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Preface

Lipid peroxidation is the major molecular mechanism that induces oxidative
damage to cell structures and is also involved in the toxicity process that leads to
cell death. Lipid peroxidation was initially studied as a mechanism for the dam-
age to alimentary oils and fats; however, others thought that lipid peroxidation
was the consequence of toxic metabolites (e.g. CCl4) liberating a highly reactive
species, the carbon trichloride methyl radicals (CCl3). This radical quickly adds
molecular oxygen to form the trichloromethylperoxy radical. Removal of hydro-
gen atoms from unsaturated fatty acids by such radicals creates carbon-centered
lipid radicals. These radicals quickly add molecular oxygen to form lipid per-
oxyl radicals, thereby, initiating the process of lipid peroxidation. Unless scav-
enged by radical scavengers, these lipid peroxy-radicals in turn abstract hydrogen
atoms from other lipids molecules, thereby initiating the process of lipid
peroxidation.

Lipid peroxidation is a chain reaction initiated by the hydrogen abstraction or
addition of an oxygen radical, resulting in the oxidative damage of polyunsaturated 
fatty acids (PUFA). PUFAs are more sensitive than saturated fatty acids because
of the presence of a double bond adjacent to a methylene group that makes the
methylene C-H bond weaker and therefore the hydrogen is more susceptible to
abstraction. This leaves an unpaired electron on the carbon, forming a carbon-
centered radical, which is stabilized by a molecular rearrangement of the double
bonds to form a conjugated diene, which then combines with oxygen to form a
peroxy-radical.

In pathological situations the reactive oxygen and nitrogen species are generated
at higher than normal rates, and as a consequence, lipid peroxidation occurs with
deficiency of endogenous antioxidants as alpha-tocopherol deficiency or reduced
glutathione. In addition, in the presence of high concentrations of PUFAs and
transition metals, biological membranes of cells and organelles are constantly
being subjected to various types of damage. The mechanism of biological dam-
age and the toxicity of these reactive species on biological systems are currently
explained by the sequential stages of reversible oxidative stress and irrevers-
ible oxidative damage. Oxidative stress is understood as an imbalance between
increased oxidants or decreased antioxidants. The concept implies the recognition
of the physiological production of oxidants (oxidizing free radicals and related
species) and the existence of operative antioxidant defenses. The imbalance
concept recognizes the physiological effectiveness of the antioxidant defenses in
maintaining both oxidative stress and cellular damage at a minimum level in physi-
ological conditions.
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Collectively, the book is a systematic and comprehensive review of lipid peroxida-
tion with special emphasis on their role in different diseases.

Mahmoud Mansour
Professor,

King Saud Bin Abdulaziz University for Health Sciences,
Saudi Arabia
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Chapter 1

Introductory Chapter: Free
Radicals and Lipid Peroxidation
Mahmoud Ahmed Mansour

1. Introduction

During cellular metabolism, a potentially dangerous by-product named 
free radicals is liberated. They have several effects on cell survival, growth, and 
development and have remarkable effects in the pathogenesis of atherosclerosis, 
aging, development of cancer, and several other conditions including inflamma-
tory diseases [1]. A free radical is characterized by containing in its outer orbit an
unpaired electron [2]. During the process of adenosine triphosphate (ATP) produc-
tion in the mitochondria, free radicals are generated by aerobic organisms. During 
the electron- transport steps of ATP production, due to the leakage of electrons
from mitochondria, reactive oxygen species (ROS), superoxide anion (O2

−∙) and 
hydroxyl (OH∙) radicals, are generated. These free radicals through chemical 
reactions can lead to the production of hydrogen peroxide (H2O2). Based on the
presence of Fe2+ ions, hydroxyl radicals are produced [3].

Free radicals are involved in several beneficial and harmful actions. Free
radicals are involved in the signal transduction pathways that regulate cell growth
[4] and reduction-oxidation (redox) status [3] and have a vital role in the defense
polymorph nuclear leukocytes against infections as it acts as the first line of
defense [5]. However, free radicals in excessive amounts can induce lethal chain
reactions, leading to inhibition and inactivation of vital enzymes and many other
proteins which are important subcellular elements needed for cell survival and
leading to apoptosis [6]. Thus, functionally free radicals are considered a double-
edged sword (Figure 1).

Reactive oxygen species include radicals such as superoxide (O2
−∙), hydroxyl 

radical (HO∙), nitric oxide (∙NO), and non-radical species such as hydrogen perox-
ide (H2O2) and peroxynitrite (ONOO−) [7].

Reactive oxygen species is produced both enzymatically and nonenzymati-
cally. Enzymatic sources include NADPH oxidase located on the cell membrane of
polymorphonuclear cells, macrophages and endothelial cells [8], and cytochrome
P450-dependent oxygenases [9]. Irreversible conversion of xanthine dehydrogenase
to xanthine oxidase by mitochondrial protease uses molecular oxygen as electron
acceptor and produces remarkable amounts of both O2

−∙  and H2O2. Therefore it can
provide another enzymatic source of both free radicals and also constitutes a source
of OH∙. The production of O2

−∙ occurs nonenzymatically too via transfer of a single
electrons to oxygen reduced coenzymes or prosthetic groups (e.g., flavins or iron
sulfur clusters). Furthermore, previously reduced xenobiotics by certain enzymes
(e.g., the anticancer agent Adriamycin or the herbicide paraquat) can also produce
free radicals.
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2. Role of oxidative stress in different diseases

The oxidative stress plays a role in the pathogenesis of different clinical 
conditions. Cancer diseases, diabetes mellitus, atherosclerosis, chronic inflam-
matory diseases, human immunodeficiency virus (HIV) infection (AIDS), 
ischemia–reperfusion injury, and sleep apnea are important examples. The 
previously mentioned disease can be classified into two categories [10]. In the 
first category, a pro-oxidative shift in the systemic thiol/disulfide redox state is 
in parallel with impaired glucose clearance, suggesting that the mitochondria of 
the skeletal muscle may be the primary site of elevated ROS production; these 
conditions may be referred to as “mitochondrial oxidative stress” which is clearly 
in diabetes mellitus and cancer [11]. The second category is based on excessive 
stimulation of NADPH oxidase activity by cytokines or other agents and there-
fore refers to “inflammatory oxidative conditions.” In this case, elevated free 
radical levels or alteration of intracellular glutathione levels is often associated 
with pathological changes indicative of a dysregulation of signal transduction 
and/or gene expression, represented by a change in the expression of cell adhe-
sion molecules [12].

3. Lipid peroxidation and incidence of cancers

There is clear evidence supporting the role of lipid peroxidation in the induction 
of selected human cancers, including the kidney, liver, and skin. Estrogen treat-
ment induces lipid peroxidation and subsequently increases the incidence of renal 
cell cancer in experimental models [13, 14]. Based on this mechanism, it has been 
hypothesized that estrogen increases breast cancer risk as lipid peroxidation may 

Figure 1. 
ROS, oxidative damage, and human diseases. Interrelationship between the effect of imbalance in the reactive 
oxygen species (ROS) and their consequences on the cellular growth and the cellular function leads to DNA 
damage and mutation.
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be one mechanism [15]. But estrogen induces renal cancer or liver cancer in this 
experimental model, not breast cancer.

In contrast, there is evidence favoring lipid peroxidation as an anticarcinogenic 
mechanism in breast cancer. It has been confirmed that higher level of lipid peroxi-
dation is usually associated with lower rate of cell proliferation. Therefore, there 
is an inverse relationship between the concentrations of lipid peroxides and the 
rate of the cell proliferation [16]. This is supported by the observation that tumor 
cells are more resistant to lipid peroxidation than normal cells [17]; indeed, it was 
shown that in hepatomas, the higher the growth rate of the tumor, the lower the 
microsomal phospholipid content and the degree of fatty acid unsaturation [16]. 
Hosmark and Lystad [18] have also reported that low levels of polyunsaturated 
fatty acids and cytochrome P450 and elevated levels of lipid-soluble antioxidant 
alpha-tocopherol in the hepatoma cells are the main causes behind lower rate of 
lipid peroxidation.

It has been reported that lipid peroxidation represents a protective mecha-
nism in breast cancer. Decreased plasma malondialdehyde (MDA), which is a 
marker for lipid peroxidation, has been significantly associated with severity of 
prognosis factors for breast cancer. A significant lower plasma level of MDA was 
detected in patients with large tumors or in whom nodes and/or metastasis was 
present [19, 20].
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Abstract

Lipid peroxidation is one of the primary events of the cell injury process. In 
pathophysiological condition, it is undergoing the initiation of organ damage. 
Various free radicals are playing a key role in this lipid peroxidation process. Free 
radical associated organ damage involves the three major phases, that is, initiation, 
propagation and termination. The primary source of various free radical forma-
tions is mediated through the pathophysiological function of mitochondria. Lipid 
peroxidation is contributed to the multiple neurodegenerative disorders. Thus, the 
various endogenous cellular anti-oxidant systems are regulated lipid peroxidation  
process and control the neurodegenerative action. Some of the molecules are 
targeted to attenuate the lipid peroxidation and their mediators for the prevention 
of neurodegeneration.

Keywords: malondialdehyde, vascular dementia, Alzheimer disease,  
multiple sclerosis

1. Introduction

Lipid peroxidation (LPO) is a complex process of the cellular system. The 
reactive oxygen species (ROS) such as superoxide anion, hydroxyl radical and 
hydrogen peroxide radicals play a key role in the process of lipid peroxidation [1]. 
Oxygen radicals, that is, superoxide anions are a primary bioactive molecule in LPO 
process. LPO process releases the various metabolic intermediated products such as 
malondialdehyde (MDA) and 4-hydroxynonenal (HNE) [2]. Further, the accumu-
lation of LPO products; even it is small amounts induces the cell death process via 
multiple cell signaling process [3, 4]. ROS are ready to attack/interact with various 
bio molecules like polyunsaturated fatty acids (PUFA) of the fatty acid membrane. 
Then, LPO products are initiating the multiple self-propagative chain reactions 
[5]. This LPO associated destruction of membrane lipids and their intermediate/
end-products are potentially dangerous for the various cells, tissues and organs. 
However, the LPO process is overcome by the cellular enzymatic system such as 
catalase (CAT) & superoxide dismutase (SOD); and non-enzymatic molecules like 
vitamins A and E [6]. Thus, lipid peroxidation is a self-propagating chain-reaction 
and involves the multiple ways of LPO product formation; so the availability of few 
lipid products can cause the significant tissue damage [7]. However, the extensive 
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research about the lipid peroxidation process and products are not yet been studied. 
The precise action and regulatory function of LPO in various pathophysiologi-
cal conditions of neurodegenerative disorders such as Alzheimer disease (AD), 
dementia, Parkinson disease (PD), Huntington disease (HD), multiple sclerosis 
(MS), amylotropic lateral sclerosis (ALS), stroke and neuropathy are needed to be 
investigated [8, 9]. This book chapter is focused on the role of the lipid peroxidation 
process in neurodegenerative disorders.

2. Relationships of free radicals and LPO

LPO occurs due to the generation of free radicals process in the biological 
system. The free radicals are readily attacking the phospholipids of cell mem-
brane leads to degrading the lipids action [10]. This rapid reaction towards lipid 
membrane is due to the availability of multiple double bonds between methylene 
(▬CH2▬) bridges and reactive hydrogen atoms. This is most frequently occurs 
with polyunsaturated fatty acids (PUFA) [11]. The free radical reactions are 
self-perpetuating chain reactions and it is highly reactive molecules with a various 
biomolecule such as protein, lipids, mitochondria, endoplasmic reticulum and 
DNA due to its unpaired electrons [12]. In addition, these radicalsare existed very 
short duration, that is, 10−9–10−12 second. However, before diverging of these free 
radicals are reacts with another molecule; to make their own stability by attracting 
or donate the electrons [13]. Generally, controlled generation of free radicals under 
normal body condition is good for the physiological process; because it enhances 
the immune cell activation and stimulates the various cellular systems.

Unfortunately, the large quantity of free radical generation causes the cell death. 
The abundant generation of free radicals is occurred due to abnormal metabolic 
and homeostatic functions. Normally the raising of free radicals is controlled by 
various endogenous anti-oxidant defense systems. There are two major factors are 
employing the activation of free radical associated lipid peroxidation process. The 
primary factor is increasing of cytosolic free radical concentration and it occurs 
due to enzymatic and mitochondrial mediated reactions [14]. Another factor is 
the reduction anti-oxidant fence system and it occurs due to the changes in the 
normal endogenous enzymatic pool. The imbalanced action of free radicals ate 
responsible for the LPO. LPO process not only occurs in cell membrane lipids; it 
also occurs in mitochondria, endoplasmic reticulum and nuclear membrane. This 
intracellular reaction of LPO is enhancing the cell death process [15]. Later stage 
of LPO process is also enhanced release of various biomolecules which activates 
the paracrine actions. The overall effect is procuring the organ and system failure. 
Here some of the examples are listed for the lipid peroxidation associated disorders 
such as cancer, atherosclerosis, myocardial infarction, coronary artery disease, liver 
failure, renal failure and autoimmune disease. In addition, the numerous reports are 
documented that, LPO process also enhances the pathogenesis of neurological dis-
orders such as Alzheimer’s disorder; Parkinson disease; multiple sclerosis, vascular 
dementia, stroke and neuropathic pain [16].

3.  Molecular mechanism of free radicals, antioxidant and toxicity 
reactions

The free radical (R*) formation is mainly due to the abnormal bio-activation 
process sometimes due to xenobiotic reactions such as cytochrome P450; prostaglan-
din synthase and lipoxygenase reactions. Free radical associated lipid peroxidation 
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reaction has three stages. (1) Initiation stage: in this stage, free radicals are attacking 
the covalently bonded molecules due to its high affinity [17]. The covalent bond 
containing bio-molecules are DNA, proteins, lipids and phospholipids. The mem-
brane phospholipids, that is, PUFA is a primary target in the cellular system. In this 
stage fatty acid radical, that is, lipid radical (L*) is produced. (2) Propagation stage: the 
primary noticeable initiators of propagation stage of free radicals are reactive oxygen 
species (ROS; i.e., OH• and HOO•). This stage another lipid radicals, that is, lipid 
peroxy radical (LOO*) and lipid hydroperoxide (LOOH) are produced. Here, LOOH 
is non-radical. Whereas, when radicalsreact with non-radical molecules; non-radical 
molecules ready to changes their own property lead to form another active radical. 
This process is called as “chain reaction mechanism”. (3) Termination stage: in this 
stage; different molecules are involved to speed up termination free radical—LPO 
reaction by neutralizing free radicals such agent is also called antioxidants such as 
vitamin E and vitamin C. Some of the anti-oxidants molecules are presents within the 
body like superoxide dismutase, catalase and glutathione peroxidase. These molecules 
are actively converting the LOO* and LOOH molecules to stable lipid alcohol (LOH). 
It is non-toxic to the biological system. Generally, the radical reaction stops when two 
radicals are reacted and produces the non-radical species. However, these reaction-
sare happening, when the concentration of radical species is higher. In pathological 
conditions, the failure of the termination stage of LPO process leads to produce the 
multiple lipid peroxidative products [18–20]. The free radical (R*) associated lipid 
peroxidation in two different phases. The first phase is the lipid phase; it occurs in 
the cell membrane. The second phase is an aqueous phase; it occurs in the cytosolic 
region of the cell. Antioxidants are regulated inboth phases of the LPO process [21].

Figure 1. 
This illustration is showing the reactions between free radicals, lipids and antioxidant molecules. Mechanism of 
LPO process and lipid radical associated neurotoxicity are undergoes the following actions, that is, initiation, 
propagation and termination. Whereas, the propagation stage of lipid radicals are induce the formation of 
various lipid radicals. Finally, it interacts with multiple levels of biomolecular changes leads to cause the 
neurodegeneration.
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In lipid phase, PUFA methylene (▬H▬) bridges are converts to PUFA oxy 
(▬OO*▬) radical. An antioxidant such as tocopherol (Toc-OH) induces the PUFA 
oxy (▬OO*▬) radical conversion to PUFA oxy (▬OOH▬) molecule. PUFA 
peroxy (▬OOH▬) bridged molecule biologically non-toxic. Further nontoxic 
PUFA peroxy (▬OOH▬) bridged molecules are converted to PUFA peroxy 
(▬OOH*▬) molecule with the action of phospholipase A2 (PLA2). In this process 
is shifting the lipid phase to the aqueous phase of the reaction [22]. The PUFA 
peroxy (▬OOH*▬) molecules are toxic to the cellular system [23]. These molecules 
are regulated by two endogenous enzymatic anti-oxidant systems such as catalase 
and glutathione peroxidase. Catalase is directly converting the PUFA peroxy 
(▬OOH*▬) molecules to PUFA peroxy (▬OH▬) molecules. Glutathione peroxi-
dase enhances the neutralizing of PUFA peroxy (▬H2O2▬) molecules with the help 
of selenium (Se). In the cytosol, the superoxide accumulation occurs due to the ETC 
reaction and other mitochondrial reactions. The aqueous phase superoxide ions 
are neutralized by superoxide dismutase enzyme. The failure of free radical—LPO 
reactions leads to activates cell death; proximal and distal tissue damage; and organ 
failure process [24]. The interaction of free radical, lipid peroxidation and toxicity 
mechanism is showed in Figure 1.

4. By-products of lipid peroxidation

The LPO of unsaturated lipids and ROS attack on unsaturated lipids are produc-
ing the variety of oxidation products. The primary oxidation products of lipid are 
lipid hydroperoxides (LOOH). In addition, The LPO process releases the additional 
by-products via metabolic conversion of lipids and their radicals. By-products of 
LPO are reactive aldehydes like malondialdehyde (MDA), 4-hydroxynonenal (HNE) 
propanal and hexanal. MDA is identified as the potent mutagenic product of lipid 
peroxidation; whereas, another LPO products, that is, HNE is toxic to the cellular 
system but not mutagenic. LPO products are categorized into two ways; first one 
is primary LPO product, that is, LOOH and their adduct products. Another one 
is the secondary LPO product, that is, MDA and their adducts [25]. Primary lipid 
peroxidation products (hydroperoxides) are formed at the propagation phase of the 
LPO process. The hydroperoxide group can be attaching to multiple lipid molecules 
such as free fatty acids; triacyl glycerols; phospholipids; and sterols. LOOH are more 
stable products and found in serum. Hence, the LPO products can be detectable for 
identification of cellular oxidative stress. The LOOH are targeted to various reduc-
tion reactions; which lead to either inhibition of peroxidative damage and/or induc-
tion of peroxidative damage [3]. The inhibition of peroxidative damage is due to 
decomposing of hydroperoxides, namely two-electron reduction [26]. Some of the 
enzymes are responsible for this two-electron reduction process of hydroperoxides. 
Those enzymes are selenium-dependent glutathione peroxidases (GPx) and seleno-
protein P (SeP). The induction of peroxidative damage is due to decomposing of 
hydroperoxides, namely one-electron reduction in the initiation and/or propagation 
steps of LPO process [27]. These conditionsenhance the formation of new LOOH, 
that is, lipid peroxyl radical and alkoxyl radicals by redox cycling process [28].

A secondary lipid peroxidation product (MDA) is a by-product of arachidonic 
acid and PUFAs decomposition. This reaction occurs by enzymatic or non-enzy-
matic reaction process. MDA has a dose-dependent dual role function; it is chemi-
cally stable and membrane-permeable compare to ROS; whereas, MDA is less toxic 
than HNE and methylglyoxal (MG) products. The enzymatic production of MDA 
is occurred during the biosynthesis of thromboxane A2 (TAX-A2) from arachi-
donic acid metabolism by the action of TAX-A2 synthase [29]. The non-enzymatic 
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production of MDA occurs with a mixture of lipid hydroperoxides during lipid 
peroxidation process. The non-enzymatic production of MDA is occurring under 
specific conditions. The metabolism of MDA involves via mitochondrial aldehyde 
dehydrogenase actions; which leads to form decarboxylated products, that is, 
acetaldehyde; and it is further oxidized by aldehyde dehydrogenase to form acetate; 
carbon-di-oxide (CO2); and water (H2O) [3].

Both primary and secondary by-products of LPO are playeda key role in the 
various pathophysiological process including neurodegenerative disorders. MDA 
and HNE products are interfering with the various biological processes such as 
genetic; physiological; and pathological to control the intrinsic and extrinsic factor 
influences [30]. In genetic aspects, LPO can be controlled by diet; environment; 
and habits. Various LPO studies are carried out in experimental animal models. 
The following agents are reported to produce the LPO in the biological system. 
Cumene hydroperoxide, it is used in the chemical and pharmaceutical industry as a 
catalytic agent [31]. Tert butyl hydroperoxide is an organic oxidizing agent and acts 
as a bleaching agent; and initiator of polymerization. Carbon tetrachloride (CCl4) 
is a toxic carcinogenic agent and it is used as a solventfor the industrial degreasing 
operations. In addition, it is also used as pesticides and chemical intermediate of 
refrigerants. Quinolinic acid (QA) is produces the potent neurotoxic metabolite of 
kynurenine metabolism intermediates and involves in the pathogenesis of neurolog-
ical diseases [32]. Furthermore, some of the transition metals ions also play a role for 
LPO process due to its pro-oxidant effect. The major transition metals for the LPO is 
copper; chromium; cadmium; nickel; vanadium; manganese; and iron [3, 33–35].

In aging condition; iron plays a key role in the neurological disorders. Iron 
accumulation in CNS causing the lipid peroxidation process and it causes the 
motor dysfunction and other neurological disorders [36]. Now, iron dependent cell 
death is linked with the lipid peroxidation process. This phenomenon also called 
as “ferroptosis”. Ferroptosis is a process and produces the non-apoptotic manner of 
cell death regulation process [37]. This iron dependent regulation of cell death is 
characterized by the accumulation of LPO products. Moreover, ferroptosis process 
can be controlled by the lipid acting antioxidants and potent iron chelators [37, 38]. 
Some of the molecules are identified as ferroptosis regulators such as erastin and rat 
sarcoma selective lethal 3 (RSL3) proteins [39].

5. Hazards action of lipid peroxidation products

The developed LPO products must be degraded in the biological system by 
enzymatic and non-enzymatic manner. If the termination of oxidized LPO prod-
ucts is not enough; it’s causing the potential tissue damage to the cell membrane. 
The first phase of LPO is altered by the cytosolic enzymatic and calcium pool 
[40]. The second phase of LPO is shown to activation of macrophage followed by 
oxidation of PUFA [41, 42]. In addition, LPO products also interact with multiple 
catalysts and heavy metals such as iron and copper metals. A ferrousform of iron is 
highly interactive metals with lipid peroxidative products and it also documented to 
produce the potent neurodegenerative process [33, 42].

The summary of LPO induced neurodegeneration is due to free radical associ-
ated activation of membrane lipid oxidation and subsequent alteration of free radi-
cal, mineral, metal and enzymatic pool activation in the cytosol of every cellular 
system including nervous tissue [42, 43]. In a neuron, these actions are rapid and 
specialized targeted proteins, that is, cytoskeleton, misfolding and prion proteins 
[44]. Some of the actions occur in mitochondria and nuclear levels [45]. This mul-
tiple molecular and cellular actions are responsible for the sustained activation of 
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production of MDA occurs with a mixture of lipid hydroperoxides during lipid 
peroxidation process. The non-enzymatic production of MDA is occurring under 
specific conditions. The metabolism of MDA involves via mitochondrial aldehyde 
dehydrogenase actions; which leads to form decarboxylated products, that is, 
acetaldehyde; and it is further oxidized by aldehyde dehydrogenase to form acetate; 
carbon-di-oxide (CO2); and water (H2O) [3].

Both primary and secondary by-products of LPO are playeda key role in the 
various pathophysiological process including neurodegenerative disorders. MDA 
and HNE products are interfering with the various biological processes such as 
genetic; physiological; and pathological to control the intrinsic and extrinsic factor 
influences [30]. In genetic aspects, LPO can be controlled by diet; environment; 
and habits. Various LPO studies are carried out in experimental animal models. 
The following agents are reported to produce the LPO in the biological system. 
Cumene hydroperoxide, it is used in the chemical and pharmaceutical industry as a 
catalytic agent [31]. Tert butyl hydroperoxide is an organic oxidizing agent and acts 
as a bleaching agent; and initiator of polymerization. Carbon tetrachloride (CCl4) 
is a toxic carcinogenic agent and it is used as a solventfor the industrial degreasing 
operations. In addition, it is also used as pesticides and chemical intermediate of 
refrigerants. Quinolinic acid (QA) is produces the potent neurotoxic metabolite of 
kynurenine metabolism intermediates and involves in the pathogenesis of neurolog-
ical diseases [32]. Furthermore, some of the transition metals ions also play a role for 
LPO process due to its pro-oxidant effect. The major transition metals for the LPO is 
copper; chromium; cadmium; nickel; vanadium; manganese; and iron [3, 33–35].

In aging condition; iron plays a key role in the neurological disorders. Iron 
accumulation in CNS causing the lipid peroxidation process and it causes the 
motor dysfunction and other neurological disorders [36]. Now, iron dependent cell 
death is linked with the lipid peroxidation process. This phenomenon also called 
as “ferroptosis”. Ferroptosis is a process and produces the non-apoptotic manner of 
cell death regulation process [37]. This iron dependent regulation of cell death is 
characterized by the accumulation of LPO products. Moreover, ferroptosis process 
can be controlled by the lipid acting antioxidants and potent iron chelators [37, 38]. 
Some of the molecules are identified as ferroptosis regulators such as erastin and rat 
sarcoma selective lethal 3 (RSL3) proteins [39].

5. Hazards action of lipid peroxidation products

The developed LPO products must be degraded in the biological system by 
enzymatic and non-enzymatic manner. If the termination of oxidized LPO prod-
ucts is not enough; it’s causing the potential tissue damage to the cell membrane. 
The first phase of LPO is altered by the cytosolic enzymatic and calcium pool 
[40]. The second phase of LPO is shown to activation of macrophage followed by 
oxidation of PUFA [41, 42]. In addition, LPO products also interact with multiple 
catalysts and heavy metals such as iron and copper metals. A ferrousform of iron is 
highly interactive metals with lipid peroxidative products and it also documented to 
produce the potent neurodegenerative process [33, 42].

The summary of LPO induced neurodegeneration is due to free radical associ-
ated activation of membrane lipid oxidation and subsequent alteration of free radi-
cal, mineral, metal and enzymatic pool activation in the cytosol of every cellular 
system including nervous tissue [42, 43]. In a neuron, these actions are rapid and 
specialized targeted proteins, that is, cytoskeleton, misfolding and prion proteins 
[44]. Some of the actions occur in mitochondria and nuclear levels [45]. This mul-
tiple molecular and cellular actions are responsible for the sustained activation of 
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the neurodegenerative process leads to produce the multiple neurological disorders 
with neurodegeneration [46, 47]. This hazards reaction of LPO on targeted biomol-
ecule for neurodegenerative disorders are illustrated in Figure 2. The following sec-
tion is explaining about the LPO role in neurodegenerative disorders like Alzheimer 
disease (AD), Parkinson disease (PD), multiple sclerosis (MS), amylotropic lateral 
sclerosis (ALS), stroke and neuropathy.

6. Role of LPO in Alzheimer disease

LPO is one of the primary key factors for the progress of neurodegenerative 
disorders. The pathogenesis of AD is also documented that, oxidative stress enhance 
the progress of neurodegeneration via free radical associated LPO reactions [48]. 
The progress of AD rate is higher in developing countries and it causes the reduc-
tion of quality of life [49]. The various etiological factors are identified in the devel-
opment of AD such as smoking, alcohol, hypertension, atherosclerosis, diabetes, 
hypercholesterolemia, aging and trauma. In addition, specialized neuronal proteins 
such as amyloid precursor protein (APP), the Aβ peptide, neurofibrillary tangles, 
Tau proteins, and amyloid plaques are plays a role in the alteration of neuronal 
function and its enhance the neurodegeneration and development of AD [50, 51]. 
Furthermore, these changes are due to alteration of multiple cellular signaling cas-
cades such as over activation of α, β and γ secretase; beta-site APP-cleaving enzyme 
1 and 2 (BACE1 & BACE2); presenilins proteins 1 and 2 (P1 & P2); apolipoprotein 
E-epsilon4 variant (ApoE-ε4); alpha2-macroglobulin; and calcium dependent 
kinases [49, 52–55]. LPO and their metabolites contribute to the development of 

Figure 2. 
Mechanism of LPO associated neurodegenerative disorders. The initial event of free radicals enhances the lipid 
peroxidation of products, which leads to alter the ion channels; enzymes; genes and proteins. The net effects of 
LPO products are cause the Alzheimer disease (AD); dementia; Parkinson’s disease (PD); Huntington disease 
(HD); multiple sclerosis (MS); amylotropic lateral sclerosis (ALS); stroke; and neuropathy.
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neurovascular complication and neurodegeneration by activation of the above 
signaling pathways. Recently, ferrous ion dependent free radical generation, lipid 
peroxidation and activation of amyloid proteins are responsible for the develop-
ment of AD [56]. The classical medicines of nootropic agents like donepezil; 
rivastigmine; galantamine; and memantine are enhanced the memory function 
[57]. Some of the agents are anti-inflammatory agent such as zileuton is regulated 
in the neurodegenerative process via anti-lipidperoxidative and anti-inflammatory 
actions [58]. However, there are limited studies reported that anti-lipid peroxidative 
agents are ameliorated the AD [59, 60].

7. Role of LPO in dementia

Dementia is one of the leading causes of changes in quality of life and death. 
Now a days, various pathophysiological factors are employed in the progression 
of dementia especially VaD; such conditions are hypertension, diabetic mellitus, 
renal failure, cardiac failure and bone fracture [61–63]. The hallmark of dementia is 
still complicated and some of the reports revealed that α-synuclein protein altera-
tion enhances the neurodegeneration and dementia symptoms [64]. In addition, 
the genetic predisposition is identified as causing factors for dementia disorders. 
Recently, some of the newer molecular proteins are explored in the neurodegenera-
tion as well as dementia such proteins are α-synuclein, ubiquitin, parkin, neurofila-
ments and chaperone proteins. These all changes are observed in the moderate 
and chronic condition of dementia disorders. Whereas, the initial effects of the 
neurodegeneration process is to express the development of free radical and LPO 
associated oxidative stress environments in the nervous system [18]. However, the 
specific molecules for the LPO regulators are not studied in dementia disorders. 
Whereas, numerous studies revealed that, the memory enhancing drugs like done-
pezil; rivastigmine; galantamine; and mementine are reduced the lipid peroxidative 
products reaction. Hence, the direct and specific modulatory agents are required for 
the management of dementia disorders [65]. Further, dementia disorders are arising 
with multiple pathophysiological factors; so the multi-targeted drug approaches 
will be more effective to prevent the dementia disorders. Here, the LPO targeted 
drugs is one of the primary facts for the treatment of dementia disorders.

8. Role of LPO in Parkinson disease

Parkinson disease (PD) is one of the extrapyramidal disorders and it occurs due 
to dopaminergic neurodegeneration and alteration of dopamine levels in the brain. 
Symptomatically, it affects the motor neuron and produces the abnormalities of 
body movements. The LPO process induces the primary form of sporadic type of 
Parkinson disease (PD) [66]. Mainly, dopaminergic neuron damage occurs in the 
substantia nigra, locus ceruleus, dorsal motor nucleus and substantia innominata 
[67]. The sign of movement problems is festinating gait; rigidity of limbs; poverty 
of voluntary movement; and rolling type of tremor. The progressiveness of PD is 
very slow [68]. The various types of cells are employed in the dopaminergic neu-
rodegeneration such as neutrophils; macrophages; and astrocytosis [69]. This all 
process is altered by free radicals and lipid peroxidative reactions. LPO reactions 
affect multiple biomolecules such as such as membrane lipids, proteins (especially 
α-synculein); mitochondrial pore; endoplasmic reticulum; liposomes; peroxisomes; 
lysomes including DNA and RNA [51]. Therefore, the reduction and controlling 
LPO process is able to treat the PD. However, the limited agents are tested in the 
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ment of AD [56]. The classical medicines of nootropic agents like donepezil; 
rivastigmine; galantamine; and memantine are enhanced the memory function 
[57]. Some of the agents are anti-inflammatory agent such as zileuton is regulated 
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actions [58]. However, there are limited studies reported that anti-lipid peroxidative 
agents are ameliorated the AD [59, 60].
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Dementia is one of the leading causes of changes in quality of life and death. 
Now a days, various pathophysiological factors are employed in the progression 
of dementia especially VaD; such conditions are hypertension, diabetic mellitus, 
renal failure, cardiac failure and bone fracture [61–63]. The hallmark of dementia is 
still complicated and some of the reports revealed that α-synuclein protein altera-
tion enhances the neurodegeneration and dementia symptoms [64]. In addition, 
the genetic predisposition is identified as causing factors for dementia disorders. 
Recently, some of the newer molecular proteins are explored in the neurodegenera-
tion as well as dementia such proteins are α-synuclein, ubiquitin, parkin, neurofila-
ments and chaperone proteins. These all changes are observed in the moderate 
and chronic condition of dementia disorders. Whereas, the initial effects of the 
neurodegeneration process is to express the development of free radical and LPO 
associated oxidative stress environments in the nervous system [18]. However, the 
specific molecules for the LPO regulators are not studied in dementia disorders. 
Whereas, numerous studies revealed that, the memory enhancing drugs like done-
pezil; rivastigmine; galantamine; and mementine are reduced the lipid peroxidative 
products reaction. Hence, the direct and specific modulatory agents are required for 
the management of dementia disorders [65]. Further, dementia disorders are arising 
with multiple pathophysiological factors; so the multi-targeted drug approaches 
will be more effective to prevent the dementia disorders. Here, the LPO targeted 
drugs is one of the primary facts for the treatment of dementia disorders.

8. Role of LPO in Parkinson disease

Parkinson disease (PD) is one of the extrapyramidal disorders and it occurs due 
to dopaminergic neurodegeneration and alteration of dopamine levels in the brain. 
Symptomatically, it affects the motor neuron and produces the abnormalities of 
body movements. The LPO process induces the primary form of sporadic type of 
Parkinson disease (PD) [66]. Mainly, dopaminergic neuron damage occurs in the 
substantia nigra, locus ceruleus, dorsal motor nucleus and substantia innominata 
[67]. The sign of movement problems is festinating gait; rigidity of limbs; poverty 
of voluntary movement; and rolling type of tremor. The progressiveness of PD is 
very slow [68]. The various types of cells are employed in the dopaminergic neu-
rodegeneration such as neutrophils; macrophages; and astrocytosis [69]. This all 
process is altered by free radicals and lipid peroxidative reactions. LPO reactions 
affect multiple biomolecules such as such as membrane lipids, proteins (especially 
α-synculein); mitochondrial pore; endoplasmic reticulum; liposomes; peroxisomes; 
lysomes including DNA and RNA [51]. Therefore, the reduction and controlling 
LPO process is able to treat the PD. However, the limited agents are tested in the 
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management of dopaminergic neurodegeneration. Hence, the more extensive stud-
ies are required for the treatment of PD with direct and specific anti-lipid peroxida-
tive drugs or combination with subsequent cell signal arresting molecules [70, 71].

9. Role of LPO in Huntington disease

Huntington disease (HD) is one of the autosomal dominant diseases. And, it is 
also one of the neurodegenerative disorders. It occurs between the age of 20 and 
50 years. The symptoms of HD are a chorei form of body movements; dystonia; the 
paucity of movement and progressive loss of neuron [45]. Genetically, it affects  
the 4th chromosomal gene; huntingtin (HTT) protein mutation and misfold-
ing. The main area of the brain is affection in caudate; putamen nucleous; globus 
pallidus; and nucleus accumbens leads to cause the atrophy of brain via the neuro-
degenerative process [32, 72]. The microscopical observation revealed that small 
spiny neurons of the caudate and putamen cause the astrocytosis. The chronic event 
of cellular neurodegenerative process enhances the neuronal oxidative stress with 
an accumulation of free radicals and LPO process [73]. During the early stage of 
LPO process; neuronal cells losses the cell contents; shrinkage of caudate nucleo-
lus; shrinkage and dilatation of the anterior horns of lateral ventricles [45, 72]. 
Moreover, LPO process enhances the alteration of various neurotransmitters such 
as a gamma aminobutyric acid (GABA); acetylcholine; and substance P [74, 75]. 
The various medicines are reported to treat the HD via inhibition of LPO process 
[76]. Therefore, LPO targeted medicines are useful for the management of HD and 
neurodegenerative disorders.

10. Role of LPO in multiple sclerosis

Multiple sclerosis (MS) is a known demyelinating disease and its causes the dys-
function of the central nervous system. Myelin produces the insulation coating on 
the nervous system like electrical wires. The pathogenesis of MS is shown by attacks 
of neuronal proteins of CNS such as myelin proteins. In addition, the LPO products 
are play key role in the pathogenesis of MS [77]. This myelin protein is essential 
for neuronal function because of its support of the neuronal signal conduction 
without loss of strength. Whereas, the loss of myelin proteins by immunological 
abnormalities are cause the neuronal dysfunction and symptoms of MS. Further, 
these neuronal damages are permanent and difficult to the MS [78]. The symptoms 
of MS are numbness or weakness in limbs, one side of your body, legs and trunk; 
partial or complete loss of vision and double vision; tingling and pain; tremor, lack 
of coordination, unsteady gait, slurred speech, fatigue, dizziness; and bowel and 
bladder function. These all symptoms are due to damage of myelin proteins of CNS 
[79]. The various factors are employed in the pathogenesis of MS such as genetic 
abnormalities; environmental factors (smoking and alcohol); and autoimmune 
disease (thyroid disease, type 1 diabetes and inflammatory bowel disease) [80]. The 
MS is a progressive demyelinating process, which is due to the over the action of 
the immunological system. The immunological proteins are inducing the multiple 
physiological processes. Whereas the over activity of immunological proteins causes 
the neurological damage via activation of the demyelinating process [81]. This 
chronic progressive is due to the free radical and LPO process. The limited drugs are 
used for the treatment of MS and it also documented that, reduce the LPO products 
accumulation. However, the LPO targeted drugs are not tested in MS disease. So, 
extensive studies are required LPO targeted medicine for the treatment of MS.
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11. Role of LPO in amylotropic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is another neurodegenerative disorder of a 
nervous system and it affects the CNS nerve cells. In addition, it affects the neu-
ronal transmission between the brain and the spinal cord. This leads to affects the 
neuromuscular function and produces the trouble for walking, running and writ-
ing; and speech problems [82]. In addition, it also produces the respiratory failure; 
it is a very serious complication of ALS. The primary target of neurological damage 
is upper motor neurons of cranial motor nuclei, and Betz cells of neocortex lead to 
produce the muscle atrophy and astrocytosis [83]. Sometimes ALS is also produced 
in the lateral column degeneration with gliosis; so it is called “sclerosis”. The pri-
mary etiology of ALS is due to the mutations of superoxide dismutase-1 (SOD1) 
gene [78]. The SOD gene associated proteins are responsible for the reduction of 
cellular free radicals leads to reduce the LPO products associated with protein and 
DNA damage [74, 84]. Therefore, LPO targeted drug is essential for the treatment 
of ALS. However, there is no report is documented for the treatment of ALS.

12. Role of LPO in stroke

Stroke is one more neurodegeneration disorders and it occurs due to the cerebro-
vascular accidents. The primary symptoms of stroke are a cluster headache, motor 
impairment, paralysis and death [85–87]. The various risk factors are employed in 
the pathogenesis of strokes such as smoking, alcohol, obesity, trauma, hyperten-
sion, diabetes and renal failure [88, 89]. In addition, various physiological processes 
are altered with multiple ethiological factors such as hypoxia, ischemia, aneurysm 
and immune activation leads to platelet activation, thrombosis, immune cell activa-
tion decreasing of ATP content, mitochondrial damage, ionic imbalance and glial 
cell activation [90–92]. Furthermore, the chronic neurological damage is due to the 
accumulation of lipid peroxidative products leads to damage to the neurological 
system leads to produce the stroke symptom [93, 94]. The free radical and LPO are 
well documented to produce neurodegeneration in stroke condition [95]. However, 
the tested compounds are show in the alteration of LPO products in the neurologi-
cal system. But, the direct and specific action on LPO products is not documented 
in stroke disorders. So, the extensive studies are required to manage the stroke 
disorders with direct and newer molecule for the reduction of LPO products [96].

13. Role of LPO in neuropathy

The pathogenesis of neuropathy is occurred due to the neurodegenerative 
disorders. In diabetic condition, it produces the multiple types like autonomic 
neuropathy, somatic neuropathy, peripheral and central neuropathy. The etiology 
of neuropathy is due to multiple factors such as ischemia, trauma, hypoxia, free 
radical and lipid peroxidation [9, 97]. These factors alter the cellular and molecular 
events [98, 99]. The anatomy of microvascular system is affecting by the above 
factors and it raising the oxidative stress environment along with DNA damage, 
ATP depletion and activation of ferroptosis [100]. The symptoms of neuropathy are 
the development of autotomy (self-amputation of figures); allodynia (triggering 
of a pain response from stimuli, but it does not provoke pain in normal condi-
tion); hyperalgesia (extreme reaction of painful stimuli); and numbness (unusual 
prickling sensation). The chronic condition of neuronal firing enhances the 
neurodegeneration and reduces the quality of life [101]. In diabetic condition, the 



Lipid Peroxidation Research

14

management of dopaminergic neurodegeneration. Hence, the more extensive stud-
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the development of autotomy (self-amputation of figures); allodynia (triggering 
of a pain response from stimuli, but it does not provoke pain in normal condi-
tion); hyperalgesia (extreme reaction of painful stimuli); and numbness (unusual 
prickling sensation). The chronic condition of neuronal firing enhances the 
neurodegeneration and reduces the quality of life [101]. In diabetic condition, the 
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specialized etiology involved in the pathogenesis of neuropathy; such factors are 
raising blood glucose, sorbitol, aldose, ketone bodies; and advanced glycation end 
products (AGE) [102]. This all molecules are interlinked with oxidative stress. The 
accumulation of free radicals and the LPO process involves in the all pathological 
situation of neuropathy and neurodegenerative process; which leads to produc-
ing the subsequent activation of ionic imbalance; vascular damage; and neuronal 
damage [103, 104]. The LPO products play a crucial role in the pathogenesis of 
neuropathy [105, 106]. However, the directly acting agents on LPO products and 
specific molecules based actions still need to investigate for the management of 
neuropathy [107].

14. Inhibiting of LPO products

The various approaches are attempted to prevent the LPO products formation. 
There are two approaches are employed in the prevention of LPO products such as 
(1) prevention of LPO products formation by both enzymatic and non-enzymatic 
manner; (2) elimination of LPO products [108, 109]. Prevention of LPO products 
formation is a primary successful method with anti-oxidants such as vitamin C 
and vitamin E are inhibits the LPO [110]. The alternative method of LPO inhibi-
tion is deuteration of PUFA at double bond of methylene bridges (bis-allylic sites) 
leads to reduce the chain reaction process [111]. The major deuteriated PUFAs is 
11,11-D2-ethyl linoleate is identified as suppressing agent for LPO process at low 
level concentration [112]. The primary diagnostic methods for end-products of 
LPO, that is, malondialdehyde (MDA) is thiobarbituric acid reactive substances 
(TBARS) assay. Recently, some immunochemical method is employed for the 
detection of HNE-histidine adducts in biological tissue and fluid samples [113]. 
Based on this basic fundamental of LPO formation and diagnostic procedure; 
some of the molecules are identified for the prevention of LPO process and prod-
ucts formation [114]. Some of the molecules are documented that, it prevents the 
neurodegenerative process via alteration of the various cellular signaling process. 
Some of LPO peroxides are formed by lipoxygenase enzymatic system. Thus, 
5-lipoxygenase (5-LOX) inhibitor, that is, zileuton employed as a reduction of LPO 
products in the biological system via ligation of the active site of iron through its 
N-hydroxy urea moiety [58]. In addition, the 12- and 15-lipoxygenases (12-LOX 
and 15-LOX) process contributes to the significant role in the pathogenesis of neu-
rodegenerative disorders via accumulation of LPO products [115]. The discovery of 
12-LOX and 15-LOX inhibitors is still developing stage. The isotope of deuterated 
of PUFA products are documented to prevents the LPO products via enzymatic 
and non-enzymatic manner [18, 115]. Elimination of peroxides: the limited quan-
tity of LPO products formation and reduction is not harmful to the cellular system. 
Whereas, the abundant accumulation of LPO products makes the serious com-
plication to the biological system via alternating cell signal and functions [116]. 
Generally, the biological system eliminates the LPO products via the enzymatic 
mechanism [117, 118]. The glutathione peroxidase (GPx) enzyme is one of the clas-
sical enzymes for reduction of LPO products. Total eight isoforms of GPx enzymes 
are distributed in humans with different substrate specificities and tissue specific-
ity. Among all GPx enzymes, the GPx4 is identified as a primary enzyme for the 
reduction of lipid peroxides. In addition, it also interferes with ferrous ion leads to 
reduce the ferroptotic cell death and accumulation of toxic lipid peroxides [40]. 
Another cofactor, that is, selenocysteine also helps to enhance the GPx4 enzyme 
activity for reduction of lipid peroxides using due to its strong nucleophilic attack 
on the terminal oxygen of lipid peroxide [119]. This reaction helps to the reduction 
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of hydroxyeicosatetraenoic acid (HETE) or hydroxyoctadecadienoic acid (HODE) 
accumulation in the biological system. Furthermore, selenenic acid intermediates 
are reduced by the two molecules of oxidized glutathione and regenerate the active 
GPx enzyme [120]. List of LPO regulating molecules is listed in Figures 3 and 4.

Figure 3. 
Mechanism of reduction of lipid radicals. The primary event of lipid radicals is ROS formation. Thus, various 
antioxidant molecules are claimed as anti-lipid peroxidative agents. These agents are also known as free radical 
scavengers. This anti-oxidative molecules are categorized into the five ways, that is, enzymatic; non-enzymatic; lipid 
phase; solid phase actions; and activation of metal binding protein actions. The free radical scavenging molecules 
are reduce and termination the lipid radical in the biological system leads to neuroprotection from toxic radicals.

Figure 4. 
Mechanism of LPO modulators for the prevention of neurodegenerative disorders. There are three major 
interrelated functions are inducing the neurodegeneration and neurological disorders such as (1) free radical 
generation; (2) LPO product accumulation; and (3) ferroptosis. The LPO modulators are attenuated the 
neurodegenerative disorders like anti-oxidant; anti-lipid peroxidation; and iron chelating actions.
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15. Summary of LPO in neurodegenerative disorders

LPO products are contributes to the various types of neurodegenerative dis-
orders such as AD, dementia, PD, HD, MS, ALS, stroke and neuropathy [108]. 
However, the availability of LPO products regulating molecules is limited. Their 
molecular action in in-vivo biological actions is not explored yet. Hence, the exten-
sive researches are required to prove the potential ameliorative effect of LPO acting 
molecules to prevent the neurodegenerative disorders.

16. Future directions

Based on this complete literature and research reports, LPO regulating mol-
ecules has ample scope to prevent the neurodegenerative disorders. Because LPO 
products are documented to play a critical role in the various stage of the neuro-
degenerative disease. Even, it also interferes with multiple cell organelles such as 
mitochondria, endoplasmic reticulum, lysosome, peroxisome, nucleus and various 
cytoskeletal proteins. The numerous reports also documented that, the molecules 
are altering the LPO process and reducing the LPO products accumulations. 
Whereas, all the classical neuroprotective drugs are claimed as ion channel regula-
tor; enzyme modulators; receptor antagonist actions so on. The direct and specific 
LPO pathway regulating molecules are not identified to attenuate the neurode-
generative disorders in vivo pharmacological research. Even, the newer concept of 
LPO associated ferroptosis actions enhances the neurodegeneration, but ferroptosis 
regulating molecules in the management of neurodegenerative disorders need to be 
study extensively. So, the discovery of LPO pathway modulating agents can treat the 
neurodegenerative disorders. Hence, we believe that, this book chapter will be help-
ful to the various researchers; who working on newer molecule discovery process 
for the prevention of LPO associated neurodegenerative disorders.
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Chapter 3

Lipid Peroxidation in Meat and 
Meat Products
Ana Lúcia F. Pereira and Virgínia Kelly G. Abreu

Abstract

The meat and meat products present a considerable amount of lipid in their 
composition. The lipid composition of these foods is diversified. Thus, depend-
ing on the type of meat, which can be rich in unsaturated fatty acid, there is an 
increase in the disposition for lipid oxidation. Oxidation reactions not only reduce 
the shelf life and nutritional value of food products but also can generate harmful 
compounds. Thus, having in view that many types of new technologies are applied 
to these foods, the proposal of this chapter of how these new methodologies have 
affected the lipid peroxidation of these foods. Moreover, the aim is to evaluate what 
impacts on the chemical characteristics of these foods.

Keywords: fatty acids, rancidity, meat preservation, high pressure, microwave 
heating, ultraviolet light, infrared heating, radiation

1. Introduction

Oxidation is one of the essential factors in the nonmicrobial degradation of meat 
and meat products. Thus, the lipid oxidation has been extensively investigated in 
these foods because the products of the reaction can readily react with proteins, 
leading to sensory modifications and the loss of nutritional value [1].

Food preservation is a process to extend the shelf life of foods while maintaining 
their safety and sensory properties. Nowadays, some new preservation techniques 
are being developed to satisfy the current demands for more efficient preservation 
and higher consumer satisfaction about nutritional and sensory aspects, conve-
nience, safety, absence of chemical preservatives, low price, and environmental 
safety [2]. These methods include high-pressure processing, microwave heating, 
ultraviolet light, infrared heating, and radiation.

The high-pressure processing (HPP) is considered a food safety process that can 
stabilize meat by inactivating microorganisms. However, HPP can favor the lipid 
peroxidation by promoting the formation of radicals [1].

In the microwave heating processing, changes associated with chemical com-
ponents of food products relate mainly to the cooking loss, antioxidant activity, 
bioactive components, and lipid peroxidation. During microwave cooking, protein 
denaturation, cooking loss, and lipid peroxidation of meat and meat products 
increase with the increase in heating time or temperature [3].

Another technique entirely used in research is the infrared cooking that consists of 
the penetration of electromagnetic waves to the food material. The absorbed infrared 
waves could cause electromagnetic vibrations and result in temperature increase 
within the food material. The penetration capacity of infrared waves limits the whole 
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cooking of food material [4]. This technology is of particular interest to the processed 
meat sector, since conventional cooking ovens using high-velocity hot air convection 
can cause overheating, oxidation, charring, impingement damage, low yield, difficult 
emissions, as well as high energy costs. Infrared radiation has intrinsic advantages 
such as having no direct intention or necessity to heat the air, keeping oven tempera-
tures and humidity at low values. A further advantage of this method is the ease with 
which heat can be applied evenly over a broad surface area [5].

Radiation from ultraviolet light C (UV-C) also has been demonstrated as a 
potential surface decontamination method in addition to several advantages over 
regular sanitation methods. However, UV-C radiation possibly affects the physi-
cochemical properties of meat products [6]. Paskeviciute et al. [7] used the UV-C 
for decontamination of chicken from food pathogens and observed small changes 
in the intensity of lipid peroxidation (0.16 mg malondialdehyde per kilogram of 
chicken meat). Moreover, these authors reported that sensory properties of treated 
chicken did not have changes of raw chicken, chicken broth, or cooked chicken 
meat when treated under nonthermal conditions in comparison with control.

Finally, the food radiation is one of the nonthermal methods of meat preservation. 
It is the process of exposing the food, either in the package or in bulk, to controlled 
amounts of ionizing radiation to achieve a purpose such as the extension of shelf-life, 
insect disinfection, the elimination of food-borne pathogens, and parasites [8]. It is 
considered a more effective and appropriate method to enhance food stability and 
safety when compared to other processing methods like heat and chemical methods. 
Also, it does not reduce significantly the nutritional and the sensory quality of food at 
lower doses. According to Fallah et al. [9], gamma irradiation had no significant effect 
on the primary sensory attributes of the irradiated samples of ready-to-cook Iranian 
barbecued chicken. Moreover, at the end of the storage period of 15 days, the irradi-
ated samples had more sensory acceptance than nonirradiated samples.

Therefore, considering that most of the new technologies mentioned increase 
lipid peroxidation, strategies have been adopted to reduce this process. Among the 
measures adopted, include vacuum packaging and use of antioxidants [10].

2. Lipid composition in meat and meat products

Meat lipids are mainly composed of triglycerides (correspond to about 95% of 
meat lipids) and phospholipids, which contain saturated fatty acids, monounsatu-
rated fatty acids (MUFAs), and polyunsaturated fatty acids (PUFAs). Triglycerides 
are storage lipids and are composed of three fatty acids esterified to glycerol and 
have more ratios of saturated fatty acids. The phospholipids are often functional 
lipids prevalent in cell membranes and as such contain more PUFA than triglyc-
erides [11]. The main unsaturated fatty acids present in meat lipids have one or 
two double-chain linkages. The most common is the monounsaturated oleic acid 
(C18:1), which corresponds to about 40% of the fatty acids in beef. The two main 
PUFAs, linoleic (LA, C18:2 n − 6) and linolenic (C18:3 n − 3), form a substantial 
part of the membrane lipids but also form part of the storage lipids [12].

The firmness fat meat depends on the amount of saturated fatty acids. In gen-
eral, the cattle fat is more saturated than those of pigs, and these are more saturated 
than those of poultry. Thus, the saturated fatty acids content explains the higher 
hardness of fat in this sequence, cattle > pigs > poultry. The melting point of cattle 
fat is between 43 and 47°C, while that of pigs is between 38 and 44°C and that of 
poultry is between 31 and 37°C [13].

According to Wood et al. [14], the fatty acid composition of adipose tissue and 
muscle in pigs, sheep, and cattle depends on the amount of fat in the carcass and 
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muscle. Table 1 shows that adipose tissue has a much higher fatty acid content 
than muscle, but the fatty acid composition of the two tissues is broadly similar. 
However, there are significant species differences. Pigs have much higher propor-
tions of the polyunsaturated fatty acid (PUFA) linoleic acid (18:2 n − 6) in both 
tissues than cattle and sheep.

The linoleic acid (18:2 n − 6) derives from the diet. In pig, it passes through the 
stomach to have changed and is then absorbed and incorporated from there into 
tissues. In ruminants, the fatty acids which are at high levels in concentrate feed-
stuffs are degraded into MUFAs in the rumen by biohydrogenation and only a small 
proportion, around 10% of dietary 18:2 n − 6, is available for incorporation into 
tissue lipids. In the sheep and cattle, the fatty acid is at higher levels in muscle than 
adipose tissue. The second most important PUFA is α-linolenic acid (18:3 n − 3), 
which is present in many concentrate feed ingredients but at lower levels than 18:2 
n − 6. In pigs, the proportion is higher in adipose tissue than muscle. The linolenic 
acid is a primary dietary fatty acid for ruminants, since it constitutes over 50% of 
total fatty acids in the grass [13, 16, 17].

Greater incorporation of 18:2 n − 6 into pig muscle fatty acids compared with 
ruminants produces higher levels of 20:4 n − 6 by synthesis, and the net result 
is a higher ratio of n − 6:n − 3 PUFA compared with the ruminants (Table 1). 
Nutritional advice is for ratios <4.0 [18], and so pig muscle is unbalanced relative to 
that of the ruminants. On the other hand, the ratio of all PUFAs to saturated fatty 
acids (P:S), the target for which is 0.4 or above, is much higher, beneficially so, in 
pigs and other monogastrics compared with the ruminants [14].

Moreover, in beef, conjugated linoleic acids (CLAs) are produced in the 
rumen by biohydrogenation at a level of approximately 1.2e10 mg per g of fat, 
which results in approximately 36 mg of linoleic acid per g of fat [19, 20]. Studies 
reported that minced meat (15% lipids) had an average content of 120 mg CLA 
per 100 g of steak. Moreover, the animal’s diet can influence the CLA content of 
beef meat [1].

Adipose tissue Muscle

Pigs Sheep Cattle Pigs Sheep Cattle

14:0 1.6a 4.1b 3.7b 1.3a 3.3c 2.7b

16:0 23.9b 21.9a 26.1c 23.2b 22.2a 25.0c

16:1 cis 2.4a 2.4a 6.2b 2.7b 2.2a 4.5c

18:0 12.8a 22.6b 12.2a 12.2a 18.1c 13.4b

18:1 cis – 9 35.8b 28.7a 35.3b 32.8a 32.5a 36.1b

18:2 n − 6 14.3b 1.3a 1.1a 14.2b 2.7a 2.4a

18:3 n − 3 1.4c 1.0b 0.5a 0.95b 1.37c 0.70a

20:4 n − 6 0.2 ND ND 2.21b 0.64a 0.63a

20:5 n − 3 ND ND ND 0.31b 0.45c 0.28a

n − 6:n − 3 7.6 1.4 2.3 7.2 1.3 2.1

P:S 0.61 0.09 0.05 0.58 0.15 0.11

Total 65.3 70.6 70.0 2.2 4.9 3.8

Means with different superscripts (a, b, and c) are significantly different (p < 0.05).

Table 1. 
Fatty acid composition (g/100 g fatty acids) and content (g/100 g total fatty acids in subcutaneous adipose 
tissue and muscle) of loin steaks/chops in pigs, sheep, and cattle [15].
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muscle. Table 1 shows that adipose tissue has a much higher fatty acid content 
than muscle, but the fatty acid composition of the two tissues is broadly similar. 
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tions of the polyunsaturated fatty acid (PUFA) linoleic acid (18:2 n − 6) in both 
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The linoleic acid (18:2 n − 6) derives from the diet. In pig, it passes through the 
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acid is a primary dietary fatty acid for ruminants, since it constitutes over 50% of 
total fatty acids in the grass [13, 16, 17].

Greater incorporation of 18:2 n − 6 into pig muscle fatty acids compared with 
ruminants produces higher levels of 20:4 n − 6 by synthesis, and the net result 
is a higher ratio of n − 6:n − 3 PUFA compared with the ruminants (Table 1). 
Nutritional advice is for ratios <4.0 [18], and so pig muscle is unbalanced relative to 
that of the ruminants. On the other hand, the ratio of all PUFAs to saturated fatty 
acids (P:S), the target for which is 0.4 or above, is much higher, beneficially so, in 
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Moreover, in beef, conjugated linoleic acids (CLAs) are produced in the 
rumen by biohydrogenation at a level of approximately 1.2e10 mg per g of fat, 
which results in approximately 36 mg of linoleic acid per g of fat [19, 20]. Studies 
reported that minced meat (15% lipids) had an average content of 120 mg CLA 
per 100 g of steak. Moreover, the animal’s diet can influence the CLA content of 
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Adipose tissue Muscle

Pigs Sheep Cattle Pigs Sheep Cattle

14:0 1.6a 4.1b 3.7b 1.3a 3.3c 2.7b

16:0 23.9b 21.9a 26.1c 23.2b 22.2a 25.0c

16:1 cis 2.4a 2.4a 6.2b 2.7b 2.2a 4.5c

18:0 12.8a 22.6b 12.2a 12.2a 18.1c 13.4b

18:1 cis – 9 35.8b 28.7a 35.3b 32.8a 32.5a 36.1b

18:2 n − 6 14.3b 1.3a 1.1a 14.2b 2.7a 2.4a

18:3 n − 3 1.4c 1.0b 0.5a 0.95b 1.37c 0.70a

20:4 n − 6 0.2 ND ND 2.21b 0.64a 0.63a

20:5 n − 3 ND ND ND 0.31b 0.45c 0.28a

n − 6:n − 3 7.6 1.4 2.3 7.2 1.3 2.1

P:S 0.61 0.09 0.05 0.58 0.15 0.11

Total 65.3 70.6 70.0 2.2 4.9 3.8

Means with different superscripts (a, b, and c) are significantly different (p < 0.05).

Table 1. 
Fatty acid composition (g/100 g fatty acids) and content (g/100 g total fatty acids in subcutaneous adipose 
tissue and muscle) of loin steaks/chops in pigs, sheep, and cattle [15].
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3. Lipid peroxidation in meat and meat products

The lipid peroxidation is a primary reason for the deterioration of meat and 
meat products, giving undesirable odors, rancidity, texture modification, loss of 
essential fatty acids, or toxic compound production. Moreover, lipid oxidation 
products implicate several human pathologies (atherosclerosis, cancer, inflamma-
tion, or aging processes) [21, 22].

Lipid peroxidation generally involves the degradation of polyunsaturated fatty 
acids (PUFAs) and the production of secondary decomposition products, including 
carbonyls and hydrocarbon compounds. The oxidative stability of meat depends on 
the balance of anti- and pro-oxidants and the composition of oxidizable substrates, 
including PUFAs, cholesterol, proteins, and pigments [23–26].

The peroxidation reaction of PUFA in biological tissues can be initiated by free 
radicals, which are present in animal cells with active metabolic processes. After 
the slaughter animals, their muscle cells become overloaded with pro-oxidants, 
peroxidized lipids, and oxygen radicals. These changes also occur during storage at 
2–4°C. The secondary phase of lipid peroxidation should occur immediately after 
slaughtering and occurs during the early postslaughter phase. The biochemical 
changes, which accompany the conversion of muscle to meat, generate conditions in 
which the oxidation in the highly unsaturated phospholipid fraction of subcellular 
membranes is no longer tightly controlled [27, 28].

Malondialdehyde (MDA), which is a three-carbon compound formed after the 
scission of peroxidized PUFAs, is one of the main products of lipid peroxidation. 
Consequently, there is the aldehydes production in substantial quantities during 
lipid oxidation, and therefore, these compounds are candidates for reactions with 
thiobarbituric acid (TBA). Consequently, the detection of these secondary products 
through chemical or instrument methods is relevant in studies examining lipid 
peroxidation in meat and meat products [29–31].

Many methods have been proposed for evaluating the MDA content in meat as a 
marker of lipid oxidation. High-performance liquid and gas chromatographic methods 
offer better specificity and sensitivity when detecting malondialdehyde. However, 
spectrophotometric methods are preferable during routine analyses of large samples 
due to their simplicity and low cost [32, 33]. The TBA test is the most common method 
used to quantify lipid oxidation products through the determination of MDA [34].

4. New technologies for preserving meat products and their impacts  
on lipid stability

More than two decades ago, novel food processing technologies that based on 
high tech or cutting-edge advances started to emerge to address productivity issues, 
extending product shelf life without affecting the nutritional content, sensory attri-
butes, and product specifications. In research performed with food professionals from 
industry, academia and government observed that technologies such as high-pressure 
processing, microwave heating, ultraviolet light, infrared heating, and radiation were 
scored well for implementation or potential implementation in meat sector [35].

High-pressure processing (HPP) is also called high hydrostatic pressure process-
ing, pascalization, or high-pressure pasteurization. This technology effectively 
inactivates vegetative bacteria, yeast, and molds using pressures up to 600 MPa at 
ambient temperature and can inactivate spores when combined with high tem-
perature (high-pressure thermal processing). Moreover, the HPP retains most of 
the sensory and nutritional characteristics of solid or chilled products. Its effect on 
enzymes is variable [36–38].
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HPP treatment, when used in meat, can promote peroxidation reactions, and it 
is essential to control the balance between pro-oxidants and antioxidants to prevent 
this phenomenon. Thus, many researchers have been interested in evaluating the 
extent of oxidation in pressurized meat to understand the underlying mechanisms. 
In particular, the fate of proteins such as myoglobin and hemoglobin under high-
pressure treatment has been investigated because these proteins act as pro-oxidants 
in raw meat [1].

Studies concluded that treatment at pressures above 350 MPa has a pro-oxidant 
effect for all types of meat [38–44]. Moreover, the lipid peroxidation levels have 
been evaluated during storage after HPP treatment. After treatment at pressures 
between 300 and 800 MPa, the TBARS values increased in chicken meat kept at 
5°C for 14 days, mainly when used at more than 400 Mpa [45]. Similar results were 
reported for beef pressurized at between 200 and 600 MPa for 20 min and kept 
refrigerated for 7 days [41].

The lipid peroxidation in meat products, such as dried products, is different than 
it is for raw or cooked meat due to the postprocessing operations and the longer 
conservation time. If HPP provides a prooxidant impact on meat products, this 
effect can be stressed by the subsequent storage [46]. Thus, the difference in the 
oxidative stability of dry-cured Iberian ham after 39 days of refrigerated storage for 
slices that had been pressurized at 400 MPa was observed. Treatment at 400 MPa 
led to discoloration of the products [47]. Moreover, HPP treatment of dry-cured 
loin after ripening affected its quality. However, using vacuum storage minimized 
the differences [39].

Thus, the extent of lipid peroxidation depends on the treatment duration, 
the temperature of the HPP treatment, and mainly on the type of meat or meat 
product. The beef seems to oxidize less than other types of meat. Furthermore, 
the initial packaging of the treated sample has a significant impact on the meat’s 
peroxidation during the HPP treatment. Indeed, vacuum packaging, which is most 
frequently used for HPP treatment, reduces the impact of the pressure on the 
peroxidation process [42, 48, 49].

The microwave heating refers to the use of electromagnetic energy at the 
particular frequencies of 915 and 2450 MHz to generate heat in food. Contrary to 
conventional thermal techniques, heat is generated volumetrically throughout the 
product at faster rates. It can be used on solid foods [36, 37].

According to Byrnea et al. [50], for the control oxidation of any given lipid, the 
most critical parameters are the thermal treatment conditions (temperature and time 
of cooking). The lower temperature of cooking could reduce energy consumption, 
but a final internal temperature of 65–85°C must be reached to ensure safety [51]. Das 
and Rajkumar [52] evaluated the effects of various fat levels (5, 10, 15 and 20%) on 
microwave cooked goat meat patties. Each patty was cooked by microwave (700 W, 
2.45 GHz) to an internal temperature of 75–80°C. Microwave cooking time was found 
to decrease with an increase in fat level, as the dielectric constant and loss factor 
decrease with fat content. Also, a sample with high-fat content might possess a lower 
specific heat capacity, which might lead to a decrease in the heating rate. The product 
yield (i.e., ratio of cooked weight to the raw weight) was found to be significantly 
lower for 20% fat level due to high total cooking loss (15.2%). Thus, the amount of fat 
content in food materials influences the microwave heating regarding heating rate, 
uniformity of temperature distribution, and fat retention [53].

Serrano et al. [54] reported that cooking methods, such as microwaves and 
conventional oven, did not increase TBARs values in restructured meat products. 
However, Dominguez et al. [55], comparing different cooking methods (roasting, 
grilling, microwaving, and frying) in the foal meat, observed that all the cooking 
methods increased TBARs content since high temperature during cooking causes 
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increased oxidation in foal steaks. This increase was higher when foal steaks were 
microwaved or roasted. Therefore, many factors are influencing the lipid peroxida-
tion when used in this technology.

The ultraviolet light-C (UV-C) produces nonionizing radiation with ger-
micidal properties at wavelengths in the range of 200–280 nm. It can be used 
for surface treatment and as a nonthermal alternative [56, 57]. Different from 
thermal processing, this nonthermal technology reduces the microbial load 
without significantly changing the nutritional and sensory characteristics of 
meat products [58].

The beneficial effect of UV-C light on chicken meat was evaluated by many 
authors [59, 60]. These authors reported that UV light efficiently decreased the 
pathogenic bacterial load on the carcass surface without negatively affecting carcass 
color or meat lipid oxidation. On the other hand, Koutchma et al. [61] observed that 
UV light potentially affects food products due to free radical generation via a wide 
variety of organic photochemical reactions. Possible undesirable effects include 
oxidation of vitamins, lipids and proteins, degradation of antioxidants, changes in 
texture and color, and formation of off-flavors and aromas.

Lazaro et al. [6] evaluated three levels of UV-C intensities (0.62, 1.13, and 
1.95 mW/cm2) for up to 120 s in chicken breast. These authors reported that the 
intensity of 1.95 mW/cm2 decreased the levels of pathogenic bacteria and can 
be used as a nonthermal technology to improve the superficial quality of packed 
poultry meat without promoting relevant changes on some quality indicators.

Infrared heating (IR) refers to the heating of materials by electromagnetic 
radiation having a wavelength of 1.3–4.0 μm (infrared radiation). This technique 
is based on the ability of materials to absorb a specific part of the spectrum of such 
radiation. Deep or superficial heating of the irradiated body, as well as local drying 
without heating the entire object, may be accomplished with appropriate selection 
of the emission spectrum of infrared radiation [62].

Shorter wavelength radiation penetrates the surface of meat and meat products 
more efficiently probably because of the preferential absorption spectrum of 
water in the surface. However, as the surface dries, this mechanism soon becomes 
less effective. Because of the higher fat content of the surface of the meat product 
samples, a higher proportion of the available infrared radiation from a far infrared 
source will be absorbed [5]. For the characteristics of the meat and meat products, 
the rapid action of surface heating provided by this method retains internally, flavor, 
aroma, and moisture, occurring changes only in the surface components, which may 
favor the Maillard reaction [63].

Turp et al. [64] evaluated the influence of final infrared cooking on characteristics 
of ohmically precooked meatballs. These authors concluded that infrared cooking, 
which is mainly useful for surface heating, can be applied as a final cooking method to 
improve the quality characteristics of ohmically precooked beef meatballs. Moreover, 
according to the same authors, the intensity of the infrared energy is affected by both 
the power applied and the distance between the infrared source and the meatball 
surface. Since the application of the different infrared intensities changes the total 
heat generation on the meatball surface, the temperature increase can vary.

The radiation technology includes irradiation by any of the three sources: 
gamma-rays, X-rays, or electron beams. They are often also referred to as ionizing 
radiations. Gamma rays can penetrate the food, but electron beams have a limited 
penetration depth [65, 66].

The radiation provides the production of free radicals, which could cause the 
changes in food components, such as the lipids and proteins in meat. Therefore, 
although radiation is a very useful cold sterilization technique, its utilization in 
meat or meat products has provided these problems. Studies have demonstrated 
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that many chemical changes and quality changes in radiated meat were associated 
with free radical reactions, such as lipid and protein oxidation, which consequently 
caused the odor and color changes of meat [67]. Jo and Ahn [68] suggested that the 
lipolysis and lipid oxidation by the radiation played the critical role in the off-odor 
formation of irradiated meat.

Irradiation-induced oxidative chemical changes are dose dependent, and the 
presence of oxygen has a significant effect on the rate of oxidation of lipids and 
myoglobin in the muscle system [69]. Kim et al. [70] reported that no significant 
changes in the thiobarbituric acid reactive substances values (TBARS) of dry 
fermented sausages irradiated at 2 and 4 kGy during refrigerated storage. However, 
Kang et al. [71] showed that the levels of TBARS in irradiated half-dried seafood 
products increased as the dose was increased (from 3 to 10 kGy).

5. Strategies to reduce lipid peroxidation

For reduction of lipid peroxidation in meat and meat products, the antioxidant 
compounds have been added to products derived directly or, in some cases, incor-
porated into the diet of the animals. In recent years, special attention has been paid 
to some medicinal plants that could be used as potential sources of antioxidants for 
meat and meat products preservation and nutritional quality improvement. Most 
of the plant materials (herbs and spices) possess relatively high chemical nutrients 
(such as protein, fat, and carbohydrate), mineral contents (calcium, potassium, 
iron, phosphorus), and less anti-nutritional properties [72].

Pindi et al. [73] reported that Kappaphycus alvarezii (edible seaweed rich in poly-
phenolic substances) added in sausages reduced the lipid oxidation this poultry product 
during storage for 12 days at the 4°C. Panda and Cherian [74] reported that extracts of 
Artemisia annua (20 g. kg−1) added in the broiler diets were useful in the lipidic oxidation 
delay of the poultry meat.

Bolumar et al. [75] evaluated the effect of the use of active antioxidant packag-
ing for chicken meat processed by high-pressure treatment. For this, patties made 
of minced chicken breast and thigh packed in standard vacuum-packaging or 
active antioxidant packaging were subjected to high-pressure treatment (800 MPa, 
10 min, 5°C) and subsequently stored for 25 days at 5°C. Lipid oxidation was stud-
ied at the surface and the inner parts of the meat patties. These authors observed 
that lipid oxidation was higher in the surface part, and the active packaging was 
able to delay it up to 25 days. The lipid oxidation was limited in the inner part of the 
meat patties and restrained at the surface of the active packaging.

According to Brewer [10], the methods to decrease the detrimental effects of 
irradiation include oxygen exclusion (vacuum packaging), replacement with inert 
gases (nitrogen), and the addition of protective agents (antioxidants).

Thus, Badr and Mahmoud [76] assessed the antioxidant effect of carrot juice 
in gamma-irradiated beef sausage. These authors observed that carrot juice 
significantly decreased the oxidative processes in the samples proportionally to 
the juice’s concentration. Furthermore, the sausages that were formulated with 
carrot juice had a high acceptable sensory score as compared with the control 
samples.

6. Conclusions

Most of the methodologies used for the preservation of meats and meat products 
provide an increase in lipid peroxidation. The lipid peroxidation is one of the major 



Lipid Peroxidation Research

34

increased oxidation in foal steaks. This increase was higher when foal steaks were 
microwaved or roasted. Therefore, many factors are influencing the lipid peroxida-
tion when used in this technology.

The ultraviolet light-C (UV-C) produces nonionizing radiation with ger-
micidal properties at wavelengths in the range of 200–280 nm. It can be used 
for surface treatment and as a nonthermal alternative [56, 57]. Different from 
thermal processing, this nonthermal technology reduces the microbial load 
without significantly changing the nutritional and sensory characteristics of 
meat products [58].

The beneficial effect of UV-C light on chicken meat was evaluated by many 
authors [59, 60]. These authors reported that UV light efficiently decreased the 
pathogenic bacterial load on the carcass surface without negatively affecting carcass 
color or meat lipid oxidation. On the other hand, Koutchma et al. [61] observed that 
UV light potentially affects food products due to free radical generation via a wide 
variety of organic photochemical reactions. Possible undesirable effects include 
oxidation of vitamins, lipids and proteins, degradation of antioxidants, changes in 
texture and color, and formation of off-flavors and aromas.

Lazaro et al. [6] evaluated three levels of UV-C intensities (0.62, 1.13, and 
1.95 mW/cm2) for up to 120 s in chicken breast. These authors reported that the 
intensity of 1.95 mW/cm2 decreased the levels of pathogenic bacteria and can 
be used as a nonthermal technology to improve the superficial quality of packed 
poultry meat without promoting relevant changes on some quality indicators.

Infrared heating (IR) refers to the heating of materials by electromagnetic 
radiation having a wavelength of 1.3–4.0 μm (infrared radiation). This technique 
is based on the ability of materials to absorb a specific part of the spectrum of such 
radiation. Deep or superficial heating of the irradiated body, as well as local drying 
without heating the entire object, may be accomplished with appropriate selection 
of the emission spectrum of infrared radiation [62].

Shorter wavelength radiation penetrates the surface of meat and meat products 
more efficiently probably because of the preferential absorption spectrum of 
water in the surface. However, as the surface dries, this mechanism soon becomes 
less effective. Because of the higher fat content of the surface of the meat product 
samples, a higher proportion of the available infrared radiation from a far infrared 
source will be absorbed [5]. For the characteristics of the meat and meat products, 
the rapid action of surface heating provided by this method retains internally, flavor, 
aroma, and moisture, occurring changes only in the surface components, which may 
favor the Maillard reaction [63].

Turp et al. [64] evaluated the influence of final infrared cooking on characteristics 
of ohmically precooked meatballs. These authors concluded that infrared cooking, 
which is mainly useful for surface heating, can be applied as a final cooking method to 
improve the quality characteristics of ohmically precooked beef meatballs. Moreover, 
according to the same authors, the intensity of the infrared energy is affected by both 
the power applied and the distance between the infrared source and the meatball 
surface. Since the application of the different infrared intensities changes the total 
heat generation on the meatball surface, the temperature increase can vary.

The radiation technology includes irradiation by any of the three sources: 
gamma-rays, X-rays, or electron beams. They are often also referred to as ionizing 
radiations. Gamma rays can penetrate the food, but electron beams have a limited 
penetration depth [65, 66].

The radiation provides the production of free radicals, which could cause the 
changes in food components, such as the lipids and proteins in meat. Therefore, 
although radiation is a very useful cold sterilization technique, its utilization in 
meat or meat products has provided these problems. Studies have demonstrated 

35

Lipid Peroxidation in Meat and Meat Products
DOI: http://dx.doi.org/10.5772/intechopen.81533

that many chemical changes and quality changes in radiated meat were associated 
with free radical reactions, such as lipid and protein oxidation, which consequently 
caused the odor and color changes of meat [67]. Jo and Ahn [68] suggested that the 
lipolysis and lipid oxidation by the radiation played the critical role in the off-odor 
formation of irradiated meat.

Irradiation-induced oxidative chemical changes are dose dependent, and the 
presence of oxygen has a significant effect on the rate of oxidation of lipids and 
myoglobin in the muscle system [69]. Kim et al. [70] reported that no significant 
changes in the thiobarbituric acid reactive substances values (TBARS) of dry 
fermented sausages irradiated at 2 and 4 kGy during refrigerated storage. However, 
Kang et al. [71] showed that the levels of TBARS in irradiated half-dried seafood 
products increased as the dose was increased (from 3 to 10 kGy).

5. Strategies to reduce lipid peroxidation

For reduction of lipid peroxidation in meat and meat products, the antioxidant 
compounds have been added to products derived directly or, in some cases, incor-
porated into the diet of the animals. In recent years, special attention has been paid 
to some medicinal plants that could be used as potential sources of antioxidants for 
meat and meat products preservation and nutritional quality improvement. Most 
of the plant materials (herbs and spices) possess relatively high chemical nutrients 
(such as protein, fat, and carbohydrate), mineral contents (calcium, potassium, 
iron, phosphorus), and less anti-nutritional properties [72].

Pindi et al. [73] reported that Kappaphycus alvarezii (edible seaweed rich in poly-
phenolic substances) added in sausages reduced the lipid oxidation this poultry product 
during storage for 12 days at the 4°C. Panda and Cherian [74] reported that extracts of 
Artemisia annua (20 g. kg−1) added in the broiler diets were useful in the lipidic oxidation 
delay of the poultry meat.

Bolumar et al. [75] evaluated the effect of the use of active antioxidant packag-
ing for chicken meat processed by high-pressure treatment. For this, patties made 
of minced chicken breast and thigh packed in standard vacuum-packaging or 
active antioxidant packaging were subjected to high-pressure treatment (800 MPa, 
10 min, 5°C) and subsequently stored for 25 days at 5°C. Lipid oxidation was stud-
ied at the surface and the inner parts of the meat patties. These authors observed 
that lipid oxidation was higher in the surface part, and the active packaging was 
able to delay it up to 25 days. The lipid oxidation was limited in the inner part of the 
meat patties and restrained at the surface of the active packaging.

According to Brewer [10], the methods to decrease the detrimental effects of 
irradiation include oxygen exclusion (vacuum packaging), replacement with inert 
gases (nitrogen), and the addition of protective agents (antioxidants).

Thus, Badr and Mahmoud [76] assessed the antioxidant effect of carrot juice 
in gamma-irradiated beef sausage. These authors observed that carrot juice 
significantly decreased the oxidative processes in the samples proportionally to 
the juice’s concentration. Furthermore, the sausages that were formulated with 
carrot juice had a high acceptable sensory score as compared with the control 
samples.

6. Conclusions

Most of the methodologies used for the preservation of meats and meat products 
provide an increase in lipid peroxidation. The lipid peroxidation is one of the major 
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factors limiting the quality and acceptability of meats and meat products. Among 
the technologies more promising to be used in meat and meat products has highlight 
the high-pressure processing, microwave heating, ultraviolet-light, infrared heat-
ing, and ionizing radiation.

For the high-pressure processing, studies have shown that this technology has a 
negative impact on lipid oxidation. This impact is generally limited by the antioxi-
dants in the meat and by vacuum packaging.

Microwave heating of meat and meat products needs to be carried out to a great 
extent at a pilot scale level than at laboratory conditions so that the results might be 
useful for industrial applications. Despite the complex nature of microwave-food 
interactions, more research needs to be carried out for a better understanding of the 
process. Microwave heating products have the advantages of retaining more taste, 
color, quality, and nutritional value compared to those cooked by other conventional 
methods. This process is affected by the presence of moisture and fat content in food. 
Thus, in the literature, there are results which found increase or reduction in the lipid 
peroxidation depending on meat and meat product type, among others factors.

The ultraviolet-light is one such nonthermal technology that is approved for sur-
face treatment of food, being an alternative surface decontaminant to be used for 
inactivating bacteria and viruses. Though with some limitations, if complemented 
with other processing techniques, this technology can help in better food preserva-
tion with minimal effects on the food quality.

Infrared heating offers many advantages over convection heating, including 
higher energy efficiency, heat transfer rate, and heat flux that results in time-saving 
as well as increased production line speed. This technology is attractive primarily 
for surface heating applications. In order to achieve energy optimum and efficient 
practical applicability of IR heating in the food processing industry, a combination 
of IR heating with microwave and other common conductive and convective modes 
of heating holds great potential.

The effects of ionizing radiation on meat could be reduced by various combina-
tions of preslaughter feeding of antioxidants to livestock, the condition of the meat 
before irradiation (pH, oxymyoglobin vs. metmyoglobin), the addition of antioxi-
dants directly to the product, gas atmosphere vacuum, packaging and temperature 
control.
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Abstract

The search for natural antioxidants from plants would continue to be a dominant 
research interest for many years. This is because of the increasing understanding 
on the role of oxidative stress in damaging cell structures such as DNA, due to over 
production of free radicals and reactive oxygen species (ROS) in human systems, 
which are linked to inflammation, cancer and diabetes. However, phenolic com-
pounds especially from phytochemicals or vegetable foods play important roles 
in reducing the risk of these diseases and reinforces the importance of natural 
antioxidants in human health. These antioxidant molecules neutralize or quench 
the ROS by either hydrogen atom transfer or single electron transfer mechanisms. 
Thus, the capacity to scavenge ROS and free radicals or inhibits lipid peroxidation 
is measured quantitatively as the strength of antioxidant activity. Several chemical 
and biochemical protocols have been used in the evaluation of plant extracts as 
antioxidants. Overwhelming literature reports have indicated varying degrees of 
antioxidant efficacies of extracts from Nigerian medicinal plants in comparison 
to synthetic antioxidants. These efficacies were analyzed to provide insight into 
the strength of antioxidant activity. This chapter reviewed 250 Nigerian medicinal 
plants in search of evidence for effective antioxidants.

Keywords: Nigerian medicinal plants, antioxidants, DPPH, ROS, free radicals

1. Introduction

Since the discovery of enzyme superoxide dismutase (SOD) and the evidence 
that emerged in support of the role of free radicals in biological systems, human 
understanding of free radical biochemistry in health and disease continue to 
advance [1]. This provided the basis for continuous search on natural antioxidants 
from foods and phytomedicines. Overwhelming reports on Google search engine 
has indicated 92,800 hits for “antioxidant activity” of medicinal plants in the last 10 
years (2008–2018). This is due to growing interest on the antioxidant properties of 
medicinal plants. Several chemical and biochemical protocols have been used in the 
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evaluation of antioxidant activity including the oxygen radical absorbance capacity 
(ORAC), total radical-trapping antioxidant potential (TRAP), total oxidant scav-
enging capacity (TOSC), chemiluminescence (CL), croton bleaching, low density 
lipoprotein (LDL) oxidation, ferric reducing antioxidant power (FRAP), copper 
reduction assay (CUPRAC), 2,2′ azinobis(3-ethylbenzothiazoline-6-sulfonic acid 
(ABTS) assay, 2,2-diphenyl-1-picrylhydrazyl (DPPH), nitric oxide (NO), hydroxyl 
radical (OH) hydrogen peroxide (H2O2) and total phenolic assay among others [2]. 
Biochemical protocols are based on animal models for in vivo evaluations of oxida-
tive stress biomarkers. However, this study is focused on in vitro evaluations of anti-
oxidants from plants based on hydrogen atom transfer or single electron transfer 
mechanisms [2]. The strength of antioxidant activity measured from a combination 
of different methodologies was used to evaluating antioxidant effectiveness [3]. 
This review provides fundamental background on free radical and ROS in human 
health and disease with a view to understand the roles of natural antioxidants. We 
reviewed 250 Nigerian medicinal plants evaluated for antioxidant activity in search 
of evidence for effective antioxidants.

2. Reactive oxygen species (ROS) in human health and disease

Human system uses oxidation for normal metabolic activities in the transforma-
tion of nutrients into energy. During oxidation, reactive oxygen species (ROS) are 
also produced at low levels in normal physiological conditions, which are necessary 
for maintaining normal cell functions such as signaling immunity and homeostasis 
[4]. These activities are maintained by endogenous antioxidant (enzymatic) defense 
systems produced by the body for protection against harmful effects. These include 
superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), glutathione 
reductase (GSH-Rx) and catalase [5]. Excessive production of ROS beyond the body 
defense mechanisms can be extremely harmful to cellular functions by damaging 
nucleic acids, oxidizing proteins, and causing lipid peroxidation [6]. The resultant 
cell damage by free radicals and ROS appeared as major contributor to aging and 
degenerative diseases of aging such as cancer, cardiovascular disease, immune 
system decline, liver diseases, diabetes mellitus, inflammation and brain dysfunction 
among others [7, 8]. These ROS and reactive nitrogen species (RNS) including super-
oxide anion O2

−*, hydroxide ion OH−*, hydroxyl radical OH*, peroxyl radical ROO* 
and nitric oxide NO* as well as H2O2, lipid peroxides ROOH, and singlet O2 are very 
reactive and can initiates free radical reactions or lipid peroxidation in living cells.

ROS can be produced either by external sources (e.g., tobacco smoke, stress, 
etc.), as by-products during the mitochondrial electron transport of aerobic respira-
tion or by oxidoreductase enzymes and metal catalyzed oxidation [9]. But the 
biological effects of ROS depend on the types of cell or tissue in relation to enzyme 
production, signal transduction and DNA repair [10]. ROS are harmful when exces-
sive productions are not balanced by body antioxidant mechanism. This imbalance 
between ROS production and enzymatic antioxidant defense systems is called 
oxidative stress [11]. Antioxidants counteract oxidative stress by neutralizing free 
radicals because they are reducing agents that react with and buffer ROS as a form 
of defense against oxidative stress [12].
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3. Phytochemicals as sources of natural antioxidants

Antioxidants are molecules that prevent oxidation or inactivates the reactive 
oxygen species and thus prevent oxidative damage to the cells and body tissues [13]. 
Antioxidants can also inhibit, quench or scavenge free radicals converting them 
into new and stable chemical compounds [14]. Broadly, antioxidants are classified 
as enzymatic and non-enzymatic with each class providing complementary role 
of protection against free radicals in human systems. Previous work has concisely 
discussed on antioxidants classification [3] as summarily reproduced in Figure 1. 
But our focus is the non-enzymatic antioxidant involving flavonoids, phenolic acids, 
vitamins, carotenoids, minerals and cofactors. They are exogenous sources of pro-
tection through diet. Plants foods contain a variety of nutrients and non-nutrients 
chemicals which are good antioxidant agents. These sources of natural antioxidants 
including Vitamin A (retinol) obtained from β-carotene, vitamin C (ascorbic acid), 
Vitamin E (α-tocopherol), lycopene and carotenoids occur naturally in fruits, 
vegetables, legumes and grains which are commonly consumed and play important 
role in the defense against free radicals [3, 15]. Medicinal plants are rich source of 
phenolic compounds such as flavonoids, phenolic acids and coumarins [16, 17]. 
Flavonoids are antioxidants compounds composed of anthocyanins, flavanones, 
flavonols, flavones, isoflavonoids and flavanones, while hydroxycinnamic and 
hydroxybenzoic acids such as gallic acid are components of phenolic acids widely 
distributed secondary metabolites in plants with antioxidant and antiradical prop-
erties [18]. They are important as chelators and free radical scavengers of hydroxyl 
and peroxyl radicals, superoxide anions and peroxynitrites [19]. Carotenoids 
natural pigments are important phytochemical antioxidants obtained from plants. 
They are structurally grouped into carotenes and xanthophyll based on the degree 
of oxygenation of carotenoid hydrocarbons and exert antioxidant effect by singlet 
oxygen quenching ability [3]. Several studies on the antioxidant activities of various 
herbal plants have indicated their enormous medicinal values as inhibitors of free 
radical and ROS [20].

Figure 1. 
Board classification of antioxidants adapted from Carocho and Ferreira [3].
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of oxygenation of carotenoid hydrocarbons and exert antioxidant effect by singlet 
oxygen quenching ability [3]. Several studies on the antioxidant activities of various 
herbal plants have indicated their enormous medicinal values as inhibitors of free 
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Figure 1. 
Board classification of antioxidants adapted from Carocho and Ferreira [3].
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4. Antioxidants from Nigerian medicinal plants

Nigeria is a west African country with an area of 923,769 km2 having a popula-
tion of 198 million with 250 ethnic groups [21]. The country shares border with 
republic of Cameroun to the east, Niger and Chad republics to the north, Benin 
republic to the west and Gulf of Guinea to the south. Nigeria has favorable climate 
conditions with enormous diversity of plant species, which are distributed across 
geographical contrast of the mangrove swamps in South-South (SS), to the tropical 
rain forests covering South-West (SW) and South-East (SE) and to the grassland 
vegetation of North-Central (NC) up to the Sahel savannah of semi-arid North-East 
(NE) (Figure 2). Many of these plants are used as medicines for treatment of illness 
or management of human and animal health among rural and urban dwellers.

The application of herbal recipes especially in the management of human metabolic 
diseases such as diabetes and cancer is common knowledge among Nigerians. This 
prompted research interest in academia on the potentials of phytomedicines as com-
plimentary or alternative treatment agents, and consequent research efforts to validate 
their pharmacological properties. The number of Nigerian medicinal plants reported 
for antioxidants is enormous. However, 250 medicinal plants evaluated for antioxidant 
activity were studied in addition to the 28 compounds isolated from 44 plants. But 
antioxidant evaluations on crude extracts rather than on pure compounds largely 
dominated the literature. Thus, effective activity based on concentrations required to 
inhibit 50% free radicals (IC50) for selected extracts are presented (Table 1) together 
with concentrations of various standard antioxidants used.

Figure 2. 
Map of Nigeria showing the six geopolitical zones.

S. No Plant name Family Part used IC50 
sample

IC50 standard Ref.

1 Abrus precatorius Leguminosae Seed 1.92*

2.10*
AA = 1.83
AA = 1.20

[37]

2 Acalypha ornata Euphorbiaceae Leaf 20.50* TC = 15.4 [68]

3 Acalypha wilkesiana Euphorbiaceae Leaf 15.25* AA = 7.26 [26]

4 Acanthospermum 
hispidum

Asteraceae Aerial 28.9* AA = 1.41 [39]

5 Aframomum melegueta Zingiberaceae Fruit
Leaf

0.04**

0.07**
AA = 0.03 [69]
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S. No Plant name Family Part used IC50 
sample

IC50 standard Ref.

6 Ageratum conyzoides Asteraceae Leaf 31.25* AA = 7.26 [26]

7 Allamanda cathartica Apocynaceae Leaf 0.46** VE = 0.25 [70]

8 Allanblackia floribunda Guttiferae Leaf 0.02**

0.1**
VE = 0.01 [71]

9 Alstonia boonei Apocynaceae Stem 0.12** AA = 0.06 [72]

10 Alstonia congensis Apocynaceae Root 19.7* AA = 4.9 [73]

11 Alternanthera dentata Amaranthaceae Leaf 35* AA = 125 [46]

12 Amaranth caudatus Amaranthaceae Leaf
Stem

15.81** TC = 13.2 [27]

13 Anacardium occidentale Anacardiaceae Bark
Leaf

5.66*

7.77*
AA = 4.57 [74]

14 Annona senegalensis Annonaceae Leaf 45.72*

49.0*
GA = 48.77
TX = 72.9

[35]

15 Aspilia africana Asteraceae Leaf 160* AA = 120 [75]

16 Asystasia gangetica Acanthaceae Leaf 100* AA = 150 [75]

17 Bauhinia galpinii Caesalpiniaceae Leaf 20.52* AA = 19.8 [76]

18 Bauhinia monandra Caesalpiniaceae Leaf 5.56* AA = 30.0 [45]

19 Bixa orellana Bixaceae Leaf 0.45* VE = 0.25 [70]

20 Borreria ocymoides Rubiaceae Aerial 1.85** AA = 0.05 [77]

21 Borreria verticillata Rubiaceae Leaf 2.98* AA = 1.05 [78]

22 Bridelia ferruginea Euphorbiaceae Leaf 12.5* AA = 7.26 [26]

23 Bridelia micrantha Euphorbiaceae Leaf 0.1 μM AA = 2.0 μM [38]

24 Bryophyllum pinnatum Crassulaceae Leaf 0.41** VC = 0.067 [79]

25 Calliandra surinamensis Mimosaeae Flower 28** VE = 38 [80]

26 Calyptrochilum 
christyanum

Orchidaceae Whole 50.6* AA = 1.41 [39]

27 Canthium subcordatum Rubiaceae Leaf 23.9* AA = 4.9 [74]

28 Capsicum annuum Solanaceae Fruit 1.15** BHA = 0.96 [25]

29 Capsicum frutescens Solanaceae Fruit 0.67** BHA = 0.96 [25]

30 Carica papaya Caricaceae Seed 0.227** AA = 0.109 [67]

31 Cassia sieberiana Leguminosae Leaf 24.1*

46.6*
AA = 4.9
TC = 38.9

[73]

32 Cassia singuaena Leguminosae Leaf 1.20* AA = 2.56 [48]

33 Celosia trigyna Amaranthaceae Leaf 120* AA = 120 [75]

34 Cissampelos owariensis Menispermaceae Leaf 2.77* AA = 0.067 [25]

35 Citrus aurantifolia Rutaceae Peel 12.1** VC = 0.067 [25]

36 Commiphora kerstingii Burseraceae Leaf 0.33**

0.54**
AA = 0.49 [23]

37 Corchorus olitorius Malvaceae Leaf 11.8**

27.52*
TC = 13.2

AA = 188.3
[27]
[33]

38 Crassocephalum rubens Asteraceae Leaf 2.91**

1.73**
VC = 1.18
VC = 0.56

[62]

39 Cucumis sativus Cucurbitaceae Leaf 1.68**

71.1**
BHA = 0.96

TC = 13.2
[27]
[25]
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4. Antioxidants from Nigerian medicinal plants
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S. No Plant name Family Part used IC50 
sample

IC50 standard Ref.
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27.52*
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[27]
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S. No Plant name Family Part used IC50 
sample

IC50 standard Ref.

40 Cucurbita moschata Cucurbitaceae Leaf 150* AA = 120
TC = 50

[75]

41 Cymbopogon citratus Poaceae Leaf 1.35* VE = 0.25 [70]

42 Daniellia oliveri Leguminosae Leaf 15.5* TC = 0.25 [50]

43 Daucus carota Apiaceae Aerial 4.61** BHA = 0.96 [25]

44 Ehretia cymosa Boraginaceae Leaf 0.47** GA = 2.09 [53]

45 Emilia coccinea Asteraceae Leaf 120* AA = 120 [75]

46 Eugenia caryophyllata Myrtaceae Leaf
Bud

0.03*

0.02*
AA = 0.03 [47]

47 Eupatorium 
adenophorum

Asteraceae Root 22.4*

53.7*
AA = 4.9
RT = 3.3

[73]

48 Eupatorium odoratum Asteraceae Leaf 0.07** AA = 0.06 [72]

49 Euphorbia hirta Euphorbiaceae Leaf 2.5** VC = 4.5 [81]

50 Feretia apodanthera Rubiaceae Root 0.053** VC = 0.048 [43]

51 Ficus exasperata Moraceae Leaf 0.86* VE = 0.25 [70]

52 Ficus gnaphalocarpa Moraceae Leaf 45.3*

44.6*
GA = 48.8
TX = 72.9

[34]

53 Ficus sycomorus Moraceae Stem 42.0* VC = 25.0 [82]

54 Globimetula oreophila Loranthaceae Leaf 0.38** VC = 0.06 [79]

55 Gongronema latifolia Asclepiadaceae Leaf 70.0* VC = 50 [83]

56 Grewia carpinifolia Tiliaceae Leaf
Stem

0.32**

0.39**
AA = 0.31
AA = 0.18

[32]

57 Harungana 
madagascariensis

Hypericaceae Stem 37.5* BHT = 16.2 [36]

58 Heliotropium indicum Boraginaceae Aerial 48.4* AA = 1.41 [39]

59 Hibiscus sabdariffa Malvaceae Leaf 0.14* AA = 0.02 [84]

60 Holarrhena floribunda Apocynaceae Leaf 7.2* QT = 2.95 [85]

61 Ipomoea asarifolia Convulvulaceae Leaf 24.3* AA = 1.41 [39]

62 Irvingia gabonensis Irvingiaceae Root
Stem

12.4*

25.5*
AA = 4.9
TC = 38.9

[73]

63 Justicia secunda Acanthaceae Leaf 1.58 μM AA = 2.52 [86]

64 Kalanchoe pinnata Crassulaceae Leaf 180* AA = 120 [75]

65 Lactuca sativa Asteraceae Whole 0.26** QT = 0.83 [25]

66 Landolphia owariensis Apocynaceae Root 8.8*

49.1*
AA = 4.9
TC = 38.9

[73]

67 Laportea ovalifolia Urticaceae Leaf 100* AA = 150 [75]

68 Lasianthera africana Icacinaceae Leaf
Root

0.30**

0.27**
RT = 0.26 [28]

69 Launaea taraxacifolia Asteraceae Shoot
Leaf

1.94**

1.59**
VC = 1.18
VC = 0.56

[62]

70 Lawsonia inermis Lythraceae Leaf 3.80* AA = 7.26 [26]

71 Leptadenia hastata Asclepiadaceae Leaf 42.3* GA = 48.8 [35]

72 Lycopersicon esculentum Solanaceae Fruit 1.16**

1.47**
QT = 0.83 [25]
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S. No Plant name Family Part used IC50 
sample

IC50 standard Ref.

73 Massularia acuminata Rubiaceae Leaf 70.0* VC = 7.59 [87]

74 Mondia whitei Apocynaceae Leaf 6.1* AA = 3.4 [66]

75 Moringa oleifera Moringaceae Leaf 0.16* AA = 0.02 [84]

76 Murraya koenigii Rutaceae Leaf 7.35* TC = 13.2 [27]

77 Nauclea diderrichii Rubiaceae Stem 18.12* AA = 1.41 [39]

78 Nauclea latifolia Rubiaceae Leaf 12.9* AA = 4.9 [73]

79 Ocimum basilicum Lamiaceae Leaf 1.0* AA = 9.0 [55]

80 Ocimum gratissimum Lamiaceae Leaf
Stem

0.14*

8.67*
AA = 0.02
BHA = 3.36

[33]
[27]

81 Parinari curatellifolia Chrysobalanaceae Leaf 13.5* VC = 1.98 [88]

82 Parkia biglobosa Leguminosae Stem 15.65* AA = 7.26 [26]

83 Phragmanthera capitata Loranthaceae Leaf 1.9*

1.0*
BHT = 4.6
VC = 10

[41]

84 Piliostigma reticulatum Fabaceae Leaf 10.3* AA = 3.9 [22]

85 Piliostigma thonningii Fabaceae Leaf 14.7* AA = 3.9 [22]

86 Piper guineense Piperaceae Seed 74* AA = 31.7 [89]

87 Psidium guajava Myrtaceae Leaf 0.04** BHA = 0.05 [24]

88 Sapium ellipticum Euphorbiaceae Stem 0.19** BHT = 0.11 [90]

89 Senna alata Fabaceae Leaf 0.59** VC = 0.067 [79]

90 Simarouba glauca Simaroubaceae Stem 4.7* BHT = 5.0 [42]

91 Solanum macrocarpon Solanaceae Leaf 6.21** TC = 13.2 [27]

92 Spinacia oleracea Amaranthaceae Leaf 12.6* TC = 13.2 [27]

93 Spondias purpurea Anacardiaceae Stem 8.3* AA = 11.5 [52]

94 Stachytarpheta 
jamaicensis

Verbenaceae Leaf 5.0* AA = 9.0 [51]

95 Strophanthus hispidus Apocynaceae Root 1.18** VC = 0.067 [79]

96 Telfairia occidentalis Cucurbitaceae Leaf 0.16** AA = 0.02 [84]

97 Trichilia catigua Meliaceae Stem 30.28* AA = 20.72 [64]

98 Vernonia amygdalina Asteraceae Leaf 31.25* AA = 7.26 [26]

99 Vernonia calvoana Asteraceae Leaf 1.90 μM AA = 2.0 μM [49]

100 Vernonia cinerea Asteraceae Leaf 6.50*

8.0*
GA = 0.62 [30]

101 Vernonia migeodii Asteraceae Leaf 20.0* AA = 18.0 [91]

102 Vitex doniana Verbenaceae Leaf 53.23* GA = 48.8 [34]

103 Xylopia aethiopica Annonaceae Fruit 1.04** VC = 0.067 [79]

104 Zingiber officinale Zingiberaceae Rhizome 47.0* AA = 36.4 [92]

AA, ascorbic acid; QT, quercetin; RT, rutin; GA, gallic acid; VC, vitamin C; VE, vitamin E; TX, trolox; BHT, butylated 
hydroxy  toluene ;  BHA, butylated hydroxy anisole; TC, tocopherol.
*IC50 = μgmL−1.
**IC50 = mgmL−1.

Table 1. 
Antioxidant activities of selected Nigerian plants.
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S. No Plant name Family Part used IC50 
sample

IC50 standard Ref.
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hydroxy  toluene ;  BHA, butylated hydroxy anisole; TC, tocopherol.
*IC50 = μgmL−1.
**IC50 = mgmL−1.

Table 1. 
Antioxidant activities of selected Nigerian plants.
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5. Antioxidant activities of crude extracts

The antioxidant efficacies of Nigerian plants were largely evaluated using proto-
cols involving DPPH, ABTS, FRAP, TAC, NO, OH and or H2O2 targets. The DPPH 
radical scavenging assay is one of the commonly used techniques for quick evaluation 
of antioxidant capacity. Plant extracts tested for DPPH inhibition have demonstrated 
interesting efficacies for instance, crude extracts of P. reticulatum (40.10 μgmL−1) and 
P. thoninngii (50.94 μgmL−1) showed comparable activity with Ginkgo biloba (EC50 
40.72 μgmL−1) [22]. Nigerian plants evaluated for antioxidants activity between 
2008 and 2012 were reported in 40 publications representing over 166 extracts 
from 119 plants. These studies showed 29 extracts with effective activity on various 
free radical targets. However, 15 extracts have comparable antioxidant efficacies to 
standard antioxidants, while 14 have higher percent (%) inhibition or lower IC50 
values than the standards used. These include stem methanol extract of C. kerstingii 
(IC50 26.27 μgmL−1, ascorbic acid 33.59 μgmL−1) [23] and leaf methanol extract of P. 
guajava (IC50 0.037 mgmL−1, BHA 0.049 mgmL−1) [24]. But DPPH inhibition studies 
on selected vegetable plants showed better effective activity for L. sativa (IC50 0.26 
mgmL−1), Z. officinale (IC50 0.29 mgmL−1) and C. frutescens (IC50 0.67 mgmL−1) 
respectively compared to BHA (IC50 0.96 mgmL−1) and quercetin (IC50 0.83 mgmL−1) 
[25]. The activity of L. inermis was most profound of the 36 medicinal plants surveyed 
in Southwestern Nigeria, with lower IC50 of 3.80 μgmL−1 than ascorbic acid (7.26 
μgmL−1) [26]. Similar evaluations of DPPH inhibition on 15 medicinal plants showed 
S. oleracea extract with lower IC50 of 12.6 mgmL−1. But S. macrocarpon extract was 
most effective with IC50 6.21 mgmL−1 lower than α-tocopherol (13.20 mgmL−1) [27].

The analysis of antioxidant efficacies on medicinal plants reported from 2013 to 
2017 in 55 publications, involving 211 extracts from 144 plants was carried out. We 
observed that 70 extracts from 50 plants have exhibited good antioxidant efficacies 
on various free radical targets with 51 extracts from 53 plants having comparable 
efficacies to standard antioxidants. However, lower IC50 or higher percent (%) 
inhibitions compared to standards were observed with 20 extracts from 17 medici-
nal plants. The NO● inhibition on root extract of L. africana (IC50 0.27 mgmL−1) 
compared very well with rutin (IC50 0.28 mgmL−1) [28]. The DPPH inhibition on 
P. guajava (IC50 1.564 μgmL−1) extract also indicated effective activity compared 
to ascorbic acid (IC50 5.950 μgmL−1) [29]. Other plant extracts including V. cinerea 
(IC50 6.50 μgmL−1) compared to gallic acid (IC50 0.62 μgmL−1) [30] and K. senega-
lensis stem bark (IC50 95.76 μgmL−1) with ascorbic acid (223.35 μgmL−1) indicated 
effective activity [31]. The inhibition of lipid peroxidation using thiobarbituric 
acid reactive substances (TBARS) assay on leaf extract of G. carpinifolia was very 
effective with IC50 of 0.24 mgmL−1 compared to ascorbic acid (IC50 0.38 mgmL−1). 
Moreover, the ABTS assay indicated 100% inhibitions for both extracts and ascorbic 
acid [32]. The antioxidant evaluations on two of the most locally utilized vegetable 
plants such as V. amygdalina and O. gratissimum showed effective inhibitions com-
pared to the standard ascorbic acid [33].

Furthermore, DPPH inhibitions on S. occidentalis (IC50 42.80 μgmL−1) compared 
to gallic acid (48.77 μgmL−1) was effective, but ABTS assay on F. gnaphalocarpa 
(44.63 μgmL−1) was more effective than Trolox (72.92 μgmL−1) [34]. Similarly, L. 
hastata (IC50 42.32 μgmL−1) when compared to gallic acid (48.77 μgmL−1) and ABTS 
on A. senegalensis (IC50 48.98 μgmL−1) with Trolox (72.92 μgmL−1) have interest-
ing lower IC50values [35]. But H. madagascariensis exhibited moderate activity 
[36] while A. precatorius [37] and B. micrantha [38] have demonstrated effective 
inhibitions (Table 1). The analyses of Nigerian plants in 2018 showed interesting 
activities with 15 plant extracts from 32 published reports. Plants with moderate 
DPPH inhibition include A. hispidum, A. laxiflora, C. christyanum, H. indicum and 
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I. asarifolia [39]. However, effective inhibitions were observed on root extracts of D. 
tripetala (IC50 0.631 μgmL−1) and M. excelsa (IC50 0.194 μgmL−1) compared to 4.60 
μgmL−1 ascorbic acid [40]. Similarly, P. capitata (27.4 μgmL−1) was effective than 
BHT (56.0 μgmL−1) [41], and the evaluation of S. glauca stem bark on FRAP (4.70 
μgmL−1) and NO● (11.90 μgmL−1) were effective than 5.0 μgmL−1 and 18.0 μgmL−1 
of BHT respectively [42]. Lastly, plant crude extracts have demonstrated varying 
but strong efficacies on different free radical targets which in many cases surpassed 
standard antioxidants. The report on DPPH inhibition of F. apodanthera root bark 
ethanol extract represents effective activity with IC50 of 0.053 μgmL−1 in compari-
son to vitamin C (0.048 μgmL−1) standard [43].

6. Chemical composition and antioxidant activity

6.1 GC-MS analysis of extracts and evaluation of antioxidant activity

The antioxidant evaluations of Nigerian medicinal plants with determination 
of chemical composition using gas chromatography-mass spectrometry (GC-MS) 
have become routine studies. The GC-MS is intended to give insight on the prob-
able chemical entities of volatile components present in the sample extract. Several 
plants constituents have been analyzed using GC–MS by comparison of compounds’ 
retention times with library of standard chemical entities provided by the National 
Institute of Standards and Technology (NIST) database imbedded in the instrument. 
The chemical constituents with low molecular weights such as terpenoids, long chain 
alkanes, phenolics and fatty acid methyl esters (FAME) are separated and detected 
by GC-MS. This is perhaps one reason that FAME are prevalent from among plant 
extracts, but sharp contrast between lipophilic and hydrophilic components are 
determined by solvent polarity or method of extraction [44].

The GC-MS analyses and evaluation of antioxidants on B. monandra hexane 
extract showed 4-hydroxy-5-methyl-3-propyl-2-hexanone (42.7%) and oleic acid 
(20%) as major compounds. The DPPH inhibition (IC50 5.56 μgmL−1) with ascor-
bic acid (IC50 30.0 μgmL−1) showed interesting efficacy, but ethyl acetate extract 
containing largely oleic acid (40.76%) and hexadecanoic acid (21.75%) was more 
effective (IC50 0.01 μgmL−1) [45]. The evaluation on A. dentata methanol extract 
containing hexadecanoic acid (31.6%), phytol (24.6%) and octadecanoic acid 
(10.56%) was found to be poor. However, the FRAP inhibition showed optimum 
activity (0.65 μmolL−1) compared to ascorbic acid (2.00 μmolL−1) [46]. The DPPH 
screening on buds, leaf, root and stem of commonly used spice, E. caryophyllata 
was reported. The various ethanol extracts showed effective activities IC50 of 
0.02, 0.03, 3.66 and 0.99 μgmL−1 respectively, compared to ascorbic acid (IC50 
0.03 μgmL−1) and gallic acid (IC50 0.05 μgmL−1) standards. This indicated an 
important response to the DPPH scavenging capacity which have been largely 
attributed to aromatic phenols, caryophyllene, aromatic esters and ethers [47]. 
Similar comprehensive study on the leaf, stem bark and root of C. singueana was 
reported. The DPPH, OH and NO● showed IC50 of 1.20, 2.58 and 35.99 μgmL−1 
for DPPH inhibition of stem bark ethanol, root aqueous and leaf ethanol extracts 
respectively. But the response on OH showed IC50 of 1.58, 2.05 and 6.47 μgmL−1 
respectively, for stem bark ethyl acetate, root aqueous and leaf ethanol extracts. 
The NO• results however, was interesting on leaf aqueous extract (IC50 2.81 
μgmL−1) better than the ascorbic acid (IC50 26.28 μgmL−1) and Trolox (IC50 599.21 
μgmL−1) standards used. The chemical components such as resorcinol (54%) and 
phytol (23.7%) were largely detected from ethanol extracts of stem bark and leaf 
respectively [48].
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The chemical constituents with low molecular weights such as terpenoids, long chain 
alkanes, phenolics and fatty acid methyl esters (FAME) are separated and detected 
by GC-MS. This is perhaps one reason that FAME are prevalent from among plant 
extracts, but sharp contrast between lipophilic and hydrophilic components are 
determined by solvent polarity or method of extraction [44].

The GC-MS analyses and evaluation of antioxidants on B. monandra hexane 
extract showed 4-hydroxy-5-methyl-3-propyl-2-hexanone (42.7%) and oleic acid 
(20%) as major compounds. The DPPH inhibition (IC50 5.56 μgmL−1) with ascor-
bic acid (IC50 30.0 μgmL−1) showed interesting efficacy, but ethyl acetate extract 
containing largely oleic acid (40.76%) and hexadecanoic acid (21.75%) was more 
effective (IC50 0.01 μgmL−1) [45]. The evaluation on A. dentata methanol extract 
containing hexadecanoic acid (31.6%), phytol (24.6%) and octadecanoic acid 
(10.56%) was found to be poor. However, the FRAP inhibition showed optimum 
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0.03 μgmL−1) and gallic acid (IC50 0.05 μgmL−1) standards. This indicated an 
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respectively. But the response on OH showed IC50 of 1.58, 2.05 and 6.47 μgmL−1 
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The NO• results however, was interesting on leaf aqueous extract (IC50 2.81 
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μgmL−1) standards used. The chemical components such as resorcinol (54%) and 
phytol (23.7%) were largely detected from ethanol extracts of stem bark and leaf 
respectively [48].
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The leaf ethyl acetate extract of V. calvoana harvested from the South–South 
Nigeria contains largely aromatic compounds such as ethyl benzene (22%) and 
1,2,3-trimethyl benzene (12.5%). FRAP inhibitions on extract (1.98 μM) and 
ascorbic acid (2.0 μM) were more effective than on DPPH [49]. Although the 
inhibition on DPPH by plant extracts have been promising but chloroform extract 
of D. oliveri exudate showed rather poor (IC50 of 15.5 μgmL−1) when compared 
to α-Tocopherol (0.25 μgmL−1) [50]. But S. jamaicensis methanol extract (IC50 5.0 
μgmL−1) was more effective than ascorbic acid (IC50 9.0 μgmL−1). Compounds such 
as 3,5-dihydroxy-6-methyl-2,3-dihydro-4H-pyran-4-one (13.7%) and D-arabinitol 
(13.5%) have been largely identified [51]. It was interesting to note that S. purpurea 
hexane extract showed effective DPPH inhibition (IC50 8.3 μgmL−1) than ascorbic 
acid (IC50 11.5 μgmL−1) [52]. The evaluation of E. cymosa leaf extracts on ethyl 
acetate (IC50 0.56 mgmL−1) and methanol (IC50 0.60 mgmL−1) extracts justifies 
effective activity compared to gallic acid (IC50 0.47 mgmL−1). The 2-hexadecycloxi-
rane (34.2%) and methyl linoleate (28.9%) were detected as major components of 
methanol extract [53]. Lastly, the GC-MS analyses of various plant extracts and 
antioxidant evaluation have revealed similar pattern of contents and composition in 
addition to contrasting influences of solvent polarity to radical inhibition efficacies. 
Nevertheless, interesting antioxidant efficacies were observed.

6.2 GC-MS analysis of essential oils and evaluation of antioxidant activity

The essential oils (EO) from Nigerian medicinal plants have been analyzed 
using the GC–MS and evaluated for antioxidants activity. Because they are 
mixtures of several constituents containing largely low molecular weights 
compounds, EO are rapidly analyzed using GC–MS to ascertain their chemical 
composition. The essential oils (EO) from P. guajava showed that 3, 6-dioxa-
2,4,5,7-tetraoctane-2,2,4,4,5,5,7,7-octamethyl (11.7%) and cyclononane (10.7%) 
are largely identified. DPPH inhibition showed 71.83% comparable to 68.7% of 
ascorbic acid [54]. The antioxidant efficacy of O. basilicum EO was also interest-
ing (IC50 of 1.0 μgmL−1) probably due to phenolic constituents such as methyl 
eugenol (15.5%), o-nitrocumene (14.0%) and 2-phenyl-1-hexanol (14.0%) [55]. 
The EO of common spices such as A. melegueta leaf, C. crepidioides stem bark, O. 
gratissimum leaf and M. myristica stem bark showed various chemical constituents 
with interesting antioxidant activity. The EO components largely identified from 
the four plants are myrtenyl acetate (29.1%), thymol (44%), γ-terpinene (53%) 
and γ-cardinene (31.1%) respectively. The highest antioxidant activity was found 
from EO of O. gratissimum (96.4%) which compared to BHA (96.7%). However, 
other EOs have demonstrated radical scavenging of >50% inhibition [56]. The leaf 
EO of C. portoricensis was found to contain thymol (9.64%) and β-caryophyllene 
(9.15%) as main compounds which might have resulted to 75% DPPH inhibition 
compared to BHT (95%) [57]. Similarly, analysis on M. alternifolius EO that yielded 
largely tricosane (19.45%) and z-14-nonanosene (13.4%) with interesting efficacy 
(97.95%) compared to ascorbic acid (97.88%) [58]. This trend of activity demon-
strated by the EO was observed in E. maculata which contained α-pinene (8.0%), 
β-trans-ocimene (8.0%), 1S-α-pinene (7.0%) and cyclofenchene (7.0%) as main 
components, with the DPPH (IC50 8.0 μgmL−1) and FRAP (10.0 μgmL−1) inhibi-
tion efficacies in comparison to 9.0 and 20.0 μgmL−1 ascorbic acid respectively 
[59]. Lastly, GC-MS analyses of EO from Nigerian plants have revealed interesting 
but similar chemical compounds with some degree of antioxidant efficacies. EO 
composition containing phenolics moieties and terpenoids have indicated evidence 
of effective radical inhibitions.
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6.3 HPLC analysis of extracts and evaluation of antioxidant activity

The high-performance liquid chromatography (HPLC) has been reported in the 
analysis of major chemical constituents of plant extracts alongside with the antioxi-
dant activity. The HPLC technique uses reverse phase chromatography because of 
simplicity, versatility and sensitivity towards separation, purification, quantifica-
tion and identification of diverse natural products such as plant phenolics, steroids, 
alkaloids and flavonoids [60]. Hence, the combination of HPLC methods with 
antioxidants evaluations may provide the needed understanding of antioxidant 
efficacies of plant extracts. Previous HPLC profiling of ethanol extract of  
Z. zanthoxyloide showed quercetin, kaempferol and caffeic acid largely quantified. 
DPPH inhibition (IC50 38.58 μgmL−1) in comparison to ascorbic acid (6.63 μgmL−1) 
was poor [61]. Similarly, aqueous extracts of L. taraxacifolia (IC50 6.59 μgmL−1) and 
C. rubens (IC50 6.21 μgmL−1) were less effective than Trolox (IC50 0.51 μgmL−1). 
Although methanol extracts of both plants contain gallic acid, caffeic acid, quer-
cetin, rutin, isoquercetin and kaempferol as the main compounds identified, yet 
the activity was not interesting. But the OH inhibition on aqueous extracts showed 
rather interesting results with IC50 1.94 and 1.09 μgmL−1 in comparison to IC50 1.18 
μgmL−1 of vitamin C [62].

Although antioxidant activities of plant extracts using DPPH have been estab-
lished to correlate with phenolics and flavonoids contents [63]. However, many of 
the plants evaluated for antioxidants activity have no correlation with the number 
and amounts of phenolics and flavonoids quantified by HPLC. The report on T. 
catigua ethanol, ethyl acetate, dichloromethane and butanol extracts showed DPPH 
inhibition with IC50 of 9.17, 30.28, 42.42 and 76.35 μgmL−1 respectively. These, in 
comparison to ascorbic acid (20.72 μgmL−1) indicated poor activity except the 
ethanol extract with lower IC50 than the standard. The extract was quantified to be 
rich in gallic acid, chlorogenic acid rutin and quercetin [64]. Similarly, S. dulcificum 
contains phenolic acids and flavonoids but demonstrated poor efficacies on DPPH 
(IC50 139.45 μgmL−1), ABTS (IC50 135.83 μgmL−1), NO● (IC50 119.17 μgmL−1) and 
OH (IC50 147.65 μgmL−1) [65]. However, M. whitei contains largely caffeic acid 
with interesting efficacies on NO● (IC50 6.1 μgmL−1) and FRAP (IC50 5.7 μgmL−1) 
compared to ascorbic acid (3.4 and 7.0 μgmL−1) respectively [66]. Similarly, C. 
papaya seeds protein analyzed using the LC-ESI-DAD-MS with largely ferulic acid 
in addition to flavonoid sugars, justifies the antioxidant efficacies on DPPH (IC50 
0.227 mgmL−1) and Fe2+ chelating (IC50 0.157 mgmL−1) in comparison to ascorbic 
acid (IC50 0.109 mgmL−1) and EDTA (IC50 0.091 mgmL−1) respectively [67]. The 
HPLC quantification of plant extracts have shown similar classes of compounds 
such as chlorogenic acid, ellagic acid, caffeic acid, gallic acid, p-coumaric acid, 
apigenin, quercetin, rutin and kaempferol which have been repeatedly found in 
Nigerian plants. But the antioxidant efficacies observed were not reflective of HPLC 
quantification. This may indicate that phenolic compounds are quantified at minia-
ture level which can only serve as evidence of qualitative presence in plant extracts.

7. Antioxidant activities of isolated compounds

The antioxidant evaluations on isolated compounds from Nigerian medicinal 
plants are rarely reported. This is probably due to funding problems associated to 
plant chemistry research in Nigeria, coupled with dysfunctional analytical instru-
ments such as the NMR spectrometer. Most of the published research on isolation 
and characterization of compounds were carried out abroad. Of the 250 plants 
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EO of C. portoricensis was found to contain thymol (9.64%) and β-caryophyllene 
(9.15%) as main compounds which might have resulted to 75% DPPH inhibition 
compared to BHT (95%) [57]. Similarly, analysis on M. alternifolius EO that yielded 
largely tricosane (19.45%) and z-14-nonanosene (13.4%) with interesting efficacy 
(97.95%) compared to ascorbic acid (97.88%) [58]. This trend of activity demon-
strated by the EO was observed in E. maculata which contained α-pinene (8.0%), 
β-trans-ocimene (8.0%), 1S-α-pinene (7.0%) and cyclofenchene (7.0%) as main 
components, with the DPPH (IC50 8.0 μgmL−1) and FRAP (10.0 μgmL−1) inhibi-
tion efficacies in comparison to 9.0 and 20.0 μgmL−1 ascorbic acid respectively 
[59]. Lastly, GC-MS analyses of EO from Nigerian plants have revealed interesting 
but similar chemical compounds with some degree of antioxidant efficacies. EO 
composition containing phenolics moieties and terpenoids have indicated evidence 
of effective radical inhibitions.
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6.3 HPLC analysis of extracts and evaluation of antioxidant activity

The high-performance liquid chromatography (HPLC) has been reported in the 
analysis of major chemical constituents of plant extracts alongside with the antioxi-
dant activity. The HPLC technique uses reverse phase chromatography because of 
simplicity, versatility and sensitivity towards separation, purification, quantifica-
tion and identification of diverse natural products such as plant phenolics, steroids, 
alkaloids and flavonoids [60]. Hence, the combination of HPLC methods with 
antioxidants evaluations may provide the needed understanding of antioxidant 
efficacies of plant extracts. Previous HPLC profiling of ethanol extract of  
Z. zanthoxyloide showed quercetin, kaempferol and caffeic acid largely quantified. 
DPPH inhibition (IC50 38.58 μgmL−1) in comparison to ascorbic acid (6.63 μgmL−1) 
was poor [61]. Similarly, aqueous extracts of L. taraxacifolia (IC50 6.59 μgmL−1) and 
C. rubens (IC50 6.21 μgmL−1) were less effective than Trolox (IC50 0.51 μgmL−1). 
Although methanol extracts of both plants contain gallic acid, caffeic acid, quer-
cetin, rutin, isoquercetin and kaempferol as the main compounds identified, yet 
the activity was not interesting. But the OH inhibition on aqueous extracts showed 
rather interesting results with IC50 1.94 and 1.09 μgmL−1 in comparison to IC50 1.18 
μgmL−1 of vitamin C [62].

Although antioxidant activities of plant extracts using DPPH have been estab-
lished to correlate with phenolics and flavonoids contents [63]. However, many of 
the plants evaluated for antioxidants activity have no correlation with the number 
and amounts of phenolics and flavonoids quantified by HPLC. The report on T. 
catigua ethanol, ethyl acetate, dichloromethane and butanol extracts showed DPPH 
inhibition with IC50 of 9.17, 30.28, 42.42 and 76.35 μgmL−1 respectively. These, in 
comparison to ascorbic acid (20.72 μgmL−1) indicated poor activity except the 
ethanol extract with lower IC50 than the standard. The extract was quantified to be 
rich in gallic acid, chlorogenic acid rutin and quercetin [64]. Similarly, S. dulcificum 
contains phenolic acids and flavonoids but demonstrated poor efficacies on DPPH 
(IC50 139.45 μgmL−1), ABTS (IC50 135.83 μgmL−1), NO● (IC50 119.17 μgmL−1) and 
OH (IC50 147.65 μgmL−1) [65]. However, M. whitei contains largely caffeic acid 
with interesting efficacies on NO● (IC50 6.1 μgmL−1) and FRAP (IC50 5.7 μgmL−1) 
compared to ascorbic acid (3.4 and 7.0 μgmL−1) respectively [66]. Similarly, C. 
papaya seeds protein analyzed using the LC-ESI-DAD-MS with largely ferulic acid 
in addition to flavonoid sugars, justifies the antioxidant efficacies on DPPH (IC50 
0.227 mgmL−1) and Fe2+ chelating (IC50 0.157 mgmL−1) in comparison to ascorbic 
acid (IC50 0.109 mgmL−1) and EDTA (IC50 0.091 mgmL−1) respectively [67]. The 
HPLC quantification of plant extracts have shown similar classes of compounds 
such as chlorogenic acid, ellagic acid, caffeic acid, gallic acid, p-coumaric acid, 
apigenin, quercetin, rutin and kaempferol which have been repeatedly found in 
Nigerian plants. But the antioxidant efficacies observed were not reflective of HPLC 
quantification. This may indicate that phenolic compounds are quantified at minia-
ture level which can only serve as evidence of qualitative presence in plant extracts.

7. Antioxidant activities of isolated compounds

The antioxidant evaluations on isolated compounds from Nigerian medicinal 
plants are rarely reported. This is probably due to funding problems associated to 
plant chemistry research in Nigeria, coupled with dysfunctional analytical instru-
ments such as the NMR spectrometer. Most of the published research on isolation 
and characterization of compounds were carried out abroad. Of the 250 plants 
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analyzed for antioxidant evaluations, only 28 compounds were isolated from 44 
plants together with full spectral characterization. The antioxidant activities of 
quercetin and quercetin-3-O-rutinoside from B. monandra were probably the 
first report on pure compounds [93]. Since then several isolated compounds were 
evaluated for antioxidant efficacies and in most cases compared with standard 
antioxidants. Thus, compounds’ efficacy only with IC50 values of standards are pre-
sented in Table 2. The analysis of isolated compounds showed that flavonoids and 

S. No Chemical name Plant Model Compd. 
(IC50)

Stand. (IC50) Ref.

1 Quercetin Bauhinia monandra DPPH 10.64^ AA = 12.52 [93]

2 Quercetin-3-O-rutinoside Bauhinia monandra DPPH 16.11^ AA = 12.52 [93]

3 Isovitexin Croton zambesicus DPPH 189.1^ QT = 5.31 [98]

4 Trans-ethyl-3-(3, 
4-dihydroxyphenyl 

acrylate

Aspilia africana DPPH 14.49^ AA = 13.18 [99]

5 p-hydroxy benzaldehyde Aspilia africana DPPH 73.50* VC = 37.5 [102]

6 Tiliroside Croton gratissimus DPPH 360.1* AA = 70.12 [100]

7 Isovitexin Croton gratissimus DPPH 211.6* AA = 70.12 [100]

8 Helichrysoside-3′-methyl 
ether

Croton zambesicus DPPH 183.4* AA = 70.12 [100]

9 Betulin Parinari 
curatellifolia

DPPH >100* VC = 1.98 [88]

10 β-sitosterol Parinari 
curatellifolia

DPPH >50* VC = 1.98 [88]

11 Betulinic acid Parinari 
curatellifolia

DPPH >100* VC = 1.98 [88]

12 4-(3′,3-dihydroxyl-
1-mercaptopropyl) 

phenyl-glucosylpyranoside

Massularia 
acuminata

DPPH 75* VC = 7.59 [87]

13 Agathisflavone Anacardium 
occidentale

DPPH 366.4* AA = 4.57 [74]

14 Quercetin-3-O-rutinoside/
rhamnoside

Anacardium 
occidentale

DPPH 0.96* AA = 4.57 [74]

15 Rosmarinic acid Solenostemon 
monostachyus

DPPH 4.99* QT = 2.32 [97]

16 Methyl rosmarinate Solenostemon 
monostachyus

DPPH 5.97* QT = 2.32 [97]

17 Caffeic acid Solenostemon 
monostachyus

DPPH 3.03* QT = 2.32 [97]

18 Methyl caffeate Solenostemon 
monostachyus

DPPH 13.41* QT = 2.32 [97]

19 Apigenin Solenostemon 
monostachyus

DPPH 26.67* QT = 2.32 [97]

20 Luteolin Solenostemon 
monostachyus

DPPH 5.35* QT = 2.32 [97]

21 Apigenin glucuronide Solenostemon 
monostachyus

DPPH 185.89* QT = 2.32 [97]

22 Epicatechin Chrysophyllum 
albidum

DPPH 19.02^ GA = 12.82 [101]
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flavonoids glycosides constitute major classes of antioxidants reported. Catechin 
isolated from A. senegalensis had effective DPPH inhibition (IC50 0.03 mgmL−1) 
and Fe2+ chelating activity (1.29 mgmL−1) when compared to ascorbic acid (0.01 
mgmL−1) and EDTA (IC50 0.05 mgmL−1) respectively [94]. The evaluation on H2O2 
inhibition by (−)-epicatechin isolated from A. floribunda showed effective activity 
with equal strength as standard ascorbic acid (IC50 8.0 μgmL−1) [95]. Similarly, the 
ABTS inhibition by quercetin isolated from C. sieberiana has resulted to effective 
activity of equal strength to Tocopherol (0.81 mM) [96]. The DPPH inhibition 
by caffeic acid (IC50 3.03 μgmL−1) from S. monostachys is another effective activ-
ity comparable to quercetin standard (IC50 2.32 μgmL−1) [97]. However, the most 
outstanding DPPH inhibition was recorded on quercetin-3-O-rutinoside/rhamno-
side isolated from A. occidentalis. The 1:1 mixture of flavonoid glycoside exhibited 

S. No Chemical name Plant Model Compd. 
(IC50)

Stand. (IC50) Ref.

23 Epigallocatechin Chrysophyllum 
albidum

DPPH 15.88^ GA = 12.82 [101]

24 Procyanidin B5 Chrysophyllum 
albidum

DPPH 8.80^ GA = 12.82 [101]

25 Kaempferol-3-O-
rutinoside

Holarrhena 
floribunda

FRAP 394.8* QT = 2.95 [85]

26 Quercetin-3-O-glucoside Holarrhena 
floribunda

LPI
FRAP

10.4*

1649.4*
QT = 2.95 [85]

27 Kaempferol-3-O-glucoside Holarrhena 
floribunda

FRAP 337.5* QT = 2.95 [85]

28 Quercetin-3-O-glucoside/
galactoside mixture (1: 1)

Holarrhena 
floribunda

LPI
FRAP

9.8*

1589.9*
QT = 2.95 [85]

29 Quercetin Cassia sieberiana DPPH
ABTS

1.58#

0.81#
AA = 2.44
TX = 0.81

[96]

30 Kaempferol Cassia sieberiana DPPH 7.75# AA = 2.44 [96]

31 Dihydrokaempferol Cassia sieberiana DPPH 82.93# AA = 2.44 [96]

32 Piceatannol Cassia sieberiana DPPH 3.96# AA = 2.44 [96]

33 (−)-Catechin Alchornea 
floribunda

DPPH
H2O2

88*

13*
AA = 6
AA = 8

[95]

34 (+)-epicatechin Alchornea 
floribunda

DPPH
H2O2

40*

10*
AA = 6
AA = 8

[95]

35 (−)-epicatechin Alchornea 
floribunda

DPPH
H2O2

10*

8*
AA = 6
AA = 8

[95]

36 (2R,3R)-dihydroquercetin Alchornea 
floribunda

DPPH
H2O2

46*

18*
AA = 6
AA = 8

[95]

37 Catechin Annona senegalensis DPPH
Fe(II)

0.03**

1.29**
AA = 0.01

EDTA = 0.05
[15]

DPPH, 2,2-diphenyl-1-picrylhydrazyl radical; ABTS, 2,2’-azinobis (3-ethylbenzothiazoline-6-sulfonic acid; 
FRAP, ferric reducing antioxidant power; TAC, total antioxidant capacity; LPI, lipid peroxidation inhibition; NO, 
nitric oxide assay; H2O2, hydrogen peroxide assay; AA, ascorbic acid; QT, quercetin; RT, rutin; GA, gallic acid; VC, 
vitamin C; VE, vitamin E; TX, trolox; EDTA: ethylenediaminetetraacetic acid.
^IC50 = μM.
#IC50 = mM.
*IC50 = μgmL−1.
**IC50 = mgmL−1.

Table 2. 
Antioxidant activity of isolated compounds of Nigerian plants.
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plants together with full spectral characterization. The antioxidant activities of 
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first report on pure compounds [93]. Since then several isolated compounds were 
evaluated for antioxidant efficacies and in most cases compared with standard 
antioxidants. Thus, compounds’ efficacy only with IC50 values of standards are pre-
sented in Table 2. The analysis of isolated compounds showed that flavonoids and 
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DPPH 0.96* AA = 4.57 [74]

15 Rosmarinic acid Solenostemon 
monostachyus

DPPH 4.99* QT = 2.32 [97]

16 Methyl rosmarinate Solenostemon 
monostachyus
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monostachyus

DPPH 3.03* QT = 2.32 [97]
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monostachyus

DPPH 13.41* QT = 2.32 [97]

19 Apigenin Solenostemon 
monostachyus

DPPH 26.67* QT = 2.32 [97]
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monostachyus

DPPH 5.35* QT = 2.32 [97]
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flavonoids glycosides constitute major classes of antioxidants reported. Catechin 
isolated from A. senegalensis had effective DPPH inhibition (IC50 0.03 mgmL−1) 
and Fe2+ chelating activity (1.29 mgmL−1) when compared to ascorbic acid (0.01 
mgmL−1) and EDTA (IC50 0.05 mgmL−1) respectively [94]. The evaluation on H2O2 
inhibition by (−)-epicatechin isolated from A. floribunda showed effective activity 
with equal strength as standard ascorbic acid (IC50 8.0 μgmL−1) [95]. Similarly, the 
ABTS inhibition by quercetin isolated from C. sieberiana has resulted to effective 
activity of equal strength to Tocopherol (0.81 mM) [96]. The DPPH inhibition 
by caffeic acid (IC50 3.03 μgmL−1) from S. monostachys is another effective activ-
ity comparable to quercetin standard (IC50 2.32 μgmL−1) [97]. However, the most 
outstanding DPPH inhibition was recorded on quercetin-3-O-rutinoside/rhamno-
side isolated from A. occidentalis. The 1:1 mixture of flavonoid glycoside exhibited 
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LPI
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10.4*
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IC50 0.96 μgmL−1 less than ascorbic acid (IC50 4.57 μgmL−1). [74]. But generally, the 
antioxidant efficacies of isolated compounds from Nigerian plants are not interest-
ing. Out of the 28 compounds isolated from 44 plants only 7 compounds from 6 
plants exhibited the efficacies with strength of standard antioxidants.

8. Conclusion

Analysis of antioxidant efficacies of Nigerian medicinal plants reported from 
1998 to 2018 was carried out. The aim was to provide evidence for effective anti-
oxidants. Our findings have shown the enormous potentials of Nigerian plants as 
sources of natural antioxidants. We have observed various crude extracts obtained 
mainly from polar solvents with antioxidant efficacies better than standard com-
pounds. Such preponderance of evidence indicated by broad spectrum of free 
radical and non-free radical inhibitions has defined the comparable strength of 
plant extracts to standard antioxidants. Nigerian plants have the capacity to protect 
or inhibit damage induced by free radical species. This study attempts to provide 
insights on the strength of antioxidant efficacies of plant extracts comparable to 
standard antioxidants. However, it is recommended that comprehensive approach 
to plant bioactive research must be adopted in search of antioxidants to avoid 
replication of studies especially on certain species. There is need for collabora-
tion among Nigerian scientist working in related areas to enhance on the scope of 
research questions and improve on the quality of research output.
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Chapter 5

Royal Jelly and Human  
Interferon-Alpha (HuIFN-αN3) 
Affect Proliferation, Glutathione 
Level, and Lipid Peroxidation 
in Human Colorectal 
Adenocarcinoma Cells In Vitro
Bratko Filipič, Lidija Gradišnik, Klemen Rihar, 
Adriana Pereyra, Damir Đermić and Hrvoje Mazija

Abstract

The purpose was to investigate the influence of RJ-F(M), 10-hydroxy-2- 
decenoic acid and HuIFN-αN3 on the proliferation of CaCo-2 cells and ascertain 
their effects on intracellular glutathione level and lipid peroxidation. The antip-
roliferative (AP) activity of RJ-F (M) (0.1 g/10 mL PBS), HuIFN-αN3 (1000 IU 
mL−1), 10-HDA (100.0 μmol L−1) and their combinations, in the ratios 1:1, 1:2, and 
2:1 on CaCo-2 cells were measured. Single RJ-F (M) had a low AP activity: 2.0 (0.5 
mg mL−1). HuIFN-αN3 had an AP activity of 2.5 (208.33 IU mL−1), while 10-HDA 
had an AP activity of 1.5 (37.5 μmol mL−1). AP activity of 3.8 was obtained when 
RJ-F(M) and HuIFN-αN3 were in the ratio 2:1. In it, the level of GSH was 24.9 ± 2.4 
nmol g−3 of proteins (vs. 70.2 ± 3.2 nmol g−3 in the control), and  level of MDA was 
72.3 ± 3.1 nmol g−3 (vs. 23.6 ± 9.1 nmol g−3 in the control). 10-HDA, together with 
HuIFN-αN3, is responsible for the inhibition of CaCo-2 cell proliferation in vitro. 
RJ-F (M) and HuIFN-αN3 applied at 2:1 decreased level of GSH and increased lipid 
peroxidation via MDA in CaCo-2 cells. Future studies are needed whether these 
GSH- and MDA-related activities of RJ-F (M), HuIFN-αN3, 10-HDA, and their 
combinations may decrease the tumorigenicity index and tumorigenic potential of 
tumor cells in vitro

Keywords: antiproliferative activity, antitumor activity, CaCo-2 cells,  
10-hydorxy-2-decenoic acid, malondialdehyde, HuIFN-αN3, RJ-F (M)

1. Introduction

Royal jelly (RJ) is a milky acid colloid of a pH between 3.6 and 4.2, produced 
by hypo pharyngeal and mandible glands of young worker bees between sixth and 
twelfth days of their life. Fed as a sole nutrient, it is the exclusive food for the bee 
colonies’ queen honey bee (Apis mellifera) larva, developing into a sexual mature 
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roliferative (AP) activity of RJ-F (M) (0.1 g/10 mL PBS), HuIFN-αN3 (1000 IU 
mL−1), 10-HDA (100.0 μmol L−1) and their combinations, in the ratios 1:1, 1:2, and 
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1. Introduction

Royal jelly (RJ) is a milky acid colloid of a pH between 3.6 and 4.2, produced 
by hypo pharyngeal and mandible glands of young worker bees between sixth and 
twelfth days of their life. Fed as a sole nutrient, it is the exclusive food for the bee 
colonies’ queen honey bee (Apis mellifera) larva, developing into a sexual mature 
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queen bee. RJ has a crucial role in the life span of bees: worker bee lives around 
45 days, while a queen bee can be alive up to 5 years. During this time, she is able to 
spawn daily an equivalent of her body weight in eggs (approximately 2000–3000 
eggs/day for up to 5 years) [1, 2]. Chemically, RJ is composed by water (50–60%), 
different proteins (18.0%), carbohydrates (15.0%), lipids (3–6%), mineral salts 
(1.5%), and vitamins, together with bioactive substances, such as 10-hydroxy-2-dec-
enoic (10-HDA) acid [3]. 10-HDA exerts an inhibitory effect on vascular endothelial 
growth factor-induced angiogenesis in cellular models of tumor growth, partly by 
inhibiting cell proliferation and migration [4]. RJ contains different immunomodu-
lative and antiproliferative substances as well as substances with possible antitumor 
activities. It also contains proteins, like 350-kDa protein, that stimulate proliferation 
of human monocytes [5–7]. In addition, RJ protein30 can be found; it has shown 
an prominent cytotoxic effect on HeLa cells in vitro [8]. A protein component of 
RJ belong to the family of major royal jelly proteins (MRJPs) or an albumin. In 
this families, eight proteins (MRJP 1–8) were identified and found that they have 
molecular masses between 49 and 87 kDs. MRJPs have an important role in the diet 
of the queen bee [9]. Other proteins in RJ that are in much lower amount are royali-
sin, jelleines, aspimin, and royalactin. Researchers showed antibacterial properties 
of royalisins against Gram-positive bacteria and proposed their use as potential anti-
microbial [10]. Royalisins are composed of 51 residues with a net charge of +2; even 
their origin is unknown. It was supposed that they could originate directly from 
honeybee. It was also shown that the RJ’s protein royalactin is needed for queen bee 
differentiation. It activates the epidermal growth factor receptor (EGFR) signaling 
pathway in honeybee larvae, which leads to queen development. Corona et al. [11] 
found that royalactin induces queen development through shortening her develop-
ment time and increases longevity of the queen bee by the EGFR signaling pathway.

In RJ, glucose oxidase enzyme (GOx) was also detected. GOx catalyzing the 
oxidation of glucose to hydrogen peroxide was showing a relatively high antibacte-
rial activity [12].

Interferons (IFNs) are multifunctional glycoproteins/proteins produced and 
released by host cells in response to the presence of pathogens such as viruses, 
bacteria, parasites, or tumor cells. There are three classes of IFNs, designated as 
Types I, II, and III. HuIFN-αN3, a Type I interferon, is a protein composed from 
13 subtypes [13, 14] having antiviral, antiproliferative, and antitumor activities 
[15]. Type I IFN isoforms were found since its discovery. These, coded by a single 
exon, include IFN-α (composed from 13 subtypes: IFN-α1, IFN-α2, IFN-α4, IFN-α5, 
IFN-α6, IFN-α7, IFN-α8, IFN-α10, IFN-α13, IFN-α14, IFN-α16, IFN-α17, and IFN-
α21), IFN-β, IFN-ε, IFN-κ, and IFN-ω [16]. The latter was used from the beginning 
for the treatment of different forms of cancers, despite its molecular mechanism 
of cytoreductive action being far from clear. HuIFN-αN3’s antiproliferative activ-
ity plays a central role in its chemotherapeutic effect. The research explained its 
action in apoptosis as a way of antitumor action [17]. In addition, HuIFN-αN3 
shows a direct cytotoxic effect on malignant cells and different tumor cell lines 
in vitro [18]. It was also shown that endogenous type I IFN prevents the growth of 
primary carcinogen-induced and transplantable tumors [19]. One of the earliest 
described immunoregulatory functions of HuIFN-αN3 is its ability to regulate NK 
cell functions that is one of the major mechanisms of regulation of tumor growth 
by the endogenous type I IFN. The role of HuIFN-αN3 in regulating tumor cell 
proliferation, apoptosis, and autophagy was only recently begun to be investigated 
in depth [20]. In addition, the ability of oncogenes such as Ras and HPV16 E6E7 for 
downregulating the IFN-inducing innate receptors, RIG-I and TLR9, is a suggestion 
for a role of HuIFN-αN3 in modulating the infectiveness of cell-transforming ability 
of oncogenic viruses [21].
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The low-molecular-weight thiol, glutathione (GSH) with a role in the control of 
the thiol/disulfide redox state in the cells, is important for cellular redox signaling 
and also for CaCo-2 cells. Intracellular concentration of GSH, cell proliferation, 
and apoptosis are mutually connected. GSH in a relatively high level enhances the 
cell proliferation. In contrary, its depletion results in the inhibition of CaCo-2 cell 
growth and proliferation, because of the increase of apoptosis [22].

Oxidative degradation of lipids or lipid peroxidation (LP) is a process where free 
radicals “rob” electrons from cellular membrane lipids and induce cell damage by 
proceeding with the free radical chain reaction mechanism. The LP’s end products 
are reactive aldehydes with a relatively strong carcinogenic potential.

Malondialdehyde (MDA) is one of the important reactive aldehydes. It is a bioac-
tive marker of the LP with a different biological activity similar to reactive oxygen 
species [23, 24].

The aim of the present study was to explore the effect of RJ-F (M) and 10-HDA 
on the HuIFN-αN3-induced inhibition of CaCo-2 cell proliferation in vitro. Also 
important is to ascertain their influence on the level of the GSH in the cells and 
also on the lipid peroxidation via the MDA activity. Such an experimental approach 
might serve to explain some of the antiproliferative/antitumor mechanisms in 
CaCo-2 cells. All this could be also important for the developing of future antipro-
liferative treatments based on the use of the mentioned bioactive compounds.

2. Materials and methods

2.1 Materials

During the experiments, the following materials were used: (1) HuIFN-αN3 
(Institute of Immunology, Zagreb, Croatia) was applied at 1000 IU mL−1. This 
concentration was found in our previous experiments [25]. (2) Fresh royal jelly 
(Mižigoj) (RJ-F (M)) (Medex D.o.o., Ljubljana, Slovenia) was applied in a concentra-
tion of 0.1 g/10 mL [26]. (3) 10-hydroxy-2-decenoic acid (10-HDA) (Sigma-Aldrich, 
Missouri, USA) was applied in a concentration of 100 μmol L−1 [27–29]. All reagents 
were dissolved in phosphate buffer saline (PBS) having a pH of 7.2, centrifuged at 
2500 g (Centric, Tehtnica D.o.o., Železniki, Slovenia) for 15 minutes, and the super-
natants were sterilized by filtration through 0.2 μm syringe filter (Millipore, USA). 
Sterilized reagents were stored on −20°C until their use in the experiments.

2.2 Cell culture

CaCo-2 cells were cultivated in a complete Eagle’s medium supplemented with 
10% of fetal calf serum (FCS) (Sigma-Aldrich, Missouri, USA). The cells were mul-
tiplied before the experiments, so that their viability and capability for proliferation 
can be assayed with MTT Cell Proliferation Assay Kit (K299-100) (BioVision, 
Milpitas, California, USA). In performed tests, positive cells were further cultivated 
in a 96-well flat microtiter plates (Sterilin, Sigma-Aldrich, Missouri, USA) or in 
25 cm2 flasks (Sterilin, Sigma-Aldrich, Missouri, USA) in 5% CO2 at 37°C until the 
monolayer appeared before they can be used for the experiments.

2.3 The studies’ design

The experiments were designed as follows: (1) RJ-F (M), HuIFN-αN3, and 
10-HDA in the previously stated concentrations were added alone in a volume of 
100 μL/well. (2) In various combinations between them (RJ-F (M), HuIFN-αN3, 
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and 10-HDA) for ratio 1:1, 100 + 100 μL/well were added. For ratio 1:2, 
66.8 + 133.2 μL/well were added, and for ratio 2:1, 133.2 + 66.8 μL/well were added.

2.4 Antiproliferative (AP) activity

In the AP assay that was performed in a way according to Sugarman et al. 
[30], single substances RJ-F (M), HuIFN-αN3, and 10-HDA and their combina-
tions in ratios 1:1, 1:2, and 2:1 were added. In the first well in a row of a 96-well 
microtiter plate, 200 μL of sample volume was added. This was serially trans-
ferred per 100 μL from 1:2 to 1:4096. To these, CaCo-2 cells in a concentration of 
104 cells/well/100 μL in a complete Eagle’s medium with 10% FCS were added. 
Separately, with CaCo-2 cells without being added alone or in their combinations 
of 1:1, 1:2, and 2:1, substances served as the negative control. The single tested 
substances RJ-F (M), HuIFN-αN3, and 10-HDA were used as a positive control. 
Microtiter plates with substances, as single or in combinations 1:1, 1:2, and 2:1, 
and CaCo-2 cells were incubated for 72 hours at 37°C in a 5% CO2 atmosphere. 
Afterward, the supernatants were discarded, and cells were fixed with 100 μL/
well of 10% formalin (Sigma-Aldrich, Missouri, USA) in PBS. After 2 hours, the 
fixative was removed and cells washed twice with the PBS. Then, 2% Rhodamine 
(Sigma-Aldrich, Missouri, USA) in a volume of 100 μL/well was added for 
15 minutes. This was then removed, and the cells were washed twice with the 
PBS and air-dried. Optical density (OD) at 550 nm was measured on dried 
microtiter plates on the Synergy HTX Multi-Mode Reader with Gen 5 software 
(Biotek, Winooski, USA). The AP activities was determined with the well in rows 
where 50% cell growth inhibition were found. The AP50 was calculated for each 
separate substance (RJ-F (M), HuIFNαN3, and 10-HDA) or their combinations 
(1:1, 1:2, and 2:1).

2.5 Glutathione (GSH) determination

According to Watson et al. [24], the GSH assay was performed. The CaCo-2 cells 
were cultivated in flasks having 25 cm2 (Sterilin, Sigma-Aldrich, Missouri, USA) in 
a complete Eagles’ medium with 10% FCS. To the monolayer of CaCo-2 cells, the 
substances of RJ-F (M), HuIFN-αN3, and 10-HAD alone in volumes of 1.0 mL, or 
their combinations of 1:1, 1:2, and 2:1 in volumes of 2.0 mL, were added. The treat-
ment took place for 24 hours at 37°C and 5% CO2. Then, the cells were removed by 
Trypsin (Sigma-Aldrich, Missouri, USA) and treated with 1 mL of mmol mL−1 Tris–
HCl solution (pH = 6.0) containing 0.5 mol mL−1 diethylene triamine pentacetic 
acid (DTPA) (Sigma-Aldrich, Missouri, USA). After such treatment, the cells were 
lysed by the syringing through the insulin syringe. The quantities of total cellular 
proteins were determined by the Bio-Rad protein assay (Bio-Rad Laboratories, 
Hercules, California, USA) having a standard bovine serum albumin (BSA) (Sigma-
Aldrich, Missouri, USA).

To determine the amount of GSH, 50 μL of the lysed CaCo-2 cells, 100 μL 
of 25 μmol L−1 DL-Dithiothreitol (DTT),  and 150 μL of 0.1 mol mL−1 Tris-HCl 
(pH 8.5) were added. This mixture was incubated for 30 minutes on ice. Then, 
750 μL of 2.5% (wt. /vol) 5-sulfosalicylic acid was added to precipitate proteins. 
The precipitate was centrifuged at 13000 g (Centric, Tehtnica D.o.o., Železniki, 
Slovenia) for 5 minutes at 4°C, and the supernatants were used in GSH Assay Kit 
(Sigma-Aldrich, Missouri, USA) to measure the GSH level at OD at 412 nm on 
Synergy HTX Multi-Mode Reader with Gen 5 software (Biotek, Winooski, USA) 
and express it as nmol of GSH g−3/proteins.
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2.6 Lipid peroxidation assay

CaCo-2 cells were cultivated in 25 cm2 flasks (Sterilin, Sigma-Aldrich, Missouri, 
USA) in a complete Eagles’ medium with 10% FCS in 5% CO2 and 37°C. When 
monolayer was formed, the cells were treated with substances either alone or 
their combinations as described previously, in a quantity of 1.0 mL when single 
substances were added, and a total of 2.0 mL when their combinations (1:1, 1:2, 
and 2:1) were added. The cells were incubated for 24 hours at 37°C and 5% CO2. 
The medium was removed, and cells were detached with trypsin, washed, and 
resuspended in 5 mL of PBS. The total cell protein concentration was determined by 
the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, California, USA) with a 
BSA as a standard. A measure of 1 mL of thiobarbituric acid (TBA) reagent (0.38% 
2-TBA, 15.0% TBA, 0.3 mol mL−1HCl) was added to the cell suspension, and these 
were heated at 95°C for 20 minutes, chilled to room temperature, and centrifuged at 
1500 g for 10 minutes (Centric, Tehtnica d.o.o., Železniki, Slovenia). The quantity 
of TBA reactive substances (RS) developed by lipid peroxidation was measured at 
OD at 535 nm in Synergy HTX Multi-Mode Reader with Gen 5 software, (Biotek, 
Winooski, USA). The obtained results were expressed as MDA nmol g−3 of protein.

2.7 Statistical evaluation

For statistical significance determination (*p < 0.1, **p < 0.05), the t-test was 
used. All the data are shown as a mean value ± standard deviation. The tests were 
performed in triplicate, and each was repeated three to four times.

3. Results and discussion

3.1 Antiproliferative (AP) activity

The results of AP activity and their concentrations at AP50 in case of single 
substances were found as follows: RJ-F (M), 0.157 (0.5 mg mL−1); HuIFN-αN3, 
0.741 (208.33 IU mL−1; and 10-HDA, 0.487 (37.5 μmol L−1). The AP activities of 
used single substances (RJ, HuIFN-αN3, and 10-HDA) were relatively low. Such AP 
activity expressed as growth rate index (GRI) of their combinations (1:1, 1:2, 2:1) is 
shown in Figure 1.

When a combination between RJ-F (M) and HuIFN-αN3 in ratio 2:1 was used, the 
highest AP activity was found. Their AP activity expressed as GRI was 1.006. The com-
binations of 10-HDA and HuIFN-αN3 2:1 show the AP activity expressed as GRI 0.952, 
which was lower than this in combination of RJ-F (M) and HuIFN-αN3 (2:1). These 
results suggest that RJ-F (M) should contain some other components responsible for 
the relatively strong AP activity of the combination of the RJ-F (M) and HuIFN-αN3 
(2:1). The RJ protein30, a water soluble fraction showing the cytotoxic effect on the 
HeLa cells by decreasing the cell population by 50%, should be taken into account.

The AP activity of RJ-F (M), HuIFN-αN3, and 10-HDA on the CaCo-2 cells is 
connected to the induction of apoptosis and cytotoxicity. They also influence the 
glutathione level and lipid peroxidation in CaCo-2 cells [31].

3.2 GSH determination and measurement of lipid peroxidation via MDA

The results obtained in our study show that RJ-F (M), HuIFN-αN3, 10-HDA, and 
their combinations (1:1, 1:2, and 2:1) decreased the intracellular level of the GSH 
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proteins were determined by the Bio-Rad protein assay (Bio-Rad Laboratories, 
Hercules, California, USA) having a standard bovine serum albumin (BSA) (Sigma-
Aldrich, Missouri, USA).

To determine the amount of GSH, 50 μL of the lysed CaCo-2 cells, 100 μL 
of 25 μmol L−1 DL-Dithiothreitol (DTT),  and 150 μL of 0.1 mol mL−1 Tris-HCl 
(pH 8.5) were added. This mixture was incubated for 30 minutes on ice. Then, 
750 μL of 2.5% (wt. /vol) 5-sulfosalicylic acid was added to precipitate proteins. 
The precipitate was centrifuged at 13000 g (Centric, Tehtnica D.o.o., Železniki, 
Slovenia) for 5 minutes at 4°C, and the supernatants were used in GSH Assay Kit 
(Sigma-Aldrich, Missouri, USA) to measure the GSH level at OD at 412 nm on 
Synergy HTX Multi-Mode Reader with Gen 5 software (Biotek, Winooski, USA) 
and express it as nmol of GSH g−3/proteins.
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2.6 Lipid peroxidation assay
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The medium was removed, and cells were detached with trypsin, washed, and 
resuspended in 5 mL of PBS. The total cell protein concentration was determined by 
the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, California, USA) with a 
BSA as a standard. A measure of 1 mL of thiobarbituric acid (TBA) reagent (0.38% 
2-TBA, 15.0% TBA, 0.3 mol mL−1HCl) was added to the cell suspension, and these 
were heated at 95°C for 20 minutes, chilled to room temperature, and centrifuged at 
1500 g for 10 minutes (Centric, Tehtnica d.o.o., Železniki, Slovenia). The quantity 
of TBA reactive substances (RS) developed by lipid peroxidation was measured at 
OD at 535 nm in Synergy HTX Multi-Mode Reader with Gen 5 software, (Biotek, 
Winooski, USA). The obtained results were expressed as MDA nmol g−3 of protein.

2.7 Statistical evaluation

For statistical significance determination (*p < 0.1, **p < 0.05), the t-test was 
used. All the data are shown as a mean value ± standard deviation. The tests were 
performed in triplicate, and each was repeated three to four times.

3. Results and discussion

3.1 Antiproliferative (AP) activity

The results of AP activity and their concentrations at AP50 in case of single 
substances were found as follows: RJ-F (M), 0.157 (0.5 mg mL−1); HuIFN-αN3, 
0.741 (208.33 IU mL−1; and 10-HDA, 0.487 (37.5 μmol L−1). The AP activities of 
used single substances (RJ, HuIFN-αN3, and 10-HDA) were relatively low. Such AP 
activity expressed as growth rate index (GRI) of their combinations (1:1, 1:2, 2:1) is 
shown in Figure 1.

When a combination between RJ-F (M) and HuIFN-αN3 in ratio 2:1 was used, the 
highest AP activity was found. Their AP activity expressed as GRI was 1.006. The com-
binations of 10-HDA and HuIFN-αN3 2:1 show the AP activity expressed as GRI 0.952, 
which was lower than this in combination of RJ-F (M) and HuIFN-αN3 (2:1). These 
results suggest that RJ-F (M) should contain some other components responsible for 
the relatively strong AP activity of the combination of the RJ-F (M) and HuIFN-αN3 
(2:1). The RJ protein30, a water soluble fraction showing the cytotoxic effect on the 
HeLa cells by decreasing the cell population by 50%, should be taken into account.

The AP activity of RJ-F (M), HuIFN-αN3, and 10-HDA on the CaCo-2 cells is 
connected to the induction of apoptosis and cytotoxicity. They also influence the 
glutathione level and lipid peroxidation in CaCo-2 cells [31].

3.2 GSH determination and measurement of lipid peroxidation via MDA

The results obtained in our study show that RJ-F (M), HuIFN-αN3, 10-HDA, and 
their combinations (1:1, 1:2, and 2:1) decreased the intracellular level of the GSH 
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and increased the lipid peroxidation via the MDA. The data in extent are shown in 
Figure 2 and Table 1.

The GHS has an important role in various intracellular processes like cellular 
differentiation, proliferation, apoptosis, and cancer. The decrease of the GSH/
glutathione disulfide (GSSG) ratios consequently lead to the enhanced susceptibil-
ity to oxidative stress and the progression of cancer. In addition, the increased GSH 
levels enhance the antioxidant capacity and resistance to oxidative stress that can 
be found in transformed cells. Some of the possible antitumor mechanisms of RJ-F 
(M) are linked to the modulation of the oxidative stress and induction of apoptosis 
[32]. Similar effects were found during the treatment of the PaCa-44 cells with 
10-HDA, where induction of the apoptosis was also confirmed [33]. Furthermore, 
the antitumor activity of the HuIFN-αN3 is connected with the induction of apop-
tosis and the modulation of the oxidative stress in rats having breast cancer [34].

Figure 1. 
The antiproliferative (AP) effect expressed as growth rate index (GRI = GRin.−GR8d/GR8d) of RJ-F (M), 
HuIFN-αN3, 10-HDA, and their combinations: 1:1, 1:2, and 2:1 on the CaCo-2 cells. The inhibition of 
proliferation of CaCo-2 cells treated with RJ-F (M) (0.1 g/10 mL PBS), HuIFN-αN3 (1000 IU mL−1), 10-HDA 
(100 μmol mL−1), and different combinations between them (1:1, 1:2, and 2:1) were analyzed. The AP activity 
was determined by Rhodamine B staining method after 72 hours of incubation at 37°C and 5% CO2.

Figure 2. 
The percent of CaCo-2 cell control value of glutathione (GSH) or malondialdehyde (MDA) after treatment 
with RJ-F (M), HuIFN-αN3, 10-HDA, and different combinations between them (1:1, 1:2, and 2:1).
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The 10-HDA, the most important constituent of the RJ-F (M) and HuIFN-αN3, 
had a complementary active point due to its antitumor activity, which can be 
enhanced when they were combined in a proper ratio. The most effective was 
the ratio of 2:1 of the RJ-F (M) and HuIFN-αN3. Using this, the level of GSH was 
24.9 ± 2.4 nmol g−3, and the level of MDA was 72.3 ± 3.1 nmol g−3. The following 
were the control values: for GSH it was 70.2 ± 3.2 nmol g−3 and for MDA it was 
23.6 ± 9.1 nmol g−3. The RJ-F (M) and HuIFN-αN3 applied at 2:1 ratio and HuIFN-
αN3 applied in combination with 10-HDA in 2:1 ratio caused a decrease in the level 
of GSH and increase in lipid peroxidation indicator level (MDA) in CaCo-2 cells in 

Table 1. 
Glutathione (GSH) determination and the measurement of lipid peroxidation (MDA) after the CaCo-2 cell 
treatment with RJ-F(M), HuIFN-αN3, 10-HDA, and their combinations of 1:1, 1:2, and 2:1.
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comparison with the control group. On the other hand, it was observed that these 
combinations had the highest antiproliferative effect. In addition, it is suggested 
that antiproliferative effects of RJ-F (M), HuIFN-αN3, and 10-HDA on the CaCo-2 
cells can be connected not only with the induction of apoptosis and cytotoxicity but 
also with their influence on the pro- and anti-oxidative balance [35].

4. Conclusion

Future experiments will show whether these GSH- and MDA-related activi-
ties of the RJ-F (M), HuIFN-αN3, 10-HDA, and their combinations may cause the 
decrease of the tumorigenicity index of different tumor cells in vitro as a result of 
their tumorigenic potential, as it has already been reported in the literature [36–39]. 
This is important for practical use of the RJ-F (M), 10-HDA, and HuIFN-αN3 in 
a proper combination that could be of value for future development of possible 
tumor therapy based on the use of these bioactive compounds.
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Abstract

Statins have proved to be very effective in reducing atherosclerotic cardiovascular 
disease (ASCVD) risk, with no apparent threshold at which low-density lipoprotein 
cholesterol (LDL-C) lowering is not associated with a reduced risk. Yet, several 
meta-analyses of statin trials show significant on-treatment residual risk of major 
cardiovascular (CV) events. This finding points to the unmet needs, in terms of 
LDL-C targets and ASCVD protection, of statin-treated patients, raising the ques-
tion of statin combination therapy. Ezetimibe is a cholesterol absorption inhibitor, 
with the potency to decrease LDL-C for about 10–18%, apolipoprotein B (apoB) for 
11–16%, while, in combination therapy with statins, leads to an additional LDL-C 
lowering of 25%, with a total LDL-C lowering of 34–61%. It is also estimated that 
10–20% of patients on statin treatment cannot tolerate them. As a result, adequate 
doses to achieve treatment target, or as recommended for the patient-specific risk 
profile, cannot be prescribed. Proprotein convertase subtilisin/kexin type 9 (PCSK9) 
Inhibitors are monoclonal antibodies that inhibit the binding of PCSK9 to LDL-C 
receptors. Besides a very potent lipid-lowering effect, PCSK9 inhibitors have added 
ASCVD risk reduction benefit due to a very aggressive LDL-C lowering action, 
especially beneficial in patients who are intolerant to statins.

Keywords: hyperlipidemia, statins, ezetimibe, PCSK9 inhibitors, cardiovascular 
diseases, cerebrovascular disease, prevention, adverse effects, diabetes, residual risk

1. Introduction

Atherosclerotic cardiovascular disease (ASCVD), including its clinical manifes-
tations, such as myocardial infarction (MI) and ischemic stroke (IS), is the leading 
morbidity and/or mortality cause worldwide. One of the most highly studied 
factors associated with ASCVD is low-density lipoprotein (LDL). Vast evidence has 
postulated that cholesterol-rich LDL and other apolipoprotein B (apoB)-containing 
lipoproteins (very low-density lipoproteins (VLDL), intermediate density lipopro-
teins (IDL), and lipoprotein(a) [Lp(a)]), are directly involved in the development 
of ASCVD [1].

Statins are the first-line anti-lipemic pharmacotherapy, having been shown to 
reduce both LDL-C levels and cardiovascular (CV) events. However, a considerable 
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number of statin-treated patients do not achieve target LDL-C levels, even after 
maximal statin dose-treatment, or are intolerant to intensive statin therapy [2].

In the aforementioned situations patients can largely benefit from an additional 
LDL-C lowering agent. Ezetimibe is a non-statin drug that can additionally reduce 
ASCVD risk, when added to a statin, leading to a total of 34–61% LDL-C reduction 
[3]. Proprotein Convertase Subtilisin-Like/Kexin Type 9 (PCSK9) inhibitors, one of 
the newest anti-lipemic agents, can lower LDL-C by 45–65%, and are also proven to 
have ASCVD risk reduction properties [4].

Therefore, the aim of this chapter is to address the question of therapeutic 
efficacy, as expressed through the lipid-lowering and anti-inflammatory effects, 
and atherosclerotic cardiovascular disease risk reduction when adding ezetimibe or 
PCSK9 inhibitors to statin therapy.

1.1 HMG-CoA reductase inhibitors—statins

3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, 
commonly known as statins, have been one of the most frequently prescribed 
medications worldwide, since their introduction 30 years ago. Currently, there are 
six statin drugs available on the market—pitavastatin, atorvastatin, rosuvastatin, 
pravastatin, simvastatin and fluvastatin [5].

Statins are competitive, reversible inhibitors of HMG-CoA reductase, a rate-
limiting step in the process of cholesterol biosynthesis. HMG-CoA is a microsomal 
enzyme—reductase which catalyzes the conversion of HMG-CoA to l-mevalonate 
and coenzyme A. Inhibiting the HMG-CoA reductase, statins ultimately prevent the 
endogenous cholesterol production. Cholesterol concentration reduction triggers 
an up-regulation of the expression of low-density lipoprotein (LDL)-receptors in 
the hepatocytes, promoting uptake of LDL and LDL-precursors from the systemic 
circulation. Therefore, a significant part of the statins’ cholesterol-lowering action 
is a result of an indirect increase in LDL clearance from plasma. Additional mecha-
nisms of action include inhibition of the hepatic apolipoprotein B100 synthesis, and 
a reduction of the synthesis and secretion of triglyceride-rich lipoproteins [6].

Statins are composed of two parts, the pharmacophore, a dihydroxyheptanoic 
acid segment, and a moiety composed of a ring system with various substituents. 
According to the chemical modification of the ring system and the nature of its 
substituents, different statin structures are generated. Ring substituents define 
the solubility of the statins, along with many of their pharmacological proper-
ties. Among the statins, lovastatin, simvastatin, atorvastatin, and fluvastatin are 
lipophilic, whereas pravastatin and rosuvastatin are more hydrophilic. Different 
chemical structures lead to different pharmacokinetic properties, pharmacological 
effects and pleiotropic actions [7].

Statins can enter the systemic circulation passively, through the intestinal cells, 
and actively via the ATP-binding cassette (ABC) and solute carrier (SLC) transport-
ers. Two enzyme groups are involved in statin metabolism, the cytochrome P450 
(CYP450), and UDP-glucuronosyltransferase (UGT), mainly acting in the liver, 
and to a lesser extent, in the kidneys. Lipophilic statins are transported via passive 
diffusion, metabolized by the CYP450 enzymes, and mainly excreted through 
the biliary system. Hydrophilic statins enter the liver via active transport, and 
are actively excreted through the kidneys, mostly as unchanged drugs. Lipophilic 
statins have generally low bioavailability due to first pass metabolism. Absorption 
varies between 30 and 98%, and time to reach peak plasma concentration (Tmax) 
is within 4 h of administration. Statins are administrated orally as active hydroxy 
acids, except for lovastatin and simvastatin, which are administrated as lactone pro-
drugs, and then hydrolyzed to the hydroxy acid form. Their bioavailability varies; 
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pitavastatin has a bioavailability of 80%, whereas fluvastatin between 19 and 29%. 
The CYP3A4 isoenzyme is responsible for the metabolism of lovastatin, simvastatin 
and atorvastatin. Their active metabolites—2-hydroxy- and 4-hydroxy-atorvastatin 
acid from atorvastatin, and β-hydroxy simvastatin acid from simvastatin, carry a 
part of their inhibitory activity. Fluvastatin is mainly metabolized by the CYP2C9 
isoenzyme. Pravastatin is eliminated by both the kidney and liver, mostly as an 
unchanged drug [6–8].

1.2 Cholesterol absorption inhibitors—ezetimibe

Ezetimibe, a cholesterol absorption blocker, has been the focus of many tri-
als supporting its use in ASCVD risk reduction. For patients that cannot achieve 
target treatment goals with statin therapy alone, ezetimibe has proven to be a safe, 
well-tolerated medication which, combined with statins, leads to additional LDL-C 
reduction, thus resulting in a significant morbidity and/or mortality benefit [9].

Serum cholesterol is derived from two major sources: cholesterol synthesized  
de novo in the liver and cholesterol that has been absorbed from the gastrointestinal 
tract. Statins reduce serum cholesterol by reducing its biosynthesis in the liver. 
Ezetimibe, on the other hand, targets gastrointestinal cholesterol absorption. 
Ezetimibe acts at the brush boarder of the small intestine, by selectively inhibiting 
the cholesterol transport protein Niemann Pick C1 like 1 protein (NPC1L1), thus 
preventing uptake of intestinal luminal cholesterol micelles into the enterocytes. 
The reduced cholesterol uptake leads to hepatic LDL-C stores depletion, resulting in 
upregulation of hepatic LDL receptors, causing LDL-C clearance from the blood. It 
is also suggested that ezetimibe inhibits the hepatic NPC1L1 as well, thus leading to 
reduced hepatic cholesterol absorption [3, 10, 11].

Following ingestion, the drug is extensively (>80%) metabolized to its active 
form—ezetimibe-glucuronide. Glucuronidation of the 4-hydroxyphenyl group, 
by uridine 5′-diphosphate-glucuronosyltransferase isoenzymes, forms the major 
ezetimibe metabolite in the intestine and liver. Total ezetimibe (sum of ‘parent’ 
ezetimibe plus ezetimibe-glucuronide) concentrations reach a maximum 1–2 h after 
administration. Both the parent compound and the glucuronidated compound are 
absorbed, and recirculated via the hepatobiliary excretion, thus providing long-
term cholesterol absorption inhibition. This cycle accounts for the long half-life 
of ezetimibe—about 22 h, allowing for once-a-day dosing. About 10–15% of the 
drug is excreted in the urine, and the rest in the feces, mainly as the parent drug. 
Ezetimibe does not appear to be metabolized or interact with the cytochrome P450 
pathway, thus it does not affect bioavailability and kinetics of commonly used drugs 
that are affected by the CYP450 family [10, 12].

1.3 Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors

The discovery of PCSK9 in 2003 opened many new research directions in the 
cardiovascular field. Liver PCSK9 binds to the LDL receptor (LDL-R) and promotes 
its degradation in the endosomal/lysosomal pathway. Higher PCSK9 activity leads 
to lower liver LDL-R levels, resulting in reduced LDL-uptake from circulation, and 
thus in hypercholesterolemia [13].

This led to a conclusion that the inhibition of PCSK9 would mean that more 
LDL receptors would be recycled to the surface of the cell, thus increasing the 
clearance of LDL cholesterol from the circulation. Since then various approaches 
to the pharmacological inhibition of PCSK9 have been investigated, and parenteral 
anti-PCSK9 monoclonal antibodies (MoAbs) have been the most successful strategy 
to date. MoAbs are now in late-stage (phase 3 clinical trials) testing [14].
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1.3 Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors
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its degradation in the endosomal/lysosomal pathway. Higher PCSK9 activity leads 
to lower liver LDL-R levels, resulting in reduced LDL-uptake from circulation, and 
thus in hypercholesterolemia [13].

This led to a conclusion that the inhibition of PCSK9 would mean that more 
LDL receptors would be recycled to the surface of the cell, thus increasing the 
clearance of LDL cholesterol from the circulation. Since then various approaches 
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Anti-PCSK9 MoAbs are known to bind at or near PCSK9’s binding site for the 
LDL-R. This sterically inhibits the interaction of PCSK9 with the LDL-R, thus 
reducing the degradation of the receptor. This markedly increases the clearance of 
LDL and substantially lowers plasma LDL cholesterol, as well as apolipoprotein-
B100 [15]. In 2015, the Food and Drug Administration (FDA) approved the PCSK9 
inhibitors alirocumab and evolocumab for patients with clinical atherosclerotic 
cardiovascular disease on maximally tolerated statin therapy who “require addi-
tional lowering of LDL-C” [16].

Evolocumab is a human monoclonal immunoglobulin G2 antibody directed 
against the circulating PCSK9 protein. Evolocumab is administered by subcutaneous 
injection to the abdomen, thigh, or upper arm. For patients with primary hyperlip-
idemia, who have clinical ASCVD, or heterozygous familial hypercholesterolemia, 
the recommended subcutaneous dose is 140 mg every 2 weeks or 420 mg once 
monthly. Maximum suppression of circulating unbound PCSK9 is seen after 4 h. 
Peak serum concentrations are obtained in 3–4 days, with an estimated bioavailabil-
ity of 72%. The drug is estimated to have an effective half-life of 11–17 days [17].

Alirocumab is a human monoclonal immunoglobulin G1 [IgG1] isotype antibody 
that binds to circulating PCSK9, thus inhibiting its action on LDL-R. Alirocumab 
reduces free PCSK9 in a concentration-dependent manner. Following a single 
subcutaneous administration of alirocumab 75 or 150 mg, maximal suppression 
of free PCSK9 occurs within 4–8 h. Within 4–8 weeks after initiating or titrating 
alirocumab therapy, LDL-C levels should be tested to determine the response and 
the need for (additional) dose adjustments. The drugs’ median apparent half-life 
at steady state is 17–20 days. Peak serum concentrations are obtained in 3–7 days, 
with an estimated bioavailability of 85%. At low concentrations, the elimination of 
alirocumab occurs predominately via saturable binding to PCSK9. At higher con-
centrations, elimination is through a nonsaturable proteolytic pathway [18].

2. Effects of statins

2.1 Effects of statin therapy on LDL-C concentrations

During the past 20 years, the extensive use of statin therapy among patients 
known to have an occlusive vascular disease, or are considered to be at increased 
risk of cardiovascular events, has been associated with descending actions on LDL 
and total cholesterol concentrations [19].

Different statins have different potencies, with the newer agents (e.g., atorv-
astatin and rosuvastatin) able to produce larger reductions in LDL cholesterol per 
mg of drug, compared to the older agents (e.g., simvastatin and pravastatin). Each 
dose doubling leads to an additional reduction of about 6 percentage points in LDL 
cholesterol (e.g., 43 vs. 49% reductions with atorvastatin 20 vs. 40 mg daily). The 
American College of Cardiology/American Heart Association (ACC/AHA) 2013 
Blood Cholesterol Guideline classified statin regimens as being of low intensity 
(e.g., <30% LDL-C reduction with simvastatin 10 mg daily), moderate intensity 
(e.g., 30% to <50% reduction with simvastatin 20–40 mg, atorvastatin 10–20 mg, 
or rosuvastatin 5–10 mg daily), or high intensity (e.g., ≥50% reduction with atorv-
astatin 40–80 mg or rosuvastatin 20–40 mg daily) [20].

High-intensity statin therapy would be expected to reduce LDL-C by at 
least 2 mmol/L in individuals with LDL-C concentrations of 4 mmol/L or 
more, but by only about 1 mmol/L in those presenting with concentrations of 
2 mmol/L. Consequently, since vascular events rates reductions, in patients treated 
with statins, are related to the absolute reductions in LDL-C, intensive statin 
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treatment should be used in individuals at higher risk of vascular events, rather 
than just on those with high cholesterol concentrations [21].

The Cholesterol Treatment Trialists’ (CTT) Collaboration was settled to conduct 
meta-analyses of randomized controlled statin-oriented trials involving at least 
2 years of treatment in at least 1000 patients. During the study treatment periods 
(on average 5 years), the average LDL-C reduction was about 1–1.5 mmol/L, 
comparing routine statin therapy vs. no routine statin therapy, with an additional 
LDL-C reduction of about 0.5 mmol/L in the trials comparing allocation to more vs. 
less intensive statin regimens. To summarize, an intensive statin regimen, compared 
to no statin therapy, reduced LDL-C concentrations by 1.5–2 mmol/L [22, 23].

2.2 Reductions in major vascular event (MVE) rates

Statins have been proven to be very effective in reducing ASCVD risk, with no 
apparent threshold at which LDL-C lowering is not associated with reduced risk. 
The Atherosclerosis Risk in Communities (ARIC) study, performed on 13,342 
individuals, provided evidence that protection against ASCVD happens in a graded 
fashion with LDL-C level [24]. The CTT meta-analyses detected about 25,000 
major vascular events (MVE) (composite of coronary deaths or non-fatal myocar-
dial infarctions, strokes of any type, and coronary revascularisation procedures). 
Comparing routine vs. no routine statin treatment, there was a 20% proportional 
reduction in the MVE rate per mmol/L LDL-C reduction. Regarding the comparison 
of more vs. less intensive statin regimens, the average 0.5 mmol/L further LDL-C 
reduction lead to an additional 15% proportional reduction in the MVE rate [22, 23].

By combining the findings from the two previously mentioned sets of trials, it 
can be concluded that a LDL-C concentration reduction by 2 mmol/L would reduce 
the MVE risk by about 45%. Given the aforementioned, larger LDL-C reductions 
should lead to larger risk reductions (e.g., 60–70% with 3–4 mmol/L LDL-C reduc-
tions); however, this is likely only to be clinically relevant in limited circumstances 
(such as for individuals with familial hypercholesterolemia who have very high 
LDL-C levels) [25].

High-intensity statin treatment (atorvastatin 80 mg) in the Treating to New 
Targets (TNT), the Incremental Decrease in Endpoints Through Aggressive Lipid 
Lowering (IDEAL) trial and Pravastatin or Atorvastatin Evaluation and Infection 
Therapy (PROVE-IT) trial, demonstrated an additional 11–23% relative risk reduc-
tion of major CVD events, when compared to moderate-intensity statin therapy 
(atorvastatin 10 mg, simvastatin 20–40 mg, or pravastatin 40 mg). Nonetheless, 
the atorvastatin 80 mg treated patients still experienced a major CVD event during 
the trials (ranging from 4 to 11% per year). Mean LDL-C levels in the atorvastatin 
80-mg groups ranged from 1.6 to 2.1 mmol/L [26–29].

The American College of Cardiology/American Heart Association 2013 Blood 
Cholesterol Guideline gives recommendations regarding statin therapy in terms of 
ASCVD prevention and risk reduction (Table 1) [20].

2.3 Reductions in coronary mortality

The CTT meta-analyses showed a 12% proportional reduction in vascular 
mortality per mmol/L LDL-C reduction, attributable to an approximately 20% 
proportional reduction in coronary deaths, 8% reduction in other cardiac deaths, 
and little effect on death due to all types of stroke combined. No matter the cause 
of coronary death, the risk reduction per mmol/L LDL-C reduction appear to be 
similar in patients with and without pre-existing vascular disease, and in those who 
present at different levels of baseline vascular risk [22, 23].
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less intensive statin regimens. To summarize, an intensive statin regimen, compared 
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individuals, provided evidence that protection against ASCVD happens in a graded 
fashion with LDL-C level [24]. The CTT meta-analyses detected about 25,000 
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(such as for individuals with familial hypercholesterolemia who have very high 
LDL-C levels) [25].

High-intensity statin treatment (atorvastatin 80 mg) in the Treating to New 
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the atorvastatin 80 mg treated patients still experienced a major CVD event during 
the trials (ranging from 4 to 11% per year). Mean LDL-C levels in the atorvastatin 
80-mg groups ranged from 1.6 to 2.1 mmol/L [26–29].

The American College of Cardiology/American Heart Association 2013 Blood 
Cholesterol Guideline gives recommendations regarding statin therapy in terms of 
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mortality per mmol/L LDL-C reduction, attributable to an approximately 20% 
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and little effect on death due to all types of stroke combined. No matter the cause 
of coronary death, the risk reduction per mmol/L LDL-C reduction appear to be 
similar in patients with and without pre-existing vascular disease, and in those who 
present at different levels of baseline vascular risk [22, 23].
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Regarding the effect of different statins, and different statin treatment intensi-
ties, on coronary mortality, the TNT trial showed no significant differences in the 
risk of death from cardiovascular or noncardiovascular causes between the patients 
treated with 10 mg or 80 mg atorvastatin per day [27]. The IDEAL study compared 
the effects of high-intensity statin therapy (atorvastatin 80 mg/d) vs. low-intensity 
statin therapy (usual-dose simvastatin, 20 mg/d), on occurrence rates of a major 
coronary event, defined as coronary death, confirmed nonfatal acute MI, or cardiac 
arrest with resuscitation. The results failed to show a statistically significant differ-
ence in all-cause or cardiovascular mortality between the two treatment regimens 
[28]. The PROVE-IT trial aimed to compare the effects of 40 mg of pravastatin 
daily (standard therapy) vs. 80 mg of atorvastatin daily (intensive therapy) in 
patients hospitalized for acute coronary syndrome. The risk of death due to coro-
nary heart disease, myocardial infarction, or revascularization was reduced by 14% 
in the atorvastatin group, as compared with 22.3% in the pravastatin group [29].

2.4 The question of residual risk

Despite what was previously elaborated, a significant on-statin treatment residual 
risk of major CV events still exists. A meta-analysis of statin trials shows that there 
is residual CVD event risk even with LDL-C levels <2 mmol/L. The aforementioned 
TNT trial, conducted on patients with stable coronary artery disease (CAD), 
described an 8.7% incidence of a major event, over 5 years, in patients receiv-
ing 80 mg atorvastatin daily, with on-treatment LDL-C concentrations of 1.8–
2.6 mmol/L [24]. Findings like these point to the unmet needs of the patients treated 
with statins. Several cholesterol treatment guidelines recommend a LDL-C treatment 
goal of <2.6 mmol/L or < 1.8 mmol/L, depending on the level of risk. However, in the 
everyday clinical practise many high-risk patients fail to reach the goal [26].

The most resent Guidelines, the 2016 European Society of Cardiology and 
European Atherosclerosis Society (ESC/EAS) Guidelines for the management of 
Dyslipidemias and The 2017 Guidelines of the American Association of Clinical 
Endocrinologists (AACE) and the American College of Endocrinology (ACE) 
for Management of Dyslipidemia and Prevention of Cardiovascular Disease have 
recommended similar target LDL-C levels, and have suggested the use of combina-
tion therapy (ezetimibe and PCSK9 inhibitors) to achieve these targets in situations 
in which maximally tolerated statin monotherapy is insufficient (Table 2) [3, 26].

The AACE guidelines introduced an additional “extreme high-risk” category, 
which is not recognized by the ESC/EAS, and an additional treatment LDL-C target 

ASCVD Statin Benefit Groups [20]
Heart healthy lifestyle habits are the foundation of ASCVD prevention

Clinical ASCVD LDL-C ≥ 4.9 mmol/L Diabetes; age 40–75 
years1

Estimated 10-yr 
ASCVD risk ≥ 7.5%2; 
age 40–75 years1

• High-Intensity statin 
(age ≤ 75 years)

• Moderate-intensity statin if 
>75 years or not a candidate 
for high-intensity statin

• High-intensity statin

• Moderate-intensity statin 
if not a candidate for 
high-intensity statin

• Moderate-intensity 
statin

• High-intensity statin 
if estimated 10 year 
ASCVD risk ≥ 7.5%

• Moderate- to high-
intensity statin

ASCVD, atherosclerotic cardiovascular disease; LDL-C, low-density lipoprotein-cholesterol. 
1With LDL-C of 1.8–4.9 mmol/L.
2Estimated using the Pooled Cohort Risk Assessment Equations.

Table 1. 
Statin therapy in ASCVD prevention and risk reduction according to the 2013 ACC/AHA blood cholesterol guideline.
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of <1.4 mmol/L. This “extreme high-risk” group represents patients with progres-
sive disease, despite LDL-C levels of <1.8 mmol/L while on-statin therapy. The 
rationale of the aforementioned approach is in the individualization of the total CV 
risk reduction, which can be better done if goals are predefined. Treatment goals 
are defined and tailored to the total CV risk level of each individual patient. The 
“individualized approach “may possibly result with better patient adherence to the 
therapy. The growing number of evidence suggests that LDL-C lowering beyond 
the guidelines-set goals may lead to further reduction of CVD events, which can be 
especially beneficial in patients at very high CV risk [3, 30].

Given what was previously discussed, in order to achieve this level of LDL-C 
reduction, combination therapy may be needed. The latest randomized clinical trials 
(RCTs), such as The LDL-C Assessment With Proprotein Convertase Subtilisin 
Kexin Type 9 Monoclonal Antibody Inhibition Combined With Statin Therapy 2 
(LAPLACE-2) trial, The FOURIER (Further Cardiovascular Outcomes Research 
With PCSK9 Inhibition in Subjects With Elevated Risk) trial, and The Reductions 
in Atherogenic Lipids and Major Cardiovascular Events: A Pooled Analysis of 10 
ODYSSEY Trials Comparing Alirocumab With Control, demonstrated that extremely 
low LDL-C levels (<0.5 mmol/L) appear to be safe. Furthermore, The IMPROVE-IT 
(Examining Outcomes in Subjects With Acute Coronary Syndrome: Vytorin vs. 
Simvastatin) and FOURIER trials demonstrated that not only such low levels are 
safe, but are also beneficial, in terms of additional CV risk reduction [30–34].

3. Combination therapy

3.1 Combination therapy: ezetimibe ad-on statin

The unmet needs in terms of LDL-C targets and ASCVD protection raised the 
question of statin combination therapy. It only needed to be right positioned. Such 
positioning was done in the 2016 ESC/EAS Guidelines for the management of 
Dyslipidemias (Table 3) [3], and also in The 2016 ACC expert consensus decision 
pathway on the role of non-statin therapies for LDL-cholesterol lowering in the 
management of atherosclerotic cardiovascular disease risk [35].

3.1.1 Effects of ezetimibe ad-on statins on LDL-C

The FDA-approved ezetimibe indications are for treatment of primary hyperlip-
idemia, alone or in combination with a statin; mixed hyperlipidemia in combination 

Risk profile of the patient Treatment target goal of LDL-C [3]

Very high CV risk <1.8 mmol/L, or at least 50% reduction if the baseline3 LDL-C is  
1.8–3.5 mmol/L (COR1 I/LOE2 B)

High CV risk <2.6 mmol/L, or at least 50% reduction if the baseline LDL-C is  
2.6–5.2 mmol/L (COR I/LOE B)

Low/moderate CV risk LDL-C goal of <3.0 mmol/L (COR IIa/LOE C)

CV, cardiovascular; LDL-C, low-density lipoprotein-cholesterol. 
1COR, class of recommendation.
2LOE, level of evidence.
3“Baseline LDL-C” refers to the LDL-C level in a subject not taking any lipid lowering medication.

Table 2. 
Treatment target goal of LDL-C according to the 2016 ESC/EAS guidelines for the management of 
dyslipidemias.
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of <1.4 mmol/L. This “extreme high-risk” group represents patients with progres-
sive disease, despite LDL-C levels of <1.8 mmol/L while on-statin therapy. The 
rationale of the aforementioned approach is in the individualization of the total CV 
risk reduction, which can be better done if goals are predefined. Treatment goals 
are defined and tailored to the total CV risk level of each individual patient. The 
“individualized approach “may possibly result with better patient adherence to the 
therapy. The growing number of evidence suggests that LDL-C lowering beyond 
the guidelines-set goals may lead to further reduction of CVD events, which can be 
especially beneficial in patients at very high CV risk [3, 30].

Given what was previously discussed, in order to achieve this level of LDL-C 
reduction, combination therapy may be needed. The latest randomized clinical trials 
(RCTs), such as The LDL-C Assessment With Proprotein Convertase Subtilisin 
Kexin Type 9 Monoclonal Antibody Inhibition Combined With Statin Therapy 2 
(LAPLACE-2) trial, The FOURIER (Further Cardiovascular Outcomes Research 
With PCSK9 Inhibition in Subjects With Elevated Risk) trial, and The Reductions 
in Atherogenic Lipids and Major Cardiovascular Events: A Pooled Analysis of 10 
ODYSSEY Trials Comparing Alirocumab With Control, demonstrated that extremely 
low LDL-C levels (<0.5 mmol/L) appear to be safe. Furthermore, The IMPROVE-IT 
(Examining Outcomes in Subjects With Acute Coronary Syndrome: Vytorin vs. 
Simvastatin) and FOURIER trials demonstrated that not only such low levels are 
safe, but are also beneficial, in terms of additional CV risk reduction [30–34].

3. Combination therapy

3.1 Combination therapy: ezetimibe ad-on statin

The unmet needs in terms of LDL-C targets and ASCVD protection raised the 
question of statin combination therapy. It only needed to be right positioned. Such 
positioning was done in the 2016 ESC/EAS Guidelines for the management of 
Dyslipidemias (Table 3) [3], and also in The 2016 ACC expert consensus decision 
pathway on the role of non-statin therapies for LDL-cholesterol lowering in the 
management of atherosclerotic cardiovascular disease risk [35].

3.1.1 Effects of ezetimibe ad-on statins on LDL-C

The FDA-approved ezetimibe indications are for treatment of primary hyperlip-
idemia, alone or in combination with a statin; mixed hyperlipidemia in combination 

Risk profile of the patient Treatment target goal of LDL-C [3]

Very high CV risk <1.8 mmol/L, or at least 50% reduction if the baseline3 LDL-C is  
1.8–3.5 mmol/L (COR1 I/LOE2 B)

High CV risk <2.6 mmol/L, or at least 50% reduction if the baseline LDL-C is  
2.6–5.2 mmol/L (COR I/LOE B)

Low/moderate CV risk LDL-C goal of <3.0 mmol/L (COR IIa/LOE C)

CV, cardiovascular; LDL-C, low-density lipoprotein-cholesterol. 
1COR, class of recommendation.
2LOE, level of evidence.
3“Baseline LDL-C” refers to the LDL-C level in a subject not taking any lipid lowering medication.

Table 2. 
Treatment target goal of LDL-C according to the 2016 ESC/EAS guidelines for the management of 
dyslipidemias.



Lipid Peroxidation Research

84

with fenofibrates; in homozygote familiar hyperlipidemia (HoFH) in combination 
with atorvastatin or simvastatin; and in homozygous sitosterolemia (phytosterol-
emia) [3, 26, 35].

In clinical studies, ezetimibe, as monotherapy, reduces LDL-C in hyper-choles-
terolemic patients by 15–22%. Combined therapy with statins provides an incre-
mental reduction in LDL-C levels of 15–20%, leading to a total LDL-C reduction by 
34–61%, as previously mentioned [3].

The most comprehensive data analysis for LDL-C lowering efficiency was per-
formed by the group of Descamps, published in 2015. 27 differently designed trials 
(double-blind placebo and/or active controlled studies), in which statins (type of 
statin, statin brand, potency or dose difference) were compared with ezetimibe ad-on 
statin, were included, with over 21,671 patients, analyzing variables such as variances 
(standard deviation [SD], coefficient of variation [CV], and root mean squared error 
[RMSE] adjusted for various factors) for % change from baseline in LDL-C. In this 
very comprehensive data analysis, ezetimibe ad-on statin was found to lead to signifi-
cantly more pronounced LDL-C lowering, as compared to statin monotherapy [36].

Data from a large retrospective observational study (more than 27,000 patients), 
published in 2014 by Toth, demonstrated a more pronounced LDL-C lowering 
effect of ezetimibe ad-on statin therapy, and a higher percentage of goal attainment 
(with respect to the risk profile of the patients), with one third of the patients not 
being able to attain the recommended LDL-C goal of <1.8 mmol/L. However, it was 
realized that there is a low prescription frequency of high-dose statins. Half of the 
patients (50.9%) remained on the same statin monotherapy, irrespective of their 
treatment goal achievement [37]. The significance of this study is even bigger given 
that it is a real life situation, and not a randomized study with strictly predefined 
inclusion criteria, study population etc.

The IMPROVE-IT study showed an on-trial average LDL-C level of 1.4 mmol/L 
in the simvastatin-ezetimibe group, as compared to 1.8 mmol/L in the simvastatin-
monotherapy group (p < 0.001), leading to a total amount of LDL-C reduction 
of about 24% [38]. There are also a lot of small-scale studies that demonstrate 

Clinical setting COR1

LOE2
Treatment target goal of LDL-C COR1

LOE2

Hypercholesterolemia
If the goal is not reached with statins, ad-on ezetimibe

IIa/B Depends of the risk profile of the 
individual patient

I/A

FH
Intense-dose statin, often in combination with 
ezetimibe

I/C <2.6 mmol/L, or
<1.8 mmol/L in presence of CVD

IIa/C

ASC
If the goal is not reached with the highest tolerable 
statin dose, ad-on ezetimibe in post-ACS patients

IIa/B <1.8 mmol/L, or
a reduction of at least 50% if the 
baseline3 LDL-C is 1.8–3.5 mmol/L

CKD stages 3–5
are high or very high CV risk patients
The use of statins or ezetimibe ad-on statin is indicated 
in non-dialysis dependent patients

I/A Depends of the risk profile of the 
individual patient

I/A

ACS, acute coronary syndrome; FH, familial hypercholesterolemia; CKD, chronic kidney disease; LDL-C,  
low-density lipoprotein-cholesterol. 
1COR, class of recommendation.
2LOE, level of evidence.
3“baseline LDL-C” refers to the level in a subject not taking any lipid lowering medication.

Table 3. 
Recommendations for ezetimibe add-on statin combination therapy according to the 2016 ESC/EAS guidelines 
for the management of dyslipidemias.
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superiority of ezetimibe ad-on statin therapy in terms of LDL-C lowering. For 
example, the Japanese study by Uemura, performed on 39 patients, compared two 
regimens: 10 mg atorvastatin + 10 mg ezetimibe vs. 20 mg atorvastatin in high risk 
patients with CAD and type 2 diabetes (T2DM). A significant improvement of the 
lipid profile was found in both groups in terms of total, LDL-C and high-density 
lipoprotein cholesterol (HDL-C), with a more pronounced improvement in the 
ezetimibe ad-on atorvastatin group (p = 0.005). A significant effect on the Apo 
B/Apo A-I ratio and remnant-like particle cholesterol was observed only in the 
atorvastatin ad-on ezetimibe treatment group. Probably the finding that gives as 
the most powerful information is the effect on oxidized LDL-C [malondialdehyde-
modified LDL (MDA-LDL)], a form that is responsible for the proaterogenic 
effects of LDL-C, that was significantly more pronounced with the atorvastatin 
ad-on ezetimibe treatment (p = 0.0006) [39]. The existence of pleotropic effects, 
other than the hypo-lipemic effect that is widely recognized for statins, is eviden-
tially true for ezetimibe as well. Evidence of anti-inflammatory and anti-oxidative 
effects is cumulating. Another Japanese study, by Tobaru, was performed on 35 
CAD patients pre-treated with statins who remained above targeted LDL-C level. 
In terms of hypo-lipemic effect, significant additional decrease of total C, LDL-
C, remnant lipoprotein C, LDL/HDL-C ratio was observed, and the percentage 
of patients who achieved target LDL-C level increased to 65.4% (p = 0.001) in 
the ezetimibe ad-on statin group. Although no significant effect was achieved on 
high-sensitive C-reactive protein (hsCRP) and oxidative stress markers, a sig-
nificant reduction of tumor necrosis factor-α (TNF-α), 1.36 vs. 0.96 (p = 0.042) 
was observed [40]. On the other hand, given the IMPROVE-IT trial in which two 
laboratory targets were set: LDL-C (<1.8 mmol/L) and hsCRP (<2 mg/L), Bohula 
and colleagues summarized that ezetimibe ad-on statin treatment was far more 
successful in achieving both targets, or it was concluded: “Significantly more 
patients treated with ezetimibe/simvastatin met prespecified dual LDL-C and 
hsCRP targets, than patients treated with simvastatin alone (50% vs. 29%, p < 
0.001)”. Reaching both LDL-C and hsCRP targets was associated with improved 
outcomes after multivariable adjustment (38.9% vs. 28.0%, adjusted hazard ratio, 
0.73, 0.66–0.81; p < 0.001) [38].

3.1.2 Effects of ezetimibe ad-on statins on ASCVD outcome

The potential benefits of adding an additional lipid lowering agent—ezetimibe 
on statin therapy for CVD prevention and risk reduction have been confirmed in 
several clinical trials.

The impact of dual lipid-lowering strategy with ezetimibe and atorvastatin on 
coronary plaque regression in patients with percutaneous coronary intervention: 
The Multicenter Randomized Controlled PRECISE-IVUS trial evaluated the effects 
of ezetimibe ad-on atorvastatin vs. atorvastatin monotherapy on the lipid profile 
and coronary atherosclerosis in Japanese patients who underwent percutaneous 
coronary intervention (PCI). The combination therapy resulted in lower levels 
of LDL-C, compared to atorvastatin monotherapy (1.6 mmol/L vs. 1.9 mmol/L; 
p < 0.001), and in the same time coronary plaque regression was observed in sig-
nificantly higher percentage of patients who received atorvastatin ad-on ezetimibe 
(78% vs. 58%; p = 0.004) [41].

The majority of studies addressing the efficacy of ezetimibe ad-on statin 
treatment are with simvastatin, including the Simvastatin and Ezetimibe in 
Aortic Stenosis (SEAS) study, in patients with aortic stenosis, and the Study of 
Heart and Renal Protection (SHARP) (Simvastatin plus ezetimibe) trial, includ-
ing 23% high risk patients with diabetes and chronic kidney disease (CKD) with 
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with fenofibrates; in homozygote familiar hyperlipidemia (HoFH) in combination 
with atorvastatin or simvastatin; and in homozygous sitosterolemia (phytosterol-
emia) [3, 26, 35].

In clinical studies, ezetimibe, as monotherapy, reduces LDL-C in hyper-choles-
terolemic patients by 15–22%. Combined therapy with statins provides an incre-
mental reduction in LDL-C levels of 15–20%, leading to a total LDL-C reduction by 
34–61%, as previously mentioned [3].

The most comprehensive data analysis for LDL-C lowering efficiency was per-
formed by the group of Descamps, published in 2015. 27 differently designed trials 
(double-blind placebo and/or active controlled studies), in which statins (type of 
statin, statin brand, potency or dose difference) were compared with ezetimibe ad-on 
statin, were included, with over 21,671 patients, analyzing variables such as variances 
(standard deviation [SD], coefficient of variation [CV], and root mean squared error 
[RMSE] adjusted for various factors) for % change from baseline in LDL-C. In this 
very comprehensive data analysis, ezetimibe ad-on statin was found to lead to signifi-
cantly more pronounced LDL-C lowering, as compared to statin monotherapy [36].

Data from a large retrospective observational study (more than 27,000 patients), 
published in 2014 by Toth, demonstrated a more pronounced LDL-C lowering 
effect of ezetimibe ad-on statin therapy, and a higher percentage of goal attainment 
(with respect to the risk profile of the patients), with one third of the patients not 
being able to attain the recommended LDL-C goal of <1.8 mmol/L. However, it was 
realized that there is a low prescription frequency of high-dose statins. Half of the 
patients (50.9%) remained on the same statin monotherapy, irrespective of their 
treatment goal achievement [37]. The significance of this study is even bigger given 
that it is a real life situation, and not a randomized study with strictly predefined 
inclusion criteria, study population etc.

The IMPROVE-IT study showed an on-trial average LDL-C level of 1.4 mmol/L 
in the simvastatin-ezetimibe group, as compared to 1.8 mmol/L in the simvastatin-
monotherapy group (p < 0.001), leading to a total amount of LDL-C reduction 
of about 24% [38]. There are also a lot of small-scale studies that demonstrate 

Clinical setting COR1

LOE2
Treatment target goal of LDL-C COR1

LOE2

Hypercholesterolemia
If the goal is not reached with statins, ad-on ezetimibe

IIa/B Depends of the risk profile of the 
individual patient

I/A

FH
Intense-dose statin, often in combination with 
ezetimibe

I/C <2.6 mmol/L, or
<1.8 mmol/L in presence of CVD

IIa/C

ASC
If the goal is not reached with the highest tolerable 
statin dose, ad-on ezetimibe in post-ACS patients

IIa/B <1.8 mmol/L, or
a reduction of at least 50% if the 
baseline3 LDL-C is 1.8–3.5 mmol/L

CKD stages 3–5
are high or very high CV risk patients
The use of statins or ezetimibe ad-on statin is indicated 
in non-dialysis dependent patients

I/A Depends of the risk profile of the 
individual patient

I/A

ACS, acute coronary syndrome; FH, familial hypercholesterolemia; CKD, chronic kidney disease; LDL-C,  
low-density lipoprotein-cholesterol. 
1COR, class of recommendation.
2LOE, level of evidence.
3“baseline LDL-C” refers to the level in a subject not taking any lipid lowering medication.

Table 3. 
Recommendations for ezetimibe add-on statin combination therapy according to the 2016 ESC/EAS guidelines 
for the management of dyslipidemias.
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superiority of ezetimibe ad-on statin therapy in terms of LDL-C lowering. For 
example, the Japanese study by Uemura, performed on 39 patients, compared two 
regimens: 10 mg atorvastatin + 10 mg ezetimibe vs. 20 mg atorvastatin in high risk 
patients with CAD and type 2 diabetes (T2DM). A significant improvement of the 
lipid profile was found in both groups in terms of total, LDL-C and high-density 
lipoprotein cholesterol (HDL-C), with a more pronounced improvement in the 
ezetimibe ad-on atorvastatin group (p = 0.005). A significant effect on the Apo 
B/Apo A-I ratio and remnant-like particle cholesterol was observed only in the 
atorvastatin ad-on ezetimibe treatment group. Probably the finding that gives as 
the most powerful information is the effect on oxidized LDL-C [malondialdehyde-
modified LDL (MDA-LDL)], a form that is responsible for the proaterogenic 
effects of LDL-C, that was significantly more pronounced with the atorvastatin 
ad-on ezetimibe treatment (p = 0.0006) [39]. The existence of pleotropic effects, 
other than the hypo-lipemic effect that is widely recognized for statins, is eviden-
tially true for ezetimibe as well. Evidence of anti-inflammatory and anti-oxidative 
effects is cumulating. Another Japanese study, by Tobaru, was performed on 35 
CAD patients pre-treated with statins who remained above targeted LDL-C level. 
In terms of hypo-lipemic effect, significant additional decrease of total C, LDL-
C, remnant lipoprotein C, LDL/HDL-C ratio was observed, and the percentage 
of patients who achieved target LDL-C level increased to 65.4% (p = 0.001) in 
the ezetimibe ad-on statin group. Although no significant effect was achieved on 
high-sensitive C-reactive protein (hsCRP) and oxidative stress markers, a sig-
nificant reduction of tumor necrosis factor-α (TNF-α), 1.36 vs. 0.96 (p = 0.042) 
was observed [40]. On the other hand, given the IMPROVE-IT trial in which two 
laboratory targets were set: LDL-C (<1.8 mmol/L) and hsCRP (<2 mg/L), Bohula 
and colleagues summarized that ezetimibe ad-on statin treatment was far more 
successful in achieving both targets, or it was concluded: “Significantly more 
patients treated with ezetimibe/simvastatin met prespecified dual LDL-C and 
hsCRP targets, than patients treated with simvastatin alone (50% vs. 29%, p < 
0.001)”. Reaching both LDL-C and hsCRP targets was associated with improved 
outcomes after multivariable adjustment (38.9% vs. 28.0%, adjusted hazard ratio, 
0.73, 0.66–0.81; p < 0.001) [38].

3.1.2 Effects of ezetimibe ad-on statins on ASCVD outcome

The potential benefits of adding an additional lipid lowering agent—ezetimibe 
on statin therapy for CVD prevention and risk reduction have been confirmed in 
several clinical trials.

The impact of dual lipid-lowering strategy with ezetimibe and atorvastatin on 
coronary plaque regression in patients with percutaneous coronary intervention: 
The Multicenter Randomized Controlled PRECISE-IVUS trial evaluated the effects 
of ezetimibe ad-on atorvastatin vs. atorvastatin monotherapy on the lipid profile 
and coronary atherosclerosis in Japanese patients who underwent percutaneous 
coronary intervention (PCI). The combination therapy resulted in lower levels 
of LDL-C, compared to atorvastatin monotherapy (1.6 mmol/L vs. 1.9 mmol/L; 
p < 0.001), and in the same time coronary plaque regression was observed in sig-
nificantly higher percentage of patients who received atorvastatin ad-on ezetimibe 
(78% vs. 58%; p = 0.004) [41].

The majority of studies addressing the efficacy of ezetimibe ad-on statin 
treatment are with simvastatin, including the Simvastatin and Ezetimibe in 
Aortic Stenosis (SEAS) study, in patients with aortic stenosis, and the Study of 
Heart and Renal Protection (SHARP) (Simvastatin plus ezetimibe) trial, includ-
ing 23% high risk patients with diabetes and chronic kidney disease (CKD) with 
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or without requiring dialysis. The combination therapy demonstrated superiority 
over statin monotherapy in LDL-C reduction, translated in reduced primary end-
point of first major ASCVD event: nonfatal MI or CV death, non-hemorrhagic 
stroke, or any arterial revascularization procedure, over a median follow up of 
4.9 years [3, 42].

The landmark trial on ezetimibe-statin combination therapy, the largest and 
the longest one with ezetimibe, is the Improved Reduction of Outcomes: Vytorin 
Efficacy International Trial (IMPROVE-IT). A total of 18,144 patients with acute 
coronary syndrome (ACS) were randomized to ezetimibe (10 mg) or placebo, all 
receiving 40 mg simvastatin, which was increased to 80 mg if LDL-C on treatment 
was >2.04 mmol/L. The event rates for the primary end point at 7 years were 32.7% 
in the simvastatin-ezetimibe group and 34.7% in the simvastatin-monotherapy 
group, with an absolute risk reduction of 2% (HR 0.936; 95% CI 0.89–0.99; 
p = 0.016). Ischemic stroke was reduced by 21% (p < 0.008). Nevertheless, no ben-
efit in reducing all-cause mortality or deaths from CV causes was observed, which 
was not unexpected, as prior trials of intensive vs. standard-dose statin therapy 
did not demonstrate a benefit in terms of mortality as well. There was no evidence 
of harm caused by the further LDL-C reduction. In this group of patients, already 
treated with statins to reach the goal, the absolute benefit from the added ezetimibe 
was small, although significant. However, the study supports the proposition that 
LDL-C lowering by means other than statins is beneficial and can be performed 
without adverse effects [38].

The diabetic sub-group analysis in the IMPROVE-IT trial provided the outcomes 
in 4933 (27%) patients with diabetes, one of the pre-specified trial subgroups. 
In this patient subset, ezetimibe ad-on statin decreased LDL-C at 1 year by 
1.1 mmol/L, as compared to 0.6 mmol/L with statin monotherapy. Diabetic patients 
on ezetimibe ad-on statin therapy had a 14% relative risk reduction, or 5.5% 
absolute reduction, compared with a 2% absolute risk reduction for non-diabetics. 
The most notorious reductions were seen regarding ischemic stroke (39%), MI 
(24%), and the composite of death due to CV causes, MI or stroke (20%). These 
CV effects of ezetimibe ad-on statin therapy are considered to be a result of the 
more prominent reduction of LDL-C (mean 0.5 mmol/L), compared to simvastatin 
monotherapy, with an average value of 1.4 mmol/L. This sub-study analysis demon-
strated superiority of the statin-ezetimibe combination therapy in CV prevention in 
diabetic subsets especially [26, 34, 35, 38].

Another significant effect of ezetimibe ad-on statin therapy is cerebrovascular 
protection. The 2013 ACC/AHA cholesterol guideline recommends the use of 
ezetimibe as an ad-on statin, additional LDL-C lowering agent in stroke patients 
[35]. The advantage of ezetimibe ad-on statin therapy in this patient subgroup 
was observed in the IMPROVE-IT study. The highest risk benefit was observed 
in the subgroup of patients with ischemic CVD with a 21% relative reduction of 
ischemic stroke (p < 0.008). The addition of ezetimibe as a non-statin type drug, to 
statin treatment contributed to further reduction of LDL-C, which translated into 
additional decrease in reoccurrence and mortality of/from cerebrovascular events. 
Achieving target values with ezetimibe ad-on statin combination allows administra-
tion of low to moderate-dose statin, which decreases the risks of adverse effects 
related to high-dose statin therapy [43].

The current trial results make it obvious that the higher the risk profile of the 
patient is, the bigger is the benefit, in terms of risk reduction, when ezetimibe 
is ad-on statin treatment. Taken together, all these studies support the decision 
to propose ezetimibe as a second-line therapy, in association with statins, when 
the therapeutic goal is not achieved with the maximal tolerated statin dose or in 
patients intolerant or with contraindications to these drugs [3, 35].
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3.2 Combination therapy: PCSK9 inhibitors ad-on statin

3.2.1 Key points

• The FDA approved the first PCSK9 inhibitor in 2015

• There are currently two PCSK9 inhibitors on the market, alirocumab and 
evolocumab

• There was a third PCSK9 inhibitor—bococizumab, but its’ development was 
discontinued by Pfizer in late 2016. The key reasons for this were a high level 
of immunogenicity and wide variability in the LDL-C lowering response. 
Immunogenicity: in statin-treated patients, PCSK9 inhibition with bococizumab 
led to a short-term LDL-C reduction of 55–60%. However, this effect was 
attenuated over time in 10–15% of patients due to the development of anti-
drug antibodies. This effect was specific to bococizumab, which is a partially 
humanized monoclonal antibody, characterized by substitution of rodent 
deoxyribonucleic acid (DNA) sequences for <5% of human DNA sequences. It 
is thought that this substitution may have directly affected the immunogenic-
ity of the antibody. This effect has not been reported for either evolocumab 
or alirocumab, which are fully human monoclonal antibodies. This immuno-
genicity may also explain the higher rate of injection site reactions (~10%) 
observed with bococizumab, compared with either alirocumab or evolocumab 
(<5%). Variability in LDL-C lowering response: Irrespective of the presence or 
absence of antidrug antibodies, there was wide individual variability in the 
LDL-C lowering response with bococizumab; about 1 in 10 showed no reduc-
tion in LDL-C levels

• Patients with familial hyperlipidemia and those with clinical ASCVD, not 
reaching lipid-reducing goals, including those with statin intolerance, are at 
greatest need of PCSK9 inhibitors, because no adequate alternative treat-
ment exists

• Multiple guidelines with different approaches to lipid treatment have created 
confusion among clinicians; thus, defining the patients with ASCVD, or at 
high CV risk, who have not met LDL-C treatment goals is complicated

• Although PCSK9 inhibitors seem to support the LDL-C hypothesis (the lower 
the LDL-C level, the lower the CV risk), results of ongoing long-term outcome 
studies are yet to be presented

• Prescribing PCSK9 inhibitors will likely be limited by economics rather than 
by clinicians’ judgment about the best interest of their patients [44].

Many believe that proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibi-
tors are the pharmacotherapeutic innovation of the past 2 decades in terms of CV 
events prevention.

The 2017 Update of ESC/EAS Task Force on practical clinical guidance for pro-
protein convertase subtilisin/kexin type 9 inhibition in patients with atherosclerotic 
cardiovascular disease or in familial hypercholesterolemia defined:

Patients with clinical ASCVD and substantially elevated LDL-C levels (patients 
already on maximally tolerated statin therapy (ideally with concomitant  
ezetimibe), or unable to tolerate three or more statins), and,
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or without requiring dialysis. The combination therapy demonstrated superiority 
over statin monotherapy in LDL-C reduction, translated in reduced primary end-
point of first major ASCVD event: nonfatal MI or CV death, non-hemorrhagic 
stroke, or any arterial revascularization procedure, over a median follow up of 
4.9 years [3, 42].

The landmark trial on ezetimibe-statin combination therapy, the largest and 
the longest one with ezetimibe, is the Improved Reduction of Outcomes: Vytorin 
Efficacy International Trial (IMPROVE-IT). A total of 18,144 patients with acute 
coronary syndrome (ACS) were randomized to ezetimibe (10 mg) or placebo, all 
receiving 40 mg simvastatin, which was increased to 80 mg if LDL-C on treatment 
was >2.04 mmol/L. The event rates for the primary end point at 7 years were 32.7% 
in the simvastatin-ezetimibe group and 34.7% in the simvastatin-monotherapy 
group, with an absolute risk reduction of 2% (HR 0.936; 95% CI 0.89–0.99; 
p = 0.016). Ischemic stroke was reduced by 21% (p < 0.008). Nevertheless, no ben-
efit in reducing all-cause mortality or deaths from CV causes was observed, which 
was not unexpected, as prior trials of intensive vs. standard-dose statin therapy 
did not demonstrate a benefit in terms of mortality as well. There was no evidence 
of harm caused by the further LDL-C reduction. In this group of patients, already 
treated with statins to reach the goal, the absolute benefit from the added ezetimibe 
was small, although significant. However, the study supports the proposition that 
LDL-C lowering by means other than statins is beneficial and can be performed 
without adverse effects [38].

The diabetic sub-group analysis in the IMPROVE-IT trial provided the outcomes 
in 4933 (27%) patients with diabetes, one of the pre-specified trial subgroups. 
In this patient subset, ezetimibe ad-on statin decreased LDL-C at 1 year by 
1.1 mmol/L, as compared to 0.6 mmol/L with statin monotherapy. Diabetic patients 
on ezetimibe ad-on statin therapy had a 14% relative risk reduction, or 5.5% 
absolute reduction, compared with a 2% absolute risk reduction for non-diabetics. 
The most notorious reductions were seen regarding ischemic stroke (39%), MI 
(24%), and the composite of death due to CV causes, MI or stroke (20%). These 
CV effects of ezetimibe ad-on statin therapy are considered to be a result of the 
more prominent reduction of LDL-C (mean 0.5 mmol/L), compared to simvastatin 
monotherapy, with an average value of 1.4 mmol/L. This sub-study analysis demon-
strated superiority of the statin-ezetimibe combination therapy in CV prevention in 
diabetic subsets especially [26, 34, 35, 38].

Another significant effect of ezetimibe ad-on statin therapy is cerebrovascular 
protection. The 2013 ACC/AHA cholesterol guideline recommends the use of 
ezetimibe as an ad-on statin, additional LDL-C lowering agent in stroke patients 
[35]. The advantage of ezetimibe ad-on statin therapy in this patient subgroup 
was observed in the IMPROVE-IT study. The highest risk benefit was observed 
in the subgroup of patients with ischemic CVD with a 21% relative reduction of 
ischemic stroke (p < 0.008). The addition of ezetimibe as a non-statin type drug, to 
statin treatment contributed to further reduction of LDL-C, which translated into 
additional decrease in reoccurrence and mortality of/from cerebrovascular events. 
Achieving target values with ezetimibe ad-on statin combination allows administra-
tion of low to moderate-dose statin, which decreases the risks of adverse effects 
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is ad-on statin treatment. Taken together, all these studies support the decision 
to propose ezetimibe as a second-line therapy, in association with statins, when 
the therapeutic goal is not achieved with the maximal tolerated statin dose or in 
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3.2 Combination therapy: PCSK9 inhibitors ad-on statin

3.2.1 Key points

• The FDA approved the first PCSK9 inhibitor in 2015

• There are currently two PCSK9 inhibitors on the market, alirocumab and 
evolocumab

• There was a third PCSK9 inhibitor—bococizumab, but its’ development was 
discontinued by Pfizer in late 2016. The key reasons for this were a high level 
of immunogenicity and wide variability in the LDL-C lowering response. 
Immunogenicity: in statin-treated patients, PCSK9 inhibition with bococizumab 
led to a short-term LDL-C reduction of 55–60%. However, this effect was 
attenuated over time in 10–15% of patients due to the development of anti-
drug antibodies. This effect was specific to bococizumab, which is a partially 
humanized monoclonal antibody, characterized by substitution of rodent 
deoxyribonucleic acid (DNA) sequences for <5% of human DNA sequences. It 
is thought that this substitution may have directly affected the immunogenic-
ity of the antibody. This effect has not been reported for either evolocumab 
or alirocumab, which are fully human monoclonal antibodies. This immuno-
genicity may also explain the higher rate of injection site reactions (~10%) 
observed with bococizumab, compared with either alirocumab or evolocumab 
(<5%). Variability in LDL-C lowering response: Irrespective of the presence or 
absence of antidrug antibodies, there was wide individual variability in the 
LDL-C lowering response with bococizumab; about 1 in 10 showed no reduc-
tion in LDL-C levels

• Patients with familial hyperlipidemia and those with clinical ASCVD, not 
reaching lipid-reducing goals, including those with statin intolerance, are at 
greatest need of PCSK9 inhibitors, because no adequate alternative treat-
ment exists

• Multiple guidelines with different approaches to lipid treatment have created 
confusion among clinicians; thus, defining the patients with ASCVD, or at 
high CV risk, who have not met LDL-C treatment goals is complicated

• Although PCSK9 inhibitors seem to support the LDL-C hypothesis (the lower 
the LDL-C level, the lower the CV risk), results of ongoing long-term outcome 
studies are yet to be presented

• Prescribing PCSK9 inhibitors will likely be limited by economics rather than 
by clinicians’ judgment about the best interest of their patients [44].

Many believe that proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibi-
tors are the pharmacotherapeutic innovation of the past 2 decades in terms of CV 
events prevention.

The 2017 Update of ESC/EAS Task Force on practical clinical guidance for pro-
protein convertase subtilisin/kexin type 9 inhibition in patients with atherosclerotic 
cardiovascular disease or in familial hypercholesterolemia defined:

Patients with clinical ASCVD and substantially elevated LDL-C levels (patients 
already on maximally tolerated statin therapy (ideally with concomitant  
ezetimibe), or unable to tolerate three or more statins), and,
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Familial hypercholesterolemia (FH) patients without clinical ASCVD but with 
substantially elevated LDL-C levels (patients on maximally tolerated statin therapy 
plus ezetimibe), as priority patient groups for PCSK9 inhibitors (Figure 1) [45].

3.2.2 LDL-C lowering and PCSK9 inhibitors: what have we learned?

The Further Cardiovascular Outcomes Research With PCSK9 Inhibition in 
Subjects With Elevated Risk (FOURIER) trial, aimed to evaluate the efficacy of evo-
locumab, compared to placebo, in patients with clinically evident CVD. 69% of the 
patients were on a high-intensity statin, while 30% were on a moderate-intensity 
statin therapy, randomized to evolocumab 140 mg subcutaneous every 2 weeks or 
420 mg monthly (n = 13,784) vs. placebo every 2 weeks (n = 13,780). Evolocumab 
led to a 59% LDL-C level reduction (from 2.4 mmol/L to 0.78 mmol/ L), with an 
absolute LDL-C reduction of 1.4 mmol/L [46].

The Goal Achievement After Utilizing an Anti-PCSK9 Antibody in Statin 
Intolerant Subjects-3 (GAUSS-3) trial aimed to evaluate the effect of 24 weeks 

Figure 1. 
Appropriate use of PCSK9 inhibitor, as recommended in 2017 update of ESC/ESC task force on practical clinical 
guidance for proprotein convertase subtilisin/kexin type 9 inhibition in patients with atherosclerotic cardiovascular 
disease or in familial hypercholesterolemia. ASCVD, atherosclerotic cardiovascular disease; LDL-C, low-density 
lipoprotein-cholesterol; 1Including: familial hypercholesterolemia; diabetes mellitus with target organ damage, or 
a major risk factor; severe and/or extensive ASCVD; rapid progression of ASCVD (i.e. repeated ACS, unplanned 
coronary revascularizations). 2Including: diabetes mellitus with target organ damage, or a major risk factor; 
Lipoprotein(a) > 50 mg/dL; major risk factors: smoking, marked hypertension; >40 years of age without treatment; 
premature ASCVD (<55 years in males and <60 years in females) in first-degree relatives; imaging indicators.
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of evolocumab administered subcutaneously (SC) every month, compared with 
ezetimibe, on LDL-C levels in adults with high cholesterol, who are unable to 
tolerate an effective dose of a statin due to muscle-related side effects (MRSE). 
Evolocumab produced significantly larger reductions in LDL-C levels, compared 
to ezetimibe (16.7% reduction with ezetimibe and a more than 50% reduction 
with evolocumab). Despite very high baseline values, the LDL-C goal of less than 
1.8 mmol/L was achieved in nearly 30% of evolocumab-treated patients and 1.4% 
of ezetimibe-treated patients. The LDL-C reduction for both drugs was stable for 
4 weeks and sustained during the course of the 24 weeks of treatment [47].

The effect of evolocumab or ezetimibe added to moderate- or high-intensity statin 
therapy on LDL-C lowering in patients with hypercholesterolemia—the LAPLACE-2 
randomized clinical trial evaluated the efficacy and tolerability of evolocumab 
when used in combination with a moderate- vs. high-intensity statin. 2067 patients 
with primary hypercholesterolemia and mixed dyslipidemia were randomized to 24 
treatment groups. Patients were initially randomized to a daily, moderate-intensity 
(atorvastatin 10 mg, simvastatin 40 mg, or rosuvastatin 5 mg) or high-intensity 
(atorvastatin 80 mg, or rosuvastatin 40 mg) statin. After a 4-week lipid-stabilization 
period, patients were randomized to compare evolocumab (140 mg every 2 weeks) 
vs. placebo (every 2 weeks) or ezetimibe (10 mg daily; atorvastatin patients only) 
when added to statin therapies. In patients treated with atorvastatin (10 mg or 
80 mg), the addition of ezetimibe resulted in LDL-C reductions by 17–24% from 
baseline, compared with the addition of evolocumab, administered every 2 weeks, 
which reduced LDL-C values by 61–62% (treatment differences vs. placebo and 
ezetimibe both significant [p < 0 .001]. For patients receiving a moderate-intensity 
statin, evolocumab reduced LDL-C values from a baseline mean of 3.1 mmol/L to 
an on-treatment mean of 1.2 mmol/L, and 88–94% of the patients achieved target 
LDL-C levels, less than 1.8 mmol/L. For patients receiving a high-intensity statin, 
evolocumab reduced LDL-C values from a baseline mean of 2.4 mmol/L to an on-
treatment mean of 0.9 mmol/L, and 94% achieved the target LDL-C value. In the 
atorvastatin-treated patients, addition of ezetimibe resulted in achievement of an 
LDL-C level less than 1.8 mmol/L in 17–20% of patients receiving moderate-intensity 
statins and 51–62% of those receiving high-intensity statins, vs. 86–94% of patients 
achieving target LDL-C values in the evolocumab-atorvastatin group [31].

The efficacy and safety of alirocumab in high cardiovascular risk patients with 
inadequately controlled hypercholesterolemia on maximally tolerated doses of 
statins: the ODYSSEY COMBO II randomized controlled trial aimed to compare 
efficacy, in terms of LDL-C lowering, and safety of alirocumab vs. ezetimibe as 
ad-on therapy to maximally tolerated statin treatment in high CV risk patients with 
inadequately controlled hypercholesterolemia. Patients were randomized to subcu-
taneous alirocumab 75 mg every 2 weeks (plus oral placebo) or oral ezetimibe 10 mg 
daily (plus subcutaneous placebo) on a background of statin therapy. At week 24, 
mean ± SE reductions in LDL-C from baseline were 50.6 ± 1.4% for alirocumab 
vs. 20.7 ± 1.9% for ezetimibe (p < 0.0001). 77.0% of alirocumab and 45.6% of 
ezetimibe patients achieved target LDL-C values of <1.8 mmol/L (p < 0.0001). 
Mean achieved LDL-C levels, by week 24, were 1.3 mmol/L with alirocumab and 
2.1 mmol/L with ezetimibe [32].

3.2.3 Cardiovascular outcome studies with PCSK9 inhibitors: what have we learned?

The FOURIER trial, evaluating the effect of evolocumab on the risk of CV death, 
MI, stroke, hospitalization for unstable angina, or coronary revascularization, in 
27,564 patients with clinically evident CVD, is the first randomized study to be 
completed, regarding PCSK9 inhibitors long-term efficacy and safety. The primary 
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ezetimibe, on LDL-C levels in adults with high cholesterol, who are unable to 
tolerate an effective dose of a statin due to muscle-related side effects (MRSE). 
Evolocumab produced significantly larger reductions in LDL-C levels, compared 
to ezetimibe (16.7% reduction with ezetimibe and a more than 50% reduction 
with evolocumab). Despite very high baseline values, the LDL-C goal of less than 
1.8 mmol/L was achieved in nearly 30% of evolocumab-treated patients and 1.4% 
of ezetimibe-treated patients. The LDL-C reduction for both drugs was stable for 
4 weeks and sustained during the course of the 24 weeks of treatment [47].

The effect of evolocumab or ezetimibe added to moderate- or high-intensity statin 
therapy on LDL-C lowering in patients with hypercholesterolemia—the LAPLACE-2 
randomized clinical trial evaluated the efficacy and tolerability of evolocumab 
when used in combination with a moderate- vs. high-intensity statin. 2067 patients 
with primary hypercholesterolemia and mixed dyslipidemia were randomized to 24 
treatment groups. Patients were initially randomized to a daily, moderate-intensity 
(atorvastatin 10 mg, simvastatin 40 mg, or rosuvastatin 5 mg) or high-intensity 
(atorvastatin 80 mg, or rosuvastatin 40 mg) statin. After a 4-week lipid-stabilization 
period, patients were randomized to compare evolocumab (140 mg every 2 weeks) 
vs. placebo (every 2 weeks) or ezetimibe (10 mg daily; atorvastatin patients only) 
when added to statin therapies. In patients treated with atorvastatin (10 mg or 
80 mg), the addition of ezetimibe resulted in LDL-C reductions by 17–24% from 
baseline, compared with the addition of evolocumab, administered every 2 weeks, 
which reduced LDL-C values by 61–62% (treatment differences vs. placebo and 
ezetimibe both significant [p < 0 .001]. For patients receiving a moderate-intensity 
statin, evolocumab reduced LDL-C values from a baseline mean of 3.1 mmol/L to 
an on-treatment mean of 1.2 mmol/L, and 88–94% of the patients achieved target 
LDL-C levels, less than 1.8 mmol/L. For patients receiving a high-intensity statin, 
evolocumab reduced LDL-C values from a baseline mean of 2.4 mmol/L to an on-
treatment mean of 0.9 mmol/L, and 94% achieved the target LDL-C value. In the 
atorvastatin-treated patients, addition of ezetimibe resulted in achievement of an 
LDL-C level less than 1.8 mmol/L in 17–20% of patients receiving moderate-intensity 
statins and 51–62% of those receiving high-intensity statins, vs. 86–94% of patients 
achieving target LDL-C values in the evolocumab-atorvastatin group [31].

The efficacy and safety of alirocumab in high cardiovascular risk patients with 
inadequately controlled hypercholesterolemia on maximally tolerated doses of 
statins: the ODYSSEY COMBO II randomized controlled trial aimed to compare 
efficacy, in terms of LDL-C lowering, and safety of alirocumab vs. ezetimibe as 
ad-on therapy to maximally tolerated statin treatment in high CV risk patients with 
inadequately controlled hypercholesterolemia. Patients were randomized to subcu-
taneous alirocumab 75 mg every 2 weeks (plus oral placebo) or oral ezetimibe 10 mg 
daily (plus subcutaneous placebo) on a background of statin therapy. At week 24, 
mean ± SE reductions in LDL-C from baseline were 50.6 ± 1.4% for alirocumab 
vs. 20.7 ± 1.9% for ezetimibe (p < 0.0001). 77.0% of alirocumab and 45.6% of 
ezetimibe patients achieved target LDL-C values of <1.8 mmol/L (p < 0.0001). 
Mean achieved LDL-C levels, by week 24, were 1.3 mmol/L with alirocumab and 
2.1 mmol/L with ezetimibe [32].

3.2.3 Cardiovascular outcome studies with PCSK9 inhibitors: what have we learned?

The FOURIER trial, evaluating the effect of evolocumab on the risk of CV death, 
MI, stroke, hospitalization for unstable angina, or coronary revascularization, in 
27,564 patients with clinically evident CVD, is the first randomized study to be 
completed, regarding PCSK9 inhibitors long-term efficacy and safety. The primary 
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outcome, incidence of CV death, MI, stroke, hospitalization for unstable angina, or 
coronary revascularization, occurred in 12.6% of the evolocumab group vs. 14.6% 
of the placebo group (p < 0.0001). There was a 9.8% absolute MACE rate reduction, 
compared to 11.3% with placebo, over 2.2 years, with a relative risk reduction of 
15%. This finding was consistent among all tested subgroups. Benefit was enhanced 
among higher-risk subgroups (those with recent MI, multiple prior MIs, and residual 
multivessel coronary artery disease), compared to those without such characteris-
tics. There was a linear relationship between LDL-C and adverse CV events, such 
that adverse events continued to decline to the lowest levels of LDL-C (p = 0.0012). 
Among those with baseline LDL-C < 1.8 mmol/L, evolocumab reduced the primary 
endpoint (hazard ratio [HR] 0.80, 95% confidence interval [CI] 0.60–1.07) to a 
similar degree as those with baseline LDL-C ≥ 1.8 mmol/L  
(HR 0.86, 95% CI 0.79–0.92; p = 0.65 for interaction).

There was a greater absolute reduction in major adverse events for evolocumab vs. 
placebo among those with the highest baseline inflammatory risk (among those with 
high-sensitivity C-reactive protein <1 mg/dl, 1–3 mg/dl, and >3 mg/dl, there was 
an absolute reduction in the primary outcome of 1.6, 1.8, and 2.7%, respectively). 
PCSK9 inhibition represents a novel approach to lower LDL-C levels and improves 
cardiovascular outcomes. However, for the duration of follow-up, there was no 
benefit on cardiovascular or all-cause mortality, and cost remains an issue [46].

Regarding alirocumab, cardiovascular outcomes and safety will be assessed in an 
ongoing study, the ODYSSEY Outcomes: Evaluation of Cardiovascular Outcomes 
After an Acute Coronary Syndrome During Treatment With Alirocumab trial. 
18,600 patients, who have experienced an acute coronary syndrome (ACS), are 
allocated to alirocumab or placebo, for a maximum duration of 64 months. The 
primary objective of the trial is to compare the effect of alirocumab with placebo 
on the occurrence of cardiovascular events (composite endpoint of coronary heart 
disease (CHD) death, non-fatal MI, fatal and non-fatal IS, unstable angina requir-
ing hospitalization). No results are reported yet [32].

4. Safety profiles of statin monotherapy and statin combination therapy

4.1 Adverse effects of statin therapy

The only excesses of adverse events that have been reliably demonstrated to be 
caused by statin therapy are myopathy and diabetes mellitus, along with a probable 
excess of hemorrhagic stroke. However, the absolute risks of these adverse effects 
remain small, by comparison with the absolute benefits [25].

4.1.1 Increases in myopathy rates

Approved statin regimens have been associated, both in observational studies 
and in randomized trials, with large relative risks for myopathy, but typically with 
small absolute excesses (about 1 case per 10,000 people treated per year), and even 
smaller excesses in the incidence of rhabdomyolysis (about 2–3 cases per 100,000 
treated per year). It usually resolves rapidly when statin therapy is . [48]. The risk 
of myopathy is dose related and it appears to depend on the statin circulation levels. 
In the Study of the Effectiveness of Additional Reductions in Cholesterol and 
Homocysteine (SEARCH) randomized trial, simvastatin 80 mg daily produced a 
more than ten-fold higher rate (at least 1 case of myopathy per 1000 patients treated 
yearly), compared to 20 mg daily (about 1 case per 10,000 yearly), so the high-dose 
regimen is no longer recommended routinely [49].
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4.1.2 Increases in diabetes rates

In the Justification for the Use of Statins in Primary Prevention: An Intervention 
Trial Evaluating Rosuvastatin (JUPITER) randomized trial, among 17,802 patients 
without a history of vascular disease, concentrations of glycated hemoglobin, after 
2 years, were slightly higher among the patients allocated to rosuvastatin 20 mg 
daily compared to those allocated to placebo (5.9 vs. 5.8%; p = 0.001). There was 
also a small excess of newly diagnosed diabetes (3.0 vs. 2.4%; p = 0.01), which 
corresponds to a 25% proportional increase. In subsequent meta-analyses, standard 
statin dose regimens were associated with a proportional increase of about 10% in 
reported diabetes, and more intensive statin regimens (as used in JUPITER) with 
about a 10% further increase. This excess of diabetes diagnoses appeared soon after 
the start of statin therapy, mainly among patients who had previous risk factors for 
diabetes [50].

4.1.3 Probable increases in hemorrhagic stroke rates

In The Stroke Prevention by Aggressive Reduction of Cholesterol Levels 
(SPARCL) trial, among 4731 patients with prior cerebrovascular disease, allocation 
to atorvastatin 80 mg daily produced a definite reduction in ischemic stroke (218 
[9.2%] vs. 274 [11.6%]; p = 0.008), but there was also a possible increase in hemor-
rhagic stroke (55 [2.3%] vs. 33 [1.4%]; p = 0.02). When these results were combined 
with those from the other trials included in the CTT meta-analysis, there was a 
21% (95% CI 5–41; p = 0.01) proportional increase in the incidence of hemorrhagic 
stroke per mmol/L reduction in LDL-C [51].

4.2 Safety profile of ezetimibe ad-on statins combination therapy

The relationship between lipid-lowering medications, glycemic control, insulin 
resistance and new-onset diabetes has been studied since the introduction of 
hipo-lipemic medications. We know that glycemic control is impaired not only by 
statin treatment but also with niacin. At the opposite, bile-acid sequestrates dem-
onstrate moderate lipid and glucose lowering effects, and fibrates (particularly 
bezafibrate) may produce beneficial effects on glucose metabolism and insulin 
sensitivity. Considering statins, as the most widely used hypo-lipemic drugs, 
this is an important issue. Statins lead to a mild elevation of hemoglobin A1c 
(HgbA1c) and fasting plasma glycose (FPG), and increase the incidence of new-
onset diabetes, an effect known to be dose and agent dependent (Pravastatin and 
Pitavastatin have less diabetogenic effect and positive impact on insulin sensitiv-
ity). The aforementioned is most pronounced in patients with baseline impaired 
fasting blood glucose (FBG), at older age and with metabolic syndrome. However, 
it has been demonstrated that the risk of new-onset diabetes is overweight by the 
benefit of CV risk reduction [3].

For a long period of time there was a lack of clinical trials addressing the 
same question in ezetimibe treatment, but data was gathered from experimental 
animal studies that described how ezetimibe ameliorates metabolic markers, such 
as hepatic steatosis and insulin resistance. The process is via inhibition of the 
intestinal cholesterol absorption, and inhibition of the hepatic NPC1L1, leading to 
decreased hepatic insulin resistance, improved glycemic control and insulin sensi-
tivity, especially in patients with metabolic disorders (obesity and hepatic ste-
atosis). This was harder to prove in humans, as ezetimibe is usually used as statin 
co-therapy and individual impact of ezetimibe cannot be evaluated. In a recently 
published systematic review of randomized clinical trials, performed by Wu 
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tivity, especially in patients with metabolic disorders (obesity and hepatic ste-
atosis). This was harder to prove in humans, as ezetimibe is usually used as statin 
co-therapy and individual impact of ezetimibe cannot be evaluated. In a recently 
published systematic review of randomized clinical trials, performed by Wu 



Lipid Peroxidation Research

92

and co-authors on 2440 patients, experimental data was confirmed. Ezetimibe 
did not cause any adverse effects in terms of increased levels of FBG and HbA1c. 
Compared with high-dose statin therapy, ezetimibe ad-on low-dose statin for 
more than 3 months may even have beneficial effects on glycemic control [52].

Statin associated muscle symptoms are a very common side effect, also known 
to be dose-dependent. It seems that ezetimibe ad-on low dose statin therapy is one 
of the possibilities to achieve good LDL-C control and CV risk reduction with lesser 
side effects, as demonstrated with myalgia [53]. The 2016 ESC/EAS Guidelines for 
the management of dyslipidemias recommend ezetimibe to be considered in com-
bination with a low-dose statin or second- or third-line statin in order to manage 
statin-attributed muscle symptoms [3].

4.3 Safety profile of PCSK9 inhibitors ad-on statins combination therapy

Despite this new evidence from the FOURIER trial, gaps remain in our knowl-
edge regarding the use of PCSK9 inhibition in clinical practice. The ODYSSEY 
Outcomes trial will provide additional information in patients treated with a PCSK9 
inhibitor within 1–12 months [45].

As with all novel treatments, long-term safety remains to be established. To 
date there are exposure data for up to 4 years’ treatment with a PCSK9 inhibitor, 
involving a background of concomitant statin therapy. Potential injection site 
reactions occurred in <5% of patients, and were mainly of very mild intensity with 
no evidence of a cumulative effect. When the PCSK9 inhibitor was compared to the 
previous standard of care (statin with or without ezetimibe), annualized event rates 
for muscle symptoms (4.7% vs. 8.5% with standard of care), and new-onset diabe-
tes (2.8% vs. 4.0%, respectively) appeared similar [45].

The safety of very low LDL-C levels merits special consideration, given that one 
in four patients treated with evolocumab in FOURIER attained LDL-C levels less 
than 0.5 mmol/L. Evidence to date suggests no detrimental impact on steroid hor-
mone production, enterohepatic circulation of bile acids, or neuronal cell function. 
Indeed, these LDL-C levels are also consistent with the very low levels observed in 
newborns which, despite the physiological and developmental demands of infancy, 
are compatible with normal development [54].

Additionally, data from the ODYSSEY program, the FOURIER and 6-year 
follow-up from the IMPROVE-IT trial showed no increase in adverse events includ-
ing severe muscle symptoms, liver enzyme elevation, cognitive adverse events, or 
hemorrhagic stroke with very low LDL-C levels [45].

5. The war of today

We now know the battle is going to be very hard. The “old ones” are not ready to 
go to history, while the “young ones” are still to be proven. What does the newest 
published data say? In January 2018 Khan and co-authors published a meta-analysis 
of statins, PCSK9 inhibitors and ezetimibe, the later two with or without statins, 
regarding ASCVD reduction benefit. The most comprehensive meta-analysis 
included 189,116 patients from 39 randomized control trials. PCSK9 inhibitors were 
ranked as the best treatment for prevention of major adverse cardiovascular events: 
myocardial infarction and stroke. Statins were ranked as the most effective therapy 
for reducing all-cause and CV mortality. In terms of reduction of CV mortality 
PCSK9 inhibitors were ranked as the second best treatment followed by ezetimibe 
ad-on statin [55].
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6. Conclusion

Statins remain the cornerstone anti-lipemic treatment, proven to be very effec-
tive in reducing ASCVD risk. Ezetimibe ad-on statin combination therapy is an 
effective treatment that leads to additional LDL-C lowering, recommended in situ-
ations where with maximal or maximally tolerated statin monotherapy treatment 
LDL-C target goals cannot be achieved. It leads to an additional CVD risk reduction, 
and in the same time is safe, with a possible beneficial effect over the statin adverse 
influence on glycemic metabolism. Having in mind the evidence from the first 
of the cardiovascular outcomes studies with PCSK9 inhibitors, the addition of a 
PCSK9 inhibitor should be considered in patients with ASCVD, and in FH patients 
without a prior clinical event, who have substantially elevated LDL-C levels despite 
maximally tolerated statin with or without ezetimibe therapy, or inability to tolerate 
appropriate doses of at least three statins. Prioritizing the use of combination 
therapy in these specific patient groups may help reduce cardiovascular outcomes 
and the impact of the associated physical and/or psychological disability.
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 randomized trial
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Lp(a)  lipoprotein(a)
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MoAbs  monoclonal antibodies
MRSE  muscle-related side effects
MVE  major vascular events
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ODDYSSEY trial the Reductions in Atherogenic Lipids and Major  

 Cardiovascular Events: A Pooled Analysis of 10 ODYSSEY  
 Trials Comparing Alirocumab With Control

PCI  percutaneous coronary intervention
PCSK9  Proprotein Convertase Subtilisin/Kexin Type 9
PRECISE-IVUS trial the Impact of Dual Lipid-Lowering Strategy With  

 Ezetimibe and Atorvastatin on Coronary Plaque  
 Regression in Patients With Percutaneous Coronary  
 Intervention: The Multicenter Randomized Controlled trial

PROVE-IT trial  Pravastatin or Atorvastatin Evaluation and Infection  
 Therapy trial

RCTs  randomized clinical trials
RMSE  root mean squared error
SC  subcutaneously
SD  standard deviation
SEARCH trial  in the Study of the Effectiveness of Additional Reductions  

 in Cholesterol and Homocysteine randomized trial
SEASE study  Simvastatin and Ezetimibe in Aortic Stenosis study
SHARP trial  the Study of Heart and Renal Protection (Simvastatin plus  

 ezetimibe) trial
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Chapter 7

Designating Vulnerability of
Atherosclerotic Plaques
Bukem Tanoren Bilen

Abstract

Microcalcification is an indication of vulnerability of plaques in humans. With
conventional imaging modalities, screening of micrometer-sized structures in vivo
with high spatial resolution has not been achieved. The goal of this study is to
evaluate the potentials of micro-computed tomography (micro-CT), scanning elec-
tron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), time-resolved
fluorescence spectroscopy (TRFS), scanning acoustic microscopy (SAM), and photo-
acoustic microscopy (PAM) in the determination of atherosclerotic plaques with
microcalcifications and, therefore, the prospect of constructing a modality on a cath-
eter system. The discrimination of microcalcifications within the fibrocalcific plaques
and, therefore, the effectivity of these imaging techniques are discussed. The poten-
tial of quantum dots (QDs) in biological imaging is also elucidated since they attract
great attention as contrast and therapeutic agents, owing unique properties including
good light stability, low toxicity, strong fluorescence intensity, and changing emission
wavelength with QD size, ranging from 10 to 100 Å in radius.

Keywords: atherosclerosis, vulnerable plaques, computed tomography,
time-resolved fluorescence spectroscopy, scanning electron microscopy, scanning
acoustic microscopy, photoacoustic microscopy, microcalcification, quantum dots

1. Introduction

Thin-cap fibroatheromas (TCFAs), which have fibrous caps of thickness of
<65 μm [1], are found to be at high risk for rupture. TCFAs have necrotic cores and
also calcium depositions [2, 3]. Indicators of plaque vulnerability are microcalci-
fications or spotty calcifications within the plaques [4, 5], not larger calcifications,
which are found to be stable and no longer threatening [6, 7]. Methods such as
computed tomography (CT) and echocardiography, which are conventional noninva-
sive imaging modalities, can detect advanced calcifications. On the other hand, mag-
netic resonance imaging (MRI), micro-optical coherence tomography (micro-OCT) or
positron emission tomography (PET) can identify early calcifications with limitations
[6, 8]. However, these modalities are either very expensive or involve ionizing radia-
tion. Therefore, seeking an alternative technique, which can give both morphological
and chemical information about tissues at subcellular level, is inevitable.

Micro-CT is an accurate imaging modality for the observation of micrometer-
sized structures, which can provide much higher resolution than cone beam com-
puted tomography (CBCT) can. Quantitatively, micro-CT generally has a resolution
of less than 10 μm voxel size, while CBCT has a resolution ranging between 76 and
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[6, 8]. However, these modalities are either very expensive or involve ionizing radia-
tion. Therefore, seeking an alternative technique, which can give both morphological
and chemical information about tissues at subcellular level, is inevitable.

Micro-CT is an accurate imaging modality for the observation of micrometer-
sized structures, which can provide much higher resolution than cone beam com-
puted tomography (CBCT) can. Quantitatively, micro-CT generally has a resolution
of less than 10 μm voxel size, while CBCT has a resolution ranging between 76 and
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400 μm [9–11]. Using X-rays, micro-CT can perform in vitro processing of the
structure of materials such as composites, polymers, and biological materials (bone,
teeth, cartilage tissue) and imaging of up to four different substances in a material
[12] by a simple sample preparation and positioning procedure and without a
requirement of high vacuum or low temperatures that may adversely affect the
structure. However, micro-CT is an expensive diagnostic imaging technique
requiring an ionizing radiation.

Scanning electron microscopy (SEM) can obtain images with a resolution in the
order of a nanometer, by scanning the surface of the specimen with a focused beam
of electrons. Energy dispersive X-ray spectroscopy (EDS), which can be implemented
in electron microscope systems, is a chemical characterization technique detecting all
elements ranging from beryllium (Be) to uranium (U) and their distributions within
samples, also by the bombardment of the specimen surface with a focused electron
beam. Consequently, both morphological and chemical information about the sample
can be obtained by SEM-EDS. Microcalcifications can easily be observed with SEM-
EDS; however, this would again be a very expensive method.

Time-resolved fluorescence spectroscopy (TRFS) measures the average fluores-
cence lifetime that a fluorophore spends in a biological tissue in the excited state,
when it is excited by a source from its ground state, and the lifetime of the
fluorophore changes as a result of interaction with its molecular environment.
Various parameters regarding the molecular environment such as binding, temper-
ature, or concentration can be analyzed by the change in the lifetime. TRFS has not
been implemented in clinics yet, however, it has been investigated widely as a new
tool for the characterization of atherosclerotic plaques. The success of TRFS in
obtaining compositional information about the plaques [13–15] inspired scientists to
combine fluorescence lifetime imaging with other modalities such as IVUS [16],
second harmonic generation (SHG) microscopy [17], OCT [18], and Raman spec-
troscopy [19]. Intravascular catheters using TRFS technique have also been built
[20, 21], since TRFS catheters can obtain good signals even within the artery, where
blood does not affect lifetime properties but fluorescence intensity.

High axial and lateral resolutions of around 20–100 μm, a good penetration
depth of around 5 mm, and low cost makes ultrasound imaging very popular for the
observation of soft tissue; however, it can only provide morphological information.
Besides, the signal detection capability of conventional ultrasonography has to be
increased for the detection of microcalcifications, since high echo signals from such
small surfaces are not available [22]. These disabilities have been overcome by
combining ultrasound with photoacoustic imaging, and the detection of lipid-laden
plaque was achieved by providing both morphological and lipid-specific chemical
information about the human coronary artery [23]. Photoacoustic microscopy
(PAM) is a well-known imaging modality that combines optical and ultrasound
imaging. In this technique, typically, nanosecond lasers excite the tissue, and
absorbed photons lead to pressure waves via thermoelastic expansion [24]. Ultra-
sonic transducers capture the emerged pressure waves and produce the map of
optical absorbers located within the tissue. Since ultrasonic waves scatter less in
biological tissue as opposed to visible portion of electromagnetic spectrum, whole
body imaging is possible with a tomographic approach [25]. To increase the pene-
tration even further, lasers operating in the near-infrared region are preferred for
excitation where tissue is relatively transparent.

Scanning acoustic microscopy (SAM) is an imaging modality which gives infor-
mation about the morphology and the mechanical properties of the specimen
simultaneously at microscopic levels. High-frequency ultrasound signals are
focused to identify the elastic properties of biological tissues. Major advantages of
SAM over other imaging techniques are no requirement of special staining and
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capture of an image of an area of around 5 mm x 5 mm in a couple of minutes. The
speed of sound (SOS) through tissues [26–35] or acoustic impedance of samples
[36, 37] can be calculated by SAM, and two-dimensional distributions are mapped.
Similarly, cells and organelles can be resolved by acoustic microscopy using higher
frequencies of 100–1200 MHz [38–45].

Quantum dots (QDs) are used as contrast and therapeutic agents since they have
unique properties including strong fluorescence intensity with excellent light stabil-
ity, low toxicity, and changing emission wavelength with QD size, ranging from 10 to
100 Å in radius [46]. Therefore, they possess great potential in the fields of biological
imaging, molecular markers [47–49], and drug delivery [50–52]. QDs are useful in
tumor detection [53], cardiovascular imaging [54], and cancer targeting [55]. Their
high optical absorption and biocompatibility made noble metal nanoparticles to be
widely used as biomarkers [56, 57]. On the other hand, graphene quantum dots
(GQDs) are extensively used in biomedical applications [58, 59] since they exhibit
lower cytotoxicity than cadmium (Cd), selenium (Se)-, and lead (Pb)-based quan-
tum dots do [60]. The use of QDs as contrast agents in magnetic resonance imaging
(MRI) [61], optical coherence tomography (OCT) [54], positron emission tomogra-
phy (PET), single-photon emission computed tomography (SPECT), optical imaging
such as fluorescence spectroscopy and Raman spectroscopy, and photoacoustic
imaging (PAI) [62–64] proved their potential as diagnostic agents.

Here, we discuss the ability of these modalities in discriminating the collagen-
rich areas from calcified regions within human carotid plaques. Micro-CT and SEM
monitors microcalcifications, while EDS provides elemental distribution within
plaques. TRFS provides information about the molecular environment of the
plaques with the help of QDs. PAM is successful in imaging the fibrocalcific plaques
with micrometer resolution. SAM provides micrometer resolution in morphology
and also mechanical information about the samples, and therefore, differentiation
of the collagen-rich areas from calcified regions is achieved.

2. Imaging of human fibrocalcific plaques

2.1 Micro-computed tomography (micro-CT)

Plaques fixed within 2% formaldehyde can be monitored with micro-CT, after
obtaining micro-focal spot and arranging high-resolution detectors for X-rays. With
full-scan mode 360° for each plaque, calcifications spread through are observed as
can be seen in Figure 1.

2.2 Scanning electron microscopy and energy dispersive X-ray spectroscopy
(SEM-EDS)

SEM images of the collagen-rich and calcified regions of the plaques can be
obtained as shown in Figure 2 and in Figure 3, respectively. EDS analyses of
representative regions 2 and 3 are shown in Figure 4 and in Figure 5, respectively.
SEM images can be used to differentiate collagen-rich and calcific regions in
fibrocalcific plaques, and EDS analyses are performed for determining the compo-
sitional differences between two regions of interest. In Figure 2, collagen-rich
region in one plaque sample is observed and one region is chosen for EDS analysis.
Similarly, in Figure 3, calcification-rich region is visualized in one sample and one
region is chosen for EDS analysis. As can be seen in Figure 4, in collagen-rich
regions, calcium deposition is insignificant, while in calcified regions, as shown in
Figure 5, calcium peak is pronounced.
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2.3 Time-resolved fluorescence spectroscopy (TRFS)

For TRFS experiments, cadmium-telluride/cadmium sulfide (CdTe/CdS)
QDs are sprayed on plaque samples and fluorescence lifetimes of the QDs are
determined.

Figure 1.
Micro-CT image of a fibrocalcific plaque sample in which the calcifications can be monitored clearly in three
dimensions.

Figure 2.
Scanning electron microscopy image of the collagen-rich region of the plaque. Energy dispersive X-ray
spectroscopy is performed on the designated region 2.

104

Lipid Peroxidation Research

The decay of the fluorescence intensity I(t) at time t is given as

I tð Þ ¼
Xn
i¼1

Ai exp
�t
τi

� �
(1)

Figure 3.
Scanning electron microscopy image of the calcific region of the plaque. Energy dispersive X-ray spectroscopy is
performed on the designated region 3.

Figure 4.
Energy dispersive X-ray spectroscopy result of the highly calcified region 2, shown in Figure 2.

Figure 5.
Energy dispersive X-ray spectroscopy result of the highly calcified region 3, shown in Figure 3.
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where τi represents the fluorescence lifetime of the ith component and Ai is its
corresponding decay amplitude. The fractional impact of the components to the
total intensity is given by

f i ¼
AiτiP
iAiτi

(2)

The intensity decay is evaluated using the average intensity lifetime or the
average amplitude lifetime. The amplitude average lifetime is obtained from

< τ> ¼
X
i

f iτi (3)

The intensity average lifetime is obtained from

τ ¼
P

iAiτiP
iAi

(4)

The fluorescence lifetime of QDs is measured on a microscope slide prior to the
experiment for the comparison of the lifetime value with those measured on the
plaque samples. The lifetime of the QDs on the microscope slide is measured to be
9.24 ns. As seen in Table 1, the fluorescence lifetime values of the QDs on a plaque
sample are different on various regions.

Figure 6 shows the fluorescence lifetime decay curves acquired from the exci-
tation of the CdTe/CdS QDs on the plaque sample for regions 1, 3, and 4. For the
different regions of the sample, the parameters of the decay populations of the QDs
confined on the plaque are determined by the two exponential decay fit, minimiz-
ing the χ2 parameter. A significant change is noticeably seen in the characteristics of
these three curves for various regions of the sample. These results clearly show that
there is an obvious and efficient electron transfer between the QDs and the regions
of the plaque, and therefore, there are noticeably different decay parameters at
collagen-rich and calcified regions. TRFS is successful in providing information
about the molecular environment of the plaque.

2.4 Scanning acoustic microscopy (SAM)

SAM images of the atherosclerotic plaques are received using acoustic imped-
ance mode of SAM as can be seen in Figure 7. This image is constructed using the
acoustic reflections from both surfaces of the reference (water) and the plaque cross

Region τ1 (ns) τ2 (ns) <τ > (ns) <τ > (ns) χ2

1 2.90 0.61 1.31 2.17 0.82

2 3.35 0.72 1.36 2.30 0.87

3 4.30 1.00 1.90 3.03 0.86

4 4.73 1.09 2.30 3.60 1.03

5 4.54 1.01 1.91 3.15 1.03

6 4.87 1.06 2.09 3.50 0.93

7 3.70 0.83 1.44 2.41 0.97

Table 1.
Fluorescence decay parameters of CdTe/CdS QDs on different regions of the plaque.
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section on the polystyrene substrate. The acoustic impedance distribution indicates
different acoustic properties due to the variation of elasticity within the atheroscle-
rotic plaques. The acoustic impedance is determined to be less than 2 MRayl for the
collagen-rich areas and greater than 2 MRayl for the calcified areas.

SAM in acoustic impedance mode measures the acoustic impedance of the target
by comparing the reflected signal from the tissue with the one from the reference.
The reflected signal from the reference is

Figure 6.
Fluorescence decay curves of the CdTe/CdS QDs on regions of 1, 3, and 4 on a plaque sample.

Figure 7.
Acoustic impedance map of a severely calcific plaque sample obtained with acoustic impedance mode of SAM.
The scanning area is 4.8 mm x 4.8 mm.
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Sref ¼
Zref � Zsub

Zref þ Zsub
S0 (5)

where S0 is the signal generated by the transducer of SAM, Zref is the reference’s
acoustic impedance (1.50 MRayl), and Zsub is the substrate’s acoustic impedance
(2.37 MRayl). The signal reflected by the target is

Starget ¼
Ztarget � Zsub

Ztarget þ Zsub
S0 (6)

Consequently, the target’s acoustic impedance is calculated as

Ztarget ¼
1þ Starget

S0

1� Starget
S0

Zsub (7)

2.5 Photoacoustic microscopy (PAM)

An optically resolved setting (OR-PAM), where focused spot-size on the sample
determines the resolution of the system, is successful in imaging the atherosclerotic
plaques, as can be seen in Figure 8. Calcific regions with greater acoustic impedance
values (Figure 8b) can also be discriminated by PAM (Figure 8c).

Figure 8.
(a) Digital image, (b) normalized acoustic impedance map, and (c) photoacoustic image of the sample.

Figure 9.
Photoluminescence image of CdTe/CdS QDs excited with 430 nm. Scale bar is 200 = μm.
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3. Quantum dots (QDs)

Photostable QDs are widely used in imaging systems. The photoluminescence
image of CdTe/CdS QD aggregates excited with 430 nm is obtained by an inverted
fluorescence microscope, as shown in Figure 9. The excellent fluorescence intensity
with light stability of QDs makes them favorable as diagnostic agents. Use of CdTe/
CdS QDs in TRFS experiments of this study reveals their potential in biomedical
applications.

4. Conclusion

Here, we discuss the abilities of the imaging modalities on the determination of
plaque components of atherosclerotic fibrocalcific plaques. The determination of
collagen and calcification within the plaques is done successfully. Micro-CT, SEM,
and PAM monitors the microcalcifications. EDS provides elemental distribution
within plaques, while TRFS provides information about the molecular environment
of the plaques by measuring the lifetime values of CdTe/CdS QDs. SAM provides
micrometer resolution in morphology and also mechanical information about the
samples. Acoustic impedance maps of the samples show clearly different values in
collagen-rich and calcified regions. Consequently, SAM seems predominant over
other modalities since SAM is capable of acquiring morphological and chemical
information about the plaques simultaneously and usable in clinics. However, for
in vivo studies, first, an intravascular SAM probe, similar to intravascular ultra-
sound (IVUS) probe, has to be developed.
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Appendices and nomenclature

Notation Definition Location first used

I Fluorescence intensity Eq. (1)

A Decay amplitude Eq. (1)

τ Fluorescence lifetime Eq. (1)

f Fractional impact Eq. (2)

Zref Reference’s acoustic impedance Eq. (5)

Zsub Substrate’s acoustic impedance Eq. (5)

Sref Reflected signal from the reference Eq. (5)

S0 Signal generated by the transducer Eq. (5)
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Appendices and nomenclature

Notation Definition Location first used

I Fluorescence intensity Eq. (1)

A Decay amplitude Eq. (1)

τ Fluorescence lifetime Eq. (1)

f Fractional impact Eq. (2)

Zref Reference’s acoustic impedance Eq. (5)

Zsub Substrate’s acoustic impedance Eq. (5)

Sref Reflected signal from the reference Eq. (5)

S0 Signal generated by the transducer Eq. (5)
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