Seung-Hoon-Lee
Min Kyoung Kang. Editors

Stroke Revisited:
Dyslipidemia
in Stroke

@ Springer



Stroke Revisited



This authoritative book series presents state of the art knowledge on the
pathophysiology, prevention, diagnosis, and treatment of stroke, highlighting
the many very important advances that have been achieved in recent years.
Current issues in management are addressed in detail, equipping readers with
an understanding of the rationale for particular approaches in different
settings and with a sound knowledge of the role of modern imaging methods,
surgical techniques, and medical treatments. The inclusion of numerous high-
quality illustrations facilitates understanding of practical aspects and rapid
retrieval of fundamental information. The series will be of value for stroke
physicians, surgeons, other practitioners who care for patients with stroke,
and students.

More information about this series at http://www.springer.com/series/15338


http://www.springer.com/series/15338

Seung-Hoon Lee « Min Kyoung Kang
Editors

Stroke Revisited:
Dyslipidemia in Stroke

@ Springer



Editors

Seung-Hoon Lee Min Kyoung Kang

Department of Neurology Department of Neurology

Seoul National University Hospital Uijeongbu Eulji Medical Center
Seoul Gyeonggi

Republic of Korea Korea (Republic of)

ISSN 2522-5588 ISSN 2522-5596 (electronic)

Stroke Revisited

ISBN 978-981-16-3922-7 ISBN 978-981-16-3923-4  (eBook)

https://doi.org/10.1007/978-981-16-3923-4

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature
Singapore Pte Ltd. 2021

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher,
whether the whole or part of the material is concerned, specifically the rights of translation,
reprinting, reuse of illustrations, recitation, broadcasting, reproduction on microfilms or in any
other physical way, and transmission or information storage and retrieval, electronic adaptation,
computer software, or by similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are
exempt from the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in
this book are believed to be true and accurate at the date of publication. Neither the publisher nor
the authors or the editors give a warranty, expressed or implied, with respect to the material
contained herein or for any errors or omissions that may have been made. The publisher remains
neutral with regard to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore
189721, Singapore


https://doi.org/10.1007/978-981-16-3923-4

Preface

The Stroke Revisited series now presents its final publications. As a principal
editor, since Vol. 1: Diagnosis and Treatment of Ischemic Stroke published in
2017, I sequentially presented Vol. 2: Hemorrhagic Stroke, Vol. 3: Vascular
Cognitive Impairment, and Vol. 4: Pathophysiology of Stroke: From Bench to
Bedside. Finally, the contract with Springer Nature to publish six volumes of
the Stroke Revisited series is now completed together with the current books:
Vol. 5: Dyslipidemia in Stroke and Vol. 6: Diabetes in Stroke. Writing and
editing these series in approximately 5 years, I have done my best to create a
complete series, not to leave any scratch on the honor of the publisher and
me. Looking back over the years, there are some regrets that it would have
been a better book series if I had invested a little more energy. However,
working concurrently as a clinical professor at Seoul National University
Hospital, chair of the Korean Cerebrovascular Research Institute (KCRI), and
CEO of a bio-venture company, Cenyx Biotech Inc., I am comforting myself
with this level of achievement. Of course, while continuing to monitor the
contents of the books, I commit to maintain the latest level of knowledge by
revising, reinforcing, or replacing chapters that become knowledge of the
past. Vol. 1, 2, and 4 are books I put much effort into as the sole principal edi-
tor, whereas for Vols. 3, 5, and 6, I am very grateful for the efforts of the
coeditors. In the initial contract, Vols. 5 and 6 were planned to have titles of
“small vessel disease” and “large artery atherosclerosis,” respectively. Writing
Vol. 4, pathophysiology of stroke, I realized that I put a considerable amount
of content prepared for Vols. 5 and 6 into Vol. 4. Therefore, I was exceedingly
worried about the necessity of proceeding with the original series. Meanwhile,
a new era began with the introduction of various new drugs and biologics for
the treatment of dyslipidemia and diabetes. Considering the changed circum-
stances, I thought it would be better to make books that reflect the develop-
ment of new drugs in these fields. Since the publisher generously agreed with
my idea, Vol. 5 and 6 were presented to you with new themes: dyslipidemia
and diabetes in stroke.

Stroke Revisited Vol. 5: Dyslipidemia in Stroke attempted to deal with dys-
lipidemia as an important risk factor for stroke, from basics to clinical aspects.
Cholesterol is an essential nutrient that is indispensable to human cells; how-
ever, the absorption and production of excess cholesterol above the necessary
level can produce atherosclerosis in the walls of the vessels, ultimately result-
ing in stroke and acute coronary diseases. Since the SPARCL trial, which
demonstrated that cholesterol lowering by atorvastatin is effective in
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preventing subsequent vascular events in patients with stroke, numerous
statin drugs have been used for stroke prevention worldwide. Then, for many
clinicians majoring in stroke, books to comprehensively provide the basic
knowledge of lipid metabolism, the principles of drug use, the mechanisms of
action of the drugs, and the clinical impact of the cholesterol level have been
awaited for a long time. In addition, proprotein convertase subtilisin/kexin
type 9 (PCSK9)-inhibiting monoclonal antibodies have recently been devel-
oped, and a new small interfering RNA (siRNA) drug (i.e., inclisiran) has
emerged as a new therapeutic drug for dyslipidemia. The need to acquire the
latest knowledge on lipid drugs has increased. This book has been completed
by inviting relevant knowledge experts from all over the world as authors,
from basic to clinical, in line with this need. In terms of stroke and dyslipid-
emia, [ am confident that readers will gain the in-depth knowledge that they
have not seen in any other book.

The six-volume Stroke Revisited series is now completed. I would like to
express my deep gratitude to Springer Nature for providing me with this great
opportunity. While producing six books up to this point, the KCRI has pro-
vided great support for writing these books, and my colleagues have provided
valuable help in various ways. I profoundly appreciate it all. In the future,
whenever new information is released regarding the contents of the series,
partial or full revisions will be made to offer cutting-edge knowledge as much
as possible. When I was studying stroke in my youth, I had hard times because
of difficulties finding optimal books in the clinical aspects of stroke. The fact
that I have produced some books that will help clinicians worldwide is quite
rewarding for the rest of my life.

Seoul, Republic of Korea Seung-Hoon Lee
March 2021



Preface

The field of medicine has always been in constant evolution. Dyslipidemia is
a dynamically changing field for new drug development. As a result, clini-
cians have benefited from learning new findings; however, crushing amounts
of results often leave them little time to step back and stay longer with its
actual value and relevance to clinical practice.

Along with remarkable advances in recent years, particularly in the medi-
cal aspect, stroke is no longer considered just a field of neurology. Today,
numerous therapies improve the conditions of patients with chronic diseases
such as hypertension, diabetes mellitus, and dyslipidemia in stroke care. All
risk factors for cardiovascular disease must be treated successfully to achieve
favorable outcomes and prevent further stroke. Providing new drugs for the
successful treatment of dyslipidemia leads to the success of intra-arterial
battle with stroke.

This text is written for this reason. Readers will find that this book is not
just about the stroke, but all efforts to reflect the advance in dyslipidemia and
real-life challenges in modern society. The editors, authors, and publishers
have made every effort to ensure that the knowledge in this book is up-to-date
and reliable at the time of publication.

The flow of content is written with the evidence-based practical format to
reflect the clinical setting by Professor Seung-Hoon Lee, making it more
interesting and easy to read. I do not know if there are words that can genu-
inely articulate the gratitude I feel for my mentor. His passion, guidance, and
support have been the best things to happen in my life. Also, I thank all the
authors who have participated in this process.

Through Stroke Revisited: Dyslipidemia in Stroke, 1 hope that physicians
in the world will find a timely and effective way to learn about dyslipidemia
and its real-life applications in patients with stroke.

Gyeonggi, Republic of Korea Min Kyoung Kang
March 2021
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Role of Dyslipidemia
in Atherosclerosis

Akhlaqg A. Farooqui

Abstract

Atherosclerosis is a complex inflammatory
disease characterized by lipid accumulation
within the artery walls. It produces the nar-
rowing of arteries due to the development of
intimal plaques. The formation of plaques
involves the deposition of small cholesterol
crystals in the intima and its underlying
smooth muscle. The growth of plaques starts
with the proliferation of fibrous tissues and the
surrounding smooth muscle producing a bulge
inside the arteries. It results in reduction of the
blood flow to the heart leading to cardiovascu-
lar disease, the leading cause of mortality and
morbidity worldwide. Atherosclerosis and
cardiovascular disease are not only accompa-
nied by increased levels of cholesterol, choles-
terol metabolites, and trimethylamine N-oxide
levels in the blood, but also by the involve-
ment of the immune system, which is made up
of many cell types, hundreds of bioactive
cytokines and chemokines (TNF-a, IL-1,
IL-6, MCP-1), and millions of different anti-
gens. This makes the development of athero-
sclerosis very challenging. In addition to the
development of myocardial infarctions, ath-
erosclerosis is also associated with peripheral

A. A. Farooqui (<)

Department of Molecular and Cellular Biochemistry,
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artery disease. This pathological condition is
also accompanied by different stages of ath-
erogenesis, dyslipidemia, hypertension, oxi-
dative stress, endothelial dysfunction, and
inflammation. At the molecular level, these
processes involve the generation of reactive
oxygen species, reduction in redox status, and
increased expression of pro-inflammatory
cytokines and chemokines. These mediators
can be used as biomarkers for cardiovascular
disease, as well as peripheral artery disease.

1.1 Introduction

Cardiovascular disease (CVD) is the biggest
killer of the twenty-first century worldwide. It is
characterized by the development of atheroscle-
rosis, a multifactorial inflammatory condition
that is accompanied by the deposition of plaques,
induction of endothelial dysfunction, invasion of
the artery wall by leukocytes, and subsequent for-
mation of foam cells, a hallmark of the initial
stages of atherosclerosis. The generation of foam
cells is associated with an imbalance of choles-
terol influx, esterification, and efflux. CD36 and
scavenger receptor class A (SR-A) are mainly
responsible for the uptake of lipoprotein-derived
cholesterol by macrophages. The formation of
atherosclerotic plaques starts with the deposition
of excessive cholesterol, hydroxycholesterol, and

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021 3
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lipid oxide products (LOP) in the arterial intimal
wall and its underlying smooth muscles, which
undergo cellular proliferation and inflammatory
reactions [1, 2]. Thus, atherosclerosis can be gen-
erally described as an excessive fibrofatty, prolif-
erative, inflammatory response to damage of the
artery wall, involving several cell types, such as
smooth muscle cells, monocyte-derived macro-
phages, lymphocytes, and platelets [3]. Then the
plaques grow with the proliferation of fibrous tis-
sues and the surrounding smooth muscle and
bulge inside the arteries and consequently reduc-
ing the blood flow to the heart. The oxidation of
low-density lipoprotein (LDL) to oxidized-LDL
indicates that the development of atherosclerosis
isthe first step in the pathogenesis of CVD. Several
risk factors have been reported to regulate athero-
sclerosis and CVD. They include long-term con-
sumption of fatty foods, lack of exercise,
hypertension, cigarette smoking, diabetes melli-
tus, and family history (genetic factors) (Fig. 1.1).
Atherosclerosis is also fueled by activation of
both innate and adaptive immunity [1, 2]. During

the development of atherosclerosis, inflamma-
tory responses are characterized by the recruit-
ment of circulating leukocytes and the production
of growth factors that contribute to cell migration
and proliferation. Animal model studies have
shown that the retention/accumulation of serum
low-density lipoprotein (LDL) on intima and
sedentary lifestyle are the crucial factors for the
initiation and progression of atherosclerosis as
well as CVD. The delivery and retention of lipo-
proteins appear to be dependent on lipoprotein
concentration, lipoprotein size, and the integrity
of the endothelium. Indeed, modification of
retained lipoproteins contributes to the release of
phospholipids and phospholipid-derived lipid
mediators that can activate endothelium [1, 2]. In
addition, recent studies have revealed that athero-
sclerosis also involves the accumulation and
activities of various immune cells. The immune
system is a complicated network made up of
many cell types, hundreds of bioactive cytokines,
and millions of different antigens, making it chal-
lenging to readily define mechanisms that con-

High levels of cholesterol, LOP,
TAG, & lip oproteins

Lack of regular
exercise

Insulin resistance
& obesity

Hypertension

Risk factors for
atherosclerosis

Age & chronic

inflammation
Diabetes
& MetS
Family history

Unhealthy diet, smoking
& stress

Fig. 1.1 Factors modulating atherosclerosis and cardiovascular diseases. TAG Triacylglycerol; MetS metabolic

syndrome
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tribute to atherosclerosis. Finally, the composition
of gut microbiota also plays an important role in
cholesterol homeostasis. Collective evidence
suggests that dyslipidemia, endothelial cells, leu-
kocytes, and intimal smooth muscle cells are the
major players in the development of atheroscle-
rosis. The most devastating consequences of ath-
erosclerosis are myocardial infarctions and stroke
as well as lower extremities peripheral artery dis-
ease (PAD) [1, 2].

CVD and stroke are major health problems in
the United States. Approximately 6.5 million
Americans suffer from CVD, with 700,000 new
cases diagnosed every year. Similarly, about one
million people in the United States suffer from
stroke each year. On average, in the United States
every 40 seconds someone has a stroke and every
4 minutes someone dies from a stroke suggesting
that stroke is one of the major causes of death and
adult disability in the United States. The likeli-
hood of having CVD and stroke increases with
age reaching 10 per 1000 population in individu-
als older than 65 years of age, and after a continu-
ous decline over the last 5 decades, CVD
incidences are increasing again [3, 4]. The most
common manifestations of CVD are stable
angina pectoris and acute coronary syndromes.
Multiple conventional risk factors are known to
contribute to the pathogenesis of CVD.
“Cholesterol hypothesis” states that high levels
of blood cholesterol are a major risk factor for
CVD and lowering high levels of cholesterol
reduces the risk of CVD. In bio-membranes, the
dynamic clustering of cholesterol along with
sphingolipids results in the formation of special-
ized structures called microdomains or rafts.
These rafts act as a platform for signal transduc-
tion processes. The depletion of cholesterol in
bio-membranes induces autophagy, a process by
which cells digest their own components. An
increase in levels of cholesterol in serum (dyslip-
idemia) is an abnormality of lipid metabolism. It
is characterized by increased circulating levels of
serum total cholesterol, LDL cholesterol, triglyc-
erides, and decreased levels of serum HDL cho-
lesterol. High levels of LDL cholesterol and
non-HDL cholesterol have been associated with
cardiovascular risk, while other cholesterol-

related serum markers, such as the small dense
LDL cholesterol, lipoprotein(a), and HDL parti-
cle measurements, have been proposed as addi-
tional significant biomarkers for CVD. Like
atherosclerosis, risk factors for CVD include age,
sex, genetic predisposition, diet, and regular
exercise (lifestyle). These factors not only lead to
hypertension and dyslipidemia, but also acceler-
ate aging, and endothelial dysfunction [5].

Protection from atherosclerosis and CVD can
be achieved by introducing food restrictions
along with appropriate medical treatments
according to clinical healthcare guidelines. Both
atherosclerosis and CVD are accompanied by
inflammatory processes. Inflammation associ-
ated with atherosclerosis involves complicated
processes, including systemic inflammatory reac-
tions and the accumulation of immune cells, such
as monocytes/macrophages, dendritic cells, and
lymphocytes. The immune system (innate immu-
nity and adaptive immunity) plays important
roles in all stages of atherosclerosis and CVD
from initiation through progression, as well as in
atherothrombotic ~ complications.  Persistent
inflammation in atherosclerosis and CVD is also
supported by gut microbiota and activated sub-
populations of substantial B cells in the vicinity
of arterial adventitia. Because atherosclerosis
and CVD are global health burden throughout the
world especially in developed counties, multidis-
ciplinary therapeutic and preventive approaches
should be introduced to achieve protection from
these pathological conditions [1, 2, 3].

It is widely accepted that excessive dietary
intake of saturated fats and cholesterol (Western
diet) and lack of exercise play an important role in
the onset and development of atherosclerosis and
CVD. It increases levels of apolipoprotein B
(apoB) 100—containing lipoproteins and decreases
levels of high-density lipoprotein (HDL) in serum
[1, 6, 7]. The oxidation of low-density lipoprotein
(LDL) to oxidized-LDL is the first step in the
pathogenesis of atherosclerosis and cardiovascu-
lar diseases. However, non-lipid risk factors can
also contribute to the development of CVD. About
one-half of the deaths due to this condition occur
in individuals with normal cholesterol levels [6].
This is because inflammation is an important
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etiological factor for atherosclerosis as well as
CVD and current therapeutic options for treating
or preventing atherosclerosis and CVD still
remain focus on lipid control alone, rather than
resolving inflammation [1, 3].

1.1.1 Lipids in the Atherosclerotic

Process

Atherosclerosis is a lipoprotein-driven disease
that leads not only to plaque formation at spe-
cific sites of the arterial tree, but also involves
induction of inflammation, necrosis, fibrosis,
and calcification. Atherosclerosis can be
assessed by monitoring arterial stiffness, which
can be monitored using pulse-wave velocity, the
cardio-ankle vascular index, the ankle-brachial
index, pulse pressure, the augmentation index,
flow-mediated dilation, carotid intima-media
thickness, and arterial stiffness index-f. Arterial
stiffness is generally considered an independent
predictor of CVD. The early development of the
plaque involves the accumulation of lipids,
interactions between damaged endothelial cells,
vessel wall smooth muscle cells, circulating
inflammatory cytokines, growth factors, and
cell adhesion molecules indicating that plaque
formation may be a cell-mediated immune phe-
nomenon. Development and progression of ath-
erosclerosis, there is an accumulation of lipid in
the plaques, reaching a mean lipid content of
37% in severe plaques. This increase in the lipid
content of plaque is mainly due to large increases
in cholesterol, over 80% of which are hydroxy-
cholesterols, cholesteryl esters, and cholesterol
oxides. This deposition of cholesterol, hydroxy-
cholesterols, cholesteryl esters, and choles-
terol oxides in plaque accounts for 20-34% of
the total cholesterol content of the plaque.
Examples of cholesterol metabolites are 7-ket-
ocholesterol (7-kCh), 26-hydroxycholesterol
(26-hCh), 27-hydroxycholesterol (27-hCh),
and Sa-cholestane-3f3,5,6f-triol (triolCh) sug-
gesting that the main oxidation reactions of cho-
lesterol are peroxidation occurs at carbon C7,
C26 and epoxidation of double bond C5-C6 [8,
9]. In addition to cholesterol and its metabolites,

human aortic plaques contain free and oxidized
fatty acids, phospholipids, triglycerides, and
other LOP such as isoprostanes, hydroxy fatty
acids, lipid peroxides, and aldehydes [7, 8].
Levels of lipids in normal aortic plaques are low
(1-2%). However, human aortic plaques from
CVD patients contain high levels of cholesterol
and its oxides, free and oxidized fatty acids, tri-
glycerides, and LOP. Among these components,
LOP is not only known to impair normal physio-
logical functions, but also stimulate atheroscle-
rotic processes. Unesterified LOP associated
with membranes disrupts fluidity and alters sig-
naling pathways associated with oxidative stress,
apoptosis, inflammation, and gene expression
leading to cellular damage. It has been proposed
that the lipoprotein-specific LOP transport not
only plays important roles in atherosclerosis-
related effects of LDL and HDL but is also pro-
duces phospholipid packing defects in cell
membranes. Recent studies have indicated that
plasma lipoproteins are active carriers of LOP,
low-density lipoprotein (LDL) directing trans-
port toward peripheral tissues, and high-density
lipoprotein (HDL) being active in the reverse
transport [8]. Induction of LOP efflux from mac-
rophages protects against endothelial dysfunc-
tion and prevents atherogenesis in mice fed a
high-cholesterol diet. Collective evidence sug-
gests that mature atherosclerotic plaques contain
a lipid core, which is enriched in cholesterol and
its metabolites and a cap composed of fibrillar
collagen. It is reported that in sub-endothelial
space apoB 100-containing lipoproteins interact
with extracellular matrix components, leading to
trapping of more lipoproteins with subsequent
aggregation and oxidative modification through
the involvement of cholesterol, its metabolites,
and LOP. These lipids produce cytotoxicity,
apoptotic death, and pro-inflammatory effects.
They not only participate and damage the endo-
thelium, trigger cell proliferation, modulate vas-
cular remodeling, but also contribute to increased
cellular permeability with increased expression
of adhesion molecules that bind monocytes and T
lymphocytes to create a vicious cocktail of patho-
physiological factors. In addition, the expression
of chemo-attractants and pro-inflammatory cyto-
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kines in arterial intima promote the differentia-
tion of monocytes into macrophages taking up
oxidized-LDL uncontrollably to form foam cells
and atherosclerotic lesions. Their synthesis has
been directly linked with the pathogenesis of ath-
erosclerosis and CVD [9].

1.1.2 Atherosclerotic Plaque
Progression and Acute
Rupture

Atherosclerosis starts in childhood. After decades
of progression, atherosclerosis results in mature
plaque formation, which is responsible for the
onset of ischemic symptoms. While plaque
growth due to smooth muscle cell proliferation,
matrix synthesis and lipid accumulation is known
to narrow the arterial lumen and ultimately
decreasing the blood flow to the heart (coronary
heart disease), brain (ischemic stroke), and lower
extremities (peripheral vascular disease) [10, 11,
12]. The most common of these manifestations is
coronary heart disease, including stable angina
pectoris and acute coronary syndromes. After
decades of development, the plaque ruptures and
develops into a lesion with a large necrotic core
with an overlying thin disrupted fibrous cap. The
lesion is heavily infiltrated by macrophages and
T lymphocytes. Physical interactions between
flowing blood and thrombogenic necrotic core
result in the development of platelet-rich luminal
thrombus, which is superimposed by a
proteoglycan-rich matrix. After decades of devel-
opment, mature plaques may suddenly rupture
and cause life-threatening coronary thrombosis
presenting as an acute coronary syndrome. At the
molecular level, the infiltration of macrophages
into plaque not only contribute to the uptake and
metabolism of lipoproteins as well as growth fac-
tor secretion, but also activate macrophage matrix
metalloproteinase (MMPs) activity leading to the
exposure of red cell-rich necrotic core materials
(lipids, LOP, proteoglycan, and hyaluronan) to
smooth muscle cells [13, 14]. Inflammation and
immune reactions play a pivotal role in athero-
genesis and the destabilization of plaque [13, 15].
Under normal conditions, inflammation produces

only temporary incapacitation of heart function,
followed by heart tissue restoration and remodel-
ing. However, under pathological conditions, the
process becomes chronic and ends with pro-
longed heart dysfunction. The immune process
involves immunocompetent cells: T- and B lym-
phocytes (the main components of the adaptive
immune response). Adhesion of circulating
monocytes to activated endothelial cells is asso-
ciated with the earliest stage of inflammation.
The disruption of plaque is facilitated by coro-
nary spasm and calcification of tortious arteries
in older individuals [16]. It is known that the dis-
ruption of lipid-induced innate immune signaling
reduces atherosclerosis in hyperlipidemic murine
models. The multifactorial nature of CVD and
the complexity of the inflammatory pathways
contribute to atherosclerotic plaque development
in hyperlipidemic mice model of atherosclerosis.
This rat model should be carefully evaluated to
compare to the development of plaques in
humans. In addition to apoB 100-containing
lipoproteins, HDL may also play a dual role in
the pathogenesis of atherosclerosis. To this end,
chemical modification of HDL by macrophage-
derived myeloperoxidase transforms HDL into
pro-inflammatory and pro-atherogenic entities
indicating that HDL may have a dysfunctional
role in atherosclerosis [16].

At the molecular level, plaque rupture not
only involves endothelial cell responses to make
shear stress, but also induction of inflammation, a
process caused by the activation of Toll-like
receptors (TLRs) and increased expression of
cytokines and chemokines (tumor necrosis
factor-beta (TNF-B), interleukin-1§ (IL-1p),
interleukin-6 (IL-6), and monocyte chemoattrac-
tant protein-1 (MCP-1)) through the involvement
of pro-inflammatory transcription factor nuclear
factor-kappa B (NF-xB). This transcription factor
is present in the cytoplasm. Under the influence
of oxidative stress, it migrates to the nucleus
where it promotes the expression of cytokines
(TNF-a, IL-1p, and IL-6), chemokines (MCP-1),
and adhesion molecules (intracellular adhesion
molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1)) after interacting with
NF-xB response element (NF-kB-RE) (Fig. 1.2).
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tion mechanisms associated with the pathogenesis of car-
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TLRs also play important roles in the innate and
inflammatory signaling responses to microbial
agents. The transcription of cytokines and che-
mokines is not only involved in the inflammatory
process, but also in proliferative responses of
cells critical to atherogenesis and ultimately lead-
ing to the synthesis and release of antimicrobial
peptides and inflammatory cytokines that are
associated with adaptive immunity. Moreover,
Toll-like receptor 4 (TLR4) expression in macro-
phages is upregulated by oxidized LDL suggest-
ing a potential mechanism for the synergistic
effects of hypercholesterolemia, acceleration of
atherosclerosis, and disruption of plaque. Studies
on TLR4 and LDL receptors double knockout
mice have indicated that a deficiency of TLR4
receptors reduces atherosclerosis without affect-
ing inflammation. Moreover, clinical investiga-
tions have revealed that upregulation of TLRs not
only contributes to inflammation through the
body but also supports the development of ath-

NUCLE
us

IL-1p interleukin-1beta; IL-6 interleukin-6; MCPI mono-
cyte chemotactic protein-1; TLR4 Toll-like receptors 4;
MyDS88 adaptor protein; /[RAK IL-1R-associated kinase;
TRAF6 tumor necrosis factor receptor-associated factor
adaptor protein 6; N/IK NF-kB-inducing kinase; /KK IkB
kinase; TRIF TIR-domain-containing adapter-inducing
interferon-f; SMC vascular smooth muscle cell; NO
nitric oxide; and NOS nitric oxide synthase. Upward
arrow indicates increase

erosclerosis and inflammation leading to clot for-
mation. Similarly, activation of the c-Jun
N-terminal kinase pathway leads to the upregula-
tion of stress response genes and is implicated in
pathological cardiac events. In normal individu-
als under physiological conditions generation of
nitric oxide (NO) regulates vascular tone, inhibits
platelet function, prevents adhesion of leuko-
cytes, and reduces proliferation in the intima. In
addition, NO is also involved in the maintenance
of metabolic and cardiovascular homeostasis in
the heart tissue. Endothelial dysfunction contrib-
utes to the pathogenesis of CVD by increasing
ROS and decreasing the production of NO
(Fig. 1.2). The main enzymes that generate ROS
in the vascular wall cells are nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxidases,
xanthine oxidase, and mitochondrial enzymes,
respiratory chain complexes, lipoxygenase, and
myeloperoxidase. Major sources for cardiovas-
cular ROS are the activation of NADPH oxidase,
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mitochondrial dysfunction, and uncontrolled ara-
chidonic acid cascade. As stated above, an
increase in ROS promotes the translocation of
NF-xB to the nucleus, where it increases the
expression of cytokines, chemokines, and adhe-
sion molecules. These processes are associated
with leukocyte adherence, cell permeability, LDL
oxidation, platelet activation, and vascular
smooth muscle cell proliferation and migration.
Elevation in ROS results in oxidation of macro-
molecules promoting cell apoptosis through the
release of cytochrome-c [17].

In the vascular wall, ROS induces proliferation
of smooth muscle cells, apoptosis of endothelial
cells, and increase the activity of matrix metallo-
proteinases, therefore providing input to plaque
destabilization. A decrease in NO results in vaso-
constriction, a process that decreases blood flow
to the heart. Endothelial dysfunction is one of the
first signs of atherogenesis. It is accompanied by a
decrease in NO production. NO is the main regu-
lator of the vascular tone, which limits the synthe-
sis of adhesion molecules and chemokines and
prevents platelet aggregation. Endothelial NO is
an anti-inflammatory and anti-thrombogenic fac-
tor. Endothelial cell death is an important factor in
the development of atherosclerosis. During this
process, Apoptosis of the endothelial cells is
accompanied by the redistribution of phosphati-
dylserine on the endothelial cell surface and the
loss of anticoagulant surface components (throm-
bomodulin, heparan sulfate, and tissue pathway
inhibitor). This increases the procoagulant prop-
erties of the endothelium. The involvement of
endothelial cell apoptosis in the progression of
atherogenesis is supported by the fact that the
course of the disease can be controlled by statin
therapy [17].

1.1.3 Atherosclerotic
Cardiovascular Disease

Atherosclerotic cardiovascular disease is a group
of disorders of the heart and blood vessels. It
includes CVD, stroke, heart failure, and atrial
fibrillation [18]. These diseases are the largest
causes of death in the world in the elderly popu-

lation. Aged CVD patients suffer complex
changes that include hypertrophy, altered left
ventricular diastolic function, reduced left ven-
tricular systolic reverse capacity, increased arte-
rial rigidity, and impaired endothelial function.
The two major initiators of atherosclerotic car-
diovascular disease include hyperlipidemia and
vascular production of ROS and LOP. During the
development of atherosclerosis, the production of
ROS is accompanied by rapid loss of anti-
inflammatory and anti-atherogenic activities of
the endothelium-derived NO resulting in endo-
thelial dysfunction. Production of ROS also
results in the activation of the transcription factor
NF-kB. This transcription factor in the nucleus
induces the expression of vascular pro-
inflammatory and pro-thrombotic genes. ROS is
also a potent activator of MMPs, which indicate
plaque destabilization and rupture leading to a
decrease in cardiomyocytes through apoptotic
and necrotic cell death. The second initiator of
atherosclerotic CVD is the oxidation of
LDL. Oxidation of LDL in the vessel wall pro-
motes an inflammatory cascade that activates ath-
erogenic pathway leading to foam cell formation.
The accumulation of foam cells leads to fatty
streak formation, which is the earliest visible ath-
erosclerotic lesion. In contrast, the cardiac sarco/
endoplasmic reticulum Ca?*-ATPase and hepatic
apolipoprotein E (apoE) expression can improve
cardiovascular function. Ca’*-ATPase regulates
the cardiac contractile function by lowering cyto-
plasmic calcium levels during relaxation, and
affecting NO action in vascular cells, while apoE
is a critical ligand in the plasma clearance of tri-
glyceride- and cholesterol-rich lipoproteins [18].

Hypertension also plays an important role in
the pathogenesis of CVD. Many factors are asso-
ciated with the pathophysiology of hypertension.
Pathogenesis of hypertension is regulated by
genetic, environmental, and metabolic factors
[19]. Metabolically, renin—angiotensin—aldoste-
rone system, perturbation of G protein-coupled
receptor signaling, induction of inflammation,
and alteration of T cell function are closely asso-
ciated with the pathophysiology of hypertension.
These processes are linked to increased production
of ROS, decrease in NO production, and reduction
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in antioxidant capacity in the cardiovascular sys-
tem [20]. Although ROS production may not be
solely associated with the etiology of hyperten-
sion, it amplifies blood pressure elevation in the
presence of other prohypertensive factors which
may contribute to hypertension. As stated above,
in the cardiovascular system ROS play an impor-
tant physiological role in controlling endothelial
function, vascular tone, and cardiac function.
Among these factors, endothelial dysfunction
promotes inflammation, hypertrophy, prolifera-
tion, apoptosis, migration, fibrosis, angiogenesis,
and rarefaction directly or indirectly. Although
convincing data from animal studies support a
causative role for oxidative stress in the pathogen-
esis of hypertension, there is still no solid evi-
dence that oxidative stress causes hypertension in
humans. However, biomarkers of excess ROS are
increased in patients with hypertension and oxida-
tive damage is important in the molecular mecha-
nisms associated with cardiovascular and renal

injury in hypertension. In addition, intake of high
salt and consumption of a high-calorie diet may
not only increase oxidative stress but may increase
the risk of hypertension [21]. Collective evidence
suggests that an increase in oxidative stress and
inflammatory processes during CVD not only
promote a profibrotic environment and impair-
ment in neovascularization capacity due to a
reduction of proangiogenic functions but also a
decrease in capacity of progenitor cells to func-
tional repair.

Another important factor in the pathogenesis
of atherosclerosis and CVD is the involvement of
dysbiosis, a process associated with changes in
the composition of gut microbiota. Dysbiosis is
linked with the pathogenesis of many conditions
including atherosclerosis, CVD, hypertension,
obesity, and type 2 diabetes [20]. The induction
of dysbiosis may produce and release immuno-
genic endotoxins called lipopolysaccharide
(LPS) (Fig. 1.3). It is well known that a large part
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of LPS in circulation is neutralized via binding
with HDL resulting in its clearance through bili-
ary excretion. Only a smaller part of LPS is asso-
ciated with the activation of macrophages and the
overproduction of potent inflammatory media-
tors. Both HDL and LPS are known to bind with
the scavenger receptors class B type I (SR-BI).
These receptors contribute to a cholesterol deliv-
ery system and are present in different types of
cells, including adipocytes and type-two alveolar
epithelial cells. LPS promotes inflammation
through a cascade of inflammatory responses fol-
lowing the recognition of lipid A in LPS by
immune cells. Lipid A is the toxic component of
LPS and serves as the microbe-specific molecu-
lar signal that interacts with the TLR4 and
myeloid differentiation factor 2 (MD2). At the
molecular level, circulating LPS suppresses the
expression of tight junction proteins, leading to
an increase in intestinal permeability and subse-
quently the translocation of LPS from the gut into
the blood from where LPS can enter any tissue
and activate TLRs and their downstream targets
[22, 23]. Elevated plasma LPS levels (over 50 pg/
ml) are associated with a threefold increase in the
risk of developing atherosclerosis, whereas the
subpopulation of smokers or ex-smokers with the
same LPS level exhibit a 13-fold increase indi-
cating that there is a relationship between levels
of plasma levels of LPS and atherosclerosis.
Collective evidence suggests that cross-talk
between gut microbiota and host intestinal tract
not only involves multiple overlapping pathways
(autonomic, neuroendocrine, and immune sys-
tems), but also metabolites-derived from gut
microbiota such as trimethylamine N-oxide,
short-chain fatty acids (acetate, propionate,
butyrate), and secondary bile acids [20].
Consumption of dietary fibers results in lowering
plasma cholesterol levels (with reductions in cho-
lesterol level ranging from 0.5% to 2% per gram
of fiber intake). Consumption of fiber reduces
both total cholesterol and LDL cholesterol not
only through an increase in bile acid excretion
but also by downregulating the synthesis of
hepatic cholesterol. Other potential mechanisms
are related to the microbiota-dependent forma-
tion of acetate, propionate, and butyrate. These

fatty acids are synthesized and used as a macro-
nutrient source of energy. Alternatively, short-
chain fatty acids can also act as hormone-like
signals, entering the portal circulation to ulti-
mately bind to G-protein-coupled receptors in
numerous cells and inhibit the histone deacety-
lase, resulting in numerous epigenetic modifica-
tions in targeted cells. The cross-talk between gut
microbiota and intestinal epithelial cells produces
a variety of effects in the host. The gut microbiota
has been reported to metabolize choline, phos-
phatidylcholine, and L-carnitine to produce tri-
methylamine (TMA), which is oxidized in the
liver by flavin monooxygenase 3 into the pro-
atherogenic metabolite, trimethylamine-N-oxide
(TMAO). Increased TMAO levels are associated
with macrophage foam cell formation not only
by upregulating macrophage scavenger recep-
tors, deregulating enterohepatic cholesterol and
bile acid metabolism but also by impairing mac-
rophage reverse cholesterol transport (RCT). All
these processes are linked with the development
of atherosclerotic plaques [24]. Collectively,
these studies indicated that elevated TMAO
plasma levels are linked with adverse cardiovas-
cular events in humans. They can be normalized
by antibiotic treatment. However, prolonged anti-
biosis for atherosclerosis prevention is poten-
tially harmful as it poses an increased risk of
antibiotic resistance and detrimental infections
such as Clostridium difficile. Furthermore, flavin
monooxygenase 3 may promote dyslipidemia by
regulating multiple genes involved in hepatic
lipogenesis and gluconeogenesis. In addition, fla-
vin monooxygenase 3 is known to impair multi-
ple aspects of cholesterol homeostasis, including
transintestinal cholesterol export and
macrophage-specific RCT [25]. Two processes
contribute to the synthesis of TMAO. One
involves ingestion of nutrients and the other via
the synthesis of TMA by gut microbiota. As
stated above, in the liver, TMA is oxidized by
host hepatic flavin monooxygenase 3 leading to
the production of TMAO. Inhibition of gut
microbiota-dependent TMAO production has
been shown as a promising strategy for the treat-
ment of atherosclerosis [20, 24]. For example,
inhibition of TMA-generating microbial enzymes
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by dimethylbetane has been reported to reduce
murine atherosclerosis. Furthermore, the con-
sumption of western diet increases levels of
TMAO. In contrast, consumption of a
Mediterranean diet results in lower circulating
levels of TMAO and this may account for the
anti-inflammatory and health-promoting effects
of Mediterranean diet. Recently developed, non-
toxic potent inhibitors of gut microbial TMA
lyase (halomethylcholines) are known to mark-
edly inhibit platelet reactivity and thrombosis
[20, 24].

1.1.4 Atherosclerotic Peripheral
Artery Disease

PAD is a complex, multifactorial systemic dis-
ease characterized by reduced blood flow to the
lower extremities most often caused by the devel-
opment of atherosclerotic plaques, which lead to
chronic vascular blood flow deficit caused by ste-
nosis or occlusion of lower limb vessels. PAD
affects 12% to 20% of Americans 60 years and
older and more than 200 million people world-
wide. The most significant risk factors for PAD
are hyperlipidemia, diabetes mellitus, chronic
kidney disease, smoking, and hypertension; the
presence of three or more factors confers a ten-
fold increase in PAD risk. Intermittent claudica-
tion is the hallmark of atherosclerotic lower
extremity PAD, but only about 10% of patients
with PAD experience intermittent claudication
[26]. Clinical manifestations of PAD include
intermittent claudication, rest pain, and nonheal-
ing ulcer.

The location of atherosclerotic manifestation
in the arterial vessel tree differs according to the
main risk factor profile. Patients with diabetes
suffer more often from occlusion of the lower
limb arteries while smokers develop mostly a ste-
notic disease of the iliac or femoral arteries [26].
These manifestations contribute to impaired
quality of life in PAD subjects. PAD differs from
coronary artery and cerebrovascular disease in its
clinical presentation. In coronary artery and cere-

brovascular diseases “plaque instability” results
in either myocardial infarction or ischemic
stroke. In contrast, in PAD such acute “events”
are relatively uncommon and symptoms most
often result from progressive arterial narrowing
due to ongoing atherogenesis. It is therefore
likely that risk factors (both genetic, environmen-
tal, and the intermediate biochemical pathways
through which they act) contribute differently to
PAD than to CVD or cerebrovascular disease [26,
27]. Two mechanisms are associated with the
pathogenesis of PAD. They include abnormal
skeletal muscle metabolism and histology
(myopathy of PAD), and endothelial dysfunction
(Fig. 1.4) [28]. Endothelial dysfunction in PAD
involves a decrease in bioavailability of NO and
impaired flow-mediated dilation (FMD) (Fig. 1.4)
[29]. Those PAD patients, who show FMD closer
to normal subjects can be improved with exercise
[30], while low FMD has been shown to indepen-
dently predict cardiovascular risk and risk of leg
amputation [31]. In PAD, induction of ischemia-
reperfusion (I/R) cycle increases the production
of ROS and oxidative damage. This process con-
tributes to the pathophysiology of PAD [32].
Collectively, these studies indicate that oxidative
stress and inflammation play important roles in
the pathogenesis of PAD. The higher production
of ROS during oxidative stress and reduction in
redox status are two crucial players in initiating
and progressing PAD. Biomarkers for oxidative
stress in PAD include beta-2 microglobulin, cys-
tatin C, protein carbonylation or aldehyde/ketone
adducts, nitration and sulfoxidation, DNA lesions
such as 8-oxodG. These biomarkers interfere
with physiological redox capability. Inflammatory
biomarkers for PAD include acute-phase pro-
teins, C reactive protein, fibrinogen, and pro-
inflammatory cytokines. Most recently, other
biochemical indices such as the chemochil ligand
2 have also been proposed to be useful in explain-
ing the role of oxidative stress and inflammation
in PAD pathophysiology and to diagnose more
favorable biochemical pathways for PAD.

PAD is treated with lifestyle modifications
such as cessation of smoking and introduction of
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limited physical activity (exercise). Several med-
ications are used for the treatment of PAD includ-
ing antiplatelet therapy, angiotensin-converting
enzyme inhibitors or angiotensin receptor block-
ers, and statins. Surgical revascularization can
also be used for the treatment of PAD patients.

1.2  Conclusion

Atherosclerosis is a multifactorial inflammatory
disease of the arteries characterized by the accu-
mulation of cholesterol, hydroxycholesterols,
LOX, and triglycerides within the artery walls.

It is the leading cause of cardiovascular mortal-
ity and morbidity worldwide and is described as a
complex disease involving several different cell
types and their molecular products. The deposition
of lipids is followed by foam cell formation with
excessive production of connective tissue matrix
components and, possibly, cellular proliferation
and inflammatory reactions. Thus, atherosclerosis
can be generally described as an excessive fibro-
fatty, proliferative, inflammatory response to dam-

factor-alpha; /L-1f interleukin-1beta; /L-6 interleukin-6;
MCP1 monocyte chemotactic protein-1; NO nitric oxide;
and eNOS endothelial nitric oxide synthase; PAD periph-
eral artery disease. Upward arrow indicates increase and
downward arrow indicated decrease

age of the artery wall, involving several cell types,
such as smooth muscle cells, monocyte-derived
macrophages, lymphocytes, and platelets. An
increase in size of atherosclerotic plaques results
in blocked blood flow to the heart causing not only
CVD, angina, and carotid artery disease, but also
PAD. Atherosclerosis also results in the induction
of endothelial dysfunction, activation of the
immune system, and the induction of vascular wall
inflammation. Accumulating evidence also indi-
cates the importance of gut microbiota in the
development of atherosclerosis. Gut microbiota
are not only considered as important regulators of
immunity and metabolism but also to be possible
antigenic sources for the development of athero-
sclerosis. However, the interplay between gut
microbiota and host metabolism with regard to the
modulation of atherosclerosis-associated immune
responses remains poorly understood and more
studies are needed to understanding the mecha-
nisms by which the gut microbiota may influence
atherogenesis, with particular focus on humoral
immunity and B cells, especially the gut-immune-
B2 cell axis.
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Effects of Dyslipidemia
on the Cerebral Vessels

Chan-Hyuk Lee and Hyun Goo Kang

Abstract

Dyslipidemia indicates that the level of
serum cholesterol measured after fasting
exceeds the normal range. It has been
reported that dyslipidemia is one of the mod-
ifiable risk factors for stroke and increases
the risk of stroke by 2.19 times [1].
Cholesterol can be largely divided into total
cholesterol, triglyceride (TG), low-density
lipoprotein (LDL), and high-density lipopro-
tein (HDL). When the endothelial cell of
blood vessels is damaged by various cardio-
vascular risk factors such as hypertension
and diabetes in the patients with hypercho-
lesterolemia, LDL molecules of the blood-
stream accumulate into the tunica intima of
the artery. At the same time, macrophages in
the blood enter the tunica intima to form free
radicals. These free radicals oxidize LDLs
and macrophages engulf them to generate a
number of foam cells. If these processes are
repeated, damaged foam cells, LDLs, smooth
muscle cells, and their debris are cumulated
under the endothelial cell lining. Then, the
cumulated products form lipid cores, and
these eventually form atheromatous plaques.
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High blood cholesterol, excluding HDL,
eventually causes arteriosclerosis of blood
vessels to narrow the diameter of the vessel.
The fundamental molecular mechanism of
arteriosclerosis induced by dyslipidemia is
the same in all types of vessels. However,
various clinical manifestations can be
observed depending on where arteriosclero-
sis occurs in the human body.

2.1 Effect of Dyslipidemia

on Large Artery

The effect of atherosclerosis on blood vessels is
particularly prominent in large vessels with a
relatively large diameter such as the carotid artery
compared to other vessels. Significant carotid
artery stenosis accounts for almost 10% of the
general population [2]. Rockman et al. reported
that approximately 60% of patients with isch-
emic stroke developed carotid artery stenosis [3].
Statistically, approximately 20% of patients with
ischemic stroke are owing to carotid arterial
thrombosis. In other words, carotid artery steno-
sis is a relatively common disease and is directly
associated with the occurrence of ischemic
stroke. The main cause of carotid artery stenosis
is atherosclerotic changes of the artery, and one
of the main etiology of the deformity is dyslipid-
emia as described previously (Fig. 2.1).
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Fig.2.1 Atherosclerosis
of the carotid artery

Normal Anatomy

The correlation between dyslipidemia and ath-
erosclerotic stenosis of the carotid artery is rela-
tively well known [4]. Dyslipidemia is directly
related to the progression of carotid artery steno-
sis (high TC, LDL, and low HDL) [5]. It has been
reported that TG, a component of lipids, may
affect carotid artery stenosis [6]. Inflammatory
reactions induced by dyslipidemia are associated
with atherosclerotic carotid artery stenosis. It is
known that LDL induces inflammatory reactions
and promotes the increase of foam cells in blood
vessels. Blackburn et al. proved this hypothesis:
they reported a significantly (p < 0.0001) positive
correlation between the degrees of carotid artery
stenosis and CRP levels after evaluating 1051
patients diagnosed with dyslipidemia [7]. Intima-
media thickness (IMT), which can be measured
by carotid Doppler ultrasound, is known as a
marker that indicates the risk of cardio-cerebro-
vascular disease. Previous studies revealed that
children with hypercholesterolemia or patients
with familial hypercholesterolemia had high
carotid intima-media thickness (CIMT) [8, 9].
Moreover, it has been reported that blood LDL
levels were related to CIMT [10, 11].

If the degree of the carotid artery stenosis is
severe, the flow of the carotid artery can be
improved by conducting carotid endarterectomy

Pathologic Condition

Plaque

(CEA) or carotid artery stenting (CAS). Recently,
these procedures are being considered more
actively because the rate of perioperative compli-
cation has been lowered due to the development
of devices and operator’s techniques. However,
restenosis of the carotid artery after the procedure
is often reported as a complication. It has been
reported that the restenosis rate after CEA is up to
22% and that after CAS is up to 33% [12, 13]. A
meta-analysis of 17,000 patients who underwent
CEA or CAS evaluated factors associated with
arterial restenosis [14]. They reported that dyslip-
idemia, diabetes, gender (female), renal failure,
hypertension, and smoking were risk factors
related to restenosis. Atherosclerotic changes in
the carotid artery mature according to stages. It
was described in detail in the previous chapter.
Among them, a vulnerable plaque refers to a
thrombus that is likely to cause a rupture of a
thrombus or a sudden change in a thrombus size,
and it has a high possibility to induce an ischemic
stroke than a non-vulnerable plaque. High lipid
core, thin fibrous cap, and intraplaque hemor-
rhage (IPH) are the well-known characteristic
findings of the vulnerable plaques. IPH is known
to be observed in 40—49% of patients with plaques
in the carotid artery and to increase the risk of
ipsilateral ischemic events by 1.3-6 times [15].
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As high-resolution vessel wall MR images have
been advanced further in recent years, it has
become easier to identify IPH owing to the devel-
opment of sequences such as the magnetization-
prepared rapid acquisition with gradient echo
(MPRAGE), the simultaneous non-contrast angi-
ography and IPH (SNAP) [16].

2.2  Effect of Dyslipidemia

on Small Artery

Lacunar infarction accounts for approximately
25% of all ischemic strokes. Although it shows a
better prognosis compared to ischemic stroke due
to other causes, the recurrence rate of it relatively
high. Therefore, it is necessary to cautiously treat
patients with lacunar infarction. It has been
reported that up to 60% of patients with lacunar
infarction experienced aggravated neurological
symptoms during hospitalization [17, 18]. It has
been persistently suggested that lacunar infarction
and dyslipidemia are associated. It was also
reported that lacunar infarction patients with high
TG had a higher risk of early neurological deteri-
oration [19]. Other studies also indicated an asso-
ciation between TG and lacunar infarction [20].
TG is a major component of chylomicron and
very low-density lipoprotein (VLDL). Although
these complexes generally cannot pass through
the endothelium of blood vessels due to their large
molecular weights, complexes with relatively low
molecular weights can be deposited in connective
tissue by passing through the intima. TG com-
plexes such as chylomicron and VLDL are accu-
mulated in atherosclerotic thrombi. Monocytes
that are moved inside of endothelial cells by oxi-
dized LDL differentiate into macrophages. The
macrophages engulf chylomicron and VLDL to
differentiate into foam cells. In particular, high
blood TG levels enhance coagulation factors (fac-
tors VII, X, XII, etc.) to promote blood coagula-
tion. Thus, TG is an important factor in the
occurrence of atherosclerotic changes and isch-
emic stroke at the molecular level.

If the level of LDL is high, the possibility of
lacunar infarction occurrence increases at night
time [21]. A study evaluated 127 lacunar stroke

patients and reported that higher ox-LDL levels
were associated with the neurological deteriora-
tion of lacunar infarction patients [22]. They
speculated that oxidant stress might be associated
with the progression of lacunar infarction.
However, the relationship between LDL and
lacunar infarction has not been proven. A large
study with 2000 acute ischemic stroke patients
concluded that LDL-C was related to large artery
atherosclerosis (LAA) type stroke rather than
lacunar infarction [23].

2.3  Effect of Dyslipidemia

on Capillary Bed

Leukoaraiosis is a distinctive finding found in
brain magnetic resonance imaging (MRI), and it
refers to a high signal intensity frequently
observed around the cerebral ventricle of the
brain and corona radiata in fluid-attenuated inver-
sion recovery. It looks like a small punctate in the
early stage, but the number and area increase
over time. In general, the number and range of it
increase with age [24]. It is observed in more
than 90% of healthy people over the age of 60. In
many cases, it does not show any specific neuro-
logical symptoms, but some studies have reported
that it is associated with stroke, dementia, gait
impairment, and cognitive impairment [25, 26].
The grade of the leukoaraiosis is categorized by
the Fazekas scale (0-3), and it is measured at the
periventricular white matter and the deep white
matter, respectively [27] (Table 2.1 and Fig. 2.2).

In China, leukoaraiosis was measured using
4683 patients who underwent MRI, and factors
associated with it were analyzed. Guan et al.

Table 2.1 Fazekas scale in brain MRI

Fazekas  Periventricular white Deep white
scale matter matter
0 None None
1 “Caps” or “pencil like” Punctate
2 Smooth halo Starting to
confluence

3 Irregular and extending to  Large

deep white matter area confluent

Adapted from Radiation Oncology, Copyright Springer
Nature [27]
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Fazekas scale

Periventricular WMH Fazekas score

Fig. 2.2 Fazekas scale in brain MRI. Adapted with permission from Radiation Oncology, Copyright Springer

Nature [27]

reported that the LDL level, along with age, gen-
der, and hypertension, was related to the onset
and progression of leukoaraiosis [28]. Schilling
also examined the association between lipid pro-
files and leukoaraiosis using 2608 subjects [29].
They reported that there was a positive relation-
ship between TG and leukoaraiosis, unlike other
lipid factors (LDL and HDL). In other words, the
high TG level increased the white matter hyperin-
tensity volume. Additionally, it increased the fre-
quency of lacunar infarction as well. The results
implied that dyslipidemia could affect not only
the large blood vessels but also the capillary
blood vessels. Other studies also reported that
TG and the grade of leukoaraiosis were associ-
ated [30]. However, other studies reported no
association between them, and consensus
between researchers has not yet been established
[31]. How TG causes leukoaraiosis has not been
clearly identified. Some suggested that it was
related to inflammation. In other words, they

argued that inflammation was related to leukoara-
iosis and TG was a marker reflecting the state of
inflammation. Additionally, some researchers
hypothesized that it was caused by the weakened
brain-blood barrier or the production of beta-
amyloid with the subsequent promotion of the
movement to the cerebral parenchyma. On the
other hand, LDL is poorly associated with leuko-
araiosis. One research team investigated the
changes in small vessel disease according to the
administration of pravastatin in 535 patients [32].
They followed up their brain MRI over the
3 years of administration. However, they did not
find any difference in the degree of leukoaraiosis
between the control group and the pravastatin-
treated group. The results indirectly implied that
even lowering the LDL level by using statin did
not affect the course of leukoaraiosis. One study
examined 1982 people in China, also reported
that leukoaraiosis was associated with LAA-type
stroke rather than lacunar infarction [23].
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As such, dyslipidemia is closely related to the
arteriosclerotic changes of cerebrovascular blood
vessels. The relationship between large blood
vessels (e.g., carotid artery) and dyslipidemia is
already well known. Its association with lacunar
infarction, related to the small artery, has also
been revealed by many studies. However, such as
leukoaraiosis, the association at the capillary
level is still not clear. Further studies are needed
to evaluate the different effects of dyslipidemia
depending on the vessel diameter.
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Impact of Dyslipidemia
on Ischemic Stroke

Yong-Jae Kim and Eung-Gyu Kim

Abstract

High cholesterol and lipids, especially low-
density lipoprotein cholesterol (LDL-C) in the
blood are associated with a higher risk of vas-
cular events including stroke and myocardial
infarction. In addition to therapeutic lifestyle
changes, treatment with an HMG coenzyme-
A reductase inhibitor (statin) medication is
recommended for the primary prevention of
ischemic stroke in patients estimated to have a
high risk for cardiovascular events. Aggressive
reduction of low-density lipoprotein choles-
terol is likely to yield greater benefit than
more modest reductions. Epidemiological evi-
dence has suggested that high-density lipopro-
tein cholesterol (HDL-C) levels are inversely
correlated with stroke risk. Nevertheless,
direct evidence for the clinical benefit of ele-
vating HDL-C is scarce, because the efficacy
of lipid-modifying drugs that raise HDL-C
levels had not been directly assessed in large-
scale clinical trials in stroke patients.

Y.-J. Kim

Triglyceride (TG) level is high in many
clinical situations and has influenced adverse
cardiovascular diseases. Despite managing
LDL-C adequately, residual risks still remain.
Therefore, we must closely observe TGs for
patients who are at high risk of atherosclerotic
cardiovascular disease (ASCVD). Postprandial
TGs could be a reasonable marker of average
lipid concentration since people consume
food on a daily basis and non-fasting hours are
longer than fasting hours. A recent clinical
trial proved that lowering TGs has positive
effects on cardiovascular disease.

Lipoprotein(a) (Lp(a)) is an LDL-like
particle and has an apolipoprotein(a) (apo
(a)) bound to apolipoprotein B100 (apo
100). Increased levels of Lp(a) are associ-
ated with ASCVD and calcified aortic valve
disease. Unfortunately, there is no approved
effective Lp(a) lowering therapy as of
today. Ongoing clinical trials for lowering
Lp(a) are promising.
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3.1 Impact of LDL Cholesterol

While the risk of stroke is definitely associated
with higher blood pressure, cigarette smoking,
and diabetes, blood total cholesterol appears to
be a weak predictor of stroke. Paradoxically, tri-
als with statins in patients with hypertension,
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diabetes mellitus, coronary artery disease, previ-
ous stroke, or another high vascular risk, showed
a decreased risk of stroke; a meta-analysis of over
90,000 patients included in these trials showed
that stroke risk reduction was directly related to
the extent to which total and low-density lipopro-
tein cholesterol (LDL-C) levels were lowered [1].
Moreover, in patients who had already had a
stroke or a cerebral transient ischemic attack, the
Stroke Prevention by Aggressive Reduction in
Cholesterol Levels (SPARCL) trial showed that
lowering LDL-C reduced the risk of having
another stroke or a revascularization procedure,
including carotid endarterectomy.

A number of approaches for LDL-C lowering
have been well studied. These include lifestyle
interventions, pharmacologic treatment, intesti-
nal bypass surgery, and lipid apheresis. For
more than a decade, the main pharmacological
option to prevent stroke and myocardial infarc-
tion through LDL-C lowering was the use of
statins, i.e., HMG-CoA reductase inhibitors that
inhibit the hepatic production of cholesterol. In
recent years, two novel classes of drugs have
proven their efficacy and safety to reduce
LDL-C and prevent cardiovascular (CV) events
in a number of large, well-conducted random-
ized controlled trials: ezetimibe and proprotein
convertase subtilisin/kexin type 9 (PCSK9)
inhibitors. Ezetimibe inhibits cholesterol
absorption from the small intestine, and hence
reduces the amount of cholesterol that becomes
available for hepatocytes, driving these cells to
increase cholesterol absorption from the circu-
lation and thus reduce plasma cholesterol levels.
PSCKO9 inhibitors increase the number of avail-
able low-density lipoprotein (LDL) receptors on
the surface of the hepatocyte which leads to
higher cleavage of LDL-C from the circulation;
this is mediated by the inhibition of the PSCK9
molecule which normally binds to the LDL
receptor/LDL-cholesterol complex and prevents
the LDL receptor to recycle back to the hepato-
cyte surface.

In this chapter, we review the current evidence
regarding LDL-C lowering therapy, mainly the
role of statins in stroke prevention and future
directions in this field.

3.1.1 Primary Prevention Trials

First available evidence supporting the use of
statin therapy in primary prevention of strokes
derived mainly from studies designated to evalu-
ate the efficacy of statins in primary and second-
ary prevention of coronary heart diseases (CHD).
Earlier primary prevention trials with statins did
not focus on stroke, but the unexpected finding of
a reduced incidence of stroke in the first major
statin trials conducted in patients with known
CHD raised new expectative in stroke.

In the Scandinavian Simvastatin Survival
Study (4S) trial of 4, 444 patients with CHD and
high serum cholesterol levels, there was a signifi-
cant reduction in strokes (30%) after 5 years in
the simvastatin group as compared to the placebo
group, although the number of deaths due to
cerebrovascular disease was similar. The
Cholesterol and Recurrent Events (CARE) and
the Long-Term Intervention with pravastatin in
Ischemic Disease (LIPID) studies confirmed the
efficacy of statins in reducing the incidence of
strokes in patients with CHD and cholesterol lev-
els within the normal range or moderately ele-
vated levels. In the CARE trial, the pravastatin
group had a 31% lower incidence of all strokes
(p = 0.03), although the incidence of fatal strokes,
as in the 4S study, was about the same as in the
control group. In the LIPID study, pravastatin
significantly reduced the incidence of strokes by
19% (p = 0.022). Later, statins have shown a
clear benefit in the primary prevention of stroke
in other types of patients with vascular disease
risk. In patients with high vascular risk: the HPS
(Heart Protection Study), included 20, 536 UK
adults (aged 40-80 years) with coronary disease,
another occlusive arterial disease, or diabetes
were randomly allocated to receive 40 mg simv-
astatin daily or matching placebo. Simvastatin
treatment significantly reduced the relative risk
of ischemic stroke by 28% (p < 0.01) [2].

3.1.2 Secondary Prevention Trials

Evidence for the benefit of statin therapy in sec-
ondary stroke prevention in patients with previ-
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ous cerebrovascular disease was initially provided
by the HPS. The HPS included 3280 randomly
chosen stroke patients (none with transient isch-
emia attacks (TIAs)) and 1822 stroke patients
without established CHD. In all stroke patients,
there was a 19% relative risk reduction (RRR) of
major vascular events, and in the stroke patients
without established CHD, the reduction in the
risk of major vascular events was 23%. However,
the HPS did not find a reduction in stroke risk
among patients with recurrent cerebrovascular
disease (10.4% of patients in the statin group had
a recurrent stroke as compared with 10.5% of
patients in the placebo group). Therefore, in
patients with a prior stroke, statins likely reduced
the incidence of coronary events, but there was
no proof that statins reduced the incidence of
recurrent strokes. The SPARCL trial was specifi-
cally designed to investigate the effect of the
reduction of cholesterol levels with a statin in
secondary stroke prevention and was the first trial
to show the benefits of statin therapy in prevent-
ing recurrent stroke. The SPARCL was a pro-
spective,  double-blind,  placebo-controlled
international trial in which 4731 patients with a
history of non-disabling stroke or TIA in the pre-
ceding 1-6 months and with no CHD or hyper-
cholesterolemia were randomized. Subjects were
enrolled between September 1998 and March
2001. Patients received either atorvastatin 80 mg
per day (n = 2365) or placebo (n = 2366) and
were followed for an average of 4.9 years. The
primary endpoint was the incidence of fatal or
nonfatal stroke. A number of CV events were
also measured as secondary outcomes. LDL-C
levels were similar between the two groups at
baseline and decreased by 53% in the atorvastatin
group while remaining unchanged in the placebo
group at 1 month after randomization. During the
follow-up period, 265 patients (11.2%) receiving
atorvastatin and 311 patients (13.1%) receiving
placebo had a fatal or nonfatal stroke and repre-
sented a RRR of 16% (p = 0.03; 95% confidence
interval (CI), 0.71-0.99). This effect was driven
predominately by the reduced adjusted relative
risk of fatal stroke which was decreased by 43%
(p = 0.03), whereas atorvastatin had no signifi-
cant effect on nonfatal stroke reduction (p =0.11).

A finding of note in SPARCL was the association
of statin treatment with a higher incidence of
hemorrhagic stroke (n = 55 (2.3%) for statin
treatment versus n = 33 (1.4%) for placebo; haz-
ard ratio (HR), 1.66; 95% CI, 1.08-2.55). A simi-
lar observation was seen in the subset of 3200
patients who had a stroke before randomization
in the HPS, in which there was a 91% relative rise
in the risk of hemorrhagic stroke in patients
assigned to statin treatment. A later exploratory
analysis of the SPARCL trial found that the fac-
tors significantly associated with intracerebral
hemorrhage (ICH) in multivariable regression
were: atorvastatin treatment, hemorrhage as the
entry event (2% of the study population), male
gender, increased age, and stage II hypertension
(systolic blood pressure (SBP) > 160 mmHg or
diastolic blood pressure (DBP) > 100 mmHg.).
The largest risk was associated with having a pre-
vious hemorrhagic stroke. Importantly, there was
no relationship of hemorrhage with the degree of
LDL-C lowering, suggesting that it was not a
dose-effect.

Based mainly on the SPARCL trial findings,
the recent American Heart Association/American
Stroke Association guidelines for the prevention
of stroke in patients with ischemic stroke recom-
mend high-intensity statin therapy for patients
with TIA or ischemic stroke presumed to be of
atherosclerotic origin to reduce the risk of stroke
and CV events Several meta-analyses of random-
ized trials of statins in secondary prevention of
stroke have been done. A meta-analysis that
included eight studies involving approximately
10, 000 participants has shown that statin therapy
in patients with a history of ischemic stroke or
TIA significantly reduces subsequent major coro-
nary events but only marginally reduces the risk
of stroke recurrence (odds ratio (OR), 0.88; 95%
CI, 0.77 to 1.00). However, in other meta-
analyses intense reduction of LDL-C by statins
significantly reduced the risk of recurrent stroke
(RR, 0.84; 95% CI, 0.71-0.99; p = 0.03) and
major CV events (RR, 0.80; 95% CI, 0.69-0.92;
p =0.002).

Recently, a trial on secondary stroke preven-
tion, the Japan Statin Treatment Against
Recurrent Stroke (J-STARS) trial has been
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published [3]. This study examined whether
treatment with low-dose pravastatin prevents
stroke recurrence in ischemic stroke patients. A
total of 1578 Japanese men and women aged 45
to 80 years with previous non-cardioembolic
ischemic stroke and total cholesterol concentra-
tion between 180 mg/dl and 240 mg/dl were ran-
domly assigned to open-label pravastatin 10 mg
per day or to control, and followed for a mean of
4.9 years. Although, the authors found no differ-
ence in the primary endpoint of stroke or TIA
(2.56% vs. 2.65% per year, adjusted HR, 0.97;
95% CI: 0.73 to 1.29). Allocation to pravastatin
was however associated with a lower incidence
of ischemic stroke due to atherothrombosis com-
pared to control (0.21% vs. 0.64% per year,
adjusted HR, 0.33; 95% CI, 0.15 to 0.74) without
increasing intracranial hemorrhage (0.29% vs.
0.31% per year, adjusted HR, 1.00; 95% CI, 0.45
to 2.22). Nevertheless, several facts may explain
the failure to prove the efficacy of pravastatin.
The study only recruited about half (n = 1578) of
the initial target sample size of 3000, and thus the
study was underpowered to reliably identify clin-
ically significant effects. Besides, the pravastatin
dose used in this study is lower than that used in
studies from previous studies (40 mg per day);
however, this is the approved standard dose in
Japan. Although the J-STARS study has certain
limitations, it will also contribute to the establish-
ment of guidelines for using statins to prevent
strokes caused by larger artery atherosclerosis.

3.1.3 Future Therapeutic Directions

Statins inhibit the synthesis of HMG-CoA reduc-
tase, a key enzyme in cholesterol biosynthesis
whose inhibition decreases hepatic cholesterol
production, consequently decreasing hepatic
LDL-C uptake and ultimately causes a 20-60%
decrease in plasma LDL-C level depending on
the type of and dose of statin. Although statins
provide effective and substantial reductions in
LDL-C, many patients do not achieve the recom-
mended goals despite maximal therapy, and some
patients cannot tolerate high-dose statin therapy

thus remaining at unacceptably elevated risk.
Moreover, although statins are highly effective,
even those who have achieved significant LDL-C
reductions with intensive statin therapy may still
experience CV events, referred to as “residual
risk.” This risk is particularly high in certain
patients such as those with diabetes and athero-
sclerosis affecting multiple vascular beds (e.g.,
cerebrovascular, peripheral vascular as well as
coronary).

Recently, in the Improved Reduction of
Outcomes: Vytorin Efficacy International Trial
(IMPROVE-IT), an additional reduction in
LDL-C levels with the addition of ezetimibe, a
cholesterol-absorption inhibitor, to a statin sig-
nificantly reduced CV event rate, as compared
with statin monotherapy [4]. These data have
refocused attention on the potential cardiovascu-
lar benefit of greater LDL-C reduction through
non-statin mechanisms. Ezetimibe targets the
Niemann-Pick Cl-like 1 (NPCILI1) protein,
thereby reducing the absorption of cholesterol
from the intestine. When added to statins, ezeti-
mibe reduces LDL-C levels by an additional 23
to 24%, on average. The IMPROVE-IT evaluated
the use of ezetimibe in addition to 40 mg of sim-
vastatin daily in 18,144 post-acute coronary syn-
drome patients with LDL levels of 1.3 to
3.2 mmol/L. In this secondary prevention popula-
tion, the addition of ezetimibe to statin therapy
reduced the absolute risk of CV events—primar-
ily nonfatal myocardial infarction or stroke—by
2% over the course of 7 years. The event rate for
the primary endpoint was 32.7% in the
simvastatin-ezetimibe group, as compared with
34.7% in the simvastatin monotherapy group
(HR, 0.936; 95% CI, 0.89 to 0.99; p = 0.016),
with no increased risk of adverse events. The risk
of ischemic stroke was significantly lower with
simvastatin-ezetimibe than with simvastatin
monotherapy (difference, 0.7 percentage points;
HR, 0.79; p = 0.008).

Moreover, in the last few years, other new
agents for LDL-C lowering have also demon-
strated their efficacy principally as add-on ther-
apy to statins. The emerging therapeutic agents
could be classified into two categories: those
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interfering with lipoprotein synthesis such as
apolipoprotein B (apoB) production or micro-
somal triglyceride transfer protein (MTP) inhibi-
tors and those promoting lipoprotein catabolism
such as PCSKO9 inhibitors. Recent interest has
focused on PCSKD as a possible therapeutic tar-
get. In fact, for many, the PCSK9 inhibitors rep-
resent the pharmacotherapeutic innovation of the
decade for the prevention of CV disease.

The first PCSK9 inhibitor, Alirocumab, was
approved in July 2015 by the US Food and Drug
Administration (FDA) as an adjunct to diet and
maximally tolerated statin therapy for the treat-
ment of adults with heterozygous familial
hyperlipidemia or clinical ASCVD, who require
additional lowering of LDL-C levels. Soon after,
in August 2015, the FDA approved the second
PCSKO9 inhibitor, evolocumab.

The Further Cardiovascular Outcomes
Research with PCSKO Inhibition in Subjects with
Elevated Risk (FOURIER) study is a random-
ized, placebo-controlled trial involving 27,500
high-risk patients with cardiovascular disease
who are receiving background statin therapy; the
primary endpoint is a composite of CV death,
myocardial infarction, hospitalization for unsta-
ble angina, stroke, or coronary revascularization.
Focusing on the ischemic stroke patient, it is
reassuring to see that the beneficial cardiovascu-
lar effect of lowering LDL-cholesterol in the
FOURIER trial was evident not only in the gen-
eral population of patients with high cardiovascu-
lar risk but was also confirmed in the specific
subgroup of ischemic stroke patients [5].
Although stroke is a heterogeneous syndrome of
diverse etiologies with atherosclerosis being only
one of the potential underlying causes, patient
eligibility in the FOURIER trial was not restricted
only to large artery atherosclerotic strokes but
included any ischemic stroke patient regardless
of the etiology. Although this could have poten-
tially diluted the evolocumab effect in the stroke
population, the FOURIER succeeded in detect-
ing a significant effect. It could be hypothesized
that a trial designed similar to FOURIER and
focusing on the specific population of patients
with ischemic stroke and significant carotid ste-

nosis, specially recruited during the early post-
stroke phase when the risk for stroke recurrence
is the highest, would perhaps detect an even
larger effect than the 30% RRR shown in the
FOURIER stroke subgroup, and hence identify a
well-defined patient population with very high
cardiovascular risk for which the use of evo-
locumab could perhaps be more cost-effective
than in the general FOURIER population. In
addition, the detection of a significant treatment
effect of evolocumab in the overall ischemic
stroke population—and not only in large artery
atherosclerotic strokes—underlines the impor-
tance of LDL-cholesterol lowering in all isch-
emic stroke patients regardless of the underlying
etiology and, in line with previous observational
studies, advocates in favor of intensive lipid-
lowering treatment in all types of ischemic stroke.
Of note, the stroke-alone subgroup in the
FOURIER trial showed a large reduction in the
rate of the primary endpoint (RRR of 30%) which
was 2.5-fold higher than the effect identified in
the myocardial-infarction-alone patients (RRR of
12%), with the corresponding numbers-needed-
to-treat to prevent one primary endpoint being
approximately 40 and 83 patients, respectively,
for 2.2 years. This could imply that the cost-
effectiveness of treatment with evolocumab is
perhaps higher in the stroke population than in
the myocardial infarction population, especially
given that a large proportion of stroke patients
have serious chronic sequelae which are associ-
ated with high direct and indirect costs. In addi-
tion, this may have implications in the research
field, as the inclusion of a higher proportion of
stroke patients in future trials of LDL-lowering
could perhaps increase their power to detect a
treatment effect, and hence allow for smaller tar-
get size populations and shorter follow-up
duration.

Nevertheless, though preliminary data show
that PCSK9 inhibitors added to statins safely
decrease the number of strokes, we still do not
know if those reductions are associated with clin-
ical benefit in long-term use, or if those benefits
are countered by harm (e.g., muscle-related
events, hemorrhagic stroke, diabetes mellitus,
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and neurocognitive defects) that might counter-
balance the benefit. Only time will tell the real
role of these new promising nonstatin lipid-
modifying therapies on stroke prevention.

3.1.4 Conclusion

In the meantime, stroke physicians need to aim
for low LDL-cholesterol levels by offering inten-
sive statin treatment in all ischemic stroke
patients regardless of the underlying etiology and
consider PCSK®9 inhibitors for those patients who
are at the highest risk for recurrent stroke or
another  cardiovascular event and have
unacceptable LDL-C levels despite aggressive
statin treatment.

3.2 Impact of HDL Cholesterol

3.2.1 HDL: An Antiatherogenic
Lipoprotein?

Abundant epidemiologic evidence establishes
high-density lipoprotein (HDL) as an inverse risk
factor for cardiovascular disease (CVD) includ-
ing stroke. Recent evidence has furnished a
mechanistic understanding of the method by
which HDL likely mediates regress of choles-
terol from lipid-laden foam cells. ABCA1 medi-
ates the transfer of cholesterol to nascent HDL
particles, whereas ABCG1 ferries cholesterol
from cells to mature HDL particles. Scavenger
receptor class B type I (SR-BI) appears to medi-
ate uptake of cholesterol from HDL by steroido-
genic organs and the liver. Thus, impaired reverse
cholesterol transport could contribute to the car-
diovascular risk associated with low levels of
plasma HDL. Beyond the role of HDL in shut-
tling cholesterol, HDL may affect arterial biol-
ogy as a carrier of anti-inflammatory and
antioxidant proteins. Phospholipases associated
with the HDL particle can catabolize some of the
biologically active and proinflammatory oxidized
phospholipids  associated ~ with  modified
LDL. Proteins such as platelet-activating factor
acetyl-hydrolase and paraoxonase-1 exemplify

such putative antioxidant proteins associated
with HDL particles.

3.2.2 Low HDL Cholesterol

In the ACC/AHA guidelines, low HDL-C is
defined as less than 40 mg/dL in men and less
than 50 mg/dL in women for use in the Pooled
Cohort Equation [6]. Low HDL-C may be caused
by elevated TGs, diabetes, obesity, physical inac-
tivity, a high-carbohydrate diet, smoking, and
drugs such as pB-blockers and anabolic steroids, as
well as rare genetic disorders.

HDL-C may be increased with an increase in
physical activity and with weight reduction.
Niacin is the most efficacious HDL-C-raising
drug; fibrates also increase HDL-C substantially,
and statins provide modest increases in HDL-
C. Although estrogen increases HDL-C, estrogen
was not shown to reduce cardiovascular risk in
the Women’s Health Initiative and the Heart and
Estrogen/Progestin Replacement Study, and
therefore, it is not recommended for this purpose.
Because of a lack of clinical trial data, the ACC/
AHA guidelines make no recommendation for
drug treatment specifically to increase HDL-C,
and as such, they do not designate a target of
treatment [7]. Although the inverse between HDL
and cardiovascular disease remains undisputed,
whether manipulation of HDL can benefit athero-
sclerosis still remains hypothetical. Finally,
although HDL-C has been questioned as the
appropriate inverse measure of CHD risk, it
remains to be established whether newer assays
that quantify HDL particle number or functional-
ity will be clinically superior in CHD risk
assessment.

3.2.3 Primary Prevention Trials

Some epidemiological studies have shown an
inverse relationship between HDL-C and risk of
stroke whereas others have not. The Emerging
Risk Factors Collaboration performed a meta-
analysis involving individual records on 302,430
people without vascular disease from 68 long-
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term prospective studies [8]. Collectively, there
were 2.79 million person-years of follow-up. The
aggregated data set included 2534 ischemic
strokes, 513 hemorrhagic strokes, and 2536
unclassified strokes. The analysis adjusted for
risk factors other than lipid levels and corrected
for regression dilution. The adjusted HRs were
0.93 (95% CI, 0.84-1.02) for ischemic stroke,
1.09 (95% (I, 0.92-1.29) for hemorrhagic stroke,
and 0.87 (95% CI, 0.80-0.94) for unclassified
stroke. There was modest heterogeneity among
studies of ischemic stroke (I*> = 27%). The
absence of an association between HDL and
ischemic stroke and between HDL and
hemorrhagic stroke contrast with the clear inverse
association between HDL-C and CHD observed
in the same meta-analysis.

Niacin increases HDL-C and decreases
plasma levels of lipoprotein(a) (Lp(a)). The
Coronary Drug Project found that treatment with
niacin reduced mortality in men with prior myo-
cardial infarction. In the Atherothrombosis
Intervention in Metabolic Syndrome with Low
HDL/High TG: Impact on Global Health
Outcomes (AIM-HIGH) study of patients with
established CVD, the addition of extended-
release niacin to intensive simvastatin therapy
did not reduce the risk of a composite of cardio-
vascular events, which included ischemic stroke
[9]. In a meta-analysis of 11 studies comprising
9959 subjects, niacin use was associated with a
significant reduction in cardiovascular events,
including a composite of cardiac death, nonfatal
myocardial infarction, hospitalization for acute
coronary syndrome, stroke, or revascularization
procedure (OR, 0.66; 95% CI, 0.49-0.89). There
was an association between niacin therapy and
coronary heart disease event (OR, 0.75; 95% ClI,
0.59-0.96) but not with the incidence of stroke
(OR, 0.88; 95% CI, 0.5-1.54).

However, there are serious safety concerns
about niacin therapy. The Heart Protection Study
2—Treatment of HDL to Reduce the Incidence
of Vascular Events (HPS2- THRIVE) trial involv-
ing 25,693 patients at high risk for vascular dis-
ease showed that extended-release niacin with
laropiprant (a prostaglandin D2 signal blocker)
caused a significant fourfold increase in the risk

of myopathy in patients taking simvastatin [10].
Fibric acid derivatives such as gemfibrozil, feno-
fibrate, and bezafibrate lower TG levels and
increase HDL-C. The Bezafibrate Infarction
Prevention study, which included patients with
prior myocardial infarction or stable angina and
HDL-CI1 <45 mg/dL, found that bezafibrate did
not significantly decrease either the risk of myo-
cardial infarction or sudden death (primary end-
point) or stroke (secondary endpoint). In the
Fenofibrate Intervention and Event Lowering in
Diabetes (FIELD) study, fenofibrate neither
decreased the composite primary endpoint of
coronary heart disease death or nonfatal myocar-
dial infarction nor decreased the risk of stroke
[11]. In the Action to Control Cardiovascular
Risk in Diabetes (ACCORD) study of patients
with type 2 diabetes mellitus, adding fenofibrate
to simvastatin did not reduce fatal cardiovascular
events, nonfatal myocardial infarction, or nonfa-
tal stroke compared with simvastatin alone [12].
Based on these results, niacin may be considered
for patients with low HDL-C or elevated Lp(a),
but its efficacy in preventing ischemic stroke in
patients with these conditions is not established.
Caution should be used with niacin because it
increases the risk of myopathy. Fibric acid deriv-
atives may be considered for patients with hyper-
triglyceridemia, but their efficacy in preventing
ischemic stroke is not established.

3.2.4 Secondary Prevention Trials

Recently, the role of niacin among patients with
established CVD and low HDL-C levels receiv-
ing intensive statin therapy was addressed in the
AIM-HIGH trial [13]. AIM-HIGH evaluated
whether extended-release niacin added to inten-
sive statin therapy versus statin therapy alone
would reduce the risk of cardiovascular events in
3414 patients with known atherosclerotic disease
and atherogenic dyslipidemia (low levels of
HDL-C, elevated TG levels, and small, dense
particles of LDL-C). Patients in the niacin group
received niacin at a dose of 1500 to 2000 mg/D. In
both groups, the dose of the statin was adjusted to
achieve and maintain the LDL-C level in the
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range of 40-80 mg/dL. The trial was stopped
after an average follow-up period of 3 years
because of a lack of efficacy. By 2 years of fol-
low-up, add-on niacin therapy had boosted the
median HDL-C level from 35 to 42 mg/dL,
reduced the TG level from 164 to 122 mg/dL, and
lowered the LDL-C level from 74 to 62 mg/
dL. The primary endpoint occurred in 282
patients (16.4%) in the niacin group versus 274
(16.2%) in the placebo group (HR, 1.02; 95% CI,
0.87-1.21; P = 0.79). Of note, there was an unex-
pected imbalance in the rate of ischemic stroke as
the first event between patients assigned to niacin
versus placebo (27 [1.6%] versus 15 patients
[0.9%]). Even when all the patients with isch-
emic strokes were considered (versus just those
in whom stroke was the first study event), the pat-
tern persisted (albeit non-significant: 29 [1.7%]
versus 18 patients [1.1%]; HR, 1.61; 95% CI,
0.89-2.90; P = 0.11). It is not clear whether this
observation seen in AIM-HIGH reflects a causal
relationship or the play of chance.

Inhibition of cholesteryl ester transfer protein
(CETP) increases HDL-C levels, and the hypoth-
esis that cholesteryl ester transfer protein inhibi-
tors will enhance cardiovascular outcomes has
been tested in 2 clinical trials. The Investigation
of Lipid Level Management to Understand its
Impactin Atherosclerotic Events (ILLUMINATE)
trial evaluated whether torcetrapib lowered the
risk of clinical cardiovascular events in 15,067
patients with a history of CVD. Although there
was a rise in HDL-C level of 72% and a drop of
25% in LDL-C level at 12 months among those
who received torcetrapib, there was also an
increase of 5.4 mm Hg in SBP, electrolyte
derangements, and a higher rate of cardiovascu-
lar events [14]. The HR estimate for stroke was
1.08 (95% CI, 0.70-1.66; p = 0.74). The dal-
OUTCOMES study randomly assigned 15,871
patients who had a recent acute coronary syn-
drome to receive dalcetrapib 600 mg daily versus
placebo. HDL-C levels rose from baseline by
31% to 40% in the dalcetrapib group. Dalcetrapib
had a minimal effect on LDL-C levels. The trial
was terminated for futility; compared with pla-
cebo, dalcetrapib did not significantly affect the
risk of the primary endpoint nor any component

of the primary endpoint, including stroke of pre-
sumed atherothrombotic cause (HR, 1.25; 95%
CI, 0.92-1.70; P = 0.16).

3.2.5 Conclusion

Despite the impressive observational data during
the past five decades that have identified HDL-C
as an independent predictor of CHD risk, consid-
erable doubt has suddenly been cast on the “HDL
hypothesis.” This reflects, in part, the disappoint-
ing results of recent clinical trials that have failed
to demonstrate favorable outcomes with raising
HDL-C. However, although nicotinic acid—based
therapies and the CETP inhibitor dalcetrapib did
not exhibit CHD and stroke risk, newer and more
potent CETP inhibitors are in phase 3 clinical
testing.

3.3  Association
of Hypertriglyceridemia

with Ischemic Stroke

TGs are considered a risk factor for coronary
artery disease as well as increased mortality for
decades. Patients with coronary artery disease
whose cholesterol level is not high, are associated
with mildly elevated LDL-C, low HDL-C, and
high TG level. Therefore, this pattern of lipid
profile is strongly related to atherosclerosis and is
referred to as atherogenic dyslipidemia.

TGs could be high in various clinical situa-
tions such as hypothyroidism, diabetes mellitus,
chronic kidney disease, systemic inflammation
(including rheumatoid arthritis, systemic lupus
erythematosus), high intake of alcohol or sugar,
glucocorticoids, thiazide and loop diuretics, non-
selective beta-blockers, and atypical antipsychot-
ics  (clozapine, olanzapine, risperidone).
Therefore, we must take these situations into in
patients with hypertriglyceridemia. Correlation
between TGs and clinical outcomes is shown in
Fig. 3.1.

In spite of managing LDL-C adequately to a
normal or low range, residual risk persists. Taking
this into consideration, other factors must be
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Risk of ASCVD events associated with triglyceride level among
196,717 patients with prevalent ASCVD in the population
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Fig. 3.1 Triglyceride level and clinical outcomes.
Adapted with permission from Postgradeuate Medicine,
Copyright Taylor & Francis Group [15]. ASCVD athero-
sclerotic cardiovascular disease

managed outside of LDL-C management. Indeed,
approximately 25% of patients with ASCVD
whose LDL-C were well-treated within the range
of 41-100 mg/dL, showed elevated TG levels
(135-149 mg/dL). In this patient group, the CV
events increase without managing TG levels.
Regardless of LDL-C level, TGs increase coro-
nary artery disease mortality.

Nine clinical trials involving 4957 patients
with coronary artery disease underwent intravas-
cular ultrasonography to see atheroma volume
changes and to evaluate the role of non-HDL-C
and TG levels. These studies showed that coro-
nary atheroma volume increase was closely
related to non-HDL-C levels than LDL-C level
and associated with high TG levels only above
200 mg/dL [16]. The ACCORD-Lipid trial ran-
domized 5519 patients to either fenofibrate plus
simvastatin or simvastatin only. There was no dif-
ference between the combination and non-
combination groups in primary endpoints (fatal
cardiovascular events, nonfatal myocardial
infarction, or nonfatal stroke). However, primary
endpoints were reduced in patients who initially
had the highest level of TGs (more than 204 mg/
dL) and lowest HDL-C (below 34 mg/dL) taking
fenofibrate and simvastatin in comparison to
same patient group taking simvastatin only.
Therefore, the ACCORD trial delineated the role

of fenofibrate to reduce cardiovascular disease
especially in the patient population with high
TGs and low HDL-C.

The efficacy of fenofibrate was proven in
Korean metabolic syndrome populations. In the
Korean National Health Insurance Service-
Health Screening Cohort (NHIS-HEALS),
29,771 adults with metabolic syndrome
(>40-year-old) receiving statin treatment were
enrolled. Based on propensity score matching,
2156 patients with statin and fenofibrate in com-
parison to 8549 patients with statin only were
analyzed. The composite CV endpoints were sig-
nificantly reduced in the combination group by
26%. There were no big safety issues in combina-
tion groups. Compared to the previous fenofi-
brate trial (ACCORD-Lipid and FIELD trial),
this Korean population had a higher level of TGs.

The adverse effects of TGs on the coronary
artery are more pronounced in diabetic patients.
Diabetic patients have a higher risk of death due
to increased coronary artery disease than the nor-
mal population, especially for higher tertile of
TG level. This trend is more prominent in women
than men. Therefore, diabetic patients with high
levels of TGs should be closely monitored.

3.3.1 Fasting Versus

Non-fasting TGs

Generally, measuring TG is done after overnight
fasting, and guidelines have defined a normal
level of fasting serum TG to be less than 150 mg/
dL, borderline as 150-199 mg/dL, high defined
as 200499 mg/dL, and very high defined as
>500 mg/dL. The risk of acute pancreatitis is
increased in very high level of TGs.

Abnormal fasting triglycerides levels (more
than 150 mg/dL) are related to cardiovascular
disease. On the other hand, the Women’s Health
study which enrolled 20,509 healthy US women
highlighted the importance of postprandial
TG. Postprandial TG levels are associated with
incident CV events, apart from the effect of tradi-
tional cardiovascular factors and level of other
lipids. When TG tertile is at its highest, the risk of
cardiovascular events doubles. An increase in
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intermediate-density lipoprotein and remnants
can cause adverse cardiovascular events.

We eat meals regularly every day and non-
fasting condition is more common than fasting.
Ideally, non-fasting TGs levels could be a reason-
able marker of average lipid concentration. An
abnormal cut-off value of non-fasting TGs is more
than 175 mg/dL which can predict the cardiovas-
cular risk [17]. Non-fasting TGs level is higher
(about 27 mg/dL) than fasting, but increased TG’s
clinical significance is not too significant in com-
parison and non-fasting screening is more com-
fortable for patients. Therefore, a number of
guidelines recommend non-fasting TG screening.

Postprandial increased TGs adversely influ-
ence on blood vessels. First, postprandial TGs
induce obesity through deposition in the adipose
tissue. Second, postprandial TGs accelerate ath-
erosclerosis via increased formation of small
dense LDL- and TG-rich remnant lipoprotein.
Epidemiologic studies reported the significant
role of non-fasting TGs on atherosclerotic
CVD. A detailed mechanism of TGs increasing
the risk of CVD is illustrated in Fig. 3.2.

Fig. 3.2 Mechanisms
for how triglyeride-rich
lipoprotein induce
cardiovascular disease.
Adapted with
permission from Clinica
Chimica Acta, Copyright
Elsevier [18]. Large vert
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A report of the American College of
Cardiology/American Heart Association
Taskforce on Clinical practice guidelines adopted
the term of ASCVD risk enhancers. Persistently
elevated TG (>175 mg/dL, >2.0 mmol/L) is one
of the ASCVD risk enhancers. In patients with
borderline ASCVD risk (10-year ASCVD risk
score between 5% and 7.5%) for primary preven-
tion, risk discussion is necessary. If risk enhanc-
ers are present, then discussion regarding
moderate-intensity statin therapy is required.
Therefore, persistent hypertriglyceridemia itself
could be eligible to favor statin therapy for the
primary prevention goal.

3.3.2 Clinical Evidence for Lowering
of TGs on CVD Outcomes

Eicosapentaenoic acid (EPA) is a long-chain
polyunsaturated fatty acid (PUFA). Omega-3
PUFA include eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), and docosapentae-
noic acid (DPA). (Fig. 3.3).
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DPA (22:5n-3)

Fig. 3.3 Structure of n-3 PUFA. Adapted with permission from Journal of the American College of Cardiology,

Copyright Elsevier [19]. PUFA polyunsaturated fatty acid

SPARCL trial originally randomized 4731
patients to either atorvastatin 80 mg/d or placebo.
These patients recently had a stroke or TIA with
no known coronary heart disease. The SPARCL
trial determined that an elevation of baselineT G
level was associated with major cardiovascular
events (MACE). Furthermore, a suitable decrease
of TG (less than 150 mg/dL) lowered the risk of
stroke by 38%. Therefore, it is crucial for effec-
tive secondary stroke prevention in stroke patients
to decrease the TG level along with lowering
LDL-C.

Japan EPA Lipid Intervention Study (JELIS)
trial is to evaluate the effectiveness of long-term
use of EPA for prevention of major coronary
events in hypercholesterolemic patients in Japan
patients given statins [20]. At a mean follow-up
of 4.6 years, any major coronary event, including
sudden cardiac death, fatal and nonfatal myocar-
dial infarction, and other nonfatal events includ-
ing unstable angina pectoris, angioplasty,
stenting, or coronary artery bypass grafting were
reduced in the active treated group compared to

placebo by 19%. Serum LDL-C was not a signifi-
cant factor in a reduction of risk for major coro-
nary events. But in patients without a history of
coronary artery disease, a non-significant 18%
reduction was shown in major coronary artery
events. But the event rate of ischemic and hemor-
rhagic strokes did not show any significant differ-
ence between the two groups, and neither did
all-cause mortality.

The Vitamin D and Omega-3 trial (VITAL) is
a primary prevention trial on the patient group
not taking statin with normal TG to evaluate the
efficacy of supplementation with vitamin D3 (at
a dose of 2000 IU per day) and n-3 fatty acids
(1 g per day as a fish oil capsule containing
460 mg of EPA and 380 mg of DHA, which is a
lower dosage and different compositions com-
pared to Reduction of Cardiovascular Events
with  Icosapent  Ethyl-Intervention  Trial
(REDUCE-IT)). Major cardiovascular events (a
composite of myocardial infarction, stroke, or
death from cardiovascular causes) were not sig-
nificantly different between active and placebo
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groups [21]. Contrary to the REDUCE-IT trial,
perhaps the reason for negative results of the
VITAL trial is that population was too low risk
to show positive effects of omega-3 polyunsatu-
rated fatty acid (PUFA). Furthermore, the trial
dose of n-3 fatty acids may have been too low
and different compositions.

REDUCE-IT was a double-blinded, placebo-
controlled trial in patients with established car-
diovascular disease or diabetes mellitus and at
least one additional cardiovascular risk factors
with fasting TG level of 150 to 499 mg/dL (1.69
to 5.63 mmol/L), LDL level of 41 to 100 mg/dL
(1.06 to 2.59 mmol/L) and had been receiving a
statin. The patients were randomly assigned to
either 2 g of icosapent ethyl (IPE, highly purified
stable EPA) twice daily or placebo. Majority of
REDUCE-IT population is secondary cohort
(70.7%). 1t showed that the primary endpoint
(composite of cardiovascular death, nonfatal
myocardial infarction, nonfatal stroke, coronary
revascularization, or unstable angina) was
reduced by 25% with the number needed to treat
(NNT) of 21. Total CV events (composite of car-
diovascular death, nonfatal myocardial infarc-
tion, or nonfatal stroke) were also reduced by
26% over a median follow-up of 4.9 years.
Hospitalization for atrial fibrillation or flutter was
significantly higher in the IPE group (3.1% vs
2.1%, p = 0.004). Serious bleeding events were
higher in the IPE group (2.7% vs 2.1%, p = 0.006)
but there were no increased rates of hemorrhagic
stroke, serious central nervous system bleeding,
and gastrointestinal bleeding.

The beneficial effect of EPA was observed
across a broad set of patient subgroups based on
baseline characteristics, including TG and
LDL-C levels, primary and secondary cohorts,
and baseline intensity of statin use. The exact
mechanisms for the beneficial effect of IPE in the
REDUCE-IT trial are not known but might be
explained by pleiotropic effect other than lower-
ing TG levels. First, primary endpoint was not
changed by baseline TG levels (no difference in
the subgroup in patients whether the cutoffs were
150 or 200 mg/dL). Second, the beneficial effect
of IPE was not influenced by whether patients
achieved triglyceride levels (<150 mg/dL vs

>150 mg/dL) at 1-year mark. Another plausible
mechanism of beneficial action of IPE is improv-
ing endothelial function, reducing anti-
inflammatory and anti-oxidative properties of
HDL particles in patients with dyslipidemia.

Effect of icosapent ethyl on the progression of
coronary atherosclerosis in patients with elevated
triglycerides on statin therapy (EVAPORATE
trial) may explain possible mechanisms of
IPE. The trial evaluated the efficacy of IPE in
patients on a statin and elevated TG with coronary
atherosclerosis documented by multidetector
computed tomography (MDCT). Plaque volume
regressed in the IPE group compared to placebo,
including low attenuation plaque, total plaque,
fibrous, and fibrofatty plaque. Interestingly, low
attenuation volume (109%) and fibrofatty plaque
(32%) progressed in the placebo group [22].

EPA treatment for ischemic stroke patients
with hypertriglyceridemia and stable coronary
artery disease who were already taking statin also
retard the progression of atherosclerosis through
decreased small dense LDL particles and
increased larger HDL particles [23].

Recently published meta-analysis and system-
atic review which included 17 studies
(n = 83,617) showed that low dose of omega-3
supplement as <1 capsule/day did not have posi-
tive effects on CV outcomes, but 2 capsules/day
exhibited significant reduction of cardiac death,
and more than 3 capsules/day reduced cardiac
death, sudden death, and stroke.

Meta-analysis using marine omega-3 supple-
mentation, including 13 trials of 127,477 partici-
pants, showed a significantly lower risk of
myocardial infarction, cardiac death, and total car-
diovascular disease. Omega 3 dose and clinical
outcomes were shown in Fig. 3.4. These beneficial
effects are related to marine omega-3 dose linearly
[25]. Therefore, composition and dose of omega-3
PUFAs are important for cardiovascular events
protection. Ongoing trial, Statin-Residual Risk
Reduction With Epanova in High Cardiovascular
Risk  Patients With  Hypertriglyceridemia
(STRENGTH, NCT02104817) will help us under-
stand the beneficial effects of omega-3 PUFAs for
cardiovascular events in patients with high cardio-
vascular risk already taking statin [26].
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Fig. 3.4 Omega-3 dose and clinical outcomes. Adapted with permission from Heart, Copyright BMC Publishing

Group Ltd. [24]

3.3.3 Management
of Hypertriglyderidemia

Hypertriglyceridemia itself is not easy to control
through lifestyle modification which included
weight control, exercise, restriction of alcohol
intake, and diet control. Therefore, medical man-
agement is needed. Detailed guidelines and man-
agement for lipid control will be mentioned in
Chap. 13.

I would like to briefly describe American and
European Society of Cardiology guidelines here.
The American Heart Association Science
Advisory Committee comments on the potential
cardiovascular disease benefit for EPA with DHA
or EPA only at a dose of 4 g/day and European

guidelines describe that IPE 4 g/day in addition
to statin can be considered for high risk or very
high-risk patients with TG level 135-499 mg/dL
[27, 28].

3.4  Association of Other Lipids

with Ischemic Stroke

2018 AHA/ACC lipid guidelines adopted a risk
enhancer which is helpful to use statin therapy.
Lipoprotein(a), also known as Lp(a), is also one
of the risk enhancers. This chapter will describe
Lp(a) and its association with ischemic stroke.
Lp(a) is an LDL-like particle (Table 3.1) and
has an apolipoprotein(a) (apo (a)) bound to apoli-
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Table 3.1 Lp(a) and LDL-C composition

Lp(a) LDL
Physico-chemical properties
Molecular mass (Da) 3.8-4.0 x 10° 2.9 x 10°
Diameter (nm) 28.3+0.5 259 +0.1
Density (g/ml) 1.006-1.125 1.019-1.063
Electrophoretic mobility Pre-61 B
Composition (%)
Protein 17-29 26-31
Carbohydrates 8 2
Free cholesterol 6-9 9
Esterified cholesterol 35-46 40-43
Triglycerides 4-8 4-6
Total phospholipids 17-24 22-22
Phospholipid composition
(% of total phospholipids)
Phosphatidylcholine 64.8 £0.2 66.0 £0.2
Choline plasmalogen <<1 <<1
Phosphatidylethanolamine 1.9+0.2 1.5+02
Ethanolamine plasmalogen 4.7+04 33+0.2
Sphingomyelin 28.6 0.5 29.2 +0.6

Adapted with permission from Journal of Cellular Physiology, Copyright John Wiley and Sons [29]

poprotein B100 (apo B 100), which is synthe-
sized in the liver. Thanks to the small diameter of
Lp(a),70 nm, it easily fluxes across the endothe-
lial cells. It is well known that apo B 100 is
closely related to atherosclerosis through choles-
terol deposition. Therefore, a high Lp(a) level is
related to ASCVD and calcified aortic valve dis-
ease. Apo(a) is similar to plasminogen and com-
petes with plasminogen on endothelial cells and
decreases plasmin formation. Finally, apo(a) is
related to thrombus formation through delayed
clot lysis and decreases the risk of hemorrhagic
stroke.

Lp(a) also independently predicts carotid ste-
nosis and occlusion. The plausible pathophysiol-
ogy of Lp(a) on atherosclerosis and thrombosis is
shown in Table 3.2.

Lp(a) is a heterogenous lipoprotein and com-
posed of apo(a) (46%) and apo B 100 (42%).
Besides apo(a) and apoB100, more than 35 pro-
teins are expressed in Lp(a) (Table 3.3).

3.4.1 Human Genetics of Lp(a)

Apo(a) gene is linked to chromosome 6 and
serum level of Lp(a) is mostly determined by

Table 3.2 Lp(a) pathophysiolgical mechanisms

Proatherogenic molecular mechanisms
tendothelial cell adhesion molecule expression
texpression of pro-inflammatory cytokines
Carrier of oxidezed phospholipids

tvascular permeability by activating various
inflammatory signals

tsmooth muscle cell proliferation, migration, and
binding to elastin

tmonocyte chemoattractant activity

1foam cell formation

Prothrombotic molecular mechanisms
Iplasminogen binding to fibrin

Iplasmin formation

tissue factor pathway inhibitor (TFPI) activity

tactivity and expression of endothelial cells
plasminogen activator inhibitor-1 (PAI-1)

Tplatelet responsiveness

Adapted with permission from Journal of Cellular
Physiology, Copyright John Wiley and Sons [29]

variation in the LPA, which encodes apo(a).
Genetic variation in the Lp(a) locus and other
genes determine the Lp(a) levels.

Apo(a) has plasminogen-like kringle (triple
loop stabilized by 3 disulfide bonds) 4 (KIV) and
5 (KV). There are 10 subtypes of KIV. (Fig. 3.5)
The isoform size of apo(a) is determined by krin-
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Table 3.3 Main proteins associated to Lp(a)

Apoprotein Function

ApoB100 Interaction with membrane receptors

Apo(a) Homologs to plasminogen

ApoAl Efflux of lipids from cells; cofactor for lecithin cholesterol-acyltransferase
(LCAT), anticlotting effect

ApoCl1 Modulatory effect of enzymes involved in lipoprotein metabolism (LCAT,
LPL, HL)
Modulatory effect of interactions between lipoproteins and cell receptors

ApoC3 Modulatory effect of enzymes involved in lipoprotein metabolism (LCAT,
LPL, HL)
Modulatory effect of interactions between lipoproteins and cell receptors

ApoF Cholesterol transport and/or esterification

Complement components Regulatory role of various steps of inflammatory response

(C3, C4A and C5)

Histidine-rich glycoprotein Regulation of processes such as coagulation, fibrinolysis, and complement

(HRG) activation

2-integrin Mac-1 Plasmin inhibitor

«2-macroglobulin Inhibitor of fibrinolysis

Serine proteinase inhibitor Al tPA inhibitor

32-glycoprotein-1 Anticoagulant properties

Enzyme

Lp-PLA2 Hydrolysis of oxidized fatty acids at the sn-2 position in oxPLs

Autotaxin (ATX) Conversion of lysophosphatidylcholine into lysophosphatidic acid

Adapted with permission from Journal of Cellular Physiology, Copyright John Wiley and Sons [29]

K 4, K4,
Disulfide Type 3-10 Disulfide Type 3-10
bond J bond 4
Large
Apo (a)
Protease Protease
domain "4 domain

ka, /O

Type 1
'\
K 4,
Type 2

Fig.3.5 Structures of lipoprotein (a) particles. Adapted with permission from Journal of Cellular Physiology, Copyright
John Wiley and Sons [29]

gle 4-1I (KIV2) which has expanded repeat num- KIV2 domain 3, which causes Lp(a) gene
bers (from 1 to more than 40). Molecular weight complexity.

of apo(a) is widely varied (200-800 Kda) due to Other genetics related to Lp(a), such as deter-
the varying number of KIV2. Besides many sub- minants of the number of kringle domains,
types of KIV, there are multiple repetitions in the include single-nucleotide polymorphism (SNP).



38

Y.-J. Kim and E.-G. Kim

Rs10455872 and rs3798220 could account for
36% of Lp(a) plasm levels variation and
rs41272114 and rs143431368 are loss-of-
function variants related to lower Lp(a) levels.

3.4.2 Clinical Evidence Related
to Lp(a)

Lp(a) measurement is useful in the following
population: (1) patients with young stroke, (2)
family history of premature cardiovascular dis-
ease, (3) very high inherited Lp(a) levels (above
180 mg/dL) whose lifetime risk of ASCVD
equivalent to the risk associated with heterozy-
gous familial hypercholesterolemia, (4)
borderline or intermediate lifetime ASCVD risk
patients whether to use statin or not, (5) not
explained by traditional risk factors in ASCVD
patients.

Plasma levels of Lp(a) are genetically deter-
mined by variation in the Lp(a) gene. Up to 20%
of general population has a high level of Lp(a).
Lp(a) levels vary by race. African-American have
a higher mean Lp(a) level compared to white,
Chinese, and Hispanics. Therefore, the signifi-
cance of a high level of Lp(a) is underpowered.
But high level of Lp(a) increased the risk of
early-onset ischemic heart and blood vessel dis-
ease by two-2 to fourfold compared to people
without genetic inherited conditions. It is reason-
able to check Lp(a) level in patients with family
history of early-onset cardiovascular disease and
high LDL-C levels despite statin and non-statin
treatment. Blood level of Lp(a) is genetically
determined by apo(a) gene polymorphism. With
decreasing apo(a) size, plasma Lp(a) level is
increasing in general.

The correlation between high level of Lp(a)
and risk of ischemic and hemorrhagic stroke
and ischemic heart disease has been reported,
but results are not consistent. Meta-analysis of
Lp(a) as a risk factor for ischemic stroke evalu-
ated 90,904 subjects and showed that high level

of Lp(a) is an independent risk factor for isch-
emic stroke and more in young stroke popula-
tion [30].

U.K. Biobank data including 112,338 used
4 single nucleotide polymorphism (SNPs)
related to Lp(a) levels (re10455878, rs3798220,
rs41272118, and rs143431368) to evaluate car-
diometabolic disease and other disorders. This
trial showed that loss of function variants
decrease Lp(a) levels and reduces CHD risk.
Because of dose-dependent relationship
between Lp(a) and CVD risk, lowering Lp(a)
levels may be beneficial effects on CVD risk
reduction [31].

Copenhagen General population study
(49,699 individuals) and Copenhagen City
Heart Study (10,813 individuals) measured
Lp(a) levels, KIV2 number of repeats,
rs10455872, and ischemic stroke events in indi-
viduals with Lp(a) levels <10 mg/dL. Ischemic
stroke (HR,1.20), KIV2 number of repeats
(HR,1.20), and rs10455872 (HR,1.27) in
patients with more than 50 mg/dL of Lp(a) lev-
els were observed. An increase in ischemic
stroke incidence was observed with increasing
Lp(a) levels [32].

Other trials regarding primary and secondary
prevention of Lp(a) are shown in Table 3.4.

3.4.3 Management of High Levels
of Lp(a)

There is no approved effective Lp(a) lowering
therapy until now and no randomized control
trial supports Lp(a) level as a treatment goal
(Table 3.5). But correlation between Lp(a)
level and high ASCVD risk is present, recent
guidelines emphasis the evaluation of Lp(a) as
Class IIa in both American and European
guidelines.Lipid aphesis remarkably reduced
Lp(a) and decreased MI and composite CV
outcomes but have not been reported beneficial
effects further.
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Table 3.4 Primary and secondary prevention trial of Lp(a)

Primary prevention trials of Lp(a)

Age  Gender Follow-up

Author, year Country Size  (years) (Male) (years) Main results

Kamstrup, Denmark 40,486 58 48% 16 Graded risk for MI with elevated

2009 Lp(a)

Kouvari, 2019  Greece 3042 44 48% 10 Lp(a) > 50 mg/dL with high risk of
MACE

Saleheen, 2017 Pakistan 17,644 54 80% Lp(a) concentration associated with
MI risk

Agrawala, 2017 US 14,154 55 45% 23.4 Lp(a) levels were associated with
incident MI related heart failure

Arosnis, 2017  US 9908 63 43% 15 High Lp(a) was associated with a
42% relative increase in stroke risk

Cock, 2018 usS 8158 54 0% 10 Direct linear relationship of Lp(a)
with MACE

Verbeek, 2018 Denmark & UK 26,102 59 45% Minimum 5 Lp(a) >80th percentile was at
increased CVD risk

Secondary prevention trials of Lp(a)

Albers, 2013 US & Canada 3144 64 85% 2 Lp(a) was predictive of MACE

Nestel, 2013 Australia & new 7863 62 83% 6 Baseline Lp(a) was associated with

Zealand CV death

Lincoff, 2017  Multinational 12,092 65 77% 2.3 Lp(a) in the highest quartile had
higher events

O’Donoghue,  Multinational 27,564 63 75% 1 Lp(a) lowering with PCSK9i had

2019 reduced MACE

Gaudet, 2017 Multinational 4915 62 60% 1.5 Alirocumab resulted in 23-29%
reductions in Lp(a)

Willeit, 2018 Multinational 29,069 62 2% 3 Increase in MACE with high Lp(a)

level on statin therapy

Adapted with permission from The American Journal of Cardiology, Copyright Elsevier. MACE Major adverse cardio-
vascular event; HF heart failure; MI myocardial infarction [33]

Lp(a) lowering effect of PCSK9 in FOURIER
trial confirmed that evolocumab lowered Lp(a)
level significantly, independent of LDL-C level,
and patients with higher baseline Lp(a) levels
more pronounced reduction of Lp(a) and greater
benefit for coronary heart disease death, myocar-
dial infarction, or urgent revascularization [35].
But another agent, inclisiran, did not decrease
Lp(a) level.Mipomersen is an antisense oligo-
nucleotides (ASO) and is targeting apo
B. Mipomersen is injected subcutaneously. It
binds the mRNA of Apo B 100 and preventing
the translation of Apo B 100 that causes lower-

ing the LDL and Lp(a) levels. A major adverse
event is hepatic toxicity. CV outcome benefits
are yet to be demonstrated.

Recent promising trials using ASO were pub-
lished. IONIS-APO(a)RX trial decreased Lp(a)
level about 62.7%-67.7%. But higher study
dose was needed to enter the hepatocyte that
makes apoA. IONIS-APO(a)RX-Lrx, cova-
lently  attaching  triantennary  N-acetyl-
galatosamin (GALNACc), was modified first trial
IONIS-APO(a)RX. This trial showed a more
potent Lp(a) level reduction of 92.49% without
adverse reactions.
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Table 3.5 Summary of therapeutic agents to lower Lp(a)

Agent Class % Lp(a)l Mechanism of action
Antibodies
Evolocumab mAb 30 Inhibition of PCSKO9;
TLDLR; |apo(a) secretion
Alirocumab mAb 30 Inhibition of PCSK9;
TLDLR; |apo(a) secretion

Tocilizumab mADb 30 IL-6 receptor blockade; |transcription of apo(a) mRNA
Nucleic acid based
Mipomersen ASO 21-39 |APOB mRNA
IONIS-APO(a)rx ASO 70 |LPA mRNA
AKCEA-APO(a)- ASO 90 |LPA mRNA
Lrx
Small molecule
Niacin Small 25 Unknown (transcription of LPA?)

molecule
Lomitapide Small 15-20 MTP inhibitor; |secretion of apoB-containing lipoproteins

molecule
Anacetrapib Small 36 Unknown (secretion of apoB?)

molecule
Other
Lipid apheresis 70(acute) apoB or apo(a) affinity-based removal of lipoproteins from

25-40(sustained) plasma

Adapted with permission from Trends in Pharmacological Sciences, Copyright Elsevier [34]. Lp(a) Lipoprotein (a);
mAb monoclonal antibody; PCSK9 proprotein convertase subtilisin/kexin type 9; LDLR low-density lipoprotein recep-
tor; apo(a) apolipoprotein (a); ASO antisense oligonucleotides; MTP microsomal triglyceride transfer protein; apoB

apolipoprotein B
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Dyslipidemia and Hemorrhagic Stroke
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Abstract

Dyslipidemia is not as strong a risk factor as
hypertension  for  hemorrhagic  stroke.
Moreover, studies have reported opposite or
neutral results regarding the association
between dyslipidemia and intracerebral hem-
orrhage (ICH) according to patient age, race,
and research years. A meta-analysis of well-
designed studies concluded that the risk of
hemorrhagic stroke is inversely related to
serum levels of total cholesterol and low-
density lipoprotein cholesterol. However, the
risk of hemorrhagic stroke was not associated
with the serum triglyceride and high-density
lipoprotein cholesterol levels. Statin or lipid-
lowering therapy has routinely been used the
past two decades to avoid cardiovascular
events. However, concern is increasing about
the risk of ICH following lipid-lowering ther-
apy. In meta-analyses, there was no associa-
tion between statin or lipid-lowering therapy
and the risk of ICH in primary stroke preven-
tion. In secondary stroke prevention, the risk
of ICH showed a nonsignificant trend for
statin therapy and was significantly associated
with lipid-lowering therapy. The risk of ICH
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from statin or lipid-lowering therapy is offset
by the prevention of ischemic stroke and sub-
stantial and significant improvement in mor-
tality and functional outcomes. Therefore,
clinicians should not stop statin or lipid-low-
ering therapies to prevent cardiovascular
events.

4.1 Impact of Total Cholesterol

In the early 1990s, etiologic studies of intracere-
bral hemorrhage (ICH) that were mainly con-
ducted of Japanese people in Japan and Hawaii
showed an inverse relationship between serum
cholesterol levels and the incidence of ICH [1, 2].
The large observational Multiple Risk Factor
Intervention Trial (MRFIT) showed that the
6-year risk of death of hemorrhagic stroke is
three times higher in men with total cholesterol
(TC) levels <160 mg/dL (<4.14 mmol/L) than in
men with higher cholesterol levels [3]. This
inverse association between cholesterol level and
the risk of fatal ICH was observed only in men
with a diastolic blood pressure > 90 mmHg [3].
Subsequently, cohort studies on related topics
have been published in various countries.

In 2013, Wang et al. published a meta-analysis
of cholesterol levels and risk of hemorrhagic
stroke, including both ICH and subarachnoid
hemorrhage (SAH) [4]. Twenty-three studies
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were included, consisting of 19 prospective
cohort studies and four nested case—control stud-
ies involving 1,43,141 participants with 7650
(5.6%) hemorrhagic stroke events [1, 5-21]. In
the high and low meta-analyses, an inverse asso-
ciation was observed between the risk of hemor-
rhagic stroke and TC level (relative risk [RR],
0.69; 95% confidence interval [CI], 0.59-0.81;
p < 0.01). In the dose-response meta-analysis,
this study showed that an increment of 1 mmol/L
(38.7 mg/dL) in TC level was associated with a
15% decreased risk of hemorrhagic stroke (RR,
0.85; 95% CI, 0.80-0.91; p < 0.01).

Jin et al. recently published a new meta-
analysis based on cohort studies performed
between 1993 and 2019 for cholesterol levels and
risk of hemorrhagic stroke [22]. Thirty-one
studies with 2,291,643 participants and 12,147
hemorrhagic stroke cases were included [1, 5, 6,
8-16, 18, 19, 23-31]. In the high and low meta-
analyses, an inverse association was observed
between the risk of hemorrhagic stroke and TC
(RR, 0.72; 95% CI, 0.64-0.82; p heterogene-
ity = 0.002). (Fig. 4.1) In a dose-response meta-

analysis, there was a nonlinear dose-response
trend between the risk of hemorrhagic stroke and
TC. The risk of hemorrhagic stroke was reduced
by approximately 55% when the level of TC level
was approximately 232 mg/dL (6 mmol/L)
(»p = 0.04) [22]. (Fig. 4.2a) The association
between TC and the risk of hemorrhagic stroke
was consistent with ethnicity, number of partici-
pants, number of events, and follow-up time.
However, no statistically significant difference
was observed in SAH, adjusted lipid-lowering
drug use, or unadjusted blood pressure.

In a meta-analysis of risk factors by ICH loca-
tion, hypercholesterolemia was a protective fac-
tor for lobar and non-lobar ICH, which did not
differ between the two locations [32].

The relationship between lipid status and SAH
remains controversial, with studies reporting
both increased and decreased associations.
Lindhohm et al. reported a meta-analysis of 21
studies of the association between lipid profiles
and the risk of SAH [33]. However, only two
among them had a low risk of bias [19, 24]. The
two studies suggest that elevated TC levels
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Fig. 4.1 Forest plot of total cholesterol and risk of hemorrhagic stroke. Adapted with permission from Nutrition,
Metabolism & Cardiovascular disease, Copyright Elsevier [22]
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Fig. 4.2 Dose-response between total cholesterol (a),
lower-density lipoprotein cholesterol (b), triglyceride (c),
high-density lipoprotein cholesterol (d) and the risk of

increase the risk of SAH in men. In the largest
case—control study, elevated high-density lipo-
protein (HDL) cholesterol levels and the use of
lipid-lowering agents were associated with a sig-
nificantly lower risk of intracranial aneurysm
rupture [34].

4.2 Impact of Low-Density

Lipoprotein Cholesterol

Low-density lipoprotein (LDL) cholesterol is a
well-established risk factor for the development
of atherosclerotic cardiovascular diseases. The
risk of hemorrhagic stroke is inversely related to
LDL cholesterol and TC levels. A meta-analysis
of LDL cholesterol and hemorrhagic stroke that
included 12 prospective studies with 476,173
participants and 7587 hemorrhagic stroke cases

5 1 1.5 2 25 3
High-density lipoprotein cholesterol, mmol/L

hemorrhagic stroke. Reproduced by permission of
Nutrition, Metabolism & Cardiovascular disease,
Copyright Elsevier [22]

showed that a 10 mg/dL increase in LDL choles-
terol was associated with a 3% lower risk of hem-
orrhagic stroke (pooled RR, 0.97; 95% CI,
0.95-0.98) [16, 17, 26, 27, 35-43]. The associa-
tion appeared to be more pronounced in Asians
(pooled RR, 0.95; 95% CI, 0.92-0.98) than in
Caucasians (pooled RR, 0.98; 95% CI, 0.97—
1.00; p heterogeneity = 0.05).

Jin et al. also analyzed LDL cholesterol level
and the risk of hemorrhagic stroke inl0 studies
with 2129 hemorrhagic stroke cases [17, 22, 25—
27, 30, 38, 40, 42, 43]. They reported an inverse
relationship between LDL cholesterol level and
the risk of hemorrhagic stroke (RR, 0.69; 95%
CI, 0.53-0.89; p heterogeneity = 0.04). (Fig. 4.3)
No evidence of a nonlinear association between
LDL cholesterol and the risk of hemorrhagic
stroke was detected. No statistically significant
differences were noted on a linear dose-response
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Fig. 4.3 Forest plot of low-density lipoprotein cholesterol and risk of hemorrhagic stroke Adapted by permission of
Nutrition, Metabolism & Cardiovascular disease, Copyright Elsevier [22]

analysis (RR, 0.88; 95% CI, 0.75-1.02; p = 0.1)
[22]. (Fig 4.2b).

A higher LDL cholesterol level at hospital
admission can be an independent predictor of a
lower likelihood of hematoma expansion and
decreased in-hospital mortality in patients with
acute spontaneous ICH [44].

stroke decreased by 7% (RR, 0.93; 95% CI,
0.89-0.97; p=0.000) [22]. (Fig 4.2¢) A subgroup
analysis of this study showed an inverse
relationship between TG level and hemorrhagic
stroke in the subgroup of America and Europe
participants, fewer events, higher quality, SAH,
and unadjusted blood pressure.

4.3 Impact of Triglyceride

Limited data have been published regarding the
risk of hemorrhagic stroke and triglyceride (TG)
levels. A meta-analysis of eight studies with 1715
hemorrhagic stroke events [16, 17,22, 25-27, 30,
42, 45] reported no association between TG level
and the risk of hemorrhagic stroke (RR, 0.72;
95% CI, 0.52—-1.01; p heterogeneity < 0.01) [16,
17, 22, 25-27, 30, 42, 45]. (Fig. 4.4) In a dose-
response meta-analysis of six studies, the nonlin-
ear association between TG level and hemorrhagic
stroke was nonsignificant. The linear trend sug-
gested that for every 1 mmol/L (88.6 mg/dL)
increase in TG level, the risk of hemorrhagic

4.4 Impact of HDL Cholesterol

There are few studies on the risk of hemorrhagic
stroke and HDL cholesterol levels. The results of
high and low meta-analyses of 11 studies with
3499 hemorrhagic stroke cases showed no asso-
ciation between HDL cholesterol level and the
risk of hemorrhagic stroke (RR, 0.94; 95% (I,
0.83-1.08; p heterogeneity = 0.6) [8, 16, 19, 22,
25-27, 30,42, 46, 47]. (Fig. 4.5) A dose-response
meta-analysis of eight studies revealed a nonlin-
ear dose-response trend. The risk of hemorrhagic
stroke was lowest when the HDL cholesterol
level was about 1.3 mmol/L (50.3 mg/dL) [22].
(Fig 4.2d) A recent observational cohort study of
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Fig. 4.4 Forest plot of triglyceride and risk of hemorrhagic stroke. Adapted by permission of Nutrition, Metabolism &
Cardiovascular disease, Copyright Elsevier [22]
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Fig. 4.5 Forest plot of high-density lipoprotein cholesterol and risk of hemorrhagic stroke. Adapted by permission of
Nutrition, Metabolism & Cardiovascular disease, Copyright Elsevier [22]

11,027 Japanese individuals without a history of ICH in women (hazard ratio [HR], 0.23; 95% CI,
stroke showed that a high HDL cholesterol level 0.06-0.89) but not in men (HR, 0.73; 95% CI,
was associated with a decreased incidence of 0.27-1.97) [47].
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4.5 Postulated Pathophysiology
of Hemorrhagic Stroke

with Low Cholesterol Level

The exact pathophysiology by which dyslipid-
emia causes hemorrhagic stroke is unknown, but
we can infer several mechanisms based on limited
animal and clinical data. Cholesterol is the main
component of the cell membrane. Lipid composi-
tion affects the physical properties of membranes
[48]. Polyunsaturated fatty acids in glycerophos-
pholipids reduce membrane rigidity and affect
processes that accompany membrane deforma-
tion. Low levels of cholesterol within membranes
can increase membrane fragility [49]. Decreased
endothelial fragility may lead to angionecrosis
and microaneurysm formation, which may then
result in hemorrhagic stroke [50].

Another postulated mechanism is that lipid
components may affect platelet activity and the
coagulation cascade. Elevated serum TC, ele-
vated LDL cholesterol, and low HDL cholesterol
are well-established risk expressions and func-
tions of procoagulant, fibrinolytic, and rheologi-
cal factors [51]. TG-enriched lipoproteins seem
to increase factor VII clotting activity and blood
viscosity [52]. LDL cholesterol promotes platelet
activation and tissue factor expression. HDL cho-
lesterol may inhibit platelet aggravation, reduce
viscosity, and suppress tissue factors [53]. These
possible biological effects suggest that increased
TC levels promote thrombosis, whereas decreased
TC levels increase changes in bleeding.
Therefore, lipid components can influence hemo-
stasis and potential tissue damage resulting from
the vascular injury.

4.6 Lipid-Lowering Treatment
and Hemorrhagic Stroke
4.6.1 Lipid-Lowering Treatment

and Risk of ICH

Statin, ezetimibe, and proprotein convertase sub-
tilisin/kexin type 9 (PCSK9) inhibitors have been
proven to reduce the risk of stroke and cardiovas-
cular events in patients at cardiovascular risk.

Each 1 mmol/L reduction in LDL cholesterol
with lipid-lowering treatment reduces the risk of
major cardiovascular events by at least 19% [54].
This reduction effect was reportedly similar
regardless of the initial cholesterol level, age, or
degree of cardiovascular risk.

Cohort studies and meta-analyses showed an
inverse association between the risk of hemor-
rhagic stroke and TC and LDL cholesterol levels,
especially in secondary stroke prevention. The
Stroke Prevention with Aggressive Reductions in
Cholesterol Levels (SPARCL) trial of treatment
with high-dose atorvastatin (80 mg/day)
demonstrated a 16% reduction in the combined
risk of fatal and nonfatal stroke in patients with a
recent stroke or transient ischemic attack and no
known coronary heart disease (11.2% vs 13.1%
over 4.9 years; HR, 0.84; 95% CI, 0.71-0.99;
p=0.03) [55]. A post hoc analysis of the SPARCL
trial found that treatment with atorvastatin was
independently associated with an increased risk
of hemorrhagic stroke (HR, 1.68; 95% CI, 1.09—
2.59) [56]. In the Heart Protection Study (HPS)
for patients with a previous history of cerebrovas-
cular events, statin treatment showed a trend of an
increased risk of ICH, but the difference was not
significant [57]. A combined analysis of the HPS
and the SPARCL showed a significant increase in
the odds of hemorrhagic stroke with statin therapy
(odds ratio, 1.72; 95% CI, 1.20-2.49) in second-
ary stroke prevention [58]. Therefore, there is
concern about the potential risk of ICH with
statins in patients with a history of previous
stroke, especially intracerebral bleeding.

The 2012 meta-analysis of the Cholesterol
Treatment Trialists’ (CTT) Collaboration showed
no impact of statins on the incidence of hemor-
rhagic stroke (RR, 1.15; 95% CI, 0.97-1.38), a
neutral effect that did not differ according to the
baseline vascular risk [59]. This analysis sug-
gested that for every 1.0 mmol/L reduction in
LDL cholesterol, the annual risk of ICH was 0.5
per 1000 patients who were treated with statins
for at least 5 years. This increase in the risk of
hemorrhagic stroke was offset by the significant
reduction in the risk of ischemic stroke and the
risk of major vascular events [59]. A recent meta-
analysis included 43 studies with a combined total
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of 317,291 patient-years of follow-up for patients
with previous ischemic or hemorrhagic stroke
[55, 57, 60-64]. In patients with previous isch-
emic stroke, although statin use was associated
with a nonsignificant trend of ICH (RR, 1.36;
95% CI, 0.96-1.91), there was a significant bene-

a Intracerebral hemorrhage

ficial effect on recurrent ischemic stroke (RR,
0.74; 95% CI, 0.66-0.83), mortality (RR, 0.68;
95% CI, 0.50-0.92), and functional outcome (RR,
0.83; 95% CI, 0.76-091) [60]. (Fig. 4.6) In
patients with previous ICH, statin therapy resulted
in significantly reduced mortality (RR, 0.49; 95%
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Fig. 4.6 Forest plot of statin and clinical outcome in
patients with previous ischemic stroke. A. intracerebral
hemorrhage, B. all-cause mortality, C. poor functional
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CI, 0.36-0.67) and poor functional outcome (RR,
0.71; 95% CI, 0.67-0.75) without any significant
change in the rates of recurrent ICH (RR, 1.04;
95% (I, 0.86-1.25) [60].

A recent large population-based propensity
score-matched cohort study including a total of
55,692 unique individuals initiating statin treat-
ment after a first-time stroke diagnosis (4.9%
ICH, 95.1% ischemic stroke) showed that the risk
of ICH was similar for statin users and nonusers
when evaluated among those with prior ICH
(HR, 0.90; 95% CI, 0.72—1.12) and that the risk
was halved among those with prior ischemic
stroke (HR, 0.53; 95% CI, 0.45-0.62) [65]. The
Target Stroke to Target (TST) trial including
2860 patients with recent ischemic stroke or tran-
sient ischemic attack and mean baseline LDL
cholesterol level > 135 mg/dL (3.5 mmol/L)
showed that the group with a target LDL choles-
terol <70 mg/dL (1.8 mmol/L) was associated
with a lower risk of cardiovascular events than
the group with a target LDL cholesterol level of
90-110 mg/dL (2.3-2.8 mmol/L) after a median
of 3.5 years of follow-up (8.5% vs 10.9%,
adjusted HR 0.78; 95% CI 0.61-0.98) [66]. There
was no significant intergroup difference in the
occurrence of ICH (1.3% vs 0.9%; HR, 1.38;
95% (I, 0.68-2.82).

Recent meta-analyses or large observational
studies have shown conflicting findings with past
studies. Consequently, the current clinical guide-
lines state that there is a need for further explora-
tion of the risk of hemorrhagic stroke in particular
patients [67]. The SPARCL study and observa-
tional studies showed that hemorrhagic stroke
episodes with statin medication use occurred
more frequently in patients with a hemorrhagic
stroke as an entry event, particularly in patients
who were male, of advanced age, had poorly con-
trolled hypertension during statin therapy, had
lobar ICH associated with cerebral amyloid angi-
opathy, and had multiple microbleeds [56, 65, 68,
69]. However, the overall benefit of statins on
ischemic and hemorrhagic stroke greatly out-
weighs this small and uncertain hazard.

4.6.2 Statin Treatment in Patients
with ICH

With regard to hemorrhagic stroke followed by
statin therapy, many physicians are very careful
to administer statins to patients with ICH and
often stop statin medication immediately after
the onset of ICH. Statins have been identified as
potential neuroprotective agents in addition to
lipid-lowering agents [70, 71]. Animal studies
have shown the neuroprotective and recovery
enhancement effects of statins, including reduced
cerebral edema, increased angiogenesis and neu-
rogenesis, and accelerated hematoma clearance
[72-76]. Retrospective observational clinical
studies reported that pre-ICH statin use reduced
perihematomal edema, decreased mortality rates,
and improved functional outcomes [63, 77-79].
On the other hand, the sudden withdrawal of
statin treatment may lead to rebound effects that
may impair vascular function and induce adverse
clinical effects in patients with ICH [61, 80-83].
Statin therapy after ICH might be of great benefit
for decreasing mortality, especially in younger
patients with fewer pre-existing comorbidities
[63, 78, 79]. A recent observational study from
Sweden of 6082 patients with a first ICH showed
that statin use was associated with a reduced risk
of death (adjusted HR, 0.71; 95% CI, 0.60-0.84)
but not with the risk of recurrent ICH (adjusted
HR, 0.82; 95% CI, 0.55-1.22) during a mean
follow-up period of 3.1 years [84].

These clinical results suggest that statin ther-
apy should not be discontinued in the acute phase
of ICH. The decision should be made to continue
or discontinue statin therapy after the acute phase
of ICH. It is recommended that patients continue
therapy if they have high cardiovascular risk fac-
tors but discontinue therapy if they have lobar
hemorrhage, severe small vessel disease such as
multiple microbleeds, or poorly controlled hyper-
tension [82]. There is insufficient evidence to rec-
ommend starting statin therapy in patients with
statin-naive ICH [71, 82]; rather, the results of
randomized trials are needed first.
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4.7 Conclusion

The current study showed that the risk of ICH
was inversely related to TC and LDL cholesterol
levels but not TG and HDL cholesterol levels.
The inverse relationship was a nonlinear trend in
the dose-response analysis in TC. This finding
suggests that maintaining lipid levels may reduce
the risk of ICH. The relationship with SAH
remains controversial and requires confirmation
in large cohort or randomized trials. Lipid-
lowering therapy was associated with a nonsig-
nificant or marginally significant increased risk
of ICH in secondary stroke prevention, but not in
primary prevention or in patients with ICH [22,
60, 85]. However, this concern regarding the risk
of ICH was counterbalanced by a significant
reduction in mortality and the risk of major vas-
cular events, including ischemic stroke. In addi-
tion, sudden withdrawal of statins may have
adverse clinical effects in patients with ICH.
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Abstract

There are controversies about the utility of
nontraditional lipid biomarkers like apolipo-
proteins in addition to the evaluation of tradi-
tional risk factors like total cholesterol LDL
cholesterol and HDL cholesterol. However,
apolipoproteins like Apo B100 sometimes
can be better predictor for assessing the risk
of the cardiovascular disease and stroke. The
stroke pathomechanism is heterogeneous and
multifactorial. Oxidative stress involves the
injury to cellular membrane and apoptosis of
neuron. Assays for lipid peroxidation like iso-
prostanes and malondialdehyde are com-
monly used for assessing the oxidative stress
or damage, although the role of oxidative
stress in cerebrovascular disease is complex.
Comprehensive approaches of metabolomics
and lipidomics give the dynamic bioprofile
and elucidate these complex pathogenesis and
disease progress, which lead to discover new
biomarkers for early prediction and drug
development. Here, we reviewed the use of
nontraditional lipid biomarkers including
apolipoproteins and lipid peroxidation and

H.-K. Park (D<)

Department of Neurology, Inha University Hospital,
Incheon, Republic of Korea

e-mail: 210230 @inha.ac.kr

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021

discussed the role of metabolomics and lipi-
domics in improving stroke risk evaluation
and monitoring the drug effects.

5.1 Apolipoproteins
Apolipoproteins and lipids form lipoproteins like
low-density lipoprotein (LDL) and high-density
lipoprotein (HDL) to transport lipids throughout
lymphatic and circulatory systems. Eight classes
of apolipoproteins (apo) with many subclasses
are known, which have a unique function and are
associated with neurodegenerative and cardio-
vascular diseases, cancer autoimmunity, and oth-
ers (Table 5.1). Cholesterol levels like serum
level of LDL are still used to predict stroke risk
and there is some controversy about the utility of
nontraditional lipid biomarkers like apo B for
stroke risk prediction. However, apolipoproteins
also are relevant biomarkers and sometimes are
better at assessing the risk and starting the
medication.

Apo B is the major apolipoprotein embedded
in very low-density lipoprotein (VLDL),
intermediate-density lipoprotein (ILD), chylomi-
crons, and LDL particles. Measurement of the
total apo B-100 concentration in the circulation
can quantify the number of lipoprotein particles
because there is 1 apo B-100 molecule per
hepatic-derived lipoprotein (Fig. 5.1). Apo A-1
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Table 5.1 Overview of apolipoproteins

Gene
Analyte Main Function 1D Related diseases
Apo Al Protein component of HDL 335 Atherosclerosis, diabetes, autoimmune,
sepsis
Apo A2 Protein component of HDL 336 Atherosclerosis, cancer
Apo B Main component of LDL, VLDL, and intermediate- 338 Atherosclerosis, diabetes, cancer,
density lipoprotein (IDL). autoimmune
Apo C1 Differentiation of monocytes into macrophages 341 Atherosclerosis, autoimmune, diabetes,
neurodegenerative, sepsis
Apo C3 Component of VLDL 345 Atherosclerosis, diabetes, cancer,
autoimmune
Apo D Component of HDL, associated with lipoprotein 347 Neurodegenerative disease, cancer
metabolism
Apo E  Primarily found in IDL essential for the normal 348 Alzheimer’s disease, neurodegenerative
catabolism of triglyceride-rich lipoprotein cholesterol disease, atherosclerosis, diabetes,
carrier in human brain
Apo H Bind cardiolipin for involvement in phospholipid 350  Lupus
binding. Agglutination of platelets. Anti-coagulation
activity
ApoJ  Molecular chaperone, apoptosis 1191  Bone healing, cancer,
neurodegenerative disease
Liver

-
VYA

Apo B100

VLDL IDL

-

Atherogenic

. From the liver \

Apo B100

. R

Reverse Cholesterol Tranport

Apo B100

HDL

Small dense

LDL J

’ Unesterified cholesterol

ﬂ Phospholipids

. Apo A1l

O Apo B100

Surface Core

\ Anti-Atherogenic J

Lipid Core ? Cholesteryl esters

m Triglycerides

Fig. 5.1 Structure and component of various lipoprotein particles

accounts for 70% of all HDL-associated proteins
and mediates the anti-atherogenic effect of HDL
[1]. Although serum level of HDL is correlated
with risk protection for stroke and cardiovascular
disease, HDL particles have heterogeneous com-
position and size. So, Apo A-1 is a candidate for
more accurate biomarker than HDL. ApoAl also
has anti-inflammatory and antioxidant effects.

High serum levels of Apo B and Apo Al is
associated with atherosclerosis like stroke and
coronary disease across all ethnic groups and
sexes. A large-scale review showed that apo B
was the stronger marker of cardiovascular risk
(relative risk reduction [RRR], 1.43; 95% confi-
dence interval (CI), 1.35-1.51), and LDL-C was
the least potent marker (RRR, 1.25; 95% CI,
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1.18-1.33) and is a superior indicator of athero-
sclerosis in people aged 40 years or younger, than
older ones, which is helpful for decision of initi-
ating lipid-lowering therapy in young patients
and may have advantages in patients with hyper-
triglyceridemia [2—4]. The Apo B/Al ratio is a
better indicator than the LDL/HDL ratio for esti-
mating the risk of the proatherogenic to anti-
atherogenic cholesterol and is associated with
asymptomatic deep subcortical ischemic burden
in patients with intracranial stenosis [5, 6]. The
Apo B/Al ratio also can identify the familial
hyperlipidemia in children [7].

On four clinical trials, meta-analysis recom-
mended measurement of apo B and apo B/apo A
ratio in an addition to the traditional risk factors
for the high risk persons, who are defined as men
>35 years, women >45 years, and adults
>20 years old with multiple cardiovascular risk
factors [8].

However, apo B measurement has also some
limitation like that it is costly, and may not be
reliable in some laboratories [9]. The ratio of Apo
B/Apo A1, Apo C3, and APOE €2 also are associ-
ated with diabetes mellitus and are candidate for
new biomarker to predict the diabetes mellitus
[10-12]. On the other hand, low serum level of
Apo C3 is related to decreased risk of cardiovas-
cular diseases [13].

Level

Se—a

5.2 Lipid Peroxidation

Imbalance between the production and elimina-
tion of reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS) has been called
“oxidative stress,” which leads to the formation
of atherosclerotic plaques and increases the risk
of type 2 diabetes mellitus. Lipid peroxidation
causes impairment of cellular membrane and cell
death. Because ROS and RNS are short lived and
do not accumulate, measurement of them is very
difficult and failed in showing a consistent cor-
relation between clinical disease severity and
oxidative stress level. The different parameters
for the oxidative stress do not always come to the
same results. The lack of correlation between dif-
ferent parameters might be caused by the differ-
ent production and elimination of each biomarkers
(Fig. 5.2). Assays for lipid peroxidation are com-
monly used for assessing the oxidative stress or
damage, because lipids in biological membranes
and lipoproteins are one of major peroxidation
targets.

The hydroxyl radical(-OH), the most reactive
radical, plays an important role in the lipid per-
oxidation. The hydroxyl radical has very short
half-life in vivo and oxidizes lipids like polyun-
saturated fatty acids (PUFAs). Lipid oxidation
generates hydroperoxides, which subsequently

Glucose level
(Plasma)

_______ Oxidative stress
(Plasma)
-MDA 8-sioPGF
Nitrotyrosine
Oxidative stress
= = = = (Urine)
-8-sioPGF

Endothelial function
-FMD, VOP

Fig. 5.2 Time course of changes in plasma glucose,
plasma/urine oxidative stress, and endothelial function.
Modified from antioxidants [14]. The causal relationship
between glucose level and oxidative stress explored by
plasma/urine samples taken at different times. First,
plasma glucose levels increase after eating and then return
to the baseline. Oxidative stress assessed by plasma malo-

Time

ndialdehyde (MDA), 8-iso-prostaglandin F (PGF), and
nitrotyrosine increases after peak of glucose level and
return to baseline by gradual excretion through urine.
Endothelial function assessed by venous occlusion pleth-
ysmography (VOP) and flow-mediated dilatation (FMD)
is impaired concomitantly with the increase in plasma lev-
els of glucose and oxidative stress
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Fig. 5.3 This scheme

S-glutathionylation of Protein
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ROS, leading to various Factors MPO |
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malondialdehyde; yp %
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Smoking
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fragment into various reactive intermediates, like
various  bioactive  aldehydes, such as
4-hydroxynonenal (4-HNE), acrolein, prosta-
glandin F2-IsoPs, and malondialdehyde (MDA).
These aldehydes have toxic effects by the alterna-
tion of cellular proteins, which is related to ath-
erosclerosis, diabetes, neurodegenerative disease,
and liver disease (Fig. 5.3). For measuring lipid
peroxidation, there are two assay methods; (i)
measurements of lipid peroxides concentrations;
and (ii) assessing the end products of lipid per-
oxidation, like isoprostanes (8-isoPGF2 «),
MDA, and dihydropyridine-lysine.

The isoprostanes are bioactive prostaglandin-
like substances and are significantly higher in
HDL compared with LDL or VLDL. Isoprostanes
are primarily formed in a free radical-dependent
and nonenzymatic fashion, but can also be gener-
ated by activation of enzymes, like cyclooxygen-
ase-2. Although the relative contribution of
enzymatic pathways, isoprostane is a good bio-
marker for the oxidative stress.

MDA is a reactive carbonyl compound and a
chemically stable end product of enzyme- and
free radical-catalyzed peroxidation of a variety of
PUFAs (Fig. 5.3). The amount of MDA is much
more than that of isoprostane at the molecular
level. So, it is easier to be measured and is per-
haps the most commonly used biomarkers for
lipid peroxidation. The plasma levels of MDA
correlate closely with plasma 8-isoPGF2 o lev-
els. Because MDA concentrations increased dur-
ing storage after sampling, the plasma MDA
levels should be measured as soon as possible
after sampling.

The diacron reactive oxygen metabolites
(d-ROMs) test is a simple commercial available
assay, and can quantify the early peroxidation
species, rather than their end products. In actu-
ality, the d-ROMs test measures not only pre-
existing lipid peroxides but also those generated
by a radical chain reaction. This test is based on
the principle that transition metal ions released
from serum proteins under acidic conditions
stimulate the conversion of hydroperoxides to
alkoxyl or peroxyl radicals, leading to the gen-
eration of colored materials that can be mea-
sured spectrophotometrically. Although reaction
require plasma iron ions and the individual dif-
ference in iron levels might affect the accuracy
of the d-ROMs test, the d-ROMs test has been
applied in many clinical trials, because it is a
simple, rapid, and cost-effective test. The
Fe-ROMs test is a d-ROMs-modified method. In
this test, iron ions are added to the sample exog-
enously and serum transferrin-derived Fe3+ is
not required. The Fe-ROMs test can measure the
oxidized HDL levels in addition to the oxidative
stress status. Because of oxidization of HDL
weakens the atheroprotective effect of HDL like
removing oxidized lipids from oxidized LDL,
the Fe-ROMs test can be a good test for measur-
ing the protection function of HDL in daily clin-
ical trial or practice. Moreover, antioxidant
biomarkers can be assessed for evaluation of the
total antioxidant capacity (TAC), enzymatic
antioxidants, such as catalase, glutathione per-
oxidase, superoxide dismutase; or nonenzy-
matic markers like vitamins, glutathione, and
uric acid.



5 Clinical Biomarkers of Dyslipidemia

59

Hyperglycemia, especially glycemic variabil-
ity is associated with massive production of ROS
and is strongly associated with oxidative stress
[15]. Monnier et al. studied that the oxidative
stress was more associated with glycemic vari-
ability during the postprandial period than
chronic sustained hyperglycemia [16]. This
result suggested large glucose burden during
postprandial periods cause the excess ROS for-
mation over antioxidant capacity. The d-ROMs
test also correlated significantly with HbAlc
(p = 0.007), mean amplitude of glycemic excur-
sions (MAGE) (p < 0.001), and mean of daily
differences (MODD) (p < 0.001) [17]. Increased
oxidative stress is one of the risk factors for insu-
lin resistance. ROS has also been reported to
inhibit insulin signal transduction by activation
of PKC and nuclear factor kappa B (NF-«xB).
Moreover, antioxidant biomarkers can also be
evaluated assessing the total antioxidant capac-
ity (TAC) or nonenzymatic markers like vita-
mins, and uric acid.

The exact role of oxidative stress in coronary
and cerebrovascular damage is complex. Vascular
function of endothelial cells is controlled by sev-
eral vasodilators like Endothelium-derived NO
(eNO). The eNO is the major chemical that regu-
lates the vasodilation, platelet activation, leuko-
cyte adhesion, and vessel wall permeability.
Hyperglycemia and hyperlipidemia induce endo-
thelial dysfunction through ROS production and
the reduction of eNO. Total-ox/HDL values ratio,
measured by the Fe-ROMs test, is associated with
endothelial dysfunction and arterial stiffness and
is a reliable biomarker for measuring oxidative
stress, obesity, and chronic inflammation [15].

Steinberg and his colleagues suggested that
oxidative modification of LDL is a critical initial
event in the atherosclerosis generation [18].
Oxidized LDL has also the pro-inflammatory
effects. OxLDL levels were higher in subjects
with cardiovascular disease, and high level of
OxLDL was associated with the severity of coro-
nary disease [19]. OXxLDL levels also is a good
predictor for future coronary disease in healthy
persons [20]. Although achieving significant
increases in HDL levels, niacin failed to reduce

the vascular events in the Heart protection
Study?2. It might be explained by a dysfunction of
HDL [21].

The free radicals are produced excessively in
ischemic and hemorrhagic stroke, and oxidative
stress is one of main pathomechanisms of brain
damage. Peters revealed an increase in superox-
ide radical anions in the penumbral region not
only during the initial ischemic phase but also
after reperfusion [22]. In acute ischemic stroke,
MDA levels, thiobarbituric acid-reactive sub-
stances (TBARSs), isoprostanes, and Cholesteryl
ester hydroperoxides (CEOOH) were of higher
levels in stroke patients than in controls at hospi-
tal admission and its levels did not change in the
following 7 days. Furthermore, the levels of
MDA and CEOOH also correlated with infarct
size, clinical severity, and outcome [23, 24]. The
level of oxLDL of patients with acute cortical
infarction reached the highest peak on the third
day and then rapidly disappeared [25]. Elevated
levels of isoprostane and Oxygen Radical
Absorbance Capacity were associated with PWI-
DWI mismatch in patients with hyperacute isch-
emic stroke [26]. Increased activities of
antioxidant enzymes after acute ischemic stroke
remained elevated even at 3 months [27]. The
increased intracranial pressure after hemorrhagic
stroke and the release of vasoactive and toxic
substances from hematoma can impair cerebral
perfusion and can cause brain damages. Several
studies in animal model showed an increase in
free radicals but the related clinical data for hem-
orrhagic stroke is scanty.

Although the lipid peroxidation substances
are non-specific and there is no commercial avail-
able biomarker for the clinical practice, these
biomarkers might assess oxidative stress, disease
severity, and effectiveness of antioxidants.
Considering chemical stability in human fluids,
lipid hydroxides might be more suitable than
hydroperoxides. The level of some lipid peroxi-
dation biomarkers may not increase in accor-
dance with the disease severity or progress. So,
the repeated measurement of multiple biomark-
ers at different time points could be recom-
mended to overcome this limitation (Fig. 5.2).
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5.3  Metabolomics

The metabolome means the total set of low-
molecular-weight metabolites under a specific
environmental conditions and can be the min to
min profile of metabolite change to the environ-
mental stimuli such as adaptive metabolic shift
[28]. So, metabolomics is one of new technolo-
gies for the measurements of multiple metabo-
lites in biological specimens to find new
biomarker. The metabolite profiling in human is a
comparatively small number of human metabo-
lites (7000) compared to the numbers of genes
(25,000), transcripts (100,000), and proteins
(1,000,000). Compared to the genome, the
metabolome is more dynamic and closer to the
disease manifestation. The fact suggest that the
metabolomics could be helpful in understanding
of the molecular mechanism responsible for the
disease progression. However, new high through-
put metabolite profiling techniques has led to
rapid progress to metabolome-wide approach in
cerebrovascular disease. Metabolome profiling is
performed commonly by two core methods. First
tool is nuclear magnetic resonance (NMR),
which separates metabolites by their magnetic
resonance shift. The other one is mass-
spectroscopy (MS), which is separated by mass/
charge ratio. NMR needs small amount of sample
and has low sensitivity. But it is not destructive to
the sample even in vivo, with easy preparation
and the results are quantitative, and reproducible.
But NMR has low sensitivity and cannot evaluate
the small amount of metabolite. MS is highly
sensitive, but requires sample ionization by radia-
tion or electron beams, which cause irreversible
damage to sample. MS needs also time consum-
ing preparation, and is not easy to quantify.
Microdialysis is also performed for continuous
measurement of molecules, including neurotrans-
mitters, metabolites, and hormone in the extra-
cellular fluid. Metabolome profiling can be
“closed targeted” or “open non-targeted.” The
non-targeted method can measure as many
metabolites as possible and require identification
before data analysis. Targeted approach can mea-
sure the predefined metabolite profiles and can
also quantify the substance [29]. NMR can iden-

tify the metabolite by comparison to spectral
database of known reference compound and MS
can confirm the metabolite by comparison to
authentic standards substances. Matching m/z
ratio and isotope abundance also help the identi-
fication of the molecule.

Metabolomics in cardiovascular studies were
applied to coronary artery disease, cardiogenic
shock, heart failure, risk of atherosclerosis dys-
lipidemia and diabetes mellitus, atrial fibrillation,
and stroke. Although none of metabolomics has
made it to diagnostic clinical practice, the metab-
olome discovered new metabolite-stroke associa-
tions related to excitotoxicity or neurotoxicity,
oxidative stress, and inflammation [29, 30]
(Table 5.2).

Excitotoxicity means the rapid release and
inhibited reuptake of excitatory amino acid and
neurotransmitter like glutamate. It is the first
molecular mechanism of ischemic brain tissue
injury as a result of energy failure. Oxidative
stress is a downstream consequence of excitotox-
icity. The free radicals increase lipid peroxida-
tion, mitochondrial and DNA damage, protein
nitration and oxidation. Matrix metalloprotein-
ase-9 may be an important mediator of microvas-
cular blood-brain barrier (BBB) injury and
hemorrhagic transformation. Metabolites
involved in one-carbon metabolism pathways
such as homocysteine sulfinic acid and S-adenosyl
homocysteine were associated with ischemic
stroke. The metabolites associated with a pertur-
bation of normal amino acid metabolism also
appear like alanine, aspartate, and glutamate.
Kelly et al. found that elevated plasma levels of
F2IP, the marker of lipid peroxidation were cor-
related with plasma levels of MMP-9 in the acute
stroke patients who received IV thrombolysis
[31]. This results supports that oxidative stress
may be followed by MMP activation, BBB injury,
and hemorrhagic transformation.

Energy deficits after cerebral ischemia also
evoked the upregulations of lactate and pyruvate
and decrease the level of citrate and citric acid.
The inflammatory response after ischemic stroke
affects phospholipid metabolism like phosphati-
dylethanolamine  (PE), phosphatidylcholine
(PC), and lysophosphatidylcholine (LysoPC).
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These are important signaling molecules with
diverse biological function and related to back-
bone of neural membrane. One study found that
low concentrations of specific LysoPC was asso-
ciated with stroke recurrence and low level of
some LysoPC was a potential biomarker for large
artery atherosclerosis [32]. In ischemic stroke,
three branched chain amino acids (isoleucine,
leucine, and valine) are decreased but in other
prospective study, the high level of these amino
acids was associated with risk of ischemic stroke
[33, 34]. In 2019, Ke et al. reviewed the previous
papers and suggested that isoleucine, leucine,
valine, glycine, lysine, glutamate, LysoPC(16:0),
LysoPC(18:2), serine, uric acid, citrate, and pal-
mitic acid may be potential biomarkers of isch-
emic stroke [35]. Interestingly, Sun et al. showed
that a direct-infusion MS method, which requires
only a few minutes, is helpful for early differen-
tial diagnosis of acute ischemic stroke from
patients with vertigo [36]. For early differentia-
tion of ischemic stroke from hemorrhagic stroke,
Hu et al. identified several molecules like aspara-
gine, citrulline, and leucine, which were increased
in ischemic stroke, compared to intracranial hem-
orrhage [37]. Zhang et al. found 20-OH-LTB4
was a potential biomarker for intracranial hemor-
rhage (ICH) and can discriminate ICH patients
from healthy people and the patients with acute
ischemic stroke [38].

There are the contradictory findings of gluta-
mate levels in cerebral ischemia, which may be
explained, in part, by the fact that glutamate can-
not cross the BBB. Unfortunately, there have
been confounding results for alanine, glutamine,
proline, carnitine, and creatinine in ischemic
stroke. Metabolomics tools are not yet mature but
metabolomics combined with genomic and pro-
teomic would have great potential for clinical
application in the near future.

5.4 Lipidomics

Lipids can be divided into eight categories includ-
ing fatty acids, glycerolipids, glycerophospholip-
ids, sterol lipids, sphingolipids, saccharolipids,
prenol lipids, and polyketides. Lipidome means

the total molecules of lipid in cells. Lipidomics is
an emerging subfield of metabolomics and
included the identification, quantification of the
lipidome. The strategies of lipidomics are divided
into targeted, untargeted, and shotgun ones. Like
metabolomics, lipids can also be evaluated by
MS imaging, shotgun, and liquid chromatogra-
phy (LC)-based technologies. In lipidomics, lig-
uid chromatography is applicable to a broad
range of lipid species and the principal separation
technique. LC separates and concentrates lipids
simultaneously, based on their physico-chemical
properties like carbon-chain length and the num-
ber of double bonds. The LC-MS can measure
thousands of lipids with high sensitivity, in spite
of low cost and very small sample volume.
However, LC-MS cannot detect structural and
positional isomers of lipid. LC-MS also have the
low detection capability and measurement accu-
racy due to ion suppression. Shotgun technique
directly infuses lipids into an electrospray ioniza-
tion mass spectrometer (ESI/MS). Shotgun lipi-
domics separates and quantifies hundreds of
lipids by electrospray ionization with relative
simple operation and short run times. However,
the method has lower sensitivity than LC-based
methods. The application of NMR spectroscopy
to lipidomics is limited because of low
sensitivity.

Many lipid molecules have been known to be
related to cardiovascular disease outcomes,
which  include  ceramides (d18:1/16:0,
d18:1/18:0, and d18:1/24:1), phosphatidylcho-
lines with saturated(SFA) and mono-unsaturated
(MUFA) fatty acyl chains, and Lysophosphati-
dylcholines [39]. Some lipid species increase
the risk of ischemic stroke, which include
ceramides, docosatrienoic acid, diacylglycerol,
hydroxyeicosatetraenoic acid, lysophosphati-
dylcholines (LPC), hydroxyoctadecadienoic
acid, LPC (20:4 and 20:5), and triacylglycerols
(Table 5.2). The ischemic stroke patients showed
the decreased level of linoleic acid, oleic acid,
palmitic acid, stearic acid, free fatty acid, and
LPC (16:0) [40]. The LPC (16:0 and 20:4),
phosphatidylcholines (16:0/20:4 and 16:0/18:1),
phosphatidyl ethanol amine s(18:1/18:0), and
arachidonic acid can be a good predictor for
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stroke recurrence [32, 40]. Purroy et al. also
found that 11 molecules including lyso phos-
phatidic acid and cholesterol-related molecules,
creatinine, threoninyl-threonine, and N-acetyl-
glucosamine increased in the patients with acute
ischemic lesions on Diffusion weighted images.
The ischemic lesion volume was associated with
ten molecules like lysophosphatidylcholine,
hypoxanthine, and leucines. Lysophospholipids
and creatinine clearly increased in the subjects
with the subcortical DWI lesions [41].

Ding et al. found that in the patients with post-
stroke depression, palmitic acid, oleic acid, and
linoleic acid increased, although oxalate
decreased, compared to post-stroke nondepres-
sion [42]. Zhang et al. also indicated the high
level of azelaic acid, glyceric acid, and tyrosine
in urine of the patients with post-stroke depres-
sion [43]. Glutamine, kynurenine, and LPC
(18:2) are a good candidate of biomarkers for
early diagnosis of post-stroke cognitive impair-
ment [44]. For the discrimination between symp-
tomatic and asymptomatic carotid plaque,
metabolite related to the eicosanoid pathway,
acylcarnitine species, and 3-oxidation was identi-
fied for good biomarkers [45].
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Abstract

(Dietary modification) A healthy dietary pat-
tern is associated with decreased TC, LDL-C,
and TG levels. A dietary pattern with empha-
sis on vegetables, fruit, legumes, nuts, whole
grains, and fish intake is recommended. Avoid
trans fats and reduce saturated fatty acid intake
as much as possible. Reduce dietary simple
carbohydrates and replace them with monoun-
saturated fats or polyunsaturated fats. Avoid
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added sugar and sugar-sweetened beverages.
Limit alcohol use.

(Physical activity) Physical activity signifi-
cantly increases HDL-C levels and decreases
TG levels. At least 150 minutes per week of
moderate-intensity, or 75 minutes per week of
vigorous-intensity aerobic physical activity.
At least, avoid complete physical inactivity.

(Smoking cessation) No exposure to
tobacco in any form. Cigarette smoking leads
to lipid profile deterioration, including
increased TC and TG levels as well as reduced
HDL-C levels. Smoking cessation helps
improve HDL-C levels to non-smoker levels
as long as smoking cessation is maintained.
Passive smoke exposure may lead to higher
TC and TG levels. Smoking cessation is rec-
ommended for all smokers for improvement
of their lipid profiles.

6.1 Dietary Modification

in Dyslipidemia

This section is primarily based on the 2019 ACC/
AHA Guideline on the Primary Prevention of
Cardiovascular  Disease  Lifestyle Factors
Affecting Cardiovascular Risk and 2019 ESC/
EAS Guidelines for the Management of
Dyslipidaemias: Lipid Modification to Reduce
Cardiovascular Risk [1, 2].
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6.1.1 Energy

Given that obesity, including abdominal obesity,
contributes to dyslipidemia, total caloric intake
should be reduced. Body weight reduction, even
to modest (5-10% of basal body weight) degrees,
among individuals with obesity improves lipid
abnormalities [3]. Generally, a low-calorie diet
with 500 kcal less than the usual intake is reason-
able to adhere to as it has no particular harm to
health [4].

6.1.2 Fats and Carbohydrates

In general, trans fats and saturated fats are
regarded as detrimental factors and unsaturated
fats are regarded as helpful factors on total cho-
lesterol (TC) and low-density lipoprotein cho-
lesterol (LDL-C) levels with robust evidence
[1, 2, 4]. The detrimental effect on cholesterol
of dietary trans fats and saturated fats are simi-
lar. However, saturated fats could increase
high-density lipoprotein cholesterol (HDL-C)
levels, while trans fats could decrease them [5].
Given these effects on the lipid profile, trans
fats intake should be avoided, and saturated
fatty acid intake should be reduced as much as
possible.

However, physicians should take into con-
sideration upon nutrition education to patients
“the nutritional balloon effect” in which exces-
sive fat intake restriction may bring side effects
of increased carbohydrates intake, which
induce not only increasing triglyceride (TG)
levels but also blood glucose levels [6]. For the
general population, sugar-sweetened beverages
should be used in moderation and should be
limited drastically in individuals with visceral
adiposity or elevated TG values [7-9]. An
observational study from the Prospective
Urban Rural Epidemiological (PURE) trial
data demonstrated that saturated and unsatu-
rated fat intake were associated with reduced
stroke and mortality when used instead of
refined carbohydrates [10].

6.1.3 Dietary Pattern

As foods are mixtures of diverse nutrients, attrib-
uting the health effects of food to only one of its
components is not appropriate. For this reason,
the studies on the effect of specific nutrients,
including carbohydrates, protein, and fats on
lipid profiles and atherosclerotic cardiovascular
disease (ASCVD) outcomes, lack in concor-
dance. To overcome this, nutrition research has
recently focused on both the relationship between
ASCVD and foods and dietary patterns, as
opposed to single nutrients.

The Prevencion con Dieta Mediterranea
(PREDIMED) trial demonstrated that an extra-
virgin olive oil or nuts-supplemented Mediterranean
diet was associated with stroke reduction [5]. In the
REGARDS (REasons for Geographic and Racial
Differences in Stroke) trial, a dietary pattern char-
acteristic of southern United States was identified
as substantially increasing (30%) stroke risk [11].
This pattern consisted heavily of added fats, fried
food, egg dishes, organ meats, processed meats,
and sugar-sweetened beverages. A diet composed
of juice and sweetened beverages, refined grains,
potatoes/fries, and sweets may result in a higher
coronary event risk compared to the increase seen
with animal product consumption [12]. Given the
additional risk these various food products are
associated with, clinicians should warn individuals
about their associated harm and recommend avoid-
ing these foods when possible.

6.1.4 Alcohol

Given excessive alcohol consumption [>10 g/day
(1 unit)] significantly increases TG, limit alcohol
use [13].

6.1.5 Other Foods Patients Are
Curious about

Dietary Fiber Largely present in wholegrain
cereals (e.g., oats and barley), legumes, vegeta-
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bles and fruits, dietary fiber (in particular the
soluble type) has a hypocholesterolemic effect.
Dietary fiber may be useful in maximizing the
effects of the diet on LDL-C levels and minimiz-
ing the effects of a high-carbohydrate diet on
other lipoproteins upon substitution with satu-
rated fats [14, 15]. As both higher and lower pro-
portions of carbohydrate diet is associated with
increased risk of mortality, 45-55% of total
energy intake should be composed of carbohy-
drate intake [10, 16].

Phytosterols While there may be a certain
degree of heterogeneity among individuals,
reduction of TC and LDL-C levels by 7-10% is
possible upon daily consumption of 2 g of phy-
tosterols [17]. Phytosterols modulate TC levels
via direct competition for intestinal absorption
with cholesterol. The principal phytosterols are
sitosterol, campesterol, and stigmasterol.
Phytosterols occur naturally in vegetable oils as
well as in nuts, grains, legumes, and fresh fruits
and vegetables to a smaller extent.

Coffee Previous studies on the association
between coffee consumption and ASCVD has
yielded mixed results, including detrimental and
protective associations [18-20]. Recently, one
cohort reported that no coffee consumption was
associated with higher mortality risk compared to
filtered brew, while unfiltered brew was also
associated with higher mortality than filtered
brew [21]. Compared to that of filtered coffee, the
concentration of the lipid-raising cafestol and
diterpenes kahweol is about 30 times higher [22].
Cafestol amount in filtered coffee is determined
by the particle size of the ground roasted coffee
as well as the porosity of the filter [23].

6.2  Physical Activity

in Dyslipidemia

In general, aerobic exercise decreases TG levels
while increasing HDL-C levels, with little
changes to LDL-C concentration [24-27].

T Physical activity

A

T Cholesterol efflux capacity
T LPL activity
| CETP, T LCAT activity
T ABCA1 expression
1 PCSK-9

A,

T HDL-C levels
T HDL2-C
T TG clearance
L TG levels
1 LDL-C
T LDL particle size

v

Improving lipid profiles

Fig. 6.1 Relationship of physical activity to lipid pro-
files. LPL lipoprotein lipase; CETP cholesterol ester
transfer protein; LCAT lecithin cholesterol acyl-
transferase; ABCAl ATP-binding cassette transporter A-1;
PSCK-9 Proprotein convertase subtilisin/Kexin type 9;
HDL high-density lipoprotein; 7G triglyceride; LDL low-
density lipoprotein

Possible relationship between physical activity
and lipid profiles is described briefly in Fig. 6.1.

6.2.1 Effects of Physical Activity

on HDL-C

Physical activity has the most significant effect
on HDL-C levels as compared with any other
lipoprotein [24]. Significantly higher HDL-C lev-
els are observed in physically active men and
women compared to those of physically inactive
participants [28, 29]. Exercise intervention
increased HDL-C by approximately 4.3 mg/dL
[27]. The Health, Risk Factors, Exercise Training,
and Genetics (HERITAGE) Study reported indi-
viduals with normal serum lipid levels who par-
ticipated in 20 weeks of exercise training showed
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an increase of about 3.6% of HDL-C level across
the entire group compared with baseline [30].

6.2.2 Effects of Physical Activity
onTG

There is an inverse correlation between physical
activity and serum TG level [24]. The physical
activity volumes that elicit energy expenditures
>1200 kcal during the week are most frequently
associated with reduced serum TG levels [24]. In
the case of men, the effect of exercise on TG is
relatively greater than that of women [30]. One
trial reported that exercise intervention decreases
TG level by about 10-26% conversely, control
group without exercise increase TG increases by
about 18% [27].

6.2.3 Effects of Physical Activity
on LDL-C

After several months of exercise intervention in
dysplipidemic patients, there was no significant
difference in LDL-C levels, but the small LDL
particles are known as pattern B LDL decreased,
and the overall size of the LDL particles increased
[31]. A few months of aerobic exercise decreased
the concentration of apolipoprotein B (apoB) in
participants with hyperlipidemia [32]. But more
studies about the relationship between exercise
and apoB are needed because of other controver-
sial studies [30].

6.2.4 Mechanism behind the Effects
of Physical Activity on Lipid
Profile

Exercise appears to reduce plasma lipid levels by
improving the ability of the skeletal muscle to
utilize lipids as opposed to glycogen [33]. This
mechanism is thought to be involved in the
increase of lipoprotein lipase (LPL) activity.
Significantly increased plasma LPL activity and
subsequently higher levels of LPL-mediated TG
hydrolysis were observed upon prolonged aero-

bic exercise [34]. “Reverse cholesterol transport”
describes the process of cholesterol removal.
Upon exercise, increases in lecithin cholesterol
acetyltransferase (LCAT) and reductions in cho-
lesterol ester transfer protein (CEPT) results in
the removal of cholesterol from circulation for
disposal [35]. The ability of the muscle to oxidize
fatty acids originating from plasma, including
very low-density cholesterol (VLDL-C) or TG, is
enhanced by the increased LCAT and CETP
enzymatic activities.

Increased expression of ATP-binding cassette
transporter A-1 (ABCALl) in macrophages is
another important mechanism for explaining
exercise effect on lipid metabolism. Increased
ABCALI has a strong effect on reverse choles-
terol transport (RCT), and increasing in HDL-C
level [36]. A previous study found that exercise
significantly increased ABCA1 mRNA expres-
sion after exercise, and also regardless of exer-
cise intensity [37].

6.2.5 Physical Activity Suggestion
for Stroke Prevention

The 2019 AHA guideline provides more detailed
guidelines on improving physical activity [38].
First of all, the level of physical activity must be
regularly assessed and promoted by health care
providers. This is because physical inactivity is
still pandemic despite various studies showing
that physical activity reduces CVD risk [39]. A
strong dose-responsive relationship between the
amount of physical activity and the risk of CVD
exists [40]. The general principles related to the
promotion of physical activity are as follows. At
least 150 minutes per week of accumulated
moderate-intensity aerobic or 75 minutes per
week of vigorous-intensity aerobic physical
activity (or an equivalent combination of moder-
ate and vigorous activity) is recommended for all
adults to lower cardiovascular disease (CVD)
risk. About 10 minutes of short bout exercise is
also effective if the accumulative amount of exer-
cise per week is enough [41]. If someone cannot
achieve the minimum recommended amount, at
least a little amount of moderate-to-vigorous
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physical activity is still beneficial to reduce CVD
risk [42]. The proverb is still applied that less is
better than none.

Prolonged sedentary behavior such as sitting
and reclining has become our new concern.
According to several reports, the prolonged sed-
entary time has deleterious effects on CVD [40].
Although there is not enough evidence to recom-
mend specific maximum thresholds for sedentary
behavior, everyone, irrespective of their age or
abilities, should try to limit their daily sedentary
time and replace it with physical activity of any
intensity [43]. Before participating in exercise,
the American College of Sports Medicine
(ACSM) recommends preparticipation screening
tests and medical clearance for individuals with
multiple risk factors or established CVD [44].

6.3  Smoking Cessation
in Dyslipidemia
6.3.1 Cigarette Smoking and Lipid

Profiles

Extensive literature demonstrates that cigarette
smoking is associated with deteriorating lipid
profiles [45, 46]. It has been shown that cigarette
smoking may lead to increases in TC, TG, and
VLDL-C levels, as well as decreases in HDL-C
and apolipoprotein Al levels (summary of possi-
ble effects of cigarette smoking on lipid profile
regulation in Fig. 6.2 [45]). Smoking may reduce

the activity of LPL at the skeletal muscle, an
enzyme that contributes to the metabolism of TG
[47, 48]. Upon decreased levels of skeletal mus-
cle LPL, slower metabolism of TG-rich lipopro-
teins such as chylomicrons and VLDL-C may
lead to impaired TG clearance, ultimately result-
ing in higher TG levels among smokers [48].

Interestingly, LDL-C levels are not as affected
by smoking compared to other lipoproteins [45].

Despite this, smoking may nonetheless have
negative impacts on LDL via contributing to the
reduction of LDL size to smaller, denser parti-
cles, which are more prone to being lodged in
arterial walls [49]. Moreover, the tendency of
LDL particles to induce immune response after it
has been lodged in the arterial intima may be
facilitated by smoking-related free radicals that
cause lipid peroxidation [46]. Ultimately, smaller
LDL particles due to smoking may lead to lipid
peroxidation-mediated immune response and
subsequently initiate atherosclerotic plaque
development in the arterial wall.

Smoking also reduces LCAT activity, a key
enzyme in esterifying free cholesterol and mov-
ing esterified cholesterol into the HDL core [50].
The reduction in esterified cholesterol movement
into the HDL core due to smoking ultimately
results in lower excretion and catabolism rates of
cholesterol by the liver. Furthermore, smoking
can also disrupt activities of hepatic lipase (HL)
or CETP levels as well [51-53]. Since HL, CETP,
and LCAT are key enzymes involved in the
metabolism of HDL-C, the existing evidence

| Skeletal muscle LPL

1 TG clearance,

activity

TTG levels

Lipid profile deterioration

Cigarette smoking HL, CETP, LCAT activity

| HDL levels

dysregulation

Atherosclerotic plaque
formation

Arterial intima lodging,

d LDL particle size

T lipid peroxidation

Fig. 6.2 Schematic diagram of possible effects of ciga-
rette smoking on lipid profile regulation. Acronyms: LPL
lipoprotein lipase; TG triglyceride; HL hepatic lipase;

CETP cholesterol ester transfer protein; LCAT lecithin
cholesterol acyl-transferase; HDL high-density lipopro-
tein; LDL low-density lipoprotein
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suggests that alterations in HDL-related enzyme
due to smoking activity contributes to reduced
HDL-C levels among smokers.

6.3.2 Changes in Lipid Profiles upon
Smoking Cessation

As cigarette smoking may lead to the disruption
of lipid profiles, smoking cessation is recom-
mended for the improvement of lipid metabolism
[54]. A meta-analysis of 27 studies has shown
that smoking cessation may lead to increased
HDL-C levels [55]. Interestingly, other lipopro-
teins, including LDL-C and TG levels, do not
appear to be altered upon smoking cessation [55,
56]. Upon smoking cessation, improvements in
HDL-C levels can be expected in as early as
17 days, and HDL-C levels will continue to
improve towards non-smoking levels upon main-
tained smoking cessation [57-59].

Nicotine replacement therapy (NRT) such as
nicotine patches are often used in order to aid the
smoking cessation process. In contrast to other
previous studies that do not demonstrate a corre-
lation between NRT and lipid profiles, one study
suggests that NRT may hinder the HDL-C nor-
malization process upon smoking cessation [60].
This impedance of HDL-C level normalization
due to NRT persists only when the nicotine patch
is used, and HDL-C levels increase upon removal
of the patch as long as smoking cessation is
maintained [60]. Therefore, while NRT may hin-
der HDL-C recovery, smoking cessation is rec-
ommended even with NRT use as a means of
successful smoking cessation under the assump-
tion that NRT is temporary.

6.3.3 Other Forms of Cigarette
Smoke Exposure: Passive
Smoking and Electronic
Cigarettes

Passive smoking has been shown to be associ-
ated with higher levels of TC and TG [61].
Moreover, passive smoke exposure was associ-
ated with higher TC:HDL ratios and non-HDL-

cholesterol levels [61]. With the increasing
popularity of electronic cigarettes, interest
grows to what extent electronic cigarette smok-
ing may lead to lipid profile alterations.
Preliminary data from the Cardiovascular
Injury due to Tobacco Use (CITU) study dem-
onstrate that electronic cigarette use was asso-
ciated with higher TC, TG, and LDL-C levels
compared to non-smokers [62]. In contrast,
another study failed to depict any changes in
lipid profiles between non-smokers and elec-
tronic cigarette smokers [63]. Taken together,
while some evidence supports electronic ciga-
rette-mediated lipid profile alterations, further
studies are needed.
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Abstract erties of each statin are slightly different
according to their solubility and chemical
features. As for their implications on stroke
trials, the association between pre- and post-
stroke statins on stroke-related outcomes is
not always consistent. Nevertheless, statins
reduced the risk of stroke by 24.5-48%.

Lipid-lowering agents include several
classes of medications such as p-Hydroxy
B-methylglutaryl-CoA (HMG-CoA) reductase
inhibitor known as statin, cholesterol absorp-
tion inhibitor, fibric acid derivative, bile acid
sequestrant, and nicotinic acid. These drugs
differ in mechanism of action and common
side effects and the type and degree of lipid
reduction. In this chapter, we reviewed the his-
tory of statin development, mechanism of
action, and drug characteristics of each statin.
We also described the pleiotropic effects of
statin other than lowering lipid levels on car-
diovascular outcomes. Lastly, we summarized
the implication of statin administration on
several stroke-related outcomes.

Statins, also known as p-Hydroxy
B-methylglutaryl-CoA (HMG-CoA) reduc-
tase inhibitors, are a class of drugs frequently
prescribed for lowering cholesterols. The
statins have been used for more than 30 years
for the prevention of stroke and coronary
artery disease. Their primary mechanism of
action is via inhibition of the mevalonate
pathway, resulting in a decrease of choles-
terol and isoprenoid synthesis. Reduction of
cholesterol synthesis enhances the uptake of
extracellular low-density lipoprotein choles-
terol (LDL-C) via upregulation of LDL-C
receptors. The inhibition of isoprenoid syn-
thesis results in the so-called pleiotropic
effects of statins, including anti-inflammatory
action, antioxidant effect, improvement of
endothelial function, prevention of platelet
aggregation, plaque stabilization, and regres-
sion of atherosclerosis. There are now seven
commercially available statins, including
Rosuvastatin,  Atorvastatin,  Simvastatin,
Fluvastatin, Pravastatin, Lovastatin, and
Pitavastatin. The key pharmacological prop-
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elucidated [1, 2]. Further researches regarding
this “lipid hypothesis” revealed that the CAD
was mainly attributed to low-density lipoprotein
cholesterol (LDL-C), while high-density lipo-
protein cholesterol (HDL-C) showed an inverse
correlation with severity and mortality of CHD
[3]. Since then, multiple groups have endeavored
to develop medications aiming to reduce the
level of LDL-C and possibly elevate the level of
HDL-C.

The first two HMG-CoA reductase inhibitors
were discovered in 1971 and 1973 by a Japanese
biochemist, Dr. Akira Endo. His hypothesis was
driven by the fact that the fungi use ergosterol,
not cholesterol, for the synthesis of the cell wall,
unlike bacteria. He proposed that fungi survive
by producing a chemical that inhibits HMG-CoA
reductase hence damaging the cell wall of nearby
bacteria. He tested more than six thousand fungi
and eventually discovered citrinin and compac-
tin, latter from the fungus Penicillium citrinum
[4, 5]. Though Citrinin strongly inhibited HMG-
CoA reductase and lowered serum cholesterol
levels in rats, further development was suspended
due to its renal toxicity. Compactin has demon-
strated lipid-lowering effect in both animal and

human trials, but commercialization was discon-
tinued because compactin caused lymphoma in
dogs that received very high doses [6-8]. Later in
1978, Alfred Albert and other researchers from
Merck discovered a statin called lovastatin (a.k.a
Mevinolin) in a fermentation broth of Aspergillus
terreus [9]. After several animal and clinical tri-
als, lovastatin demonstrated significant activity in
lowering plasma LDL cholesterol without seri-
ous adverse reactions [10]. Eventually, lovastatin
became the first statin to have gained U.S. FDA
approval in 1987.

After the first commercialized statin came out
to the market, six statins including 4 synthetic
and 2 fungal-derived statins have been introduced
[11]. The next statin after lovastatin was its fun-
gal derivative, simvastatin, in 1988 by Merck fol-
lowed by pravastatin (fungal-derived) by Sankyo
in 1989, fluvastatin (synthetic) in 1994, atorvas-
tatin (synthetic) in 1997, rosuvastatin (synthetic)
and pitavastatin (synthetic) in 2003 [8]. Recently,
the most commonly prescribed statins worldwide
are simvastatin and atorvastatin, followed by
pravastatin and rosuvastatin [12]. The molecular
structures of the different statins are demon-
strated in Fig. 7.1.
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7.2  Mechanism of Action

The mevalonate (MVA) pathway, also referred to
as the cholesterol-isoprenoid bio-synthetic path-
way, is a crucial metabolic pathway expressed in
all mammalian cells (Fig. 7.2). The MVA path-
way mainly produces cholesterols, as well as
other important end-products that are potentially
related to the pleiotropic effects of statins, which
will be elaborated later in this chapter.

Among the whole pathway represented in
Fig. 7.2, HMG-CoA reductase is the key and
rate-limiting enzyme and is responsible for the
transformation from HMG-CoA into MVA. As
statins are structurally similar to HMG-CoA,
they competitively and reversibly inhibit the
HMG-CoA reductase by occupying an active
site with their side chains and lactone ring. This
competition reduces the rate of conversion from
HMG-CoA into mevalonate, and eventually

HMG-CoA Reductase

|

decreases the synthesis of cholesterol [13].
Reduction of cholesterol synthesis causes the
hepatic cells to enhance the uptake of extracel-
lular LDL cholesterol via activating a protease
that cleaves sterol regulatory element-binding
proteins (SREBPs) from the endoplasmic retic-
ulum (ER). SREBPs are transcription factors
that are embedded in the ER in inactive forms.
The SREBPs translocate to the nucleus via
interaction with the SREBP cleavage activating
protein (SCAP) when intra-cellular sterol con-
tent is low. Then, SCAP escorts SREBPs to the
Golgi apparatus and are proteolytically cleaved.
The cleaved fragments migrate into the nucleus
and upregulate the expression of the LDL
receptor gene. As LDL receptor expression is
elevated, endocytosis of LDL and very low-
density lipoprotein (VLDL) is enhanced and
eventually lowers serum LDL and triglyceride
levels [14].
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Fig.7.2 The Mevalonate Pathway that shows the mecha-
nism of statins on cholesterol and isoprenoid synthesis.
Inhibition of the farnesylation of Ras and geranylgeranyl-
ation of Rho and Rac family leads to modulation of vari-
ous pathways resulting in the pleiotropic effects of the
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7.3  Types of each Statin
7.3.1 Pharmacological Properties

of Statin

Statins are classified into lipophilic and hydro-
philic groups according to the tissue selectivity.
Hydrophilic statins are specific to hepatic cells,
while lipophilic statins are broadly distributed in
different tissues [15]. Because hydrophilic statins
use carrier-mediated mechanisms for uptake,
they are known to have reduced non-lipid effects
on extrahepatic tissues, meaning less pleiotropic
properties [15]. Rosuvastatin and pravastatin are
relatively hydrophilic due to its methane sulfon-
amide group, while atorvastatin, simvastatin,
lovastatin, fluvastatin, and pitavastatin are rather
lipophilic due to polar hydroxyl group [16, 17].
The key pharmacological properties of each
statin are summarized in Table 7.1. All statins are
absorbed rapidly, reaching peak serum concen-
tration within 1-5 h. Since the rate of cholesterol
synthesis is highest in the evening, statins with
relatively shorter half-lives (simvastatin, pravas-
tatin, fluvastatin, and lovastatin) are best admin-
istered in the evening or bedtime. Meanwhile,
statins with long half-lives (atorvastatin, rosuvas-
tatin, and pitavastatin) can be administered at any
time of the day. Because of long half-lives, atorv-
astatin (14 h), rosuvastatin (19 h), and pitavas-
tatin (12 h) have higher efficacy for lowering
LDL cholesterol compared to other statins [15].
Drug intake during a meal has variable effects
on the absorption of statin. While lovastatin
absorption is increased with food intake, the bio-
availability of pravastatin and pitavastatin is
decreased. However, the overall lipid-lowering
effect of the currently available statins does not
appear to be affected with respect to food intake
[18]. Most of the statins have generally low bio-
availability, meaning extensive intestinal endo-
thelial absorption and first-pass metabolism.
Given that the first-pass metabolism of statin
occurs in the liver and the liver itself is the target
organ, initial uptake may be more important than
high bioavailability for the lipid-lowering effect
of statin [15]. Except for pravastatin, all statins
are substantially bound to serum proteins in the

blood circulation, leading to less systemic expo-
sure in their active state [19]. Though unbound
pravastatin level is relatively higher than other
statins, its hydrophilic nature prevents its exten-
sive tissue distribution [20].

Statins are primarily metabolized by the
Cytochrome P450 (CYP), composed of more
than 30 enzymes [21]. Simvastatin, lovastatin,
and to a lesser extent, atorvastatin are extensively
metabolized by the CYP3A4 isoenzyme. Thus,
the risks of serious side effects including muscle
injury are elevated with concurrent use of drugs
that interfere with CYP3A4 via elevation of the
plasma level of aforementioned statins.
Rosuvastatin and fluvastatin are chiefly metabo-
lized by the CYP2C9 isoenzyme, and pitavastatin
is minimally metabolized by the CYP2C9. Thus,
pravastatin may be preferred for patients using
multiple medications [22]. The majority of statins
are predominantly eliminated via the bile by the
liver [23]. Thus, the administration of statins in
patients with hepatic impairment may elevate the
risk of statin-induced myopathy. Rosuvastatin,
however, is known to maintain its pharmacologi-
cal properties in patients with mild to moderate
hepatic failure [24].

7.3.2 Efficacy of each Statin on Lipid
Profile

Statins are primarily prescribed in the treatment
of hypercholesterolemia and for the prevention of
cardiovascular diseases. Statins are the most effi-
cient drugs for lowering the level of LDL-C, with
maximal reductions up to 63 percent [25]. The
intensity of statin therapy can be divided into
three groups: high-intensity, moderate-intensity,
and low-intensity (Table 7.2). The high-intensity
groups consist of 40-80 mg of atorvastatin and
20-40 mg of rosuvastatin. Although 80 mg of
simvastatin poses high intensity, it is not recom-
mended by the FDA due to the increased risk of
myopathy and rhabdomyolysis. Rosuvastatin is
more potent than atorvastatin in general, and both
statins are significantly more potent than simvas-
tatin, pravastatin, lovastatin, and fluvastatin [26].
The moderate-intensity groups include 10-20 mg
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Table 7.2 Statin classifications according to the intensity of LDL-C reduction

High-Intensity

LDL-C reduction >50%
Statins Atorvastatin 40-80 mg
Rosuvastatin 20—-40 mg

LDL-C Low-density lipoprotein cholesterol
Specific statins and doses with bold font indicate that they were evaluated in randomized clinical trials

Fig. 7.3 Comparison of
the percent reduction in

70
serum LDL-C with each
statin at its variable
doses. LDL-C Low-
density lipoprotein 60
cholesterol
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Moderate-Intensity
30-49%

Atorvastatin 10-20 mg
Rosuvastatin 5-10 mg
Simvastatin 2040 mg
Pravastatin 40-80 mg
Lovastatin 40—-80 mg
Fluvastatin XL 80 mg
Fluvastatin

40 mg BID
Pitavastatin

1-4 mg

Low-Intensity
<30%

Simvastatin 10 mg
Pravastatin 10-20 mg
Lovastatin 20 mg
Fluvastatin 20—40 mg

Comparison of the Efficacy of Statins

Total daily dose, mg

—e—Atorvastatin —e—Simvastatin

—e—| ovastatin

of atorvastatin, 5-10 mg of rosuvastatin,
20—40 mg of simvastatin, and maximal doses of
pravastatin, lovastatin, and fluvastatin. They are
known to reduce the LDL-C level up to 30-49%.
The low-intensity group reduces less than 30% of
LDL-C and includes 10 mg of simvastatin,
10-20 mg of pravastatin, 20 mg of lovastatin, and

Rosuvastatin Pitavastatin

—e—Pravastatin —e=Fluvastatin

20-40 mg of fluvastatin. The intensity of statin
therapy is determined according to the age,
degree of atherosclerotic cardiovascular disease
(ASCVD) risks, and the level of serum LDL-C
[27]. The percent reduction in serum LDL-C with
each statin at its variable doses is described in
Fig. 7.3.
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Statins are also effective in reducing the level
of TG in a dose-dependent manner, though the
observed magnitude of percent reduction is
smaller than that of LDL-C. Of them, rosuvastatin
and atorvastatin are more effective than other
statins [25]. Statins also alter HDL-C levels to
varying degrees, typically by raising them.
Unlike its effects on LDL-C and TG, statins do
not always increase HDL levels in a dose-
response relationship. For example, rosuvastatin
and simvastatin raise HDL-C in a dose-dependent
manner, but a higher dose of atorvastatin attenu-
ates its effect on HDL-C [28]. In some patients,
HDL-C may even decline with statin therapy.
The observed variable effects of statin may be
attributed to their effects on hepatic microRNA33
induction via decreasing ATP-binding cassette
transporter Al expression [29].

7.3.3 Side Effects of Statins

Adverse effects occur less frequently with
statins compared to other classes of lipid-lower-
ing agents. Most concerning adverse events
include myotoxicity ranging from myopathy,
myositis to rhabdomyolysis, hepatic dysfunc-
tions, and possible new-onset diabetes [30-32].
A detailed and insightful description of side
effects and drug interaction of statins will be
discussed in Chap. 17.

7.4  Pleiotropic Effects of Statin
on Cardiovascular Outcomes
7.4.1 Mechanism of Action

of Pleiotropic Effects

Aside from LDL-C lowering properties, statins
also exert pleiotropic effects via LDL-C indepen-
dent manners [33]. As illustrated in Fig. 7.2, inhi-
bition of mevalonate synthesis by statins not only
reduces the synthesis of cholesterol but also pre-
vents the production of isoprenoid intermediates
[34]. Inhibition of isoprenoid production may
exert pleiotropic effects including anti-

inflammatory action, antioxidant effect, improve-
ment of endothelial function, prevention of
platelet aggregation, plaque stabilization, and
regression of atherosclerosis.

Isoprenoid intermediates including farnesyl
pyrophosphate (FPP) and geranylgeranyl pyro-
phosphate (GGPP) act as lipid attachments for
the modification of heterotrimeric G proteins
such as Ras and Rho family. Ras and Rho are
small signaling GTP-binding proteins, involved
in the regulation of cell proliferation, differentia-
tion, migration, and cytoskeleton, and are found
in nearly all eukaryotes [35]. Ras and Rho trans-
location is dependent on farnesylation and gera-
nylgeranylation, respectively. Rho family is
composed of RhoA, Racl, and Cdc42 which
exerts different cellular functions.

GGPP decrement by statin prevents geranyl-
geranylation of Rho and eventually reduces its
activation of Rho kinase (ROCK). ROCKs are
serine/threonine kinases that mediate the down-
stream event of Rho GTPases [36]. ROCK activ-
ity is a marker of cardiovascular disease, affecting
endothelial cells, fibroblasts, inflammatory cells,
vascular smooth muscle cells (SMC), and cardio-
myocytes that induce atherosclerosis and cardiac
remodeling. In vivo study showed that ROCK
inhibitor (fasudil and Y27632) had cardiovascu-
lar effects similar to statins, by reducing cardiac
fibrosis, hypertrophy, and pathological remodel-
ing [37]. Statin administration has also demon-
strated reduced ROCK activity in humans with
coronary artery disease independent of LDL-c
reduction [38]. Among the Rho GTPase subfam-
ily, Racl modulates critical functions on tight
junction and adherence junction integrity [39].
Racl increases the production of reactive oxygen
species (ROS) by activation of nicotine amide
adenine dinucleotide phosphate (NADPH) oxi-
dase. ROS in turn leads to cardiac remodeling
and left ventricular hypertrophy. ROS also oxi-
dizes LDL-C, which mediates foam cell forma-
tion and eventually causes atherosclerosis [40].
Multiple in vivo studies showed that statins
reduce the activity of Racl and NADPH oxidase,
and the formation of ROS, which may explain a
part of the pleiotropic effects of statin [41, 42].
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Aside from the isoprenoid synthesis pathway,
statins also have been shown to activate
peroxisome  proliferator-activated  receptors
(PPARs) [43]. Statins reduced lipopolysaccha-
ride-related inflammation in wild-type mice
while not in PPARa-Knock out mice [44]. Statins
increase PPAR-y activity and prevent
lipopolysaccharide-induced  tumor  necrosis
factor-a and chemotactic protein-1 activity of
monocytes, leading to anti-inflammation [45].
Atorvastatin has been shown to reduce fibroblast
proliferation and cardiac fibrosis which was
reversed with PPAR-y antagonist [46]. By aug-
menting the mRNA expression of the PPAR-y,
statins also reduced ROS production [47].

7.4.2 Pleiotropic Effects of Statins
on Atherosclerosis

Atherosclerosis is a chronic inflammatory process
in the intima of the vascular wall. The process is
initiated by an excessive level of LDL-C and
mediated by endothelial dysfunction, activated
macrophages, T and B lymphocytes, and SMCs
[48]. Statins exert an anti-inflammatory process
by reducing inflammatory cytokines such as inter-
leukin-6, interleukin-9, and monocyte chemotac-
tic protein- 1. Both the innate and adaptive immune
responses are modulated by statins [49]. In the
adaptive immune system, T cell differentiation is
reduced by statin in a geranylgeranylation-
dependent manner which may improve plaque
stability [50].

Statins also alleviate endothelial dysfunction
resulting from atherosclerosis by upregulation of
endothelial nitric oxide synthase (eNOS) expres-
sion. Endothelial nitric oxide (NO) is crucial for
vasodilation, platelet aggregation, endothelial—
leukocyte interactions, and vascular smooth mus-
cle proliferation [51]. Statins increase endothelial
NO production via inhibition of geranylgeranyl-
ation of Rho and Rock signaling. Statins decrease
the interaction between leukocytes and endothe-
lial cells that occurs in the atherogenic process.
Statins decrease monocyte adhesion to endothe-
lial cells by inhibiting the clustering of vascular
cell adhesion molecule-1 and intercellular adhe-

sion molecule-1. Vascular SMCs proliferation is
also important in atherogenesis [52]. Statin
administration reduces platelet-derived growth
factor-induced DNA synthesis in SMCs by inhibi-
tion of the Rho pathway. In a study with simvas-
tatin, statin reduced SMC proliferation, leukocyte
accumulation, and eventually decreased intimal
thickening [53].

7.4.3 Pleiotropic Effects
on Cardiovascular Outcomes

We demonstrated that most of the pleiotropic
effects of statins are derived from the inhibition
of the mevalonate pathway and the subsequent
reduction of downstream events of Ras and Rho
GTPase activation. However, in clinical trials, it
is difficult to separate the lipid-lowering effects
from potential pleiotropic effects due to a strong
association between elevated LDL-C and cardio-
vascular outcomes [54]. Furthermore, as inhibi-
tion of cholesterol synthesis and isoprenoid
synthesis are combined effects of statins, inde-
pendent assessment of pleiotropic effects aside
from lipid-lowering effects is difficult. Besides,
since clinical trials require standard therapy in
the control arm, mostly statin, quantification of
independent pleiotropic effects is often not
allowed.

Despite these limitations, several studies have
tested the concept of anti-inflammatory function
of statins. Rosuvastatin to Prevent Vascular Events
in Men and Women With Elevated C-Reactive
Protein (CRP.JUPITOR) compared rosuvastatin
and placebo for patients with an LDL-C less than
130 mg/dL. and CRP more than 2.0 mg/L.
Rosuvastatin administration decreased LDL-C by
50%, CRP by 37%, and vascular event rate by
44% [55]. The reduction of vascular event was
greater than expected benefit based on LDL-C
reduction from the regression line of Cholesterol
Treatment Trialists’ (CTT) Collaboration, impli-
cating an anti-inflammatory property of statin
[56]. The Myocardial Ischemia Reduction With
Aggressive Cholesterol Lowering (MIRACL)
trial also showed anti-inflammatory effects of
atorvastatin by reducing CRP by 83% [57].
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Studies comparing statin and non-statin lipid-
lowering agents with clamped cholesterol designs
also revealed some pleiotropic effects. Ezetimibe,
an inhibitor of intestinal cholesterol absorption,
has been used for this purpose. For example, a
heart failure study comparing simvastatin 10 mg
and ezetimibe 10 mg found approximately 15%
reduction in LDL-c for both groups but only sim-
vastatin showed improvement of flow-dependent
vasodilation, increased superoxide dismutase,
and increased endothelial progenitor cells [58].
Several studies comparing high dose statins and
combination of low dose statins and ezetimibe
revealed greater improvement in vascular inflam-
mation and endothelial function, despite the sim-
ilar reduction of LDL-C in both groups [59, 60].
These findings represent potential pleiotropic
effects of statin on ischemic stroke.

Proprotein convertase subtilisin-kexin type9
(PCSK9) inhibitor, which has a lipid-lowering
mechanism similar to that of statin, does not
inhibit the mevalonate pathway. Thus, PCSK9
inhibitors do not reduce the level of CRP, inter-
leukins, or tumor necrosis factor-oo which are
markers of inflammation [61]. As PCSK9 inhibi-
tors exert high efficacy in LDL-C reduction, fur-
ther studies comparing high dose statin and
PCSKO inhibitors may provide us with evidence
regarding the pleiotropic effects of statins at their
high doses.

7.5 Implication of Statin

on Stroke Trials

Although elevated LDL-C is a well-defined risk
factor for ischemic stroke in many clinical trials
and observational studies, the relationship is not
always consistent compared to coronary artery
disease [62]. Nevertheless, statins reduced the
risk of stroke by 24.5% in the Heart Protection
Study and 48% in the JUPITER trial [63, 64].
Atorvastatin showed its effectiveness for second-
ary prevention of stroke in the Stroke Prevention
by Aggressive Reduction in Cholesterol Levels
(SPARCL) trial [65]. In this section, we reviewed
the effects of statin on multiple stroke-related
outcomes. Major randomized clinical trials

including SPARCL, 4S, and LIPID will be dis-
cussed separately in Chap. 15.

7.5.1 Effects of Prestroke Statins
Several studies have revealed that statin adminis-
tration before stroke was significantly associated
with milder initial stroke severity, better func-
tional outcome at 3 months, and lower short-term
mortality. A meta-analysis pooled 7 studies
involving 6806 patients and showed that pre-
stroke use of statins was associated with mild
stroke severity at stroke onset (odds ratio (OR),
1.24; 95% confidence interval (CI), 1.05-1.48).
The neuroprotective effects of statins on stroke
may be explained by animal studies and imaging
clinical trials which demonstrated less infarct
volume and better leptomeningeal collaterals
with statin administration [66, 67].

Regarding functional outcomes, a pooled
meta-analysis with 30,942 patients showed that
prestroke statin was associated with good func-
tional outcome (OR, 1.50; 95% CI, 1.29-1.75)
[68]. Another meta-analysis with ischemic stroke
demonstrated that prestroke statin was signifi-
cantly associated with good functional outcomes
in small vessel occlusion and large artery athero-
sclerosis, but not in cardioembolic stroke [69].
Prestroke statin was also associated with lower
30-day and 90-day mortality. A meta-analysis
with 4508 patients showed that prestroke statin
was significantly associated with lower mortality
(OR, 0.42; 95% CI, 0.21-0.82) [68].

7.5.2 Effects of Post-Stroke Statins

Statin administration after hospitalization due to
stroke was also associated with better functional
outcomes and lower short-term mortality. A
meta-analysis with 37,153 patients revealed that
in-hospital statin administration was significantly
associated with better functional outcome (OR,
1.31; 95% CI, 1.12-1.53) [68]. Regarding short-
term mortality, a meta-analysis of observational
studies with 20,681 patients showed that post-
stroke statin was significantly associated with
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less mortality (OR, 0.41; 95% CI, 0.29-0.58)
[68]. Beside less initial stroke severity and better
functional outcome, prevention of stroke recur-
rence by statins may account for the benefit on
stroke-related mortality. However, in a meta-
analysis including 7 randomized clinical trials
with 431 patients with acute ischemic stroke or
TIA, all-cause mortality was not different
between the statin and placebo groups (OR, 1.51;
95% (I, 0.60-3.81) [70].

7.5.3 Effects of Statins in Patients
with Thrombolysis

The association between prestroke statin and the
outcome of thrombolytic therapies after stroke
has been inconsistent throughout the studies.
Three earlier meta-analyses showed that statin
was not associated with good functional outcome
after thrombolysis. However, recent studies
including one meta-analysis with 10,876 patients
showed that prestroke statin was significantly
associated with good functional outcomes after
thrombolysis (OR, 1.44; 95% CI, 1.10-1.89) [68,
71-73]. As for mortality, the results have been
even more controversial. A meta-analysis showed
that statin was associated with a higher incidence
of mortality, while other studies have shown non-
significant association. As of now, only THRaST
(Thrombolysis and STatins) study with 2072
patients showed that statin use was significantly
associated with lower mortality (OR, 0.48; 95%
CI, 0.28-0.82) [73, 74].

These inconsistent observations in patients
with thrombolysis may be attributed to a higher
incidence of symptomatic hemorrhagic transfor-
mation with statin treatment. A meta-analysis
showed that prestroke statin was associated with
an increased risk of symptomatic hemorrhagic
transformation (OR, 1.63; 95% CI, 1.04-2.56)
which may have been mediated by anti-
fibrinolytic and anti-thrombotic effects of statins
[68]. However, the functional outcome is better
with prestroke statin despite the increased risk of
hemorrhage, prestroke statin is not a contraindi-
cation for thrombolytic therapy.
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