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Aims and Scope of the Series

Biochemistry, the study of chemical transformations occurring within living
organisms, impacts all of the life sciences, from molecular crystallography and
genetics, to ecology, medicine and population biology. Biochemistry studies
macromolecules - proteins, nucleic acids, carbohydrates and lipids —their building
blocks, structures, functions and interactions. Much of biochemistry is devoted

to enzymes, proteins that catalyze chemical reactions, enzyme structures, mech-
anisms of action and their roles within cells. Biochemistry also studies small sig-
naling molecules, coenzymes, inhibitors, vitamins and hormones, which play roles
in the life process. Biochemical experimentation, besides coopting the methods

of classical chemistry, e.g., chromatography, adopted new techniques, e.g., X-ray
diffraction, electron microscopy, NMR, radioisotopes, and developed sophisticat-
ed microbial genetic tools, e.g., auxotroph mutants and their revertants, fermenta-
tion, etc. More recently, biochemistry embraced the ‘big data’ omics systems.
Initial biochemical studies have been exclusively analytic: dissecting, purifying
and examining individual components of a biological system; in exemplary words
of Efraim Racker, (1913 -1991) “Don’t waste clean thinking on dirty enzymes.”
Today, however, biochemistry is becoming more agglomerative and comprehen-
sive, setting out to integrate and describe fully a particular biological system. The
‘big data’ metabolomics can define the complement of small molecules, e.g., ina
soil or biofilm sample; proteomics can distinguish all the proteins comprising e.g.,
serum; metagenomics can identify all the genes in a complex environment e.g., the
bovine rumen.

This Biochemistry Series will address both the current research on biomolecules,
and the emerging trends with great promise.






Meet the Series Editor

Miroslav Blumenberg, Ph.D., was born in Subotica and received
his BSc in Belgrade, Yugoslavia. He completed his Ph.D. at MIT in
Organic Chemistry; he followed up his Ph.D. with two postdoc-
toral study periods at Stanford University. Since 1983, he has been
a faculty member of the RO Perelman Department of Dermatolo-
gy, NYU School of Medicine, where he is codirector of a training
grant in cutaneous biology. Dr. Blumenberg’s research is focused
on the epidermis, expression of keratin genes, transcription profiling, keratinocyte
differentiation, inflammatory diseases and cancers, and most recently the effects of
the microbiome on the skin. He has published more than 100 peer-reviewed research
articles and graduated numerous Ph.D. and postdoctoral students.







Meet the Volume Editor

Dr. Froyen is an assistant professor in the Department of Nutrition
and Food Science, at California State Polytechnic University, USA.
He has a Ph.D. in Nutritional Biology from the University of Cali-
fornia, Davis, USA. His research interests include the mechanisms
by which fatty acids and phytochemicals decrease the risk factors
for cardiovascular disease and cancer. He has given many confer-
ence presentations and published many journal articles on these
topics. He also teaches courses in nutrition, nutrition research, nutrient metabolism,
and nutritional genomics.







Contents

Preface

Section 1
Biosynthesis and Processing of Fatty Acids

Chapter1

Oleochemical Processing Technology: From Process Engineering

and Intensification Techniques to Property Models for the Exploitation
of Residual Marine Oils

by Alicia Romdn-Martinez

Chapter2

Biotechnology for Improving Hydroxy Fatty Acids Production in
Lesquerella (Physaria fendleri)

by Grace Chen and Kumiko Johnson

Section 2
Omega-3 Fatty Acids and Cardiovascular Disease

Chapter 3

N-3 Polyunsaturated Fatty Acids and Their Role on Cardiovascular
System

by Savina Nodari and Francesco Fiovetti

Chapter 4

Omega-3 Fatty Acids: Novel Insight into Cardiovascular Events,
Cardiovascular Disease (CVD), and Cardiac Arrhythmias

by Muralidharan Velappan and Deecaraman Munusamy

Section 3
Fatty Acid Metabolism and Cancer

Chapter5
Fatty Acid Metabolism as a Tumor Marker
by Gatot Nyarumenteng Adhipurnawan Winarno

XV

31

43

45

75

87

89



Chapter 6
An Important Component of Tumor Progression: Fatty Acids
by Jin Wang, Qifei Wang and Guangzhen Wu

Section 4
Lipid Metabolism, Autoimmune Diseases and Inflammation

Chapter7
Lipid Metabolism and Associated Molecular Signaling Events in

Autoimmune Disease
by Mohan Vanditha, Sonu Das and Mathew John

Chapter 8

Inflammatory Diseases and the Role of n-7 Unsaturated Fatty Acids
as Functional Lipids

by Akio Nakamura, Hikari Nakamura and Ritsuko Kawahavada

Section 5
Lipid Metabolic Disorders and Lipidomics

Chapter 9

Lipid Metabolic Defects and Lipid-Dependent Gating of Voltage-Gated
Ion Channels

by Qiu-Xing Jiang and Felix Chin

Chapter 10

Lipidomics as a Tool in the Diagnosis and Clinical Therapy
by Maria Elizgbeth Alvarez Sdnchez, Erick Nolasco Ontiveros,
Rodrigo Arreola, Adriana Montservat Espinosa Gonzdlez,
Ana Maria Garcia Bores, Roberto Eduardo Lépez Urrutia,
Ignacio Peiialosa Castro, Maria del Socorro Sdnchez Correa
and Edgar Antonio Estrella Parra

XIvV

101

111

113

129

147

149

167



Preface

Interest in fatty acids is growing, as they have been demonstrated to be associated
with cardiovascular disease, cancer, inflammation, autoimmune diseases, metabolic
disorders, and other diseases and health conditions.

Cardiovascular disease and cancer are top contributors to death worldwide.
Increasing public education on nutrition and therapeutic strategies to decrease the
risk factors for cardiovascular disease and cancer, as well as approaches to treat
inflammation, autoimmune diseases, metabolic disorders, and other diseases, has
become imperative. Moreover, the biosynthesis and processing of fatty acids are
important for addressing human health and environmental concerns.

Dietary patterns have been suggested to influence the risk factors for developing
cardiovascular disease, cancer, and other chronic diseases. Furthermore, individuals
with lipid metabolic disorders need unique lipid recommendations to address changes
in lipid metabolism. Lipidomics is one such technique to help provide nutrition and
therapeutic recommendations for genetic disorders, in addition to recommendations
for individuals with certain diseases and health conditions. Synthesizing and process-
ing fatty acids can make them available for individuals experiencing health issues or
for those interested in lowering the risk factors for chronic diseases.

This book highlights methods to produce fatty acids as well as provides fatty acid rec-
ommendations to decrease the risk factors for chronic diseases. Moreover, it discusses
nutrition, fatty acid, and therapeutic strategies for individuals with certain diseases
and health conditions.

I hope this book encourages further research on the mechanisms by which fatty acids
decrease the risk factors for chronic diseases. In addition, I hope research continues to
provide fatty acid recommendations for individuals with certain diseases and health
conditions.

Erik Froyen, Ph.D.

Assistant Professor,

Department of Nutrition and Food Science,
California State Polytechnic University,
Pomona, CA, USA
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Chapter 1

Oleochemical Processing
Technology: From Process
Engineering and Intensification
Techniques to Property Models
for the Exploitation of Residual
Marine Oils

Alicia Romdn-Martinez

Abstract

A review of the efforts done in process engineering aspects, such as process
optimization and process intensification of residual oils processing, are described and
discussed. It should be emphasized that the important characteristics of marine oils be
determined for a good process design practice, especially, the quality attributes of the
residual oil as a raw material. Finally, some property prediction models that have been
proposed are indicated. All these aspects: 1) novel process engineering tools, 2) quality
characterization, and 3) property models, are important for sustainable products and
processes implementation in a circular economy.

Keywords: lipid processing, lipid characterization, lipid property models, marine oils,
marine oil processing

1. Introduction

Lipids are an indispensable part of the diet and participate in numerous important
biological functions. Products obtained from lipid sources (e.g., animal, vegetable fats,
and oils) have gained relevance in the last two decades as the need for healthier food
products or the growing interest in biofuels, among others, have increased. Conse-
quently, the processing of fats and oils has been of vital importance throughout the
history of humanity [1]; lipids have been used since time immemorial, mainly for food
purposes, although there are other recent applications, such as paints, lubricants,
personal care products, and (bio)fuels, as well as in animal feed [2]. The increase in
the variety of lipid products and population growth have caused the annual demand
for fats and oils to practically double since the end of the 1990s worldwide. The total
production volume for the 12 most important oils was around 90.5 million metric tons
in the year 2000, while it is currently estimated at 207.5 million tons per year [3].
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On the other hand, it is known that food production systems in general represent
around 20-30% of the consumption of natural resources worldwide [4]. Therefore, it
has become essential to consider a change toward sustainable systems at all stages of
the design and implementation of processes, which implies that they have the capacity
to meet the present needs of society without compromising those of future genera-
tions. As in most human activities, in the oleochemical industry, there is a continuous
effort to reduce overall production costs and, more recently, to mitigate environmen-
tal impact, meet consumer needs and promote social progress [5].

In order to address these challenges, the concept of circular economy (CE) was
developed to transform productive activities from a linear perspective to a circular
one, increasing efficiency in the use of resources, as shown in Figure 1 [6, 7]. Optimal
use of available resources prolongs their functionality and value, promotes production
patterns with cycle closure, and thus reduces waste generation [8]. This implies,
among other activities, the recycling and reuse of biomass sources, and organic waste
to generate various products and materials, including food, chemicals, biopolymers,
fuels, and bioenergy [9, 10].

In this context, numerous proposals have been made to exploit oil/lipid-based
feedstocks that could lead to waste utilization and valuable products [11-13]. Among
these, waste from the fishing industry has attracted great interest as it is a source of
minerals, proteins, and fats with high potential for use [14]. About 30-40% of the fish
is consumed fresh, while the rest is processed for marketing and other purposes [15].
However, not all parts of the fish are consumed, as substantial parts (e.g., fish oil) are
often wasted. The processing of these marine oils, in addition to offering the possibil-
ity of obtaining biofuels, can be used to extract and refine commercial by-products of
high nutraceutical value, such as tocopherols, sterols, and omega-3 (w-3) fatty acids,
particularly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) [16].

These polyunsaturated fatty acids (PUFAs) from the omega-3 family have received
particular attention due to their unique health benefits. Epidemiological studies
conducted in the 1970s indicated a remarkably low incidence of death from ischemic
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Figure 1.
General diagram of the life cycle of products with a circular economy approach. Adapted from [6].
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heart disease in Eskimos from Greenland, as well as in Japanese and Turkish coastal
populations with diets rich in fish constituents [17, 18]. Since then, numerous bio-
chemical and biomedical investigations have been published in relation to the effects
of these fatty acids, whose consumption is critical for physical and mental health, and
playing an important role in infant brain and eye development [19, 20].

To obtain the benefits of this family of lipids, the World Health Organization
(WHO) and the North Atlantic Treaty Organization (NATO) recommend a daily
intake of 200 to 500 milligrams of EPA and DHA [21]. According to the UK Scientific
Advisory Committee on Nutrition Guidelines (2004), and the Dietary Guidelines
Advisory Committee Report (2005) published by the Department of Health and
Human Services of the United States, it is recommended to consume at least two
servings of fish in the diet per week [22].

However, these recommendations are hardly met. In 2010, the global mean intake
of »-3 fats from marine sources was 163 mg/day, with huge regional variations; only
in 45 of the 187 countries, the average consumption was greater than 250mg/day,
while in 100 countries there is a very low consumption (<100 mg/day), generally in
regions of Africa, Asia, and Latin America, representing the 66.8% of the world adult
population [23].

This situation has led to the rapid growth of the w-3 supplement industry from
marine oils. At the beginning of the last decade, only about 5% of the world’s fish oil
production was destined for the extraction of its w-3 content for use as ingredients and
dietary supplements, while the remaining fraction was discarded or used for fish
farming or aquaculture (food for raising fish) [19]. Currently, the consumption of
marine oils is expanding due to the recognition and dissemination of their beneficial
properties, and this demand is expected to continue growing, with the world market
for -3 reaching around 6955 million dollars for the year 2022 [24]. Therefore, the
recovery and transfer of these important nutrients from the sea to the human food
chain, within the circular economy approach, is a relevant opportunity to promote
economic growth, environmental protection, and human health in general.

In addition to the increase in demand, progress in the investigation of methodolo-
gies for the extraction, purification, and stabilization of w-3 fish oil has made signifi-
cant progress in recent decades, although its application has not been widely extended
on a large scale in the industry due to the challenge it represents. Marine oils are
complex mixtures of fatty acids with variable chain lengths and degrees of
unsaturation, which makes their separation difficult [25]; in addition to being highly
susceptible to deterioration processes, such as thermal oxidation and enzymatic
hydrolysis [26].

Additionally, unlike the chemical industry, the development of the oleochemical
industry has not had such rapid progress in terms of modeling thermo-physical prop-
erties and development of adequate computational tools for the design, analysis, and
optimization of processes related to lipids, coupled with the lack of integration of
sustainable aspects [27-29]. Marine oil processing involves a variety of stages, from
the extraction and recovery of crude oil to the refinement and modification of the
final product. Typical unit operations include fluid transport, heat transfer, and sepa-
ration processes, such as adsorption, phase separation, crystallization, filtration,
chemical synthesis (interesterification, hydrogenation), and vacuum steam distilla-
tion, among others [25, 30].

Within this context, the decision-making set when designing a plant, also called
“process synthesis,” must balance the criteria of sustainability and incorporate the circu-
lar economy within the design, for which different tools and technologies have been
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developed. Among them, process intensification (PI) may be a promising engineering
approach. Pl is considered as any novel equipment, processing technique, or method
that, compared to conventional ones, offers a substantial improvement in the efficiency
and/or performance of manufacturing (bio)chemical products [31]. Another comple-
mentary definition suggests an optimization of the basic functional principles of chemical
processes (momentum, heat, and mass transfer) in the design of operations [32].

A wide range of applications and developments in the oleochemical industry can
be considered intensified, as shown in Table 1. For example, nano-neutralization
seeks to integrate degumming and neutralization operations to reduce the number and
size of equipment, as well as the dosage of necessary reagents and the generation of
waste [34]. Companies, such as Alfa Laval® or Unilever®, have developed strategies
to improve the configuration of the process and the operating parameters in order to
optimize the removal of impurities depending on the nature and quality of the oil [33].
Microwave irradiation has been used to improve the efficiency of biodiesel produc-
tion, reducing reaction time with energy savings of up to 44% [35]. Similarly,
ultrasound-assisted transesterification of various vegetable oils has proven to be
effective by increasing the contact surface between the alcohol/oil phases, improving
mass transfer and reducing the amount of catalyst needed for biodiesel production
[36, 54], as well as ethyl esters of fish oil [37].

PI principle applied PI Technology Applications in the References
oleochemical industry
Integration of unit operations. Special Combi-Mix Alfa Degumming and [33]
Hybrid separations Laval® degumming neutralization
Nano-neutralization Degumming and [34]

neutralization

Higher performance for a given =~ Microwave/Ultrasound- Transesterification reactions [35-37]
process or equipment size. assisted reactors for the production of biodiesel
Improvement in the transfer of or ethyl esters
heat, mass or momentum
. Membrane technologies Degumming, neutralization, [38, 39]
through alternative energy o .
deodorization, fatty acid
sources
concentrate
Technology with Oil extraction, fatty acid [40-43]
supercritical fluid concentrate
(COy)
Smaller volume of equipment for Molecular distillation Deodorization, fatty acid [44-46]
a given process or output. concentrate, recovery of
Improved heat, mass, or valuable lipid compounds,
momentum transfer such as tocopherols
Chromatographic Fatty acid concentrate [47-49]
methods
Less use of ancillary services and/ Trysil® Silica Oil washing and bleaching [50]

or raw material flows (reagents, ~Adsorbent Hydrogels
solvents, electricity...). Greater

ields Enzymatic alternatives  Oil extraction, degumming, [51-53]
Y neutralization, lipid
modification (trans/
interesterification)
Table 1.

Some process intensification (PI) options with reported applications in the oleochemical industry.
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Other strategies include oil extraction or fatty acid separation using supercritical
fluids [40], membrane technology for impurity filtration [38], or PUFA concentrate
[39, 55], in addition to enzymatic alternatives for different reactions [51, 52].

Evaluating different process alternatives (conventional or intensified) from a
sustainable perspective normally requires multi-objective or multi-criteria decision-
making that must often consider antagonistic criteria, that is, when deciding to prefer
one, the other criteria are affected; consequently, you are forced to make more
informed and, therefore, better decisions. In these problems, there is not usually a
single optimal solution and it is necessary to use a decision-making methodology to be
able to differentiate the alternatives and prioritize the possible solutions.

To achieve this goal, the life cycle analysis (LCA) can be a very helpful tool, since it
involves metrics that characterize the environmental impact of a product or process in
all its stages, from the extraction of the raw material to the final disposal of waste [56],
which obviously allows integrating the concept of circular economy within the process
design [57]. There are several studies that demonstrate the potential application of
LCA in oleochemical systems [58]. Additionally, the use of mathematical optimization
methodologies allows evaluating these multi-criteria indicators in a robust way, as
well as implementing of this set of strategies in software or process simulators [59, 60]
in order to speed up the decision-making process.

Table 2 presents a synthesis of different studies carried out on the design of
processes involving lipids, and the tools or approaches addressed in each one. It is
possible to observe that there is rarely a comprehensive vision of the strategies or
indicators that would allow achieving an optimal sustainable process (e.g., there are
few studies that address the evaluation of social metrics, a pillar of sustainability as
important as the economic or the environmental). Therefore, the proposal of system-
atic methodologies that involve the mathematical evaluation of alternatives through a
balance of sustainable indicators is vital for the design of processes in the context of
the circular economy. The integration of these approaches together with social
aspects, such as risk analysis and the opportunity to mitigate the nutritional deficien-
cies of vulnerable communities (by valorizing the sources of ©-3), complement a
promising strategy that would allow the generation and evaluation of robust alterna-
tives of processing aimed at the development of a more sustainable industry.

2. Marine oil processing

The processing of plant seeds or animal tissues into edible oils can be divided into
four sets of operations: extraction, refining, conversion or modification, and stabili-
zation [77, 78]. Oil extraction consists of pressing the material or matrix to separate
the crude oil from the protein-rich solids or moderately pressing it with solvent,
usually hexane. The defatted solids are known as cake or flour. The oil obtained is
considered “crude” because it contains undesirable components, such as pigments,
phospholipids, free fatty acids, and unpleasant flavors and odors, so it must be refined
to remove these contaminants, and thus obtain a high-quality edible oil. Refined oils
consist mainly of triacylglycerides (>98%) that can be subsequently modified through
processes, such as hydrogenation, winterization, fractional crystallization, or
interesterification, whose objective is to obtain properties different from the original
oil, such as the conversion of liquid oil into semi-solid fats or the fatty acid concentrate
of interest (e.g., ®-3). The stabilization of the final product to suit the needs of the
consumer depends on the use that it will have. Plasticizing and tempering are
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operations designed to stabilize mixtures used in margarines and shortenings, while
nutraceutical oils used as supplements usually undergo encapsulation or microencap-
sulation processes to prevent deterioration and facilitate their consumption or incor-
poration into other food products [79].

2.1 Extraction methods

The method chosen for oil extraction depends on the nature of the raw material, as
well as the capacity of the industrial plant [80]. Particularly, for fish oil, it is obtained
in most cases through the “wet-rendering” process, which consists of heating or
“cooking” fresh fish with steam to break the cellular structure, and then pressing to
separate the particles, liquid, and solid fractions. The solid fraction is dried to produce
fishmeal.

The liquid fraction contains water, oil, and minor amounts of suspended solid
material. This liquid is processed using centrifuges and decanters to remove solids and
separate the water from the oil, which is stored for later use as crude oil. The water
fraction is evaporated and recirculated to the solid fraction before drying [81].

Other traditional methods for its extraction include enzymatic hydrolysis, autoly-
sis, dry rendering, solvent (hexane) extraction, and more recently innovative and
ecologically friendly methods, such as supercritical fluid extraction, enzyme extrac-
tion, and extraction using ultrasound or microwaves have been used [40].

2.1.1 Storage and preservation of crude oil

It can be considered that the processing of oil starts from the storage tanks since
the quality and performance are affected by the conditions in which it is stored. In
particular, it is desired to avoid increases in free fatty acids, oxidation products, color
changes, and contamination by insoluble impurities.

In general, tanks should store oil at room temperature (<25°C), or cooler when
practical and possible. It is recommended to use containers made of stainless steel that
presents the least possibility of iron contamination, for example, coated food-grade
stainless steel (316). It is critical to have completely sealed tanks, as well as to fill
the upper space with nitrogen to displace the air and avoid its contact with the oil
since PUFAs in particular are prone to oxidation phenomena, as will be described
later [26, 82].

2.2 Oil refining

Refining generally refers to the removal of non-triacylglycerol fatty materials, as
well as pretreatment and deacidification or neutralization operations. Consumers
typically want mild or neutral-flavored, light-colored, and oxidatively stable oils, so
the goal is to remove impurities that may cause the product to have an off-color or off-
flavor or cause harmful metabolic effects for human consumption.

Edible oils can be refined through chemical or physical processes. Each method has
its own specific advantages, and the use of one or the other depends on quite a bit on
the quality and type of oil involved. In chemical or alkaline refining, caustic soda is
used to neutralize the free fatty acids in the oil, while in physical refining this stage is
skipped, removing these acids (to a lesser extent) by single-stage distillation during
the process of deodorization. In general, when the acidity of the oil exceeds approxi-
mately 2%, chemical refining is carried out, while for lower values, physical refining is
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Method

Characteristics

Applications

Limitations

Refining or

It uses vacuum steam

Suitable for oils with a high

Pretreatments are more

physical distillation, which removes  content of free fatty acids.  rigorous.
deacidification free fatty acids and aromatic Low capital and operating ~ Not suitable for heat-
compounds. Requires high cost. sensitive oils (cotton, fish).
temperatures and depends ~ Higher oil yield. Possible thermal
on efficient prior Reduced amount of polymerization.
degumming. effluents (does not produce Controlled rate of
soaps). elimination of free fatty
acids.
Refining and  Industrially, it is the most Versatile (produces good Excessive loss of neutral oil
chemical common method. It is done  quality oil from any type of ~when there is a high
acidification by adding an alkaline source). content of free fatty acids.
substance (caustic soda) that Multiple effects; purified, Produces waste (soaps).
precipitates free fatty acids ~ degummed, neutralized and Oil hydrolysis.
as soaps. partially bleached.
Chemically more stable
product.
Mixed or More suitable for the Lower strength of caustic Higher investment costs.
miscellaneous  integration of an extraction  solution. Loss of solvent (requires
refining and refining plant, since it Higher separation careful operation and
combines both processes, efficiency. increased maintenance).
mixing a solvent (hexane) Minimal oil occlusion in For efficient operation, the
that helps to separate soap scum. oil concentration in the
impurities during Better color in the final micelle should be ~50%
degumming and product. (two-stage solvent
neutralization. Water washout removed. removal).
Table 3.

Industrial oil refining methods. Adapted from [33, 80, 83].

carried out, provided that the quality of the oil allows it [83]. Table 3 presents the
main characteristics, advantages, and disadvantages of these refining approaches.

Regardless of the approach, refining is a set of operations designed in such a way as
to minimize the loss of “neutral” oil and maximize the availability of beneficial
components. The traditional process [33] includes the stages of degumming, neutral-
ization, bleaching, deodorization, and in some cases, winterization (although the
latter is considered a PUFA concentrate method). Each stage is important to remove
the different impurities [84].

Evolution in the w-3 fatty acid market has led to the development of new processes
for treating marine oils, designed to preserve these acids, while reducing impurities.
In some cases, these processes were initially expensive, but due to the evolution of this
market, they are now considered conventional processes [16]. The processing steps
and the compounds removed by them can be summarized in Table 4.

2.3 PUFA modification and concentrate

Oil modification processes involve a substantial change in their physical behavior
and structural properties, unlike the previously discussed refining processes where
their effect is aimed at removing impurities and improving organoleptic properties,
as well as nutritional value [1]. Chemical modifications offer the possibility of
changing the properties of fats and oils within wide ranges, making them suitable for
many uses.
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Technique or Stage Purpose

Storage Insoluble impurities, residual moisture, and some phospholipids
precipitate in the tanks.

Degumming Remove phospholipids, sugars, resins, protein compounds, trace metals,
and other materials.

Alkaline refining Remove free fatty acids, pigments, phospholipids, water-soluble and
(Neutralization) insoluble material, and trace metals.
Silica washes/treatment Soaps are produced during the neutralization stage, oxidation products,

and trace metals.

Dying Moisture reduction.

Adsorbent bleaching and/or Pigments, oxidation products, trace metals, sulfur compounds, dioxins,
carbon treatment furans, and polycyclic aromatic hydrocarbons.

Winterization High melting point triacylglycerides and waxes. Used to increase

unsaturated triacylglycerides.

Deodorization Eliminates volatile compounds: free fatty acids, mono-diacylglycerides,
aldehydes, ketones, chlorinated hydrocarbons, and pigment
decomposition products, as well as oxidation. It is usually the final step
and results in a mild-tasting oil.

Vacuum extraction, molecular ~ Removes chlorinated hydrocarbons, fatty acids, PCB oxidation
or short distillation. products, and free cholesterol. It can be used to replace deodorization.

Table 4.
Stages of oil processing and the main impuvrities removed in each one [16].

Two main modification technologies are generally considered in the edible oil
industry:

i. Hydrogenation or hardening: It consists of the addition of protons (hydrogen
atoms) to the unsaturated sites of the hydrocarbon chain of fatty acids,
transforming these into saturated bonds. It was originally used to improve the
stability of oils with large amounts of PUFAs, such as marine oils, however,
the use of this process has been considerably reduced as it has been identified
as an important source not only of saturated fats but also of trans fatty acids
in the human diet, associated with an increased risk of heart disease [85]. It
should also be considered that, by eliminating unsaturation, its nutritional
value is lost [1].

ii. Esterification reactions: Two terms are commonly used in the literature to
designate a wide variety of ester-ester exchange reaction mechanisms [52]:

a. Interesterification: General term for reactions between an ester and
fatty acid, alcohol, or other esters, although it can only describe
ester-ester exchanges or randomization of oils and fats by alkaline or
enzymatic catalysis.

b. Transesterification: Term used for ester-ester exchanges, including
acidolysis and alcoholysis. It is mostly used to describe reactions of oils
with methanol or ethanol for the production of biodiesel or ethyl esters.
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Technique

Description

Interesterification

Re-arrangement of the triacylglycerides in the oil in a particular or more
random distribution.

Hydrolysis or
esterification

Separation of fatty acids from triacylglycerol molecules, producing free fatty
acids or esters with glycerin as a by-product.

Urea complex

By dissolving the fatty acids or esters in methanol or ethanol, adding urea, and
reducing the temperature, it is possible to precipitate a complex that traps the
saturated and monounsaturated ones, resulting in a PUFA concentrate.
Depending on the type of oil, the losses can be significantly large.

Winterization / Dry
fractionation

Separation of high melting point (saturated) waxes and triacylglycerides by
cooling the oil below their crystallization temperature, and their subsequent
separation by filtration.

Molecular distillation

This stage can be used to remove free cholesterol or further concentrate esters
or fatty acids.

Extraction with
supercritical fluids (SCF)

Purification to obtain >85% pure compounds and remove cholesterol, using
fluids at supercritical conditions of temperature and pressure.

Preparative High-
Performance Liquid

Chromatography (HPLC)

Purification of esters or fatty acids to produce compounds with more than
95% purity. It is a chromatography-based technique and can be very
expensive and complicated.

Re-esterification

Conversion of purified fatty acids or esters back to their triacylglycerol form,

which is considered more natural and more bioavailable to the body. It is
made by a catalytic reaction with excess glycerol.

Table 5.
Techniques for the concentration and purification of omega-3 fatty acids. Adapted from [16, 86].

Once their properties have been modified, there are additional steps that can be
used to convert refined marine oils into concentrates and relatively purified esters or
fatty acids into ®-3 fractions (Table 5).

Many of these processes described above can be adapted, combined, or in some
cases improved through the use of enzymes [25, 52]. The use of simple processes based
on green chemistry, low pressures, and methods that avoid toxic solvents and high
temperatures have been positioned to replace conventional methods for the extrac-
tion, purification, and stabilization of marine oils rich in w-3 fatty acids [19].

3. Analysis of oils and quality parameters

Regardless of where they come from, oils and fats are similar in terms of the effects
of the aforementioned impurities on processing and final product quality. Therefore, it is
necessary to determine certain key analytical values to be able to modify or establish the
process conditions in order to obtain a product of satisfactory quality [1]. Each analysis
provides specific information to the manufacturer, as well as to future consumers.

3.1 Analytical characterization

Tests that are important to consider in determining the quality and handling of
crude fish oil (or any oil) are as follows:
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i.

ii.

iii.

iv.

vi.

vii.

Sampling methodology: The objective of sampling is to obtain a manageable
quantity of oil whose properties correspond as closely as possible to those of
the original source, as well as to ensure its transport and storage. The
considerations according to ISO 5555:2001 [87] must be taken into account.

Determination of percentage of free fatty acids (FFA): Free fatty acids appear
with the decomposition of lipids, being indicators of degradation. Their
percentage must remain below the standards established for human
consumption, so they must be neutralized during the refining of the oil. For
its determination, the AOCS Ca 5a-40 methodology [88] is used.

Determination of peroxide index (PI): It is the amount (expressed in
milliequivalents of active oxygen per kilogram of fat) that indicates the initial
oxidation state of the oil. A maximum value for refined oils of 5 to 10 meq/kg
of 02 should be considered. The methodology used is AOCS CD 8b-90 [89].

Determination of the p-anisidine index (AI): The use of the peroxide index is
limited to the initial stages of lipid oxidation, so the anisidine index is
established as a useful measure of secondary oxidation products to evaluate
the past of the oil and predict its stability. Its value must be less than 20meq/
kg of O2. The methodology used is AOCS Cd 18-90 [90].

. Determination of TOTOX (total oxidation) index: Indicates the general state

of oxidation of the oil, the lower it is, the better its quality. It is simply
calculated by combining the peroxide and p-anisidine values with the formula
AI+2PI. It must be less than 26 meq/kg of O2.

Determination of iodine index (II): This is a measure of the unsaturation of
fats and oils expressed in terms of the percentage of iodine absorbed per gram
of sample. The higher this index, the greater the number of double bonds. Its
value can range from 90 to 150 for vegetable oils, and greater than 150 for fish
oils. It is determined by the AOCS method number Cd 1d-92 [91].

Determination of the fatty acid profile: It is carried out to know the
composition of the fatty acids that make up the triacylglycerides of the oil; in
this way, it is possible to know the amount of saturated, monounsaturated,
and polyunsaturated present. It is carried out by gas chromatography of

the previously methylated sample to convert the triacylglycerides into

fatty acid methyl esters. For marine oils, the AOCS Ce 1b-89 methodology is
used [92].

3.2 Composition of marine oils

Particularly for fish oils, the constitution and proportion of its lipid components
depend on the extraction process, the species, and the geographical and environmen-
tal conditions; hence, the emphasis on carrying out an adequate characterization that
allows obtaining information about the composition of fatty acids and their physico-
chemical properties, which can give an idea of the quality of the oil and its nutritional
value, important considerations for a subsequent design of oil processing according to
the desired product.
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For this type of oil, triacylglycerides occupy the largest proportion (~90%); the
moisture content and the percentage of free fatty acids vary according to the extrac-
tion treatment and storage conditions, these being around 0.5-1% and 2-5%, respec-
tively [81]. The amount of phospholipids can vary from 1 to 1.5%, and in terms of the
content of the unsaponifiable fraction (sterols, tocopherols, pigments, alcohols, and
hydrocarbons), it is normally less than 2%, although it can constitute up to 8% of the
oil under certain seasonal and feeding conditions [93].

The fatty acid profile allows a chromatogram to be obtained from which the type
and content of fatty acids belonging to saturated, monounsaturated fatty acids or
PUFAs is determined. The profile of fish oils is known to be complex, varying by
marine species. There are fatty acids that occur in trace amounts and some are gener-
ally common to all species. For example, high contents of PUFAs have been found in
tuna oil (35% w/w) [94], in cod liver (18% w/w), and anchovies (16.5% w/w) [95].

Fatty acid Anchovy  Tuna Krill Salmon Cod liver
Wild Farm

Myristic C14:0 27-11.5 ND-5.0 5.0-13.0  2.0-5.0 1.5-5.5 2.0-6.0
Pentadecanoic C15:0 ND-1.5 ND-2.0 NA ND-1.0 ND-0.5 ND-0.5
Palmitic Cl6:0  13.0-22.0 14.0-24.0 17.0-24.6 10.0-16.0 6.5-12.0 7.0-14.0
Palmitoleic C16:1 4.0-12.6 ND-12.5 2.5-9.0 4.0-6.0 2.0-5.0 4.5-11.5
Margaric C17:0 ND-2.0 ND-3.0 NA ND-1.0 ND-0.5 NA
Stearic C18:0 1.0-7.0 ND-7.5 NA 2.0-5.0 2.0-5.0 1.0-4.0
Vaccenic C18:1 w7 1.7-3.7 ND-7.0 4.7-8.1 1.5-2.5 NA 2.0-7.0
Oleic C181w09 3.6-17.0 10.0-25.0 6.0-14.5 8.0-16.0 30.0-47.0 12.0-21.0
Linoleic C182w6 ND-3.5 ND-3.0 ND-3.0 1.5-2.5 8.0-15.0  0.5-3.0
a-Linolenic C18:3w3 ND-7.0 ND-2.0 0.1-4.7 ND-2.0 3.0-6.0 ND-2.0
y-Linolenic C18:3w6 ND-5.0 ND-4.0 NA ND-2.0 ND-0.5 NA
Stearidonic C18:4 ND-5.0 ND-2.0 1.0-8.1 1.0-4.0 0.5-1.5 0.5-4.5
Arachidic C20:0 ND-1.8 ND-2.5 NA ND-0.5 0.1-0.5 NA
Eicosenoic ©-9 C20:1@9 ND-4.0 ND-2.5 NA 2.0-10.0 15-7.0 5.0-17.0
Eicosenoic w-11 C20:1wl1l ND-4.0 ND-3.0 NA NA NA 1.0-5.5
Arachidonic C20:4 w3 ND-2.5 ND-3.0 NA 0.5-2.5 ND-1.2 ND-1.5
Eicosatetraenoic C20:4 w3 ND-2.0 ND-1.0 NA 1.0-3.0 0.5-1.0 ND-2.0
Eicosapentaenoic C20:503 5.0-26.0 25-9.0 143-28.0 6.5-11.5 2.0-6.0 7.0-16.0
Heneicosapentaenoic  C21:5w3  ND-4.0 ND-1.0 NA ND-4.0 NA ND-1.5
Erucic C22109 ND-23 ND-2.0 ND-1.5 ND-1.5 3.0-7.0 ND-1.5
Ketoleic C221wll ND-5.6 ND-1.0 NA 1.0-1.5 NA 5.0-12.0

Docosapentaenoic C225w3  ND-4.0 ND-3.0 ND-0.7 1.5-3.0 1.0-2.5 0.5-3.0

Docosahexaenoic C22:6 3 4.0-26.5 21.0-425 71-157 6.0-14.0 3.0-10.0 6.0-18.0

Table 6.

Ranges of fatty acid profiles of some fish oils determined by gas-liquid chromatography (expressed as percentages of
total fatty acids). ND = not detected, defined as <0.05%. NA = not available; w3 = omega-3 series, w6 = omega-6
series, w7y = omega-7 series, w9 = omega-9 series [95].
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While the monounsaturated fatty acids, oleic acid (C18:1) is the most abundant, and as
for the saturated ones, large amounts of myristic acid (C14:0) and palmitic acid
(C16:0) can be found in almost all the species analyzed [94].

It is important to mention that the positional distribution of the different types of
fatty acids in the glycerol molecule of triacylglycerides, especially, the w-3 PUFAs,
has a strong influence on digestion and absorption in the human body, as well as on
its oxidative stability [96]. In marine oils, DHA is generally found in the sn-2
position, while EPA can be found in any position of the glycerol molecule [97].
Table 6 below presents a comparison of the fatty acid profile of oils from different
fish species reported by the CODEX Alimentarius Commission of the World Health
Organization.

Regarding specific tuna oils, various authors in different locations have reported
relatively similar fatty acid profiles. The percentages of PUFAs vary from 28 to 44%,
with DHA being the most abundant, followed by EPA and, to a much lesser extent,
DPA [94, 95, 98]. Oleic acid represents the highest percentage of monounsaturated,
and of the saturated, myristic acid stands out.

3.3 Lipid deterioration

Fats and oils can undergo different deterioration processes that, in addition to
reducing the nutritional value of the food, produce volatile compounds that impart
unpleasant odors and flavors. The degree of deterioration depends on the type of fat or
oil, the handling given to it [99], and the storage conditions, being the most affected
oils of marine origin, followed by vegetable oils and finally animal fats, due to the fact
that the first they contain a greater amount of PUFAs prone to the deterioration [1].
Some examples are:

i. Lipolysis - This type of deterioration is due to chemical and/or enzymatic
hydrolysis of acylglycerides, breaking the ester bonds of lipids, produced by
enzymatic action (lipases) or by heating in the presence of water, and results
in the release of fatty acids (now FFA) in the oil.

ii. Oxidation processes - The oxidation of lipids is one of the main causes of the
deterjoration of the organoleptic quality of foods, producing abnormal odors
and flavors, generally called “rancid.” It is carried out mainly in unsaturated
fatty acids, although it is also carried out with other substances of biological
interest such as tocopherols and carotenoids [26]. Depending on the factor
that acts as a source of energy to start oxidation, it can be classified as photo-
oxidation (due to light), thermo-oxidation (when exposed to temperatures
greater than 60°C), or auto-oxidation (occurs when organic compounds react
with molecular oxygen) [100].

Fats have a certain resistance to oxidation processes depending on the initial
natural content of antioxidant and/or prooxidant substances. Oxidation is slow
until this resistance is overcome, at which point it accelerates rapidly. To delay these
processes, it is possible to add natural or synthetic antioxidants to the oil, which
help reduce oxidation through different mechanisms: inactivation of pro-oxidant
metals through chelation, elimination of free radicals by phenolic compounds
(tocopherols, BHT, and BHA), or removal of simple O2 species by compounds, such
as astaxanthin [101].
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3.4 Quality requirements

The quality of oil can be defined based on parameters established by various
international organizations or regulations, as well as by the use that will be given to
the oil. In the case of edible oils destined for concentrated supplements of ®-3, it is
suggested to take into account the parameters described below in Table 7, in order to
ensure a safe product for the consumer, as well as to establish restrictions and condi-
tions that may be included in the time of process design.

4. Models of thermodynamic and physicochemical properties of lipids

As has already been described, vegetable and animal oils are mixtures of lipids,
mainly fatty acids in the form of triacylglycerides, phospholipids, and unsaponifiable
matter, among others. Therefore, the composition and proportion of these compounds

vary significantly according to the source of origin, having a direct impact on the

Characteristic

Disadvantage or potential problem

Specification

Color Dark oils may contain contaminants normally removed during No specification
refining. The color may be indicative of overheating.
Acidity index  High values of acidity can indicate a low-quality oil or 2 mg KOH/g of refined

deteriorated during storage. The acidity value is defined as
twice the content of free fatty acids.

oil or < 1% FFA max.

Peroxide index

(PD)

It is the first measure of oxidation in an oil.

5 meq/g O2 max.

p-anisidine

Measures oxidation products; it reflects the oxidation that has

20meq/g O, max.

index (AI) taken place during the lifetime of the oil.

TOTOX index Relationship between the two previous indices reflects the 26 meq/g O, max.
total oxidation of the oil.

Humidity Considered an impurity, high levels of humidity during 0.20% max.
storage can deteriorate the oil.

Phospholipids  They act as prooxidants and form deposits at the bottom of <50 ppm phosphorus.
storage tanks.

Soaps They are formed in the presence of moisture and during 0.005% max.
neutralization, they can reduce the stability of the oil.

Total Part of the unsaponifiable fraction. It is not usually removed. No specification

cholesterol

Iron Considered a pro-oxidant, it is removed during degumming 1.5 mg/kg in refined oil
and refining. max.

Copper Considered a prooxidant, it is removed during degumming 0.1 mg/kg in refined oil
and refining. max.

Arsenic Heavy metal is present in seawater. It is removed during 0.1 mg/kg max.
refining.

Lead Heavy metal is removed during refining. 0.1 mg/kg max.

Mercury Heavy metal is removed during refining. 0.1 mg/kg max.

Table 7.

Guide to quality parameters and potential areas of problems or disadvantages. Adapted from [81, 95, 102].
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Physical characteristics of marine oils

Specific heat, cal/g 0.50-0.55
Heat of fusion, cal/g ~54
Combustion heat, cal/g ~9500
Melting point, °C 10-15
Flash point, °C ~360
as triglycerides ~220
as fatty acids
Boiling point, °C >250
Specific gravity at 15°C 0.92
30°C 0.91
45°C 0.90
Viscosity, cp, at 20 °C 60-90
50 °C 20-30
90 °C ~10
Table 8.

Main chavacteristics of marine oils in general [93].

physicochemical properties and the appropriate design of the processing applied to
the oil to obtain products suitable for use and consumption by humans [81].

Lipids are not commonly tabulated in property databases, and their polyfunctional
structure requires a careful model analysis [103]. Properties, such as melting and boiling
temperature, density, viscosity, and liquid-vapor equilibrium data, have been experi-
mentally reported for different sources of oils and fats, the most studied being those of
vegetable origin. However, the wide range of lipid species and the enormous number of
different configurations that fatty acids can have in the triacylglyceride molecule make
it difficult to fully characterize all properties of a given species. It is possible to take
some general characteristics (Table 8) for a preliminary process design.

As not, all the properties of the lipids of interest have been determined in the
literature and due to the difficulty, cost and time consumption involved in carrying out
complete experimental studies, it is possible to resort to property prediction methods
using mathematical models. In particular, group contribution (GC) methods have been
widely used to complement the information available for process design [104].

4.1 Group contribution methods

The use of GC methods is based on the structural information of the molecule to
predict specific properties; each substance is considered to be formed by the union of
suitably defined structural groups, and each one of them is assigned a certain value as
a contribution to said property, assuming that it is the same in every compound where
it is present. The property of the pure compound is a function of the frequency in
which these groups appear and their contributions. In principle, they are additive
methods, where the contributions of each group toward property are added to obtain
the approximate final value of the property [104-106].

Various prediction methods with GC for physical and thermodynamic properties
with a focus on pure lipid compounds have been developed by various authors, among
which those reported in Table 9 stand out.
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GC Method  Properties to Characteristics Reference
estimate
Lydersen Critical properties: T, Prototype and predecessor of other more [107]
P.y V. sophisticated models.
Ambrose Critical properties: T,, Improvement in the prediction accuracy of critical ~ [108]
P.y V. properties with respect to Lydersen.
Klincewicz &  Critical properties: T., ~Precision is comparable to the ambrose method. [109]
Reid P.y V.
Chein-Hsiun ~ Critical temperature ~ Refined method to obtain the critical temperature of [110]
Tu T, organic compounds.
Joback & T, Pe, Ve, Th, Ty AH  Develop models for the prediction of 11 properties  [111]
Reid °s AG®, C%, AH,, of pure compounds.
AHma PL
Constantinou T, P, Vi, Tp, Ty, AH  More sophisticated model based on a multilevel [112]
& Gani (CG) °; AG®; AH, approach.
Marrero & T, Pe, Vi, Th, T, AH  Multilevel approach based on groups of the first, [113]
Gani (MG) °s AG°, AH,, AHp, second and third order. It is one of the most widely
used today.
Kolskd AH,, AS, Method used for organic compounds in general. [114]
(2005)
Kolska Heat capacity C°, Method used for organic compounds in general [115]
(2008) based on groups of first, second, and third order.
Ceriani C°% y AH, Focus on lipid compounds: fatty acids, esters and [116]
(2009) fatty alcohols, and TAGs.
Ceriani Liquid viscosity pr, Focus on fatty compounds and esters for biodiesel.  [117]
(2011)
Ceriani PPy AH, Focus on lipid compounds: fatty acids, esters, fatty ~ [118]
(2013) alcohols, and TAGs.
Diaz-Tovar  Liquid density py, Review of different GC methods, special emphasis ~ [28]
(2011) on density and temperature-dependent properties.
Zeberg & Ty AH,, Method used only for saturated triglycerides. [119]
Stenby
Moorthy Tmy AHp, Method used for saturated and unsaturated TAGs. It [120]
is quite accurate, although it requires complex
calculations.
UNIFAC Vapor-liquid Original, revised, and extended UNIFAC method [121]
original equilibrium (VLE) for EVL prediction.
LLE-UNIFAC Liquid-liquid UNIFAC method for prediction of ELL. [122]
equilibrium (LLE)
Dortmund- Vapor-liquid Modified Dortmund-UNIFAC method for a more [123]
UNIFAC equilibrium (VLE) accurate prediction of EVL.

Nomenclature: T,: critical temperature, P,: critical pressure, V.: critical volume, T): boiling temperature, T,,: melting
temperature, AH® standard enthalpy of formation (298 K), AG° standard Gibbs free energy (298 K), C°,: heat
capacity, AH,: enthalpy of vaporization, AS,: entropy of vaporization, AH,,: enthalpy of fusion, py: liquid density py:
liquid viscosity, P*Y: vapor pressure.

Table 9.

Examples of group contribution methods used in lipids and organic compounds in general.
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The range of application and the reliability of these methods depend on several
factors [124]:

i. The definition of the groups is used to represent the molecular structure of
the pure components.

ii. The property prediction model.

iii. The quantity and quality (in terms of information) of the experimental data
set used in the regression to estimate the model parameters.

Another challenge with GC methods is that the selected property model may not
have all the necessary parameters, such as groups and/or their contributions, for a
specific property, so it is necessary, for the construction of the database of properties,
to evaluate these factors when selecting the prediction methods to use. It is important
to take into account that, as the number of carbon atoms and unsaturation in the
molecule increases, the properties reported in the literature are scarce, so, although it
is essential to have predictive models for these cases, the accuracy in the estimation of
the properties can decrease, due to the sensitivity that these properties have with the
exact conformation of the molecule [104].

5. Conclusions

The revaluation of waste and by-products, mainly in the food and oleochemical
industries, is a fundamental part of the necessary transition toward a more sustainable
and circular economic model. The future development of the industry must not
neglect social issues and must focus on providing quality and accessible products to
the communities that cooperatively represent the workforce and progress of human-
ity. In conclusion, the revaluation of food waste (fish oil) in a circular economy
approach is an opportunity to close the link between food, water, and energy, as well
as to incorporate the sustainable perspective to human progress.

Note

Figures and Tables are original from their authorship.
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Chapter?2

Biotechnology for Improving
Hydroxy Fatty Acids Production in
Lesquerella (Physaria fendleri)

Grace Chen and Kumiko Johnson

Abstract

Hydroxy fatty acid (HFA) is a vital raw material for numerous industrial products,
such as lubricants, plasticizers and surfactants. Castor oil is the current commercial
source of HFA which contains 90% ricinoleic acid (18,10H). Castor seeds contain the
toxin ricin and hyperallergic 2S albumins; it is detrimental to castor oil production.
Lesquerella is a potential industrial oilseed crop for a safe source of HFA, because
lesquerella seeds contain a valuable HFA, lesquerolic acid (20,10H), at 55-60% in
seed oil. This chapter describes current progress on improving HFA production in
lesquerella through metabolic engineering.

Keywords: hydroxy fatty acid, ricinoleic acid, lesquerolic acid, triacylglycerol, Physaria
fendleri, lesquerella, seed oil, genetic transformation

1. Introduction

Lesquerella seed oil (triacylglycerol, TAG) biosynthesis follows common de novo
fatty acid (FA) biosynthesis in plastid (Figure 1). Once oleic acid (18,1) is synthesized
and exported to cytosol, it is activated to 18:1-Coenzyme A (CoA) for endoplasmic
reticulum (ER)-mediated fatty acid modification and TAG assembly [1]. The 18:1-
CoA can be esterified directly into membrane lipid phosphatidylcholine (PC) in the
ER by the forwarding reaction of lyso-PC acyltransferase (LPCAT) [2-4] resulting
in 18:1-PC (Figure 1). An oleate 12-hydroxylase (FAH12) [5-8] hydroxylates 18:1-PC
to form 18:10H-PC (Figure 1). Lesquerella PfFFAH12, however, converts 18:1-PC to
both 18:10H-PC and linoleic acid (18,2)-PC, because PfFFAH12 posesses bi-functional
FAD2-related oleate A12 - hydroxylase: desaturase activities [8].

Through the reverse reaction of LPCAT (Figure 1), or phospholipase A (PLA2)-
type activity [9], the 18:10H can be removed from PC and transferred back to
cytosol to be activated as 18:10H-CoA. A lesquerella fatty acid condensing enzyme
(PfKCS18) (also called KCS3 or FAE1) elongates 18:10H-CoA to 20:10H-CoA [10]
(Figure1). Rapid acylation of 18:1 and de-acylation of 18:10H by LPCAT (or by
PLA?2), and together with elongation of 18:10H-CoA by PfKCS18 leads to enrich-
ment of 20:10H-CoA in cytosol. FA desaturase 2 (FAD2) [11] and FA desaturase 3
(FAD3) [12] converts 18:1-PC to 18:2-PC and 18:2-PC to linolenic acids (18:3)-PC,
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Pr%posed pathways for TAG biosynthesis in lesquerella seed. Kennedy pathway is indicated by blue arrows. Acyl
editing reactions are indicated by purple arrows. PC-derived DAG formation is indicated by a green arrow.
Engzymes catalyzing these reactions arve underlined. Fatty acid numerical symbols and abbreviations are described
in introduction.

respectively (Figure 1). The FAD3 is also resposible for converting 20-10H to auri-
colic acid (20,20H) [13, 14] in lesquerella seeds. A functional lesquerella PfFFAD3-1
isoform is a key enzyme producing 18:3 and 20:20H [15]. FA-CoA or FA-PC are
assembled to TAG through multiple mechanisms [1, 2]. First, FA-CoAs are acylated
to a glycerol-3-phosphate (G3P) backbone by enzymes in Kennedy pathway [16].
Glycerol-3-phosphate acyltransferase (GPAT) acylates FA-CoA to the sn-1 position
of G3P backbone forming lysophosphatidic acid (LPA). LPA acyltransferase (LPAT)
is responsible to add another FA-CoA to the sn-2 of LPA forming phosphatidic acid
(PA). Through PA phosphatase (PAP), PA is changed to 1,2-sn-diacylglycerol (DAG).
The DAG produced in Kennedy pathway is referred to de novo DAG. The last FA-CoA
can be added to the sn-3 of DAG by 1,2-sn-diacylglycerol acyltransferase (DGAT),
creating TAG. In lesquerella, almost all seed TAG having 20:10H at the s»-1 and sn-3
positions, and the sn-2 positions are occupied by unsaturated FAs, ie., 18:1, 18:2 and
18:3 [17-20]. The reason of lack of HFA at the sn-2 position of TAG could be due to
the selectivity of lesquerella LPAT (PfLPAT?2) for unsaturated FA [21], whichisa
typical characteristic for most plant LPAT2 [22]. Second, PC can be converted to DAG
(PC-derived DAG). PC:DAG cholinephosphotransferase (PDCT) [23-25] is a major
enzyme to produce PC-derived DGA through exchange of the head group between
PC and DAG. Alternatively, PC-derived DGA can be produced by other enzymatic
reactions catalyzed by CDP-choline: DAG cholinephosphotransferase (CPT) [26], or
phospholipases (PLC, or PLD) [2, 27]. The conversion of PC into DAG also provides
a mechanism to increase the amount of 18:1, 18:2, 18:3 in sn-2-TAG. Third, FA on the
sn-2 PC can be transferred to the sn-3 position of DAG by phospholipid:DAG acyl-
transferase (PDAT) (Figure 1) [28-30].

To develop lesquerella that produces 18:10H-rich seed oils like castor, we have
over-expressed castor RCLPAT?2 [21]. The resulted transgenic lesquerella seeds
increase 18:10H content at the sn-2 position of TAG from 2-17%, and consequently,
oil accumulates more TAGs with all three sn positions occupied by HFA [20, 21].
RNA interference sequences targeting KCS18, FAD2 and FAD3 have been introduced
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to lesquerella. Seeds from the transgenic lines had increased 18:10H up to 26.6%
compared with that of 0.4-0.6% in wild type (WT) seeds. Our studies enhance our
understanding of plant lipid metabolism.

2. Castor LPAT?2 increases castor oil-like triacylglycerols in lesquerella
seed

We have produced 17 transgenic lesquerella lines expressing ReLPAT2 under the
control of a seed specific promoter [21]. Our results indicate that RcLPAT?2 enables the
incorporation of 18:10H at sn-2 position of LPA which increases the accumulation of
18:10H and also tri-HFA-TAGs in lesquerella (Figures 2 and 3).

In transgenic lesquerella expressing ReLPAT2, we observed an increase in
0-, 1-, and 3-HFA-TAG levels and a reduction in 2-HFA-TAG species (Figure 2).
Regiochemical analysis showed that sz-2 18:10H increased 6-7-fold or 1.5-fold,
respectively (Figure 3). Further analysis of regioisomer of the transgenic seed oil
reveals that RcLPAT? increased 3-HFA-TAG content by acylating mostly 18:10H at the
sn-2 position of 20:10H-LPA forming tri-HFA-TAG (20,10H atsn-1, 3 and 18:10H at
sn-2) [18-20, 31]. This indicates that ReLPAT?2 allows for a more efficient acylation of
18:10H than 20:10H to the sn-2 position of TAG in vivo. We have demonstrated that
castor LPAT?2 increases 18:10H level through exclusively acylating 18:10H at the s»-2
position of tri-HFAs-TAGs in lesquerella. RCLPAT? holds a valuable property for the
engineering of a new castor oil-producing crop, such as lesquerella.

3. Ricinoleic acid content can be increased in lesquerella seeds through
suppressing an elongase and fatty acid desaturases

To develop lesquerella that produces 18:10H-rich seed oils like castor, silencing
PfKCS18 would result in accumulation of 18:10H; silencing FAD2 and FAD3 would
block 18:1 flux to 18:2 and 18:3, respectively. To test the hypothesis, we generated
transgenic lines expressing RNAi of camelina CsFAD2, CsFAD3, and Arabidopsis
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Figure 2.

TAG species composition. Triplicates of 50-seed sample were measured for wild type (wt) and transgenic lines
(line 3-1, line 4—5). The data represent averages of three veplicates + SE. Two-tailed Student’s t test. * p < 0.05;
**p < 0.01; " p < 0.001. 0-HFA, 1-HFA, 2-HFA, and 3-HFA indicate TAG molecular with zero, one, two, or
three HFASs, respectively.
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HEA content at the sn-2 position of TAG. Triplicates of 50-seed sample were measured for wild type (wt) and
transgenic lines (line 3—1, line 4-5). The data represent averages of three replicates + SE. Two-tailed Student’s
ttest. *p < 0.05 ¥ p < 0.01; " p < 0.001. 18:10H and 20:10H represent ricinoleic acid and lesquerolic acid,
respectively.

AtKCS18, which have 82-95% sequence homology with corresponding lesquerella
genes [18]. RNAI constructs, CsFAD2 RNAi, CsFAD3 RNAi and AtFEA1 RNAi, are
effective in silencing corresponding gene expression in camelina [32-34]. We there-
fore generated 16 transgenic lesquerella lines expressing AtFAD3 RNAi + CsFAE1
RNAi (2-dsRNA) (Table 1) [35], and 15 lines expressing CsFAD2 RNAi + AtFAD3
RNAi + CsFAE1 RNAi (Table 2) [35].

As shown in Table 1, when the 2-dsRNAs (AtFAD3 RNAi and CsFAE1 RNAi) was
introduced to lesquerella, we observed significant increases in 18:10H from 0.6% of
WT to026.6% in line 1 (Table 1) and decreases in 20:10H from 51.2% of WT to lowest
19% in line 1 (Table 1). 18:1 content was increased in 50% of transgenic popula-
tion with the highest level of 32.1% in line 2 compared with 17% of WT (Table 1).
Correlation analysis was performed to show the relationships between FA accumula-
tion for 2-dsRNA group. Among the 16 T, transgenic lesquerella lines, 15 lines shifted
the accumulation of 18:3 to 18:2, showing a strong negative correlation between 18:2
and 18:3 (r = 0.93); 13 lines shifted 20:10H to 18:10H, which also displayed a strong
negative correlation (r = —0.99). These results indicate that AtFAD3 RNAi and CsFAE1
RNAi are effective in silencing PfFDA3-1 and PfKCS18, respectively.

As shown in Table 2, 15 independent transgenic lines expressing the 3-dsRNAs,
CsFAD2 RNAi + AtFAD3 RNAi + CsFAE1 RNAi were generated and their T; seeds were
analyzed for FA composition. Compared with 2-dsRNAs (Table 1), similar average con-
tents in 18:2, 18:3 and 20:1 in lines expressing 3-dsRNA (Table 2) were observed. With
the addition of CsFAD2 RNA: in the 3-dsRNA group, the average of 18:1 was higher at
27.8% (Table 2) compared with the average of 20.5% in the 2-dsRNA group (Table1).
Besides, less dynamic changes between average increase of 18:10H and average decrease
of total HFA were observed in the 3-dsRNA group, showing averages of 4.7% and
48.9%, respectively, (Table 2), compared with that of 7.7% and 53% in lines expressing
2-dsRNA, respectively (Table 1). FA composition in WT seeds (Tables 1 and 2) were
similar to described [21, 36]. There was no change of growth phenotype for transgenic
lesquerella expressing CsFAD2 RNAi, CsFAD3 RNAi and AtFEA1 RNA.
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We have demonstrated that high levels of 18:10H can be achieved by blocking the
elongation of 18:10H to 20:10H. Also, high levels of 18:1 and 18:2 were accumulated
through suppression of desaturation steps. However, the accumulated 18:1 was not
converted to 18:10H and instead, 18:1 was largely channeled to seed TAG.

4. Bottlenecks and potential for production of a high 18:10H-containing
oilin lesquerella

Based on the data presented in Tables 1 and 2, significant amount of 18:1 was not
utilized for 18:10H production. One of the factors could be due to the bifunctional
activity of PfFAH12 [8], which hydroxylates and desaturases 18:1 to produce 18:10H
and 18:2, respectively, thus diverting 18:1 flux to 18:2 production. Seeds contain 90%
18:10H from castor [37] or 85% 20:10H from Physaria lindheimeri [38, 39]. These
species have strict FAH12s, ReFAH12 [7] and PIEAH12 [38]. Deleting PfFHA12 and at
the same time introducing ReFAHI2 or PIFAH12 in lesquerella should allow increased
18:10H accumulation. On the other hand, the accumulation of 18:1 could also be
due to alesquerella LPAT that has substrate preference for 18:1-CoA, resulting in
efficient incorporation of 18:1-CoA into TAG through Kennedy pathway. We already
showed that castor ReLPAT2 increased 18:10H in lesquerella [20, 21]. Besides, castor
RcLPAT3B and RcLPATB also showed substrate preference to 18:10H in Arabidopsis
[40]. To enhance 18:10H to a higher level in lesquerella, further engineering design
should include knocking out a lesquerella PfLPAT2 and overexpressing RcLPAT2,
RcLPATB, and RcLPAT?3B. In addition to Kennedy pathway, some of the 18:1-PC
could be converted by PDCT to 18:1-DAG for TAG assembly in lesquerella (Figure1).
Lesquerella seed TAGs contain about 21% 18:2 and 18:3 (Tables 1 and 2). There is
strong evidence that seeds enriched with 18:2 or 18:3 may use the PC-derived path-
way [2]. Therefore, it is likely that PC-derived DAGs are utilized in TAG assembly in
lesquerella. To enhance flux from 18:10H-PC to 18:10H-DAG, it is advantageous to
replace a lesquerella PfPDCT with a castor RePDCT which was demonstrated effective
in converting 18:10H-PC to 18:10H-DAG in Arabidopsis [25].

We observed increase in 18:10H and decrease in 20:10H in transgenic lesquerella
seeds expressing CsFAE1 RNAi, which are expected. We, however, found that total
HFAs are reduced (Tables 1 and 2). Considering lesquerella PfKCS18 is evolved to
specifically elongate 18:10H-CoA to 20:10H-CoA [10] (Figure 1), it is possible that
some enzymes in Kennedy pathway are co-evolved to adapt and utilize 20:10H effi-
ciently. Introducing additional enzymes with 18:10H substrate selectivity may enhance
total HFA level in lesquerella seeds. Although most plant GPATS select a wide range of
acyl-CoA substrates [2, 41], castor ReGPAT9 was able to incorporate HFAs including
18:10H at the sn-1 position of G3P, thus playing a critical role for sn-2 and sn-3 HFA
acylation by LPAT and DGAT [42, 43]. Castor ReDGAT?2 prefers 18:10H to common
FAs for esterifying 18:10H to the sn-3 position of DAG [44, 45]. Thus future engineer-
ing design may target ReGPAT9 and ReDGAT?2. Lesquerella seed transcriptome analysis
reveals one PfGPAT9 and three PfDGATS [46]. Evaluation on substrate preference by
these genes will provide insights for enzyme characteristics in HFA-rich species.

One of the engineering examples demonstrates the interplay between Kennedy
pathway and PC-mediated pathway for acylating HFA into PfKCS18 was found
to efficiently elongate 18:10H to 20:10H [47] in transgenic camelina express-
ing ReFAH12 [32]. The transgenic camelina seeds expressing both ReFAHI2 with
PfKCS18 increased HFA content to 21% compared with the background line
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expressing single RcFAH12 [47]. 18:10H-PC generated by RcFAH12 in camelina may
be subjected to p-oxidation [48], or represents a bottleneck [24], because camelina
is not equipped with enzymes and pathways for channeling 18:10H-PC into storage
TAG. PfKCS18 may ease the 18:10H flux from PC to cytosol by converting 18:10H to
20:10H, thus relieving the bottleneck and facilitating the incorporation of HFA into
TAG by Kennedy pathway (Figure 1) [16].

FA at the sn-2 position of PC can be transferred to the sn-3 position of DAG, by PDAT
[28, 49] (Figure1). Castor RePDAT1-2 (or RePDAT1A) transfers 18:10H from its PC
to DAG for HFA-TAG synthesis [29, 30]. To further enhance 18:10H accumulation in
lesquerella TAGs, RePDAT1-2 is another candidate target for genetic engineering.

5. Summary

Significant increases in 18:10H content are achieved through over expressing
RcLPAT?2 and silencing FAD2, FAD3 and KCS18. Intriguingly, the accumulated 18:1
was not efficiently utilized to produce 18:10H and instead, 18:1 was largely channeled
to seed TAG. Future research efforts may focus on implementing genetic approach
that targets not only enhancement of 18:10H synthesis, but also on increased 18:10H
acylation to TAG. These genes include ReFAH12 or PIFAH12, ReGPAT9, ReLPAT?,
RcDGTAT2, RePDCT, ReLPAT1-2. Nevertheless, we have demonstrated that lesquer-
ella can be engineered for large increases in 18:10H levels from 0.4-0.5% in WT to a
stable high level of 15-20% in transgenic seed oils.
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Chapter 3

N-3 Polyunsaturated Fatty Acids
and Their Role on Cardiovascular
System

Savina Nodari and Francesco Fiovetti

Abstract

The interest in n-3 polyunsaturated fatty acids (n-3 PUFAs), their favorable effects
on the cardiovascular (CV) risk profile and prevention of CV events has been growing
over the years, leading to their recommendation for secondary prevention in post
myocardial infarction and hypertriglyceridemia. However, years later conflicting
results provided by clinical trials have generated some doubts about their CV benefits,
leading to a limited indication for the treatment of hypertriglyceridemia. Only
recently, after the REDUCE-IT Trial results on CV events and mortality, n-3 PUFAs
have recovered an indication in the international guidelines for hypertriglyceridemia
in patients with Atherosclerotic Cardiovascular Disease (ASCVD) or with type 2
diabetes mellitus (T2DM) and other CV risk factors, already on statin therapy. Multi-
ple beneficial CV effects have been highlighted, in addition to the well-known lipid-
lowering function, such as anti-inflammatory, anti-thrombotic and endothelial func-
tion protective properties. Three formulations of n-3 PUFAs are currently available on
the market, sharing some pharmacokinetic and pharmacodynamic characteristics, but
also exhibiting peculiar mechanisms. Three major clinical trials evaluated the efficacy
and safety of different formulations of n-3 PUFA: JELIS, REDUCE-IT and
STRENGTH, with controversial results attributable to various factors. For the future,
it could be useful to perform comparative studies between different formulations and
placebo, in order to clarify these doubts.

Keywords: n-3 PUFAs, cardiovascular diseases, cardiovascular prevention, coronary
artery disease, IPE

1. Introduction

Fatty acids (FA) have the typical RCOOH structure, containing a methyl group, a
hydrocarbon chain (R) and a carboxyl group (Figure 1). The carbon chain (C) can
vary greatly in length, with a range between 2 and 36 C atoms. They are divided into
saturated, monounsaturated and polyunsaturated according to the number of double
bonds C = C present in their molecule (respectively none, one or more than one). FA
have both a systematic and common name (e.g., octadecanoic or stearic acid) [2] and
are often expressed with a schematic formula (abbreviated notation): CN: p n-x,
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(A) Saturated fatty acids
~ Myristic acid (14:0) Palmitic acid (16:0) Stearic acid (18:0)

(B) Unsaturated fatty acids

Monounsaturated: Polyunsaturated:
Oleic acid (18:1[n-9]) Linoleic acid (18:2[n-6])

EPA (20:5[n-3]) DPA (22:5[n-3)) DHA (22:6[n-3])

0

Figure 1.
Chemical structure of key saturated (A) and unsaturated (B) fatty acids. Modified from Wu H et al. [1]. DHA,
docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid.

where CN represents the total number of atoms of C, p the number of double bonds, x
the position of the first double bond from the methyl end (n) [3].

Polyunsaturated (PUFA) n-3 (Omega 3, PUFA n-3) and n-6 (Omega 6, PUFA n-6
Fatty Acids), whose first double bond is respectively on the third and sixth atom of C
(numbered by the methyl group of the carbon chain), have a particular biological and
medical interest [3].

Linoleic (AL) and alpha-linolenic (ALA) acids are defined as “essentials,” because
they cannot be synthesized de novo in humans and must, therefore, be taken with the
diet (Table 1). Moreover, they are considered the precursors of the n-3 and n-6 PUFA
families [4].

PUFA n-3. They include ALA (18,3 n-3) of plant origin and FA of animal origin (in
particular seafood—fish oil), mainly represented by eicosapentaenoic acids (EPA; 20:5 n-
3), docosahexaenoic acids (DHA; 22:6n-3) and docosapentaenoic acids (DPA, 22:5 n-3). It
has been shown that ALA induces CV benefits in observational studies [5] and fish intake
protects against coronary heart disease risk [6]. Moreover, a negative correlation between
n-3 PUFAs and CV mortality has been reported in clinical trials and meta-analyses [7].

PUFA n-6. The main n-6 PUFAs are AL and arachidonic acid (AA). AL is the main
n-6 PUFA derived by food and is contained in vegetable oils, nuts and seeds; AA is
mainly taken from red meat, eggs, seaweed and fish oil [1]. A high intake of n-6
PUFAs, predominantly AL, would appear to be associated with a reduced risk of
ischemic heart disease, ischemic stroke and CV mortality [8].

Several studies have shown the importance to maintain the balance between n-6
and n-3 PUFAs rather than the absolute quantity of each individual molecule. The
centrality of this balance has been emphasized not only in the cardiology context, but
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Product LA ALA AA EPA + DHA

n — 6 FA rich foods

Corn oil 50,000 900

Cotton seed oil 47,800 1000

Peanut oil 23,900

Soybean oil 53,400 7600

Sunflower oil 60,200 500

Safflower oil 74,000 470

Margarine 17,600 1900

Lard 8600 1000 1070
Chicken egg 3800 220

Bacon 6080 250 250
Ham 2480 160 130
Soya bean 8650 1000

Maize 1630 40

Almond 9860 260

Brazil nut 24,900

Peanut 13,900 530

Walnut 34,100 6800 590

n — 3 FA rich foods

Canola oil 19,100 8600

Linseed oil 13,400 55,300

Herring 150 61.66 36.66 1700
Salmon 440 550 300 1200
Trout 74 30 500
Tuna 260 270 280 400
Cod 4 2 3 300

“Data reported as mg/100 g.

bContent of n — 6, n — 3 FAs may slightly vary according to species, sources and analytical methods.

Modified from Russo GL et al. [10]. LA, Linoleic Acid; ALA, Alfa-linolenic acid; AA, Arachidonic acid; EPA,
eicosapentaenoic acid; DHA, docosahexaenoic acid.

Table 1.
Dietary sources of principal polyunsaturated fatty acids (PUFAs)™ ®.

also in the pathogenesis of oncological, inflammatory and autoimmune diseases. The
pleiotropic effects of PUFAs are summarized in Table 2 [9].

For example, a high n-6/n-3 ratio is considered harmful to human health, while a
value close to 1 is considered protective against degenerative diseases [10].

In healthy subjects taken a typical Swedish diet, a serum PUFA n-6/n-3 ratio of
4.72:1 was observed to be associated with an increase in the number of leukocytes and
platelets and VEGF levels, when compared with an n-6/n-3 PUFA ratio of 2.6:1,
observed in individuals following a Mediterranean diet. This dietary comparison and
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Antithrombotic and antiplatelet

Decreased platelet aggregation: EPA decreased platelet aggregation and inhibited AA-induced
thromboxane A2 formation

Decreased platelet adhesion:
* EPA reduced platelet adhesion to collagen type I by 60-65%
* Fish oil equivalent to 6 g EPA/day reduced platelet pseudopodia

Decreased thromboxane A2/increased thromboxane A3 levels:

* EPA added to human thrombocytes incubated with AA decreased thromboxane A2 and increased
thromboxane A3

* In human platelet-rich plasma, EPA did not induce platelet aggregation

Anti-inflammatory

Decreased hsCRP:
* In ANCHOR, IPE 4 g/day decreased hsCRP vs. placebo by 21.5% (P < 0.01)
* In REDUCE-IT, IPE decreased hsCRP vs. placebo at year 2 by 39.9% (last visit, 37.6%); P < 0.001

Decreased pentraxin-3: In patients with CAD treated with PCI, EPA added to statin therapy after
9 months reduced pentraxin 3 levels vs. statin alone

Decreased Lp-PLA;: In ANCHOR, IPE 4 g/day decreased Lp-PLA; by 19.6% in patients with hsCRP >2.0

vs. placebo

Decreased NLRP3 inflammasome activation:
¢ EPA blocked NLRP3 inflammasome activation in an animal model of ischemic stroke

» EPA decreased NLRP3 gene expression in adipose tissue and in classically activated THP-macrophages

Decreased toll-like receptor 4: EPA reduced gene expression of toll-like receptor 4 by >50% in mice fed a

high-fat diet vs. control

Decreased NFKb: EPA reduced the genetic expression of NFKb in a cell culture with THP-1 macrophages

Decreased inflammatory cytokines:
* EPA reduced gene expression of IL-1b, TNF-a, and MCP-1 in cell culture with THP-1 macrophages
* EPA downregulated expression of IL-6 mRNA in IL-1b-stimulated C6 glioma cells

Increased anti-inflammatory cytokine IL-10:

* EPA significantly increased the production of IL-10 in lipopolysaccharide-activated monocytes (P
< 0.05)

» EPA increased IL-10 expression in peripheral blood monocytes in obese patients with dyslipidemia

Decreased endothelial adhesion molecules:
* EPA inhibits monocyte adhesion to endothelial cells
* EPA decreases plasma concentrations of soluble ICAM and VCAM

Increased “resolution of inflammation”: specialized pro-resolving mediators

RvE1 was found to bind to the LTB4 receptor, BLT1, on human PMNs and attenuated LTB4-induced
proinflammatory signals and PMN migration in an iz vitro study

RvE2 was found to enhance phagocytosis of human macrophages and anti-inflammatory cytokine (IL-10)

production

RvE3 was found to have potent inhibitory action on neutrophil chemotaxis both in vitro and in vivo

Anti-oxidant

Increased paraoxonase in patients with type 2 DM:
* EPA 2 gincreased PON1 activity and levels over 8 weeks vs. placebo
* EPA over 8 weeks significantly increased gene expression of PON2 vs. placebo

Inhibition of lipid/lipoprotein oxidation:

 EPA inhibited the oxidation of apoB lipoproteins (LDL-C, sdLDL, VLDL-C) in an iz vitro study

* EPA inhibited the oxidation of HDL isolated from the plasma of healthy volunteers; the sustained
antioxidant effects of EPA on HDL oxidation were not replicated by DHA

* EPA inhibited oxidation of sdLDL, model membranes, and cholesterol crystal domain formation

48



N-3 Polyunsaturated Fatty Acids and Their Role on Cardiovascular System
DOI: http://dx.doi.org/10.5772 /intechopen.110145

Improved endothelial function

EPA significantly increased NO production and reduced glucose inhibition of NO in cultured human
endothelial cells

EPA significantly improved FMD by 51% in patients with elevated TG (P < 0.0001); EPA/AA ratio was
found to be significantly associated with the change in FMD (P = 0.010)

EPA improved PFBF during reactive hyperemia to the level in normolipidemic controls, recovery of PFBF
correlated positively with EPA levels (P < 0.05) and the EPA/AA ratio (P < 0.01)

EPA improved vascular function as measured by strain gauge plethysmography in patients with type 2
DM on statin therapy

EPA improved endothelial function in patients with CAD, LDL-C < 100 mg/dL on statin therapy, and
impaired FMD

EPA with an atorvastatin metabolite improved endothelial function through increased NO in an in vitro
study

Increased cholesterol efflux

Increasing EPA phosphatidylcholine content of reconstituted HDL-C was demonstrated to increase
cholesterol efflux

EPA inhibited glucose-induced membrane cholesterol crystalline domain formation in an iz vitro study
using multilamellar vesicles

EPA and DPA inhibited oxidation of membrane cholesterol domains in an iz vitro study utilizing
multilamellar vesicles

Increased adiponectin

EPA after 3 months significantly increased adiponectin vs. placebo among obese patients with
dyslipidemia (P < 0.01)

Change in pulse wave velocity, a measure of arterial stiffness, was negatively correlated with change in
adiponectin (P < 0.01) and in IL-10 expression of monocytes (P < 0.05)

Anti-arrhythmic

EPA may reduce the risk of ventricular arrhythmia by inhibiting the fast sodium current (In,), L-type
calcium inward current (Ic,) and enhancing the slowly activating delayed rectifying outward potassium
current (Ixs), thus shortening cardiac action potential

EPA reduces cytosolic Ca®* overload, thus reducing the risk of triggered induced arrhythmia

Modified from Trivedi K et al. [11]. AA, avachidonic acid; apo, apolipoprotein; BLT1, leukotriene B4 receptor BLT1;
Ca2+, calcium; CAD, coronary artery disease; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; DM, diabetes
mellitus; EPA, eicosapentaenoic acid; FMD, flow-mediated dilation; hsCRP, high-sensitivity C-reactive protein; HDL-C,
high-density lipoprotein cholesterol; ICAM, intercellular adhesion molecule; IL, intevleukin; IPE, icosapent ethyl; LTB4,
leukotriene B4 receptor 1; LDL-C, low-density lipoprotein cholesterol; Lp-PLA2: lipoprotein- associated phospholipase
A2; MCP, monocyte chemoattractant protein; mRNA, messenger ribonucleic acid; NFKb, nuclear factor kappa-light-
chain-enhancer of activated B cells; NLRP3, NLR family pyrin domain containing 3; NO, nitric oxide; PCI,
percutaneous covonary intervention; PFBF, peak forearm blood flow; PON, paraoxonase; PMNS, polymorphonuclear
leukocytes; REDUCE-IT, Reduction of Cardiovascular Events with Icosapent Ethyl-Intervention Trial; Rv, resolvin;
sdLDL, small dense LDL; THP-1, monocyte/macrophage; TNF-a, tumor necvosis factor alpha; VLDL-C, very-low-
density lipoprotein cholesterol; VCAM, vascular cell adhesion molecule.

Table 2.
Select pleiotropic effects of EPA.

the respective clinical implications are the basis for the recognition of the importance
of the Mediterranean diet in maintaining a better state of health, enough to be
included in the list of Intangible Heritage of Humanity of UNESCO [11].
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2. Molecular mechanisms of n-3 PUFAs

N-3 PUFAs produce multiple effects, as anti-inflammatory, anti-thrombotic prop-
erties and actions on endothelial function, in addition to the well-known lipid lower-
ing and hypotriglyceridemic effects (Figure 2).

The molecular mechanisms by which n-3 PUFAs exert their pleiotropic activity are
complex and not yet fully defined.

Firstly, n-3 PUFAs are embedded in the cell wall and organelles, altering the lipid
environment of membranes and their fluidity. This involves n-3 PUFAs in various cellular
functions, such as signal transduction and protein transport. The beneficial effects of n-3
PUFAs observed in patients with hypertriglyceridemia seem to derive from their specific
actions on inflammation, platelet function and monocyte phenotypes.

In particular, the production of specialized mediators, such as E-series resolvins
derived from EPA and protectins and D-series resolvins derived from DHA, can play
an important role in the resolution of inflammation. The reduction of the inflamma-
tory response by n-3 PUFAs contributes to inhibit the development of intracellular
second messengers, such as diacylglycerol and ceramide. In addition, n-3 PUFAs bind
and activate different nuclear receptors and transcriptional factors involved in regu-
lating the expression of different genes. These genes participate in functions related to

PMN Inlermediata\

 Metabolites -

T Resolvins
T Protectins

Transcellular

Platelet
t Inflammation

n-3 FA (.. GPR 120 and resolution

Na, @ (e.g. cardiac Na* Toll like receptor 4)
] chnnmls)

£
Y
=

- 3 Mamn . e
anarunction(e" naf i
transducllon and Ignségannel Dro!ems 4

4 Natcurrent
4 Cytosolic Ca®fluctuation
4 Myocyte excitability

L2 7

derived eicosanoids

n-3 FA (e n PGEa‘ LTB4) Signalling cascades
(e.g. ERK1/2 kinases,
aieosannlds (e;); LTBs, NF-xB

Figure 2.
Molecular pathways affected by n-3 PUFA. Taken from Mozaffarian D et al. [12]. DNA = deoxyribonucleic acid;
ERK = extracellular signal-regulated kinase; mRNA = messenger ribonucleic acid; PMN = polymorphonuclear leukocyte.

50



N-3 Polyunsaturated Fatty Acids and Their Role on Cardiovascular System
DOI: http://dx.doi.org/10.5772 /intechopen.110145

atherosclerosis, such as inflammation, glucose-insulin homeostasis, lipid metabolism
and adipocytokine production.

Finally, the activation of the peroxisome proliferator-activated receptor-y by n-3
PUFAs results in the reduction of the translocation of NF-xB in the nucleus,
decreasing the generation of multiple inflammatory cytokines [1].

3. Mechanisms underlying hypolipemic effect of n-3 PUFAs

Although the effect of n-3 PUFA-based drugs to reduce plasma triglycerides (TG)
is widely recognized, their mechanism of action is not fully understood. The results of
preclinical and clinical studies suggest that n-3 PUFAs reduce plasma TG concentra-
tions by limiting their synthesis, but also by decreasing their incorporation into
very low density lipoproteins (VLDLs), reducing their secretion and improving the
clearance of TG by VLDLs [13, 14].

It has been proposed that n-3 PUFAs exert these effects through several
mechanisms (Figure 3):

1.decrease in hepatic lipogenesis through suppression of the expression of sterol
regulatory element-binding protein-1c (SREBP-1c). This leads to a decrease in the
expression of enzymes responsible for the synthesis of cholesterol, fatty acids and TG;

2.increase in the B-oxidation of FA, with consequent reduction in the availability of
the substrate necessary for the synthesis of TG and VLDL [13];

3.inhibition of key enzymes involved in hepatic TG synthesis, such as acid
phosphatidic phosphatase and diacylglycerol acyltransferase [16];

Inhibition of
TG-synthesizing Decreased VLDL
enzymes TG synthesis and

secretion

GE
P—

I‘F

LPL
Increased plasma
LPL activity

Decreased
ApoClll and
TG content

Decreased |
hepatic hAN .
lipogenesis Acetyl Co-A|

B Less atherogenic
High TG & Faster clearance
ApoClll content.
Atherogenic
Slow clearance

Increased -
oxidation

Figure 3.

Proposed mechanisms of action of prescription formulations of long-chain omega-3 fatty acids. Taken from Backes
Jetal. [15]. ApoCIII apolipoprotein CIII, acetyl Co-a acetyl coenzyme a, DGAT diglyceride acyltransferase;
FAfatty acid, LPL lipoprotein lipase, TG triglyceride, VLDL very-low-density lipoprotein.
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4.increase the expression of lipoprotein lipase (LPL), a key component of the
biosynthetic pathways of TG-rich lipoproteins (TRLs), resulting in greater
removal of TG by VLDLs and circulating chylomicrons.

The primary constituents of n-3 PUFA formulations, EPA and DHA, have both
been shown to reduce TG. However, the two n-3 PUFAs are known to produce
different effects on LDL-C and HDL-C [17]. In a meta-analysis of studies in which the
effects of DHA and EPA were directly compared, DHA was associated with a greater
reduction in TG, but also with a greater increase in LDL-C compared to EPA. In
addition, DHA was associated with an increase in HDL-C compared to placebo, but
not compared to EPA. Further studies are needed to clarify the mechanisms and
significance of these differences [17].

N-3 PUFAs have also been shown to reduce circulating levels of apolipoprotein
CIII (ApoCIII), believed to be involved in the progression of atherosclerosis and CV
diseases (CVDs) through multiple mechanisms, such as activation and potentiation of
pro-inflammatory pathways. In addition, it inhibits the receptor-mediated absorption
of TRLs and their remnants, slowing their clearance and promoting the formation of
small dense LDL particles from VLDLs. ApoCIII also provides a key contribution to
the pathogenesis of hypertriglyceridemia, mainly due to its inhibitory action on LPL
that hydrolyzes plasma TRLs, producing free FA, chylomicron remnants and
intermediate density lipoproteins (IDL). Some IDL particles may undergo further
LPL-mediated hydrolysis, converting to LDL.

It has been hypothesized that the different effects of DHA and EPA on the lipid
profile can be explained with their different interactions with ApoCIII synthesis. DHA
is believed to reduce ApoCIII synthesis by regulating some hepatic transcriptional
factors, such as hepatic nuclear factor-4-alpha (HNF4A) and forkhead box-O tran-
scription factor O1 (FOXO1). In this context, DHA promotes more hydrolysis of
VLDLs, resulting in greater conversion of VLDLs into LDL, ultimately resulting in the
formation of larger, less dense LDL particles. Further studies are necessary to clarify
these properties.

In addition to the TG-reducing effect, n-3 PUFAs have beneficial effects on cardio-
metabolic risk factors, having proved to significantly reduce markers of inflammation
associated with atherosclerosis and the development of CVDs.

Clinical studies showed that levels of lipoprotein-associated phospholipase A2
(Lp-PLA2) are reduced by n-3 PUFAs and icosapent ethyl (IPE) compared to
placebo, and that the concentration of high-sensitivity C-reactive protein (CRP)
is decreased by IPE [18, 19]. Preclinical and clinical studies have also shown that
EPA and DHA have antiarrhythmic and antioxidant effects, improving endothelial
function and promoting a less atherogenic lipoprotein profile when administered
in combination with statin therapy [20]. Moreover, EPA and DHA reduce
biomarkers of platelet activity compared to placebo, regardless of concomitant
intake of aspirin and statins, and this is supposed to be associated with inhibition
of platelet aggregation. Regarding this latter property, DHA is believed to possess
more intensive antiplatelet activity than EPA. In addition, DHA has been shown to
reduce blood pressure and heart rate, and to play a protective effect on cognitive
decline.

Although most studies on the therapeutic effects of n-3 PUFAs focused on EPA and
DHA, a recent study investigated the mechanism of action of DPA. DPA levels were
independently associated with a reduced risk of developing acute myocardial infarc-
tion (AMI) and coronary artery disease (CAD), while reduced circulating levels of
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DPA were shown to be associated with the development of lipid-rich plaques and
peripheral arterial disease (PAD).

EPA, DHA and DPA counteract platelet aggregation in a dose-dependent manner.
However, DPA seemed to be the most intensive inhibitor of platelet activity, com-
pared with EPA and DHA. As DHA and EPA, also DPA can reduce the expression of
pro-inflammatory genes.

The mechanisms underlying the reduction of TG by long-chain n-3 PUFAs differ
from those of other lipid-lowering drugs, such as statins. Therefore, if administered in
combination, different lipid-lowering drugs could potentially have complementary
beneficial effects on the lipid profile [13]. As proof of this, incremental reductions in
TG levels were observed when n-3 PUFAs are administered with statins [21].

3.1 n-3 PUFAs and atheromatous plaques

The inverse relationship found between the intima-media thickness of the carotid
artery and the treatment with n-3 PUFAs suggested their endothelium protective
activity and anti-atherosclerosis effect. There is specific evidence that this result is
achieved through a reduction in inflammation and increased plaque stability.

The relationship between the vulnerability of atheromatous plaque and the serum
n-3/n-6 PUFA ratio was evaluated in a study that enrolled patients undergoing percu-
taneous coronary angioplasty [22]. The EPA/AA ratio was examined at the time of the
patient’s admission. An angioscopy examination of the culprit coronary lesion evalu-
ated the color tone of the plaque (white 0; light yellow 1; yellow 2; intense yellow 3)
and the possible presence of a thrombus. Patients with stable angina (n = 38) were
divided into 2 groups based on a reduced (<0.37; n = 19) or elevated (>0.37; n = 19)
EPA/AA ratio. In the group with reduced EPA/AA, the maximum yellow tone of the
plaques was significantly higher than in patients with stable angina and high EPA/AA
ratio. Moreover, the number of non-culprit yellow plaques with a thrombus tended to
be higher, without reaching statistical significance. Multivariate analysis revealed an
association between a lower serum EPA levels with lower EPA/AA ratio and the
finding of more vulnerable grade 3 yellow plaques.

In another trial, 49 thin-cap non-culprit atheromatous plaques (TCFA) were eval-
uated in 30 patients with untreated dyslipidemia [23]. Patients were randomized to
EPA (1.8 g/day) + rosuvastatin (n = 15, 23 TCFA) or rosuvastatin alone (n = 15, 26
TCFA). Percutaneous interventions and a 9-month follow-up OCT were performed to
assess morphological changes in TCFA. The EPA/AA ratio and pentraxin-3 (PTX3)
levels were also evaluated.

Despite LDL-C levels during follow-up were comparable in the two groups, sub-
jects treated with EPA + statin had a higher EPA/AA ratio and lower PTX3 levels than
those receiving the statin alone. The OCT also showed that in the EPA + statin group
there was a greater increase in the thickness of the fibrotic cap, a more evident
reduction of the lipid arch and its length, as well as a lower macrophage accumulation.
Such evidence suggested that concomitant use of EPA and rosuvastatin contributes to
the stabilization of a vulnerable plaque compared with the use of statin alone and,
presumably, through inhibition of arterial wall inflammation.

The recent randomized, double-blind controlled clinical trial EVAPORATE [24]
evaluated the volume of atheromatous plaque, using multidetector CT (MDCT), after
treatment with 4 g/day of IPE in combination with diet and statin therapy versus
statin alone. The study enrolled 80 patients with coronary atherosclerosis documented
by MDCT (one or more stenosis with narrowing >20%), already on statin therapy and
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with elevated TG levels (median value in both groups of 259.1 & 78.1 mg/dL). MDCTs
follow-up were performed after 9 and 18 months. The primary endpoint was low
attenuation volume changes (LAP volume) at 18 months. In the IPE group the LAP
plaque volume was reduced by 17%, while in the control group it was more than
doubled (+109%; P = 0.0061). Significant differences were also observed in the
progression index of other plaques, such as fibrous and fibro-adipose plaques, whose
volumes decreased in the IPE group and progressed in the placebo group (P < 0.01).

4. Different pharmacological formulations (OM3EE, OM3CA, IPE,
EPA/DPA/DHA EE)

4.1 General aspects

PUFA n-3 formulations are recommended, in combination with diet, for the
reduction of serum TG in adults with hypertriglyceridemia.
Mainly three formulations of PUFA n-3 are currently available [13]:

* based on ethyl esters of long-chain fatty acids (OM3EE), composed mainly of
EPA and DHA;

* CA-based of PUFA n-3 (OM3CA), composed of long-chain free FA, including
EPA, DHA and DPA;

* IPE-based, composed of more than 96% of the purified and stabilized ethyl ester
of EPA [12]. IPE is, therefore, a stable and highly purified compound containing a
single active ingredient. It has been recently approved in the United States by the
FDA for the prevention of Major CV events (MCV) in high-risk individuals (on
statin therapy, with triglyceridemia >150 mg/dL, CV disease (CVD) or diabetes
mellitus, and 2 or more CV risk factors). This approval is derived from numerous
evidences. For example, the REDUCE-IT trial, in which a 25% reduction in the
risk of CV events was observed in patients treated with IPE. In contrast, the other
two formulations have a combination of n-3 PUFA products (e.g., DHA + EPA),
with limited evidence in terms of CV event risk reduction [12]. Nevertheless, at
approved doses all three commercially available formulations have been shown to
be effective in reducing triglyceridemia and serum VLDL levels.

4.2 Bioavailability

The absorption of DHA and EPA has been shown to vary between formulations.

The OM3CA formulation has a bioavailability (area under the “plasma
concentration-time” curve from zero to the last measured concentration value
[AUC(o.1]) of fourfold greater for both EPA and DHA during low-fat consumption
than observed with OM3EE [12]. Absorption of OM3EE and IPE requires pancreatic
lipase-mediated hydrolysis. Since pancreatic lipase levels depend on both the amount
and type of lipids ingested, the absorption of OM3EE is thought to depend strongly on
the fat content of meals. In contrast, n-3 PUFAs in the free FA form, contained in
OM3CA formulations, are not dependent on pancreatic lipase hydrolysis. Therefore,
the bioavailability of EPA and DHA present in this formulation is less dependent on
meal fat content than in OM3EE formulations. In one study (n = 54), conducted under
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low-fat intake conditions, 59% of subjects treated with OM3CA maintained an
AUC g ) for EPA and DHA >50% compared to the AUC ) observed under
high-fat intake. In contrast, this finding was present in only 6% of OM3EE-treated
subjects. This observation could be useful from a therapeutic point of view, as
current guidelines recommend a very low fat diet in patients with severe
hypertriglyceridemia [25].

4.3 Efficacy

All n-3 PUFA formulations, administered at a dose of 4 g/day, have been shown to
significantly reduce TG, VLDL-C, non-C-HDL, and ApoB levels in hypertrigly-
ceridemic and high CV risk patients [13]. Higher doses of n-3 PUFAs and higher
baseline triglyceridemia levels are associated with greater percentage of reductions in
TG [26]. This was also observed in the MARINE trial, in which different dosages of
highly purified EPA ethyl ester (Vazkepa) were compared (Figure 4). This effect
appears to be independent from the severity of hypertriglyceridemia.

In the JELIS study, the use of a formulation of highly purified EPA ethyl ester
(Epadel) was shown to reduce CV events when combined with statin and a reduction
in atheromatous plaque thickness. It has also demonstrated a good safety and
tolerability profile.

In REDUCE-IT trial, on the other hand, 4 g/day of EPA ethyl ester was shown to
result in favorable effects in terms of reducing ischemic events and CV mortality.

In contrast, in the STRENGTH trial, which used the OM3CA (EPA + DHA) for-
mulation, a neutral effect in terms of CV outcome (MACE) was observed, thus not
supporting the hypothesis of using n-3 PUFAs for CV event risk reduction.

DHA-containing formulations (OM3CA and OM3EE) may cause an increase in
C-LDL levels, especially in patients with severe hypertriglyceridemia (TG
>500 mg/dL). However, this is not associated with increased levels of non-HDL C or
ApoB, which seems to be a better predictor of CV risk than C-LDL values [13]. This is
particularly true for patients with hypertriglyceridemia, who often have low LDL-C
levels [25].

Non-DHA-containing formulations (EPA and IPE) appear not to cause an increase
in C-LDL levels [12], as shown in the MARINE [27] and ANCHOR [28] clinical trials,
which studied efficacy and safety of IPE.

These different effects of EPA versus DHA on C-LDL levels can be attributed to
one or more mechanisms:

* Firstly, DHA (but not EPA) may down-regulate C-LDL receptor (LDL-R)
expression and LDL-R-mediated clearance by the liver, which is an important
reverse regulator of LDL-C levels. This appears to occur through suppression of
the expression of sterol regulatory element binding protein-2 (SREBP-2) by DHA.

* Secondly, DHA may increase the activity of cholesteryl ester transfer protein
(CETP), which promotes the transfer of lipid cores between lipoproteins,
resulting in an increase of LDL-C and decrease of HDL-C levels. EPA, on the
other hand, has a neutral effect on CETP activity.

* Finally, DHA appears to up-regulate lipoprotein lipase enzyme activity to a
greater extent than EPA, thereby promoting the conversion of VLDL to LDL with
consequent increase of LDL-C levels.
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Figure 4.

C‘l’i{litge in lipid levels, baseline to week 12 (intent-to-treat population). Percentage of change from baseline to
study end of placebo-corvected lipid levels in patients with very high TG levels receiving AMR101 4 g/day or
AMR1o01 2 g/day. Modified from Bays HE et al. [17]. APO-B = apolipoprotein B; cHDL = high-density
lipoprotein cholesterol; cLDL = low-density lipoprotein cholesterol; Lp-PLA2 = lipoprotein associated
phospholipase A2; n-cHDL = non-high-density lipoprotein cholesterol; NS = not significant; Tot-Chol = total
cholesterol; Tryg = triglyceride; cVLDL, very-low-density lipoprotein cholesterol; VLDL-TG, very-low-density
lipoprotein—triglycerides.

Interestingly, in patients with triglyceridemia >200 mg/dL but <500 mg/dL, no
increase in LDL-C was observed with any of the formulations. This is probably
because in the various clinical trials on n-3 PUFAs, such patients had lower baseline
serum TG levels and were already on statin therapy.

It was also observed that, unlike IPE, DHA-containing formulations increased
HDL-C levels. However, the clinical relevance of increasing HDL-C through
pharmacological agents has not been clarified yet.

In contrast, to date, the effect of any n-3 PUFA formulation on pancreatitis has not
been determined [13].

EPA and DHA are also believed to act in different or conflicting ways at the cell
membrane level. Specifically, the insertion of EPA and DHA occurs in distinct regions
of the lipid membrane bilayer as a consequence of the different lengths of the hydro-
carbons involved. Their insertion causes conformational changes that result in
increased membrane fluidity and promotion of cholesterol domains. Among the 2 n-3
PUFAs, EPA has a more stable and extended structure, which contributes to mem-
brane stability as well as inhibition of lipid oxidation and formation of new cholesterol
domains [29]. Their main effects are summarized in Figure 5.

4.4 Safety and tolerability

Commercially available n-3 PUFA formulations are generally well tolerated, with
similar rates of treatment discontinuation between treatment and placebo groups [13].
In clinical trials, gastro-intestinal events were the main adverse effects with
DHA-containing formulations, while arthralgia was the main adverse event reported
with EPA [12].

In the REDUCE-IT trial, it was observed a higher incidence of atrial fibrillation and
peripheral edema in the treatment group versus placebo group (5.3% vs. 3.9% and
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Figure 5.
Molecular membrane interactions of omega-3 fatty acids. Taken from Mason RP et al. [28].

6.5% vs. 5.0%, respectively). The possible pathogenetic mechanisms could be related
to their effects on myocyte membrane ion channels. Previous observational and ran-
domized studies have examined the potential antiarrhythmic effects of n-3 PUFAs,
leading to conflicting results [30, 31]. However, in the REDUCE-IT trial, the increased
incidence of atrial fibrillation in the EPA-treated group was not associated with a
higher incidence of heart failure or stroke. Therefore, further studies are required to
clarify these aspects.
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In both JELIS and REDUCE-IT, modest increases in bleeding episodes were observed
in the EPA-treated group compared with controls. Bleeding rates were lower in JELIS
(1.1% in EPA vs. 0.6% in control group) than in REDUCE-IT (2.7% with EPA vs. 2.1%
with placebo). In JELIS study antiplatelet therapy, at baseline, was present in 13% and
14% in treatment and placebo groups, respectively, compared with 79.7% and 79.1%,
respectively, in the REDUCE-IT (26). Although no serious bleeding events were
observed in REDUCE-IT or in other clinical trials with n-3 PUFAs, even in those who
were on aspirin or warfarin therapy and in those undergone surgery or percutaneous
interventions, the potential interaction between EPA and antithrombotic drugs war-
rants further investigation.

It is not known whether patients with allergies to fish and/or shellfish are at
increased risk of allergic reactions to n-3 PUFAs. Therefore, these formulations
should be used with caution in patients with known hypersensitivity to fish and/or

shellfish [13].

4.5 Differences from n-3 PUFA-based dietary supplements

PUFA n-3 dietary supplements are widely used and they are among the most
popular dietary supplements worldwide. However, they are not subject to the strict
regulations required for prescription drugs. As a result, the EPA and DHA content of
dietary supplements can be variable or too low [13].

Physicians often tend to erroneously consider n-3 PUFA dietary supplements
to be adequate and reliable. However, a recent analysis of individual fish oil
supplements has shown that they contain an inadequate dose of EPA and DHA, on
average equivalent to only 68% of that required. The same analysis found that most
supplements exceed the recommended levels of oxidation markers. The oxidative pro-
cess undergone by n-3 PUFAs results in a gradual reduction in their concentration,
leading to reduced efficacy. One study showed that a median intake of 11 servings of fish
oil dietary supplements per day was needed to obtain a dose of 3.4 g/day of n-3 PUFAs.
The same study showed that dietary supplements often contain other fats and choles-
terol, and that their content varies widely among different products. Such variability can
be confusing for patients, as well as for physicians, resulting in a drug dosage potentially
inadequate to effectively reduce serum TGs in patients with hypertriglyceridemia [29].
Based on this evidence, we conclude that, to date, the benefits of n-3 PUFA-based
nutraceuticals are uncertain and their use controversial [13].

5. Controlled clinical trials of different formulations of n-3 PUFAs.
Efficacy on lipid profile and outcomes

The efficacy on lipid profile and outcomes of controlled clinical trials are summa-
rized in Figure 6 and Table 3, respectively. GISSI-Prevention trial (1999). This
multicenter [32] “open-label” study evaluated 11,324 patients with recent
(<3 months) AMI randomized equally into four treatment groups: group 1, n-3
PUFAs (850-882 mg EPA and DHA as ethyl esters in EPA/DHA 1,2 ratio); group 2,
vitamin E (300 mg, in 1 cps of synthetic a-tocopherol); group 3, n-3 PUFAs + vitamin
E; control group 4 (no supplement). Combined primary efficacy endpoint represented
by cumulative rate of all-cause mortality, nonfatal AMI, and nonfatal stroke; and
cumulative rate of death from CV causes, nonfatal AMI, and nonfatal stroke.
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Figure 6.

TG reduction observed with varying doses of omega-3 carboxylic acids, omega-3 ethyl esters, and icosapent ethyl in
(a) patients with severe hypertriglyceridemia (TG > 500 mg/dL) and (b) statin-treated patients with high
baseline TG levels (TG level > 200 mg/dL and < 500 mg/dL). Taken from Backes ] et al. [15].

OM3CA = percentage change from baseline expressed as least-squares geometric mean; OM3EE = percentage
change from baseline expressed as geometric mean; IPE = percentage change from baseline expressed as median.
Placebo used = olive oil; Jeplacebo used = vegetable oil; gplaceho used = mineral oil; //placebo used = corn oil;
IPlacebo not specified. IPE icosapent ethyl, OM3CA omega-3 carboxylic acids, OM3EE omega-3 ethyl esters, TG
triglyceride.

Secondary analyses were performed for each component of the primary endpoints and
for major causes of death.

Treatment with n-3 PUFAs, but not vitamin E, significantly reduced the primary
endpoint (RR reduction of 10% (95% CI 1-18) with two-way analysis of variance and
15% (2-26) with four-way analysis). Benefits were attributed to reduction in risk of
death (14% (3-24) with two-way, 20% (6-33) four-way) and CV death (17% (3-29)
two-way, 30% (13-44) four-way). No significant change in C values (total, HDL,
LDL) nor fibrinogen was observed in all groups.

In comparison with the control group, the slight reduction in triglyceridemia was
shown more frequently in patients treated with PUFA n-3. The effects of combined
treatment were similar to those observed in treatment with n-3 PUFAs alone, for both
the primary endpoint (14% (1-26)) and fatal events (20% (5-33)).

These results demonstrate the statistically significant clinical benefits of dietary
supplementation with n-3 PUFAs, where vitamin E supplementation demonstrated no
benefit.

JELIS (Japan EPA Lipid Intervention Study; 2007). Randomized “open label”
trial with blinded endpoint analysis [33] evaluated the long-term prevention effects of
EPA of major coronary events in patients with hypercholesterolemia.

Over a 3-year period, 18,645 patients (60% women; mean age 61 years) with
coronary artery disease (established angina pectoris, coronary interventions, previous
AMI; n = 3664) or free of coronary artery disease (n = 14,981), with baseline total C
value >250 mg/dL (corresponding to C-LDL >170 mg/dL) were enrolled. First-line
therapy for all patients consisted of pravastatin 10 mg or simvastatin 5 mg once daily
(20 mg pravastatin and 10 mg simvastatin in severe hypercholesterolemia). Primary
endpoints were major coronary events: sudden cardiac death, fatal and nonfatal AMI,
and nonfatal events such as development of unstable angina, CABG, angioplasty, and/
or coronary stenting. Patients were randomized to treatment with EPA (EPA+ statin)
or statin alone (controls).

After a mean follow-up of 4.6 years, the primary endpoint had occurred in 262
patients (2.8%) in the EPA group and 324 patients (3.5%) in the control group, with a
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relative 19% reduction in major coronary events (p = 0.011). The 25% reduction in C-
LDL in both groups after treatment was not found to be a significant factor in
reducing the risk of events. The risk of unstable angina and nonfatal coronary events
was reduced by 19% in the EPA group, while sudden cardiac death and death from
coronary causes were overlapping in the 2 groups.

In patients with coronary artery disease (secondary prevention), EPA reduced
major coronary events by 19% compared with controls (8.7% vs. 10.7%; p = 0.048). In
patients free of coronary artery disease, EPA did not significantly reduce major coro-
nary events (—18%; 1.4% vs. 1.7% of controls; p = 0.132). The study results suggested
that EPA was a promising treatment for primary and secondary prevention of major
coronary events, especially nonfatal coronary events (Figure 7).

A sub-analysis of JELIS in 2012, showing 38% (p = 0.007) reduction in coronary
events in patients who did not reach target values of C-LDL and non-C-HDL, con-
cluded that EPA supplementation was also more effective in patients who did not
reach target values of cholesterolemia.

REDUCE-IT (2019). Multicenter, randomized, placebo-controlled, double-blind
study [34] enrolled and followed, on average for 4.9 years, 8179 patients diagnosed
with CV disease (70.7%; secondary prevention) or with diabetes mellitus and other
risk factors on statin therapy. Patients had to have triglyceridemia between 135 and
499 mg/dL and C-LDL between 41 and 100 mg/dL at baseline.

The aim of the study was to evaluate the potential benefits of EPA ethyl ester on
CV outcomes in patients with elevated triglyceridemia levels. Patients were random-
ized to receive 2000 mg of the EPA ethyl ester twice daily (with a total dose of 4 g) or
placebo (mineral oil).

The primary composite endpoint was the association of CV death, nonfatal AMI,
nonfatal stroke, coronary revascularization, or unstable angina. Key secondary end-
points were the association of CV death, nonfatal AMI, and nonfatal stroke.

The primary endpoint occurred in 17.2% of patients in the EPA group compared
with 22% of controls (HR 0.75; 95% CI, 0.68-0.83; p < 0.001). Secondary endpoints
were observed in 11.2% of EPA and 14.8% of placebo patients, respectively (HR 0.74;
95% CI, 0.65-0.83; p < 0.001). The rate of ischemic events was significantly lower in
the EPA group than in the placebo group, as was the CV mortality rate (4.3% vs. 5.2%;
HR 0.80; 95% CI, 0.66-0.98; p = 0.03).

Regarding the safety profile of EPA, it was observed that hospitalization for atrial
fibrillation or flutter occurred in a significant proportion of EPA-treated patients
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Figure 7.

Kaplan-Meier estimates of incidence of coronary events in the total study population (panel 1), the primary
prevention arm (panel 2), and the secondary prevention arm (panel 3). Modified from Yokoyama et al. [33].
HR = Hazard ratio.
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(3.1% vs. 2.1%; p = 0.004). Serious bleeding events occurred in 2.7% of EPA patients
and 2.1% of controls (p = 0.06).

The study shows that in patients with elevated triglyceridemia, even with statin
therapy, the risk of ischemic events and CV death is further reduced by EPA
supplementation (Figure 8).

STRENGTH (2020). Multicenter, randomized, double-blind study [35], which
evaluated the effects of carboxyl formulation (CA) of EPA and DHA on CV outcomes
in adult patients on statin therapy for at least 4 weeks and with elevated CV risk,

defined by the presence of:

1. Coronary, carotid, aortic, or peripheral atherosclerotic CVM (secondary
prevention);

2.Diabetes mellitus type I or type II (age > 40 years for men and > 50 years for
women) and at least one additional risk factor: smoking, hypertension, hsPCR
>2 mg/L, or moderate albuminuria;

3.High-risk patients (age > 50 years for men and > 60 years for women) with at
least one risk factor, including: family history of CAD, chronic smoking, hsPCR
>2 mg/L, impaired renal function, or a coronary calcium score > 300 Agatston
units (primary prevention).

A total of 13,078 patients were enrolled in 675 community and teaching hospitals
and 22 states in North America, Europe, South America, Asia, Australia, New Zealand,
and South Africa. All included patients had high TRI values (between 180 and
499 mg/dL) and low C-HDL values (<42 mg/dL in men, <47 mg/dL in women).
More than 50% of the enrolled patients met the criteria for secondary CV prevention.
Patients were randomized to receive 4 grams/day of CA n-3 PUFAs (n = 6539) or corn
oil placebo (n = 6539), in combination with usual medical therapy.

The primary composite efficacy endpoint was an association of CV death, nonfatal
AMI, nonfatal stroke, coronary revascularization, and hospitalization for unstable
angina. Secondary endpoints included (1) the association of CV death, nonfatal IMA,
nonfatal stroke, coronary revascularization, and hospitalization for unstable angina in

Primary Endpoint Key Secondary Endpoint
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Figure 8.
Cumulative incidence of cardiovascular events in REDUCE-IT trial. Modified from Bhatt et al. [34].
HR = Hazard ratio.
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Figure 9.

Time to first incidence of any component of the primary composite end point (1) and time to Core major adverse
cardiovascular events (2). Modified from Nicholls S] et al. [35]. 1, the primary composite end point consisted of
cardiovascular death, nonfatal myocardial infarction, nonfatal stroke, coronary revascularization and
hospitalization for unstable angina. 2, Core major adverse cardiovascular events included cardiovascular death,
nonfatal myocardial infarction and nonfatal stroke.

patients with pre-existing CVD at baseline, (2) the association of CV death, nonfatal
IMA, and nonfatal stroke in the whole cohort of patients and in patients with pre-
existing CVD at baseline, (3) the association of cardiac death, nonfatal AMI, coronary
revascularization, and hospitalization for unstable angina in the entire cohort of
patients and in those with pre-existing CVD at baseline, (4) CV death in the entire
cohort of patients and in those with pre-existing CVD at baseline, and (5) all-cause
mortality in all patients and in those with pre-existing CVD at baseline.

When 1384 patients developed a primary endpoint event (compared with 1600
expected), the trial was stopped early on the basis of a biased analysis of the data, which
showed a low likelihood of clinical benefit of n-3 PUFA CA compared with placebo.
Study population baseline characteristics were as follows: mean age 62.5 + 9.0 years;
35% women; 70% with diabetes; median C-LDL 75.0 mg/dL; median triglyceride levels
240 mg/dL; median HDL-C levels 36 mg/dL; and median hsPCR 2.1 mg/L. Out of 12,633
patients (96.6%) who completed the trial, the primary end point occurred in 785
(12.0%) treated with n-3 PUFAs compared with 795 (12.2%) treated with corn oil (HR,
0.99 [95% CI, 0.90-1.09]; P = 0.84). There was, in addition, a high rate of gastrointes-
tinal adverse events in the treatment group (24.7% vs. 14.7%).

Therefore, the results of this study do not support the use of PUFA n-3 formula-
tions for improving clinical outcome in patients at high CV risk and on statin therapy

(Figure 9).

5.1 REDUCE-IT and STRENGTH trials: Why conflicting results?

Several hypotheses have been developed to interpret the reasons that led
REDUCE-IT and STRENGTH (two high-quality studies that employed full doses of n-
3 PUFAs), to deeply conflicting results [36].

1.One possible explanation theorizes that in the REDUCE-IT study, EPA did not
reduce the risk of CV events but, rather, its comparator (mineral oil) increased
them. An increase in C-LDL, apoB, and hsPCR associated with mineral oil seems
to support this interpretation. However, a U.S. FDA review of the REDUCE-IT
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results concluded that this hypothesis could explain only part of the highlighted
difference between EPA and mineral oil.

2. A second consideration concerns the use in STRENGTH of CA’s formulation of
n-3 PUFAs composed of both EPA and DHA, in contrast to studies conducted
with purified EPA. Although EPA levels in plasma and red blood cells were
higher in REDUCE-IT than in STRENGTH, it is unclear whether these
differences are sufficient to explain the observed results. This doubt is
accentuated by the fact that in STRENGTH trial there was no significant
reduction in the risk of CV events in patients with higher levels of EPA,
compared with those with lower levels. Furthermore, the reduction in TRI after
12 months was 18 percent in both trials, suggesting a similar effect of the
formulations used.

3. Another food for thought is the fact that STRENGTH was discontinued during
the first phase of the COVID-19 pandemic and that the “end-of-treatment” visits
were conducted via telephone contact in order to allow the trial to be terminated
as early and orderly as possible. This may have compromised the integrity of the
study itself.

To resolve the discrepancies between STRENGTH and REDUCE-IT, regulatory
agencies such as the FDA could authorize a post-marketing clinical trial comparing
high-dose EPA vs. corn oil in patients at high risk of developing CV events.

6. Real word data about n-3 PUFAs

TG-REAL (2020). Longitudinal, retrospective cohort study that used 3 adminis-
trative databases from 3 Italian local health authorities [37]. It included 158,042
individuals with at least one serum TG assay between January 1, 2010 and December
31, 2015. Individuals with normal TG values (<150 mg/dL; n = 142,289) were com-
pared with patients with high values (150-500 mg/dL; n = 15,558) and those with very
high values (>500 mg/dL; n = 195).

The outcomes were atherosclerotic CV events (ASCVD) and all-cause mortality.
Overall, the incidences of ASCVD and all-cause mortality were 7.2 and 17.1 per 1000
individual-years, respectively. After multivariate correction for potential confounding
factors, in individuals with high and very high TG values, there was a significant
increased risk of all-cause mortality (HR = 1.49 (95 percent CI 1.36-1.63), p < 0.001,
and HR = 3.08 (95 percent CI 1.46-6.50), p < 0.01, respectively), and of ASCVD
(HR = 1.61 (95 percent CI 1.43-1.82), p < 0.001, and HR = 2.30 (95 percent CI
1.02-5.18), p < 0.05, respectively).

The TG-REAL study captured real-world data related to a large cohort of patients
with low-to-moderate CV risk, demonstrating how moderate to severely elevated TG
values are associated with a significant increased risk of ASCVD and all cause death.

7. Final considerations

Following the results of the REDUCE-IT trial, the regulatory agencies FDA and
EMA have given their approval for the use of n-3 PUFAs in patients at high CV risk in
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order to reduce atherosclerotic-based events. The recommendations for the use of n-3
PUFAs in the more recent European and US guidelines are shown in Table 4 [9].

An Update is expected from the European Scientific Societies. In fact, in the 2019
European Society of Cardiology (ESC) guidelines, the recommendation for the use of
n-3 PUFAs in high-risk patients with hypertriglyceridemia is still class IIa, despite the
positive results that have recently emerged from clinical trials.

Medical society Date Guidelines/standards/advisory statements

American Diabetes Association — March ADA’s Standards of Medical Care updated Section 10,

ADA 2019 Treatment of Other Lipoprotein Fractions or Targets,
states:

In patients with ASCVD or other cardiac risk factors
on a statin with controlled LDL-C but elevated TG
(135-499 mg/dL), the addition of icosapent ethyl
should be considered to reduce CV risk—Level A

It should be noted that data are lacking with other
omega-3 fatty acids, and the results of REDUCE-IT
should not be extrapolated to other products

Combination therapy (statin/fibrate) has not been
shown to improve atherosclerotic CV disease and is
generally not recommended—Level A

Combination therapy (statin/niacin) has not been
shown to provide additional CV benefit above statin
therapy alone, may increase the risk of stroke with
additional side effects, and is generally not
recommended—Level A

American Heart Association - AHA  August The AHA Issued a Scientific Advisory that dietary
Science Advisory 2019 supplements are not recommended and that positive
outcomes results were demonstrated in REDUCE-IT:

The use of omega-3 fatty acids (4 g/day) for
improving ASCVD risk in patients with
hypertriglyceridemia is supported by a 25% reduction
in MACE in REDUCE-IT

The potency, quality, and efficacy of dietary
supplement are not initially reviewed or approved,
nor are they subsequently monitored or assured by
the FDA; thus, they are not indicated for the
treatment of disease

In the treatment of patients with very high TG levels
with 4 g/day, EPA + DHA agents reduce TG by >30%
with concurrent increases in LDL-C, whereas EPA-
only does not raise LDL-C in patients with very high

TG levels
European Atherosclerosis Society/ ~ August The EAS and ESC jointly updated patient treatment
European Society of Cardiology — 2019 guidelines to state: In high-risk (or above) patients
EAS/ESC with TG between 1.5 and 1.6 mmol/L (135-499 mg/

dL) despite statin treatment, n-3 PUFAs (Icosapent
ethyl 2 x 2 g/day) should be considered in
combination with statins — Class Ila, Level B

National Lipid Association - NLA ~ September NLA Position on the Use of Icosapent Ethyl in High-
2019 and Very High-Risk Patients states:

67



Fatty Acids - From Biosynthesis to Human Health

Medical society Date Guidelines/standards/advisory statements

For patients, >45 years with clinical ASCVD,

or > 50 years with type 2 diabetes requiring
medication and > 1 additional risk factor, and fasting
TGs 135-499 mg/dL on a maximally tolerated statin,
with or without ezetimibe, treatment with icosapent
ethyl is recommended for ASCVD reduction — Class 1,

Level B-R
American Heart Association April 2020 The AHA recommends consideration of icosapent
Scientific Statement ethyl in patients with type 2 diabetes for further CV

risk reduction when TGs remain elevated despite
maximally tolerated statin for management of
coronary artery disease

New FDA-approved Indication:

FDA-approved label expansion December Icosapent ethyl is indicated as an adjunct to

beyond TG lowering 2019 maximally tolerated statin therapy to reduce the
risk of MI, stroke, coronary revascularization, and
unstable angina requiring hospitalization in adult
patients with elevated TG levels (> 150 mg/dL) and
established CV disease or diabetes mellitus and 2 or
more additional risk factors for CV disease®

“Bold text highlights aspects of expanded label indication that notably differ from language in updated guidelines and
REDUCE-IT entry criteria.

Modified from Trivedi K et al. [11]. ADA, American Diabetes Association; AHA, American Heart Association; CV,
cardiovascular; EAS, Euvopean Atherosclerosis Society; EPA, eicosapentaenoic acid; ESC, European Society of
Cardiology; FDA, Food and Drug Administration; LDL-C, low-density lipoprotein cholesterol; MI, myocardial
infarction; NLA, National Lipid Association; REDUCE-IT, Reduction of Cardiovascular Events with Icosapent Ethyl—
Intervention Trial; TG, triglyceride.

Table 4.
Statements from medical societies and the US FDA regarding IPE (pure EPA) post-REDUCE-IT.

Currently, the strategy for the management and prevention of CV diseases follows

the so-called “ABCDEF” scheme.

In that strategy:

* A corresponds to CV risk assessment (Assessment of risk), the need to set
antiplatelet therapy (Antiplatelet therapy), and the need to manage atrial
fibrillation (Atrial fibrillation management).

* B corresponds to the management of Blood pressure.

* C corresponds to Cholesterol management and cessation of cigarette smoking.

* D corresponds to Diet and lifestyle modification, as well as diabetes management.

* E corresponds to Exercise.

* F to the management of heart Failure.

Based on current evidence, it is believed that under “E,” along with exercise, the

intake of EPA and IPE, rather than fish oil dietary supplements, should also be
considered as a “new entry.”
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It is also important to note that previous studies on n-3 PUFAs, in which there was
a goal of lowering TG levels, have not obtained concordant results regarding their
efficacy in reducing CV events. These conflicting results seem attributable to several
factors, including frequent use of inappropriate drug dosages, use of different formu-
lations, and/or inadequate selection of the target population. Therefore, it is of great
relevance to find answers to the outstanding questions and to overcome the biases
highlighted in past clinical trials. Such doubts or questions could only be clarified by
performing comparison studies between different available formulations, such as
those used in the REDUCE-IT and STRENGTH clinical trials, in order to fully
understand the real differences in terms of efficacy and safety of these drugs.

Finally, it is important to point out that IPE therapy has been shown to be closely
related to a reduction in the residual risk of total ischemic events in patients with
ASCVD or with type II diabetes mellitus and other CV risk factors, already on statin
therapy. These evidences would therefore support a preferential indication for the use
of IPE over currently marketed formulations.
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Chapter 4

Omega-3 Fatty Acids: Novel

Insight into Cardiovascular Events,
Cardiovascular Disease (CVD),
and Cardiac Arrhythmias

Muvralidhavan Velappan and Deecaraman Munusamy

Abstract

It is a common knowledge that fish is a significant source of docosahexaenoic
acid and eicosapentaenoic acid, two long-chain omega-3 fatty acids that have been
linked to improve cardiovascular health in general. The cardiac function of humans
is benefited by omega-3 fatty acids found in fish eating. Previous studies have shown
that eating fish in moderation lowers the risk of coronary heart disease. Recent
epidemiological research on the relationship between fish consuming and coronary
disease have produced mixed results. Omega-3 fatty acids may not, according to a
recent study, lower the incidence of cardiovascular events, strokes, cardiac arrhyth-
mias, or fatalities from coronary heart disease; consequently, it continues to be a
contentious issue.

Keywords: fish consumption, omega-3 fatty acids, epidemiology, cardiovascular
disease, deaths

1. Introduction

Most of the types of fats that the human body requires can be produced by it from
other fats or raw materials. The case with omega-3 fatty acids is different; these are
necessary fats that the body cannot produce on its own and must obtain from food.
Fish, vegetable oils, almonds, walnuts, flaxseeds, flaxseed oil, and green vegetables
are among the foods high in omega-3 fatty acids. Additionally, they have a significant
role in human physiology [1]. According to a number of study reports, eating seafood
at least once a week lowers your risk of heart disease compared to eating it occasion-
ally or never [2]. In 2017, globally, cardiovascular disease (CVD) was the top disease
that leads to premature death and contributes to 8.9 million deaths from coronary
heart disease (CHD), which is a major cause of death in the UK and worldwide. CHD
is sometimes called ischaemic heart disease or coronary heart disease.

According to past studies, the cardioprotective benefits of eating fish have long
attracted scientific attention. In recent years, numerous studies have focused on
long-chain omega-3 polyunsaturated fatty acids (PUFAs) found in finfish, such as

75 IntechOpen



Fatty Acids - From Biosynthesis to Human Health

eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA), 22:5 n-3, and docosa-
hexaenoic acid (DHA), 22:6 n-3 [3]. On the other hand, this meta-analysis suggests
that consuming fish twice or three times per week may protect against fatal CHD and
sudden cardiac death. Review findings from Refs. [4, 5] claim that the dose response
analysis on CHD incidence and mortality were reduced by 4% with a 20 g/day
increase in fish consumption.

The tentative contribution from polyunsaturated fatty acids (PUFA) or omega-3
PUFA are the healthy lipid molecules that have two or more carbon-carbon double
bonds and it is derived from fish oil. Omega 3 fatty acids are of 3 types: alpha-
linolenic acid, eicosapentaenoic acid and docosahexaenoic acid. In recent days, these
findings have received much scientific attention, with the word “omega-3” fetching a
synonym for fish mostly from salmon and other cold-water fish [6]. According to the
author [7] reported, there is conflicting information regarding the impact of fish oil
on LDL cholesterol (LDL-C), but he also emphasizes the overwhelming majority of
studies that have discovered decreased LDL-C levels. Consequently, regular intake of
fish oil shows LDL-C levels either do not change or may increase. N-3 PUFA may also
lower CVD through acting as antithrombotic, anti-inflammatory, and antiarrhythmic
drugs, as well as by improving endothelial function. According to the research carried
out by Kris-Etherton et al. [8] and her co-workers, N-3 PUFA actions and the relation
to CVD are schematically presented in Figure 1.

Furthermore, the study reports from Refs. [6, 9] evaluated that 116,764 people had
a diet of fish or fish oil and CHD mortality. Their review indicated that fish consump-
tion and CHD mortality had an inverse dose-dependent relationship, with an optimal
dose of about 40/60 g of fish per day-1, but only in those at high risk for CHD.

Several findings indicated that low-risk people who eat fish and maintain healthy
lives would not experience any additional protection against CHD. According to past
editorial reports [10], regular fish or fish oil diet reduces CVD and overall mortality
in patients recovering from myocardial infarction (MI). In addition, Popoff et al.

[11] also mentioned that the adult patients with acute myocardial infarction (AMI)
are unlikely to notice any notable benefits from omega 3 fatty acid treatment after
myocardial infarction. In addition, other meta-analyses demonstrate that CHD death

Angina pectoris
CHD —> Acute myocardial infarction (heart attack)
Sudden death
CVD = CHD + vascular disease

Vascular —> Cerobrovascular discase (stroke)

Peripheral vascular disease (Intermittent
claudicalion)

Blood lipids

Blood pressure

Blood coagulation

Blood rheology

Inflammation

Antioxidant status

Age/sex

Figure 1.
Source: Fish and cardiovascular health by Undeland et al. [6].
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or incidence is not correlated with one another [12-15]. In people who are at high risk
for or who already have heart disease, taking omega-3 supplements increases the risk
of atrial fibrillation (A-fib), a condition characterised by an irregular and frequently
very rapid heartbeat (arrhythmia) that can lead to blood clots in the heart, and there
is no correlation between the intake of omega-6 fatty acids and the level of linoleic
acid (LA) in circulating lipids and triglycerides. These findings are based on the novel
study cited in Ref. [16].

Benefits of n-3 PUFA for coronary heart disease mortality and sudden car-
diac death appear to be most consistent in prospective observational studies and
adequately powered randomised clinical trials. Less is known about potential impacts
on other cardiovascular events, such as non-fatal myocardial infarction, ischemic
stroke, atrial fibrillation, recurrent ventricular arrhythmias, and heart failure, which
have inconsistent evidence from observational studies and/or randomised trials. The
relative significance of various physiological and molecular mechanisms, the precise
dose-responses of physiological and clinical effects, the question of whether fish
oil provides all the health benefits of fish consumption, and the clinical effects of
plant-derived n-3 PUFA are all areas of research that need to be addressed [17]. This
review’s major goals are to assess (a) fish oil supplements and coronary artery disease,
(b) the dosage of omega-3 fatty acids for cardiovascular events, (c) the contribu-
tion of fish n-3 fatty acids to CVD and potential risks associated with increased fish
consumption, and (d) the proportion of people who take fish oil and experience atrial
fibrillation or erratic heartbeats.

2. Omega-3 fatty acid dosage for cardiovascular protection

Since the initial American Heart Association (AHA) Science Advisory was
published in 1996, significant new findings regarding the benefits of omega-3 fatty
acids on (CVD) have been reported. Fatty fish such as mackerel, halibut, salmon,
bluefish, mullet, sablefish, menhaden, anchovy, herring, lake trout, coho, and sar-
dines, which give 1 g or more of omega fatty acids per 100 g (3.5 oz) of fish, are the
marine sources with the greatest level of omega-3 fatty acids. Additionally, marine-
based sources include tuna, seal, and shellfish [18-22]. The Mayo Clinic Proceedings
study and recently released Harvard University study on omega-3 intake and
cardiovascular benefits and both agree that an optimal target for daily omega-3
intake is upward of 1000 mg. However, given that the typical daily consumption of
EPA and DHA in United States is around 100 mg, additionally, the researchers dis-
covered that the cardiovascular advantages seem to grow with dosage. An additional
1000 mg of (EPA) and (DHA) per day decreased the risk of heart attack by 9.0%
and cardiovascular disease by 5.8%, respectively. The trial used daily doses ranging
from 400 mg to 5500 mg [23]. According to Dr. Carl J. Lavie, a cardiologist at John
Ochsner Heart and Vascular Institute in New Orleans and his colleagues reported,
people should consider using omega-3 supplements to help them reach total daily
intake of 1000-2000 mg as a relatively low-cost, high-impact way to improve heart
health with few associated risks [24]. The AHA also advises consuming at least
two servings of fatty fish per week. On the other hand, clinical studies recommend
consuming a minimum of 2 g of omega-3 fatty acids per day when triglycerides
are raised and a maximum of 4 g per day when coronary heart disease is present.
Typically, fish oil supplements have 1000 mg of fish oil, which is equivalent to
300-400 mg of EPA and DHA.
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3. A debate on pure N-3 polyunsaturated fatty acids for cardiovascular
disease

For more than 50 years, experts have disagreed over whether or not long-chain n-3
polyunsaturated fatty acids (n-3 PUFA) are the effective treatments for cardiovascu-
lar disease (CVD). Considering that 8% of Americans consume these chemicalson a
daily basis and that the worldwide omega-3 market is worth USD 31.4 billion (KWD
9,460,820,000.00), further data may be useful for public health policy-makers as
they discuss the efficacy of the practise. Every nation experiences unacceptably
high rates of morbidity and mortality from this condition, especially coronary heart
disease (CHD), and despite the adoption of cutting-edge treatments, fatal instances
continue. In fact, “fish oil” has consistently rated among the most talked-about topics
in the lay press over the past few decades. Due to these variables, it is appropriate to
update the research on the potential benefits of these substances for both those with
and without cardiac illness [25-27].

4. Biomarkers for omega-3 polyunsaturated fatty acids and coronary heart
disease

Omega-3 polyunsaturated fatty acids (PUFAs) have been shown to have a preven-
tative effect on clinical risk factors and coronary heart disease (CHD) risk pathways,
according to a review of experimental research and randomised clinical trials [26].
Significant conflicts do, however, still exist. First, randomised clinical trials using fish
oil supplements for (CHD) cases have produced inconsistent findings [27, 28]. While
taking multiple cardiovascular drugs, the bulk of trials only offered supplements for
a brief period to people who already had (CHD) or were at high risk for getting it. In
these trials, baseline food consumption was not generally examined, and thus, many
participants may have received adequate nourishment from other sources. We do not
yet know how generalizable they are or how relevant they are for dietary N-3 PUFA
effects on primary (CHD) prevention. In addition, in a study by Kasim et al. [29],

a number of earlier observational studies found inverse correlations between N-3
PUFAs from seafood and (CHD) death; however, the effects on non-fatal myocardial
infarction (MI) or total (CHD) are less clear. According to this review by Friday et al.
[30], the majority of research also used self-reported dietary questionnaires, which
can lead to bias or inaccuracies in recollection.

Several studies have assessed the objective levels of circulating or tissue N-3
PUFAs, according to a prior review, although these results may be constrained by
publication bias. Prior studies of specific biomarkers were also typically insufficient
to investigate any potential changes in effects related to participant-level factors,
medication usage, or genetic variation. As a result, questions still surround the impact
of N-3 PUFAs on CHD. The majority of investigations have examined combined
intakes or biomarker levels of long-chain —3 PUFAs [31, 32]. Individual omega-3
PUFAs, such as eicosapentaenoic acid EPA; 20:5-3 and docosapentaenoic acid DPA;
22:5-3 and docosahexaenoic acid DHA; 22:6-3, may, however, have complementary
and shared benefits [33]. Similar to this, the majority of prior studies [34] have con-
centrated on long-chain omega-3 PUFAs produced from seafood, and the potential
CHD effects of plant-derived alpha-linolenic acid ALA; 18:3-3 are significantly less
well known.
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5. Consumption of fish and dietary omega-3 fatty acids and the risk of
type-2 diabetes

An increased risk of death is linked to type 2 diabetes (T2D), which also has
expensive medical implications. To create successful preventative methods, it is cru-
cial to identify pertinent risk factors and safeguards. However, information on how
omega-3 fatty acids affect insulin sensitivity and glucose metabolism has been scarce
and inconsistent [35]. According to Refs. [36, 37] observation revealed the deleteri-
ous effects of high doses of fish oils on glycaemic control in individuals with T2D. A
greater omega-3 fish oil intervention (6 g omega-3/d) was linked in a randomised
control experiment to elevate blood glucose levels and impaired insulin sensitivity
in T2D patients. However, in a 6-week trial of (T2D) patients, Bowman et al. [38]
found no impact of 4 g pure eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) on insulin sensitivity or fasting insulin concentrations. It is yet unknown
whether EPA and DHA, especially when consuming very small amounts, have long-
term impacts on given the brief periods and greater dosages of omega-3 employed in
these experiments. Omega-3 fatty acids may increase the risk of (T2D) in the general
population, however this is unknown. Although it is unknown whether findings were
the same in men and women, data from the Atherosclerosis Risk in Communities
(ARIC) research [39] found no correlation between marine omega-3 fatty acids
and T2D risk. Researchers made similar findings from the Kouopio Ischemic Heart
Disease Risk factor study [40], although these study only included men and 34 cases
of incident diabetes. In contrast, the lowa Women’s Health Study [41] showed a
threshold effect, where alittle increase in the incidence of (T2D) was only seen in the
fifth quintile of marine omega-3 fatty acids. Recent research from three prospective
cohorts (the Nurses’ Health Study I and II and the Health Professionals Follow-Up
Study) suggested that women, but not men, might have a slightly higher risk of
(T2D) with higher consumption of long-chain omega-3 and seafood [42]. Wu et al.
[43] stated that it is unknown if long-chain omega-3 plays a part in the connection
between fish and diabetes. Determining whether consuming small-to-moderate
amounts of total and particular omega-3 has a detrimental effect on (T2D) risk is still
vital. We therefore sought to prospectively examine in the Women’s Health Study the
association between dietary omega-3 fatty acids, specifically a-linolenic acid (ALA),
fish consumption, and incident diabetes [24]. In addition, Zoler [44] also mentioned
that the people who were randomised to consume more long-chain omega-3 fats in
the form of fish oils had the same risk of diabetes diagnosis as the control group who
did not take more fish oil, despite the fact that over 58,000 participants were enrolled
in long-term trials and 4% of those participants developed diabetes. People who take
and do not take supplemental fish oils had similar levels of blood glucose, insulin, and
glycated haemoglobin, markers of how well our bodies handle carbohydrates (glucose
metabolism) and significant indicators of diabetes risk.

Fish oils (long-chain omega-3 fatty acids) had no discernible impact on any of
these diabetes risk variables. However, there was some limited evidence that sug-
gested persons may experience worsening glucose metabolism when taking high
dosages of fish oils. An example of a fat is omega-3.

The food we eat contains trace levels that are necessary for health. Alpha linolenic
acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid are the three
main forms of omega 3 fatty acids (DHA). ALA is typically found in plant-based
lipids like those found in nuts and seeds (walnuts and rapeseed are rich sources).
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EPA and DHA are referred to as long-chain omega-3 fats and are naturally found in
fatty fish, such as salmon and fish oils including cod liver oil [45]. Results from 83
randomised controlled trials involving 121,070 people with and without diabetes

and all lasting at least 6 months are combined in the systematic review. In studies,
published between the 1960s and 2018, participants included men and women from
North America, South America, Europe, Australia, and Asia, some of whom were in
good health and others who already had diabetes. The study examined the impact on
diabetes and glucose metabolism of increasing long-chain omega-3 fats, ALA, omega-
6, and polyunsaturated fatty acids (PUFAs) [46].

6. Atrial fibrillation and the percentage of those consuming fish oil

The most prevalent form of abnormal heart rhythm, atrial fibrillation causes the
heart to beat erratically and occasionally too rapid. Brown et al. [47] reported that
omega-3 supplements are linked to an increased risk of developing atrial fibrillation
in persons with high blood lipid level. That is the conclusion of the study, which was
recently published in the European Society of Cardiology’s journal, European Heart
Journal—Cardiovascular Pharmacotherapy (ESC). The most prevalent heart rhythm
issue, atrial fibrillation, has been linked in certain clinical studies to omega-3 fatty
acids and an increased risk of the condition. According to Hindricks et al. [48], people
with the disease have a five-fold higher chance of suffering a stroke. In the investiga-
tion, five randomised controlled trials that looked at the impact of omega-3 fatty acid
supplementation on cardiovascular outcomes were included. Participants had exces-
sive triglyceride levels and either had cardiovascular disease in the early stages or were
at high risk for it. There were 50,277 patients in all received fish oils or a placebo and
were monitored for 2-7 years.

Fish oil dosages ranged from 0.84 g to 4 g daily with an incidence rate ratio of
1.37 (95% confidence interval 1.22-1.54; p 0.001), and the researchers discovered
that taking supplements of omega-3 fatty acids was substantially more likely to cause
atrial fibrillation than taking a placebo. According to the National Health Interview
Survey, 2012, the results are notable, and nearly 19 million adult Americans, or 7.8%,
are thought to take fish oil supplements. Recent research suggests neither vitamin
D nor the omega fatty acids contained in fish oil prevent the development of atrial
fibrillation, according to Christine M. Albert, professor of cardiology and chief of
the department of cardiology at the Smidt Heart Institute. Confusion among medi-
cal professionals and the public resulted from other clinical trials carried out outside
of Cedars-Sinai that suggested patients receiving omega-fatty acid treatment had a
higher risk of developing atrial fibrillation.

7. Potential flaws in fish-based research

When reading the present review on the connection between fish and sickness,
it should be remembered that it frequently has methodological flaws. Hjartaker [49]
examined these flaws, for instance, lean fish and fatty fish are frequently consid-
ered to be the same type of meal despite having quite different amounts of energy,
saturated fatty acids, monounsaturated fatty acids, and polyunsaturated fatty acids.
Additionally, fatty fish have slightly lower quantities of water-soluble substances like
calcium but higher levels of fat-soluble vitamins (A, D, and a-tocopherol). Fish from
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freshwater and saltwater habitats are frequently mixed together. Variations related to
time of the year that fish are caught, how they are stored and cooked, how much fish
is eaten, and the things that go with fishmeal are frequently ignored or not men-
tioned. Studies involving vegetarians suggest that effects may be brought on by the
consumption of an animal protein source rather than fish [50, 51]. Different defini-
tions of sudden death, residual confounding from reference groups with a less healthy
lifestyle, variable endpoints evaluated, various study populations, and potential
confounding effects from an increase in haemorrhagic stroke are further causes of
epidemiological inconsistency. The majority of the fish studies that are now accessible
are conducted on men, and Hu et al. [52] concluded women’s studies have not been
published in studies for a while.

8. Conclusion

The prevalence of CVD is increasing globally, especially in elderly people. The
relationship between fish consumption and the incidence of CVD is uncertain,
despite the fact that n-3 fatty acids have effects that may favourably influence CVD
risk. Consuming tuna or other baked or broiled fish, but not fried fish, is linked to
a decreased prevalence of CVD in older persons. Observational data show a mod-
est, inverse relationship between eating fish and long-chain omega 3 fatty acids and
the risk of cerebrovascular accidents. The protective impact of fish consumption on
cerebrovascular risk may be mediated by a complicated interplay between varieties
of nutrients that are frequently found in fish. However, there was no proof that long
chain omega 3 fatty acids evaluated as circulating biomarkers in observational studies
or supplements in primary and secondary prevention trials had a similar inverse
relationship with cerebrovascular illness. Furthermore, study investigation shows
associations between fish intake and risk of CVD, poised to become the leading car-
diovascular health burden in coming decades. According to the review and the valida-
tion of these results in additional studies, further research into potential mechanisms
of benefit and risk, with special emphasis on various fishmeal, is warranted.
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Chapter 5

Fatty Acid Metabolism as a Tumor
Marker

Gatot Nyarumenteng Adhipurnawan Winarno

Abstract

Cancer cells tend to make metabolism changes in the human body for their
growth and survival. One of the most interesting changes is the alteration of fatty
acid metabolism in order for the high rate of fatty acid synthesis required to increase
the level of fatty acids needed for cancer cell proliferation. Thus, the reprogramming
of fatty acid metabolism is needed for cancer cell survival. Fatty acid metabolic
reprogramming is one of the hallmarks of the cancer condition since it can affect
cellular functions. The reprogramming of fatty acid synthesis includes increased
exogenous fatty acid uptake, de novo fatty acid synthesis, and oxidation of fatty
acids. Identifying biochemical targets in fatty acid metabolism is useful for diagnosing
and predicting the therapeutic efficiency in tumor treatment.

Keywords: fatty acids, cancer, metabolic reprogramming, tumor marker, fatty acid
targeting

1. Introduction

Cancer cells need to control their environment to survive. Under a nutrient-
limited microenvironment, they compete for oxygen and micronutrients with normal
cells to survive and maintain their malignancy potential. Thus, oncogene-directed
metabolic reprogramming is needed for cancer cell survival. Since lipids are essential
molecules for cancer cells, understanding lipid metabolism reprogramming might be
a useful hallmark for cancer. Those hallmarks include sustaining growth signaling,
evading growth suppressors, resisting apoptosis programs, inducing angiogenesis,
and activating invasion and metastasis.

In this chapter, we will focus on changes in fatty acid metabolism. Fatty acids are
essential building blocks for some lipids with numerous essential roles in the human
body. The body usually gains fatty acids from the diet, known as exogenous fatty acids.
However, fatty acids can also be obtained endogenously through de novo fatty acid
synthesis. In cancer conditions, a large number of fatty acids are needed. Changes in
fatty acid metabolism are common to provide the needs of fatty acids for cancer cells.

A high rate of fatty acid metabolism must be followed by activating several
enzymes involved in fatty acid metabolism. Overexpression of those enzymes might
be useful as a marker for a cancer condition. Another benefit of understanding how a
tumor cell influences the environment around it is also essential for developing new
targeted therapies.
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2. Fatty acids

Lipids are molecules that have numerous essential roles in the human body. In
intracellular activity, lipids act as a ligand and second messenger. Lipids are composed
of water-insoluble molecules such as fatty acids, triacylglycerides, phospholipids,
or cholesterol. Fatty acids are molecules consisting of a carboxylic acid group and a
hydrocarbon chain. Fatty acids are classified based on their hydrocarbon chain length:
short-chain fatty acids (less than six carbon atoms), medium-chain fatty acids (6-12
carbon atoms), long-chain fatty acids (12-21 carbon atoms), and very-long-chain
fatty acids (22 or more carbon atoms) [1-3].

Fatty acids are essential building blocks for lipids such as phospholipids, sphingo-
lipids, and more complex lipids such as diacylglycerides (DAGs) and triacylglycerides
(TAGs), which are important in regulating biochemical processes in a normal cell.

In mammals, the main source of fatty acids is gained from the microenvironment
(exogenous) through some transporter: fatty acid translocase (FAT) or cluster of
differentiation 36 (CD36), fatty acid transport protein family (FATPs), and plasma
membrane fatty-acid-binding proteins (FABPpm). In some conditions, fatty acids can
be synthesized through de novo synthesis inside the body [3].

3. Synthesis and regulation of fatty acids

In order to build some essential lipids, fatty acids are obtained from direct uptake
from the microenvironment. Exogenous fatty acids are taken up to the plasma
membrane by some transporters: CD36, FATPs, and FABPpm. Those fatty acids are
then stored as lipid droplets, which can convert to nicotinamide-adenine dinucleotide
phosphate (NADPH) and acetyl CoA via p-oxidation, or known as fatty acid oxida-
tion (FAO) [1, 3, 4].

NADPH is then used as energy fuel for metabolism activity, meanwhile acetyl-CoA
is used as a material for the tricarboxylic acid (TCA) cycle. Acetyl-CoA is not only
produced by p-oxidation, but is also generated from glucose and acetate metabolism.
In the TCA cycle, acetyl-CoA is converted into citrate. When de novo fatty acid synthe-
sis (FAS) is activated, those mitochondria-derived citrate together with glucose and
amino acids then enter de novo FAS to produce fatty acids [3, 4].

De novo FAS is the formation of fatty acids from carbon atoms derived from car-
bohydrates such as glucose and amino acids, including glutamine. De novo synthesis
occurs mainly in the liver and adipose tissue and is highly responsive to changes in
dietary regimen. This pathway contributes to triacylglycerol’s homeostasis, where most
of the TAG is obtained from the diet. A high-carbohydrate diet activates a lipogenic
response in liver tissue to increase the synthesis and secretion of very-low-density
lipoprotein (VLDL) and increase hepatic de novo synthesis contributing to hypertri-
glyceridemia [1, 2].

De novo FAS requires some catalyst enzymes, such as ATP citrate lyase (ACLY),
acetyl-CoA carboxylase (ACC), and fatty acid synthase (FASN). ACLY bridges
glucose and FA metabolism by converting six-carbon citrate to oxaloacetate and two-
carbon acetyl-CoA. The acetyl-CoA transforms into malonyl-CoA by ACC, which is
regulated by citrate and glutamate. The next step produces 16-carbon palmitate from
malonyl-CoA by FASN. Acetyl-CoA synthetase 2 (ACSS2) also plays a role in de novo
FAS by converting acetate to acetyl-CoA before entering the TCA cycle [3, 5].
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Figure 1.

Refamgmmming of fatty acid metabolism in cancer cell [3]. GLUT1: glucose transporter 1, MCT:
monocarboxylate transporter, CD36: cluster of differentiation 36, ACSS2: acetyl-CoA synthetase 2, TCA:
tricarboxylic Acid, FATPs: fatty acid transport protein family, FABPpm: plasma membrane fatty-acid-binding
proteins, ACLY: ATP citrate lyase, ACC: acetyl-CoA carboxylase, FASN: fatty acid synthase, SCDz1: stearoyl-
CoA desaturase-1, ELVOLs: elongation of very-long-chain fatty acid protein, TAG: triacylglycerides, PUFA:
polyunsaturated fatty acids, MUFA: monounsaturated fatty acids.

One of TCA products is mitochondria-derived citrate, which converts to acetyl-
CoA by ACLY in the cytosol. This acetyl-CoA is fuel for de novo FAS as it converts
into malonyl-CoA by ACC. Finally, malonyl-CoA converts into palmitate by FASN
(Figure 1). Subsequently palmitate is then esterified to form triglycerides or choles-
terol esters. Palmitate may also form new fatty acids by elongation of very-long-chain
fatty acid protein (ELOVLs) [1, 3, 4].

The regulation of de novo lipogenesis occurs through the activation of sterol regula-
tory element-binding proteins (SREBPs). There are three main transcription factors:
SREBP1a and SREBPI1c, and SREBP2. SREBPs are inactive 125-kDa precursors bound to
the endoplasmic reticulum (ER). When the concentration of intracellular cholesterol is
high, insulin-induced genes (INSIGs) will bind to SREBP-cleavage-activating proteins
(SCAPs) and localize the SREBP precursors to the ER. But, when the cholesterol concen-
tration is low, SCAPs will facilitate the translocation of ER-bound SREBPs to the Golgi and
then release the active N terminus. This N-terminal fragment translocates to the nucleus
and induces the transcription of genes containing sterol regulatory elements (SREs),
such as FASN, ACLY, and ACC. Some growth factors and estrogen receptors also regulate
FASN expressions, such as epidermal growth factor receptor (EGFR), human epidermal
growth factor receptor 2 (HER2), estrogen receptor, and progesterone receptor [3].
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4. Fatty acid oxidation (FAO)

Fatty acid oxidation, known as fatty acid p-oxidation, is the degradation of
long-chain fatty acids in mitochondria. The balance between exogenous fatty acid
uptake, FAO, and de novo FAS depends on dietary intake and metabolic rate in
mitochondria [4, 6].

Carnitine palmitoyl transferase (CPT) 1, CPT2, and carnitine-acylcarnitine
translocase (CACT) are enzymes needed to catalyze the FAO (Figure2). CPT1isan
outer membrane enzyme and has a role in translocating long-chain fatty acids into
acyl-CoA across the membrane. In this process, acyl-CoA is converted into acylcarni-
tine. After successfully penetrating the membrane, the CPT2 as an inner membrane
enzyme converts acylcarnitine back into acyl-CoA for oxidation [4, 6].

Long chain Fatty Acid Acyl-CoA + Carnitine

Cytoplasm
LACS CPT1
Outer
\ mitochondrial
membrane
Acylcarnitine
Inner

cakT mitochondrial

CPT2 1 membrane
‘ \ Acylcarnitine

Long chain Fatty Acid /

Figure 2.
Role of CPT1 and CPT2 in FAO [6]. LACS: long-chain acyl-coenzyme A (CoA) synthetases, CPT1: carnitine
palmitoyl transfevase 1, CPT2: carnitine palmitoyl transfevase 2, CACT: carnitine-acylcarnitine translocase.

5. Reprogramming of fatty acid metabolism in cancer

Tumor cells need to control their environment to survive. Under a nutrient-limited
microenvironment, they compete for oxygen and micronutrients with normal cells to
survive and even maintain their malignancy potential. Changes in lipid metabolism
are common to provide the needs of fatty acids for cancer cells. Cancer cells require
fatty acids to build the membrane and molecule signaling. Thus, fatty acid metabo-
lism reprogramming is one of the hallmarks of the cancer condition. This reprogram-
ming includes alteration of fatty acid uptake, de novo fatty acid synthesis, and fatty
acid oxidation (FAO) [3-5].
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5.1Increased exogenous fatty acid uptake

Overexpression of CD36 has been correlated with breast cancer survival and leads
to elevation of exogenous fatty acid uptake. This elevated exogenous fatty acid uptake
is implicated in enhancing tumor growth and metastasis and providing the cancer
cell with chemoresistance. Elevated lipid droplets resulting from excess fatty acids are
used by cancer cells for various vital roles, such as maintaining lipid homeostasis and
preventing cancer cells from death under metabolic stress [3-5].

5.2 Increased de novo fatty acid synthesis

The body usually uses exogenous fatty acids to maintain homeostasis in normal
conditions. De novo FAS is present when the diet is not adequate. But in the presence of
cancer cells, increased de novo fatty acid synthesis usually occurs to meet the demand
for high fatty acids. This is thought to be part of the general metabolic shift from a
nonproliferative catabolic phenotype to a proliferative anabolic phenotype [2, 4].

Cancer cells upregulate some critical enzymes, such as ACC, ACLY, and FASN, to
enhance the rate of de novo FAS (Figure 3). ACLY has a role in glucose metabolism
and FA metabolism by converting six-carbon citrate to oxaloacetate and two-carbon
acetyl-CoA. ACLY overexpression and activity have been represented in some cancers:
in the lung, prostate, bladder, breast, and liver. This overexpression was correlated
with a poorer prognosis in lung adenocarcinoma. Thus, inhibiting ACLY may induce
activation of p53, which plays a role in suppressing cancer cell proliferation [3, 7].

FASN is a 270-kDa dimeric enzyme responsible for producing fatty acids from
malonyl-CoA and acetyl-CoA. In breast cancer, HER2/neu increased FASN transcrip-
tion and lipogenesis. In addition, a study found that HER2/neu directly phosphory-
lates FASN, and this phosphorylation increases FASN synthesis activity [2, 5, 8].

Overexpression of FASN has been known as a hallmark of phenotypic altera-
tion for most human malignancies. This elevation of FASN leads to increase fatty

Glucose
l +—  GLUT1

Glucose-6 Phosphate

l

Tumor cells <+—— | Phospholipid Pyiuvate

| | 4
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Figure 3.

De novo FA synthesis alteration. GLUT1: glucose transporter 1, FASN: fatty acid synthase, ACLY: ATP citrate
lyase, ACC: acetyl-CoA carboxylase, TCA: tricarboxylic acid.
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acid synthesis and correlates with poor prognosis for many cancer types. FASN also
promotes tumor angiogenesis since it correlates with vascular endothelial growth
factor (VEGF).

The level of fatty acids is also correlated with gynecological outcomes in epithelial
ovarian cancer. A study reports that a higher level of fatty acids is correlated with
suboptimal debulking in epithelial ovarian cancer patients. Increased FASN expres-
sion and activity were also found in early oncogenesis and correlated with cancer
development. A study in ovarian cancer showed that overexpression of FASN is more
correlated with tumor proliferation than tumor metastasis. Conversely, FASN inhibi-
tion leads to accumulating malonyl-CoA, which induces apoptosis [3, 5, 9, 10].

Cancer cells tend to upregulate ACC under metabolic stress or lipid depletion.
These ACC then convert acetyl-CoA to malonyl-CoA to meet the high demand for
fatty acids. On the other hand, ACC inhibition decreases palmitic acid and induces an
apoptosis program. In a breast cancer cell, apoptosis triggered by depletion of ACC
only occurs in the nonmalignant cell [3, 10].

5.3 Increased fatty acid oxidation

Another reprogramming of fatty acid metabolism is increased fatty acid oxida-
tion. The products of fatty acid oxidation such as NADH, NADPH, FADH2, and ATP
are used for cancer cells as energy-carrying molecules, which are important for their
survival. High levels of ATP from FAO are correlated with the proliferation of triple-
negative breast cancer. Acetyl-CoA from the FAO also can be used by cancer cells to
gain fatty acids through de novo FAS. An increase in CPT1 is common in cancer cells.
CPT1 also provides neovascularization for the tumor microenvironment [4, 6].

CPT1C is one of the subtypes of CPTC, which is upregulated in some cancers and
protects the cancer cells from metabolic stress such as hypoxia or glucose depletion.
Elevation of CPTIC in cancer cells provides FAO and adaptation to metabolic stress
and resistance to mTOR complex 1 (mTORC1) inhibitor. Thus, increased FAO is
essential not only for tumor growth but also for cancer chemoresistance [4, 6].

6. The role of fatty acids for tumorigenesis

As mentioned above, fatty acid metabolism has some essential roles in helping the
cancer cell to survive. Interestingly, fatty acids are involved in signaling pathways to
regulate cellular homeostasis and create an appropriate microenvironment for tumor
progression and metastasis. Those signaling pathways include phosphoinositide 3
kinase (PI3K), protein kinase B (Akt), and mTOR signaling pathways [3, 11].

Synthesis of saturated and monounsaturated fatty acids is increased due to the
high rate of de novo FAS in cancer cells. Interestingly, a rigid and stable cell mem-
brane is formed from de novo FAS products. This high cholesterol structure protects
the cell from peroxidation and limits its ability to spread (Figure 4A). To reduce the
rigidity and increase the fluidity of cell membranes, the cancer cell needs to release
intracellular cholesterol. After decreasing cholesterol levels, the cell membrane is less
rigid and more flexible in changing its shape, and epithelial-to-mesenchymal transi-
tion (EMT) can occur [3, 11].

EMT is an important mode for cancer cells to spread. As an enzyme involved
in de novo FAS, FASN correlates with EMT. The level of FASN is increased in EMT
cells. FASN can regulate the Wnt or (transforming growth factor p) TGF-p signaling
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Role of fatty acids in signaling pathway [3]. PI3Ka: phosphoinositide 3-kinase a, PIP3: phosphatidylinositol
(3,4,5)-trisphosphate, PI(3)P: phosphatidylinositol 3-phosphate, AKT: protein kinase B, mTORC: mammalian
target of rapamycin complex, SGK3: serum and glucocorticoid-induced protein kinase-3.

pathways to alter cell membrane rigidity and increase the mobility of cancer cells. This
opportunity gives the cancer cell ability to spread. But conversely, high cholesterol
levels in cell membrane lead to cholesterol-rich lipid rafts formation and induce onco-
genic signaling via PI3K-AKT (Figure 4B). With this contradictive theory, inhibiting
cholesterol synthesis still can be considered as a therapy for early-stage cancer [3, 11].

Another signaling molecule, which contributes in tumorigenesis, is phosphati-
dylinositol (PtdIns). PtdIns is composed of two fatty acid chains bound to an inositol
ring and glycerol. Some phosphoinositide species, such as phosphatidylinositol
(3,4)-bisphosphate or PI1(3,4), phosphatidylinositol (4,5)-bisphosphate or PI(4,5),
phosphatidylinositol 3-phosphate or PI(3)P, and phosphatidylinositol (3,4,5)-tri-
sphosphate or PIP3, are generated from hydroxyl group of inositol ring. PIP3 activates
oncogenic AKT and induces activation of mammalian target of rapamycin complex 2
(mTORC2), leading to tumorigenesis. On the other hand, PI(3)P induces tumorigen-
esis via serum- and glucocorticoid-induced protein kinase-3 (SGK3) activation.

7. Targeting fatty acid metabolism for cancer treatment

Considering reprogramming fatty acid metabolism is an important hallmark for
cancer development; targeting key enzymes involved in fatty acid metabolism is a
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promising strategy. Not only de novo FAS and FAO, but lipid uptake is also a potential
target for cancer treatment.

7.1 Targeting lipid uptake

CD36 inhibition might be useful for tumors with lipoprotein lipase (LPL) and CD36
overexpression. Anti-CD36 use implicates complete inhibition of metastasis in immuno-
deficient mice without any adverse effect. In prostate cancer, CD36 monoclonal antibody
use can reduce exogenous fatty acid uptake and several oncogenic signaling lipids. Further
study is still needed to reveal the side effects of long-term inhibition of CD36. Decreased
lipid uptake into the cell using orlistat may also be used for targeted therapy. Orlistat is
used to inhibit LPL in order to decrease exogenous fatty acid uptake [4].

7.2 Targeting enzymes involved in de novo FAS

Since the role of FASN is important in supporting both anabolic metabolism and
oncogenic signaling, targeting FASN for cancer therapy might be promising. Inhibition
of FASN leads to toxic accumulation of malonyl-CoA in inducing cell death. In cells
derived from a lymph node metastasis of prostate carcinoma (LNCaP), RNA interfer-
ence (RNAi) activity against FASN implicates cancer cell growth inhibition. First-line
chemical inhibitors of FASN such as C75, orlistat, and cerulenin are shown to reduce
and inhibit tumor growth by inducing cell-cycle arrest. Orlistat provides antitumor
properties for some cancers such as breast cancer and melanoma. FASN inhibition was
also sensitive for ovarian cancer cells by C75 and G28UCM. Using this first generation
of FASN inhibitors had some adverse effects such as increased energy expenditure, loss
of adipose tissue, and decreased body weight [3-5].

The next generation of FASN inhibitors, such as TVB-3166 and TVB-2640, has
shown antitumor potential, higher specificity for FASN, and limited systemic toxic-
ity in a preclinical study. Antitumor activity has been shown in breast cancer and
colorectal cancer by TVB-3166 and TVB-3664 use in preclinical study. In a clinical
trial, TVB- 3166 and TVB-2640 showed limiting systemic toxicity in early phase.
The significant difference between the first and next generations is that the newer
generation does not implicate indirect CPT1 in peripheral tissue. Omeprazole may
also be used for FASN inhibitors and has entered clinical trials in triple-negative
breast cancer patients [3, 4].

Some ACLY inhibitors have shown high efficacy in lowering LDL cholesterol.
ETC- 1002 has entered clinical trial in phase 2/3, and hydroxy citrate has already
entered randomized control trials. Thus, ACLY inhibitors can be considered as
a therapeutic strategy for cancer therapy and have been demonstrated to reduce
tumor proliferation in some cancers, such as breast cancer, lung cancer, and pros-
tate cancer [4].

SCD1 inhibitors such as CVT 11127, MF-483 also have potential as an anticancer
therapeutic target. The combination of SCD1 inhibitor with other drugs shows
potency against cancer cell chemoresistance and enhances therapeutic efficacy.
Commonly used drugs in combination with SCD1 are gefitinib, temozolomide, and
temsirolimus [4].

AKT/mTOR/SREBP-1 pathway is also interesting to point out as targeted therapy.
The activity of fatty acid synthase may be reduced by reducing its transcription
levels. Inhibiting SREBP-1 in cancer cells could decrease fatty acid synthase gene
expression and prevent cancer cell growth. Among SREBP-1 inhibitors, betulin has
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increased the sensitivity of hepatocellular carcinoma cells to their first-line anti-
tumor agent, sorafenib. On the other hand, a combination of the mTOR inhibitor
everolimus and metformin can inhibit the proliferation of breast cancer cells [4].

7.3 Targeting fatty acid catabolism

Limiting excess fatty acids by increasing fatty acid degradation by mitochondria
p-oxidation can be beneficial in reducing the proliferation of cancer cells. Otherwise,
the high rate of fatty acid oxidation could prevent cancer cells from metabolic stress
by providing abundant ATP as an energy fuel. Thus, decreasing fatty acid oxidation
might be a promising strategy against cancer cells [4, 5].

CPT1 is the first and rate-limiting step of fatty acid oxidation. The use of CPT1
inhibitors such as etomoxir may inhibit tumor cell proliferation. Perhexiline,
ap-oxidation inhibitor has also shown to be beneficial by inhibiting fatty acid

Exogenous FAs

CD36
inhibitor
FA
Etomoxir
Perhexiline
Unsaturated FA » Acetyl-CoA
CPTI

CVT 11127, MF-438
SCD

Saturated FA

FASN C75, Orlistat,Cerulenin,
TVB 3160, TVB 2640

ACLY
Citrate —p Acetyl-CoA

ETC 1002 Statin

Cholesterol

Figure 5.
Therapuetic targets in fatty acid metabolism [4]. CD36: cluster of differentiation 36, SCD: stearoyl-CoA
Desaturase, FASN: fatty acid synthase, ACLY: ATP citrate lyase, CPT1: carnitine palmitoyl transferase-1.
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utilization and tumor cell proliferation. In addition to perhexiline, sensitivity in
gastrointestinal cancer for its first-line regimen therapy has increased (Figure 5) [4].
8. Conclusions

Fatty acids are essential building blocks for lipids, which have numerous essential
roles in the human body. Fatty acids are needed for cell survival, not only in healthy cells
but also in cancer cells. Thus, fatty acid reprogramming is a useful hallmark for cancer
conditions. Understanding several enzymes involved in fatty acid metabolism, such as
FASN, ACC, and ACLY, is also helpful in developing therapeutic targets for cancer.
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Chapter 6

An Important Component of
Tumor Progression: Fatty Acids

Jin Wang, Qifei Wang and Guangzhen Wu

Abstract

Fatty acids (FAs) are complex and essential biomolecules in the human body and
are critical to the formation of cell membranes, energy metabolism, and signaling.
FAs are the major components of several lipids including phospholipids, sphingo-
lipids, and triglycerides, and consist of carboxylic acid groups and hydrocarbon
chains of different carbon lengths and degrees of desaturation. They can synthesize
more complex lipids, including acylglycerides (DAG) and triacylglycerides (TAG).
Saturated fatty acids (SFA), polyunsaturated fatty acids (PUFA), and monounsatu-
rated fatty acids (MUFA) can be classified according to whether the hydrocarbon
chain is saturated or not. Normal cells are commonly supplied with energy by the
tricarboxylic acid cycle. On the contrary, to obtain energy, tumor cells usually use
aerobic glycolysis (Warburg effect) and produce large amounts of FAs to maintain
membrane structure to support cell proliferation. In addition, cancer migration,
immune escape, development of drug resistance, and fatty acids are very closely
related. In conclusion, a deeper understanding of the molecular mechanisms of fatty
acid metabolism could provide a more plausible explanation for the progression of
cancer cells and provide new potential targets for therapy.

Keywords: fat acids, tumor progression, cancer, lipid mediators, fatty acid metabolism

1. Introduction

FAs are important for human health and nutrition and are characterized by a wide
variety and functional complexity. We have summarized some of the main functions
of FAs as follows.

1. Provision of energy: Fatty acids are a major component of triglyceride synthesis.
On the one hand, fatty acids can be esterified with glycerol for efficient energy
storage [1], and on the other hand, it can also produce ATP through fatty acid
oxidation (FAO, also known as p-oxidation) to supply energy to the body. FAO
is a multistep catabolic process. Long-chain fatty acids are first converted to
acetyl-CoA, which is then fully oxidized by the tricarboxylic acid (TCA) cycle
and the electron transport chain (ETC), producing ATP. Several studies have
shown that abnormal activity of FAO is associated with multiple aspects of
tumorigenesis. Many cancer cells are FAO-dependent for proliferation, survival,
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drug resistance, or metastasis. So, the study of key enzymes and regulatory
mechanisms in the FAO process is helpful for cancer treatment [2].

2. Constituting biological membranes: Acetyl-CoA is recycled back to fatty acyl
CoA, then converted to fatty acids via fatty acid synthase (FAS) [3]. Fatty acids
are prolonged and desaturated by stearoyl coenzyme A desaturase (SCD1) to
produce some of the unsaturated fatty acids, triglycerides, and phospholipids re-
quired for the synthesis of biological membranes [4]. Both these and cholesterol
are essential components of biological membranes. The biofilm is a functionally
complex structure composed of thousands of different lipids, and all communi-
cation inside and outside the cell is controlled by it [5].

3. Synthesis of signaling molecules as lipid mediators. For example, arachidonic
acid (AA) is an omega-6-derived PUFA that can synthesize eicosanoids, in-
cluding prostaglandins and thromboxanes, and can also serve as a substrate for
leukotriene synthesis via the lipoxygenase pathway. Prostaglandins play a role in
inhibiting inflammation and promoting a tumorigenic environment [6].

2. De novo synthesis of fatty acids

Most adult mammalian cells obtain lipids from the blood, which are partly derived
from the diet and partly from hepatic synthesis. Still, cancer reactivates de novo
lipogenesis, making them more independent of externally supplied lipids themselves.
Numerous research results have verified that the growth and survival of cancer cells
depend on the de novo synthesis of FA [1, 7]. De novo fatty acid biosynthesis in the
adult organism occurs primarily in the liver, adipose tissue, and lactating breast [8]. In
cells, glucose, glutamine, or acetate produce acetyl-CoA, which synthesizes FAs [9].
Acetyl-CoA is activated by acetyl-CoA carboxylase (ACC) to form malonyl CoA; it is
then condensed with the participation of FAS to form the 16 carbon saturated fatty
acid palmitate. Next, palmitate undergoes elongation and desaturation to create a
cellular pool of nonessential FAs, which include the 18 carbon monounsaturated fatty
acid oleate (C18:1). Multiple oncogenic signaling pathways are focused on FA syn-
thesis. For example, the PI3K/Akt signaling pathway, on the one hand, promotes the
expression of enzymes required for FA synthesis. On the other hand, it increases the
phosphorylation and activation of ATP citrate lyase (ACLY). ACLY is a key enzyme
linking glucose metabolism and lipid synthesis and can catalyze cytoplasmic citrate
to acetyl-CoA [10, 11]. In contrast, under the STK11/LKB1 tumor suppressor pathway
control, AMP-activated protein kinase (AMPK) blocks FA synthesis by phosphorylat-
ing ACC [12]. Because increased de novo FA synthesis in cancer cells alters cellular
lipid composition, it can be used for diagnosis [13]. Also, FA uptake is essential for
cancer, and reducing fatty acid uptake of prostate cancer cells by silencing CD36 has
been reported for use in preclinical models for the treatment of prostate cancer [14].

3. Function of fatty acids in cancer cells

The tumor tissue must also acquire some lipids from the extracellular environ-
ment. The uptake and function of FAs require the involvement of fatty acid-binding
protein (FABP). FABPs are a family of proteins involved in FA uptake and transport,
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FABPS Characteristics Refs

FABP1 FABP1 is also known as liver-FABP, is widely distributed in the cytoplasm of [15]
hepatocytes and is less distributed in the nucleus and the outer mitochondrial
membrane.

FABP2 FABP2 is also known as intestinal-FABP, is expressed in the epithelium of the small [16]
intestine.

FABP3 FABP3, which preferentially binds to n-6 PUFAs such as AA, is expressed in the brain, [17]
heart, skeletal muscle, lactating mammary glands, and placenta.

FABP4 FABP4 may be secreted from adipocyte cells and transferred to tumor cells. In breast [18,19]
and prostate cancer, FABP4 promotes cell growth and metastasis.

FABP5 FABPS is upregulated in a variety of cancers, including triple-negative breast cancer, [20]
bladder cancer, pancreatic cancer, and oral squamous cell carcinoma.

FABP6 FABP6 is mainly expressed in ileal epithelial cells, which plays an extremely [21,22]
important role in the intracellular transporter of bile acids and the metabolism of
cholesterol.

FABP7 FABP7 is well known for its significant expression in brain tissue and its function has [23]

been extensively studied in glioblastoma cell lines.

FABPS FABP8 is a major cytosolic protein constituent of myelin in the peripheral nervous [24]
system.
FABP9 FABP9 is a member of the FABPs family and is mainly expressed in testis tissue. [25]
Table 1.

Characteristics of FABP family proteins.

and nine FABP factors have been identified in mammalian cells and are numbered in
the order of their discovery (FABP1, FABP2, FABP3, FABP4, FABPS5, FABP6, FABP7,
FABPS and FABP9) (Table1).

3.1 Promotes tumor growth

Due to the active proliferative characteristics of tumor cells, FA is required to
provide the lipids and energy necessary to form cellular structures, so cell growth
must be closely related to the induction of lipid synthesis. Moreover, a common
feature of cancer is the conversion to a glucose-dependent form of metabolism. Once
the glucose metabolism of tumor cells exceeds the bioenergetic requirements, the
excess metabolites are combined into lipids. For example, inhibition of ACLY with
small molecules can impair the development of immortalized hematopoietic stem
cells stimulated by the corresponding growth factors [26]. There are other studies
showing that ACLY overexpression promotes tumor cell growth, while inhibition of
ACLY inhibits tumor cell growth [27-29].

3.2 Changing the composition of membrane lipids

It is also possible to change the composition of lipids in biological membranes
to affect the function of organelles in membrane-containing cells, thereby alter-
ing FA synthesis and modification. Cardiolipids (CLs) are structurally specialized
phospholipids located mainly in the inner mitochondrial membrane, where they
control mitochondrial respiration and can signal the induction of apoptotic processes
[30]. Regulation of FA biosynthesis and uptake in cancer cells can directly influence
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cellular bioenergetics by modulating the electron transport chain (ETC) activity. It
was shown that the CL profile of mouse brain tissue, both in mitochondria separated
from tumor tissue and normal tissue, was significantly different and correlated with
impaired ETC enzyme activity [31]. Therefore, we can assume that interfering with
CL synthesis, and thus mitochondrial function, has the potential to have a therapeutic
effect on cancer.

3.3 Protein acylation

The abundance and degree of saturation of cellular FA also dictate that signaling
protein activity requires acylation to function. For example, WNT (wingless-related
MMTYV integration site) proteins are a family of proteins that regulate development,
and its dysregulation is closely associated with many disease-related processes and
cancers [32]. Disruption of epithelial cell polarity due to aberrant activation of the
WNT-p-catenin pathway leads to loss of cell-cell adhesion [33]. SRC and RAS oncop-
roteins are also cancer-associated acylated proteins modified mainly through thioes-
terification of saturated palmitoyl residues [34].

3.4 Lipid mediators

Lipid mediators are bioactive molecules derived from PUFAs, such as AA, doco-
sahexaenoic acid (DHA), and eicosapentaenoic acid (EPA), through enzymatic or
non-enzymatic oxidative metabolism [35]. For example, these compounds include
sphingosine-1-phosphate (S1P) [36] and lysophosphatidic acid (LPA) [37], which
are biologically active lipids. Diacylglycerol (DAG) [38], inositol-1,4,5-trisphosphate
(IP3) and phosphatidylinositol-3,4,5-trisphosphate (PIP3) [39], can act as lipid
second messengers. S1P is a member of the sphingolipid family and is involved in the
regulation of various physiological responses, including cell growth, transforma-
tion, migration, and cell death [40]. LPA is signaled through autocrine and paracrine
mechanisms and has multiple effects on cell proliferation, differentiation and intra-
cellular messaging, stimulating cell migration, inflammation, and angiogenesis [37].
Targeting lipid mediators in the tumor microenvironment or within the tumor may be
a new therapeutic approach for treating cancer patients.

4. Role of fatty acids in cancer progression

Although cancers are a series of distinct diseases, there are common features
among cancers such as proliferation, apoptosis resistance, metabolic adaptation,
migration, and invasion, and these features contribute to cancer progression. Fatty
acids not only have an essential factor in the development of cancer but also play a
crucial role in tumor development and metastasis, and even become a major cause of
cancer death.

4.1 Cell migration

Usually, epithelial-mesenchymal transition (EMT) leads to increased motility of
cancer cells [41]. EMT consists of multiple dynamic transition states between epithe-
lial and mesenchymal phenotypes that can regulate tumor progression and metastasis
[42]. Induction of EMT can promote changes in membrane fluidity required for cell
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migration by remodeling the composition of cellular lipids. After tail vein injection in
mice, breast cancer cells can be treated with compounds that disrupt the gene expres-
sion profile associated with EMT to reduce membrane fluidity and block cancer cell
migration and lung metastasis formation [43]. Cancer cells may change from a state of
proliferation to a state of migration in such a way that FA uptake or selective release of
specific FA species from membrane lipids creates a signaling molecule that promotes
cell migration and invasion.

4.2 Angiogenesis

Normally, angiogenesis occurs only during embryonic development, the female
reproductive cycle, and wound repair. While aberrant angiogenesis is a key media-
tor and major process in cancer development [44]. The induction of angiogenesis
determines the proliferation of metastasis and the growth of primary and metastatic
tumors [45]. Lipid signaling, including prostaglandin E2 (PGE2), lysophosphatidic
acid (LPA), and sphingosine-1-phosphate (S1P), can stimulate blood vessel growth
while recruiting immune cells (especially macrophages), promoting tumor angiogen-
esis [46, 47]. As the possibilities of anti-angiogenic therapy are continually explored,
it will become possible to target cancer with angiogenesis.

4.3 Immune escape

Immune editing refers to how cancer cells escape immune surveillance through
evolution. Cancer cells can suppress the cytotoxic function of T cells by expressing
checkpoint proteins and changing macrophages into a pre-tumorigenic phenotype by
reprogramming them. The interactions between cancer and stromal cells involved in
immune editing are complex and these interactions may be regulated by lipid-derived
factors [48], such as PEG2.

5. Utilization of fatty acid metabolism

In countries around the world, cancer is the leading cause of death. The burden of
cancer incidence and mortality is rapidly increasing worldwide, so the treatment of
cancer has been a focus of clinical development [49, 50]. There is growing evidence
that lipid metabolic reprogramming is present in a variety of cancers [7, 51]. Because
of the close relationship between FA metabolism and cancer pathogenesis, it is clini-
cally significant to develop therapeutic approaches that target FA metabolic repro-
gramming. Not surprisingly, FAS has received the most attention in tumor-targeted
therapies associated with dysregulated lipid metabolism, due to its multifaceted
functions in supporting anabolic and oncogenic signaling. It has been shown that
when comparing normal tissues with malignant ovarian cancer models, the expres-
sion of FAS mainly reflects the proliferation and growth status of cells rather than
the degree of malignancy [52]. Therefore, FAS inhibitors are widely concerned with
cancer therapy, such as the natural product cerulenin and the new compound C75,
which selectively kill cancer cells by inducing apoptosis [53]. Despite these encourag-
ing results, the issue of potential side effects of targeted FAS remains serious. Another
validated target is ACLY. Previous studies have observed increased ACLY expres-
sion and activity in glioblastoma, colorectal, breast, and hepatocellular carcinomas
[26]. There is substantial preclinical evidence to support the overall role of ACLY in
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tumorigenesis, not only for its genetic targeting but also for its pharmacological tar-
geting that significantly reduces the growth of xenografts in lung and prostate tumors
and this antitumor effect is more pronounced in highly glycolytic cells [26].

6. Conclusion

Past studies have shown that lipid metabolism, especially FA synthesis, plays an
important role in the normal human body. Alterations in FAs not only affect cancer
cell migration but also induce angiogenesis, metabolic symbiosis, immune evasion,
and drug resistance. FA is similarly important in the progression of cancer cells and
FA synthesis has received much attention as a potential target for cancer therapy.
However, it seems that clinical practice is still scarce. The reason for this may be that
it is difficult for us to inhibit lipid metabolism in cancer cells in a highly selective
manner without affecting other tissues throughout the body. Moreover, cellular lipids
are diverse, complex in function, and also closely related to other metabolisms, so
targeting this aspect of cancer cell metabolism remains challenging. Therefore, the
link between FA and tumors requires further research. The development of drug
resistance has been one of the main reasons for high cancer-related mortality, and
alterations in lipid metabolism can also affect drug resistance. This also provides new
strategies to explore cancer treatment.
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Abstract

Lipid metabolism, when dysregulated paves the way to many autoimmune disease
conditions. One such recently explored mechanism was that of Liver X receptor
(LXR) signaling which acts as a molecular link between lipid metabolism and inflam-
mation. LXR plays a critical role in coupling immune cell lipid homeostasis with
systemic immune responses. In this chapter, we will discuss how an altered lipid
metabolite environment causes inflammation signaling via LXR-mediated molecular
events which could lead to autoimmune disease. In a hyperlipidemic environment,
Interferon regulatory factor 3(IRF3) mediated downregulation of LXR signaling in
innate immune cells leading to an inflammatory auto-immune response. Meanwhile,
dendritic cell-mediated cytokine generation amidst LXR downregulation leads to
the differentiation of autoreactive T cells and B cells, conferring an autoimmune
response. Recent advances in the therapeutic management of autoimmune diseases
target specific metabolic events as a strategy to limit inflammation and the autoim-
mune outcome. Novel treatment regimes in autoimmune diseases featuring lipid
metabolic pathways are also discussed.

Keywords: LXR, hyperlipidemia, cholesterol overload, macrophage differentiation,
oxysterols

1. Introduction

Autoimmune diseases (AIDs) represent a heterogeneous group of disorders that
afflict specific target organs or multiple organ systems and are chronic conditions
instigated by the loss of immunological tolerance to self-antigens [1]. It has also been
noted that the overactive immune system that drives autoimmune diseases, presents
metabolic abnormalities that provide therapeutic opportunities. Dysregulated lipid
metabolism impacts the pathogenesis of AIDs such as rheumatoid arthritis (RA),
Multiple sclerosis, and Systemic lupus erythematosus (SLE). Immunometabolism-
the new emerging field has unveiled how bioenergetic and biosynthetic needs of
healthy immune cells achieve rapid growth and perform effector functions upon
challenge with pathogens [2]. Studies have shown that lipid-lowering drugs improve
SLE symptomatically. Therefore, it is essential to study the molecular inflammatory
signaling events associated with lipid metabolism in the context of AIDs [3]. This
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chapter comprehensively reviews Liver-X-Receptor (LXR) mediated regulation of
inflammation and its downregulation in a hyperlipidemic environment, which is the
highlight of this study.

Endogenous bioactive lipids play a decisive role in inflammatory processes and
in triggering, coordinating, and confining immunity. In the case of excessive pro-
inflammatory activity, these lipids contribute to the transition from acute to chronic
inflammation. The major bioactive lipids involved in atherogenesis are eicosanoids,
lysoglycerophospholipids, sphingolipids, and endocannabinoids. In-depth knowledge
of the mechanism of action of these lipids in the pathogenesis of AIDs is required for
the proper management of these diseases [4].

Atherogenic factors such as cholesterol oxidation products, malondialdehyde, and
other aldehydes; trans-fatty acids; some saturated fatty acids (lauric, myristic, and
possibly palmitic acids); and myristic acid plus cholesterol are involved in the regula-
tion of innate and adaptive immune responses and lead to exacerbation of autoim-
mune diseases such as psoriasis, RA, and SLE The phenotypes and functions of innate
immune cells such as dendritic cells and macrophages are influenced by atherogenic risk
factors, involved in lipid metabolism. Thus atherogenic risk factors have a major role in
shaping the function of adaptive immune cells such as T and B cells. Microfluidics tools
combined with biotechnological techniques and lipidomics have emphasized the role of
different types of functional lipids and their derivatives in AIDs [5].

LXR signaling plays a critical role in coupling immune cell cholesterol homeostasis
with systemic immune responses. This suggests that promoting reverse cholesterol
transport via LXR signaling could have therapeutic utility in autoimmune diseases
[6]. Cholesterol-lowering treatments such as a low-fat diet or statins were shown to be
effective in ameliorating autoimmune symptoms [7].

2. The mechanism of LXR mediated autoimmunity

LXRs belong to the subfamily 1 of the nuclear hormone receptors super family
(thyroid hormone receptor-like) that regulates cholesterol and lipid metabolism
as well as inflammatory gene expression including nuclear factor-xB (NF-xB) and
activator protein-1 (AP1). LXR deficiency and hypercholesterolemia lead to the
accumulation of cholesterol in antigen presenting cells (APCs) including macro-
phages. The accumulation improves antigen presentation as well as T cell priming and
the production of B cell activation factor (BAFF) and A proliferation-inducing ligand
(APRIL) by APCs, all of which increase B cell differentiation and thus autoantibody
production [6]. Thus, an inflammatory autoimmune response is established and leads
to autoimmune disease pathogenesis.

Atypical increase of lipid species in plasma levels due to alteration in lipid metabo-
lism sequentially stimulates innate immune cells like macrophages and dendritic cells
through the recognition of the lipids via their receptors. A group of nuclear receptors
is involved in metabolic balance, the sensing, and the export of intracellular lipid
species. Among them, LXR induces cholesterol transporters on the cell surface that
mediate the export of intracellular cholesterol. LXRs are critical regulators of cho-
lesterol and fatty acid metabolism along with the regulation of inflammatory gene
expression [8].

Antigen-presenting cells such as macrophages function to scavenge pathogens
and apoptotic cells as well as to coordinate the inflammatory response to such
stimuli through the production of cytokines and other mediators. The activation
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and inflammatory function of macrophages is modulated by several lipid species
such as modified low-density lipoproteins (LDLs), fatty acids, and cholesterol
crystals through LXR signaling. Gene expression studies in activated macrophages
have revealed that LXRs inhibit genes involved in the innate immune response while
simultaneously inducing those involved in lipogenesis. LXR acts as a molecular link
between lipid metabolism and by antagonizing inflammatory gene expression and
reducing inflammation [9].

2.1 LXR inhibition leads to autoimmunity in a hyperlipidemic environment

In a hyperlipidemic environment, macrophages form foam cells. Foam cells are
cytoplasmic lipid droplets formed as a result of the accumulation of cholesterol esters,
by virtue of uncontrolled uptake of oxidized low-density lipoprotein (ox-LDL),
excessive cholesterol esterification and impaired cholesterol release [10]. Foam cell
formation in macrophages has been shown to activate the NLR (Nod Like Receptor)
family pyrin domain containing 3 (NLRP3)/inflammasome with the secretion of the
proinflammatory cytokines, interleukin-1 § (IL-18) and IL-18 and to promote the
progression of atherogenesis [11]. Activation of foam cells can lead to the production
of cytokines like IL-23, IL-6, and IL-27. IL 23 leads to tissue differentiation whereas
IL-27 and IL-6 induce Tth cell proliferation and differentiation. Tth cells are newly
identified CD4+ T helper subsets that mainly drive autoimmune germinal center reac-
tion and autoantibody responses, which exacerbate autoimmune symptoms like an
immune complex deposition. The hyperlipidemia-IL-27-Tth cell axis is quintessential
in the development of atherosclerosis-mediated SLE.

Dendritic cells, by virtue of the strength of antigen presentation and cytokine
environment, govern CD4+ T cell activation and differentiation. It has been shown
that hyperlipidemia and the nature of lipid species regulate antigen stimulating
capacity and cytokine production of dendritic cells. Hyperlipidemic condition
promotes the production of proinflammatory cytokines such as IL-1p, IL-6, and
IL-27. When compared with control mice, mice subjected to a high-fat diet exhibited
increased numbers of CD11b + dendritic cells, which secrete more IL-1p. Cholesterol
accumulation in dendritic cells leads to autoimmune phenotypes such as immune
complex deposition in kidneys and increased plasma dsDNA antibodies in mice [11].

Immunostimulatory lipid species like LDLs and saturated fatty acids can stimu-
late immune responses via lectin-like oxidized low-density lipoprotein receptor-1
(LOX1), cluster of differentiation 36 (CD36), toll-like receptors 2 and 4 (TLR2
and TLR4) downstream signaling. The uptake of free fatty acids including palmitic
acid and oleic acid increases the production of IL-23 and IL-1p from bone-marrow-
derived dendritic cells (DCs) [12]. Recent studies have demonstrated that LDLs and
oxLDL stimulation of dendritic cells enhances IL-6 and IL-27 production in CD36
and TLR4/Myeloid differentiation primary response 88 (MyD88) dependent man-
ner [13]. Dendritic cells become more sensitive to immunostimulatory lipid species
via the upregulation of lipid receptors. Dendritic cells induce CD36 expression on
their surface and promote IL-6 release by uptake of oxLDL. Increased expression of
lipid receptor CD36 due to upregulated transcriptional activity of LXR is positively
correlated with autoimmune phenotypes suggesting the mutual relation between
a lipid receptor and autoimmunity [14]. Dendritic cells in atherogenic conditions
exhibit higher expression of pattern-recognition receptors such as LOX-1, TLR2, and
TLR4, all of which are known lipid receptors. Down-regulated LXR expression in
hyperlipidemic conditions enhances NF-«B signaling and the consequent production
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of proinflammatory cytokines. Activation of LXR signaling by administrating LXR
agonist to dendritic cells, reduced IL-27 production as well as the production of IL-23
and IL-12, all of which contribute to the differentiation of autoimmune Tfh and
Thi7cells.

Phagocytosis of pathogens, such as Gram-negative bacteria by antigen process-
ing cells, elicits a marked immune response. Pathogens contain molecules such as
lipopolysaccharide (LPS) that are recognized by the Toll family of receptors (TLR)
such as TLR-3 and 4. These in turn activate interferon regulatory factor-3 (IRF3)-
mediated inhibition of LXRs on their target promoters [15]. This could be a possible
mechanism by which LXR downregulation leads to an inflammatory autoimmune
response.

The successful clearance of invading pathogens depends on the neutrophil’s
efficient migration into the infected tissues. LXR activation impaired the neutro-
phil chemotactic response toward chemokines like C-X-C motif chemokine ligand
2 (CXCL2) in a concentration-dependent manner. LXR activation in neutrophils
represses neutrophil migration genes [16]. LXR downregulation leads to neutrophil
chemotaxis and over recruitment of neutrophils to the infected site. This leads to
marked inflammation at the site.

The cholesterol sensing function of LXR in macrophages is likely to be important
for the scavenger function of these cells. Large amounts of fatty acids and cholesterol
will be accumulated in cells by the internalization of apoptotic cells and cellular
debris. In this context, the role of LXR is to activate the cholesterol efflux pathway to
protect the cell from lipid overload. LXR activation in cholesterol-loaded cells limits
the production of inflammatory mediators. An inflammatory response is not apt
when apoptotic cells are being scavenged. The absence of inflammation is a hallmark
of apoptotic body clearance [17]. Decreased apoptotic clearance could promote an
inflammatory autoimmune response. LXR agonist inhibits the expression of inflam-
matory responses including IL-6 and IL-1 [18, 19]. LXR expression in macrophages
has a negative effect on inflammatory responses through the regulation of NF-xB
signaling.

Accumulated cholesterol in innate immune cells enhances NLRP3 inflammasome
activity. It promotes IL-1p and IL-18 secretion and GM-CSF receptor expression
in an LXR-independent manner to elevate IL-12, IL-6, and IL-23 production by
CD11b + dendritic cells. OXLDL plays a vital role in the activation of dendritic
cells to promote IL-6 and IL-1p production, which enhances susceptibility to
autoimmune diseases by regulating pathogenic autoimmune Th17 and Tfh cell
differentiation [20, 21]. Th17 cells are one of the key players in the pathogenesis of
autoimmunity [22].

2.2 LXR activation by oxysterols

LXRs are activated by the oxysterols- 24(S),25-epoxycholesterol, and 24(S)-
hydroxycholesterol. It is well known that oxysterols suppress de novo cholesterol
biosynthesis as well as cellular uptake of cholesterol [23]. LXR and RXR (retinoid
X receptor), have an amino-terminal transcriptional activation domain (AF-1), a
ligand-binding domain (LBD), a DNA binding domain (DBD), domains responsible
for nuclear translocation and dimerization, and a transcriptional activation domain
(AF-2) at the extreme carboxyl terminus [24]. When oxysterols, or synthetic phar-
macological agonists, trigger activation of LXRs, they heterodimerize with RXR and
bind to target gene promoters on LXR-responsive-elements (LXREs) [25, 26].
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2.3 Effects of LXR activation
2.3.1 LXR activation

MODE OF ACTION 1: LXR activates an ‘inducible degrader of the low-density lipo-
protein’ (IDOL) receptor. IDOL in turn reduces the expression of low-density lipoprotein
receptor (LDLRs) on the cell surface, reducing cholesterol intake into the cells [27, 28].

MODE OF ACTION 2: Liver-X-receptor-Nuclear receptor corepressor-Silencing
mediator of retinoic acid and thyroid hormone receptor (LXR-NCoR-SMRT) complex
prevents transcription of inflammatory genes leading to transrepression of NF-kB.
NF-«B is the central transcriptional regulator of the innate immune response. Many of
the genes inhibited by LXR are established targets of NF-kB signaling. NF-kB promotes
autoimmunity as well as inflammation by mediating the activation and differentiation
of autoimmune and inflammatory T cells, such as Th17 cells. Efficient and properly
controlled NFkB signaling is important for mediating normal immune homeostasis and
function and for preventing autoimmunity [29]. Analysis of the inducible nitric oxide
synthase (iNOS) and cyclooxygenase-2 (COX-2) gene promoters indicates that inhibi-
tion of these genes by LXR is accomplished through antagonism of NF-xB [30, 31].

MODE OF ACTION 3: LXR activates efferocytosis receptor- Mer proto-oncogene
Tyrosine Kinase (MERTK), which is linked to the resolution of inflammation [18]. It is
also found that MERTK can reciprocally regulate LXR expression identifying a poten-
tial feedback loop that may function to tip the balance from inflammation to resolution
and tissue repair [32]. When activation of LXRs is inhibited, MERTK is downregulated
which leads to decreased apoptotic cell clearance and leads to autoimmunity.

MODE OF ACTION 4: LXRs can induce the synthesis of long-chain polyunsaturated
fatty acids (IcPUFAs) such as omega 3 fatty acids and mono-unsaturated fatty acids
(MUFA). LXR upregulates Stearoyl CoA desaturase (SCD) and Fatty Acid Synthase
(FASN) in the fatty acid biosynthesis pathway [33, 34]. The presence of IcPUFAs can
decrease transactivation mediated by NF-kB of inflammatory genes, modifying histone
acetylation in their regulatory regions [35]. IcPUFAs have been shown to increase
the production of eicosanoids and selected pro-resolving lipid mediators [36]. Pro-
resolving lipid mediators include lipoxin, resolvin, protectin, and maresin families, col-
lectively called specialized pro-resolving mediators (SPM) [37]. Increased LXRs activity
can also induce macrophage polarization toward a more pro-resolving phenotype (M2),
directly upregulating the expression of MERTK and inflammation resolution.

MODE OF ACTION 5: LXRs upregulate the expression of sterol transporters such
as the ATP binding cassette (ABC) family members ABCA1 and ABCGI, together
with the transcription factors sterol regulatory element-binding protein 1c (SREBP1c)
and carbohydrate-response element-binding protein (ChREBP). These genes in turn
regulate critical lipogenic pathways, counteracting aberrant cellular overload [38].
Induction of the sterol transporters Abcal and Abcgl, in turn, promotes cholesterol
efflux to lipid-poor apolipoprotein A-I (ApoA-I) and high-density lipoprotein (HDL)
acceptors. As a result, excess cholesterol from the periphery is shuttled by HDL to the
liver for excretion through the reverse cholesterol transport pathway [39]. Thus, LXR
activation counteracts sterol overload and resolves inflammation.

LXR deficiency or LXR inhibition leads to increased cholesterol in macrophages
or dendritic cells. Cholesterol plays a key role in the regulation of immune responses
through different mechanisms. Cholesterol is required for membrane synthesis
during cell expansion and also it is a key constituent of lipid rafts. As a result,
any changes in cholesterol content could regulate raft dependent signaling of
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Figure 1.

L)%R- a molecular link between lipid metabolism and inflammatory autoimmune response. FASN-Fatty acid
synthase, LXR-Liver X Receptor, PUFA-Poly Unsaturated fatty acids, MUFA-mono Unsaturated fatty acids,
SCD-Stearoyl-CoA Desaturase, RXR-Retinoid X Receptor, 1RF3- Interferon regulatory factor-3, IDOL-Inducible
degrader of low-density lipoprotein, MERTK-Mer proto-oncogene tyrosine kinase, ABCA1-ATP binding cassette,
SREBP-Sterol regulatory element-binding protein, and ChREBP-Carbohydrate response element-binding protein.

major immune pathways such as Toll-like receptors (TLRs), major histocompat-
ibility complex (MHC), T cell receptors (TCRs) and B cell receptors (BCRs) [40].
Hyperlipidemia can activate TLR-3 and TLR-4 mediated IRF3 activation, which in
turn inhibits LXR, leading to an inflammatory autoimmune response.

LXR activation and its effects are diagrammatically represented in Figure 1.

2.4 Adaptive immunity links autoimmunity with hyperlipidemia

Antigen presentation and cytokine production by innate immune cells are modu-
lated by cellular lipid or cholesterol homeostasis and leads to direct activation of
adaptive immune cells.

Naive T-cells are differentiated into Th 17 cells by IL-6, transforming growth factor
B (TGF B), IL-23, and IL-1 f stimulation, express RXR-related Orphan nuclear recep-
tors (RORyt) and (RORa) and secrete IL-17A, IL-17Fand IL-22 to promote wound
healing and eliminate extracellular pathogens via recruiting neutrophils. Th 17 cells
lead to the autoimmune response either by modulating tissue inflammation or by
IL-17 mediated autoantibody production. Tth cells are differentiated by IL-6, IL-12,
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IL-21, and IL-27 stimulation express B cell lymphoma 6 (Bcl6) and Achaete-scute
complex homolog 2 (Ascl2), and secrete IL-21 [20, 41]. Proper activation of Th 17 and
Tth cells protect the body from infection but an uncontrolled generation of the cells
can also contribute to the pathogenesis of autoimmune diseases.

B cells are responsible for the generation of pathogenic autoantibodies, thus
intense research is carried out to study the function of autoreactive B cells and
how they are triggered in autoimmune diseases. IL- 17 produced by Th17 cells is
required for autoreactive B cell production and germinal center reactions [42, 43].
Furthermore, IL- 21, IFNy, and IL-4 secreted by Tth cells are required for class
switching of IgG2a/c and IgG1, respectively, during Tcell- B cell interaction. IL-27 is
sufficient to induce an increase in Tth cells and germinal center reactions. Analysis of
plasma from healthy controls and hypercholesterolemia patients showed that IL-27,
but not IL-6, is increased in the patients with hypercholesterolemia and that IL-27 is
associated with increased immunoglobulin G (IgG) in the circulation.

Tth cells express Bcl 6 and secrete IL-21 which provides crucial help for B cells
to induce class switching, affinity maturation, and differentiation into plasma cells
through germinal center reactions [44]. A novel function of LXRs as modulators of
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Figure 2.

L)%R mediated immune cell diffeventiation and cytokine expression. LXR-Liver X Receptor; RXR-Retinoid X
Receptor, LXRE-LXR responsive elements, MERTK- Mer proto-oncogene tyrosine kinase, DC-dendpritic cells, RXR
related orphan nuclear receptor-gamma, STAT 3-Signal transducer and activator of transcription 3, and BCL-B
cell lymphoma.
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B cell activation and in the control of Ig E synthesis suggests a beneficial function of
LXRs in allergic therapy [45]. LXR downregulation leads to activation of Tth cell that
promotes B cell activation which results in an overall surge of autoantibodies regard-
less of immunoglobulin subclass. The major roles of Bcl6 in the development and
effector function of mature T cell subsets suggest that Bcl6, besides, being a regula-
tor of germinal center reactions, is also an important regulator of T cell dependant
inflammatory, autoimmune and memory response in the periphery [46]. Oxysterol
directly acts as an RXR-related Orphan nuclear receptor yt (RORyt) agonist to
promote Th17 cell differentiation [47, 48].

LXR-mediated immune cell differentiation and cytokine expression are repre-
sented as shown in Figure 2.

3. Mechanism of LXR down-regulation leading to SLE clinical
manifestation

Upregulated atherosclerotic conditions can downregulate LXR signaling, thereby
downregulating the expression of various genes involved in the resolution of inflam-
mation and autoimmune response.
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Unregulated atherosclerotic conditions can downregulate LXR signalling, thereby downregulating the expression of
various genes involved in the resolution of inflammation and autolmmune response. Therapeutic management of SLE
involving LXR agonists can improve many of these SLE manifestations

Figure 3.

Downregulated LXR mediated clinical manifestations in systemic lupus erythematosus. LXR-Liver X Receptor, 1RF3-
Interferon regulatory factor-3 MERTK- Mer proto-oncogene tyrosine kinase, ABCA1- ATP binding cassette, TNF-
Tumor necrosis factor, IFN- interferons, HIF1A- Hypoxia-inducible factor-1-alpha, 6-phosphofructokinase, liver type.
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Downregulation of LXR signaling leads to impaired ABCA1 at RNA and protein
levels which causes cholesterol efflux from cell to periphery. This results in cholesterol
overload. Upregulation of Hypoxia Inducible Factor 1A (HIF1A) and 6-phospho-
fructokinase, liver type (PFKL) genes leads to abnormal macrophage differentiation.
Switching from M1 TO M2 phenotype is down-regulated which triggers diffuse
alveolar hemorrhage or end-organ damage in the liver and other vital organs [49].

Downregulation of LXR leads to increased generation of pro-inflammatory cyto-
kines like Tumor necrosis factor (TNF) a and Interferon y which causes an increased
inflammatory response. Downregulation of MERTK genes leads to decreased effero-
cytosis, ie decreased clearance of apoptotic cells that result in autoimmune reactions
via nucleosome presentation [50].

Therapeutic management of SLE involving LXR agonists can improve many of
these SLE manifestations. A diagram outlining the mechanism of hyperlipidemia-
mediated LXR downregulation in SLE is shown in Figure 3.

4. Mechanism of LXR down-regulation leading to RA clinical
manifestations

Hyperlipidemia-mediated downregulation of LXR signaling can lead to many
of the pathophysiological symptoms observed in rheumatoid arthritis. This LXR
inhibition in turn could activate the production of pro-inflammatory cytokines such
as C-X-C motif chemokine ligand 10 (CXCL10). Fibroblast-like synoviocyte (FLS)
invasion, one of the major symptoms of RA, leading to joint damage could be due
to an increased expression of CXCL10 [51]. Likewise, FLS invasion could also be
brought about by the expression of another set of pro-inflammatory cytokines like
IL-1 and IL-6, leading to matrix metalloprotease 2 (MMP-2) expression. Cartilage
destruction and joint damage, another debilitating manifestation of RA is also
brought about by MMP-3 expression. Moreover, LXR-mediated differentiation of
Th cells could also lead to Synovial tissue hyperplasia causing tissue invasion and
cartilage destruction [52].

LXR agonists as a therapeutic option for rheumatoid arthritis can suppress pro-
inflammatory cytokines such as IL-1 and ILN-6 as well as modulate Th17 differentia-
tion, thereby alleviating symptoms in rheumatoid arthritis.

5. Treatment

Therapeutic target 1: It is well known that ®-3 PUFAs have anti-inflammatory
properties and their presence in nutrition contributes to the prevention of many
inflammatory diseases, independently of the mechanism of action [53]. The adminis-
tration or inclusion of w-3 PUFAs in the human diet appears as the most natural way
to reduce AIDs symptoms. In particular, the availability of ®-3 PUFAs in the human
diet could dramatically change their benefits (Figure 4) [54].

Therapeutic target 2: Statins, or 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase inhibitors, have emerged as the leading therapeutic regimen
for treating hypercholesterolemia. Statins can accomplish partial inhibition of an
upstream common denominator of multiple regulatory signaling networks that
control the immune system. Thus, statins may be a good choice for ameliorating
AID symptoms.

121



Fatty Acids - From Biosynthesis to Human Health

Figure 4.

Downregulated LXR mediated clinical manifestations in vheumatoid arthritis. LXR-Liver X Receptor, 1RF3-
Interferon vegulatory factor-3, CXCL10- C-X-C motif chemokine ligand 10, Matrix metalloproteinases, and
FLS-Fibroblast like synoviocytes.

Target1

Figures.

Therapeutic management of auto-immune diseases. FASN-Fatty acid synthase, LXR-Liver X Receptor, PUFA-
Poly Unsaturated fatty acids, MUFA-mono Unsaturated fatty acids, SCD-Stearoyl-CoA Desaturase, 1RF3-
Interferon regulatory factor-3, HMG-CoA- 3-Hydroxy-3-methylglutaryl-coenzyme a veductase.
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Therapeutic target 3: LXR agonists activate the LXR pathway inhibiting the
expression of pro-inflammatory genes. They also increase the flux of cholesterol into
the liver, where it is metabolized.

The therapeutic management of Auto-immune diseases is summarized as shown
in Figure 5.

All the illustrations are original and created by the authors using BioRender, an
online web application used to create scientific figures and diagrams.

6. Conclusion

In the present review, the authors analyzed the different aspects of lipid metabo-
lism which contribute to autoimmune disease via inflammatory signaling pathways.
Reducing the hyperlipidemic environment could alleviate the pathophysiological
complications of auto-immune diseases, by modulating the Liver-X-Receptor (LXR)
signaling. LXR agonists along with fatty acid supplementation and statins are promis-
ing therapeutic targets for efficient clinical management of auto-immune diseases
such as rheumatoid arthritis and systemic lupus erythematosus.
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Chapter 8

Inflammatory Diseases and the
Role of n-7 Unsaturated Fatty Acids
as Functional Lipids

Akio Nakamura, Hikari Nakamura and Ritsuko Kawahavada

Abstract

With the increasing childbearing age, the number of mothers with diabetes and
gestational diabetes is escalating. Maternal hyperglycemia creates an intrauterine
hyperglycemic environment via the placenta, which causes signaling abnormalities in
various fetal organs due to excessive glycation. This is associated with future disease
development in the child. We have shown that insulin signaling defects are induced
in fetal cardiomyoblasts using a rat gestational diabetes mellitus model and cellular
models. Furthermore, we reported that maternal intake of eicosapentaenoic acid
(EPA), an n-3 unsaturated fatty acid, during pregnancy can ameliorate this signaling
defect. However, EPA has anti-coagulant effects, and the pollution of marine fish
oil, the source for EPA supplements, raises concerns about active intake by pregnant
women. Recently, palmitoleic acid, an n-7 unsaturated fatty acid, garnered attention
as a candidate functional lipid alternative to EPA because it has been reported to have
anti-obesity, lipid metabolism improvement, and cardioprotective effects similar
to those of EPA. Palmitoleic acid has cis and trans structural isomers, which differ
in their food intake route and metabolism in humans. This article introduces recent
findings on the biological functions of palmitoleic acid in lifestyle-related diseases
and cardiovascular diseases, ranging from basic research to clinical studies.

Keywords: dairy products, eicosapentaenoic acid, gestational diabetes mellitus, heart
disease, hyperglycemia, intrauterine hyperglycemic environment, lipid metabolism,
palmitic acid, palmitoleic acid, trans fatty acid

1. Introduction

Prenatal nutrition has a significant impact on the long-term health of the unborn
child. In particular, the cardiovascular epidemiological studies by Barker et al. have
shown that the intrauterine environment during pregnancy is closely related to the
development of future lifestyle-related diseases [1-5]. Gluckman and Hanson pro-
posed the Developmental Origins of Health and Disease hypothesis, which states that
predisposition to lifestyle-related diseases is shaped by gene-environment interac-
tions during fertilization, embryonic development, fetal life, and infancy, and that
mismatches with the fetal environment after birth lead to the development of diabe-
tes and hypertension [6, 7]. Many of these studies have suggested that a low-nutrition
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environment in the womb during the fetal period increases the likelihood that the
child will later suffer from lifestyle-related diseases, such as obesity, diabetes, and
hypertension in the future [8-10].

In the post-World War II period, economically developed countries entered an
era of global food satiation. Economic growth also changed people’ lifestyles. These
social conditions have been accompanied by an increase in late marriages, an increase
in maternal obesity, an increase in maternal age, an increase in the incidence of
gestational diabetes mellitus (GDM), and an increase in pregnant women with type
2 diabetes. The nutritional environment of pregnant women has increasingly become
overnourished rather than undernourished [11-13]. The fetus of a pregnant woman
with such an abnormal glucose metabolism is exposed to an intrauterine hypergly-
cemic environment, through the umbilical cord, due to maternal hyperglycemia. As
aresult, neonatal complications, such as gigantism, hypoxia, respiratory disorders,
congenital malformations, and myocardial hypertrophy, have been reported in
children born to diabetic pregnant women [14-18]. However, the molecular mecha-
nisms by which this intrauterine hyperglycemic environment during the fetal period
contributes to the future health and disease development of the child after birth are
not well understood. We are conducting basic research using animal and cellular
models to elucidate the underlying molecular mechanisms and to search for foods
that show diabetes-preventive effects in pregnant women. In this chapter, we present
recent findings on functional lipids that may prevent cardiac disease in children born
to diabetic mothers.

2. Fetal heart in an intrauterine hyperglycemic environment

We created a GDM model rat by administering streptozotocin into the tail vein
of Wistar rats on gestation day 2. To determine the effects of a high-fat diet during
pregnancy on the infants, we fed the GDM model rats a high-fat lard diet containing
saturated fatty acids and a control diet [19]. The stillbirth rate of GDM model rats fed
a high-fat lard diet was significantly higher than that of GDM model rats fed a control
diet [19]. Palmitic acid loading in lard has been reported to cause inflammation and
cardiomyocyte dysfunction in animal- and cellular-level experiments [20-25]. The
GDM rat study suggested that not only was the fetus exposed to intrauterine hyper-
glycemia, but that the mother’ intake of palmitic acid from a high-fat lard diet during
gestation may have further impaired cardiac function in the offspring [19].

Based on reports that fish oil has a positive effect on cardiovascular disease [26, 271,
we fed GDM model rats a high-fat fish oil diet, a high-fat lard diet, and a control diet
and analyzed the nutrient signals from the hearts of the infants. We found that the
lard-fed GDM model rat offspring had decreased phosphorylation levels of Akt, which
is important for sugar uptake [28]. However, when mothers were fed fish oil during
pregnancy, the Akt phosphorylation level was increased, and insulin signaling was
improved in the hearts of GDM model rat offspring [28]. The biological functional
components in fish oil may have ameliorated the signaling impairment caused by
hyperglycemia and palmitic acid loading.

We isolated primary cardiomyoblasts from the hearts of rat infants and established
a cellular model of a hyperglycemic environment by elevating the glucose concentra-
tion in the medium to address two questions: Why was insulin signaling abnormal in
the hearts of GDM model rat offspring, and what components of fish oil ameliorated
this signaling abnormality? We focused on eicosapentaenoic acid (C20:5n-3: EPA),
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which is abundant in fish oil and has known cardiovascular protective effects [29-33].
We orally administered EPA to GDM model rats during gestation and analyzed
neonatal primary cardiomyoblasts isolated from the offspring. The results showed
that insulin signaling was inhibited in primary cardiomyoblasts of GDM model rat
offspring and that insulin resistance had been induced in these rat infants [34].

However, insulin resistance was improved in the hearts of infants born to GDM
model rat mothers that were orally administered EPA [34]. Furthermore, in primary
cardiomyocytes from neonatal rats exposed to an intrauterine hyperglycemic envi-
ronment, intracellular reactive oxygen species (ROS) were chronically elevated, and
excess advanced glycation end-products (AGEs) were observed, as compared with
normal cells. AGE formation has recently attracted attention as a cause of aging and
disease [35-40]. Furthermore, AGEs increase the expression of receptors for AGEs
(RAGESs) and induce AGE-RAGE signaling. This signaling also increases the expres-
sion of genes encoding various inflammatory cytokines (IL-6, TNFa, NF-kB) via
phosphorylation of Jun amino-terminal kinase (JNK).

These results indicated that the fetuses of GDM model rats are exposed to a
hyperglycemic environment in utero, resulting in chronic inflammation by accumu-
lating AGEs. However, feeding EPA to pregnant GDM model rats suppressed the pro-
duction of AGEs and intracellular ROS in the offspring, resulting in the amelioration
of signaling abnormalities [34]. Therefore, it is highly likely that EPA was responsible
for the improvement of cardiac insulin signaling. In that regard, a summary is shown
in Figure 1.

Gestational Diabetes Mother’s Fetal
Meuitus (GDM) vaergwcemia Hyperglycemia

Fetal Cardiomyoblasts
* AGEs-RAGE Signal i

* phosphorylation of JNI('
-» Inflammation induced

* phosphorylation of Akt i
=> Impaired insulin signaling

Inflammation

'

Impaired insulin Signaling

Figure 1.

Intrauterine hyperglycemia environment causes impaired signaling in the fetal heart. In gestational diabetes
mellitus, maternal hyperglycemia cveates a hyperglycemic intrauterine environment via the placenta. In this
environment, advanced glycation end-products (AGEs) of proteins accumulate in fetal cardiomyoblasts,
triggering inflammatory signals and impairing nutvient signaling by reactive oxygen species in the cells. Maternal
intake of eicosapentaenoic acid (EPA), present in fish oil, during fetal life improves signaling by inhibiting
formation of AGEs.
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3. n-3 unsaturated fatty acid intake issues for pregnant women

Our experiments with the GDM rat model revealed that EPA improves the
intrauterine hyperglycemic environment during pregnancy. EPA is one of the fatty
acids transported from the mother to the fetus via the placenta [41, 42] and is a very
important essential fatty acid for the fetus [43-45]. However, EPA is known to have
anticoagulant and thromboprophylaxis effects [46-49]. Therefore, very high intakes
or levels of EPA may cause health problems, such as hemorrhage, prolonged gestation,
or premature delivery, and thus intakes in pregnant women are being examined from
various perspectives [50, 51]. In addition, given marine pollution in many areas, EPA
and DHA extracted from fish oil have been found to be contaminated with environ-
mental contaminants, such as methylmercury and polychlorinated biphenyls, which
are known to cause neurological disorders when ingested by pregnant women and
which can adversely affect the fetus [45, 50-56]. Therefore, it is recommended that
EPA derived from marine products with high methylmercury concentrations, such as
tuna and swordfish, be avoided.

4. Palmitoleic acid as n-7 unsaturated fatty acid

Our research using GDM model rats revealed that intrauterine hyperglycemia
causes chronic inflammation in cardiomyocytes and various organs during fetal
development due to the oxidative stress caused by excessive AGEs and that this causes
disease development in the offspring. It was also found that maternal intake of EPA,
an n-3 unsaturated fatty acid, during the fetal period ameliorates this chronic inflam-
mation. However, given the concerns about the intake of EPA by pregnant women in
terms of a bleeding tendency during delivery, we have been searching for alternative
food functional ingredients to replace EPA. Palmitoleic acid, an n-7 unsaturated
fatty acid, has recently been suggested to improve type 2 diabetes and to have anti-
inflammatory effects. It has been called a lipokine because of its versatile physiologi-
cal functions [57, 58]. Here, we describe the physiological properties of palmitoleic
acid as a functional lipid that has been elucidated to date.

Among the unsaturated fatty acids, palmitoleic acid (C16:1, n-7; also known as
9-hexadecenoic acid) is a fatty acid found in blood and tissues, particularly in the
adipose tissue and liver [59], as well as in human milk [60]. Palmitoleic acid is an n-7
monounsaturated fatty acid that is also naturally present in plants and fish oils [61, 62].
The classification of unsaturated fatty acids and the position of n-7 monounsaturated
fatty acids are shown in Figures 2 and 3. In the human body, palmitoleic acid exists
as cis and trans isomers. Cis-palmitoleic acid (cis-C16:1n-7, CPA) is synthesized
from palmitic acid (C16:0), a saturated fatty acid produced in the body, in addition
to normal dietary intake), which is synthesized mainly in the liver by stearoyl-CoA
desaturase 1 (SCD1) (A9 desaturase) and is incorporated into triglycerides and other
products. A portion is further converted to cis-vaccenic acid (cis-C18:1n-7) by an
elongase-mediated elongation reaction [63]. Trans-palmitoleic acid (trans-C16:1n-7,
TPA) is not biosynthesized from saturated fatty acids in the body and is mainly
derived from trans fatty acids found in dairy and in ruminants [64, 65]. Ruminant
trans-vaccenic acid (trans-C18:1n-7) is also biosynthesized endogenously in the
human body by a chain-shortening reaction [66]. The metabolism of CPA and TPA
as palmitoleic acid in the body is shown in Figure 2. Fish oil and macadamia nut oil
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Figure 2.

Cl%zssifimtion of fatty acids. Fatty acids are broadly classified into unsaturated and saturated fatty acids,
depending on whether the molecule contains or does not contain double bonds between the carbons. Saturated fatty
acids are abundant in meat and milk and include palmitic acid (16:0) and stearic acid (18:0). Unsaturated fatty
acids ave further classified into monounsaturated fatty acids, which have one double bond, and polyunsaturated
fatty acids, which contain two or more double bonds. Among monounsaturated fats, oleic acid (18:1), found

in olive oil, which has one double bond on the ninth carbon in the chain, is termed an n-9 unsaturated fatty

acid. Palmitoleic acid (16:1), a fatty acid with one double bond on the seventh carbon, is referred to as an n-7
unsaturated fatty acid. Palmitoleic acid is further classified into two structural isomers: cis-type palmitoleic

acid (CPA), which is abundant in meat fats and oils and in sea buckthorn fruit oil; and trans-type palmitoleic
acid (TPA), which is found in milk and dairy products. Polyunsaturated fatty acids include eicosapentaenoic acid
(20:5, EPA) and docosahexaenoic acid (20:6, DHA), which are found in fish oil, with the first double bond found
on the third carbon from the methyl terminal of the carbon chain. Linoleic acid (18:2), a polyunsaturated fatty
acid abundant in plant oil, has its first double bond on the sixth carbon from the methyl end of the carbon chain.

are dietary sources with higher amounts of CPA than other vegetable oils [67-69].

In addition, the oil of the fruit of sea buckthorn (Hippophae rhamnoides L.), which

is widely grown in Asia, Europe, and Canada, contains about 40% palmitoleic acid
[70, 71]. TPA is found in full-fat dairy products, and plasma concentrations of TPA
correlate with the intake of full-fat dairy products and butter [72, 73]. Presumably,
TPA is typically obtained by ingesting full-fat dairy products. Palmitoleic acid derived
from food and its metabolism in the body are shown in Figure 4.

5. Palmitoleic acid as a functional lipid

In humans, palmitoleic acid is abundant in the muscle, liver, and adipose tissue,
although the content of palmitoleic acid in the adipose tissue decreases with age [74,
75]. Cis-palmitoleic acid, an adipose-derived lipid hormone (lipokine), is intrinsically
synthesized by SCD-1 in adipocytes through palmitic acid and acts in the liver and
skeletal muscle to improve insulin sensitivity and metabolism in animal models [58,
76]. In addition, circulating levels of palmitoleic acid in humans are strongly cor-
related with insulin action [77]. Interestingly, the peroxisome proliferator-activated
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Figure 3.

Structural formulas for three functional lipids. (1) Eicosapentaenoic acid (EPA), an n-3 unsaturated fatty
acid. (2) Cis-palmitoleic acid (CPA), an n-7 unsaturated fatty acid. (3) trans palmitoleic acid (TPA), an n-7
unsatuvated fatty acid.

Ruminant RUMEN Human

Palmitic acid

TPA TVA

Linoleic acid

+
Rumenic acid
(eis-9, trans-11-C18:2)
+ 1t
trans- Vaccenic acid
(trans-11C18:1n-7, TVA))

;

CPA CVA

s

Palmitic acid ‘ /
E TVA (c160) J
trans- Palmitoleic acid (C18:1) IS
(trans-C16:1n-7, TPA) 1 iy >,
& & . SCD1 (A9 desaturase)
als 1 o -oxidation

l

A5V MILK TPA Elongase
¢ (C16:1) !

Dairy and ruminant fatty acids CVA (c18:1)

Figure 4.

Pa%mitoleif acid as a food and its metabolism in the human body. Palmitoleic acid (CPA) and trans-palmitoleic acid
(TPA) have diffevent routes of intake and metabolism in the body. In the human body, a double bond is introduced
into palmitic acid, which is biosynthesized via de novo fatty acid synthesis in the liver and other ovgans, by SCD1 to
form CPA. TPA cannot be biosynthesized in the human body and can only be obtained from milk and dairy products
of ruminant origin. In vuminants, the gut bacteria biosynthesize conjugated linoleic acid, rumenic acid, from linoleic
acid and store it as trans-vaccenic acid (TVA) in the body’ adipose tissue, etc. TVA is further converted to TPA in the
mammary gland and secreted into ruminant milk. Another route for obtaining TPA is through ingestion of TVA in the
fat of pork and beef, which is partially converted to TPA by p-oxidation in the human body.
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receptors (PPARs) are nuclear receptors that regulate DNA transcription, and three
types are known: PPARa, PPARy, and PPARS. The oral administration of palmitoleic
acid has been shown to suppress feeding by increasing cholecystokinin levels with-
out involving this PPARa pathway [78]; moreover, it decreases phosphorylation of
NF-kB p65 in mouse liver macrophages and inhibits the expression of inflammatory
cytokines [79]. Palmitoleic acid also suppresses gene expression of palmitin-induced
inflammatory cytokines via AMP-activated protein kinase, indicating a mechanism
by which it exerts an anti-inflammatory effect [80]. Topical administration of palmi-
toleic acid has been reported to heal wounds due to its anti-inflammatory effects [81].
In humans, an association between dietary-derived and blood palmitoleic acid levels
and a decreased incidence of diabetes, risk of cardiovascular disease, and inflamma-
tory status have been suggested [77, 82, 83]. Thus, palmitoleic acid is thought to have
an inhibitory effect on the development of diabetes by improving insulin resistance
and increasing pancreatic beta cell proliferation and insulin secretion in animal and
cellular models [84-89].

Thus, in summary, many studies have shown that palmitoleic acid, as a functional
lipid, is effective in preventing the onset of lifestyle-related diseases and has anti-
inflammatory, anti-diabetic, and anti-obesity effects. Palmitoleic acid has two struc-
tural isomers: the cis-type CPA and the trans-type TPA. The former is biosynthesized
from palmitic acid, a saturated fatty acid that causes inflammation and organ stress in
skeletal and cardiac muscle, by introducing double bonds and chain-elongation reac-
tions, while the latter cannot be synthesized in the human body and is derived from
dietary fatty acids found in meat and milk of ruminant origin (Figure 4).

Little research has been done on the differential effects of the CPA and TPA
isomers on biological functions. Recently, we found that high-glucose-exposed
myoblasts show increased phosphorylation levels of MAPK/ERK1/2, ROS produc-
tion, and inflammatory signals; however, their treatment with TPA and EPA sup-
pressed both ROS production and inflammation. In contrast, the opposite was found
with a CPA treatment, which increased ROS production and demonstrated higher
cytotoxicity than TPA [90]. Thus, CPA and TPA are functional lipids that may affect
the organism differently.

Recently, an increasing number of clinical studies have focused on TPA derived
from dairy products. In the Cardiovascular Health Study, a large prospective cohort
study in the United States, it was found that older adults with a higher percentage of
TPA in their blood total fat content had lower insulin resistance and a significantly
lower incidence of type 2 diabetes [91]. The Multi-Ethnic Study of Atherosclerosis
(MESA) found that TPA in blood was associated with elevated LDL cholesterol,
but reduced triglycerides, fasting insulin, blood pressure, and diabetes incidence
[92]. Two cohort studies, the Nurses’ Health Study and the Health Professionals
Follow-Up Study, of 3333 adults without diabetes aged 30-75 years, found that
higher plasma milk-derived TPA levels were associated with a lower risk of develop-
ing diabetes mellitus [93]. In a meta-analysis examining the association of saturated
and trans-unsaturated fat intake with all-cause mortality, cardiovascular disease,
coronary heart disease, ischemic stroke, and type 2 diabetes, TPA intake from a
ruminant-derived diet was inversely associated with type 2 diabetes [94]. Another
study showed that, as a potential biomarker of milk fat intake, high levels of TPA in
circulating blood or adipose tissue were associated with a lower risk of developing
type 2 diabetes [95].

In a nonclinical basic research study using db/db mice, TPA was shown to amelio-
rate hypercholesterolemia by reducing serum cholesterol, low-density lipoprotein,
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high-density lipoprotein, and hepatic free cholesterol levels, while CPA had none of
these effects [96]. TPA also inhibited cholesterol absorption from the intestinal tract
by markedly reducing the expression of intestinal Niemann-Pick C1-like 1 protein.
However, histological examination of the liver showed that CPA more effectively
ameliorated hepatic lipidosis than did TPA. These results suggest that TPA and CPA
may prevent hypercholesterolemia by different mechanisms [96]. In a mouse model
of diet-induced obesity, TPA prevented weight gain caused by a high-fat diet, reduced
visceral adipose tissue weight and adipocyte size, and increased expression of lipol-
ysis-related genes [97]. In vascular endothelial cells and hepatocytes, TPA reduced
TNF-a-induced inflammation [98], and in experiments with f-cell lines, TPA and the
branched-chain fatty acid 15-methylhexadecanoic acid (iso 17:0) increased PPARy
activity by about two fold and enhanced p-cell function, thereby improving insulin
resistance. TPA has been reported to improve insulin resistance by increasing p-cell
function [99]. Palmitic acid and CPA decreased hepatocyte viability at concentrations
above 1 mM, whereas TPA treatment had a cell proliferative effect: TPA had a benefi-
cial effect on hepatocyte survival signals by activating sirtuin 1 and inducing PPAR«
activity [100].

In the Ludwigshafen Risk and Cardiovascular Health (LURIC) clinical study of
the association between trans fatty acids and mortality, TPA was associated with a
reduced risk of death due to cardiovascular causes, but this effect was not observed
with industrially produced hydrogenated fats and oils [101]. The effects of palmitoleic
acid were examined using isoproterenol-induced myocardial damage model mice
and primary mouse cardiomyocytes, and the results showed that palmitoleic acid
may have a protective effect against cardiac fibrosis and inflammation by regulating
PPAR-specific signaling pathways in the heart [102].

6. Conclusions

When a woman has diabetes during pregnancy, her hyperglycemia creates a
hyperglycemic intrauterine environment for the fetus via the placenta. Exposure
to this environment during the fetal period is closely related to the future develop-
ment of cardiac and neurological diseases in the offspring. We have been conducting
research to find food ingredients that reduce insulin resistance in pregnant women.
While EPA has anti-diabetic effects, there are concerns about the active use of EPA
in pregnant women due to its anticoagulant effect and due to the marine pollution
of fish oil, which is a primary source of EPA supplementation. In this paper, we
propose the use of palmitoleic acid, an n-7 unsaturated fatty acid, which has anti-
obesity, lipid metabolism improving, and cardioprotective effects similar to those
of EPA. Palmitoleic acid is classified into cis-type CPA and trans-type TPA. Further
basic molecular studies are needed to clarify the differences in the mechanisms of
action of these structural isomers. In particular, TPA has beneficial effects on the
cardiovascular system. However, the intake of TPA, which is only marginally pres-
ent in dairy products, must be carefully considered from a mother-child nutritional
perspective, as excessive intake of dairy products by the mother may lead to over-
nutrition and allergic reactions in the child. Recently, a synthesis that converts CPA,
which is abundant in macadamia nut oil and sea buckthorn fruit oil, to TPA has been
developed, and research on palmitoleic acid-producing bacteria is underway. Thus, it
is expected that TPA will be available as an inexpensive, safe, and accessible supple-
ment in the future.
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Chapter 9

Lipid Metabolic Defects and
Lipid-Dependent Gating of
Voltage-Gated Ion Channels

Qiu-Xing Jiang and Felix Chin

Abstract

Eukaryotic cells contain phospholipids and nonphospholipids. The latter lack
phosphodiester groups in their head group regions. Lipid-dependent gating of voltage-
gated jon channels represents a steady-state energetic effect of nonphospholipids in
favoring the resting state of voltage-sensor domains (VSDs) of the channels. It sug-
gests adaptation of ion channels to lipid compositions in their native niche and signif-
icant roles of low-to-intermediate affinity lipid-binding sites at the channels. The
nonphospholipids include glycoglycerolipids, glycosphingolipids, ceramides, choles-
terol or cholesterol esters, diacylglycerol (DAG), fatty acids, cation lipids, etc. Change
in relative ratios of phospholipids to nonphospholipids can shift the energetic levels of
the VSDs and the gating of these channels, which in turn may alter excitability in
certain cells. It is expected that reduced relative abundance of nonphospholipids /
phospholipids in plasma membranes may change resting transmembrane potential or
gating transitions of voltage-gated Na or K channels. The net results will be a change
in action potential firing at least in certain areas of an excitable cell. Such changes in
the central nervous system (CNS) are anticipated to affect brain functions and con-
tribute to early-onset neurological phenotypes observed in patients carrying lipid
metabolic defects. We will describe the basics of lipid-dependent gating and review its
projected links to phenotypes of monogenic lipid metabolic defects and related
changes of lipid composition in cell membranes as well as altered neuronal excitability
in CNS. However, lack of high-resolution techniques to measure lipid composition
around individual channels in cell membranes has been limiting the studies of direct
connections between lipid redistribution caused by metabolic defects and altered ion
channel activities. Potential solutions will be described for future studies.

Keywords: lipid metabolic defects, lipid-dependent gating, nonphospholipids,
voltage-gated ion channels, resting state, voltage sensor domains, activation,
inactivation, low affinity lipid-protein interactions, steady-state energetics

1. Introduction

All living cells are thermodynamically off-equilibrium. As open systems, their
identities and existence are demarcated by their plasma membranes, and they

149 IntechOpen



Fatty Acids - From Biosynthesis to Human Health

exchange materials and energy through these membranes [1]. Lipid metabolism basi-
cally covers exchange of lipid molecules or their constituents between a cell and its
environment or between an organism and its surroundings as well as lipid distribution
(or redistribution) and composition within a cell or an organism [2]. At the level of
individual cells, lipids can be distributed among the plasma membranes, the intracel-
lular membranes, and the nonlamellar-structured lipid-containing particles inside or
outside cells [3]. Lipid metabolic defects can change lipid composition and/or distri-
bution inside or outside a cell and may exert significant effects on cell physiology. This
chapter will focus on possible effects of lipid metabolic defects on activities of voltage-
gated ion channels at the molecular and cellular levels, which are probably part of the
basis for organismal level phenotypes observed in human patients [4].

All cells have specific resting transmembrane electrostatic potentials, which
require voltage-gated ion channels (VGICs), often a voltage-gated potassium (Kv)
channel, as a feedback pathway, to be stabilized at certain levels under well-defined
ionic conditions [5]. The transmembrane potential serves as a driving force or energy
source for transporting various molecules and ions across the cell membranes. Inside a
human body, all cells contain high K* and low Na* inside and face high Na* and low K*
outside (an exception is the cochlear inner hair cells whose top ends meet with high-
K* endolymph) [6]. The ionic differences are often maintained by Na*-pump at the
expense of ATP. Ion channels allow specific ions to flow down their electrochemical
gradients and dissipate the chemical energy [5, 7]. For these channels to function well,
lipid molecules in cell membranes must maintain stable ion gradients by separating
the inside and outside milieus of a cell reliably with negligible shunting pathways, due
to hydrophobicity in the membrane core and the high energy barriers for hydrated
ions to cross. These channels therefore must reside in lipidic environments to be
physiologically relevant. Their interactions with the lipid molecules are presumably a
critical factor for shaping their functions [4, 8]. The same are expected to be true for
other transmembrane proteins that have been evolved to function in specific lipid
environments in their native niches.

VGICs belong to a superfamily of integral membrane proteins that have distinct
voltage-sensor domains (VSDs) responsible for detecting changes in transmembrane
electrostatic potential [5]. Except voltage-gated proton channels whose proton-
conducting pores are within their VSDs, all known VGICs are made of four subunits /
domains that together form a central pore surrounded by four VSDs in the periphery.
For these channels, each subunit/domain contains a pore region and a VSD. Each pore
region has two transmembrane helices and a pore loop, and each contributes to one
quarter of an ion-conducting pore [9]. Each VSD contains four transmembrane seg-
ments (S1-S4) that are folded into a four-helix bundle, and harbors intrinsic positive
charges, which are mostly carried in the extracellular half of the fourth segment (S4),
physically relocate in response to change in transmembrane electric field and are
called gating charges [10]. A VSD switches from a resting state to an activated state
through sequential translocation of the fixed gating-charge-contributing residues
(mainly in S4) from the intracellular side of the transmembrane electric field to the
extracellular side [11-15]. The physical movement of typical four residues in 3 to 4
helical turns has been extensively studied. Presumably, five sequential states are
required to account for moving all four positively-charged residues from the intracel-
lular side to the extracellular side of the transmembrane electric field [16]. Crystallo-
graphic data have so far observed local rearrangements around one or two residues,
making the general model of four-step motions reasonably well accepted [11]. How-
ever, this type of model may still be a simplification and may need modifications for a
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particular VSD [7]. We will not delve into such subtle details because a general
mechanistic two-state model is often sufficient for our thermodynamic and kinetic
considerations [7, 17].

From the angle of molecular composition of a bilayer membrane, lipid molecules in
the two leaflets are arranged in juxtaposition to have hydrophobic tails from two
leaflets face each other in the interior, achieve high stability and minimize trans-
bilayer flipping of polar or charged lipid groups [7]. Laterally, lipids and proteins can
form small functional units or domains, and lipid/protein composition may vary from
one location to another in the plasma membrane of a cell. Across a cell membrane, the
lipid composition of the two leaflets often differs from each other. The canonical
fluid-mosaic model of a biomembrane suggests that a membrane protein complex and
the few layers of lipid molecules surrounding it form a functional unit [1, 7, 8]. This
same notion probably applies to the intracellular membranes as well, highlighting the
importance of lipid-protein interactions in every biological membrane and the general
proposal that a membrane protein evolves and becomes adapted to the lipid environ-
ment of its native niche in membrane [1].

Changes of lipid environments in the native niche of a membrane protein are thus
expected, especially for those proteins whose conformational changes are particularly
sensitive to lipids, to generate significant functional effects, which may alter cell
physiology [17]. Lipid metabolic defects may cause changes in lipid uptake, degrada-
tion or synthesis of lipids, recycling and redistribution of lipids in plasma and
organellar membranes, and/or removal of lipids from organelles or from cells through
vesicles, protein binders or carriers, or enzymatic activities [6]. We will focus on the
lipid metabolic effects on VGICs in the next sections, mainly because these channels
have their VSDs at the lipid-protein interfaces and are particularly sensitive to their
lipid environments [8, 18]. Our general theme is that the lipid-metabolic defects may
change the so-called lipid-dependent gating of VGICs and bring about many of the
neurological phenotypes or the functional and structural changes in organs or tissues
outside the nervous systems [8].

2. Lipid metabolic defects and lipid distribution among cell membranes

There are at least five important processes for lipid metabolism and homeostasis
(Figure 1) [19]: (a) lipid uptake and absorption/assimilation from diets, (b) ab initio
synthesis of lipids from building blocks, (c) lipid recycling including transport from
one organelle to another, release from lipid storage, conversion from one type to
another by specific enzymes, (d) lipid degradation or removal from cells through
exosomes or carrier protein complexes, and (e) storage of lipid molecules in tissues/
organs, storage particles like lipid droplets or accumulation in lysosome-related com-
partments in cells. These processes are integrated and contribute to a complicated
network in regulation of lipid homeostasis (Figure 1). We will not elaborate on these
processes, but instead will focus on some of the key changes that will likely affect the
voltage-gated ion channels [4].

Based on chemical structures and their arrangements in bilayers, all lipid molecules
in human cell membranes fall into two groups — phospholipids and
nonphospholipids, depending on whether a lipid has a phosphodiester group in its
headgroup region [4] (Figure 2). Typically, phospholipids include glyceropho-
spholipids, phosphosphingolipids and phosphono-sphingolipids (sphingomyelin as a
prominent example), and others that contain a properly positioned phosphate group,
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absorption and
uptake _———_| ab initio synthesis

Lipids inside cells

Lipids in plasma
membranes of cells

degradation or | ————{lipid storage inside
removal or outside cells

Figure 1.
Lipid homeostasis at systems and cellular levels. The lipids can be taken into or removed from the cells, can be
synthesized inside the cells, can be stored insider or outside the cells, and can be vecycled or degraded in cells.

o L =
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@
resting actlvated
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Figure 2.

Compositional difference between bilayers made of phospholipids and nonphospholipids contributes to lipid-
dependent gating effects on a voltage-gated ion channel. The phosphate bands endow significant chemical
properties that are unique to a phospholipid bilayer. A voltage-sensing domain (VSD) is favored enevgetically in a
resting state when it is surrounded by nonphospholipids, and is stabilized in an activated state in the presence of
surrounding phospholipids.

such as cholesterol-phosphate, ceramide-1-phosphate, geranyl phosphate, isopentenyl
phosphate, etc. [20]. The phospho-diester groups in a typical phospholipid bilayer are
aligned to form two bands that have high charge density and participate in extensive
H-bonding networks, making a prominent chemical feature that is missing in a bilayer
made of nonphospholipids. It remains unclear and untested whether a sulfate group
can replace a phosphodiester group in the right locations of a lipid bilayer, even
though its chemistry is different and in general it cannot substitute for a phosphate in
biochemical settings. As a demonstration of the importance of the chemical bonding
structures at the phosphate bands, plasmalogens deserve mention here [21, 22]. A
plasmalogen contains one normal ester-bonded (at the sn-2 position of the glycerol
backbone) acyl chain and one ether-linked chain (at the sn-1 position). They make 5-
20% of the phospholipids in most mammalian cell membranes and account for ~18%
of total phospholipid mass in humans [23]. Their vinyl-ether linkages are thought to
scavenge reactive oxygen species (ROS). Their presence may introduce changes in
biophysical properties of biological membranes, such as thickness, rigidity, fluidity,
phase separation, fusion, etc. and may dictate their importance to myelin sheaths in
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nervous systems. Metabolic changes in plasmalogen abundance can alter CNS func-
tions and have been proposed as an etiological factor of Alzheimer’s disease (AD) [23].

The nonphospholipids include a more diversified group, including members of
fatty acids, glycerolipids, sphingolipids, sterol lipids (cholesterol and analogs), prenol
lipids, saccharolipids and polyketides [20]. Among them, cholesterol (CHOL or Chol)
and glycosphingolipids (such as gangliosides) are quite abundant in human cells,
especially in cells of CNS. For example, a human adult brain accounts for ~3% of
body weight, but contains nearly 25% of total body cholesterol [24]. All cholesterol in
the brain is synthesized de novo in astrocytes. Cholesterol is not only a structural
component in the branched membrane systems of a neuronal cell in the brain, but
also serves as a precursor for critical signaling molecules and hormones in the sys-
tem [19]. Not surprisingly, metabolic changes in the abundance or distribution of
cholesterol, or nonphospholipids in general, is important to the proper functions of
the CNS [25].

Metabolic defects in fatty acids, phospholipids or nonphospholipids often lead to
changes in their relative abundance in circulation, tissues and organs, or in plasma
membranes and intracellular membranes of individual cells, affecting both their
structural roles, transport, distribution, recycling, and signaling functions [25-34].
Many genetic defects may be lethal in early stages of life. For examples, the most
prominent fatty acid oxidation disorder, medium-chain acyl-CoA dehydrogenase
deficiency (MCADD), may cause dehydration, lethargy and hypoketotic hypoglyce-
mia, and result in early onset liver dysfunction and brain edema, and thus a high
mortality rate [27]. Phospholipid metabolic defects, such as the ones leading to high or
low phosphatidylcholine (PC)/phosphatidyl-ethanolamine (PE) ratios, can affect the
formation and stability of triacylglyceride (TAG)-rich lipoproteins and alter de novo
lipid synthesis via sterol regulatory element binding protein (SREBP) pathway.
Changes in PC/PE ratios are linked to liver failure, impaired liver regeneration, etc.,
and genetic mutations affecting PC/PE ratios may give rise to embryonic lethality
[29]. Similarly, multiple monogenic defects in metabolism of non-fatty-acid
nonphospholipids alter their distribution in cells. The level of severity of their pheno-
types varies, and can still lead to obvious functional changes even when organ devel-
opment and cell growth appear normal in infancy (Table 1). Notably, altered
nonphospholipid abundance in cell membranes almost always leads to changes in
excitable cells, and invariably is manifested in severe or life-threatening neurological
phenotypes (Table 1).

Based on these phenotypes, our central hypothesis is that these metabolic changes
in the relative ratios of phospholipids and nonphospholipids in plasma membranes
may change the activities of VGICs, and lead to phenotypical changes in nervous
systems because of high abundance of these channels [4, 8, 18]. We will elaborate
such connections in the next section first.

3. Lipid-dependent gating of voltage-gated ion channels (VGICs)

From the fluid mosaic model of a biomembrane, we proposed that a VGIC and a
few layers of lipid molecules (called annular lipids here; Figure 2) right next to its
transmembrane footprint together form a functional unit [1, 35]. We usually call the
control of channel opening and closing as a gating process. Besides other factors, the
gating energetics and physiological functions of a VGIC is also a function of lipid
composition in the annular layer. As listed in Table 1, the metabolic defects of
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Lipid types  Diseases Mutated Affected lipids Impacted Prevalence rate
genes organs
Fatty Acids medium-chain acyl- ACADM elevated liver, brain 1:20,000 in
CoA dehydrogenase acylcarnitine Northern
deficiency (C8, C10, C10:1) European
(MCADD) [28, 29] Caucasian
X-linked ABCD1  very long-chain Nervous 1in 20,000 to
adrenoleuko- and fatty acids systems and 50,000 worldwide
dystrophy (X-ALD) down- (VLCFAs) adrenal glands
[30] regulated
ALDP
Phospholipids PC synthesis CHKA/  phosphatidylcholine global rare
deficiency [31] CHKB (P-choline) (embryonic
lethal)
PE deficiency [31] EKI2 P-ethanolamine global rare
(neonatal
lethal)
Non- Cerebrotendinous ~ CYP27A1 p450 oxidase; bile brain (ataxia, < 5in 100,000
phospholipids Xanthomatosis acids and lipids; dystonia, worldwide; R362C
(other than (CTX) [25, 32] sterol metabolites epilepsy, etc.) 1 per 50,000
fatty acids) Caucasians
Fabry’ disease [33] GLA Glycolipids Skin, heart,  1in 40,000

kidney, brain to 60,000
male, less in

female
Niemann-Pick ASMD Sphingomyelin, Tissue, liver,  very rare, 500
diseases type (type A,  cholesterol spleen, lymph cases diagnosed
A, B, C[21, 34]. B); NPC1 nodes, brain, worldwide
and NPC2 etc.
Tay-Sachs disease =~ HEXA GM2 gangliosides ~ Nervous 1in 90,000;
[22] system, mainly in infants,
muscle, etc.  progressive and
fatal.

Table 1.
Examples of metabolic defects in fatty acids, phospholipids and other nonphospholipids.

nonphospholipids (including fatty acids) may change the distribution and redistribu-
tion of these lipids in native cell membranes, whose effects may penetrate the annular
layers of a VGIC that happens to be in the region and alter its functions. Altered VGIC
activities may change the excitability of neurons and muscle cells in specific neural
circuits or in muscles, leading to severe pathophysiological effects at tissues, organs,
or organismal levels. To keep focused, we will discuss changes in relative abundance
of nonphospholipids and phospholipids in plasma membranes where the VGICs con-
tribute to key physiological events. We will not discuss the effects of lipid metabolic
defects on the VGICs in intracellular membranes because of insufficient studies of
their connections to lipid metabolic diseases so far [36].

Our studies in lipid-dependent gating of Kv channels led us to a more general
concept of nonphospholipid-mediated gating effects on VGICs (Figure 3) [4, 17]. A
typical depolarization-activated Kv channel undergoes transitions between different
states in a voltage-dependent or -independent manner (Figure 3A) [37, 38].
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Lipid-dependent gating divectly alters properties of a VGIC. (A) A typical gating model for a VGIC that is
depolarization-activated. C: closed state(s); Cx: closed state right before opening; O: open state; and I: inactivated
state; (B) Changes of gating charge (Q) and conductance (G) as a function of transmembrane potential (Vm).
The VSD switches from a vesting (“down”) to an activated (“Up”) state, while the channel pore changes from the
closed to the open state. The predicted change of the G-V or Q-V curve in the presence of nonphospholipids is a right
shift (purple arrow and trace) with the same or a shallower slope; and (C) The measured changes of G-V curves of
the KvAP channel in the presence of different lipids in bead-supported unilamellar membranes (bSUMs) made of
different lipids (inserted cartoon). Those on the far left were from phospholipid membranes, while the red and
orange curves were in DOPC bilayers doped with small amounts of cholesterol. From references [8, 18] with
permissions following PubMed open access policy.

The measured gating charge (Q) movement (due to changes in the voltage sensor
domain) or conductance (G) change (due to the opening of the pore domain) can be
presented as a function of transmembrane potential (Q-V or G-V in Figure 3B). From
the general concepts in Figure 2, the nonphospholipids favor the resting (closed) state
of a VGIC. A prediction is that the Q-V and/or G-V would shift to the right and may
keep the same slope or become shallower due to procrastinated conformational
changes in certain steps (purple trace in Figure 3B) [39, 40]. Indeed, when we
constructed a bead-supported unilamellar membrane (bSUM) with precisely con-
trolled lipid composition and channel orientation in bilayers and without any addi-
tional solvents (e.g., no decane), it was feasible to measure accurately the shifts of G-V
curves in the presence of 4.0% or 9.6% cholesterol (Figure 3C) [41]. Due to decane
islands and annuli in planar lipid bilayers and potential (or preferential) interaction
(packing) of cholesterol with decane, it was difficult to control cholesterol concentra-
tion and phase behavior of planar bilayers when bilayer experiments were performed
by introducing cholesterol or glycolipids [42]. The bSUMs were thus better when
planer glass electrodes were utilized for electrophysiological recordings from channels
in them, and so far, remain the only system that is suitable to control lipid
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composition and channel orientation at the same time. Our results agree very well
with the predictions of lipid dependent gating (Figure 3C vs. B).

Similar physiological changes have been reported for Nav1.9 channels in the sen-
sory neurons and Kv3 channels in acutely isolated dopaminergic neurons [43, 44],
suggesting a more generic nature of the nonphospholipid-dependent gating effects on
voltage-gated ion channels. When more experimental data published in literature
were studied, a generally agreed conclusion is that loading cell membranes by methyl-
beta-cyclodextrin-cholesterol causes consistent right shifts of all VGICs (Kv, Nav and
Cav channels) in different cells [45-56], whereas divergent or conflicting data were
reported after cholesterol depletion by methyl-beta-cyclodextrin [17]. We know that
strong depletion may cause significant changes to membrane integrity and
submembrane structures inside cells. It is therefore reasonable to put more trust in the
cholesterol-loading data and be very cautious of the results from cholesterol depletion
in cell membranes. It is hence reasonable for us to conclude that the published data in
literature agree with the predictions in Figure 3B and our hypothesis in Figure 2.

4. Energetics behind lipid-dependent gating

Thermodynamically, the free energy, AG (n, T, V, P, Q, Vm, up, ps, ji1.), for a VGIC
in a lipid membrane can be treated as a function of molecular quantities (), temper-
ature (T), volume (V), pressure (P), charge (Q), transmembrane electrostatic poten-
tial (Vim)and chemical potentials of the protein (up), solutes/solvents (us), and lipids
(u) [4, 8, 17]. The charge movement across a gradient of electrostatic potential leads
to a free energy change of Q "AVm or its integral over time. The G-V curves did not
change steepness significantly when cholesterol was added, suggesting a similar or the
same gating model with similar apparent gating charges (Q ~ 2.0-3.0 ¢). A right shift
by 200 mV (as in Figure 3C) is equivalent to a minimal energy change of 9.2 kcal/mol
in stabilizing the closed states, slightly more than the hydrolytic energy of one ATP.

For VGICs, the chemical potential changes from the lipid bindings are manifested
indirectly through energetic compensation from the gating charge movement. If we
consider that an average number of lipid-binding sites is <>, and there is an average
change in affinity of the binding sites. If we use k,; and k,, to represent geometrically
averaged apparent dissociation constants of lipids at equivalent binding sites in the closed
and open states, respectively and consider no mutual interference between them, a
simplified expression of free energy change from the lipid-binding sites is - <m > RT In
(ky/ky2). A typical VGIC allows ~120 lipid-binding sites in the first layer of annular
lipids around it. To make for the estimated free energy change from G-C curves, that is
~9.2 kcal/mol, ~10 lipid-binding sites are sufficient if each on average contributes ~1.5
RT, which equates to a k, »/k, ; ~ 4.5. A small change in relative affinity of a group of
binding sites hence suffices to cause a major shift in G-V (and Q-V) of a VGIC. In other
words, the changes in affinity can happen to those of low, intermediate or high-affinities,
but are not limited to the high-affinity binding sites because the latter usually play a
critical structural role in stabilizing the 3D structure of a functional membrane protein.

The lipid-dependent gating is expected to impact on both Nav and Kv channels.
For a neuron that fires action potentials (APs) using the Nav and Kv channels, the
nonphospholipid-induced gating effect will make it more difficult to open Nav chan-
nels, which may result in a larger number of Nav channels needed to allow the cell to
reach the threshold for firing action potential. Meanwhile, the lipid-dependent gating
of Kv channels will slow down the repolarization of the transmembrane potential.
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Physiological effects of cholesterol-dependent gating of Nav1.9 channels in dorsal root ganglion (DRG) cells. (A)
Carrageenan cocktail decreases the threshold for AP firing in DRG neurons, concurrent with decreased cholesterol
content in the cells. MBCD/Chol (20 mM) treatment decreased the effects; (B) Control neurons had a lower threshold
for AP firing, and only 75 pA current injection was needed to elicit an AP (blue arrow; t = o0 in B); and (C) Neurons
pre-treated with MPCD/Chol for 10 minutes showed much higher threshold for AP firing (200 pA; blue arrow), due
to cholesterol-dependent gating effects on Nav1.9 channels. In both cases the cocktail treatment (t + 12 min) increased
the AP firing frequencies (but more pronounced in B than in C), and shortened the AP duration (especially in C).
Adapted from reference [43] with permissions under the free access policy of EMBO press.

The net effects may include a shift in resting membrane potential, a shift in the
threshold for AP firing, a decrease in the AP firing frequency, elongation of the AP
duration, or a decrease in AP overshoots, etc. Consistent with these predictions (to the
opposite direction due to cholesterol decrease), in cultured dorsal root ganglion
(DRG) neurons, cholesterol-dependent gating effects on the Nav1.9 channels were
found to be the root cause when local cholesterol decrease in the neurons resulted
from carrageenan injection caused hyperexcitability and enhanced pain sensation. As
an example of the physiological data, in Figure 4A, decrease of thresholds happened
when cholesterol content was decreased and AP firing frequencies were increased
after carrageenan cocktail treatment (Figure 4B and C at t + 12 min). Notably, in
Figure 4B and C (t = 0 min), the neurons preloaded with cholesterol (MBCD/Chol
20 mM) showed an AP threshold for current injection of 200 pA, much higher than
the control 75 pA, consistent with the predictions of cholesterol-dependent gating.
Similar to what was reported by the Padilla group, my group in collaboration with
Dr. Yuqing Li’s lab at the University of Florida raised an NPC1-11061T-knockin model
mouse [57] and discovered that the AP firing frequency in triphasic cerebellar
Purkinje neurons was ~30% lower in the mutant than that in the wild-type (QXJ,
unpublished observations). The decreased cholesterol-content likely activated Kv
channel more significantly than the Nav or Cav channels in the Purkinje neurons,
leading to a marked inhibitory effect. More detailed studies are needed to examine the
channels in these Purkinje neurons to define the lipid dependent gating effects better.

5. Computational methods for low-to-intermediate-affinity binding sites
of non-phospholipids on membrane proteins

Our theoretical analysis in the last section suggested a likely scenario for the lipid-
dependent gating to function in a cell membrane, which contains abundant content of
nonphospholipids. It relies on changes of ten or so low- to-intermediate-affinity bind-
ing sites because high lipid content would saturate all high-affinity binding sites
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Computational analysis of action sites for lipid-dependent gating. (A) Computational docking suggested multiple
cholesterol-binding sites in the intra- (green balls) and extra-cellular (blue) leaflets around a Kvi.2 (PDB: 2R9R)
structuve, leading to 20 possible sites. The channel is viewed from the extracellular side. Adapted from refevence
[58] with permissions following the PubMed open access policy; and (B) Cholesterol-binding densities (veplicas 1—
4) around an A2AR (PDB: 4EIY; only helices showed in gray) predicted from molecular dynamics simulation,
indicating at least 8 binding sites. The cholesterol vesolved in the crystal structure is in cyan and the structure is
viewed from the extracellular side. Adapted from veference [59] with permissions following the PubMed open
access policy.

continuously. However, it is difficult to study these non-structural lipids because of
possible heterogeneity in the bound poses and/or slightly larger volumes of such
binding sites to accommodate different poses, making these almost impossible to pin
down accurately using conventional structural methods.

Computational analysis has been used to make some predictions that may be tested
experimentally (for examples, Figure 5) [7]. For cholesterol, the consensus binding
motifs predicted in the past carried uncertainties. Docking and energy minimization
was used to identify 20 possible binding sites (limited to 20; Figure 5A), eight at the
periphery and 12 near the interfaces between the pore domain and the VSDs. The
same analysis of Kv7.1led to 16 binding sites to the periphery of four VSDs and four at
the pore-VSD interfaces. Experimental testing of these sites is still lacking.

In a similar situation, structural studies of G-protein coupled receptors (GPCRs)
revealed only limited number of cholesterol-binding sites, but it is known that cho-
lesterol is critically important for physiological functions of various GPCRs. Bovine
rhodopsin, for example, encounters a high cholesterol content at an 8:1 molar ratio
that are important for ensuring high stability of the protein in membrane [60].
Molecular dynamics (MD) simulation in GPCRs has predicted multiple binding sites
(Figure 5B) that were not detected by structural studies and are not usually agreed on
among different proteins. A majority of the predicted binding sites are likely not
conserved and may not be well occupied for structural identification [61]. MD simu-
lation may uncover more cholesterol binding events right next to each receptor
[59, 62] (Figure 2). These studies highlight the difference between structural lipids of
high binding affinity and those loose and dynamic binding sites with lower affinity
but may be the major contributors to the lipid-dependent gating.

6. Better technologies desired for studying lipid-dependent gating

Technically, we are rather limited in studying lipid-dependent gating even in a
small patch of cell membranes because of complicated lipid environments in face of
phase separation and domain organization, lipid heterogeneity and asymmetry in two
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leaflets, membrane-matrix or membrane-cytoskeleton interactions, etc. The dynamic
occupancy of the low-to-intermediate affinity lipid-binding sites, which were
predicted to be chiefly responsible for lipid-dependent gating, becomes a roadblock
against the structural / biophysical studies of their effects on different VGICs in both
reconstituted and native cell membranes. Ideally, we would like to use high-resolution
real-time methods to analyze the lipid composition or distribution within the annulus
or annuli of one or a few VGICs that are in a uniform lipid environment. With
available technologies, single molecule detection of nonphospholipids around a VGIC
with sufficient spatial resolution is almost impossible in the presence of a sea of lipids
in a biomembrane. In a recently-published book chapter [1], QX] discussed the possi-
ble development of single molecule (ion) detection in mass spectrometry, surface-
enhanced Raman spectrometry [63], nanoscale secondary ion mass spectrometry
(NanoSIMS) [64], and high-resolution atomic force microscopy (AFM). These
methods will need significant developments to achieve sufficient resolutions and
differentiate nonphospholipids from phospholipids around individual VGICs in
membranes. Here we will describe a few directions that may practically enrich our
understandings of lipid-dependent gating in the near future.

First, even though the binding poses and positions of lipids as predicted from
computational analysis often carry a lot of uncertainty, many of them can be tested in
functional studies in order to identify a prominent one or a few that are functionally
relevant and allow testable predictions to be formulated. The sites around the Kv
channels (such as those in Figure 5A) may be suitable targets. Alternatively, zero-
length cross-linkers can be introduced and pin down the low affinity cholesterol-
binding sites around a VGIC [65]. These sites can be further verified by functional
studies. Single molecular fluorescence resonance energy transfer (smFRET) may be
another method that is suitable for probing dynamic lipid-protein interactions within
the annular layer of a VGIC when suitable probes can be introduced into the proteins
to serve as sensors.

Second, genetic methods may be suitable to probe the co-evolution of VGICs in
contrastingly different lipid environments. For example, it is reported that some
strains of bacteria isolated from Lake Matano with phosphate concentration < 50 nM,
can grow without added phosphorus, and replace nearly 100% of membrane lipids
with amino- or glycolipids, like what was reported for photoautotrophs and hetero-
trophs [66]. Because these strains have evolved to survive in a phosphorus-limited
native niche, they can make a good model system to assess how the VGICs have
evolved to deal with the selection pressure. The amino-glycolipids in the acidic envi-
ronment in these bacteria must be positively charged so that a VGIC would face a very
different environment for voltage-gating than a phospholipid-rich membrane.

Third, the potential of cryo-electron tomography has been gradually improved for
high-resolution imaging [67]. The major bottleneck still resides with the limited dose
of electrons used per exposure. For unilamellar biomembranes that are of 4-6 nm in
thickness, it might be feasible to introduce graphene films to both sides so that the
individual membranes can tolerate a much higher dose of electrons for imaging
[68, 69]. If the dose rate can improve by 10-100 folds, the tomographic resolution will
be augmented significantly. If so, it might become feasible to locate individual lipid
molecules directly or achieve the minimum to distinguish phospholipids from
nonphospholipids within the annular layer of a particular VGIC.

Fourth, from a physiological angle, it is interesting to ask if targeted delivery of
nonphospholipid analogs may be used for treating the life-threatening neurological
diseases suffered by human patients carrying lipid metabolic defects [70, 71].
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Biopsy fibroblasts from these patients can be isolated and reprogrammed into neurons
in order to test these analogs before their clinical usage will be pursued. These analogs
may be easier to deliver and can be constructed as biodegradable and will satisfy
current shortage of suitable clinical measures for these patients and extend their
lifespans for better quality of lives [72].

Fifth, super-resolution fluorescence microscopy (stFM) that can reach 1.0 nm or
better in resolution may be suitable for imaging nonphospholipids directly if proper
labeling can be done. For example, MINFLUX nanoscopy shows the promise to local-
ize individual fluorophores with ~1.0 nm resolution [73]. With a fluorophore on a
VGIC and labels on the nonphospholipids, a system may be constructed for deter-
mining the distance of nearest nonphospholipids to the channel. If the tetrameric
nature of the channel can be used to orient it in membrane, it may even be feasible to
separate the nonphospholipids at the periphery of the VSDs from those closer to the
pore domain (as in Figure 5A). Proper labels still await development.

It is for sure a big challenge, if not an impossible task, to exhaust feasible avenues
for the near future. The exciting perspective is that with new methods, it will for the
first time become feasible to probe the importance of annular lipids to membrane
protein functions with experimental evidence, far better than the qualitative
predictions from a macroscopic view of the fluid mosaic model [35].

7. Conclusions

Lipid-dependent gating of VGICs and metabolic defects in fatty acids and other
categories of nonphospholipids are probably tightly connected. The underlying natu-
ral driving force appears the co-evolution of voltage-gated ion channels with the
phospholipid-rich biomembranes in all three-kingdoms of life. The thermodynamic
principles are hinged on the collective interactions at a dozen or so lipid-binding sites
of low-to-intermediate affinity with varying occupancy. New methods are still desired
to directly dissect the annular lipids around individual channels for a physical test of
the lipid-dependent gating hypothesis.
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Abstract

The lipids are essential compounds of cells, with biochemical and structural
properties. Lipids are classified according to their chain length or saturation levels
and biogenesis. Lipidomics is a spectroscopic and spectrometric technique, like Mass
Spectrometry and Nuclear Magnetic Resonance, as well as bioinformatics to quantify
and characterize the lipid profile. Lipidomics enables the fundamental understanding
of lipid biology, the identification of drug targets for therapy, and the discovery of
lipid biomarkers of disease cohorts. Therefore, lipidomics allows knowing the diagno-
sis and clinical follow-up in medical therapy towards any disease. In this way, the lipid
profile allows us to monitor the administration of a clinical treatment and assertively
diagnose human diseases.

Keywords: clinical biomarkers, lipid biomarker, lipidomic methodology, lipidomic
profile, personalized medicine

1. Introduction

Lipids are prominent among the four main macromolecules (the others being
amino acids, carbohydrates, and nucleic acids) in the diversity of molecular species
[1]. They are essential to the biochemical and biophysical properties of all cells [2, 3].
Lipids serve as energy storage sources [4], homeostasis regulators [5], and nutrients;
besides, they participate in events of pathophysiological importance [6]. Current
estimates place the number of lipids at 100,000-500,000 [6].

Classification of lipids is based on their chain length, backbone, or saturation
levels. Chain length classification is self-explanatory, while lipids are catego-
rized into phospholipids, glycolipids, SPH, and sterols based on their backbone
or saturated or unsaturated according to their saturation level [3, 7]. Complex
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lipids, such as glycolipids and sphingolipids, are combinations of carbohydrates or
sphingoid bases and fatty acids [3]. Ceramides are bioactive lipids that participate
in biochemical reactions, such as metabolism, apoptosis, and inflammation, that
produce cardiovascular diseases when dysregulated [8]. Lipids comprise around
one-third of the components of cells and are essential to metabolism and intra-
cellular signaling. Thus, fully understanding their dynamic is fundamental to
preventing, diagnosing, and treating a wide range of human diseases [9], such as
cancer, where lipid biosynthesis is often increased [10]. However, the diversity and
number of lipids as well as their variation between individuals is a current topic
under study [6].

Lipidomics is a sub-branch of metabolomics devoted to studying the complete
lipid profile within a cell, tissue, or organism through spectroscopic and/or spectro-
metric methods in combination with bioinformatic analysis [4, 9, 11]. This combined
approach provides a comprehensive understanding of the role of the lipid profile ~the
lipidome- in biological systems [12]. Thus, the stability and reproducibility of the
analytical methods are critical for producing reliable output [13]. The degree of under-
standing of lipid biology available through lipidomics facilitates biomarker discovery
and offers therapeutic possibilities [6]. A case in point, it developed a mouse model for
the Gulf War Illness through lipidomics, which led to a therapy scheme that effectively
modified the lives of roughly 250,000 soldiers affected by the disease. This chapter
reports on the importance of lipidomics in diagnosing and clinical follow-up in medical
therapy [14, 15].

2. Toward personalized medicine
2.1 Omics sciences: the big data age

Lipid analyses performed on clinical chemical analyzers, such as TAG, HDL-C,
and FC, have traditionally been used to analyze and predict the state of health and/
or the risk of developing a disease [16]. But with the advent of the post-genomic
era, these individual analyses are quickly being replaced by broad ”-omics” studies,
made possible by a rampant development of precision instrumentation and compu-
tational resources [4]. This technology allows analyzing a large number of biological
samples in a profitable way for clinical tests [17]. Multi-omics research strategies
have proven to be a comprehensive system for the identification of biomarker
molecules, which can detect individuals with potential risk of diseases, as well as
their nutritional evaluation [18]. Illnesses can be studied in greater detail through
lipidomics since they comprehensively evaluate the metabolites and metabolic path-
ways [19], allowing the simultaneous study of several lipid species in body fluids
[20]. This balance between flexibility and detail is the cornerstone of personalized
medicine.

The use of omics over classical markers has clear advantages. It has, for instance,
yielded more practical and valuable indicators for diabetes, contributing to a broader
picture of the disease [21]. Moreover, lipidomics findings are being combined with
other omics studies —such as transcriptomics, metabolomics, and proteomics—and
advanced imaging to reach a previously unattainable degree of precision phenotyping
in progressively numerous cohorts. Undoubtedly, biomarkers and pharmaceutical tar-
gets discovered through these combined approaches are rapidly gaining importance in
clinical scenarios [22, 23].
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2.2 Lipid biomarkers in the clinic

Biomarkers are quantifiable characteristics distinctive of metabolic or pathogenic
processes; the latter enables diagnostic, treatment assignment, and response monitor-
ing [18, 24]. Individual lipids and lipid profiles have been appointed as biomarkers
of human diseases and are analyzed by means of various chromatography techniques
coupled with mass spectrometry, as summarized in Table 1.

Pre-analysis Instrumentation Analysis/Post-analysis Ref.
Disease (biological sample) (Mass analyzer) Results/Conclusions
system

44 cystic fibrosis patients (ion-trap) LC-MS PC and LPC detected species [25]
(plasma)
DM-2 and NAFLD patients GC-MS Liver fat content is strongly associated [26]
(plasma) *NMR'H with Chol synthesis independently

of obesity
6 preeclampsia patients (Q-trap) LC-MS Lipids of STBM are implicated in [27]
(placental) immune response, coagulation,

oxidative stress and apoptosis.
7,500 Atrioventricular septal (Q-Trap) LC-MS Biomarkers will be assessed [23]
defect patients (blood) GC-MS for association, calibration,

discrimination and reclassification
3 Gaucher disease patients (ion trap) 20 plasma and 10 urinary lipids were [28]
(plasma and urine) nLC-ESI-MS/MS selected as significant species of

Gaucher disease
10 CKD patients (stage 4/5 (LTQ) LC-MS/MS Lipid alterations in CKD disease [29]
renal disease) (plasma) (plasmenyl ethanolamines,

sulfatides, Cer and Chol sulfate)
8 CVD patients: lipoprotein LC-MS/MS Increases of anti-inflammatory lipid [30]
apheresis treatment (plasma) mediators derived from AA or EPA

and DHA.
150 coronary disorders GC/MS-SIM PA and PS as biomarkers of [31]
Tunisian patients (blood) peroxisomal metabolism

disorders in atherosclerosis

progression.
30 hypercholesterolemia (QTOF) PC (16:0/20:4) (18:0/20:4) lipid [32]
pregnant women (plasma) UPLC- MS/MS species in cord blood affected by

gestational hyper-cholesterolemia.
75 anorexia nervosa patients GC/MS Increased: -3 ALA, EPA. Decreased: [18]
(plasma) -6 to®-3, LA, ALA, AA, EPA.

Dysregulated PUFA metabolism
18 advanced rectal cancer MRM-LC-MS/MS LPE (22:5/0:0), SM (d18:2/18:1), LPC [33]
patients: CAPOX-treatment (16:0/0:0), LPC (15:1(92)/0:0) and
(plasma) PC (40:2) are lower in NRP
20 myeloid leukemia patients (QTOF)UPLC- Increase of AA precursors in [5]
(plasma) ESI-MS. GC-MS leukemia patients’ plasma. New

targets for drug therapy
30 nascent MetS patients (QTOF) LC-MS/MS Increases of PC (34:2) in patients [34]

(plasma)

with MetS. Novel biomarker in MetS.
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Pre-analysis Instrumentation Analysis/Post-analysis Ref.
Disease (biological sample) (Mass analyzer) Results/Conclusions
system
172 AD patients (plasma) (LTQ) UHPLC- TAG (50:1), DAG (18:1) and PE (36:2) [35]
ESI-MS/ present in brain atrophy.
MS
15 DM-1 and diabetic (Triple TOF) Increase of Cer (44;0,2) and HexCer [36]
nephropathy children (urine) UHPLC-MS species, suggesting as biomarkers of
renal function decline.
70 endometriosis (plasma/ (QTOF) LC-MS/MS Biomarkers: LPC 16:0, PE 0-20:0, [37]
peritoneal) PE O 34:1, PC 36:2, PC 36:4, PC 36:5,
PC 38:4, PC 38:6 and SM 34:1.
Liver/gastric/lung/colorectal/ (ion trap) LPE and PS high in thyroid cancer. [38]
thyroid cancer (plasma-urine) nUHPLC-ESI-MS/ Validation of cancer-specific lipid
MS markers
432 DM-1 patients (plasma) (triple Q)LC-MS/ lactosyl-Cer: predicts [39]
MS macroalbuminuria in DM-1
Multiple sclerosis patients (triple TOF) LC-MS Cer-induced DNA-methylation of [40]
(plasma) antiproliferative genes.
67 unipolar/bipolar disorders (QTrap) Increases: Cer (C16, C18, C20, [41]
patients (plasma) LC-ESI-MS/MS C22, C24, C24:1, C24:1GluCer, C24
lactosylceramide), DAG, TAG
20 colorectal cancer patients LC-MS/MS Increases of LPC, LPE, LPI (18:1) and [42]
(colon tissue) LPI (18:0)
63 cutaneous leishmaniosis (triple TOF) LTB4, 5-HETE, 5-oxo-HETE, [43]
patients: treatment (plasma) LC-MS/MS 12-HETE, 11-HETE, PGE2, and
15-HETE. Targets of therapy
29 SARS-CoV-2 patients UHPLC-MS/MS Alterations in PAs, sterols, SPHs [44]
(plasma) and LPAs. Increases of Cer-
phosphorylethanolamine and PE.
13 multiple sclerosis patients (Q-Trap) LC-MS/ Multiple sclerosis lesions: decrease: [45]
(post mortem brain tissue) MS dhCer, Cer and SM subspecies.
Increase: HexCer, Cer 1-phosphate
47 mTLE-HS patients (QTOF) 33 lipids expressed. Decreased: [46]
(hippocampal sclerosis) UPLC-ESI- -MS Cer and lactosylceramide levels in
mTLE-HS patients.
40 MetsS patient (plasma) (QTOF)/ PC: 18:1/16:0, 0-22:3/22:3, P-18:1/16:1. [24]
(Q-orbitrap) Choline metabolism is affected.
UHPLC-MS Biomarkers with prediction.
221 myopia children/ UHPLC-MS 275 metabolite presents in 33 [47]
adolescents (serum ) pathways
106 colorectal cancer patient (Q-Trap) HRMS/ Presence: LPC (16:1, 18:1, 20:4, 22:6) [48]
(tumor tissue) LC- MS/MS and SM species. Cer: C24:0-C26:0.
GPL, GL and SM
Mild/moderate/severe asthma (orbitrap)- Increase: PC, LPC, bis [49]
patients (bronchoscopy) UPLC-MS (monoacylglycerol) phosphate.
Decrease: OXPHOS (severe asthma).
33 lupus erythematosus patients (triple Q) LC-MS/ Increase: LPL, PS species. Decrease of [50]

(blood)

MS

plasmalogen.
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Pre-analysis Instrumentation Analysis/Post-analysis Ref.
Disease (biological sample) (Mass analyzer) Results/Conclusions
system
826 AD cirrhosis patients LC-MS/MS SM permit distinguish between [51]
(serum) patients with compensated and
decompensated cirrhosis.
15 Niemann-Pick disease LC-MS/MS Increase: DG, AA and CE. [52]
patients (plasma)
COVID-19 asymptomatic (TOF) 15 lipids present in asymptomatic [53]
patients (serum) UHPLC-TIMS COVID-19 patients.
29 lung adenocarcinoma (Q-orbitrap) Increases of free-cholesterol and CE [54]
(tumor tissue) LC-MS/MS (18:1and 20:4)
37 persons recovered/severe (QTOF) Levels of fatty acyls and GPL were [55]
(SARSCoV-2) (plasma donor) HILIC-LC-MS lower in recovered patients
SARS-CoV-2 peripheral HPCL-MS/MS Infection involving EPA, AA and [56]
leukocytes, colon/jejunum gonadal steroids. 0-3 FFA associated
(plasma) with SARS-CoV-2 receptors
132 metastatic castration- LC-MS Increased Cer was associated [57]
resistant prostate cancer with androgen receptor signaling
patients ENZA/AA drugs inhibitors resistance.
(plasma)
60 CHD/HLP patients: Salvia (QTOF) UPLC-MS Presence: PC (18:0/18:4; 18:2/16:0), [58]
milthiorriza treated (plasma) PE (15:0 /22:1), LPC (0:0/18:0).
S. miltiorrhiza reduce lipids
256 arthritis rheumatoid (Q-orbitrap) Biomarkers: PE 16:0-18:2, [13]
patients (serum) UPLC-MS TG 18:0-18:1-18:2
Patient: proteinuria, Fabry (Orbitrap) Galabiosylceramide-related lipid [12]
disease (plasma) HRMS-UHPLC-MS biomarker was higher in the patient’s
renal tissue biopsy
126 COVID-19 patients (serum) (QTOF) Biomarker: LPC 22:6, PC 36:1, bile [59]
UHPLC-MS acids. Lipidomics/machine learning
techniques
206 obstructive sleep apnea (QTOF) GPL and bile acids are present. [60]
patients (plasma) UHPLC-ESI-MS/ Adaptive mechanisms in response to
MS obstructive sleep apnea
20 radiation/atherosclerotic (QTOF) Biomarkers: 6 TG in the radiation- [61]
carotid plaques patients DESI-UPLC-MS induced carotid plaques and
atherosclerotic carotid plaques.
112 cystic fibrosis patients: LC-MS/MS Decrease: Cer (C16, C18, C20, C24:1). [62]

drugs ELX/TEZ/IVA (plasma)

Up-regulation dhCer C24.
ELX/TEZ/IVA

‘Spectroscopy method.

Table1.
Methodology, instrumentation, and human diseases diagnosed by lipidomic profiles.

In CKD, TAG, and N-acyl taurines increased, although total lipid and cholesterol

levels, usually evaluated in clinical biochemistry, remain unchanged [29]. In patients
infected with DNefHIV, lipidomic profiles revealed differences in the abundance
of PS and SPH [63]. ACLF patients present with a particular lipid profile, mainly
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comprising CEs. These lipids also predict AD treatment outcomes [51]. In adverse
pregnancies, the STBM contained the potential biomarkers SM, Chol, PS, PC, and

PI [27]. In patients with CVD, the presence of the Cer d18:1/16:0, Cer d18:1/24:1, and
Cer d18:1/24:0 were associated with a fatal outcome [8]. In DM-1, lipidomics can
predict changes in SPH distribution associated with increased vascular permeability
in different organs; this occurs only during the early onset of the disease and plays a
critical role in developing complications [39]. In mTLE-HS patients, alterations to the
hippocampus lipidome with potential for lipidomics-based therapies were reported.
[46]. Lysophosphatidyl ethanolamine and lysophosphatidyl inositol species were
associated with a number of cancer types. They are present in the liver (four PI and
DAG 16:1_18:0), gastric (PI 34:2, 36:3, and 36:4, and LPA 18:2), lung (LPI 16:0, SM
d18:1/20:0 and TAG 50:1 and 54:4), and thyroid cancer (LPI 18:0 and 18:1) [38]. Lipid
differences between tumor and normal tissue have been proved to be of diagnostic
and therapeutic significance [64]. Meanwhile, the upregulation of SPH downregula-
tion of PI and glycerol phospholipid metabolism are associated with worse survival in
patients with adrenocortical carcinoma [65].

In patients with depressive conditions, oxylipin concentration fluctuates between
depression states. Dietary o-6 (LA, AA) and o-3 (EPA and DHA) fatty acids may
underlie inflammatory states in symptomatic major depressive disorder with a
seasonal pattern [66]; while brain lipidome changes include decreased PI, PA, and CL
contents have been described [67]. Obese children with NAFLD showed increased
hepatic epoxyeicosanoids with higher grades of steatosis and unaltered PUFA precur-
sors [68]. In addition, in ACLF, Lipoxin A5 and epoxy keto octadecenoic acid formed
a signature associated with coagulation and liver failures [69]. Moreover, in myocar-
dial infarction, lipidomics showed an association between 2-aminoadipic acid and
alterations of plasma metabolic signaling of hexoses, amino acids, biogenic amines,
acylcarnitines, glycerophospholipids, and SPH showing the diagnostic and prognostic
limits in acute and chronic heart failure [70].

Exposure to environmental pollutants can also alter lipid profiles; Cer, SPH, and
TAG are potential biomarkers of lipotoxicity [71]. Macrophages reprogram their lipid
metabolism in response to environmental cues [2]. Finally, there is an association
between ether lipid signature and exceptional human longevity [72]. The diversity of
conditions associated with differences in lipid profiles supports the growing impor-
tance of lipidomics as a clinical diagnostic tool.

2.2.1 Lipidomics in animal health

The study of lipidomics focuses not only on human health issues but also on ani-
mal health topics. Lipidomics helped explain the dynamics of inflammation during a
bacterial attack in bovine mastitis [73] and provided a diagnostic biomarker for fatty
liver disease in dairy cows [74]. Similarly, lipidomics contributed to understanding
cystic fibrosis lung disease in newborn pigs [75] and identifying ganglioside disease
markers in cats undergoing gene therapy [76]. Examples like these are poised to
increase in the coming years as lipidomics extends its prognostic threshold to humans
and animals, both economically relevant and wild.

2.3 Lipidomics in the study of rare diseases

Rare disorders remain a challenge even to modern medicine, and mounting
evidence shows the prominent role of lipidomics in this scenario [12]. In patients with
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Gaucher disease, the lipid profile allowed the diagnosis during enzyme replacement
therapy [28]. Olmsted syndrome caused striking decreases in 15-LOX and dhCer levels
[77]. In patients with Fabry disease, the presence of glycosphingolipids, galabiosyl-
ceramide, and globotriaosylsphingosine is observed in vascular endothelium, nerves,
cardiomyocytes, and renal glomerular podocytes [12]. A dysregulation in lipids
involved in both cellular structure and membrane integrity was identified in fragile

X syndrome, suggesting that X chromosomal deletion disorders are not limited to
alterations in neuronal functions [78]. Barth syndrome showed a significant decrease
in linoleic acid (18:2)-enriched molecular species, most notably tetra-18:2 (18:2-18:2-
18:2-18:2), which is the major molecular species of cardiolipin in the myocardium [79].

2.3.1 Tay-Sachs Disease: an unwanted inheritance

The Tay-Sachs disease (TD) is a very rare (1:300 000) autosomal-recessive lyso-
somal storage disease [80]. This disorder is caused by mutations in the HEXA gene,
which encodes for the f-hexosaminidase (Hex) enzyme [81]. Hex deficiency or low
activity causes fatal inherited disorders [80]. Lysosomal enzyme Hex degrades the
GM2 ganglioside; gangliosides are glycolipids present in neuronal cell plasma mem-
branes. There are different Hex isoenzymes. HexA has two subunits (« and p), which
are encoded by HEXA and HEXB genes, respectively. Hex B is a homodimer (two
p-subunits), and HexS is a homodimer (two a-subunits) (Figure1) [82].

Lyso-GM2 ganglioside concentrations in plasma and the brain of TD patients are
elevated in association with loss of alpha-hexosaminidase activity. This molecule is
thus a useful diagnostic and monitoring biomarker for this disease [83].

2.4 Lipidomics of COVID-19

The ongoing COVID-19 pandemic caused by SARS-CoV-2 has demonstrated the
devastating impact of a critical illness on a global scale [44, 84]. In an equally unprec-
edented effort, the scientific community joined efforts to understand this disease from
every conceivable point of view. Almost expectedly, SARS-CoV-2 infection disrupts
the cellular lipid profile. Serum from recovered patients displayed different cytokine
and lipidomic compositions than patients with severe disease [55]. The overall lipid
metabolism increased the production of short- and medium-chain production of
saturated fatty acids, acyl-carnitines, and SPH [44]. Lipidomic signatures, including
n-3 long-chain PUFA, hydroxy fatty acids, and female gonadal steroids, were linked to
SARS-CoV-2 infection [56]. Moreover, in a study by Castane et al. (2022), O-octanoyl-
R-carnitine, LPE, AA, and oxylipins were the most altered parameters in COVID-19
patients compared to healthy volunteers, although the number of cases studied was
small [59]. SARS-CoV-2 dysregulates lipid metabolism, especially the enhanced mem-
brane phospholipid synthesis, and alters SPH homeostasis, implicating the specific
host immune, inflammatory, and antiviral responses in asymptomatic COVID-19 [53]
(Hao etal., 2021). Global response to COVID-19 infection highlighted the importance
of cost- and time-effective biomarker detection, which is a requirement that lipidomic
and machine learning fulfilled in a timely manner [59].

2.5 Lipidomics of pharmacologic interactions

Despite constant scientific advances, resistance and adverse reactions remain a
pressing issue in clinical practice [85]; several groups report lipid profile alterations as
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Figure 1.

Hugman P-hexosaminidase. A) Human p-hexosaminidase isoenzyme A structure (PDB ID: 2GJX) comprises

two subunits from different genes. The subunit a (orange surface) is encoded by the HEXA gene (UniProtKB:
Po6865), and subunit f§ (blue light surface) is encoded by HEXB (UniProtKB: Po7686). B) Hex isoenzyme A
structure (PDB ID: 1NOU) comprises two f3 subunits (purple and blue light surfaces). C) Secondary structure
representation of a and f} subunits superimposed (helix in purple, p strands arrows in yellow, and turns/coil in
cyan/white, vespectively) in the same position that subunits orange and purple on A and B. Two CATH domains
form both subunits; on the N-terminal, an a-f 2-layer sandwich architecture (**), followed the C-terminal by a
catalytic a/beta-barrel fold architecture (*), the typical circular beta-barrel from the TPI enzymes. D) Secondary
structure representation of a and [ subunits supevimposed rotated to see the a/p-barvel fold (*).

reactions to treatment. The antitumoral drug Imidazole Ketone Erastin increased the
DAG, monoacylglycerol, and phospholipids, possibly through activation of the TAG
hydrolysis enzyme (ATGL) in response to oxidative stress [86]. The CAPOX drugs
employed in colorectal cancer treatment elicited differential levels of SM (d18:2/18:1),
LysoPC (16:0/0:0), LysoPC (15:1(9z)/0:0), and Lyso PE (22:5/0:0) in responders
versus non-responders [33]. In paclitaxel-resistant breast cancer, the forkhead box
transcription factor M1 increased TG and PC, and decreased phospholipase D1 and
lipid droplets [87]. In brain tumors, GPD1 displayed specific expression in brain
tumor stem cells [88]. In general, lipid metabolism irradiation therapy (RT) disrupts
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the regulation of lipogenic genes, decreasing LPCs and cholesterol [89]. Meanwhile,
in patients with distal esophageal cancer, RT induced cardiotoxicity, detecting six
metabolites, after a four-week RT therapy [17].

Similar effects have been observed in human cancer-derived cell lines. Oxaliplatin,
a frequent first-line adjuvant therapy for colorectal cancer, altered TAG and phospho-
lipid levels in HT29 cells [85]. Diclofenac altered the cell phospholipid metabolism
and induced PUFA accumulation in a neuroblastoma-derived cell line, suggesting
tumoricidal potential [90]. The experimental antitumoral drug T-3764518 induced
lipidomic changes and suppressed PC desaturation indices in HCT-116 cells [10].
Another experimental drug, FTY720, induced elevated levels of sphingosine, causing
apoptosis in leukemic natural killer cells [91]. When treated with inducers of sodium
phenylbutyrate (SPB) and all-trans retinoic acid (ATRA), the glioblastoma-derived
cell line U87-MG displayed an increase in saturated PCs (38:1), 816 m/z; PC (36:1),
788 m/z; (31:1), 725 m/z, and a decrease in saturated PCs (PC (32:0), 734 m/z). These
modifications in the lipidomic profile have potential application in therapy personal-
ization [64].

Not only cancer cells respond to treatment with lipid metabolism imbalances. The
VEN/OL drugs increased Cer (C18, C22C, and C24) in patients with depression or
bipolar disorder [41]. Statin therapy to treat atherogenic dyslipidemia induced LPC
and LPI [92]. Astaxanthin treatment revealed the over-accumulation of myocardial
Cer in cardiac fibrosis [93]. Leishmaniasis biomarkers predicted by machine learning
and lipidomic profile, such as eotaxin, 11-HETE, and transforming growth factor-p,
were useful in identifying potential treatment failure [43]. Older HIV+ Australian
men on antiretroviral therapy displayed high lipid dysregulation, specifically in GM3
ganglioside and mon ohexosylceramides, previously identified as frailty biomark-
ers [94]. Eicosanoid concentration was an indicator of other lipidic alterations in
asthmatic subjects with aspirin intolerance [95]. Obese patients with insulin-resistant
hypertriglyceridemic hypertension treated with statins showed increased plas-
malogen and PUFA levels and reduced PE and PG classes [96]. In obstructive sleep
apnea patients, a five-lipid group comprising 25-cinnamoyl-vulgaroside, glycocholic
acid, bilirubin, and two previously unreported lipid species changed significantly
after continuous positive airway pressure treatment [60]. Canagliflozin treatment
increased the amounts of prostaglandin E2 and resolvin E3 in the liver of obese mice
used as a biological model to understand the NAFLD [97]. Saroglitazar, a PPAR
a/y agonist, protected patients against obesity, insulin resistance, and steatosis by
reducing TG and modulating phospholipid levels. Meanwhile, Hepano, an Ayurveda
formulation, did so by modulating phospholipids, Cer, and oxidized lipids [98]. The
ELX/TEZ/IVA modulator therapy alters plasma SPH levels and Cer species in cystic
fibrosis patients [62]. Systemic lupus erythematosus patients treated with antioxi-
dants displayed an ordered lipid conformation that contrasted with that of untreated
patients [50]. The experimental drug J147 used to treat AD, reduced plasma FFA
levels [99]. Donepezil, an anti-dementia drug, and the traditional Chinese medicine
herbal decoction prepared to treat AD caused modifications in 15 types of com-
pounds derived from PC, SM, and LPC, which are now considered potential lipid
biomarkers [100].

As noted in these works, the lipidome is highly sensitive to a wide range of stimuli,
so there is vast potential for developing drugs that selectively target these modifica-
tions [2]. As Wolf and collaborators (2008) note, lipidomic tools offer a practical
option for diagnosis and treatment monitoring in many diseases [101].
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2.6 Lipidomics in response to diet: we are what we eat

Recent literature shows a growing interest in lipidome modifications derived from
the diet. Pomegranate seed oil and bitter melon extract modify the lipidomic profile
of the cardiotoxicity induced by the anti-cancerous therapies showing anti-carcino-
genic or cardioprotective properties [102].

The effect of maternal diet supplementation with conjugated linoleic acids influ-
enced the contents of micro-elements in the cardiac tissue of newborns significantly
[103]. Orange juice-derived nanovesicles modified the lipidome, decreasing TAG levels
[104]. Tangeretin, a flavonoid present in some fruits, reduced body weight gain and
ameliorated hepatic steatosis, lowering FFA, DG, TAG, Cer, and Chol levels, as detected
by hepatic lipidomic analysis [105]. The diet supplemented with Lactococcus lactis
(subsp. cremoris) increased glucose tolerance, developed less liver fat and inflamma-
tion, and decreased the oxylipin levels [106]. Moreover, in humans, phytosterol- and
o-3-supplemented milk reduced the LDL-GPL and LPC, inducing cardioprotection
in persons with dyslipidemia and metabolic risk [107]. Salmon consumption induced
selective incorporation of n-3 PUFA into PC lipids in human plasma, reducing cardio-
vascular disease risk [108]. Finally, herbal decoctions as in the traditional Chinese [109]
and Asian [110] medicine resulted in an improved lipidomic profile in several human
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The biological sample is obtained by noninvasive techniques such as blood and urine samples. Subsequently,

the sample is analyzed by spectroscopic (NMR) and/or (mass spectrometry) techniques. Next, the vesults are
compared with spectroscopic and/or spectrometric libraries. Soon, it will be possible to recognize the patients' lipid
profile focused on the diagnosis or pharmacological treatment.
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diseases. Together, these findings show that diet's therapeutic effects on the lipidome
are evident in various human diseases. Ultimately, a clinical-chemical-bioinformatics
method is proposed, using recurrent chemical techniques such as NMR [111] and mass
spectrometry [112] , for the study of the lipidome in various human diseases (Figure 2).

3. Conclusions and perspectives

We live well into the era of big data and the discovery of biomarkers in various dis-
eases through omics tools, such as lipidomics, which are currently in progress. Omics
data is becoming increasingly essential for the diagnostic study and monitoring of
human diseases and even in animals of economic importance. Therefore, lipidomics
is suggested as a “gold standard” technique for the clinical and therapeutic part of this
new era in clinical medicine. Finally, we agree with Hy6tyldinen and collaborators
(2017) [113], who reported that the lipidomic test must become inexpensive, and its
added value concerning health economics needs to be demonstrated in a prospective
setting.
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PC phosphatidylcholine

LPC lysophosphatidylcholine.

NAFLD Nonalcoholic fatty liver disease.

DM diabetes mellitus.

STBM placental syncytiotrophoblast microvesicles.
PG phosphatidylglycerol.

GPL glycerophospholipids.

PI phosphatidylinositol.

PS phosphatidylserine.

PE phosphatidylethanolamine.

SM sphingomyelin.

Chol cholesterol.

LPE lysophosphatidylethanolamine.

LPI lysophosphatidylinositol.

HDL-C high-density lipoprotein-cholesterol.
DAG diacylglycerol.

TAG triacylglycerol.

FFA free fatty acids.

FC free cholesterol.

GPD1 glycerol-3-phosphate dehydrogenase.
CKD chronic kidney disease.

ACLF acute on chronic liver failure

CvD cardiovascular disease.

AA arachidonic acid.
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ESI
MS/MS
LTQ

SIM
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HRMS
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TIMS
HPLC
UHPLC
nUHPLC
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eicosapentaenoic acid.

docosahexaenoic acid.

polyunsaturated fatty acids.

linoleic acid.

alpha-linolenic acid.
capecitabine/oxaliplatin treatment.
venlafaxine and olanzapine treatment.
enzalutamide/abiraterone treatment.
metabolic syndrome.

15-lipoxygenase.

ceramide.

dihydroceramide.

hexoseceramide.

B-hexosaminidase.
disialotetrahexosylganglioside 2.
peroxisome proliferator-activated receptors.
Alzheimer’s disease.

Tay-Sachs disease.

adipose triglyceride lipase.

not responder.

hydroxy eicosatetraenoic acid.

Severe acute respiratory syndrome coronavirus 2 of the genus
Betacoronavirus.

sphingolipids.

lysophosphatidic acid.

mesial temporal lobe epilepsy-hippocampal sclerosis.
cholesteryl ester.

Coronary heart disease.
elexacaftor/tezacaftor/ivacaftor therapy.

gas chromatography coupled with mass spectrometer.
proton nuclear magnetic resonance.

linear trap mass spectrometer.

thin layer chromatography.

hydrophilic interaction liquid chromatography.
electrospray ionization.

tandem mass spectrometry.

linear trap quadrupole mass spectrometer.
selected ion monitoring.

quadrupole time-of-flight.

Multiple Reaction Monitoring.

triple quadrupole.

quadrupole-orbiting trap.

high-resolution mass spectrometer.
desorption electrospray ionization.

thermal ionization mass spectrometry.
high-performance liquid chromatography.
Ultra-HPLC.
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