing the most recent lipid-lowering drugs (i.e., PCSK9 inhibitors),
which have shown that LDL-C levels may be lowered well below the values
recommended by guidelines without safety concerns (Robinson et al. 2017; Sabatine
et al. 2017b), provided the notion that reaching very low LDL-C levels may safely
confer additional clinical CV benefits. This concept led to a substantial reduction of
the LDL-C goals recommended by the most recent guidelines for the management of
dyslipidemias (Mach et al. 2020).
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Statins, which represent the cornerstone for the treatment of hypercholesterol-
emia, have shown approximately a 20% reduction in the risk of cardiovascular
events per each mmol/L LDL-C reduction (Baigent et al. 2005); a more intensive
intervention was associated with a greater reduction of the incidence of major
vascular events (Baigent et al. 2010), suggesting that the higher the degree of
reduction of LDL-C levels, the greater the benefit in terms of reduction of CV events.

Although statin monotherapy could reduce LDL-C levels to a large extent (up to
—50% with the highest doses of most potent statins), this might not be enough to
reach the desired goals based on the individual CV risk, and therefore additional
approaches are needed.

This is even more important in patients with familial hypercholesterolemia
(FH) which are considered among those with the highest cardiovascular risk, due
to the exposure to high plasma LDL-C levels from birth (Nordestgaard et al. 2013).
FH is caused by mutations in genes encoding proteins involved in the LDL catabo-
lism, such as LDL receptor (LDLR), apolipoprotein B (apoB), proprotein convertase
subtilisin/kexin type 9 (PCSK9), and LDLR adaptor protein (LDLRAP); mutations
in LDLR gene account for the vast majority of FH cases (Nordestgaard et al. 2013).
Heterozygous FH (HeFH) patients are characterized by two- to threefold elevation in
plasma cholesterol levels and development of coronary atherosclerosis at an early
age (usually after 30 years); homozygous FH (HoFH) patients, which include either
patients with a significantly reduced LDLR activity (2-30% residual activity) or
receptor-negative subjects, characterized by a residual LDLR activity <2%, exhibit
a more severe cardiovascular condition, due to the exposure to very high LDL-C
levels from birth, childhood coronary heart disease, and premature death from
myocardial infarction (prior to 20 years of age) if untreated (Cuchel et al. 2014;
Sniderman et al. 2014).

These aspects indicate that the choice of the most appropriate therapeutic
approach should be done taking into account the LDL-C target and the distance of
LDL-C from the target which are dictated by the cardiovascular risk of the patient,
and thus the therapy needs to be tailored to each patient. While statins are the first
approach, combination therapy is critical when certain LDL-C goals should be
achieved (Norata et al. 2013a; Toth et al. 2016; Russell et al. 2018).

2 Statins in the Prevention of Cardiovascular Disease

Statins are competitive inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase, the rate-limiting enzyme of cholesterol synthesis pathway.
Following the reduction of intracellular cholesterol synthesis, hepatocytes
upregulate surface LDLR expression to increase LDL uptake, resulting in the
reduction of circulating LDL-C levels. A large number of clinical trials have
established the efficacy of statins in reducing cardiovascular morbidity and mortality
in both primary and secondary prevention (Baigent et al. 2010; Chan et al. 2011;
Mills et al. 2011a, b; Tonelli et al. 2011; Naci et al. 2013; Taylor et al. 2013). A
meta-analysis of 14 randomized clinical trials including >90,000 participants
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showed a significant reduction in coronary heart disease (CHD) mortality (—19%,
p < 0.0001), myocardial infarction or coronary death (—23%, p < 0.0001), and fatal
or nonfatal stroke (—17%, p < 0.0001) (Baigent et al. 2005). Overall, there was a
significant 21% proportional reduction in the incidence of major vascular events per
mmol/LL LDL-C reduction (Baigent et al. 2005). A linear relationship between
proportional reduction in incidence of major cardiovascular events and mean abso-
lute LDL-C reduction was reported (Baigent et al. 2005). The analysis of more
intensive versus less intensive statin regimens showed that treatment with more
intensive regimens resulted in an additional 15% (p < 0.0001) reduction in major
vascular events (Baigent et al. 2010), suggesting that further reducing LDL-C levels
safely translates into a further clinical benefit.

Despite the proven efficacy of statin therapy, a relevant percentage of patients still
experience cardiovascular events, even in the presence of well-controlled LDL-C
levels due to a “residual risk” (Ahn and Choi 2015), likely related to abnormalities in
other lipid parameters (such as high triglycerides and low HDL-c) which may
account for this effect particularly in specific groups of patients (including obese
patients or those with metabolic syndrome or type 2 diabetes) (Fruchart et al. 2014).
Moreover, although statin therapy represents the first approach for the treatment of
FH, its efficacy is strictly related to the presence of a functional LDLR and thus may
be effective in HeFH or in receptor-defective HoFH (Nordestgaard et al. 2013;
Cuchel et al. 2014). In HoFH patients carrying null mutations on LDLR gene, statins
induce a modest reduction of LDL-C (~20%) likely through pathways LDLR-
independent, which however is not sufficient to reduce massively LDL-C levels
and reach the goals suggested for their risk category (Hovingh et al. 2013). In
addition, although statins are overall well tolerated, statin-associated muscle
symptoms may lead to therapy discontinuation and limit clinical benefit (Banach
et al. 2015). Muscle-related adverse events occur mainly with high statin doses
which are commonly used in high cardiovascular risk patients, but they have been
reported also in patients presenting with comorbidities, due to pharmacokinetic
interactions with other drugs (Chatzizisis et al. 2010; Taha et al. 2014). Several
pharmacological approaches are available for the management of hypercholesterol-
emia in patients intolerant to statins, including the possibility to combine a low dose
of a statin with another cholesterol-lowering drug which is acting by a complemen-
tary mechanism of action (Pirillo and Catapano 2015). Several non-statin drugs
approved for the treatment of dyslipidemia, however, failed to further reduce the
incidence of cardiovascular events when added to current statin therapy, with the
exception of ezetimibe (Ridker 2014; Cannon et al. 2015a) and, more recently,
PCSKO9 inhibitors (Sabatine et al. 2017a; Schwartz et al. 2018).

3 Non-statin Cholesterol-Lowering Drugs

In recent years several therapeutic approaches have been investigated and developed
with the aim of reducing plasma cholesterol levels with a mechanism of action
complementary to that of statins. Among them, ezetimibe and, more recently, the
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monoclonal antibodies targeting PCSK9 have been approved, while other molecules
including bempedoic acid and PCSK9 gene silencing are in an advanced phase of
clinical development.

3.1 Ezetimibe

Ezetimibe is a lipid-lowering drug acting as an inhibitor of intestinal cholesterol
absorption through the inhibition of the sterol transporter Niemann-Pick CILI
(NPCI1L1) protein (Davis and Veltri 2007). This protein, highly expressed at the
brushborder membrane of intestinal epithelial cells, plays a central role in the
intestinal absorption of cholesterol and the regulation of cholesterol plasma levels
(Wang 2007; Wang and Song 2012). The observation that individuals carrying loss-
of-function variants in NPCILI have lower LDL-C levels and a 53% relative risk
reduction of CHD (Stitziel et al. 2014) has suggested that this protein could represent
a potential pharmacological target for the treatment of hypercholesterolemia.

Ezetimibe has a complementary mechanism of action as compared to statins.
Statins, by inhibiting cholesterol synthesis pathway, induce the upregulation of
hepatic LDLR, thus resulting in increased uptake of LDL particle from the circula-
tion. This effect prompts a feedback mechanism which increases cholesterol absorp-
tion in the intestine, thus partially affecting the efficacy of statin therapy. In this
context, ezetimibe as monotherapy, by inhibiting intestinal cholesterol absorption,
will reduce plasma cholesterol levels, but the effect would be mitigated by the
induction of increased cholesterol synthesis in the intestine and the liver (Descamps
et al. 2011). Therefore, the combination statin+ezetimibe will reduce both choles-
terol synthesis and absorption, thus representing a valuable approach for further
reducing plasma LDL-C levels beyond what was observed with statins in
monotherapy.

Indeed several clinical trials have shown that adding ezetimibe to statin therapy
results in a further 15-20% LDL-C level reduction (Catapano et al. 2005, 2006;
Mikhailidis et al. 2007; Norata et al. 2013a). A pooled analysis of over 21,000
subjects from 27 clinical trials showed that co-administration of ezetimibe with a
statin produces a greater LDL-C-lowering effect than statin alone in a wide range of
patients (Morrone et al. 2012). Furthermore, the reduction in LDL-C levels was more
impressive in patients with CHD or CHD risk-equivalents treated with ezetimibe
added to current statin dose compared with patients who titrated the statin dose
(Foody et al. 2013). This difference has been reported also in diabetic patients treated
with ezetimibe+statin, who showed a 24.6% LDL-C reduction compared with a
10.9% reduction observed in those receiving a doubled statin dose; similarly the
entire lipid profile was improved more in patients receiving the combination therapy
(Sakamoto et al. 2015). A meta-analysis of available randomized clinical trials
showed that the addition of ezetimibe to ongoing simvastatin, atorvastatin, or
rosuvastatin therapy results in a greater reduction of LDL-C in high CV risk patients
compared with doubling the statin dose (Lorenzi et al. 2019).
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The combination ezetimibe+statin has been shown to be effective also in FH
patients with residual LDLR activity, who achieve lower levels of total cholesterol
and LDL-C than patients treated with statin alone (Gagne et al. 2002; Pisciotta et al.
2007; Kastelein et al. 2008).

Adding ezetimibe to statin therapy was also shown to provide a clinical benefit.
The SHARP trial showed that ezetimibe+simvastatin administration for 4.9 years in
patients with moderate-to-severe kidney disease reduced LDL-C levels by
0.85 mmol/L (33 mg/dL) and decreased the incidence of first major atherosclerotic
events (including nonfatal MI, coronary death, non-hemorrhagic stroke, or arterial
revascularization) by 17% compared with placebo (Baigent et al. 2011). The
IMPROVE-IT trial compared the effect of a 6-year administration of ezetimibe
+simvastatin or simvastatin alone in patients with a recent acute coronary syndrome
(Cannon et al. 2015a). The combination therapy reduced LDL-C level more than
simvastatin alone (24% further reduction), resulting in a significant 6.4% lower
relative risk reduction of the primary composite endpoint (cardiovascular death,
nonfatal myocardial infarction, unstable angina requiring hospitalization, coronary
revascularization, nonfatal stroke) (Cannon et al. 2015a). Specific subgroups of
patients benefit more from the combination therapy, including women (12% reduc-
tion of the relative CV vs 5% in men) (Toda Kato et al. 2015), older patients
(<65 years HR 0.98; >75 years HR: 0.80), and diabetic patients (15% reduction
versus 2% in non-diabetics) (Giugliano et al. 2018). Combined therapy was also
superior to simvastatin alone in reducing the incidence of non-hemorrhagic stroke
(hazard ratio 0.78, P = 0.008) (Wiviott et al. 2015). Adverse event incidence was
similar in all subgroups (Wiviott et al. 2015).

3.2 PCSK9 Inhibitors

Proprotein convertase subtilisin kexin 9 (PCSK9) is a serine protease involved in the
regulation of hepatic low-density lipoprotein receptor (LDLR) expression and, as a
consequence, in the control of plasma LDL-C levels (Fig. 1). In fact, secreted
PCSKO binds to LDLR, and when the complex LDLR/PCSKO is internalized, the
conformational change of LDLR induced by PCSK9 impairs LDLR recycling on
cell surface while making it more susceptible to degradation within lysosomes. This
leads to a reduced LDLR surface expression, reduced LDL uptake, and therefore
increased LDL-C plasma levels (Leren 2014; Norata et al. 2016; Seidah et al. 2019).
Individuals carrying loss-of-function mutations in PCSK9 gene have lower levels of
LDL-C and reduced risk of cardiovascular disease (Cohen et al. 2005, 2006;
Kathiresan 2008; Benn et al. 2010; Kent et al. 2017), while gain-of-function
mutations are associated with an increased risk of premature cardiovascular disease
(Naoumova et al. 2005; Hopkins et al. 2015; Qiu et al. 2017). Based on these
observations, PCSK9 inhibition has been suggested as a possible approach for the
control of hypercholesterolemia (Fig. 1).

Despite the liver is the major organ expressing PCSK9, other tissues express this
protein, including the kidney, pancreas, and brain (Norata et al. 2016); this
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Fig. 1 Mechanism of action of PCSK9 inhibitors. In the absence of PCSK9 (1), LDL binds to
LDLR. After internalization, the LDL-LDLR complex dissociates, LDL undergoes lysosomal
degradation, and LDLR is recycled to the cell surface. In the presence of PCSK9 (2), LDLR cannot
dissociate from LDL and is degraded within the lysosomes, leading to increased levels of circulating
LDL-C. Monoclonal antibodies (mAbs) neutralize secreted PCSKO, thus inhibiting its binding to
the LDLR and dampening PCSK9-induced LDLR degradation. Inclisiran (3) is a siRNA which is
internalized by specific hepatic receptors (ASGPR1) and acts intracellularly by binding to PCSK9
mRNA, thus inducing its degradation and reducing the production of the protein. LDL, low-density
lipoprotein; LDLR, LDL receptor; PCSK9, proprotein convertase subtilisin/kexin type 9

observation raises the question of whether the pharmacological inhibition of PCSK9
may also result in extrahepatic effects with a clinical relevance. PCSK9 deficiency in
animal models and loss-of-function mutations in humans were associated with
increased risk of new-onset diabetes (Ference et al. 2016; Da Dalt et al. 2019),
pointing to a role for PCSK9 and LDLR on cholesterol metabolism in pancreatic
beta cells (Perego et al. 2019). Available data from clinical trials with anti-PCSK9
monoclonal antibodies excluded this hypothesis (Sabatine et al. 2017a; Schwartz
et al. 2018); data from long-term post-marketing surveillance are awaited to clarify
this aspect.

Different approaches have been tested or are under evaluation for targeting
PCSKO9 (Seidah et al. 2019), including two fully human monoclonal antibodies
against circulating PCSK9, evolocumab and alirocumab, which inhibit the activity
of secreted PCSK9 (approved for the treatment of hypercholesterolemia), and, more
recently, a small interfering RNA approach which inhibits PCSK9 synthesis in the
liver now under clinical evaluation.
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3.2.1 Evolocumab

Several phase 2 trials have shown that evolocumab efficiently reduces LDL-C levels
in hypercholesterolemic subjects either as monotherapy or as add-on to background
lipid-lowering therapy (LLT) (Giugliano et al. 2012; Koren et al. 2012) and was
effective also in FH patients (Raal et al. 2012; Stein et al. 2013) and in statin-
intolerant patients (Sullivan et al. 2012).

The PROFICIO (Program to Reduce LDL-C and Cardiovascular Outcomes
Following Inhibition of PCSK9 in Different Populations) program of evolocumab
included phase 3 clinical trials aimed at assessing the effectiveness of evolocumab in
comparison with placebo or ezetimibe across a broad population of patients with
hypercholesterolemia. In monotherapy, evolocumab efficiently reduced LDL-C
levels compared with either placebo or ezetimibe (Koren et al. 2014); when added
to a moderate- or high-intensity statin therapy, evolocumab reduced LDL-C levels
more efficiently than adding placebo or ezetimibe, and most patients achieved
LDL-C levels <70 mg/dL, compared with the group receiving ezetimibe (Robinson
et al. 2014). Similar results were obtained when hypercholesterolemic patients were
treated for 52 weeks with evolocumab added to different lipid-lowering therapy with
a significant 57% LDL-C level reduction that was maintained throughout the study
period, independent of background therapy (Blom et al. 2014). Evolocumab also
induced a decrease in percent atheroma volume (PAV) in statin-treated patients
(Nicholls et al. 2016).

The efficacy of PCSK9 has been tested also in patients with statin intolerance. In
the phase 3 GAUSS-2 study, statin-intolerant patients were treated with evolocumab
or ezetimibe for 12 weeks: evolocumab reduced LDL-C levels more efficiently than
ezetimibe, and the incidence of myalgia among treated patients was low (Stroes et al.
2014). These findings have been confirmed by the GAUSS-3 trial (Nissen et al.
2016).

Specific studies have evaluated the effect of evolocumab also in FH patients (Raal
et al. 2012, 2015b). The RUTHERFORD-2 study showed a significant reduction of
LDL-C levels (~60%) in HeFH patients treated with evolocumab (Raal et al. 2015b).
The pilot study TESLA part A, performed in six receptor-defective and two receptor-
negative HoFH patients, showed that patients with defective LDLR activity had a
significant reduction in their LDL-C levels following the treatment with evolocumab
(~23%), while, as expected on the basis of the mechanism of action, receptor-
negative patients did not respond to the therapy (Stein et al. 2013) further confirming
that the mechanism by which evolocumab reduces LDL-C levels is primarily
through the upregulation of residual LDLR activity. In the phase 3 TESLA part B
trial, a ~31% LDL-C reduction was observed; the analysis of LDL-C reduction
according to LDLR mutation status showed that the type of mutation causing FH is
the major determinant of evolocumab-induced response (Raal et al. 2015a). An
interim analysis of the open-label TAUSSIG trial confirmed that evolocumab
reduces LDL-C levels by approximately 20% in HoFH patients (with the exception
of receptor-negative patients), a reduction that persisted up to 48 weeks, with a high
variability in the percent change of LDL-C from baseline (Raal et al. 2017).
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Patients who completed one of the phase 2 or 3 studies have been recruited for the
open-label trials OSLER-1 (for phase 2) and OSLER-2 (for phase 3); the analysis of
combined data showed that evolocumab reduced LDL-C levels by 61% compared
with patients treated with standard therapy; this reduction was sustained through
48 weeks and translated into a lower rate of all CV events (Sabatine et al. 2015). The
final report of the OSLER-1 study showed a persistent LDL-C reduction over 5 years
with a good safety profile (Koren et al. 2019). The benefit of this massive LDL-C
reduction translated also in a clinical benefit. Indeed the FOURIER trial showed that,
after a median follow-up of 2.2 years, in statin-treated patients with CVD and
LDL-C > 70 mg/dL, evolocumab significantly reduced by 15% the risk of the
primary endpoint (including cardiovascular death, myocardial infarction, stroke,
hospitalization for unstable angina, or coronary revascularization) and by 20% the
secondary endpoint (cardiovascular death, myocardial infarction, or stroke)
(Sabatine et al. 2017a). The clinical benefit was present in all patient categories,
with patients at the highest CV risk showing the greatest absolute risk reduction
(Sabatine et al. 2017b, 2018; Bonaca et al. 2018). A prespecified analysis of the
FOURIER trial showed a linear relationship between LDL-C levels and CV
outcomes down to LDL-C < 0.5 mmol/L (<~20 mg/dL), without safety concerns
(Giugliano et al. 2017b). The therapy with evolocumab did not increase the risk of
new-onset diabetes and did not worsen glycemia (Sabatine et al. 2017b) nor did
affect negatively the cognitive function (Giugliano et al. 2017a). Altogether these
results indicate that evolocumab can be used safely used to reduce LDL-C levels and
the risk of CV events in patients at high CV risk despite current optimized lipid-
lowering therapy.

3.2.2 Alirocumab
Alirocumab is a fully human monoclonal antibody against PCSK9. As for
evolocumab, several phase 2 trials have been performed in different patient groups;
these trials have reported a significant alirocumab-induced reduction of LDL-C
levels in patients taking statins as well as in patients with FH (40% up to 73%)
(McKenney et al. 2012; Roth et al. 2012; Stein et al. 2012b; Dufour et al. 2017).
The ODYSSEY program included 14 phase 3 trials on alirocumab, aimed at
evaluating the efficacy and safety of alirocumab alone or in combination with
other lipid-lowering therapies in different groups of hypercholesterolemic patients.
As monotherapy, alirocumab reduced LDL-C levels more efficiently than ezetimibe
(47.2% vs 15.6%) (Roth and McKenney 2015). Then alirocumab was tested in high
CV risk populations as add-on to maximum tolerated statintother LLT: the
COMBO I and II studies showed that alirocumab induced a greater reduction of
LDL-C levels compared with either placebo (48.2% vs 2.3%) (Kereiakes et al. 2015)
or ezetimibe (50.6% vs 20.7%) (Cannon et al. 2015b). In the ODYSSEY LONG
TERM trial, the addition of alirocumab to the maximal tolerated dose of statin
produced a 61% reduction of LDL-C levels at week 24, and this reduction persisted
up to week 78 (52.4%) (Robinson et al. 2015). Adjudicated major CV events in a
post hoc analysis were lower in alirocumab group than in placebo group (1.7% vs
3.3%), with cumulative probability of event curves tending to diverge over time
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(Robinson et al. 2015). The ODYSSEY OPTIONS I and II trials compared the
effects of adding alirocumab to atorvastatin or rosuvastatin, adding ezetimibe, or
doubling the statin dose; these trials reported the greatest LDL-C level reductions in
patients treated with alirocumab as add-on (Bays et al. 2015; Farnier et al. 2016).

A specific trial was designed to address the efficacy and safety of alirocumab in
statin-intolerant patients, with a statin rechallenge arm. In the ODYSSEY ALTER-
NATIVE trial, alirocumab produced greater LDL-C reduction compared with
ezetimibe in patients intolerant to statins (45% and 14.6% at week 24, respectively),
and a higher percentage of patients reached the recommended LDL-C goal (41.9%
vs 4.4%, respectively) (Moriarty et al. 2015). Skeletal muscle-related adverse events
were the most common in all treatment groups, but significantly lower with
alirocumab vs atorvastatin (HR 0.61, 95% CI, 0.38-0.99, P = 0.042) (Moriarty
et al. 2015).

The ODYSSEY program included also clinical trials specifically designed to
evaluate the effect of alirocumab in HeFH patients. In the ODYSSEY FH I (North
America, Europe, South Africa) and FH II (Europe) studies, HeFH patients with an
inadequate control of LDL-C levels despite maximally tolerated LLT received
alirocumab and showed 57.9% (FH I) and 51.4% (FH II) LDL-C level reductions
with alirocumab versus placebo; these reductions were maintained up to week
78 (Kastelein et al. 2015). Similar reductions were observed in HeFH patients
presenting with higher LDL-C levels (>4.1 mmol/L; >160 mg/dL) despite maxi-
mally tolerated LLT, in agreement with previous observations (Kastelein et al. 2014;
Robinson et al. 2015). The treatment with alirocumab allowed the discontinuation
or, at least, prolonged the time to next apheresis treatment in HeFH patients
undergoing weekly or biweekly lipoprotein apheresis at baseline (ODYSSEY
ESCAPE trial) (Moriarty et al. 2016). The ODYSSEY OLE study, which included
HeFH patients who had completed one of the four phase 3 parent studies (FH I, FH
II, LONG TERM, HIGH FH), showed a durability of alirocumab-induced LDL-C
lowering over time (Farnier et al. 2018).

The ODYSSEY OUTCOMES trial tested the hypothesis that the treatment with
alirocumab may reduce the risk of CV events in patients with a recent acute coronary
syndrome having LDL-C levels exceeding the recommended goals for this risk
category despite high-intensity statin therapy (Schwartz et al. 2018). After a median
follow-up of 2.8 years, the risk of composite primary endpoint was significantly
reduced by 15% in alirocumab-treated patients, and the greatest absolute reduction
was observed in patients with the highest baseline LDL-C levels (>100 mg/dL)
(Schwartz et al. 2018). During the study, LDL-C levels were reduced by 62.7% at
4 months and 54.7% at 48 months (Schwartz et al. 2018).

Altogether, the results obtained in these studies have shown a significant efficacy
of this pharmacological approach, which, by inducing a remarkable and sustained
reduction of LDL-C levels beyond that obtained with statins with/without other
LLT, translates into a greater CV benefit.
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33 Lomitapide

Microsomal triglyceride transfer protein (MTP) localizes in the endoplasmic reticu-
lum (ER) of hepatocytes and enterocytes and acts by transferring triglycerides and
cholesteryl esters from the ER membrane to the nascent apoB (Hooper et al. 2015)
(Fig. 2). MTP plays an essential role in the assembly and secretion of apolipoprotein
B-containing lipoproteins, including very-low-density lipoproteins (VLDL) and
chylomicrons (Hooper et al. 2015). Loss-of-function mutations in the gene encoding
for MTP (MTTP) result in a reduced synthesis of VLDL and chylomicrons, increased
apoB degradation, and lower levels of circulating LDL-C; based on these
observations, MTP has been proposed as a possible target for the pharmacological
control of hypercholesterolemia, particularly for the treatment of HoFH (Sirtori et al.
2014). Lomitapide is an MTP inhibitor which reduces LDL-C levels independent of
LDLR (Fig. 2), and preclinical studies in animal models have shown that MTP
inhibition resulted in the reduction of atherogenic lipoprotein levels (Wetterau et al.
1998; Shiomi and Ito 2001).

Lomitapide has been approved for the treatment of HoFH (Berberich and Hegele
2017), based on the results of several randomized clinical trials. A phase 2 study
showed that the administration of lomitapide for 16 weeks in monotherapy effi-
ciently reduced LDL-C levels in six HoFH patients (5 LDLR-negative and 1 LDLR-
defective) (Cuchel et al. 2007); overall the drug was well tolerated, and the most
serious adverse events were elevations in liver aminotransferase levels and hepatic
fat accumulation (Cuchel et al. 2007). This study highlighted that, although
lomitapide was highly effective in reducing LDL-C levels, it also induced liver
steatosis in treated patients, casting doubts about long-term safety.

LDL

Fig. 2 Mode of action of lomitapide. MTP mediates the transfer of cholesteryl esters (CE) and
triglycerides (TG) to apolipoprotein B (apoB) resulting in the synthesis of VLDL and chylomicrons.
Lomitapide inhibits the activity of MTP, thus reducing the production of apoB-containing
lipoproteins
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To address this aspect, lomitapide was administered to 29 HoFH patients in a
single-arm, open-label, phase 3 study in addition to conventional lipid-lowering
therapy (Cuchel et al. 2013). Mean LDL-C levels were significantly reduced by 50%
at the end of efficacy phase (week 26) with some patients able to discontinue or
increase the interval between apheresis treatments (Cuchel et al. 2013). At the end of
the study (week 78), LDL-C reduction was partially attenuated (—38%); changes in
the concomitant lipid-lowering therapies or adjustment of the lomitapide dose in
patients experiencing adverse effects can likely explain this result (Cuchel et al.
2013). Many patients reported gastrointestinal adverse reactions, which were con-
trolled by moving patients on a very-low-fat diet. Increased levels of ALT, AST, or
both, observed in some patients, were transient, successfully managed by dose
reduction or temporary interruption, and were not related to changes of liver
function. A modest increase (8.6%) in hepatic fat content was observed (Cuchel
et al. 2013); the clinical consequence of this rise in liver fat is still unclear and
requires further investigation with longer-term trials in a higher number of patients to
assess whether it could have metabolic consequences.

Data from the real-world setting seem to suggest that safety profile of lomitapide
is similar to that reported by clinical trials and have confirmed the need of a careful
monitoring of transaminase levels and the adherence to a low-fat diet which may
minimize gastrointestinal side effects (Roeters van Lennep et al. 2015). A longer
follow-up is required to further support safety and establish whether lomitapide
therapy may translate into a clinical cardiovascular benefit. To this aim, the LOWER
registry for patients treated with lomitapide was created (Blom et al. 2016); it also
includes the CAPTURE substudy which is aimed at investigating the effect of
lomitapide on the atheroma regression and/or stabilization in the carotid artery and
aorta (Blom et al. 2016).

Lomitapide is a weak inhibitor of CYP3A4, thus it might decrease statin metabo-
lism (Tuteja et al. 2014), and therefore careful monitoring for adverse events when
these two drugs are administered in combination is required.

34 Mipomersen

Elevated levels of apoB, the main apoprotein of all atherogenic lipoproteins, repre-
sent an established risk factor in atherosclerosis; mutations in apoB gene causing
familial hypobetalipoproteinemia, characterized by very low levels of apoB and
LDL-C, have been associated with a reduced risk of coronary disease (Peloso et al.
2019). Furthermore, a Mendelian randomization study showed that genetic variants
resulting in reduced apoB levels are associated with comparable lower CHD risk per
unit difference in apoB (Ference et al. 2019a), strengthening the concept that the
clinical benefit of lipid-lowering therapies may be proportional to the absolute
change in apoB levels. Thus, apoB may be a pharmacological target to reduce
hypercholesterolemia.

In parallel with the possibility to inhibit MTP activity, it is also possible to target
the key structural protein of VLDL and LDL to inhibit lipoprotein biosynthesis
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Fig. 3 Mechanism of action of mipomersen. Mipomersen is an antisense oligonucleotide (ASO)
that inhibits the synthesis of apolipoprotein B. It binds to the cognate mRNA forming a substrate for
a nuclease, thus resulting in mRNA degradation and reduced production of apoB and apoB-
containing lipoproteins

(Norata et al. 2013a). Mipomersen is a second-generation antisense oligonucleotide
against the coding region of human apolipoprotein B mRNA which, by silencing
apoB, results in the reduction of all apoB-containing lipoproteins. The effect of
mipomersen is independent of LDLR and thus represents a suitable approach for the
treatment of FH with severe LDLR mutations (Crooke and Geary 2013) (Fig. 3).
Several trials have shown the lipid-lowering efficacy of mipomersen either as
monotherapy or as add-on to current lipid-lowering therapies (Kastelein et al.
2006; Akdim et al. 2010a, b, 2011; Raal et al. 2010; McGowan et al. 2012; Stein
et al. 2012a; Visser et al. 2012). A recent meta-analysis on data from 13 randomized
clinical trials confirmed that mipomersen significantly reduced LDL-C levels by
~26%, with an overall improvement of all lipid parameters (Fogacci et al. 2019).
Nevertheless, mipomersen therapy was associated with several side effects such as
injection site reactions, flu-like symptoms, hepatic steatosis, and hepatic enzyme
elevations which lead to an elevated number of patients discontinuing the treatment
(Fogacci et al. 2019).

The most important side effect expected from the mechanism of action is an
increased content of TG in the liver which raised some concerns regarding
mipomersen therapy. While short-term studies have in fact reported increased
steatosis in mipomersen-treated patients, longer-term trials (up to 104 weeks)
showed a return to normal of hepatic triglyceride levels (Sahebkar and Watts
2013; Toth 2013). Further, the analysis of liver biopsies from mipomersen-treated
patients revealed a histopathological feature of simple steatosis without signs of
inflammation or fibrosis (Hashemi et al. 2014).
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In HeFH patients treated with mipomersen, apoB and LDL-C were reduced by
~20% with 200 mg/week dose and by more than 30% with 300 mg/week dose
(Akdim et al. 2010b), with the most common adverse effect being injection site
erythema (97%). In the same study, four patients treated with mipomersen (three of
which in the highest dose group) experienced transaminase elevations >3x ULN
with signs of hepatic steatosis (Akdim et al. 2010b). Due to the long half-life of
mipomersen, LDL-C levels remain lower than baseline for as long as 2-3 months
after the last injection (Akdim et al. 2010b). Similar results have been reported in
HeFH patients with CAD (Stein et al. 2012a). Mipomersen is also effective in HoFH
patients, with a 24.7% mean LDL-C reduction from baseline observed on top of their
maximal tolerated lipid-lowering therapy, associated with an overall improvement of
plasma lipid profile (Raal et al. 2010). Also in these patients, the most common
adverse event was injection site reactions, followed by ALT elevations >3 times
ULN which occurred in four mipomersen patients and one patient showing also a
significant increase in hepatic fat content (Raal et al. 2010).

A 2-year interim report of a long-term trial showed that mipomersen provides
sustained reduction in apoB and LDL-C levels. Of note the median liver fat
increased during initial 612 months, but returned to baseline with longer treatment,
suggesting that a liver metabolic adaptation might occur (Santos et al. 2015). Long-
term treatment with mipomersen not only reduces LDL-C and other atherogenic
lipoprotein levels but may also reduce the incidence of CV events in patients with
FH (Duell et al. 2016).

4 Cholesterol-Lowering Drugs Under Clinical Development
4.1 Inclisiran

Small interfering RNA (siRNA) induces the degradation of a specific mRNA which
halts protein synthesis (Norata et al. 2013b). Inclisiran is a specific sSiRNA which
targets PCSK9 mRNA and blocks intracellular PCSK9 synthesis in the liver, as
opposed to monoclonal antibodies against PCSK9 which block circulating protein
(Fig. 1).

Preclinical studies have shown that a siRNA targeting PCSK9 (ALN-PCS) was
effective in reducing plasma PCSK9 and LDL-C levels (Frank-Kamenetsky et al.
2008), and in healthy volunteers, a single intravenous dose of ALN-PCS showed a
mean 70% reduction in circulating PCSK9 plasma levels and a 40% reduction in
LDL-C levels (Fitzgerald et al. 2014).

Inclisiran (ALN-PCSsc) is a siRNA against PCSK9 conjugated to triantennary
N-acetylgalactosamine carbohydrate structure allowing the compound to be
recognized by the hepatic asialoglycoprotein receptors, which is selectively
expressed in hepatocytes, thus resulting in a specific liver uptake. In healthy
volunteers, inclisiran induced a dose-dependent reduction of plasma PCSKO9 levels
(up to 83.8%) and LDL-C levels (up to 59.7%) (Fitzgerald et al. 2017). The ORION
clinical program was started to test the efficacy and safety of inclisiran in people with
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atherosclerotic CVD and elevated LDL-C levels despite the maximum tolerated dose
of LLT, as well as in patients with FH. In the phase 2 trial ORION-1, conducted in
patients at high CV risk with elevated LDL-C levels treated with the maximum
possible dose of a statin with or without additional LLT, individuals received a
single dose or two doses (at days 1 and 90) of inclisiran or placebo (Ray et al. 2017).
Inclisiran dose-dependently reduced PCSK9 and LDL-C levels (Ray et al. 2017). At
day 240, both PCSK9 and LDL-C were significantly lower than at baseline in all
inclisiran regimen groups (Ray et al. 2017). The rate of adverse events was similar in
inclisiran and placebo groups, and also injection site reactions were rare and similar
to those reported with monoclonal antibodies (Ray et al. 2017; Leiter et al. 2019).
The treatment with inclisiran every 6 months resulted in durable LDL-C level
reductions over 1 year (Ray et al. 2019b). The ORION-3 study is an ongoing
open-label extension study of ORION-1 comparing the effect of long-term dosing
of inclisiran or evolocumab administration; inclisiran will be administered on day
1 and every 180 days thereafter for up to 4 years (NCT03060577). The interim
results showed a favorable safety and tolerability profile for inclisiran, with infre-
quent, mild, and transient injection site reactions, and no evidence of myalgias or
liver or renal adverse events that were related to inclisiran. A robust LDL-C
reduction was observed (51% in all patients), and the time-averaged response
showed no loss of effect over 3 years (Kastelein 2019).

The phase 3 trials ORION-9, ORION-10, and ORION-11 were designed to assess
the efficacy and safety of inclisiran in HeFH, ASCVD, and/or risk equivalent
patients with stable LLT. The ORION-9 showed that LDL-C were reduced by
50% at day 210, time-averaged percent change of LDL-C days 90-540 was 45%,
and a durable and potent LDL-C-lowering effect was observed over 18 months,
independent of the FH genotype; the rate of adverse events was comparable among
groups (Raal et al. 2020). Similar effects were reported in the ORION-10 and
ORION-11 trials, with prespecified exploratory analysis on CV events showing a
lower rate in patients treated with inclisiran compared to placebo (Ray et al. 2020).
Inclisiran has been also tested in four HoFH patients in the ORION-2 pilot study,
showing a persistent PCSK9-lowering effect independent of the specific mutation
and an LDL-C-lowering effect related to the severity of mutation (maximum —43%)
(Raal 2019). The ORION-5 trial (NCT03851705) is evaluating the effect of placebo
or inclisiran in 45 HoFH patients in a 6-month double-blind period, and then all
patients will receive inclisiran during an 18-month open-label follow-up period; the
study is expected to end June 2021.

The ongoing ORION-4 aims to assess whether PCSK9 inhibition by inclisiran
300 mg safely lowers the risk of major atherosclerotic cardiovascular events in
>15,000 patients with pre-existing ASCVD during a median treatment duration of
5 years (NCT03705234). Estimated primary completion date is December 2024.


https://clinicaltrials.gov/ct2/show/NCT03060577?term=orion-3+inclisiran&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03851705
https://clinicaltrials.gov/ct2/show/study/NCT03705234
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4.2 Bempedoic Acid

Bempedoic acid is a new drug that inhibits the synthesis of cholesterol by inhibiting
the activity of ATP citrate lyase (ACLY), the enzyme catalyzing the transformation
of citric acid into oxaloacetate and acetyl-CoA (Fig. 4). The inhibition of ACLY, by
blocking cholesterol biosynthesis, results in an increased hepatic expression of the
LDL receptor (Pinkosky et al. 2016) and a consequent reduction in the circulating
levels of LDL-C. Based on these observations, targeting ACLY activity appears to
be a promising approach to lower LDL-C levels. A recent Mendelian randomization
study, comparing variants in ACLY gene (mimicking the effect of bempedoic acid)
with variants in HMGCR gene (mimicking the effect of statins), seems to suggest
that inhibiting ACLY translates into cardiovascular protection (Ference et al.
2019b); in fact, the reduction of the risk of major cardiovascular events for each
decrease of 10 mg/dL in LDL-C levels was similar for genetic variants that mimic
bempedoic acid or statin activity (Ference et al. 2019b).

Bempedoic acid is a pro-drug, which is converted into its active form by a hepatic
enzyme not expressed in skeletal muscle (very-long-chain acyl-CoA sinthetase-1,
ACSVL1), which should reduce the potential risk of muscle-related adverse events
and may thus represent an important approach in patients intolerant to statins.
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Fig. 4 Mechanism of action of bempedoic acid. Bempedoic acid inhibits cellular cholesterol
biosynthesis by blocking the activity of ATP citrate lyase (ACLY), an enzyme upstream of
hydroxymethylglutaryl-CoA reductase (the target of statins). Therefore cells upregulate the expres-
sion of the LDLR to compensate for reduced cholesterol biosynthesis. A specific enzyme, ACSVLI
(very-long-chain acyl-CoA sinthetase-1), expressed in the liver but not in other peripheral tissues,
converts bempedoic acid into the active form thus conferring hepatoselectivity to the drug
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Bempedoic acid was also reported to activate the AMP-activated protein kinase
(AMPK) subunit betal (Pinkosky et al. 2013), however this subunit appears to be
less relevant in humans, and therefore whether bempedoic acid positively impact
carbohydrate metabolism in humans remains to be demonstrated.

Bempedoic acid dose-dependently lowered LDL-C levels up to 27% in
hypercholesterolemic patients, independent on their TG levels (Ballantyne et al.
2013). Non-HDL-C and apoB levels and LDL particle number were also signifi-
cantly reduced (Ballantyne et al. 2013). Hypercholesterolemic patients with type
2 diabetes showed an even greater LDL-C reduction following the treatment with
bempedoic acid (—43%) (Gutierrez et al. 2014). The treatment with bempedoic acid
did not result in a worsening of glycemic control, which is another relevant concern
associated with statin therapy (Gutierrez et al. 2014). Two studies have specifically
evaluated the effect of bempedoic acid in hypercholesterolemic patients intolerant to
statins. One study reported a 32% LDL-C level reduction after 8 weeks of treatment
(vs a —3.3% with placebo), with an incidence of muscle-related adverse events
similar in the two groups (Thompson et al. 2015). In another study, bempedoic acid
alone reduced LDL-C levels up to 30%, compared with a 21% reduction observed
with ezetimibe; the greatest reduction was observed in patients treated with the
combination bempedoic acid+ezetimibe that also improved the levels of other lipids
(43-48%) (Thompson et al. 2016). These reductions were similar in statin-tolerant
and statin-intolerant patients, and frequencies of muscle-related adverse events were
low in all treatment groups (Thompson et al. 2016).

In patients with persistently elevated LDL-C despite a background statin therapy,
bempedoic acid induced a significant LDL-C reduction compared with placebo
(17%-24% vs 4%), but muscle-related adverse events had similar frequencies in
all groups (Ballantyne et al. 2016). Similar results were obtained in patients treated
with bempedoic acid added to high-dose atorvastatin background therapy, who
showed a 22% LDL-C level reduction compared with placebo and an overall
improved lipid profile (Lalwani et al. 2019). In this study, the addition of bempedoic
acid to atorvastatin background therapy resulted in an increased exposure (<30%) to
atorvastatin, which is suggestive of a weak interaction between the two drugs likely
without clinical relevance (Lalwani et al. 2019). The results of these studies suggest
that bempedoic acid, alone or in combination with ezetimibe, may represent a
valuable approach for the treatment of hypercholesterolemic patients, including
those intolerant to statins.

The phase 3 CLEAR program (Cholesterol Lowering via Bempedoic Acid, an
ACL-Inhibiting Regimen) includes five studies, four of which have been completed.
The CLEAR Harmony and the CLEAR Wisdom studies showed 12.6 and 17.4%
LDL-C level reductions in patients with high LDL-C despite receiving maximum
tolerated LLT; both studies showed similar incidence of adverse events (Goldberg
et al. 2019; Ray et al. 2019a). The CLEAR Serenity study evaluated the effect of
bempedoic acid or placebo in patients with a history of intolerance to at least two
statins, showing a significant reduction in LDL-C levels (—23.6% vs —1.3% with
placebo) and other lipid parameters, with similar incidence of adverse events in the
treatment groups (Laufs et al. 2019). Similar results were obtained in the CLEAR
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Tranquility trial, which showed that bempedoic acid in combination with ezetimibe
further reduced LDL-C levels compared with ezetimibe alone (28.5%) in statin-
intolerant patients, with safety profiles comparable between treatment groups
(Ballantyne et al. 2018). An ongoing study (CLEAR Cardiovascular Outcomes) is
evaluating whether treatment with bempedoic acid treatment reduces the risk of
cardiovascular events in patients at high cardiovascular risk with statin intolerance.
The results of this study are expected for 2022.

5 The Future of Cholesterol Lowering
5.1 ANGPTL3-Lg,

Angiopoietin-like 3 (ANGPTLS3) is an endogenous inhibitor of LPL and endothelial
lipase (EL), two enzymes playing an important role in lipoprotein metabolism (Tikka
and Jauhiainen 2016). Individuals carrying LOF mutations in the ANGPTL3 gene
have lower levels of TG and LDL-C and a significantly reduced CV risk (Dewey
et al. 2017; Stitziel et al. 2017; Tarugi et al. 2019). In agreement with this observa-
tion, the analysis of plasma levels of ANGPTL3 showed that subjects in the lowest
ANGPTL3 level tertile have a significantly reduced risk of myocardial infarction
compared to subjects with levels in the highest tertile (Dewey et al. 2017; Stitziel
et al. 2017). Based on these observations, ANGPTL3 has been suggested as a
possible pharmacological target for the treatment of mixed hyperlipidemias, and
for FH patients, due to its cholesterol-lowering effect which is independent of LDLR
(Wang et al. 2015). Two different strategies are under investigation to inhibit
ANGPTL3: a monoclonal antibody (evinacumab) and an antisense oligonucleotide
(ASO, ANGPTL3-Lgy) (Fig. 5), both reducing plasma LDL-C and TG levels.

Evinacumab is a fully human monoclonal antibody targeting ANGPTL3 able to
reduce LDL-C (up to 23%) and TG (up to 76%) levels in healthy volunteers (Dewey
etal. 2017). When tested in HoFH patients, including two null homozygotes and one
compound heterozygote with two null alleles, evinacumab added to ongoing LLT
further reduced LDL-C levels by 49% (Gaudet et al. 2017). Recently, a phase 3 trial
confirmed that evinacumab halves LDL-C levels in HoFH patients independent of
the causative mutation, with 47% of patients achieving LDL-C levels <100 mg/dL
(http://www.prnewswire.com/news-releases/regeneron-announces-positive-topline-
results-from-phase-3-trial-of-evinacumab-in-patients-with-severe-inherited-form-
of-high-cholesterol-300901035.html). Ongoing studies are assessing, alongside the
lipid-lowering effect, the safety and long-term tolerability (up to 192 weeks) of
evinacumab therapy in HoFH patients and the potential development of anti-drug
antibodies. Evinacumab is also tested in patients with HeFH or non-FH but with a
history of atherosclerotic cardiovascular disease with LDL-C levels persistently
elevated despite receiving maximally tolerated LLT.

ANGPTL3-Lg, is an antisense oligonucleotide containing three GalNac residues
to promote the specific recognition by hepatic ASGPRI1 receptors (Graham et al.
2017). In preclinical studies, the treatment with ANGPTL3-Ly, significantly


http://www.prnewswire.com/news-releases/regeneron-announces-positive-topline-results-from-phase-3-trial-of-evinacumab-in-patients-with-severe-inherited-form-of-high-cholesterol-300901035.html
http://www.prnewswire.com/news-releases/regeneron-announces-positive-topline-results-from-phase-3-trial-of-evinacumab-in-patients-with-severe-inherited-form-of-high-cholesterol-300901035.html
http://www.prnewswire.com/news-releases/regeneron-announces-positive-topline-results-from-phase-3-trial-of-evinacumab-in-patients-with-severe-inherited-form-of-high-cholesterol-300901035.html
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Fig. 5 Mechanism of action of antisense oligonucleotides. ANGPTL3-Lrx and APOA(a)-Lrx are
antisense oligonucleotides containing three GalNac residues which promote the specific recognition
by hepatic ASGPR receptors. Once internalized, they inhibit protein synthesis of ANGPTL3 or apo
(a), respectively, by binding the corresponding mRNAs and inducing their degradation

reduced ANGPTL3 protein levels, which translated into a reduction of plasma TG
and LDL-C, hepatic TG content, progression of atherosclerosis, and improvement of
insulin sensitivity (Graham et al. 2017). In healthy subjects with elevated TG levels,
ANGPTL3-Lgyx produced a dose-dependent reduction in circulating levels of
ANGPTL3 (47-84%), TG (33-63%), LDL-C (1.3-33%), VLDL-C (28-60%), and
apoCIII (19-59%) (Graham et al. 2017). No serious adverse events were reported
during treatment, and no evidence of pro-thrombotic effects, bleeding episodes, and
reduction of platelet count was reported compared to ASOs of previous generations
(Graham et al. 2017).

6 Conclusions

In the last decade, several novel therapeutic approaches have been tested and some
approved for reducing plasma lipids and lipoproteins. Some drugs are already
available in clinical practice; others are at late stages of development. From a
pharmacological perspective, in addition to statins, bempedoic acid was shown to
produce an effective inhibition of cholesterol biosynthesis in the liver, while other
molecules inhibit cholesterol absorption in the intestine (ezetimibe), inhibit
lipoproteins synthesis in the liver and the intestine (lomitapide), or promote lipopro-
tein catabolism (PCSK9 inhibitors or ANGPTL3 inhibitors). Interest is also
emerging on the possibility to target Lp(a).
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The new technology of antisense oligonucleotides and small interfering RNAs
has clearly opened a fast track for drugs targeting pathways likely to be causal to
CVD. The availability of these approaches will definitely improve the management
of dyslipidemias, particularly hypercholesterolemias.
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Abstract

Atherosclerosis is a multifactorial vascular disease that develops in the course of a
lifetime. Numerous risk factors for atherosclerosis have been identified, mostly
inflicting pro-inflammatory effects. Vessel injury, such as occurring during ero-
sion or rupture of atherosclerotic lesions triggers blood coagulation, in attempt to
maintain hemostasis (protect against bleeding). However, thrombo-inflammatory
mechanisms may drive blood coagulation such that thrombosis develops, the key
process underlying myocardial infarction and ischemic stroke (not due to embo-
lization from the heart). In the blood coagulation system, platelets and coagula-
tion proteins are both essential elements. Hyperreactivity of blood coagulation
aggravates atherosclerosis in preclinical models. Pharmacologic inhibition of
blood coagulation, either with platelet inhibitors, or better documented with
anticoagulants, or both, limits the risk of thrombosis and may potentially reverse
atherosclerosis burden, although the latter evidence is still based on animal
experimentation.

Patients at risk of atherothrombotic complications should receive a single
antiplatelet agent (acetylsalicylic acid, ASA, or clopidogrel); those who survived
an atherothrombotic event will be prescribed temporary dual antiplatelet therapy
(ASA plus a P2Y 12 inhibitor) in case of myocardial infarction (6-12 months), or
stroke (<6 weeks), followed by a single antiplatelet agent indefinitely. High risk
for thrombosis patients (such as those with peripheral artery disease) benefit from
a combination of an anticoagulant and ASA. The price of gained efficacy is
always increased risk of (major) bleeding; while tailoring therapy to individual
needs may limit the risks to some extent, new generations of agents that target less
critical elements of hemostasis and coagulation mechanisms are needed to main-
tain efficacy while reducing bleeding risks.

1

Keywords

Anticoagulants - Antiplatelet therapy - Aspirin - Atherosclerosis -
Atherothrombosis - Clopidogrel - Coagulation - Platelets - Thrombosis

Atherogenesis and the Role of Blood Coagulation
Components

Atherosclerosis is a multifactorial vascular disease that develops in the course of
a lifetime. Numerous risk factors for atherosclerosis have been identified, mostly
inflicting pro-inflammatory effects, hence, the term “chronic inflammatory disease”
(Ross 1999). The blood coagulation system has a primary role in maintaining
hemostasis, preventing fatal bleeding (Spronk et al. 2003a). A second function
relates to wound healing in a broader sense. Blood coagulation becomes activated
in response to any vascular injury causing contact between the vascular matrix
and/or cells with blood. This clotting process likely is meant to seal the wound
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surface and help to repair the underlying wound bed. Platelets, coagulation, and
fibrinolysis factors, as well as fibrin are key elements in this wound healing
process, and the administration of some of these components (platelets, fibrinogen)
is also studied in clinical trials on wound healing of the skin (Hoffman 2018;
Opneja et al. 2019). In the vasculature, pro-atherogenic changes of the vascular
endothelium, involving endothelial cell (EC) activation, dysfunction, or damage
(exposing subendothelial matrix), trigger the coagulation system in an attempt to
vascular wound healing.

1.1 Blood Coagulation: Impact on Vascular Endothelial Cells

The blood coagulation system consists of different pathways that together
provide the hemostatic plug or, in pathological situations, the thrombus. Platelets
and coagulation proteins act in concert to build the fibrin-platelet clot on top of the
damaged vessel wall, while the fibrinolytic system helps to limit clot formation
and acts to restore blood flow upon (partial) clot lysis.

In atherogenesis, early inflammatory endothelial perturbation (Gimbrone
Jr. and Garcia-Cardena 2016) may trigger activation of platelets that together with
leukocyte populations provide a first thrombo-inflammatory response to injury (Fig. 1)
(Messner and Bernhard 2014). Activation of platelets (but also other cells) yields
extracellular vesicles (EVs) that promote thrombo-inflammatory reactions, amplifying
fibrin formation (Badimon et al. 2017). Extracellular vesicles are particles that are
naturally released from nearly all kinds of cells; carry a cargo of proteins, RNA, and
lipids from the parent cell; and are thus considered to be key components in cell-cell
communication. Repeated and/or ongoing inflammatory pressure (endogenous factors
like oxidized lipoproteins, glycated end products, homocysteine, etc. and exogenous
factors like smoking and other sources of particulate matter) challenges the vascular
endothelium to become activated and permeable for inflammatory cells, lipids, and
other toxic components (Mozaffarian et al. 2008).

Disruption of the endothelial cell barrier is induced or aggravated by
pro-inflammatory cytokines, metalloproteases, and cellular enzymes like
elastase and trypsin as well as by the influence of coagulation serine proteases
like factor Xa and thrombin, acting on protease-activated receptors (PARs)
(Coughlin 2005; Posma et al. 2016; Ruf 2018). Physiologically, PARs are
expressed at the endothelial cell surface to mediate endothelial protective effects
of activated protein C (APC), through activation of PAR1 (Mosnier et al. 2012).
Besides activation of protein C, the thrombin-thrombomodulin (TM) complex
also converts plasma pro-carboxypeptidase B2 (proCPB2 or thrombin-activatable
fibrinolysis inhibitor, TAFI). Activated TAFI (TAFIa) inhibits plasmin formation
and hence stabilizes fibrin clots by inhibiting plasmin generation and fibrinolysis
(Fujiwara et al. 2012; Morser et al. 2010; Myles et al. 2003; Shao et al. 2015). TAFIa
also has anti-inflammatory properties including the inactivation of pro-inflammatory
mediators like bradykinin, anaphylatoxins C3a and C5a, and thrombin-cleaved
OPN (Myles et al. 2003; Naito et al. 2013; Nishimura et al. 2007; Relja et al.



106 R. H. Olie et al.

Physiologic Conditions Pro-Inflammatory Conditions

- inhibits plasmin > clotstabilisation
- antiinflammatory

1

Procoagulant

Ooo

TAFI TAFla

PS Exposure Inflammatory Pressure:
-ox LDL

-Homogysteine
External factors (Smoking)

O O - Glycated end products
| & 0®

o lla orXa
.

Collagen Diapedesis

Fig. 1 Interactions of platelets, leucocytes, coagulation factors, and vascular endothelial cells
in atherogenesis and atherothrombosis. Under physiologic conditions, thrombin (Ila) supports
endothelial cell integrity through endothelial cell-mediated APC and TAFIa generation. PARs
are expressed at the endothelial cell (EC) surface to mediate cytoprotective effects of APC
through activation of PAR1. APC is activated by the thrombin-thrombomodulin (TM) complex,
which also converts TAFI into activated TAFI (TAFla), which has anti-inflammatory properties.
Under pro-inflammatory conditions, several pro-inflammatory cytokines alter PAR expression
patterns and downregulate the protective cellular receptors like TM and EPCR. The result is
a shift to prothrombotic and offensive functions of PAR-EC interactions. Thrombin-induced
PARTI activation in combination with endogenous factors like smoking and oxidized lipoproteins
challenges the vascular endothelium to become permeable for inflammatory cells. Damage of
the endothelial layer results in exposure of highly reactive subendothelial proteins, such as collagen.
Under arterial shear stress, vVWF bound to collagen enables platelet adhesion via the glycoprotein
(GP)Ib-IX-V complex. Activation of platelets yields extracellular vesicles that promote thrombo-
inflammatory reactions, including attraction of leukocytes. Activated platelets deposit chemokines,
such as CXCL4 and CCLS, on the inflamed endothelium, thereby recruiting leucocytes,
which bind to platelets adhering to the (sub)endothelium. Platelets and leukocytes secrete
pro-inflammatory and pro-angiogenic factors that further support atherogenesis. Traces of thrombin
activate platelets through PAR1 and PAR4. These activated platelets provide a procoagulant
phosphatidylserine (PS)-rich surface on which coagulation factors can gather, ultimately leading
to the conversion of prothrombin (II) to thrombin (Ila). Thrombin-induced PAR activation
induces inflammatory damage to the vascular endothelium. EC endothelial cells, APC activated
protein C, PAR protease-activated receptor, EPCR endothelial cell protein C receptor,
TM thrombomodulin, TAFI thrombin-activatable fibrinolysis inhibitor, GP1b-1X-V glycoprotein
Ib-IX-V, vWF von Willebrand factor, CXCL4 chemokine ligand 4, CCL5 chemokine ligand
5, PS phosphatidylserine, EV extracellular vesicle

2013). This way, under physiologic conditions thrombin supports endothelial
cell integrity through endothelial cell-mediated APC and TAFIa generation.

Under inflammatory pressure, pro-inflammatory cytokines alter PAR expression
patterns and downregulate protective cellular receptors like TM and endothelial
cell protein C receptor (EPCR) (Esmon 1995, 2014). The result is a shift from
anticoagulant (and protective) to prothrombotic (and offensive) functions of
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serine protease-PAR-EC interactions (Fig. 1). In the case of PAR-1, the shift from
protective (APC induced) to inflammatory (thrombin induced) is referred to as
“biased” signaling (Griffin et al. 2015).

1.2 Platelets and Extracellular Vesicles

Mouse studies provide mechanistic insight in the pro-atherogenic functions
of blood components including platelets, EVs, and coagulation proteins.
Platelets and platelet-derived EVs are important messengers of various
mediators including microRNAs that modify inflammation and atherogenesis.
A range of studies provided evidence for involvement of EVs on various
key pathways in atherogenesis, including inflammation, calcification, and cell
trafficking (Badimon et al. 2017; Paone et al. 2019; Alique et al. 2018;
Bouchareychas and Raffai 2018; Miller et al. 2016). Ongoing research is addressing
ways to utilize some of these functions of EVs including transportation of
microRNA for potential therapeutic purposes in atherosclerosis (Yin et al. 2015).
Majority of EVs are platelet-/megakaryocyte-derived and contain cytokines,
RNA species, coagulation factors, etc. EVs can interact with, e.g., leukocytes
and regulate activity (Vasina et al. 2013).

Platelets roll and adhere to activated endothelium (Schulz and Massberg 2012).
Platelets promote the differentiation and activation of leukocytes (Lievens
and von Hundelshausen 2011). Activated platelets deposit chemokines, mainly
chemokine ligand 4 (CXCL4) and chemokine ligand 5 (CCLS), on the inflamed
endothelium, thereby recruiting leukocytes and exacerbating atherosclerosis
(von Hundelshausen et al. 2005; Huo et al. 2003). Also, secreted chemokines
attract leukocytes, which bind to platelets adhering to the (sub) endothelium.
Platelets and leukocytes secrete pro-inflammatory and pro-angiogenic factors
that further support atherogenesis (Semple et al. 2011). Multiple (receptor)
interactions between platelets-leukocytes and platelets-vessel wall have been
observed in inflammatory conditions such as atherosclerosis (Koupenova et al.
2018; Koenen 2016). Platelet-neutrophil interactions and the release of neutrophil
activation products including neutrophil extracellular traps (NETs) may also trigger
coagulation.

Cross talk between platelets and coagulation is another important mechanism
that operates at different levels. Traces of thrombin activate platelets through PAR1,
with PAR4 activation as a delayed, secondary mechanism. Activated platelets
provide a phosphatidylserine (PS)-rich surface on which coagulation reactions take
place (tenase and prothrombinase complex formation). Upon induction with
strong agonists such as a combination of thrombin and collagen, PS exposure
allows binding of Gla domain-containing coagulation factors which enhances
the activity of coagulation factor complexes. This procoagulant platelet response
is supported by the secretion of coagulation factors (prothrombin, Factor V,
Factor 8 transcript, Factor XIII, and fibrinogen) and modified by anticoagulation
factors (e.g., antithrombin, tissue factor pathway inhibitor (TFPI), protein S).
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Platelet-derived factor V may be an important determinant of local prothrombinase
formation, driving atherogenesis (Ren et al. 2017). Additional factors that are
secreted by platelets are tissue factor (TF) (the origin still somewhat controversial)
and protein disulfide-isomerase (PDI) that acts to de-encrypt TF in an active
conformation. Polyphospate (PolyP) is secreted that may activate factor XIL
Platelet-bound factor XI drives coagulation in an angiotensin-dependent manner
(Kossmann et al. 2017). Another mechanism that bridges platelets and coagulation
is by binding coagulation factors via the glycoprotein (Gp) complexes GPIb-V-IX,
GPIIb/Ia, and GPVI (Swieringa et al. 2018). Finally, platelets alter fibrin structure
(via regulating local thrombin concentration) and mediate clot contraction. This
process involves different platelet populations, including procoagulant platelets
that primarily stimulate fibrin formation in the periphery of the clot, associated
with clot contraction (Nechipurenko et al. 2019). In the course of this
process, thrombin-activated platelets become fragmented, a process that limits
further dissemination of activated platelets (Kim et al. 2019).

13 Antiplatelet Agents and Atherosclerosis

From the described thrombo-inflammatory mechanisms, one may infer that
platelet inhibition with antiplatelet medication could potentially attenuate
atherogenesis and atherosclerosis. In addition to the inhibition of thromboxane A2
(TXAZ2) production, aspirin (acetylsalicylic acid (ASA) being the active component)
increases platelet nitric oxide (NO) synthesis, protects NO from its inactivation,
and improves endothelial dysfunction (Russo et al. 2017). Aspirin also has anti-
inflammatory effects, but whether the doses used to prevent platelet aggregation
are sufficient to produce meaningful anti-inflammatory effects in humans remains
uncertain. In mice, low-dose aspirin improves vascular inflammation and stabilizes
plaques (Cyrus et al. 2002) or limits plaque severity, maybe related to reduced
fractalkine levels (Liu et al. 2010). In humans, aspirin has been shown to reduce
the levels of pro-inflammatory cytokines including interleukin (Il)-6 and monocyte
colony-stimulating factor (Ikonomidis et al. 1999) and to protect the endothelium
against inflammatory challenge (Kharbanda et al. 2002). In spite of these and other
possible protective effects, the net effect on human atherosclerosis remains uncertain
(Tousoulis et al. 2016). With regard to thrombosis, literature points to effects of
aspirin on fibrin clot formation and stability that may contribute to its antithrombotic
action (Gurbel et al. 2019).

Evidence for a role of the P2Y 12 receptor in atherogenesis comes from studies
in mice with a double apoE and P2Y12 deletion genotype that show reduced
lesion area, increased fibrous content at the plaque site, and decreased monocyte/
macrophage infiltration of the lesions in the double knockout animals as compared
to control apoEf/f mice (Li et al. 2012; West et al. 2014). The P2Y 12 inhibitor
clopidogrel reduced levels of p-selectin, e-selectin, monocyte chemoattractant
protein-1, and platelet-derived growth factor f, reduced macrophage and T-cell
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infiltration in atherosclerotic lesions, and delayed the development and progression
of de novo atherosclerosis (Heim et al. 2016).

In preclinical models clopidogrel attenuated atherosclerosis (Heim et al. 2016;
Afek et al. 2009; Takeda et al. 2012), although these protective effects were not
evident in other studies (Schulz and Massberg 2012; West et al. 2014). Similarly,
ticagrelor reduced the initiation of atherosclerosis in apoE '~ mice (Schirmer et al.
2012) although this effect was not observed by West et al. (West et al. 2014).
Discrepancies between the positive and negative studies may be related to drug
dose, timing, and duration of treatment (Nylander and Schulz 2016). Furthermore,
stabilization and reduced necrotic core were seen in mice with established plaques
at 20 weeks of age, for ticagrelor (Buchheiser et al. 2011).

1.4 Coagulation Proteases

Coagulation proteins are for the large part synthesized in the liver and secreted
in blood after posttranslational modification. Many of the proteins are zymogens
(or proenzymes) that require limited proteolysis to become fully active. It requires
one or more triggers like tissue factor (TF) and amplifiers like thrombin, to activate
a cascade response yielding fibrin formation at the sites of injury. The liver also
makes a series of anticoagulant proteins including antithrombin and protein C
that act to dampen the coagulation cascade physiologically. A fairly large number
of coagulation proteins are also expressed outside the liver; this can be constitutive
(like protein S that is for 50% synthesized in vascular EC; tissue factor pathway
inhibitor (TFPI) that is partially liver, partially megakaryocyte derived; factor VIII
from liver sinusoidal endothelial cells; TF expressed in fibroblasts of the arterial
adventitia) or inducible under conditions of inflammation: an example is production
of TF in blood leukocytes (monocytes/macrophages, neutrophils) and possibly
platelets, vascular smooth muscle cells (VSMC), and other cell types (Grover and
Mackman 2018). Other proteins like factor VII (Wilcox et al. 2003) and factor X
(Sanada et al. 2017) can be expressed by VSMC and fibroblasts. Proteins like factor
XI, XII, and prothrombin have been demonstrated in extravascular localizations
including atherosclerotic vessels, but whether these are deposited or locally
synthesized remains unknown (Borissoff et al. 2010; Wilcox 1994; Soardi et al.
1961). Of interest, coagulation enzymes including thrombin and aPC participate
in the control of hematopoiesis in the bone marrow (Nguyen et al. 2018), which may
be relevant for the response to stress situations including inflammation.

Within atherosclerotic lesions, coagulation proteins like TF and factors VII and X
contribute to form catalytic complexes driving thrombin and fibrin formation
(Borissoff et al. 2010). The local formation of fibrin and its split products are
modifiers of angiogenesis and cell trafficking within the plaques (Fay 2004;
Binder et al. 2017; Badimon and Vilahur 2014; Spronk et al. 2018). The important
role of plasminogen activator (receptor)-plasmin and plasminogen activator
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1 (PAI-1) system in regulating controlled proteolysis in atherosclerosis, with impact
on inflammation (Foley 2017), falls beyond the scope of this chapter.

In general, hypercoagulability and/or thrombophilia has a modest but detectable
effect on atherosclerosis, at least coronary artery disease (CAD), peripheral artery
disease (PAD), and other manifestations of atherosclerosis (Borissoff et al. 2012;
Kleinegris et al. 2013; Lowe and Rumley 2014). This association is not unequivocal,
and the lack of protective effect of specific coagulation deficiencies such as in
hemophilia, which is not associated with reduced burden of atherosclerosis,
argues against very strong influence of coagulation activity in human atherogenesis
(Biere-Rafi et al. 2012; Kamphuisen and ten Cate 2014). Nevertheless, evidence
from preclinical models is quite striking (Borissoff et al. 2011). Coagulation
proteases tend to aggravate atherogenesis toward atherosclerosis in mouse models
of atherosclerosis, mostly apoE~'~ mice, under pressure of a Western-type diet.
In these mice, any hypercoagulable effect introduced by backcrossing apoE ™'~ mice
on a specific mouse with increased procoagulant tendency such as factor V Leiden,
or TM P mutation, results in worsening atherogenesis. In contrast, mice with
a less procoagulant phenotype like FXI™~, FVII*'~, or some of the FVIII /™ traits
tend to be protected against atherosclerosis progression (Borissoff et al. 2011;
Shnerb Ganor et al. 2016; Mackman 2016).

Application of direct oral anticoagulants that inhibit thrombin (dabigatran)
or factor Xa (rivaroxaban) slows down atherosclerosis in apoE*/ ~ mice. At least
five of such studies document protection against progression of atherosclerosis,
including improved plaque stability, while on dabigatran (Lee et al. 2012; Kadoglou
et al. 2012; Borissoff et al. 2013; Pingel et al. 2014; Preusch et al. 2015).
One protective mechanism may involve the dabigatran-mediated attenuation of
pro-inflammatory M1 macrophages in the vessel wall, observed in Lldr~~ mice
(Feldmann et al. 2019).

Detrimental effects of dabigatran exposure have also been published; in a
diabetic rat model, dabigatran exposure caused increased platelet reactivity,
increased coronary lipid deposition, as well as increased PAR4 expression in vessels
(Scridon et al. 2019).

Rivaroxaban, the direct factor Xa inhibitor, also attenuates atherosclerosis in
apoE~~ mice (Zhou et al. 2011; Hara et al. 2015) or even reverses existing
atherosclerosis in apoE_/ ~ mice (Posthuma et al. 2019). Overall, most studies
suggest that applying direct oral anticoagulants (DOAC) in atherogenic mice
slows down but also stabilizes atherosclerotic lesions and alter the plaque phenotype
toward more (Borissoff et al. 2013) or sometimes less stability features (Seehaus
et al. 2009), the latter depending on age and sex and probably additional factors
like diet. The observed regression on rivaroxaban similarly showed diminished
instability markers, but the actual mechanisms explaining diminished plaque volume
on anticoagulation remain to be determined (Posthuma et al. 2019).

These proof-of-concept studies support important roles for coagulation
proteases FXa and thrombin in driving atherogenesis and altering the phenotype in
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different directions. Inhibiting factor Xa to actually reverse atherosclerosis in mice
raises many new questions regarding the underlying mechanisms of factor
Xa-mediated cell signaling and its impact on plaque progression/regression.
The protection is thought to involve reducing the impact of FXa and thrombin
on PAR1 and 2 activation, respectively. The importance of these PARs in
regulating atherosclerosis is emerging; recently, protection against atherosclerosis
in PAR27/™ x apoE_/_ mice was shown, associated with reduced activity of
nuclear factor-kB (NFxB)-regulated inflammation (Hara et al. 2018). However, the
importance of coagulation proteases as compared to other possible ligands remains
to be demonstrated.

2 From Atherosclerosis to Atherothrombosis

During atherogenesis there are different possible stages of atherothrombosis
development that could be characterized by combinations of acute or acute on
chronic thrombus formation. The occurrence of atherothrombosis is not a single
event in time; in series of autopsy studies, it was convincingly demonstrated
that coronary thrombi of all stages of development can be found in patients that
suddenly died (Kramer et al. 2010). These studies demonstrate that atherothrombosis
is part of an ongoing process with temporary, sometimes partial occlusions,
subsequent remodeling of thrombus and vessel, gradually changing the vessel wall
morphology, and affecting the lumen (Mastenbroek et al. 2015).

Atherogenesis and atherosclerosis may go through several stages of disease.
A first and early stage relates to “perturbation” of the vascular endothelium
(Nawroth et al. 1984; de Groot et al. 1987), referring to a state of endothelial
cell activation associated with a disturbance of the anticoagulant/procoagulant
balance, in a pro-inflammatory and thrombotic direction. It could be imagined
that this perturbation may in fact be a first trigger in specific types of arterial
thrombosis that may form in absence of visible atherosclerosis with sensitive
imaging of coronary arteries. A second, more frequent scenario is the formation
of a thrombus based on a damaged atherosclerotic plaque. Since long, two
fundamentally different scenarios, plaque erosion versus plaque rupture, are
recognized (Fuster et al. 1992a, b; Arbab-Zadeh et al. 2012).

While plaque rupture was previously recognized as the dominant pathophysio-
logic mechanism, recent studies suggest a gradual shift toward less plaque
rupture and persistently frequent plaque erosion. One hypothesis for this change
in time is declining impact of smoking and increased attention for and management
of cardiovascular risk factors (e.g., statins, smoking cessation) that might translate
into vascular protective effects and a more stable plaque phenotype (Quillard et al.
2017; Pasterkamp et al. 2017). Currently, about 30% of ST-elevation myocardial
infarction (STEMI) is thought to result from eroded plaque lesions (Libby 2013).

Although known for a long time and recognized also as a predilection site for
atherothrombosis in the aforementioned autopsy studies, erosion probably triggers
fundamentally different mechanisms than rupture of a vulnerable cap (Quillard
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et al. 2017). Plasma from patients with STEMI showed higher levels of epidermal
growth factor and thrombospondin-1 in patients with intact fibrotic cap versus those
with ruptured cap lesions, while interferon-inducible T-cell alpha chemoattractant
(I-TAC) was lower in coronary blood from intact cap lesion subjects (Chandran
et al. 2017). In thrombectomy specimens from these patients, - TAC mRNA
expression levels were markedly increased in patients with eroded lesions. Eroded
lesions are characterized by fewer inflammatory cells, abundant extracellular matrix,
and the presence of neutrophil extracellular traps (NETs). Eroded plaques contain
more myeloperoxidase (MPO)-positive inflammatory cells; MPO is a marker of
NETs. Patients with plaque erosion have more MPO in peripheral blood than
those with plaque fissure (Ferrante et al. 2010). In addition, components from
extracellular matrix including hyaluronan that interact with prohemostatic proteins
like fibrinogen, fibrin, and fibronectin are important erosion determinants (Pedicino
et al. 2018; Wight 2018). Inflammation and NETs may be complimentary
mechanisms to trigger blood coagulation toward thrombus formation. Ruptured
lesions typically express inflammatory cells, matrix containing oxidized lipids, and
subendothelial proteins from the matrix and on inflammatory cells, including
procoagulant tissue factor, factors VII and X, as well as platelets localizing and
activating proteins including von Willebrand factor (vWF), collagen, and
thrombospondin (Quillard et al. 2017; Pasterkamp et al. 2017). If, indeed, there
are fundamental differences in the phenotypes of eroded versus ruptured lesions,
it may be anticipated that thrombus formation also follows different pathways.
On the other hand, it has been suggested that the main difference between eroded
and ruptured plaque is the absence of direct contact between blood components
and the necrotic core (Badimon and Vilahur 2014). Better insight into the
mechanisms involved in atherothrombosis related to erosion or rupture of plaques
is important in order to tailor antithrombotic protection in a more mechanistically
founded direction. As will be discussed below, current antithrombotic management
does not yet consider such differences.

3 Antithrombotic Therapy: Clinical Principles
and Applications

3.1 Single Antiplatelet Agents: Mode of Action and Side Effects

Aspirin is the common name for acetylsalicylic acid, a compound that acts
by inhibiting prostaglandin synthesis in different cells; the relevant antithrombotic
effect is thought to be mostly based on inhibition of the cyclooxygenase-1
production of thromboxane A2 in platelets (Gresele 2002). It is prescribed at
doses between +75 and 325 mg od, mostly related to regional differences (higher
doses more common in the USA than Europe). Its intake results in irreversible
inhibition of platelet activation and aggregation. To achieve continued effect, daily
intake of aspirin is needed to suppress newly formed platelets, about 10% per day.

Clopidogrel is a prodrug that needs metabolization in the liver (Coukell and
Markham 1997). It is ingested as a single dose of 75 mg/day, and the active
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metabolite shows a large interindividual variation in blood. This variability is partly
explained by genetic polymorphisms encoding cytochrome P450 (CYP) 2C19, the
hepatic enzyme involved in biotransformation of the prodrug clopidogrel to its active
metabolite (Shuldiner et al. 2009). The active metabolite interferes with the binding
of ADP to the P2Y12 receptor. This pharmacodynamic variation translates into
variation in clopidogrel effectiveness after percutaneous coronary intervention
(PCI) (Mega et al. 2010; Sibbing et al. 2009). The interindividual variation in
response to clopidogrel, commonly known as clopidogrel “resistance,” was first
identified in patients with coronary disease, occurring up to 25% of cases in platelet
function testing (depending on the test used). Given the association between
clopidogrel high on-treatment platelet reactivity (HTPR) and increased incidences
of major adverse cardiovascular events (MACE), several studies addressed the
question whether dose adjustment based on platelet function testing would correct
this problem. Unfortunately, none of the studies demonstrated that test-based
adjusted clopidogrel dosing could improve clinical efficacy of such interventions
(Price et al. 2011; Collet et al. 2012). In part, the variation in clopidogrel activity is
“corrected” for by the development of more potent P2Y12 inhibitors with a more
predictable pharmacodynamic profile including prasugrel, ticagrelor, and cangrelor.

The principal side effect of aspirin is bleeding, and the regular use of aspirin
increases the risk of particularly gastrointestinal bleeding twofold (Garcia
Rodriguez et al. 2016). Risk factors for bleeding should therefore be taken
into account, including (recent) GI ulcer (H. pylori infection may be additional
factor), old age, and use of interacting medication including other antiplatelet
therapy (APT), NSAIDs, COX-2 selective inhibitors, oral anticoagulants, and
corticosteroids. In individual decision-making, balancing the pros (risk of
atherothrombotic complications) and the cons (mostly bleeding) needs to be
done, and certain decision support tools like the app “Aspirin Guide” can be helpful
in this regard. In general, the risk of GI bleeding with aspirin can be effectively
reduced with proton pump inhibitors (PPI), better than with histamine-2 receptor
antagonists (Mo et al. 2015; Szabo et al. 2017). Recently, a fixed-dose combination
of aspirin and omeprazole (Yosprala) was approved by the FDA, hoping that
the simultaneous intake of these agents would improve adherence by reducing
gastric side effects (Veltri 2018). Although clopidogrel does not interfere with
prostaglandins in gastric mucosal tissue, its use is also associated with an increased
risk of bleeding, of which GI bleeds are the most common type. The standard
use of PPI in patients on clopidogrel has been disputed; in fact there is evidence
that its concomitant use is associated with an increased risk of MACE (Bundhun
et al. 2017). Compared to clopidogrel, the newer and more potent P2Y 12 inhibitors
prasugrel and ticagrelor are associated with an increase in the risk of major bleeding.
These agents are generally not prescribed as single APT, although ticagrelor may
be used as single agent in selected PAD patients (Hiatt et al. 2017).
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3.2 Primary Prevention in the Population; Selecting the Right
Subject?

In patients with atherosclerotic vascular disease, antithrombotic medication has
been applied since the late 1950s of the past century. Traditionally, platelets
were regarded key players in atherothrombosis; hence much focus has been put
on antiplatelet agents, initially mostly aspirin. Given the efficacy/safety profile,
primary prevention with aspirin has been extensively studied. Recent studies
and meta-analyses of decades of large trials refute a major role for aspirin in primary
prevention. Exceptions may be subjects with diabetes in whom aspirin showed to
reduce the incidence of major vascular events including myocardial infarction,
at a price of increased major bleeding risk (Group ASC et al. 2018). Otherwise,
primary prevention with aspirin in apparently healthy subjects may require
additional risk factors like coronary calcification to yield sufficient net clinical
benefit. A recent discussion paper on the pros and cons of aspirin for primary
prevention in elderly subjects shows the jury is still out (McNeil et al. 2018a, b, c;
Fernandes et al. 2019).

3.3 Primary Prevention in Subjects with Atherosclerosis

Primary prevention (of MACE) with aspirin or other APT is warranted in all subjects
with symptomatic atherosclerotic disease, including angina, or symptomatic PAD. Here,
the risk/benefit ratio is clearly in favor of indefinite APT. In patients with any evidence of
coronary artery disease, indefinite single APT with aspirin is recommended. This policy
is adjusted in case of emerging interventions like PCI; see further.

Remarkably, aspirin was not better than placebo in patients with asymptomatic
lower extremity artery disease (LEAD), in spite of the fact that their mortality
is comparable to patients with symptomatic disease (Fowkes et al. 2010). In
symptomatic PAD, there is a certain preference for the P2Y 12 inhibitor clopidogrel
over aspirin, as the PAD subgroup in the CAPRIE trial that compared aspirin
with clopidogrel in subjects at high risk for cardiovascular complications showed
better antithrombotic efficacy for clopidogrel at comparable bleeding risk (Table 1)
(Committee 1996). However, both aspirin and clopidogrel are still used for this
indication. Stronger acting APT like ticagrelor may be used as alternative in patients
with PAD in case of failure, allergy, or “resistance” to aspirin or clopidogrel, based
on the EUCLID trial showing non-inferiority of ticagrelor versus clopidogrel
(Hiatt et al. 2017). Table 1 presents an overview of different therapeutic strategies
in symptomatic patients with stable CAD or PAD, referring to the large trials
supporting these strategies.

The principle of combining APT was established in the CURE trial, comparing
the efficacy and safety of aspirin plus clopidogrel with aspirin alone in the
secondary prevention of MACE in patients with coronary disease (Mehta et al.
2001). Since then, dual antiplatelet therapy (DAPT) has become a cornerstone
treatment in secondary prevention following PCI (see further). However, the



115

Antithrombotic Therapy: Prevention and Treatment of Atherosclerosis and. . .

sa1391ens onnaderay) JUIRYIP A JO suosLedwod peay-03-peay] U0 paseq Jou A[IeI[d ST pue sasA[eue-ejowl pue S[eL [edrul]d jo uonejardiaul sioyine
Q) UO paseq ST 9[qe) SIY], 'SAIPNIS JUAIJJIP Udamlaq d[qerreA A[y31y are sowodino Ajoyes pue Aoeoyje Arewrid jo uonruyap pue ‘sdnoig jonuod ‘uvonendod Apmg

[81] [81]

TS INIL-Z SOV SVILY TS IWIL-ZSDV SYILY (Sov-350d) "@’1'a 8w §°¢ ueqexoleAl + 1dva

[vT ‘€T] [vT ‘€T] vt ‘€T [eT]
05 INIL-d.ZVHL Y4 05 INIL-d,2VHL ™~ 05 INIL-d,2VHL = 05 IIIL-d.ZVHL KON Jexedelon + 14va / ukidsy
[ot-8] [ot] [ot] 68l
Iﬁ I2180pidop + updsy
(2] [2] [2] (2]
SSVAINDD v SSVAINDD 1t SSVNOD SSVAINOD 'Q’1'g 8w g uegexoleAry
[s] [s]
E[NTLA) 314V 19130pido|d

ASa1ens onnadesayy

syuaned qy) pue avd awo21no {(avd) awo1no {(ay)) aseasip
ul suonedljdwod Suipas|g aseasip Aape |esaydiiad ajqers Asape Areuouod ajqers

((8102) T& 12 31O
woiy pardepe) (qQvd) aseastp A1 reroydued pue (qyD) aseasip K10 Areuo1od yim sjuaned ul sa139)ens dnoquoIIIue JUaIdJJIp Sunen[eAd saipms | ajqel



R. H. Olie et al.

116

(panunuod)

008-T6L1:(61)TLESTOT 'PON

[ [Sug N ‘uonorejur [erpredoAw Joud ym sjuened ur 10[o13eon JO 9sn WI)-3UOT ‘Te 10 ‘DF uasuaf ‘I A210)S ‘DJ 39S ‘N uoyo)D “IJ Neyq ‘JIN eoeuoq 11
102-261:(2)0€:600T

‘[ MedH Ing ‘Tel VINSTYVHD oy} ur aseasip feuoie [exoyduad yim syuaned D sioesSnsoau] ‘v Jesear) ‘rg [odo], ‘Od 391§ “1d neyq ‘dd qnose)d 0]
L6—68T:($)L:L00T "S3nI 9SeAOIpIR)) [ WY "S[EL) PIZIWOPURI JO SISA[EUR-BIOUL B :9SBISIP

Ie[NoseAOIpIed M syuaned ur sowodno jueroduwr uo [2130p1dord Jo 309)30 [eruawaIou] I eyq ‘H zoynoy ‘S [e33ng ‘rq rueyquny] ‘vy Aiaeq ‘I, UOI[H "6
LI=90LT:(9D¥SE900T "PRIN [ [SUH N "$IU2Ad

o10qUIOIYI0IAYIE Jo uonuaAald ay) Joj suofe undse snsioa uLindse pue [p13opidor) e 19 ‘G uspog “YH Moeld ‘dd 10819g ‘M ooeH VI Xod “Id veuqd ‘8
L10T "PAA [ [3ud N

*9seasI(] Je[noseAolpre)) 9[qelS ur uLdsy Inoylim Io iim UBQEXOIBATY [e 19 ‘O BYSAONBISAYS ‘DY MeH YO sreudde ‘[ yosog ‘(S A[[ouuo)) ‘A [ wooqayig ‘L
0r—2€:(1)9LELTOT PN

[ 1Sug N -eseasi(q A1ouy Teroyduog onewojdwiAS ur (2r3oprdor)) snsioA 10[a18ed1], T 10 ‘d PIOH ‘T Fewmaesumnegq ‘Sf 10310q ‘D) I9ZISH ‘D, SOMO] “YM WerH "9
6€-6CE1:(8€06)87€°9661 I20URT

“onuwo)) JulS Arddv) (HIYdVD) SIUQAL orwoeydst Jo ysu Je sjuoned ur urndse snsioa [13opido[o Jo [ewn ‘papullq ‘pIsTWIopuel Y ‘S 9NIUWOD) G
89-6S1:(2T69)S0E Y661 [INF "UONBIOR[[0D SISHELLL,

1eEednuy “Aderoy jeparerdnue £q Aouojed [euo)re 1o eI JR[NOSEA JO QduURUAUIRIN [[-Aderoy jo[ajerdnue Jo S[eL) pasTWOPURI JO MATAIOAO JATIBIOQR[[O)) “{
¥8-9LT:(£)19T*LO0T "PAIN UIW] [ "[BL PUIIG-O[QNOP ‘PIZIWOPUEI :9SBISIP [ELIALIE

rexoydued ynm syuoned 1sSuowre utndse £q SJUSAQ Ie[NISEA SNOLIAS JO UONUAARIJ ¥ 039 ‘D ulog ‘] oue[eie)) ‘D) ApniS UONUAILJ BIWRYDS] o [eonI)) "¢
61-6061:(81)10€:600C "VINV[ "S[BL} pazIitiopuer

Jo sisATeue-ejow e :9seasIp Axaure eroydurad yyim sjusned ur SJUSAD Je[NOSEAOIPIED JO uonudAald oy 10J uLdsy YA\ NeTH AL UOS[ONTY ‘[N ZIuery] ‘Sf 1o310g 7
98-1L:(6TELIYTETO0T “[INE "studned ysu ySiy

Ul 9Y0ISs pue ‘UoNdIBJUI [BIpIed0A W ‘Yreap Jo uonuaAald 10y Aderoy) Jo[ere[diue Jo s[eL) pasIOpUE] JO SISA[eUER-2)aW dARIOQR[[0)) *D) SISI[BLL], O0qUIOIYINUY " |
(8100) 'Te 12 1[0 woyy padepe d[qe,

Q0UQIQJAI "JAI ‘OWOIPUAS ATRUOIOD AINde OV ‘Aep ®

Q01M] “QIp UI SIq (7' ‘Istuodejue 3 urue)ia yYyA ‘Aderoy jo[are[dnue [enp 74V ‘SIU2A qUII 9SIOAPE JOfeW 7TV ‘SIUSAD JR[NOSBAOIPIRD 9SIOAPR Jofew 7OV
9[qeoridde jou Jo/pue S[qe[IRAE JOU I SI[NSAI 9SAY) JBY) 9)eIIPUI SOX0q AelD)

synsar A10301penuod sajedrpur (—/1)

Aderoypouow urridse 0) paredwod J03JJ0 [BIOYAUIQ OU SALIIPUT (—)

suoneor[dwod 3urpadq ur asearour Juons o) Jsapowr sajedrpur (|| ]]) 01 (])

ATVIN/ADVIA Ul 9sea109p uons 03 3sepowr sajedrput (1771) 031 (1)



117

Antithrombotic Therapy: Prevention and Treatment of Atherosclerosis and. ..

AVD Pue qQVd eNwoouod yim sjuaned uj,

Kderoyiouowr [a130pidofo 01 paredwoos 1ng Aderaypouow utdse yim uosLreduwiod 10a1Ip ONf,

86-881:(2)T'810T Isowaey

quoIy ], Joeld Sy "se13orens onnaderdyy mau 1oy suonedrdw :SISOQUOIYIOIYIL Ul WAISAS uone[n3eod oYy, ‘H AeD U], ‘[dd UoploN 1op uea ‘HY 210 ‘61
8—CLY:(P)TTTET0T TOTPIED [ WY (1S TNLL-C SOV SV'ILV WOI) dwoIpuks A1euoiod

QINOE UI SISOP UBQEXOIBALI OM]) JO A19Jes pue Aoeonjo o) jJo uosteduwio)) [e 19 ‘N BAUDI0D) ‘Y AONIWO[J ‘VS Aydinjy ‘S NOIAIA “H premunerg “J[ B3N 81
LT-LTT(E)LSELOOT "PAIN [ [SUH N oseastp [erropre [eroyduod

pue Adeioy) joreie[dniue pue jue[nSeoonue [RIQ [B 19 ‘f Wooq[ayIg ‘[ an3od ‘D 9IX ‘S Jnsnx ‘S pueuy ‘[ [BLLL, uonen[eAd Je[noseA jo[oie[dnuy uLeprem /1
TS—LPT:(E)ETE066T PO [ [SUH N "UONOIEJUT [EIPIESOAU I0)jE UONDIEJUTRI PUE AJ[ElIOW UO ULIRLIEA JO J09JJ0 3, T SW[OH ‘H USSAUIY ‘d (IS 9]
€0S—667:(9688)H€ 7661 12oueT “dnoiny yoreasay (LDAJSY) SISOquIOIY], AIBUOIOD) Ul SJUIAH JO UONUIAAI]

A1epu0d9g 9y} Ur sjuL[NSLOONUY "UOTOIRJUl [RIPIROOAW J)Je AJIPIQIOW JE[nOSeAOIpIEd pue AJI[eliow Uo juswiesl) jue[nSeoonue [e1o wiId)-3uof Jo 1001d ‘G
9-196 “6-CTST:(P1)LTI*E€10T UML) "G TINLL-d{$99139p}

TV Y.L woij synsar :9seasip A1ayre [eroydued yum sjuaned ur exedeiop e 19 I\ S1oq[oq ‘H Xneswreunog ‘f urjQ ‘N 125ea1) ‘g eouIoS ‘JIA eoeuoq ‘4]
€1-10r1:(S199ETIOT PPN

[ [SUF N "SIU9A? O1JOqUIOIYIOIYIE JO UonuaAald ATepuodas oy ur rexedeIo A T8 19 ‘N USH [V Aqre ‘S osHewy ‘JIA eoeuog ‘H plemunerq ‘v MOLOA ‘€]
87—61LT:(€2)L9910T "TOIPIED [[0D WY [ "oseasi(] K11y [eroyduod i

SjuaNed Ul UONOIRJU] [RIPIESOAIA IO SJUSAH OTWAYDS] JO UONUAIJ 0] I0[2ITeIL], ‘T8 19 ‘[ Jopny ‘A uayo)) ‘Dd S ‘I A2101§ I neyd ‘dIN eoeuoq "1

(ponunuod) | ajqey



118 R. H. Olie et al.

concept also triggered studies as to the potential benefits DAPT would offer in
patients with high-risk cardiovascular disease. Large trials like CHARISMA
(Bhatt et al. 2006) tested this concept, the outcome of which was however
negative in failing to show improved efficacy while increasing the bleeding risk.
Consequently, DAPT is not recommended in any patient for primary prevention of
MACE, unless there are subject-specific reasons for this more potent combination.

In PAD, in general, combined antiplatelet therapy does not add benefit to the
patient and increases bleeding risk; for this reason, it is only applied for short-term
use, e.g., after endovascular interventions (Hess et al. 2017). The use of oral
anticoagulants (mostly vitamin K antagonists) in therapeutic intensity is not
indicated in patients with PAD, except for those that underwent venous bypass
grafting (Dutch Bypass Oral Anticoagulants or Aspirin (BOA) Study Group
2000). The most recent regimen studied in patients with high-risk vascular disease,
including PAD, is the combination of an anticoagulant rivaroxaban 2.5 mg bd plus
low-dose aspirin, which reduced cardiovascular mortality as well as major acute
limb events in patients with PAD (patients with LEAD or carotid artery disease)
(Anand et al. 2018). From a mechanistic perspective, targeting platelets and the
plasmatic coagulation system seems rational, given the postulated pathophysiologic
mechanisms discussed above. Moreover, targeting FXa, herewith also inhibiting
the formation of thrombin, reduces the potential interactions between these
proteases and cellular PARs. Thus, vascular protective effects may be an additional
consequence of a strategy that includes an anticoagulant (although the clinical
evidence is still weak).

34 Secondary Prevention of Atherothrombosis in Patients
with Arterial Vascular Disease

Secondary prevention with APT, following myocardial infarction or ischemic stroke
(not due to cardiac embolism, thus including a spectrum of non-embolic strokes),
is straightforward and based on class 1A evidence.

Combined APT (dual (DAPT) antiplatelet therapy) is indicated in all
settings of acute coronary syndrome, with or without PCI with stent placement
(DAPT for 6-12 months, longer in selected cases) (Roffi et al. 2016; Authors/Task
Force et al. 2014; Amsterdam et al. 2014). In acute ischemic stroke, DAPT is only
indicated for a very limited duration, up to 6 weeks, due to the observed increased
bleeding risk (Wang et al. 2013; Johnston et al. 2018). Following these time
windows, single APT will be continued indefinitely, comprising of aspirin in
most patients with CAD and aspirin or, more commonly, clopidogrel in patients
after atherothrombotic stroke (Hackam and Spence 2019).

In most combined APT regimens, aspirin remains an element; in patients
with CAD, DAPT comprises aspirin plus a P2Y12 inhibitor, prasugrel or
ticagrelor (unless contraindicated clopidogrel, a weaker P2Y 12 inhibitor, is used
in combination with aspirin). Although the thienopyridine prasugrel is a prodrug
like clopidogrel, it only requires a single oxidation step to form its active metabolite,
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and it seems to be not affected by genetic variations in CYP enzymes. Compared
to clopidogrel its use is associated with an increase in the risk of major bleeding,
especially among those with age >75 years or body weight <60 kg, and is
contraindicated in patients with prior stroke (Wiviott et al. 2007). Ticagrelor, an
oral, direct acting, reversible P2Y12 receptor antagonist, provides faster and greater
platelet inhibition with less patient-to-patient variation (Wallentin et al. 2009).

Despite intensification of APT in recent years, an approximately 10% risk
for recurrent ischemic events at 1 year after coronary events still remains (Wiviott
et al. 2007; Wallentin et al. 2009). With blockade of the TXA?2 pathway and the
P2Y 12 receptor, platelets can still be activated by thrombin, via the PAR1 and PAR4
receptor on their surface (Olie et al. 2019). Vorapaxar is an orally administered,
competitive PAR1 antagonist that blocks thrombin-mediated platelet activation via
PARI, without inhibiting other modes of thrombin activity, such as fibrin formation,
protein C activation, and PAR4 activation. On top of standard antiplatelet therapy
(consisting of aspirin in almost all cases and a thienopyridine or dipyridamole in
a significant proportion), addition of vorapaxar led to significant reduction in rates
of ischemic cardiovascular events in patients with stable CAD or PAD, but at
the price of increased major bleeding, limiting its use in clinical practice (Morrow
et al. 2012). Non-platelet-mediated effects of PAR inhibition on the vascular
endothelium have been speculated on, since PARI is also present on endothelial
cells and VSMCs, where it mediates mitogenic effects (Posma et al. 2016).
Thus, PAR1 inhibition might be effective in reducing vascular remodeling and
consecutive progression of atherosclerosis.

In patients with atherosclerotic disease, oral anticoagulants were not routinely
applied until recently. One reason for not using anticoagulants was the assumption
that atherothrombosis primarily is a platelet-dependent phenomenon, given the
efficacy data of all APT trials. A second reason to refrain from anticoagulants
was the concern of cholesterol embolization that could follow anticoagulant-
associated instability and plaque rupture; however, the evidence for a causal effect
of anticoagulants is poor.

Early trials with vitamin K antagonists (van Bergen et al. 1994; Smith et al. 1990)
in CAD patients had provided proof of principle that inhibition of coagulation
may be of additional benefit in atherothrombotic disease, although in daily practice,
their use was practically abandoned due to markedly increased bleeding and more
effective protection by DAPT. Nonetheless, after the introduction of direct oral
anticoagulants (DOACS), the role of these anticoagulants in secondary prevention
of ischemic events was re-evaluated in several trials (Olie et al. 2018). Addition
of low-dose rivaroxaban (2.5 mg twice daily) on top of APT reduced major
adverse cardiac events both in patients with acute coronary syndrome (in the
ATLAS-ACS-2 TIMI 51 trial (Mega et al. 2012)) and in patients with stable CAD
or PAD (in the COMPASS trial (Eikelboom et al. 2017)). In COMPASS also
cardiovascular mortality was reduced in patients receiving the combination of
vascular doses of rivaroxaban (2.5 mg bd) and aspirin as compared to either
agent alone, which means a breakthrough in the efficacy of antithrombotic
management (Coppens et al. 2019).
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4 The Effects of Antithrombotic Therapy on the Vessel Wall
and Atherogenesis: Clinical Relevance?

Platelets are pivotal in atherogenesis, but the impact of antiplatelet agents beyond
inhibition of platelet activation and aggregation (including the procoagulant role
platelets play in catalyzing phospholipid-dependent coagulation reactions) remains
controversial. As discussed, low-dose aspirin may have local anti-inflammatory
effects in the vessel wall, but evidence for diminished atherosclerosis related to
aspirin intake is not present.

Human studies revealed several anti-inflammatory effects and reduction in
platelet CD40 ligand and CDG62, respectively, associated with clopidogrel (less
evident in those with clopidogrel “resistance”) and prasugrel, both thienopyridines
(summarized in (Nylander and Schulz 2016)). Ticagrelor had anti-inflammatory
effects including reduced formation of platelet-neutrophil aggregates in inflamma-
tion models and more profound reduction in Il-6 in a human sepsis model as
compared to clopidogrel, suggesting that stronger inhibition of the P2Y12 receptor
(ticagrelor) may provide greater anti-inflammatory effect (Nylander and Schulz
2016). Off-target effects of ticagrelor on endothelial function and vascular
biomarkers have been speculated on, but a recent study comparing ticagrelor to
prasugrel and clopidogrel found no evidence for any non-platelet-mediated
effects in post-acute coronary syndrome patients (Ariotti et al. 2018).

The previous generation of oral anticoagulants, the vitamin K antagonists
(VKA), has defined effects on the vasculature due to inhibition of carboxylation of
specific vitamin K-dependent proteins like matrix Gla protein, a protein involved
in the inhibition of both medial and intimal calcification. Ample mouse studies
support these effects, where VKA rapidly induces calcification that can be partially
prevented by additional vitamin K administration (Spronk et al. 2003b). Whether
the VKA achieved inhibition of FXa and thrombin generation also in part
affects atherosclerosis remains difficult to dissect, because of the overwhelming
effect of calcification. Whether VKA affects plaque stability in humans is still
uncertain. Observational studies suggest more plaque instability in patients on
VKA due to intraplaque hemorrhage particularly upon prolonged exposure and
higher intensity of anticoagulation (Mujaj et al. 2018; Li et al. 2014). However,
in the Rotterdam study, the effects were comparable for anticoagulants (VKA)
and aspirin, so the specificity and causal contribution of anticoagulation versus
antiplatelet effects remain unproven. More direct evidence for effects of inhibiting
coagulation protease needs to come from studies with DOACs. Two studies that
either randomized patients to rivaroxaban or warfarin (Lee et al. 2018) or performed
propensity score matching yielding three populations that used DOAC, warfarin,
or no anticoagulants (Plank et al. 2018) were recently published. Both studies
show diminished calcification and less instability features in patients on DOAC
versus VKA. These somewhat preliminary data seem to point to a possibly favorable
impact of DOAC (hence, FXa/thrombin inhibition) on atherosclerosis and the
vessel wall.
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5 Novel Antiplatelet and Anticoagulant Targets

In spite of the available array of antithrombotic agents, there is still a need for further
improvement. One of the critical downsides of all antithrombotic agents is a risk
of bleeding, linked to the potency of the drug. Thus, more effective antiplatelet
agents like prasugrel or ticagrelor will generally inflict more bleeding risk than the
less potent P2Y 12 inhibitor clopidogrel. Combinations of APT like in DAPT or even
triple therapy will also show increased bleeding risk as compared to single agents.
Although the current class of DOAC has a better safety profile with regard
to intracranial bleeding as compared to VKA, there is still a substantial risk of
other clinically relevant bleeding complications, including gastrointestinal bleeds.
Combined anticoagulant and APT therapy also has increased bleeding potential,
and even the relatively low doses of rivaroxaban in the COMPASS regimen,
combined with aspirin, increase the risk of major bleeding (Eikelboom et al. 2017).
With existing antiplatelet drugs, a therapeutic ceiling seems to be reached,
whereby increased potency is offset by elevated bleeding risk. Ongoing research
on developing new antiplatelet drugs therefore focuses on identifying targets
that inhibit thrombosis while maintaining hemostasis. Developing thrombi at sites
of endothelial injury are now known to be composed of two distinct regions:
the hemostatic plug (composed of highly activated platelets and rich in fibrin)
and the propagating platelet thrombus (composed of platelets in a low activation
state) (Stalker et al. 2013). The latter region of the propagating thrombus is regulated
by phosphatidylinositol 3-kinase-p (PI3Kp), glycoprotein (GP)IIb/Illa outside-in
signaling, and activation of protein disulfide-isomerase (PDI). Inhibition of these
factors that regulate thrombus propagation seems to protect against thrombotic
occlusion while preserving hemostasis. Therefore, novel agents include PI3Kf
inhibitors, PDI inhibitors, conformation-specific targeting of activated GPIIb/IIIa,
and selective inhibition of GPIIb/Illa outside-in signaling (McFadyen et al. 2018).
Other candidate drugs include inhibitors of the GPIb-vWF axis, novel PARI1
and PAR4 inhibitors, and blockade of platelet GPVI-mediated adhesion pathways.
The GPIb-IX-V receptor binds to vWF during injury and under conditions of
high shear stress, allowing early platelet adhesion to the subendothelium.
Therefore, various inhibitors of this axis have been developed. Although two
antibodies against vVWF (ARC1779 and caplacizumab) have demonstrated to have
antithrombotic effects, their development has been halted owing to an increased
incidence of bleeding (Markus et al. 2011; Muller et al. 2013). However, additional
agents, directly targeting GPIb or the vWF binding domain, are under development.
As discussed, the use of the currently available PAR-1 antagonist vorapaxar is
limited by substantially increased rates of bleeding. Besides orthosteric antagonists
like vorapaxar, another class of PARI inhibitors, called paramodulins, has been
developed. These target the cytoplasmic face of PARI1, contrary to blocking the
ligand-binding site like vorapaxar, which inhibits all signaling downstream of
the PARI1 receptor. This may allow paramodulins to selectively block platelet
and endothelial cell activation mediated by PAR1 while maintaining the
cytoprotective signaling pathways in endothelial cells (Aisiku et al. 2015). As
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thrombin activates platelets via both PAR1 and PAR4, also the PAR4 receptor
is currently under investigation as a target for platelet antagonism (McFadyen
et al. 2018). Another promising target is the interaction between GPVI and collagen.
The observation that GPVI is platelet-specific, in combination with the fact
that patients with GPVI deficiency usually suffer from only a mild bleeding
phenotype, has led to strategies targeting GPVI. Phase II trials, studying the anti-
GPVI agent Revacept in patients with stable CAD and symptomatic carotid stenosis,
are currently underway (Majithia and Bhatt 2019).

In recent years, the contribution of the proteins of the contact system (factors
VI, IX, XI, and XII, prekallikrein, and high-molecular-weight kininogen) to the
process of atherothrombosis has gained more attention. Factor XII-deficient
humans have a normal hemostatic capacity, while animal models have revealed an
important role of factor XIla-driven coagulation in arterial thrombosis (Kuijpers
et al. 2014). Furthermore, factor XIla contributes to inflammation through the
activation of the inflammatory bradykinin-producing kallikrein-kinin system
(Nickel et al. 2017; Long et al. 2016). Thus, pharmacological inhibition of factor
XII(a) may not only be a safer therapeutic strategy (by inhibition of thrombosis
while preserving hemostasis) but also has additional beneficial anti-inflammatory
and anti-atherogenic effects. Currently, factor XII(a) and its activator polyphosphate
are being studied as potential targets for prevention of thrombosis. However, factor
Xlla also stimulated the fibrinolytic pathway (Long et al. 2016), and inhibition
may thus have potential prothrombotic side effects. Moreover, when thrombosis
is initiated by TF exposure, small amounts of thrombin generated by extrinsic
tenase have the potential to activate FXI, thereby bypassing FXII inhibition.
Therefore, FXI inhibition may be a better target than FXII inhibition. Furthermore,
besides attenuation of coagulation, factor XI deprivation has also been shown
to slow down atherogenesis in apoE/factor XI double knockout mice (Shnerb
Ganor et al. 2016). Several potential strategies to target FXI are currently under
investigation, including antisense oligonucleotides (ASOs) that reduce hepatic
synthesis of FXI, monoclonal antibodies that suppress FXIa generation and inhibit
FXIa activity, and aptamers that block the binding site and small molecules that bind
reversibly to the active site of FXIa and inhibits its activity (Weitz and Chan 2019).
Clinical phase 2 studies with FXI-directed ASOs, monoclonal antibodies against
FXIa, and an oral FXIa inhibitor have been performed (Buller et al. 2015) or are
currently underway (Weitz and Chan 2019).
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Abstract

Triglycerides are critical lipids as they provide an energy source that is both
compact and efficient. Due to its hydrophobic nature triglyceride molecules can
pack together densely and so be stored in adipose tissue. To be transported in the
aqueous medium of plasma, triglycerides have to be incorporated into lipoprotein
particles along with other components such as cholesterol, phospholipid and
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associated structural and regulatory apolipoproteins. Here we discuss the physi-
ology of normal triglyceride metabolism, and how impaired metabolism induces
hypertriglyceridemia and its pathogenic consequences including atherosclerosis.
We also discuss established and novel therapies to reduce triglyceride-rich
lipoproteins.
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1 Introduction

Interest in triglyceride-rich lipoproteins (TRLs) has for long been rather low, but
recent results demonstrating that TRLs are causally associated with atherosclerotic
cardiovascular disease (ASCVD) have generated major interest in these lipoproteins.
Hypertriglyceridemia is quite common today and approximately 25% of US adults
are estimated to have hypertriglyceridemia (triglyceride [TG] level > 1.7 mmol/L]).
TRLs are synthesized in the liver as very low-density lipoproteins (VLDL) and in the
intestine as chylomicrons. During lipolysis TRLs are converted to atherogenic
cholesterol-ester enriched lipoprotein remnant particles. Dysregulation of the normal
metabolism of TRLs leads to excess formation of these atherogenic lipoprotein
remnant particles (Chapman et al. 2011; Nordestgaard and Varbo 2014; Boren
et al. 2014; Dallinga-Thie et al. 2016). Since humans are postprandial most of the
day, we continuously generate atherogenic remnant particles. Consequently, the
continuous generation of remnants after each meal may be an important causal
risk factor for the development of atherosclerosis. Genetic studies have also
identified key regulators of the metabolism of TRLs and major emphasis is now
directed at evaluating their potential as novel candidate targets for dyslipidemia and
premature ASCVD risk (Dallinga-Thie et al. 2016). Here we discuss how TRLs are
synthesized and metabolized.

2 Hepatic Formation and Secretion of VLDL

The assembly of VLDL is a complex process and involves a stepwise lipidation of
apoB 100, the principal apolipoprotein on VLDL, in the liver (Olofsson et al. 2000;
Olofsson and Boren 2005). ApoB100 is a large protein consisting of one globular
N-terminal structure, two domains of amphipathic -sheets and two domains of
amphipathic a-helices (Segrest et al. 2001) ApoB differs from other apolipoproteins
in that it is highly hydrophobic. Therefore, it cannot equilibrate between different
lipoproteins but remains bound to the particle on which it was secreted into plasma.
Thus, every VLDL particle contains one molecule of apoB100. This is generally
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thought to be explained by the presence of antiparallel p-sheets with a width of
approximately 30 A, which form very strong lipid-binding structures (Segrest et al.
2001).

The lipidation cascade starts with a cotranslational transfer of triglycerides to
nascent apoB polypeptides during the assembly of nascent VLDL mediated by the
microsomal triglyceride-transfer protein (MTP) in the rough endoplasmic reticulum
(ER) (Fig. 1) (Boren et al. 1992; Rustaeus et al. 1998). The critical role of MTP in
VLDL assembly is demonstrated by the rare, autosomal-recessive disorder
abetalipoproteinemia. The disorder results from mutations in the gene encoding
the large subunit of MTP and is characterized by nearly a complete absence of
apoB-containing lipoproteins including VLDL. To date, over different 30 mutations
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Fig. 1 Assembly and secretion of apoBl100-containing lipoproteins. ApoB is synthesized and
translocated into the lumen of the endoplasmic reticulum (ER) (1). The growing nascent apoB
polypeptide is cotranslationally lipidated by the lipid transfer protein MTTP to form a partially
lipidated pre-VLDL particle (2). If apoB fails to be lipidated and acquire a correct protein folding
(3), it is sorted to posttranslational degradation (4). The triglyceride-poor pre-VLDL particle exits
the ER by Sar1/Copll vesicles that bud off (6) from specific sites on the ER membrane (Gusarova
et al. 2003). The vesicles fuse to form the ER Golgi intermediate compartment (ERGIC) (7), which
then fuses with the cis-Golgi (8). The triglyceride-poor particles are either secreted as smaller
VLDL, particles (9) or further lipidated (10) to form mature triglyceride-rich VLDL,; particles,
which are then secreted (11). The formation of triglyceride-rich VLDL, particles is highly depen-
dent on the presence of triglyceride-containing cytosolic lipid droplets. These lipid droplets are
formed as small primordial droplets from microsomal membranes (12) and increase in size by
fusion (13). The triglycerides within the droplets undergo lipolysis and are re-esterified (14) before
they lipidate the triglyceride-poor VLDL to form triglyceride-rich VLDL. Hepatic triglycerides
originate from influx of free fatty acids, hepatic de novo lipogenesis (DNL), or hepatic uptake of
lipoprotein particles
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in the MTP gene have been described for ABL (Lee and Hegele 2014). Absence of
MTP leads to premature proteosomal degradation of nascent apoB and therefore
absence of VLDL and chylomicron production. The patients are characterized by
hypocholesterolemia and the absence of apoB-containing lipoproteins (Paquette
et al. 2016).

The cotranslational lipidation stabilizes the nascent apoB polypeptide and results
in the formation of a nascent pre-VLDL lipoprotein particle (Bostrom et al. 1988).
The immature pre-VLDL undergoes further lipidation in the secretory pathway,
forming a triglyceride-poor VLDL particle (Stillemark-Billton et al. 2005). This
particle can either be secreted from the liver as a smaller VLDL particle (i.e.,
VLDL,) or undergo further lipidation to form a larger triglyceride-rich (i.e.,
VLDL,) (Stillemark-Billton et al. 2005; Stillemark et al. 2000). The lipidation
cascade is still not fully understood, but has been shown to involve several proteins
including the GTP-binding protein ADP-ribosylation factor 1 (ARF-1) (Asp et al.
2005).

The conversion of smaller triglyceride-poor VLDL particles to large triglyceride-
rich VLDL likely involves the fusion of cytoplasmic lipid droplets to the smaller
VLDL particle. Thus, this bulk addition of triglycerides differs from the initial
stepwise addition of triglycerides. The formation of the large mature VLDL particles
is therefore dependent on the presence of cytosolic lipid droplets (Wiggins and
Gibbons 1992; Salter et al. 1998; Gibbons et al. 2000). Therefore, it’s not surprising
that hepatic accumulation of triglycerides, non-alcoholic fatty liver disease
(NAFLD), is linked to oversecretion of large VLDL, particles (Adiels et al.
2006a, b). However, not all forms of fatty liver disease are linked to increased
hepatic secretion of VLDL,, indicating that the hepatic stores of triglycerides in
some genetic forms of NAFLD, like PNPLA3, are not accessible for VLDL forma-
tion. However, the molecular mechanisms are still unclear. Interestingly, the
amounts of triglycerides that are added to triglyceride-rich poor VLDL seem to be
constant. Thus, subjects with type 2 diabetes secrete more — not larger — VLDL,
particles than non-diabetic controls (Adiels et al. 2005, 2006a, b). Thus, bulk
addition of triglycerides from the cytoplasmic lipid droplets seems to be a highly
regulated process.

3 Regulators of Hepatic VLDL Secretion

Hepatic triglyceride accumulation stimulates hepatic VLDL, secretion, and the
sources for liver fat are: (1) plasma fatty acids generated by lipolysis of the peripheral
adipose tissue; (2) fatty acids synthesized in the liver from carbohydrates through
hepatic de novo lipogenesis (DNL); (3) fatty acids that come from the diet; and
(4) hepatic uptake of triglyceride-rich lipoproteins (TRLs) (Parks and Hellerstein
2006; Barrows and Parks 2006). Most of the hepatic triglycerides originate from
circulating fatty acids, since the hepatic uptake of fatty acids is not regulated. Thus,
increased levels of circulating fatty acids are directly connected to increased hepatic
uptake of fatty acids (Tamura and Shimomura 2005). Lipolysis of adipose tissue
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(in particular the visceral adipose tissue) is the principal contributor (approx. 80%) of
the plasma NEFA pool (Tamura and Shimomura 2005). It is therefore not surprising
that visceral adiposity is strongly associated with NAFLD and oversecretion of
VLDL; particles (Parks and Hellerstein 2006; Barrows and Parks 2006; Farquhar
et al. 1965; Parks et al. 1999; Havel 1961; Donnelly et al. 2005).

Normally the hepatic DNL plays a minor role (<5%) (Barrows and Parks 2006),
but in conditions of increased plasma glucose and hyperinsulinemia it has been
shown to generate ~=25% of liver triglycerides (Donnelly et al. 2005). The explana-
tion is that glucose is the substrate for hepatic DNL and that hyperinsulinemia is
linked to increased expression of factors needed for hepatic DNL such as SREBP1-c
(Browning and Horton 2004; Shimomura et al. 1999), the carbohydrate response
element-binding protein (ChREBP) (Koo et al. 2001), and PPARYy (Edvardsson
et al. 1999; Chao et al. 2000; Westerbacka et al. 2007).

In addition, there is evidence that VLDL, and VLDL, are regulated indepen-
dently. Ethanol overconsumption seems to stimulate VLDL; production in humans
(Fielding et al. 2000), whereas endogenous cholesterol synthesis correlates with
VLDL,-apoB but not VLDL;-apoB production (Prinsen et al. 2003). This finding
may explain why VLDL,, but not VLDL,, is increased in patients with increased
plasma cholesterol such as moderate hypercholesterolemia (Gaw et al. 1995) and
familial hypercholesterolemia (James et al. 1989).

4 Synthesis and Secretion of Chylomicrons from
the Intestine

Chylomicrons are synthesized in the enterocytes of the small intestine and each
chylomicron contains one molecule of apoB48. The apoB48 protein corresponds
exactly to the N-terminal 48% of apoB100. The explanation for this is that both
proteins are encoded by the same gene. The mRNA for apoB48 is generated from the
apoB100 mRNA by a posttranscriptional editing process during which a deamina-
tion of a cytidine (at nucleotide 6,666) to a uridine converts a glutamine codon to a
stop codon. The mechanism has been extensively reviewed (Davidson and Shelness
2000; Anant and Davidson 2001; Wang et al. 2003). The assembly of chylomicrons
is a highly complex multistep process, and less is still known about chylomicron
assembly than VLDL assembly (Xiao et al. 2019; Hussain et al. 2005). However, it
is known that in addition to MTTP, intestinal assembly of chylomicron requires Sarl
GTPase, which is critical for the intracellular transport of apoB48-containing
particles from ER to the Golgi (Julve et al. 2016).

The newly synthesized chylomicrons carrying dietary lipids and fat-soluble
vitamins are secreted through lacteal endothelial gaps that are present in the post-
prandial phase into the venous system blood system through the lymphatic system.
Thus, unlike other nutrients dietary lipids bypass the hepatic portal system.

Over the last years several surprising findings have been made (Lambert and
Parks 2012). First, studies have demonstrated that the intestine stores triglycerides
and that lipids secreted after a meal may have been consumed in an earlier meal
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(Mattes 2002; Robertson et al. 2002; Chavez-Jauregui et al. 2010). This may explain
the early rise in postprandial plasma triglycerides since the intestine does not have to
absorb dietary lipids and then form chylomicrons, but instead start secreting stored
triglycerides in chylomicrons. We have also realized that the release of chylomicrons
is linked to a taste—gut-brain axis (Khan and Besnard 2009) Interestingly,
chylomicrons can be secreted when fat (Mattes 2009) or glucose (Robertson et al.
2003) is merely tasted but not consumed. Lastly, contrary to what was believed,
recent studies have shown that apoB48-containing particles are secreted not only as
chylomicrons but also as less triglyceride-rich lipoprotein particles (isolated in the
VLDL density range) both in the fasting state and postprandially (Bjornson et al.
2019a, b).

5 Disorders of the Synthesis of TRLs

Abetalipoproteinemia (ABL) (also known as the Bassen—Kornzweig syndrome) is a
rare autosomal-recessive disease that is characterized by very low plasma
concentrations of TG and cholesterol (under 30 mg/dL) and undetectable levels of
LDL and apoB. The rare recessive genetic disease is caused by loss-of-function
mutations in the MTTP gene encoding for the microsomal triglyceride-transfer
protein (MTP).

Clinic: Mutations in MTP leads to impairment of the formation of triglyceride-
rich VLDL and chylomicrons. Patients with ABL (and compound heterozygous and
homozygous FHBL) have therefore very low plasma total cholesterol and generally
low plasma triglycerides. LDL-C when measured by direct methods, and apoB, will
be absent or their concentrations will be very low. Patients may display neurological,
hematological (acanthocytosis on peripheral blood smear and anemia), and gastro-
intestinal symptoms due to deficiency in lipophilic vitamins and fat malabsorption
(Paquette et al. 2016). The deficiency of vitamin E could lead to severe neurological
disorders including spinocerebellar degeneration with ataxia and retinitis
pigmentosa (Welty 2014). In addition, the impaired secretion of hepatic triglycerides
may lead to hepatic steatosis (Welty 2014). The clinical phenotype and severity
differs as the type and combination of MTTP mutations influence the clinical
phenotype and treatment response (Paquette et al. 2016). Subjects who carry a single
MTTP mutation may have normal plasma lipid levels or may have LDL-cholesterol
and apoB concentrations similar to those seen in heterozygous familial
hypobetalipoproteinemia (Lee and Hegele 2014; Paquette et al. 2016).

Treatment: Early diagnosis and treatment is important to prevent neurologic
complications of this disease. Reversal of existing neurologic disease can also be
achieved. Treatment involves a low-fat diet, supplementation with essential fatty
acids and high oral doses of fat-soluble vitamins, vitamins A and E (Paquette et al.
2016; Welty 2014; Linton et al. 1993). High dose of oral fat-soluble vitamins
bypasses the chylomicron pathway, and vitamins are carried via the portal circula-
tion (Lee and Hegele 2014; Paquette et al. 2016).
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Chylomicron retention disease (CRD). In addition to MTP, chylomicron forma-
tion requires Sarl GTPase, one of the subunits of the coat protein (COPII) complex,
which is critical for the vesicular transport of apoB-48-containing particles from
endoplasmic reticulum to the Golgi (Julve et al. 2016). Loss-of-function mutations in
SARIB, the gene encoding Sarl homolog B GTPase causes CRD (also known as
Anderson disease) (Julve et al. 2016), a rare autosomal-recessive disorder
characterized by an intestinal defect in lipid transport due to a failure of chylomicron
formation in enterocytes (Julve et al. 2016).

Clinic: The failure to synthesize chylomicrons results in severe malabsorption
with steatorrhea, fat-soluble vitamin deficiency, low blood cholesterol levels, and
failure to thrive in infancy (Julve et al. 2016).

Treatment: Same as ABL.

Familial hypobetalipoproteinemia (FHBL) is an autosomal codominant disorder
characterized by apoB <5th percentile and LDL-cholesterol usually between 20 and
50 mg/dL. (Welty 2014; Linton et al. 1993). Over 60 different mutations in apoB
producing truncated forms of apoB, ranging from apoB to apoB89, have been
reported (Welty 2014; Linton et al. 1993). These truncated forms of apoB are
named according to the percent length of the native apoB 100 molecule. Truncated
forms of apoB shorter than apoB30 are seldom detectable in human plasma as
lipoproteins since these truncated proteins undergo intracellular degradation.
Although one allele if affected only in heterozygous FBHL, the plasma levels are
normally closer to one quarter to one third of normal, due to low hepatic secretion of
the truncated forms of apoB combined with decreased production and increased
clearance of VLDL and LDL produced by the normal allele (Welty et al. 1997; Elias
et al. 1999; Aguilar-Salinas et al. 1995; Parhofer et al. 1996).

Clinic: Heterozygous FHBL is often asymptomatic and not diagnosed unless a
lipid profile is obtained. In contrast, the clinical presentation of homozygous FHBL
is similar to ABL. Early diagnosis of homozygous FHBL is therefore important. As
the hepatic secretion of triglyceride-rich lipoproteins is impaired, FHBL has been
shown to associate with hepatic steatosis and mild elevation of liver enzymes (Welty
2014). In 32 FHBL subjects, the hepatic fat content was increased to 14.0 £ 12.0%
compared to 5.2 £+ 5.9%, respectively, for 33 controls matched for age, sex, and
indices of adiposity (Tanoli et al. 2004).

Treatment: For homozygous FHBL treatment involves a low-fat diet, supplemen-
tation with essential fatty acids and high oral doses of fat-soluble vitamins, vitamins
A and E (Welty 2014; Linton et al. 1993).

6 Metabolism of Triglyceride-Rich Lipoproteins

After secretion of chylomicrons and VLDL, the lipoproteins are exposed to lipopro-
tein lipase (LPL) on the capillary endothelial cells within adipose tissue, skeletal
muscle, and the heart, leading to hydrolyzation of the triglycerides, allowing the
delivery of non-esterified free fatty acids (NEFA) to adipose tissue, skeletal muscle
and the heart.
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As the triglycerides are removed from the particles, they shrink and their density
increases (Goldberg 1996); chylomicrons become chylomicron remnants, and large
triglyceride-rich VLDL, particles become smaller VLDL, and subsequently inter-
mediate density lipoproteins (IDL). The IDL particles can be further hydrolyzed to
LDL particles by action of the hepatic lipase (HL). Since all human TRLs contain a
substantial amount of cholesterol esters, hydrolysis of triglycerides leads to enrich-
ment of cholesterol esters. Consequently, TRL remnants are enriched in cholesteryl
esters (Dallinga-Thie et al. 2010).

Although roughly 80% of the increase in postprandial plasma triglycerides
consists of chylomicrons and their remnants (Cohn et al. 1993), the majority of
particles (around 80%) comprise of liver-derived VLDL and their remnants (Karpe
et al. 1995; Schneeman et al. 1993). Also, the area under the curve for apoB100 is
10-fold higher than that of apoB48 (Vakkilainen et al. 2002), and the production rate
of apoB100 is 15-20 times higher than that of apoB48 (Lichtenstein et al. 1992;
Welty et al. 1999). We have earlier shown that chylomicrons and VLDL particles are
not cleared equally by the lipoprotein lipase pathway, and that chylomicrons seem to
be the preferred substrate (Adiels et al. 2012). Therefore, the major contribution to an
atherogenic lipoprotein profile from chylomicrons is likely its interference with
apoB 100 catabolism.

ApoB-containing particles with a diameter of about 70 nm or smaller can
penetrate the arterial endothelial layer, and subsequently become retained in the
artery wall. Thus, cholesterol-rich remnants (i.e., both chylomicron remnants and
VLDL remnants) can lead to cholesterol deposition in growing lesions, accelerated
atherosclerosis, and enhanced CVD risk in a similar manner as LDL.

Genetic deficiency of LPL leads to the rare autosomal-recessive disorder familial
LPL deficiency. These patients usually display milky plasma (accumulation of
chylomicrons) and very severe hypertriglyceridemia with episodes of abdominal
pain (pancreatitis), eruptive cutaneous xanthomata, and hepatosplenomegaly.

7 Deciphering the Pathogenesis of Hypertriglyceridemia

Insulin resistance and hypertriglyceridemia are associated with an atherogenic
dyslipidemia characterized by prolonged postprandial hyperlipidemia, accumulation
of small dense LDL (sdLDL) and low HDL cholesterol. The mechanism that leads to
the formation of sdLDL is well clarified; the cholesteryl ester transfer protein
(CETP) transfers triglycerides from VLDL; to LDL. This results in formation of
triglyceride-rich LDL. These lipoprotein particles are the preferred substrate for
hepatic lipase (HL) that depletes triglycerides from the triglyceride-rich LDL. As
large triglyceride-rich VLDL, particles are the substrate for CETP, accumulation of
TRLs is a prerequisite for sdLDL formation (Adiels et al. 2006b; Packard 2003;
Georgieva et al. 2004). The enzymes also act on HDL, resulting in the formation of
sdHDL that are efficiently removed from circulation. The combined action of CETP
and HL thus results in the formation of sdLDL and low HDL cholesterol (Verges
2005; Taskinen 2003). Several studies indicate that increased sdLDL is associated
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with increased CVD risk (Austin et al. 1990; Lamarche et al. 1997; Gardner et al.
1996; Vakkilainen et al. 2003). However, it is still unclear if sdLDL is a marker of an
atherogenic dyslipidemia or causatively linked to the increased CVD risk (Sacks and
Campos 2003).

To elucidate the pathophysiology of the hypertriglyceridemia in obese subjects
we have performed a series of kinetic studies with stable isotopes. These studies
have shown that the impaired lipid metabolism is caused by dual mechanisms:
increased secretion of triglyceride-rich VLDL, from the liver and delayed clearance
of TRLs from the circulation (Borén et al. 2015; Taskinen et al. 2011). This is
illustrated in Fig. 2 by two pathways: a synthesis pathway and a clearance pathway.
Interestingly, the synthesis pathway explained only 20% of the variation of plasma
triglycerides (Borén et al. 2015). In contrast, the clearance pathway explained 50%
of the variation in the total plasma triglycerides. Thus, the impaired catabolism of
VLDL,-triglycerides is the most important determinant of the plasma triglyceride
concentration in subjects with abdominal obesity and dyslipidemia.

The synthesis pathway includes liver fat and total fat mass as these remained
independent predictors of VLDL-triglyceride secretion rate in a stepwise multivari-
able regression analysis (Borén et al. 2015). Increased liver fat is linked to impaired
regulation of VLDL production and a continuous oversecretion of VLDL, (Adiels
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Fig. 2 Predictors of VLDL,-triglyceride secretion and catabolism. Liver fat content (P < 0.01)
and total fat mass (P < 0.05) are important independent predictors of VLDL1-TG secretion rate
(SR). The plasma concentration of apoC-III correlated strongly with plasma TG and the fractional
catabolism of VLDL,-TG. VLDL,-TG kinetics explained 76% of the variation in the total plasma
triglycerides. Of these, ~20% was explained by the secretion pathway, whereas ~50% was
explained by the clearance pathway. Thus, indices of catabolism were stronger predictors of plasma
triglycerides than parameters of secretion. The associations between liver fat and fat mass vs plasma
TG (dotted lines) are likely secondary and mediated via VLDL; SR. Likewise, the direct effect of
apoC-III on plasma TG (dotted line) is likely explained by effect(s) of apoC-III beyond lipoprotein
lipase-independent pathways of triglyceride metabolism (Borén et al. 2015)
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et al. 2006b; Poulsen et al. 2016) (Fig. 2), and adipose tissue is the major source of
fatty acids in the NEFA pool that determines the hepatic uptake of fatty acids. In the
clearance pathway, the plasma concentration of apoC-III is shown to correlate
strongly with plasma triglycerides and clearance of VLDL,-triglycerides.

8 Regulation of Hydrolysis of TRLs and the LPL Pathway

The clearance of triglycerides is directly linked to the lipolysis of TRLs by LPL
(Ginsberg et al. 1986). Full activity of LPL requires the interaction with the transport
protein glycosylphosphatidylinositol anchored high density lipoprotein binding
protein 1 (GPI-HBP1) and the lipase maturation factor 1 (LMF 1) present at the
surface of capillaries (Sandesara et al. 2019). The LPL activity is modulated by
several regulators including apoC-I, apoC-II, apoC-III, angiopoietin-like
3 (ANGPTL3), ANGPTL4 and ANGPTLS8 (Kersten 2014). Insulin and apoC-III
are the key regulators of LPL activity. Insulin stimulates the expression of LPL in
endothelial cells whereas apoC-III inhibits LPL activity and thereby reduces the
clearance of TRLs (Ginsberg and Brown 2011; Zheng et al. 2010; Yao 2012). The
seminal role of LPL for the catabolic rate of TRLs and the conversion of large VLDL
particles into smaller particles is demonstrated in studies in subjects with LPL gene
mutations (Ooi et al. 2012). In addition, strong evidence supports the critical roles of
apoC-III and apoE for suppressing or stimulating, respectively, clearance of apoB-
containing lipoproteins from the circulation (Mendivil et al. 2010; Sacks 2015;
Zheng et al. 2007).

ApoC-IIl is displacing apo-ClIlI, an activator of LPL, from lipoprotein surfaces and
thus impairing the actual lipolytic process (Sacks 2015; Gordts et al. 2016; Larsson
et al. 2013). In addition, apoC-III has a wide range of actions action on triglyceride
metabolism beyond its LPL-dependent effects (Taskinen and Boren 2015; Norata
et al. 2015). For example, apoC-III interferes with the binding of apoB and apoE to
hepatic lipoprotein receptors including heparin sulfate proteoglycan receptor
(HSPG), low-density lipoprotein receptors (LDLR), and LDLR related protein
1 receptor (LRPI). This raises the option that high apoC-III would also inhibit the
receptor mediated hepatic uptake of TRL remnants (Huff and Hegele 2013). The fact
that an apoC-III ASO (antisense oligonucleotides) that inhibits apoC-III synthesis
greatly reduced serum triglycerides in subjects with familial LPL deficiency
demonstrates that apoC-III inhibits also hepatic clearance of remnants by
LPL-independent pathways (Gaudet et al. 2014). However, recent results indicate
that apoC-III inhibits turnover of TRLs primarily through a hepatic clearance
mechanism mediated by the LDLR/LRPI axis, since apoC-III ASO treatment in
LDLR/LRP1 deficient mice did not lower plasma TG levels (Gordts et al. 2016).
Interestingly, we have recently reported that apoC-III metabolism is significantly
perturbed in subjects with type 2 diabetes and that the apoC-III secretion rate was
markedly higher in subjects with diabetes compared with BMI-matched non-diabetic
subjects (Adiels et al. 2019). Improved glycemic control with liraglutide therapy
reduced significantly apoC-III secretion rate and, thereby, apoC-III levels in type
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2 diabetic subjects (Matikainen et al. 2019). These findings suggest that glucose
homeostasis is a regulator of apoC-III metabolism and that the secretion rate of
apoC-III seems to be an important driver for the elevation of TRLs in type 2 diabetes.

Angiopoietin-like  protein (ANGPTL) family includes three members
(ANGPTL3, ANGPTL4, and ANGPTLS) that are important modulators of lipopro-
tein metabolism (Kersten 2017; Christopoulou et al. 2019; Romeo et al. 2009; Li
et al. 2020). Both ANGPTL3 and ANGPTL4 are endogenous inhibitors of LPL, and
loss-of-function (LOF) mutations in ANGPTL3 and 4 associate with low triglyceride
levels (Romeo et al. 2009; Minicocci et al. 2013; Zhang 2012) and reduced CVD risk
(Dewey et al. 2017; Myocardial Infarction Genetics Investigators CAEC et al. 2016;
Dewey et al. 2016). ANGPTL3 deficiency has been reported to reduce hepatic
VLDL secretion and lower LDL-cholesterol (Wang et al. 2015a). Interestingly,
ANGPTL3 gene silencing has been shown to associate not only with reduced hepatic
secretion of apoB-containing lipoproteins, but also with enhanced uptake of particles
via the LDL receptor. This likely explains the reduction of IDL cholesterol levels in
subjects with familial hypobetalipoproteinemia (Xu et al. 2018). Consequently,
targeting ANGPTL3 and ANGPTL4 genes has emerged as a promising goal for
triglyceride lowering therapies (Tsimikas 2018; Gaudet et al. 2017a; Keech and
Jenkins 2017; Bauer et al. 2016).

The inhibitory action of ANGPTLS on LPL function requests the presence of
ANGPTL3 (Kersten 2017; Haller et al. 2017; Luo and Peng 2018), as ANGPTLS
seems to enhance the inhibitory action of ANGPTL3 on LPL (Chi et al. 2017).
Interestingly, these two proteins seem to work together to orchestrate responses of
both glucose and lipid metabolism in fasting and in feeding (Wang et al. 2015b).
Interestingly, ANGPTL3 is exclusively expressed in the liver being as a true
hepatokine while ANGPTLS is expressed both in adipose tissue and in the liver.
The co-operative action of these two proteins seems to regulate the uptake of
triglyceride-derived fatty acids either in the adipose tissue for storage or in
cardiomyocytes and skeletal muscle for oxidation (Li et al. 2020; Vatner et al.
2018; Davies 2018).

ApoE plays a pivotal role in both triglyceride and cholesterol metabolism (Marais
2019). It predominantly associates with triglyceride-rich lipoproteins to mediate the
clearance of their remnants after enzymatic lipolysis in the circulation (Marais 2019;
Mahley and Huang 2007; Nakajima et al. 2019). Plasma levels of apoE and other
lipids and lipoproteins are under strong genetic influence by APOE polymorphism —
a combination of two genetic variants (rs429358 and rs7412) giving rise to six
common APOE genotypes, €22, €32, €33, €42, €43, and 44 (Marais 2019; Mahley
and Huang 2007). Both €2 and €4 alleles are associated with unfavorable lipid
profiles, and the €4 allele is a strong genetic risk factor for Alzheimer disease and
by far the strongest hit in genome-wide association studies of longevity. The apoE
variants relate to different amino acids at positions 112 and 158: cysteine in both for
apoE2, arginine at both sites for apoE4, and respectively cysteine and arginine for
apoE3 that is viewed as the wild type. High levels of plasma apoE have been shown
to associate with increased risk of ischemic heart disease (Rasmussen et al. 2019).
Hence both a quantitative importance of plasma apoE levels and a qualitative
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genetically determined effect appear to be important for cardiovascular disease
(Rasmussen et al. 2019).

9 Role of Triglyceride-Rich Lipoproteins in Atherogenesis

It is well established that hypercholesterolemia is causatively linked to atheroscle-
rotic cardiovascular disease and that lowering of cholesterol-rich LDL levels reduces
cardiovascular events (Boren et al. 2020). However, cholesterol-lowering medica-
tion only prevents up to half of these events. Recent advances in human genetics
indicate that the remaining “residual risk” of ASCVD is linked to elevated plasma
triglyceride levels. Since triglyceride itself is not thought to contribute to atherogen-
esis, a consensus view has emerged that the remaining risk is linked to increased
formation of “remnant” particles. These are derived from TRLs in the blood when
the triglycerides are removed by the enzyme LPL (Boren et al. 2020). The remnant
particles are not efficiently lowered by the available cholesterol-lowering
medications.

To enter the artery wall, lipoproteins must cross the endothelium by transcytosis,
a vesicular transport process. While chylomicrons and large VLDLs cannot undergo
transcytosis because of their size, smaller chylomicron and VLDL remnants can and
do penetrate the arterial wall. Thus, TRL remnants, in addition to LDL, may be
retained in the arterial wall (Chapman et al. 2011). Even though remnant particles
remain richer in triglycerides than cholesterol, their large size means that they
contain up to twofold more cholesterol content per particle than LDL. However,
the relative atherogenicity of remnants relative to LDL remains unclear.

10 Therapies to Reduce Triglyceride-Rich Lipoproteins

Lifestyle changes to lower plasma triglycerides — The first approach to lower
moderately increased plasma triglycerides is to alter lifestyle (Laufs et al. 2020).
Focus on a healthier diet and physical activity are cornerstones of lifestyle
recommendations. Patients should reduce net caloric intake and lessen intake of
sucrose, fructose, and alcohol. Diets rich in saturated fatty acids should be replaced
with food enriched in monounsaturated and polyunsaturated fat (Laufs et al. 2020). It
should be remembered though that scientific evidence for dietary recommendations
is sparse. In addition, it is genuinely hard to persuade patients to change lifestyle and
to make lifestyle changes that last. Thus, pharmaceutical approaches are often
required.

Pharmacological therapies to lower plasma triglycerides — All commonly used
cholesterol-lowering drugs as statins, ezetimibe, PCSK9 inhibitors only discreetly
reduce triglyceride levels (around 5-15%), even though statins are somewhat more
efficiently in reducing triglycerides and TRL remnants than PCSK9 inhibitors.
Fibrates, omega-3-fatty acids, and niacin are somewhat more efficiently in reducing
triglyceride levels (25-45%).
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Fibrates are agonists of peroxisome proliferator-activated receptor-o (PPAR-),
acting via transcription factors regulating on lipid and lipoprotein metabolism. The
drug has good efficacy in lowering fasting TG levels, as well as postprandial
triglycerides and TRL remnants, albeit with marked interindividual variation. In
addition, a small LDL-C increase may be observed in subjects with high triglyceride
levels. The cardiovascular benefits have been shown to be heterogeneous and less
robust than that of statins; when used as monotherapy, fibrates have been
demonstrated to reduce CVD risk. However, when used in combination with statins
no further reduction in CVD risk was demonstrated, although subgroup analysis
indicates that hypertriglyceridemic patients with low HDL-C may benefit from such
combination therapy. Results from ongoing trials using pemafibrate, a selective
peroxisome proliferator-activated receptor alpha (PPARx) receptor agonist, will
show if this approach will be successful (Pradhan et al. 2018).

For decades, omega-3-fatty acids have been used to lower plasma triglycerides
and to prevent CVD (Bays et al. 2008). The results from two recent clinical trials
using different omega-3 fatty acids have been mixed and somewhat confusing. The
REDUCE-IT trial used icosapent ethyl omega-3 fatty acid (4 g daily). The results
were positive and resulted in a 25% reduction in CVD and a 20% reduction in
plasma triglyceride levels. Interestingly, the treatment also reduced plasma
C-reactive protein by 40% (Bhatt et al. 2019). These results strengthen the link
between plasma triglycerides and CVD (Myocardial Infarction Genetics
Investigators CAEC et al. 2016; Do et al. 2013, 2015). However, the reduction of
cardiovascular event was independent of plasma triglyceride levels both at baseline
and on treatment, indicating that the reduction of cardiovascular events was only
modest due to changes in TRL levels. One potential explanation for the clinical
benefits could be the marked attenuation of the postprandial response by
eicosapentaenoic acid, the hydrolytic product of icosapent ethyl, as 58% of the
study participants had type 2 diabetes that commonly have prolonged postprandial
hypertriglyceridemia (Taskinen and Boren 2015). In contrast to the positive outcome
from the REDUCE-IT trial, the STRENGTH trial using another omega-3 fatty acid
formulation (a combination of eicosapentaenoic acid and docosahexaenoic acid)
failed to demonstrate any clinical benefit. The explanation(s) for the different
outcomes is still unclear. Possible reasons include that the two trials studied different
type of omega-3 fatty acids, and that the REDUCE-IT trial used mineral oil as
placebo which may have adverse effects, whereas STRENGTH used a corn oil
placebo. A recent Cochrane review of 86 randomized controlled trials with
162,796 participants concluded “evidence suggests that increasing long-chain
omega-3 slightly reduces risk of coronary heart disease mortality and events, and
reduces serum triglycerides” (Abdelhamid et al. 2020).

The 2019 ESC/EAS guidelines for the management of dyslipidemias recommend
that statin treatment remains the first choice for managing high triglycerides
(triglycerides >200 mg/dL or 2.3 mmol/L) (Mach et al. 2020). However, the
guidelines have taken account of evidence from REDUCE-IT and recommend n-3
PUFAs (particularly icosapent ethyl 2 x 2 g daily) in high-risk patients with
persistently elevated plasma triglycerides (between 135 and 499 mg/dL or 1.5 and
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5.6 mmol/L) despite statin treatment. In high-risk patients at LDL-C goal with TG
>200 mg/dL or >2.3 mmol/L, fenofibrate or bezafibrate may be considered in
combination with statins (Mach et al. 2020).

11 Development of Novel Interventions

Efficient interventions to reduce plasma levels of TRLs and TRL remnants are still
missing, and development of the development of strategies to treat the large numbers
of hypertriglyceridemic individuals who currently remain at high risk of ASCVD
despite optimal treatment according to current guidelines is urgently needed. Genetic
studies have demonstrated that apoC-III and angiopoietin-like protein 3 (Angptl3)
are critical regulators of triglyceride metabolism, and both have been developed as
drug targets.

Statins and omega-3 fatty acids modestly reduce plasma apoC-III levels by less
than 20% (Ooi et al. 2008; Maki et al. 2011; Morton et al. 2016; Dunbar et al. 2015).
However, development of antisense oligos and siRNA has made it possible to
develop high efficiency therapies. For example, antisense therapeutic
oligonucleotides conjugated with N-acetyl galactosamine-conjugated (GalNAc)
adducts (i.e., the ligand of the hepatic asialoglycoprotein receptor) have been
developed. These are very efficient in reducing APOC3 expression (Graham et al.
2013). For example, results from the APPROACH trial, a 52-week randomized,
double-blind, phase 3 in 66 patients with familial chylomicronemia syndrome,
demonstrated that the drug resulted in an impressive 77% decrease in plasma
triglyceride levels (Witztum et al. 2019). The antisense therapeutic oligonucleotides
have also been shown to markedly lower plasma apoC-III and triglycerides levels in
subjects with severe or uncontrolled hypertriglyceridemia (Gaudet et al. 2015;
Gouni-Berthold 2017) and in subjects with diabetic dyslipidemia (Digenio et al.
2016). Intriguingly, the intervention not only improved the diabetic dyslipidemia,
but also improved whole-body insulin sensitivity (by 57%).

To target Angptl3, both a monoclonal antibody and therapeutic oligonucleotides
have been developed. Recent results have demonstrated that anti-ANGPTL3
therapies reduce both marked hypertriglyceridemia (around 75% reduction) and
severely elevated LDL-cholesterol in subjects with familial hypercholesterolemia
(around 23% reduction) (Gaudet et al. 2017b). The finding that anti-Angptl3 lowers
LDL-C in subjects lacking functional LDL receptors indicates that the underlying
mechanism is independent of the LDL receptor pathway. In line, a GalNac-modified
antisense-oligonucleotide has recently been shown to reduce both plasma
triglycerides and LDL-cholesterol (by 63.1% and 32.9%, respectively) (Graham
et al. 2017). Interestingly, results from murine models indicate that the antisense-
oligonucleotide seems to reduce hepatic steatosis. These results have prompted
ongoing human studies.

Other ongoing projects involve lipoprotein lipase gene therapy, oral inhibitors of
intestinal DGAT]1 to reduce dietary fat absorption and triglyceride synthesis, and
treatments targeting apoC-III and Angptl4 (Laufs et al. 2020).
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12 Conclusion

Whether plasma triglycerides constitute an independent risk factor for CVD has been
debated for decades, but there is now strong support for a causative role of TRLs in
CVD. These studies equally indicate that cholesterol-enriched TRL remnant play a
key role in the pathophysiology of atherosclerotic vascular disease. We are now
beginning to understand the complex regulation of triglyceride metabolism. Hope-
fully, this molecular understanding will be translated into targeted treatment for the
atherogenic dyslipidemia associated with hypertriglyceridemia.

References

Abdelhamid AS, Brown TJ, Brainard JS, Biswas P, Thorpe GC, Moore HJ, Deane KH, Summerbell
CD, Worthington HV, Song F, Hooper L (2020) Omega-3 fatty acids for the primary and
secondary prevention of cardiovascular disease. Cochrane Database Syst Rev 3:CD003177

Adiels M, Packard C, Caslake MJ, Stewart P, Soro A, Westerbacka J, Wennberg B, Olofsson SO,
Taskinen MR, Boren J (2005) A new combined multicompartmental model for apolipoprotein
B-100 and triglyceride metabolism in VLDL subfractions. J Lipid Res 46(1):58-67

Adiels M, Olofsson SO, Taskinen MR, Boren J (2006a) Diabetic dyslipidaemia. Curr Opin Lipidol
17(3):238-246

Adiels M, Taskinen MR, Packard C, Caslake MJ, Soro-Paavonen A, Westerbacka J, Vehkavaara S,
Hakkinen A, Olofsson SO, Yki-Jarvinen H, Boren J (2006b) Overproduction of large VLDL
particles is driven by increased liver fat content in man. Diabetologia 49(4):755-765

Adiels M, Matikainen N, Westerbacka J, Soderlund S, Larsson T, Olofsson SO, Boren J, Taskinen
MR (2012) Postprandial accumulation of chylomicrons and chylomicron remnants is deter-
mined by the clearance capacity. Atherosclerosis 222(1):222-228

Adiels M, Taskinen MR, Bjornson E, Andersson L, Matikainen N, Soderlund S, Kahri J,
Hakkarainen A, Lundbom N, Sihlbom C, Thorsell A, Zhou H, Pietilainen KH, Packard C,
Boren J (2019) Role of apolipoprotein C-III overproduction in diabetic dyslipidaemia. Diabetes
Obes Metab 21(8):1861-1870

Aguilar-Salinas CA, Barrett PH, Parhofer KG, Young SG, Tessereau D, Bateman J, Quinn C,
Schonfeld G (1995) Apoprotein B-100 production is decreased in subjects heterozygous for
truncations of apoprotein B. Arterioscler Thromb Vasc Biol 15(1):71-80

Anant S, Davidson NO (2001) Molecular mechanisms of apolipoprotein B mRNA editing. Curr
Opin Lipidol 12(2):159-165

Asp L, Magnusson B, Rutberg M, Li L, Boren J, Olofsson SO (2005) Role of ADP ribosylation
factor 1 in the assembly and secretion of ApoB-100-containing lipoproteins. Arterioscler
Thromb Vasc Biol 25(3):566-570

Austin MA, King M-C, Vranizan KM, Krauss RM (1990) Atherogenic lipoprotein phenotype. A
proposed genetic marker for coronary heart disease risk. Circulation 82:495-506

Barrows BR, Parks EJ (2006) Contributions of different fatty acid sources to very low-density
lipoprotein-triacylglycerol in the fasted and fed states. J Clin Endocrinol Metab 91
(4):1446-1452

Bauer RC, Khetarpal SA, Hand NJ, Rader DJ (2016) Therapeutic targets of triglyceride metabolism
as informed by human genetics. Trends Mol Med 22(4):328-340

Bays HE, Tighe AP, Sadovsky R, Davidson MH (2008) Prescription omega-3 fatty acids and their
lipid effects: physiologic mechanisms of action and clinical implications. Expert Rev
Cardiovasc Ther 6(3):391-409



148 J. Borén and M.-R. Taskinen

Bhatt DL, Steg PG, Miller M, Brinton EA, Jacobson TA, Ketchum SB, Doyle RT Jr, Juliano RA,
Jiao L, Granowitz C, Tardif JC, Ballantyne CM, Investigators R-I (2019) Cardiovascular risk
reduction with icosapent ethyl for hypertriglyceridemia. N Engl J Med 380(1):11-22

Bjornson E, Packard CJ, Adiels M, Andersson L, Matikainen N, Soderlund S, Kahri J,
Hakkarainen A, Lundbom N, Lundbom J, Sihlbom C, Thorsell A, Zhou H, Taskinen MR,
Boren J (2019a) Apolipoprotein B48 metabolism in chylomicrons and very low-density
lipoproteins and its role in triglyceride transport in normo- and hypertriglyceridemic human
subjects. J Intern Med 288(4):422-438

Bjornson E, Packard CJ, Adiels M, Andersson L, Matikainen N, Soderlund S, Kahri J, Sihlbom C,
Thorsell A, Zhou H, Taskinen MR, Boren J (2019b) Investigation of human apoB48 metabolism
using a new, integrated non-steady-state model of apoB48 and apoB 100 kinetics. J Intern Med
285(5):562-577

Boren J, Graham L, Wettesten M, Scott J, White A, Olofsson SO (1992) The assembly and
secretion of ApoB 100-containing lipoproteins in Hep G2 cells. ApoB 100 is cotranslationally
integrated into lipoproteins. J Biol Chem 267(14):9858-9867

Boren J, Matikainen N, Adiels M, Taskinen MR (2014) Postprandial hypertriglyceridemia as a
coronary risk factor. Clin Chim Acta 431:131-142

Borén J, Watts GF, Adiels M, Soderlund S, Chan DC, Hakkarainen A, Lundbom N, Matikainen N,
Kahri J, Verges B, Barrett PHR, Taskinen M (2015) Kinetic and related determinants of plasma
triglyceride concentration in abdominal obesity. Multicenter Tracer Kinetic Study. Arterioscler
Thromb Vasc Biol 35(10):2218-2224

Boren J, Chapman MJ, Krauss RM, Packard CJ, Bentzon JF, Binder CJ, Daemen MJ, Demer LL,
Hegele RA, Nicholls SJ, Nordestgaard BG, Watts GF, Bruckert E, Fazio S, Ference BA,
Graham I, Horton JD, Landmesser U, Laufs U, Masana L, Pasterkamp G, Raal FJ, Ray KK,
Schunkert H, Taskinen MR, van de Sluis B, Wiklund O, Tokgozoglu L, Catapano AL, Ginsberg
HN (2020) Low-density lipoproteins cause atherosclerotic cardiovascular disease: pathophysi-
ological, genetic, and therapeutic insights: a consensus statement from the European Athero-
sclerosis Society Consensus Panel. Eur Heart J 41(24):2313-2330

Bostrom K, Boren J, Wettesten M, Sjoberg A, Bondjers G, Wiklund O, Carlsson P, Olofsson SO
(1988) Studies on the assembly of apo B-100-containing lipoproteins in HepG2 cells. J Biol
Chem 263(9):4434-4442

Browning JD, Horton JD (2004) Molecular mediators of hepatic steatosis and liver injury. J Clin
Invest 114(2):147-152

Chao L, Marcus-Samuels B, Mason MM, Moitra J, Vinson C, Arioglu E, Gavrilova O, Reitman ML
(2000) Adipose tissue is required for the antidiabetic, but not for the hypolipidemic, effect of
thiazolidinediones. J Clin Invest 106(10):1221-1228

Chapman MJ, Ginsberg HN, Amarenco P, Andreotti F, Boren J, Catapano AL, Descamps OS,
Fisher E, Kovanen PT, Kuivenhoven JA, Lesnik P, Masana L, Nordestgaard BG, Ray KK,
Reiner Z, Taskinen MR, Tokgozoglu L, Tybjaerg-Hansen A, Watts GF, European Atheroscle-
rosis Society Consensus Panel (2011) Triglyceride-rich lipoproteins and high-density lipopro-
tein cholesterol in patients at high risk of cardiovascular disease: evidence and guidance for
management. Eur Heart J 32(11):1345-1361

Chavez-Jauregui RN, Mattes RD, Parks EJ (2010) Dynamics of fat absorption and effect of sham
feeding on postprandial lipema. Gastroenterology 139(5):1538-1548

Chi X, Britt EC, Shows HW, Hjelmaas AJ, Shetty SK, Cushing EM, Li W, Dou A, Zhang R, Davies
BSJ (2017) ANGPTLS promotes the ability of ANGPTL3 to bind and inhibit lipoprotein lipase.
Mol Metab 6(10):1137-1149

Christopoulou E, Elisaf M, Filippatos T (2019) Effects of angiopoietin-like 3 on triglyceride
regulation, glucose homeostasis, and diabetes. Dis Markers 2019:6578327

Cohn JS, Johnson EJ, Millar JS, Cohn SD, Milne RW, Marcel YL, Russell RM, Schaefer EJ (1993)
Contribution of apoB-48 and apoB-100 triglyceride-rich lipoproteins (TRL) to postprandial
increases in the plasma concentration of TRL triglycerides and retinyl esters. J Lipid Res 34
(12):2033-2040



Metabolism of Triglyceride-Rich Lipoproteins 149

Dallinga-Thie GM, Franssen R, Mooij HL, Visser ME, Hassing HC, Peelman F, Kastelein JJ,
Peterfy M, Nieuwdorp M (2010) The metabolism of triglyceride-rich lipoproteins revisited: new
players, new insight. Atherosclerosis 211(1):1-8

Dallinga-Thie GM, Kroon J, Boren J, Chapman MJ (2016) Triglyceride-rich lipoproteins and
remnants: targets for therapy? Curr Cardiol Rep 18(7):67

Davidson NO, Shelness GS (2000) APOLIPOPROTEIN B: mRNA editing, lipoprotein assembly,
and presecretory degradation. Annu Rev Nutr 20:169-193

Davies BSJ (2018) Can targeting ANGPTL proteins improve glucose tolerance? Diabetologia 61
(6):1277-1281

Dewey FE, Gusarova V, O’Dushlaine C, Gottesman O, Trejos J, Hunt C, Van Hout CV,
Habegger L, Buckler D, Lai KM, Leader JB, Murray MF, Ritchie MD, Kirchner HL, Ledbetter
DH, Penn J, Lopez A, Borecki IB, Overton JD, Reid JG, Carey DJ, Murphy AJ, Yancopoulos
GD, Baras A, Gromada J, Shuldiner AR (2016) Inactivating variants in ANGPTL4 and risk of
coronary artery disease. N Engl J Med 374(12):1123-1133

Dewey FE, Gusarova V, Dunbar RL, O’Dushlaine C, Schurmann C, Gottesman O, McCarthy S,
Van Hout CV, Bruse S, Dansky HM, Leader JB, Murray MF, Ritchie MD, Kirchner HL,
Habegger L, Lopez A, Penn J, Zhao A, Shao W, Stahl N, Murphy AJ, Hamon S, Bouzelmat A,
Zhang R, Shumel B, Pordy R, Gipe D, Herman GA, Sheu WHH, Lee IT, Liang KW, Guo X,
Rotter JI, Chen YI, Kraus WE, Shah SH, Damrauer S, Small A, Rader DJ, Wulff AB,
Nordestgaard BG, Tybjaerg-Hansen A, van den Hoek AM, Princen HMG, Ledbetter DH,
Carey DJ, Overton JD, Reid JG, Sasiela WJ, Banerjee P, Shuldiner AR, Borecki IB, Teslovich
TM, Yancopoulos GD, Mellis SJ, Gromada J, Baras A (2017) Genetic and pharmacologic
inactivation of ANGPTL3 and cardiovascular disease. N Engl J Med 377(3):211-221

Digenio A, Dunbar RL, Alexander VJ, Hompesch M, Morrow L, Lee RG, Graham MJ, Hughes SG,
Yu R, Singleton W, Baker BF, Bhanot S, Crooke RM (2016) Antisense-mediated lowering of
plasma apolipoprotein C-III by volanesorsen improves dyslipidemia and insulin sensitivity in
type 2 diabetes. Diabetes Care 39(8):1408-1415

Do R, Willer CJ, Schmidt EM, Sengupta S, Gao C, Peloso GM, Gustafsson S, Kanoni S, Ganna A,
Chen J, Buchkovich ML, Mora S, Beckmann JS, Bragg-Gresham JL, Chang HY, Demirkan A,
Den Hertog HM, Donnelly LA, Ehret GB, Esko T, Feitosa MF, Ferreira T, Fischer K,
Fontanillas P, Fraser RM, Freitag DF, Gurdasani D, Heikkila K, Hypponen E, Isaacs A, Jackson
AU, Johansson A, Johnson T, Kaakinen M, Kettunen J, Kleber ME, Li X, Luan J, Lyytikainen
LP, Magnusson PK, Mangino M, Mihailov E, Montasser ME, Muller-Nurasyid M, Nolte IM,
O’Connell JR, Palmer CD, Perola M, Petersen AK, Sanna S, Saxena R, Service SK, Shah S,
Shungin D, Sidore C, Song C, Strawbridge RJ, Surakka I, Tanaka T, Teslovich TM,
Thorleifsson G, Van den Herik EG, Voight BF, Volcik KA, Waite LL, Wong A, Wu Y,
Zhang W, Absher D, Asiki G, Barroso I, Been LF, Bolton JL, Bonnycastle LL, Brambilla P,
Burnett MS, Cesana G, Dimitriou M, Doney AS, Doring A, Elliott P, Epstein SE, Eyjolfsson GI,
Gigante B, Goodarzi MO, Grallert H, Gravito ML, Groves CJ, Hallmans G, Hartikainen AL,
Hayward C, Hernandez D, Hicks AA, Holm H, Hung YJ, Illig T, Jones MR, Kaleebu P,
Kastelein JJ, Khaw KT, Kim E, Klopp N, Komulainen P, Kumari M, Langenberg C,
Lehtimaki T, Lin SY, Lindstrom J, Loos RJ, Mach F, WL MA, Meisinger C, Mitchell BD,
Muller G, Nagaraja R, Narisu N, Nieminen TV, Nsubuga RN, Olafsson I, Ong KK, Palotie A,
Papamarkou T, Pomilla C, Pouta A, Rader DJ, Reilly MP, Ridker PM, Rivadeneira F, Rudan I,
Ruokonen A, Samani N, Scharnagl H, Seeley J, Silander K, Stancakova A, Stirrups K, Swift AJ,
Tiret L, Uitterlinden AG, van Pelt LJ, Vedantam S, Wainwright N, Wijmenga C, Wild SH,
Willemsen G, Wilsgaard T, Wilson JF, Young EH, Zhao JH, Adair LS, Arveiler D, Assimes TL,
Bandinelli S, Bennett F, Bochud M, Boehm BO, Boomsma DI, Borecki IB, Bornstein SR,
Bovet P, Burnier M, Campbell H, Chakravarti A, Chambers JC, Chen YD, Collins FS, Cooper
RS, Danesh J, Dedoussis G, de Faire U, Feranil AB, Ferrieres J, Ferrucci L, Freimer NB,
Gieger C, Groop LC, Gudnason V, Gyllensten U, Hamsten A, Harris TB, Hingorani A,
Hirschhorn JN, Hofman A, Hovingh GK, Hsiung CA, Humphries SE, Hunt SC, Hveem K,
Iribarren C, Jarvelin MR, Jula A, Kahonen M, Kaprio J, Kesaniemi A, Kivimaki M, Kooner JS,



150 J. Borén and M.-R. Taskinen

Koudstaal PJ, Krauss RM, Kuh D, Kuusisto J, Kyvik KO, Laakso M, Lakka TA, Lind L,
Lindgren CM, Martin NG, Marz W, MI MC, CA MK, Meneton P, Metspalu A, Moilanen L,
Morris AD, Munroe PB, Njolstad I, Pedersen NL, Power C, Pramstaller PP, Price JF, Psaty BM,
Quertermous T, Rauramaa R, Saleheen D, Salomaa V, Sanghera DK, Saramies J, Schwarz PE,
Sheu WH, Shuldiner AR, Siegbahn A, Spector TD, Stefansson K, Strachan DP, Tayo BO,
Tremoli E, Tuomilehto J, Uusitupa M, van Duijn CM, Vollenweider P, Wallentin L, Wareham
NJ, Whitfield JB, Wolffenbuttel BH, Altshuler D, Ordovas JM, Boerwinkle E, Palmer CN,
Thorsteinsdottir U, Chasman DI, Rotter JI, Franks PW, Ripatti S, Cupples LA, Sandhu MS,
Rich SS, Boehnke M, Deloukas P, Mohlke KL, Ingelsson E, Abecasis GR, Daly MJ, Neale BM,
Kathiresan S (2013) Common variants associated with plasma triglycerides and risk for
coronary artery disease. Nat Genet 45(11):1345-1352

Do R, Stitziel NO, Won HH, Jorgensen AB, Duga S, Angelica Merlini P, Kiezun A, Farrall M,
Goel A, Zuk O, Guella I, Asselta R, Lange LA, Peloso GM, Auer PL, NES P, Girelli D,
Martinelli N, Farlow DN, MA DP, Roberts R, Stewart AF, Saleheen D, Danesh J, Epstein SE,
Sivapalaratnam S, Hovingh GK, Kastelein JJ, Samani NJ, Schunkert H, Erdmann J, Shah SH,
Kraus WE, Davies R, Nikpay M, Johansen CT, Wang J, Hegele RA, Hechter E, Marz W, Kleber
ME, Huang J, Johnson AD, Li M, Burke GL, Gross M, Liu Y, Assimes TL, Heiss G, Lange EM,
Folsom AR, Taylor HA, Olivieri O, Hamsten A, Clarke R, Reilly DF, Yin W, Rivas MA,
Donnelly P, Rossouw JE, Psaty BM, Herrington DM, Wilson JG, Rich SS, Bamshad MJ, Tracy
RP, Cupples LA, Rader DJ, Reilly MP, Spertus JA, Cresci S, Hartiala J, Tang WH, Hazen SL,
Allayee H, Reiner AP, Carlson CS, Kooperberg C, Jackson RD, Boerwinkle E, Lander ES,
Schwartz SM, Siscovick DS, McPherson R, Tybjaerg-Hansen A, Abecasis GR, Watkins H,
Nickerson DA, Ardissino D, Sunyaev SR, O’Donnell CJ, Altshuler D, Gabriel S, Kathiresan S
(2015) Exome sequencing identifies rare LDLR and APOAS5 alleles conferring risk for
myocardial infarction. Nature 518(7537):102-106

Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, Boldt MD, Parks EJ (2005) Sources of fatty
acids stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty liver
disease. J Clin Invest 115(5):1343-1351

Dunbar RL, Nicholls SJ, Maki KC, Roth EM, Orloff DG, Curcio D, Johnson J, Kling D, Davidson
MH (2015) Effects of omega-3 carboxylic acids on lipoprotein particles and other cardiovascu-
lar risk markers in high-risk statin-treated patients with residual hypertriglyceridemia: a
randomized, controlled, double-blind trial. Lipids Health Dis 14:98

Edvardsson U, Bergstrom M, Alexandersson M, Bamberg K, Ljung B, Dahllof B (1999)
Rosiglitazone (BRL49653), a PPARgamma-selective agonist, causes peroxisome proliferator-
like liver effects in obese mice. J Lipid Res 40(7):1177-1184

Elias N, Patterson BW, Schonfeld G (1999) Decreased production rates of VLDL triglycerides and
ApoB-100 in subjects heterozygous for familial hypobetalipoproteinemia. Arterioscler Thromb
Vasc Biol 19(11):2714-2721

Farquhar JW, Gross RC, Wagner RM, Reaven GM (1965) Validation of an incompletely coupled
two-compartment nonrecycling catenary model for turnover of liver and plasma triglyceride in
man. J Lipid Res 6:119-134

Fielding BA, Reid G, Grady M, Humphreys SM, Evans K, Frayn KN (2000) Ethanol with a mixed
meal increases postprandial triacylglycerol but decreases postprandial non-esterified fatty acid
concentrations. Br J Nutr 83(6):597-604

Gardner CD, Fortmann SP, Krauss RM (1996) Association of small low-density lipoprotein
particles with the incidence of coronary artery disease in men and women. JAMA 276:875-881

Gaudet D, Brisson D, Tremblay K, Alexander VJ, Singleton W, Hughes SG, Geary RS, Baker BF,
Graham MJ, Crooke RM, Witztum JL (2014) Targeting APOC3 in the familial
chylomicronemia syndrome. N Engl J Med 371(23):2200-2206

Gaudet D, Alexander VJ, Baker BF, Brisson D, Tremblay K, Singleton W, Geary RS, Hughes SG,
Viney NJ, Graham MJ, Crooke RM, Witztum JL, Brunzell JD, Kastelein JJ (2015) Antisense
inhibition of apolipoprotein C-III in patients with hypertriglyceridemia. N Engl J Med 373
(5):438-447



Metabolism of Triglyceride-Rich Lipoproteins 151

Gaudet D, Drouin-Chartier JP, Couture P (2017a) Lipid metabolism and emerging targets for lipid-
lowering therapy. Can J Cardiol 33(7):872-882

Gaudet D, Gipe DA, Pordy R, Ahmad Z, Cuchel M, Shah PK, Chyu KY, Sasiela WJ, Chan KC,
Brisson D, Khoury E, Banerjee P, Gusarova V, Gromada J, Stahl N, Yancopoulos GD, Hovingh
GK (2017b) ANGPTL3 inhibition in homozygous familial hypercholesterolemia. N Engl J Med
377(3):296-297

Gaw A, Packard CJ, Lindsay GM, Griffin BA, Caslake MJ, Lorimer AR, Shepherd J (1995)
Overproduction of small very low density lipoproteins (Sf 20-60) in moderate hypercholesterol-
emia: relationships between apolipoprotein B kinetics and plasma lipoproteins. J Lipid Res 36
(1):158-171

Georgieva AM, van Greevenbroek MM, Krauss RM, Brouwers MC, Vermeulen VM, Robertus-
Teunissen MG, van der Kallen CJ, de Bruin TW (2004) Subclasses of low-density lipoprotein
and very low-density lipoprotein in familial combined hyperlipidemia: relationship to multiple
lipoprotein phenotype. Arterioscler Thromb Vasc Biol 24(4):744-749

Gibbons GF, Islam K, Pease RJ (2000) Mobilisation of triacylglycerol stores. Biochim Biophys
Acta 1483(1):37-57

Ginsberg HN, Brown WV (2011) Apolipoprotein CIII: 42 years old and even more interesting.
Arterioscler Thromb Vasc Biol 31(3):471-473

Ginsberg HN, Le NA, Goldberg 1J, Gibson JC, Rubinstein A, Wang-Iverson P, Norum R, Brown
WYV, Apolipoprotein B (1986) Metabolism in subjects with deficiency of apolipoproteins CIII
and Al Evidence that apolipoprotein CIII inhibits catabolism of triglyceride-rich lipoproteins by
lipoprotein lipase in vivo. J Clin Invest 78(5):1287-1295

Goldberg 1J (1996) Lipoprotein lipase and lipolysis: central roles in lipoprotein metabolism and
atherogenesis. J Lipid Res 37(4):693-707

Gordts PL, Nock R, Son NH, Ramms B, Lew I, Gonzales JC, Thacker BE, Basu D, Lee RG,
Mullick AE, Graham MJ, Goldberg 1J, Crooke RM, Witztum JL, Esko JD (2016) ApoC-III
inhibits clearance of triglyceride-rich lipoproteins through LDL family receptors. J Clin Invest
126(8):2855-2866

Gouni-Berthold I (2017) The role of antisense oligonucleotide therapy against apolipoprotein-CIII
in hypertriglyceridemia. Atheroscler Suppl 30:19-27

Graham MJ, Lee RG, Bell TA 3rd, Fu W, Mullick AE, Alexander VIJ, Singleton W, Viney N,
Geary R, Su J, Baker BF, Burkey J, Crooke ST, Crooke RM (2013) Antisense oligonucleotide
inhibition of apolipoprotein C-III reduces plasma triglycerides in rodents, nonhuman primates,
and humans. Circ Res 112(11):1479-1490

Graham MJ, Lee RG, Brandt TA, Tai LJ, Fu W, Peralta R, Yu R, Hurh E, Paz E, McEvoy BW,
Baker BF, Pham NC, Digenio A, Hughes SG, Geary RS, Witztum JL, Crooke RM, Tsimikas S
(2017) Cardiovascular and metabolic effects of ANGPTL3 antisense oligonucleotides. N Engl J
Med 377(3):222-232

Gusarova V, Brodsky JL, Fisher EA (2003) Apolipoprotein B100 exit from the endoplasmic
reticulum (ER) is COPII-dependent, and its lipidation to very low density lipoprotein occurs
post-ER. J Biol Chem 278(48):48051-48058

Haller JF, Mintah 1J, Shihanian LM, Stevis P, Buckler D, Alexa-Braun CA, Kleiner S, Banfi S,
Cohen JC, Hobbs HH, Yancopoulos GD, Murphy AJ, Gusarova V, Gromada J (2017)
ANGPTLS requires ANGPTL3 to inhibit lipoprotein lipase and plasma triglyceride clearance.
J Lipid Res 58(6):1166-1173

Havel RJ (1961) Conversion of plasma free fatty acids into triglycerides of plasma lipoprotein
fractions in man. Metabolism 10:1031-1034

Huff MW, Hegele RA (2013) Apolipoprotein C-III: going back to the future for a lipid drug target.
Circ Res 112(11):1405-1408

Hussain MM, Fatma S, Pan X, Igbal J (2005) Intestinal lipoprotein assembly. Curr Opin Lipidol 16
(3):281-285



152 J. Borén and M.-R. Taskinen

James RW, Martin B, Pometta D, Fruchart JC, Duriez P, Puchois P, Farriaux JP, Tacquet A,
Demant T, Clegg RJ et al (1989) Apolipoprotein B metabolism in homozygous familial
hypercholesterolemia. J Lipid Res 30(2):159-169

Julve J, Martin-Campos JM, Escola-Gil JC, Blanco-Vaca F (2016) Chylomicrons: advances in
biology, pathology, laboratory testing, and therapeutics. Clin Chim Acta 455:134—-148

Karpe F, Bell M, Bjorkegren J, Hamsten A (1995) Quantification of postprandial triglyceride-rich
lipoproteins in healthy men by retinyl ester labeling and simultaneous measurement of
apolipoproteins B-48 and B-100. Arterioscler Thromb Vasc Biol 15(2):199-207

Keech AC, Jenkins AJ (2017) Triglyceride-lowering trials. Curr Opin Lipidol 28(6):477-487

Kersten S (2014) Physiological regulation of lipoprotein lipase. Biochim Biophys Acta 1841
(7):919-933

Kersten S (2017) Angiopoietin-like 3 in lipoprotein metabolism. Nat Rev Endocrinol 13
(12):731-739

Khan NA, Besnard P (2009) Oro-sensory perception of dietary lipids: new insights into the fat taste
transduction. Biochim Biophys Acta 1791(3):149-155

Koo SH, Dutcher AK, Towle HC (2001) Glucose and insulin function through two distinct
transcription factors to stimulate expression of lipogenic enzyme genes in liver. J Biol Chem
276(12):9437-9445

Lamarche B, Tchernof A, Moorjani S, Cantin B, Dagenais GR, Lupien PJ, Despres JP (1997) Small,
dense low-density lipoprotein particles as a predictor of the risk of ischemic heart disease in
men. Prospective results from the Quebec Cardiovascular Study. Circulation 95(1):69-75

Lambert JE, Parks EJ (2012) Postprandial metabolism of meal triglyceride in humans. Biochim
Biophys Acta 1821(5):721-726

Larsson M, Vorrsjo E, Talmud P, Lookene A, Olivecrona G (2013) Apolipoproteins C-I and C-III
inhibit lipoprotein lipase activity by displacement of the enzyme from lipid droplets. J Biol
Chem 288(47):33997-34008

Laufs U, Parhofer KG, Ginsberg HN, Hegele RA (2020) Clinical review on triglycerides. Eur Heart
J41(1):99-109¢

Lee J, Hegele RA (2014) Abetalipoproteinemia and homozygous hypobetalipoproteinemia: a
framework for diagnosis and management. J Inherit Metab Dis 37(3):333-339

LiJ,LiL,Guo D, LiS, Zeng Y, Liu C, Fu R, Huang M, Xie W (2020) Triglyceride metabolism and
angiopoietin-like proteins in lipoprotein lipase regulation. Clin Chim Acta 503:19-34

Lichtenstein AH, Hachey DL, Millar JS, Jenner JL, Booth L, Ordovas J, Schaefer EJ (1992)
Measurement of human apolipoprotein B-48 and B-100 kinetics in triglyceride-rich lipoproteins
using [5,5,5-2H3]leucine. J Lipid Res 33(6):907-914

Linton MF, Farese RV Jr, Young SG (1993) Familial hypobetalipoproteinemia. J Lipid Res 34
(4):521-541

Luo M, Peng D (2018) ANGPTLS: an important regulator in metabolic disorders. Front Endocrinol
(Lausanne) 9:169

Mach F, Baigent C, Catapano AL, Koskinas KC, Casula M, Badimon L, Chapman MJ, De Backer
GG, Delgado V, Ference BA, Graham IM, Halliday A, Landmesser U, Mihaylova B, Pedersen
TR, Riccardi G, Richter DJ, Sabatine MS, Taskinen MR, Tokgozoglu L, Wiklund O, ESC
Scientific Document Group (2020) 2019 ESC/EAS guidelines for the management of
dyslipidaemias: lipid modification to reduce cardiovascular risk. Eur Heart J 41(1):111-188

Mahley RW, Huang Y (2007) Atherogenic remnant lipoproteins: role for proteoglycans in trapping,
transferring, and internalizing. J Clin Invest 117(1):94-98

Maki KC, Bays HE, Dicklin MR, Johnson SL, Shabbout M (2011) Effects of prescription omega-3-
acid ethyl esters, coadministered with atorvastatin, on circulating levels of lipoprotein particles,
apolipoprotein CIII, and lipoprotein-associated phospholipase A2 mass in men and women with
mixed dyslipidemia. J Clin Lipidol 5(6):483-492

Marais AD (2019) Apolipoprotein E in lipoprotein metabolism, health and cardiovascular disease.
Pathology 51(2):165-176



Metabolism of Triglyceride-Rich Lipoproteins 153

Matikainen N, Soderlund S, Bjornson E, Pietilainen K, Hakkarainen A, Lundbom N, Taskinen MR,
Boren J (2019) Liraglutide treatment improves postprandial lipid metabolism and
cardiometabolic risk factors in humans with adequately controlled type 2 diabetes: a single-
centre randomized controlled study. Diabetes Obes Metab 21(1):84-94

Mattes RD (2002) Oral fat exposure increases the first phase triacylglycerol concentration due to
release of stored lipid in humans. J Nutr 132(12):3656-3662

Mattes RD (2009) Brief oral stimulation, but especially oral fat exposure, elevates serum
triglycerides in humans. Am J Physiol Gastrointest Liver Physiol 296(2):G365-G371

Mendivil CO, Zheng C, Furtado J, Lel J, Sacks FM (2010) Metabolism of very-low-density
lipoprotein and low-density lipoprotein containing apolipoprotein C-III and not other small
apolipoproteins. Arterioscler Thromb Vasc Biol 30(2):239-245

Minicocci I, Santini S, Cantisani V, Stitziel N, Kathiresan S, Arroyo JA, Marti G, Pisciotta L,
Noto D, Cefalu AB, Maranghi M, Labbadia G, Pigna G, Pannozzo F, Ceci F, Ciociola E,
Bertolini S, Calandra S, Tarugi P, Averna M, Arca M (2013) Clinical characteristics and plasma
lipids in subjects with familial combined hypolipidemia: a pooled analysis. J Lipid Res 54
(12):3481-3490

Morton AM, Furtado JD, Lee J, Amerine W, Davidson MH, Sacks FM (2016) The effect of omega-
3 carboxylic acids on apolipoprotein Clll-containing lipoproteins in severe
hypertriglyceridemia. J Clin Lipidol 10(6):1442-1451.e4

Myocardial Infarction Genetics Investigators CAEC, Stitziel NO, Stirrups KE, Masca NG,
Erdmann J, Ferrario PG, Konig IR, Weeke PE, Webb TR, Auer PL, Schick UM, Lu Y,
Zhang H, Dube MP, Goel A, Farrall M, Peloso GM, Won HH, Do R, van Iperen E,
Kanoni S, Kruppa J, Mahajan A, Scott RA, Willenberg C, Braund PS, van Capelleveen JC,
Doney AS, Donnelly LA, Asselta R, Merlini PA, Duga S, Marziliano N, Denny JC, Shaffer CM,
El-Mokhtari NE, Franke A, Gottesman O, Heilmann S, Hengstenberg C, Hoffman P, Holmen
OL, Hveem K, Jansson JH, Jockel KH, Kessler T, Kriebel J, Laugwitz KL, Marouli E,
Martinelli N, MI MC, Van Zuydam NR, Meisinger C, Esko T, Mihailov E, Escher SA,
Alver M, Moebus S, Morris AD, Muller-Nurasyid M, Nikpay M, Olivieri O, Lemieux Perreault
LP, AlQarawi A, Robertson NR, Akinsanya KO, Reilly DF, Vogt TF, Yin W, Asselbergs FW,
Kooperberg C, Jackson RD, Stahl E, Strauch K, Varga TV, Waldenberger M, Zeng L, Kraja AT,
Liu C, Ehret GB, Newton-Cheh C, Chasman DI, Chowdhury R, Ferrario M, Ford I, Jukema JW,
Kee F, Kuulasmaa K, Nordestgaard BG, Perola M, Saleheen D, Sattar N, Surendran P,
Tregouet D, Young R, Howson JM, Butterworth AS, Danesh J, Ardissino D, Bottinger EP,
Erbel R, Franks PW, Girelli D, Hall AS, Hovingh GK, Kastrati A, Lieb W, Meitinger T, Kraus
WE, Shah SH, McPherson R, Orho-Melander M, Melander O, Metspalu A, Palmer CN,
Peters A, Rader D, Reilly MP, Loos RJ, Reiner AP, Roden DM, Tardif JC, Thompson JR,
Wareham NJ, Watkins H, Willer CJ, Kathiresan S, Deloukas P, Samani NJ, Schunkert H (2016)
Coding variation in ANGPTL4, LPL, and SVEPI and the risk of coronary disease. N Engl J
Med 374(12):1134-1144

Nakajima K, Tokita Y, Tanaka A, Takahashi S (2019) The VLDL receptor plays a key role in the
metabolism of postprandial remnant lipoproteins. Clin Chim Acta 495:382-393

Norata GD, Tsimikas S, Pirillo A, Catapano AL (2015) Apolipoprotein C-III: from pathophysiol-
ogy to pharmacology. Trends Pharmacol Sci 36(10):675-687

Nordestgaard BG, Varbo A (2014) Triglycerides and cardiovascular disease. Lancet 384
(9943):626-635

Olofsson SO, Boren J (2005) Apolipoprotein B: a clinically important apolipoprotein which
assembles atherogenic lipoproteins and promotes the development of atherosclerosis. J Intern
Med 258(5):395-410

Olofsson SO, Stillemark-Billton P, Asp L (2000) Intracellular assembly of VLDL: two major steps
in separate cell compartments. Trends Cardiovasc Med 10(8):338-345

Ooi EM, Watts GF, Chan DC, Chen MM, Nestel PJ, Sviridov D, Barrett PH (2008) Dose-dependent
effect of rosuvastatin on VLDL-apolipoprotein C-III kinetics in the metabolic syndrome.
Diabetes Care 31(8):1656-1661



154 J. Borén and M.-R. Taskinen

Ooi EM, Russell BS, Olson E, Sun SZ, Diffenderfer MR, Lichtenstein AH, Keilson L, Barrett PH,
Schaefer EJ, Sprecher DL (2012) Apolipoprotein B-100-containing lipoprotein metabolism in
subjects with lipoprotein lipase gene mutations. Arterioscler Thromb Vasc Biol 32(2):459-466

Packard CJ (2003) Triacylglycerol-rich lipoproteins and the generation of small, dense low-density
lipoprotein. Biochem Soc Trans 31(Pt 5):1066—-1069

Paquette M, Dufour R, Hegele RA, Baass A (2016) A tale of 2 cousins: an atypical and a typical
case of abetalipoproteinemia. J Clin Lipidol 10(4):1030-1034

Parhofer KG, Barrett PH, Aguilar-Salinas CA, Schonfeld G (1996) Positive linear correlation
between the length of truncated apolipoprotein B and its secretion rate: in vivo studies in
human apoB-89, apoB-75, apoB-54.8, and apoB-31 heterozygotes. J Lipid Res 37(4):844-852

Parks EJ, Hellerstein MK (2006) Thematic review series: patient-oriented research. Recent
advances in liver triacylglycerol and fatty acid metabolism using stable isotope labeling
techniques. J Lipid Res 47(8):1651-1660

Parks EJ, Krauss RM, Christiansen MP, Neese RA, Hellerstein MK (1999) Effects of a low-fat,
high-carbohydrate diet on VLDL-triglyceride assembly, production, and clearance. J Clin Invest
104(8):1087-1096

Poulsen MK, Nellemann B, Stodkilde-Jorgensen H, Pedersen SB, Gronbaek H, Nielsen S (2016)
Impaired insulin suppression of VLDL-triglyceride kinetics in nonalcoholic fatty liver disease. J
Clin Endocrinol Metab 101(4):1637-1646

Pradhan AD, Paynter NP, Everett BM, Glynn RJ, Amarenco P, Elam M, Ginsberg H, Hiatt WR,
Ishibashi S, Koenig W, Nordestgaard BG, Fruchart JC, Libby P, Ridker PM (2018) Rationale
and design of the Pemafibrate to reduce cardiovascular outcomes by reducing triglycerides in
patients with diabetes (PROMINENT) study. Am Heart J 206:80-93

Prinsen BH, Romijn JA, Bisschop PH, de Barse MM, Barrett PH, Ackermans M, Berger R,
Rabelink TJ, de Sain-van der Velden MG (2003) Endogenous cholesterol synthesis is associated
with VLDL-2 apoB-100 production in healthy humans. J Lipid Res 44(7):1341-1348

Rasmussen KL, Tybjaerg-Hansen A, Nordestgaard BG, Frikke-Schmidt R (2019) Plasma levels of
apolipoprotein E, APOE genotype, and all-cause and cause-specific mortality in 105 949
individuals from a white general population cohort. Eur Heart J 40(33):2813-2824

Robertson MD, Henderson RA, Vist GE, Rumsey RD (2002) Extended effects of evening meal
carbohydrate-to-fat ratio on fasting and postprandial substrate metabolism. Am J Clin Nutr 75
(3):505-510

Robertson MD, Parkes M, Warren BF, Ferguson DJ, Jackson KG, Jewell DP, Frayn KN (2003)
Mobilisation of enterocyte fat stores by oral glucose in humans. Gut 52(6):834-839

Romeo S, Yin W, Kozlitina J, Pennacchio LA, Boerwinkle E, Hobbs HH, Cohen JC (2009) Rare
loss-of-function mutations in ANGPTL family members contribute to plasma triglyceride levels
in humans. J Clin Invest 119(1):70-79

Rustaeus S, Stillemark P, Lindberg K, Gordon D, Olofsson SO (1998) The microsomal triglyceride
transfer protein catalyzes the post-translational assembly of apolipoprotein B-100 very low
density lipoprotein in McA-RH7777 cells. J Biol Chem 273(9):5196-5203

Sacks FM (2015) The crucial roles of apolipoproteins E and C-III in apoB lipoprotein metabolism in
normolipidemia and hypertriglyceridemia. Curr Opin Lipidol 26(1):56-63

Sacks FM, Campos H (2003) Clinical review 163: cardiovascular endocrinology: low-density
lipoprotein size and cardiovascular disease: a reappraisal. J Clin Endocrinol Metab 88
(10):4525-4532

Salter AM, Wiggins D, Sessions VA, Gibbons GF (1998) The intracellular triacylglycerol/fatty acid
cycle: a comparison of its activity in hepatocytes which secrete exclusively apolipoprotein (apo)
B100 very-low-density lipoprotein (VLDL) and in those which secrete predominantly apoB48
VLDL. Biochem J 332(Pt 3):667-672

Sandesara PB, Virani SS, Fazio S, Shapiro MD (2019) The forgotten lipids: triglycerides, remnant
cholesterol, and atherosclerotic cardiovascular disease risk. Endocr Rev 40(2):537-557



Metabolism of Triglyceride-Rich Lipoproteins 155

Schneeman BO, Kotite L, Todd KM, Havel RJ (1993) Relationships between the responses of
triglyceride-rich lipoproteins in blood plasma containing apolipoproteins B-48 and B-100 to a
fat-containing meal in normolipidemic humans. Proc Natl Acad Sci U S A 90(5):2069-2073

Segrest JP, Jones MK, De Loof H, Dashti N (2001) Structure of apolipoprotein B-100 in low
density lipoproteins. J Lipid Res 42(9):1346-1367

Shimomura I, Bashmakov Y, Horton JD (1999) Increased levels of nuclear SREBP-1c associated
with fatty livers in two mouse models of diabetes mellitus. J Biol Chem 274(42):30028-30032

Stillemark P, Boren J, Andersson M, Larsson T, Rustaeus S, Karlsson KA, Olofsson SO (2000) The
assembly and secretion of apolipoprotein B-48-containing very low density lipoproteins in
McA-RH7777 cells. J Biol Chem 275(14):10506-10513

Stillemark-Billton P, Beck C, Boren J, Olofsson SO (2005) Relation of the size and intracellular
sorting of apoB to the formation of VLDL 1 and VLDL 2. J Lipid Res 46(1):104-114

Tamura S, Shimomura I (2005) Contribution of adipose tissue and de novo lipogenesis to nonalco-
holic fatty liver disease. J Clin Invest 115(5):1139-1142

Tanoli T, Yue P, Yablonskiy D, Schonfeld G (2004) Fatty liver in familial
hypobetalipoproteinemia: roles of the APOB defects, intra-abdominal adipose tissue, and
insulin sensitivity. J Lipid Res 45(5):941-947

Taskinen MR (2003) Diabetic dyslipidaemia: from basic research to clinical practice. Diabetologia
46(6):733-749

Taskinen MR, Boren J (2015) New insights into the pathophysiology of dyslipidemia in type
2 diabetes. Atherosclerosis 239(2):483-495

Taskinen MR, Adiels M, Westerbacka J, Soderlund S, Kahri J, Lundbom N, Lundbom J,
Hakkarainen A, Olofsson SO, Orho-Melander M, Boren J (2011) Dual metabolic defects are
required to produce hypertriglyceridemia in obese subjects. Arterioscler Thromb Vasc Biol 31
(9):2144-2150

Tsimikas S (2018) RNA-targeted therapeutics for lipid disorders. Curr Opin Lipidol 29(6):459-466

Vakkilainen J, Mero N, Schweizer A, Foley JE, Taskinen MR (2002) Effects of nateglinide and
glibenclamide on postprandial lipid and glucose metabolism in type 2 diabetes. Diabetes Metab
Res Rev 18(6):484-490

Vakkilainen J, Steiner G, Ansquer JC, Aubin F, Rattier S, Foucher C, Hamsten A, Taskinen MR
(2003) Relationships between low-density lipoprotein particle size, plasma lipoproteins, and
progression of coronary artery disease: the Diabetes Atherosclerosis Intervention Study (DAIS).
Circulation 107(13):1733-1737

Vatner DF, Goedeke L, Camporez JG, Lyu K, Nasiri AR, Zhang D, Bhanot S, Murray SF, Still CD,
Gerhard GS, Shulman GI, Samuel VT (2018) Angptl8 antisense oligonucleotide improves
adipose lipid metabolism and prevents diet-induced NAFLD and hepatic insulin resistance in
rodents. Diabetologia 61(6):1435-1446

Verges B (2005) New insight into the pathophysiology of lipid abnormalities in type 2 diabetes.
Diabetes Metab 31(5):429-439

Wang AB, Liu DP, Liang CC (2003) Regulation of human apolipoprotein B gene expression at
multiple levels. Exp Cell Res 290(1):1-12

Wang Y, Gusarova V, Banfi S, Gromada J, Cohen JC, Hobbs HH (2015a) Inactivation of
ANGPTL3 reduces hepatic VLDL-triglyceride secretion. J Lipid Res 56(7):1296-1307

Wang Y, McNutt MC, Banfi S, Levin MG, Holland WL, Gusarova V, Gromada J, Cohen JC, Hobbs
HH (2015b) Hepatic ANGPTL3 regulates adipose tissue energy homeostasis. Proc Natl Acad
SciU S A 112(37):11630-11635

Welty FK (2014) Hypobetalipoproteinemia and abetalipoproteinemia. Curr Opin Lipidol 25
(3):161-168

Welty FK, Lichtenstein AH, Barrett PH, Dolnikowski GG, Ordovas JM, Schaefer EJ (1997)
Decreased production and increased catabolism of apolipoprotein B-100 in apolipoprotein
B-67/B-100 heterozygotes. Arterioscler Thromb Vasc Biol 17(5):881-888



156 J. Borén and M.-R. Taskinen

Welty FK, Lichtenstein AH, Barrett PHR, Dolnikowski GG, Schaefer EJ (1999) Human apolipo-
protein (Apo) B-48 and ApoB-100 kinetics with stable isotopes. Arterioscler Thromb Vasc Biol
19(12):2966-2974

Westerbacka J, Kolak M, Kiviluoto T, Arkkila P, Siren J, Hamsten A, Fisher RM, Yki-Jarvinen H
(2007) Genes involved in fatty acid partitioning and binding, lipolysis, monocyte/macrophage
recruitment, and inflammation are overexpressed in the human fatty liver of insulin-resistant
subjects. Diabetes 56(11):2759-2765

Wiggins D, Gibbons GF (1992) The lipolysis/esterification cycle of hepatic triacylglycerol. Its role
in the secretion of very-low-density lipoprotein and its response to hormones and
sulphonylureas. Biochem J 284:457—462

Witztum JL, Gaudet D, Freedman SD, Alexander VJ, Digenio A, Williams KR, Yang Q, Hughes
SG, Geary RS, Arca M, Stroes ESG, Bergeron J, Soran H, Civeira F, Hemphill L, Tsimikas S,
Blom DJ, O’Dea L, Bruckert E (2019) Volanesorsen and triglyceride levels in familial
chylomicronemia syndrome. N Engl J Med 381(6):531-542

Xiao C, Stahel P, Lewis GF (2019) Regulation of chylomicron secretion: focus on post-assembly
mechanisms. Cell Mol Gastroenterol Hepatol 7(3):487-501

Xu YX, Redon V, Yu H, Querbes W, Pirruccello J, Liebow A, Deik A, Trindade K, Wang X,
Musunuru K, Clish CB, Cowan C, Fizgerald K, Rader D, Kathiresan S (2018) Role of
angiopoietin-like 3 (ANGPTL3) in regulating plasma level of low-density lipoprotein choles-
terol. Atherosclerosis 268:196-206

Yao Z (2012) Human apolipoprotein C-III — a new intrahepatic protein factor promoting assembly
and secretion of very low density lipoproteins. Cardiovasc Hematol Disord Drug Targets 12
(2):133-140

Zhang R (2012) Lipasin, a novel nutritionally-regulated liver-enriched factor that regulates serum
triglyceride levels. Biochem Biophys Res Commun 424(4):786-792

Zheng C, Khoo C, Ikewaki K, Sacks FM (2007) Rapid turnover of apolipoprotein C-IlI-containing
triglyceride-rich lipoproteins contributing to the formation of LDL subfractions. J Lipid Res 48
(5):1190-1203

Zheng C, Khoo C, Furtado J, Sacks FM (2010) Apolipoprotein C-III and the metabolic basis for
hypertriglyceridemia and the dense low-density lipoprotein phenotype. Circulation 121
(15):1722-1734

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons licence and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's Creative
Commons licence, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter's Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


http://creativecommons.org/licenses/by/4.0/

®

Check for
updates

High Density Lipoproteins: Is There
a Comeback as a Therapeutic Target?

Arnold von Eckardstein

Contents

I INtrodUCHON ..o ue e 158

2 Possible Reasons for HDL-C’s Clinical Futility ... 160
2.1 Lack of Causality .......oooinuueiii it 160
2.2 Epidemiology and Human Genetics Disprove “the Higher the Better” Concept .... 160
2.3 Limitations of HDL Modifying Drugs ...........coueiiiiiiiiiiiiiiiii e, 163

2.3.1 Neither Fibrates nor Nicotinic Acid Specifically Target HDL Metabolism ... 163
2.3.2 CETP Inhibitors Block Rather than Promote Reverse Cholesterol

TIANSPOTL ..o e e et 165
2.3.3 Combination with High-Intensity Statins: The Winner Takes it All ......... 166
2.4  Wrong Biomarker “the Good Cholesterol” ...................ooiiiiiiiiian 167
3 Consequences and PerSPECtiVES ... .....ouuuuuuiit it 168
3.1 The Search for Novel HDL-Biomarkers ..................oooooiiii 168
3.2 Ongoing and Novel Drug Developments ..............ccooeiiiiiiiiiiiiiieeininnnnn. 171
3.2.1 Reconstituted HDL, apoA-I Mimetic Peptides, and Recombinant LCAT ... 171
3.2.2 Apabetalone .......oooiiiiiii 172
3.2.3 PPAR ModUulators .......ooiiiiitiiite e e e 172
3.2.4 ANGPTL3 and Endothelial Lipase ............oooiiiiiiiiiiiiiaanaian. 172
3.2.5 ApoC-IIINhibition ..ot e 173
3.2.6 HDL-C Lowering Therapies: Probucol and Androgens ...................... 173
3.3 Other Disease Targets ..........ueeeeetttitittt ettt et e e 174
331 DIAbRLES ...ttt 175
3.3.2 Chronic Kidney DiSease .........coouiiiiiiiiiiiiiiiiiiicee e 176
3.3.3  INFECHONS ettt e et ettt 177
334  Autoimmune DiSEases ............ooeiiiiiiiiiiiiiiiii e 178
335 CANCEI . .euittt e 179

3.3.6 Behind the Blood Brain Barrier: Alzheimer’s Disease and Age Related
Macular DeZeneration .............oeeeeeeeeeeeeeeee et 179
3.4 Implications for Nowaday’s Clinical Practice ................coooiiiiiiiiiiinn. 180
RETEIENCES . . .. 181

A. von Eckardstein (D<)

Institute of Clinical Chemistry, University Hospital Zurich and University of Zurich, Zurich,
Switzerland

e-mail: arnold.voneckardstein @usz.ch

© The Author(s) 2021 157
A. von Eckardstein, C. J. Binder (eds.), Prevention and Treatment of Atherosclerosis,
Handbook of Experimental Pharmacology 270, https://doi.org/10.1007/164_2021_536


http://crossmark.crossref.org/dialog/?doi=10.1007/164_2021_536&domain=pdf
mailto:arnold.voneckardstein@usz.ch
https://doi.org/10.1007/164_2021_536#DOI

158 A. von Eckardstein

Abstract

Low plasma levels of High Density Lipoprotein (HDL) cholesterol (HDL-C) are
associated with increased risks of atherosclerotic cardiovascular disease
(ASCVD). In cell culture and animal models, HDL particles exert multiple
potentially anti-atherogenic effects. However, drugs increasing HDL-C have
failed to prevent cardiovascular endpoints. Mendelian Randomization studies
neither found any genetic causality for the associations of HDL-C levels with
differences in cardiovascular risk. Therefore, the causal role and, hence, utility as
a therapeutic target of HDL has been questioned. However, the biomarker “HDL-
C” as well as the interpretation of previous data has several important limitations:
First, the inverse relationship of HDL-C with risk of ASCVD is neither linear nor
continuous. Hence, neither the-higher-the-better strategies of previous drug
developments nor previous linear cause-effect relationships assuming Mendelian
randomization approaches appear appropriate. Second, most of the drugs previ-
ously tested do not target HDL metabolism specifically so that the futile trials
question the clinical utility of the investigated drugs rather than the causal role of
HDL in ASCVD. Third, the cholesterol of HDL measured as HDL-C neither
exerts nor reports any HDL function. Comprehensive knowledge of structure-
function-disease relationships of HDL particles and associated molecules will be
a pre-requisite, to test them for their physiological and pathogenic relevance and
exploit them for the diagnostic and therapeutic management of individuals at
HDL-associated risk of ASCVD but also other diseases, for example diabetes,
chronic kidney disease, infections, autoimmune and neurodegenerative diseases.

Keywords

Apolipoprotein A-I - CETP - Cholesterol efflux - Fibrate - HDL mimetic - High
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1 Introduction

Low plasma levels of high density lipoprotein (HDL) cholesterol (HDL-C) are
associated with increased risks of atherosclerotic cardiovascular diseases
(ASCVD), notably coronary heart disease (CHD) (Emerging Risk Factors Collabo-
ration 2009; Madsen et al. 2021). HDL particles exert a broad spectrum of biological
activities many of which are considered as anti-atherogenic, for example mediation
of cholesterol efflux from macrophage foam cells and reverse transport of cholesterol
to the liver, promotion of endothelial integrity and function, inhibition of inflamma-
tion by suppression of myelopoiesis and transmigration of leukocytes through the
endothelium as well as macrophage activation, inhibition of lipid oxidation as well
as inactivation of oxidized lipids (Fig. 1) (Von Eckardstein and Kardassis 2015;
Robert et al. 2021; Rohatgi et al. 2021). Furthermore, atherosclerosis could be
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Fig. 1 Possible pathophysiological relationships of low HDL cholesterol with its associated
diseases (modified from Von Eckardstein and Kardassis 2015)

decreased or even reverted in several animal models by transgenic over-expression
or exogenous application of apolipoprotein (apoA-I), i.e. the most abundant protein
of HDL (Hoekstra and Van Eck 2015; Lee-Rueckert et al. 2016). However, in
humans, drugs increasing HDL-C such as fibrates, nicotinic acid (niacin), or
inhibitors of cholesteryl ester transfer protein (CETP) have failed to prevent fatal
or non-fatal cardiovascular endpoints (Keene et al. 2014; Riaz et al. 2019). Infusions
of reconstituted HDL (rHDL) did not lead to regression of atherosclerosis in
coronary or carotid arteries (He et al. 2021). Moreover, in several inborn errors of
human HDL metabolism and genetic mouse models with altered HDL metabolism,
low or high HDL-C levels were not always associated with the differences in
cardiovascular risk and atherosclerotic plaque load, respectively, that were expected
from epidemiology (Hoekstra and Van Eck 2015; Lee-Rueckert et al. 2016; Zanoni
and von Eckardstein 2020). For example, the loss of scavenger receptor B1 (SR-BI)
function aggravates the risk of ASCVD events in human carriers of SCARBI
mutations and promotes atherosclerosis in Scarb1 knock-out mice despite increasing
HDL-C levels (Hoekstra and Van Eck 2015; Lee-Rueckert et al. 2016; Zanoni et al.
2016). Because of these ambiguous data, the causal role of HDL in the pathogenesis
of atherosclerosis as well as the suitability of HDL-C as a therapeutic target is
nowadays scrutinized if not doubted (Madsen et al. 2021; Mirz et al. 2017). Both
the previous euphoria and the current skepticism in the discussion of HDL’s role in
health and disease, specifically in ASCVD but also beyond, have been suffering
from several misconceptions, which are described in the first part of this review. As
the conclusion, several perspectives for the clinical exploitation of HDL are
presented in the second part.
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2 Possible Reasons for HDL-C’s Clinical Futility
2.1 Lack of Causality

Mendelian randomization studies have been a successful tool to support the causality
of LDL cholesterol (LDL-C) in atherosclerosis: Single nucleotide polymorphisms
(SNPs) and rare genetic variants that are associated with lower or higher LDL-C
levels are associated with lower and higher risk, respectively, of ASCVD events. The
associations of genetically determined LDL-C with ASCVD risk are even stronger
than the associations of measured LDL-C. This is because the genetic information
includes both time and dosage of exposure to the harmful LDL-C whereas the
measured LDL-C only records the dosage of the harm (Borén et al. 2020). Mende-
lian randomization studies also support causality of hypertriglyceridemia and ele-
vated apoB levels as well as hypertension in the pathogenesis of ASCVD (Benn and
Nordestgaard 2018). Conversely, this genetic strategy rather excluded genetic cau-
sality of HDL-C and apoA-I levels in the manifestation of ASCVD, at least after
maximal adjustment for confounding lipid traits such as apoB and triglyceride levels
(Richardson et al. 2020; Voight et al. 2012). However, it is important to note the
limitations of Mendelian Randomization studies. With respect to HDL-C the most
important limitation is the assumption of a continuous relationship between the risk
factor and the clinical endpoint. This is true for the association of LDL-C or
nonHDL-C with major cardiovascular events but not for HDL-C, where no differ-
ence in risk is observed among individuals with HDL-C levels above the 60th
percentile (Emerging Risk Factors Collaboration 2009; Johannesen et al. 2020;
Madsen et al. 2017; see Sect. 2.2).

HDL-C levels below the widely accepted risk thresholds of 1.0 mmol/L or 40 mg/
dL are frequently confounded by other risk factors of ASCVD, notably
hypertriglyceridemia, manifest diabetes mellitus type 2 (T2DM) or impaired fasting
glucose, smoking, chronic inflammatory diseases (chronic obstructive lung disease,
rheumatic diseases) or biomarkers of inflammation (e.g., elevated C-reactive pro-
tein), overweight or obesity (Fig. 1; Assmann et al. 1996; Damen et al. 2017). Due to
the links of HDL metabolism with the metabolism of triglyceride-rich lipoproteins, it
has been suggested that low HDL-C is an indirect long-term indicator of postpran-
dial hypertriglyceridemia and hence exposure of atherogenic remnants like elevated
glycated hemoglobin Alc is a long-term marker of disturbed glucose metabolism but
a non-causal risk factor of glycation-induced organ damage (Langsted et al. 2020).

2.2 Epidemiology and Human Genetics Disprove “the Higher
the Better” Concept

The association of HDL-C with risk of ASCVD events has been described for
decades to be inverse. The resulting widespread reception of HDL-C as the “good
cholesterol” led to the application of “the higher the better” strategies to both patient
counselling and drug development. However, the meta-analysis of 68 population
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studies with more than 300,000 participants and 2,785 incident myocardial
infarctions by the Emerging Risk Factors Collaboration found the unadjusted risk
of myocardial infarction gradually decreasing from the first decile to the eighth
decile (i.e., until about 1.5 mmol/L or 58 mg/dL) but no significant changes at higher
levels of HDL-C. After adjustment for possible confounders, statistically significant
dose-dependent risk decreases happen within the lower six deciles until about 50 mg/
dL (1.3 mmol/L) but not above this threshold (Emerging Risk Factors Collaboration
2009). Similar observations were made in more than 110,000 and 630,000
participants of the Copenhagen General Population (CGPS) and Copenhagen City
Heart Studies (CCHS) and CANHEART studies (Madsen et al. 2017; Wijeysundera
et al. 2017). In Denmark, the decreases in risk of cardiovascular events reached
plateaus at 1.5 mmol/L in men and 2.0 mmol/L in women (Madsen et al. 2017). In
Canada, below the reference interval ranging from 50 to 60 mg/dL, the incidence of
ASCVD events increased with every decreasing 10 mg/dL interval of HDL-C.
Above the threshold of 60 mg/dL, the ASCVD risks were overall significantly
lower compared to the reference interval, but did not differ between the increasing
10 mg/dL strata, neither in men nor in women (Wijeysundera et al. 2017). Of note,
the associations of HDL-C with total as well as disease-specific mortalities including
cardiovascular mortality are even parabolic (U-shaped): Both in the Danish and
Canadian studies, the inverse associations of HDL-C with total mortality reached
their nadirs at 1.8—1.9 mmol/L (70-75 mg/dL) and 2.3-2.4 mmol/L (90-95 mg/dL)
in men and women, respectively. Beyond these thresholds, the risk of dying became
gradually higher with further increasing HDL-C levels (Ko et al. 2016; Madsen et al.
2017).

The discontinuous and even parabolic associations of HDL-C with cardiovascular
morbidity and mortality, respectively, have been largely ignored both in the execu-
tion of Mendelian randomization studies and in the design of randomized controlled
studies that aimed at the lowering of cardiovascular risk by increasing of HDL-C:
both have been based on the assumption of continuous the-higher-the-better
associations. The majority of the trials on fibrates, niacin, or CETP inhibitors did
not define any upper limit of HDL-C for inclusion into the trial (Table 1). No
Mendelian Randomization study restricted the analysis to the ranges where changes
in HDL-C are associated with changes in risk, e.g. to the lower five or six deciles
(Richardson et al. 2020; Voight et al. 2012). Of note, a large register study of a lipid
clinics in Boston among individuals with HDL-C below 25 mg/dL (0.8 mmol/L)
found an increased prevalence of ASCVD events in carriers of mutations in the
genes of APOA1, ABCAL1, LCAT, and LPL (Geller et al. 2018). Also studies in
Dutch and Canadian families affected by loss of function mutations in APOAI,
ABCAI1, or LCAT found the prevalence of ASCVD events increased among
mutation carriers, but only if HDL-C was below the fifth percentile (Abdel-Razek
et al. 2018; Tietjen et al. 2012). Conversely, mutations in the genes of CETP,
SCARBI, and LIPG, which cause increases in HDL-C show heterogenous
associations with ASCVD. Loss of function mutations in LIPG encoding endothelial
lipase do not alter the risk of ASCVD (Voight et al. 2012). The associations of loss of
function mutations in CETP and SCARB1 with ASCVD are controversial: Rare
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Table 1 The majority of “HDL” trials did not define any cut-off level of HDL cholesterol for
inclusion or exclusion of participants

Type of HDL-C inclusion HDL-C (mmol/L) at
Trial Drug prevention criterion baseline
HHS Gemfibrozil | Primary Not defined 1.22 £ 0.28
BIP Bezafibrate Secondary <1.16 mmol/L 0.89 £0.14
VA-HIT Gemfibrozil | Secondary <1.05 mmol/L 0.89 + 0.18
FIELD Fenofibrate* | Diabetes Not defined 1.10 £ 0.26

mellitus
ACCORD?* Fenofibrate® | Diabetes <1.42 mmol/L 0.98 £ 0.21

mellitus
AIM-HIGH?* Niacin® Secondary <1.05 mmol/L 091 +£0.16
HPS2-THRIVE® Niacin® Secondary Not defined 1.14 + 0.30
ILLUMINATE?® Torcetrapib® | Secondary Not defined 1.26 + 0.31
DALOUTCOME? | Dalcetrapib® | Secondary Not defined 1.10 £+ 0.30
ACCELERATE" Evacetrapib | Secondary <2.07 mmol/L 1.18 £ 0.30
REVEAL" Anacetrapib | Secondary Not defined 1.04 + 0.26

HHS = Helsinki Heart Study (Frick et al. 1987), BIP = Bezafibrate Infarction Prevention (BIP)
2000, VA-HIT (Rubins et al. 1999), FIELD = Keech et al. (2005), ACCORD Study Group (2010);
AIM-HIGH Investigators (2011), HPS2-THRIVE Collaborative Group (2014); ILLUMINATE
(Barter et al. 2007b), Dal-OUTCOME (Schwartz et al. 2012), ACCELERATE (Lincoff et al.
2017; HPS3/TIMIS5-REVEAL Collaborative Group 2017)

“Combined with statins vs. statins alone. HDL-C HDL cholesterol

SCARB1 mutations were associated with increased CVD risk in one study but not in
another (Helgadottir et al. 2018; Zanoni et al. 2016). CETP deficiency was originally
associated with reduced risk of ASCVD and increased life expectancy but later
studies found diverse associations of loss of function mutations in CETP with
ASCVD, namely increased risk in the Honolulu Heart Study but decreased risk in
a Japanese population study (Moriyama et al. 1998; Yamashita and Matsuzawa
2016; Zhong et al. 1996). Likewise, the common polymorphisms in CETP which
are associated with lower CETP mass and activity, LDL-C, and triglycerides but
higher HDL-C were showed diverse associations with ASCVD in different studies:
meta-analyses found lower risks of ASCVD associated with loss of function alleles
of CETP (Kathiresan 2012; Niu and Qi 2015), but there are several individual studies
which found the opposite (Agerholm-Larsen et al. 2000; Borggreve et al. 2006).
Loss of function mutations in APOC3 cause higher HDL-C levels and reduce
cardiovascular risk (Crosby et al. 2014; Pollin et al. 2008), but this may reflect
proatherogenic features of apoC-III beyond its influence on HDL-C and triglyceride
levels (Riwanto et al. 2013; Zewinger et al. 2020; Zvintzou et al. 2017) (see also
Sect. 3.2).
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23 Limitations of HDL Modifying Drugs

The futility of the most recent randomized controlled trials (RCTs) on fenofibrate
(ACCORD Study Group 2010; Keech et al. 2005), nicotinic acid (AIM-HIGH
Investigators 2011; HPS2-THRIVE Collaborative Group 2014), and cholesteryl
ester transfer protein (CETP)-inhibitors ILLUMINATE, Dal-OUTCOME, ACCEL-
ERATE, REVEAL) (Barter et al. 2007b; HPS3/TIMI5S5-REVEAL Collaborative
Group 2017; Lincoff et al. 2017; Schwartz et al. 2012) is frequently used as the
argument to question the causality of HDL in the pathogenesis of atherosclerosis.
However, this conclusion overlooks that — except the CETP inhibitor dalcetrapib
(Schwartz et al. 2012) — none of these drugs is specifically altering HDL-C.
Especially fibrates and nicotinic acid exert stronger effects on other lipoprotein traits
than on HDL-C. Thus, their failure to reduce ASCVD events should primarily
prompt to scrutinize the suitability of these pharmacological strategies rather than
the causality of HDL in ASCVD. Moreover, one should be oblivious to meta-
analyses that demonstrated futility of fibrates or nicotinic acid if combined with
statins but efficacy if used as monotherapies (Keene et al. 2014; Riaz et al. 2019).
Likewise, genetic studies indicate that potential efficacy of CETP inhibitors in
ASCVD prevention may be hampered by the combination with statins (Ference
et al. 2017).

2.3.1 Neither Fibrates nor Nicotinic Acid Specifically Target HDL
Metabolism

Fibrates are agonists of the peroxisome proliferator agonist receptor alpha (PPARw).
As such they regulate the transcription of several genes which are relevant in the
metabolism of HDL metabolism (e.g., APOAl, PLTP, SCARBI1) but also
triglyceride-rich lipoproteins (Montaigne et al. 2021; Zandbergen and Plutzky
2007). As the result, fibrates cause increases in HDL-C of maximally 15% and
decreases in triglycerides of 25-50%. The rather moderate effect on HDL-C is
partially explained by the induction of APOA1 and SCARBI1 genes, which enhances
production and catabolism of HDL, respectively. As the result, the flux of HDL and
probably reverse cholesterol transport are affected by fibrates more profoundly than
reflected by changes in HDL-C. Triglycerides rather than HDL-C were the most
profoundly altered lipoprotein traits. The two gemfibrozil utilizing trials — the
primary prevention Helsinki Heart Study (Frick et al. 1987) and the secondary
prevention study VA-HIT (Rubins et al. 1999) — were the only ones which found
significant reductions of ASCVD events by the fibrate intervention vs. placebo. Only
three trials (VA-HIT, BIP, and ACCORD) pre-defined plasma levels of HDL-C as
inclusion criterion (ACCORD Study Group 2010; Bezafibrate Infarction Prevention
Study 2000; Rubins et al. 1999). For ACCORD, the threshold was rather high with
55 mg/dL (1.42 mmol/L) (ACCORD study group 2010). Post-hoc analyses of the
fibrate trials demonstrated relative risk reductions for subgroups of patients with
HDL-C and triglycerides levels <35 mg/dL (0.9 mmol/L) and >200 mg/dL
(2.3 mmol/L) ranging from 27% (FIELD, Keech et al. 2005) to —65% (Helsinki
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Table 2 Effects of lipid modifying drug classes on lipoprotein traits and prevention of major
cardiovascular events (MACE)

LDL-C HDL-C

Drug (max Triglycerides | (max

class A%) (max A%) A%) MACE reduction

Statins -50 —40 +10 Yes

Ezetimibe | —20 —10 0 Yes

Resins —10 +20 0 Yes

PCSK9- —60 -20 +10 Yes

inhibitors

Fibrates —10 —40 +15 Controversial: Yes, if without statins or
post hoc, if HDL-C low and triglycerides
elevated

Omega-3 +10 -35 0 Controversial

fatty

acids

Nicotinic —15 -30 +20 Controversial: Yes, if without statins

acid

CETP —40 —15 +130 Anacetrapib: Yes

inhibitors Dalcetrapib & evacetrapib: No

Torcetrapib: Adverse

CETP cholesteryl ester transfer protein, HDL-C High density lipoprotein cholesterol, LDL-C low
density lipoprotein cholesterol, MACE major cardiovascular events, PCSK9 proprotein subtilisin
kexin type 9 convertase

Heart Study) (Sacks et al. 2010). Currently the Pemafibrate to Reduce Cardiovascu-
lar OutcoMes by Reducing Triglycerides IN patiENts With diabeTes (PROMI-
NENT) trial tests prospectively the efficacy of the novel combined PPARo«/PPARS
agonist pemafibrate (NCT03071692) (Pradhan et al. 2018).

Nicotinic acid (niacin) is an agonist of the G-protein coupled receptor GPR109A
(HM74A or PUMA-G) (Offermanns 2014). As such, it primarily inhibits the lipoly-
sis in adipocytes and secondarily, by reducing the free fatty acid flux, the lipogenesis
and VLDL production in the liver. Reduced free fatty acid exposure may also
promote ABCA1 activity in the liver and hence the production of nascent HDL
(Chapman et al. 2010; KAmanna et al. 2013). In addition CETP activity was found
decreased upon treatment with nicotinic acid due to direct and indirect inhibitory
effects via production as well as activity of the protein and diminished pool of VLDL
and hence acceptor particles, respectively (Chapman et al. 2010). In addition,
nicotinic acid lowers plasma levels of LDL-C and lipoprotein(a) (Lp(a)). Despite
these multiple beneficial effects on lipoproteins, in both the AIM-HIGH and
HPS-THRIVE trials, the combination of statins with nicotinic acid was not superior
to statin monotherapy in preventing ASCVD events (Table 2) (AIM-HIGH
Investigators 2011; HPS2-THRIVE Collaborative Group 2014). Only AIM-HIGH
defined inclusion criteria based on HDL-C (<1.05 mmol/L or <40 mg/dL). How-
ever, post-hoc analyses did not find any evidence that low HDL-C defines a
subgroup of patients who benefit from nicotinic acid (Guyton et al. 2013; HPS2
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THRIVE Collaborative Group 2014) However, in a meta-analysis monotherapy of
nicotinic acid was found effective in reducing cardiovascular morbidity and mortal-
ity (Keene et al. 2014). Because of futility and the occurrence of flushes as very
unpleasant and frequent side effects, nicotinic acid is no longer available for
treatment in many countries.

2.3.2 CETP Inhibitors Block Rather than Promote Reverse Cholesterol
Transport

CETP links the metabolism of HDL and apoB containing lipoproteins by exchang-
ing cholesteryl esters of HDL against triglycerides of VLDL and LDL (Chapman
et al. 2010). As the result of inhibiting this exchange, the most effective CETP
inhibitors — torcetrapib, evacetrapib, and anacetrapib — cause increases of HDL-C by
75 (Torcetrapib) to 130% (Evacetrapib) and decreases of LDL-C by 25%
(torcetrapib) to 40% (Anacetrapib) (Barter et al. 2007b; HPS3/TIMIS5S-REVEAL
Collaborative Group 2017; Lincoff et al. 2017). The weaker CETP inhibitor
dalcetrapib increases HDL-C by 30% without causing any drop in LDL-C (Schwartz
et al. 2012). CETP inhibitors also decrease Lp(a) by up to 35% through an as yet
unknown mechanism (Gencer and Mach 2020). Despite their at first sight beneficial
effects on lipoprotein traits, three trials were prematurely stopped; the ILLUMI-
NATE trial because of excess morbidity and mortality in the torcetrapib arm possibly
due to off target effects of torcetrapib (Barter et al. 2007b). ACCELERATE and
dal-OUTCOME were stopped prematurely because of futility of evacetrapib and
dalcetrapib, respectively (Lincott et al. 2017; Schwartz et al. 2012). Only the
combination of statin with anacetrapib in the REVEAL trial showed some superior-
ity towards statin only therapy (HPS3/TIMIS5-REVEAL Collaborative Group
2017). However, with a 9% relative risk reduction or the primary endpoint, the
added value of anacetrapib was small and attributed to the decrease in LDL-C rather
than to the increase in HDL-C. Because of the parallel successful development of
PCSKO inhibitors, which are much more effective in lowering LDL-C and event
rates, the development of anacetrapib was stopped. Dalcetrapib, however, is further
developed towards a personalized indication: post-hoc analyses of the
Dal-OUTCOME study revealed that the carrier status for a mutation in the adenylate
cyclase subtype 9 encoding ADCY9 gene discriminated individuals who did or did
not benefit from dalcetrapib treatment by lower ASCVD event rates (Tardif et al.
2015). However, the same mutation discriminated responders and non-responders
neither to anacetrapib nor to evacetrapib in the REVEAL and ACCELERATE trials,
respectively (Hopewell et al. 2019; Nissen et al. 2018). Conversely, the interaction
of CETP with ADCY9 was recapitulated in genetic mouse models (Rautureau et al.
2018). The Dal-GenE trial currently investigates prospectively, whether patients
selected for the ADCY9 genotype benefit from treatment with dalcetrapib
(NCT02525939) (Tardif et al. 2020).

At first sight the negative outcomes of the CETP inhibitor trials were surprising,
not only because of the beneficial effects on the lipoprotein profile but also because
several large genetic studies demonstrated lower prevalences or incidences of
cardiovascular events among carriers of low activity CETP alleles (Kathiresan
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2012). However, later population genetic studies showed an interaction between
CETP and HMGCR alleles. In the presence of HMGCR alleles that reduce
HMG-CoA reductase activity and thereby mimic treatment effects of statins,
CETP alleles that cause low CETP activity and mimic the effects of CETP inhibitors
did not confer any additional cardiovascular risk reduction (Ference et al. 2017).
Likewise, torcetrapib treatment reduced atherosclerosis in apoE3 Leiden*CETP
transgenic mice, if provided as monotherapy but not if provided in combination
with statins (de Haan et al. 2008) whereas anacetrapib treatment enhanced the anti-
atherogenic effect of atorvastatin (Kiihnast et al. 2015). Nevertheless, the question is
raised if the anti-atherogenicity of CETP inhibition depends on the capacity of the
LDL receptor pathway: if this is fully functional, for example, as the result of statin
treatment, CETP will promote reverse cholesterol transport and should not be
blocked (von Eckardstein 2020). Only in situations, where LDL removal by the
LDL receptor pathway is compromised, it may be useful to withheld cholesterol
from LDL by CETP inhibition for hepatic removal through LDL receptor indepen-
dent pathways involving direct HDL/receptor interactions, for example with SR-BIL.
As an alternative explanation, it was proposed that CETP inhibition renders HDL
dysfunctional by prolonging the half-life of HDL particles and thereby making them
susceptible to adverse alterations in the lipid and protein composition or oxidative
and enzymatic modifications of protein or lipid components. However, the classical
function of HDL, mediation of cholesterol efflux from macrophages was rather
increased upon treatment of humans or animals with Evacetrapib, Anacetrapib, or
Dalcetrapib (Brodeur et al. 2017; Metzinger et al. 2020; Nicholls et al. 2015; Simic
etal. 2017; Tardif et al. 2015). Interestingly endothelial functions were not improved
or even impaired in apoE3 Leiden*CETP transgenic mice upon treatment with
evacetrapib and anacetrapib, respectively, despite increasing CEC and paraoxonase
activity (Simic et al. 2017).

2.3.3 Combination with High-Intensity Statins: The Winner Takes it All
The combination of statins with fenofibrate, nicotinic acid, or CETP inhibitors was
motivated by post-hoc meta-analyses of statin trials, which found the residual risk of
patients treated with statins to be significantly associated with low HDL-C levels
(Boekholdt et al. 2013). A closer look to post-hoc analyses of individual trials,
however, reveals that these associations became weaker the lower LDLC levels were
reached. For example, in the WOSCOP study, where mean levels of LDL-C were
lowered from 5.0 mmol/L in the placebo arm to 3.6 mmol/L in the pravastatin arm,
low baseline levels of HDL-C were associated with increased risk of ASCVD events
in both treatment groups (West of Scotland Coronary Prevention Study Group
1998). However, more than 10 years later in the JUPITER study (LDL-C at baseline
<3.37 mmol/L), both baseline and on-treatment levels of HDL-C were significantly
associated with residual risk only in the placebo group with a mean on treatment
LDL-C of 2.8 mmol/L, but not in the rosuvastatin group with an on treatment mean
LDL-C level of 1.42 mmol/L (Ridker et al. 2010). Similar discrepant observations
were made in the secondary prevention trials CARE and LIPID vs. TNT: HDL-C
levels explained part of the residual risk in both placebo and pravastatin groups of
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CARE and LIPID (mean baseline LDL-C 3.80 mmol/L, on treatment LDL-C
2.85 mmol/L) (Sacks et al. 2000). However, in the TNT trial (baseline LDL-C
2.55 mmol/L), low HDL-C increased ASCVD risk in the low-dose atorvastatin
group (on treatment LDL-C 2.60 mmol/L) but not in the high dose atorvastatin
group (on treatment LDL-C 2.0 mmol/L) (Barter et al. 2007a). It thus appears that
the optimized control of LDL-C by high intensity statin therapy alleviates the
residual risk associated with low HDL-C levels. In this regard it is also noteworthy
that contemporary observational studies in general populations as well as in patients
with clinically manifest ASCVD find weaker associations of HDL-C with first and
recurrent cardiovascular events, respectively, than historical studies which recruited
their participants in the pre-statin era (Bolibar et al. 2000; Colantonio et al. 2016;
Schwartz et al. 2012). These secular trends are usually explained by the generally
improved risk factor control. However, one must also be aware of the change in the
methodology of HDL-C measurements that occurred in parallel with the triumphal
procession of statins. Since about 1990, non-traceable and biased homogenous
assays have replaced the previous cholesterol quantification after manual precipita-
tion of apoB containing lipoproteins. One can hence not exclude that changes in the
analytics affected the prognostic value of HDL-C (Miller et al. 2010).

24 Wrong Biomarker “the Good Cholesterol”

By contrast to the disease causing cholesterol in LDL (Borén et al. 2020), the
cholesterol in HDL (that is HDL-C) neither exerts nor reflects any of the potentially
anti-atherogenic activities of HDL. HDL-C is only a non-functional surrogate
marker for estimating the HDL pool size without deciphering the heterogeneous
composition and, hence, functionality of HDL (Rohatgi et al. 2021; Annema and von
Eckardstein 2013, 2016). Differences in the molar content of apoA-I,
phosphatidylcholines, cholesterol, and cholesteryl ester cause differences of HDL
subclasses in shape, size, and charge. HDL particles carry hundreds of different
quantitatively minor proteins and lipid species many of which are not just passive
cargo (like cholesterol) but biologically active and susceptible to quantitative and
qualitative modifications by diseases or interventions (Rohatgi et al. 2021, Annema
and von Eckardstein 2013, 2016). These functionally active components hence have
a much bigger chance than HDL-C to serve as a causal biomarker that can be
exploited towards the development, targeting, and monitoring of therapies.

The most obvious candidate for a functional HDL biomarker is the plasma
concentration of apoA-I which is not only a mandatory structural component of
the bulk of HDL but also exerts several biological activities of HDL, for example
activation of ABCA1 and LCAT to efflux and esterify cholesterol, respectively, or
binding to SR-BI and other HDL receptors. In both epidemiological and clinical
studies, apoA-I levels show inverse associations with ASCVD events, which how-
ever are not stronger than those of HDL-C (Emerging Risk Factors Collaboration
2009). Neither did Mendelian Randomization studies unravel any causal genetic
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relationship between apoA-I levels and ASCVD (Karjalainen et al. 2020;
Richardson et al. 2020).

Other widely investigated HDL biomarker candidates include numbers and sizes
of HDL particles. However, the outcomes of their evaluation in epidemiological and
clinical studies are controversial. Some studies found HDL particle number (HDL-P)
superior to HDL-C (Chandra et al. 2015; Kuller et al. 2007; Mackey et al. 2012;
Otvos et al. 2006; Singh et al. 2020), others vice versa (El Harchaoui et al. 2009;
Mora et al. 2009; Parish et al. 2012; Qi et al. 2015). Interestingly, within the
JUPITER trial HDL-P was superior to HDL-C in the prediction of events among
statin treated probands but inferior among placebo treated probands (Mora et al.
2013). Some studies found small HDL particles more strongly related with outcomes
than large HDL particles (Ditah et al. 2016; Kim et al. 2016; McGarrah et al. 2016;
Silbernagel et al. 2017), other studies found the opposite (Li et al. 2016; Arsenault
et al. 2009). A recent meta-analysis of four studies concluded similar strong
associations of small, medium, and large HDL particles with the incidence of
ASCVD events (hazard ratio and 95% confidence interval 0.91 and 0.87 to 0.96)
(Wu et al. 2018). With a hazard ratio and 95% confidence interval of 0.82 and 0.78 to
0.87, the total number of HDL particles showed stronger associations. Interestingly a
recent Mendelian Randomization study found protective associations between the
concentration of medium and — less so but also significantly — small HDL particles
with coronary artery disease (Zhao et al. 2021). Drug interventions in lipoprotein
metabolism result in diverse changes of HDL particle size and numbers. For
example, treatment with nicotinic acid and CETP inhibitors increases HDL-C levels
more profoundly than HDL-P, reflecting the shift to larger particles. Vice versa,
upon treatment with fibrates, HDL-P increases more strongly than HDL-C
(Rosenson et al. 2015).

3 Consequences and Perspectives
3.1 The Search for Novel HDL-Biomarkers

The further development of HDL as a therapeutic target is mainly limited by the
availability of biomarkers that reflect the functional and causal role of HDL in the
pathogenesis of atherosclerosis. To this end, bioassays of HDL function were
recently developed and validated in population and clinical studies. Among them,
cholesterol efflux capacity (CEC) has been investigated most extensively. In these
studies, different macrophage cell lines treated with different drugs to enhance the
cellular cholesterol efflux machinery were utilized as donors of radioactively or
fluorescently labeled cholesterol. ApoB depleted plasma or serum was used as
acceptors and as surrogate of HDL to avoid laborious ultracentrifugation. The
heterogeneity of assays together with the heterogeneity of populations investigated
has contributed to some discrepant findings (Anastasius et al. 2018). Nevertheless, a
recent meta-analysis of eight prospective studies and more than 10,000 participants
with more than 3,000 events found a significant inverse association of CEC with
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ASCVD events (HR 0.86, 95% CI: 0.76-0.98). In a subgroup of five studies also
mortality was related to CEC (HR 0.77, 95% CI. 0.80-1.0). Although CEC
correlates with HDL-C, the associations of CEC with cardiovascular outcomes
were independent of HDL-C (Soria-Florido et al. 2020). However, the concept of
CEC as a proxy of HDL functionality has several limitations. First, as a laborious
and difficult if not impossible to standardize bioassay it is a research rather than
diagnostic tool, primarily for proof of concept studies and secondarily for the
identification of functional molecular markers (Anastasius et al. 2018). Second,
CEC should not be considered as an overall proxy of HDL functionality because
other functions of HDL neither correlate nor share molecular determinants with CEC
(Cardner et al. 2020). Third, although most intensively investigated, it is not clear
that mediation of cholesterol efflux is the most relevant atheroprotective function of
HDL. In fact, changes in CEC upon treatment with CETP inhibitors did not predict
correctly the clinical outcomes of these drug interventions. They led to increases in
CEC of apoB-free sera or plasmas but not to any reduction in cardiovascular event
rates and coronary atherosclerosis, respectively (Brodeur et al. 2017; Metzinger et al.
2020; Nicholls et al. 2015; Simic et al. 2017; Tardif et al. 2015).

Despite these limitations, CEC has been used as the reference to develop molec-
ular biomarkers that can be measured in clinical laboratories. One example is the
derivation of an algorithm which integrates the information of differently sized HDL
particles as measured by NMR. The estimated NMR-based CEC correlated very well
with the in vitro measured CEC (R* > 0.8) and predicted incident CHD events with a
hazards ratio of 0.86; 95% CI, 0.79-0.93, adjusted for traditional risk factors and
HDL-C) (Kuusisto et al. 2019). Another example is a proteomic score integrating the
information of apolipoproteins A-I, C-I, C-II, C-1II, and C-IV showed good correla-
tion with CEC as well as significant association with the presence of coronary artery
disease and cardiovascular mortality independently of clinical risk factors including
conventionally measured concentrations of apoA-I and apoB (Jin et al. 2019;
Natarajan et al. 2019). Replication studies are needed to validate these surrogate
scores of CEC.

Several laboratories have used tandem mass spectrometry to search for protein or
lipid components of HDL as functional biomarkers. The most recent update of the
HDL Proteome Watch data bank (http://homepages.uc.edu/~davidswm/
HDLproteome.html; accessed July 15, 2021) documents more than 200 proteins
which were identified in HDL by at least three of 40 independent studies and are
therefore considered as highly confident components of HDL. Even higher numbers
of lipid species were identified by mass spectrometry of HDL (Cardner et al. 2020;
Kontush et al. 2013). The concentrations of these molecules vary from less than
1 pmol/L to more than 1 mmol/L (Annema and von Eckardstein 2013; Rohatgi et al.
2021). Already in view of the average HDL particle concentration of about 20 pmol/
L it is clear that only some lipids (e.g., unesterified cholesterol, cholesteryl esters,
phosphatidylcholines) or proteins (e.g., apoA-I) are present on each particle with
several copies. Other low abundant lipids (e.g., sphingosine-1-phosphate,
oxysterols) and proteins (apoM or LCAT) are dispersed throughout different
particles. Interestingly, these molecules are non-randomly distributed among HDL
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particles. For example, the presence of sphingosine-1-phosphate is linked to the
presence of its chaperone apoM (Christoffersen et al. 2011). By combining two
immunoaffinity chromatography procedures, one with anti-apoA-I antibodies and
one with an antibody against one of 16 other HDL-associated proteins, 16 HDL
subclasses with distinct proteomes and little intraindividual variation over 3—-
24 months were identified (Furtado et al. 2018). Many proteins of each HDL
subspecies exert related functions, for example in lipid transport, hemostasis, oxida-
tion, or inflammation suggesting that specific functions beyond cholesterol efflux are
exerted by distinct subspecies of HDL rather than the bulk of HDL. In agreement
with this concept, a recent systems biology approach found distinct functions of
HDL determined by clusters of distinct proteins and lipids carried by HDL with little
overlap between the functions (Cardner et al. 2020). Moreover, in four prospective
nested case—control studies, the presence or absence of distinct proteins was found to
determine the association of apoA-I levels with incident cardiovascular events
(Sacks et al. 2020). For example, apoA-I levels in particles that contain apoE or
apoC-I but not their apoE or apoC-I- free counterparts showed the expected inverse
association with incident ASCVD events. Vice versa, apoA-I levels in apoC-III-free
particles but not particles containing apoC-III showed the expected inverse associa-
tion with incident ASCVD events (Sacks et al. 2020). Cholesterol levels in apoC-III
containing HDL even showed a positive association with incident ASCVD (Jensen
et al. 2018). Moreover, apoC-III containing HDL was found to interfere with the
capacity of HDL to inhibit the apoptosis of endothelial cells and to promote efflux
from macrophages (Riwanto et al. 2013; Zvintzou et al. 2017). This makes apoC-III
an interesting target for therapy beyond lowering of triglycerides (Zewinger et al.
2020). Other studies found the enrichment of HDL with either pulmonary surfactant
protein B or serum amyloid protein A associated with increased risk of mortality in
patients with diabetic end-stage nephropathy, heart failure, or CHD (Emmens et al.
2018; Kopecky et al. 2015; Zewinger et al. 2015).

Several mass spectrometric studies demonstrated gross alterations in the lipidome
of HDL in patients with acute or chronic CHD as well as changes in response to
statin therapy or body weight reduction (Cardner et al. 2020; Khan et al. 2018;
Meikle et al. 2019; Orsoni et al. 2016; Sutter et al. 2015). However, to date, only
signatures of lipid species in total plasma but not in HDL have been explored for
their prognostic performance in prospective studies (Hilvo et al. 2019; Mundra et al.
2016). NMR-based studies identified some more general lipid traits of HDL to be
associated with incident disease. However, they represent classes or subclasses
rather than species of lipids and they are strongly intercorrelated with each other
as well as measures of particle size or numbers so that they are not pursued as
biomarkers beyond the latter indices (Cardner et al. 2020; Hafiane and Genest 2015;
Rosenson et al. 2011).
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3.2 Ongoing and Novel Drug Developments

After the failure of CETP inhibitors, only few drug developments targeting HDL
have been continued or newly started. Some of the latter targets are pleiotropic and
HDL is a bystander rather than the focus of these drug developments.

3.2.1 Reconstituted HDL, apoA-I Mimetic Peptides,
and Recombinant LCAT

After infusions of artificially reconstituted HDL (rHDL) were found to reduce
atherosclerosis in hypercholesterolemic rabbits, several formulations of rHDL
were developed for investigation of their atheroprotective effects (He et al. 2021.
Because rather large amounts of protein are needed, only short-term applications in
acute clinical settings are feasible, for example in patients with acute coronary
syndrome (ACS). rHDL containing phosphatidylcholines together with the recom-
binant apoA-I Milano variant (ETC-216, MDCO-216) or recombinant wild type
apoA-I plus sphingomyelin (Cer001) or apoA-I isolated from plasma (CSL111,
CSL112) were initially tested in phase II trials for their short-term effects on
coronary atherosclerosis which was assessed by intravascular ultrasound of ACS
patients. Whereas initial studies showed some regression of coronary atherosclerosis
upon treatment with ETC.-216 or CSL111 (Tardif et al. 2007; Nissen et al. 2003),
later larger studies with MDCO-216 or Cer001 did not (Nicholls et al. 2018a, b).
Neither did Cer001 cause regression or prevent progression of carotid atherosclero-
sis in patients with genetic HDL deficiency (Zheng et al. 2020). Currently only one
formulation — CSL112 — is further pursued by a large randomized and controlled
phase III trial (ApoA-I Event Reducing in Ischemic Syndrome II = AEGIS II).
Seventeen thousand four hundred patients with myocardial infarction are
randomized to 4 weekly infusions of either 6 g CSL112 or placebo within 5 days
of the event (Gibson et al. 2021). The primary outcome is the time to first occurrence
of the composite of CV death, MI, or stroke through 90 days. Secondary outcomes
include the total number of hospitalizations for coronary, cerebral, or peripheral
ischemia through 90 days and time to first occurrence of the composite primary
outcome through 180 and 365 days. Results are expected to become available
in 2023.

In addition to rHDL containing full length apoA-I, also apoA-I mimetic peptides
are developed for treatment of atherosclerosis. They showed promising results
in vitro and in preclinical animal models. Three of them have been tested for safety
and effects on HDL-C and HDL function. For two of them — L4F and D4F — results
have been reported. They did not cause any changes in HDL-C or anti-inflammatory
HDL functions. No results have been reported for ETC642. The clinical develop-
ment of FX-5A is planned (Wolska et al. 2021).

Application of recombinant LCAT is an alternative strategy to increase HDL-C or
promote HDL metabolism by substitution of components (Freeman et al. 2020). In a
randomized controlled study 32 patients were treated with three weekly injections of
different dosages of recombinant LCAT (MEDI6012) or placebo (Bonaca et al.
2021). Compared to placebo, MEDI6012 caused dose-dependent increases of
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HDL-C by 66% to 144% at day 19. Interestingly the initial bolus injection led to a
more than 40% increase of HDL-C within 30 min. MEDI6012 caused neither any
severe side effects nor the generation of neutralizing antibodies. In an ongoing phase
IIb trial (REAL-TIMI 63B), the application of 2 dosages of MEDI6012 to ACS
patients is currently investigated for its effect on infarct size in more than 400 ACS
patients (https://clinicaltrials.gov/ct2/show/NCT03578809). Half of the patients
receive additional 4-weekly injections of MEDI6012 or placebo for 12 weeks for
investigation of LCAT’s effects on coronary calcification. Of note, recombinant
LCAT is also attractive for the use as enzyme replacement in familial LCAT
deficiency, however with the goal to prevent the development and progression of
nephropathy in these patients (Freeman et al. 2020; Vaisman et al. 2019).

3.2.2 Apabetalone

Apabetalone (RVX208) is an inhibitor of bromodomain and extraterminal (BET)
proteins that regulate the expression of multiple genes by interference with histone
acetylation. RVX208 was initially developed because it strongly induced APOA1
gene expression in cultivated hepatocytes and caused a profound increase of HDL-C
and apoA-I levels in non-human primates by 90 and 60%, respectively (Ghosh et al.
2017). Also mice responded with substantial increases of HDL cholesterol. Athero-
sclerosis was suppressed in apoE deficient mice. However, in humans treatment with
apabetalone caused very moderate increases in HDL-C and apoA-I levels but also
reduced CRP levels. The development of the drug was stopped after a recent phase
III trial (BETonMACE) in patients with acute coronary syndrome and type 2 diabetes
did not reveal any reduction of clinical events compared with placebo. (Ray et al.
2020).

3.2.3 PPAR Modulators

The PPARa modulator Pemafibrate is developed primarily for the treatment of
hypertriglyceridemia and the related cardiovascular risk. In a phase II dose finding
study, pemafibrate dose-dependently decreased triglycerides and increased HDL-C
by up to 42% and 21%, respectively, compared to 30% and 14% by fenofibrate (Arai
et al. 2017). In hypertriglyceridemic patients, treatment with pemafibrate caused
increases of HDL-C by about 16% as well as CEC (Yamashita et al. 2018). In apoE2
knock-in mice, pemafibrate increased HDL-C, CEC as well as macrophage-to-feces
reverse cholesterol transport, and reduced the extent of atherosclerotic lesions
(Hennuyer et al. 2016). The PROMINENT trial investigates the effect of
pemafibrate vs. placebo on cardiovascular outcomes of 10,000 participants with
diabetes mellitus type 2, triglycerides 200499 mg/dL (2.26-5.64 mmol/L), HDL-C
level <40 mg/dL(1.03 mmol/L) during a maximal follow-up of 5 years (Pradhan
et al. 2018).

3.2.4 ANGPTL3 and Endothelial Lipase

Angiopoietin-like protein 3 (ANGPTL3) is mainly produced by the liver and an
endogenous inhibitor of both lipoprotein lipase and endothelial lipase (EL). After the
discovery of loss of function mutations in the ANGPTL3 gene as a cause of
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panhypolipoproteinemia and reduced cardiovascular risk (Arca et al. 2020), anti-
sense oligonucleotides as well as monoclonal antibodies were developed for the
treatment of hypertriglyceridemia and hypercholesterolemia. In fact, treatment of
hypertriglyceridemia with the antisense oligonucleotide Vupanorsen and refractory
hypercholesterolemia with the monoclonal antibody Evinacumab caused pro-
nounced decreases of triglyceride levels and LDL-C but also HDL-C (Gaudet
et al. 2020; Rosenson et al. 2020) The clinical implication of the 20-30% decrease
in HDL-C is not known but very likely reflects the increased activity of EL upon
ANGPTL3 inhibition (Wu et al. 2020).

Conversely, also EL inhibitors are developed with the aim to increase HDL-C.
Treatment of non-human primates with the monoclonal anti-EL antibody
MEDI5884 dose-dependently increased HDL-C and apoA-I levels by up to 100%
and 30%, respectively (Le Lay et al. 2021). In a phase I study, human volunteers also
experienced increases in HDL-C and apoA-I as well as particle number and size.
CEC and anti-inflammatory activities of HDL were also improved. However, endo-
thelial lipase inhibition also caused increases in LDL-C, albeit more profoundly in
non-human primates than in humans. In non-human primates this unwanted effect
could be blocked by PCSKO9 inhibition. Nevertheless, one must wonder whether the
risk of increasing LDL-C is well taken, especially since loss-of-function alleles of
LIPG encoding EL do not confer any cardiovascular risk reduction despite increas-
ing HDL-C thus questioning the clinical utility of EL inhibition (Voight et al. 2012).

3.2.5 ApoC-lil Inhibition

Antisense oligonucleotides against apoC-III (Volanesorsen) exert pronounced tri-
glyceride lowering effects by reducing the production of VLDL as well as by
promoting lipolysis and remnant removal by disinhibiting lipoprotein lipase and
remnant receptors, respectively. Probably secondarily to the lowering of
triglycerides, interference with apoC-III in patients with chylomicronemia also
leads to increases of HDL-C levels by 40% (Witztum et al. 2019). Although not
tested, one must assume that Volanesorsen also decreases the content of apoC-III in
HDL. In view of the positive rather than inverse association of apoC-III containing
HDL with cardiovascular outcomes (Jensen et al. 2018; Sacks et al. 2020); as well as
the noxious effects of apoC-III on HDL functionality towards cholesterol efflux and
endothelial survival and inflammation (Riwanto et al. 2013; Zewinger et al. 2020;
Zvintzou et al. 2017), one may hypothesize that apoC-III inhibition also exerts anti-
atherogenic effects by improving HDL function. However, this hypothesis needs to
be tested.

3.2.6 HDL-C Lowering Therapies: Probucol and Androgens

For a long time, lowering of HDL-C has been considered as a safety issue in drug
development. This has changed as the causal role of HDL in ASCVD has been
questioned. Even more so, the association of high HDL-C with increased mortality
and morbidity for certain diseases (Bowe et al. 2016a; Ko et al. 2016; Madsen et al.
2017) raises the question whether under certain conditions HDL-C lowering may be
useful. In view of the genetic association of loss of function mutations in SR-BI with
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increased cardiovascular risk (Zanoni et al. 2016) and the finding of increased
atherosclerosis in Scarbl knock-out mice (Hoekstra and van Eck 2015), especially
therapies that lower HDL-C by upregulation of SR-BI in the liver may be interesting.

Probucol is an old drug which was originally developed to exploit its anti-
oxidative effects on LDL. Although it was shown to induce regression of athero-
sclerosis and xanthomas and has been rather widely used in Japan, the development
and clinical application of probucol has not been consequently pursued (Yamashita
et al. 2015). The main reason was the about 30% lowering of HDL-C. Activation of
CETP and SR-BI has been elucidated as the underlying mechanism. In the most
recent PROSPECTIVE trial, 876 Japanese patients with CHD and LDL-C >140 mg/
dL without medication or those treated with lipid-lowering drugs received optimal
lipid-lowering treatment together with placebo or probucol 500 mg/day. After
3 years, LDL-C and HDL-C were 8.5 mg/dL and 16.3 mg/dL, respectively, lower
in the probucol than in the placebo group. The event rates did not differ significantly
between the groups, although by trend, CHD events happened less frequently in the
probucol group (Arai et al. 2021). Interestingly, the combined analysis of the
PROMINENT and IMPACT trials showed reductions of cerebrovascular events,
however in the absence of any effect on carotid atherosclerosis (Yamashita et al.
2021). Although futile, the data raise the question of whether probucol is a treatment
option for patients with high HDL-C.

The stimulatory effects of testosterone on hepatic SR-BI expression are probably
the main reasons for the substantial differences in HDL-C levels between males and
females (Chiba-Falek et al. 2010; Langer et al. 2002). Even more so, the
HDL-lowering effects of testosterone have contributed to the caution on the use of
testosterone for the treatment of the aging male syndrome, transgender patients, or
female sexual dysfunction as well as for male contraception (Thirumalai et al. 2015;
Wu and von Eckardstein 2003). The effects of testosterone replacement on hard
cardiovascular endpoints have not been investigated. However, a recent randomized
controlled trial in 1007 men with overweight or obesity as well as disturbed or
manifest diabetes at baseline showed benefits of 1,000 mg intramuscular
testosterone vs. placebo injection on glycemic control and incidence of diabetes
during 2 years of follow-up (Wittert et al. 2021).

3.3 Other Disease Targets

As late onset diseases, ASCVDs have not been rate limiting in the evolution of
species. Therefore, one must envisage that the broad spectrum of HDL’s protective
functions has rather evolved to prevent other diseases or secure survival and healing
of their victims. Such diseases or their clinical complications may serve as more
appropriate targets than ASCVD for the therapeutic exploitation of HDL (Von
Eckardstein and Rohrer 2016). Indeed, recent epidemiological and genetic studies
unraveled several associations of HDL-C and genetic loci intimately related to HDL
metabolism with non-cardiovascular diseases as well as mortality (Table 3)
(Kjeldsen et al. 2021a; Madsen et al. 2021). Please note the diverse directions of
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Table 3 Role of HDL in different diseases according to epidemiology, therapeutic interventions,
human genetics, and animal experiments

Association in

observational Clinical benefit in Genetic Animal

Diseases studies intervention studies | association experiments

Atherosclerotic Discontinuously No (CETP No Gene-

cardiovascular inverse (until 60th inhibitors) or dependent

diseases percentile) subgroups
(fibrates)

Diabetes Inverse (yes) (post-hoc: Yes Yes
CETP inhibitors, (Mendelian (ABCAL,
rHDL) gene scores) | APOAI)

No
(candidate
genes)

Chronic kidney Parabolic Not investigated Yes Yes (LCAT)

disease

Infections Parabolic Not investigated Yes Yes

(APOAL,
CETP,
rHDL)

Autoimmune Inverse Not investigated Not Yes

disease investigated | (APOAI,

SCARBI,
S1P)

Age-related Positive Not investigated Yes (Yes)

macular (ABCA1)

degeneration

Alzheimer’s Discontinuously Not investigated No (Yes)

disease positive (>95th (Mendelian (ABCA1)

percentile) gene scores)
Yes
(GWAS,
e.g.,
ABCALI)

these associations which reach from inverse (diabetes, autoimmune diseases) over
parabolic (infections, chronic kidney disease, mortality) to positive (Alzheimer’s
disease, age related macular degeneration), re-emphasizing that the kinetics of HDL
metabolism and HDL function rather than the concentration of HDL particles are
relevant.

3.3.1 Diabetes

Low levels of HDL-C are frequent in patients with diabetes mellitus type 2. This
finding even precedes the manifestation of hyperglycemia and is hence an indicator
of increased risk for incident diabetes (Haase et al. 2015; Schmidt et al. 2005; von
Eckardstein et al. 2000; White et al. 2016; Wilson et al. 2007). Because of multiple
effects of insulin on HDL metabolism, most of which are indirect via free fatty acids
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or triglyceride-rich lipoproteins, these associations have been explained for a long
time by reverse causality: diabetes and pre-diabetes cause low HDL-C rather than
vice versa (Parhofer 2015; Vollenweider et al. 2015; von Eckardstein and Widmann
2014). However, increasing evidence from in vitro as well as in vivo studies
indicates that HDL exerts protective functions on the function and survival of
pancreatic beta cells as well as on the sensitivity of target cells to insulin (Cochran
et al. 2021; Manandhar et al. 2020; Vollenweider et al. 2015; von Eckardstein and
Widmann 2014; Yalcinkaya et al. 2020). Also mitochondrial function and thereby
cellular energy metabolism is modulated by HDL (Lehti et al. 2013). In humans, the
potentially anti-diabetic effects of HDL are best illustrated by the acute glucose
lowering effect of rtHDL infusion (Drew et al. 2009) as well as by the findings of
post-hoc analyses of the CETP inhibitor trials: Participants who received the CETP
inhibitors showed better glycemic control and experienced less often new-onset
diabetes as compared to the placebo treated controls (Barter et al. 2011; Masson
et al. 2018; Menon et al. 2020; Schwartz et al. 2020). Mendelian randomization
studies yielded controversial results on the genetic causality of HDL-C in diabetes
(Fall et al. 2015; Haase et al. 2015; White et al. 2016).

3.3.2 Chronic Kidney Disease

The Veterans Administration study showed a parabolic association of HDL-C with
>30% declining estimated glomerular filtration rate (eGFR) or the incidence of
eGFR <60 ml/min and also provided evidence for genetic causality (Bowe et al.
2016b). Mutations in APOA1, APOE; APOLI, and LCAT are causes of genetic
nephropathies (Strazzella et al. 2021). However, it is not clear whether their patho-
genesis involves HDL: Certain missense mutations in APOA1 cause familial amy-
loidosis, which also affect other organs (Zanoni and von Eckardstein 2020). Specific
mutations in APOE cause lipid glomerulopathy which however has been suggested
to develop in response to disturbed interactions of apoB containing lipoproteins with
the LDL receptor or due to accumulation of the structural defective apoE (Saito et al.
2020). ApoLl1 is the trypanolytic factor which is transported by a minor subfraction
of HDL (Friedman and Pollak 2020). Certain apoL1 variants that protect the host
from infections with Trypanosoma brucei rhodesiense and gambiense dramatically
increase the risk of chronic kidney disease, notably focal segmental
glomerulosclerosis, in their African and Afroamerican carriers (Friedman and Pollak
2020). LCAT deficiency is a classical HDL deficiency syndrome causing a nephrop-
athy that eventually progresses to end-stage renal disease (Pavanello and Calabresi
2020). However, the pathogenic mechanism depends on the accumulation of lipo-
protein X rather than the absence of HDL (Vaisman et al. 2019). This is best
illustrated by the absence of nephropathy in patients with fish-eye disease where
partial loss of LCAT causes the same decrease in HDL as classical LCAT deficiency,
however no nephropathy (Pavanello and Calabresi 2020).

Treatment with fibrates improves albuminuria but worsens glomerular filtration
rate (Speer et al. 2021). Niacin has no effect on renal function. Small studies also
indicate protective effects of probucol towards acute kidney injury, for example of
patients exposed to contrast agents (Xin et al. 2019). The pleiotropic effects of these
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drugs on lipoprotein metabolism and the lack of association between changes in
renal function and HDL-C under their treatment do not allow any conclusion on the
role of HDL modifying therapies for prevention or treatment of CKD. Furthermore
the exploitation of HDL towards kidney disease is also hampered by the currently
unknown mechanisms how HDL exerts renal protection by HDL. Since small HDL
particles are undergoing glomerular filtration and tubular re-uptake by the megalin/
cubilin co-receptors, it may be that HDL delivers protective molecules to the kidney,
for example sphingosine-1-phosphate (Bisgaard and Christoffersen 2019; Strazzella
et al. 2021).

3.3.3 Infections

The Copenhagen General Population study found U-shaped associations between
HDL-C and the incidence of infections (Madsen et al. 2018). The associations with
bacterial infections were stronger than with viral infections. Upon limited adjust-
ment, gastroenteritis, bacterial pneumonia, skin and urinary tract infections, as well
as sepsis were more prevalent among individuals with HDL-C <1.0 mmol/L as
compared to individuals with higher HDL-C. Upon full adjustment the associations
with gastroenteritis and pneumonia remained significant (Madsen et al. 2018). A
preliminary Mendelian randomization analysis with two loci (CETP and LIPC)
provided initial evidence of genetic causality (Madsen et al. 2018). Genetic causality
also exists for the association of low HDL-C with the incidence of sepsis as well as
with the chance of survival in patients with sepsis (Trinder et al. 2020). Evidence
from population studies as well as experiments in genetic animal models points to
the importance of CETP in this process (Blauw et al. 2020; Trinder et al. 2019,
2021). However also HDL particles per se as well as specific structural components
of HDL exert several antibacterial activities such as binding and removal of
lipopolysaccharides, protection of epithelial and endothelial barriers, or modulatory
effects on leukocyte functions (Catapano et al. 2014; Meilhac et al. 2020; Pirillo
etal. 2015; Robert et al. 2021; Rohatgi et al. 2021; Trakaki and Marsche 2021). The
special association of HDL-C with gastroenteritis may also mirror an important role
of HDL that is locally produced in the intestine (Ko et al. 2020). Similarly, the
protection from pneumonia may mirror the high exposure of the lung to newly
synthesized HDL due to first pass effects (Gordon et al. 2016). In sepsis models,
genetically modified mice overexpressing human apoA-I showed improved survival
(Meilhac et al. 2020; Morin et al. 2015). Interestingly, the clinical development of
CSL111 was originally aiming at the treatment of sepsis since their infusion into
volunteers exerted several beneficial effects on inflammation, coagulation, and
fibrinolysis (Pajkrt et al. 1996, 1997). Most recent experiments in preclinical sepsis
models demonstrated better survival of mice treated with CSL111 (Tanaka et al.
2020). The better chances of survival from sepsis by patients carrying low CETP
activity alleles suggest CETP inhibitors as interesting drugs for the treatment of
patients with sepsis (Trinder et al. 2019, 2021). However, an important caveat comes
from the ILLUMINATE study where torcetrapib treatment was associated with
excess mortality due to infections (Barter et al. 2007b).
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Although the association of HDL-C with the incidence of viral infections was not
statistically significant in the Copenhagen General Population Study (Madsen et al.
2018), it is noteworthy that at least in vitro HDL or apoA-I interferes with the entry
or fusion of viruses with target cells (Meilhac et al. 2020; Pirillo et al. 2015). HDLs
also induce viral inactivation by immune cells and protect cells from virus-induced
damage (Pirillo et al. 2015). The COVID19 pandemia also raised the question of
whether HDL interferes with SARS-CoV2 infections. In the UK Biobank study, a
linear inverse and independent association was found between pre-infection HDL-C
levels and the risk of hospitalization for severe COVID19 (Hilser et al. 2021; Lassale
et al. 2021). Mendelian Randomization rather excluded any causal role of HDL in
preventing SARS-CoV2 infection. (Hilser et al. 2021). Nevertheless, since SR-BI is
an entry route of several viruses including SARS-CoV2 into cells (Pirillo et al. 2015;
Wei et al. 2020), competition of this interaction by HDL is an intriguing hypothesis.
In addition, the protective effects of HDL on the survival and function of cells may
also help infected cells, for example of the lung epithelium or the endothelium
(Robert et al. 2021), to combat and survive the entered viruses. Interestingly,
dalcetrapib is currently tested towards its effect on the course of COVIDI19
infections. (Talasaz et al. 2021; https://clinicaltrials.gov/ct2/show/NCT04676867).

Finally, HDL also exerts protective activities towards infections with protozoa.
The best example is the protection of humans from Trypanosoma brucei by apoL1
transported by a subfraction of HDL containing also haptoglobin related protein.
This complex kills Trypanosome brucei by causing lysosomal swelling (Friedman
and Pollak 2020). A similar HDL-related mechanism appears operative towards
Leishmania (Samanovic et al. 2009).

3.3.4 Autoimmune Diseases

In an analysis of more than 110,000 participants of The Copenhagen General
Population and the Copenhagen City Heart Study, low HDL-C concentrations
were associated with elevated risk of developing the composite end point of 42 dif-
ferent autoimmune diseases (Madsen et al. 2019). Among them, the associations of
celiac disease, idiopathic thrombocytopenic purpura, Sjogren’s disease, diabetes
type 1, inflammatory bowel diseases, and Graves’ disease showed the strongest
and individually significant associations with HDL-C. Currently, no data are avail-
able to prove or disprove causality of these associations (Madsen et al. 2021).
Neither are the mechanisms understood. They may involve immunomodulatory
effects of HDL which are relevant in the development of auto-immunity (Catapano
et al. 2014; Pirillo et al. 2015; Rohatgi et al. 2021; Trakaki and Marsche 2021) or
protective effects of HDL towards organs attacked by the immune system so that the
onset of organ damage or failure and thereby the clinical diagnosis of manifest
disease is delayed. For example, the anti-apoptotic effects of HDL on pancreatic beta
cells may delay the loss of insulin production in the course of progressing type
1 diabetes (von Eckardstein and Widmann 2014; Yalcinkaya et al. 2020). For
inflammatory bowel diseases, preclinical models generated evidence for the thera-
peutic potential of HDL: Intestinal inflammation was increased in Apoal knock-out
mice but decreased in mice which overexpressed human APOAT1 or were fed with
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apoA-I mimetic peptides (Gerster et al. 2014; Meriwether et al. 2019; Nowacki et al.
2016).

3.3.5 Cancer

Several epidemiological studies found inverse associations between HDL-C and
cancer in general as well as specific cancers such as breast cancer or colorectal cancer
(Ganjali et al. 2021; Madsen et al. 2021; Pirro et al. 2018). Currently, there is no
evidence of causality. However, several confounders of low HDL-C are associated
with increased risk of several cancers, for example smoking, overweight and obesity,
type 2 diabetes, or chronic inflammatory diseases. There is hence some likelihood
that low HDL-C is a confounder of other causal risk factors rather than reflecting loss
of anti-cancer functions. Even if HDL is not causally related to cancer, it will offer
opportunities for therapeutic or diagnostic exploitation: probably to satisfy their high
need of cholesterol for growth, many cancers show a high expression of lipoprotein
receptors including SR-BI (Hoekstra and Sorci-Thomas 2017; Kinslechner et al.
2018; Velagapudi et al. 2018). This can be exploited by using rHDL for the delivery
of anti-cancer drugs or tracers for imaging. In fact, according experiments in
preclinical models showed promising results (Morin et al. 2018; Rajora and Zheng
2016).

3.3.6 Behind the Blood Brain Barrier: Alzheimer’s Disease and Age
Related Macular Degeneration

Until recently, only cross-sectional studies and smaller prospective cohort studies
described associations of HDL-C with neurodegenerative diseases including
Alzheimer’s disease (AD) and age related macular degeneration (AMD). They
reported discrepant associations ranging from inverse over none to positive
(Kjeldsen et al. 2021a). The situation became clearer but also surprising by recent
reports of analyses in the Copenhagen General Population and Copenhagen City
Heart Studies. High HDL-C levels >95th percentiles increase the risk of dementia
and AD (Kjeldsen et al. 2021b). This association became even more prominent after
adjustment for APOE genotypes. Also the risk of AMD was found to increase with
HDL-C and even more so with apoA-I levels (Nordestgaard et al. 2021) confirming
data on more than 30,000 individuals from the EYE-RISK and European Eye
Epidemiology Consortia (Colijn et al. 2019). Of note, in that study higher HDL-C
was most strongly associated with increased risk of early AMD. Mendelian Ran-
domization studies found evidence for genetic causality of higher HDL-C for the
higher risk of AMD but not AD (Burgess and Smith 2017; Chen et al. 2010; Fan
et al. 2017; Neale et al. 2010; Ostergaard et al. 2015; Proitsi et al. 2014), the latter
perhaps because of the non-linear relationship. CETP, APOE, and LIPC were
important drivers of the genetic association between HDL-C and AMD (Colijn
et al. 2019; Chen et al. 2010; Neale et al. 2010). However, candidate gene
approaches as well as genome-wide association studies found ABCALI as a genetic
determinant of both AD and AMD risks (Bellenguez et al. 2020; Nordestgaard et al.
2015; Fritsche et al. 2016). Likewise, tissue specific knock-out experiments in mice
indicate that loss of ABCA1 function in neurons and retinal pigment epithelial cells
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compromise neurocognitive and retinal functions, respectively (Behl et al. 2021;
Storti et al. 2019). These discrepant associations of AD and AMD with high HDL-C
levels in peripheral blood but locally reduced cholesterol efflux in the brain and
retina probably reflect the tight separation of these compartments by the blood brain
barrier. Some HDL functions in the brain are executed by HDL-like particles that
contain apoE instead of apoA-I and that are produced by astrocytes within the central
nervous system (Button et al. 2019). Especially the association of APOE genotypes
with risk of AD, although mechanistically not resolved, has been traditionally
ascribed to apoE endogenously produced by the CNS rather than supplied by the
systemic circulation. Of note however, also the concentration of apoE in plasma of
peripheral blood has been associated with risk of AD (Rasmussen et al. 2018).
Moreover, anti-apoA-I immunoreactivity is found in the brain. These findings
indicate a limiting role of the blood brain barrier for any protective role of HDL in
CNS diseases such as AD and AMD. Any therapeutic exploitation of HDL for CNS
diseases will have to address the interaction of HDL with the blood brain barrier,
either as a target of HDL’s protective actions, for example in amyloid beta clearance,
or as a barrier that must be surmounted by HDL to exert protective functions within
the CNS (Button et al. 2019; Robert et al. 2021). The latter is also important for the
use of HDL-like nanoparticles that are currently investigated as vehicles for drug
delivery into the brain (D'Arrigo 2020; Kadiyala et al. 2019; Kim et al. 2020).

34 Implications for Nowaday’s Clinical Practice

As the result of the futile intervention trials, HDL-C unlike LDL-C has not become
any treatment goal (Grundy et al. 2019; Mach et al. 2020). However, HDL-C
continues to be part of ASCVD risk assessment, both directly and indirectly by
using HDL-C for the calculation of nonHDL cholesterol or even LDL cholesterol
(Grundy et al. 2019; Mach et al. 2020; Martin et al. 2013; Sampson et al. 2020).
Especially in asymptomatic patients without any lipid modifying treatment, a low
HDL-C level is considered as a risk factor of developing ASCVD. As such, HDL-C
is a component of most clinical risk prediction rules that are promoted by guidelines
for the prevention of ASCVD (Grundy et al. 2019; Mach et al. 2020). Unfortunately,
these algorithms do not realize the discontinuous relationship of HDL-C with risk,
but still de-escalate risk estimates in individuals with very high HDL-C levels. This
may be a reason why, for example, in the Copenhagen City Heart study the inclusion
of HDL-C impaired rather than improved the prognostic performance of SCORE
promoted by ESC and EAS (Mortensen et al. 2015). With the same reasoning,
clinical laboratories as well as clinicians and practitioners should stop the still widely
spread clinical practice to calculate total cholesterol/HDL-C- or LDL-C/HDL-C
ratios because they may underestimate the risk of individuals with high HDL-C
(de Wolf et al. 2020; Nordestgaard et al. 2020). The same concern may relate to the
atherogenic index - the logarithmically transformed ratio of the molar
concentrations of plasma triglycerides to HDL-C — especially because some studies
found the joint presence of high HDL-C and hypertriglyceridemia associated with
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increased ASCVD risk (Jeppesen et al. 1998; von Eckardstein et al. 1999). Finally,
low HDL-C continues to be a component of definitions for the metabolic syndrome,
which indicates increased risks not only for ASCVD but also for diabetes and other
obesity related diseases (Alberti et al. 2009).

Whether reflecting compromised anti-atherogenic functions or indicating indi-
rectly a proatherogenic situation, the finding of low HDL-C levels should prompt
physicians and patients to optimize the control of other risk factors (Mirz et al.
2017). The lost association of low HDL-C with increased risk upon intensive statin
therapy indicates the importance of consequent LDL-C lowering in these patients.
Additional important measures include cessation of smoking, correction of obesity
and overweight, and treatment of hypertension. In view of the inconsistent outcomes
of according randomized controlled trials it is a matter of uncertainty and contro-
versy whether or not hypertriglyceridemia which frequently confounds low HDL-C
should be targeted by drug treatment (Ginsberg et al. 2021).

The discussion on therapeutic consequences of high HDL-C levels is in its
infancy. It is not clear whether the associations of high HDL-C with increased
mortality and risks of CKD, infectious diseases, AD, or AMD are causal. An
important potential confounder is excess alcohol consumption (Madsen et al.
2021). Potential candidates for HDL-C lowering drugs are probucol, ANGPTL3
inhibitors, or androgens. In the absence of HDL-C lowering treatments with proven
efficacy, it is advisable to focus on risk factor control also in patients with high
HDL-C as described for patients with low HDL-C.
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Abstract

Lipoprotein(a) [Lp(a)] is an atherogenic lipoprotein with a strong genetic regula-
tion. Up to 90% of the concentrations are explained by a single gene, the LPA
gene. The concentrations show a several-hundred-fold interindividual variability
ranging from less than 0.1 mg/dL to more than 300 mg/dL. Lp(a) plasma
concentrations above 30 mg/dL and even more above 50 mg/dL are associated
with an increased risk for cardiovascular disease including myocardial infarction,
stroke, aortic valve stenosis, heart failure, peripheral arterial disease, and all-cause
mortality. Since concentrations above 50 mg/dL are observed in roughly 20% of
the Caucasian population and in an even higher frequency in African-American
and Asian-Indian ethnicities, it can be assumed that Lp(a) is one of the most
important genetically determined risk factors for cardiovascular disease.

Carriers of genetic variants that are associated with high Lp(a) concentrations
have a markedly increased risk for cardiovascular events. Studies that used these
genetic variants as a genetic instrument to support a causal role for Lp(a) as a
cardiovascular risk factor are called Mendelian randomization studies. The prin-
ciple of this type of studies has been introduced and tested for the first time ever
with Lp(a) and its genetic determinants.

There are currently no approved pharmacologic therapies that specifically
target Lp(a) concentrations. However, some therapies that target primarily LDL
cholesterol have also an influence on Lp(a) concentrations. These are mainly
PCSKO inhibitors that lower LDL cholesterol by 60% and Lp(a) by 25-30%.
Furthermore, lipoprotein apheresis lowers both, Lp(a) and LDL cholesterol, by
about 60-70%. Some sophisticated study designs and statistical analyses
provided support that lowering Lp(a) by these therapies also lowers cardiovascu-
lar events on top of the effect caused by lowering LDL cholesterol, although this
was not the main target of the therapy. Currently, new therapies targeting RNA
such as antisense oligonucleotides (ASO) or small interfering RNA (siRNA)
against apolipoprotein(a), the main protein of the Lp(a) particle, are under
examination and lower Lp(a) concentrations up to 90%. Since these therapies
specifically lower Lp(a) concentrations without influencing other lipoproteins,
they will serve the last piece of the puzzle whether a decrease of Lp(a) results also
in a decrease of cardiovascular events.

1

Keywords

Apolipoprotein(a) - Association study - Cardiovascular disease - Copy number
variation - Lipoprotein(a) - Lp(a) - Mendelian randomization - Therapy

Introduction

Lipoprotein(a) [Lp(a)] is one of the strongest genetically determined risk factors for
cardiovascular disease (CVD) (Kronenberg and Utermann 2013). It contains besides
an LDL particle an additional apolipoprotein that is called apolipoprotein
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(a) [apo(a)]. This apolipoprotein shows a high homology with plasminogen. After
more than 50 years of research, the physiological function of Lp(a) is still unex-
plained. An astonishing characteristic of Lp(a) is the more than 1,000-fold range of
concentrations between individuals from almost zero to more than 300 mg/dL
(Kronenberg and Utermann 2013). The distribution of Lp(a) is very skewed in
most populations: for example, roughly 50% of the Europeans have concentrations
below 10 mg/dL and about 25% have concentrations above 30 mg/dL.

2 Sites of Production and Catabolism of Lp(a)

Apo(a) is synthesized in the liver (Tomlinson et al. 1989; Kraft et al. 1989).
Variation in Lp(a) concentrations among individuals is determined by the rate of
production rather than by differences in the catalytic rate (Rader et al. 1994). After
secretion of apo(a), it binds to LDL-apoB lysine-binding residues by its lysine-
binding sites with subsequent forming of a disulfide bond. Whether the assembly
occurs in the circulation at the hepatic surface or intracellularly is a matter of debate
(Koschinsky and Marcovina 2004).

The site and mechanism of catabolism is discussed controversially. Studies in
mice revealed that the liver is the main route of Lp(a) catabolism (Cain et al. 2005).
The finding of an arteriovenous difference of Lp(a) concentrations in the renal
circulation (Kronenberg et al. 1997), of apo(a) fragments in urine (Mooser et al.
1996), and of a disturbed Lp(a) metabolism in kidney disease (Frischmann et al.
2007) has suggested also a role of the kidney in Lp(a) catabolism. The receptors
involved in the catabolic process are a matter of debate as recently comprehensively
reviewed (McCormick and Schneider 2019) and include lipoprotein receptors such
as the LDL receptor, VLDL receptor, LDL receptor related proteins (LRP1 and
LRP2), toll-like and scavenger receptors (e.g., CD36 and SR-BI), carbohydrate
receptors or lectins, and plasminogen receptors.

3 Physiology and Pathophysiology of Lp(a)

The physiological function of Lp(a) is still in the dark. It is believed that Lp(a) has
proatherogenic and prothrombotic properties (Fig. 1). The apo(a) glycoprotein has a
high degree of homology to plasminogen (McLean et al. 1987) suggesting that
Lp(a) might not only be a link between the cholesterol transport system in plasma
and the fibrinolytic system but may also act as a modulator of the balance between
blood clotting and fibrinolysis. At least in vitro, Lp(a) indeed interferes with the
blood clotting/fibrinolytic cascades at several steps (Boffa and Koschinsky 2016).
As reviewed extensively (Koschinsky and Marcovina 2004; Boffa and Koschinsky
2016), this includes the inhibition of streptokinase and urokinase-mediated activa-
tion of plasminogen by the tissue-type plasminogen activator (t-PA), inhibition of
t-PA in solution, fibrin and fibrinogen binding, competition with plasminogen and
t-PA binding for soluble fibrinogen, competition with plasminogen for binding to
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Fig. 1 Proatherogenic and prothrombotic properties of Lp(a)

cellular receptors, and enhancement of the plasminogen-activator-inhibitor PAI-1
activity. Considering that many individuals have low Lp(a) concentrations and some
of them even almost no Lp(a) and others have concentrations far above 100 mg/dL,
one might expect major effects on the balance between clotting and fibrinolysis
which, however, have not convincingly been described by in vivo data. Epidemio-
logic and genetic studies did not provide support for a thrombogenic role and if there
is any, it can only be found at very high Lp(a) values above the 95th percentile
(Nordestgaard and Langsted 2016). Interestingly, there are reports that the situation
might be different in childhood where high Lp(a) concentrations were found to be
accompanied with venous thromboembolism (Nowak-Gottl et al. 1999).

A further property of Lp(a)/apo(a) is the interaction with components of the
extracellular matrix including fibrin, fibronectin, tetranectin, proteoglycans, and
B2-glycoprotein (Kochl et al. 1997). The domains in apo(a), which mediate binding
to fibrin/fibrinogen, are lysine-binding sites in KIV-8 and KIV-10 (Koschinsky and
Marcovina 2004). Binding of Lp(a) to fibrin has been proposed as a mechanism to
deliver cholesterol to sites of injury and wound healing of the vascular wall with the
negative side effect that Lp(a) also deposits cholesterol in growing atherosclerotic
plaques and inhibits fibrinolysis at the plaque surface. Furthermore, high Lp(a) levels
impair activation of transforming growth factor-p by downregulation of plasmin
generation, thereby contributing to smooth muscle cell proliferation (Grainger et al.
1993). The published data provide clear evidence that Lp(a) can interfere with many
key reactions of clotting/fibrinolysis in vitro and is deposited in atherosclerotic
plaques. Moreover, effects on monocytes/macrophages result in foam cell formation
(Poon et al. 1997). Lp(a) induces chemoattractant activity of monocytes and induces
macrophage expression of interleucin-8 (IL-8) (Klezovitch et al. 2001).

The connection between innate immune system and Lp(a) has been further
strengthened by the identification of Lp(a) as the major plasma carrier of oxidized
phospholipids (OxPLs) (Bergmark et al. 2008) which can stimulate many
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Fig.2 Impact of Lp(a) on arterial wall inflammation. Panel (a) Individuals with high Lp(a) (n = 30,
median 108 mg/dL) present significantly increased arterial wall inflammation as assessed by
magnetic resonance imaging, 18-F fluorodeoxyglucose (18F-FDG) uptake PET/CT and SPECT/
CT, and activated monocytes assessed by transendothelial migration and monocyte priming and
challenge assays (van der Valk et al. 2016). Panel (b) 420 mg of the PCSK9 inhibitor
evolocumab vs. placebo over 16 weeks reduced LDL-C consistently but did not improve arterial
wall inflammation in individuals with high Lp(a) (» = 129, median ~80 mg/dL), despite modest
concomitant Lp(a) reduction (—13.9%) (Stiekema et al. 2019). Panel (c¢) High Lp(a) was associated
with a pro-inflammatory transcriptome in monocytes. Treatment with different regimes of AKCEA-
APO(a)-Lgy resulted in a 47% reduction of Lp(a) and in reductions of the pro-inflammatory
signatures in the transcriptome, the transendothelial migration capacity, and the expression of
chemokines and toll-like receptors on the monocytes surface (Stieckema et al. 2020; Coassin and
Kronenberg 2020)

pro-inflammatory pathways in the arterial wall. The binding-site for oxidized
phospholipids has been identified in the protein moiety of Lp(a), specifically in the
KIV type 10 domain of apo(a) (Leibundgut et al. 2013). Levels of Lp(a) and OxPL in
human plasma are highly correlated and it is therefore not unexpected that this also
results in an association of OxPL levels with cardiovascular disease (Tsimikas et al.
2005, 2010; Kiechl et al. 2007). These oxidized lipid species are recognized by
pattern recognition receptors of innate immune cells and trigger the whole cascade of
inflammatory processes that can finally lead to plaque destabilization (Boffa and
Koschinsky 2019). During recent years a series of publications (Fig. 2) from the
group around Eric Stroes investigated the impact of Lp(a) and LDL-C on arterial
wall inflammation and found that individuals with elevated Lp(a) concentrations
have increased arterial inflammation and enhanced peripheral blood mononuclear
cell trafficking to the arterial wall compared with subjects with normal Lp(a).
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Monocytes isolated from subjects with high Lp(a) concentrations showed an
increased capacity to transmigrate the endothelium and produce pro-inflammatory
cytokines. This was mediated by OxPLs and subsequent blocking of the OxPLs by
specific antibodies also reduced the pro-inflammatory responsiveness of the
monocytes (Fig. 2a) (van der Valk et al. 2016). The subsequent publications revealed
that a pronounced reduction of LDLC by PCSKO9 inhibitors is not sufficient to
substantially reduce the arterial wall inflammation (Fig. 2b) (Stiekema et al. 2019).
In a further investigation they examined whether patients with cardiovascular dis-
ease and elevated Lp(a) concentrations experience anti-inflammatory effects follow-
ing large reductions of Lp(a) by apo(a) antisense therapy. They observed in a first
step that circulating monocytes of healthy individuals and patients, both having high
Lp(a) concentrations, are characterized by a markedly pro-inflammatory gene
expression profile with several pathways of the innate immune system being
upregulated. In an intervention with apo(a) antisense therapy the authors showed
that the resulting 47% lowering of Lp(a) concentrations was indeed capable of
reversing the pro-inflammatory gene expression signature to levels close to that of
controls with normal Lp(a) concentrations. This was accompanied with a 22%
functional reduction in transendothelial migration capacity of monocytes ex vivo
(Fig. 2¢) (Stiekema et al. 2020; Coassin and Kronenberg 2020). These findings
proposed a further mechanism how Lp(a) might mediate cardiovascular disease and
added a new layer to our still shallow understanding of the exact pathophysiological
mechanisms by which high Lp(a) causes cardiovascular disease.

4 Genetic Control of Lp(a) Concentrations

Lp(a) concentrations are not much influenced by age, sex, fasting state, inflammation
(Kronenberg 2014a; Langsted et al. 2014) and lifestyle factors such as diet or
physical activity. However, the concentrations are under strict genetic control.
Family studies revealed a heritability estimate of Lp(a) concentrations of about
90% (Austin et al. 1992; Lamon-Fava et al. 1991; Utermann 1989). Lp(a) is there-
fore the lipoprotein with the strongest genetic control. The discovery of the size
polymorphism of apo(a) in serum (Utermann et al. 1987) which is based on a
variable number of the so-called kringle-IV (K-IV) repeats in the LPA gene
(Utermann 1989; Kraft et al. 1992; Lackner et al. 1991, 1993) resulted in the
identification of the LPA gene as the major gene for Lp(a) levels. Each of these up
to more than 40 repeats has a size of 5.6 kB which results in a highly polymorphic
and informative copy number variation (CNV).

There exists a pronounced inverse correlation between the number of K-IV
repeats and Lp(a) concentrations. Individuals expressing a low number of K-IV
repeats resulting in the so-called small apo(a) isoforms (up to 22K-IV repeats) have
on average markedly higher Lp(a) concentrations than individuals carrying only
large apo(a) isoforms (more than 22K-IV repeats) (Kronenberg and Utermann
2013). This K-IV size polymorphism of apo(a) explains about 20-80% of the
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variability of Lp(a) concentrations depending on the ethnicity (Utermann et al.
1987).

Interestingly, Lp(a) levels of unrelated individuals carrying the same isoform size
combination can still vary by up to 200-fold (Cohen et al. 1993; Perombelon et al.
1994). On the other hand, same-sized alleles within families which are identical-by-
descent show typically a less than 2.5-fold variation in Lp(a) concentrations
(Perombelon et al. 1994). This is a clear indication that further genetic variants
exist that regulate the Lp(a) concentrations in addition to the isoform size (Cohen
et al. 1993; Coassin et al. 2017). The search for single nucleotide polymorphisms in
the LPA gene region had a first peak in 2009 with the description of the two SNPs
rs10455872 and rs3798220 which since then are regularly used in hundreds of
association studies (Clarke et al. 2009). However, there are many more SNPs in
the wider LPA gene region which are associated with Lp(a) concentrations and
genome-wide association studies (GWAS) have explored this in a systematic way
(Lietal. 2015; Mack et al. 2017; Ober et al. 2009). In a recent GWAS meta-analysis
in 13,781 individuals from 5 populations we identified 2001 SNPs in a 1.76 MB
large region around the LPA gene. 48 of these SNPs were associated independently
of each other with Lp(a) concentrations (p-values below 5 x 10_8) (Mack et al.
2017). However, that does not mean that each of these SNPs is causally (function-
ally) related to Lp(a) concentrations. Many of these SNPs are probably in linkage
disequilibrium with another SNP that is causally influencing Lp(a) concentrations. A
typical example is rs75692336 which showed the strongest association with Lp(a)
concentrations in a statistical model in our GWAS which adjusted besides age and
sex also for the apo(a) isoform size. This SNP turned out to be a proxy SNP for the
real culprit, a splice-site variant (G4925A) in the kringle-IV type 2 which is not
easily accessible for genotyping (Coassin et al. 2017) and therefore not found in
GWAS analyses (Mack et al. 2017).

Besides the LPA gene region, the APOE gene was found to be independently
associated with Lp(a) concentrations. Especially the SNP which is responsible for
the APO E2 allele (rs7412) decreased Lp(a) concentrations by 3.34 mg/dL or ~15%
of the mean values of the population (Mack et al. 2017). The recent GWAS in
293,274 White British individuals revealed two further loci, the CETP locus as well
as the APOH locus, the latter encodes for beta2-glycoprotein I (Hoekstra et al. 2021).

The major part of the LPA gene is a so-called camouflaged gene since up to 70%
of the coding sequence harboring the K-IV type 2 with up to more than 40 repeats is
not easily accessible to modern sequencing technologies. Each copy of the K-IV
type 2 has a size of 5.6 kb. Until recently almost no sequence information was
available for that region. Our group recently developed an ultra-deep sequencing
strategy for this region and a variant analysis pipeline and reported the first map of
genetic variation in the KIV-2 region. By sequencing 123 Central-European
individuals and reanalyzing public data of 2,504 individuals from 26 populations,
we found 14 different loss-of-function and splice-site mutations, as well as >100
partially even common missense variants (Coassin et al. 2019). One of these variants
is the above-mentioned splice-site variant (G4925A) which has a frequency of about
22% and tremendously decreases Lp(a) concentrations by more than 30 mg/dL
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(Coassin et al. 2019). Another variant is the R21X in the KIV-2 region which was
not easy to analyze until recently. It is a likely causal SNP resulting in a nonsense
mutation, which leads to a truncated protein that is rapidly degraded (Parson et al.
2004). We recently developed a highly sensitive allele-specific qPCR assay and
genotyped R21X in 10,910 individuals from three populations and showed that
R21X carriers have significantly lower (—11.7 mg/dL) mean Lp(a) concentrations
(Di Maio et al. 2020). A study by Morgan and colleagues investigated two very rare
variants, R990Q (rs41259144) located in the KIV type 4 and RI1771C
(rs139145675) located in the kringle V which were present in four null Lp(a)
individuals. These two variants are hypothesized to impair the ability of the protein
folding and thereby circumventing its processing to maturity for secretion (Morgan
et al. 2020). Other detected mutations are currently under investigation to explain the
functional consequences of these variants. It might very well be that some of
these variants explain the large ethnic and interindividual differences in Lp(a)
concentrations.

5 Lp(a) Concentrations and Risk for CVD

5.1 Searching for Lp(a) Thresholds Associated with an Increased
Coronary Artery Disease Risk

The evidence is quite strong that high Lp(a) concentrations are associated with an
increasing risk for cardiovascular disease (Kronenberg and Utermann 2013; Cegla
et al. 2019). The Copenhagen City Heart Study observed for individuals from a
general population with concentrations between 30 and 76 mg/dL (corresponding to
the 67th—90th percentile) a 1.60-fold increased risk for incident myocardial infarc-
tion compared to individuals with Lp(a) concentrations below 5 mg/dL
(corresponding to the lower 22% of the population). This risk increased to 1.90 for
persons with Lp(a) concentrations between 77 and 117 mg/dL (90th to 95th percen-
tile) and to 2.60 for individuals with Lp(a) concentrations above 117 mg/dL (>95th
percentile) (Kamstrup et al. 2009) (Fig. 3, panel (a)). The concentration threshold for
an increased risk has been discussed controversially and an European Atherosclero-
sis Society (EAS) consensus statement proposed 50 mg/dL. (Nordestgaard et al.
2010). Most importantly, such a threshold corresponds to the 80th percentile of the
concentration distribution in a Caucasian population and means that 20% of the
population have probably an increased risk for CVD due to elevated Lp(a)
concentrations. From a standpoint of public health relevance, this makes Lp(a)
a very important risk factor for CVD.

The most recent data from the UK Biobank with more than 460,000 study
participants followed for more than 11 years are in line with a rather linear increase
in risk for CVD with increasing Lp(a) concentrations. In that sufficiently powered
study the risk started already to increase above the median of Lp(a) which was
19.6 nmol/L (corresponds to roughly 8 mg/dL) (Patel et al. 2021). Of course, this
raises the question what is a clinically meaningful increase in risk? The same study
revealed also that Lp(a) is not only a risk factor in non-White populations but also in
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Black or Asian people (Patel et al. 2021), a matter of major discussions over the past.
This is in line with earlier results from the ARIC study (Virani et al. 2012), the
MESA Study (Guan et al. 2015), or the Dallas Heart Study (Lee et al. 2017), but in
contrast to NHANES III or the INTERHEART Study which did not found Lp(a) to
be associated with CVD in non-Hispanic Blacks (Brandt et al. 2020) or Africans
(Pare et al. 2019), respectively.

The recent statement by the new ESC/EAS guidelines for the management of
dyslipidemia might have introduced more confusion than clarification by stating that
“Lp(a) measurement should be considered at least once in each adult person’s
lifetime to identify those with very high inherited Lp(a) levels >180 mg/dL (>430
nmol/L) who may have a lifetime risk of ASCVD equivalent to the risk associated
with heterozygous familial hypercholesterolaemia.” (Mach et al. 2019) The first part
of this sentence to measure Lp(a) at least once in each individual is indeed a forward-
looking advice important for risk stratification and in the near future maybe also for
therapeutic interventions. However, some interpret the second part of this statement
as the introduction of a new threshold for risk stratification. However, this i