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Preface

Cholesterol is an essential component of cellular membranes and is involved in vesicle traf‐
ficking, receptor-mediated signaling, and steroidogenesis, which further lead to specific bio‐
logical responses and regulate different cellular functions such as cell growth, proliferation,
apoptosis, and migration as well as tumor progression. Alteration of cholesterol levels leads
to pathophysiological changes. Hypercholesterolemia is a major risk factor for heart disease
and stroke. Lowering cholesterol levels is an ideal strategy for preventing and reducing the
burden of cardiovascular diseases. The development of cholesterol-lowering drugs is based
on the modulation of cholesterol metabolism (synthesis and degradation), transportation
(influx and efflux), and absorption and depletion. This book has the simple and singular
mission of focusing on cholesterol-lowering drugs and their role in therapeutics. The book
introduces different natural cholesterol busters and evaluates their actions. The book ex‐
plores the development of pharmaceutical cholesterol-lowering drugs and their effects on
the prevention and treatment of different diseases. The book also reviews the current knowl‐
edge in ethnic differences in response to cholesterol-lowering drug treatment. We have
strived to present the readers current information on cholesterol-lowering drug develop‐
ment, evaluation, and therapeutic application.

These chapters have been written by prominent investigators in the field, and we thank the
contributors for sharing their results and thoughts.

Dr. Chunfa Huang and Dr. Carl Freter
Division of Hematology and Medical Oncology,

Department of Internal Medicine, School of Medicine,
Saint Louis University, Saint Louis,

USA
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Provisional chapter

Natural Cholesterol Busters
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Abstract

Hypercholesterolemia, a risk factor for cardiovascular and cerebrovascular diseases, is
a silent health problem. It occurs due to buildup of large amount of cholesterol in blood
vessels resulting in narrowed blood vessels or blockage of the flow of blood and causes
cellular dysfunction. The predisposing factors for hypercholesterolemia are carbohy‐
drates‐enriched diet, unhealthy fats, and red meat. Moreover, family history, obesity,
hypokinetic lifestyle, aging, and oxidative stress are associated with hypercholestero‐
lemia.  Therapeutic  interventions  of  hypercholesterolemia  involve  cessation  of  bad
habits,  regular  exercise,  consumption  of  cholesterol  buster  diets,  and  cholesterol‐
lowering drugs.  However,  cholesterol‐lowering drugs have low efficacy,  and some
patients cannot tolerate the adverse effects of hypocholesterolemic drugs. In light of this,
there has been great interest to address natural cholesterol busters as first choice as
cholesterol‐lowering option.  Healthy diet,  regular  exercise and natural  cholesterol‐
lowering agents are documented to decrease blood cholesterol level. Natural cholesterol
busters include dietary fibers, plant sterols, healthy fats, smart proteins, antinutrients,
antioxidants, and L‐arginine. These busters not only decrease cholesterol oxidation and
absorption but  also increase cholesterol  catabolism and elimination.  Most  of  these
busters are found in cereals, oatmeal, fruits, vegetables, legumes, and fermented foods.
The natural cholesterol busters are recommended strategies for treatment of hypercho‐
lesterolemia alone or in combination with cholesterol‐lowering drugs.

Keywords: hypercholesterolemia, health diet, antioxidants, antinutrients, cardiovas‐
cular diseases, L‐arginine

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1. Introduction

Cholesterol is an important component in cell membrane that maintains the structure and
function of the cells. Moreover, cholesterol is a precursor of sex hormones, corticosteroid, and
vitamin D.  This  vitamin is  involved in bone formation,  modulates immune system, and
regulates gene expression [1].  Cholesterol can be catabolized into bile acids that play an
important role in digestion and absorption of fat diets and fat‐soluble vitamins. The cells get
its cholesterol through two pathways, endogenous source by means of biosynthesis in liver
(80 %) and exogenous source from the diet (20%) [2]. Cholesterol is transported throughout
the bloodstream by joining to specific proteins and lipids forming lipoproteins. There are four
main types of lipoprotein acting as cholesterol carriers in circulation: chylomicrons, very low‐
density lipoproteins (VLDL),  low‐density lipoprotein (LDL) “bad cholesterol”,  and high‐
density lipoprotein (HDL) “good cholesterol” [1].

HDL elicits cardioprotective function by reverse cholesterol transport to the liver to be
catabolized, moreover, HDL has antioxidant and anti‐inflammatory effects as well as involved
in nitric oxide (NO) homeostasis [3]. Under hypercholesterolemic conditions, HDL can be
turned into a foe for vascular endothelium through production of free radicals that induced
vascular cells and erythrocytes damage [3]. Moreover, cholesterol enrichment decreases
membrane fluidity, disrupts cell signaling, induces toxic oxysterols, modulates gene expres‐
sion, and induces apoptosis [4]. This results in disruption of redox balance and NO homeo‐
stasis, particularly in vascular cells and erythrocytes. Cholesterol‐enriched erythrocyte
membrane causes a reduction in the deformability of cells and impairment of the hemorheo‐
logical behavior that can initiate cardiovascular disease [5]. Oxidative stress is one of the
proposed mechanisms responsible for the changes in erythrocytes under hypercholesterolemic
conditions; hence, erythrocytes lose their antioxidant power and become oxidized erythro‐
cytes, which triggers foam cell formation by a mechanism similar to oxidized lipoproteins [5].
Therefore, oxidized erythrocytes are addressed as a new culprit in vascular diseases. Figure 1
displays the double face of cholesterol.

Figure 1. Beneficial and detrimental effects of cholesterol. Asterisk indicates hypercholesterolemic conditions.
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Cholesterol‐lowering drug therapies particularly with cholesterol biosynthesis inhibitors are
associated with adverse effects such as myopathies, neuropathies, liver dysfunction, weakness,
and depression [6]. However, intake of natural cholesterol busters reduces blood cholesterol
level with minimal side effects [7–9]. Natural cholesterol busters include healthy diet—
drinking excess cold water and avoidance of stress with regular exercise. Moreover, many
nutraceuticals have cholesterol‐lowering action; they include dietary fibers, plant sterols,
healthy fats, smart proteins, antinutrients, antioxidants, and L‐arginine [10]. These busters act
by modulation biochemical pathways such as appetite suppression, inhibition of digestion,
and absorption of dietary fats. In addition, they not only increase the metabolic rate and
lipolysis but also decrease lipogenesis and inhibit adipocyte differentiation. Figure 2 shows
the possible mechanisms by which natural cholesterol‐lowering agents decrease plasma
cholesterol levels.

Figure 2. Beneficial effects of natural cholesterol busters.

On this basis, the selection of natural cholesterol‐lowering agents with dual action such as lipid
lowering and antioxidant activities with minimal side effects is very essential. Natural
cholesterol busters can reduce blood cholesterol levels and risk of vascular diseases without
adverse effects. This chapter highlights natural cholesterol busters as first line of cholesterol‐
lowering strategy.

2. Natural cholesterol busters

The first choice to decrease the blood cholesterol levels is lifestyle change including healthy
diet—drinking excess of water, avoidance of stress and regular exercise. Moreover, there are
a group of nutraceuticals that can be considered as cholesterol busters. Some of these nutra‐
ceuticals are plant sterols, healthy fats, dietary fibers, antinutrients, antioxidants, and L‐
arginine.

Natural Cholesterol Busters
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2.1. Healthy lifestyle as natural cholesterol busters

2.1.1. Health diet and exercise

Diet and lifestyle are major causes of dyslipidemia, diabetes, and cardiovascular diseases.
Particularly, protein‐enriched diet produces satiating effect and helps stave off hunger [10].
Consumption of plant‐based foods lowers the rate of many chronic diseases; this is attributable
to diets which contain smart proteins, trace elements, foliate, antioxidants, and antinutrients
[10]. Additionally, low carbohydrate consumption modulates hormones release, increases
lipolysis, and enhances fatty acids oxidation [10]. On the other hand, aerobic exercise decreases
lipogenesis and activates lipoprotein lipase that increases lipolysis, resulted in enhancement
of fat clearance and burning [11].

In these situations, depot fats and free fatty acids were utilized as fuel sources for muscle work
[12]. Therefore, health diet with regular exercise (3h/week) at least for 5 days per week
decreases subcutaneous fats, visceral fats as well as improve blood lipid levels [12]. Generally,
the reduction of body fats is associated with a decrease of total cholesterol, triacylglycerol,
LDL, while HDL levels were increased [10]. Furthermore, health diet and lifestyle modifica‐
tions improve the availability of nitric oxide [10]. Therefore, healthy diets enriched with plant
protein, low in carbohydrate and fat, devoid of trans fats (margarine, snack food, packaged
baked food, and fried fast food), with regular exercise could be considered the best choice to
treat hypercholesterolemia. Besides the aforementioned effects, caloric restrictions with
exercise preserve antioxidant capacity as well as reduce reactive oxygen species formation and
reduce apoptosis.

2.1.2. Cessation of bad habits

Cigarette smoking and alcohol drinking are most common bad habits worldwide. Combined
use of both smoking and alcohol is more damaging to health than use of either alone. The most
serious medical consequences of smoking and alcohol are vascular diseases and cancer [13].
This attribute of cigarette smoking enhances catecholamine release and inhibits lipoprotein
lipase activity; this results in an increase in levels of chylomicrons, VLDL, and LDL with a
decrease in HDL levels [14]. These resulted in alteration of lipid profile associated with decline
of antioxidant power with an increase of lipid peroxidation, thrombosis, and vascular dys‐
function [13]. Smoking cessation averts these deleterious effects on lipid abnormality, partic‐
ularly HDL levels [14].

The liver plays a central role in the regulation of cholesterol homeostasis. Alcohol drinking
causes fatty liver, besides this alcohol is metabolized into acetaldehyde and reactive oxygen
radicals [15]. Acetaldehyde and reactive oxygen radicals can interact with proteins, lipids, and
other biomolecules in the cell, resulting in adduct formation which is harmful to the liver.
Moreover, acetaldehyde‐protein adducts upregulate lipogenetic genes in the liver [15]. Several
studies confirmed that chronic alcoholism induced abnormality in lipid metabolism with
elevation of triacylglycerol and cholesterol‐enriched lipoproteins in the blood [16].

Cholesterol Lowering Therapies and Drugs4
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2.2. Nutraceutical as natural cholesterol busters

2.2.1. Healthy fats

Dietary fatty acids are considered one of the main important dietary supplements that strongly
determine the development of cardiovascular diseases. The dietary fatty acids include
saturated fatty acids, monounsaturated fatty acids, and polyunsaturated fatty acids (PUFAs)
[17]. Saturated fatty acid–rich diets are implicated in the promotion of cardiovascular diseases,
while monounsaturated fatty acids and PUFAs have cardioprotective effects [17]. In particular,
PUFAs are essential dietary elements for human body because human body lacks desaturating
enzymes that are required for PUFAs’ biosynthesis [18].

PUFAs are classified according to the position of first double bond from the methyl end (omega
carbon) into omega‐3 (ω3) PUFAs and omega‐6 (ω6) PUFAs. Dietary intake of ω3‐PUFAs with
reduction in ω6‐PUFAs consumption is beneficial for cardiac health [19], while higher
consumption of ω6‐PUFAs with lower ω3‐PUFAs dietary contents is a risk for many diseases,
particularly cardiovascular diseases. Inside the human body α‐linolenic acid can be converted
to eicosapentaenoic acid and docosahexaenoic acid by desaturase and elongase enzymes in a
series of biochemical reactions [20]. The process of endogenous desaturation and elongation
of α‐linolenic acid into eicosapentaenoic acid and docosahexaenoic acid is usually inefficient.
Therefore, intake of α‐linolenic acid is essential for production of eicosapentaenoic and
docosahexaenoic acids [21–24].

Omega‐3 fatty acids are the precursors of biologically active mediators with health benefits
with regard to their anti‐inflammatory, antithrombotic, hypolipidemic, and cardioprotective
effects [20]. However, ω6‐PUFA produces pro‐inflammatory, pro‐thrombotic, and pro‐
atherogenic mediators [21–24]. Therefore, balanced ratio between ω3‐PUFAs/ω6‐PUFAs
dietary intake is recommended for the decrease of cardiovascular risk. The reversal of this ratio
has been considered responsible for the high prevalence of cardiovascular disease [21–24].

The ω3‐PUFAs are involved in the formation of phospholipids that are involved in reverse
cholesterol transport to the liver for catabolism [24]. Additionally, intake of ω3‐PUFAs can
reduce triacylglycerol levels through inhibition of hepatic lipogenesis and very low‐density
lipoproteins production by the liver and output into circulation. The ω3‐PUFAs have been
shown to increase plasma LDL with large particle size, which is much less atherogenic than
LDL that cannot infiltrate blood vessels of vascular endothelium to start development of
atherosclerosis [24]. Moreover, ω3‐PUFAs downregulate sterol regulatory element‐binding
protein, resulting in suppression of gene expression of 3‐hydroxy‐3‐methyl‐glutaryl CoA
reductase, a rate‐limiting enzyme in cholesterol synthesis [25]. ω3‐PUFAs also activate liver X
receptors that upregulate expression of 7‐α‐hydroxylase, the main enzyme in conversion of
cholesterol into bile acids [26].

Diet enriched with ω3‐PUFAs is abundant in plant and marine sources, such as flaxseed,
canola, salmon, mackerel, herring, and tuna. The fish oil is composed of higher percent of ω3‐
PUFAs; therefore, they are the best source of biologically active ω3‐PUFAs mediators. The ω3‐
PUFAs have susceptibility to oxidative damage; therefore, antioxidants supplementation is
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recommended during ω3‐PUFAs consumption. The ω3‐PUFAs are promising therapeutic
options for the prevention and treatment of hypercholesterolemia. The risk of antioxidants
deficiency and mercury contamination during intake of fish oils must be considered.

2.2.2. Phytosterols

Phytosterols are plant source sterols; they are similar to animal sterol in the presence of steroid
nucleus, whereas they differ in their side chain. Phytosterols have been incorporated in many
dietary regimens to reduce plasma cholesterol levels and provide a cardioprotective action
[27–28]. Phytosterols are classified according to their saturation into sterols and stanols;
saturation of sterols produces stanols. The main physterols are sitosterol and campesterol, with
their respective stanols, sitostanol and campestanol [27–28]. Phytosterols are relatively less
absorbed than cholesterol, particularly stanols. Addition of phytosterols to the diet of hyper‐
cholesterolemic patients can effectively reduce blood cholesterol levels [29–30]. Phytostanols
are preferred than sterols because the effect of sterols diminishes over time, while stanols’
effect persists for a long time. Maximal reduction in cholesterol was reported with daily intake
of 2.0 g of plant stanols. The effect of phytosterols is food dependent because the maximal bile
secretion is with or directly after meals where stanols can target micelle formation to reduce
the absorption of cholesterol and lipids [31–35]. Phytostanols esters showed greater effective‐
ness if taken on daily basis in sufficient amounts (0.8–2.0 g) with meals [31–35]. The beneficial
effect of stanols over LDL reduction appears after 1–2 weeks of (2.0 g) daily consumption. Most
importantly, this reduction in LDL persists as long as stanols being consumed [31–35].

Several mechanisms including interference with intestinal cholesterol solubility, inhibition of
digestive enzymes, and decreasing cellular uptake of cholesterol have been proposed to
explain the cholesterol‐lowering effects of phytosterols [31–35]. Therefore, phytosterols reduce
the absorption of both dietary and biliary cholesterol from the intestinal tract. Moreover,
phytosterols induce the expression of ATP‐binding cassette transporters, thus increasing the
efflux of cholesterol from the intestinal cells [31–35]. In addition, phytosterols suppress the
activity of acyl‐cholesterol acyl transferase required for sterols absorption, consequently
reducing intestinal cholesterol uptake. Phytosterols are partially inhibiting dietary and biliary
cholesterol absorption by 30–50% through inhibition of cholesterol emulsification through
disruption of the lipid micelles, reducing its solubility and availability for intestinal absorp‐
tion [31–35]. Phytosterols are present naturally in many plants, such as corn, soybeans, and
sunflower seeds. The risk of beta‐sitosterolemia must be considered during intake of phytos‐
terols as cholesterol‐lowering therapy.

2.2.3. Dietary fibers

Dietary fibers including cellulose and its derivatives as well as lignin are considered as non‐
digestible parts of food. Diet rich in fiber has been reported to have an inverse relationship to
cardiovascular risk. Therefore, fiber‐enriched diets are recommended by many leading
organizations to improve human health [36–37]. The chemical composition of dietary fibers is
carbohydrate in nature; they are present in edible plants. Dietary fibers resist alimentary
digestive enzymes, are non‐absorbable and susceptible for partial fermentation by normal
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activity of acyl‐cholesterol acyl transferase required for sterols absorption, consequently
reducing intestinal cholesterol uptake. Phytosterols are partially inhibiting dietary and biliary
cholesterol absorption by 30–50% through inhibition of cholesterol emulsification through
disruption of the lipid micelles, reducing its solubility and availability for intestinal absorp‐
tion [31–35]. Phytosterols are present naturally in many plants, such as corn, soybeans, and
sunflower seeds. The risk of beta‐sitosterolemia must be considered during intake of phytos‐
terols as cholesterol‐lowering therapy.

2.2.3. Dietary fibers

Dietary fibers including cellulose and its derivatives as well as lignin are considered as non‐
digestible parts of food. Diet rich in fiber has been reported to have an inverse relationship to
cardiovascular risk. Therefore, fiber‐enriched diets are recommended by many leading
organizations to improve human health [36–37]. The chemical composition of dietary fibers is
carbohydrate in nature; they are present in edible plants. Dietary fibers resist alimentary
digestive enzymes, are non‐absorbable and susceptible for partial fermentation by normal
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flora gastrointestinal tract [36–37]. Generally, dietary fibers are classified according to their
solubility into soluble and insoluble fibers. Inulin, oligofructosides, pectin, mucilage, psyllium,
gum, polysaccharides, and β‐glucans are examples for soluble fibers, whereas lignin, cellulose,
hemicellulose, and resistant starch are examples for insoluble fibers [38–41]. Chitosan can
reduce the risk of cardiovascular diseases because it can lower triacylglycerol and cholesterol
levels by increasing bile acid excretion [42].

Dietary fibers have hypolipidemic effect over both triacylglycerol and cholesterol‐enriched
lipoproteins [41]. The biochemical mechanisms underlying the hypolipidemic effect of dietary
fibers may be due to different hypotheses. Dietary fibers form complexes with dietary fats,
cholesterol, and bile acids. Therefore, fat digestion by pancreatic lipases is inhibited, while
hepatic bile synthesis and cholesterol excretion are enhanced [41, 43]. In addition, dietary fibers
can entrap water and water‐soluble foodstuff, such as glucose, resulting in reduction in glucose
absorption. Therefore, post‐prandial plasma insulin declines with suppression of its stimulat‐
ing action for 3‐hydroxy‐3‐methylglutaryl‐CoA reductase in cholesterol synthesis. This
resulted in decrease of cholesterol biosynthesis with decrease in blood cholesterol levels [41,
43]. Fermentation of fibers by intestinal flora produces short chain fatty acids such as propionic
and butyric acids. These acids can suppress hepatic cholesterol synthesis via competitive
inhibition of 3‐hydroxy‐3‐methyl‐glutaryl CoA reductase and downregulate most of lipogenic
enzymes [41, 43–45].

Dietary fibers promote growth of intestinal microflora such as Lactobacillus acidophilus [37].
Therefore, dietary fibers that selectively stimulate the growth and activity of beneficial
microflora are known as “prebiotics”; “probiotics” in the gastrointestinal tract improve the
intestinal microbial balance, thus improving human health. When probiotics and prebiotics
are used in combination, they are known as “synbiotics” [46]. The use of synbiotics is to
improve gut health and exert other health‐promoting effects, such as modulation of the
immune system, antihypertensive effects, prevention of cancer, antioxidant effects, reduction
of dermatitis symptoms, facilitation of mineral absorption, and improvement of candidiasis
[46]. Additionally, synbiotics has cholesterol‐lowering properties through deconjugation of
bile acids by bile‐salt hydrolase, thus leading to coprecipitation of cholesterol with deconju‐
gated bile [46]. Other explanations for cholesterol‐lowering effects of probiotics include
utilization of cholesterol in the cell membranes during growth of probiotics, conversion of
cholesterol into coprostanol and production of short‐chain fatty acids upon prebiotics fermen‐
tation by probiotics [46].

Dietary fibers are present in nuts, beans, lentil, lupin, blueberries, cucumber, green leafy
vegetables, green beans, carrot, celery, yoghurt, and fermented foods.

2.2.4. Antioxidants

Antioxidants can minimize cellular damage by inactivating free radicals, which could attack
other cellular molecules. Enzymatic antioxidants that could provide a protection against free
radicals are superoxide dismutase, catalase, and glutathione peroxidases [47]. Non‐enzymatic
antioxidants with similar function are present widely in the biological system and able to
quench many types of free radicals. They include glutathione, vitamin E, vitamin C, β‐carotene,
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retinols, selenium, copper, zinc, manganese, and others [47]. Hypercholesterolemia upregu‐
lates the activity of free radical–generating enzymes; however, it downregulates the activity
of antioxidant enzymes that trigger the production of reactive oxygen metabolites [48]. These
reactive metabolites provoke lipoproteins oxidation, protein glycation, and glucose auto‐
oxidation. Therefore, hypercholesterolemia has been implicated as pathogenesis of pancrea‐
titis, hepatitis, renal injury, stroke, atherosclerosis, and metabolic syndrome by oxidative
damage‐dependent mechanism [49].

There are scientific evidences of the protective effects of naturally occurring antioxidants in
biological systems. Consequently, the identification of natural antioxidants with cholesterol‐
lowering effect in diet consumed by human is very important. Antioxidants are attractive
alternative therapy to treat hypercholesterolemic patients [50]. The antioxidants with choles‐
terol‐lowering capability include antioxidant vitamins, coenzymeQ‐10, resveratrol, grape
seed, cherry seed, and spices. Moreover, flavonoids, such as silymarin, rutin, quercetin,
naringin, and hesperidin, were used for the same purpose [7–9]. Chrysin is a natural flavonoid
that is able to decrease plasma lipid concentration and has an antioxidant property [51].
Moreover, rice bran oil is involved in lipid metabolism and oxidation; therefore, it has
significant health benefits by the modulation of lipid profiles and preservation of normal redox
balance in hypercholesterolemic conditions [52]. Antioxidants are exerting their beneficial
effects as free radical scavengers and as chelators of pro‐oxidant metals. Furthermore,
administration of antioxidants augments endogenous antioxidant power as well as inhibits
free radicals generating enzymes [54]. Antioxidants inhibit the oxidation of lipoproteins,
protect the oxidative damage of erythrocytes and preserve the availability of nitric oxide in the
body [53]. Consequently, antioxidants prevent hypercholesterolemia‐induced vascular cells
damage. Vegetables and fruits are good source of antioxidants; they include reddish, lettuce,
carrot, tomato, cucumber, red cabbage, and low caloric fruits such as apple, grape fruits and
orange.

2.2.5. Antinutrients

Antinutrients are plant secondary metabolites such as saponins, flavonoids, alkaloids, tannins,
oxalates, phytates, protease inhibitors, amylase inhibitors, lipase inhibitors, and lectins. They
are secreted by the plant as a part of the defense mechanism [54, 55]. Human beings use these
agents for many beneficial purposes. Some of the antinutrients are used in modulation of
gastrointestinal function. Lectins have high binding capacity to the intestinal brush border
membrane. This stimulates the release of anorectic neuropeptides that produce satiety and
decrease food intake [55]. However, lectins can cause severe intestinal damage with disrupting
digestion provoking food allergies and other immune responses [55]. Saponins are amphi‐
pathic antinutrients which can reduce cholesterol absorption by disruption of cholesterol
micelle formation and downregulate the activity of lipogenic enzymes [54, 55]. Furthermore,
saponins also reduce the uptake of glucose from the gut through intraluminal physicochemical
interaction [54, 55].

Tannins are present in most cereals and are able to inhibit the activities of protease, amylase
and lipase [54–56]. Chlorogenic acid is a member of antinutrients present in green coffee.
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Soybeans, fenugreek, bean, and ginseng are good sources of antinutrients. Antinutrients have
immune‐potentiating action, anticancer effect, and antioxidant power, which could prevent
cardiovascular diseases. However, the risk of hemolysis, pancreatic hypertrophy, minerals
deficiency, vitamins deficiency, and other malabsorption syndrome must be considered during
intake of antinutrients for treatment of hypercholesterolemia [54–56]. Table 1 annotated the
common dietary sources, the main mechanisms of action, and the probable side effects of
natural cholesterol lowering agents.

Cholesterol

buster 

Dietary source  Main mechanism

of action 

Probable

side effects

Healthy fats Salmon, flaxseed,

and canola

oils

Decrease cholesterol

synthesis and

increase its catabolism

Depletion of

antioxidant

Phytosterols Corn, soybeans,

and sunflower

seeds

Induce expression of

ATP‐binding

cassette transporters

Beta‐Sitosterolemia

Dietary fibers Legumes, beans,

and vegetables

Form complexes with

dietary cholesterol

and bile acids

Abdominal discomfort

Antinutrients Beans, fenugreek,

and ginseng

Produce satiety

and decrease

cholesterol micelles

formation

Hemolysis and

malabsorption

syndrome

Antioxidants Fruits, vegetables,

and rice

bran oil

Decrease free radicals

formation

and lipoprotein

oxidation

‐

L‐arginine Poultry,

seafood,

and lupine

Antioxidants and

restores

nitric oxide

bioavailability

Hypotension

Table 1. The common dietary sources, the main mechanisms of action, and the probable side effects of natural
cholesterol busters.

2.2.6. L‐Arginine

Nitric oxide is an important vasodilator and has many biological functions. Several cells
including endothelial cells and erythrocytes can produce nitric oxide which uses L‐arginine
as a substrate and tetrahydrobiopterin and flavoproteins as cofactors [57, 58]. Hypercholes‐
terolemia is associated with the increased oxidative stress that reduces the nitric oxide
bioavailability through disruption of L‐arginine transport into cells, inactivation of nitric oxide
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synthase, and activation of arginase [9, 58, 59]. Furthermore, high blood cholesterol levels
increase endogenous L‐arginine analogues that are able to inhibit nitric oxide synthesis. In
particular, asymmetric dimethylarginine competes with L‐arginine at the catalytic site of nitric
oxide synthase, and symmetric dimethylarginine blocks the transport of L‐arginine into the
cells via the transporter for cationic amino acids [9, 58, 59]. In hypercholesterolemia, erythro‐
cytes and endothelial cells float in cholesterol‐enriched media. This results in a decrease of
nitric oxide production and endothelial dysfunction [9, 58, 59]. On the contrary, L‐arginine
supplementation restores nitric oxide levels and reduces vascular oxidative damage in
hypercholesterolemic conditions [57]. It has been reported that L‐arginine–enriched foods
lower LDL levels; this indicates positive health benefits associated with L‐arginine on cardio‐
vascular system [60]. Moreover, dietary supplementation with L‐arginine stimulates nitric
oxide biosynthetic pathway. In addition, polyphenolic compound mediates L‐arginine
transport into cells and enhances nitric oxide production [60, 61]. L‐arginine–enriched foods
include dairy products, poultry, seafood, wheat germ, lupine, granola, oatmeal, peanuts, nuts,
pumpkin seed, and chickpeas. The risk of hypotension must be considered during intake of
L‐arginine as a cholesterol‐lowering agent. Figure 3 shows role of cholesterol busters in
prevention hypercholesterolemia induced endothelial dysfunction.

Figure 3. Mechanisms of action of cholesterol busters in prevention hypercholesterolemia induced endothelial dys‐
function. Green color indicates the site of action of therapeutic agent.
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3. Suggestion and recommendations

Based on the current data in this chapter, the following recommendations aid in maintaining
a healthy life.

• Eat three to five healthy diet daily containing different foods. Healthy diets contain fruits,
vegetables, and legumes with less fat and carbohydrate.

• Reduce the intake of salt, flour, and sugar; use more fibers and reduce the amount of food
in your plate.

• Consume cold water and sugar‐free gum during a feeling of false or emotional hunger.

• Motivate regularly such as walking, riding a bike, and other activities (30–45 min), at least
5 days weekly to burn off the excess calories.

• Prohibit bad habits such smoking and alcohol drinking as conceivable.

• Avoid overcrowding, noise, and contaminant exposure as possible.

• Check your body weight weekly.

• Examine your blood sugar level and plasma lipids profile for every 6 months.

4. Summary

Healthy diet and exercise can successfully manage blood cholesterol levels, besides supple‐
mentation of natural cholesterol busters. Natural cholesterol busters not only decrease
cholesterol absorption, but also increase cholesterol metabolism and elimination. The inter‐
vention of natural cholesterol busters is the safest strategy in the prevention and treatment of
hypercholesterolemia. The hypocholesterolemic properties of natural cholesterol busters have
been proved; however, further studies are required to address general recommendations
considering human variability in response to dietary regimen. The natural cholesterol busters
are found in cereals, oatmeal, fruits, vegetables, and legumes. In case of failure of natural
cholesterol busters as first choice cholesterol‐lowering option, the cholesterol‐lowering drugs
are recommended with natural cholesterol busters. Take care that high intake of antinutrients
may be associated with serious health problems due to the presence of phytate, oxalate,
cyanogenic glycoside, and other toxic antinutrients.
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Abstract

Atherosclerosis and disorders associated with cardiovascular system remain the major
problem of modern medicine and the leading cause of mortality in developed countries.
According to the current knowledge, atherosclerosis development can begin early in
life. Clinically silent early‐stage lesions can be detected in a large population of young
adults.  Despite  substantial  progress  in  the  recent  years,  therapy of  atherosclerosis
mostly remains limited to plasma lipid profile correction. Moreover,  no therapy is
currently available for the treatment of asymptomatic early stages of the disease. The
existing synthetic drugs could not be used for this purpose, because of the unfavourable
risk/benefit ratio and high cost of treatment, which has to be long‐lasting. In this regard,
medications  based  on  natural  agents  with  anti‐atherosclerotic  activity  may  offer
interesting possibilities. Current research should focus on detection and evaluation of
such agents. One of the important tools for anti‐atherosclerotic drug evaluation is a cell‐
based model,  which allows measurement of intracellular lipid accumulation.  Anti‐
atherosclerotic activity of various substances can therefore be evaluated by the decrease
of intracellular lipid storage. In this chapter, we will  discuss the development and
application of cellular models based on primary culture of human arterial wall cells that
are suitable for detection and measurement of anti‐atherosclerotic activity of various
substances.  Using  these  models,  several  natural  agents  have  been  successfully
evaluated,  which  led  to  the  development  of  pharmaceutical  products  with  anti‐
atherosclerotic activity based on botanicals.

Keywords: atherosclerosis, arteries, cholesterol accumulation, cellular models, anti‐
atherosclerotic drugs
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1. Introduction

Atherosclerosis remains one of the most challenging problems of modern medicine. Epide‐
miological data on atherosclerosis and cardiovascular diseases are frequently updated and
demonstrate an increase in overall mortality, partly because of the ageing of human popula‐
tion, especially in favourable economic conditions [1]. In developed countries, cardiovascular
diseases remain the primary cause of overall morbidity and mortality [2]. Atherosclerotic
lesions develop in the walls of large arteries and cause occlusion of blood vessels as a result
of either arterial wall thickening or thrombus formation on the surface of unstable plaques.
This latter condition is especially dangerous, since it can lead to a sudden and often fatal
thromboembolia, which represents the first clinical manifestation of atherosclerosis in many
patients. By contrast, early stages of the disease usually pass unnoticed. Recent studies have
demonstrated that asymptomatic atherosclerosis is, in fact, a widespread condition among
young adults [2–5]. In this cohort of subjects, the incidence of atherosclerotic lesions reaches
100%, although no clinical manifestations can be observed [3–5].

The development of atherosclerosis is a complex process, which, despite the significant
progress made during the last decade, still remains to be fully understood. Atherosclerosis
and related cardiovascular disorders are associated with several known risk factors, including
elevated plasma cholesterol level, diabetes, tobacco smoking and others [6, 7].

Modern atherosclerosis prevention strategies are largely based on elimination or attenuation
of relevant risk factors, which slows down the atherosclerotic plaque progression in an indirect
way [8]. For instance, statins are commonly used for plasma cholesterol reduction and
attenuation of atherosclerosis progression. However, limited indications and serious side
effects make statins unsuitable for preventive therapy of atherosclerosis, which has to be long‐
term. Currently, there exists no widespread “direct” anti‐atherosclerotic therapy that could be
suitable for treatment of the early, subclinical stages of the disease. Such therapy should target
the molecular and cellular mechanisms of atherogenesis at the level of blood vessel wall and
should result in prevention of de novo lesion formation or regression of existing plaques [8–
10]. Natural agents appear to be attractive candidates for preventive anti‐atherosclerosis
therapy because of their favourable safety profile and low cost. Because of their complex
composition, biologically active substances of botanical origin and their combinations may
have a wider range of effects than synthetic drugs, targeting several atherosclerosis risk factors
simultaneously. It is therefore possible that the botanical substances can possess both direct
and indirect anti‐atherosclerotic effects, such as protective activity at the cellular level com‐
bined with cholesterol lowering and hypotensive activity. Current knowledge of cardiopro‐
tective effects of natural agents and nutraceuticals is rather limited, although they have been
actively studied by several groups during the recent years [11–17]. It is important to establish
novel anti‐atherosclerotic preventive therapies based on natural products and confirm their
effectiveness by clinical studies.

The search for potential anti‐atherosclerotic agents and evaluation of their activity requires
adequate test models. Lipid accumulation is one of the most prominent features of athero‐
sclerotic lesions. Lipid uptake and storage are performed by several cell types of the arterial
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wall. Both resident cells and inflammatory cells that are recruited to the lesion site can
participate in the process. Increased lipid content can be observed already at the earliest stages
of the plaque development. The main source of cholesterol deposit in the arterial wall is low‐
density lipoprotein (LDL), especially its modified, atherogenic forms. The risk of atheroscle‐
rosis development has been demonstrated to be associated with unfavourable plasma lipid
profile and the increased contents of atherogenic LDL types, such as small dense LDL [18]. The
ability of the blood plasma to cause lipid accumulation in the arterial wall cells is referred to
as blood serum atherogenicity [19]. Anti‐atherosclerotic effect of a substance can be evaluated
by its ability to prevent lipid accumulation in cultured arterial wall cells induced by the
exposure to atherogenic LDL. Importantly, lipid profile in cells with or without treatment can
precisely be measured to quantitatively evaluate anti‐atherosclerotic potential.

In this chapter, we will give an overview of current knowledge on atherosclerotic lesion
progression and discuss the development and application of models based on primary culture
of human arterial wall cells.

2. Atherosclerotic plaque development

According to the classic lipid theory of atherogenesis, atherosclerotic lesion development is
caused by extracellular and intracellular lipid accumulation in the intimal layer of the arterial
wall [20, 21]. It has been shown that the major source of lipid accumulation in the intimal cells
is circulating LDL, especially its atherogenic forms, such as chemically modified and aggre‐
gated LDL. Chemical modification of lipoprotein particles appears to be necessary for the
atherogenic effect, since native (non‐modified) LDL added to cultured cells could not induce
significant lipid accumulation. Atherogenic modifications of LDL in the bloodstream include
desialylation, acquisition of negative charge and increase of the particle hydrated density
(small dense LDL formation). All these modifications can be accompanied by oxidation [22–
25]. Study of the atherogenic LDL modification in the bloodstream currently remains chal‐
lenging. Different laboratory methods of LDL isolation, quantification and analysis deliver
different results, which hinders direct comparison of studies employing different methods and
protocols. For instance, analysing LDL size and density by ultracentrifugation in different
buffers will give slightly different outcome. Moreover, no consensus has been reached so far
on the classification of LDL subfractions [22]. It is likely that LDL particles undergo multiple
atherogenic modification in human plasma, but the resulting products are differently evalu‐
ated by different methods from several laboratories [26–28]. One of the earliest atherogenic
modifications demonstrated to occur in human bloodstream is desialylation. The removal of
sialic acid residues from the carbohydrate components of LDL particles is performed by trans‐
sialidase, which is active in the bloodstream. Increased level of circulating modified LDL leads
to aggregation of the particles, which is facilitated by increased surface charge. The resulting
large complexes have especially high atherogenic potential. Moreover, modified forms of LDL
can induce formation of autoantibodies triggering inflammatory response and giving rise to
circulating immune complexes. Another feature that can significantly increase atherogenic
potential of modified LDL is its ability to associate with the components of extracellular matrix
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proteins in the subendothelial space of the arterial wall, which prolongs its residence time and
facilitates lipid accumulation. Unlike native LDL, which is internalized by cells via receptor‐
mediated uptake, modified LDL complexes enter the cells through uncontrolled phagocytosis
and follow a distinct metabolic pathway [29]. This can explain the rapid accumulation of
atherogenic modified LDL in cellular cytoplasm, mostly in the form of lipid droplets. Cells
containing large amounts of lipid inclusions in the cytoplasm are called “foam cells” because
of their microscopic appearance. Such cells commonly occur in atherosclerotic lesions.

Figure 1 shows the development of atherosclerotic lesions and the main stages of the athero‐
genesis [30]. According to the current knowledge, atherosclerotic lesion initiation is dependent
on two conditions: the presence of modified atherogenic LDL in the bloodstream in sufficient
quantities and the internalization of LDL by the arterial wall cells. The latter is usually triggered
by local disturbance of endothelial function that causes increased permeability of the endo‐
thelial lining allowing modified LDL to penetrate into the intimal layer of the arterial wall.
Atherogenic modification of LDL may also occur in the intimal layer, after the particles have
crossed the endothelial barrier. Local disturbances of endothelial function frequently take place
in certain parts of the vascular system, such as branching points and bends, where laminar
blood flow is altered [31]. Sites of the arterial wall that are especially vulnerable are marked
by altered morphology of endothelial cells and presence of enlarged multinucleated cells. The
pre‐existent mosaicism of the endothelial lining may explain the focal development of
atherosclerotic lesions. However, more studies are needed to determine the mechanisms of
endothelial dysfunction leading to atherosclerosis.

Focal lipid infiltration into the arterial wall intima marks the early stages of atherosclerotic
lesion development. Apparently, several cell types of the arterial wall participate in lipid
accumulation. Cells populating the intimal layer can be either resident mesenchymal cells,

Figure 1. Scheme showing the consecutive events in the development of atherosclerotic lesions. Reproduced with per‐
mission from [30].
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such as smooth muscle cells, or inflammatory cells, such as monocytes/macrophages, that can
be recruited from the bloodstream in large numbers by a local inflammatory response. Along
with macrophages, smooth muscular cells also take part in lipid uptake and can be transformed
into foam cells. While native LDL particles are metabolized by intimal cells through a well‐
developed and controlled receptor‐mediated endocytosis, it is likely that the LDL associations
are recognized by macrophages as pathogens that have to be cleared by phagocytosis [32].
Such clearance is accompanied by secretion of signalling molecules that attract immune cells
to the developing lesion site and therefore initiation of the inflammatory process [33]. Phago‐
cytosis‐mediated lipid accumulation in atherosclerosis can therefore be regarded as a variation
of innate immune response. Enhanced phagocytosis followed by lipid accumulation and foam
cell formation contributes to lesion development. Lipid accumulation affects intercellular
contacts that are essential for proper function of intimal wall resident cells [34]. On the other
hand, lipid accumulation also triggers processes that are typical for the reparative phase of
inflammation, such as proliferation and extracellular matrix synthesis leading to the fibrosis.
In favourable conditions, these reparation processes rapidly lead to formation of areas with
increased cellularity and extracellular matrix deposition. Gradual development of such focal
lesion areas leads to a diffuse intimal thickening, which is frequently observed in adult arteries.
However, the inflammatory response can become chronic, with continuous local lipid
infiltration, increased cellularity due to the proliferation of cells in the lesion site and enhanced
fibrosis.

Figure 2. Scheme showing the delicate balance between infiltrative and reparative phases in fatty atherosclerotic lesion.
Reproduced with permission from [30].

Atherosclerotic plaques can be protected from the bloodstream by formation of a fibrous cap,
which serves as a barrier for lipoproteins and inflammatory cells. Such isolation of the local
inflammatory site has a protective role, suppressing the inflammatory response and restoring

Intracellular Cholesterol Lowering as Novel Target for Anti‐Atherosclerotic Therapy
http://dx.doi.org/10.5772/64363

21



the tissue functions. On the other hand, formation of fibrolipid plaques predisposed to rupture
(unstable plaques) can have fatal consequences because of thrombus formation.

In fibrolipid plaques, two opposing processes are likely to take place: infiltration and repara‐
tion that exist in a state of unstable equilibrium (Figure 2). Shifting the balance towards
reparation leads to the formation of fibrous plaques, which is a favourable outcome from the
clinical point of view. Inefficient reparation and continuous lipid infiltration cause plaque
rupture with possible thrombus formation. Lipidosis plays therefore a crucial role in athero‐
sclerotic lesion development at cellular and tissue levels and represents an important target
for the development of anti‐atherosclerotic therapy.

3. Evaluation of substances’ anti‐atherosclerotic activity using cellular
models

Preventive anti‐atherosclerotic therapy should be aimed at reduction of intracellular lipid
accumulation [35]. Such reduction can be achieved by different approaches [36]. First, the
therapy may decrease the level of circulating modified LDL. Second, it can target atherogenic
modification of LDL in the bloodstream. Third, it can reduce lipid uptake and storage by the
arterial wall cells. Finally, the therapy can be aimed at depletion of the existing intracellular
lipid stores. All these approaches can be evaluated by measuring the reduction of intracellular
lipid accumulation and the decrease of the intracellular pool of cholesterol esters [9, 37, 38]. A
number of available medications can be used to decrease blood serum atherogenicity [9, 36,
38, 39], which is defined as the ability of blood serum to induce cholesterol accumulation in
cultured cells. Blood serum from patients with coronary atherosclerosis usually has high
atherogenicity [19]. Changes of blood serum atherogenicity reflect lipid accumulation in the
arterial wall and are therefore relevant for the development of preventive therapy. Such
changes can be detected using cultured cells as models of early stages of human atherogenesis
[9, 38, 40]. Cellular models can be used for evaluation of anti‐atherosclerotic potential of
different drugs and active substances, for screening of potential anti‐atherosclerotic agents and
for evaluation of potential clinical efficacy of various molecules.

4. In vitro model

In vitro model based on primary culture of human aortic wall cells was developed for screening
of potential anti‐atherosclerotic substances. Cells were isolated from the subendothelial layer
of healthy human aortic intima, the layer of the arterial wall, which is most severely affected
in atherosclerosis [41]. The process of cell isolation from autopsy material using collagenase
and elastase treatment has been described previously [9, 42–44]. The obtained cell population
has been characterized using immunocytochemistry methods and was found to be heteroge‐
neous and containing smooth muscle cells (20–50%), pericytes (30–70%) and inflammatory
cells and tissue macrophages (10%) (Table 1) [9, 43, 44].
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atherogenicity [19]. Changes of blood serum atherogenicity reflect lipid accumulation in the
arterial wall and are therefore relevant for the development of preventive therapy. Such
changes can be detected using cultured cells as models of early stages of human atherogenesis
[9, 38, 40]. Cellular models can be used for evaluation of anti‐atherosclerotic potential of
different drugs and active substances, for screening of potential anti‐atherosclerotic agents and
for evaluation of potential clinical efficacy of various molecules.

4. In vitro model

In vitro model based on primary culture of human aortic wall cells was developed for screening
of potential anti‐atherosclerotic substances. Cells were isolated from the subendothelial layer
of healthy human aortic intima, the layer of the arterial wall, which is most severely affected
in atherosclerosis [41]. The process of cell isolation from autopsy material using collagenase
and elastase treatment has been described previously [9, 42–44]. The obtained cell population
has been characterized using immunocytochemistry methods and was found to be heteroge‐
neous and containing smooth muscle cells (20–50%), pericytes (30–70%) and inflammatory
cells and tissue macrophages (10%) (Table 1) [9, 43, 44].
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Smooth muscle α‐actin+ 3G5+ 2A7+ CD45+ CD68+

89.6 ± 6.7% 45.8 ± 10.9% 24.1 ± 9.9% 3.6 ± 0.4% 5.2 ± 1.3%

Table 1. Proportion of cell types in primary culture cells isolated from human aortic subendothelial intima (% of
positive cells for each marker).

Substance References

Anti‐atherosclerotic

Cyclic AMP [9, 44, 46–49]

Prostacyclin [9, 50–54]

Prostaglandin E2 [9, 52, 55]

Artificial HDL* [56]

Antioxidants [9]

Calcium antagonists [9, 51, 57–59]

Trapidil and its derivatives [60, 61]

Lipoxygenase inhibitors [55]

Lipostabil [9]

Mushroom extracts [62]

Pro‐atherogenic

Beta blockers [58, 63]

Thromboxane A2 [51, 55]

Phenothiazine [58]

Indifferent

Nitrates [58]

Cholestyramine [58]

Sulfonylureas [64]

a HDL, high‐density lipoprotein.

Table 2. Substances that have been tested in vitro cell model.

Smooth muscle cells and pericytes were positive for smooth muscle α‐actin. Pericytes had a
distinct stellate shape and were identified using antibodies to 3G5 and 2A7 that are expressed
by resting and activated pericytes, respectively. Together, smooth muscle cells and pericytes
represented the majority of cell population in the obtained primary cultures. A smaller
population consisted of the inflammatory cells that could be detected using antibodies to
leukocyte‐specific marker CD45 and macrophage marker CD68 [45]. Cellular lipid accumula‐
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tion was induced by incubation of cells with atherogenic serum obtained from patients with
confirmed atherosclerosis. The increase of cellular cholesterol content reached as high as two
folds after a 24‐h incubation with atherogenic serum.

Potential anti‐atherogenic substances were evaluated by concomitant incubation of cells with
atherogenic serum and aqueous solutions of tested substances. Anti‐atherosclerotic effect was
measured as a decrease in the levels of intracellular cholesterol in the cells with test substances
compared to the control cells (treated with atherogenic serum only). The described model
allowed evaluating a number of different drugs and substances and detecting several novel
active molecules with anti‐atherosclerotic potential. Some substances were demonstrated to
possess a pro‐atherogenic effect, enhancing intracellular cholesterol accumulation induced by
atherogenic serum (Table 2).

5. Ex vivo model

Ex vivo model is based on primary culture of cells from unaffected human aortic intima that
are incubated with blood serum from patients treated with the substance of interest. Therefore,
potential anti‐atherogenic properties of substances are evaluated based on their pharmacody‐
namic properties, or the influence on blood serum atherogenicity after digestion and possible
metabolic modifications in patient's body. Blood samples are drawn before and after admin‐
istration of single doses of tested substances, and serum obtained from the samples is added
to cultured primary cells. Ex vivo model can be used for testing drugs with known safety
profiles, as well as various natural products.

Several studies have demonstrated successful application of this model for evaluation of anti‐
atherogenic properties of botanicals. Screening studies were performed on volunteers (groups
of 4–8 men and women 45–60 years old) with high blood serum atherogenicity. One of the
tested natural products with anti‐atherosclerotic properties was encapsulated onion (Allium
cepa) bulb powder (300 mg) (Figure 3). Administration of a single dose of the product resulted
in a moderate decrease of blood serum atherogenicity by 12, 28, and 24% from the baseline
after 2, 4, and 6 h, respectively. Another tested natural product with anti‐atherosclerotic
properties was preparation of wheat seedlings (Triticum aestivum). Administration of a single
dose of 300 mg of the preparation resulted in a pronounced reduction of blood serum athero‐
genicity after 4 h (Figure 4). Moderate but prolonged anti‐atherosclerotic effect was registered
for dry beet (Beta vulgaris) juice (encapsulated preparation of 300 mg) (Figure 5). Garlic (Allium
sativum) powder possessed a strong and prolonged effect (Figure 6). Blood serum atheroge‐
nicity was completely suppressed 4 h after administration of a single dose of 300 mg of the
preparation. Several other natural products were screened for potential anti‐atherosclerotic
activity using the ex vivo model (Table 3). The highest activity after a single dose administration
was detected for garlic powder and wheat seedlings, with garlic powder providing the
strongest effect. Importantly, anti‐atherosclerotic effects of garlic have been reported by several
independent groups during the recent years [65–67].
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Figure 3. Anti‐atherosclerotic effect of onion in ex vivo model.The study involved four volunteers (three males, one fe‐
male, mean age 57 ± 5 years) whose blood serum induced 1.3–1.5‐fold increase in cholesterol content of cells cultured
from unaffected human aortic intima (the average level of serum atherogenicity was 141 ± 4%). Intracellular cholesterol
in control cultures was 38.4 ± 1.1 mg/mg cell protein. Baseline serum atherogenicity was taken as 100%. The average
values of changes of serum atherogenicity with indication of standard errors are presented. Reproduced with permis‐
sion from [30].

Figure 4. Anti‐atherosclerotic effect of wheat seedlings in ex vivo model.The study involved eight volunteers (five
males, three females, mean age 51 ± 2 years) whose blood serum induced 1.7–2.3‐fold increase in cholesterol content of
cells cultured from unaffected human aortic intima (the average level of serum atherogenicity was 199 ± 6%). Intracel‐
lular cholesterol in control cultures was 28.0 ± 1.2 mg/mg cell protein. Baseline serum atherogenicity was taken as
100%. The average values of changes of serum atherogenicity with indication of standard errors are presented. *, Sig‐
nificant decrease of serum atherogenicity, p < 0.05. Reproduced with permission from [30].
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Figure 5. Anti‐atherosclerotic effect of beet juice in ex vivo model.The study involved eight volunteers (six males, two
females, mean age 53 ± 5 years) whose blood serum induced 1.3–2.2‐fold increase in cholesterol content of cells cul‐
tured from unaffected human aortic intima (the average level of serum atherogenicity was 161 ± 8%). Intracellular cho‐
lesterol in control cultures was 37.0 ± 3.6 mg/mg cell protein. Baseline serum atherogenicity was taken as 100%. The
average values of changes of serum atherogenicity with indication of standard errors are presented. *, Significant de‐
crease of serum atherogenicity, p < 0.05. Reproduced with permission from [30].

Figure 6. Anti‐atherosclerotic effect of garlic powder in the ex vivo model.The study involved eight volunteers (six
males, two females, mean age 53 ± 5 years) whose blood serum induced 1.3–2.7‐fold increase in cholesterol content of
cells cultured from unaffected human aortic intima (the average level of serum atherogenicity was 164 ± 9%). Intracel‐
lular cholesterol in control cultures was 39.0 ± 4.2 mg/mg cell protein. Baseline serum atherogenicity was taken as
100%. The average values of changes of serum atherogenicity with indication of standard errors are presented. *, Sig‐
nificant decrease of serum atherogenicity, p < 0.05. Reproduced with permission from [30].
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Botanical and its source The mean efficiency of atherogenic reduction

(%)

Maximum effect

(%)

Spirulina platensis powder  50.7  61 

Onion (Allium cepa) bulb powder  21.4  28 

Beet (Beta vulgaris) juice powder  30.7  40 

Wheat (Triticum vulgaris) seedlings powder  70.0  100 

Licorice (Glycyrrhiza glabra) root powder  54.6  32 

Salsola collina leaf powder  10.9  28 

Garlic (Allium sativum) bulbs powder  76.6  100 

Pine (Pinus sylvestris) needles extract  52.1  62 

*The integrated effect was calculated as a mean reduction in serum atherogenicity for 6 h after a single oral dose.

Table 3. Integral estimation of anti‐atherogenic actions of natural products*.

The described ex vivo model could be used for establishing the effective dose and posology of
the potential anti‐atherosclerotic natural products. For this purpose, blood samples were
drawn before and after (2 and 4 h) administration of a single dose to patients with high blood
serum atherogenicity. Dose dependency was tested by comparison of the effect of two different
doses. Each dose was evaluated on at least six different study participants. It was demonstrated
that the anti‐atherosclerotic effect of garlic powder was present in the dose range from 50 to
300 mg with half‐maximal effect observed at a dose of 100 mg, and maximal effect—at 150 mg.
Therefore, natural products of botanical origin can be regarded as an important source of
agents with anti‐atherosclerotic activity that can be used for the development of direct anti‐
atherosclerotic therapy. Based on the obtained results, several dietary supplements were
registered and further evaluated in clinical studies presented below.

As any model, cellular models for studying atherosclerosis development have their limita‐
tions [68–71]. Limitations of the experimental models used for atherosclerosis research have
been discussed in a number of comprehensive reviews [72–77]. However, the described test
system allows performing the initial screening for anti‐atherosclerotic activity that can be
further studied and confirmed in pre‐clinical and clinical studies.

6. Clinical studies

Tests on cellular models demonstrated that garlic powder preparations possessed a pro‐
nounced anti‐atherosclerotic activity. Based on the obtained results, a garlic‐based dietary
supplement (Allicor, INAT‐Farma, Russia) was developed. The effect of the supplement on
carotid intima‐media thickness (cIMT) was evaluated in an open‐label prospective pilot study
conducted on 28 men (46–58 years old, mean age 52.0, SD = 9.0). The study participants had no
signs of coronary heart disease, no chronic diseases requiring treatment with vasoactive drugs,
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diuretics, lipid‐lowering or antidiabetic drugs and were normolipidemic or mildly hyperlipi‐
demic. Study subjects were analysed for presence of diffuse intimal thickening by ultrasound
imaging of common carotid arteries [65]. The cut‐off cIMT value of 0.7 mm in the distal segment
of at least one common carotid artery was set up to diagnose diffuse intimal thickening. The
mean cIMT value at the baseline was 0.832 ± 0.024 mm. Study participants were divided into
two groups. Subjects from Allicor group (n = 16) received 600 mg of Allicor daily, and subjects
from the control group (n = 12) received no treatment. The total duration of the study was 12 
months, with interviews and ultrasound assessment of cIMT every 3 months. No adverse
effects were observed during the follow‐up period, and the product was demonstrated to have
good tolerability. The results of cIMT assessments are presented on Figure 7.

Figure 7. The effects of garlic‐based drug Allicor on atherosclerosis determined by cIMT. Open circles, Allicor recipi‐
ents; solid circles, control subjects. Presented are mean values ±S.E.M. Reproduced from [30].

No statistically significant changes of cIMT were observed after 12 months, and the value was
not significantly different between the two groups. However, regression analysis revealed a
significant difference between the trends of cIMT dynamics (p < 0.05). In the control group, a
tendency to cIMT increase was detected, which was significantly different from that of null
hypothesis of no change (F‐test, 31.72; p = 0.011). In the Allicor‐treated group, the tendency to
cIMT decrease was revealed, which was also significantly different from that of null hypothesis
(F‐test, 28.81; p = 0.013). These results indicate that treatment with Allicor may potentially
halter the development and induce the regression of subclinical atherosclerosis. The statistical
power of this pilot study was insufficient to avoid type 2 error. Therefore, the pilot study was
followed by a larger prospective clinical study, in which a number of clinical and biochemical
parameters associated with atherogenesis were taken into account. The dynamic of serum
atherogenicity was also assessed. This double‐blind placebo‐controlled clinical study evalu‐
ated the effect of garlic powder tablets Allicor on the progression of cIMT in 211 men (40–74 
years old) with no symptoms of atherosclerosis (ClinicalTrials.gov identifier, NCT01734707).
The primary outcome was the progression of subclinical atherosclerosis evaluated by B‐mode
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ultrasonography as the increase of cIMT. By the end of the first 12‐month follow‐up period, a
decrease of cIMT by 0.028 ± 0.008 mm was observed in the Allicor group. At the same time,
moderate increase of 0.014 ± 0.009 mm was observed in the placebo group (p = 0.002). Serum
atherogenicity was decreased in the Allicor group by 45% from the baseline and remained
unaltered in the placebo group. Therefore, long‐term treatment with Allicor had a direct anti‐
atherosclerotic effect in patients with subclinical atherosclerosis associated with decreased
serum atherogenicity [78]. By the end of the 24‐month follow‐up period, the mean rate of cIMT
was decreased in the Allicor group by 0.022 ± 0.007 mm per year, which was significantly
different (p = 0.002) from the placebo group, in which there was a moderate but statistically
significant progression of 0.015 ± 0.008 mm at the overall mean baseline cIMT of 0.931 ± 0.009 
mm [37, 39]. A significant reduction of cIMT was observed in 47.3% of study subjects from the
Allicor group vs 30.1% in the placebo group (p < 0.05). Further significant increase of cIMT was
registered in 32.2% study participants in Allicor‐treated group vs 47.3% in placebo group (p 
< 0.05). Study of blood serum atherogenicity demonstrated a 1.56‐fold increase of intracellular
cholesterol accumulation in the cellular test at the baseline. Study participants from Allicor
group had an average 30% decrease of blood serum atherogenicity, while in the placebo group,
this parameter remained unaltered during the study. A significant correlation was observed
between changes of blood serum atherogenicity and intima‐media thickness of common
carotid arteries (r = 0.144, p = 0.045) (Figures 8 and 9). Therefore, it was demonstrated that
garlic‐based food supplement Allicor possessed a direct anti‐atherosclerotic effect at the
subclinical stage of the disease, which could be attributed to the decrease of blood serum
atherogenicity [37, 39].

Figure 8. The dynamics of cIMT in double‐blind placebo‐controlled study on anti‐atherosclerotic effects of garlic‐based
drug Allicor. Hatched bars, Allicor recipients; open bars, placebo recipients. Presented are mean values ±S.E.M. *, sig‐
nificant difference between groups, p < 0.05. Reproduced with permission from [30].

Another clinical study was focused on the evaluation of potential anti‐atherosclerotic activity
of herbal products with anti–inflammatory effects. Atherosclerosis is tightly associated with
the inflammatory process at all stages of the disease development [79, 80]. Substances with
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systemic anti‐inflammatory properties can therefore be regarded as potential therapeutic
agents for treatment and prevention of atherosclerosis.

Figure 9. The dynamics of serum atherogenicity in double‐blind placebo‐controlled study on anti‐atherosclerotic ef‐
fects of garlic‐based drug Allicor. Hatched bars, Allicor recipients; open bars, placebo recipients. Presented are mean
values ±S.E.M. *, significant difference between groups, p < 0.05. Reproduced with permission from [30].

Figure 10. The changes of cIMT in double‐masked placebo‐controlled study on anti‐atherosclerotic effects of Inflami‐
nat. Presented are mean values ±S.E.M. *, significant difference between groups, p < 0.05. Reproduced with permission
from [30].

Several natural compounds, such as calendula (Calendula officinalis), elder (Sambucus nigra) and
violet (Viola sp.), were demonstrated to possess not only anti‐inflammatory, but also anti‐
atherosclerotic effects [81–83]. The combination of these herbs was used for the development
of a novel dietary supplement (Inflaminat, INAT‐Farma, Russia) [84]. The effect of Inflaminat
on cIMT dynamics was evaluated in a pilot placebo‐controlled double‐blinded study per‐
formed on 67 asymptomatic men (ClinicalTrials.gov Identifier, NCT01743404) [39, 85]. The
protocol of the 12‐month study was similar to that described for Allicor food supplement.
Administration of Inflaminat induced cIMT regression in subclinical atherosclerosis, with
statistically significant difference between the baseline as the placebo group (Figure 10).
Therefore, Inflaminat was demonstrated to possess anti‐inflammatory and anti‐atherosclerotic
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effects at the cellular level and to induce regression of subclinical atherosclerotic lesions in
asymptomatic men.

Figure 11. The changes of cIMT in double‐masked placebo‐controlled study on anti‐atherosclerotic effects of Karinat.
The data are presented in the terms of means and S.D. *, significant difference between groups, p < 0.05. Reproduced
with permission from [30].

Finally, several phytoestrogen‐rich natural substances were evaluated for potential anti‐
atherosclerotic activity using the described in vitro and an ex vivo models [86–88]. The most
promising of these compounds were garlic powder, extract of grape seeds, green tea leaf and
hop cones. All these substances possessed a significant anti‐atherogenic effect. A combination
of these compounds was used for development of a novel isoflavonoid‐rich dietary supplement
(Karinat, INAT‐Farma, Russia). The resulting supplement is a source of biologically active
polyphenols, including resveratrol, genisteine and daidzeine that are claimed to produce
beneficial effects on atherosclerosis development. The efficiency of Karinat was evaluated in a
randomized double‐blind placebo‐controlled 12‐month clinical study conducted on 157
asymptomatic postmenopausal women (ClinicalTrials.gov Identifier, NCT01742000) [89, 90].
The primary endpoint was the annual rate of cIMT change. The protocol of the study was
similar to that reported above. An annual increase of mean cIMT of more than 100 μm (13%
per year) was observed in the placebo group, indicative of a high rate of cIMT progression in
postmenopausal women. Growth of atherosclerotic plaques was estimated to be 40% per year.
In the Karinat group, mean cIMT value remained unaltered, with a statistically insignificant
increase of 6 μm per year, that is <1% (Figure 11). Therefore, phytoestrogen‐rich substances
were proven to possess beneficial effects on the dynamics of subclinical atherosclerosis
progression in postmenopausal women [39, 91].

7. Conclusions

Introduction of the concept of blood serum atherogenicity allowed creating cell model suitable
for screening of substances with potential anti‐atherosclerotic activity. Such models helped
revealing several novel compounds of botanical origin that could be used for the development
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of dietary supplements for treatment of subclinical (asymptomatic) atherosclerosis. The effect
of “direct” anti‐atherosclerotic therapy can be observed at the level of the arterial wall cells by
a decrease of intracellular lipid accumulation. Therapy of patients with established athero‐
sclerosis should induce regression of the existing plaques or hinder the progression of novel
lesions. Introduction of food supplements from botanicals with anti‐atherosclerotic properties
and suitable for long‐term consumption is an important step toward the improvement of the
preventive treatment of atherosclerosis. Further studies will help revealing natural products
with anti‐atherogenic and anti‐atherosclerotic effects that can be used for the development of
novel cardiovascular drugs possessing mechanistic mode of action. Despite the unavoidable
limitations of the described models, the obtained results have demonstrated that cultured
arterial wall cells offer a suitable instrument for initial analysis of drug effects. The discovery
of anti‐atherosclerotic activity of natural products opens great opportunities for prevention
and treatment of atherosclerotic disease, reducing cardiovascular morbidity and mortality.
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Abstract

Patients (n = 40) with hypercholesterolaemia (29 females), mean age 63 years, without
previous lipid lowering treatment,  were treated with atorvastatin 40 mg/day for 3
months.  Total  cholesterol  (TC),  low-density  lipoprotein  cholesterol  (LDL-C),  high-
density lipoprotein cholesterol (HDL-C), triglycerides (TG), LDL-C subfractions (large
LDL-C and small dense LDL-C particles), apolipoprotein A1 (apo A1), apolipoprotein
B (apo B),  apo B/apo A1 ratio,  atherogenic  index of  plasma (AIP),  haematological
parameters including mean platelet volume (MPV), and red cell distribution width
(RDW) and safety parameters (renal and hepatic function) were measured before and
after 12 weeks of atorvastatin treatment. Atorvastatin significantly reduced small dense
LDL (sdLDL) fraction 3–7 and apo B. There was a negative correlation of AIP with
buoyant LDL 1–2 (r = −0.35; p < 0.05) and positive with small dense LDL 3–7 (r = 0.52, p
< 0.001). Administration of atorvastatin 40 mg/day in patients with hypercholesterolae-
mia caused a shift in small dense LDL subfractions to large, buoyant subfractions. AIP
correlated  better  with  small  dense  LDL  than  apo  B  levels.  At  baseline,  a  strong
correlation between HDL-C, TG, small dense LDL-C, apo B, apo B/apo A1 and AIP with
MPV was found. After 12 weeks of treatment with atorvastatin, MPV and RDW values
underwent significant modification only in those patients displaying the strongest lipid-
lowering effect. Values of MPV and RDW seem to reflect a pro-atherogenic lipoprotein
profile mainly represented by the presence of small dense LDL-C. No serious atorvas-
tatin adverse events were noted.

Keywords: atorvastatin, small dense LDL, atherogenic dyslipidaemia, mean platelet
volume, red cell distribution width
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1. Introduction

Abnormal  lipid  metabolism preceding  overt  atherosclerosis  is  associated  with  increased
cardiovascular  risk.  In  atherogenic  dyslipidaemia,  the  lipoprotein  abnormalities  include
increased small dense LDL particles (sdLDL), elevations of VLDL and low HDL-cholesterol
usually occur together [1, 2]. Over the last two decades, it has been demonstrated that routine
measurement  of  total  cholesterol,  LDL-C and HDL-C fails  to  distinguish  all  lipoprotein
abnormalities  associated  with  cardiovascular  diseases  [3].  There  is  a  need  to  find  new
biomarkers  for  this.  By  contrast,  the  analysis  of  lipoprotein  subfractions  appears  more
important in assessing the risk of cardiovascular complications [4]. LDL-C remains the primary
focus for cardiovascular risk assessment and evaluation of pharmacologic effectiveness, but
not based on LDL targets instead on LDL lowering [5]. Yet, a large body of evidence indicates
that a narrow focus on LDL-C assessment and treatment alone is not the optimal strategy for
patient  care  [6].  Examining  individual  lipoprotein  subpopulations/subfractions  provides
opportunities for risk stratification, independent of commonly determined lipid parameters
[7].

2. Plasma atherogenic biomarkers

The term “lipid triad” has been introduced to describe a common form of dyslipidaemia,
characterized by three lipid abnormalities: increased plasma triglyceride levels, decreased
HDL-cholesterol concentrations and the presence of sdLDL particles [8]. Apolipoprotein B
(apo B) is the major protein of all lipoproteins except for high-density lipoprotein. Estimation
of apo B reflects the total number of sdLDL particles. It is notable that LDL particles can vary
in size, cholesterol content and number, for a given concentration of LDL-C.

Haematological parameters, mainly red cell distribution width (RDW) and mean platelet
volume (MPV) have gained great interest in cardiovascular research. This has been reported
to be a strong and independent predictor of adverse cardiovascular outcomes in the general
population [9]. In the last few years, MPV, respected an effective marker of platelet activation,
has also created much interest in cardiovascular research. This stems from the fact that platelets
undergo a dramatic change in shape from quiescent discs to swollen spheres, with an increased
MPV, during the activation process. It is well-known that large platelets are more adhesive and
prone to aggregate than smaller ones [10], and elevated MPV values have been reported in
cardiovascular diseases [11]. “Another haematological parameter which seems to play a role
is RDW, a measure of the variability of red cell size. RDW has been reported to be a strong and
independent predictor of adverse cardiovascular outcomes in the general population” [12].

The aim of our study was to compare different methods in the evaluation of atherogenicity,
including that of the detailed lipid profile.
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3. Analytic system

Various methods have been developed such as gradient gel electrophoresis, ultracentrifuga-
tion, magnetic resonance spectroscopy, endothelial models for testing lipoprotein cytotoxicity
to identify atherogenic lipoproteins [13], but because of technical and financial limitations,
long-term analyses and high operating costs, the previously mentioned methods were used
primarily in basic research. Electrophoresis of plasma lipoproteins on the polyacrylamide gel
(PAG) Lipoprint LDL system is a new method, which has become a milestone in routine
laboratory analysis and in diagnosing disorders of lipoproteins, for the identification and
quantitative evaluation of lipoprotein subfractions, i.e., the atherogenic and non-atherogenic
lipoproteins [14]. The benefits of Lipoprint LDL method are in unique identification of an
atherogenic and non-atherogenic lipoprotein spectrum in case of hyperlipoproteinaemia with
the possibility of a better assessment of the adequacy of lipid-lowering interventions. Another
important aspect is to identify the atherogenic lipoprotein profile in patients with normolipi-
daemia after lipid-lowering therapy [15].

4. Cholesterol lowering, atherogenic biomarker alteration and therapy

Clinical trials with statins have demonstrated significant reductions in cardiovascular events.
Although the benefit of statin therapy has generally been ascribed to reduction in LDL-C, other
atherogenic classes of lipoproteins may be beneficially affected by statin therapy [16]. The
beneficial effects of atorvastatin treatment have been known for a long time although, the effect
of atorvastatin on other classes of atherogenic lipoproteins has not been well studied. Previous
studies, which were performed in limited trials of patients with atorvastatin 10 and 20 mg,
resulted in a shift from small to large atherogenic particles of low-density lipoprotein (LDL)
[17, 18]. We know that atorvastatin can improve lipoprotein metabolism, however, the
medication affects different aspects of lipoprotein metabolism.

Lipid lowering treatment changes the sizes and concentrations of subtype lipoproteins and
the values of some haematological parameters. There are more another favourable effects of
statins in regulation of coagulation, inflammation and vascular function instead reducing
LDL-C [19, 20]. Therefore, the influence of atorvastatin in decreasing cardiovascular risk could
be through reduction of MPV levels. The antiplatelet and anti-inflammatory effect of atorvas-
tatin could play a role in decreasing cardiovascular risk by reduction of MPV levels [21].
Patients with low HDL-C have significantly higher levels of MPV [22]. Likewise, the negative
association has been revealed between increased RDW and low HDL-C values evaluated in
large outpatient trials [23]. However, there are little data evaluating the association between
MPV, RDW and low-density lipoproteins values.

A further aim of the present survey was to identify the relationship between low-density
lipoprotein subfractions and haematologic parameters. The point of interest was to examine
whether MPV and RDW have predictive potential for plasma levels and composition of pro-
or anti-atherogenic lipoproteins. A cohort of 40 patients with hypercholesterolaemia (29
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females, mean age 62.9 ± 9 years), without previous hypolipidaemic treatment were enrolled.
The patients were treated with atorvastatin 40 mg/day for 12 weeks. There was documented
hypercholesterolaemia in 21 patients, combined with hyperlipoproteinaemia in 19 of those.

4.1. Study design

All participants signed informed content and went through a screening protocol which
included evaluation of their medical history, physical examination and testing for standard
haematologic and biochemical analysis. Exclusion criteria were a history of diabetes mellitus,
glomerular filtration rate less than 60 ml/min (estimated glomerular filtration rate using MDRD
equation [GFR] < 60 ml/min) and liver abnormalities (abnormal AST, ALT, history of hepat-
opathy or cirrhosis), history of acute myocardial infarction or stroke, hypothyroidism or
hyperthyroidism (abnormal TSH), cancer, history of pancreatitis, alcohol or drug abuse,
systemic connective tissue diseases, history of anaemia, red blood cell transfusion, supple-
mentation of iron, folate or stimulation of erythropoiesis. Patients were eligible to take part in
the study if they met the criteria of the National Cholesterol Education Program-Adult
Treatment Panel 3 (NCEP-ATP3) [24]. None of the patients involved in the study were treated
with a statin before, even though some already had a diagnosis of hypertension or ischaemic
heart disease. Physical and laboratory examinations were carried out after first, second and
third month of treatment. The study was approved by the local ethics committee of the
University Hospital in Bratislava and was conducted in accordance with the Declaration of
Helsinki.

4.2. Measurements

Blood samples were drawn from the cubital vein in the morning after 12 h fasting period.
Monitoring included laboratory screening (liver and renal function, glucose, electrolytes,
thyroid stimulating hormone), identification of plasma atherogenity—apolipoprotein B,
apolipoprotein A1, ratio apo B/apo A1 by immunoturbidimetric method (Roche, Germany)
and atherogenic index of plasma (AIP) using the formula log (triglycerides [TG]/high-density
lipoprotein cholesterol [HDL-C]).

The lipoprotein subpopulations—VLDL (very low-density lipoprotein), IDL (intermediate
density lipoprotein): IDL1, IDL2, IDL3 (the PAG method separates the intermediate-density
lipoprotein particles into three midbands MID-C, MID-B and MID-A on figures), LDL 1 to LDL
7 and HDL (high-density lipoprotein) were determined by the linear electrophoresis in
polyacrylamide gel (Quantimetrix Lipoprint LDL System and Quantimetrix, California, USA).
The type of lipoprotein spectrum was determined as non-atherogenic profile versus athero-
genic profile. LDL 1 and LDL 2 were classified as large particles (non-atherogenic) and LDL 3
to 7 as sdLDL particles (atherogenic).

Haematological variables (including MPV, RDW) before and after treatment were measured
by cell analysers (Sysmex Haematology Analyzer XP-2000i, Japan). The normal range of MPV
(fl) and RDW (%) in our laboratory was 7.8–11 and 10.0–15.2, respectively. The blood samples
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were collected in tripotassium EDTA tubes and time delay between sampling and data analysis
was strictly controlled to be less than 2 h.

4.3. Statistical analysis

GraphPad Prism 5 software for Windows was used. The D’Agostino Pearson test and Kolmo-
gorov-Smirnov test were used to verify the normal distribution of parameters in the cohort.
Continuous variables were expressed as mean ± SD or median and interquartile range. We
used Spearman’s and Pearson’s correlation analyses. For the 40 patients who were studied
before and after 3 months of atorvastatin treatment, unpaired t tests were performed to
compare apo A1, apo B, AIP and serum lipoproteins at baseline versus after 3 months of
treatment. The effect of 12 weeks treatment with atorvastatin on lipid and haematological
parameters was evaluated by using paired t test and Wilcoxon matched-pairs signed rank test.
A two-tailed probability level <0.05 was considered significant.

4.4. Results

Patients in the study were diagnosed with dyslipoproteinaemia, in which 52.5% patients (n =
21) was found isolated hypercholesterolaemia and the other patients (47.5%, n = 19) combined
with hyperlipidaemia. Isolated hypertriglyceridaemia was not detected. The baseline charac-
teristics of the participants are presented in Table 1. When structuring groups of patients
according to atherogenic and non-atherogenic lipoprotein profiles, hypercholesterolaemia
without the presence of sdLDL was found in 29 subjects (72.5%), atherogenic sdLDL in 11
persons (27.5%), whereas 42% of patients with combined hyperlipaemia (n = 8) and only 14%
of patients with isolated hypercholesterolaemia (n = 3) had atherogenic lipoprotein profile
phenotype. We also observed 35% (n = 14) of individuals with hyperlipoproteinaemia LDL 1,
2 with non-atherogenic lipoprotein profile phenotype.

Men Women
Number n (%) 11 (27.5%) 29 (72.5%)

Min–
max

Mean ± SD Min–
max

Mean ± SD

Age (years) 42–72 60 ± 9.0 47–85 63.6 ± 9.1

BMI (kg/m2) 23.2–
33.7

28.6 ± 3.1 20.8–39.1 26.7 ± 4.7

Waist (cm) 78–
108

94.6 ± 12.0 74.0–
113.0

87.2 ± 10.2

Smokers, n (%) 4 (36.4%) 4 (13.8%)

CAD, n (%) 2 (18.2%) 4 (13.8%)

Arterial hypertension, n (%) 8 (72.5%) 22 (75.9%)

Obesity, n (%) 3 (27.3%) 6 (20.7%)

BMI, body mass index; CAD, coronary artery disease; SD, standard deviation.

Table 1. Baseline characteristics of patients included in the study.
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AIP apo B apo A1 apo B/apo A1

LDL 1–2 −0.35

p < 0.05

0.54

p < 0.001

0.13

NS

0.358

p < 0.05

sdLDL 3–7 0.52

p < 0.001

0.64

p < 0.001

−0.23

NS

0.62

p < 0.001

HDL −0.75

p − 0.001

−0.43

p < 0.05

0.58

p < 0.001

−0.60

p < 0.001

IDL 1–3 0.14

NS

0.19

p < 0.05

−0.19

NS

0.18

NS

AIP, atherogenic index of plasma; apo, apolipoprotein; LDL, low-density lipoprotein; sdLDL, small dense low-density
lipoproteins; HDL, high-density lipoprotein; IDL, intermediate density lipoprotein; NS, not significant.

Table 2. Correlation between subpopulations and AIP, apo B, apo A1 and apo B/apo A1.

Before treatment After treatment p

TC (mmol/l) 6.7 ± 1.0 4.6 ± 1.3 <0.001

TG (mmol/l) 1.8 ± 0.9 1.5 ± 1.0 <0.05

LDL-C (mmol/l) 4.3 ± 1.0 2.6 ± 0.9 <0.001

HDL-C (mmol/l) 1.4 ± 0.4 1.2 ± 0.3 <0.001

apo A1 (g/l) 1.68 ± 0.26 1.63 ± 0.25 NS

apo B (g/l) 1.00 ± 0.25 0.74 ± 0.22 <0.001

apo B/apo A1 0.59 ± 0.20 0.45 ± 0.16 <0.001

AIP 0.03 ± 0.30 0.03 ± 0.31 NS

Fasting glucose (mmol/l) 5.69 ± 1.31 5.69 ± 1.53 NS

hsCRP (mg/l) 3.20 ± 3.58 2.24 ± 2.65 <0.05

BMI (kg/m2) 27.2 ± 4.3 26.9 ± 4.3 <0.05

Waist (cm) 89.2 ± 11.1 88.7 ± 11.1 NS

SBP (mmHg) 131.2 ± 12.4 126.6 ± 9.4 <0.05

DBP (mmHg) 76.4 ± 8.8 72.9 ± 9.3 <0.05

VLDL (mmol/l) 0.95 ± 0.36 0.67 ± 0.32 <0.001

IDL 1–3 (mmol/l) 1.63 ± 0.38 1.16 ± 0.33 <0.001

LDL 1–2 (mmol/l) 2.50 ± 0.76 1.55 ± 0.65 <0.001

sdLDL 3–7 (mmol/l) 0.22 ± 0.32 0.09 ± 0.16 <0.001

TC, total cholesterol; TG, triglycerides; LDL, low-density lipoprotein; sdLDL, small dense low-density lipoproteins;
HDL, high-density lipoprotein; apo A1, apolipoprotein A1; apo B, apolipoprotein B; AIP, atherogenic index of plasma;
SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; hsCRP, highly sensitivity C-reactive
protein; VLDL, very low-density lipoprotein; IDL, intermediate density lipoprotein.

Table 3. Effect of atorvastatin on lipids, apolipoproteins, fasting glucose, hsCRP, AIP and other parameters.
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HDL-C (mmol/l) 1.4 ± 0.4 1.2 ± 0.3 <0.001

apo A1 (g/l) 1.68 ± 0.26 1.63 ± 0.25 NS

apo B (g/l) 1.00 ± 0.25 0.74 ± 0.22 <0.001

apo B/apo A1 0.59 ± 0.20 0.45 ± 0.16 <0.001

AIP 0.03 ± 0.30 0.03 ± 0.31 NS

Fasting glucose (mmol/l) 5.69 ± 1.31 5.69 ± 1.53 NS

hsCRP (mg/l) 3.20 ± 3.58 2.24 ± 2.65 <0.05

BMI (kg/m2) 27.2 ± 4.3 26.9 ± 4.3 <0.05

Waist (cm) 89.2 ± 11.1 88.7 ± 11.1 NS

SBP (mmHg) 131.2 ± 12.4 126.6 ± 9.4 <0.05

DBP (mmHg) 76.4 ± 8.8 72.9 ± 9.3 <0.05

VLDL (mmol/l) 0.95 ± 0.36 0.67 ± 0.32 <0.001

IDL 1–3 (mmol/l) 1.63 ± 0.38 1.16 ± 0.33 <0.001

LDL 1–2 (mmol/l) 2.50 ± 0.76 1.55 ± 0.65 <0.001

sdLDL 3–7 (mmol/l) 0.22 ± 0.32 0.09 ± 0.16 <0.001

TC, total cholesterol; TG, triglycerides; LDL, low-density lipoprotein; sdLDL, small dense low-density lipoproteins;
HDL, high-density lipoprotein; apo A1, apolipoprotein A1; apo B, apolipoprotein B; AIP, atherogenic index of plasma;
SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; hsCRP, highly sensitivity C-reactive
protein; VLDL, very low-density lipoprotein; IDL, intermediate density lipoprotein.

Table 3. Effect of atorvastatin on lipids, apolipoproteins, fasting glucose, hsCRP, AIP and other parameters.
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We observed a positive correlation between apo B and sdLDL 3–7 (r = 0.64, p < 0.001), and with
LDL 1–2 (r = 0.54, p < 0.001). AIP showed a negative correlation with LDL 1–2 (r = −0.35, p <
0.05) and was positively correlated with sdLDL 3–7 (r = 0.52, p < 0.001; Table 2). There was a
non-significant change of the atherogenic index of plasma (0.03 ± 0.30 versus 0.03 ± 0.31, p =
0.142), significant decrease in high-sensitivity C-reactive protein (hsCRP) (3.20 ± 3.58 versus
2.24 ± 2.65 mg/l, p < 0.05) and body mass index (BMI) (27.2 ± 4.3 versus 26.9 ± 4.3 kg/m2, p <
0.05; Table 3).

Figure 1. Distribution of lipoproteins using polyacrylamide gel method before (A) and after (B) treatment with atorvas-
tatin 40 mg. Atherogenic lipoproteins are present despite treatment (MID-C is IDL-1, MID-B is IDL-2 and MID-A is
IDL-3).

Figure 2. Reduction of lipoprotein subpopulations after treatment (B) with atorvastatin 40 mg compared with baseline
lipid lipoprotein profile (A). There is fall in the atherogenic LDL 3–7 fraction after treatment (MID-C is IDL-1, MID-B is
IDL-2 and MID-A is IDL-3).

Despite lipid-lowering therapy and normal values of lipids, the Lipoprint LDL method
revealed presence of sdLDL (Figure 1). Atorvastatin significantly reduced the presence of
sdLDL 3–7 (0.22 ± 0.37 versus 0.09 ± 0.16 mmol/l, p < 0.001), as well as other subpopulations of
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lipoproteins (LDL 1–2, VLDL, IDL 1–3; Figure 2). Atorvastatin 40 mg had little effect on the
initial subfractions LDL 1 and LDL 2 (Figure 3). The proportion of buoyant and sdLDL at
baseline was 11.36 mmol/l (p < 0.001) and after treatment 17.22 mmol/l (p < 0.001).

Figure 3. Effect of atorvastatin 40 mg on hyperbetalipoproteinaemia before (A) and after treatment (B). There were no
changes in lipoprotein profile after treatment (MID-C is IDL-1, MID-B is IDL-2 and MID-A is IDL-3).

Haematological parameters Before treatment

Mean ± SD/Median [IOR]

After treatment

Mean ± SD/Median [IOR]

P

RBC (1012/l) 4.16 [3.9–4.7] 4.12 [3.9—4.69] NS

Haemoglobin (g/l) 143.0 [139.0–148.8] 143.0 [137.3–147.8] NS

MCV (fl) 90.45 [89.03–92.1] 90.0 [88.93–91.52] NS

RDW (%) 12.75 [11.0–15.5] 12.4 [10.85–15.35] NS

Platelet (109/l) 288.0 [217.0–300.5] 288.0 [256.5–309.8] <0.05

MPV (fl) 8.65 [8.03–10.68] 8.80 [8.33–9.63] NS

WBC (109/l) 6.42 [5.91–7.4] 6.6 [6.0–7.34] NS

RBC, red blood cell count; MCV, mean cell volume; RDW, red cell distribution width; MPV, medium platelet volume;
WBC, white blood cell count; IQR, interquartile range; r, correlation index.
p < 0.05 was significant; NS, non-significant.

Table 4. Comparison of haematological parameters before and after atorvastatin treatment.

In all subjects, atorvastatin treatment was administered as either primary or secondary
prevention. By contrast, no significant changes of the selected haematological parameters were
observed after statin intervention, except for platelet count (Table 4). However, when applying
the correlation analysis, a strong association between the haematological parameters and
plasma lipids was evident at baseline and after 12 weeks of statin therapy (Tables 5 and 6). In
particular, in the subgroup of patients (n = 25) experiencing the greatest lipid-lowering effect,
as determined by the reduction of sdLDL-C, a statistically significant decline of MPV (p = 0.006)
was observed. A positive association between the levels of sdLDL-C and MPV in this cohort
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was clearly evident at baseline (r = 0.83, p < 0.001) and after therapy (r = 0.7, p < 0.001; Ta‐
ble 7). In addition, haemoglobin and platelet count appeared modified following a course of
statin treatment (p = 0.003, p = 0.03, respectively) in this subgroup of patient. Atorvastatin was
well-tolerated during the study. No serious adverse events were noted.

Baseline MPV RDW After treatment MPV RDW

Total cholesterol r = 0.04
NS

r = 0.10
NS

Total cholesterol r = −0.03
NS

r = 0.05
NS

LDL‐C r = 0.07
NS

r = 0.08
NS

LDL‐C r = −0.19
NS

r = 0.07
NS

HDL‐C r = −0.55
p < 0.001

r = −0.49
p < 0.001

HDL‐C r = −0.37
p < 0.05

r = −0.39
p < 0.05

TG r = 0.57
p < 0.001

r = 0.62
p < 0.001

TG r = 0.31
p < 0.05

r = 0.39
p < 0.05

LDL-C, low-density lipoprotein; HDL-C, high-density lipoprotein; TG, triglycerides; MPV, medium platelet volume;
RDW, red cell distribution width; r, correlation index; NS, non-significant.
p < 0.05 was significant.

Table 5. Correlation between values of plasma lipids and haematological parameters at baseline and after treatment.

Baseline MPV RDW After treatment MPV RDW

LDL 1–2 r = −0.05
NS

r = −0.21
NS

LDL 1–2 r = 0.01
NS

r = 0.12
NS

sdLDL 3–7 r = 0.73
p < 0.001

r = 0.67
p < 0.001

sdLDL 3–7 r = 0.54
p < 0.001

r = 0.56
p < 0.001

IDL 1–3 r = −0.05
NS

r = 0.04
NS

IDL 1–3 r = −0.21
NS

r = 0.1
NS

apo_B r = 0.41
p < 0.05

r = 0.41
p < 0.05

apo B r = −0.03
NS

r = 0.26
NS

apo_A1 r = −0.36
p < 0.05

r = −0.24
NS

apo_A1 r = −0.19
NS

r = −0.26
NS

apo B/apo A1 r = 0.52
p < 0.001

r = 0.43
p < 0.05

apo B/apo_A1 r = 0.03
NS

r = 0.39
p < 0.05

AIP r = 0.61
p < 0.001

r = 0.65
p < 0.001

AIP r = 0.36
p < 0.05

r = 0.41
p < 0.05

LDL, low-density lipoprotein; sdLDL, small dense low-density lipoproteins; IDL, intermedium density lipoprotein;
apo_B, apolipoprotein B; apo_A1, apolipoprotein A1; AIP, atherogenic index of plasma; MPV, medium platelet volume;
RDW, red cell distribution width; r, correlation index; NS, non-significant.
p < 0.05 was significant.

Table 6. Correlation between lipoproteins, apolipoproteins, AIP and haematological parameters at baseline and after
treatment.
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Haematological parameters in the subgroup

(n n == 25)

Before treatment

Mean ± SD/Median

[IOR]

After treatment

Mean ± SD/Median [IOR]

p

RBC (1012/l) 4.46 ± 0.46 4.44 ± 0.46 NS

Haemoglobin (g/l) 145.8 ± 5.61 144.9 ± 5.81 p < 0.05

MCV (fl) 90.8 ± 2.15 90.21 ± 1.74 NS

RDW (%) 13.30 [12.2–15.85] 13.0 [11.5–15.8] NS

Platelet (109/l) 287.0 [194.0–298.0] 287.0 [209.0–306.0] p < 0.05

MPV (fl) 9.9 [8.4–10.9] 8.9 [8.45–9.85] p < 0.05

WBC (109/l) 6.34 [5.98–6.95] 6.6 [5.95–6.8] NS

RBC, red blood cell count; MCV, mean cell volume; RDW, red cell distribution width; MPV, medium platelet volume;
WBC, white blood cell count; IQR, interquartile range; r, correlation index; NS, non-significant.
p < 0.05 was significant.

Table 7. Comparison of haematological parameters before and after atorvastatin treatment.

4.5. Discussion

Over last decade, evidence from clinic trials indicates that broad-based treatment of dyslipi-
daemia can improve the event-free survival rate in people who already have clinical cardio-
vascular diseases [25]. However, assessment of atherogenesis requires the quantification small
dense lipoproteins both in patients with hyperlipoproteinaemia and normolipaemia. The
decrease in HDL-C level we observed requires further study. It also seems necessary to focus
on the changes of HDL subpopulations during lipid-lowering therapy [26]. A substantial
residual cardiovascular risk persists, despite best treatment efforts [27–29]. We observed a 35%
occurrence of hyperlipoproteinaemia LDL 1 and LDL 2 with non-atherogenic lipoprotein
profile phenotype A in our patients. LDL 1 and LDL 2 are less atherogenic or not atherogenic
at all and are responsible for the transport of cholesterol [30]. The presence of LDL 1 and LDL
2 in serum in the optimal concentration is essential for the normal function of endocrine organs
with steroidogenesis, but also for the formation of bile acids, vitamin D3, enzymes of lipid
metabolism and cell renewal of membrane structures. Within cells, cholesterol is important
precursor molecule for several biochemical pathways. There is necessary for their physiolog-
ical processes in the body [31]. It would be desirable for future studies to directly explain this
non-atherogenic hyperbetalipoproteinaemia LDL1,2 in hypercholesterolaemic subjects with
cardiometabolic diseases.

“Atherogenic normolipidaemia” after statin therapy is crucial, as this profile may increase
cardiovascular risk. However, the usefulness of searching for atherogenic lipoproteins in these
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patients requires further research. “Atherogenic normolipaemia” was not present in our
subjects, because we chose the patients for atorvastatin therapy according to the recommen-
dations for the treatment of dyslipoproteinaemia [32, 33]. However, a breakthrough in the stage
of subclinical atherosclerosis may not occur unless we are able to clearly quantify atherogenic
lipoproteins both in patients with hyperlipoproteinaemia and normolipaemia.

In our study, a correlation between apo B and lipoproteins was determined. Apo B was raised
not only in the presence of sdLDL 3–7 but also in the case of large LDL 1–2 particles. The only
protein component of LDL is a single molecule of apo B-100 per particle [34]. Apolipoprotein
B therefore cannot provide direct information about the density and size of particles in patients
in whom excess of sdLDL particles can be expected [33]. This is not common practice. There-
fore, the number of LDL particles could be more important in terms of risk than particle size
in itself as a better option for diagnosis of atherogenic particles. If further studies this option
confirmed, it seems that the easiest marker of atherogenicity could be the AIP [35]. Our results
show a significant change in LDL particle size (from larger and cholesterol-rich to smaller and
cholesterol-poor) after atorvastatin treatment. We wanted to point out the persistence of
“atherogenic normolipaemia” and hypercholesterolaemia in some patients irrespective of
statin therapy. Therefore, qualitative determination of lipoproteins after lipid-lowering
therapy was the aim of the study [36].

A lot of evidence support that statins have pleiotropic effects beyond their cholesterol-lowering
activity [37, 38]. For instance, statins modulate platelet function via direct interactions with
platelet membranes [39] or regulation of platelet signalling pathways [40]. Increased platelets
activity is crucial in pathophysiology of atherothrombosis. Recent reports showed that statins
involve the inhibition of calcium-dependent phospholipase A2 (cPLA2) [41], the activation of
nitric oxide synthase [42], and the accumulation of cAMP [43] in the anti-aggregation.
Treatment with atorvastatin or simvastatin also causes down-regulation of the expression of
CD36 and LOX-1, the reduction of platelet-associated oxidized LDL level [44] and thrombox-
ane A2 and B2 formation [39], and the inhibition of NADPH oxidase (Nox2) [45].

Although MPV is parameter of platelet size, it is considered as a marker of platelet reactivity
[46]. Sivri et al. reported that MPV significantly decreased after statin treatment for the
irrespective of cholesterol levels [47]. Recent trial indicates the effect of rosuvastatin on MPV
level although the changes were not correlated with the plasma lipids which may reflect
significant anti-platelet activation properties [48]. Similarly to previous study, the work with
atorvastatin has revealed possible relation of statin treatment and MPV [21]. We found that
there were no effect of 12 weeks atorvastatin therapy on MPV and RDW, but in the subgroup
of patients (n = 25) with the decrease in sdLDL-C after statin treatment, we have observed
significant reduction in MPV (Table 7).

The question of how we could decrease MPV has already been raised [49]. It has been revealed
that the lipid-lowering effect of statin therapy is not involved in inhibition of thrombus
formation in hypercholesterolaemic subjects. Previous finding suggests that other lipid-
independent effects of statins may contribute to their anti-aggregatory activity [50]. A limita-
tion of MPV, as a prognostic marker, is uncertain up-to-date as the relationship between platelet
size and cardiovascular risk is causative or is only a secondary effect.
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The RDW is a measurement of cell size distribution and is commonly requested test used for
variety of purposes, for instance to distinguish aneamias [51]. Recent work has revealed a
strong correlation between elevated RDW and the occurrence of fatal and nonfatal cardiovas-
cular events [52]. Complete blood count risk score including RDW was strongly associated
with all-cause mortality in the JUPITER study in primary populations initially free from
cardiovascular disease [53]. Recently, Lippi et al. [23] reported a significant association of
increased RDW and low HDL-C, as well as relation with high TG and high AIP involving 4874
unselected outpatients. An interventional study of 79 patients treated with atorvastatin (10–
80 mg) for 24-week period has not shown significant RDW changes [21]. It remains still
unknown which physiological process leads to previous outcomes, although inflammation has
been reported as possible cause [54]. Therefore, there might be a new and unpredictable
scenario in the clinical usefulness of RDW.

It has been suggested that cardiovascular risk may be more closely related to atherogenic
lipoprotein profile mostly represented by presence of sdLDL-C particles [55]. To our knowl-
edge, the present study was the first to analyse MPV and RDW in relation to concentration of
lipoprotein subfractions, especially with sdLDL-C. The main finding was that MPV and RDW
correlated with sdLDL-C and in subgroup of sdLDL-C lowering effect after treatment, indeed,
there was significant decrease in MPV value (Table 6). This may indicate that subjects with
more a pronounced lipid-lowering effect after statin treatment may benefit also from effects
beyond this well-known action. We have also observed that platelet count and haemoglobin
value have changed significantly after statin therapy in this subgroup. However, this finding
appears not to be clinically important.

The current study results suggest that MPV and RDW can play an important role not only in
hypercholesterolaemia but also interfering with atherogenic small dense lipoproteins.
Haematological parameters can be easily analysed at low cost and indices be new biomarkers
for atherosclerosis. The potential problems that may concern is that various studies revealed
the significance of MPV or RDW about the presence of various diseases and confounding
factors (obesity, smoking, arterial hypertension, inflammation diseases, pulmonary embolism,
etc.). Its clinical significance, however, remains largely difficult. There is still a need for further
prospective, multicentre studies with a large sample size to fully clarify the issue.
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Abstract

Familial hypercholesterolemia (FH) is an autosomal codominant genetic disorder of
lipoprotein metabolism. Patients can be heterozygous (HeFH) with one mutated allele,
homozygous (HoFH) with two identical mutations, or compound heterozygous with
different mutations in each allele. HoFH is the more severe form of the disease and is
associated with extremely elevated levels of total cholesterol and low‐density lipopro‐
tein cholesterol  (LDL‐C).  These lipid abnormalities  are associated with accelerated
atherosclerosis and cardiovascular disease (CVD) and an increased risk of cardiac events
and early death. The prevalence of HoFH has been estimated to be 1 in 1 million;
however, this is likely an underestimation as the disease is substantially underdiag‐
nosed and undertreated. Early diagnosis and treatment are important to reduce CVD
events. Aggressive therapy with conventional agents such as statins and ezetimibe
produce  substantial  reductions  in  LDL‐C,  but  patients  rarely  reach  target  goals.
Apheresis should be considered in all  patients with HoFH, although LDL‐C levels
rapidly rebound to baseline levels. Three recently introduced novel agents (mipomers‐
en,  lomitapide,  and evolocumab)—each with a unique mechanism of action—have
increased  therapeutic  options  in  this  difficult‐to‐treat  population.  When  added  to
standard therapy, these agents produce significant additional LDL‐C lowering and can
potentially improve clinical outcomes.

Keywords: evolocumab, familial hypercholesterolemia, lomitapide, mipomersen,
treatment
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1. Introduction

Familial hypercholesterolemia (FH) is an autosomal codominant genetic disorder of lipoprotein
metabolism, usually caused by mutations in the low‐density lipoprotein (LDL) receptor (LDLR)
gene or other genes that affect LDLR function. Patients can be heterozygous (HeFH) with one
mutated allele, homozygous (HoFH) with two identical mutations, or compound heterozygous
with different mutations in each allele [1]. Patients with HoFH have either a complete absence
or marked impairment (i.e., 2–30% activity) in LDLR function [1]. There are a number of defects
in lipid metabolism among patients with FH that include reduced LDLR‐mediated catabolism
of LDL, impairment of apolipoprotein B (apo B)‐mediated clearance of LDL, and increased
proprotein convertase subtilisin/kexin type 9 (PCSK9) levels, which mediates posttranslational
destruction of LDLRs [2, 3].

Since the reduction of LDLRs in HoFH is more pronounced than that seen with HeFH,
hypercholesterolemia is usually more severe in HoFH than in HeFH and is characterized by
very high serum levels of total cholesterol and LDL‐cholesterol (LDL‐C). Levels of LDL‐C are
typically above 500 mg/dL and total cholesterol levels range from 650 to 1000 mg/dL when
HoFH is untreated, whereas LDL‐C levels are typically greater than 300 mg/dL when treated
[2–5]. High‐density lipoprotein cholesterol (HDL‐C) is often decreased and triglyceride levels
are generally normal [4].

Figure 1. Cumulative LDL exposure in patients with FH [8, 9]. Modified from Horton et al. 2009 [9].

The severe lipid abnormalities associated with HoFH result in accelerated atherosclerosis,
accelerated cardiovascular disease (CVD), and an increased risk of cardiac events and early
death. It is estimated that CVD risk is increased by up to 20‐fold in untreated patients and still
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elevated approximately 10‐fold in patients receiving statins [5–7]. The lifelong exposure of
highly elevated lipid levels means that signs/symptoms of CVD occur at an early age—
typically prior to 20 years of age and as early as preteen years with the highest risk in males
[5, 8]. Females develop CVD about 10 years later than males [6]. Young patients often have
severe and widespread atherosclerosis in all major arterial beds, including the carotid,
coronary, femoral, and iliac, and there have been instances of acute myocardial infarction and
sudden death in patients as young as 4 years of age [8]. The CVD risk is related to cumulative
LDL‐C exposure. As seen in Figure 1, patients with HoFH exceed the theoretical threshold of
LDL‐C exposure in early childhood compared with early middle age for patients with HeFH
and after age 60 years for normal healthy individuals [8, 9]. Although, as with all individuals,
the risk of developing CVD is also related to the presence of other genetic or environmental
risk factors, the effect of each risk factor is amplified in the setting of dramatically elevated
cholesterol levels [4].

The physical signs and symptoms of HoFH are characterized by accelerated atherosclerosis
and the deposition of cholesterol. Atherosclerotic manifestations include vascular endothelial
damage that produces premature coronary artery disease (CAD), peripheral artery disease,
and valvular disease (e.g., aortic stenosis) [4]. Deposition of cholesterol results in the devel‐
opment of cutaneous or tendinous xanthomas and corneal arcus [8]. Xanthomas typically occur
around the eyelids and tendons of the feet, hands, and elbows [5].

HoFH is substantially underdiagnosed and undertreated [7]. For example, it is estimated that
less than 1% of patients with FH are diagnosed in most countries and that only 48% of patients
with FH were receiving statin therapy in one Danish study [7]. Most patients with FH are not
identified because of inconsistent screening and general unawareness [6]. Indeed, the disease
is often not recognized until the initial cardiovascular (CV) event [6].

2. Epidemiology

The exact prevalence rate of HoFH is unknown. Although the prevalence is historically
estimated to be approximately 1 in 1 million [7], this likely underestimates true prevalence
rates. More recent estimates, based on surveys of unselected general populations that found a
prevalence of HeFH of 1 in ∼200 or 1 in 244, suggest a prevalence of 1 in 160,000 to 1 in 300,000
for HoFH [10]. Founder mutations that reduce genetic variation can influence the prevalence
in certain racial groups or geographic locations, resulting in increased prevalence in certain
groups (e.g., French Canadian, the Netherlands, Lebanese, Hokuriku district of Japan, South
African Afrikaners) [11–15]. National programs that include patient registries and cascade
screening have been useful for identifying patients and facilitating treatments.

3. Genetics

True HoFH is caused by two identical mutations that are inherited in an autosomal dominant
pattern [16]. Two mutant alleles of the LDLR gene (MIM 606945) cause the majority (85–95%)
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of cases [7, 10, 17]. Mutations in this gene cause a reduction in LDLR activity and are associated
with decreased clearance of LDL particles and increased LDL‐C levels.

Secondary genes associated with HoFH include APOB (MIM107730), PCSK9 (MIM 607786),
and LDLR‐adaptor protein 1 (LDLRAP1; MIM 605747) [8, 10, 17]. In addition to “true” HoFH,
patients with HoFH can have compound heterozygous mutations (different mutations in each
allele of the same gene) or double heterozygous mutations (mutations in two different genes
affecting LDLR function) [7, 10]. The severity of the HoFH depends on residual LDLR activity.
Irrespective of the underlying genetic defect, patients with HoFH are classified as either
receptor negative (i.e., <2% residual activity) or receptor defective (i.e., 2–25% residual
activity) [10]. The effect on LDL‐C concentrations is also related to genotype. Homozygous
LDLR‐defective mutations are generally associated with the highest LDL‐C levels, followed
by compound heterozygous LDLR‐defective + LDLR‐negative mutations, homozygous
LDLRAP1 or LDLR‐defective mutations, homozygous APOB or PCKS9 gain‐of‐function
mutation, and double heterozygous mutation [5, 10]. Metabolic defects include impaired LDL
uptake (the most common functional defect), hepatic oversecretion of apo B, decreased
catabolism of triglyceride‐rich lipoproteins, increased plasma levels of lipoprotein(a) (Lp(a)),
and low levels of HDL‐C [10].

4. Diagnosis

Since CV risk is related to the cumulative exposure to elevated lipids, early diagnosis is
important for earlier treatment of HoFH to reduce CV risk. Although genetic testing can
confirm FH, it is not well defined since genetic confirmation can be difficult to verify in some
patients [10]. Indeed, genetic testing is generally not needed as the disease is primarily
diagnosed via clinical and biochemical features [6–8, 10, 18]. A number of diagnostic criteria
have been proposed [8], but they are typically based on family history (i.e., HeFH in both
parents and/or premature CAD), the presence of physical manifestations (i.e., tendon xantho‐
mas, corneal arcus) at an early age, severely increased LDL‐C, and molecular diagnosis.
Patients with HoFH generally have untreated LDL‐C levels >500 mg/dL (>13 mmol/L) or
treated levels ≥300 mg/dL (≥7.76 mmol/L) [8]. However, not all patients (especially children)
with HoFH have significantly elevated LDL‐C, with more than one‐half of Dutch children with
HoFH having LDL‐C levels between 217 and 379 mg/dL (5.6–9.8 mmol/L) [10]. Patients with
a suspected diagnosis of HoFH should typically be referred to a specialized center for proper
comprehensive management [6, 10].

Since early detection of patients with HoFH is crucial for the prevention of CVD, targeted and
cascade (i.e., identifying family members at risk) screening is recommended for the identifi‐
cation of new cases in adults [6, 7, 16, 19, 20]. Targeted screening to identify index cases is
recommended for patients with hypercholesterolemia and at least one of the following
features: personal/family history of xanthomas or premature CVD or family history of
significant hypercholesterolemia or sudden premature cardiac death [6, 7]. Specific criteria in
Europe (i.e., European Atherosclerosis Society [EAS]) are similar, but somewhat different than
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important for earlier treatment of HoFH to reduce CV risk. Although genetic testing can
confirm FH, it is not well defined since genetic confirmation can be difficult to verify in some
patients [10]. Indeed, genetic testing is generally not needed as the disease is primarily
diagnosed via clinical and biochemical features [6–8, 10, 18]. A number of diagnostic criteria
have been proposed [8], but they are typically based on family history (i.e., HeFH in both
parents and/or premature CAD), the presence of physical manifestations (i.e., tendon xantho‐
mas, corneal arcus) at an early age, severely increased LDL‐C, and molecular diagnosis.
Patients with HoFH generally have untreated LDL‐C levels >500 mg/dL (>13 mmol/L) or
treated levels ≥300 mg/dL (≥7.76 mmol/L) [8]. However, not all patients (especially children)
with HoFH have significantly elevated LDL‐C, with more than one‐half of Dutch children with
HoFH having LDL‐C levels between 217 and 379 mg/dL (5.6–9.8 mmol/L) [10]. Patients with
a suspected diagnosis of HoFH should typically be referred to a specialized center for proper
comprehensive management [6, 10].

Since early detection of patients with HoFH is crucial for the prevention of CVD, targeted and
cascade (i.e., identifying family members at risk) screening is recommended for the identifi‐
cation of new cases in adults [6, 7, 16, 19, 20]. Targeted screening to identify index cases is
recommended for patients with hypercholesterolemia and at least one of the following
features: personal/family history of xanthomas or premature CVD or family history of
significant hypercholesterolemia or sudden premature cardiac death [6, 7]. Specific criteria in
Europe (i.e., European Atherosclerosis Society [EAS]) are similar, but somewhat different than
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those of the National Lipid Association in the United States (US), with slightly different
cholesterol cut‐points for screening [21]. Such testing is important because most patients
identified via screening were not aware of the diagnosis and were therefore not receiving
therapy [17]. The index subject should be referred for genetic screening and a family pedigree
should be created to identify potential cases, followed by cascade screening with LDL‐C
measurements [7]. Targeted screening is also recommended in children and adolescents with
CV risk factors [6, 16]. Prenatal diagnosis is possible, and it is recommended that the partners
of known cases of HeFH should be tested to exclude the disease [22]. Economic modeling has
shown that comprehensive screening using cholesterol and DNA testing is cost‐effective [19].

5. Treatment options

Given the severity of hypercholesterolemia with increased CV risk, HoFH requires intensive
therapy. However, HoFH is often unresponsive to traditional treatment [20]. A number of
societies and associations in the United States (American College of Cardiology/American
Heart Association; National Lipid Association) [20, 23, 24], Europe (EAS; National Institute for
Health and Care Excellence) [10, 25], and Canada (Canadian Cardiovascular Society) [6] have
published guidelines on the treatment of HoFH. The primary target of treatment in these
guidelines is the reduction of LDL‐C via a combination of lifestyle, antihyperlipidemic
pharmacotherapy, and apheresis [6, 10, 20, 23, 26]. Since lipid‐lowering therapy is associated
with a delayed onset of CVD and prolonged survival, early and aggressive therapy should be
initiated as soon as possible [6, 10]. The EAS has recommended LDL‐C targets of <100 mg/dL
(<2.5 mmol/L) in children and <70 mg/dL (<1.8 mmol/L) in adults [10].

Statins, the first line of pharmacotherapy to lowering cholesterol level, effectively lower LDL‐
C 10% to 25% in patients with HoFH [10, 26], and even more (approximately 50% reduction
of LDL‐C) in those with HeFH [26]. The combination with ezetimibe (acholesterol absorption
inhibitor) leads to additive 15–20% LDL‐C reductions [6, 10]. Other agents such as bile acid
sequestrants, niacin, fibrates, and probucol can be considered. A clinical study of HoFH
patients from South Africa found that statin use was associated with a 51% reduction in the
risk of major CV events and a 66% reduction in the risk of death although the mean LDL‐C
levels in the patients were only reduced 26% [27].

Because of very high LDL‐C levels in HoFH, its target level is extremely difficult to achieve
though cholesterol has been reduced [10]. The inability of standard lipid‐lowering therapies
to produce the necessary effect is further exacerbated by the fact that these agents work by
increasing expression of LDLRs. Thus, lipoprotein apheresis should be considered in all
patients with HoFH and should be initiated early. For example, the EAS guidelines recommend
that apheresis should ideally be initiated by age 5 and not later than age 8 in children with
HoFH [10]. Canadian guidelines recommend apheresis in adults with HoFH with LDL‐C >329
mg/dL (>8.5 mmol/L) and in children (weighing >15 kg or >7 years of age) with an LDL‐C >193
mg/dL (>5 mmol/L) [6]. LDL apheresis selectively removes LDL‐C without affecting immu‐
noglobulins or other proteins with reductions of approximately 60% [18]. However, a rapid
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rebound in LDL‐C is seen with levels returning to baseline within 2 to 4 weeks [18, 20].
Although there are no randomized trials evaluating the effect of apheresis on clinical outcomes,
there is clinical evidence that apheresis can contribute to regression and/or stabilization of
atherosclerotic plaque [10]. Limitations to the use of apheresis include lack of availability in
some locations, high cost, long procedure duration, and the need to maintain vascular access
[4]. It is recommended that patients on apheresis undergo routine monitoring to assess carotid
atherosclerosis (carotid ultrasound), progression of aortic valve/root disease (echocardiogra‐
phy), and progression of coronary atherosclerosis (stress exercise test) [6].

6. New pharmacologic therapies

Recently, three novel agents have become available—mipomersen, lomitapide, and evolocu‐
mab—each with a unique mechanism of action. Two of these agents (mipomersen and
lomitapide) target very low‐density lipoprotein (VLDL) production, while the other (evolo‐
cumab) causes increased catabolism of LDL‐C via LDLR recycling (Figure 2) [10].

Figure 2. Mechanisms of action of mipomersen, lomitapide, and evolocumab. Modified from Cuchel et al. 2014 [10].

Properties of these agents are summarized in Table 1 [28–32] and are discussed in detail in the
following sections. These agents produce additive LDL‐C lowering when combined with other
lipid‐lowering therapies such as statins, ezetimibe, and apheresis [10] and represent promising
approaches to the treatment of HoFH for those patients who cannot achieve LDL‐C targets
with conventional therapy.
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Agent MOA Indication Dosage and administration LDL‐C

lowering

Adverse events

Mipomersen29 Oligonucleotide

inhibitor of

apolipoprotein B‐

100 synthesis 

Adjunctive

therapy in

HoFH 

HoFH: 200 mg SC once

weekly 

25%  Increased transaminases

Hepatic steatosis

Injection‐site reactions 

Lomitapide

28,30,31 

Microsomal

triglyceride transfer

protein inhibitor

Adjunctive

therapy in

HoFH

HoFH: Initiate at 5 mg/day,

titrating to max of 60 mg/

day 

46% Increased transaminases

Hepatic steatosis

Evolocumab32 PCSK9 inhibitor Adjunctive

therapy in

HeFH and

HoFH

HeFH: 140 mg SC every 2

weeks or 420 mg SC once

monthlyb

HoFH: 420 mg SC once

monthly 

23% Nasopharyngitis, upper

respiratory tract

infection, influenza, back

pain, and injection‐site

reactions

aBased on phase III trials in HoFH;

bAdministered as three injections consecutively within 30 minutes.

HeFH, heterozygous familial hypercholesterolemia; HoFH, homozygous familial hypercholesterolemia; LDL‐C, low‐
density lipoprotein cholesterol; MOA, mechanisms of action; PCSK9, proprotein convertase subtilisin/kexin type 9; SC,
subcutaneous.

Table 1. Novel agents for the treatment of HoFH.

6.1. Mipomersen

6.1.1. Pharmacodynamics

Apo B is the primary protein of VLDL, intermediate density lipoprotein, and LDL and is
essential for the production and catabolism of VLDL and LDL [33, 34]. Apo B is involved in
the packaging and distribution of both dietary and endogenously produced cholesterol and
triglycerides by lipoproteins [35]. The atherosclerotic potential of apo B is evidenced by the
observation that apo B concentrations are highly predictive for atherosclerotic disease,
including patients with FH [8, 33].

Mipomersen is an antisense oligonucleotide against the mRNA of apo B‐100, the primary
ligand for the LDLR [33, 34]. The drug reduces apo B mRNA translation, and thereby the
synthesis of apo B by ribosomes, resulting in a reduction in the secretion of VLDL. Thus,
mipomersen targets the production of LDL rather than its clearance (Figure 2) [34]. In animal

Treatment of Homozygous Familial Hypercholesterolemia: Challenges and Latest Development
http://dx.doi.org/10.5772/63949

65



models, species‐specific inhibition of antisense apo B leads to reductions in apo B‐100, LDL‐
C, and total cholesterol in a dose‐ and time‐dependent manner [29, 35].

Mipomersen is readily absorbed after subcutaneous administration with the highest drug
concentrations in the liver and kidney. Bioavailability ranges from 54% to 78% over a dose
range of 50 to 400 mg [29]. Elimination is primarily via metabolism by endonucleases and renal
excretion (as parent drug and metabolites) and the half‐life ranges from 1 to 2 months [29, 35].
In the United States, mipomersen is indicated as an adjunct to lipid‐lowering medications and
diet to reduce LDL‐C, apo B, total cholesterol, and non‐HDL‐C in patients with HoFH [36].
The drug is administered once weekly by subcutaneous injection [29].

6.1.2. Efficacy

Based on its mechanism of action and its demonstrated activity in patients with hypercholes‐
terolemia as either monotherapy or in combinations, it is reasonable that mipomersen would
be effective in the treatment of HoFH [35]. In a phase II, open‐label, study, mipomersen was
administered in a dose‐escalation fashion (50, 100, 200, and 300 mg) to nine patients with
HoFH. Patients received five doses over 2 weeks followed by weekly dosing through week 6
(n = 5) or week 13 (n = 4). At week 6, LDL‐C reductions ranged from 0.5% to 36%. By week 13,
the reductions ranged from 9.0% to 51.1%[29].

The phase III trial of mipomersen in patients with HoFH included 51 patients with clinical
diagnosis or genetically confirmed HoFH [37]. Mean baseline LDL‐C was 402 mg/dL (10.4
mmol/L). Patients who received maximally tolerated doses of lipid‐lowering drug were
randomized to receive mipomersen 200 mg subcutaneously (n = 34) or placebo (n = 17) once
weekly for 26 weeks [37]. The primary endpoint was the percent change in LDL‐C concentra‐
tion from baseline. Secondary endpoints were changes from baseline in apo B, total cholesterol,
and non‐HDL‐C concentrations. At 26 weeks, mipomersen‐treated patients achieved signifi‐
cant reductions in all primary and secondary endpoints versus placebo: LDL‐C (–24.7%), apo
B (–26.8%), total cholesterol (–21.2%), and non‐HDLC (–24.5%). By comparison, reductions for
those in the placebo group were: LDL‐C (–3.3%), apo B (–2.5%), total cholesterol (–2.0%), and
non‐HDL‐C (–2.9%). In addition, mipomersen was also associated with substantial reductions
in Lp(a) (–31.1%), triglycerides (–17.4%), and VLDL (–17.4%), and a significant increase in
HDL‐C (+15.1%). Notably, there was substantial variability in the reduction of LDL‐C concen‐
trations among HoFH patients receiving mipomersen with values ranging from +2% to –82%.
The magnitude of treatment effect was independent of baseline LDL‐C, age, race, or sex in
multivariate analysis [37].

6.1.3. Safety/tolerability

In the phase III HoFH trial, the most common adverse events among patients with HoFH were
injection‐site reactions (76%), flu‐like symptoms (29%), nausea (18%), headache (15%), and
chest pain (12%). Injection‐site reactions included erythema (56%), hematoma (35%), pain
(35%), pruritus (29%), discoloration (29%), macule (15%), papule (12%), and swelling (12%).
Similar rates of injection‐site reactions were observed in pooled data from other clinical trials
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with rates of 84% and 33%, respectively, for those in the mipomersen and placebo groups [29].
Most reactions were of mild to moderate severity with only 5% discontinuing treatment
because of an injection‐site reaction. In pooled phase III trials that included all patients with
hypercholesterolemia, 30% of patients experienced flu‐like symptoms (e.g., pyrexia, chills,
myalgia, arthralgia, malaise, fatigue) compared with 16% of those receiving placebo [29].

Laboratory abnormalities in the phase III HoFH trial were primarily characterized by elevated
liver transaminases. Alanine aminotransferase (ALT) increases of ≥1 but ≤3 times the upper
limit of normal (ULN) were observed in 50% of patients in the mipomersen groups but was
similar to that seen with placebo (53%). However, increased ALT of ≥3 × ULN was seen in 12%
of mipomersen‐treated patients but none of the placebo‐treated patients [37]. In the pooled
phase III trials, 8.4% of patients receiving mipomersen experienced an elevated ALT >3 × ULN
on two consecutive occasions at least 7 days apart compared to 0.0% of placebo‐treated
patients [29]. These ALT changes were generally associated with lesser elevations of aspartate
aminotransferase (AST). Mipomersen was also associated with an increase in hepatic fat in
9.6% of patients compared with 0.02% of placebo‐treated patients. However, this increase was
not accompanied by changes in patient weight, plasma glucose, or HbA1c, suggesting that
there is no associated increased risk of metabolic syndrome. It is suggested that the hepatic
steatosis and elevated transaminase concentrations are inherent consequences of attenuating
apo B production. Nevertheless, mipomersen carries a black box warning for the risk of
hepatotoxicity (i.e., increased transaminases and hepatic steatosis) and the drug is only
available in the United States via a Risk Evaluation and Mitigation Strategy program [29].

6.2. Lomitapide

6.2.1. Pharmacodynamics

The microsomal triglyceride transfer protein (MTP) is an intracellular lipid‐transfer protein
located in the lumen of the endoplasmic reticulum. It is responsible for binding and moving
individual lipid molecules between membranes. MTP is a major mediator of the assembly and
secretion of apo B‐containing lipoproteins such as VLDL from the liver, which is converted
into LDL‐C, and chylomicrons, which contain dietary cholesterol and triglycerides, from the
intestine [30, 31, 38]. The rare genetic condition abetalipoproteinemia provides insight into the
importance of MTP in lipid handling and transport. Abetalipoproteinemia is characterized by
loss‐of‐function mutations in the gene encoding MTP (i.e., MTTP) and is associated with
marked hypocholesterolemia and an absence of apo B‐containing lipoproteins in the plasma
[35]. Lack of functional MTP in abetalipoproteinemia results in the inability to load apo B with
lipoproteins and the targeted proteasomal degradation of apo B. This leads to a loss of intestinal
secretion of chylomicrons and liver secretion of VLDL and a consequent lack of LDL‐C in the
plasma [35]. Thus, inhibition of MTP is a potentially powerful therapeutic target to reduce the
production of apo B‐containing lipoproteins, particularly VLDL (the precursor of LDL‐C) [30].

Lomitapide is a small molecule that inhibits MTP action. By binding directly to MTP, lomita‐
pide inhibits the synthesis of triglyceride‐rich chylomicrons in the intestine and VLDL in the
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liver, with a resulting reduction in plasma LDL‐C [39]. The mechanism of action of lomitapide
in inhibiting MTP is illustrated in Figure 2.

Oral absorption of lomitapide is poor with an absolute bioavailability of 7%, thought to be due
to a first‐pass effect. Lomitapide pharmacokinetics is approximately dose proportional after
single oral doses of 10–100 mg. The drug is extensively metabolized in the liver and has a
terminal half‐life of 39.7 hours [28, 30]. Lomitapide is indicated in the United States and the
European Union as an adjunct to a low‐fat diet and other lipid‐lowering treatments, including
LDL apheresis where available, to reduce LDL‐C, total cholesterol, apo B, and non‐HDL‐C in
patients with HoFH [28, 39].

6.2.2. Efficacy

An initial study in 18 patients with HoFH evaluated the addition of lomitapide to usual lipid‐
lowering therapy, including apheresis [40]. The dose of lomitapide was gradually titrated
during the first 14–18 weeks to a target dose of 60 mg/day (80 mg/day if LDL and safety criteria
were met). The mean overall LDL‐C reduction was 44% at 6 months compared with baseline
but the individual values ranged from an increase in LDL‐C of 19% to a reduction of 93%,
indicating a wide variability of effect. Four patients achieved an LDL‐C <100 mg/dL (<2.6
mmol/L) and another two achieved levels <170 mg/dL (<4.4 mmol/L) [40].

The pivotal phase III open‐label trial included 29 patients with HoFH based on clinical criteria
or documented genetic mutations [41]. Upon enrollment, patients were required to enter a 6‐
week run‐in phase in which patients were initiated on concomitant lipid‐lowering therapy
(including apheresis), vitamin E, essential fatty acids, and a low‐fat diet. Patients then entered
a 26‐week efficacy phase where lomitapide was initiated at 5 mg/day and titrated (at 4‐week
intervals) up to a maximum of 60 mg/day. Following the efficacy phase, patients continued
lomitapide therapy in a 52‐week safety phase. Mean baseline total cholesterol and LDL‐C levels
were 429 mg/dL (11.1 mmol/L) and 336 mg/dL (8.7 mmol/L), respectively [41]. Twenty‐three
of 29 patients completed both the efficacy phase (26 weeks) and safety phase (52 weeks). At
the end of 26 weeks, patients achieved statistically significant mean reductions from baseline
in total cholesterol (–46%; P < 0.0001) and LDL‐C (–50%; P < 0.0001) [41]. The large majority of
patients (n = 19/23 [83%]) achieved LDL‐C reductions >25% and one‐half (n = 12/23) had a >50%
reduction [41]. Furthermore, 8 patients achieved LDL‐C concentrations <100 mg/dL (<2.6
mmol/L). Based on these LDL‐C reductions, three patients permanently discontinued aphe‐
resis and three permanently increased the time interval between apheresis treatments.
Significant reductions from baseline were also seen for VLDL cholesterol (–45%), non‐HDL‐C
(–50%), triglycerides (–45%), and apo B (–49%). Lipid lowering was independent of the use of
apheresis, suggesting that apheresis does not affect the lipid‐lowering efficacy of lomitapide
[42]. These reductions were maintained throughout the 52‐week safety phase with reductions
of 35% and 38%, respectively, for total cholesterol and LDL‐C despite changes in concomitant
lipid‐lowering therapy [41]. Nineteen of the 23 patients who competed the efficacy and safety
phases entered a long‐term extension study [43, 44]. As of 2015, the median duration of
treatment was 5.1 years [43]. At 126 weeks, mean LDL‐C levels were reduced by 46%. Similar

Cholesterol Lowering Therapies and Drugs68



liver, with a resulting reduction in plasma LDL‐C [39]. The mechanism of action of lomitapide
in inhibiting MTP is illustrated in Figure 2.

Oral absorption of lomitapide is poor with an absolute bioavailability of 7%, thought to be due
to a first‐pass effect. Lomitapide pharmacokinetics is approximately dose proportional after
single oral doses of 10–100 mg. The drug is extensively metabolized in the liver and has a
terminal half‐life of 39.7 hours [28, 30]. Lomitapide is indicated in the United States and the
European Union as an adjunct to a low‐fat diet and other lipid‐lowering treatments, including
LDL apheresis where available, to reduce LDL‐C, total cholesterol, apo B, and non‐HDL‐C in
patients with HoFH [28, 39].

6.2.2. Efficacy

An initial study in 18 patients with HoFH evaluated the addition of lomitapide to usual lipid‐
lowering therapy, including apheresis [40]. The dose of lomitapide was gradually titrated
during the first 14–18 weeks to a target dose of 60 mg/day (80 mg/day if LDL and safety criteria
were met). The mean overall LDL‐C reduction was 44% at 6 months compared with baseline
but the individual values ranged from an increase in LDL‐C of 19% to a reduction of 93%,
indicating a wide variability of effect. Four patients achieved an LDL‐C <100 mg/dL (<2.6
mmol/L) and another two achieved levels <170 mg/dL (<4.4 mmol/L) [40].

The pivotal phase III open‐label trial included 29 patients with HoFH based on clinical criteria
or documented genetic mutations [41]. Upon enrollment, patients were required to enter a 6‐
week run‐in phase in which patients were initiated on concomitant lipid‐lowering therapy
(including apheresis), vitamin E, essential fatty acids, and a low‐fat diet. Patients then entered
a 26‐week efficacy phase where lomitapide was initiated at 5 mg/day and titrated (at 4‐week
intervals) up to a maximum of 60 mg/day. Following the efficacy phase, patients continued
lomitapide therapy in a 52‐week safety phase. Mean baseline total cholesterol and LDL‐C levels
were 429 mg/dL (11.1 mmol/L) and 336 mg/dL (8.7 mmol/L), respectively [41]. Twenty‐three
of 29 patients completed both the efficacy phase (26 weeks) and safety phase (52 weeks). At
the end of 26 weeks, patients achieved statistically significant mean reductions from baseline
in total cholesterol (–46%; P < 0.0001) and LDL‐C (–50%; P < 0.0001) [41]. The large majority of
patients (n = 19/23 [83%]) achieved LDL‐C reductions >25% and one‐half (n = 12/23) had a >50%
reduction [41]. Furthermore, 8 patients achieved LDL‐C concentrations <100 mg/dL (<2.6
mmol/L). Based on these LDL‐C reductions, three patients permanently discontinued aphe‐
resis and three permanently increased the time interval between apheresis treatments.
Significant reductions from baseline were also seen for VLDL cholesterol (–45%), non‐HDL‐C
(–50%), triglycerides (–45%), and apo B (–49%). Lipid lowering was independent of the use of
apheresis, suggesting that apheresis does not affect the lipid‐lowering efficacy of lomitapide
[42]. These reductions were maintained throughout the 52‐week safety phase with reductions
of 35% and 38%, respectively, for total cholesterol and LDL‐C despite changes in concomitant
lipid‐lowering therapy [41]. Nineteen of the 23 patients who competed the efficacy and safety
phases entered a long‐term extension study [43, 44]. As of 2015, the median duration of
treatment was 5.1 years [43]. At 126 weeks, mean LDL‐C levels were reduced by 46%. Similar

Cholesterol Lowering Therapies and Drugs68

reductions were also observed in apo B (–54%), non‐HDL‐C (–47%), VLDL cholesterol (–37%),
and triglycerides (–38%) [43, 44].

Additional evidence of the efficacy of lomitapide in HoFH comes from a Japanese trial [45]
and the Lomitapide Observational Worldwide Evaluation Registry (LOWER) [45, 46]. The
Japanese trial included nine patients with a mean baseline LDL‐C of 199 mg/dL (5.2 mmol/L),
which was reduced to 118 mg/dL (3.1 mmol/L) at week 26 (–42%) [45]. Significant reductions
were also seen for total cholesterol (–32%), non‐HDL‐C (–40%), VLDL (–42%), apo B (–45%),
and triglycerides (–42%) [45]. LOWER is a noninterventional registry open to lomitapide‐
treated patients that is designed to evaluate the long‐term safety and efficacy of lomitapide in
clinical practice and is eventually expected to enroll at least 300 patients and follow them for
at least 10 years [47]. As of March 2015, 84 patients had enrolled in LOWER, with all but one
from the United States [46]. Titration of lomitapide occurred slower than in the pivotal phase
III trial, with a mean dose of 10 mg reached only after 12 months. The mean reduction in LDL‐
C at month 4 was 42%, with 38% of patients achieving a reduction of at least 50% at 6 months
[46, 47].

6.2.3. Safety/tolerability

Oral lomitapide was generally well tolerated in patients with HoFH. Although the majority of
patients experienced an adverse event in the phase III trial (n = 27/29 [93%] in the efficacy phase;
n = 21/23 [91%] in the safety phase), most events were mild to moderate in intensity [41]. The
most common adverse events were gastrointestinal in nature, with 27/29 patients in the efficacy
phase and 21/23 patients in the safety phase experiencing a gastrointestinal event [41]. The
most common events in the phase III trial were gastrointestinal in nature (27 patients during
the efficacy phase and 17 during the safety phase), most commonly manifested as diarrhea,
nausea, dyspepsia, and vomiting [41, 43]. Three patients discontinued treatment due to a
gastrointestinal event [41]. The incidence of gastrointestinal events decreased during the
extension phase: diarrhea (42%), nausea (32%), vomiting (26%), and dyspepsia (11%) [43].

Ten patients in the phase III trial had elevated levels of ALT, AST, or both >3 × ULN at least
once during the trial, and four patients had elevations at least 5 × ULN [41]. No patient
discontinued treatment permanently because of these elevations and all were managed by
either dose reduction or temporary interruption of lomitapide [41, 43]. In the LOWER registry,
elevated transaminase levels ≥3 × ULN were observed in only 16 patients (19%) [46].

Among the 20 patients from the phase III trials with evaluable nuclear magnetic resonance
spectroscopy data, hepatic fat increased from 1% at baseline to 8.6% at the end of week 26 and
8.3% at week 78 [41]. Hepatic fat continued to increase through the extension trial [43], although
the accumulation of fat appears to be reversible after discontinuation of lomitapide [39].
Whether this fat accumulation is a risk factor for the development of steatohepatitis and
cirrhosis is currently unknown. No cases of cirrhosis or late‐stage liver disease have been
identified in the long‐term extension studies [43].
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6.3. Evolocumab

6.3.1. Pharmacodynamics

PCSK9 is a key regulator of LDLR function. When PCSK9 binds to the LDLR, LDLR degrada‐
tion is enhanced in the liver, thereby increasing LDL‐C plasma concentrations [4].Although
some patients with HoFH have no LDLR function, up to 75% have residual activity (between
2% and 25%) [2]. Patients with HoFH also have increased PCSK9 function. Among patients
with residual LDLR function, PCSK9 inhibition may be useful for lowering LDL‐C [2].
Evolocumab is a human immunoglobulin G2 monoclonal antibody directed against human
PCSK9. By binding to PCSK9, evolocumab inhibits circulating PCSK9 from binding to the
LDLR, preventing PCSK9‐mediated LDLR degradation and permitting LDLR to recycle back
to the liver cell surface. This increases the number of LDLRs available to clear LDL from the
blood, thereby lowering LDL‐C level (Figure 2) [32, 48, 49].

6.3.2. Efficacy

The addition of evolocumab to stable lipid‐lowering therapy was evaluated in an open‐label
pilot trial in eight patients with LDLR‐negative or LDLR‐defective HoFH [32]. Patients received
subcutaneous evolocumab 420 mg every 4 weeks for 12 weeks, maintained for an additional
12 weeks at 4‐week intervals, and then 420 mg of evolocumab every 2 weeks for an additional
12 weeks [32]. All eight patients had LDLR mutations, with six patients having defective
receptor status (i.e., residual LDLR function) and two having negative LDLR function. Mean
baseline LDL‐C was 441 mg/dL (11.4 mmol/L) [32]. After 12 weeks of every 4‐week dosing,
mean LDL‐C decreased by a mean of 17% (range, +5% to –44%). The two patients with negative
LDLR activity did not achieve reductions in LDL‐C [32]. After 12 weeks of every 2‐week dosing,
mean LDL‐C was reduced by 14%, again with no reductions in the two patients that were
LDLR‐negative. Apo B was reduced by 14.9% and 12.5% by the 4‐week and 2‐week dosing
schedules and Lp(a) was reduced by 11.7% and 18.6%, respectively, by the two schedules.
However, there was little change in triglycerides, HDL‐C, or apolipoprotein A1 with either
schedule [32].

The pivotal randomized, phase III, double‐blind, placebo‐controlled trial included 49 patients
with HoFH on stable lipid‐lowering therapy (but not apheresis) for at least 4 weeks. Patients
were randomized in a 2:1 ratio to receive evolocumab 420 mg or placebo every 4 weeks [48].
LDLR mutations in both alleles were present in 45 of 48 patients (94%), with 22 of these having
the same mutation in both alleles (true HoFH) and 23 having different mutations in each LDLR
allele (i.e., compound heterozygous FH) [48]. One patient receiving evolocumab had LDLR
receptor‐negative mutations in both alleles and another had autosomal recessive hypercho‐
lesterolemia. The mean decrease in ultracentrifugation LDL‐C was 23.1% for those receiving
evolocumab compared with a 7.9% increase for the placebo group (primary endpoint) [48].
Evolocumab was also associated with a 19.2% reduction in apo B at week 12, although changes
in Lp(a), HDL‐C, and triglycerides were not significantly different relative to placebo [48].
Response to evolocumab correlated with the underlying genetic cause of HoFH, with a greater
reduction in LDL‐C among those with two LDLR‐defective mutations than in those with even
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a single LDLR‐negative mutation. However, among the 20 patients receiving evolocumab who
had defects in either one or both alleles, a 29.5% reduction in ultracentrifugation LDL‐C was
achieved [48]. The patient with LDLR‐negative mutations in both alleles and the one with
autosomal recessive hypercholesterolemia did not respond to evolocumab (LDL‐C levels
increased by 3–10%) [48].

The efficacy of evolocumab in combination with apheresis is under evaluation in the Trial
Assessing Long Term Use of PCSK9 Inhibition in Subjects with Genetic LDL Disorders
(TAUSSIG) in patients with severe FH not controlled with current lipid therapy [50]. Patients
received evolocumab 420 mg and apheresis every 2 weeks. An interim analysis found that
evolocumab was associated with a mean reduction of 17% in LDL‐C at week 12 (n = 24) and
20% at week 24 (n = 12) [50]. Four patients were able to stop or decrease the frequency of
apheresis. The three patients with LDLR‐negative mutations in both alleles did not respond
to evolocumab. Evolocumab is indicated in the United States and EU as an adjunct to diet and
other LDL‐lowering therapies for the treatment of patients with HoFH who require additional
lowering of LDL‐C.

6.3.3. Safety/tolerability

In the phase III trial in patients with HoFH, the most common adverse events among those
receiving evolocumab were upper respiratory tract infection (9%), influenza (9%),
gastroenteritis (6%), nasopharyngitis (6%), and increased ALT or AST ≥3 × ULN [48]. There
were no adverse event‐related treatment discontinuations. These rates of adverse events are
generally consistent with those seen in other large randomized trials evaluating evolocumab
in the treatment of hypercholesterolemia [49]. Immunogenicity appears to be uncommon, with
only 0.1% of patients in pooled clinical trials testing positive for binding antibody
development. There was no evidence of neutralizing antibodies and no evidence that the
presence of antidrug antibodies impacted the pharmacokinetic profile, clinical response, or
safety of evolocumab [49].

7. Conclusions

HoFH is a rare disease that is underdiagnosed and undertreated and is associated with
substantial morbidity and mortality. Early diagnosis and aggressive therapy are the corner‐
stones of the management of HoFH. Until recently, therapeutic options were limited and
insufficient to get patients to their treatment goals. The availability of novel pharmacologic
agents provides clinicians with additional treatment options in this difficult‐to‐treat popula‐
tion. Figure 3 summarizes the suggested treatment algorithm of the EAS for patients with
HoFH [10].

This algorithm highlights the novel treatment options that will allow greater reductions in
lipid levels in HoFH patients and let them achieve their target goals. It is hoped and expected
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that these expanded options will ultimately translate into improvements in clinical outcomes
including a decrease in CV events and CVD‐related mortality.

Figure 3. European Atherosclerosis Society treatment algorithm for the management of HoFH. Modified from Cuchel
et al. 2014 [10].
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Abstract

Dyslipidemia is a major risk factor for cardiovascular disease (CVD). The relationship
between low-density lipoprotein concentration and cardiovascular (CV) risk has been
well  established  in  numerous  epidemiological  studies.  The  benefit  of  cholesterol-
lowering agents has been demonstrated in patients with known CVD. On the other
hand, in patients without known CVD the decision to start therapy depends on their
10-year risk prediction of CV events. 3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-
CoA) reductase inhibitors (“statins”), a mainstay of cholesterol-lowering therapy, have
been shown to reduce both CV events and all-cause mortality. Other lipid-lowering
measures (both pharmacological and nonpharmacological) have also been demonstrat-
ed in clinical trials to reduce CV outcomes. In this chapter, we review contemporary
therapies used to treat  dyslipidemia and discuss future directions including novel
agents on the horizon.

Keywords: cholesterol treatment, cardiovascular disease, dyslipidemia, cardiovascu-
lar risk stratification, hypercholesterolemia

1. Introduction

Atherosclerotic cardiovascular disease (CVD) affects more than 15 million Americans and is
considered the leading cause of death in the United States (US) in both men and women (REF).
Dyslipidemia is a major risk factor for atherosclerotic CVD [1]. We review current standard
treatment of abnormal cholesterol levels and discuss future directions. Lipid-altering therapies
favorably impact the lipid profile by lowering total cholesterol, low-density lipoprotein (LDL),
and triglycerides (TGs), while beneficially increasing high-density lipoprotein (HDL; see Table
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1) [2–4]. In addition, lipid-altering therapies cause a desirable shift toward less atherogenic
cholesterol  subparticles  [5].  The  benefit  of  lipid  therapy  has  been  borne  out  in  studies
evaluating their effects on coronary atherosclerosis regression (by angiography) and incidence
of major adverse cardiovascular events (MACEs) [6–10]. The lipoprotein transport system
mediates the movement of cholesterol and TG in plasma, in addition to numerous other
important  physiologic  functions.  These  include  transport  of  dietary  fat  absorbed  in  the
intestines to the liver, transport of modified cholesterol to peripheral tissues for cell membrane
and steroid hormone synthesis, and transport of free fatty acids that may be used for fuel [11].
Lipoproteins are typically classified by their size and density. The main lipoprotein carriers of
cholesterol to peripheral tissues are LDL particles. They are internalized by LDL receptors,
where they are then hydrolyzed. This is an important pathway in controlling plasma choles-
terol levels, as evidenced in those with loss-of-function mutations of LDL receptors leading to
an inherited hyperlipidemia [12]. Importantly, LDL particles vary in size. Those with fewer
cholesteryl esters and more TGs are smaller, denser, and thus more atherogenic [11].

Drug class LDL (%) HDL (%) TG (%)

Bile acid sequestrants ↓ 15–30 ↑ 3–5 No change

Cholesterol absorption inhibitors (Ezetimibe) ↓ 17–22 ↑ 2–5 ↓ 4–11

Fibrates ↓ 5–20 ↑ 10–20 ↓ 20–50

Nicotinic acid (niacin) ↓ 5–25 ↑ 15–35 ↓ 20–50

PCSK9 inhibitors ↓ 61–62 ↑ 5–7 ↓ 13–17

HMG-CoA reductase inhibitors (Statins) ↓ 18–55 ↑ 5–15 ↓ 7–30

Abbreviations: LDL, low-density lipoprotein cholesterol; HDL, high-density lipoprotein; TC, total cholesterol; TG,
triglycerides.

Table 1. Potencies of various lipid lowering agents.

Increased concentrations of LDL have been shown in epidemiological studies to be associated
with an increased risk of MACE. This was demonstrated in The Lipid Research Clinics
Prevalence Study, where after 10 years of follow-up in patients with known coronary heart
disease (CHD), a higher death rate was evident in those with higher levels of plasma total
cholesterol and LDL [13]. In addition, those with inherited hyperlipidemia have early athero-
thrombosis [14]. Reducing LDL cholesterol is strongly linked to reductions in MACE, espe-
cially when using statins [10]. One-third of all middle-aged or older adults in the general
population of the US and United Kingdom (UK) have an indication for statin therapy [15].
Notably decreased LDL and raising HDL levels have been associated with regression of
atherosclerosis as evident in the Regression Growth Evaluation Statin Study (REGRESS) trial
and several other trials [6–9].

Until recently, it was strongly recommended to treat to specific LDL targets [16]. These targets
were based on post hoc analyses demonstrating greater reductions in MACE with LDL levels
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below certain levels. However, subsequent head-to-head statin trials compared different
agents at different doses. These studies did not investigate the effects of different LDL target
levels [17]. For such reasons, the most recent US guidelines advocate for using high-intensity
statins for patients at high risk of cardiovascular events. By contrast, guidelines in Europe and
Canada have maintained their recommendation on using LDL targets [18].

Statins are well known for pleotropic effects independent of cholesterol lowering, mainly anti-
inflammatory properties [19]. In many statin trials, subjects with the largest reduction in high-
sensitivity C-reactive protein (hsCRP) have decreased primary end points [20, 21]. In two statin
trials, lower hsCRP and LDL levels were associated with a decrease in atheroma progression
as assessed by serial intravascular ultrasound observation [22, 23]. Moreover, in the Justifica-
tion for the Use of Statins in Prevention (JUPITER) trial, a decrease in MACE and all-cause
mortality was seen in asymptomatic subjects with baseline elevated hsCRP levels and already
low LDL level, which contemporary risk calculators would exclude from therapy. Notably,
elevated LDL cholesterol is associated with MACE without the need for overt evidence of
inflammation [24] .

1.1. Cardiovascular risk stratification: Who to treat?

In patients with known CVD, treatment with statins has been shown to reduce CV events and
all-cause mortality, while other lipid-lowering agents have also been shown to reduce the
incidence of CV events in patients not on statins [25–33]. However, in patients without known
CVD, cholesterol-lowering agents have only been shown to be beneficial in those at a high risk
of CV events. The absolute benefit of treatment is proportional to the underlying absolute CV
risk. Therefore, it is important to target patients at a high risk of CV events rather than a specific
LDL.

Various CV risk calculators have been used to identify patients at high risk. These calculators
are modeled to a particular population; therefore, the choice of which risk calculator to use is
important. Below, we will discuss the benefits and pitfalls of using risk calculators to guide
decision to treat. The Framingham Risk score is a risk calculator based on a population from
the northeastern US (https://www.framinghamheartstudy.org/risk-functions/cardiovascular-
disease/10-year-risk.php#). The most current version includes major CV outcomes, stroke, and
heart failure. Notably, statins have shown to reduce the incidence of major CV outcomes and
stroke, but not heart failure [34]. The American Heart Association/American College of
Cardiology (AHA/ACC) Pooled Cohort Equations Cardiovascular risk calculator (ASCVD) is
based on a population of non-Hispanic whites and African Americans in the US (http://
tools.acc.org/ASCVD-Risk-Estimator/). Compared to the Framingham risk calculator, it
predicts major CV outcomes that are reduced by statins. Limitations of the ASCVD include its
dichotomization of diabetes mellitus without considering its duration or type. It also does not
take into account family history of premature CV disease, thus underestimating CV risk in
those with significant family history of CV events [35].

The Joint British Societies (JBS-3) guidelines calculator is based on a population from the UK
(http://www.jbs3risk.com/JBS3Risk.swf). In those with a low 10-year risk of CV events, the
JBS-3 recommends using the QRISK® lifetime CV risk calculator [36]. Both the ASCVD and
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JBS-3 predict both 10-year risk and lifetime risk of CV events. Without the data with long-term
effects of statins, there is a limitation to use lifetime risk prediction for using cholesterol-
lowering agents. Therefore, the use of the 10-year risk predictions has been recommended
when making such decisions. In patient with diabetes, the UK Prospective Diabetes Study
calculator incorporates factors important to those with diabetics that are not found in the
ASCVD calculator such as diabetes duration and type [37].

Another factor used when making the decision to treat on a population-based approach is
cost-effectiveness. The 2013 AHA/ACC guidelines have recommended the use of a 10-year risk
of CV events threshold of 7.5% when deciding to use cholesterol-lowering agents. This was
found to be more cost-effective when compared with ≥10% threshold [38].

In older patients, over age 65, the decision to treat is also influenced by the presence of other
comorbidities not taken into account in the calculators above. For example, a patient with a
concurrent illness with high mortality, such as metastatic pancreatic cancer, is unlikely to
benefit from a cholesterol-lowering agent. Thus, clinical trials of cholesterol-lowering agents
have typically excluded older patients. However, a healthy elderly patient may potentially
benefit from these therapies, and in fact the absolute number to treat is much lower in a healthy
elderly population, given the dramatic increase in absolute risk of CV disease in this cohort
[39]. A barrier to using cholesterol-lowering agents in the elderly has been the notion that it
takes years to see the benefit of cholesterol-lowering agents; however, many studies have
shown that they can be beneficial in as early as 6 months, as seen in the 4S trial [40].

2. Pharmacological therapies

2.1. Statins

Statins have been shown to be beneficial in hypercholesterolemia for both primary and
secondary prevention of CV events (see Figure 1) [41]. Their main mechanism of action
involves competitive inhibition of an enzyme, 3-Hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase, a rate-limiting step in cholesterol synthesis (see Figure 2) [42, 43]. This
prevents substrate from binding to the enzymatic active site resulting in a decrease in intra-
hepatic cholesterol synthesis [44]. The decrease in intrahepatic cholesterol leads to an increase
in LDL receptors, and consequently an increase in LDL reuptake [45]. Other mechanisms
described include alteration of hepatic Apolipoprotein B (Apo-B) secretion leading to a
reduction in very low-density lipoprotein (VLDL) through decreased secretion and increased
clearance. This consequently also contributes to the reduction in plasma TG [46]. Statins’ effect
on HDL has been attributed to their impact on hepatic microRNA33 (miR33) and consequent
macrophage ATP-binding cassette transporter (ABCA)1-mediated efflux [47]. These additional
mechanisms are thought to translate into clinical benefit through varied pathways including
reversal of endothelial dysfunction, atheroma stabilization, and decreased thrombogenicity
[48].
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Figure 1. LDL, statins, and cardiovascular events. Reduction in cardiovascular event rates by lower low-density lipo-
protein using statins in secondary prevention trials. Abbreviations: 4S, Scandinavian Simvastatin Survival Study; CARE,
Cholesterol and Recurrent Events Trial; HPS, Heart Protection Study; LIPID, Long-term Intervention with Pravastatin
in Ischemic Disease.

Figure 2. Mechanisms of HMG-CoA reductase inhibitors. Statins inhibit hepatic HMG-CoA reductase resulting in de-
creased downstream cholesterol production.

Cholesterol-Lowering Drugs and Therapies in Cardiovascular Disease
http://dx.doi.org/10.5772/64762

83



Statins are considered the most potent agents for lowering LDL cholesterol, and do so up to
63% [49]. They do have a predominant effect on small LDL particles leading to a shift in the
LDL subfractions toward less atherogenic LDL [50]. Rosuvastatin has been shown to increase
HDL by about 10%, appearing to be the most effective statins on HDL modification [51].
Regarding lowering TG, atorvastatin and rosuvastatin appear to be the most potent of the
statins, with a dose-dependent decrease in TG of up to 33% [51].

Statins as a drug category demonstrate varying cholesterol-lowering potencies (see Table 2)
[51–53]. Low-potency statins include simvastatin, lovastatin, pravastatin, and fluvastatin [51].
High-potency statins include atorvastatin and rosuvastatin [51]. Statins combined with a
cholesterol absorption inhibitor (such as ezetimibe) or bile acid sequestrant show an additive
cholesterol-lowering effect [54, 55].

Statin TC (%) LDL (%) HDL (%) TG (%) Dose range (mg)

Atorvastatin ↓ 27–39 ↓ 37–51 ↑ 2–6 ↓ 20–28 10–80

Rosuvastatin ↓ 33–40 ↓ 46–55 ↑ 8–10 ↓ 20–26 10–40

Simvastatin ↓ 20–28 ↓ 28–39 ↑ 5–6 ↓ 12–15 10–40

Pravastatin ↓ 15–22 ↓ 20–30 ↑ 3–6 ↓ 8–13 10–40

Fluvastatin ↓ 13–19 ↓ 17–23 ↑ 1–3 ↓ 5–13 20–80

Pitavastatin ↓ 22–31 ↓ 31–44 ↑ 1–4 ↓ 13–22 1–4

Abbreviations: NNT, number needed to treat; WOSCOPS, West of Scotland Coronary Prevention Study; AFCAPS/
TEXCAPS, Air Force/Texas Coronary Atherosclerosis Prevention Study; ALLHAT-LLT, Antihypertensive and Lipid-
Lowering Treatment to Prevent Heart Attack Trial; CARDS, Collaborative Atorvastatin Diabetes Study; MEGA,
Management of Elevated Cholesterol in the Primary Prevention Group of Adult Japanese; JUPITER, Justification for
the Use of statins in Prevention: an Intervention Trial Evaluating Rosuvastatin; 4S, Scandinavian Simvastatin Survival
Study; CARE, Cholesterol and Recurrent Events trial; LIPID, Long-Term Intervention with Pravastatin in Ischemic
Disease study;. HPS, Heart Protection Study; PROSPER, Prospective Study of Pravastatin in the Elderly at Risk;
PROVE-IT, Pravastatin or Atorvastatin Evaluation and Infection Therapy; TNT, Treating to New Targets; IDEAL,
Incremental Decrease in End Points through Aggressive Lipid Lowering.

Table 2. Potencies of different statins.

Numerous clinical trials have shown a trend toward improved CV outcomes, but not all have
demonstrated statistical significance [56]. Statins have been shown to be effective in primary
prevention of CHD (see Table 3) 21, 25–28, 32, 41, 57–63]. This was demonstrated in the Heart
Protection Study [25], CARDS trial [26], and MEGA trial [27], where statins led to a significant
reduction in MACE. Statins have also been shown to be effective in the secondary prevention
of CHD as well (see Table 3). This benefit was evident in the Scandinavian Simvastatin Survival
study (4S) [28], Lipid trial [29], and MIRACLE [30], where statin use resulted in a significant
reduction in MACE. In a meta-analysis, which included 17,617 patients randomized to statins
from the Cholesterol and Recurrent Events (CARE), Long-term Intervention with Pravastatin
in Ischemic Disease (LIPID), and 4S trials, there was a significant reduction in MACE and all-
cause mortality, but no effect on noncardiovascular mortality [31]. In addition, high-dose statin
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therapy was shown to have a significant reduction in MACE when compared to lower-dose
therapy, as seen in the Treating to New Target (TNT) trial [41] and PROVE IT-TIMI 22 trial [32].

Study Year Patients Statin and

daily dose

Mean

baseline

LDL (mg/

dL) 

Mean LDL 

reduction 

(%)

Reduction in

coronary events

(%)

NNT

Primary prevention

WOSCOPS 1995 6595 Pravastatin 40 mg 192 26 31 (P < 0.001) 42

AFCAPS/

TEXCAPS

1998 6605 Lovastatin 20–40 mg 150 25 37 (P < 0.001) 24

ALLHAT-LLT 2002 10,355 Pravastatin 40 mg 146 28 No significant reduction

CARDS 2004 2838 Atorvastatin 10 mg 118 40 36 (P = 0.001) 32

MEGA 2006 7832 Pravastatin 10–20 mg 156 18 33 (P = 0.01) 119

JUPITER 2008 17,802 Rosuvastatin 20 mg 108 50 44 (P <0.001) 25

Secondary prevention

4S 1994 4444 Simvastatin 20–40 mg 188 35 34 (P < 0.0001) 15

CARE 1998 4159 Pravastatin 40 mg 139 32 24 (P = 0.003) 33

LIPID 2002 9014 Pravastatin 40 mg 150 25 24 (P < 0.0001) 33

HPS 2002 20,536 Simvastatin 40 mg 3.4 1 24 (P <0.001) 20

PROSPER 2002 5804 Pravastatin 40 mg 147 34 14(P = 0.014) 47

PROVE-IT 2004 4162 Atorvastatin 80 mg versus

Pravastatin 40 mg

106 41 16 (P = 0.005) 25

TNT 2005 10,003 Atorvastatin 80 mg versus

Atorvastatin 10 mg

97 21 22 (P <0.001) 46

IDEAL 2005 8888 Atorvastatin 80 mg versus

Simvastatin 20 mg

121 34 No significant reduction

Table 3. Primary and secondary prevention statin trials.

The most important side effects associated with statins are hepatic injury and myopathy [64,
65]. The risk of liver injury with the use of statins appears to be dose dependent and is most
likely to occur in the first 3 months. This risk was demonstrated in a meta-analysis of 35
randomized trials that showed an excess risk of 4.2 cases per 1000 patients associated with
statin use [66]. Multiple mechanisms of liver injury have been demonstrated with statins
including hepatocellular and cholestatic [67]. Among the different statins, the risk of liver
injury appears to be similar, except with fluvastatin that has a higher risk [68]. Numerous
studies have found no significant difference in elevated aminotransferases when statins were
compared to placebo [25, 28, 57]. It was for this reason that the Food and Drug Administration
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(FDA) revised the recommendation for liver function testing with regard to statin therapy in
2012 [69]. In the setting of rising aminotransferases three times the upper limit of normal, it is
recommended to lower the statin dose or change medication.

Statin muscle injury remains the most concerning side effect, despite severe myopathy
occurring in only 0.1–0.5% of patients [70, 71]. The degree of injury ranges from myalgia,
myopathy, myositis, myonecrosis, to rhabdomyolysis [65]. Rhabdomyolysis, the most severe
of the statin myopathy spectrum, was largely seen when statins were used with gemfibrozil
or cyclosporine [72, 73]. This is thought to be related to the decrease in mevalonic acid
associated with HMG-CoA reductase inhibition. Other mechanisms attributed to muscle injury
include statins’ effects on coenzyme Q10, also called ubiquinone, which is involved in muscle
energy production [74]. Different statins possess varying risk to cause muscle injury, with
fluvastatin exhibiting the lowest risk and simvastatin exhibiting a higher risk of muscle injury,
especially at 80 mg/day dose, as shown in the SEARCH trial that was the basis of the FDA
restriction of this dose of simvastatin [64, 70, 75]. The major predisposing factor for statin-
induced myopathy injury includes hypothyroidism, obstructive liver disease, and renal
failure; these contribute to both hypercholesterolemia and myopathy. Thus, it is important to
test for thyroid-stimulating hormone (TSH) levels prior to starting statins [76].

Other notable side effects include proteinuria that has been reported to the Food and Drug
Administration with rosuvastatin and simvastatin, but no increased risk of renal failure has
been described [77–79]. In addition, there have been several meta-analyses of randomized trials
that found a small, yet increased risk of diabetes with high-dose statin therapy when compared
to lower-dose statin therapies, possibly related directly to its inhibition of HMG-CoA reduc-
tase [80]. However, given that statins have been shown to reduce CV events in diabetics, these
studies have suggested that the beneficial effects of statins on CV events outweigh this risk [80,
81].

Despite physicians in practice witnessing the discontinuation of statins due to “intolerance,”
randomized control trials have failed to validate this finding. The difference between clinical
practice and trials may relate to selection bias observed in clinical trials that limit their external
validity [66, 82]. Intolerance is largely seen on the basis of muscle pain, leading to discontin-
uation of therapy. Another cause of intolerance is a rise in aminotransferases, which usually
requires statins dose reduction, switch to another statin, or using an alternate drug. In patients,
who are unable to tolerate statins, ezetimibe, fenofibrate, cholestyramine, and niacin have been
recommended for those with known coronary heart disease (CHD) or at high-risk CV events
(10-year risk >20%) [33]. Another option is the recently FDA-approved proprotein convertase
subtilisin kexin type 9 (PCSK9) inhibitors.

2.2. PCSK9 inhibitors

PCSK9 is a serine protease that is mainly secreted by the liver in an inactive form, before
undergoing catalytic changes in the endoplasmic reticulum. The mature PCSK9 is then
released into the plasma where it has only one substrate, LDL receptors. Once in circulation,
it regulates the LDL receptor recycling in the liver, intestines, pancreas, lungs, kidneys, and
adipose tissue [83, 84]. PCSK9 binding to LDL receptors causes it to be internalized into
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endosomal or lysosomal compartments, where they are destroyed. This leads to a decrease in
LDL receptors on the surface of the cell. It has therefore been shown that serum PCSK9 levels
are inversely proportional to the number of LDL receptors (see Figure 3) [85, 86]. Blood levels
of PCSK9 are influenced by the diurnal trend in secretion (peak levels at 4 am), gender (higher
in females), and fasting states (lower levels) [87, 88]. A mutation in PCSK9 was first described
in French families in 2003. It is the third gene implicated in the autosomal dominant familial
hypercholesterolemia (FH); the other two genes encode LDL receptor and Apo-B, a component
of the LDL particle [89]. It is usually a gain-of-function mutation in PCSK9 that results in a low
level of LDL receptors leading to a high level of LDL and consequently increased risk of
premature CV disease [90, 91]. On the other hand, loss-of-function PCSK9 mutations result in
high level of LDL receptors, and a decrease in LDL and significant reduction in CV events. Of
note, the reduction of CV events observed with PCSK9 mutation is higher than that associated
with statins. This difference is attributed to the persistently low LDL levels caused by the
underlying genetic predisposition. This was demonstrated in the ARIC study, Copenhagen
Heart Study, and the Zimbabwe population study [92–94].

Figure 3. Mechanisms of PCSK9 inhibitors. Secreted PCSK9 binds to LDL receptors on the cell surface and forms an
endosome that undergoes lysosomal degradation. In the presence of PCSK9 inhibitors, the interaction between PCSK9
and LDL receptors is disrupted, resulting in the recycling of LDL receptors and increased hepatic uptake of LDL from
the bloodstream. Abbreviations: LDL, low-density lipoprotein cholesterol; PCSK9, proprotein convertase subtilisin kexin
9.

Statins have been described to increase the concentration of PCSK9 inhibitors by 14–47% in a
dose- and time-dependent fashion. This is via a decrease in endogenous cholesterol synthesis
caused by statin inhibition of HMG-CoA reductase with consequent up-regulation in LDL
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receptors. It has therefore been demonstrated that a PCSK9 mutation increases the response
to statins [95–98]. Neutralizing antibodies to PCSK9 were first described in 2009, and in
subsequent studies it was shown to decrease LDL levels by 30% in animal models [99].

Although statins are the most effective cholesterol-lowering agents for preventing CV events,
there is a need for additional therapies in those patients who are (1) unable to take statins or
(2) already on maximal statin doses with residual CV risk. The National Lipid Association in
the US estimates that about 12% of patients discontinue statin therapy, of whom 62% experi-
enced adverse effects [100]. These data signal the need for alternative effective agents, such as
PCSK9 inhibitors, to be used with or instead of statins. As monotherapy, PCSK9 inhibitors
lower LDL by up to approximately 66% [101]. In conjunction with statins, PCSK9 inhibitors
reduce LDL by an additional 60% beyond statins [102]. Examples of monoclonal antibody
PCSK9 inhibitors available in the market include evolocumab and alirocumab. Phase I, II, and
III clinical trials have shown an additional decrease in LDL levels with the use of PCSK-9
inhibitors (monoclonal antibodies) in combination with statin therapy, as well as a significant
decrease in CV events including mortality (hazard ratio (HR): 0.47–0.52) [2, 3]. Other PCSK9
inhibitors include the small interfering RNA (siRNA) molecules that block the synthesis of
PCSK9 inhibitors and have been shown to decrease LDL by 40% in a phase I clinical trial when
used at the highest dose compared to placebo [103].

Regarding their side effects, there were no significant differences in the incidence of adverse
drug events between PCSK9 inhibitors (alirocumab, evolocumab) and placebo in the latest
phase III trials, except for neurocognitive events, myalgia, injection site reactions, and oph-
thalmologic events [2, 3]. A major concern with PCSK9 inhibitors revolves around their cost
and the very low LDL levels achieved (as low as 18 mg/dL compared to 44 mg/dL with
rosuvastatin in the JUPITER study). Potential short- and long-term consequences of very low
LDL levels include neurocognitive impairment, hemorrhagic stroke, hemolytic anemia,
vitamin, and hormonal deficiencies [21, 104].

2.3. Ezetimibe

Ezetimibe inhibits the intestinal absorption of dietary and biliary cholesterol without affecting
the absorption of fat-soluble vitamins or TG [105]. This possibly occurs by the inhibition of
Niemann-Pick C1-like 1 (NPC1L1) protein function that is expressed in the intestines and liver
[106]. The benefits of ezetimibe were demonstrated in the IMPROVE-IT trial where the addition
of ezetimibe to statin therapy led to a decrease in CV events, excluding all-cause and CV
mortality [54]. Ezetimibe is helpful in avoiding high doses of statin and the associated dose-
dependent statin side effects, especially in patients who do not meet cholesterol targets. It has
been well tolerated with the incidence of myopathy and serum transaminase elevations being
similar when compared to placebo [54].

2.4. Bile acid sequestrants

Bile acid sequestrants, such as cholestyramine, colesevelam, and colestipol, lower cholesterol
by binding to bile acids in the intestine preventing them from being reabsorbed [107]. The
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consequent decrease in intrahepatic cholesterol leads to an increase in LDL receptors that bind
LDL from plasma with consequent small increase in HDL via increased intestinal synthesis of
HDL [108]. They are relatively potent and exhibit a dose-dependent response achieving 10–
25% reduction in LDL, exhibiting a synergistic effect when used with statins or niacin [55, 109,
110].

Major side effects have limited its overall use. Those described include abdominal discomfort
with nausea, bloating, cramping, and rise in aminotransferases. Of the bile acid sequestrants,
colesevelam is the better-tolerated drug. They also interact with common CV medications
(warfarin and digoxin) by binding and inhibiting their absorption. This can be avoided by
administering the other medications 1 h before or 4 h after ingestion of bile acid sequestrants
[107].

2.5. Fibrates

Fibrates include gemfibrozil and fenofibrate [111]. The mechanism of action of fibrates is via
activation of transcription factor, peroxisome proliferator-activated receptors (PPARs). It
decreases TG via reduction in hepatic VLDL secretion, and stimulation of lipoprotein lipase
that consequently leads to increased clearance of TG-rich lipoproteins. It also raises HDL by
direct stimulation of HDL Apolipoprotein A-I/A-II synthesis and increased transfer of Apo A-
I from HDL to VLDL [112].

This class of drugs lowers serum TG by 35–50%, and have also been shown to increase HDL
by 5–20% directly proportional to the degree of hypertriglyceridemia [113–115]. Fibrates have
not demonstrated any significant effect on cardiovascular outcomes, as seen in the FIELD trial
[115], except in those with high TG (>200 mg/dL) or low HDL (<40 mg/dL) and metabolic
syndrome, as was seen in the BIP trial [116].

The main side effect associated with fibrates is muscle injury. Muscle injury is often seen in
patients who are already on a statin, and is thought to be mediated by fibrate-related inhibition
of CYP3A4 with consequent decrease in statin metabolism [117]. Fibrates have also been shown
to raise serum creatinine levels, but it remains unknown if there is direct parenchymal or
tubular renal injury. Nevertheless, elevated creatinine has been found to be reversible on
discontinuation of the medication, as was demonstrated in the FIELD trial [118]. Another
noteworthy side effect is pancreatitis, which has been seen in patients with normal TG.
However, the absolute risk remains low (number needed to harm over 5 years = 935) [119].

2.6. Nicotinic acid (niacin)

Nicotinic acid acts by inhibiting the hepatic production of VLDL and consequently decreasing
LDL. It also increases HDL by reducing lipid transfer from HDL to VLDL, thus delaying HDL
clearance [120]. This class of drugs has positive effects on HDL that occurs at relatively low
dosages (1–1.5 g/day result in about 33% increase in HDL). Higher nicotinic acid doses are
needed to lower LDL (3 g/day results in about 23% LDL decrease) [121, 122]. This class of drugs
is also associated with a significant reduction of MACE in the HATS trial and ARBITER 6-
HALTS trial when niacin was added to statin therapy [123, 124]. Contrary to these studies, the
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AIM-HIGH, ARBITER-2, and HPS2-THRIVE trials found no significant benefit of adding
niacin to statin therapy [125–127].

Unfortunately, its use is limited by poor tolerability. The most common side effect is flushing,
which occurs in the majority (up to 80%) of patients at standard recommended doses. Other
notable side effects include paresthesia, pruritis, and nausea, each of which occurs in 20% of
patients at standard doses [120].

3. Lifestyle modification

All patients with an elevated LDL should be advised to attempt and undergo for therapeutic
lifestyle changes. Therapeutic lifestyle changes involve weight loss (even in those who are only
slightly overweight), exercise, and improvement in diet. Numerous studies have investigated
and demonstrated the benefits of lifestyle modification. In the United Kingdom Lipid Clinics
Program study, 2508 subjects who underwent diet modification experienced a 5–7% reduction
in serum total and LDL cholesterol [128]. In the Lifestyle Heart Trial, 53 patients were random-
ized to either control diet (National Cholesterol Education Program-NCEP step 2 diet) or
vegetarian therapy with exercise and relaxation therapy (intervention group). After 5 years of
follow-up, the intervention group demonstrated a decrease in CV events (0.89 vs 2.25 events
per patient) [129]. In the Lyon Diet Heart Study, 605 patients were randomized after a first
myocardial infarction to either a Mediterranean diet or a control diet. After 4 years of follow-
up, the Mediterranean diet group demonstrated lower rates of death and myocardial infarc-
tion [130].

4. Other potential therapy options

Statins are the preferred therapy for most patients with dyslipidemia, especially those with
elevated total cholesterol and LDL cholesterol. However, in patients on maximal tolerated
statin dose with a persistently elevated LDL, other therapies may be considered. These include
niacin, bile acid sequestrants, and ezetimibe. Not uncommonly, these additional agents may
not be sufficient to “normalize” abnormal cholesterol profiles, especially in patients with severe
hypercholesterolemia and familial cholesterol diseases. Therapeutic options in this group of
patients, who remain “at risk” for CV events, include LDL apheresis, lomitapide, surgical
options, and gene therapy. Preferably, this cohort of patients should be managed by a specialist.

4.1. LDL apheresis

LDL apheresis is a procedure that involves extracorporeal removal of circulating Apo B-
containing lipoprotein (e.g., LDL, VLDL, and lipoprotein-a). Regimens include weekly or
biweekly depending on the rate LDL returns to baseline after therapy [131].

The National Lipid Associated Expert Panel on familial hypercholesterolemia recommended
LDL apheresis in those with FH if LDL targets are not achieved with maximal tolerated medical
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therapy. These targets include LDL of ≥300 mg/dL in those with functional homozygous or
heterozygous FH, LDL of ≥200 mg/dL in those with functional heterozygous FH, and ≥2 risk
factors or high lipoprotein-a (≥50 mg/dL), or LDL of ≥160 mg/dL in those established CAD, CV
disease, or diabetes [132]. In the absence of statin therapy, LDL apheresis lowers LDL by 50–
75% acutely, by 30% after 6 months, and 38% after 18 months [133]. There are numerous studies
showing benefit in outcomes such as myocardial infarction and reduction in arterial inflam-
mation, but none have shown a survival benefit [134, 135]. Limitations to using LDL apheresis
include patient burden, problems related to venous access, frequent long visits, and high costs
[136].

4.2. Lomitapide

Lomitapide is a microsomal TG transfer protein inhibitor which inhibits the transfer of TG to
Apo-B for the production of VLDL in the liver. However, lomitapide is metabolized by CYP3A4
and is also an inhibitor of CYP 3A4 and P-glycoprotein leading to numerous drug interactions.
It was FDA approved in 2012 for use in patients with homozygous FH. It is used in addition
to standard therapy, as well as other therapies such as LDL apheresis or liver transplantation.
It has been shown to significantly decrease LDL (up to 50%) in a phase 3, open-label, non-
randomized, dose-escalating study [137].

4.3. Mipomersen

Mipomersen is an injected antisense oligonucleotide that inhibits the production of Apo-B.
Mipomersen binds to the Apo-B mRNA, affects Apo-B production, and consequently reduces
the levels of LDL, VLDL, and intermediate dense lipoprotein. It has been approved by FDA in
2013 for use in homozygous FH patients; however, it is not approved in Europe. It has been
shown that mipomersen can significantly decrease LDL in those patients with homozygous
FH (up to 25%) [138]. Similar findings were found in studies involving other populations,
including those with heterozygous FH and have CAD, statin intolerant, and at high risk of CV
disease, and in those without FH who have or are at high risk of CVD [139–143].

4.4. Cholesteryl ester transfer protein inhibitors

Cholesteryl ester transfer protein (CETP) inhibitors, such as anacetrapib, have shown to
significantly increase in HDL and lower LDL; however, there are no studies showing clinical
benefit. In fact, in the REALIZE trial, despite a significant reduction in LDL in the intervention
group compared to placebo, there was a significant increase in CV events, hence limiting its
clinical use [144].

4.5. Anti-resistin antibodies

Anti-resistin antibodies inhibit resistin function, an adipokine (protein derived from adipose
tissue) that is increased in obese individuals and positively correlated with atherosclerosis. In
in vitro studies, resistin can decrease LDL receptor expression and increase PCSK9 expression.
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By using anti-resistin antibodies, studies have shown an increase in LDL receptors in obese
individuals [145].

4.6. Small molecule regulator of lipid metabolism

ETC-1002 is a small molecule regulator of carbohydrate and lipid metabolism. In a study of
177 subjects with LDL between 130 and 220 mg/dL not on statin therapy, patients were
randomized to ETC-1002 (one of three different doses) or placebo. After 12 weeks of follow-
up, treated subjects at the highest dose demonstrated a 27% decrease in LDL. There were no
changes in TG or HDL. ETC-1002 also demonstrated a limited side effect profile [146, 147].

4.7. Recombinant Apo-A-I milano

Apo-A-I milano is a variant of the Apolipoprotein A-I (Apo-A-I). This variant leads to rapid
mobilization of cholesterol with rapid regression of atherosclerosis. Subjects with Apo-A-I
Milano have very low levels of HDL (10–30 mg/dL), longer survival, and reduced atheroscle-
rosis compared to what is expected for their HDL levels [148]. Infusion of recombinant Apo-
A-I milano (ETC-216) in an RCT was shown to lead to a significant regression of coronary
atherosclerosis [149].

4.8. Lipoprotein-associated phospholipase A2

Lipoprotein-associated phospholipase A2 is also known as platelet-activating factor acetylhy-
drolase. It is a protein with pro-inflammatory properties that co-travels with circulating LDL
particles and is found abundantly in atherosclerotic plaques [150]. Lipoprotein-associated
phospholipase A2 has been shown in a meta-analysis to significantly increase CHD and is an
independent predictor of CHD and ischemic stroke [151]. However, in a large phase III
randomized control trial (STABILITY trial), the lipoprotein-associated phospholipase A2

inhibitor, darapladib, failed to show any CV benefit [152].

5. Conclusion

Over the last several years, the role of cholesterol-lowering agents in reducing cardiovascular
disease and mortality has been further established. Statin therapy remains the cornerstone of
lipid-lowering therapy; however, in patients already on maximal dose of statins or intolerant
to statins with residual CV risk, other options are also available. As evidenced by the recent
bench to bedside development of a new drug class (PCSK9), the emergence of drugs to
specifically target a population, in this case, familial hypercholesterolemia, the national call
for precision medicine is on the horizon. By continuing to scientifically probe biologic mech-
anisms in preclinical models related to cholesterol perturbation, drug development and
translation to human clinical studies marks a bright and promising future.

Cholesterol Lowering Therapies and Drugs92



By using anti-resistin antibodies, studies have shown an increase in LDL receptors in obese
individuals [145].

4.6. Small molecule regulator of lipid metabolism

ETC-1002 is a small molecule regulator of carbohydrate and lipid metabolism. In a study of
177 subjects with LDL between 130 and 220 mg/dL not on statin therapy, patients were
randomized to ETC-1002 (one of three different doses) or placebo. After 12 weeks of follow-
up, treated subjects at the highest dose demonstrated a 27% decrease in LDL. There were no
changes in TG or HDL. ETC-1002 also demonstrated a limited side effect profile [146, 147].

4.7. Recombinant Apo-A-I milano

Apo-A-I milano is a variant of the Apolipoprotein A-I (Apo-A-I). This variant leads to rapid
mobilization of cholesterol with rapid regression of atherosclerosis. Subjects with Apo-A-I
Milano have very low levels of HDL (10–30 mg/dL), longer survival, and reduced atheroscle-
rosis compared to what is expected for their HDL levels [148]. Infusion of recombinant Apo-
A-I milano (ETC-216) in an RCT was shown to lead to a significant regression of coronary
atherosclerosis [149].

4.8. Lipoprotein-associated phospholipase A2

Lipoprotein-associated phospholipase A2 is also known as platelet-activating factor acetylhy-
drolase. It is a protein with pro-inflammatory properties that co-travels with circulating LDL
particles and is found abundantly in atherosclerotic plaques [150]. Lipoprotein-associated
phospholipase A2 has been shown in a meta-analysis to significantly increase CHD and is an
independent predictor of CHD and ischemic stroke [151]. However, in a large phase III
randomized control trial (STABILITY trial), the lipoprotein-associated phospholipase A2

inhibitor, darapladib, failed to show any CV benefit [152].

5. Conclusion

Over the last several years, the role of cholesterol-lowering agents in reducing cardiovascular
disease and mortality has been further established. Statin therapy remains the cornerstone of
lipid-lowering therapy; however, in patients already on maximal dose of statins or intolerant
to statins with residual CV risk, other options are also available. As evidenced by the recent
bench to bedside development of a new drug class (PCSK9), the emergence of drugs to
specifically target a population, in this case, familial hypercholesterolemia, the national call
for precision medicine is on the horizon. By continuing to scientifically probe biologic mech-
anisms in preclinical models related to cholesterol perturbation, drug development and
translation to human clinical studies marks a bright and promising future.

Cholesterol Lowering Therapies and Drugs92

Conflicts of interest

None.

Author details

Zaid Almarzooq and Parmanand Singh*

*Address all correspondence to: pas9062@med.cornell.edu

Weill Cornell Medical College, New York Presbyterian Hospital, New York, NY, USA

References

[1] Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Borden WB, et al. Heart disease
and stroke statistics—2013 update: a report from the American Heart Association.
Circulation. 2013;127(1):e6.

[2] Sabatine MS, Giugliano RP, Wiviott SD, Raal FJ, Blom DJ, Robinson J, et al. Efficacy and
safety of evolocumab in reducing lipids and cardiovascular events. N Engl J Med.
2015;372(16):1500–9.

[3] Robinson JG, Farnier M, Krempf M, Bergeron J, Luc G, Averna M, et al. Efficacy and
safety of alirocumab in reducing lipids and cardiovascular events. N Engl J Med.
2015;372(16):1489–99.

[4] Expert Panel on Detection E. Executive summary of the Third Report of the National
Cholesterol Education Program (NCEP) expert panel on detection, evaluation, and
treatment of high blood cholesterol in adults (Adult Treatment Panel III). JAMA.
2001;285(19):2486.

[5] Salonen R, Nyyssönen K, Porkkala-Sarataho E, Salonen JT. The Kuopio Atherosclerosis
Prevention Study (KAPS): effect of pravastatin treatment on lipids, oxidation resistance
of lipoproteins, and atherosclerotic progression. Am J Cardiol. 1995;76(9):34C–9C.

[6] Jukema JW, Bruschke AV, van Boven AJ, Reiber JH, Bal ET, Zwinderman AH, et al.
Effects of lipid lowering by pravastatin on progression and regression of coronary
artery disease in symptomatic men with normal to moderately elevated serum
cholesterol levels. The Regression Growth Evaluation Statin Study (REGRESS).
Circulation. 1995;91(10):2528–40.

[7] Schartl M, Bocksch W, Koschyk DH, Voelker W, Karsch KR, Kreuzer J, et al. Use of
intravascular ultrasound to compare effects of different strategies of lipid-lowering

Cholesterol-Lowering Drugs and Therapies in Cardiovascular Disease
http://dx.doi.org/10.5772/64762

93



therapy on plaque volume and composition in patients with coronary artery disease.
Circulation. 2001;104(4):387–92.

[8] Nissen SE, Tuzcu EM, Schoenhagen P, Brown BG, Ganz P, Vogel RA, et al. Effect of
intensive compared with moderate lipid-lowering therapy on progression of coronary
atherosclerosis: a randomized controlled trial. JAMA. 2004;291(9):1071–80.

[9] Lee JM, Robson MD, Yu LM, Shirodaria CC, Cunnington C, Kylintireas I, et al. Effects
of high-dose modified-release nicotinic acid on atherosclerosis and vascular function:
a randomized, placebo-controlled, magnetic resonance imaging study. J Am Coll
Cardiol. 2009;54(19):1787–94.

[10] Mihaylova B, Emberson J, Blackwell L, Keech A, Simes J, Barnes EH, et al. The effects
of lowering LDL cholesterol with statin therapy in people at low risk of vascular disease:
meta-analysis of individual data from 27 randomised trials. Lancet. 2012;380(9841):581–
90.

[11] Genest J. Lipoprotein disorders and cardiovascular risk. J Inherit Metab Dis. 2003;26(2–
3):267–87.

[12] Goldstein JL, Brown MS. The LDL receptor. Arterioscler Thromb Vasc Biol. 2009;29(4):
431–8.

[13] Pekkanen J, Linn S, Heiss G, Suchindran CM, Leon A, Rifkind BM, et al. Ten-year
mortality from cardiovascular disease in relation to cholesterol level among men with
and without preexisting cardiovascular disease. N Engl J Med. 1990;322(24):1700–7.

[14] Collaboration PS. Blood cholesterol and vascular mortality by age, sex, and blood
pressure: a meta-analysis of individual data from 61 prospective studies with 55 000
vascular deaths. Lancet. 2007;370(9602):1829–39.

[15] Pencina MJ, Navar-Boggan AM, D'Agostino RB, Sr., Williams K, Neely B, Sniderman
AD, et al. Application of new cholesterol guidelines to a population-based sample. N
Engl J Med. 2014;370(15):1422–31.

[16] Panel NCEPNE. Third Report of the National Cholesterol Education Program (NCEP)
Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in
Adults (Adult Treatment Panel III) final report. Circulation. 2002;106(25):3143.

[17] Hayward RA, Krumholz HM. Three reasons to abandon low-density lipoprotein
targets: an open letter to the Adult Treatment Panel IV of the National Institutes of
Health. Circ Cardiovasc Qual Outcomes. 2012;5(1):2–5.

[18] Ray KK, Kastelein JJ, Boekholdt SM, Nicholls SJ, Khaw KT, Ballantyne CM, et al. The
ACC/AHA 2013 guideline on the treatment of blood cholesterol to reduce atheroscler-
otic cardiovascular disease risk in adults: the good the bad and the uncertain: a
comparison with ESC/EAS guidelines for the management of dyslipidaemias 2011. Eur
Heart J. 2014;35(15):960–8.

Cholesterol Lowering Therapies and Drugs94



therapy on plaque volume and composition in patients with coronary artery disease.
Circulation. 2001;104(4):387–92.

[8] Nissen SE, Tuzcu EM, Schoenhagen P, Brown BG, Ganz P, Vogel RA, et al. Effect of
intensive compared with moderate lipid-lowering therapy on progression of coronary
atherosclerosis: a randomized controlled trial. JAMA. 2004;291(9):1071–80.

[9] Lee JM, Robson MD, Yu LM, Shirodaria CC, Cunnington C, Kylintireas I, et al. Effects
of high-dose modified-release nicotinic acid on atherosclerosis and vascular function:
a randomized, placebo-controlled, magnetic resonance imaging study. J Am Coll
Cardiol. 2009;54(19):1787–94.

[10] Mihaylova B, Emberson J, Blackwell L, Keech A, Simes J, Barnes EH, et al. The effects
of lowering LDL cholesterol with statin therapy in people at low risk of vascular disease:
meta-analysis of individual data from 27 randomised trials. Lancet. 2012;380(9841):581–
90.

[11] Genest J. Lipoprotein disorders and cardiovascular risk. J Inherit Metab Dis. 2003;26(2–
3):267–87.

[12] Goldstein JL, Brown MS. The LDL receptor. Arterioscler Thromb Vasc Biol. 2009;29(4):
431–8.

[13] Pekkanen J, Linn S, Heiss G, Suchindran CM, Leon A, Rifkind BM, et al. Ten-year
mortality from cardiovascular disease in relation to cholesterol level among men with
and without preexisting cardiovascular disease. N Engl J Med. 1990;322(24):1700–7.

[14] Collaboration PS. Blood cholesterol and vascular mortality by age, sex, and blood
pressure: a meta-analysis of individual data from 61 prospective studies with 55 000
vascular deaths. Lancet. 2007;370(9602):1829–39.

[15] Pencina MJ, Navar-Boggan AM, D'Agostino RB, Sr., Williams K, Neely B, Sniderman
AD, et al. Application of new cholesterol guidelines to a population-based sample. N
Engl J Med. 2014;370(15):1422–31.

[16] Panel NCEPNE. Third Report of the National Cholesterol Education Program (NCEP)
Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in
Adults (Adult Treatment Panel III) final report. Circulation. 2002;106(25):3143.

[17] Hayward RA, Krumholz HM. Three reasons to abandon low-density lipoprotein
targets: an open letter to the Adult Treatment Panel IV of the National Institutes of
Health. Circ Cardiovasc Qual Outcomes. 2012;5(1):2–5.

[18] Ray KK, Kastelein JJ, Boekholdt SM, Nicholls SJ, Khaw KT, Ballantyne CM, et al. The
ACC/AHA 2013 guideline on the treatment of blood cholesterol to reduce atheroscler-
otic cardiovascular disease risk in adults: the good the bad and the uncertain: a
comparison with ESC/EAS guidelines for the management of dyslipidaemias 2011. Eur
Heart J. 2014;35(15):960–8.

Cholesterol Lowering Therapies and Drugs94

[19] Bu DX, Griffin G, Lichtman AH. Mechanisms for the anti-inflammatory effects of
statins. Curr Opin Lipidol. 2011;22(3):165–70.

[20] Glynn RJ, Koenig W, Nordestgaard BG, Shepherd J, Ridker PM. Rosuvastatin for
primary prevention in older persons with elevated C-reactive protein and low to
average low-density lipoprotein cholesterol levels: exploratory analysis of a random-
ized trial. Ann Intern Med. 2010;152(8):488–96, W174.

[21] Hsia J, MacFadyen JG, Monyak J, Ridker PM. Cardiovascular event reduction and
adverse events among subjects attaining low-density lipoprotein cholesterol< 50 mg/dl
with rosuvastatin: the JUPITER trial (Justification for the Use of Statins in Prevention:
an Intervention Trial Evaluating Rosuvastatin). J Am Coll Cardiol. 2011;57(16):1666–75.

[22] Nissen SE, Tuzcu EM, Schoenhagen P, Crowe T, Sasiela WJ, Tsai J, et al. Statin therapy,
LDL cholesterol, C-reactive protein, and coronary artery disease. N Engl J Med.
2005;352(1):29–38.

[23] Puri R, Nissen SE, Libby P, Shao M, Ballantyne CM, Barter PJ, et al. C-reactive protein,
but not low-density lipoprotein cholesterol levels, associate with coronary atheroma
regression and cardiovascular events following maximally intensive statin therapy.
Circulation. 2013:CIRCULATIONAHA. 113.004243.

[24] Varbo A, Benn M, Tybjaerg-Hansen A, Nordestgaard BG. Elevated remnant cholesterol
causes both low-grade inflammation and ischemic heart disease, whereas elevated low-
density lipoprotein cholesterol causes ischemic heart disease without inflammation.
Circulation. 2013;128(12):1298–309.

[25] Collins R, Armitage J, Parish S, Sleight P, Peto R, Collaboration HPS. MRC/BHF Heart
Protection Study of cholesterol lowering with simvastatin in 20 536 high-risk individ-
uals: a randomised placebo controlled trial. Lancet. 2002;360(9326):7–22.

[26] Colhoun HM, Betteridge DJ, Durrington PN, Hitman GA, Neil HA, Livingstone SJ, et
al. Primary prevention of cardiovascular disease with atorvastatin in type 2 diabetes in
the Collaborative Atorvastatin Diabetes Study (CARDS): multicentre randomised
placebo-controlled trial. Lancet. 2004;364(9435):685–96.

[27] Nakamura H, Arakawa K, Itakura H, Kitabatake A, Goto Y, Toyota T, et al. Primary
prevention of cardiovascular disease with pravastatin in Japan (MEGA Study): a
prospective randomised controlled trial. Lancet. 2006;368(9542):1155–63.

[28] Group SSSS. Randomised trial of cholesterol lowering in 4444 patients with coronary
heart disease: the Scandinavian Simvastatin Survival Study (4S). Lancet.
1994;344(8934):1383–9.

[29] Marschner IC, Colquhoun D, Simes RJ, Glasziou P, Harris P, Singh BB, et al. Long-term
risk stratification for survivors of acute coronary syndromes. Results from the Long-
term Intervention with Pravastatin in Ischemic Disease (LIPID) Study. LIPID Study
Investigators. J Am Coll Cardiol. 2001;38(1):56–63.

Cholesterol-Lowering Drugs and Therapies in Cardiovascular Disease
http://dx.doi.org/10.5772/64762

95



[30] Schwartz GG, Olsson AG, Ezekowitz MD, Ganz P, Oliver MF, Waters D, et al. Effects of
atorvastatin on early recurrent ischemic events in acute coronary syndromes: the
MIRACL study: a randomized controlled trial. JAMA. 2001;285(13):1711–8.

[31] LaRosa JC, He J, Vupputuri S. Effect of statins on risk of coronary disease: a meta-
analysis of randomized controlled trials. JAMA. 1999;282(24):2340–6.

[32] Cannon CP, Braunwald E, McCabe CH, Rader DJ, Rouleau JL, Belder R, et al. Intensive
versus moderate lipid lowering with statins after acute coronary syndromes. N Engl J
Med. 2004;350(15):1495–504.

[33] Navarese EP, Kolodziejczak M, Schulze V, Gurbel PA, Tantry U, Lin Y, et al. Effects of
proprotein convertase subtilisin/kexin type 9 antibodies in adults with hypercholes-
terolemia: a systematic review and meta-analysis. Ann Intern Med. 2015;163(1):40–51.

[34] D’Agostino RB, Vasan RS, Pencina MJ, Wolf PA, Cobain M, Massaro JM, et al. General
cardiovascular risk profile for use in primary care the Framingham Heart Study.
Circulation. 2008;117(6):743–53.

[35] Muntner P, Colantonio LD, Cushman M, Goff DC, Jr., Howard G, Howard VJ, et al.
Validation of the atherosclerotic cardiovascular disease pooled cohort risk equations.
JAMA. 2014;311(14):1406–15.

[36] Board JBS. Joint British Societies' consensus recommendations for the prevention of
cardiovascular disease (JBS3). Heart. 2014;100(Suppl 2):ii1–67.

[37] Stevens RJ, Kothari V, Adler AI, Stratton IM, United Kingdom Prospective Diabetes
Study G. The UKPDS risk engine: a model for the risk of coronary heart disease in type
II diabetes (UKPDS 56). Clin Sci (Lond). 2001;101(6):671–9.

[38] Pandya A, Sy S, Cho S, Weinstein MC, Gaziano TA. Cost-effectiveness of 10-year risk
thresholds for initiation of statin therapy for primary prevention of cardiovascular
disease. JAMA. 2015;314(2):142–50.

[39] Grundy SM, Cleeman JI, Rifkind BM, Kuller LH. Cholesterol lowering in the elderly
population. Coordinating Committee of the National Cholesterol Education Program.
Arch Intern Med. 1999;159(15):1670–8.

[40] Miettinen TA, Pyorala K, Olsson AG, Musliner TA, Cook TJ, Faergeman O, et al.
Cholesterol-lowering therapy in women and elderly patients with myocardial infarc-
tion or angina pectoris: findings from the Scandinavian Simvastatin Survival Study (4S).
Circulation. 1997;96(12):4211–8.

[41] LaRosa JC, Grundy SM, Waters DD, Shear C, Barter P, Fruchart JC, et al. Intensive lipid
lowering with atorvastatin in patients with stable coronary disease. N Engl J Med.
2005;352(14):1425–35.

[42] Istvan ES, Deisenhofer J. Structural mechanism for statin inhibition of HMG-CoA
reductase. Science. 2001;292(5519):1160–4.

Cholesterol Lowering Therapies and Drugs96



[30] Schwartz GG, Olsson AG, Ezekowitz MD, Ganz P, Oliver MF, Waters D, et al. Effects of
atorvastatin on early recurrent ischemic events in acute coronary syndromes: the
MIRACL study: a randomized controlled trial. JAMA. 2001;285(13):1711–8.

[31] LaRosa JC, He J, Vupputuri S. Effect of statins on risk of coronary disease: a meta-
analysis of randomized controlled trials. JAMA. 1999;282(24):2340–6.

[32] Cannon CP, Braunwald E, McCabe CH, Rader DJ, Rouleau JL, Belder R, et al. Intensive
versus moderate lipid lowering with statins after acute coronary syndromes. N Engl J
Med. 2004;350(15):1495–504.

[33] Navarese EP, Kolodziejczak M, Schulze V, Gurbel PA, Tantry U, Lin Y, et al. Effects of
proprotein convertase subtilisin/kexin type 9 antibodies in adults with hypercholes-
terolemia: a systematic review and meta-analysis. Ann Intern Med. 2015;163(1):40–51.

[34] D’Agostino RB, Vasan RS, Pencina MJ, Wolf PA, Cobain M, Massaro JM, et al. General
cardiovascular risk profile for use in primary care the Framingham Heart Study.
Circulation. 2008;117(6):743–53.

[35] Muntner P, Colantonio LD, Cushman M, Goff DC, Jr., Howard G, Howard VJ, et al.
Validation of the atherosclerotic cardiovascular disease pooled cohort risk equations.
JAMA. 2014;311(14):1406–15.

[36] Board JBS. Joint British Societies' consensus recommendations for the prevention of
cardiovascular disease (JBS3). Heart. 2014;100(Suppl 2):ii1–67.

[37] Stevens RJ, Kothari V, Adler AI, Stratton IM, United Kingdom Prospective Diabetes
Study G. The UKPDS risk engine: a model for the risk of coronary heart disease in type
II diabetes (UKPDS 56). Clin Sci (Lond). 2001;101(6):671–9.

[38] Pandya A, Sy S, Cho S, Weinstein MC, Gaziano TA. Cost-effectiveness of 10-year risk
thresholds for initiation of statin therapy for primary prevention of cardiovascular
disease. JAMA. 2015;314(2):142–50.

[39] Grundy SM, Cleeman JI, Rifkind BM, Kuller LH. Cholesterol lowering in the elderly
population. Coordinating Committee of the National Cholesterol Education Program.
Arch Intern Med. 1999;159(15):1670–8.

[40] Miettinen TA, Pyorala K, Olsson AG, Musliner TA, Cook TJ, Faergeman O, et al.
Cholesterol-lowering therapy in women and elderly patients with myocardial infarc-
tion or angina pectoris: findings from the Scandinavian Simvastatin Survival Study (4S).
Circulation. 1997;96(12):4211–8.

[41] LaRosa JC, Grundy SM, Waters DD, Shear C, Barter P, Fruchart JC, et al. Intensive lipid
lowering with atorvastatin in patients with stable coronary disease. N Engl J Med.
2005;352(14):1425–35.

[42] Istvan ES, Deisenhofer J. Structural mechanism for statin inhibition of HMG-CoA
reductase. Science. 2001;292(5519):1160–4.

Cholesterol Lowering Therapies and Drugs96

[43] Haslinger-Löffler B. Multiple effects of HMG-CoA reductase inhibitors (statins) besides
their lipid-lowering function. Kidney Int. 2008;74(5):553–5.

[44] Ness GC, Zhao Z, Lopez D. Inhibitors of cholesterol biosynthesis increase hepatic low-
density lipoprotein receptor protein degradation. Arch Biochem Biophys. 1996;325(2):
242–8.

[45] Ness GC, Chambers CM, Lopez D. Atorvastatin action involves diminished recovery
of hepatic HMG-CoA reductase activity. J Lipid Res. 1998;39(1):75–84.

[46] Arad Y, Ramakrishnan R, Ginsberg HN. Lovastatin therapy reduces low density
lipoprotein ApoB levels in subjects with combined hyperlipidemia by reducing the
production of ApoB-containing lipoproteins: implications for the pathophysiology of
ApoB production. J Lipid Res. 1990;31(4):567–82.

[47] Niesor EJ, Schwartz GG, Perez A, Stauffer A, Durrwell A, Bucklar-Suchankova G, et al.
Statin-induced decrease in ATP-binding cassette transporter A1 expression via
microRNA33 induction may counteract cholesterol efflux to high-density lipoprotein.
Cardiovasc Drugs Ther. 2015;29(1):7–14.

[48] Davignon J, Ganz P. Role of endothelial dysfunction in atherosclerosis. Circulation.
2004;109(23 Suppl 1):III27–32.

[49] Rosenson RS, Otvos JD, Hsia J. Effects of rosuvastatin and atorvastatin on LDL and
HDL particle concentrations in patients with metabolic syndrome: a randomized,
double-blind, controlled study. Diabetes Care. 2009;32(6):1087–91.

[50] Otvos JD, Shalaurova I, Freedman DS, Rosenson RS. Effects of pravastatin treatment
on lipoprotein subclass profiles and particle size in the PLAC-I trial. Atherosclerosis.
2002;160(1):41–8.

[51] Jones PH, Davidson MH, Stein EA, Bays HE, McKenney JM, Miller E, et al. Comparison
of the efficacy and safety of rosuvastatin versus atorvastatin, simvastatin, and pravas-
tatin across doses (STELLAR* Trial). Am J Cardiol. 2003;92(2):152–60.

[52] Jones  P,  Kafonek  S,  Laurora  I,  Hunninghake  D.  Comparative  dose  efficacy  study
of  atorvastatin  versus  simvastatin,  pravastatin,  lovastatin,  and  fluvastatin  in
patients with hypercholesterolemia (the CURVES study).  Am J Cardiol.  1998;81(5):
582–7.

[53] Stender S, Budinski D, Gosho M, Hounslow N. Pitavastatin shows greater lipid-
lowering efficacy over 12 weeks than pravastatin in elderly patients with primary
hypercholesterolaemia or combined (mixed) dyslipidaemia. Eur J Preventive Cardiol.
2013;20(1):40–53.

[54] Cannon CP, Blazing MA, Giugliano RP, McCagg A, White JA, Theroux P, et al. Ezetimibe
added to statin therapy after acute coronary syndromes. N Engl J Med. 2015;372(25):
2387–97.

Cholesterol-Lowering Drugs and Therapies in Cardiovascular Disease
http://dx.doi.org/10.5772/64762

97



[55] Knopp  RH,  Brown  WV,  Corder  CN,  Dobs  AS,  Dujovne  CA,  Goldberg  AC,  et
al.  Comparative  efficacy  and  safety  of  pravastatin  and  cholestyramine  alone
and combined in  patients  with  hypercholesterolemia.  Arch Int  Med.  1993;153(11):
1321–9.

[56] Salonen R, Nyyssonen K, Porkkala E, Rummukainen J, Belder R, Park JS, et al. Kuopio
Atherosclerosis Prevention Study (KAPS). A population-based primary preventive trial
of the effect of LDL lowering on atherosclerotic progression in carotid and femoral
arteries. Circulation. 1995;92(7):1758–64.

[57] Downs JR, Clearfield M, Weis S, Whitney E, Shapiro DR, Beere PA, et al. Primary
prevention of acute coronary events with lovastatin in men and women with average
cholesterol levels: results of AFCAPS/TexCAPS. Air Force/Texas Coronary Atheroscle-
rosis Prevention Study. JAMA. 1998;279(20):1615–22.

[58] Pedersen TR, Faergeman O, Kastelein JJ, Olsson AG, Tikkanen MJ, Holme I, et al. High-
dose atorvastatin vs usual-dose simvastatin for secondary prevention after myocardial
infarction: the IDEAL study: a randomized controlled trial. JAMA. 2005;294(19):2437–
45.

[59] Shepherd J, Blauw GJ, Murphy MB, Bollen ELEM, Buckley BM, Cobbe SM, et al.
Pravastatin in elderly individuals at risk of vascular disease (PROSPER): a randomised
controlled trial. Lancet. 2002;360(9346):1623–30.

[60] Group WS. Baseline characteristics and screening experience in the West of Scotland
Coronary Prevention Study. Am J Cardiol. 1995;76:485–91.

[61] Furberg CD, Wright JT, Davis BR, Cutler JA, Alderman M, Black H, et al. Major
outcomes in moderately hypercholesterolemic, hypertensive patients randomized to
pravastatin vs usual care—the antihypertensive and lipid-lowering treatment to
prevent heart attack trial (ALLHAT-LLT). JAMA—J Am Med Assoc. 2002;288(23):2998–
3007.

[62] Lewis  SJ,  Moye  LA,  Sacks  FM,  Johnstone  DE,  Timmis  G,  Mitchell  J,  et
al.  Effect  of  pravastatin  on  cardiovascular  events  in  older  patients  with
myocardial  infarction  and  cholesterol  levels  in  the  average  range.  Results
of  the  Cholesterol  and  Recurrent  Events  (CARE)  trial.  Ann  Intern  Med.
1998;129(9):681–9.

[63] Group LS. Long-term effectiveness and safety of pravastatin in 9014 patients with
coronary heart disease and average cholesterol concentrations: the LIPID trial follow-
up. The Lancet. 2002;359(9315):1379–87.

[64] Stroes ES, Thompson PD, Corsini A, Vladutiu GD, Raal FJ, Ray KK, et al. Statin-
associated muscle symptoms: impact on statin therapy-European Atherosclerosis
Society Consensus Panel Statement on Assessment, Aetiology and Management. Eur
Heart J. 2015;36(17):1012–22.

Cholesterol Lowering Therapies and Drugs98



[55] Knopp  RH,  Brown  WV,  Corder  CN,  Dobs  AS,  Dujovne  CA,  Goldberg  AC,  et
al.  Comparative  efficacy  and  safety  of  pravastatin  and  cholestyramine  alone
and combined in  patients  with  hypercholesterolemia.  Arch Int  Med.  1993;153(11):
1321–9.

[56] Salonen R, Nyyssonen K, Porkkala E, Rummukainen J, Belder R, Park JS, et al. Kuopio
Atherosclerosis Prevention Study (KAPS). A population-based primary preventive trial
of the effect of LDL lowering on atherosclerotic progression in carotid and femoral
arteries. Circulation. 1995;92(7):1758–64.

[57] Downs JR, Clearfield M, Weis S, Whitney E, Shapiro DR, Beere PA, et al. Primary
prevention of acute coronary events with lovastatin in men and women with average
cholesterol levels: results of AFCAPS/TexCAPS. Air Force/Texas Coronary Atheroscle-
rosis Prevention Study. JAMA. 1998;279(20):1615–22.

[58] Pedersen TR, Faergeman O, Kastelein JJ, Olsson AG, Tikkanen MJ, Holme I, et al. High-
dose atorvastatin vs usual-dose simvastatin for secondary prevention after myocardial
infarction: the IDEAL study: a randomized controlled trial. JAMA. 2005;294(19):2437–
45.

[59] Shepherd J, Blauw GJ, Murphy MB, Bollen ELEM, Buckley BM, Cobbe SM, et al.
Pravastatin in elderly individuals at risk of vascular disease (PROSPER): a randomised
controlled trial. Lancet. 2002;360(9346):1623–30.

[60] Group WS. Baseline characteristics and screening experience in the West of Scotland
Coronary Prevention Study. Am J Cardiol. 1995;76:485–91.

[61] Furberg CD, Wright JT, Davis BR, Cutler JA, Alderman M, Black H, et al. Major
outcomes in moderately hypercholesterolemic, hypertensive patients randomized to
pravastatin vs usual care—the antihypertensive and lipid-lowering treatment to
prevent heart attack trial (ALLHAT-LLT). JAMA—J Am Med Assoc. 2002;288(23):2998–
3007.

[62] Lewis  SJ,  Moye  LA,  Sacks  FM,  Johnstone  DE,  Timmis  G,  Mitchell  J,  et
al.  Effect  of  pravastatin  on  cardiovascular  events  in  older  patients  with
myocardial  infarction  and  cholesterol  levels  in  the  average  range.  Results
of  the  Cholesterol  and  Recurrent  Events  (CARE)  trial.  Ann  Intern  Med.
1998;129(9):681–9.

[63] Group LS. Long-term effectiveness and safety of pravastatin in 9014 patients with
coronary heart disease and average cholesterol concentrations: the LIPID trial follow-
up. The Lancet. 2002;359(9315):1379–87.

[64] Stroes ES, Thompson PD, Corsini A, Vladutiu GD, Raal FJ, Ray KK, et al. Statin-
associated muscle symptoms: impact on statin therapy-European Atherosclerosis
Society Consensus Panel Statement on Assessment, Aetiology and Management. Eur
Heart J. 2015;36(17):1012–22.

Cholesterol Lowering Therapies and Drugs98

[65] Rosenson RS, Baker SK, Jacobson TA, Kopecky SL, Parker BA, The National Lipid
Association's Muscle Safety Expert P. An assessment by the Statin Muscle Safety Task
Force: 2014 update. J Clin Lipidol. 2014;8(3 Suppl):S58–71.

[66] Kashani A, Phillips CO, Foody JM, Wang Y, Mangalmurti S, Ko DT, et al. Risks
associated with statin therapy: a systematic overview of randomized clinical trials.
Circulation. 2006;114(25):2788–97.

[67] Russo MW, Hoofnagle JH, Gu J, Fontana RJ, Barnhart H, Kleiner DE, et al. Spectrum of
statin hepatotoxicity: experience of the drug-induced liver injury network. Hepatology.
2014;60(2):679–86.

[68] Hippisley-Cox J, Coupland C. Unintended effects of statins in men and women in
England and Wales: population based cohort study using the QResearch database. BMJ.
2010;340:c2197.

[69] Marcum ZA, Vande Griend JP, Linnebur SA. FDA drug safety communications: a
narrative review and clinical considerations for older adults. Am J Geriatr Pharmac-
other. 2012;10(4):264–71.

[70] Graham DJ, Staffa JA, Shatin D, Andrade SE, Schech SD, La Grenade L, et al. Incidence
of hospitalized rhabdomyolysis in patients treated with lipid-lowering drugs. JAMA.
2004;292(21):2585–90.

[71] Dujovne CA, Chremos AN, Pool JL, Schnaper H, Bradford RH, Shear CL, et al.
Expanded clinical evaluation of lovastatin (EXCEL) study results: IV. Additional
perspectives on the tolerability of lovastatin. Am J Med. 1991;91(1B):25S–30S.

[72] Norman DJ, Illingworth DR, Munson J, Hosenpud J. Myolysis and acute renal failure
in a heart-transplant recipient receiving lovastatin. N Engl J Med. 1988;318(1):46–7.

[73] Pierce LR, Wysowski DK, Gross TP. Myopathy and rhabdomyolysis associated with
lovastatin-gemfibrozil combination therapy. JAMA. 1990;264(1):71–5.

[74] Rundek T, Naini A, Sacco R, Coates K, DiMauro S. Atorvastatin decreases the coenzyme
Q10 level in the blood of patients at risk for cardiovascular disease and stroke. Arch
Neurol. 2004;61(6):889–92.

[75] Armitage J, Bowman L, Wallendszus K, Bulbulia R, Rahimi K, Haynes R, et al. Intensive
lowering of LDL cholesterol with 80 mg versus 20 mg simvastatin daily in 12 064
survivors of myocardial infarction: a double-blind randomised trial. Lancet.
2010;376(9753):1658–69.

[76] Bar SL, Holmes DT, Frohlich J. Asymptomatic hypothyroidism and statin-induced
myopathy. Can Fam Phys. 2007;53(3):428–31.

[77] Howard W. The issue of statin safety: where do we stand? Grundy SM (University of
Texas Southwestern Med Ctr, Dallas) Circulation 111:301 (6–9), 2005. Year Book
Endocrinol. 2006;2006:126–7.

Cholesterol-Lowering Drugs and Therapies in Cardiovascular Disease
http://dx.doi.org/10.5772/64762

99



[78] Jacobson TA. Statin safety: lessons from new drug applications for marketed statins.
Am J Cardiol. 2006;97(8A):44C–51C.

[79] Alsheikh-Ali AA, Ambrose MS, Kuvin JT, Karas RH. The safety of rosuvastatin as used
in common clinical practice: a postmarketing analysis. Circulation. 2005;111(23):3051–
7.

[80] Swerdlow DI, Preiss D, Kuchenbaecker KB, Holmes MV, Engmann JE, Shah T, et al.
HMG-coenzyme A reductase inhibition, type 2 diabetes, and bodyweight: evidence
from genetic analysis and randomised trials. Lancet. 2015;385(9965):351–61.

[81] Preiss D, Seshasai SR, Welsh P, Murphy SA, Ho JE, Waters DD, et al. Risk of incident
diabetes with intensive-dose compared with moderate-dose statin therapy: a meta-
analysis. JAMA. 2011;305(24):2556–64.

[82] Armitage J. The safety of statins in clinical practice. Lancet. 2007;370(9601):1781–90.

[83] Benjannet S, Rhainds D, Essalmani R, Mayne J, Wickham L, Jin W, et al. NARC-1/PCSK9
and its natural mutants: zymogen cleavage and effects on the low density lipoprotein
(LDL) receptor and LDL cholesterol. J Biol Chem. 2004;279(47):48865–75.

[84] Seidah NG, Benjannet S, Wickham L, Marcinkiewicz J, Jasmin SB, Stifani S, et al. The
secretory proprotein convertase neural apoptosis-regulated convertase 1 (NARC-1):
liver regeneration and neuronal differentiation. Proc Natl Acad Sci USA. 2003;100(3):
928–33.

[85] Alborn WE, Cao G, Careskey HE, Qian YW, Subramaniam DR, Davies J, et al. Serum
proprotein convertase subtilisin kexin type 9 is correlated directly with serum LDL
cholesterol. Clin Chem. 2007;53(10):1814–9.

[86] Ahn CH, Choi SH. New drugs for treating dyslipidemia: beyond statins. Diabetes
Metab J. 2015;39(2):87–94.

[87] Cui Q, Ju X, Yang T, Zhang M, Tang W, Chen Q, et al. Serum PCSK9 is associated with
multiple metabolic factors in a large Han Chinese population. Atherosclerosis.
2010;213(2):632–6.

[88] Persson L, Cao G, Stahle L, Sjoberg BG, Troutt JS, Konrad RJ, et al. Circulating propro-
tein convertase subtilisin kexin type 9 has a diurnal rhythm synchronous with choles-
terol synthesis and is reduced by fasting in humans. Arterioscler Thromb Vasc Biol.
2010;30(12):2666–72.

[89] Abifadel M, Varret M, Rabes JP, Allard D, Ouguerram K, Devillers M, et al. Mutations
in PCSK9 cause autosomal dominant hypercholesterolemia. Nat Genet. 2003;34(2):154–
6.

[90] Maxwell KN, Breslow JL. Proprotein convertase subtilisin kexin 9: the third locus
implicated in autosomal dominant hypercholesterolemia. Curr Opin Lipidol.
2005;16(2):167–72.

Cholesterol Lowering Therapies and Drugs100



[78] Jacobson TA. Statin safety: lessons from new drug applications for marketed statins.
Am J Cardiol. 2006;97(8A):44C–51C.

[79] Alsheikh-Ali AA, Ambrose MS, Kuvin JT, Karas RH. The safety of rosuvastatin as used
in common clinical practice: a postmarketing analysis. Circulation. 2005;111(23):3051–
7.

[80] Swerdlow DI, Preiss D, Kuchenbaecker KB, Holmes MV, Engmann JE, Shah T, et al.
HMG-coenzyme A reductase inhibition, type 2 diabetes, and bodyweight: evidence
from genetic analysis and randomised trials. Lancet. 2015;385(9965):351–61.

[81] Preiss D, Seshasai SR, Welsh P, Murphy SA, Ho JE, Waters DD, et al. Risk of incident
diabetes with intensive-dose compared with moderate-dose statin therapy: a meta-
analysis. JAMA. 2011;305(24):2556–64.

[82] Armitage J. The safety of statins in clinical practice. Lancet. 2007;370(9601):1781–90.

[83] Benjannet S, Rhainds D, Essalmani R, Mayne J, Wickham L, Jin W, et al. NARC-1/PCSK9
and its natural mutants: zymogen cleavage and effects on the low density lipoprotein
(LDL) receptor and LDL cholesterol. J Biol Chem. 2004;279(47):48865–75.

[84] Seidah NG, Benjannet S, Wickham L, Marcinkiewicz J, Jasmin SB, Stifani S, et al. The
secretory proprotein convertase neural apoptosis-regulated convertase 1 (NARC-1):
liver regeneration and neuronal differentiation. Proc Natl Acad Sci USA. 2003;100(3):
928–33.

[85] Alborn WE, Cao G, Careskey HE, Qian YW, Subramaniam DR, Davies J, et al. Serum
proprotein convertase subtilisin kexin type 9 is correlated directly with serum LDL
cholesterol. Clin Chem. 2007;53(10):1814–9.

[86] Ahn CH, Choi SH. New drugs for treating dyslipidemia: beyond statins. Diabetes
Metab J. 2015;39(2):87–94.

[87] Cui Q, Ju X, Yang T, Zhang M, Tang W, Chen Q, et al. Serum PCSK9 is associated with
multiple metabolic factors in a large Han Chinese population. Atherosclerosis.
2010;213(2):632–6.

[88] Persson L, Cao G, Stahle L, Sjoberg BG, Troutt JS, Konrad RJ, et al. Circulating propro-
tein convertase subtilisin kexin type 9 has a diurnal rhythm synchronous with choles-
terol synthesis and is reduced by fasting in humans. Arterioscler Thromb Vasc Biol.
2010;30(12):2666–72.

[89] Abifadel M, Varret M, Rabes JP, Allard D, Ouguerram K, Devillers M, et al. Mutations
in PCSK9 cause autosomal dominant hypercholesterolemia. Nat Genet. 2003;34(2):154–
6.

[90] Maxwell KN, Breslow JL. Proprotein convertase subtilisin kexin 9: the third locus
implicated in autosomal dominant hypercholesterolemia. Curr Opin Lipidol.
2005;16(2):167–72.

Cholesterol Lowering Therapies and Drugs100

[91] Humphries SE, Whittall RA, Hubbart CS, Maplebeck S, Cooper JA, Soutar AK, et al.
Genetic causes of familial hypercholesterolaemia in patients in the UK: relation to
plasma lipid levels and coronary heart disease risk. J Med Genet. 2006;43(12):943–9.

[92] Cohen JC, Boerwinkle E, Mosley TH, Jr., Hobbs HH. Sequence variations in PCSK9, low
LDL, and protection against coronary heart disease. N Engl J Med. 2006;354(12):1264–
72.

[93] Benn M, Nordestgaard BG, Grande P, Schnohr P, Tybjaerg-Hansen A. PCSK9 R46L, low-
density lipoprotein cholesterol levels, and risk of ischemic heart disease: 3 independent
studies and meta-analyses. J Am Coll Cardiol. 2010;55(25):2833–42.

[94] Hooper AJ, Marais AD, Tanyanyiwa DM, Burnett JR. The C679X mutation in PCSK9 is
present and lowers blood cholesterol in a Southern African population. Atherosclerosis.
2007;193(2):445–8.

[95] Brown MS, Goldstein JL. A proteolytic pathway that controls the cholesterol content of
membranes, cells, and blood. Proc Natl Acad Sci USA. 1999;96(20):11041–8.

[96] Dubuc G, Chamberland A, Wassef H, Davignon J, Seidah NG, Bernier L, et al. Statins
upregulate PCSK9, the gene encoding the proprotein convertase neural apoptosis-
regulated convertase-1 implicated in familial hypercholesterolemia. Arterioscler
Thromb Vasc Biol. 2004;24(8):1454–9.

[97] Nohturfft A, DeBose-Boyd RA, Scheek S, Goldstein JL, Brown MS. Sterols regulate
cycling of SREBP cleavage-activating protein (SCAP) between endoplasmic reticulum
and Golgi. Proc Natl Acad Sci USA. 1999;96(20):11235–40.

[98] Berge KE, Ose L, Leren TP. Missense mutations in the PCSK9 gene are associated with
hypocholesterolemia and possibly increased response to statin therapy. Arterioscler
Thromb Vasc Biol. 2006;26(5):1094–100.

[99] Chan JC, Piper DE, Cao Q, Liu D, King C, Wang W, et al. A proprotein convertase
subtilisin/kexin type 9 neutralizing antibody reduces serum cholesterol in mice and
nonhuman primates. Proc Natl Acad Sci USA. 2009;106(24):9820–5.

[100] Toth PP, Harper CR, Jacobson TA. Clinical characterization and molecular mechanisms
of statin myopathy. Expert Rev Cardiovasc Ther. 2008;6(7):955–69.

[101] Raal FJ, Stein EA, Dufour R, Turner T, Civeira F, Burgess L, et al. PCSK9 inhibition with
evolocumab (AMG 145) in heterozygous familial hypercholesterolaemia (RUTHER-
FORD-2): a randomised, double-blind, placebo-controlled trial. Lancet. 2015;385(9965):
331–40.

[102] Roth EM, McKenney JM, Hanotin C, Asset G, Stein EA. Atorvastatin with or without
an antibody to PCSK9 in primary hypercholesterolemia. N Engl J Med. 2012;367(20):
1891–900.

[103] Fitzgerald K, Frank-Kamenetsky M, Shulga-Morskaya S, Liebow A, Bettencourt BR,
Sutherland JE, et al. Effect of an RNA interference drug on the synthesis of proprotein

Cholesterol-Lowering Drugs and Therapies in Cardiovascular Disease
http://dx.doi.org/10.5772/64762

101



convertase subtilisin/kexin type 9 (PCSK9) and the concentration of serum LDL
cholesterol in healthy volunteers: a randomised, single-blind, placebo-controlled,
phase 1 trial. Lancet. 2014;383(9911):60–8.

[104] LaRosa JC, Pedersen TR, Somaratne R, Wasserman SM. Safety and effect of very low
levels of low-density lipoprotein cholesterol on cardiovascular events. Am J Cardiol.
2013;111(8):1221–9.

[105] Sudhop T, Lutjohann D, Kodal A, Igel M, Tribble DL, Shah S, et al. Inhibition of intestinal
cholesterol absorption by ezetimibe in humans. Circulation. 2002;106(15):1943–8.

[106] Altmann SW, Davis HR, Jr., Zhu LJ, Yao X, Hoos LM, Tetzloff G, et al. Niemann-Pick
C1 Like 1 protein is critical for intestinal cholesterol absorption. Science. 2004;303(5661):
1201–4.

[107] Davidson MH, Dillon MA, Gordon B, Jones P, Samuels J, Weiss S, et al. Colesevelam
hydrochloride (cholestagel): a new, potent bile acid sequestrant associated with a low
incidence of gastrointestinal side effects. Arch Intern Med. 1999;159(16):1893–900.

[108] Shepherd J, Packard CJ, Morgan HG, Third JL, Stewart JM, Lawrie TD. The effects of
cholestyramine on high density lipoprotein metabolism. Atherosclerosis. 1979;33(4):
433–44.

[109] Insull W, Toth P, Mullican W, Hunninghake D, Burke S, Donovan JM, et al., editors.
Effectiveness of colesevelam hydrochloride in decreasing LDL cholesterol in patients
with primary hypercholesterolemia: a 24-week randomized controlled trial. Mayo
Clinic Proceedings; 2001: Elsevier.

[110] Brown G, Albers JJ, Fisher LD, Schaefer SM, Lin JT, Kaplan C, et al. Regression of
coronary artery disease as a result of intensive lipid-lowering therapy in men with high
levels of Apolipoprotein B. N Engl J Med. 1990;323(19):1289–98.

[111] Oliver MF, Heady JA, Morris JN, Cooper MJ. Who cooperative trial on primary
prevention of ischemic-heart-disease with clofibrate to lower serum-cholesterol—final
mortality follow-up. Lancet. 1984;2(8403):600–4.

[112] Staels B, Dallongeville J, Auwerx J, Schoonjans K, Leitersdorf E, Fruchart JC. Mecha-
nism of action of fibrates on lipid and lipoprotein metabolism. Circulation. 1998;98(19):
2088–93.

[113] Birjmohun RS, Hutten BA, Kastelein JJ, Stroes ES. Efficacy and safety of high-density
lipoprotein cholesterol-increasing compounds: a meta-analysis of randomized con-
trolled trials. J Am Coll Cardiol. 2005;45(2):185–97.

[114] Rubins HB, Robins SJ, Collins D, Fye CL, Anderson JW, Elam MB, et al. Gemfibrozil for
the secondary prevention of coronary heart disease in men with low levels of high-
density lipoprotein cholesterol. Veterans Affairs High-Density Lipoprotein Cholesterol
Intervention Trial Study Group. N Engl J Med. 1999;341(6):410–8.

Cholesterol Lowering Therapies and Drugs102



convertase subtilisin/kexin type 9 (PCSK9) and the concentration of serum LDL
cholesterol in healthy volunteers: a randomised, single-blind, placebo-controlled,
phase 1 trial. Lancet. 2014;383(9911):60–8.

[104] LaRosa JC, Pedersen TR, Somaratne R, Wasserman SM. Safety and effect of very low
levels of low-density lipoprotein cholesterol on cardiovascular events. Am J Cardiol.
2013;111(8):1221–9.

[105] Sudhop T, Lutjohann D, Kodal A, Igel M, Tribble DL, Shah S, et al. Inhibition of intestinal
cholesterol absorption by ezetimibe in humans. Circulation. 2002;106(15):1943–8.

[106] Altmann SW, Davis HR, Jr., Zhu LJ, Yao X, Hoos LM, Tetzloff G, et al. Niemann-Pick
C1 Like 1 protein is critical for intestinal cholesterol absorption. Science. 2004;303(5661):
1201–4.

[107] Davidson MH, Dillon MA, Gordon B, Jones P, Samuels J, Weiss S, et al. Colesevelam
hydrochloride (cholestagel): a new, potent bile acid sequestrant associated with a low
incidence of gastrointestinal side effects. Arch Intern Med. 1999;159(16):1893–900.

[108] Shepherd J, Packard CJ, Morgan HG, Third JL, Stewart JM, Lawrie TD. The effects of
cholestyramine on high density lipoprotein metabolism. Atherosclerosis. 1979;33(4):
433–44.

[109] Insull W, Toth P, Mullican W, Hunninghake D, Burke S, Donovan JM, et al., editors.
Effectiveness of colesevelam hydrochloride in decreasing LDL cholesterol in patients
with primary hypercholesterolemia: a 24-week randomized controlled trial. Mayo
Clinic Proceedings; 2001: Elsevier.

[110] Brown G, Albers JJ, Fisher LD, Schaefer SM, Lin JT, Kaplan C, et al. Regression of
coronary artery disease as a result of intensive lipid-lowering therapy in men with high
levels of Apolipoprotein B. N Engl J Med. 1990;323(19):1289–98.

[111] Oliver MF, Heady JA, Morris JN, Cooper MJ. Who cooperative trial on primary
prevention of ischemic-heart-disease with clofibrate to lower serum-cholesterol—final
mortality follow-up. Lancet. 1984;2(8403):600–4.

[112] Staels B, Dallongeville J, Auwerx J, Schoonjans K, Leitersdorf E, Fruchart JC. Mecha-
nism of action of fibrates on lipid and lipoprotein metabolism. Circulation. 1998;98(19):
2088–93.

[113] Birjmohun RS, Hutten BA, Kastelein JJ, Stroes ES. Efficacy and safety of high-density
lipoprotein cholesterol-increasing compounds: a meta-analysis of randomized con-
trolled trials. J Am Coll Cardiol. 2005;45(2):185–97.

[114] Rubins HB, Robins SJ, Collins D, Fye CL, Anderson JW, Elam MB, et al. Gemfibrozil for
the secondary prevention of coronary heart disease in men with low levels of high-
density lipoprotein cholesterol. Veterans Affairs High-Density Lipoprotein Cholesterol
Intervention Trial Study Group. N Engl J Med. 1999;341(6):410–8.

Cholesterol Lowering Therapies and Drugs102

[115] Investigators FS. Effects of long-term fenofibrate therapy on cardiovascular events in
9795 people with type 2 diabetes mellitus (the FIELD study): randomised controlled
trial. The Lancet. 2005;366(9500):1849–61.

[116] Group BS. Secondary prevention by raising HDL cholesterol and reducing triglycerides
in patients with coronary artery disease the bezafibrate infarction prevention (BIP)
study. Circulation. 2000;102(1):21–7.

[117] Athyros VG, Papageorgiou AA, Hatzikonstandinou HA, Didangelos TP, Carina MV,
Kranitsas DF, et al. Safety and efficacy of long-term statin-fibrate combinations in
patients with refractory familial combined hyperlipidemia. Am J Cardiol. 1997;80(5):
608–13.

[118] Davis TM, Ting R, Best JD, Donoghoe MW, Drury PL, Sullivan DR, et al. Effects of
fenofibrate on renal function in patients with type 2 diabetes mellitus: the fenofibrate
intervention and event lowering in diabetes (FIELD) study. Diabetologia. 2011;54(2):
280–90.

[119] Preiss D, Tikkanen MJ, Welsh P, Ford I, Lovato LC, Elam MB, et al. Lipid-modifying
therapies and risk of pancreatitis: a meta-analysis. JAMA. 2012;308(8):804–11.

[120] Illingworth DR, Stein EA, Mitchel YB, Dujovne CA, Frost PH, Knopp RH, et al.
Comparative effects of lovastatin and niacin in primary hypercholesterolemia. A
prospective trial. Arch Intern Med. 1994;154(14):1586–95.

[121] Probstfield JL, Hunninghake DB. Nicotinic-acid as a lipoprotein-altering agent—
therapy directed by the primary physician. Arch Int Med. 1994;154(14):1557–9.

[122] Grundy SM, Mok HY, Zech L, Berman M. Influence of nicotinic acid on metabolism of
cholesterol and triglycerides in man. J Lipid Res. 1981;22(1):24–36.

[123] Zhao XQ, Morse JS, Dowdy AA, Heise N, DeAngelis D, Frohlich J, et al. Safety and
tolerability of simvastatin plus niacin in patients with coronary artery disease and low
high-density lipoprotein cholesterol (The HDL Atherosclerosis Treatment Study). Am
J Cardiol. 2004;93(3):307–12.

[124] Villines TC, Stanek EJ, Devine PJ, Turco M, Miller M, Weissman NJ, et al. The ARBITER
6-HALTS Trial (arterial biology for the investigation of the treatment effects of reducing
cholesterol 6-HDL and LDL treatment strategies in atherosclerosis): final results and
the impact of medication adherence, dose, and treatment duration. J Am Coll Cardiol.
2010;55(24):2721–6.

[125] Investigators A-H, Boden WE, Probstfield JL, Anderson T, Chaitman BR, Desvignes-
Nickens P, et al. Niacin in patients with low HDL cholesterol levels receiving intensive
statin therapy. N Engl J Med. 2011;365(24):2255–67.

[126] Taylor AJ, Sullenberger LE, Lee HJ, Lee JK, Grace KA. Arterial biology for the investi-
gation of the treatment effects of reducing cholesterol (ARBITER) 2: a double-blind,

Cholesterol-Lowering Drugs and Therapies in Cardiovascular Disease
http://dx.doi.org/10.5772/64762

103



placebo-controlled study of extended-release niacin on atherosclerosis progression in
secondary prevention patients treated with statins. Circulation. 2004;110(23):3512–7.

[127] Group H-TC. Effects of extended-release niacin with laropiprant in high-risk patients.
N Engl J Med. 2014;371(3):203.

[128] Butowski PF, Winder AF. Usual care dietary practice, achievement and implications for
medication in the management of hypercholesterolaemia. Data from the U.K. Lipid
Clinics Programme. Eur Heart J. 1998;19(9):1328–33.

[129] Ornish D, Scherwitz LW, Billings JH, Brown SE, Gould KL, Merritt TA, et al. Intensive
lifestyle changes for reversal of coronary heart disease. JAMA. 1998;280(23):2001–7.

[130] Michel de Lorgeril M, Salen P, Martin J-L, Monjaud I, Delaye J, Mamelle N. Mediter-
ranean diet, traditional risk factors, and the rate of cardiovascular complications after
myocardial infarction. Heart Failure. 1999;11(6): 779–785.

[131] Thompson GR, Catapano A, Saheb S, Atassi-Dumont M, Barbir M, Eriksson M, et al.
Severe hypercholesterolaemia: therapeutic goals and eligibility criteria for LDL
apheresis in Europe. Curr Opin Lipidol. 2010;21(6):492–8.

[132] Ito MK, McGowan MP, Moriarty PM, National Lipid Association Expert Panel on
Familial H. Management of familial hypercholesterolemias in adult patients: recom-
mendations from the National Lipid Association Expert Panel on familial hypercho-
lesterolemia. J Clin Lipidol. 2011;5(3 Suppl):S38–45.

[133] Hemphill LC. Familial hypercholesterolemia: current treatment options and patient
selection for low-density lipoprotein apheresis. J Clin Lipidol. 2010;4(5):346–9.

[134] Mabuchi H, Koizumi J, Shimizu M, Kajinami K, Miyamoto S, Ueda K, et al. Long-term
efficacy of low-density lipoprotein apheresis on coronary heart disease in familial
hypercholesterolemia. Hokuriku-FH-LDL-Apheresis Study Group. Am J Cardiol.
1998;82(12):1489–95.

[135] van Wijk DF, Sjouke B, Figueroa A, Emami H, van der Valk FM, MacNabb MH, et al.
Nonpharmacological lipoprotein apheresis reduces arterial inflammation in familial
hypercholesterolemia. J Am Coll Cardiol. 2014;64(14):1418–26.

[136] Stefanutti C, Vivenzio A, Di Giacomo S, Mazzarella B, Bosco G, Berni A. Aorta and
coronary angiographic follow-up of children with severe hypercholesterolemia treated
with low-density lipoprotein apheresis. Transfusion. 2009;49(7):1461–70.

[137] Cuchel M, Meagher EA, du Toit Theron H, Blom DJ, Marais AD, Hegele RA, et al.
Efficacy and safety of a microsomal triglyceride transfer protein inhibitor in patients
with homozygous familial hypercholesterolaemia: a single-arm, open-label, phase 3
study. Lancet. 2013;381(9860):40–6.

[138] Raal FJ, Santos RD, Blom DJ, Marais AD, Charng MJ, Cromwell WC, et al. Mipomersen,
an Apolipoprotein B synthesis inhibitor, for lowering of LDL cholesterol concentrations

Cholesterol Lowering Therapies and Drugs104



placebo-controlled study of extended-release niacin on atherosclerosis progression in
secondary prevention patients treated with statins. Circulation. 2004;110(23):3512–7.

[127] Group H-TC. Effects of extended-release niacin with laropiprant in high-risk patients.
N Engl J Med. 2014;371(3):203.

[128] Butowski PF, Winder AF. Usual care dietary practice, achievement and implications for
medication in the management of hypercholesterolaemia. Data from the U.K. Lipid
Clinics Programme. Eur Heart J. 1998;19(9):1328–33.

[129] Ornish D, Scherwitz LW, Billings JH, Brown SE, Gould KL, Merritt TA, et al. Intensive
lifestyle changes for reversal of coronary heart disease. JAMA. 1998;280(23):2001–7.

[130] Michel de Lorgeril M, Salen P, Martin J-L, Monjaud I, Delaye J, Mamelle N. Mediter-
ranean diet, traditional risk factors, and the rate of cardiovascular complications after
myocardial infarction. Heart Failure. 1999;11(6): 779–785.

[131] Thompson GR, Catapano A, Saheb S, Atassi-Dumont M, Barbir M, Eriksson M, et al.
Severe hypercholesterolaemia: therapeutic goals and eligibility criteria for LDL
apheresis in Europe. Curr Opin Lipidol. 2010;21(6):492–8.

[132] Ito MK, McGowan MP, Moriarty PM, National Lipid Association Expert Panel on
Familial H. Management of familial hypercholesterolemias in adult patients: recom-
mendations from the National Lipid Association Expert Panel on familial hypercho-
lesterolemia. J Clin Lipidol. 2011;5(3 Suppl):S38–45.

[133] Hemphill LC. Familial hypercholesterolemia: current treatment options and patient
selection for low-density lipoprotein apheresis. J Clin Lipidol. 2010;4(5):346–9.

[134] Mabuchi H, Koizumi J, Shimizu M, Kajinami K, Miyamoto S, Ueda K, et al. Long-term
efficacy of low-density lipoprotein apheresis on coronary heart disease in familial
hypercholesterolemia. Hokuriku-FH-LDL-Apheresis Study Group. Am J Cardiol.
1998;82(12):1489–95.

[135] van Wijk DF, Sjouke B, Figueroa A, Emami H, van der Valk FM, MacNabb MH, et al.
Nonpharmacological lipoprotein apheresis reduces arterial inflammation in familial
hypercholesterolemia. J Am Coll Cardiol. 2014;64(14):1418–26.

[136] Stefanutti C, Vivenzio A, Di Giacomo S, Mazzarella B, Bosco G, Berni A. Aorta and
coronary angiographic follow-up of children with severe hypercholesterolemia treated
with low-density lipoprotein apheresis. Transfusion. 2009;49(7):1461–70.

[137] Cuchel M, Meagher EA, du Toit Theron H, Blom DJ, Marais AD, Hegele RA, et al.
Efficacy and safety of a microsomal triglyceride transfer protein inhibitor in patients
with homozygous familial hypercholesterolaemia: a single-arm, open-label, phase 3
study. Lancet. 2013;381(9860):40–6.

[138] Raal FJ, Santos RD, Blom DJ, Marais AD, Charng MJ, Cromwell WC, et al. Mipomersen,
an Apolipoprotein B synthesis inhibitor, for lowering of LDL cholesterol concentrations

Cholesterol Lowering Therapies and Drugs104

in patients with homozygous familial hypercholesterolaemia: a randomised, double-
blind, placebo-controlled trial. Lancet. 2010;375(9719):998–1006.

[139] Kastelein JJ, Wedel MK, Baker BF, Su J, Bradley JD, Yu RZ, et al. Potent reduction of
Apolipoprotein B and low-density lipoprotein cholesterol by short-term administra-
tion of an antisense inhibitor of Apolipoprotein B. Circulation. 2006;114(16):1729–35.

[140] Akdim F, Stroes ES, Sijbrands EJ, Tribble DL, Trip MD, Jukema JW, et al. Efficacy and
safety of mipomersen, an antisense inhibitor of Apolipoprotein B, in hypercholestero-
lemic subjects receiving stable statin therapy. J Am Coll Cardiol. 2010;55(15):1611–8.

[141] Stein EA, Dufour R, Gagne C, Gaudet D, East C, Donovan JM, et al. Apolipoprotein B
synthesis inhibition with mipomersen in heterozygous familial hypercholesterolemia:
results of a randomized, double-blind, placebo controlled trial to assess efficacy and
safety as add-on therapy in patients with coronary artery disease. Circulation.
2012;126(19):2283–92. doi: 10.1161/CIRCULATIONAHA.112.104125.

[142] Visser ME, Wagener G, Baker BF, Geary RS, Donovan JM, Beuers UH, et al. Mipomersen,
an Apolipoprotein B synthesis inhibitor, lowers low-density lipoprotein cholesterol in
high-risk statin-intolerant patients: a randomized, double-blind, placebo-controlled
trial. Eur Heart J. 2012;33(9):1142–9.

[143] Thomas GS, Cromwell WC, Ali S, Chin W, Flaim JD, Davidson M. Mipomersen, an
Apolipoprotein B synthesis inhibitor, reduces atherogenic lipoproteins in patients with
severe hypercholesterolemia at high cardiovascular risk: a randomized, double-blind,
placebo-controlled trial. J Am Coll Cardiol. 2013;62(23):2178–84.

[144] Kastelein JJP, Besseling J, Shah S, Bergeron J, Langslet G, Hovingh GK, et al. Anacetrapib
as lipid-modifying therapy in patients with heterozygous familial hypercholesterolae-
mia (REALIZE): a randomised, double-blind, placebo-controlled, phase 3 study. Lancet.
2015;385(9983):2153–61.

[145] Tavori H, Fan D, Blakemore JL, Yancey PG, Ding L, Linton MF, et al. Serum proprotein
convertase subtilisin/kexin type 9 and cell surface low-density lipoprotein receptor:
evidence for a reciprocal regulation. Circulation. 2013;127(24):2403–13.

[146] Pinkosky SL, Filippov S, Srivastava RA, Hanselman JC, Bradshaw CD, Hurley TR, et
al. AMP-activated protein kinase and ATP-citrate lyase are two distinct molecular
targets for ETC-1002, a novel small molecule regulator of lipid and carbohydrate
metabolism. J Lipid Res. 2013;54(1):134–51.

[147] Ballantyne  CM,  Davidson  MH,  Macdougall  DE,  Bays  HE,  Dicarlo  LA,
Rosenberg  NL,  et  al.  Efficacy  and  safety  of  a  novel  dual  modulator  of
adenosine  triphosphate-citrate  lyase  and  adenosine  monophosphate-activated
protein  kinase  in  patients  with  hypercholesterolemia:  results  of  a  multicenter,
randomized,  double-blind,  placebo-controlled,  parallel-group  trial.  J  Am  Coll
Cardiol.  2013;62(13):1154–62.

Cholesterol-Lowering Drugs and Therapies in Cardiovascular Disease
http://dx.doi.org/10.5772/64762

105



[148] Sirtori CR, Calabresi L, Franceschini G, Baldassarre D, Amato M, Johansson J, et al.
Cardiovascular status of carriers of the Apolipoprotein A-I milano mutant. The Limone
sul Garda Study. Circulation. 2001;103(15):1949–54.

[149] Nissen SE, Tsunoda T, Tuzcu EM, Schoenhagen P, Cooper CJ, Yasin M, et al. Effect of
recombinant ApoA-I Milano on coronary atherosclerosis in patients with acute
coronary syndromes: a randomized controlled trial. JAMA. 2003;290(17):2292–300.

[150] Karabina SA, Ninio E. Plasma PAF-acetylhydrolase: an unfulfilled promise? Biochim
Biophys Acta. 2006;1761(11):1351–8.

[151] Collaboration L-PS. Thompson A, Gao P, Orfei L, Watson S, Di Angelantonio E, Kaptoge
S, et al. Lipoprotein-associated phospholipase A2 and risk of coronary disease, stroke,
and mortality: collaborative analysis of 32 prospective studies. Lancet. 2010;375(9725):
1536–44.

[152] Investigators S, White HD, Held C, Stewart R, Tarka E, Brown R, et al. Darapladib for
preventing ischemic events in stable coronary heart disease. N Engl J Med. 2014;370(18):
1702–11.

Cholesterol Lowering Therapies and Drugs106



[148] Sirtori CR, Calabresi L, Franceschini G, Baldassarre D, Amato M, Johansson J, et al.
Cardiovascular status of carriers of the Apolipoprotein A-I milano mutant. The Limone
sul Garda Study. Circulation. 2001;103(15):1949–54.

[149] Nissen SE, Tsunoda T, Tuzcu EM, Schoenhagen P, Cooper CJ, Yasin M, et al. Effect of
recombinant ApoA-I Milano on coronary atherosclerosis in patients with acute
coronary syndromes: a randomized controlled trial. JAMA. 2003;290(17):2292–300.

[150] Karabina SA, Ninio E. Plasma PAF-acetylhydrolase: an unfulfilled promise? Biochim
Biophys Acta. 2006;1761(11):1351–8.

[151] Collaboration L-PS. Thompson A, Gao P, Orfei L, Watson S, Di Angelantonio E, Kaptoge
S, et al. Lipoprotein-associated phospholipase A2 and risk of coronary disease, stroke,
and mortality: collaborative analysis of 32 prospective studies. Lancet. 2010;375(9725):
1536–44.

[152] Investigators S, White HD, Held C, Stewart R, Tarka E, Brown R, et al. Darapladib for
preventing ischemic events in stable coronary heart disease. N Engl J Med. 2014;370(18):
1702–11.

Cholesterol Lowering Therapies and Drugs106

Chapter 6

Cholesterol Lowering in Cancer Prevention and
Therapy

Chunfa Huang and Carl E. Freter

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65025

Provisional chapter

Cholesterol Lowering in Cancer Prevention and Therapy

Chunfa Huang and Carl E. Freter

Additional information is available at the end of the chapter

Abstract

The accumulation of cholesterol in cancer cells and tumor tissues promotes cell growth,
proliferation, and migration as well as tumor progression. Cholesterol synthesis is
catalyzed by a series of enzymatic reactions. Regulation of these key enzymes can control
cholesterol synthesis and modulate cellular cholesterol levels in the cells. Meanwhile,
controlling cholesterol transportation, absorption, and depletion could also significantly
reduce cellular cholesterol levels. The current evidence supports that cholesterol
lowering agents, beyond the expected cholesterol-lowering properties, also display an
important anticancer activity in reducing cancer cell growth, proliferation and migra-
tion, and inducing apoptosis in a variety of cancer cells. Understanding the mechanisms
of cholesterol metabolism and cholesterol lowering could potentially benefit cancer
patients in cancer prevention and treatment.

Keywords: cholesterol metabolism, cholesterol-lowering agents, cancer, prevention,
therapy

1. Introduction

Cholesterol is an essential component of cellular membrane. It serves as a spacer between the
hydrocarbon chains, functions as dynamic glue during membrane assembly, and plays a
crucial role in the stability, architecture, dynamics, and function of cellular membrane [1, 2].
In addition, cholesterol is involved in vesicle trafficking and transmembrane receptor signaling
[3–6]. Meanwhile, cholesterol itself is also as a precursor of steroid hormones and sterols in the
steroidogenesis [6–8]. The vesicle trafficking, receptor-mediated signaling, and steroidogene-
sis further lead to specific biological responses and regulate different cellular functions such
as membrane biogenesis, cell growth, proliferation, apoptosis and migration, as well as tumor
progression [6–8].
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Due to the key physiological roles that cholesterol plays, the circulating and cellular cholesterol
levels in our body are tightly regulated by a physiological balance of cholesterol biosynthesis,
cholesterol catabolism, cholesterol transportation (influx and efflux), dietary cholesterol
absorption, and cholesterol depletion. Higher cholesterol, also known as hypercholesterolemia,
is a risk factor for a variety of human diseases such as cardiovascular diseases, dyslipidemia,
Alzheimer’s disease, HIV dyslipidemia, chronic inflammation, and developing diabetes. Earlier
data also indicates that accelerated cholesterol metabolism and elevated cholesterol levels
contribute to the hallmarks of cancer development and malignant transformation [9–15]. Cancer
cells need excess cholesterol and intermediates of the cholesterol biosynthetic pathway to
maintain a high level of cell growth and proliferation. Meanwhile, cholesterol is capable of
regulating multiple signaling pathways involved in carcinogenesis, cancer cell migration, and
tumor progression and is also involved in chemosensitivity and chemotherapy resistance of
cancer cells [9–19]. It is very important to understand cholesterol as an important factor
contributing to carcinogenesis and tumor progression and to elucidate the regulation of
cholesterol metabolism as a new strategy for searching cancer prevention and therapy drugs.

2. Cell biology of cholesterol

2.1. De novo cholesterol biosynthesis

Cholesterol is a 27-carbon and tetracyclic ring steroid that is catalyzed by a series of more than
26 separate enzymatic reactions in several subcellular compartments [20, 21]. The de novo
biosynthesis can be considered as five major steps: (1) From acetyl-CoA to 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA): the acetyl-CoA can be derived from the oxidation of
fatty acids or synthesized from cytosolic acetate precursors (metabolites or taken up from
dietary or exogenous sources), and three acetyl-CoAs condense to form acetoacetyl-CoA by
acetoacetyl-CoA acetyltransferases or thiolase and then HMG-CoA by HMG-CoA synthase. (2)
The formation of mevalonate: HMG-CoA is reduced to mevalonate by HMG-CoA reductase, a
rate-limiting and irreversible step in the metabolic pathway that produces cholesterol and other
isoprenoids. (3) From mevalonate to isopentenyl pyrophosphate (IPP): mevalonate is further
converted to IPP through two phosphorylation steps and one decarboxylation step. This
conversion is involved in seven different enzymes (mevalonate-3-kinase, mevalonate-5-kinase,
mevalonate-3-phosphate-5-kinase, phosphomevalonate kinase, mevalonate-5-phosphate
decarboxylase, mevalonate pyrophosphate decarboxylase, and isopentenyl phosphate kinase)
via different avenues. (4) From IPP to squalene: three molecules of IPP further condense to form
a farnesyl pyrophosphate (FPP) and two molecules of FPP then condense to form squalene. The
enzymes involved in the process are IPP isomerase, farnesyl-diphosphate synthase, and
squalene synthase. (5) From squalene to lanosterol to cholesterol: the oxidation of squalene by
squalene epoxidase forms 2,3-oxidosqualene which is further cyclized to lanosterol by squalene
oxidocyclase. Lanosterol is finally converted to cholesterol by a series of demethylations,
desaturations, isomerizations, and reductions. Demethylation reactions produce zymosterol as
an intermediate and further converted to cholesterol by at least two pathways that differ in the
order of the desaturations, isomerizations, and reductions (Figure 1) [22–27].

Cholesterol Lowering Therapies and Drugs108



Due to the key physiological roles that cholesterol plays, the circulating and cellular cholesterol
levels in our body are tightly regulated by a physiological balance of cholesterol biosynthesis,
cholesterol catabolism, cholesterol transportation (influx and efflux), dietary cholesterol
absorption, and cholesterol depletion. Higher cholesterol, also known as hypercholesterolemia,
is a risk factor for a variety of human diseases such as cardiovascular diseases, dyslipidemia,
Alzheimer’s disease, HIV dyslipidemia, chronic inflammation, and developing diabetes. Earlier
data also indicates that accelerated cholesterol metabolism and elevated cholesterol levels
contribute to the hallmarks of cancer development and malignant transformation [9–15]. Cancer
cells need excess cholesterol and intermediates of the cholesterol biosynthetic pathway to
maintain a high level of cell growth and proliferation. Meanwhile, cholesterol is capable of
regulating multiple signaling pathways involved in carcinogenesis, cancer cell migration, and
tumor progression and is also involved in chemosensitivity and chemotherapy resistance of
cancer cells [9–19]. It is very important to understand cholesterol as an important factor
contributing to carcinogenesis and tumor progression and to elucidate the regulation of
cholesterol metabolism as a new strategy for searching cancer prevention and therapy drugs.

2. Cell biology of cholesterol

2.1. De novo cholesterol biosynthesis

Cholesterol is a 27-carbon and tetracyclic ring steroid that is catalyzed by a series of more than
26 separate enzymatic reactions in several subcellular compartments [20, 21]. The de novo
biosynthesis can be considered as five major steps: (1) From acetyl-CoA to 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA): the acetyl-CoA can be derived from the oxidation of
fatty acids or synthesized from cytosolic acetate precursors (metabolites or taken up from
dietary or exogenous sources), and three acetyl-CoAs condense to form acetoacetyl-CoA by
acetoacetyl-CoA acetyltransferases or thiolase and then HMG-CoA by HMG-CoA synthase. (2)
The formation of mevalonate: HMG-CoA is reduced to mevalonate by HMG-CoA reductase, a
rate-limiting and irreversible step in the metabolic pathway that produces cholesterol and other
isoprenoids. (3) From mevalonate to isopentenyl pyrophosphate (IPP): mevalonate is further
converted to IPP through two phosphorylation steps and one decarboxylation step. This
conversion is involved in seven different enzymes (mevalonate-3-kinase, mevalonate-5-kinase,
mevalonate-3-phosphate-5-kinase, phosphomevalonate kinase, mevalonate-5-phosphate
decarboxylase, mevalonate pyrophosphate decarboxylase, and isopentenyl phosphate kinase)
via different avenues. (4) From IPP to squalene: three molecules of IPP further condense to form
a farnesyl pyrophosphate (FPP) and two molecules of FPP then condense to form squalene. The
enzymes involved in the process are IPP isomerase, farnesyl-diphosphate synthase, and
squalene synthase. (5) From squalene to lanosterol to cholesterol: the oxidation of squalene by
squalene epoxidase forms 2,3-oxidosqualene which is further cyclized to lanosterol by squalene
oxidocyclase. Lanosterol is finally converted to cholesterol by a series of demethylations,
desaturations, isomerizations, and reductions. Demethylation reactions produce zymosterol as
an intermediate and further converted to cholesterol by at least two pathways that differ in the
order of the desaturations, isomerizations, and reductions (Figure 1) [22–27].

Cholesterol Lowering Therapies and Drugs108

Figure 1. Scheme of the cholesterol biosynthesis pathway. (1) Thiolases or acetyl-coenzyme A acetyltransferases, (2) hy-
droxy-3-methylglutaryl-CoA synthase, (3) hydroxy-3-methylglutaryl-CoA reductase, (4) mevalonate-3-kinase or me-
valonate-5-kinase, (5) mevalonate-3-phosphate-5-kinase or phosphomevalonate kinase, (6) mevalonate-5-phosphate
decarboxylase, (7) mevalonate pyrophosphate decarboxylase, (8) isopentenyl phosphate kinase, (9) isopentenyl pyro-
phosphate isomerase, (10) farnesyl-diphosphate synthase, (11) squalene synthase, (12) squalene monooxygenase or
squalene epoxidase, and 19 reactions are included multiple demethylations, desaturations, isomerizations, and reduc-
tions.

2.2. Cholesterol homeostasis

Cholesterol is a vital lipid and plays well-described biochemical roles and diverse functions at
cellular level [1–3]. The homeostasis of cholesterol is among the most intensely regulated
processes in our body. High cholesterol is a risk factor to numerous pathologies such as
cardiovascular disease, atherosclerosis, dyslipidemia, and neurodegenerative diseases and is
associated with the development of diabetes and cancer. Cholesterol homeostasis is achieved
through intricate mechanisms involving biosynthesis, catabolism, dietary absorption, trans-
portation (influx or efflux), and depletion (Figure 2) [28–32]. Slightly less than half of cholesterol
in our body derives from de novo biosynthesis every day. The liver is the dominant site of
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cholesterol biosynthesis, and in vivo liver cholesterol production has been estimated at 1–2 g/
day. Cholesterol is synthesized in liver and then secreted as circulating lipoproteins into
bloodstream. The intestine and skin are also very important for cholesterol synthesis [33–35].
Although the majority of cholesterol sources comes from cholesterol biosynthesis, it is under
feedback regulation. The absorption of cholesterol mainly derives from three sources: diet, bile,
and intestinal epithelial sloughing. The average intake of cholesterol in the Western diet is
approximately 300–500 mg per day. Bile is estimated to contribute nearly 800–1200 mg of
cholesterol per day to the intraluminal pool. A third source of intraluminal cholesterol comes
from the turnover of intestinal mucosal epithelium, which provides roughly 300 mg of choles-
terol per day [36]. In cholesterol catabolism, the conversion of cholesterol into excretable bile
acids represents the most relevant mechanism of irreversible elimination of cholesterol from the
body, which plays a key role in hepatic and systemic cholesterol homeostasis. Under physio-
logical conditions, approximately 300–400 mg of cholesterol is disposed in the liver daily [37].
Because peripheral cells do not catabolize the cholesterol molecule, there are two distinct
mechanisms for maintaining cellular cholesterol homeostasis. One is the nonspecific classical
pathway mediated by physicochemical diffusion of cholesterol through the aqueous phase and
the other is cholesterol esterification on high-density lipoprotein (HDL) by lecithin: cholesterol
acyltransferase reaction [38, 39]. The reaction is initiated by the interaction of lipid-free or lipid-
poor apolipoproteins with cellular surface resulting in the assembly of HDL particles with
phospholipid and cholesterol as well as extracellular cholesterol esterification mainly on HDL
[40]. Furthermore, changing dietary style to control cholesterol absorption and using pharma-
ceutical drugs to inhibit several key enzymes in cholesterol synthesis can also significantly
reduce the level of cellular cholesterol. All of these pharmaceutical drugs and dietary style have
been commonly used for keeping a healthy life and preventing heart disease [41–44].

Figure 2. Cholesterol homeostasis and functions. Cholesterol homeostasis is tightly regulated in our body and can be
achieved through intricate mechanisms involved in biosynthesis, dietary absorption, transportation (influx or efflux),
catabolism, and depletion. The functions of cholesterol are composed of distinct membrane, control membrane fluidity
and protein recruitment, produce steroid and oxysterol, and are involved in cell signaling to regulate cell growth, pro-
liferation, and migration.
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2.3. Biological functions of cholesterol

Disruption to cholesterol homeostasis leads to a variety of diseases such as coronary heart
disease, atherosclerosis, and metabolic syndrome as well as cancer [9–19, 45–51]. This indicates
that cholesterol plays a crucial role in the regulation of cellular function (Figure 2). In the cells,
cholesterol is mandatory for cellular growth and serves as one of the necessary building blocks
for new membranes demanded by dividing cells during proliferation. Cell membranes have
been recognized as heterogeneous structures composed of distinct membrane microdomains
with different proteins and lipids. Lipid rafts, cholesterol-rich domains, play an important
platform as a signaling station for many cellular processes, including membrane sorting and
trafficking, cell polarization, and signal transduction [52–56]. Cholesterol promotes cell
proliferation by inducing the activation of the AKT and/or the ERK signaling pathway as well
as Ca2+ channel [57–60] and cell migration by increasing the activity of calpain that is also
Ca2 + dependent [61, 62] and is also involved in Hedgehog processing, diffusion, and reception
[63, 64]. Cholesterol can be converted to steroid hormones which activate nuclear receptors
and thus help to control metabolism, inflammation, immune functions, salt and water balance,
the development of sexual characteristics, and the ability to withstand illness and injury [65,
66]. Meanwhile, the metabolites of cholesterol such as hydroxycholesterols play multiple
biological functions in the body [67, 68]. Cholesterol also contributes to chemotherapy
resistance which leads to treat failure [11–14]. Taken together, cholesterol is tightly associated
with cancer cell growth, proliferation and therapy.

3. The balance of cholesterol and cancer

Cholesterol accumulation in cancer cells and tumor tissues was discovered in cancer cells and
tumor tissues started in earlier 1900s [12, 69, 70]. Since then, researchers have studied the
relationship between cellular cholesterol and cancer in depth. Recent epidemiological studies
suggest the correlation between serum cholesterol level and the risk of certain types of cancer
[15, 71–74]. It is difficult to draw conclusions from epidemiological studies on whether
cholesterol is a key factor of cancer incidence because of of their intrinsic limitations. On the
other hand, experimental evidence from cell and animal models indicates that cholesterol plays
a promotional role in cancer cell growth and cancer development and progression [57–60].
These findings support the notion that lowering cholesterol level may be a useful and effective
strategy for cancer prevention and a therapeutic potential for cancer treatment.

3.1. Lowering cholesterol level

As described above, cholesterol homeostasis is controlled by its biosynthesis, catabolism,
dietary absorption, transportation, and depletion [28–32]. Among these, cholesterol biosyn-
thesis and absorption with low-density lipoprotein (LDL) receptor (LDLR) which mediates the
endocytosis of cholesterol-rich LDL are key to elevate cellular cholesterol. By contrast, there
are also two common avenues to achieve cholesterol lowering: (1) pharmacological treatment
which inhibits cholesterol biosynthesis [41–45] and (2) dietary control that reduces cholesterol
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absorption [36, 75]. Meanwhile, cholesterol metabolite, 27-hydroxycholesterol, and other
oxysterols can activate the liver X receptors (LXR), resulting in a reduction of intracellular
cholesterol [76–78]. Modulation of LXR and their downstream targets has appeared to be
involved in cholesterol and lipid metabolism in response to changes in cellular cholesterol
status [76–78]. This also draws attention to the therapeutic interest of developing LXR agonists
as a bona fide therapeutic approach in cancer treatment. The cross talk of LDLR-SREBP (sterol
regulatory element-binding protein) signaling and LXR signaling in the regulation of choles-
terol metabolism is potential as a new strategy to develop cancer therapeutic drugs and
treatment regimen.

3.2. Cholesterol-lowering drugs

There are many different agents that can inhibit cholesterol biosynthesis at different enzymatic
steps or reduce cholesterol level by different regulation pathways. Table 1 summaries the
targets and effects of different cholesterol-lowering agents. Statins, first marketed in 1987, are
the most common drugs to lower cholesterol level. As structural analogues of HMG-CoA,
statins inhibit HMG-CoA reductase to block the conversion of HMG-CoA to mevalonic acid
in a rate-limiting step of cholesterol biosynthesis. Up to date, a number of different compounds
in this class drugs have been developed: atorvastatin (Lipitor), cerivastatin (Baycol; withdrawn
from the market in 2001), fluvastatin (Lescol), lovastatin (Mevacor), mevastatin (Compactin),
pitavastatin (Livalo), pravastatin (Pravachol or Selektine), rosuvastatin (Crestor), and simvas-
tatin (Zocor). They are effective for treating cardiovascular disease, atherosclerosis, dyslipo-
proteinemia, and liver disease [79–81] and are also recommended for those who do not meet
their lipid-lowering goals through diet and lifestyle changes. Statins are also considered as an
anticancer agent to prevent and treat cancer patients [42–44]. Because of multiple side effects
of statins, such as muscle pain, increased risk of diabetes mellitus, and abnormalities in liver
enzyme tests, many other enzymes that are involved in cholesterol biosynthetic pathway
beyond HMG-CoA reductase are also being considered as targets for developing cholesterol-
lowering drugs. These drugs include bisphosphonates which inhibit farnesyl-diphosphate
synthase [82] and lonafarnib (SCH66366) and tipifarnib (R115777) which inhibit farnesyltrans-
ferase [83]. YM-53601, RPR-107393, and TAK-475 (Lapaquistat) can inhibit squalene synthase
[84–86], and Ro 48-8071, BIBB515, and terbinafine (Lamisil) are potent inhibitors of 2,3-
oxidosqualene cyclase or squalene epoxidase [87–89]. These agents are used in clinic and in
clinic trials.

In addition, several another classes of compounds which can lower cholesterol level via
different molecular mechanisms have recently been developed. Ezetimibe (Zetia), a cholesterol
uptake-blocking drug, prevents cholesterol absorption from dietary intake [90]. Fibrate drugs
(Gemfibrozil, Tricor, Atromid-S), an activator of peroxisome proliferator-activated receptor α
(PPARα), can reduce very-low-density lipoprotein (VLDL) - and LDL-containing apoprotein
B and increase HDL-containing apoprotein AI and AII [91, 92]. Cholestyramine, colestipol, and
colesevelam, bile acid sequestrants, can remove bile acids from the body and further convert
more plasma cholesterol to bile acids to reduce cholesterol level [93, 94]. Some other choles-
terol-lowering agents are also on the market or available for research. Acyl-CoA:cholesteryl
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acyltransferase inhibitor (avasimibe or CI-1011) induces cholesterol 7-α-hydroxylase and
increases bile acid synthesis [95]. Green tea or catechins can inhibit the intestinal absorption
of dietary lipids [96]. Lomitapide (Juxtapid) inhibits the microsomal triglyceride transfer
protein required for VLDL assembly and secretion [97]. Mipomersen is a second-generation
antisense oligonucleotide targeted to human apolipoprotein B-100 which is the structural core
of LDL cholesterol [98]. Anacetrapib is a novel inhibitor of cholesteryl ester transfer protein
[99]. Evolocumab (AMG145) and alirocumab are monoclonal antibodies which inactivate the
proprotein convertase subtilisin/kexin type 9 (PCSK9) and lower LDL level [100, 101]. Dyna-
sore reduces labile cholesterol in the plasma membrane [102]. Some of these cholesterol-
lowering drugs have demonstrated their anticancer property and have the potential of cancer
pharmacological prevention [41–45].

Agents Targets Effects References
Statins HMG-CoA reductase Block the conversion of HMG-CoA to mevalonic acid [79–81]

Bisphosphonate FPP synthase Attenuate the formation of FPP [82]

SCH66366
R115777

Farnesyltransferase Reduce adding a farnesyl group to proteins [83]

YM-53601
RPR-107393
TAK-475

Squalene synthase Inhibit the conversion of FPP to squalene [84–86]

Ro 48-8071 2,3-Oxidosqualene
synthase

Block the formation of 2,3 oxidosqualene [87, 88]

BIBB515
Terbinafine

Squalene epoxidase

Ezetimibe
Catechins

Cholesterol
absorption

Block cholesterol uptake in the small intestine [89, 90]

Gemfibrozil
Tricor
Atromid-S

PPARα Reduce VLDL and LDL level [91, 92]

Cholestyramine
Colesevelam and the
conversion of cholesterol
to bile acid
Colestipol

Bile acid sequestrants Increase bile acid removal [93, 94]

Avasimibe
CI-1011

ACAT Increase cholesterol oxidation and bile acid synthesis [95, 96]

Lomitapide Triglyceride transfer
protein

Reduce VLDL assembly and secretion [97]

Mipomersen Apolipoprotein B-100 Reduce LDL level [98]

Evolocumab
Alirocumab

PCSK9 antibody Inactivate PCSK9 and lower LDL level [99, 100]

Dynasore Dynamin Reduce membrane cholesterol [101]

*PPARα, peroxisome proliferator-activated receptor α; ACAT, Acyl-CoA:cholesteryl acyltransferase.

Table 1. Targets and effects of different cholesterol-lowering agents.
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3.3. Anticancer property of cholesterol-lowering drugs

Accumulating evidence supports that deregulation of any steps in cell growth, proliferation,
and migration may result in cell malignant transformation. More than a century ago, choles-
terol was observed to accumulate in malignant tissues [69]. Now, more and more evidence
shows that cholesterol plays a critical role in the regulation of cancer cell growth and prolif-
eration and tumor progression [8, 10–18, 70]. The key regulators in cholesterol metabolism
attract many researchers around the world to search for novel anticancer agents. Based on
cholesterol biofunctions and experimental data, the role of cholesterol-lowering drugs may
not limit on the property of LDL-cholesterol lowering but may also be involved in the pre-
vention or treatment of cancer. Statins are the most common cholesterol-lowering drugs and
are also the most studied drugs. Whether statins exhibit anticancer properties is based on
experimental studies, epidemiological studies, and clinical studies. In experimental studies,
statins reduce a variety of cancer cell viability (Figure 3) [75, 103–105]. The epidemiologic data
also support that statins reduce the incidence of gastric cancer, breast cancer, advanced prostate
cancer, colorectal cancer, and cholangiocarcinoma [105–109]. However, there are also some
studies that do not support the association of statin use with cancer risk [110, 111]. In clinical
studies, statins can significantly reduce prostate cancer-specific mortality and reduce the risk
of biochemical recurrence among the patients treated with radiation therapy [112] and are also
associated with improved survival in patients with metastatic renal cell carcinoma [113]. So
far, statins show some promising results in certain types of cancer. The potential of statins in
modern cancer prevention and treatment is very promising. Meanwhile, it is also important
to search other cholesterol-lowering agents that are more effective and reduce adverse side
effects. Some of these agents have already been studied at the different stages [89, 114].

Figure 3. Treatment of lovastatin reduces cell viability in different cancer cell lines. Different cancer cells were cultured
in 96-well plates and treated with 10 μM lovastatin for 3 days; the samples analyzed cell viability by MTT assay
(n = 16). The values of lovastatin treatment were statistically different from the controls. P < 0.05. M231, MDA-MB-231.
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3.4. Molecular mechanism of anticancer properties of cholesterol-lowering drugs

Expression of HMG-CoA reductase gene can be regulated by genetic or dietary interaction
[115], in which it is transcriptionally regulated by endoplasmic reticulum-based transcription
factor, SREBP-2 [116], or high-fat diet feeding [117]. Statins inhibit HMG-CoA reductase to
block cholesterol biosynthesis which attenuate cell proliferation and arrest cell cycle progres-
sion by interrupting growth-promoting signals and involving in RAS/RAF/MEK/ERK,
PI3K/AKT/mTOR and Wnt/β-catenin signaling cascades [118, 119]. Statins also selectively
induce proapoptotic potential in tumor cells and synergistically enhance proapoptotic
potential of several cytotoxic agents. The mechanism for this effect has been demonstrated by
disrupted binding of RhoA inhibitor GDIα which leads to increased levels of GTP-bound forms
of RhoA, Rac1, and cdc42 proteins.These proteins induce apoptosis 1) by suppression of anti-
apoptotic proteins such as Bcl2 or activation of the superoxide-activated JNK pathway [120]
or 2) by inhibiting Akt/mTOR pathway and inducing programmed cell death 4 expression in
renal cell cancer cells [121]. Statins alter the angiogenic potential of cells by modulating
apoptosis inhibitory effects of VEGF and decrease secretion of metalloproteases and suppress
the rate of activation of multiple coagulation factors and thus prevent coagulation-mediated
angiogenesis [122]. Statins suppress the Rho/Rho-associated coiled-coil-containing protein
kinase pathways, thereby inhibiting cell migration, invasion, adhesion, and metastasis [123].
Other cholesterol-lowering agents have not been widely studied as statins. However, all
cholesterol-lowering agents could affect membrane composition, in particular cholesterol-rich
domain, termed lipid rafts. Membrane lipid rafts are highly ordered membrane domains that
are enriched in cholesterol, sphingolipids, and gangliosides and selectively recruit certain
classes of proteins (a large number of cancer-related signaling and adhesion molecules) and
act as major modulators of membrane geometry, lateral movement of molecules, and traffic
and signal transduction [52, 54]. Cholesterol-lowering drugs lead to membrane cholesterol
depletion which could disrupt membrane lipid rafts, block the adhesion and migration
processes of cancer cells, and induce cancer cell apoptosis [124, 125].

4. Cholesterol-lowering drugs in cancer prevention and therapy

A growing body of evidence from cell biology and animal models has strongly demonstrated
the anticancer activity of cholesterol-lowering drugs such as statins [7, 83–89, 104–108].
Epidemiological studies also suggest an anticancer effect of statins evidenced by the reductions
of cancer incidence and cancer-related mortality, although the association between statin use
and cancer incidence based on different cancer remains controversial from different laborato-
ries around the world. Statins as part of pharmacological cancer prevention and chemotherapy
have generated interest in the oncology community and have been investigated in a variety of
cancers at early and late stages and in the combination with chemotherapy and radiation
therapy. Here, we summarize the current data that statin use affects cancer incidence and
therapy.
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Study No. of subjects/
studies

Results References

Bonovas, 2008 12 studies No significant relationship between statins and pancreatic cancer risk [129]

Khurana, 2007 483,733 Protective against the development of pancreatic cancer [130]

Lin, 2016 19,727 Prevent H. pylori-associated gastric cancer [105]

Singh, 2013 11 studies Prevent gastric cancer risk in both Asian and Western population [131]

Tsan, 2012 33,413 Reduce the risk for hepatocellular carcinoma in HBV-infected patients [132]

Chen, 2015 2,053 Decrease hepatocellular carcinoma in diabetic patients [133]

Zhang, 2013 13 studies No association between statin use and risk of bladder cancer [134]

Peng, 2015 3,174 Reduce the risk of cholangiocarcinoma [108]

Yi, 2014 20 studies Preventive effects against hematological malignancies [135]

Pradelli, 2015 14 studies Negatively associated with all hematological malignancies [136]

Wang, 2013 20 studies Nonsignificant association between statin users and lung cancer risk [137]

Bansal, 2012 27 studies Reduce the risk of total and advanced prostate cancer [138]

Jacobs, 2007 55,454 Reduce the risk of advanced prostate cancer [109]

Undela, 2012 24 studies Do not support that statins have a protective effect against breast
cancer

[139]

Lytras, 2014 40 studies Do not support that statin users reduce the risk of colorectal cancer [140]

Setoguchi, 2007 24,439 No effect in the risk of colorectal, lung, or breast cancer in older
patients

[141]

Kuoppala, 2008 42 studies No effect on the incidence of lung, breast, or prostate cancer
Protect from stomach and liver cancer and from lymphoma
Increase the incidence of both melanoma and nonmelanoma skin
cancer

[142]

Table 2. Effect of statins on cancer incidence.

4.1. Cholesterol-lowering drugs in cancer prevention

Cholesterol is accumulated in different solid tumors and cancer cells [12, 69–71, 126, 127],
raising questions concerning the role of cholesterol in cancer cell growth, proliferation, and
migration as well as tumor progression [57–61]. Although cholesterol-lowering drugs have
also been shown to possess an important antitumor activity that reduces cell growth, prolif-
eration, and migration through ERK-mediated and Akt-mediated signaling pathways and is
capable of inducing apoptosis through extrinsic and intrinsic pathways using different cancer
cells as models [43–45, 75, 78, 104, 118–123], it is still unclear whether statins are suitable to
prevent the incidence of cancer. More than a hundred of epidemiological studies around the
world have been performed to evaluate the effect of statin on the risk of cancer incidence [105,
108, 109, 126–142]. These studies have been focused on statin type, potency, lipophilic or
hydrophobicity status, and duration of use. Due to the limitation of epidemiological studies
with the patients different in age, sex, living regions, and life style, the results are controversial.
Table 2 summarizes the association of cancer risk and statin use in pancreatic cancer, gastric
cancer, liver cancer, lung cancer, bladder cancer, breast cancer, prostate cancer, colorectal
cancer, blood cancer, and other malignancies. The clinical studies have provided conflicting
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data regarding whether statins may reduce or may be no effect on the risk of cancer. It is clear
that current data cannot rule out the association of statin use with the risk of some cancers.
Analyses of larger numbers of cases, subgroup design (participant ethnicity or confounder
adjustment), randomized controlled trials, and high-quality cohort studies with longer
duration of follow-up are needed to further confirm this association. Meanwhile, we also need
to study cancer patient genetic mutations and determine whether the effect of statins on cancer
prevention and therapy is associated with genetic mutation. It is clear that defining the
underlying mechanisms of how cholesterol lowering contributes to cancer prevention and the
search for other cholesterol-lowering agents with better outcome has emerged as future
objectives. Whether cholesterol-lowering agents are used in cancer prevention will be based
on the analysis of responses to these agents with cancer patient genetic information.

4.2. Cholesterol-lowering drugs in cancer treatment

Cholesterol is implicated in various cellular processes including the involvement of cell
proliferation/apoptosis balance regulation in various types of cancers. Statins and other
cholesterol-lowering agents are very common and effective medication used in preventing
heart disease in those with high cholesterol, but no history of heart disease. The anticancer
activity of these drugs has also attracted oncologists to consider whether cholesterol-lowering
drugs can be a tool for cancer treatment. A variety of studies have focused on the effect of
statins alone or in combination with other chemo- or/and immune-therapeutic drugs or
radiation therapy on the treatment of different cancer patients. McKay et al. [113] showed some
promising data that statin use improved survival in patients with metastatic renal cell
carcinoma. Raval et al. found that statin significantly reduced the prostate cancer-specific
mortality and improved the biochemical recurrence in certain subgroup of men with prostate
cancer [112]. Song et al. found that statin use also reduces biochemical recurrence in men with
prostate cancer after radical prostatectomy [143]. Statin use is related to reductions in overall
and cancer-specific mortality [144] and associated with longer rates of survival [145] in
colorectal cancer survivors. Two recent studies indicate that statin use is associated with
improved overall survival in patients with resectable pancreatic ductal adenocarcinoma [146,
147]. Statin use also improves overall survival among patients undergoing resection for
pancreatic cancer [148]. Lipophilic statins are associated with a reduced risk of breast cancer
recurrence and inflammatory breast cancer [149]. Because statins negatively interfere with
CD-20 and rituximab-mediated activity, statins have a negatively effect on clinical outcome in
patients with rituximab-treated leukemia [150]. No association of statin use with patient
survivals was also reported from colorectal cancer study [151]. Future studies are needed to
further evaluate which cancer patients may benefit from statin treatment, what the best
treatment is, and which cholesterol-lowering drugs are better to use in cancer treatment.

5. Concluding remarks and future perspectives

Cholesterol is tightly regulated by a physiological balance of cholesterol metabolism (biosyn-
thesis and degradation), dietary absorption, transportation (efflux and influx), and depletion.
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Importantly, cholesterol is accumulated in cancer cells and tumor tissues and is implicated in
various cellular processes including cell growth, proliferation, and migration. The increase and
decrease in cellular and circulating cholesterol levels have demonstrated the involvement of cell
proliferation/apoptosis balance regulation. This chapter reviewed our current understanding
of how cholesterol metabolism contributes to cancer development and progression and
cholesterol-lowering drugs may be associated with the therapeutic potential of cancer preven-
tion and treatment. Current evidence cannot exclude the relevance of cancer risk with statin use
as seen in a variety of studies. Whether the genetic mutations of cancer patients are associated
with the response of statins is also unknown. It is clear that more studies are needed to better
characterize potential statin-mediated mechanisms that prevent cancer incidence. On the other
hand, statins alone or used in combination with certain anticancer drugs or radiation therapy
can improve survival in patients with several different tumors. Further research using large
cohort studies in different cancers is needed to clarify these issues. In addition, searching for
novel classes of cholesterol-lowering drugs with more effects and less side effects could provide
new therapeutic options for cancer prevention and therapy.
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Abstract

Hypercholesterolemia is a complex disorder presenting in different forms, including
the familial form (FH), with varying underlying aetiology, and contributing substan‐
tially to coronary artery disease. Particularly, the FH underlies monogenic changes in
genes  involved  in  cholesterol  synthesis  and  transport,  including  the  low  density
lipoprotein receptor, proprotein convertase sublitisin/kexin type 9 and apolipoprotein
B. However, hyperlipidemia is largely a complex interaction of changes in multiple
genes  with  environmental  factors,  such  as  diet,  overweight  and  obesity  that  are
controllable  by  adopting  healthy  eating  habits  and  exercise,  which  may  vary  by
ethnicity. Diet alone is often not adequate to achieve the desired lipid lowering effect in
individuals  harbouring  very  high  cholesterol  levels,  necessitating  the  use  of  lipid
lowering medication or other forms of therapy. Antilipidemic drugs fall into (a) bile acid
sequestrants  (b)  cholesterol  absorption  inhibitors,  (c)  3‐hydroxy‐3‐methylglutaryl
coenzyme A reductase inhibitors, (d) fibric acid derivatives (e) proprotein convertase
subtilisin/kexin type 9 inhibitors, (f) miscellaneous agents and (g) drug combinations.
Mutations in their various metabolizing enzymes, particularly the cytochrome P450
family, often lead to partially/non‐functional, or even rapid metabolizing phenotypes,
triggering great variations in the way individuals respond to drug therapy, which in
turn depends on ethnicity. This may produce unexpected outcomes such as therapeutic
failure, adverse side effects and toxicity in individuals of different ethnic origin. Hence,
in‐depth information of the impact of ethnicity on these relationships has the huge
potential of achieving optimal quality use of drugs as well as improving the efficacy
and safety of antilipidemic therapeutic agents.

Keywords: cholesterol, hypercholesterolemia, ethnicity, gene polymorphism, poly‐
genic complex disease, anti‐lipidemic drug therapy, drug metabolism
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1. Introduction

Cholesterol is a sterol that presents one of the three major classes of lipids synthesized and
utilized by animal cells to construct their cell membranes. It also serves as a precursor of the
steroid hormones, bile acids and vitamin D, and is transported in the blood plasma within
lipoproteins. These lipoproteins are classified according to their density as (a) very‐low‐density
lipoproteins (VLDLs), (b) low‐density lipoproteins (LDLs), (c) intermediate‐density lipoproteins
(IDLs) and (d) high‐density lipoproteins (HDLs) [1]. Hypercholesterolemia (also often referred
to as dyslipidemia) describes a condition characterized by elevated lipid (hyperlipidemia) or
lipoprotein levels (hyperlipoproteinemia) (>240 mg/dL) in circulation [2]. Such elevated levels
of lipoproteins,  other than HDL (also called non‐HDL‐cholesterol),  particularly the LDL‐
cholesterol, are associated with an increased risk of coronary artery disease (CAD) [3]. In contrast,
increased HDL‐cholesterol levels are deemed protective [4]. An elevation in circulating non‐
HDL‐ and LDL‐cholesterol may be triggered by diet, obesity, genetic disorders or presence of
other diseases, such as diabetes and dysfunctional thyroid [2, 5]. Hyperlipidemia is one of the
most important players in developing cardiovascular disease leading to high mortality [6, 7].
Hence, management of hyperlipidemia not only maintains healthy lipoprotein levels, but is also
designed to avert the more deleterious consequences of CAD manifestation.

Hyperlipidemia affects humans globally with a prevalence of approximate 34 million in the
USA. It occurs partly as an inheritable monogenic (Mendelian) disease, specifically the familial
form, which affects 1 in 500 individuals globally, but more frequently so, as a result of an
interaction of genetic changes with environmental factors, that may or may not be modifiable.
Inheritable forms include the familial types, such as homozygous familial hypercholesterole‐
mia (HOFH) or familial hyperbetalipoproteinemia (FHBL), a disorder that impairs the body’s
capability to absorb and transport fats. This form of the disease is characterized by early signs
of cholesterol infiltrates with premature CAD, accompanied by a building up of excess
cholesterol in other tissues such as the skin, tendons and coronary arteries. This, in turn, is also
accompanied by growths defined as tendon xanthomas, known to affect the Achilles tendons
as well as tendons in hands and fingers [8]. Other forms of cholesterol deposits also exist, such
as xanthelasmata under the eyelid skin and cornealis, accumulating at the edge of the clear
front surface of the cornea. The complex form of hypercholesterolemia is triggered by some
interplay between genetic variants with modifiable risk factors, such as lifestyle or diet
and/or unmodifiable variables, such as age, ethnicity, gender and family history. Some of the
modifiable predisposing factors such as diet, overweight and obesity are controllable by
adopting a healthy eating plan, staying active and managing personal weight scale. However,
patients with very high cholesterol levels, such as in familial hypercholesterolemia (FH), diet
alone is often not adequate to achieve the desired lipid lowering effect, necessitating the use
of lipid lowering medication to reduce its production and absorption [9], as well as other
therapies including LDL apheresis or surgery. Several drug families are employed targeting
different components of cholesterol metabolism. The success of treatment may vary in different
communities, depending on a number of contributing factors, particularly ethnicity. Impor‐
tantly, while the influence of the unmodifiable risk traits is likely to be felt alike across
ethnicities, their actual impact on disease will often be defined by the extent to which genetic
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changes interact with these environmental factors within a given population. These risk factors
can also influence drug response and toxicity, whereby the penetrance of these interactions on
disease and drug therapeutic outcomes similarly depends on ethnicity, with some influence of
the confounding modifiable risk factors. This chapter therefore focuses on the impact of
ethnicity on interaction of these predisposing factors, particular genetic polymorphism, in the
management of hypercholesterolemia.

2. Ethnicity and hypercholesterolemia

Blood lipid levels are highly heritable traits. Essentially, hypercholesterolemia occurs as a result
of the low‐density lipoprotein receptor (LDLR) being unable to remove cholesterol effectively
from circulation. This can be caused by mutations in one or more genes that regulate cholesterol
metabolism and transportation. The greatest contribution to the manifestation of hypercho‐
lesterolemia and difficulties related to maintaining health circulating cholesterol levels are
genetic changes in components of these pathways. While only a handful of Mendelian disease
genes and founder mutations for the autosomal recessive form of the disease have been
identified to date, there are many other genes that contribute to the complex form of the disease.
Thus, whereas the Mendelian form is likely to exert the same impact globally, the manifestation
of the complex trait will more often than not depend on the nature of the interactions between
the predisposing genes and environmental factors, which may vary among various ethnicities.
This, in turn, has a great impact on disease manifestation in a given society.

2.1. Ethnicity, race ancestry and disease

Ethnicity and race have traditionally been related to biological and sociological factors,
respectively. Accordingly, race presumes shared biological or genetic traits and is distinguish‐
able by the traits resulting from a shared genealogy due to geographical demarcations, while
ethnicity connotes shared cultural traits and history, and possibly linguistic or religious traits.
In terms of genetic undertones, therefore, individuals of the same racial background (ancestry)
are likely to carry more common genetic architecture than those belonging to the same
ethnicity. Hence, the impact of these two societal confounders on dyslipidemia manifestation
may not always be the same. Besides, in multi‐cultural societies, such as in the USA or Southern
Africa, many (ethnic) admixture groups have arisen in the course of time, from different
ancestral lineage, and are often placed into the one or the other ethnical group. This adds some
complexity to the estimation of the depth of genetic adulteration in racial genetic texture,
rendering the ancestral delineation more complex. Accordingly, the impact of intra‐ethnical
variations on disease might be over‐ or underestimated within a given community. Most
importantly, the influence of ethnicity on the disease manifestation or therapeutic outcome is
also often regulated by modifiable confounders as well as the depth of public awareness within
a given society. Hence, the accuracy in the estimation of the depth of the influence of ethnicity
on dyslipidemia and therapy thereof may depend on the constituent racial component of the
given society.
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2.2. Ethnicity and genetics of hypercholesterolemia

Genetically, hypercholesterolemia may occur in various forms depending on the type and
genomic location of the causative mutation. This may directly be caused by a structural change
in a gene involved in the transportation of the lipids. Thus, the monogenic (Mendelian) form,
often manifest as familial hypercholesterolemia (FH), is triggered by changes in a single gene.
To date, the monogenic form has been linked primarily to mutations in three genes, the LDLR
[10–15], proprotein convertase sublitisin/kexin type 9 (PCSK9) [16–23] and apolipoprotein B
(APOB) genes [24–28]. In most cases, individuals with FH will have inherited one or both
altered copies of the gene from affected parents. In this case, the disease can be acquired in an
autosomal recessive (presence of two copies of the mutated gene from both parents) such as
the autosomal recessive hypercholesterolemia (ARH), or in a dominant (presence of only one
copy of the mutated gene from either parent) form such as HOFH or heterozygous familial
disease (HEFH). The recessive type tends to lead to the more severe form of the disease, which
often appears in childhood. The HEFH is a very rare form of FH, affecting a small but noticeable
percentage of individuals, yet constituting an important cause of early onset of CAD. The
disease results from either biallelic pathogenic variants in one of the three genes or one
pathogenic variant in each of two different genes. It is thought to account for 60–80% of FH.

However, the most common forms of hyperlipidemia are complex in nature, resulting
primarily from an interaction between genetic changes and environmental factors [29]. Thus,
apart from the three genes, LDLR, APOB and PCSK9, known to cause the monogenic disease,
several others are also involved in the manifestation of the disease. The genes include the
peroxisome proliferator‐activated receptor‐alpha (PPAR-α), cholesteryl ester transport
protein (CETP), low‐density lipoprotein receptor adaptor protein 1 (LDLRAP1), apolipopro‐
tein (APO) A1 (APOA1), A4 and A5 complex (APOA1/A4/A5) and apolipoprotein E (APOE),
3‐hyroxy‐3‐methylglutaryl coenzyme A reductase (HMGR), lecithin cholesterolacyltransfer‐
ase (LCAT) and lipoprotein lipase (LPL), just to name a few. The genes associated with the
different forms of dyslipidemia are summarized in Table 1.

Among the genes associated with dyslipidemia to date, the LDLR is understandably the most
well defined. This gene encodes the LDLR protein which binds to low‐density lipoproteins
(LDLs) particles, the primary carriers of cholesterol in the blood. This receptor resides on the
outer surface of many cell types, particularly in the liver, where it picks up circulating LDL
particles and transports them into the cell. Within the cell, the receptor is broken down in order
to release cholesterol for utilization by the cell, storage or removal from the body. The LDLR
is essential in regulating the amount of circulating cholesterol, whereby the speed at which the
later gets eliminated from the system depends on the receptor expression. Hence, alteration
in the structure of these receptors will lead to fundamental changes in the regulation of
circulating cholesterol levels. Such mutations in the LDLR gene are thought to be the primary
cause for FH, with a greater frequency in a population with founder mutations. Several such
hyperlipidemia‐related variants have been identified thus far in this gene [10–15]. These
mutations have different effects on the function of the protein. For example, some of them do
so by reducing the number of LDLRs produced within the cells, while others disrupt the ability
of the receptors to remove the LDLs from circulation. As a result, individuals harbouring LDLR
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mutations will have very high circulating cholesterol levels, ultimately leading to the familial
form of the disease. Some of these mutations have been implicated in both the autosomal
recessive (ARH) and dominant (ADH) forms of hypercholesterolemia, whereby in some ethnic
populations, the ADH has been shown to exhibit allelic heterogeneity [11, 30]. Thus, genetic
diversity has been described in FH [30, 31], pointing to the likelihood of differences in the
extent to which these mutations may cause disease in different populations. This may be
ascribable to differences in life style. It has also been suggested that the LDLR gene has a sex-
specific pleiotropic effect, as is indicated by changes in the relationship between traits [32].
This suggests in turn that environmental factors, such as diet or even migration, may play a
significant role in modulating the phenotype of heterozygous FH.

Gene Chr
locus 

Protein function Mechanism Disorder (mutations)

APO A1 11q23.3 Promotes Chol efflux from
tissue to the liver for excretion.

Cofactor for LCAT hTG; HDL deficiencies;
Tangier disease; HALP

APO A4 11q23.3 Major HDL and chylomicron
component; chylomicron and
VLDL secretion and catabolism

Required for lipoprotein lipase
activation by ApoC-II; potent
activator of LCAT

Chronic inflammatory
demyelinating
polyneuropathy

APO A5 11q23.3 Regulating plasma TG levels;
inhibitor of hepatic VLDL
production

Minor apolipoprotein associated
with HDL, may activates LCAT

hTG; HLP

APOB 2p24-
p23 

Internalization of LDL particles
by apoB receptor

Recognition signal for cellular
binding; major constituent of LDL
and VLDL

FHBL (>50); HL; FDB
(>5), ADH

APOE 19q13.2 Ligand for LDLR and specific
apo-E receptor (chylomicron
remnant)
of hepatic tissues

Mediates binding, internalization
and catabolism of lipoprotein
particles

Polygenic HL; HLP type
II and III

CETP 16q21 Transfer of neutral lipids, e.g.
cholesteryl ester and triglyceride
among lipoprotein particles

Allows net movement of choles
teryl ester from HDL to TG-rich
VLDL and TG and vice versa

HALP; hTG, Low HDLC

LDLR 19p13.2 Intracellular cholesterol transfer
and transport in blood

Binding to bile acids in intestines FH (>1000)

LDLRAP1 1p36.11 LDL binding and internalization;
endocytosis

Adapter protein for LDLR
endocytosis in hepatocytes and
lymphocytes

HL (>10)

PCSK9 1p32.3 Regulation cholesterol
homeostasis 

Binds to LDLRs, VLDLR, APOER,
APOER2

Familial HBLP

PPAR-α 3p25.2 Key regulator of lipid
metabolism

Binds to peroxisome proliferators,
e.g. hypolipidemic drugs

ADH, autosomal dominant hypercholesterolemia; ApoB, apolipoprotein B; APOER, apolipoprotein receptor; CETP,
cholesteryl ester transport protein; FDB, familial defective apoB-100; Chol, cholesterol; Chr; chromosomal position; FH,
familial hypercholesterolemia; FHBL, familial hyperbetalipoproteinemia; HALP, hypoalphalipoproteinemia; HBLP,
hypobetalipoproteinemia; HDLC, high-density lipoprotein-cholesterol; HMG-CoA; 3-hyroxy-3-methylglutaryl
coenzyme A reductase; HLP, hyperlipoproteinemia; hTG, hypertriglyceridemia; LCAT, lecithin cholesterol
acyltransferase; LDLR, low-density lipoprotein receptor; LDLRAP1, low-density lipoprotein receptor adaptor protein
1; LPL, lipoprotein; PCSK9, proprotein convertase sublitisin/kexin type 9; PPAR-α, peroxisome proliferator-activated
receptor-alpha; VLDL, very-low-density lipoprotein.

Table 1. Gene polymorphisms currently known to contribute to hypercholesterolemia.
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One other important gene involved in HL is that encoding the apolipoprotein B (apoB)
proteins. This gene encodes two versions of the protein: a shorter version (apoB‐48) and a
longer version (apoB‐100). Both isoforms are involved in transporting fat‐like particles,
including cholesterol, in the blood. They are synthesized primarily in two organs, whereby the
apoB‐48 is produced in the intestines, while the apoB‐100 is synthesized primarily in the liver.
The former functions as a component of the chylomicron lipoproteins and is important for the
absorption of certain fat‐soluble vitamins, such as the vitamins A and E. The apoB‐100, on the
other hand, constitutes a component of other forms of lipoproteins, specifically the VLDLs,
IDLs and LDLs, all of which are involved in the transportation of fats and cholesterol in the
blood. Accordingly, apoB facilitates the LDL binding to their receptors in the liver cell surface.
This in turn enables the transportation of these lipoproteins into the cell, where they are broken
down to facilitate the release of cholesterol. Thus, mutations in the APOB gene can cause
familial hyperbetalipoproteinemia (FHBL) or hypercholesterolemia by triggering the produc‐
tion of abnormally short forms of the protein, and therefore a reduction or lack of dietary fat
and cholesterol transportation and ultimately the body’s ability to absorb fats and fat‐soluble
vitamins from the diet. The severity of the disease depends on the length of the abnormal
protein. Accordingly, a resultant protein that is longer than the apoB‐48 will not hamper its
production; hence, it should still be capable of forming chylomicrons. On the other hand, a
similar product of the apoB‐100 in the liver will not be able to produce LPLs efficiently. Hence,
protein products that are shorter than the apoB are associated with more severe symptoms
than in cases where some normal apoB‐48 is produced. APOB mutations may also trigger the
familial ligand‐defective apoB‐100 (FDB) [27] and ADH conditions [26]. These states are
characterized by the presence of very high circulating cholesterol levels and therefore increased
risk of disease. The impact of genetic changes in APOB on hypercholesterolemia is, however,
less described than that of the LDLR gene. Besides, there has been some inconsistences in
reports on the impact of some of these mutations in different populations [10], pointing to its
variation by ethnicity [33, 34].

The proprotein convertase sublitisin/kexin type 9 (PCSK9) functions by enhancing the
regulation of circulating cholesterol levels, thereby possibly controlling the number of LDLRs
on the cell surface. It probably acts by breaking down the LDLRs before they reach the cell
surface. A few hypercholesterolemia‐related mutations have been reported in the PCSK9 to
date [16, 35], and have been linked mainly to ADH [20–23]. Accordingly, the mutations
responsible for the disease are termed ‘gain‐of‐function’ mutations as they enhance the protein
activity or lead to the protein acquiring new atypical functions. Serum lipoprotein Lp(a) is
thought to be elevated in FH as a result of such PCSK9 gain‐of‐function mutations [18, 19], for
example. The overactive protein significantly reduces the number of LDLRs on the surface of
the liver cells, possibly by triggering faster breakage of the LDLRs. Thus, the attenuated
production of the receptors leads to more cholesterol accumulation, and therefore the possi‐
bility of the disease occurring. Other mutations in the gene defined as ‘loss‐of‐function’
mutations reduce blood cholesterol levels (hypocholesterolemia) by decreasing the PSCK9
activity or reducing its amount in the cell. These mutations lead to an increase in the number
of LDLRs on the surface of liver cells. Harbouring of such mutation has been linked to a
significantly lower than average risk of developing heart disease. Furthermore, elevated
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PCSK9 levels are thought to be detrimental for patients carrying either non‐FH or HEFH [36],
since they tend to correlate with LDL‐cholesterol levels [37].

The PPAR‐α, −β/γ are ligand‐activated transcription factors serving as the primary regulators
of several activities including glucose, fatty acid and lipoprotein metabolism, energy balance,
cell proliferation and differentiation, inflammation and atherosclerosis. Thereby, the PPAR‐α
activates the lipoprotein lipase (LPL) to ultimately reduce the formation of VLDL‐cholesterol
and triglycerides as well as increasing HDL‐cholesterol. The genes have been collectively
implicated in hypertriglyceridemia [38], possibly through gene‐gene interactive mechanisms,
and may modulate the risk of CAD by influencing both fasting and postprandial lipid
concentrations [39]. Together with the PPAR‐γ, the PPAR‐α has also been implicated in HL
[40–43] and low HDL levels [44, 45].

As the name denotes, the function of cholesteryl ester transfer protein (CETP) is to transfer
neutral lipids, such as cholesteryl ester, forming cholesterol among lipoprotein particles.
Specifically, it controls the net influx of cholesteryl ester from HDL to triglyceride‐rich VLDL
and the equimolar transport of triglyceride from VLDL to HDL. Thus, it regulates the reverse
cholesterol transport through which the lipid is removed from peripheral tissue and returned
to the liver for elimination. Defects such as CETP Taq1B polymorphism in the encoding gene
have been implicated in harbouring of low HDL‐cholesterol [46, 47] and hypertriglyceridemia
[48].

The low‐density lipoprotein receptor adaptor protein 1 (LDLRAP1) acts essentially by
influencing the function of the LDLRs. Hence, mutations in this gene would either prevent the
cell from making functional receptors or alter their function. It probably interacts with the
LDLRs thereby removing them together with the attached LDLs from the cell surface to the
interior of the cell to facilitate the breaking down of the latter and the release of cholesterol. In
the absence of a functional LDLRA1 protein, LDLR particles cannot be transported into the
cell, even if they bind normally to them. This triggers the retention of the lipids in circulation,
therefore leading to abnormally high cholesterol levels. Mutations in the gene have been
associated with ARH [49–52]. This is thought to be a result of the gene producing an abnormally
small, non‐functional version of the protein or preventing the cell from making the functional
protein.

The apolipoprotein A‐1 promotes cholesterol efflux from tissue to the liver for excretion. It is
also a co‐factor for lecithin cholesterol acyltransferase (LCAT), which is responsible for the
formation of the majority of cholesteryl esters. Some recent reports indicate that the increase
in HDL‐cholesterol on statin treatment may also be influenced by APOA1 genotypes. The
APOA1 gene is closely linked to three other apolipoprotein genes, APOA4, APOA5 and APOC3
in a cluster form of APOA1/C3/A4/A5 on chromosome 11. This complex has been associated
with hypertriglyceridemia in various ethnic groups [53, 54]. The APOA4 gene is a major
component of HDL and chylomicrons, but not so much associated with VLDL. It is thought to
be a potent activator of LCAT. It may play a role in chylomicrons and VLDL secretion and
catabolism, and is needed by the apoC‐II for efficient activation of LPL. The apo A5 regulates
plasma triglyceride levels by acting both as a potent stimulator of triglyceride hydrolysis by
apoC II‐mediated LPL activity and as an inhibitor of hepatic VLDL production. However, its
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activation of LCAT is weak and does not enhance the efflux of cholesterol from macrophag‐
es. The APOA5 gene polymorphism has been associated with hypertriglyceridemia and
hyperlipoproteinemia type 5 [54].

The apolipoprotein E (APOE) polymorphism is regulated through three common alleles,
epsilon 2, 3 and 4, coding for proteins that differ in lipoprotein receptor binding activity or
their catabolism. This lipoprotein contains two different polypeptides apoB‐100 and the
(lipoprotein) Lp(a) glycoprotein. The latter exhibits a genetic polymorphism that is regulated
by a series of autosomal alleles at a single locus and is associated with lipoprotein plasma
concentrations. This suggests that the same gene locus is involved in determining Lp(a)
glycoprotein phenotypes and its plasma concentrations. Hence, variability in apolipoprotein
genes related to the normal variance of lipoprotein concentrations play a major genetic role in
multi‐factorial forms of HL such as hTG, familial type III HL, polygenic HL [55] and ADH [24].

Although FH is thought to be monogenic to a greater part, some inter‐ethnical differences have
been reported in the prevalence of the disease. In the USA, for example, dyslipidemia is thought
to be highly prevalent among Hispanics (Latinos), with Cubans appearing to be particularly
at risk, possibly explained by socio‐economic status and acculturation [56], while increased
African ancestry has been apparently linked to a decrease in triglyceride and LDLC as well as
increased HDLC levels [57]. Also, lower odds for combined hyperlipidemia have been
demonstrated for African‐Americans compared to whites, despite higher body mass index
(BMI) and abnormal adiposity, while Hispanics had slightly higher and Asian no difference
odds to whites [58]. These differences may to a greater part be due to variations in the genetic
modifiers among ethnic groups, a subject that continues to be unravelled. Similarly, the
prevalence of the CEPT polymorphism appears to vary among ethnic groups as suggested by
a Singaporean study reporting highest prevalence in Indian and lowest in the Malays with the
Chinese showing an intermediate value, while African‐American veterans exhibited higher
blood pressure, LDL‐cholesterol and protein A1c levels than Whites [59]. Differences have also
been reported in the distribution of the APOA5 gene variants in various ethnic groups in China
[54] and Singapore [59]. These variations have been partly linked to the existence of population
admixture [60]. It has also been observed that some polymorphic gene locus controls the
concentrations of Lp(a) lipoprotein complex in plasma which may vary very widely between
individuals. Hence, variability in apolipoprotein genes related to the normal variance of
lipoprotein concentrations play a major genetic role in multi‐factorial forms of HL such as hTG,
familial type III HL and polygenic HL [55], as well as ADH [24]. Furthermore, the effects of
the APOE alleles on the phenotypic variance of plasma lipoprotein concentrations have been
found to differ significantly among ethnic groups. This has been explained by the fact that
APOE polymorphism encodes different proteins with different binding properties. However,
to date, most of the large‐scale studies have been performed primarily in individuals of
European descent, but many other ethnic groups have not been exhaustively studied yet.
Importantly, due to lack of studies in such populations, we might be missing important data
relevant in the influence of ethnicity of the manifestation of the disease. For example, it is quite
likely that because of consanguinity among ethnic Arab populations, their prevalence would
rank among the highest in the world. Therefore, data needs to be collected on such populations
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to define more precisely the impact of ethnicity on the relationship between gene polymor‐
phism and HL manifestation, which is likely to be unique for that particular ethnic group.
Nonetheless, these data furnish support to the notion of the inter‐ethnic variations in lipid
traits being linked to genetic variants that exhibit differences in frequencies in individuals of
African, Asian and European ancestry [61]. Besides, differences in lifestyle, such as leisure
time, smoking and pedantic life style, for example, will also exert an impact on the disease
manifestation, as demonstrated by the different levels of awareness of health risks among
urban population compared to rural ones. Therefore, their ultimate effect on disease manifes‐
tation may vary between different ethnic groups, even within a given society.

2.3. Confounders for ethnicity interactions with hyperlipidemia disease

As stated above, in the majority of cases, HL is a product of an interaction of a combination of
lifestyle choices with structural alterations in a multiple of genes, rather than a result of a single
inherited condition. The disease penetrance will be dependent on the prevalence of various
risk factors, including diet, exercise and tobacco smoking, but more importantly gender and
age. The latter are also important determinants of the influence of dyslipidemia and other
diseases, such as diabetes and obesity, on the manifestation of CAD. Ultimately, the impact of
these interactions on dyslipidemia varies by ethnicity. The impact of ethnicity on HL mani‐
festation is, in turn, also greatly influenced by these lifestyle confounders, particularly the
modifiable variables, such as obesity, diet and lifestyle. According to the World Health
Organisation (WHO), obesity is a condition in which the body accumulates fat to the extent
that the health and well‐being of the individual are adversely affected [62]. The primary causes
for this disorder are sedentary lifestyle and high‐fat energy‐rich diets. This is a result of
fundamental adaptive changes involving the societal and behavioural patterns of modern
communities, attributable mainly to increased urbanization and industrialization at the cost
of the fading or disappearing traditional ways of living. These traits are themselves signifi‐
cantly influenced by other risk factors, such as BMI, which exhibits great inter‐ethnical
variability. To begin with, BMI is determined by the distribution of the body fat, which in turn
depends on age and sex. The average body fat is known to differ among ethnic populations,
as suggested by studies demonstrating that most Asian ethnicities have higher average body
fat percentage than whites of the same age and BMI [63–65], for example. These variations
appear to be a result of the distribution of body fat for a given BMI. A study in the Singaporean
population established differences among its ethnic subpopulations in the association of the
CETP variants, Taq1B and ‐629C>A, with plasma HDL‐cholesterol in which the BMI was
uniformly linked to disease [59]. The adverse health outcomes associated with these variations
are often accompanied by additional complexities, especially since the depth of their relation‐
ships can also differ by ethnicity. To add to the intricacy of the problem, the relationship of
BMI and such adverse health outcomes involves additional complexities of displaying intra‐
ethnical variations. For example, among white populations, Europeans have been reported to
have a higher percentage of body fat at a given BMI than whites in the USA [63, 66], and a
study in the Chinese showed lower average BMI levels among rural compared to urban
populations [64, 67]. Thus, the BMI levels may also differ considerably among subpopulations
within an ethnic group because of prevailing environmental and lifestyle conditions. Given
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the variations in the ratios of body fat for a given BMI [64–66], some of these studies have led
to the notion that Asians may be predisposed to a greater risk of clinical events, such as
acquiring hypertension and cardiovascular disease, despite having lower BMI levels than
Caucasians [63, 67–70]. Taken together, these data imply that the global impact of obesity on
hyperlipidemia is similar across ethnicity, while that of the BMI may differ considerably even
within an ethnic group, since the relationship between BMI and percentage of body fat depends
on age and sex, and differs across ethnic groups [63, 65]. Gender has also been implicated,
whereby for example, female veterans have been shown to display higher LDL‐cholesterol
than males [71]. Hence, the penetrance of their influence is ultimately dependent on their
distribution by ethnicity. Differences in lipid profiles, prevalence of dyslipidemia and their risk
factors can also be explained as product of combined effects of lifestyle and genetic factors [72].
Such inter‐ethnical differences in the prevalence of obesity, cholesterol, hypertension and
diabetes have similarly been ascribed to socio‐economic effects and lifestyle changes [73]. The
direct influence of the different risk traits on dyslipidemia can also vary within an ethnic group
in presence of racial admixturing. All these variations will affect the appropriateness of
managing dyslipidemic disorders in an ethnicity‐dependent fashion.

3. Drug therapy of hypercholesterolemia

3.1. Anti-lipidemic agents

Anti‐lipidemic agents are entities that are employed to enhance the reduction of circulating
lipid levels. These agents can reduce LDL‐cholesterol level and/or triglyceride levels, or
facilitate the elevation of HDL‐cholesterol, thereby preventing both the primary and secondary
symptoms of CAD. These agents fall into one of the following categories: (a) bile acid seques‐
trants, (b) cholesterol absorption inhibitors, (c) 3‐hydroxy‐3‐methylglutaryl coenzyme A
(HMG‐CoA) reductase inhibitors, (d) fibric acid derivatives, (e) proprotein convertase subti‐
lisin/kexin type 9 (PCSK9) inhibitors and (f) miscellaneous agents (Table 2).

3.1.1. Bile acid sequestrants

Bile acid sequestrants are a group of polymeric ion exchange resins that disrupt the enterohe‐
patic circulation of cholesterol‐containing bile acids by combining with bile components and
preventing their re‐absorption from the gut. These drugs are not absorbed following oral
administration. They also do not undergo hydrolysis by digestive enzymes or become
adsorbed into systemic circulation, but rather bind to bile acids in the intestines and prevent
their reabsorption into the body. Hence, they are employed to reduce LDL‐cholesterol levels
by binding to cholesterol‐containing bile acids in the intestines. Since the bound complex is
insoluble, it is excreted in faeces. Accordingly, the liver is triggered to produce more bile acids,
subsequently reducing the levels of circulating LDL‐cholesterol. A decrease in bile leads to an
increase in hepatic synthesis of bile acids from cholesterol, and a depletion of cholesterol
increases LDLR activity, therefore increasing the removal of LDL‐cholesterol from circulation.
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Class Drugs (examples) Function Mechanism Metabolizing pathways/
enzymes

Bile acid
sequestrants

Cholestyramine
Colesevelam
Colestipol

Binding to bile acids
in intestines leading
to LDLC reduction

Prevent resorption,
decrease in bile acid;
increase in hepatic
synthesis of bile acids

P‐glycoprotein; currently no
CYP450‐related information
available

Cholesterol
absorption
inhibitors

Ezetimibe Reduce dietary and
biliary cholesterol
absorption through
the intestines

increased hepatic
LDLR activity, thereby
leading to increase
clearance of LDLC

UGT‐glucuronidation; Currently
no CYP450‐related information
available

Fibric acid
derivatives

Bezafibrate
Clofibrate
Gemfibrozil
Fenofibrate
Clinofibrate

Decrease formation of
VLDL ‐cholesterol
and triglycerides and
an elevation in HDLC

Activating PPARs
inducing transcription
of gene that facilitate
lipid metabolism

Hepatic, CYP3A4; P‐glycoprotein;
UDP‐glucuronosyltransferases

Statins
(HMG‐CoA
reduc
tase inhibi
tors)

Atorvastatin
Fluvastatin
Pravastatin
Lovastatin
Simvastatin
Rosuvastatin

Increase in LDL
membrane receptors,
and therefore clear
ance of LDLC from
blood

inhibit the function of
the HMG CoA
enzyme; P‐glyco
protein substrates

Hepatic; CYP3A4; CYP3A5;
CYP2C9; CYP2C19; CYP1A1;
CYP2C8; CYP2D6; UGT‐
glucuronidation

PCSK9
inhibitors

Alirocumab
Evolcumab

Antibodies, preven
ting LDLR destruction

inhibits PCSK9
Increase LDLR
availability

Reticuloendothelial system?
Currently no CYP450‐related data

Nicotinic
acid agents

Niacin Niacor
Slo‐Niacin

Reduction in LDLC
and increase in total
HDL; decrease
ApoB‐100 levels

Precursors for NAD
and NADP involved
in hydrogen transfer
processes

Hepatic; currently no CYP450‐
related information available

CETP
inhibitors

Torcetrapid
Anacetrapid
Evacetrapid

Blocking all major
plasma CETP lipid
transfer functions

Induction of non‐
productive enzyme
complex with HDL

Currently no CYP450‐related
information available

ApoB‐100, apolipoprotein B‐100; CETP, cholesteryl ester transport protein; CVD, atherosclerotic cardiovascular
disease; HEFH, heterozygous familial hypercholesterolemia; HDL, high‐density lipoprotein; HDLC, high‐density
lipoprotein‐cholesterol; HMG‐CoA; 3‐hydroxy‐3‐methylglutaryl coenzyme A; HOFH, homozygous familial
hypercholesterolemia; LDL, low‐density lipoprotein; LDLC, low‐density lipoprotein cholesterol; LDLR, low‐density
lipoprotein receptor; NAD, nicotinamide adenine dinucleotide; NADP, NAD phosphate; PCSK9, proprotein convertase
subtilin/kinase subtype 9; PPARs; peroxisome proliferator‐activated receptors; TG, triglycerides; UGT, uridine
5′diphosphate‐glucuronosyltransferase.

Table 2. Summary of the function, functional mechanism and metabolic pathways of anti‐lipidemic drugs.

3.1.2. Cholesterol absorption inhibitors

Cholesterol absorption inhibitors, such as ezetimibe, belong to a group of chemicals known as
monobactams. They decrease the amount of intestinal cholesterol that is delivered to the liver
by reducing the absorption of dietary and biliary cholesterol through the intestines. Thus, these
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drugs exert their effects by lowering both LDL‐cholesterol and total cholesterol. Specifically,
ezetimibe selectively inhibits the intestinal absorption of cholesterol and related phytosterols,
thereby leading to a decrease in cholesterol clearance from the blood. It does not, however,
inhibit cholesterol synthesis in the liver. A reduction in cholesterol levels delivered to the liver
results in increased hepatic LDLR activity. This, in turn, enhances the clearance of LDL‐
cholesterol. The use of ezetimibe is called for especially in individuals who cannot take statins
or as additional drug in cases where a need arises to maintain a low statin drug dose because
of side effects. Ezetimibe is primarily metabolized via glucuronide conjugation.

3.1.3. Fibric acid derivatives

Fibric acid derivatives are broad‐spectrum lipid lowering drugs, whose main action leads not
only to a decrease in triglyceride levels, but also a reduction in LDL‐cholesterol levels, thereby
contributing to the elevation of HDL‐cholesterol. The drugs are believed to activate the
peroxisome proliferator‐activated receptor alpha (PPAR‐α). This protein activates the lipo‐
protein lipase, ultimately resulting in decreased formation of VLDL cholesterol and triglycer‐
ides and an elevation in HDL‐cholesterol. The three drugs, bezafibrate, clofibrate and
gemfibrozil, are hepatically metabolized. Clofibrate is metabolized and rapidly de‐esterified
in the gastrointestinal tract or through first pass metabolism to its active form clofibrate acid
(chlorophenoxy isobutyric acid). Gemfibrozil undergoes UDP‐glucuronidation (oxidation)
through different isoforms of the UDP‐glucuronosyltransferase to gemfibrozil 1‐b‐glucuro‐
nide, to eventually form a hydroxymethyl and a carboxyl metabolite. However, the enzymes
responsible for bezafibrate metabolism have not been identified yet. Currently, no metabolic
pathway has been defined for fenofibrate and clinofibrate yet.

3.1.4. The 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors

The 3‐hydroxy‐3‐methylglutaryl coenzyme A (HMG CoA) reductase (HMGCR) inhibitors,
also known as statins, are drugs that reduce cholesterol synthesis in the liver by competitively
inhibiting the HMGCR activity. A decrease in cholesterol production leads to an increase in
the number of membrane LDLRs, which enhances the clearance of LDL‐cholesterol from
circulation. This, in turn, leads to an increased hepatic LDLR expression and greater uptake of
LDL‐cholesterol from plasma, thereby reducing the production of very low‐density lipopro‐
tein (VLDL), the precursor of LDL. The net statin dose‐dependent reductions in LDL choles‐
terol are 20–60%, accompanied by some reductions in plasma triglyceride and a small rise in
HDL‐cholesterol.

The most commonly used statins are simvastatin and artovastatin. Until recently atorvastatin
was considered the most effective statin available for decreasing LDL given in daily doses of
10–80 mg. Furthermore, the higher dose was shown to decrease serum triglycerides by 45% in
individuals with hypertriglyceridemia. However, rosuvastatin appears to be even more
effective than atorvastatin in lowering LDL‐cholesterol over its licensed dose range of 10–40
mg, although there appears to be no significant difference between 40 mg rosuvastatin and 80
mg atorvastatin in this respect. The advent of statins into anti‐lipidemic therapy was triggered
by the discovery and deciphering of the role of the LDLR in FH. They were soon found not

Cholesterol Lowering Therapies and Drugs142



drugs exert their effects by lowering both LDL‐cholesterol and total cholesterol. Specifically,
ezetimibe selectively inhibits the intestinal absorption of cholesterol and related phytosterols,
thereby leading to a decrease in cholesterol clearance from the blood. It does not, however,
inhibit cholesterol synthesis in the liver. A reduction in cholesterol levels delivered to the liver
results in increased hepatic LDLR activity. This, in turn, enhances the clearance of LDL‐
cholesterol. The use of ezetimibe is called for especially in individuals who cannot take statins
or as additional drug in cases where a need arises to maintain a low statin drug dose because
of side effects. Ezetimibe is primarily metabolized via glucuronide conjugation.

3.1.3. Fibric acid derivatives

Fibric acid derivatives are broad‐spectrum lipid lowering drugs, whose main action leads not
only to a decrease in triglyceride levels, but also a reduction in LDL‐cholesterol levels, thereby
contributing to the elevation of HDL‐cholesterol. The drugs are believed to activate the
peroxisome proliferator‐activated receptor alpha (PPAR‐α). This protein activates the lipo‐
protein lipase, ultimately resulting in decreased formation of VLDL cholesterol and triglycer‐
ides and an elevation in HDL‐cholesterol. The three drugs, bezafibrate, clofibrate and
gemfibrozil, are hepatically metabolized. Clofibrate is metabolized and rapidly de‐esterified
in the gastrointestinal tract or through first pass metabolism to its active form clofibrate acid
(chlorophenoxy isobutyric acid). Gemfibrozil undergoes UDP‐glucuronidation (oxidation)
through different isoforms of the UDP‐glucuronosyltransferase to gemfibrozil 1‐b‐glucuro‐
nide, to eventually form a hydroxymethyl and a carboxyl metabolite. However, the enzymes
responsible for bezafibrate metabolism have not been identified yet. Currently, no metabolic
pathway has been defined for fenofibrate and clinofibrate yet.

3.1.4. The 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors

The 3‐hydroxy‐3‐methylglutaryl coenzyme A (HMG CoA) reductase (HMGCR) inhibitors,
also known as statins, are drugs that reduce cholesterol synthesis in the liver by competitively
inhibiting the HMGCR activity. A decrease in cholesterol production leads to an increase in
the number of membrane LDLRs, which enhances the clearance of LDL‐cholesterol from
circulation. This, in turn, leads to an increased hepatic LDLR expression and greater uptake of
LDL‐cholesterol from plasma, thereby reducing the production of very low‐density lipopro‐
tein (VLDL), the precursor of LDL. The net statin dose‐dependent reductions in LDL choles‐
terol are 20–60%, accompanied by some reductions in plasma triglyceride and a small rise in
HDL‐cholesterol.

The most commonly used statins are simvastatin and artovastatin. Until recently atorvastatin
was considered the most effective statin available for decreasing LDL given in daily doses of
10–80 mg. Furthermore, the higher dose was shown to decrease serum triglycerides by 45% in
individuals with hypertriglyceridemia. However, rosuvastatin appears to be even more
effective than atorvastatin in lowering LDL‐cholesterol over its licensed dose range of 10–40
mg, although there appears to be no significant difference between 40 mg rosuvastatin and 80
mg atorvastatin in this respect. The advent of statins into anti‐lipidemic therapy was triggered
by the discovery and deciphering of the role of the LDLR in FH. They were soon found not

Cholesterol Lowering Therapies and Drugs142

only to lower the LDL‐cholesterol levels, but also to effect a significant reduction in cardiac
events and mortality. They are probably the most effective drugs in lowering LDL‐cholesterol
available to date. They lower both the LDL‐cholesterol and risk for cardiovascular disease in
a concentration‐dependent fashion.

3.1.5. Proprotein convertase sublitisin/kexin type 9 inhibitors

The proprotein convertase sublitisin/kexin type 9 (PCSK9) inhibitors, alirocumab and evolo‐
cumab, are human monoclonal antibodies, which act by inhibiting the PCSK9 function to
increase the LDLR availability. They are employed primarily for treating adults with HEFH,
HOFH or clinical atherosclerotic cardiovascular disease taking other cholesterol lowering
medication, but requiring additional lowering of cholesterol. Inhibition of PCSK9 function
holds significant promise as a therapeutic option especially for reducing cardiovascular risk.

3.1.6. Cholesteryl ester transport protein inhibitors

The cholesteryl ester transport protein (CETP) inhibitors apparently function by blocking all
of the major lipid transfer functions of plasma CETP through an induction of a non‐productive
complex between the transfer protein and HDL. By inhibiting the CETP function of transferring
HDL‐cholesterol to the VLDLs or LDLs, they increase the HDL levels and reduce that of the
LDLs.

3.1.7. Nicotinic acid agents

The nicotinic acid agents, such as the nicotinic acid (niacin) itself, are water‐soluble vitamin B
derivatives, which increase the lipoprotein levels in high doses, lower total cholesterol, LDL‐
cholesterol and triglyceride levels, while raising HDL‐cholesterol level. Niacin is a precursor
to nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phos‐
phate (NADP), which are co‐factors to several enzymes. These agents are hepatically metab‐
olized. The mechanism involved in their lipid lowering actions in not fully understood yet. It
appears to involve several actions, such as a decrease in esterification of hepatic triglycerides.

3.1.8. Combinations and miscellaneous agents in anti-lipidemic therapy

As described above, some of the anti‐lipidemic agents target the lowering of LDL‐cholesterol,
some aim to reduce triglyceride levels, while others assist in raising HDL‐cholesterol. They
can prevent both primary and secondary symptoms of CAD. However, some patients who are
statin‐resistant or intolerant do not respond to or do so very weakly for single drug treatment.
Combinations of different anti‐lipidemic agents, such as niacin or ezetimibe with statins, can
lead to significant reduction in the levels of LDL‐cholesterol and triglycerides in blood.
Treatment with ezetimibe‐bile acid sequestrants and statin‐gemfibrozil is also available [74].
Anti‐lipidemic agents are also available in combination with anti‐hypertensive agents. This is
consistent with the concept that taking one tablet of such a combination of agents makes it
more conducive and easier for patients to take their medications, which in turn increases
compliance. Apart from the above‐mentioned classes of drugs, several other agents are also
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employed to treat patients for lowering of LDL‐cholesterol and triglycerides as well as raising
HDL‐cholesterol.

3.2. Influence of ethnicity on patient response to anti-lipidemic therapy

The response (efficacy) of a drug is a product of both its pharmacodynamic and pharmacoki‐
netic characteristics. However, genetic factors also have a significant, albeit less well docu‐
mented, impact on how individuals respond to drug therapy. Pharmacodynamics is a
discipline that characterizes the biochemical and physiological effects of drugs, the mecha‐
nisms of drug action and the relationship between drug concentrations and effect. Pharmaco‐
kinetics, on the other hand, relates to the interaction of a drug with the body with respect to
absorption, distribution, metabolism and excretion (ADME) properties. Hence (pharmaco)dy‐
namically, the effect of the drug will be influenced by structural changes, particularly to
receptor proteins and signalling transduction entities, while (pharmaco)kinetically, these
effects will be modulated by modifications in entities, particularly enzymes, involved in the
bioavailability or excretion of the drug. Hence, polymorphisms in genes encoding proteins
that mediate the effects of the anti‐lipidemic drugs, such as receptors, as well as in the
cholesterol biosynthetic pathways exert a significant impact on the therapeutic outcome of
these drugs in a given population. With respect to hyperlipidemia, in particular, structural
changes in the majority of the genes involved in the binding of cholesterol to its vehicles, such
as the LDLR or apoA1, for example, would affect the dynamics, while those that are involved
in its different ADME phases would influence the kinetics. For example, the ARH individuals
appear to be more responsive to lipid lowering drugs. Furthermore, patients with ARH
resulting from LDLRAP1 mutations are likely to have more severe cardiovascular involvement
than the hypercholesterolemia homozygotes, and will also present with lower LDL‐cholesterol
and higher HDL‐cholesterol levels. It is also generally thought that patients with HOFH do
not respond well to lipid lowering therapy with statins because they cannot respond to an
increased demand for hepatic cholesterol through the up‐regulation of the LDLR activity.
Variation in response to anti‐lipidemic agents has also been linked to polymorphisms in the
CETP, APOE, HMGCR, CLMN and APOC1 genes, whereby, for example, APOE genotypes
have been associated with differential response to treatment with fenofibrate [75].

The efficacy of a drug is determined not only by its pharmacodynamic state, but also by its
pharmacokinetic (ADME) properties. Accordingly, drug metabolism passes through three
phases. These include the modification of the drug through interaction with the CYP450 family
of enzymes (phase I) to introduce a reactive or polar group. This is followed by the conjugation
of the altered substance to a polar compound in phase II reactions. This is then catalysed by a
transferase enzyme, such as glutathione S transferases. In the final stage (phase III), the
conjugated product may be further processed prior to recognition by efflux transporters and
removed from the cells. Hence, the metabolic rate usually determines the duration and
intensity of the pharmacological action of an agent.

The CYP450s constitute a multi‐gene family of primarily membrane‐associated proteins that
are expressed in most organ systems and play important roles in the synthesis and biotrans‐
formation of hormones, cholesterol and vitamin D, among others, and are engaged in a large
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and diverse range of enzymatic activities, including the catalysis of organic substrate oxida‐
tion [76–78]. Specifically, they constitute the most important metabolizers for anti‐lipidemic
agents, particularly the HMGCR inhibitors (statins) [79]. The most important CYP450 phase I
enzymes in the metabolism of anti‐lipidemic drugs are the CYP2C and CYP3A subfamily as
well as the CYP2D6 and CYP1A1 enzymes. Table 3 gives examples of some of the important
CYP variants in anti‐lipidemic therapy. These enzymes vary in the extent of their involvement
in drug metabolism, whereby some metabolize a limited cohort while others process multiple
substrates. Thus, for example, atorvastatin is metabolized through at least two CYP450s,
CYP3A4 and CYP3A5, to the ortho‐ and parahydroxylated metabolites, all of which are capable
of inhibiting the HMGCR activity, while fluvastatin is metabolized hepatically via hydroxy‐
lation to the 6‐hyroxyfluvastatin, 5‐hydroxyfluvastatin and N‐deisopropylfluvastatin by the
CYP2C9, but is also thought to be metabolized to a lesser extent to the 5‐hydroxyfluvastatin
by a number of other subtypes including the CYP1A1, CYP2C8, CYP2D6 and CYP3A4. It
undergoes glucuronidation via the uridine diphosphate glucuronyltransferase (UGT) enzyme
system. Pravastatin appears to be hepatically metabolized by CYP2C9, CYP2D6 and CYP3A4
with no notable effect on its overall activity and elimination. Simvastatin is similarly hepati‐
cally metabolized to its β‐hydroxyacid metabolite through CYP3A4. Rosuvastatin is only
slightly metabolized to the rosuvastatin 5 S‐lactone by CYP2C9 and N‐desmethylrosuvastatin
by the CYP2C9 and CYP2C19. Lovastatin is hepatically metabolized primarily to the β‐
hydroxyacid, through as yet undefined enzymes, and undergoes glycosylation by the P‐
glycoprotein pathway. In the presence of a genetic change in the metabolizing enzymes, these
intended therapeutic end‐point may be adversely affected leading to lack of activity or even
enhanced side effects of the drugs.

The activity of each enzyme encoded by the combination of CYP450 alleles is categorized as
one of five possible phenotypes: normal (NM), poor (PM), intermediate (IM), rapid (RM) and
ultra‐rapid (URM) metabolizers [80]. Alleles that lead to defective, qualitatively altered,
diminished or enhanced rates of drug metabolism have been identified for most of the
CYP450s. Defective alleles are usually a product of gene deletions, or conversion, whereby
pseudo‐gene and single nucleotide polymorphisms cause frameshift, mis‐sense, nonsense or
splice site mutations. Thereby, homozygous forms lead to a total absence of an active enzyme
and impaired ability to metabolize drugs. The PM phenotype is caused by ‘loss‐of‐function’
alleles, while URMs are a result of a duplication or amplification of an active gene, and IM are
often heterozygous or carry alleles with mutations that decrease enzyme activity only
moderately. Star nomenclature is commonly used in describing the various allelic subtypes of
the enzyme. Accordingly, the *1 is designated as normal (commonly referred to as wild‐type
or fully functional) and subsequent variant alleles are numbered in the order that they are
identified and characterized. Each pharmacogenetic allele may include several SNPs in form
of a haplotype, rather than a single site mutation. Thus, functional changes in the encoding
genes lead to enzymes with decreased/increased activity or lack of enzyme expression/activity
through various molecular mechanisms. Furthermore, the incidence of a poor or slow metab‐
olizer phenotype for a given enzyme triggered by allelic variants may vary significantly
between populations.

Ethnicity and Response to Drug Therapy
http://dx.doi.org/10.5772/64819

145



Gene  Common name RS ID Arabs  Eur  CEU  Jap  Chin  Afr  Asians

CYP1A1 CYP1A1*2C_2454A>G(I462V) rs1048943 0.061 0.031 0.232 0.209 0.232 0.036 0.256

 CYP1A1*4_2452C>A (T461N) rs1799814 0.829 0.030 0.025 0.011 0.000 0.003 n.a.

 CYP1A1_134G>A (G45D) rs4646422 0.001 0.000 0.000 0.168 0.139 0.000 0.14

 CYP1A1_1412T>C (I286T) rs4987133 0.965 n.a. 0.004 0.000 0.012 0.000 n.a.

CYP1A2 CYP1A2*1C_‐3860G>A (Promoter) rs2069514 0.915 0.020 0.081 ND ND 0.313 0.242

 CYP1A2*1F_‐163C>A (Promoter) rs762551 0.699 0.320 0.279 0.395 0.337 0.434 0.312

 CYP1A2*1K_‐729C>T (Promoter) rs12720461 0.958 n.a. 0.000 0.000 0.023 0.000 0.023

 CYP1A2*1K_‐739T>G (Promoter) rs2069526 0.096 n.a. 0.004 0.041 0.09 0.128 0.093

CYP2C8 CYP2C8*2 rs11572103 n.a. 0.004 0.000 0.000 0.000 0.190 n.a..

 CYP2C8*3 rs1050968,
rs11572080

n.a. 0.118 0.137 0.000 0.000 0.000 0.000

 CYP2C8*4 (C>G) rs1058930 n.a. 0.058 0.066 0.000 0.000 0.004 0.000

 CYP2C8*8 rs72558195 n.a. 0.001 n.a. n.a. n.a. n.a. n.a.

CYP2C9 CYP2C9*11_42542C>T (R335W) rs28371685 0.996 0.002 0.022 0.006 ND 0.024 0.000

 CYP2C9*2_3608C>T (R144C) rs1799853 0.852 0.124 0.104 0.000 0.000 0.008 n.a.

 CYP2C9*3_42614A>C (I359L) rs1057910 0.944 0.059 0.058 0.023 0.047 0.000 0.044

 CYP2C9*6 (−/A) rs9332131 N.A. 0.000 0.000 N.A. N.A. 0.008 N.A.

CYP2C18  CYP2C18_c. *31C>T (3’UTR) rs2860840 0.269 0.384 0.384 0.224 0.233 0.004 0.233

 CYP2C18_c. *592C>A (3’UTR) rs1326830 0.009 0.042 0.000 0.215 0.174 0.021 n.a.

 CYP2C18_c.204T>A (Y68X) rs41291550 0.012 n.a. 0.006 0.106 0.037 0.064 n.a.

CYP2C19  CYP2C19*17_‐806C>T rs12248560 0.744 0.224 0.217 0.000 0.022 0.275 0.022

 CYP2C19*2 rs4244285 n.a. 0.145 0.155 0.284 0.256 0.144 n.a.

 CYP2C19*3 rs4986893,
rs57081121

n.a. 0.000 n.a. n.a. n.a. 0.002 0.058

CYP2D6 CYP2D6*4 rs3892097 n.a. 0.186 n.a. n.a. n.a. 0.061 0.006

 CYP2D6*17 rs28371706(T);
rs16947 (A)

n.a. 0.002 n.a. n.a. n.a. 0.218 0.000

SCLO1B1  SLCO1B1*5 rs4149056 n.a. 0.161 0.158 0.110 0.151 0.014 0.128

UGT1A1 UGT1A1*28 rs4148323,
rs8175347

n.a. 0.007 0.000 0.111 0.200 0.001 0.161

Minor allele distribution of CAD‐related variation among different ethnic groups. Asians, represents studies done in
other (non‐Japanese, non‐Chinese) ethnicities; Afr, Africans, predominantly Yoruba; Arabs, ethnic Middle East Arabs;
Chin, Chinese, primarily the Han population; CEU, Caucasians; EUR, Europeans; Jap, Japanese; RS ID, DBSNP ID.

Table 3. Ethnicity and anti‐hypercholesterolemia therapy–related gene variants.

The CYP2Cs involved in anti‐lipidemic drug metabolism consist of four isoform members,
CYP2C8, CYP2C9, CYP2C18 and CYP2C19, which are also thought to metabolize approxi‐
mately 20% of all clinically used drugs [81]. The CYP2C8 gene resides within a cluster of
CYP450 genes on chromosome 10q23.33. In liver microsomes, it is involved in an NADPH‐
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mately 20% of all clinically used drugs [81]. The CYP2C8 gene resides within a cluster of
CYP450 genes on chromosome 10q23.33. In liver microsomes, it is involved in an NADPH‐
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dependent electron transport pathway engaged in the oxidation of structurally unrelated
compounds. It exhibits at least 16 allelic forms denoted *1A, *1B, *1C and *2‐*14 (http://
www.cypalleles.ki.se/). At least five of these (*2, *3, *4, *8 and *14) encode proteins with
decreased enzyme activity. The distribution of variant alleles of CYP2C8 gene differs among
ethnic populations [4]. The CYP2C8*2, the variant most common in Africans, is related to a
poor metabolizer phenotype (PM) in subjects carrying at least one copy of the defective allele
[4, 9]. Poor metabolizers experience a longer drug half‐life [12] and increased adverse side
effects.

The CYP2C9, which constitutes the main enzyme for rate‐limiting metabolism of fluvastatin,
pravastatin and rosuvastatin, appears to have the largest impact on the dose requirements,
and is thought to hydroxylate about 16% of therapeutically used drugs. The gene resides on
chromosome 10q23.33. It exists in at least 66 allelic forms (*1A‐D, *2A‐C, *3A, B, *4‐*60) (http://
www.cypalleles.ki.se/), whereby the vast majority encode proteins with decreased activity.
Hence, the impact of its variants on anti‐lipidemic drug therapy is of significant consequence.
Of special interest are those with a narrow therapeutic index, where impairment in CYP2C9
metabolic activity might cause difficulties in dose adjustment as well as toxicity [82]. In vitro
data have demonstrated an association of the CYP2C9*2 and *3 alleles with significant
reduction in intrinsic clearance of a variety of CYP2C9 substrates compared with the wild‐type
CYP2C9*1. However, the extent of these reductions appears to be highly substrate‐dependent
[83]. In addition, multiple in vivo investigations and clinical case reports have associated
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in adjustment of drug dose of the former [85].
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efficacy is the CYP2C19 [86, 87]. The encoding CYP2C19 gene is located on chromosome
10q23.33. At least 49 allelic forms (*1A‐C, 2A‐H, *2J, *3A‐C, *4A, B, *5A, B *6‐*35) have been
reported for this gene. The important phenotypes for its anti‐lipidemic therapy include the
ultra‐rapid (URM; *17), extensive (EM), intermediate (IM) and poor (*2 or *3) metabolizers as
well as loss‐of‐function (*4). Its PM phenotype is important in statin therapy, whereby these
individuals quite frequently experience exaggerated drug response and side effects at stand‐
ard doses.

The CYP2D6 (debrisoquine/sparteine hydroxylase) acts on about 25% of all prescription
medications, including the drugs that are employed in management of dyslipidemic disorders.
The encoding CYP2D6 gene itself, located on chr22q13.2, is highly polymorphic, and several
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mutations leading to the absence of a functional enzyme have been identified [80]. Currently,
there are more than 77 alleles (including *1A‐E, *1XN, *2A‐H, *2J‐M, *2XN, *3A, B, *4A‐H, *4J‐
P, *5, *6A‐D, *7‐9, *9X2, *10A‐D, *10X2K, *11‐13, *14A, B, *15‐17, *17XN, *18‐35) described for
this locus. Although the gene appears in several polymorphic forms, probably only the six
most common defective alleles will predict its phenotype with almost absolute certainty [88].
The PMs include *2 ‐ *6, *10, *17, *29 *35 and *41, whereby the null alleles do not encode a
functional protein with detectable residual enzyme activity. Combinations of altered alleles
have been described resulting from substitutions, deletions or copy number changes, such as
duplications of the entire gene leading to variant metabolizer phenotypes ranging from PM to
URM. The CYP2D6 PM phenotypes are important for patients taking anti‐lipidemic agents, as
they may exhibit poor tolerance to these drugs [89]. Like the CYP2C19, PMs of drugs metab‐
olized through the CYP2D6 often experience exaggerated drug response and side effects at
standard statin doses. Clinical consequences of the CYP2D6 polymorphism may manifest
either in form of adverse drug reactions or altered drug response. It has been demonstrated,
for example, that the pharmacokinetics of fluvastatin enantiomers depend on the CYP2C9
genotypes, leading to potentially toxic bioactivation reactions [85].

The CYP3A4 and CYP3A5 form part of a CYP450 gene cluster constituting a group of heme‐
thiole mono‐oxygenases on chr7q21.1. The CYP3A4 protein localizes to the endoplasmic
reticulum and its expression is induced by glucocorticoids and some pharmacological agents.
The enzyme is apparently involved in the metabolism of about 50% of the drugs in use today,
including several HMGCR inhibitors, through the hydroxylation process. This process is often
followed by dehydrogenation leading to more complex metabolites [90]. However, most of the
drugs undergo deactivation by CYP3A4 either directly or by facilitated excretion from the
body. Alternative splicing of the gene results in many transcript variants. Thus far, about 45
alleles (*1A‐H, *1J‐T, *2‐14, *15A‐B, *17, *18A‐B *19‐26) have been described, majority of which
result in decreased function of the enzyme. The other member, CYP3A5, is localized to the
endoplasmic reticulum in liver tissue. In liver microsomes, the CYP3A5 is involved in NADPH‐
dependent electron transport pathways. At least two pseudo‐genes of the CYP3A5 gene have
been identified at this locus. It exists in about 25 allelic forms (*1A‐E, *2, *3A‐L, *4‐*10), the
majority of which encode proteins with severely attenuated enzyme activity. Furthermore, the
CYP1A1 resides on chromosome 15q24.1. To date, 16 alleles, *1, *2A‐C, 3‐*13, have been
described, but their characteristics have not been fully elucidated yet.

Several protein families, other than the CYPs, such as the uridine 5’diphosphate‐glucurono‐
syltransferase (UGTs) and solute carrier organic anion transporters (OATPs, SLCs), also
contribute to the ADME processes of anti‐lipidemic agents. The UGT family is responsible for
catalysing the glucuronidation and transfer of a wide range of drugs including statins,
environmental chemicals and endogenous substances. The major UGTs include the UGT1A1,
UGT2B7 and UGT2B15. Several non‐functional alleles have been described for the UGT1A1
including UGT1A1*6, UGT1A1*60 and UGT1A1*93. However, polymorphisms of this gene
have been primarily associated with disease manifestation, rather than drug response. The
SLCs are key determinants of ADME of various drugs, including statins, as a result of their
broad substrate specificity and tissue distribution. Several alleles have also been described,
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which form haplotypes leading to altered transport activity. Thereby, the SLCO1A2 mediates
the sodium‐independent transport of organic anions and conjugated and unconjugated bile
acids.

3.3. Impact of ethnicity on the role of genetic variations in anti-lipidemic drug
metabolizing enzymes

Apart from changes in the metabolic enzymes themselves, variations also exist in the impact
of these changes on anti‐lipidemic therapy among different ethnicities [91–97]. These varia‐
tions can be manifested in various ways, including changes in drug potency or metabolism
and the pharmacokinetics of the drug may in turn be attributable to alterations in polymorphic
traits of metabolic pathways. The impact of ethnicity becomes particularly apparent in the way
individuals respond to drug therapy of dyslipidemia, in which multiple researchers have
demonstrated great variability in the distribution of these genetic variants by ethnicity. For
example, in a number of studies in the USA, differences have been described in variants both
among indigenous populations as well as in comparison with African, Asian and European
populations. Such differences were documented, for example, between Oriental, Caucasians,
Saudis and American black populations, in the prevalence of defective CYP2C19 alleles [98].
Thereby, PMs represented approximately 3–5% of Caucasians and African‐Americans, but 12–
100% of Asian groups [81]. Similar variations have also been reported among Caucasians,
Africans and East Asians [99], whereby higher CYP2C19*2 and *3 (PMs) were observed in
Mexicans than in African‐Americans, whites, East Asians and Southeast Asians [100], among
the Chinese ethnic populations [101–103], between Sri Lankan and European populations
[104], between Hungarian and Roman populations [105] in a US pan‐ethnic groups of whites,
African American, Hispanics and Ashekenazi Jewish populations [106] as well as Pacific
individuals and New Zealand Europeans [103], among others. The CYP2C19*2 also appears
to be more common in Finland and Spain, respectively, than in the UK, while Asians appear
to exhibit low CYP2C19*2 and CYP2C19*12, but higher CYP2C19*2 frequencies compared to
the UK residents of European ethnicity [107]. Both variants have been found to be also more
frequent in East Asians and even higher in native populations from Oceania compared to
Mediterranean, South European and Middle Eastern ethnicities. The observation of an increase
in the Oceanians has been explained by genetic drift in the Pacific Islands [108]. Similar
differences have also been reported between the Malaysian Chinese and Caucasians and in
Israeli individuals of different ethnic backgrounds [109, 110]. Like the *2 and *3, significant
ethnic difference have also been observed in the frequency of the *17 (UM) variant that leads
to very rapid metabolism of its substrates among various groups in a pan‐ethnic study
including Mediterranean, South European and Middle Eastern than in East Asians [108].
Furthermore, although the role of CYP2C18 in drug metabolism remains obscure, it was
recently suggested that defective CYP2C19*3 and CYP2C18*1 alleles are completely linked,
implying that a CYP2C19*3 PM is a CYP2C18 PM and vice versa [111]. A gender‐dependent
activity of the CYP2C19 and higher incidence of PMs was also described in Koreans as
compared to Swedish [112].

Ethnicity and Response to Drug Therapy
http://dx.doi.org/10.5772/64819

149



The gene encoding the CYP2C9 also harbours numerous variations which have increasingly
been acknowledged as determinants of the metabolic phenotype underlying inter‐individual
and inter‐ethnic differences in response to drug therapy [91, 92]. Existing data suggests that
the CYP2C9*2 and *3 alleles are present in approximately 35% of Caucasian individuals, but
significantly less so in African‐American and Asian populations [83]. Similar differences have
been observed between Amerindians and Admixed or European populations [113] as well as
Swedes and Koreans [114]. Thus, for example, CYP2C9*2 and *3 variants were more frequent
among white populations than in Africans and Asians, while CYP2C9*2 was detected only in
Asians [115]. The CYP2C9*2 frequency also appears to be lower in South Asians compared to
the UK residents of European ethnicity [107], but more common in Finland and Spain than in
the UK [107], comparatively lower among Mexican‐Americans compared to Spaniards [116].
Its distribution also varies between Beninese and Belgian populations [117], Ethiopians and
Italian Caucasians [118], Amerindians and European admixtures [119], Iranians, African and
Eastern Asian populations [120], Hungarian and Roma populations [121], as well as among
the Chinese minority ethnicities [101], ethnic Jewish groups [122] and Mexican ethnicities [123,
124]. Interestingly, to date, the CYP2C9*4 appears to have been exclusively identified in
Japanese patients, while the CYP2C9*5 and *6 were only found with a low allelic frequency
among African‐Americans, respectively [115].

Another genetically polymorphic CYP2C of potential clinical relevance with respect to anti‐
lipidemia therapy is the CYP2C8. Differences in the prevalence of the CYP2C8*2 allele have
been described between the Bantu and San populations in Botswana [125], between Caucasian
Europeans and South Asians [126], among the Chinese minority populations [127], South
Indian populations, African, European Chinese and Japanese [128], Ghanaian, Caucasians and
Asians [129], as well as among African‐American, European‐Americans, Japanese, Han
Chinese and Koreans [130]. Interestingly, Caucasian Americans also display large variability
in CYP2C8 and CYP2C9 suspected to be along ethnic ancestry, and a higher frequency is
thought to exist among Caucasian Americans with South European ancestry than with North
European ancestry. Notably, differences in the prevalence of CYP2C8*3, CYP2C9*2 and
CYP2C9*3 alleles have also been reported between Chinese and Japanese individuals, East and
South Asians as well as among Caucasian Europeans [126]. Furthermore, apart from inter‐
ethnical differences, there appears to be also intra‐ethnic variability in the CYP2C8 and
CYP2C9 allele frequencies [126]. This implies therefore that, for example, Asians or Caucasians
cannot be conceived as homogeneous populations with respect to these enzyme families.

The CYP2D6 can convert statins to a metabolizer that has a greater effect. It also exhibits
multiple non‐functional variants. In contrast to CYP2C19 distribution, CYP2D6 PMs are
reportedly more frequent among Europeans than in Asians, while differences were also
observed between Chinese and Caucasians in CYP2D6 PMs and IMs [109]. It has been
suggested that about 10% of Caucasians lack any CYP2D6 activity due to deletions and
frameshift or splice site mutations in the gene. The CYP2D6*4 appears to be the most common
PM among Europeans and to be more frequent in the UK than in Spain and Finland [107].
Furthermore, approximately 3% of Middle‐Europeans and 29% of Ethiopians display gene
duplication, leading to elevated URM phenotype. Distribution of CYP2D6 PM has also been
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reported to differ between the Russian, Yemente and Israeli Arab ethnic groups [131], Tibetian
and Han populations [132], the Amerindians and Asians in Venezuela [133] and among some
Chinese ethnic minorities [101, 103, 134]. In Mexico, differences have been observed in
CYP2D6*4 between Caucasians and Mexican Americans [135], while in Israel such variation
in CYP2D6*4, *10 and *17 alleles and CYP2D6 duplications have been described between the
Ethiopian, Sephardic Beduoin and Yemente Jews [136]. Prevalence of CYP2D6 UM in the
Mediterranean population was higher than those from North Europe [137], in the Mestizo than
in Amerindian and Afro‐Caribbean population in a Costa Rican study [138] and in the
Mediterranean compared to Northern Europe in an Italian study [139]. Similarly, differences
exist in the prevalence of defective alleles between Africans and South‐East Asians [140] and
Hispanics, North American Caucasians and African Americans [141] and between African
Americans and Caucasians [142].

The other enzyme sub‐families engaged in anti‐lipidemic therapy exhibiting significant inter‐
ethnical variation in defective alleles are the CYP3A4/5 gene cluster [143, 144]. The CYP3A4*19
appears to be frequent in Hispanics, while differences have been described in CYP3A4*18
among the different ethnic Chinese minorities [101, 145]. Also variations have been observed
in CYP3A4*IB and CYP3A5*3 between Brazilians of African and European descents [146,
147], between African‐Americans and Caucasians [148, 149] and between Indian, Malay,
Chinese and Caucasians in Singapore [150, 151]. In contrast, in Indo‐Pakistanis, for example,
it has been reported that, with the exception of the CYP3A4*1B, the proportion of patients
without a CYP3A4 polymorphism appears low.

The CYP1A constitutes a gene family that has been implicated in both drug metabolism and
disease. Thus, the gene contains at least four major polymorphisms that exhibit population
distribution that is dependent on ethnicity. Among the Chinese, variations have been observed
in the CYP1A2 distribution among a number of ethnicities [152]. In European studies, Hun‐
garians showed elevated rapid metabolizing tendencies compared with the Romans [153]. The
CYP1F2*1F was found to be more frequent in Mexican Amerindians than Mestizos in a
Mexican study [154], while differences in frequency were also reported among ethnic groups
in Singapore [155], between Taiwanese, Caucasians and African Americans [156], while
Ethiopians appeared to display at least twice the variations found in all other populations
combined. A significant association between CYP1A*2c and triglyceride level has been
described in Mexican Amerindian Tarahumaras compared to the Tepehuanos [157, 158]. It has
also been suggested that CYP1A1*3 may be specific for individuals of African descent, while
the CYP1A1*2 is closely linked to Asian ethnicity but less so to Caucasian [159].

Inter‐ethnical variation in the distribution of genetic alleles is not limited to the CYP450s only,
but is rather a general phenomenon for the majority of proteins involved in the bio‐distribution,
transport, metabolism and excretion of all drugs and pharmaceutical agents. One of such
protein families important for anti‐lipidemic drugs is the UGT. Polymorphisms of this gene
have been primarily associated with disease manifestation, and only scanty ethnicity‐based
studies are currently available. One such study in the Chinese has shown heterogeneity among
different ethnic groups [160]. Furthermore, differences have also been reported in the preva‐
lence of the UGT1A1*28 between Caucasians and Asians [161]. Besides, some sex‐dependent
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differences have also been discussed with regard to UGT functionality. They are also believed
to be involved in drug‐drug interactions. Several cell membrane transporters, such as the anion
transport polypeptide (OATP) 1B1, encoded by the SLCO1B1 gene, can influence the disposi‐
tion of statins. They are key determinants of ADME of various drugs as a result of their broad
substrate specificity and tissue distribution.

3.3.1. Gene polymorphism, ethnicity and adverse anti-lipidemic drug response

Many of the anti‐lipidemic agents frequently exhibit very serious side effects, often leading to
discontinuation of the therapeutic regimen. For example, it is thought that statin discontinu‐
ation rate due to side effects ranges between 1% and 5%. This is, in the majority of cases, due
to the sharing of metabolic pathways by other concomitantly employed drugs, but may also
be caused by mutations in the metabolic genes. Adverse effects of anti‐lipidemic drugs also
include drug resistance and intolerance, which have been linked to genetic polymorphisms in
several genes including LDLR, HMGCR, PCSK9, CETP, APOE, P‐glycoprotein and OATP, just
to name a few. Furthermore, drug dosage requirements are often dependent on ethnic
differences as explained, at least in part, by genetic and dietary factors. Such adverse effect
would be exacerbated in the presence of defective metabolizing alleles. Several factors,
including modes of action, biotransformation routes or concomitant food ingestion, may
contribute to these phenomena. Of particular importance in this regard are the CYP450s, which
are thought to mediate the majority of unwanted drug effects, as drugs interact with members
of this protein family in many different ways, whereby a drug may be metabolized by one or
multiple of these enzymes. Thereby, drugs that cause CYP450 metabolic interactions are
referred to as either inhibitors or inducers. Such drugs block the metabolic activity of one or
more enzymes, whereby the extent of its influence will depend on factors such as dose and the
capability of the drug to bind to the enzyme. On the other hand, a drug may induce its
metabolizing enzyme. Such enzyme inducers increase the CYP450 activity by increasing its
synthesis, often dependent on the half‐life of the drug. These factors render the therapy with
drugs undergoing metabolism through the CYP450 system complex. Notably, a drug may
inhibit the function of an enzyme that metabolizes it, with each cytochrome isozyme respond‐
ing differently to exogenous chemicals in terms of its induction and inhibition. Typically,
individuals with an aberrant CYP450 gene may experience diminished efficacy or increased
toxicity in response to particular drugs as a result of the difference in activity levels associated
with the variant genotypes. One example is myositis, the most important adverse effect of
statins, which may be greatly influenced by the presence of the defective enzymes, such as the
CYP2C9, CYP2C19 and CYP3A4 variants. Inhibition of these enzymes often adversely affects
the function of the HMGCR inhibitors in different fashions. For example, the CYP3A inhibitors
significantly enhance simvastatin plasma concentrations and its active forms. It has also been
shown that peak serum levels of simvastatin, which is metabolized solely by CYP3A4, can
increase by many times in PMs or with the addition of a potent inhibitor, leading to an increase
in the risk of myopathy and rhabdomyolysis at usual doses. The effect of CYP3A4*22 allele is
thought to lead to reduced enzyme expression. Combination of non‐functional CYP3A5*3 and
putative, functionally reduced CYP3A4*1G alleles may predict diminished clearance of
CYP3A4 substrates [162]. Carriers of one or more CYP2C variant alleles may be at risk for
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adverse drug reactions when prescribed together with drugs extensively metabolized by
CYP2C9 [115]. Atorvastatin‐related rhabdomyolysis and acute renal failure has also been
linked OATP1B1 polymorphism and CYP2C19 PMs [163].

The other important enzyme family in anti‐lipidemic drug metabolism is the UGT, which may
invariably influence drug metabolism through the CYP450 pathways, as demonstrated by the
observations that, for example, gemfibrozil exhibits glucuronidation‐ and reduction‐depend‐
ent activation to metabolites that inhibit CYP2C8, whereas ezetimibe shows glucuronidation‐
dependent protection against metabolism‐dependent inhibition of CYP3A4. Its polymorphism
has also been linked to artovastatin adverse effects by increasing its lactonization in the liver
through UGT1A3*2 [164, 165]. While artovastatin lactone is pharmacologically inactive, it is
suspected to be a muscle toxic and to cause statin‐induced myopathy. Furthermore,
UGT1A1*28 has been associated with decreased exposure of artovastatin lactone [166], and
also linked to changes in the pharmacokinetics of ezetimibe [167].
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effects [171]. SLCO1B1 polymorphism, particularly the SNP rs4149056 (c.521T>C), has also
been linked to statin‐induced myopathy, while the SLCO1B1*5 allele and female sex have been
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ing heterozygous variants of the HMGCR [176]. These variants have also been implicated in
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The sterol regulatory binding proteins 1 and 2 (SREBPs) are transcription factors that regulate
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associated with elevated cholesterol synthesis, and increased response to the effects of
ezetimibe on cholesterol absorption [177]. It is thought that inhibition of mevalonate synthesis
by statins reduces not only the biosynthesis of cholesterol, but also the production of ubiqui‐
none (CoQ10), which is synthesized in all cells. Reduction of CoQ10 levels causes statin‐
induced myotoxicity.

3.4. Confounders for the role of ethnicity in hyperlipidemia drug therapy

Since alterations in the metabolizing proteins will affect the pharmacokinetics of a drug, it is
also understandable that such changes are likely to play a major role in drug adverse effects.
In particular, the effects of anti‐lipidemic drugs are influenced in many different directions in
the presence of variations in their metabolizing enzymes, which may in turn be also influenced
by both modifiable and non‐modifiable confounders, including gender and age, as well as
concomitant therapies with different families of drugs. For example, one proposed mechanism
responsible for a differential effect of statins could be sex‐dependent drug clearance, given that
the clearance of lipid‐soluble statins involves CYP450s and the protein expression can vary by
sex. In some animal studies, the metabolic rate of simvastatin was found to be considerably
higher in males than in females. The statins might therefore be expected to have a greater
clinical effect on males. In contrast, human volunteers showed a lower degree of metabolism
of simvastatin and lovastatin in men than in women. Moreover, several epidemiological studies
have reported greater reductions in both LDL and total cholesterol in response to statins in
women than in men, which presumably could lead to between‐sex differences in clearance
rates, bioavailability and, consequently, the clinical effects achieved with the same dose of the
drug. One study has, for example, indicated that the variability in CYP1A2 activity could be
explained by the diet, lifestyle and genetic factors [178]. Some studies even suggest that statin
therapy leads to a greater reduction in the risk of cardiovascular events in men than in women
with cardiovascular disease. Several of the CYP450s are also implicated in diseases, which may
influence the therapeutic outcome with drugs that are metabolized through these enzymes.
Besides, diseases such as HIV/AIDS are also known to trigger lipid disorders and need to be
considered seriously in their management. It has been shown, for example, that a combination
of anti‐retroviral therapy is likely to trigger the incidence of metabolic risk factors such as
insulin resistance, dyslipidemia, lipoatrophy and abnormal fat distribution. As such, HIV‐
dyslipidemia is regarded as a common problem linked to an increase in the incidence of
cardiovascular disease.

Other confounders include awareness, availability of resources and adequate health service
products. Such disparities contribute to inequality in health product supply of any societal
community, and to the way management of disease may be accomplished within a society.
Some disparities by ethnicity have also been established in the use of pharmacotherapy for
hyperlipidemia, orders by physicians, counselling of individual on food intake and exercise
[179]. Besides, drug responses are influenced by clinical variables such as age, gender, body
weight, general medical condition and liver function. All these factors contribute negatively
to attaining national therapeutic goals.
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3.5. Ethnicity-gene interactions and future management of hypercholesterolemia

The preceding paragraphs have summarized the causative genes for hyperlipidemia, the
diversity in gene variants encoding metabolizing proteins and their distributions in different
populations by ethnicity. The summarized data demonstrates that the interactions of these
variables do not only influence the expected drug actions, but, more importantly so, also the
untoward effects of the therapeutic agents for hypercholesterolemia. It is also evident that, in
addition to the complexity of the ethnicity‐gene environment interactions, intra‐ethnic
population admixtures of many modern societies may introduce an element of uncertainty
with regards to the interpretation of observations in such population structures. As a result,
this may lead to spurious genotype‐phenotype associations, which presents a challenge in
thriving to unequivocally isolate the ethnic‐specific disease‐related alleles from those pertain‐
ing to multiple population groups. However, the importance of ethnicity in complex disease
manifestation such as hyperlipidemia and its pharmacogenetics is now generally acknowl‐
edged and cannot be ignored. Rather, it should constitute a central focus of research as a basis
for establishing therapeutic goals for targeted disease management. To begin with, existing
data reveals that, for example, the disease‐causing gene variants and ADME‐related alleles are
not uniformly distributed among Caucasian, European or individuals from East Asia or Africa.
This asymmetric distribution of genotypes implies that we need to decipher their prevalence
by ethnicity for us to determine their relevance for any given ethnic group. Hence, knowledge
of the extent to which a particular variant may be present within an ethnic population is
therefore mandatory in order to establish the chances of success for a personalized therapeutic
regimen for anti‐hyperlipidemia therapy. The implication for this variability is also that
therapeutic modalities have to be predetermined for each individual ethnic population for
optimal disease management in any given society. In this regard, the WHO has recommended
establishing health action points that may be specific for each nation. On the other hand, there
might be some geographic similarities in the prevalence of some variants as shown by some
Asian populations sharing unique traits compared to Caucasians, for example. Therefore, it
also appears that the distribution of some of these genotypes is heavily influenced by geo‐
graphic origin. This scenario implies that, while the individuals belonging to these different
populations cannot be treated as homogeneous groups, they may nonetheless inherently share
some genetic traits that are regulated by geographic demarcations. Hence, the identification
and discerning of ethnic‐specific variants from such common regional traits should enhance
our understanding of the human diversities in genetic traits, and can therefore be exploited
more appropriately for therapeutic purposes in the future.

Importantly, the gene‐ethnicity relationships are also commonly influenced by confounders,
such as age and gender. These two variables are, however, not ethnic‐specific, and would
independently exert a similar impact on disease or therapy across ethnic groups. On the other
hand, however, modifiable traits such as obesity or BMI would be identifiable ethnic‐specific
traits. Therefore, combinations of these various confounders will impact the relationship of the
genotype, ethnicity and disease or therapy in different fashions that cannot be easily trans‐
posed from one ethnicity to another. Accordingly, consideration of specific underlying
environmental factors is a prerequisite in the management of complex disorders such hyper‐
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lipidemia for any given population. With regard to hyperlipidemia specifically, the issue is not
made easier by the fact that drugs, such as statins, are invariably metabolized through several
CYP450s, and vice versa. Thus, the rate of defects in ADME genes may occupy a unique
position in mediating these interactions. Therefore, specific knowledge of the metabolic
pathway of these ADME enzyme variants is also key to establishing the success of individual
therapy in any ethnic group within societies. Furthermore, understanding of the causal
relationship of these polygenic influences on drug dose requirements is vital in reducing inter‐
patient variability and optimizing anti‐lipidemic therapy. Detecting such genetic variations in
drug metabolizing enzymes is also particularly important for identifying individuals who may
experience adverse drug reactions or lack of drug response. In turn, it should help in the
prediction of more individualized loading and maintenance doses for safer drug therapy. In
fact, the different isoforms of the ADME enzymes probably present greater challenges with
respect to their possible adverse effects and the safety issues than the activity level, not only
due to intra‐individual, but more so inter‐ethnical differences in their prevalence across
societies. Ethnic diversity in some of these variants and complex interplay among them will
therefore dictate the success of anti‐lipidemic therapy in any given population. Thus, for
example, dosing for poor metabolizers may have to be significantly modified to meet the
ethnic‐specific requirements for adequate therapy, which may not necessarily be the case in
some societies. On the same note, ethnic‐based genetic tests can be used to screen for individ‐
uals with poor metabolizer phenotypes, for example, with the ultimate goal of predicting the
clinical effects of drugs. Furthermore, apart from drug efficacy, inter‐ethnical variations in the
prevalence of metabolic genes will naturally also influence drug toxicity. In addition to ethnic‐
delineable variants, common multi‐ethnic variants in important drug metabolizing genes have
also been described across ethnicities. This is exacerbated by the fact that some ethnic popu‐
lations also display a wide range of variations in the frequencies of these polymorphisms,
possibly due to population migrations. Put together, the overall clinical merits of a genotype‐
adapted anti‐lipidemic treatment regimen in a patient population can best benefit only if the
actual prevalent variants are known for that particular ethnic population. Thus, identification
of such ethnic‐specific allele frequencies and their phenotypic designation will provide the
basis for better clinical management.

Apart from traits directly related to societal structure, gene polymorphism and the reigning
classical modifiable risk traits, there are many other events that will determine the outcome of
therapeutic management hyperlipidemia. These features include public awareness as well as
availability of and access to information or national resources. To begin with, it has been shown
that the difference in the availability of health insurance may influence the way patients of
different ethnic groups respond to treatment. Furthermore, in many communities there is a
suffocating lack of data on the prevalence of the important disease‐causing or therapy‐related
genotypes. Unfortunately, thus far, the phenotypic expression has been studied primarily in
Caucasians and a few other ethnicities, but only poorly so in developing or semi‐developed
countries, such as Africa of the Arab world. Yet by virtue of consanguinity and inbreeding in
some of these societies, for example, the distribution pattern of clinically important variants
may differ considerably in such communities compared to others, as a result of disparity in
Hardy‐Weinberg distribution principal. Hence, there is acute need to characterize the preva‐
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lence of such variants in such ethnic populations, as they will almost certainly always be unique
in a particular society. For dyslipidemia specifically, this complexity is compounded by the
lack of community awareness reining in developing countries. Besides, often there are many
inconsistences in the data pertaining to different ethnic groups within the same geographical
regions. This naturally leads to disparity in the effectiveness of therapy in such societies. One
study suggested, for example, that the disparities in the use of pharmacotherapy for hyperli‐
pidemia, physician‐ordered or provided cholesterol screening, diet and exercise counselling
by specialists may be partly a result of lack of information [179]. Awareness influences
compliance, and compliance is a key determinant of successful drug therapy. Furthermore,
compliance to drug therapy is influenced by a number of other factors, including volume of
drugs to be consumed and rate of daily drug intake, and possibly even gender. Recently, a
gender difference in lipid control due to non‐adherence has been described [180]. Moreover,
apart from the cited studies pointing to differences among ethnic groups, there is also a large
amount of data failing to replicate the reports of such genotype‐related effects in the same
ethnic populations. This may be attributable to several factors, including admixture and lack
of information. These will in turn contribute to intra‐ethnical variations in the management of
drug treatment in a given community.

Availability or lack of resources and adequate health service products also play a central role
in the outcome of dyslipidemia therapy. For example, it has been shown that the difference in
the availability of health insurance may influence the way patients of different ethnic groups
may respond to treatment. In the USA, for example, variations across states in health insurance
and racial/ethnicity mixture have been associated with variations in the management of
hyperlipidemia. Thus, less‐insured states may be less effective, whereas those with more
private, Medicare or Medicaid coverage may be more effective. In states with proportionately
more African‐Americans versus Hispanics, lipid medications have also been found to be
prescribed differently [181]. Such disparities contribute to inequality in health product supply
of any societal community and therefore to the way management of dyslipidemic disorders
may be accomplished within that society. Indeed, such environmental factors will have an
impact on disease management that often goes unnoticed. Other environmental factors include
access to education, information or resources within the different ethnic populations, whose
importance can hardly be overstated. For example, in the USA the native Hawaiians are
regarded as the least educated proportionally and the lowest portion of the ladder of socio‐
economic strata relative to most ethnic groups in the USA, which may explain some of the
remarkable differences compared to other groups. One problem is the issue of availability of
basic information on disease risk factors and involvement in decision making for therapy
regimens, as shown by a study indicating that minorities considering hyperlipidemia therapy
may be less informed and less involved in the final decision‐making process therefore
contributing to racial disparity in health management of a nation [182].

Furthermore, while some developed societies may be made more conscious of risk factors for
a given disease, heterogeneity through population migration and levels of consciousness
among the different ethnic groups within a society may always change the dynamics of the
situation. This indeed plays a central role in the unequal distribution of the resources contri‐
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buting to disparities in the availability of health services. Most of it can be explained by the
prevalence of confounders, such as lack of awareness, in which disproportionate rates seem
to rank highly even in developed counties. Given the likelihood of ethnic differences in lipid
profiles and the prevalence of hyperlipidemia together with the lack of research in ethnic
minorities, it becomes clear that therapy of dyslipidemia remains a major concern worldwide.
Being a recognizable risk factor for cardiovascular diseases, it is also questionable whether
anti‐lipidemic therapy attains the same effect of cardiovascular risk prevention globally under
these conditions. Most importantly, profiling the gene variants in disease and drug response
to anti‐lipidemic therapy is the inevitable pathway towards establishing personalized treat‐
ment for this disorder. Pharmacogenetics has slowly found its rightful place in disease
management. It is now well acknowledged that polymorphisms in drug‐metabolizing
enzymes and transporters of anti‐lipidemic agents contribute to a wide variability in the
pharmacokinetic response and toxicity of these drugs. In this regard, ethnicity plays an
important role in defining the relevance of the genetic changes in achieving the ultimate goal
of personalized drug therapy. However, as demonstrated in the preceding paragraphs, further
studies are needed to explore deeper the gene‐dose, gene‐concentration and gene‐response
relationships especially for the drug metabolizing CYP450s. The more we make progress in
identifying the genetic variations of dyslipidemia or drug response to therapy, the greater the
likelihood that personalized medicine becomes a reality rather than remaining a myth in the
foreseeable future.

Because of the uncertainties summarized above, for the time being targeted drug therapy of
hyperlipidemia remains a dream of the future. Nonetheless, profiles of rare variants reflecting
on the inter‐individual variability in drug response are becoming more and more evident.
Hence, the knowledge we have already acquired of the differential distribution of the impor‐
tant gene variants should provide valuable information in guiding clinicians in determining
which gene variants may be relevant in screening patients for personalized therapy in clinical
settings in a given society. The validity and usefulness of such an undertaking for routine
procedures will depend foremost on the prevalence of such entities. Hence, recommendations
for genotype‐adjusted therapy will soon be of time.

4. Summary

Hypercholesterolemia is a complex disorder which presents in different forms, including the
familial form, with varying underlying aetiology, and contributes substantially to CAD
manifestation. Predisposing variables for the disease include modifiable risk traits, such as
diet, overweight and obesity, that are controllable by adopting healthy eating habits and
exercise, for example. However, diet alone is often not adequate to achieve the desired lipid
lowering effect in individuals harbouring very high cholesterol levels, such as in familial
hypercholesterolemia. This necessitates the use of lipid lowering medication to reduce its
production or absorption or other forms of therapy including LDL apheresis or surgery. It is
now well established that the response to anti‐lipidemic therapy depends on genetic changes
in the disease‐causing as well as ADME‐related genes, and the impact of these gene‐drug
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response relationships will depend on ethnicity. Inter‐ethnical variability in pharmacokinetics
of anti‐lipidemic agents may trigger unexpected outcomes such as therapeutic failure, adverse
effects and toxicity in individuals of different ethnic origin undergoing therapy. Hence, in‐
depth studies on these relationships have the huge potential of achieving optimal quality use
of drugs as well as improving the efficacy and safety of both prospective and currently available
anti‐lipidemic therapeutic agents.
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