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Pork is one of the main meats consumed by people, and its nutritional value is closely related to human
health. The lipid deposition and composition of pork not only affect the sensory quality but also
determine the nutritional quality of pork. The lipids in pork include triglycerides (TAG) and a small
amount of cholesterol and phospholipids. TAG are the main lipids in skeletal muscle fat, which is divided
into intermuscular fat and intramuscular fat (IMF). In addition to TAG, IMF also contains phospholipids,
which are important factors affecting pork flavour. There are three types of fatty acids in TAG: saturated
fatty acids (SFA), monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA). PUFA,
such as n-3 PUFA, have a beneficial effect on health, including the regulation of whole-body energy
metabolism and protection against cardiovascular diseases. Therefore, regulating lipid deposition,
especially the fatty acid composition, in pork is important for improving the nutritional quality for hu-
man health. Notably, several strategies, such as breeding, environmental control, and the nutritional
regulation of lipid composition and deposition in pork, have been studied. More recently, faecal trans-
plantation, molecular design breeding and non-coding RNA have been studied and proven useful for
regulating lipid deposition in pigs. In this review, we mainly summarized and discussed the research
findings to date on the lipid composition and regulation mechanisms of fatty acid deposition and provide
new insights into efficient means of improving the lipid composition and lipo-nutritional quality of pork.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
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1. Introduction

Pork provides energy and nutrients to the body, and the quality
of pork plays an important role in human health. There are two
main ways to evaluate the quality of pork: sensory quality and
nutritional quality. The evaluation indices of sensory quality
include colour, tenderness, pH value, drip loss, flavour, marbling
score, and juiciness (Listrat et al., 2016). The marbling score is an
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important index that reflects intramuscular fat (IMF), which can
improve the juiciness, tenderness, and flavour of the meat. The
content of IMF is highly correlated with the sensory acceptability of
pork (Poklukar et al., 2020). When the IMF content is moderately
increased in the range of 2.5% to 3.5%, the flavour and juiciness of
pork are enhanced and the impact on consumer acceptability is
favourable (Fernandez et al., 1999). Fortin et al. (2005) demon-
strated that IMF content is significantly correlated with tenderness
(e.g., average shear force, softness, initial tenderness and chewi-
ness). Wu et al. (2022) found that certain fatty acids such as oleic
acid (C18:1 n-9), docosahexaenoic acid (C22:6 n-3, DHA) and «-
linolenic acid (C18:3 n-3, ALA) might be the precursors to pork
flavour, and their contents contribute to the rich aroma of native
Chinese pork. Moreover, the IMF content and sensory quality affect
consumers’ acceptability and the market value of pork.

Pork contains many valuable nutrients (Fig. 1), such as biological
proteins, lipids, fatty acids, mineral substances, and vitamins
(Pereira and Vicente, 2013). The proteins and their building blocks,
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Fig.1. Chemical composition of lean pork (muscle). Pork muscle tissue contains various chemical components, including water (approximately 71.7%, mainly divided into free water
[approximately 95%] and bound water [approximately 5%]), protein (approximately 18.6%, mainly divided into parapeptone [approximately 40% to 60%], myogen [approximately
20% to 30%], and stromal protein [approximately 20%]), lipids (approximately 6.3%, mainly containing TAG and phospholipids, etc., and the ratio of UFA/SFA = 6/4), carbohydrates
(approximately 1.5%), vitamins (approximately 0.01%), minerals and other nutrients (mainly nucleotides, carnosine, creatine, etc.). TAG = triglyceride; UFA = unsaturated fatty acids;

SFA = saturated fatty acids (Anna Vincent et al., 2020; Yang, 2019).

amino acids, that are found in pork can provide essential amino
acids for the human body (Wu et al., 2014). Pork is rich in vitamin
B2 and other multivitamins, and vitamin Biy is an important
enzyme for amino acid metabolism in the human body. Pork con-
tains several minerals, including zinc, selenium, phosphorous and
iron. Haem-iron is a form of iron and is only present in animal
foods. Haem-iron promotes certain biological functions involved in
the growth and development of children (Pereira and Vicente,
2013). In addition, fat content is an important source of fatty
acids in the human diet and is also a considerable factor affecting
sensory quality. There are three kinds of fatty acids: saturated fatty
acids (SFA), monounsaturated fatty acids (MUFA), and poly-
unsaturated fatty acids (PUFA). Excessive SFA intake might be
associated with obesity, insulin resistance and cardiovascular dis-
ease (Li et al., 2019). Interestingly, it is worth noting that some types
of fatty acids, especially n-3 fatty acids, are beneficial for human
health and protect humans against vascular diseases, cancer, and
rheumatoid arthritis (Reyes et al., 2004). In addition to fatty acids,
many lipids that have profound effects on human health, such as
glycerides, sphingolipids, and glycerophospholipids (Sun et al.,
2020; Xu et al., 2021b, 2021c).

In recent years, an increasing number of studies have focused on
mechanisms that improve the fatty acid composition in pork and
developing pork with special nutritional value. Many studies have
indicated that fatty acid composition can be regulated in multiple
ways. Ren et al. (2020) found that myostatin can act through the
MEF2C/miR222/stearoyl-CoA desaturated enzyme 5 (SCD5) cascade
to influence fatty acid desaturation. Li et al. (2018) demonstrated
that the PUFA contents in pork were significantly increased in fatty
acid desaturase 1 (FAT1) knock-in pigs. The researchers trans-
planted Lactobacillus johnsonii into Duroc x Landrace x Yorkshire
(DLY) pigs and found that the SFA content in muscle was signifi-
cantly increased (Ma et al., 2022). Wang et al. (2020b) identified
that intramuscular fat deposition associated long non-coding RNA 1
(IMFInc1) and miR199a5p regulate IMF accumulation in pigs. In
addition, the sex of the pig, the age at slaughter and the tempera-
ture of the farm are all factors that influence the fatty acid
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composition (Guo et al., 2022; Xia et al., 2023; Zhou et al., 2022). In
this review, we summarized and discussed the recent findings on
lipid composition and the mechanisms and strategies involved in
regulating fatty acid composition and deposition in pork.

2. The lipid composition in pork

The lipid composition and lipidomic profiles in pork have been
recently studied using liquid chromatography tandem mass spec-
trometry (LC-MS/MS). Xu et al. (2021b) detected more than 568
different lipid species in skeletal muscle, including 139 triglycerides
(TAG), 130 phosphatidylcholines (PC), 75 phosphatidylethanol-
amines (PE), 42 phosphatidylserines (PS) and other lipid classes
(Fig. 2). The quantities of these lipid species have been recently
studied, including TAG (approximately 833.3 nmol/mg total lipids),
PC (approximately 224.4 nmol/mg total lipids), PE (approximately
41.7 nmol/mg total lipids), and PS (approximately 21.6 nmol/mg
total lipids) (Dannenberger et al., 2022). TAG is the major lipid in
pork and is composed of glycerol esterified with three long-chain
fatty acids (LCFA) residues. PC, also called lecithin, is the major
phospholipid in eukaryotic cell membranes and maintains the
integrity of cell membranes (McMaster, 2018). PC is also involved in
the formation of nerve myelin (Paoletti et al., 2011) and in the
secretion of very low density lipoprotein by hepatocytes (van der
Veen et al., 2017). PE is another major phospholipid in eukaryotic
cell membranes and has been reported to enhance membrane
fusion and the molecular folding of some membrane proteins as a
lipid chaperone (Patel and Witt, 2017). The major phospholipids in
the endoplasmic reticulum (ER) are PC and PE. An increase in the
PC/PE ratio triggers the unfolded protein response (UPR), which
promotes apoptosis (Patel and Witt, 2017). PS is an essential inner
membrane phospholipid that is synthesized by PC and PE through a
“base exchange” reaction catalysed by PS synthase 1 and PS syn-
thase 2, respectively. PS is involved in the formation of protein
recruitment sites required for the activation of several key signal-
ling pathways, and it plays a key role in apoptotic cell death
(Szondy et al., 2022). In conclusion, phospholipids play an
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Fig. 2. Distribution of the lipid classes in pork, as detected by LC-MS/MS. LC-MS/MS = liquid chromatography tandem mass spectrometry; SFA = saturated fatty acids;
PUFA = polyunsaturated fatty acids; TAG = triglyceride; MAG = monoradylglycerols; PA = phosphatidic acid; PC = phosphatidylcholine; Cer = ceramides; SM = sphingomyelin;
VE = vitamin E; VK = vitamin K; CerG1 = monogylcosylceramide; MGDG = monogalactosyldiacylglycerol; SQDG = sulfoquinovosyldiacylglycerol; SO = sphingosine; SM =
sphingomyelin; PS = phosphatidylserine; PI = phosphatidylinositol; PHSM = phytosphingosine; PG = phosphatidylglycerol; PE = phosphatidylethanolamine; PC = phosphati-
dylcholine; CL = cardiolipin; LPS = lysophosphatidylserine; LPG = lysophosphatidylglycerol; LPE = lysophosphatidylethanolamine; LPC = lysophosphatidylcholine;
DG = diglyceride; CERG2 = simple glc series; WE = wax exters; CER = ceramides; ACCA = acyl carnitine; LPI = lysophosphatidylinositol; CO = coenzyme.

important role in generating secondary messengers for regulating However, humans lack the delta-12 (A-12) and delta-15 (A-15)
cell division, autophagy, apoptosis, and metabolism. However, the desaturases, which are functional for the de novo synthesis of LA
specific functions and pathways of action of these phospholipids and ALA (precursors of n-6 and n-3 group fatty acids). With the
and lipokines are not particularly clear and need to be further presence of A-5 and A-6 desaturases, LA and ALA can be converted
investigated. to other n-3 and n-6 groups of fatty acids in vivo, albeit with an
There are more than twenty types of fatty acids in pork. SFA, inefficiency rate of less than 5% (Jaturasitha et al., 2016; Ma et al.,
such as lauric acid (C12:0) and myristic acid (C14:0), can affect the 2016). In contrast to ruminants, pork has a favourable balance of
ability of plasma lipoproteins to carry cholesterol. This leads to the approximately 0.58 to 0.61 between PUFA and SFA, and the fatty
deposition of cholesterol in the inner wall of the arteries, which acid composition of pork is more easily altered via the diet
makes the human body prone to various cardiovascular diseases. It (Jaturasitha et al., 2016). Overall, decreasing the content of SFA and
is necessary to replace total saturated fat with healthier energy increasing the content of UFA have become the trend of improving
sources since higher dietary intakes of SFA are positively correlated the nutritional quality of pork.
with an increased risk of coronary heart disease (Zong et al., 2016).
However, this does not mean that we should completely boycott all
SFA because some SFA have positive physiological functions. For
example, stearic acid (C18:0) can lower serum cholesterol levels

(Cohn et al., 2010). MUFA, mainly oleic acid (C18:1 n-9), are wide- Accordine to th ber of carb " in their hvd b
spread in many plant oils and animal-derived fats. Bermudez et al. ccording to the number ot carbon atoms in their hydrocarbon

(2011) showed that oleic acid (C18:1 n-9) has a mild effect on cha?ns, fatty ac.ids are generally fiivided i.nto three c.::ltegories: short-
lowering blood pressure. PUFA are mainly n-3 and n-6 PUFA, both chain fatty.aads (SCF{\)’ medium-chain fatty acids (MCF.A) and
of which have important biological functions in mammalian health. LCFA. Tl}e dlfferept chfnn lengths of fatty.ac1ds also lead to different
The n-6 PUFA include linoleic acid (C18:2n-6, LA), y-linolenic acid absorptlo_n anc_l dlge_stlor_l rates of fatty acids. In mammals, SCFA and
(C18:3 n-6, GLA), and arachidonic acid (C20:4 n-6, AA), and the n-3 MCFA, with aliphatic tails of fewer than 13 carbons, are absorbed

PUFA include ALA, eicosapentaenoic acid (C20:5 n-3, EPA), and faster than LCFA. They can be directly absorbed py small 1n.test1nal
mucosal cells and pass through the portal vein to the liver for

metabolic energy. LCFA, with aliphatic tails of more than 12 car-
bons, are absorbed and metabolized slowly in the body, which
means they easily accumulate in the liver and fat tissue. LCFA

3. The regulatory mechanisms of fatty acid deposition

DHA. ALA and LA are the precursors of n-3 group and n-6 group
PUFA, respectively. They are then derivatized in vivo through a
series of carbon chain extension and desaturation processes to
produce other PUFA. The intake of moderate amounts of n-3 or n-6 . . . .
PUFA has been shown to be associated with a relative reduction in require fatty acid transporters to, enter small intestinal mucgsal
the risk of cardiovascular disease (Calder, 2015; Watanabe and cells aqd can be }Jsed to synthesize TAG. TAG are packaged mt‘o
Tatsuno, 2017). chylomicrons, which enter the bloodstream through the lymphatlc
There are three types of fatty acid desaturases present in sy;tem (_ButFet et_ al, 2_014;. Xu et. al.,_2021a). Thefefore, Fhe aim of
humans: delta-9 (A-9), delta-6 (A-6), and delta-5 (A-5). The A-9 this section in .thlS review is .to highlight receqt discoveries rela!ted
to the synthesis, transportation, and degradation of LCFA, particu-

desaturase, commonly known as SCD, converts SFA into MUFA. . . ) : . T
larly exploring the mechanisms involved in fatty acid deposition.
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In animals, fat accumulation is the result of an imbalance be-
tween synthesis and degradation. When the synthesis of fatty acids
is greater than the consumption, fatty acids will be deposited in
cells instead of being mobilized to provide energy. The synthesis of
fatty acids can be divided into endogenous and exogenous path-
ways (Fig. 3).

Endogenous fatty acids are lipids that are synthesized de novo
from intracellular acetyl-CoA. The sources of intracellular acetyl-
CoA are mainly the aerobic oxidation of carbohydrates, f-oxida-
tion of fatty acids, catabolism of certain amino acids, and oxidative
decomposition of ketone bodies. The main end product of this fatty
acid synthesis pathway is palmitic acid (16:0), which can be further
extended to stearic acid (C18:0). Both palmitic acid (C16:0) and
stearic acid (C18:0) can be converted to MUFA, forming palmitoleic
acid (16:1 n-9) and oleic acid (18:1 n-9), respectively. Oleic acid
(C18:1 n-9) is the main fatty acid in mammals. Exogenous fatty
acids are mainly obtained from dietary lipids, which primarily exist
in circulation. They can also be digested and absorbed and used in
the synthesis of TAG and phospholipids.

The main method of fat degradation is f-oxidation. f-oxidation
is the conversion of free fatty acids into energy, and it occurs in
mitochondria (Schenk et al., 2008). The main rate-limiting enzyme
for this process is carnitine palmitoyltransferase 1 (CPT1). In recent
years, the processes related to oxidation have been studied more
clearly, and scientists are likely to pay more attention to the process
of fatty acid synthesis. Hence, the aim of this section is to highlight
recent discoveries related to the synthesis of TAG, the extension
and desaturation of fatty acids, and the transmembrane transport
of fatty acids.

3.1. Synthesis of TAG
Meat lipids primarily consist of phospholipids and TAG. Phos-

pholipids are structural lipids that constitute the main substance of
cell and organelle membranes. TAG are rich in SFA, while

Aerobic oxidation
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phospholipids contain more PUFA (Jaturasitha et al., 2016). After
the fatty acids are absorbed by the cells, they are mainly used for -
oxidation in the mitochondria, and the excess fatty acids are used
for storage as TAG (Fig. 4). The glycerol 3 phosphate (G3P) pathway
and the monoacylglycerol acyl transferase (MGAT) pathway are two
crucial ways to synthesize TAG in animals.

In most types of cells (mainly skeletal cells and hepatocytes), the
G3P pathway is the vital TAG synthesis pathway that facilitates the
addition of three fatty acyl CoA to the G3P backbone at the ER
membrane (Wang et al., 2017). Glycerol 3 phosphate acyltransfer-
ase (GPAT) catalyses the first step of TAG synthesis, converting G3P
and fatty acyl CoA to lysophosphatidate (LPA). Then, acylglycerol 3
phosphate acyltransferase (AGPAT) catalyses the conversion of LPA
and fatty acyl-CoA to phosphatidic acid (PA). PA is subsequently
converted to diacylglycerol (DAG) by phosphatidic acid phospha-
tase (PAP) enzymes. The last step of TAG synthesis is catalysed by
diacylglycerol acyltransferases (DGAT), which convert DAG into
TAG (Wang et al., 2017). GPAT is the rate-limiting enzyme that plays
a decisive role in the whole process.

In addition, TAG may also be synthesized by the MGAT pathway.
In this pathway, two fatty acyl-CoA are esterified to an sn-2 mon-
oacylglycerol (MAG) backbone in succession by MGAT and DGAT
enzymes. TAG synthesis by the MGAT pathway mainly occurs in
small intestinal enterocytes in the process of dietary fat absorption
(D'Aquila et al., 2016). Both the G3P and MGAT pathways add fatty
acids to DAG via DGAT1 or DGAT?2 in the final step of TAG synthesis
(Yen et al., 2015).

3.2. Transmembrane transport of fatty acids

In recent years, many studies on the cellular uptake of fatty acids
have shown that membrane-associated fatty acid-binding protein
genes are closely related to promoting and regulating the uptake of
fatty acids by cells. It is widely believed that fatty acids cross cell
membranes through protein-mediated mechanisms. Earlier studies

Carbohydrates \
Fatty acids Broxidation De novo Elongase
. 5 Gatabolism > Acetyl-CoA ————> C16:0 (palmitic) C18:0 (stearic)
Amino acids synthesis *
idati iti A-9 desaturase * A-9 desaturase
e e Oxidative decomposition ) pr
Cl6:1 C18:1 (oleic)
Endogenous pathway
C18:2 (LA) C18:3 (ALA)
* A-6 desaturase + A-6 desaturase
C18:3 (y-linolenic) C18:4
{ Elongase + Elongase
C20:3 C20:4
. o * A-5 desaturase + A-S desaturase
X - Absorption and digestion
Dietary lipids —> LCFA —T—— 5 C20:4 (arachidonic) C20:5 (EPA)
El El
Exogenous pathway * L + e
C22:4 C24:5
+ A-6 desaturase
C24:6
¥ B-oxidation
C22:6 (DHA)

Fig. 3. Sources of long-chain fatty acids and synthesis of long-chain unsaturated fatty acids in mammals. LCFA = long-chain fatty acids; LA = linoleic acid; ALA = a-linolenic acid;

EPA = eicosapentaenoic acid; DHA = docosahexaenoic acid.
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Fig. 4. Free long-chain fatty acid metabolism in cells. Free long-chain fatty acids in the circulation are taken up by cells via membrane-associated fatty acid-binding proteins (CD36,
FATP, and FABPpm). Activated fatty acids (fatty acyl-CoA) are mainly “metabolized” by one of two pathways, B-oxidation in mitochondria or storage in the form of synthetic TAG.
There are two pathways of TAG synthesis. The MGAT pathway occurs mainly in small intestinal enterocytes, and the G3P pathway occurs mainly in skeletal cells and hepatocytes.
LCFA = long-chain fatty acids; FATP = fatty acid transport proteins; CD36 = FAT = fatty acid translocase; FABPpm = plasma membrane-associated fatty acid-binding protein;
CPT1 = carnitine palmitoyltransferase 1; G3P = glycerol-3-phosphate; GPAT = glycerol-3-phosphate acyltransferase; LPA = lysophosphatidate; AGPAT = acylglycerol-3-phosphate
acyltransferase; PA = phospholipic acid; DAG = diacylglycerol; PAP = phosphatidic acid phosphatases; DAGT = diacylglycerol acyltransferases; MAG = monoacylglycerol;

MGAT = monoacylglycerol acyl transferase; TAG = triglyceride.

have identified some of these fatty acid transporters, including fatty
acid translocase/CD-36 (FAT/CD36), plasma membrane fatty acid-
binding protein (FABPpm), and a family of fatty acid transport
proteins (FATP1—6). FABPpm, FAT/CD36, and FATP-1 have been
determined to be induced by specific stimuli.

CD36 is a heavily glycosylated 88-kDa fatty acid translocase, and
it is also a type of fatty acid membrane receptor. CD36 can bind to
three categories of ligands outside the cells. One of these ligands is
LCFA while the others are proteins that contain the structural ho-
mologous repeat domains of thrombospondin proteins and mole-
cules that exhibit a pattern consistent with danger or pathogen-
associated molecules (Chen et al., 2022b). Moreover, some studies
have indicated that CD36 can influence innate and adaptive im-
mune cell fate and activation by linking signals outside cells with
intracellular fatty acid metabolism and redox metabolism (Chen
et al., 2022b; Ma et al., 2021; Wang et al., 2020a). Qing et al.
(2022) found that overexpression of leptin only leads to
enhanced lipolysis of pig subcutaneous fat, while lipid accumula-
tion in mesenteric adipose tissue was associated with increased
levels of CD36 expression. Cui et al. (2022) found that dietary
supplementation with MCFA promotes lipid deposition in adipose
tissue by increasing the expression level of CD36.

FABPpm is a 40-kDa plasma membrane-associated fatty acid-
binding protein that can regulate fatty acid transport into skeletal
muscle cells (Nickerson et al., 2009). Heart fatty acid-binding pro-
tein (H-FABP), also known as FABP3, belongs to the family of
intracellular fatty acid-binding proteins that are involved in the
transport of LCFA. Shang et al. (2019) found that the mRNA and
protein expression levels of H-FABP in back fat, longissimus dorsi
muscle (LD) and liver tissues was significantly higher in Tibetan
pigs (with high IMF) than in Large White pigs (with low IMF).

FATP is a family of 63- to 70-kDa fatty acid transport proteins,
which are classified as members of the solute carrier 27 protein
family according to their functions in the transport of exogenous
fatty acids. In different fatty acid-metabolizing tissues and cells,
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different members of the FATP family exhibit specific characteristic
expression patterns. FATP1 has been found in the cells of myocar-
dial, skeletal muscle, and adipose tissue. It is the main FATP family
member in adipose tissue and plays a very important role in fatty
acid metabolism (Pohl et al., 2004). FATP4 is most closely related to
FATP1, and it is important for LCFA absorption in the small intestine
(Stahl et al., 1999). However, FATP2, FATP3, FATP5, and FATP6 are
distantly related to FATP1 and show little or no expression in adi-
pose tissue and muscle (Pohl et al., 2004). FATP6 is the major FATP
family member in the heart and is specifically expressed in this
organ (Gimeno et al, 2003). A previous study investigated the
cDNA structure of porcine FATP1 and their results showed that five
FATP1 mRNAs, namely FATPla, FATP1aV, FATP1b, FATP1c and
FATP1cV, could be produced by alternative splicing of primary
transcripts. The expression of FATP1T mRNA was much higher in
masseter and trapezius muscles than in LD gluteus medius and
adipose tissue in pigs (Shu et al., 2009).

3.3. Extension and desaturation of fatty acids

Fatty acid desaturase and elongation of very long-chain fatty
acid (ELOVL) protein genes also play a key role; studies have
demonstrated that ELOVL and aerobic front-end fatty acid desa-
turases (FADS) are able to biosynthesize long-chain poly-
unsaturated fatty acids (LC-PUFA) from preexisting C18 PUFA in
vertebrates (Castro et al.,, 2016). To date, eight members of the
ELOVL family have been identified, and they show the specificity of
fatty acid substrates. For example, ELOVL1, ELOVL3, ELOVL6, and
ELOVL7 prefer to act on the substrates of saturated and mono-
unsaturated fatty acids, while ELOVL2, ELOVL4, ELOVL5, and
ELOVLS act on the substrates of PUFA (Ferraz et al., 2022).

Based on subcellular location, fatty acid desaturases are divided
into soluble desaturases and membrane-bound desaturases
(Nakamura and Nara, 2004). Stearoyl-ACP desaturase is the only
soluble desaturase that only exists in plants. By comparison,
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membrane-bound desaturases generally exist in eukaryotes and
bacteria (Castro et al., 2016). In mammals, the front-end desa-
turases are named FADS. FADS insert the double bond at a fixed
number of carbons from the carboxyl group and are also termed A-
desaturases. Two vital A-desaturases are present in the biocon-
version of LA and ALA into longer-chain PUFA: A-5 desaturase and
A-6 desaturase. A-5 desaturase is encoded by the FADS1 gene, while
the FADS2 gene is responsible for A-6 desaturase (Tian et al., 2022).
Taniguchi et al. (2015) identified a novel isoform FADS named
FADS1b in pigs, and they also found FADS1b and FADS3 isoforms in
porcine were predominantly expressed in the inner layer of the
subcutaneous adipose tissue.

SCD is also vital in fatty acid metabolism, and it is responsible
for the biosynthesis of MUFA from SFA. There are two SCD ho-
mologues (SCD1 and SCD5) in humans and four SCD homologues
(SCD1, 2, 3, and 4) in mice (Bai et al., 2015). Previous studies
showed that liver-specific SCD1 deficiency activates rapamycin
complex 1 (mTORC1), induces peroxisome proliferator-activated
receptor gamma coactivator 1o (PGCla) and ER stress, and acti-
vates the UPR in vivo mouse models (Aljohani et al., 2019). SCD is a
candidate gene for fatty acid composition. Viterbo et al. (2018)
identified a significant quantitative trait locus on SSC14 (120 to
124 Mb) in Duroc pigs. Liu et al. (2020) found that SCD and
lipogenesis-related genes were induced significantly in differen-
tiated porcine adipocytes, suggesting SCD is also essential for
porcine adipocyte differentiation. Moreover, they also revealed
that the expression level of SCD in adipose tissue of 7-day-old
Bama piglets was much higher than that in adipose tissue of 4-
month-old Bama adult pigs.

4. The regulatory role of different factors in regulating fatty
acid composition

4.1. Breed difference

There were significant differences in fatty acid composition in
different breeds and strains. Analysing the fatty acid composition of
different breeds of pigs is of great importance for the application of
heterosis. In a previous report by Chen et al. (2022a), their research
compared the fatty acid composition of the LD from five breeds,
including Jiaxing Black Pig (JBP), Berkshire, Berkshire x JBP (BJBP),
Duroc x Berkshire x JBP (DBJBP), and Duroc x Landrace x JBP
(DLJBP). The highest PUFA content was found in Berkshire pigs, and
the lowest PUFA content was found in JBP pigs. However, it is worth
noting that C22:6 was the most abundant PUFA in JBP pigs. Yu et al.
(2013) assessed the fatty acid composition of the LD between
Lantang and Landrace pigs and found that the proportion of PUFA,
including C18:2, C20:2, C20:3, C20:4, and C22:6, in Lantang pigs
was significantly higher than that in Landrace pigs. This study also
identified the SCD gene as a key gene for increasing PUFA levels.
This finding indicates that Lantang pigs have better pork flavour
intensity. Touma and Oyadomari (2020) compared the meat quality
of Okinawa Agu pigs with those of Large White x Landrace (WL)
pigs crossbred with Agu sires (WLA) or Duroc sires (WLD) and
found that Agu had the highest proportion of SFA. WLA had the
highest proportion of MUFA, and WLD had the highest proportion
of PUFA. Huang et al. (2020) compared the fatty acid composition
profiles among three Chinese indigenous pig breeds, including
Bamaxiang, Erhualian, and Laiwu pigs. They stated that Bamaxiang
had a relatively low SFA content and a high PUFA content, including
C18:1, C20:1, C20:2, C20:3, and C20:4. Tu et al. (2021) screened for
fatty acid differences in Chinese indigenous pork and found that the
PUFA level was lower in Dongbei Min pigs and Wuzhishan pigs than
in Beijing Black pigs and Duroc x Landrace x Yorkshire pigs.
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4.2. Gene editing

In addition to the common hybrid breeding method, molecular
breeding is another famous and popular method in swine breeding
(Fig. 5). With the development of clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR-associated 9 (Cas9)
technologies, genome editing technology can shorten breeding
cycles and reduce production costs. These effects greatly promote
the application of molecular breeding technology in improving
pork quality. Li et al. (2018) found that using the CRISPR/Cas9 sys-
tem to insert the FATI gene of Caenorhabditis elegans into the
porcine Rosa 26 locus can significantly increase the level of PUFA in
pigs. The levels of ALA, DHA, and docosapentaenoic acid (DPA) were
all significantly increased, and the ratio of n-6/n-3 PUFA was greatly
decreased. Gu et al. (2021) established a model of peroxisome
proliferator-activated receptor-y (PPARy)-overexpressing pigs and
found that PPARy-overexpressing pigs had increased IMF and
increased expression levels of adipocyte differentiation genes,
including fatty acid-binding protein 4 (FABP4), perilipin 1 (PLIN1),
CCAAT/enhancer-binding protein (C/EBP) and CD36. These findings
indicate that overexpression of PPARy may increase the IMF content
by promoting the differentiation of muscle preadipocytes. Uncou-
pling protein 1 (UCP1) is a mitochondrial inner membrane carrier
that dissipates energy in the form of heat by transferring protons in
ATP synthesis, but pigs are deficient in the functional UCP1 gene.
Using the CRISPR/Cas9 system, Pan et al. (2019) constructed
adipocyte-specific UCP1 knock-in pigs to study the effect of UCP1 in
pigs. The results showed that UCP1 knock-in pigs had significantly
increased levels of fatty acyls and saccharolipids, including sulfo-
quinovosyldiacylglycerols (SQDG), phosphatidylglycerols (PG),
lysophosphatidylglycerols (LPG), lysophosphatidylcholines (LPC),
acyl carnitines (AcCa) and cardiolipins (CL), possibly through the
upregulation of the C/EBP@, FASN, ELOVL3, and medium-chain acyl-
Coenzyme A dehydrogenase (ACADM) genes. Notably, Xu et al.
(2021b) investigated the effects of UCP1 knock-in on lipid meta-
bolism in pigs. This result shows that UCP1 also caused elevated
levels of sphingolipids and cardiolipin in inguinal white adipose
tissue. The increase in the total sphingolipid level may be caused by
a higher level of plasma free fatty acids in the circulation. Elevated
levels of cardiolipin may be associated with increased mitochon-
drial function.

4.3. Environmental factors

The environment is another factor affecting the lipid content
(Fig. 5). Heat stress affects lipid metabolism by decreasing (-
oxidation and lipolytic enzyme activities. This ultimately leads to
porcine adipose tissue-specific reactions and changes in fatty acid
content. Qu and Ajuwon found that heat stress increased de novo
adipogenesis and TAG storage in porcine adipocytes through the
phosphoenolpyruvate carboxykinase 1 (PCK1) pathway, thereby
altering fat deposition and fatty acid composition (Qu and Ajuwon,
2018a, 2018b). The SFA content in heat-stressed pigs was increased,
and the MUFA and PUFA contents were decreased in these pigs.
Heat stress also increased phosphatidylinositol (PI) and PS and
decreased PC, PE, and PG. Heng et al. (2019) indicated that heat
stress improves the expression of lipid metabolism genes, including
fatty acid synthase (FASN), DGAT1, PPARy, SREBP1c, and FABP4, in the
abdominal fat of pigs. Notably, heat stress also affects the mRNA
expression of N6-methyl-adenosine (m6A)-related enzymes, such
as Wilms’ tumour 1-associating protein, methyltransferase like 14,
and obesity-associated protein. This indicates that heat stress
might also regulate foetal programming through m6A RNA
methylation. Cold expression corresponds to heat stress. Recent
studies have indicated that fatty acid levels vary in some tissues
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Fig. 5. The regulatory effects of environmental factors, gene editing, gut microbiota transplantation and non-coding RNA on fatty acid composition. SFA = saturated fatty acids;
MUFA = monounsaturated fatty acids; PUFA = polyunsaturated fatty acids; PCK1 = phosphoenolpyruvate carboxykinase 1; PI = phosphatidylinositol; PS = phosphatidylserine;
PC = phosphatidylcholine; PE = phosphatidylethanolamine; PG = phosphatidylglycerol; ACSL1 = long chain acyl-CoA synthetase 1; FADS2 = fatty acid desaturases 2;
ELOVL1 = elongation of very long-chain fatty acids protein 1; SCD5 = stearoyl-CoA desaturated 5; ACADL = long-chain acyl-Coenzyme A dehydrogenase; ACAT1 = acetyl-CoA
acetyltransferase 1; ACADM = medium-chain acyl-Coenzyme A dehydrogenase; UCP1 = uncoupling protein 1; C/EBPP = CCAAT/enhancer-binding protein B; FASN = fatty acid
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monophosphate-activated protein kinase; DGAT1 = diacylglycerol acyltransferases 1; DGAT4 = diacylglycerol acyltransferases 4; KLF9 = kruppel like factor 9; CAV1 = caveolinl;

IMFInc1 = intramuscular fat deposition associated long non-coding RNA 1.

when fattened pigs are kept overnight at low temperatures
(5—7 °C) (Faure et al., 2013). In skeletal muscle, the contents of SFA,
MUFA, PUFA, and n-3 fatty acids were increased, but the proportion
of these three fatty acids (SFA, MUFA and PUFA) did not change
significantly (Xu et al., 2021c). RNA-seq results suggested that cold
exposure significantly increased the expression of fatty acid
biosynthesis genes, including long chain acyl-CoA synthetase 1
(ACSL1), FADS2, ELOVL1, and SCD5, and decreased the expression of
mitochondrial beta-oxidation genes, including ACADM, long-chain
acyl-Coenzyme A dehydrogenase (ACADL), acetyl-CoA acetyl-
transferase 1 (ACAT1), and long chain acyl-CoA synthetase 4 (ACSL4)
(Xu et al., 2021c). In addition to regulating the ambient tempera-
ture, the duration of light exposure is also one of the important
factors affecting lipid metabolism. However, there are no studies on
the effects of light exposure on the fatty acid composition in pork at
present. Some researchers found that in rats, continuous light was
associated with circadian-clock disruptions that affect the gut
microbiota and fatty acid metabolism, ultimately regulating fatty
acid profiles (Chu et al., 2019). Yue et al. (2022) showed a decrease
in the total amount of MCFA in the colon contents of rats under
continuous light.
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4.4. Sex and age

Sex is also a major factor affecting the carcass and meat quality
of pigs. Xia et al. (2023) showed that castrated male pigs had higher
contents of C18:0 and SFA and lower contents of C20:1 and UFA
than female pigs in a novel Duroc line pig from the crossbred by
French line, American line and Canadian line. Sudrez-Belloch et al.
(2015) indicated that in crossbred pigs from Large White, Landrace
and Duroc pigs, barrows had higher values of SFA in both the IMF
and subcutaneous fat. Franco et al. (2014) also reported that cas-
trated males had more SFA (C16:0 and C18:0) and total MUFA
contents than gilts in Landrance and Duroc pigs, although these
differences were not significant. Moreover, they suggested that the
reason for the high SFA content in castrated males may be the high
intramuscular and subcutaneous fat contents. The effect of sex on
fatty acid composition in pork is not fully understood, and this still
deserves further research.

Researchers have also recently investigated whether pork
quality would be improved with age. Guo et al. (2022) found that in
crossbred (Duroc x Long White x Yorkshire) fattening pigs, the
content of ALA is higher in older pigs, but the contents of SFA, MUFA
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and PUFA were not different. Since ALA is a major essential fatty
acid that plays an important role in organic metabolism, this sug-
gests that the nutritional value of pork may also increase with age.

4.5. Non-coding RNA

The regulatory role of non-coding RNA in the organism has been
more intensively studied, such as long noncoding RNA (IncRNA),
circular RNA (circRNA) and micro-RNA (miRNA). Among them,
miRNA plays an important role in regulating adipogenesis, while
IncRNA and circRNA mainly indirectly regulate adipogenesis by
acting as sponges of miRNA and preventing the binding of target
genes (Fig. 5).

Wang et al. (2020b) identified that IMFInc1 and caveolin1 (CAV1)
are both of the target genes of miR199a5p. They revealed that
IMFInc1 sponges miR199a5p, which reduces the suppression of
miR199a5p in CAV1 and upregulates CAV1 and PPARy to promote
IMF accumulation. Long intergenic non-coding RNA (lincRNA) are a
class of IncRNA, located between genes that encode proteins, which
are important regulators and can be involved in various biological
processes. Li et al. (2020) identified 22 lincRNA differentially
expressed between Wei (fat breed) and Yorkshire (lean breed) pigs.
They found that some lincRNAs contribute to the IMF development
by regulating their potential target genes.

Circular RNA (circRNA) are closed noncoding RNA molecules.
The regulatory mechanisms and functions of circRNA in porcine
IMF have been recently studied. Li et al. (2022) identified a novel
circRNA, called circPPARA, whose expression was positively corre-
lated with IMF. They found that the upregulation of circPPARA
promotes IMF accumulation by adsorbing miR429 and miR200b.
Peng et al. (2016) found that kruppel like factor 9 (KLF9) and p27 is
the target gene of miR429, which could promote IMF. Therefore, the
studies of Li et al. (2022) and Peng et al. (2016) collectively suggest
that the upregulation of circPPARA can adsorb miR429 as a sponge,
which promotes IMF accumulation via the increase of the expres-
sion of KLF9 and p27.

miRNA are small non-coding RNA molecules that bind to the 3'
untranslated region (UTR) region of the target RNA, thereby regu-
lating gene expression. Studies have shown that many miRNA are
involved in the process of adipogenesis. For example, miR125a5p
negatively regulates the target gene kruppel like factor 13 (KLF13),
which inhibits IMF deposition (Du et al., 2018). Liu et al. (2021)
indicated that miR325p could inhibit KLF3 to promote adipocyte
differentiation and IMF deposition. Du et al. (2018) also identified
that porcine ELOVLG is a target gene of miR125a5p, and the upre-
gulation of miR125a5p significantly reduced the total SFA contents.

4.6. Gut microbiota

In recent years, with the development of high-throughput 16S
RNA sequencing and metagenomics, many studies have found that
intestinal microorganisms can impact lipid metabolism (Fig. 5).
Therefore, some emerging technologies, such as faecal microbiota
transplantation and microbiota monocolonization, are playing an
increasingly important role in the regulation of fatty acid compo-
sition and fat deposition. Ma et al. (2022) compared the differences
in lipid metabolism and the gut microbiota between Shaziling pigs
and Yorkshire pigs, and they found a higher abundance of probiotic
bacteria in the gut of Shaziling pigs. Further screening of the mi-
crobial species revealed that L. johnsonii was one of the main mi-
crobial species responsible for the differences in lipid content, and
this species may have a function in promoting lipid absorption and
transport. The researchers transplanted L. johnsonii into DLY pigs.
The results showed a significant increase in muscle SFA content,
possibly through the upregulation of several lipid-related genes,
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including DGAT1, DGAT2, CD36, and PPARy. Xie et al. (2022)
compared the gut microbiome of Laiwu pigs with that of DLY pigs
to investigate the effect of the microbiota on meat quality. They
found that transplantation of the microbiota from the faeces of
Laiwu pigs to DLY piglets increased IMF content in the LD. In
addition, a multi-omics analysis identified that Bacteroides uni-
formis, Sphaerochaeta globosa, Hydrogenoanaerobacterium saccha-
rovorans, and Pyramidobacter piscolens may be key species in the
regulation of lipid metabolism and deposition. They showed that
these four species upregulate fatty acid desaturase 1 (FADST),
FABP4, and FASN and downregulate adenosine monophosphate-
activated protein kinase (AMPK), thereby enhancing the IMF con-
tent in muscle. Wu et al. (2021) transplanted faecal microbiota from
Jinhua and Landrace pigs into mice to verify the effect of the gut
microbiota on IMF. They found that mice receiving microbiota from
Jinhua pigs had a higher IMF content. Additionally, the expression
of lipoprotein lipase (LPL) was increased, and the expression of
angiopoietin-like protein 4 (ANGPTL4) was decreased in the
gastrocnemius of these mice. The level of SCFA in the colon was
reduced. SCFA induce the transcription and secretion of ANGPTL4,
which in turn inhibits LPL expression. Therefore, the researchers
concluded that the elevation of IMF in these mice was caused by
decreasing the abundance of microbiota that can produce SCFA, and
the decrease in SCFA content led to a concomitant decrease in
ANGPTL4 gene expression. This ultimately promoted LPL expression
and fat deposition. Zhao et al. (2022) discovered that archaeal
species with methanogenesis functions and butyrate-producing
bacterial species have the ability to affect fat deposition and
metabolism in Jinhua pigs. This study compared the composition
and diversity of the colonic microbiota in high-fat and low-fat
Jinhua pigs using metagenomic sequencing. The results demon-
strated that the high-fat pigs had a higher abundance of Firmicutes
and Tenericutes, and the low-fat pigs had a higher abundance of
Ruminococcus, Faecalibacterium, and Oscillibacter. They also found
that the expression of FAS, PPARy, and LPL in abdominal fat was
significantly higher in high-fat pigs than in low-fat pigs.

4.7. Nutritional factors

Although molecular breeding or faecal microbiota trans-
plantation can improve the fatty acid composition of pork, none of
these techniques can be practically applied in the production line.
Notably, an effective way to improve the fatty acid profile is through
dietary supplementation, which is also the most acceptable to
consumers (Fig. 6).

4.7.1. Fatty acids

4.7.1.1. The ratio of n-6/n-3 PUFA. Previous studies have shown that
the n-6/n-3 PUFA ratio decreases in the LD, subcutaneous adipose
tissue (SAT), and longissimus thoracis as the dietary n-6/n-3 PUFA
ratio decreases. The n-6/n-3 PUFA ratio in feed can appropriately
affect the expression of genes, including PPARy (Chen et al., 2022),
hormone-sensitive lipase (HSL), FABP4, CPT1 (Nong et al., 2020),
FATP1 and FATP4 (Li et al., 2015). Therefore, changing the n-6/n-3
ratio in feed is one of the methods to improve meat quality and
enhance the deposition of n-3 PUFA in pigs.

4.7.1.2. Conjugated linoleic acid (CLA). The most commonly used
PUFA supplementation is CLA. CLA is a secondary derivative of
linoleic acid, which plays an important physiological role in regu-
lating glycolipid metabolism. It affects the immune response, pre-
vents diseases, and improves the quality of animal products. Earlier
feeding studies identified that dietary supplementation with CLA
can increase the SFA content but decrease the MUFA content in
muscle and adipose tissue in pigs (Barnes et al., 2012; Chen et al,,
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Fig. 6. The regulatory role of dietary factors on fatty acid composition. PUFA = polyunsaturated fatty acids; SFA = saturated fatty acids; MUFA = monounsaturated fatty acids;
CLA = conjugated linoleic acid; FATP1 = fatty acid transport protein 1; FABP4 = fatty acid-binding protein 4; PPARy = peroxisome proliferator-activated receptor-y; CPT1 = carnitine
palmitoyltransferase 1; PLIN1 = perilipin 1; FASN = fatty acid synthase; KIC = a-ketoisocaproate; HMB = B-hydroxy-f-methyl butyrate; BCAA = Branched chain amino acids,
including Leu, Ile and Val; IMF = intramuscular fat; SCD = stearoyl-CoA desaturated enzyme; APP = apple polyphenols; ALA = ¢-linolenic acid; DHA = docosahexaenoic acid;
EPA = eicosapentaenoic acid; SCD1 = stearoyl-CoA desaturated enzyme 1; FABP3 = fatty acid-binding protein 3; CD36 = FAT = fatty acid translocase; C/EBPa = CCAAT/enhancer-
binding protein a; SREBP1c = sterol regulatory element-binding protein 1c; AMPK/mTOR = adenosine monophosphate-activated protein kinase/rapamycin signalling pathway.

2019; Cordero et al., 2010; Tous et al., 2013). Barnes et al. (2012)
reported that the addition of CLA to the diet resulted in changes
in the ratio and composition of fatty acids in IMF, and these changes
are mainly attributable to the expression of FABP4, ACC and SCD1
and the abundance of Parabacteroides, Bacteroides and Lachnospir-
aceae_UCG-010. The study by Barnes et al. (2012) also reported that
the marbling score tended to increase and the percentage of lipid
increased significantly in the CLA-fed pigs.

4.7.1.3. Oleic acid. Oleic acid is a type of MUFA that may affect meat
quality and fatty acid composition in muscle.

Martins et al. (2018) have demonstrated that dietary supple-
mentation with high oleic acid can increase the content of MUFA
and PUFA, and reduce the SFA content in both femoris and dorsal
subcutaneous fat in pigs. They also found high oleic acid diet
significantly reduced the expression of FASN, which means less fat
is synthesized de novo via the endogenous lipogenic pathway.

4.7.2. Plant extracts

4.7.2.1. Linseed. Linseed is the ripe seed of flax, which contains the
precursor ALA. In pigs, most of the deposited n-3 PUFA resulted
from the conversion of ALA to EPA and DHA. Some studies have
shown that feeding linseed to pigs improves the nutritional quality
of pork by raising the n-3 PUFA content in muscle and adipose
tissue (Corino et al., 2014; Turner et al, 2014). This result is
consistent with earlier study by Kouba et al. (2003), which showed
that the changes in fatty acids composition in pigs fed high-
linolenic acid could be attributed to a reduction in SCD activity.
Wang et al. (2021) indicated that CLA and linseed supplementation
increased the IMF content in growing pigs.
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4.7.2.2. Perilla seeds. Perilla seeds are an available source of n-3
PUFA. The content of the essential fatty acid ALA in perilla seeds is
approximately 52% to 62% (Ahmed, 2018), which is the highest
content of ALA in seed oil discovered thus far. It has been discov-
ered that dietary supplementation with perilla cakes significantly
increased the content of ALA, whereas the n-6/n-3 PUFA ratio in the
backfat, abdominal fat, and LD of growing pigs decreased signifi-
cantly (Arjin et al., 2021). This result is consistent with the report of
Sringarm et al. (2022) that investigated the supplementation of
perilla cakes in pigs on a low-lysine diet. Xia et al. (2022a) indicated
that the addition of Perilla frutescens seeds to the diet affected the
fatty acid composition of Songliao black pigs. It dramatically
increased the content of ALA, DPA, EPA, and DHA and reduced the
content of SFA.

4.7.2.3. Microalga. Moran et al. (2018) indicated that daily sup-
plementation with DHA-rich microalgae Aurantiochytrium limaci-
num can also increase the contents of EPA and DHA and decrease
the n-6/n-3 PUFA ratio in the Longissimus lumborum in finishing

pigs.

4.7.24. Chinese herbal medicine. Chinese herbal medicine addi-
tives can promote growth and improve the feed conversion rate
and meat quality of pigs. Earlier studies indicated that Chinese
herbal medicine can improve the content of UFA and essential fatty
acids in different pig species (Hu et al., 2018; Shen et al., 2021).

It has been reported that Chinese wolfberry and Astragalus have
high medicinal value. They can regulate the content of IMF in pork
by affecting the expression of the SCD1 and ELOVL6 genes, which
are related to fatty acid metabolism. One study showed that adding
wolfberry and Astragalus extract to the diet significantly increased
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the levels of PUFAs and MUFA, such as palmitic oleic acid, oleic acid,
linoleic acid, cis-11-eicosarboxyenoic acid, and cis-11, 14-
eicosarboxyenoic acid, in Tibetan fragrant pigs (Hao et al., 2021).

4.7.2.5. Apple polyphenols (APP). Apple peels and pomace are po-
tential ingredients for pig feed because they contain APP. APP are a
group of plant extracts from apple peels and pomace that are the
main antioxidants in apples. APP extracts have been shown to
improve lipid metabolism and alleviate hepatic steatosis in rats to
some extent (Yan et al., 2022). Xu et al. (2019) found that dietary
supplementation with 400 mg/kg APP significantly increased the
total ALA, DHA and n-3 PUFA levels in the LD in finishing pigs.

4.7.2.6. Betaine. Betaine is a methyl derivative of the amino acid
glycine, which is present in most organisms. In animals, betaine can
be used as an organic osmoprotectant to protect cells from damage
or as a methyl donor by transmethylation. In this way, it can
partially replace choline and methionine in feed and take part in
lipid metabolism (Huang et al., 2008). Previous studies investigated
the mechanism by which betaine can regulate lipid metabolism in
pigs. They concluded that betaine might upregulate the FAT/CD36,
FATP1, and FABP3 genes. These genes are related to fatty acid
transporters and activate the AMPK signalling pathway. Addition-
ally, they upregulate genes related to fatty acid oxidation, including
PPARa and CPT1, which affect the composition of muscle fatty acids
in pigs (Li et al., 2017a). Zhong et al. (2021) also showed that betaine
promotes fatty acid catabolism in skeletal muscle tissue by
enhancing the mRNA expression levels of HSL and CPT16. Some
studies have shown that the effects of betaine on fat deposition in
different parts of animals are inconsistent; betaine can increase fat
oxidation, reduce abdominal fat content, and increase IMF accu-
mulation (Albuquerque et al., 2017; Dong et al., 2020). Furthermore,
previous studies found that betaine supplementation increased the
PUFA contents and decreased the SFA contents in pig muscle (Dong
et al,, 2020; Yang et al., 2021; Zhong et al., 2021).

4.7.3. Amino acids

Arg and Glu supplementation have considerable complemen-
tary advantages in the pig industry for improving the quality of
pork. Recently, research indicated that dietary supplementation
with both Arg and Glu can increase IMF deposition and decrease
the percentage of SFA in the LD and backfat of pigs (Hu et al., 2017a).
Hu et al. (2017b) found that dietary supplementation with Arg and
Glu upregulated the mRNA level of PPARy in LD, leading to an in-
crease in IMF content.

Leu can be converted to acetyl-CoA in vivo and regulates fatty
acid metabolism in pigs. Leu and its metabolites a-ketoisocaproate
(KIC) and B-hydroxy-p-methyl butyrate (HMB) have been regarded
as important feed additives that regulate fatty acid deposition in
pork. Dietary Leu supplementation was found to significantly
reduce the n-3 PUFA content in the LD. However, dietary KIC and
HMB supplementation significantly increased the proportion of
total PUFA and decreased the SFA content in the LD (Zhong et al.,
2019). In this study, researchers found the expression of PPARY,
SREBP1c and C/EBP « decreased in LD of pigs fed KIC supplemented
diets, and hypothesized that HMB supplementation may regulate
lipid anabolism and catabolism in oxidized skeletal muscle pri-
marily through the AMPK-mTOR signaling pathway.

The addition of Ile to fattening pig diets stimulates the activity
and expression of SCD, increases skeletal muscle lipogenesis, pro-
motes IMF deposition, and promotes the synthesis of MUFA (Luo
et al., 2018).

Branched chain amino acids (BCAA), including Leu, Ile and Val,
need to be obtained from the diets of mammals. A dietary balance
of BCAA in the restricted protein diet can activate acetyl-CoA

382

Animal Nutrition 13 (2023) 373—385

carboxylase (ACC) and PPARy via the AMPK-silent information
regulator of the transcription 1-PGCla axis. Additionally, it can
reduce mitochondrial biosynthesis in the LD, thereby promoting
IMF deposition (Zhang et al., 2021). It has been shown that the
addition of BCAA in a 2:1:1 ratio to the restrained protein diet
significantly increased the total MUFA content. Moreover, the
addition of BCAA in a 2:1:2 ratio significantly increased the ratio of
total PUFA and PUFA to SFA, especially increasing the content of EPA
and DHA (Zhang et al., 2022).

4.74. Carbohydrates

Carbohydrates can serve as important nutrients that have a
potentially vital role in lipid metabolism regulation. Carbohydrates
are divided into digestible and non-digestible carbohydrates.
Digestible carbohydrates include monosaccharides, disaccharides,
starches and glycogen. Non-digestible carbohydrates, also known
as fibre, include oligosaccharides, resistant starch and non-starch
polysaccharides. Yu et al. (2020) found that in pigs fed with a
high ratio of dietary amylose, the concentration of C12:0, EPA, DHA
and n-3 PUFA in the LD muscle of finishing pigs was increased in
response to increasing amylose/amylopectin ratio. They showed
that these changes may result from the upregulation of the mRNA
expression of lipogenic genes (FAS, LPL and SCD), and down-
regulation of CPT1b. Li et al. (2017b) found that a pea starch diet
with greater amylose content could decrease back fat depth in
finishing pigs. Yang et al. (2015) found that a high amylose content
diet is helpful in reducing lipogenesis in muscle.

In addition to starches, there are other carbohydrates that might
have effects on growth and health in pigs. Nielsen et al. (2014)
suggested that a high level of dietary fibre, either as arabinoxylan
or resistant starch, could shift the microbial composition towards
butyrogenic species in the faeces and increase the total SCFA and
butyrate concentrations in the intestine of pigs. Tan et al. (2021)
indicated that using resistant starch as a prebiotic may enhance
the gut health of weaned pigs and affect pig growth performance.
Nevertheless, the effect of arabinoxylan or resistant starch on lipid
metabolism in pigs is not fully understood, and this still deserves
further research.

4.7.5. Other nutrients

4.7.5.1. Vitamin E. Vitamin E is a fat-soluble vitamin that is an
essential vitamin for pigs. It can be used as an antioxidant to reduce
oxidative stimulation, prevent pork fat peroxidation and prolong
the fresh shelf life of pork. Vitamin E added to pig diets as a sup-
plement can increase the concentrations of C16:1 and CLA and
reduce the contents of C20:0 and C18:0 in backfat and abdominal
fat (Wang et al., 2022).

4.7.5.2. Fermented feed. Fermented feeds are also one of the initial
factors affecting lipid metabolism. Lu et al. (2021) showed that
fermented corn-soybean meal supplementation increased the
heptadecanoic acid and EPA but reduced the palmitoleic acid in
pigs. Hao et al. (2020) found that dietary supplementation with 8%
fermented mixed feed decreased the percentage of SFA and
increased the percentage of UFA in LD, and the percentages of
C18:1n-9, C18:2n-6, C18:3 n-3, C20:2 and C20:4 n-6 in the LD were
also markedly increased in finishing pigs. The effects of fermented
feeds on lipid metabolism might be associated with changes in
microbiota in pigs. Indeed, Lu et al. (2020) showed that a fermented
corn—soybean meal diet significantly increased the percentage of
Rikenellaceae and Christensenellaceae but decreased the abun-
dance of Lachnospiraceae in the colonic mucosa-associated
microbiota in pigs. Xie et al. (2017) showed that with supplemen-
tation of fresh fermented feeds, the relative abundance of butyrate-
producing bacteria was higher in both the caecum and colon of
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piglets. Liu et al. (2023) showed that fermented mixed feed
significantly altered the fatty acid profile of the LD of pigs. 10%
fermented mixed feed increased the percentage of n-3 PUFA, n-6
PUFA, total PUFA and IMF in the LD and increase the expression of
CEBP«, PPARY and SREBP1 genes which are the key transcription
factors for lipid metabolism.

5. Conclusion and perspectives

In recent decades, many studies have found improvements in
the lipid composition of pork through dietary supplementation,
gene editing, gut microbiota, etc, but there are still many key issues
that need to be further studied. First, the comparison of fatty acid
composition of different breeds of pigs showed that the fatty acid
composition of Chinese indigenous breeds was better than that of
typical lean breeds. However, the mechanisms involving in these
fatty acid content differences are not clear, and there was no
method to use high-quality indigenous breeds to create better
hybrid lines. Second, the addition of fish oil, seaweed, and conju-
gated linoleic acid to pig feed alters the fatty acid content in pork,
but some results of different scholars on the regulation of fatty acid
content in pork by certain nutrients are inconsistent, revealing that
standardization of feed processing and fatty acid detection
methods needs to be studied. Third, although some results have
been achieved through genetic engineering techniques, including
genetic modifications such as overexpression or knockout, most
results have been concentrated in animal models. Whether these
results can be applied to pork production is still needs to be
determined. Fourth, the results of non-coding RNA have increased
dramatically in the past three years. However, whether non-coding
RNA are useful for regulating lipid deposition and the nutritional
value of pork need to be further studied. Fifth, in addition to fatty
acids, the regulation of the deposition of other lipids, such as PC and
PE, that are beneficial to health still needs to be further studied.
Moreover, several lipokines, such as 12,13-dihydroxy-9Z-octade-
cenoic acid, have been recently identified and have demonstrated
crucial roles in metabolic health (Macédo et al., 2022). However, the
content of functional lipokines in pork needs to be determined, and
enhancing their content might also improve the lipo-nutritional
quality of pork in the future.
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