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Abstract

Polyunsaturated fatty acids (PUFA) are important nutrients that constitute
essential components of cell membrane phospholipids and exhibit extensive bio-
logical functions in biological systems. They can regulate lipid metabolism and
immunity, possess anti-cancer properties, prevent and treat cardiovascular dis-
eases, promote growth and development, and modulate gene expression. This
article elaborates on the sources and biological functions of polyunsaturated
fatty acids and briefly discusses their current application status and prospects
in animal production.
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Abstract: Polyunsaturated fatty acids (PUFA) are essential nutrients that
serve as crucial components of cell membrane phospholipids. They exhibit ex-
tensive biological functions in biological systems, including regulation of lipid
metabolism and immunity, anti-cancer activity, prevention and treatment of car-
diovascular diseases, promotion of growth and development, and modulation of
gene expression. This review elaborates on the sources and biological functions
of PUFA and discusses their current application status and future prospects in
animal production.
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Polyunsaturated fatty acids (PUFA) are essential fatty acids that the body can-
not synthesize de novo. Their biological functions and relationship with human
health have become a focal point of international attention and research in re-
cent years. Numerous studies have demonstrated that PUFA play important
roles not only in maintaining biological membrane structure and function, en-
hancing immune function, promoting growth and development, and regulating
lipid metabolism and related gene expression, but also in reducing thrombosis,
decreasing the incidence of cardiovascular diseases, and combating cancer [1-3].

In recent years, with reduced production costs, the application of PUFA in
animal production has garnered increasing attention. Research on PUFA has
gradually extended from apparent performance indicators such as growth per-
formance, antioxidant capacity, and immune function to molecular regulatory
mechanisms. More underlying factors related to PUFA growth mechanisms
have been discovered, such as the regulation of lipid metabolism-related gene
expression and anti-cancer mechanisms, providing a theoretical basis for their
application in animal production practice. This review summarizes the sources,
biological functions, and applications of PUFA in animal production.

1. Sources of PUFA

PUFA are defined as straight-chain fatty acids containing two or more double
bonds with carbon chain lengths of 18-22 carbon atoms. They mainly include
the n-6 series linoleic acid (LA, C18:2) and arachidonic acid (AA, C20:4), and
the n-3 series linolenic acid (LNA, C18:3), eicosapentaenoic acid (EPA, C20:5),
and docosahexaenoic acid (DHA, C22:6). LNA can be further divided into
a-linolenic acid (ALA, C18:3n-3) and ~-linolenic acid (GLA, C18:3n-6).

LA and LNA are primarily found in vegetable oils. For example, soybean oil
and safflower oil contain high levels of LA, perilla seed oil and linseed oil are
extremely rich in ALA, and evening primrose oil and comfrey seed oil contain
substantial amounts of GLA. Additionally, most marine algae, microorganisms,
and lower fungi contain considerable LNA (Table 1 ). AA is widely distributed
in animal tissues, being present in the brain, liver, blood phospholipids, and
adrenal glands of many animals, and lower fungi, especially Mortierella species,
also contain large amounts of AA. EPA and DHA are mainly found in marine
organisms such as high-fat fish and seaweed, and are almost undetectable in com-
mon terrestrial plant and animal oils [4]. Some fungi, shellfish, and crustaceans
also contain substantial DHA.
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2.1 Effects on Cell Membrane Function

PUFA play a vital role in the composition of all cell membranes, maintain-
ing the homeostasis of normal membrane protein function and influencing cell
membrane fluidity, thereby regulating cell signal transduction processes and
gene expression in different cell types [6]. Studies have shown that PUFA can
alter cell membrane lipid composition, inhibit the growth of Caco-2 cells, in-
crease membrane fluidity, and exhibit dose-dependent effects [7]. Nair et al. [§]
demonstrated that n-3 PUFA can alter membrane phospholipid fatty acid com-
position, thereby regulating second messenger signal transduction processes in
cardiac myocytes. However, because the unsaturated double bonds of PUFA are
susceptible to free radical attack and peroxidation, excessive PUFA intake can
enhance lipid peroxidation in vivo and reduce cell membrane fluidity. Yehuda
et al. [9] found that LA and ALA themselves affect neuronal membrane fluidity
indices, reducing cholesterol (TC) content in neuronal membranes, decreasing
membrane fluidity, and increasing cellular susceptibility to damage and death,
thereby impairing normal cellular function. Additional research indicates that
DHA and EPA can affect sperm cell membrane structure, conferring favorable
fluidity to the sperm plasma membrane, participating in protein-mediated cellu-
lar responses in the membrane, influencing lipid mediator production, cell signal
transduction, and gene expression [10].

2.2 Effects on Lipid Metabolism

n-3 PUFA can inhibit the activities of fatty acid synthase (FAS), diacylglycerol
acyltransferase (DGAT), and hydroxymethylglutaryl-CoA (HMG-CoA) reduc-
tase, promote fatty acid oxidation and decomposition, inhibit triglyceride (TG)
synthesis, downregulate hepatic low-density lipoprotein (LDL) receptors, sup-
press TC synthesis, and reduce TC absorption, thereby decreasing serum TG
and TC levels [11-12]. Li et al. [13] reported that dietary supplementation with
appropriate amounts of LA can reduce serum TC and LDL levels in meat rab-
bits. Haug et al. [14] found that dietary fish oil supplementation decreased
plasma TG content while reducing hepatic TG and very-low-density lipopro-
tein (VLDL) synthesis. Furthermore, PUFA can stimulate peroxidases and
induce uncoupling proteins (UCP) in mitochondria, enhancing mitochondrial
[B-oxidation and accelerating blood lipid clearance and decomposition while re-
ducing body fat deposition [15]. Research has shown that dietary fish oil can
induce peroxisomal fatty acid oxidation in skeletal muscle and increase UCP-3
content by twofold, thereby reducing fat and protein deposition [16].

2.3 Effects on Gene Expression

Dietary PUFA regulate various gene expressions in the body, thereby influenc-
ing anabolic processes in animals. Sterol regulatory element-binding protein-1c
(SREBP-1c) is a key nuclear transcription factor that regulates lipid metabolism-
related gene expression, primarily participating in the regulation of hepatic fatty
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acid and TG biosynthesis and metabolism. PUFA possess the ability to modu-
late SREBP-1c levels and expression. Studies have confirmed that PUFA can
inhibit SREBP-1c gene expression, thereby suppressing the transcription of hep-
atic lipogenic genes and lipid biosynthesis, with n-3 PUFA demonstrating more
pronounced inhibitory effects than n-6 PUFA [17]. Conversely, overexpression
of SREBP-1c¢ promotes hepatic lipogenic gene expression but has no significant
effect on TC synthesis-related genes [18]. Foretz et al. [19] demonstrated that in
isolated hepatocytes, SREBP-1c overexpression is a major factor affecting both
fatty acid synthesis gene expression and insulin-induced glucokinase gene expres-
sion. FAS is a large molecular protein complex with multiple catalytic functions
that catalyzes the synthesis of fatty acids from acetyl-CoA and malonyl-CoA,
serving as a key rate-limiting enzyme in hepatic fatty acid synthesis. Its regula-
tory mechanism for animal lipid metabolism-related gene expression primarily
occurs at the transcriptional level, and it is regulated by SREBP-1c. FAS ex-
pression is consistent with SREBP-1c levels. Experiments have proven that
reduced hepatic SREBP-1c levels lead to decreased expression of hepatic FAS
and acetyl-CoA carboxylase-1 (ACC-1), thereby reducing hepatic lipid accumu-
lation [20].

Adipose triglyceride lipase (ATGL) in adipose tissue is an important rate-
limiting enzyme that catalyzes the first step of TG hydrolysis, converting TG
into glycerol and free fatty acids. Comparative gene identification 58 (CGI-58)
is an ATGL activator that enhances ATGL activity, and the N-terminal
tryptophan-rich structural domain of CGI-58 is essential for regulating proper
CGI-58 localization and ATGL activation function. Therefore, both play impor-
tant roles in lipid metabolism [21]. Additionally, PUFA increase thermogenesis
and reduce body fat deposition while maintaining glucose metabolic balance
by upregulating mitochondrial UCP-3 transcription, inducing genes encoding
proteins involved in fatty acid oxidation, and downregulating the transcription
of genes encoding other proteins, as shown in Figure 1 [Figure 1: see original
paper] [22-23].

2.4 Effects on Immune Function

The immunomodulatory functions of PUFA have been demonstrated in both hu-
man medicine and animal studies. Dietary PUFA supplementation can regulate
lymphocyte proliferation, receptor and molecule expression on cell membranes,
antigen presentation, and natural killer cell activity, thereby influencing cellu-
lar immune responses. Singer et al. [24] demonstrated that n-3 PUFA reduce
interleukin-1 (IL-1) and interleukin-2 (IL-2) secretion in mouse lymphocytes,
increase tumor necrosis factor-o (TNF-a) production in macrophages, and de-
crease natural killer (NK) cell activity. In contrast, n-6 PUFA increase IL-2
production while reducing TNF-a production and NK cell activity in mice, con-
sistent with the findings of Chavali et al. [25]. These results demonstrate that
n-3 PUFA possess immune-enhancing properties, whereas n-6 PUFA have op-
posite effects. Merzouk et al. [26] reported that both EPA and DHA reduced
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concanavalin A (Con-A)-stimulated lymphocyte IL-2 secretion while enhanc-
ing IL-4 production, thereby inhibiting T lymphocyte proliferation and reduc-
ing immunity. Furthermore, n-3 PUFA can modulate cytokine secretion by
altering signal transduction or cytokine gene expression and protein transla-
tion processes, thereby affecting immune function. Fritsche et al. [27] found
that mice infected with live Listeria or sterile phosphate-buffered saline (PBS)
and fed an n-3 PUFA diet showed significantly decreased mRNA expression
of IL-2, interleukin-12 (IL-12), interleukin-13 (IL-1/5), and interferon-y (IFN-v)
in spleen tissue. Since IL-12 and IFN-v play major roles in innate and adap-
tive host defense, these findings indicate that n-3 PUFA can effectively protect
against infectious diseases.

2.5 Effects on Cancer

With improving living standards, food safety has become an increasing concern.
EPA and DHA, as important components of PUFA, exhibit anti-cancer, anti-
atherosclerotic, lipid-lowering, and cardiovascular-protective effects, with their
cancer-inhibiting properties receiving particular attention. The primary mecha-
nisms involve inhibiting the biosynthesis of arachidonic acid-derived eicosanoids,
affecting transcription factor activity, gene expression, and signal transduction
processes, altering estrogen metabolism, regulating free radical and reactive oxy-
gen species production, and influencing insulin sensitivity and cell membrane flu-
idity [28]. Colas et al. [29] found through in vitro experiments that dietary DHA
supplementation reduced tumor angiogenesis prior to enhanced responsiveness
to anthracyclines, suggesting that DHA chemosensitivity is manifested through
inhibition of tumor vascular responses in mammary tumor hosts. Bougnoux et
al. [30] reported that DHA supplementation during anthracycline chemother-
apy significantly increased survival rates in metastatic breast cancer patients
without any detectable toxic side effects. Additionally, studies have shown that
oral administration of EPA to rats with methylcholanthrene (MCA)-induced
sarcoma reduced tumor volume, with further research revealing significantly de-
creased vascular endothelial growth factor (VEGF) mRNA expression levels in
liver tissue, indicating that EPA exerts anti-tumor effects by inhibiting VEGF
expression [31].

2.6 Effects on Cardiovascular Disease

PUFA can protect animals against atherosclerosis, reduce blood TG levels, in-
hibit platelet aggregation, and prevent thrombosis, thereby decreasing the in-
cidence of cardiovascular diseases [32]. Renaud et al. [33] conducted a dietary
intervention study in French farmers, replacing butter with rapeseed oil and
ALA-enriched margarine, which resulted in significantly increased EPA content
in plasma lipids and platelet phospholipids and significantly reduced platelet
aggregation after two years. PUFA also exert clear effects on arterial throm-
bosis formation and platelet function. PUFA released from platelet membrane
phospholipids can be converted by cyclooxygenase into thromboxane A (TXA),
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which promotes platelet aggregation and vasoconstriction. In contrast, PUFA
released from vascular wall membrane phospholipids can be enzymatically con-
verted into prostacyclin (PGI), which inhibits platelet aggregation and induces
vasodilation. The balance between these two substances regulates platelet and
vascular function. Therefore, PUFA have therapeutic and preventive effects on
cardiovascular diseases.

2.7 Effects on Growth and Development

PUFA can promote fetal and infant growth and development. The brain rep-
resents a major proportion of body size and weight in fetuses and infants, and
AA and DHA, as the predominant fatty acids in the brain, are crucial for fe-
tal development and infant growth. Their deficiency can lead to slow growth
and development of fetal brain cells and even cause incomplete development
of the fetal central nervous system, affecting metabolism. Obesity is a signifi-
cant factor affecting human health in modern society, with its incidence having
doubled over the past two decades and this trend continuing to rise. PUFA
are closely associated with obesity development, and since obesity is related
to both dietary fat quantity and fatty acid composition, altering dietary fatty
acid profiles can help mitigate obesity development. Animal studies have found
that n-3 PUFA can alter body composition and reduce body fat accumulation,
thereby maintaining weight balance [34]. Additionally, supplemental n-3 PUFA
during pregnancy and lactation can increase fetal birth weight, promote growth
and development, reduce the risk of preterm delivery and other complications
during pregnancy [35].

3.1 Application in Poultry Production

As an important nutrient, PUFA can improve feed conversion efficiency, pro-
mote protein synthesis, reduce fat deposition, decrease feed-to-weight ratio, in-
crease PUFA content in poultry muscle, alleviate lipid peroxidation, improve
meat quality, and thereby enhance animal growth performance. Sanz et al. [36]
added tallow and sunflower oil to broiler diets, finding that compared with the
tallow group, the sunflower oil group showed significantly reduced abdominal fat
deposition and lower hepatic FAS activity, indicating decreased hepatic fat syn-
thesis. Lépez-Ferrer et al. [37] found that adding high levels of fish oil to broiler
diets increased PUFA content in chicken thigh meat, particularly long-chain n-3
PUFA, while reducing saturated fatty acid (SFA) and monounsaturated fatty
acid content, with only slight changes in total n-6 PUFA content, consistent
with the findings of Hrdinka et al. [38]. Ding et al. [39] reported that dietary n-
6/n-3 PUFA ratios of 3:1 and 6:1 significantly reduced hepatic malondialdehyde
(MDA) and nitric oxide (NO) contents in growing Yangzhou geese, decreased
damage to hepatocyte membrane structures, and improved antioxidant capacity.
PUFA also participate in lymphokine and antibody secretion and the generation
of new immune cells, and their deficiency may affect the normal development
of immune organs, making them crucial for poultry immune function. Hughes
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et al. [40] demonstrated that because n-3 PUFA inhibit the mitogenic response
of T cells and spleen cells, excessive dietary n-3 PUFA can reduce immunity.
Friedman et al. [41] showed that adding PUFA from different sources to broiler
diets revealed a quadratic relationship between dietary PUFA levels and anti-
body quantity in broiler chicks on days 11-14, indicating that appropriate PUFA
supplementation can enhance immunity, while excessive or insufficient amounts
can suppress immune responses.

3.2 Application in Swine Production

Dietary PUFA can be directly incorporated into body fat without hydrogena-
tion after digestion and absorption. Therefore, adding PUFA to pig diets can
increase PUFA content in pork tissues, which reduces the oxidative stability of
lipids and myoglobin, making muscle fat more susceptible to oxidative rancidity
and off-flavor development during storage and processing, thereby decreasing
meat quality and economic benefits. For pregnant sows, dietary PUFA can not
only affect the fatty acid composition in the sow’ s body but also influence
the fatty acid composition of colostrum and milk, which subsequently affects
the fatty acid composition of offspring tissues, providing piglets with abundant
available fatty acids, increasing energy supply to piglets, improving piglet sur-
vival and growth rates, and enhancing sow reproductive performance. Missotten
et al. [42] reported that dietary n-3 PUFA enrichment not only directly affects
fatty acid composition in pig organs and tissues but also indirectly influences
meat fatty acid composition by affecting fatty acid synthesis enzyme expres-
sion. Tilton et al. [43] found that compared with the control group, adding
10% tallow to lactating sow diets reduced C10:0, C14:0, C16:0, C16:1, and LNA
contents in sow milk while increasing C18:0 and C18:1 contents, thereby in-
creasing sow carcass weight and piglet weaning weight. Ci et al. [44] reported
that feeding sows diets containing 8% corn oil from 7 days before farrowing
to weaning significantly increased ALA content in colostrum while reducing
(C20:3n-6 and EPA contents, with no significant differences in other fatty acid
types. In contrast, LA and C20:2n-6 contents in longissimus thoracis (LT) mus-
cle were significantly elevated, while C16:1n-7, C17:1n-7, C20:3n-6, AA, and
DHA contents were reduced. Compared with the control group, total PUFA
and n-6 PUFA contents and n-6/n-3 PUFA ratios in colostrum and LT muscle
were significantly increased, while n-3 PUFA content was significantly decreased.
Additionally, PUFA can improve sow immunity and enhance piglet immunity
by increasing milk immunoglobulin content, thereby improving piglet survival
and birth weight and effectively reducing pre-weaning mortality. Bontempo et
al. [45] reported that adding conjugated linoleic acid (CLA) to sow diets during
gestation and lactation increased immunoglobulin G (IgG) content in sow serum
and colostrum, enhancing immunity in both sows and piglets.
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3.3 Application in Ruminant Production

Increasing research has found that applying PUFA in ruminant production can
not only improve lactation performance by regulating milk fatty acid compo-
sition but also enhance meat tissue fatty acid composition and meat quality,
thereby increasing the nutritional value of ruminant products. Zhong et al. [46)
demonstrated that adding whole cottonseed to dairy cow diets significantly in-
creased long-chain PUFA content in milk, optimized milk fat composition, im-
proved milk quality, and increased milk yield and fat percentage. Collins et
al. [47] found that adding flaxseed oil to lamb diets significantly reduced n-6/n-
3 PUFA ratios in muscle and subcutaneous fat while significantly increasing
PUFA/SFA ratios. Additionally, research has shown that adding flaxseed to
beef cattle diets can increase PUFA, particularly ALA, content in muscle and
tissues while reducing n-6/n-3 PUFA ratios [48]. Moreover, due to the biohy-
drogenation of PUFA and the toxic effects of free fatty acids on methanogens
and protozoa, adding PUFA to ruminant diets can effectively reduce methane
emissions in the rumen. Studies have shown that adding LA and LNA sep-
arately or in combination can significantly reduce methane production, with
effects becoming more pronounced as LNA content increases [49].

3.4 Application in Aquaculture

PUFA are essential fatty acids for fish and crustaceans and can be converted
into long-chain highly unsaturated fatty acids through desaturation and carbon
chain elongation, playing important roles in their growth, development, and re-
production. Levine et al. [50] reported that PUFA are particularly important for
the early development of brachyuran crabs, with DHA and EPA significantly
improving larval survival and growth rates. Chandge and Paulraj [51] found
that adding LA or LNA to feed improved the growth rate, feed conversion ratio,
protein efficiency, and protein utilization of Indian white prawns (Penaecus in-
dicus), with the 2% LNA group showing significantly higher growth rates than
the 1% LNA group. Additional research has shown that n-3 PUFA can reg-
ulate fish immunity and disease resistance by altering the expression levels of
immune-related genes [52]. These findings demonstrate that dietary PUFA sup-
plementation can promote aquatic animal growth, improve protein utilization,
enhance reproductive performance, and strengthen immunity.

PUFA exhibit high application value in enhancing animal immunity, improv-
ing antioxidant capacity, regulating lipid metabolism, combating cancer, and
preventing cardiovascular diseases. In livestock production, research on the
molecular biological mechanisms by which PUFA regulate animal fat deposition
can help us more rationally regulate animal nutrition, improve animal product
quality, and obtain greater economic benefits. However, the mechanisms under-
lying many physiological functions of PUFA remain incompletely understood,
and further investigation is needed regarding their optimal dietary supplemen-
tation levels, as well as potential differences in feeding effects among different
breeds, sexes, and physiological developmental stages.
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