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Dyslipidaemia has a prominent role in the onset of notorious atherosclerosis, a disease of medium to large arteries. Atherosclerosis
is the prime root of cardiovascular events contributing to the most considerable number of morbidity and mortality worldwide.
Factors like cellular senescence, genetics, clonal haematopoiesis, sedentary lifestyle-induced obesity, or diabetes mellitus upsurge
the tendency of atherosclerosis and are foremost pioneers to definitive transience. Accumulation of oxidized low-density
lipoproteins (Ox-LDLs) in the tunica intima triggers the onset of this disease. In the later period of progression, the build-up
plaques rupture ensuing thrombosis (completely blocking the blood flow), causing myocardial infarction, stroke, and heart
attack, all of which are common atherosclerotic cardiovascular events today. The underlying mechanism is very well elucidated
in literature but the therapeutic measures remains to be unleashed. Researchers tussle to demonstrate a clear understanding of
treating mechanisms. A century of research suggests that lowering LDL, statin-mediated treatment, HDL, and lipid-profile
management should be of prime interest to retard atherosclerosis-induced deaths. We shall brief the Ox-LDL-induced
atherogenic mechanism and the treating measures in line to impede the development and progression of atherosclerosis.

1. Introduction

World Health Organisation (WHO) has enumerated quite a
few diseases responsible for the disability and deaths in the
industrialized world, among which cardiovascular diseases
(CVDs) are the most common, invoking about 17.9 million
deaths annually (WHO fact sheet). In-depth mechanistic
knowledge is anticipated to lessen the effects and conse-
quences of critical risk factors involved in this disease. Epide-
miological studies imply that elevated level of low-density
lipoprotein (LDL) (cholesterol carrier through the blood of
20-25 nm size) is the chief contributor to atherosclerosis [1,

2]. Atherosclerosis refers to the disease of arteries which com-
monly manifests as coronary heart disease (CHD) leading to
myocardial infarction and cerebrovascular disease leading to
stroke and other complications. Atherosclerosis is a complex,
progressive, inflammatory disease that mainly occurs in
subendothelial space (tunica intima) of medium to large-
sized arteries at regions of disturbed blood flow or bifurcates
[3–5]. The progression of atherosclerotic disease depends on
the presence, degree, and persistence of risk factors like
high-fat diet, smoking, hypertension, history of heart diseases,
or diabetes [6–8] (Table 1). Experimental observations have
explicitly pinpointed oxidized low-density lipoprotein (Ox-
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LDL), endothelium dysfunction, and oxidative stress as the
most prominent risk factors in atherosclerosis [9–11].

Under normal physiological condition cell maintains
redox homeostasis which plays a significant role in signalling
and, any imbalance in this homeostasis may instigate a chain
of reactions generating free radicals (reactive oxygen species
termed here as ROS or reactive nitrosative species termed here
as RNS) [11, 12]. Disturbed redox balance or the imbalance
between reactive species and antioxidant system leads to the
oxidative stress that damages biomolecules like proteins,
nucleic acids, and lipids. Exposure to exogeneous chemical
and physical agents (like environmental pollutants, radiation,
UV exposure, or smoking) or endogenous enzymes (like
NADPH oxidase, xanthine oxidase, cytochrome P450, or
nitric oxide synthase (NOS) and metal ion catalysis (Fenton
reaction)) generally results into increased ROS production
[11, 13, 14]. Physical forces including oscillatory shear are also
reported to have a share in vascular production of ROS [11,
15]. Lipids serve as primary targets of reactive species with
important relevance to CVDs, and these lipids can be
analyzed by several methods [13, 16, 17]. Lipid oxidation,
commonly known as lipid peroxidation, is a process that
involves peroxidation of phospholipids and cholesterol esters
at the polyunsaturated fatty acidmoieties (linoleate, arachido-
nate, etc.) by nonenzymatic mechanisms (ROS, RNS, or in
presence of transition metals like Fe2+ and Cu2+) [18–20].
Maintenance of plasma LDL levels is important for CVD
(23, 24). Additionally, the polyunsaturated fatty acids may
be oxidized by lipooxygenase, cyclooxygenase, and cyto-
chrome P450-dependent oxygenases producing ROS in the
process. Lipid peroxidation progresses through 3 stages: initi-
ation, propagation, and termination [21]. The free radical
chain oxidation mechanism initiates with a lipid radical
formation (abstraction of hydrogen atom from the CH2
group) leading to the propagation step where it reacts with
oxygen generating lipid-peroxyl radicals that transform it into
lipid hydroperoxides and finally, the reaction terminates once
nonradical products are formed releasing oxygen [22]. It is

quite difficult to quantify the products of lipid peroxidation
because of the complexity of lipid peroxidation pathway and
its by-products. New techniques like mass spectroscopy tools
are now being used to at least meet some challenges [17].

Under normal conditions, the plasma LDL is composed of
triglycerides and cholesterol esters with an outer layer com-
posed of phospholipids, free cholesterol, and apolipoprotein
B (ApoB) that carry hydrophobic cholesterol through the
blood [15]. Increase in the plasma LDL levels is generally asso-
ciated with atherosclerosis [23]. Under oxidative stress, the
oxidation of LDL occurs by the process of lipid peroxidation
primarily involving the phospholipid molecules. In pathologi-
cal conditions, ApoB-containing lipoproteins in the plasma
penetrate through the damaged endothelium into vascular
subendothelial intima getting oxidized by ROS [24, 25]. Under
these conditions, the LDL is modified into Ox-LDL [26]. LDL
retention in subendothelium confers monocyte recruitment to
tunica intima, where they differentiate into macrophages. Ox-
LDL serves as strong ligands for macrophage scavenger recep-
tors (CD36, SR-AI/II, and SR-BI) that facilitate their entry
into macrophages [27]. It is suggested that the oxidation of
specific epitopes (OSEs) occur on Ox-LDL that are recog-
nized by the cellular and humoral innate immune system
and thus enhancing the internalization of Ox-LDL into mac-
rophages [28]. Macrophages engulf Ox-LDL through its
scavenger receptors and the accumulation of Ox-LDL into
macrophages gives it a morphologic appearance of soap bub-
bles termed as foam cells which later result in atherosclerotic
lesions leading to atherosclerotic plaque build-up, limiting
the blood flow to the heart muscle (see Figure 1 for schematic
diagram) [29, 30]. Very recently, a study was published
providing insights into myeloid tribbles 1 that induces early
atherosclerosis via extensive foam cell formation [31]. A
native LDL cannot exert atherogenic mechanisms in vitro
which implicate that to be pathogenic it must have been
modified, explaining oxidative damage as a pro [32].

On the brighter side, high-density lipoproteins (HDLs),
endogenous apolipoprotein E (ApoE), and ApoA-I proteins
promote efflux of surplus cholesterol from the macrophage
via specific transporters of the ATP binding cassette (ABC)
gene family [33]. This efflux is the primary line of defence
to protect against the progression of macrophage to foam
cells. Further, antioxidants scavenge ROS combating athero-
sclerosis in the initiation period [34]. Efforts have been made
to comprehend the mechanism of lipid peroxidation in
developing effective therapeutic drugs and prevent its delete-
rious effects. Herein, we have discussed the role of distinct
factors critical in the progression of atherosclerosis.

2. Oxidized Low-Density Lipoprotein as the
Major Risk Factor in Atherosclerosis

Low-density lipoprotein is a chief carrier of cholesterol to the
cells. High dietary fat adds to its abundance causing patho-
logical complications above a threshold level [35]. It belongs
to a heterogeneous group of particles having a mass of about
3000 kDa with a diameter of 220nm [36]. The hydrophobic
core of LDL is made of around 170 triglycerides, 1500 choles-
terol esters, a hydrophilic coat composed of 700 molecules of

Table 1: Risk factors to atherosclerosis.

Hyperlipidemia

Homocysteine levels in plasma

Hypertension

Smoking

Low or impaired HDL

Family history of CVDs

Obesity

Aging

Male sex

Physical inactivity

Stress/depression

High cholesterol

Sedentary lifestyle

Unhealthy diet

Psychological and socioeconomic factors
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phospholipids, about 500 molecules of unesterified choles-
terol, and a single large copy of the ApoB of 500 kDa [37].
Structure of LDL and Ox-LDL is shown in Figure 2.

During oxidative stress, the LDL is modified to Ox-LDL
[38]. In addition to this, lipoxygenase and phopholipase A2
enzymes alter LDL in a manner of getting easily recognized
and engulfed by macrophages [39]. Speaking specifically in
terms of atherosclerosis, ROS induces lipid oxidation, insti-
gating the disease. LDL oxidation brings about certain mod-
ifications to the LDL structure giving it a higher density,
hydrolysing phosphatidylcholine, amending lysine residues
of ApoB, and degrading ApoB [37]. Polyunsaturated fatty
acids (PUFAs) in the LDL are more prone to oxidation as
compared to monounsaturated fatty acids (MUFAs) [40].
PUFAs encountering oxidation (enzymatic and nonenzy-
matic) convert into hydroperoxides further breaking down
to generate more reactive aldehyde products and metabolites
such as malondialdehyde and 4-hydroxynoneal which build

adduct with Schiff-base lysine residue of ApoB, phosphati-
dylserine, and phosphatidylethanolamine [41]. ApoB in this
context determines the generation and propagation of LDL
oxidation. Additionally, the elevated temperature used while
preparing meals increases the oxidation of cholesterol [42].
Nonetheless, oxysterols coming from the dietary sources into
the bloodstream may implicate a fundamental role in the
progression of this disease. Thereby, one cannot conclude
the root embarking such progression and advanced studies
need to be done.

Discoveries by Virchow and Windaus in the nineteenth
century bring forth the crucial role of lipoproteins in athero-
sclerosis. Windaus discovered high cholesterol in human
artery which thereafter confirmed by Nikolaj Anitschkow
who produced atherosclerosis in cholesterol fed rabbits impli-
cating dietary cholesterol as an important factor [43, 44]. Carl
Muller revealed a compelling connection between heart
attacks and plasma cholesterol giving the cholesterol research
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Figure 1: Schematic network of atherosclerosis process. The LDL in the blood stream passes through the damaged endothelium (caused by
hypertension, high cholesterol, smoking, and hyperglycemia) gaining entry into tunica intima. Damaged endothelial cells being compromised
express adhesion molecules that capture the monocytes. Monocytes enter into the intima producing free radicals which oxidizes the LDL.
Oxidized LDL attracts more white blood cells (monocytes) and more immune cells to the site, macrophages engulf Ox-LDL particles
becoming over laden and turning into foam cells. Foam cells die releasing its content outside that again is engulfed by other macrophages
eventually building a large lesion area. Progression into this, lesion turns into plaque gradually accumulating calcium slats, smooth muscle
cells (from tunica media), collagen, and the foam cells. The plaque is stable under the endothelium until the endothelium just above gets
compromised. The damaged endothelium could no longer produce inhibitors for blood clotting making it more vulnerable to enter into
the vessel lumen. The clot attached to the vessel wall would make a thrombus that may break causing stroke or myocardial infarction.
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a new turn introducing the hypercholesterolemia [45].
Widespread theories put forward LDL penetrating the dys-
functional endothelium and retaining in the subendothelium
lining as the hallmark of atherosclerosis [46]. The higher the
LDL the faster the plaque evolves. Surprisingly, native LDL
is not atherogenic and needs to be oxidatively modified,
particularly ApoB, to instigate the disease while it stays in
the subendothelium bound to glycosaminoglycans [47, 48].
Macrophages with their surface receptors recognize the mod-
ified LDL and engulf them to become lipid laden foam cells
which secrete cytokines making the site more vulnerable to
inflammation and instigating smooth muscle cell (SMC) pro-
liferation [49–51]. Today, many publications could be found
on Ox-LDL to provide evidence for its role in atherosclerosis
which makes it a relevant candidate and somewhat apparent
therapeutic target. Though very few studies could robustly
prove the definitive decrease of LDL with dietary antioxidant
supplements, it is believed that a combination of antioxidants,
therapeutics, and lipid management could work wonder
(discussed later in this review).

2.1. Stages of Ox-LDL-Induced Atherosclerosis Mechanism:
Initiation to Thrombosis. Atherosclerosis originates with the
subendothelial retention of ApoB 100, containing lipopro-
teins. LDL penetration through dysfunctional endothelium
brings many factors into the picture (summarized from the
initiation to calcification in this review). Broadly, the process
can be classified into three stages: initiation, progression, and
thrombosis. A human artery is composed of three layers: the
tunica intima, the tunica media, and the tunica adventitia, as
shown in Figure 3. Intima is lined with a single layer of endo-
thelial cells called the endothelium and subendothelial
extracellular matrix (consisted of collagen and elastin).
Endothelium aids in regulating vascular tone, coagulation,
and maintaining vascular homeostasis via highly regulated
mechanisms with the function of nitric oxide, prostacyclin,
and endothelin-1 [52, 53]. Numerous smooth muscle cells
(SMCs) are found in tunica media which are organised con-
centrically within an elastin-rich cellular matrix to store the

required kinetic energy for transmission of pulsatile flow
[54]. The adventitia contains mast cells, fibroblasts, and a
matrix containing proteoglycans and collagen. Internal and
external elastic lamina separates the intima, media, and
adventitia, respectively [55]. Nevertheless, the artery gets
compromised with the interplay of Ox-LDL and other risk
factors making hard and narrowing the lumen for a disturbed
blood flow. An atherosclerotic artery with plaque is shown in
Figure 4 and a cross section of early and late atherosclerotic
lesion is shown in Figure 5 [56].

Ox-LDL instigates atherosclerotic events throughout the
disease progression, starting from endothelium dysfunction,
white blood cell activation, foam cell formation, SMC migra-
tion and proliferation to platelet adhesion and aggregation
(refer Figure 6).

2.2. Physiology of Endothelial Dysfunction: Initiation Stage. In
normal body parameters, a healthy endothelium remains the
primary regulator of vascular homeostasis [57–59]. It assists
in keeping a balance between vasodilation and vasoconstric-
tion, thrombogenesis and fibrinolysis, and inhibition and
stimulation of SMC proliferation [60]. Nonetheless, it acts as
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Figure 2: LDL and Ox-LDL Structure. The hydrophobic core of LDL is made of around 170 triglycerides, 1500 cholesterol esters, a
hydrophilic coat composed of 700 molecules of phospholipids, about 500 molecules of unesterified cholesterol, and a single large copy of
the apolipoprotein B (ApoB) of 500 kDa. Gaining entrance into the endothelium, LDL gets oxidatively modified by ROS.
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Figure 3: Artery is made of three layers: tunica intima, media, and
adventitia.
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a barrier between the circulating blood (in lumen) and the
artery lining (endothelium) [61]. An intact endothelium
experiencing laminar shear stress elicits signalling pathways
to maintain glycocalyx layer, proliferation, and endothelial cell
coaxial alignment [10, 62]. Nitric oxide synthase (NOS) is
expressed via MEK5 signalling which promotes the nitric
oxide (NO) production and further helping in the endothe-
lium survival. The antiatherogenic role of NO is supported
by numerous studies on knockout mice for ApoE and other
animal models of atherosclerosis [63]. In these models,
inhibition of endothelial NO production accelerates the
formation of lesions in the aorta and the coronary arteries,
and treatment with l-arginine preserves vessel morphology.
Superoxide dismutase (SOD), catalase, glutathione peroxidase
(GPx), and peroxiredoxins (Prxs) are expressed to counter cel-
lular ROS [64]. Arteries experiencing disturbed blood flow and
low shear stress at the curves and branches are susceptible to
atherosclerotic lesions [5]. These regions contain a sensitive
glycocalyx layer with an irregular alignment. Consequently,
the low production of NOS and antioxidant enzymes compro-
mise endothelium integrity. In exposure to certain predispos-
ing risk factors such as hypertension, hyperglycemia, diabetes,
ageing, hypercholesterolemia, and the mechanical stimuli
owing to low shear stress, endothelium undergoes certain
modifications which are characteristics for atherosclerotic
initiation process [9, 65]. Morphological modification of
endothelial cells and increased permeability to LDL particles
thus allows penetration (transcytosis) and accumulation of
ApoB, chylomicrons, and remnants of very-low-density lipo-
proteins (VLDLs) in the subendothelial space where they
experience oxidative modifications by cytokines (monocyte
chemotactic protein-1 (MCP-1)) [48]. The antithrombotic
factors are compromised along with elevated vasoconstrictor
and prothrombotic products via cell surface adhesion mole-
cules such as intercellular adhesion molecule 1 (ICAM-1)
and vascular cell adhesion molecule 1 (VCAM-1), hence ele-
vating risk for inflammatory actions owing to Ox-LDL [66,
67]. These changes increase the adhesion of monocytes and
penetration through the vascular wall which is modulated
by cytokines and is augmented by interferon gamma and
tumour necrosis factor-alpha [68, 69]. Studies report Ox-

LDL as a key into the above-mentioned mechanism. In fact,
Ox-LDL is chief in activating endothelium to secrete MCPs
recruiting monocytes and T cells into endothelium.

NO plays a crucial part in protecting endothelium with
its vasodilator property. It is also seen to reduce monocyte
adhesion to the endothelium. Ox-LDL-induced reduction
in the NO derived from the endothelium NOS is suggested
as one of the causes of endothelial phenotypic changes [70].
Most of its activity is proposed to lectin-like oxidized LDL
receptor 1 (LOX 1). LOX 1 is an Ox-LDL receptor found
on endothelial cells and is likely to be overexpressed in ath-
erosclerotic conditions.

There have been debates among chronology of events
that lead to plaque formation. Since few scientists consider
subendothelial retention of ApoB lipoproteins as the initiat-
ing factor in atherosclerosis, contradictory to which some
authors suggest that everything starts with endothelial
dysfunction [53]. High LDL level also marks its strong part
in the argument. A plethora of research suggests that all these
phenomena are more or less equally indispensable factors in
the progression of atherosclerosis [71].

2.3. LDL Retention in the Subendothelium Elicits an Immune
Response: Progression Stage. The entry of LDL particles in the
subendothelium (tunica intima) followed by their retention
through ApoB 100 binding to proteoglycans of the extracel-
lular matrix is a key initiating factor in early atherogenesis.
Oxidative modifications of LDL induce expression of cell
adhesion molecules on the endothelial cells recruiting mainly
monocytes and T lymphocytes into the inflamed arterial wall.
Differentiation of monocytes into macrophage expresses
scavenger receptors (CD36, SR-AI/II, and SR-BI) and LOX
1 (lectin-like Ox-LDL receptor 1) on the surface to recognize
Ox-LDL [58, 59]. Various studies have established that to be
recognized by a scavenger or oxidized receptors, the native
LDL must be converted to Ox-LDL as discussed in previous
section (due to its high affinity to scavenger receptors, SR)
[72]. As soon as macrophages engulf massive Ox-LDL parti-
cles, foam cells are generated and a number of proinflamma-
tory events take place: lipid retention, more oxidation of
native LDL, release of proinflammatory cytokines, ROS,
metalloproteases, and monocyte and Ox-LDL recruitment.
Cytokines released by T lymphocytes and foam cells promote
inflammation and ROS generation. Unsurprisingly, Ox-LDL
along with these cells releases growth factors promoting SMC
migration (via platelet drive growth factor and basic fibro-
blast growth factor) from tunica media into site region and
abnormal proliferation (via insulin-like growth factor 1 and
epidermal growth factor) that involves secretion of extracel-
lular matrix proteins [73]. It is also seen that Ox-LDL drives
SMCs to produce collagen and elastin which forms a necrotic
core around the plaque increasing the lesion size at some
point. It is important to mention that a lot of these events
are more or less LOX 1mediated [74]. Atherosclerotic plaque
is a large necrotic core of foam cells, SMCs, collagen, calcium,
and a thin fibrous cap preventing plaque from the blood-
stream [75]. Hence, Ox-LDL plays a significant role in these
events and moreover it is believed to induce apoptosis or at
some point necrosis, favouring cellular debris deposits in
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Figure 4: Atherosclerotic artery. Atherosclerotic artery has a plaque
build-up in the subendothelium making the lumen too small for a
smooth blood flow.
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(a) (b)

Figure 5: Early and late atherosclerotic lesions. The figure is reproduced from Glass and Witztum [56] (under the Creative Commons
Attribution License/public domain) “(Reprinted (Atherosclerosis: The Road Ahead) with permission from Elsevier (License number
4825741069515)).”(a) Cross section of a fatty streak lesion from the aorta of a cholesterol-fed rabbit immune stained for a macrophage-
specific marker (micrograph courtesy of Wulf Palinski). (b) Cross section through a human coronary artery at the level of a thrombotic
atherosclerotic lesion causing fatal myocardial infarction.
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Figure 6: Schematic illustration of the role of Ox-LDL in atherosclerosis progression. Ox-LDL elicits atherosclerotic events right from their
production in the subendothelium. Due to downregulated LDL receptors, the native LDL cannot be internalized by macrophages. Ox-LDL,
via LOX 1 and other factors, activates endothelium for a number of events: adherence of LDL, monocytes, and platelets; secretion of
chemokines and growth factors; production of ROS; impairing NO secretion; and so on. SRs, CD36, and LOX 1 help in the uptake of OX-
LDL by monocyte-derived macrophages in the subendothelium. Growth factors mediate SMC proliferation and extracellular matrix
formation. Platelet adherence and accumulation is also, in part elicited by Ox-LDL which results into a rupture prone thrombus.
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the lesion area. Moreover, the ROS present in the plaque
tends to induce cell death making the plaque unstable and
rupture, which is the worst part of the progression.

2.4. Rupturing of Plaque: Thrombosis. A vulnerable plaque is
subject to rupture. ROS degrades the fibrous wall of plaque
via the release of matrix metalloproteinases (MMPs) [76]
causing thrombus formation. Recent studies suggest a major
difference in the lipid profiles of stable and unstable plaque
considering former to be more susceptible to oxidation
(due to increased PUFAs) and enhanced oxidation in the
latter due to increased 18 : 0 containing lysophosphatidylcho-
line [77]. Rupturing of this plaque causes sudden expansion
of the lesions leading to thrombus formation accounting for
myocardial infarction, stroke, or sudden death [63, 64].
Looking more into the mechanism; Ox-LDL induces CD36
and P-selectin expression in the platelets activating them to
further express LOX 1 for their adhesion on endothelium.
Chemokines released from activated platelets mediate endo-
thelium dysfunction, foam cell formation, and ROS produc-
tion favouring progression of the plaque. Ox-LDL again
makes the plaque scenario complex by platelet activation
and adhesion on the endothelium which in turn blocks the
NO production, which is said to be dysfunctional, yet again
the cycle goes on [78].

3. Therapeutics to Block or Retard the Process:
Endothelium Dysfunction to Thrombosis

The level and persistence of disease is the deciding factor for
its treatment measures [79]. Some patients only require a life-
style amendment and some have to undergo surgical proce-
dures. HDL, antioxidant enzymes, diet, statins, and lipid
lowering are foreseen as potent factors in preventing athero-
sclerosis. An illustration of effects of such parameters on
CVDs is shown in Figure 7 [35]. Pharmacological interven-
tions like angiotensin converting enzyme (ACE) inhibitors,
statin insulin sensitizers and L-arginine, folates, and tetrahy-
drobiopterin are suggested to improve damaged endothelium
which would resist LDL entry into subendothelium.

3.1. Lipid Management Is the Primary Prevention. As
reviewed by Michos et al. [80] very recently, lipid manage-
ment remains the primary prevention to atherosclerosis. If
we look back into this review and perhaps in literature, the
story always begins with high LDL cholesterol (LDL-C)
which makes it the hallmark and a potent treatment target.
Additionally, the CVD prevention guidelines published by
the American College of Cardiology-America Heart Associa-
tion recommends cholesterol management as a primary pre-
vention by opting a healthy lifestyle [81]. Keeping in view the
sedentary lifestyle and family history of CVDs as important
risk factors, improvement in lifestyle and diet has been seen
to reduce CVDs by about 50%. A healthy lifestyle here
involves maintaining an ideal weight, keeping check on the
blood sugar levels, regular exercise, and looking after calories
intake. The notion “lower is better” goes exactly with the diet
intake for a healthy lifestyle. Though merely management of
lipids cannot completely prevent the disease, it does lower the

risk to an extent. According to US Cholesterol Clinical prac-
tice guidelines (2018), statins should be the primary choice of
pharmacological treatments for LDL-C considering the latter
being critical in the therapeutics [82]. Statins tend to reduce
about 50% LDL cholesterol via inhibiting 3-hydroxy-3-meth-
ylglutaryl-CoA reductase (HMG CoA), a rate limiting
inhibitor of LDL-C. In atherosclerosis, there is an aberrant
increase in the expression of MHC-II and thus, it is also con-
sidered as a chronic inflammatory disease. A study suggested
that statins could function as immune suppressors by repres-
sing theMHC-II expression and thereby, reducing theMHC-
II-dependent T-lymphocyte activation and thus, statins
could modulate the adaptive immunity [83]. Statins are seen
to block the cholesterol synthesis by the activation of SREBP-
2, a mechanism illustrated by Goldstein and Brown given in
Figure 8 [35]. Compelling results from meta-analysis trials
have revealed a lowering of about 22% risk of cardiovascular
events with the reduction of a significant amount of LDL
level [84]. Additionally, cardiac events like myocardial
infarction and stroke can be prevented by lipid lowering with
the use of high-intensity statins [85, 86].

3.2. HDL Retards the Atherosclerotic Process.HDL along with
its major lipid poor apolipoprotein A-I (ApoA-I) aids in
removing cholesterol from foam cells for clearance by the
liver. The efflux from macrophage foam cells is the first step
towards reverse cholesterol transport that lowers further
inflammation preventing atherosclerosis burden [73, 74]. A
line of epidemiological trails has revealed that HDL accounts
for douching lipid oxidation via antioxidant enzymes like Lp-
PLA2, LCAT, and PON1 along with ApoA-I which helps in
removing hydroperoxides from cells and LDL [87]. HDL sig-
nalling via endothelial cell receptors like SR-BI helps in
enhancing NO production, thus maintaining endothelium
homeostasis [88]. Additionally, it prompts cholesterol efflux
from platelets preventing platelet aggregation and eventually
thrombosis [89]. Accumulation and retention of Ox-LDL is
the key initiating factor in chemotaxis and monocytes inva-
sion. This LDL modification primarily by endothelium,
SMCs, and macrophages in the lesion area would suggest that
cells actively modify LDL. LDL is either oxidized nonenzy-
matically by transition metal ions, hemin, and many other
catalysts or by enzymes within the artery wall. HDL obviates
the oxidative modification of LDL employing proteins circu-
lating on HDL itself. The most important protein is paraox-
onase 1 (PON1) that confers an ability to prevent LDL
oxidation by enhancing the antioxidative function of HDL
[87]. Additionally, ApoA-I aids in reducing lipid hydroper-
oxides to lipid hydroxides owing to oxidation in its methio-
nine residues [90]. LCAT and lipoprotein-associated
phospholipase A2 (Lp-PLA2) have also been reported to
douche oxidative mechanisms as suggested in mice experi-
ments [91]. Nevertheless, HDL could absorb oxidizing lipids
to prevent the further process of LDL oxidative modification.
Figure 9 gives illustrations of key events where HDL comes in
to play. Hence, antioxidative capacity conferred by HDL pro-
teins ensures protective measures to retard the atheroscle-
rotic lesion and more extensive research is required to
better understand it to use it as a therapeutic target.

7Oxidative Medicine and Cellular Longevity



3.3. Role of Dietary Antioxidants in Treating Atherosclerosis.
Antioxidants scavenge free radicals (reactive oxygen/nitrogen
species) and reduce the probability of oxidative stress [92].
Antioxidants can be synthesized by a cell itself or can be taken
exogenously. Antioxidants synthesized by a cell include gluta-
thione, uric acid, caeruloplasmin, ferritin, transferrin, or
lactoferrin, whereas vitamin E, vitamin C, flavonoids, and
carotenoids come from the diet [93–95]. The endogenous
nonenzymatic antioxidants like GSH, uric acid, bilirubin,
coenzyme Q, and lipoic acid can be present intracellularly or
extracellularly and serve as the primary defence system
against imbalanced redox stress [96, 97]. Glutathione, a cofac-
tor for glutathione peroxidase (GPx) scavenges hydroxide,
hypochlorous acid, and peroxinitrite, thus modulates size of
the atherosclerotic lesion [98]. Coenzyme Q improves endo-
thelial function by scavenging peroxyl radicals [99]. Bilirubin,
uric acid, and lipoic acid have shown remarkable scavenging
properties towards oxidants, hence improving endothelium
and decreasing inflammatory actions [100–102].

The secondary defence mechanism involves exogeneous
antioxidants like vitamin C, vitamin E, vitamin A, vitamin
B, carotenoids, or polyphenols [100, 103–105]. As mentioned
above, the native LDL, when turned into Ox-LDL becomes
atherogenic and this oxidative modification in LDL is due
to imbalanced ROS. Vitamin E, a lipid soluble antioxidant,
aids in neutralizing free radicals hence retarding LDL oxida-
tion. Moreover, vitamin E inhibits the expression of CD36,
SR-BI, and protein kinase C to reverse foam cell formation
and SMC proliferation along with further associated compli-
cations of the CVD [106, 107]. It is also observed that vitamin
E modulates the expression of connective tissue growth
factors and adhesion molecules (VCAM 1, ICAM 1) on

endothelial cells and helps in the prevention endothelium
dysfunction and internalization of LDL molecules into the
intima. In contrast, some clinical trials have given completely
opposite outcomes where studies showed almost no effect of
vitamin E doses (50mg-300mg/day) in the CVD patients
[103, 106]. No decrease of stroke and myocardial infarction
was observed in population with CVDs. While the outcomes
of the trails remain contradictory, more studies are antici-
pated to build a strong conclusion. Vitamin C (ascorbate)
helps to stabilize cell membranes by scavenging peroxyl
radicals, ROS, and superoxide radicals. It enhances NO bio-
availability, thus improving endothelium and vasodilation.
In vitro experiments have shown lowered Ox-LDL genera-
tion on treating with ascorbate (vitamin C), while depletion
of the same is related to atherosclerosis in vivo [100]. Ascor-
bate has also been seen to reduce endothelium dysfunction
which again is a key initiation factor of the CVD [94]. But
several other clinical trials have shown contradictory results
where no significant relationship between vitamin C and
the reversal of atherosclerosis was found. A study group of
29,133 men (50-69 yrs) was given synthetic α-tocopherol
(50mg/day) and β-carotene (20mg/day) for ~6 years, and
no effect was seen in improving heart condition. In fact, the
risk of lung carcinoma and ischemic heart disease was
increased [108]. Similar study on people without any CVD
was carried out for 4 years in which incidences of angina
pectoris slightly increased as an adverse effect of the supple-
mentation [109]. In another study on group of smokers and
nonsmokers (45-74 yrs), even including the vitamin A in a
combination with above two had no effect. In an additional
study, β-carotene (50mg/day) could not show any positive
effect on patients supplemented for 4-8 years (27-84 yrs)
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Figure 7: Diagram illustrating the effects of diet, drugs, and genes on plasma LDL and coronary disease. The figure is reproduced from
Goldstein and Brown [35] (under the Creative Commons Attribution License/public domain) “(Reprinted (A Century of Cholesterol and
Coronaries: From Plaques to Genes to Statins) with permission from Elsevier (License number 4825791117921)).” (a) Diet. Idealized
depiction of the frequency distribution of plasma cholesterol levels in the human species as extrapolated from surveys of middle-aged
people in major populations of the world. The higher the cholesterol level, higher the risk for coronary disease, as denoted by graded red
shading. (b) Drugs. Frequency of coronary events plotted against plasma level of LDL cholesterol in four double-blind, placebo-controlled
trials in which middle-aged people at risk for heart attacks were treated for 5 years with a statin or placebo. The number of subjects in
each study was as follows: 4S Study, 4,444; LIPID, 9,014; CARE, 4,159; and HPS, 20,536. (c) Genes. Difference in risk for coronary disease
in middle-aged people depending on whether plasma LDL cholesterol level is reduced over a lifetime (heterozygous loss of function of
PCSK9) or for only 5 years (statin therapy).

8 Oxidative Medicine and Cellular Longevity



[110]. Combination of vitamin E (30mg/day), vitamin C
(120mg/day), β-carotene (6mg/day), selenium (100μg/day),
and zinc (20mg/day) was given to 13,017 middle-aged people
for 7.5 years, and it was found that combined supplementa-
tion had very slight effect onmen in improving cardiovascular
health and no effect at all was seen on women participants
[111]. Although dietary supplements have some role in pre-
venting atherosclerosis in mice and human trails [112], yet a
very little is known to conclude exactly how much, when,
and what should be included in the diet to have the best effect.

3.4. Antioxidant Enzymes Are Critical in Atherosclerosis
Prevention. In addition to the above-mentioned antioxidants,
the cells also express antioxidant enzymes like catalase,
superoxide dismutase (SOD), thioredoxin reductase (TrxR),
peroxiredoxins (Prxs), glutathione peroxidase (GPx), gluta-
thione reductase, and glutathione-S-transferase which main-
tain redox homeostasis [113–115]. The most crucial enzymes
in such mechanisms include peroxiredoxins (Prxs) and glu-
tathione peroxidase 4 (Gpx4). Peroxiredoxins (Prxs; 1-6)
are proteins that have cysteine residues that reduce perox-
ides, in turn, getting oxidized into sulfenic acid [116, 117].
Prx1 and Prx2 exacerbate atherosclerosis on deletion in
ApoE mice [118]. While Prx4 inhibits the disease from being

overexpressed in ApoE mice, Prx6 has no such effect [119].
Glutathione peroxidases convert glutathione to glutathione
disulfide and reduce lipid peroxides to water [120]. The most
crucial role is played by Gpx4. Loss of GPx4 activity in the
cellular membranes leads to ferroptosis, which is a regulated
nonapoptotic cell death process and it is enhanced by the
accumulation of ROS in a lipid-rich environment [121]. As
mentioned above, PUFAs with labile bis-allylic hydrogen
atoms are prone to lipid peroxidation and it is also the hall-
mark of ferroptosis [122]. According to Yang et al., there
are two key drivers in ferroptosis induced by PUFA peroxida-
tion: lipoxygenase and phosphorylase kinase G2 (PHKG2).
The study suggested that PUFA peroxidation is caused by
lipoxygenases via PHKG2 and consequently the inhibition
of catalytic selenocysteine in GPx4 causes the accumulation
of the hydroperoxides leading to cell death [123]. Ferroptosis
is linked to several diseases like cancer and atherosclerosis
and needs clear mechanistic insights for therapeutic inter-
ventions [124, 125].

4. Outlook

Endothelium under oxidative stress primes to the formation
of oxidized cholesterol (oxysterols) as a result of low-
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Figure 8: Hepatic responses to diet and statins mediated by the SREBP pathway. The figure is reproduced from Goldstein and Brown [35]
[under the Creative Commons Attribution License/public domain] “(Reprinted (A Century of Cholesterol and Coronaries: From Plaques to
Genes to Statins) with permission from Elsevier (License number 4825791117921)).” (a) Low-cholesterol diet. Proteolytic cleavage of SREBP
is increased. The cleaved SREBP enters the nucleus to activate genes controlling cholesterol synthesis (including HMG CoA reductase) and
uptake (LDL receptor). nSREBP, nuclear portion of cleaved SREBP. (b) High-cholesterol diet. Proteolytic cleavage of SREBPs is decreased,
resulting in decreased nuclear SREBP and decreased activation of target genes. The decrease in LDL receptors produces an increase in
plasma LDL. (c) High-cholesterol diet plus statin therapy. Statins inhibit HMG CoA reductase, causing a transient decrease in ER
cholesterol. In response, SREBP cleavage is increased, and the resulting nuclear SREBP activates the genes for HMG CoA reductase and LDL
receptor. The increased HMG CoA reductase is inhibited by the statin, and the increased LDL receptors lower plasma LDL.
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density lipoprotein (cholesterol carrier through the blood)
oxidation. The oxidation is driven by oxygen, nitrogen, or
other reactive species which brings up the oxidative or nitro-
sative stress in uncontrolled measures. Certain irritants like
toxins from smoking (nicotine and carbon monoxide), high
blood pressure due to hypertension, high level of low-
density lipoproteins, HDL dysfunction, obesity, and diabetes
mellitus alter the endothelium lining causing permeation and
accumulation of LDL particles into the subendothelial space.
Retention of LDL particles brings about a lot of factors into
play which upsurges the risk for fatty streak development
and further complication into atherosclerosis progression.
What come to the rescue are monocytes but turns out to be
exaggerating the process. Hence, the immune system more
likely induces inflammation making things more compli-
cated. Antioxidant enzymes and genes, however, are potent
measures to counter ROS to prevent lipid peroxidation. Since
dietary antioxidants and statins have also shown effective
activity in vivo, these can be effectively prescribed for treat-
ment and cholesterol lowering. Additionally, maintaining a
healthy lifestyle is a key to homeostasis and a healthy cardio-

vascular system. Although, an enormous amount of research
has been conducted on the above events, yet a clear under-
standing of therapeutic measures is required.

Conflicts of Interest

The authors declare that there are no conflicts of interest.

Acknowledgments

CK would like to thank the Department of Science and
Technology, Government of India, Grant No. DST/IN-SPIRE
Fellowship (IF180523) for the support in the ongoing research
on the similar topic. NKS is supported by the Ramanuja
Fellowship (SB/S2/RJN-107/2018). RVS andAKS are supported
by the Central Research Cell, MMIMSR, MM(DU).

References

[1] J. L. Goldstein and M. S. Brown, “The LDL receptor and the
regulation of cellular cholesterol metabolism,” Journal of Cell

Tunica media

Lumen

RBCs

Monocyte

LDL
Adhesion molecule

Tunica adventitia External elastic membrane

Endothelium

Thrombus

Smooth muscle cell migration

HDL

HDL

Cytokines
Chemokines

Fatty 
streak

Platelet aggregation

Macrophage

Internal elastic membrane

Foam cell

HDL
Tunica intima

Figure 9: Schematic representation of HDL countering major atherosclerotic stages. HDL counters significant stages of atherosclerosis. First,
HDL retards the oxidation process of LDL and helps in the efflux of cholesterol form macrophages, preventing it from becoming foam cells.
Cytokines and growth factors released by T lymphocytes and foam cells induce SMC migration and proliferation that is again countered by
HDL. Additionally, platelet migration and aggregation is prevented to the site of plaque. Hence, high HDL is antiatherosclerotic and comes
into play as soon as the LDL penetrates the dysfunctional endothelium.

10 Oxidative Medicine and Cellular Longevity



Science. Supplement, vol. 1985, Supplement 3, pp. 131–137,
1985.

[2] T. Matsumoto, H. Takashima, N. Ohira et al., “Plasma level of
oxidized low-density lipoprotein is an independent determi-
nant of coronary macrovasomotor and microvasomotor
responses induced by bradykinin,” Journal of the American
College of Cardiology, vol. 44, no. 2, pp. 451–457, 2004.

[3] I. Tabas, “Cholesterol and phospholipid metabolism in mac-
rophages,” Biochim. Biophys. Acta-Mol. Cell Biol. Lipids.,
vol. 1529, no. 1-3, pp. 164–174, 2000.

[4] G. Wick, M. Knoflach, and Q. Xu, “Autoimmune and inflam-
matory mechanisms in atherosclerosis,” Annual Review of
Immunology, vol. 22, no. 1, pp. 361–403, 2004.

[5] G. Siasos, J. D. Sara, M. Zaromytidou et al., “Local low shear
stress and endothelial dysfunction in patients with nonob-
structive coronary atherosclerosis,” Journal of the American
College of Cardiology, vol. 71, no. 19, pp. 2092–2102, 2018.

[6] W. G. Nayler, “Atherosclerosis and endothelial damage: a
brief overview,” Cardiovascular Drugs and Therapy, vol. 9,
no. S1, pp. 25–30, 1995.

[7] J. Lee and J. P. Cooke, “The role of nicotine in the pathogen-
esis of atherosclerosis,” Atherosclerosis, vol. 215, no. 2,
pp. 281–283, 2011.

[8] M. D. Ashen and R. S. Blumenthal, “Low HDL Cholesterol
Levels,” New England Journal of Medicine, vol. 353, no. 12,
pp. 1252–1260, 2005.

[9] P. Libby, P. M. Ridker, and A. Maseri, “Inflammation and
atherosclerosis,” Circulation, vol. 105, no. 9, pp. 1135–1143,
2002.

[10] R. Ross, “The pathogenesis of atherosclerosis — an update,”
The New England Journal of Medicine, vol. 314, no. 8,
pp. 488–500, 1986.

[11] C. C. Winterbourn, “Reconciling the chemistry and biology
of reactive oxygen species,” Nature Chemical Biology, vol. 4,
no. 5, pp. 278–286, 2008.

[12] B. D'Autréaux and M. B. Toledano, “ROS as signalling mole-
cules: mechanisms that generate specificity in ROS homeo-
stasis,” Nature Reviews Molecular Cell Biology, vol. 8, no. 10,
pp. 813–824, 2007.

[13] H. Sies, C. Berndt, and D. P. Jones, “Oxidative Stress,”Annual
Review of Biochemistry, vol. 86, no. 1, pp. 715–748, 2017.

[14] B. C. Dickinson and C. J. Chang, “Chemistry and biology of
reactive oxygen species in signaling or stress responses,”
Nature Chemical Biology, vol. 7, no. 8, pp. 504–511, 2011.

[15] N. Duerrschmidt, C. Stielow, G. Muller, P. J. Pagano, and
H. Morawietz, “NO-mediated regulation of NAD (P) H oxi-
dase by laminar shear stress in human endothelial cells,”
The Journal of Physiology, vol. 576, no. 2, pp. 557–567, 2006.

[16] T. Münzel, G. G. Camici, C. Maack, N. R. Bonetti, V. Fuster,
and J. C. Kovacic, “Impact of oxidative stress on the heart and
vasculature: part 2 of a 3-part series,” Journal of the American
College of Cardiology, vol. 70, no. 2, pp. 212–229, 2017.

[17] H. Yin, L. Xu, and N. A. Porter, “Free radical lipid peroxida-
tion: mechanisms and analysis,” Chemical Reviews, vol. 111,
no. 10, pp. 5944–5972, 2011.

[18] S. N. Desai, F. F. Farris, and S. D. Ray, “Lipid Peroxidation,”
in Encyclopedia of Toxicology, Elsevier, Third edition, 2014.

[19] S. Hill, K. Hirano, V. V. Shmanai et al., “Isotope-reinforced
polyunsaturated fatty acids protect yeast cells from oxidative
stress,” Free Radical Biology & Medicine, vol. 50, no. 1,
pp. 130–138, 2011.

[20] M. Johansson, X. Chen, S. Milanova, C. Santos, and
D. Petranovic, “PUFA-induced cell death is mediated by
Yca1p-dependent and -independent pathways, and is
reduced by vitamin C in yeast,” FEMS Yeast Research,
vol. 16, no. 2, pp. fow007–fow009, 2016.

[21] J. Semprine and A. B. M. Repetto, “Lipid Peroxidation:
Chemical Mechanism,” in Biological Implications and Ana-
lytical Determination, p. 13, Intech, 2013.

[22] A. K. Hauck and D. A. Bernlohr, “Oxidative stress and lipo-
toxicity,” Journal of Lipid Research, vol. 57, no. 11,
pp. 1976–1986, 2016.

[23] S. Marventano, P. Kolacz, S. Castellano et al., “A review of
recent evidence in human studies of n-3 and n-6 PUFA
intake on cardiovascular disease, cancer, and depressive dis-
orders: does the ratio really matter?,” International Journal
of Food Sciences and Nutrition, vol. 66, no. 6, pp. 611–622,
2015.

[24] H. S. Kruth, W. Huang, I. Ishii, and W. Y. Zhang, “Macro-
phage foam cell formation with native low density lipopro-
tein,” The Journal of Biological Chemistry, vol. 277, no. 37,
pp. 34573–34580, 2002.

[25] D. Harrison, K. K. Griendling, U. Landmesser, B. Hornig, and
H. Drexler, “Role of oxidative stress in atherosclerosis,” The
American Journal of Cardiology, vol. 91, no. 3, pp. 7–11, 2003.

[26] R. Carnevale, S. Bartimoccia, C. Nocella et al., “LDL oxidation
by platelets propagates platelet activation via an oxidative
stress-mediated mechanism,” Atherosclerosis, vol. 237, no. 1,
pp. 108–116, 2014.

[27] A. Hofmann, C. Brunssen, and H. Morawietz, “Contribution
of lectin-like oxidized low-density lipoprotein receptor-1 and
LOX-1 modulating compounds to vascular diseases,” Vascu-
lar Pharmacology, vol. 107, pp. 1–11, 2018.

[28] C. J. Binder, N. Papac-Milicevic, and J. L. Witztum, “Innate
sensing of oxidation-specific epitopes in health and disease,”
Nature Reviews. Immunology, vol. 16, no. 8, pp. 485–497,
2016.

[29] M. E. Haberland, G. Mottino, M. Le, and J. S. Frank, “Seques-
tration of aggregated LDL by macrophages studied with
freeze-etch electron microscopy,” Journal of Lipid Research,
vol. 42, no. 4, pp. 605–619, 2001.

[30] W. Palinski,M. E. Rosenfeld, S. Yla-Herttuala et al., “Low den-
sity lipoprotein undergoes oxidative modification in vivo,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 86, no. 4, pp. 1372–1376, 1989.

[31] J. M. Johnston, A. Angyal, R. C. Bauer et al., “Myeloid Trib-
bles 1 induces early atherosclerosis via enhanced foam cell
expansion,” Science Advances, vol. 5, no. 10, p. eaax9183,
2019.

[32] M. T. Quinn, S. Parthasarathy, and D. Steinberg, “Endothelial
cell-derived chemotactic activity for mouse peritoneal macro-
phages and the effects of modified forms of low density lipo-
protein,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 82, no. 17, pp. 5949–5953,
1985.

[33] N. Wang and A. R. Tall, “Regulation and mechanisms of
ATP-binding cassette transporter A1-mediated cellular cho-
lesterol efflux,” Arteriosclerosis, Thrombosis, and Vascular
Biology, vol. 23, no. 7, pp. 1178–1184, 2003.

[34] E. R. Miller, L. J. Appel, and T. H. Risby, “Effect of dietary
patterns on measures of lipid Peroxidation,” Circulation,
vol. 98, no. 22, pp. 2390–2395, 1998.

11Oxidative Medicine and Cellular Longevity



[35] J. L. Goldstein andM. S. Brown, “A century of cholesterol and
coronaries: from plaques to genes to statins,” Cell, vol. 161,
no. 1, pp. 161–172, 2015.

[36] A. Zmysłowski and A. Szterk, “Current knowledge on the
mechanism of atherosclerosis and pro-atherosclerotic prop-
erties of oxysterols,” Lipids in Health and Disease, vol. 16,
no. 1, p. 188, 2017.

[37] H. Esterbauer, J. Gebicki, H. Puhl, and G. Jürgens, “The role
of lipid peroxidation and antioxidants in oxidative modifica-
tion of LDL,” Free Radical Biology & Medicine, vol. 13, no. 4,
pp. 341–390, 1992.

[38] X. Yang, Y. Li, Y. Li et al., “Oxidative Stress-Mediated
Atherosclerosis: Mechanisms and Therapies,” Frontiers in
Physiology, vol. 8, 2017.

[39] C. P. Sparrow, S. Parthasarathy, and D. Steinberg, “Enzymatic
modification of low density lipoprotein by purified lipoxy-
genase plus phospholipase A2 mimics cell-mediated oxida-
tive modification,” Journal of Lipid Research, vol. 29, no. 6,
pp. 745–753, 1988.

[40] J. F. P. Berbée, I. M. Mol, G. L. Milne et al., “Deuterium-rein-
forced polyunsaturated fatty acids protect against atherosclero-
sis by lowering lipid peroxidation and hypercholesterolemia,”
Atherosclerosis, vol. 264, pp. 100–107, 2017.

[41] P. Friedman, S. Hörkkö, D. Steinberg, J. L. Witztum, and E. A.
Dennis, “Correlation of Antiphospholipid Antibody Recog-
nition with the Structure of Synthetic Oxidized Phospho-
lipids,” Journal of Biological Chemistry, vol. 277, no. 9,
pp. 7010–7020, 2002.

[42] L. Tao and Department of Animal Science, Cornell Univer-
sity, Ithaca, NY, USA, “Oxidation of Polyunsaturated Fatty
Acids and its Impact on Food Quality and Human Health,”
Advances in Food Technology and Nutritional Sciences - Open
Journal, vol. 1, no. 6, pp. 135–142, 2015.

[43] G. Finking and H. Hanke, “Nikolaj Nikolajewitsch Anitsch-
kow (1885-1964) established the cholesterol-fed rabbit as a
model for atherosclerosis research,” Atherosclerosis, vol. 135,
no. 1, pp. 1–7, 1997.

[44] D. Steinberg, “An interpretive history of the cholesterol
controversy: part II: the early evidence linking hypercholes-
terolemia to coronary disease in humans,” Journal of Lipid
Research, vol. 46, no. 2, pp. 179–190, 2005.

[45] C. Müller, “Xanthomata, Hypercholesterolemia, Angina
Pectoris,” Acta Medica Scandinavica, vol. 95, no. S89,
pp. 75–84, 2009.

[46] P. O. Bonetti, L. O. Lerman, and A. Lerman, “Endothelial
dysfunction: a marker of atherosclerotic risk,” Arteriosclero-
sis, Thrombosis, and Vascular Biology, vol. 23, no. 2,
pp. 168–175, 2003.

[47] D. Steinberg and J. L. Witztum, “Oxidized low-density lipo-
protein and atherosclerosis,” Arteriosclerosis, Thrombosis,
and Vascular Biology, vol. 30, no. 12, pp. 2311–2316, 2010.

[48] J. L. Witztum and D. Steinberg, “Role of oxidized low density
lipoprotein in atherogenesis,” The Journal of Clinical Investi-
gation, vol. 88, no. 6, pp. 1785–1792, 1991.

[49] M. S. Brown and J. L. Goldstein, “Lipoprotein metabolism in
the macrophage: implications for cholesterol deposition in
atherosclerosis,” Annual Review of Biochemistry, vol. 52,
no. 1, pp. 223–261, 1983.

[50] A. Gisterå and G. K. Hansson, “The immunology of athero-
sclerosis,” Nature Reviews. Nephrology, vol. 13, no. 6,
pp. 368–380, 2017.

[51] D. Steinberg, “The LDL modification hypothesis of athero-
genesis: an update,” Journal of Lipid Research, vol. 50, Supple-
ment, pp. S376–S381, 2009.

[52] G. Lima, D. M. Ghisi, A. Durieux, R. Pinho, and M. Benetti,
“Clinical update physical exercise and endothelial dysfunc-
tion,” Arquivos Brasileiros de Cardiologia, vol. 95, no. 5,
pp. 130–137, 2010.

[53] H. A. R. Hadi, C. S. Carr, and J. Al Suwaidi, “Endothelial
dysfunction: cardiovascular risk factors, therapy, and out-
come,” Vascular Health and Risk Management, vol. 1, no. 3,
pp. 183–198, 2005.

[54] G. Maiolino, G. Rossitto, P. Caielli, V. Bisogni, G. P. Rossi,
and L. A. Calò, “The role of oxidized low-density lipoproteins
in atherosclerosis: the myths and the facts,” Mediators of
Inflammation, vol. 2013, Article ID 714653, 13 pages, 2013.

[55] E. C. Boyle, D. G. Sedding, and A. Haverich, “Targeting vasa
vasorum dysfunction to prevent atherosclerosis,” Vascular
Pharmacology, vol. 96-98, pp. 5–10, 2017.

[56] C. K. Glass and J. L. Witztum, “Atherosclerosis,” Cell,
vol. 104, no. 4, pp. 503–516, 2001.

[57] R. F. Furchgott and P. M. Vanhoutte, “Endothelium‐derived
relaxing and contracting factors,” The FASEB Journal,
vol. 3, no. 9, pp. 2007–2018, 1989.

[58] A. C. Santos, M. J. N. N. Alves, M. U. P. B. Rondon, A. C. P.
Barretto, H. R. Middlekauff, and C. E. Negrão, “Sympathetic
activation restrains endothelium-mediated muscle vasodila-
tation in heart failure patients,” American Journal of
Physiology-Heart and Circulatory Physiology, vol. 289, no. 2,
pp. H593–H599, 2005.

[59] R. J. Esper, R. A. Nordaby, J. O. Vilariño, A. Paragano, J. L.
Cacharrón, and R. A. Machado, “Endothelial dysfunction: a
comprehensive appraisal,” Cardiovascular Diabetology,
vol. 5, no. 1, pp. 4–18, 2006.

[60] M. A. Gimbrone, “Endothelial Dysfunction, Hemodynamic
Forces, and Atherosclerosis,” Thrombosis and Haemostasis,
vol. 82, no. 8, pp. 722–726, 2017.

[61] M. A. Gimbrone and G. García-Cardeña, “Vascular endothe-
lium, hemodynamics, and the pathobiology of atherosclero-
sis,” Cardiovascular Pathology, vol. 22, no. 1, pp. 9–15, 2013.

[62] M.Nieuwdorp, T.W. vanHaeften,M. C. L. G. Gouverneur et al.,
“Loss of Endothelial Glycocalyx During Acute Hyperglycemia
Coincides With Endothelial Dysfunction and Coagulation Acti-
vation In Vivo,” Diabetes, vol. 55, no. 2, pp. 480–486, 2006.

[63] M. Khazaei, F. Moien-afshari, and I. Laher, “Vascular endo-
thelial function in health and diseases,” Pathophysiology,
vol. 15, no. 1, pp. 49–67, 2008.

[64] A. Negre-Salvayre, P. Guerby, S. Gayral, M. Laffargue, and
R. Salvayre, “Role of reactive oxygen species in atherosclero-
sis: Lessons from murine genetic models,” Free Radical Biol-
ogy and Medicine, vol. 149, pp. 8–22, 2020.

[65] K. E. Sorensen, D. S. Celermajer, D. Georgakopoulos,
G. Hatcher, D. J. Betteridge, and J. E. Deanfield, “Impairment
of endothelium-dependent dilation is an early event in chil-
dren with familial hypercholesterolemia and is related to
the lipoprotein (a) level,” The Journal of Clinical Investiga-
tion, vol. 93, no. 1, pp. 50–55, 1994.

[66] C. D. A. Goonasekera, “Vascular Endothelial Cell Activation
Associated with Increased Plasma Asymmetric Dimethyl
Arginine in Children and Young Adults with Hypertension:
A Basis for Atheroma?,” Blood Pressure, vol. 9, no. 1,
pp. 16–21, 2009.

12 Oxidative Medicine and Cellular Longevity



[67] U. Landmesser and H. Drexler, “Oxidative stress, the renin-
angiotensin system, and atherosclerosis,” European heart
journal supplements, vol. 5, pp. A3–A7, 2003.

[68] J. W. Petersen and G. M. Felker, “Inflammatory biomarkers
in heart failure,” Congestive Heart Failure, vol. 12, no. 6,
pp. 324–328, 2006.

[69] Y. Seta and K. H. Shan, “Symposium basic mechanisms in
heart failure : the cytokine hypothesis,” Journal of Cardiac
Failure, vol. 2, 2002.

[70] L. Cominacini, A. Rigoni, A. F. Pasini et al., “The binding of
oxidized low density lipoprotein (ox-LDL) to ox-LDL
receptor-1 reduces the intracellular concentration of nitric
oxide in endothelial cells through an increased production
of superoxide,” The Journal of Biological Chemistry,
vol. 276, no. 17, pp. 13750–13755, 2001.

[71] P. L. da Luz, A. C. P. Chagas, P. M. M. Dourado, and F. R. M.
Laurindo, “Endothelium in Atherosclerosis: Plaque Forma-
tion and Its Complications,” in Endothelium and Cardiovas-
cular Diseases, pp. 493–512, 2018.

[72] K. Sakakura, M. Nakano, F. Otsuka, E. Ladich, F. D. Kolodgie,
and R. Virmani, “Pathophysiology of Atherosclerosis Plaque
Progression,” Heart, Lung and Circulation, vol. 22, no. 6,
pp. 399–411, 2013.

[73] P. Rajendran, T. Rengarajan, J. Thangavel et al., “The
vascular endothelium and human diseases,” International
Journal of Biological Sciences, vol. 9, no. 10, pp. 1057–
1069, 2013.

[74] A. J. Kattoor, N. V. K. Pothineni, D. Palagiri, and J. L. Mehta,
“Oxidative Stress in Atherosclerosis,” Current Atherosclerosis
Reports, vol. 19, no. 11, 2017.

[75] D. R. J. Owen, A. C. Lindsay, R. P. Choudhury, and Z. A.
Fayad, “Imaging of atherosclerosis,” Annual Review of Medi-
cine, vol. 62, no. 1, pp. 25–40, 2011.

[76] G. Virella, K. Wilson, J. Elkes et al., “Immune complexes
containing malondialdehyde (MDA) LDL induce apoptosis
in human macrophages,” Clinical Immunology, vol. 187,
pp. 1–9, 2018.

[77] D. Tsikas, “Assessment of lipid peroxidation by measuring
malondialdehyde (MDA) and relatives in biological samples:
analytical and biological challenges,” Analytical Biochemistry,
vol. 524, pp. 13–30, 2017.

[78] E. Leiva, S. Wehinger, L. Guzmán, and R. Orrego, “Role of
oOxidized LDL in aAtherosclerosis,” Hypercholesterolemia,
pp. 55–78, 2015.

[79] T. Wang and J. Butany, “Pathogenesis of atherosclerosis,”
Diagnostic Histopathol., vol. 23, no. 11, pp. 473–478,
2017.

[80] E. D. Michos, J. W. McEvoy, and R. S. Blumenthal, “Lipid
management for the prevention of atherosclerotic cardiovas-
cular disease,” The New England Journal of Medicine,
vol. 381, no. 16, pp. 1557–1567, 2019.

[81] M. Aggarwal, B. Bozkurt, G. Panjrath et al., “Lifestyle modifi-
cations for preventing and treating heart failure,” Journal of
the American College of Cardiology, vol. 72, no. 19,
pp. 2391–2405, 2018.

[82] C. Aluganti Narasimhulu, K. Y. Burge, M. Doomra,
A. Riad, and S. Parthasarathy, “Primary prevention of ath-
erosclerosis by pretreatment of low-density lipoprotein
receptor knockout mice with sesame oil and its aqueous
components,” Scientific Reports, vol. 8, no. 1, p. 12270,
2018.

[83] B. Kwak, F. Mulhaupt, S. Myit, and F. Mach, “Statins as a
newly recognized type of immunomodulator,” Nature Medi-
cine, vol. 6, no. 12, pp. 1399–1402, 2000.

[84] P. Libby, J. E. Buring, L. Badimon et al., “Atherosclerosis,”
Nature Reviews Disease Primers, vol. 5, no. 1, 2019.

[85] M. Mahmoudi, “The pathogenesis of atherosclerosis,” Medi-
cine, vol. 46, no. 9, pp. 505–508, 2018.

[86] M. K. Jensen, M. L. Bertoia, L. E. Cahill, I. Agarwal, E. B.
Rimm, and K. J. Mukamal, “Novel metabolic biomarkers of
cardiovascular disease,” Nature Reviews. Endocrinology,
vol. 10, no. 11, pp. 659–672, 2014.

[87] A. Tward, Y. R. Xia, X. P. Wang et al., “Decreased athero-
sclerotic lesion formation in human serum paraoxonase
transgenic mice,” Circulation, vol. 106, no. 4, pp. 484–
490, 2002.

[88] G. Valacchi, C. Sticozzi, Y. Lim, and A. Pecorelli, “Scavenger
receptor class B type I: a multifunctional receptor,” Annals of
the New York Academy of Sciences, vol. 1229, no. 1, pp. E1–
E7, 2011.

[89] G. Assmann and J.-R. Nofer, “Atheroprotective effects of
high-density lipoproteins,” Annual Review of Medicine,
vol. 54, no. 1, pp. 321–341, 2003.

[90] M. Navab, S. Y. Hama, G. M. Anantharamaiah et al., “Normal
high density lipoprotein inhibits three steps in the formation
of mildly oxidized low density lipoprotein: steps 2 and 3,”
Journal of Lipid Research, vol. 41, no. 9, pp. 1495–1508, 2000.

[91] M. E. Brousseau and J. M. Hoeg, “Transgenic rabbits as
models for atherosclerosis research,” Journal of Lipid
Research, vol. 40, pp. 365–375, 1999.

[92] K. Goszcz, S. J. Deakin, G. G. Duthie, D. Stewart, S. J. Leslie,
and I. L. Megson, “Antioxidants in Cardiovascular Therapy:
Panacea or False Hope?,” Frontiers in Cardiovascular Medi-
cine, vol. 2, 2015.

[93] A. K. Chahal, G. Chandan, R. Kumar, A. K. Chhillar, A. K.
Saini, and R. V. Saini, “Bioactive constituents of Emblica
officinalis overcome oxidative stress in mammalian cells by
inhibiting hyperoxidation of peroxiredoxins,” Journal of Food
Biochemistry, vol. 44, no. 2, 2020.

[94] I. JIALAL and S. M. GRUNDY, “Influence of antioxidant
vitamins on LDL oxidation,” Annals of the New York Acad-
emy of Sciences, vol. 669, no. 1, pp. 237–247, 1992.

[95] H. Esterbauer, G. Jürgens, O. Quehenberger, and E. Koller,
“Autoxidation of human low density lipoprotein: loss of poly-
unsaturated fatty acids and vitamin E and generation of alde-
hydes,” Journal of Lipid Research, vol. 28, no. 5, pp. 495–509,
1987.

[96] R. Siekmeier, C. Steffen, and W. März, “Role of Oxidants and
Antioxidants in Atherosclerosis: Results of In Vitro and In
Vivo Investigations,” Journal of Cardiovascular Pharmacol-
ogy and Therapeutics, vol. 12, no. 4, pp. 265–282, 2016.

[97] G. Vogiatzi, D. Tousoulis, and C. Stefanadis, “The role of
oxidative stress in atherosclerosis,” Hellenic Journal of Cardi-
ology, vol. 1, pp. 402–409, 2009.

[98] A. Pastore and F. Piemonte, “Protein glutathionylation in
cardiovascular diseases,” International Journal of Molecular
Sciences, vol. 14, no. 10, pp. 20845–20876, 2013.

[99] J. W. E. Moss and D. P. Ramji, “Nutraceutical therapies for
atherosclerosis,” Nature Reviews. Cardiology, vol. 13, no. 9,
pp. 513–532, 2016.

[100] B. Frei, “Ascorbic acid protects lipids in human plasma and
low-density lipoprotein against oxidative damage,” The

13Oxidative Medicine and Cellular Longevity



American Journal of Clinical Nutrition, vol. 54, no. 6,
pp. 1113S–1118S, 1991.

[101] B. Feng, X. F. Yan, J. L. Xue, L. Xu, and H. Wang, “The pro-
tective effects of α-lipoic acid on kidneys in type 2 diabetic
Goto-Kakisaki rats via reducing oxidative stress,” Interna-
tional Journal of Molecular Sciences, vol. 14, no. 4,
pp. 6746–6756, 2013.

[102] M. G. Battelli, L. Polito, and A. Bolognesi, “Xanthine oxidore-
ductase in atherosclerosis pathogenesis: not only oxidative
stress,” Atherosclerosis, vol. 237, no. 2, pp. 562–567, 2014.

[103] H. Esterbauer, M. Dieber-Rotheneder, G. Striegl, and
G. Waeg, “Role of vitamin E in preventing the oxidation of
low-density lipoprotein,” The American Journal of Clinical
Nutrition, vol. 53, no. 1, pp. 314S–321S, 1991.

[104] P. D. Reaven, “Oxidized low density lipoproteins in athero-
genesis: role of dietary modification,” Annual Review of
Nutrition, vol. 16, no. 1, pp. 51–71, 1996.

[105] A. Costa-Mugica, A. E. Batista- Gonzalez, D. Mondejar et al.,
“Inhibition of LDL-oxidation and antioxidant properties
related to polyphenol content of hydrophilic fractions from
seaweed Halimeda Incrassata (Ellis) Lamouroux,” Brazilian
Journal of Pharmaceutical Sciences, vol. 48, no. 1, pp. 31–37,
2012.

[106] U. Singh, S. Devaraj, and I. Jialal, “Vitamin E, oxidative stress,
and inflammation,” Annual Review of Nutrition, vol. 25,
no. 1, pp. 151–174, 2005.

[107] Y. M. Park, “CD36, a scavenger receptor implicated in ath-
erosclerosis,” Experimental & Molecular Medicine, vol. 46,
no. 6, pp. e99–e99, 2014.

[108] S. A. Brenner, The Effect of Vitamin E and Beta Carotene on
the Incidence of Lung Cancer and Other Cancers in Male
Smokers, 1994.

[109] J. M. Rapola, J. Virtamo, S. Ripatti et al., “Randomised trial of
α-tocopherol and β-carotene supplements on incidence of
major coronary events in men with previous myocardial
infarction,” Lancet, vol. 349, no. 9067, pp. 1715–1720, 1997.

[110] G. S. Omenn, G. E. Goodman, M. D. Thornquist et al.,
“Effects of a Combination of Beta Carotene and Vitamin A
on Lung Cancer and Cardiovascular Disease,” New England
Journal of Medicine, vol. 334, no. 18, pp. 1150–1155, 1996.

[111] M. E. Törnwall, J. Virtamo, P. A. Korhonen et al., “Effect of α-
tocopherol and β-carotene supplementation on coronary
heart disease during the 6-year post-trial follow-up in the
ATBC study,” European Heart Journal, vol. 25, no. 13,
pp. 1171–1178, 2004.

[112] P. Morales, I. C. F. R. Ferreira, A. M. Carvalho et al., “Wild
edible fruits as a potential source of phytochemicals with
capacity to inhibit lipid peroxidation,” European Journal of
Lipid Science and Technology, vol. 115, no. 2, pp. 176–185,
2013.

[113] S. Boukhenouna, H. Mazon, G. Branlant et al., “Evidence that
glutathione and the glutathione system efficiently recycle 1-
cys sulfiredoxin in vivo,” Antioxidants & Redox Signaling,
vol. 22, no. 9, pp. 731–743, 2015.

[114] U. Förstermann, “Oxidative stress in vascular disease: causes,
defense mechanisms and potential therapies,”Nature Clinical
Practice. Cardiovascular Medicine, vol. 5, no. 6, pp. 338–349,
2008.

[115] C. Ding, X. Fan, and G. Wu, “Peroxiredoxin 1 – an antioxi-
dant enzyme in cancer,” Journal of Cellular and Molecular
Medicine, vol. 21, no. 1, pp. 193–202, 2017.

[116] R. Kumar, A. Mohammad, R. V. Saini et al., “Deciphering the
in vivo redox behavior of human peroxiredoxins I and II by
expressing in budding yeast,” Free Radical Biology and Med-
icine, vol. 145, pp. 321–329, 2019.

[117] R. Rezzani, F. Bonomini, S. Tengattini, A. Fabiano, and
R. Bianchi, “Atherosclerosis and oxidative stress,” Histology
and Histopathology, vol. 23, pp. 381–390, 2008.

[118] J. Kisucka, A. K. Chauhan, I. S. Patten et al., “Peroxiredoxin 1
prevents excessive endothelial activation and early athero-
sclerosis,” Circulation Research, vol. 103, no. 6, pp. 598–605,
2008.

[119] X. Wang, S. A. Phelan, C. Petros et al., “Peroxiredoxin 6 defi-
ciency and atherosclerosis susceptibility in mice: significance
of genetic background for assessing atherosclerosis,” Athero-
sclerosis, vol. 177, no. 1, pp. 61–70, 2004.

[120] M. Conrad, V. E. Kagan, H. Bayir et al., “Regulation of lipid
peroxidation and ferroptosis in diverse species,” Genes &
Development, vol. 32, no. 9-10, pp. 602–619, 2018.

[121] M. Lovatt, K. Adnan, V. Kocaba, M. Dirisamer, G. S. L. Peh,
and J. S. Mehta, “Peroxiredoxin-1 regulates lipid peroxidation
in corneal endothelial cells,” Redox Biology, vol. 30, p. 101417,
2020.

[122] L. Galluzzi, I. Vitale, S. A. Aaronson et al., “Molecular mech-
anisms of cell death: recommendations of the Nomenclature
Committee on Cell Death 2018,” Cell Death & Differentia-
tion, vol. 25, no. 3, pp. 486–541, 2018.

[123] W. S. Yang, K. J. Kim, M. M. Gaschler, M. Patel, M. S.
Shchepinov, and B. R. Stockwell, “Peroxidation of polyun-
saturated fatty acids by lipoxygenases drives ferroptosis,”
Proceedings of the National Academy of Sciences, vol. 113,
2016no. 34, pp. E4966–E4975, 2016.

[124] W. S. Yang, R. Sriramaratnam, M. E. Welsch et al., “Regula-
tion of ferroptotic cancer cell death by GPX4,” Cell,
vol. 156, no. 1-2, pp. 317–331, 2014.

[125] H. Feng and B. R. Stockwell, “Unsolved mysteries: how does
lipid peroxidation cause ferroptosis?,” PLoS Biology, vol. 16,
no. 5, pp. e2006203–e2006215, 2018.

14 Oxidative Medicine and Cellular Longevity


	Mechanistic Insights into the Oxidized Low-Density Lipoprotein-Induced Atherosclerosis
	1. Introduction
	2. Oxidized Low-Density Lipoprotein as the Major Risk Factor in Atherosclerosis
	2.1. Stages of Ox-LDL-Induced Atherosclerosis Mechanism: Initiation to Thrombosis
	2.2. Physiology of Endothelial Dysfunction: Initiation Stage
	2.3. LDL Retention in the Subendothelium Elicits an Immune Response: Progression Stage
	2.4. Rupturing of Plaque: Thrombosis

	3. Therapeutics to Block or Retard the Process: Endothelium Dysfunction to Thrombosis
	3.1. Lipid Management Is the Primary Prevention
	3.2. HDL Retards the Atherosclerotic Process
	3.3. Role of Dietary Antioxidants in Treating Atherosclerosis
	3.4. Antioxidant Enzymes Are Critical in Atherosclerosis Prevention

	4. Outlook
	Conflicts of Interest
	Acknowledgments

