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Simple Summary: Fatty acids are one of the basic building blocks of lipids. They have a fundamen-
tal role in structural and biological functions, e.g. they are an important component of the cell mem-
brane. Studies on the influence of these compounds and their effects on organisms are of great im-
portance. The use of fatty acids in the diet of pigs, an animal model for metabolic diseases that affect
humans, brings great advances in several areas and its results have been significant in tran-
scriptomic and nutrigenomic studies. Thus, the objective of this review was to bring together the
knowledge about the effects of dietary fatty acids in pigs on biological processes, on product on
traits and gene expression.

Abstract: Studies on the influence of dietary components and their effects are fundamental for nu-
trigenomics, or the study of how nutrients can be cellular sensors, how they affect biological pro-
cesses and gene expression in different tissues. Lipids are an important source of fatty acids (FA)
and energy and are fundamental to biological processes and influence the regulation of transcrip-
tion. Pigs are excellent model to study nutrigenomics, particularly lipid metabolism because the
deposition and composition of FA in their tissues reflect the composition of FA in their diet. Recent
studies show that FA supplementation is important in production systems, such as growing and
finishing pigs, as it can improve the energy value of the feed, help reduce costs, improve animal
welfare, and influence the nutritional value of the meat. Studies show that oleic (OA), linoleic (LA),
docosahexaenoic (DHA), and eicosapentaenoic (EPA) acids are associated with the regulation of
transcription in tissues such as muscle, liver, adipose tissue, and brain. Other studies indicate that
EPA and DHA are associated with changes in specific signaling pathways, altering gene expression
and biophysical properties of membranes. This review, therefore, focuses on the current knowledge
of the effects of dietary FA on production traits and gene expression.

Keywords: animal model; dietary components; feeding strategy; gene expression; lipid profile; nu-
trients; nutrigenomic; physiological processes; signaling pathways; transcription.
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1. Introduction

According to the World Population Review [1], about 219,000 people are added to the
world population each day. Taken together with the limited natural resources on the
planet, there is a real need to identify new food production strategies in agriculture that
increase the efficiency of food production [2]. The expected increase in food consumption
will likely raise the demand for meat consumption from 200 million to 470 million tons
per year, requiring an increase of 70% in production efficiency by the year 2050 [3]. In
addition to the search for greater efficiency in food production, nutrition quality is a
decisive factor for consumer choice. The nutritional quality of pork is an important
characteristic that influences the health of consumers as pork is the second most consumed
source of animal protein worldwide, accounting for about 34% of total consumption, with
poultry in first with 39%, beef with 20% in third, and sheep meat with 5% in fourth
position [3]. In swine production, specific nutrients in the diet, such as fats, are of
fundamental importance in pork quality [4]. Supplementing the diet of pigs with oils of
different sources and levels may modulate the fatty acids (FA) composition of pork. In
addition, because pigs are monogastric animals, it is easier to change the FA profile of
pork fat [5]. The effects on fat processing qualities are of great importance, and the AF
profiles are closely related to meat characteristics. Pigs fed a high oil content of ground
corn had the highest vertical and lowest lateral flex, and they tended to have the highest
yield at cutting, but a softer belly did not result in poorer sliceability in the study of
Rentfrow et al., [6].

With technological advances, molecular animal nutrition stands out as a field of
study that combines animal nutrition with molecular biology at its basic level [7]. This
branch studies the biological processes involved at the level of gene expression and
nutrient-gene interaction with the help of modern molecular biology techniques and
technologies [8]. Following the advance of molecular biology, the omics sciences,
including genomics, transcriptomics, proteomics, and metabolomics, provide the tools to
unravel the molecular mechanisms involved in phenotypes of interest. Thus, more
specifically, nutrigenomics studies the impact of dietary constituent on the transcriptome,
proteome, and metabolome of an animal. These approaches combine high-throughput
sequencing technologies and/or mass spectrometry with dietary components and seek to
understand how a nutrient may affect gene, protein, and metabolite abundance. These
types of studies can elucidate the basic molecular mechanisms in which nutrients may be
interacting to regulate gene expression, physiological processes, cell biochemical
responses, as well as the expression of the phenotype [9].

The objectives of this review were: (1) to highlight the role of dietary FA in pigs and
their impact on characteristics of production and biological interest; (2) to describe the
molecular effects of FA along the entire pig production chain; and (3) to report the impact

of FA on the liver, skeletal muscle, and brain in this animal species.

2. Pig Farming: Animal Characteristics, Pork Consumption and Consumer Prefer-
ences and Pork Production Strategies that Support these Preferences

Animal Characteristics: The domestic pigs belong to the species Sus scrofa. Pigs are

considered ideal animal models as they share anatomical, morphological, physiological,
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and metabolic similarities with humans [10], [11]. Moreover, pigs possess high homology
and chromosome structure with the human genome compared to other animal species
[12]. Also, they are used as animal models for metabolic diseases research in humans [10],
[13]-[15]. When the genomes of 48 individual pigs were sequenced, 32,548 non-
synonymous single nucleotide polymorphisms (SNP) were observed, six of which were
linked to human diseases and 11 of them were associated with human disease phenotypes
[12]. There is also evidence that the pig transcriptome is very similar to that of humans
[16]. Therefore, pigs are considered a good animal model and more advanced studies are
being conducted involving biological processes of interest and advancing knowledge in
areas such as nutrigenomics using new generation technologies [10], [16], [17].

Pork Consumption and Consumer Preferences: Pork meat is among the second most
consumed meat in the world, accounting for 33% of production and 34% of global meat
consumption [18]. According to the Associacdo Brasileira de Proteina Animal [19], the five
largest pork producers in the world are China, the European Union, the United States,
Brazil, and Russia. Pork not only has economic importance but also has a nutritional
composition to ensure a healthy, balanced, and safe diet for the population [20], [21].

Lean pork has a desirable nutritional profile [21] because its composition is high in
protein and low in fat, has a constant ratio of cell membrane phospholipids and has a good
quantity of polyunsaturated fatty acids (PUFA) [22]. It also has neutral lipids that
consisting mainly of triacylglycerol (TAG), which are rich in saturated fatty acids (SFA)
[21]. However, pork has a high ratio of n-6/n-3 due to diets used in swine production.
These practices are based on the use of vegetable oils from corn, sunflower, and soybean,
which are high in n-6 family PUFA, mainly linoleic acid (LA) [21], [23]. In addition, the
genetic selection of pigs designed for lean growth has increased the concentration of LA
in pork [22]. However, fat content has a direct effect on flavor and juiciness, as well as on
the tenderness and firmness of pork [24]. For example, oleic acid (OA) is the predominant
FA in pork tissue (about 40%), whereas LA content is highly correlated with fat firmness.
Moreover, the amount of LA is inversely correlated with backfat thickness [24].

Feedstuffs enriched with vegetable oils, especially sunflower, soybean, and canola,
contain elevated levels of LA, OA, and alpha-linolenic acid (ALA), which are considered
unsaturated FA. For this reason, the search for foods with higher PUFA and
monounsaturated fatty acids (MUFA) content has increased among consumers, who
demand healthier foods with health benefits [20], [25], [26]. Thus, pork meat fortification
is a viable strategy to increase consumption of n-3 FA, especially in populations that
consume less fish or marine products. It also helps to reduce the consumption of SFA,
which can have negative effects on health and when over consumption could increase the
risk of developing some diseases [21], [27], [28].

Pork Production Strategies that Support these Preferences: Pigs are monogastric (like
humans) and have FA deposition as a reflection of the FA composition of their diet [13].
This may contribute to the knowledge of what happens, for example, to the nutritional
value of meat and what biological processes are involved in the metabolism of FA in these
animals [29], [30]. Changing feeding strategy is the most widely used management factor
in the industry. It is widely used to improve food production, including meat, milk, and

eggs. It is also used as a tool for quality control in livestock production, as well as for
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improving the nutritional value of the final product, animal welfare, food safety,
technology, and quality [31], [32].

Changes in feeding strategy is used for supplementing the animal diet with specific
components to obtain nutritional and health advantages, such as the use of dietary
components that contribute to the content and composition of lipids in relation to the
nutritional value of meat [22], [32], [33]. An example of this is a study of Dverland et al.
[34], where different types and inclusion levels of soybean oil and fish oil were used. An
increase in fish oil was associated with an increase in muscle and adipose tissues omega-
3 (n-3) FA content and a decrease in the ratio omega-6/omega-3 (n-6/n-3). Pigs fed diets
containing fish oil until slaughter had an increase in off-flavor and odor intensity of
subcutaneous fat. As for soybean oil, it is a highly unsaturated fat source and is commonly
used in pig diets [35]. Additionally, a diet rich in fish oil may increase n-3 PUFA content
in adipose tissue and muscle [22].

The enrichment of FA in the diet of pigs is important due to the high energy content
of the diet while increasing FA content (0 to 5%) decreases feed intake and increases feed
efficiency in growing and finishing pigs [36], [37]. In addition, enrichment of the diet
with PUFA, especially from n-3 family, may reduce overall feed consumption, improve
energy availability to the animals, modify the FA profile of the final product without
reducing the total fat content, and may associate FA with metabolic diseases, thus
benefiting animal health [20], [21], [31], [38], [39].

The influence of maternal nutrition on the progeny phenotype has been widely
studied in several species. The inclusion of different levels and types of fat in the diet of
pregnant sows has already been shown to effect birth weight and neonatal piglet survival,
oxidative stress, inflammatory response, cognitive development, number of born piglets,
body weight gain, FA composition of sow's milk and plasma, and plasma of their piglets
[37], [40]-[43]. Confirmation of the above information has been obtained with lactating
sows, which showed increased milk fat concentration and higher piglet weight at weaning
[37].

Other benefits of supplementing lipids to the pig diet include reduced wear and tear
on feed processing equipment. Moreover, under hot climate conditions, lipid-enriched
diets reduced heat gain (digestion and fat metabolism) compared to carbohydrate and
protein-enriched diets, as well as increased feed intake and body weight gain [37]. It is
worthy to mention that feeding diets that contained supplemental lipids increased

palatability and generated less body heat [44]-[47].

3. Lipids and Fatty Acid Metabolism

Lipids are a class of molecules found in all cell types; are composed of hydrogen,
carbon, and oxygen atoms; and are present in all forms of life [48], [49]. Lipids play a
fundamental role in the structure of cell membranes and biological processes from
transcriptional regulation to physiological processes [50], [51]. They are hydrophobic in
nature and an important source of metabolic energy, they also play a role as a structural
matrix, a permeability barrier in membranes, and act as transport of fat-soluble vitamins
A, D, E, K [49], [52]-[54]. Due to vast cellular functions, the ability to synthesize a variety
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of lipids is essential; however, not all can be produced by the body and must be acquired
from the diet, such as LA and ALA [49], [55].

As part of the complex lipid molecules, FA are the basic structure of lipids such as
fats and phospholipids. They are stored in adipose tissue as triacylglycerides, which is the
predominant dietary source of FA [49], [54]. They are classified into saturated and
unsaturated FA, the second class being MUFA and PUFA [49], [51], [54], [55].

Saturated FA are considered a fundamental source of energy and part of components
in cell membranes. In addition, they are categorized as non-essential FA since their
synthesis can occurs in all organisms [49], [51]. The most common SFA found in plant and
animal tissues are those with a linear chain of 12 to 18 carbons, with palmitic acid (C16:0)
being the most abundant and found in most plant oils, in fish oil, and in the body fat of
some animals. As examples of SFA, stearic acid (C18:0), myristic acid (C14:0), and lauric
acid (C12:0) may be mentioned [49], [51], [54].

Unsaturated FA contain at least one carbon-carbon double bond and may occur in
cis- and trans-isomeric forms [49], [51]. The cis-form or Z-configuration is the one found
in all biological FA and contains two adjacent carbons on the same side as the double bond
carbons. On the other hand, the trans-form or E configuration contains at least one double
bond with the two adjacent carbons on opposite sides of the carbon bond [49], [54].

As mentioned earlier, MUFA are monounsaturated FA and are defined as having
only one double bond in the aliphatic chain. MUFA, also known as omega-9 (n-9) FA, are
synthesized in the human body, and found in olive and canola oils, an important example
being OA, which is produced from stearic acid by the enzyme stearoyl-CoA desaturase
[22], [49]. Recently, MUFA have been attributed health benefits, such as the prevention of
cardiovascular disease [49], [56], as they reduce low-density lipoprotein (LDL) and
increase high-density lipoprotein (HDL). They are also associated with a lower likelihood
of a cognitive decline in the elderly, reduction in breast and ovarian cancer rates, and are
important for the structure of the cell membrane of the myelin sheath of nervous tissue
[49], [51]. In addition, OA plays an important role in several cellular processes related to
cell growth, oxidative phosphorylation, migration, cell growth, and survival [57].

The PUFA are unsaturated FA that contain two or more double bonds in their
aliphatic chain, the most important being LA (C18:2 n-6), ALA (C18:3 n-3), arachidonic
acid (AA, C20:3 n-6), docosahexaenoic acid (DHA, C22:6 n-3) and eicosapentaenoic acid
(EPA, C20:5 n-3), while LA, AA, and ALA are essential FA and precursors to other FA.
The ALA is found in canola, soybean, and flaxseed oils, as well as nuts and meats, whereas
EPA and DHA are found in seafood, mainly oily fish [25], [26], [49], [58], [59]. AA is one
of the most abundant FA and is present in all biological membranes, moreover, it can
account for 5 to 15% of the total FA in most tissue phospholipids [60].

Polyunsaturated FA have PUFA n-3 and PUFA n-6 as important families. The n-3
family can be divided into short-chain PUFA such as ALA and long-chain (LC), EPA,
DHA, and docosapentaenoic acid (DPA, C:22:5 n-3) [25], [59], [61]. The PUFA of the n-3
family, ALA, EPA, and DHA are the three most important FA in human physiology,
moreover, the intake of these FA may be related to the reduction in the risk of stroke and
coronary heart disease [26], [49], [62]. In addition, ALA is more common in its category,

especially in diets that do not regularly include fatty fish and do not involve
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supplementation [26], [53], [61]. EPA and DHA FA may be ingested from the diet or
synthesized by the body from LA and ALA. Conversely, n-6 PUFA are involved in the
regulation of the synthesis of eicosanoids (molecules derived from C:20 FA of the n-3 and
n-6 families), which control the activity of the immune system [16].

Mammals generally do not have the fundamental enzymes to insert the double bond
at the n-3 and n-6 positions. Therefore, LA and ALA and some derivatives, which are also
considered essential, depend solely on food, and their absence or intake in reduced
amounts may cause a general deficiency syndrome in the body or parts of it [25], [63]. This
deficiency may result in some symptoms such as fatigue, immunological problems, issues
related to the cardiovascular system, as well as growth retardation, and neurological
diseases, these include attention deficit hyperactivity disorder (ADHD), depression, in
addition to Alzheimer's disease [55], [58].

In general, the metabolism of FA and TAG is regulated by transcriptional and post-
transcriptional mechanisms [29]. Digestion of dietary TAG occurs in the intestine, where
they are hydrolyzed to FA and monoglycerides and absorbed by enterocytes. After
hydrolysis, FA are re-esterified to TAG and secreted into the bloodstream as part of the
chylomicrons [29]. The chylomicrons that are in the plasma undergo rapid lipolytic
processing by the action of lipoprotein lipase (LPL), which results in the release of FA into
the tissues. The rate of absorption in individual tissues varies regardless of the specific
delivery pathway and is influenced by factors such as the metabolic activity of the tissues,
food intake and nutritional status, intake of fat and other nutrients such as carbohydrates
[29], [64]. In addition, metabolic disturbances may affect the flow of free fatty acids (FFA)
and TAG derived FA [29].

For cellular uptake of FFA, there are several proteins, such as CD36, and several
transporters and after uptake, FA are bound by proteins and can have several metabolic
fates. According to Georgiadi and Kersten [29], there is evidence that FA also has the
property of being signaling molecules, which is in part due to regulation of gene
transcription. Conjugated linoleic acid (CLA) plays a fundamental role in lipid
metabolism, particularly in the cellular oxidative system, thereby is considered an
important nutrient for human nutrition, although it is only synthesized in ruminants, and
may contribute to the control of diseases such as obesity [33], [65] and in pigs, they may
have antitumor and immune-enhancing properties [66].

Many proteins are involved with the LC FA, among them plasma membrane fatty
acids binding protein (FABPpm), fatty acids translocase (FAT), caveolin-1, and very-long-
chain acyl-CoA synthetases (ACSVL), that are FA transport proteins, which may also be
referred to as FATP/Solute Carrier Family 27A1-6, SLC27A1-6 [67], [68]. Proteins, such as
FABPpm, play an important role in FA uptake in the heart and skeletal muscle, but their
role in hepatocytes is not clearly understood [69].

The Peroxisome Proliferator-Activated Receptors (PPAR) are the best-known sensing
system for FA. In addition to transcription factors that belong to the nuclear hormone
receptor family, are activated by a ligand, and bind to small lipophilic molecules. They
play a role in several biological processes and have a modular structure that has a DNA-
binding domain and a ligand. The FA, derivatives, or compounds that have a similar

structure to acyl-CoA and oxidized FA, may activate PPAR [70]-[73]. In terms of beneficial
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effects, studies have shown evidence of the interaction of PUFA with nuclear receptors.
In addition to influencing gene expression, it regulates the activities of transcription
factors, including a sterol regulatory element-binding protein (SREBP), PPAR, liver X
receptor (LXR), and the retinoid X receptor (RXR) [74], [75].

Related to PPAR-a, it is involved in the control of hepatic lipid content, as well as the
number of lipids for synthesis and secretion of very low-density lipoproteins (VLDL) that
induces FA oxidation, whereas SREBP-1c induces FA synthesis [76]. Lipid metabolism
studies have become increasingly vital in the context of human metabolic diseases,
including obesity, non-alcoholic fatty liver disease (NAFLD), and type 2 diabetes, as well

as neurodegenerative diseases and cancer [77].

4. Lipid and their effects on human health

Fatty acids like ALA have been attributed to anti-inflammatory, anti-atherosclerotic,
and antithrombotic effects, and it is also a precursor of EPA and DHA [61]. In turn, AA is
of outstanding importance as it is found in the liver and brain tissues and ensures the
normal functioning of these two tissues [58]. The AA is the precursor of important
eicosanoids [78]. Moreover, most prostaglandins, a type of substance with high
physiological activity like hormones and belonging to the group of eicosanoids, are
derived from AA [79]. AA is involved in several functions of the brain, including
permeability of physiological membranes, in addition to involvement in local blood flow
[55], [79]. The DHA affects cell interactions and enzymatic activity, in addition to
influencing some physical properties of brain membranes and the properties of their
receptors [55], [80].

Studies show that DHA acts on the physical properties of brain membranes and AA
is strongly related to retinal and brain developments. Furthermore, several studies have
indicated that these FA are responsible for maintaining brain and retinal functions, from
the gestational period to the first years of development [79], [81], [79], [82]. Additionally,
a higher intake of PUFA may provide benefits in terms of reducing the risk of
cardiovascular disease, due to a reduction in LDL, in the same way as MUFA. Thus,
several studies have been conducted and consumer interest in these compounds is
growing because they can modify some properties such as food safety, nutritional value,
composition, and lipid content, in addition to acting on oxidative stability, preventing
disease, and improving the fatty acid profile of meat [31], [32], [79].

Furthermore, ALA is a metabolic precursor to DHA and EPA [49]. To form the above-
mentioned FA, numerous reactions occur in the biosynthetic pathway, including reactions
that occur in the endoplasmic reticulum such as desaturation and elongation reactions,
and beta-oxidation that occur in peroxisomes, with the rate-limiting enzyme of the process
converting to a A6 desaturase (D6D) [26]. In the beta-oxidation of ALA, which occurs in
mitochondria, carbon units of acetyl-CoA can be formed. These may be recycled and used
to synthesize other compounds such as SFA, MUFA, ketone bodies, and cholesterol.
Furthermore, EPA and DHA, which are derived from ALA, are present in greater amounts
in cells at the end of the ALA metabolic process [26], [83].
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According to Elmadfa and Kornsteiner [53] and Eshak, Yamagishi, and Iso [51], LA
and ALA are fundamental to physiological processes and when they are taken up in
insufficient amounts, processes such as inflammation, healing, and blood clotting are
impaired. According to the same authors, these processes are fundamental and directly
related to prostaglandins and leukotrienes, in addition, LA is a precursor of AA, which is
directly involved in gene expression.

Results from epidemiological studies show that there is a positive association
between consumption of some FA and long-term health benefits [82]. Very long-chain
EPA and DHA are involved in cell membrane viscosity and are associated with reduced
mortality related to cardiovascular disease [84]-[86]. They show positive results for visual
and neurological development and are important for the prevention of diseases such as
Alzheimer's disease [87]-[90]. The EPA and DHA are also associated with changes in
specific cell signaling pathways, gene expression, and biophysical properties of cell
membranes [29], [91], [92].

The intake and/or synthesis of FA from the n-3 and n-6 families are essential for the
body [49]. However, studies have demonstrated that an excess of FA, even when
considered beneficial to health, may cause deleterious effects [81]. High concentration of
MUFA is associated with obesity, type 2 diabetes, and metabolic syndrome. On the other
hand, the essential FA of the n-6 family, together with SFA and when consumed in large
amounts, as in the western diet, may pose several health risks and increase the likelihood
of developing diseases such as obesity, coronary, and neurodegenerative diseases [25],
[55], [93].

As it is of great importance for biological processes, the ingestion and/or synthesis of
FA from the n-3 and n-6 families are essential for the organism. Studies indicate that an
ideal proportion of n-6 and n-3 PUFA is important to maintain the healthy homeostasis of
metabolism and biological processes. The availability of different types of FA, coming
from the diet and biological synthesis, may affect this n-3/n-6 ratio, and it determines the
availability of energy and FA available for biological processes [49], [81]. This reason may
also be affected during the synthesis process as the reactions of the two families occur in
the same metabolic pathway, thus generating competition for the desaturation and
elongation enzymes during the conversion process [16], [26], [55], [81]. This proportion
was discussed and evaluated in each region and country according to the trend in
nutrition and availability of source foods. These proposals have been reviewed and
generally agreed on the range of 4:1 to 5:1, but some authors recommend a ratio of 2:1 to
3:1, stating that this range allows greater conversion of ALA in DHA [49], [81].

From the excessive consumption of n-6, there may be a prevalence of atherosclerosis,
obesity, diabetes, and cancer. Thus, there is interest in diets that use oils rich in MUFA,
mainly OA, such as canola oil, and PUFA n-3 as EPA and DHA, found in high
concentrations in fish oil. The OA ingestion is associated with vital processes, including
oxidative phosphorylation and growth, in addition to cell survival, and adequate levels
of EPA and DHA can prevent the risk of atherosclerotic disease [94].

According to Yehuda, Rabinovitz, and Mostofsky [79], diets based on a specific ratio
of n-3 and n-6 may have several benefits, such as reducing total cholesterol and increasing

PUFA content in the nerve membrane, thereby reducing the risk of coronary and
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neurodegenerative diseases. When this ratio is imbalanced, it can be associated with
cardiovascular, inflammatory, autoimmune, and diabetic diseases [95]. Another
important point is the need to understand that the effects of a given ratio may be related
to several factors, such as changes in FA profile, cholesterol profile, in addition to the
availability and dependence of metabolism of FA, which vary in the population [55], [96].

Studies have reported that the consumption of FA can positively or negatively alter
a wide range of metabolic pathways associated with chronic diseases. Several studies have
demonstrated that OA, LA, DHA, EPA, and CLA may regulate gene transcription in some
tissues, including skeletal muscle, adipose tissue, liver, and brain [20], [28], [97], [98].
However, there is still a need for more in-depth studies that can link the intake structure,
the biological pathway associated with the disease process. Furthermore, studies must
demonstrate ways to quantify the impact of FA, in other words, present knowledge on
how the property (signaling molecules) directly affects biological processes of interest [29].

Table 1 provides further details on important fatty acids described in pork.

Table 1. Important fatty acids already described in pork
Fatty Acids Description
Saturated fatty acids (SFA)

It is used as a food additive and has

Lauric Acid (LA) antimicrobial and immunomodulatory activity
[99]
Over consumption of saturated fatty acids could

Palmitic Acid (PA
EA) increase risk of diseases [100]

Unsaturated fatty acids (UFA)

Polyunsaturated fatty acids
(PUFA)

Linolenic acid (LA) Correlated with back fat thickness [24]

Fundamental to physiological processes and
) o when they are taken up in insufficient amounts,

Alpha-Linolenic acid (ALA) ) . .
processes such as inflammation, healing, and
blood clotting [51], [53]

Arachidonic acid (AA) Is the precursor of important eicosanoids [79]
EPA and DHA are also associated with changes
in specific cell signaling pathways and alteration

Docosahexaenoic acid (DHA) of gene expression, in addition to changes in the
biophysical properties of cell membranes [29],
[91], [92]

In pigs, they may have antitumor and immune-

Conjugated linoleic acid (CLA) i .
enhancing properties [66]

Monounsaturated fatty acids
(MUFA)
Oleic Acid (AO) Correlated with fat firmness [24]
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5. Fatty Acids and Muscle

The FA content in muscle is lower, but its FA composition is like that in adipose
tissue. Hence there are differences between the tissues and a significant diversification
between the species [22]. Some FA in pork, such as OA, palmitic acid, stearic acid, LA,
palmitoleic acid, and tetradecanoic acid, account for 90% of the total FA present in the
Longissimus lumborum muscle. These FA are linked to nutrition and sensory properties of
pork [100]. Skeletal muscle is essential for maintaining glycemic control as it is associated
with some of the elimination of postprandial glucose, and it is further manipulated by diet
composition [101]. Muscle has significant amounts of LC-PUFA through the action of
enzymes such as enzyme A5 and D6 desaturase and elongase [22].

Molecular tools allowed to perform different studies that identified: differentially
expressed genes (DEG) between a group of animals, with extreme values of FA content in
skeletal muscle, and gene networks associated with these traits [68]; and several eQTL
(expression Quantitative Trait Loci) combining high-density SNP and RNA sequencing
(RNA-seq) [102].

Studies revealed a significant number of DEG in animals with extreme values of FA
content in bovine skeletal muscle [28], [102], [103]. These genes have been linked to
biological processes, including insulin receptor signaling, nuclear factor of activated T
cells (NFAT), mitochondrial disorders, and neurodegenerative diseases, especially
Huntington's and Alzheimer's diseases. However, associated with major changes in
expression, only two of the seven classes of FA molecules were studied. Skeletal muscle
profile as OA and CLA-c9t11 content. These molecules had significant effects on the
expression levels of genes associated with biological processes related to oxidative
phosphorylation and cell survival, growth, and migration [69]. Previous studies have
shown that the SFA may be linked to some types of diseases, including cardiovascular
diseases, obesity, and type 2 diabetes mellitus [104], [105]. In general, meat has a high
nutritional value, being considered a valuable source of unsaturated FA, such as OA and
LA [106].

Using Large White immunocastrated pigs fed different sources and levels of oil during
growing and finishing phases, it was demonstrated that diets that contained 3% fish oil
had higher levels of SFA, EPA, DHA, and PUFA than n-3 in Longissimus lumborum muscle
lipids. Dietary treatments containing 1.5% or 3% soybean or 3% fish oil, or even 3% canola

oil altered the FA composition of muscle (Table 2) [94].
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Table 2. Effects of dietary treatments on fatty acid composition (%) of Longissimus

Lumborum intramuscular fat of growing-finishing pigs !

Dietary treatment Pooled  P-

Item Control SO CcO FO SEM 2 value
Saturated fatty acid (SFA)

Myristic acid (C14:0) 1.14 1.19 1.21 1.24 0.01 0.11

Palmitic acid (C16:0) 25500 25.01> 24.70> 2643« 021  <0.01

Stearic acid (C18:0) 12.02>  11.89* 11.04¢ 12.63= 0.15 <0.01
Monounsaturated fatty acid (MUFA)

Palmitoleic acid (C16:1) 2.86> 3.172  3.05>  3.262 0.05 0.04

Oleic acid (C18:1 n-9) 38.92> 44600 4495 40.33> 0.64 <0.01

Eicosenoic acid (C20:1 n-9) 0.51 0.56 0.58 0.56 0.01 0.21
Polyunsaturated fatty acid (PUFA)

Linoleic acid (C18:2 n-6) 17902 1296> 13.33> 13.83> 050 <0.01

Alpha-linolenic acid (C18:3 n-3) 0.802 0.54> 0.53>  0.59° 0.03  <0.01

Eicosapentaenoic acid (C20:5 n-3, EPA) 0.290 0.11c  0.08<  0.462 0.04 <0.01
Docosahexaenoic acid (C22:6 n-3, DHA)  0.36° 0.14<  0.09c  0.612 0.05 <0.01

Total SFA 38.83> 38.09> 37.44> 40292 033  <0.01
Total MUFA 41.78> 47322 48.76* 4355 0.68  <0.01
Total PUFA 18.91= 13.74> 1397 15.60> 054  <0.01
Total n-3 PUFA 3 1.01= 070> 0.64> 1.39=  0.08 <0.01
Total n-6 PUFA ¢ 17900 1296*> 13.33> 13.83> 050  <0.01
PUFA:SFA ratio 5 046> 036> 037> 038  0.01 <0.01
n-6:n-3 PUFA ratio ¢ 18.98« 18.93« 21.67= 11.87» 092  <0.01
Atherogenic index 7 0.50>  0.49> 0.48> 0.53 0.01 0.02

1Pigs (n = 96) were fed either a corn-soybean meal diet containing 1.5% soybean oil (SO; control) or
diets containing with 3% SO, canola oil (CO), or fish oil (FO). Values represent the least square
means from a subset of pigs (n=72; 18 pigs/treatment); 2SEM = standard error of the least square
means; > Total n-3 PUFA = {[C18:3 n-3] + [C20:5 n-3] + [C22:6 n-3]}; * Total n-6 PUFA = C18:2 n-6; °
PUFA:SFA ratio = total PUFA/total SFA; ¢ £ n-6/X n-3 PUFA ratio; 7 Atherogenic index = (4 x [C14:0])
+(C16:0)/(total MUFA] + [total PUFA]), where brackets indicate concentrations [107] >=<Within a row,
values without a common superscript differ (P < 0.05) or tended to differ (0.05 < P < 0.10) using
Tukey’s method. Adapted from [94].

6. Fatty Acids and Liver

The liver is involved in the regulation of several metabolic processes and, it is not
only crucial for fat metabolism, but in pigs, the liver is an essential site for cholesterol
regeneration, synthesis of FA oxidation, and plays an essential role in digestive function,
red blood cell breakdown, and hormone production and detoxification [16], [46].

In addition, the liver actively participates in the conversion of dietary energy to TAG,
which is exported via VLDL to adipose tissue for storage, or to muscle for usage. It is
important for the synthesis of bile acids because it allows the intestinal absorption of HDL

dietary fats and transports excess cholesterol from these tissues back to the liver [108].
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A study analyzing of pigs fed diets enriched with LA and ALA compared to a
standard diet showed differences in FA profile with higher amounts of PUFA in the liver
in pigs fed LA or ALA [16]. Low availability of LC n-3 PUFA favors the synthesis of FA
and TAG over FA breakdown, leading to fat accumulation in the liver. The imbalance in
the ratio of n-6 and n-3 PUFA may affect the liver [109].

Gene expression analysis performed in the study of Ramayo-Caldas et al. [46], in
selected pigs with extreme phenotypes - High (H) and Low (L) - for intramuscular FA
composition revealed 55 DEG between the extreme animals associated with lipid
metabolism, small molecule biochemistry, and molecular transport. Within-group H,
some genes were found to be positively regulated, playing a fundamental role in
cholesterol metabolism, lipoprotein synthesis, oxidation of lipids and palmitic FA, and
induction of lipogenic gene transcription. On the other hand, the genes for triacylglycerol
accumulation (AQP?), lipid and myristic acid uptake (THBS1), and fatty acid biosynthesis
(ME3) were downregulated in group H.

7.  Fatty Acids and Brain

The central nervous system, which is responsible for receiving and processing
information, consists of the brain (cerebrum, cerebellum, and brainstem) and the spinal
cord. The brain has in its composition, the outer part of the cerebral cortex, which consists
of gray matter, and the inner part, which consists of white matter [110]. The gray matter
has this name because of its "coloring," which is due to the large concentration of neuronal
cell bodies. It also has dendrites in its composition and, to a lesser extent, a myelinated
axon [110], [111]. The cerebral cortex is responsible for processing information that is later
released for signal transmission in the axons, which are in the white matter rich in
dendrites and axons [111]-[113]. The cortex is also responsible for memory, emotion, and
movement. Studies have demonstrated that cortex is associated with neurodegenerative
diseases such as Alzheimer's and Parkinson's [110], [114].

Brain tissue with high lipid content has among the FA in its composition DHA, which
is considered the most important, representing up to one-third of the total FA in brain
gray matter [55], [115]. The DHA participates in modulating the activity of signaling
pathways in the brain through its presence in neuronal membrane phospholipids, in
addition to being found mainly in synaptosomes, mitochondria, and synaptic vesicles
[55], [60], [116].

Gray matter has high PUFA indices, in contrast to the myelin fraction of white matter,
which has low levels of PUFA and higher levels of MUFA such as OA and also SFA [55],
[60], [116]. Studies show that PUFA have effects on brain functions, such as changes in the
affinity of receptors, the activity of neurotransmitters, and production [58].

The brain is a tissue that requires FA with a high degree of unsaturation to maintain
normal conditions [66]. Thus, very LC-FA, such as AA and DHA, are important for the
development and function of the entire central nervous system. Diets deficient in these
FA may cause an increase in DPA and a decrease in DHA [25], [55], [81]. Brain uptake of
LC-PUFA can occur directly from the diet or through supplementation LA and ALA,
which are converted to long-chain-PUFA [53], [55], [116]-[118].
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The structure of the neuronal membrane is the most important factor in maintaining
its proper function. In addition to structure, lipid composition is also an important factor,
as it can be affected by the availability of FA in the diet, thus affecting the fluidity index
of the membrane and hindering physiological processes. For example, cholesterol has a
reducing effect and PUFA acts by increasing fluidity [25], [55]. Some FA, such as LA and
ALA, may help reduce cholesterol in the neuronal membrane, improving this index.
However, some studies have suggested that large reductions may compromise the
membrane fluidity index, hindering the performance of cellular functions and increasing
susceptibility to injury, even leading to cell death [25], [55].

This fluidity may also be altered by the ratio of n-3/n-6 and by the absolute content
of FA in cell membranes; however, some studies have demonstrated that the mechanism
leading to the lowering of cholesterol levels is not clear [53], [61]. According to Bourre et
al. [119], ALA is responsible for the composition of FA in membranes and has an inverse
relationship with cholesterol levels. Salem and Niebyski [120] reported that cholesterol
levels and membrane function composition are controlled by DHA. Other studies also
indicated that an n-3/n-6 ratio of 1:4 promotes the lowering of membrane cholesterol levels
and helps to optimize the uptake of PUFA, which promotes better incorporation of FA

into neuronal membranes [25], [55].

8.  Fatty Acids in Pig Nutrition

The FA from plants and animals are used to formulate pig’s feed on the pork
production chain to bring improvements in production and animal welfare [66], [121]-
[123]. However, to prevent Bovine Spongiform Encephalopathy (BSE), the use of animal
by-products was prohibited by the Ministry of Agriculture, Livestock, and Supply (MAPA)
for ruminants; however, it is allowed for pigs and poultry nutrition [123]. The Animal
Feed Companies use byproducts from pigs to formulate feed for laying hens, poultry, and
turkeys, and they use byproducts from laying hens, poultry, or turkeys to formulate feed
for pigs. For example, the feed factory inside the vertical integration may use FA from the
poultry slaughterhouse to formulate feed for raised pigs. In the tropical part of Brazil,
during the summer, it is common practice to include 6% soybean oil in diets for lactating
sows to attempt the energy requirements, because this ingredient has a low caloric
increment and lactating sows decrease the feed ingestion during the hot weather of the
year. It happens especially in farms where owners have not installed machines to control
the internal temperature, such as cooling pads combined with fans. The limitation to this
practice, the use of the fat animal to formulate the feed, is the fact that it is not good to
include the fat animal as an energy source in the gilts' feed for "flushing" management. In
this particular reproductive management of gilts, occurs an increase in energy intake and
energy from glucose must be used because the goal of this management is to increase
insulin, which causes a positive feedback loop with IGF-I, which in turn leads to an
increase in follicle stimulating hormone (FSH) and luteinizing hormone (LH). Then, the
most important energy source in this case is starch from corn. It's important to remember
that when using fat as an energy source, the correct levels of the A, D, E, and K vitamins
as well as antioxidants have to be included to prevent rancidity, since pigs have a good

smell capacity.
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Apart from this, it is very interesting to discuss the use of some other specific classes
of oils in feed production: plant based essential oils. These classes of oils are responsible
for the aroma and flavor of pepper, onion, garlic, oregano, citrus, coconut, etc., for
example [124]. Some specific essential plant-based oils can control the growth of bacteria
in the intestinal tract of piglets in the rearing and finishing phase and they can replace the
antibiotics used in animal production as growth promoters. For example, the coconut
industry produces a lot of lauric acids, which have a good antimicrobial effect on various
bacteria and can therefore be used for this purpose. Lauric acids it is used as a food
additive and has antimicrobial and immunomodulatory activity [99]. However, there is a
slight problem with the use of lauric acid in the pet food industry: the shampoo industry
buys a substantial amount of the lauric acids on the market. But other essential oils can be
explored by animal feed manufacturers. In Brazil, a company called "Phytus Feed ®"
(Prophytus in the past) has isolated some specific essential oils from three different plants:
Copaiba (Copaifera langsdorffii), Bean (Ricinus communis), and Cashew (Anacardium
occientale). This company developed a product called "Sui pepper phytus ®", which has
good control of Salmonella sp. and other important pathogenic microorganisms of pigs.

Some Brazilian universities and research institutes are investigating the properties of
plant based essential oils from the "Cerrado" (Brazilian savannas) such as peki (Caryocar
brasiliense), Jatoba (Hymenaea courbaril), cerrados' cherry - "pitanga" (Eugenia uniflora), sour
soup - "Graviola" (Annona muricata) and others. These universities and research institutes
collaborate in a large consortium called "Rede FitoCerrado" ("Cerrados' Phyto
networking") [125]. With the international pressure to stop or reduce the use of antibiotics
in animal production, essential oils seem to be a good alternative to replace antibiotics as
growth promoters in pork production [126]. Another implication of essential oils is the
possibility that they may have an impact on pig epigenetics when used as additives to

formulate diets. Some authors refer to this new research field as "nutriepigenomic” [127].

9. Sequencing Technologies, Gene Expression and Fatty Acid Regulation

The advent of high-throughput technology, as next-generation sequencing (NGS), has
enabled the identification of transcriptome changes in nutrigenomic studies [16]. These
technologies allow the measurement of the expression of each gene in each tissue of an
individual using techniques such as RNA-seq [128]. In addition, this tool is widely used
to characterize and compare gene expression profiles for the identification of transcripts
with different expression patterns between two or more biological conditions of interest
in tissue samples [129].

There are other technologies available to understand the genetic machinery involved
with interest traits, such as PacBio sequencing, which is third generation sequencing
(TGS). The PacBio is a technology that offers longer read lengths when compared with
other techniques and it is interesting if the idea is to study larger genomes, quantifying
known and new isoforms, applied together with second-generation sequencing, or even
directly detect base modifications (methylation) [130]. Moreover, with this technology,
better accuracy can be achieved due to increased coverage or hybrid sequencing [130]. The

standard to unravel the transcriptome is next-generation RNA-seq technology that has
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become the tool that allows the production of a genome-scale sample-specific
transcriptome map [131]. The study of processes involving RNA is extremely important
for a better understanding of the genetic variation, gene transcription profile, and
transcriptional regulation [132].

The transcriptome is the complete set of transcripts in a cell at a given time. It is
quantified, in a physiological state or at a particular developmental stage [64].
Transcriptomics provides a direct insight into the features involved in gene expression
and has as the main objective the analysis of the presence or absence and quantification
of a transcript [133]. Also, with this kind of analysis, it is possible to verify the post-
transcriptional modifications, such as pattern and assessment of alternative splicing, the
quantitative assessment of the influence of genotype on gene expression - using eQTL or
allele-specific expression analysis (ASE), the gene expression levels and changes under
different conditions and, also, to determine the transcriptional structure of genes [65],
[133], [134].

The RNA-seq is often used as a strategy to identify DEG but may also be used to
reveal mutations in sequences, such as SNP [64], [133], [134]. Analyze of gene expression
regulation is very important to link genotypes to traits of interest. The synthesis and
maturation of RNAs compose complex gene expression networks that ultimately lead to
biological processes. To adapt to different conditions, these networks must be robust and
flexible so that they can quickly adapt to adversities that occur genetically or in the
environment. Therefore, a thorough knowledge of the principles and mechanisms
involved in these complex processes may help for a better understanding of the activities
of diseases and signaling pathways associated with traits of interest [134]-[136].

For DEG analysis using RNA-seq technology, it is necessary to follow a standard
workflow that starts with total RNA extraction, followed by rRNA depletion or mRNA
enrichment [64], [134]. This is followed by cDNA synthesis and sequencing library
preparation, a key step in RNA-seq as it determines the fidelity of the cDNA data
concerning the original RNA. After this step, sequencing is performed on a high-
throughput platform. The final steps are computerized and consist of quality control of
the sequencing data, followed by removal of adapters and low-quality sequences if
necessary. Data filtering is then performed, followed by alignment/mapping against the
reference genome, or transcriptome assembly is performed again to generate a genome-
level transcriptional map. In addition, normalization and statistical modeling of the data
are performed [64], [136].

Related to FA composition, in a study characterizing SNP chips and Bayesian
methods, nine genomic regions (IMb windows) were identified associated with fat
deposition and FA composition in Nellore beef that explained 1% of the genotypic
variation for FA important for human health, such as ALA, LA, and total n-3 acids. So,
using this technology it was possible to identify putative candidate genes present in
regions associated with traits of interest aid in understanding the genetic basis of
phenotypes and in DNA-based selection strategies [137].

Gene expression is regulated at many levels that involve the transcription, translation,
and renewal of mRNA and proteins. During mRNA processing, there are steps of

polyadenylation, splicing, and other modifications. Its transport and degradation are
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regulated by RNA binding proteins and non-coding RNAs. Furthermore, protein
translation involves several steps and is subject to regulation at different factors [138]. The
interaction of nutrition with epigenetic factors is worth to be considered, as changes in
gene expression caused by dietary components are controlled by these factors [139].

According to Wang, Gerstein, and Snyder [90], it is important to understand the gene
expression to interpret the functional elements of the genome, thus improving animal
nutrition and preventing disease. For some transcription factors, activation mechanisms
are known. Regarding PPAR-y, for instance, the target of thiazolidinediones (TZD) is
activated by dietary lipids such as LA, AA, and EPA and their metabolites [140]. This gene
is important in regulating several genes involved in lipid metabolism in adipocytes, and
also controls the expression of proteins, including fatty acid transporter protein 1 (FATP-
1) [141].

Among the LC-PUFA n-3, the most notable are the DHA and EPA, which are not
only associated with changes in some specific cell signaling pathways and alteration of
gene expression but may cause changes in cell membrane properties [29], [91], [92].
Another FA related to the regulation of gene expression in AA, which is also a PUFA,
belongs to the n-6 family and is derived from LA [51], [53].

10. Nutrigenomics

Nutrigenomics research seeks a deep understanding of the molecular effects of
nutrients on gene expression, genome stability, DNA repair, and molecular mechanisms
operating in disease. Therefore, the study of “omics” arouses as a powerful tool to
investigate the expression of genes in response to the components in the diet. Thus,
significant changes have occurred in the field of nutrition.

Advances that focus on patterns of gene expression, protein expression, and
metabolite production in response to diet components may influence metabolic
programming and have demonstrated impact of diet on health and disease [142]. For
example, n-3 and n-6 PUFA have been studied showing their relationship and ability to
affect gene expression, as they are substrates for the production of signaling molecules or
functional mediators [28].

Studies focusing on nutrigenomics in pigs have been evaluating different diets to
better understand the regulation of important biological processes also establishing
comparisons with studies in humans [11], [37]. Pigs fed FA enriched diets may increase
from a normal 10-15% FA in adipose tissue up to 30—40% [37]. In the same species, it is
also possible to alter the fat content by feeding and the FA composition [143]. High-fat
diets enriched with 4% inulin decreased backfat thickness and increased hindgut
microbial diversity in the Ossabaw pig model, suggesting that concurrent consumption
of fermentable fiber could avoid some of the adverse effects of high-fat diets [144].

A study by Zabek et. al. [145] found that feeding pigs with a diet containing high
amounts of fat led to changes in the aorta thickness. Similarly, Milenkovic et. al. [146]
evaluated the transcriptome of the intima and middle aorta and found DEG in relation to
animals that received the control diet. And even after a change in the high fat to the low-

fat diet, it was not possible to reverse the alterations in the arterial transcriptome, which
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may be related to the higher incidence of cardiovascular diseases. However, Ballester et.
al. [147] evaluated the liver and adipose tissue (visceral and subcutaneous) transcriptome
of 20 pigs submitted to four dietary treatments (conventional diet; a Western diet; and a
Western diet containing Bifidobacterium breve and hydrolysate, either with or without the
addition of n-3) for 10 weeks. Differential expression gene analysis concluded an increase
in cholesterogenesis, lipogenesis, and inflammatory processes in animals on the western-
type diet. In relation to supplementation with bioactive ingredients, there was an
induction of FA oxidation, a decrease in adipogenesis and inflammation, and induction
of cholesterol catabolism.

Regarding the use of FA in swine nutrition, we can observe an increased application
because of several benefits. Among these benefits, (1) FA can be used to easily increase
the energy density of pig diets, which is important in the feeding of heat-stressed pigs and
high producing lactating sows; (2) FA can improve the overall feed efficiency because the
animal metabolizes it into body mass live weight gain (carcass weight and lean meat
content are desirable); and (3) FA can be utilized as fat-soluble vitamins, essential FA, and
molecular signaling, reducing the production cost and increasing the financial return [36],
[105], [148], [149].

11.  Conclusions

The participation of FA in the development of organs and bodies of animals is
evident, as well as their importance in the quality of the final product in the food industry
(meat quality). Studies involving gene expression associated with nutrigenomics
techniques and quality feeding for these animals, contribute to the successful

development of improvements in animal meat production and derivatives.
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Abbreviations

AA  Arachidonic acid

ACSVL very long-chain acyl-CoA synthetases
ADHD Attention deficit hyperactivity disorder
ALA Alpha-linolenic acid

ASE Allele-specific expression

BSE Bovine spongiform encephalopathy
cDNA complementary DNA

CLA Conjugated linoleic acid

D6D Delta-6-desaturase

DEG Differentially expressed genes

DHA Docosahexaenoic acid

DPA Docosapentaenoic acid

EPA Eicosapentaenoic acid

eQTLexpression Quantitative Trait Loci

FA Fatty acids

FABPpm Fatty acids binding protein

FAT Fatty acid translocase

FATP Fatty acid transport protein

FFA Free fatty acids

FSH Follicle stimulating hormone

HDL High-density lipoprotein
IGF-IInsulin-like Growth Factor-1

LA Linoleic acid

LC Long chain

LDL Low-density lipoprotein

LH Luteinizing hormone

LPL Lipase lipoprotein

LXR Liver X receptors

mRNA messenger RNA

MUFA Monounsaturated fatty acids
NAFLD  Non-alcoholic fatty liver disease
NFAT Nuclear factor of activated T cells
NGS Next-generation sequencing

OA  Oleic Acid

PPAR Peroxisome proliferator-activated receptors
PUFA Polyunsaturated fatty acids
RNA-seq RNA sequencing

rRNA ribosomal RNA

RXR Retinoid X Receptors

SFA Saturated fatty acids

SNP Single Nucleotide Polymorphisms
SREBP Sterol regulatory element-binding protein
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TAG Triacylglycerol

TGS Third-generation sequencing

TZD Thiazolidinediones

VLDL Very low-density lipoproteins
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