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Abstract
Intestinal health challenges – including dysbiosis, inflammatory disorders, and pathogen
susceptibility – impose severe economic losses and welfare concerns in intensive livestock
production. Functional lipids, defined as bioactive lipid molecules with physiological bene-
fits beyond basic nutrition, offer promising solutions to these issues. This review establishes
a comprehensive definition of functional lipids and elucidates their metabolic process. Using
short- andmedium-chain fatty acid glycerides as a prime example, we examine their significant
roles in energy homeostasis, gut microbiota composition and diversity, immune modula-
tion, and antibacterial and antiviral activities. Additionally, we critically evaluate their current
applications and future industrial potential in livestock production, providing evidence-based
recommendations for their optimal implementation in animal nutrition strategies.

Introduction

In the rapidly developing modern livestock industry, pigs and poultry are primary sources of
meat, and their production efficiency and health status directly relate to food safety, public
health, and economic benefits. However, with the widespread adoption of intensive farming
models and the implementation of bans and reduction strategies on feed antibiotics, intesti-
nal health issues in pigs and poultry have become increasingly prominent. These issues include
impaired intestinal barrier function, imbalanced gut microbiota, low digestive efficiency, and
the emergence of various intestinal diseases as a consequence (Ducatelle et al. 2023; Tang et al.
2022).These problems not only reduce animal production performance but also increase farm-
ing costs and disease risks. Therefore, exploring effective strategies for maintaining intestinal
health is crucial for promoting the sustainable development of the livestock industry.

Lipids are generally recognized as a crucial form of energy storage, supplying the energy
required by cells. Additionally, they are key components of cell membranes, forming a barrier
and protecting the internal structures of cells. However, with ongoing scientific research, the
diversity and complexity of lipids have become increasingly apparent, revealing that their func-
tions in living organisms far exceed initial understandings (Florance and Ramasubbu 2022).
Functional lipids are those lipid components with specific physiological functions, showing
great potential in improving animal intestinal health (Dima et al. 2021). This paper reviews
the applications and research advances of functional lipids in the intestinal health of pigs and
poultry, discussing their mechanisms of action, effects, and potential applications, with the
aim of providing scientific evidence and references for the rational application of functional
lipids in livestock production, optimizing feed formulations, and improving animal production
performance.

Types of fats and definition of functional lipids

Fats are triglycerides (TAGs) composed of glycerol and fatty acids, serving as important com-
ponents and energy reserves in living organisms. Based on the saturation of fatty acids, fats
can be classified into saturated and unsaturated fats, with unsaturated fats further divided into
monounsaturated and polyunsaturated fats. According to the carbon chain length of fatty acids,
fats can also be categorized as short-chain fatty acid glycerides, medium-chain fatty acid glyc-
erides, and long-chain fatty acid glycerides. TAGs containing long-chain fatty acids (LCTs,>12
carbon atoms) can be broken down by various enzymes to provide the energy required for
life activities. Medium-chain TAGs (MCTs, containing 6–12 carbon atoms) serve as excellent
solvents for lipophilic bioactive substances and can act as carriers for nutrients and bioactive
compounds (Dima et al. 2021). Compared to long-chain TAG, MCT can rapidly supply energy
to the body and improve the digestibility and absorption of food, offering unique advantages.
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Structurally simplifying from TAGs, monoglycerides (MAGs)
represent glycerol molecules esterified with only a single fatty acid,
which can range from short- to long chain. Depending on the
position of the ester bond with glycerol, MAGs can be divided
into two categories: 1-MAGs (α-MAGs) and 2-MAGs (β-MAGs).
Common MAGs include glycerol monobutyrate (C4:0), glycerol
monocaprylin (C8:0), glycerol monodecanoate (C10:0), glycerol
monolaurate (C12:0), and others. α-MAG supplements serve as
an alternative energy source, reducing the body’s reliance on other
energy nutrients like proteins, thereby indirectly promoting pro-
tein synthesis. Additionally, MAGs can be directly utilized by
intestinal cells, helping to maintain intestinal integrity in poul-
try and promoting nutrient absorption and utilization (Aar et al.
2017). Notably, MAGs exhibit strong antibacterial, anticoccidial,
and antiviral properties, and when used in combination with
organic acids, essential oils, or probiotics, they can exert significant
synergistic effects, positively impacting animal health, production
performance, and feed digestibility (Baltić et al. 2017).

Distinct from these glycerol-based esters, branched fatty acid
esters of hydroxy fatty acids (FAHFAs) constitute a novel class
of bioactive lipid molecules (Zhu et al. 2021). Most endogenous
FAHFAs share a common chemical structure characterized by an
ester bond connecting a hydroxy fatty acid backbone and a fatty
acid. Based on the position of the ester bond, FAHFAs can be
divided into twomain superfamilies: (1) branched FAHFAs, which
are involved in regulating metabolism and immune responses, and
(2) linear (ω-hydroxylated) FAHFAs, primarily used as biosurfac-
tants and skin barrier matrices (Riecan et al. 2022). FAHFAs may
become potential therapeutic targets for treating variousmetabolic
disorders, such as type II diabetes, hepatic steatosis, cardiovascular
diseases, and various cancers, generating significant interest in the
field of human health (Benlebna et al. 2021).

Collectively, these diverse lipids – including MCTs, LCTs,
MAGs, and FAHFAs – exemplify functional lipids, defined as
lipid components with specific physiological functions and health
benefits.They typically exhibit physiological activities such as anti-
inflammatory, antioxidant, and regulation of gut microbiota and
the immune system, positively impacting health. Structured lipids,
phospholipids, and fatty acids, including the critically important
polyunsaturated fatty acids, also fall under this broad category.
Their significant impact on intestinal health has been extensively
reviewed elsewhere (Durkin et al. 2021; Lee et al. 2022; Wei and
Wang 2024). Here, wewill specifically focus on the impact of short-
and medium-chain fatty acid glycerides on intestinal health in
pigs and poultry, providing valuable references for their rational
application in the livestock industry.

The importance of intestinal health in pigs and poultry

A healthy gut is crucial for the overall metabolism, physiology,
disease defense, and growth performance of pigs and poultry.
However, there is currently a lack of precise and unified stan-
dards for defining “gut health.” Based on the research by Kogut
and Arsenault, a healthy gut is defined as “the ability of an ani-
mal to perform its physiological functions normally, resisting both
exogenous and endogenous stressors through the prevention or
avoidance of disease” (Kogut and Arsenault 2016). Celi et al.
emphasized the importance of effective digestion and absorption
of feed, maintaining the effective structure and function of the
intestinal barrier, good interaction between the host and gutmicro-
biota, and an effective immune status in gut health (Celi et al.
2017). Pluske et al. proposed that gut health should be viewed as

a state of homeostasis within the gastrointestinal tract. They sug-
gested that general criteria for assessing gut health in weaned pigs
encompass efficient digestion and absorption of nutrients, effective
waste excretion, functional and protective intestinal barriers, sta-
ble and balancedmicrobial communities, functional and protective
intestinal immune systems, minimal stress/neuro-pathway activa-
tion, and a disease-free state (Pluske et al. 2018). In summary, a
healthy gut should enhance the host’s ability to copewith and adapt
to infections/stress, helping animals achieve or maintain optimal
growth, production, or performance levels.

In practical pig and poultry farming, gut health issues fre-
quently arise, particularly in neonatal and weaned piglet popula-
tions. These animals have not fully developed their gut functions
due to their age and physiological state, making themmore suscep-
tible to external factors (Tang et al. 2022). For high-yield poultry
breeds, the high feed intake undoubtedly places a heavy burden
on their digestive systems. This burden may lead to maldigestion
and inadequate absorption of nutrients, further disrupting the bal-
ance of gut microbiota, thus triggering a series of gut health issues
(Ducatelle et al. 2023). In recent years, the interactions between the
digestive system and other organ systems have garnered increasing
attention. For example, when the intestinal barrier is compro-
mised, potentially harmful compounds and microorganisms can
leak from the gut lumen into the portal circulation, directly enter-
ing the liver, whichmay disrupt liver cell metabolism and even lead
to liver diseases. The gut–brain axis also indicates that gut health
can influence neurotransmitter release and nerve signal transmis-
sion, subsequently affecting the animal’s behavior and physiologi-
cal state. Scientists have found that evenminor gut health issues can
significantly affect overall animal health and production perfor-
mance (Bindari and Gerber 2022).Therefore, the gut health of pigs
and poultry is closely linked to the overall health of the animals,
making it an indispensable key factor in ensuring their production
performance.

Metabolism of functional lipids in the intestine

After oral intake, functional lipids that orally intake are broken
down into free fatty acids and other compounds under the action
of lipase.These breakdown products then mix with phospholipids,
cholesterol, and bile acids to form micelles. When lipid micelles
enter the brush border membrane of intestinal epithelial cells,
fatty acid-binding proteins (FABPs) bind to free fatty acids and
transport them into the cytoplasm. FABP1 in the intestine tends
to guide fatty acids toward oxidation to provide energy for cells,
while FABP2 is more inclined to direct fatty acids toward re-
synthesis of TAGs with MAGs under the action of diacylglycerol
acyltransferase (DGAT) in the endoplasmic reticulum (Ko et al.
2020). MCTs and short-chain TAGs bypass the MAG pathway and
are directly absorbed into the portal circulation, then transported
to the liver for rapid oxidation or re-routing to form very low-
density lipoprotein with the help of albumin. Newly synthesized
TAGs primarily take two fates: one forms chylomicrons, while the
other forms cytoplasmic lipid droplets (CLDs). TAGs produced
by DGAT2 mainly contribute to the formation of chylomicrons
and CLDs, while TAGs produced by DGAT1 primarily form endo-
plasmic reticulum lipid droplets and may help increase the size of
chylomicron precursors, although the growth of CLDs in intestinal
epithelial cells may be limited (Hung et al. 2017). Chylomicrons
and CLDs share similar structural characteristics: both contain
neutral lipids such as TAGs and cholesterol esters at their core,
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surrounded by a complex of phospholipidmonolayers, free choles-
terol, and various proteins (Ko et al. 2020). Chylomicrons are
synthesized in the form of chylomicron precursors, a process pri-
marily completed with the help of microsomal triglyceride trans-
fer protein and apolipoprotein B48 (apoB48). The synthesized
chylomicron precursors are transported from the endoplasmic
reticulum to the Golgi apparatus through pre-CM transport vesi-
cles, where they are further processed into mature chylomicrons.
Chylomicrons are the main carriers of lipid transport, working
in conjunction with lipoproteins to transport lipids to the baso-
lateral membrane of intestinal epithelial cells and release them
into the lymphatic system, effectively delivering lipids into the sys-
temic circulation. As neutral lipid droplets continue to accumulate,
newly formed lipid droplets separate from the endoplasmic retic-
ulum membrane in a “budding” manner, subsequently becoming
matureCLDs. Lipid droplets can either re-synthesize chylomicrons
or serve as temporary storage sites for lipids. When lipid content is
excessive, droplets can also be reconverted into fatty acids under
the action of adipose triglyceride lipase or lysosomal acid lipase.
CLDs are known to play important roles within cells, including
energy storage, regulation of lipidmetabolism, assembly andmain-
tenance of cell membranes, signaling regulation, and modulation
of inflammatory responses. Abnormal metabolism and regulatory
disturbances of chylomicrons and CLDs may lead to gut dam-
age through mechanisms such as lipid deposition, oxidative stress,
inflammatory responses, impaired intestinal barrier function, and
dysregulation of hydroelectrolytic balance (Demignot et al. 2014).

Impact of functional lipids on intestinal health in pigs and
poultry

Impact of functional lipids on intestinal energy metabolism

Based on the metabolic pathways described earlier, we conclude
that one primary metabolic fate of dietary functional lipids is to
provide energy for the intestinal cells, which is primarily gener-
ated through fatty acid oxidation (FAO) (Ko et al. 2020). Compared
to glucose metabolism, FAO is essential for the self-renewal of
intestinal stem cells, which in turn maintains the integrity of the
intestinal barrier and supports overall gut function (Chen et al.
2020; Mihaylova et al. 2018; Schell et al. 2017). Moreover, the
increase of FAO activity and expression of genes related to FAO,
such as Cpt1A and HADHA, in the intestine could further pro-
mote lipid uptake and transport. This adaptive response may help
reduce elevated circulating lipid levels caused by a high-fat diet
(Uchida et al. 2011). The enhancement of FAO is closely related to
the activation of the nuclear receptor transcription factor PPARα.
In the small intestine, PPARα upregulates the expression of genes
associated with lipid catabolism, such as acyl-CoA oxidase (ACO)
(Azari et al. 2013; Berger andWagner 2002). Azari et al. found that
intestinal-specific PPARα activation could reduce the content of
CLDs by promoting FAO (Azari et al. 2013). Notably, many func-
tional lipids – particularly MCTs – potentiate PPARα activation,
thereby modulating energy metabolism pathways (Chamma et al.
2017; Pike et al. 2023; Zhang et al. 2016).

Impact of functional lipids on the gut microbiota

Increasing evidence suggests that functional lipids are closely
related to the regulation of gut microbiota (Fig. 1). For instance,
a study found that tributyrin increased the relative abundance
of several bacterial genera, such as Oscillospira, Oscillibacter,

Mucispirillum, and Butyrivibrio, which positively correlated
with average daily gain and/or body weight in weaned piglets.
Conversely, the abundance of Mogibacterium, Peptococcus,
Atopobium, and Collinsella significantly decreased, correlating
negatively with average daily gain and body weight. Furthermore,
the reduction of Collinsella may be associated with improved
intestinal barrier function and decreased gut permeability
(Miragoli et al. 2021) (Table 1). Feeding a mixture of tributyrin
and fennel to weaned piglets increased beneficial bacteria like
Lactobacillus reuteri, Lactobacillus amylovorus, and Clostridium
butyricum, while reducing pathogenic bacteria Prevotella copri
(Dang et al. 2023). However, some studies found that tributyrin did
not affect the numbers of Escherichia coli and Enterobacteriaceae
in piglet feces, while Lactobacillus and Bifidobacterium counts
significantly decreased (Sotira et al. 2020). This discrepancy may
arise because the microbial results were based on specific strains
detected via polymerase chain reaction, thus not representing
the entire populations of these bacteria. Moreover, it was noted
that Butyrivibrio could only be detected in pigs with higher
feed efficiency, suggesting its potential role in enhancing feed
utilization (Wu et al. 2018, 2020).

In broilers, adding tributyrin can increase the counts of
Bacillus and Lactobacillus in the ileum and cecum while reduc-
ing pathogenic E. coli (Hu et al. 2021). Additionally, Gong et al.
observed that after adding tributyrin, the increase of Eisenbergiella
in the cecum might negatively affect feed conversion rates (Gong
et al. 2021). Yang et al. found that butyric acid glycerides (a mix of
30% mono-butyrin, 50% di-butyrin, and 20% tri-butyrin) supple-
mentation effectively reduced harmful bacteria such as Mollicutes
and Holdemania in the cecum while significantly enhancing the
diversity and abundance of Bifidobacterium (Yang et al. 2018).
Furthermore, serum metabolites associated with Bifidobacterium,
such as choline, dimethylamine, and succinate, were also signifi-
cantly elevated, indicating that butyric acid glycerides can influ-
ence lipid and energy metabolism by modulating gut microbial
metabolites. Numerous studies have investigated the effects of
MAGs on intestinal microbiota in poultry. Research has demon-
strated that dietary supplementationwith amixture ofmonocaprin
and monooctanoin can reduce the abundance of Proteobacteria in
the cecum of laying hens by approximately 5.86%. Notably, con-
ditional pathogens within Proteobacteria, such as Escherichia and
Shigella, have been shown to exert significant negative impacts on
intestinal health (Liu et al. 2020). When broilers were fed with
a combination of monocaprin and monolaurin, their intestinal
microbiota exhibited age-dependent changes. At 3 and 7 weeks of
feeding, the populations of Firmicutes, Rikenellaceae RC9 group,
Barnesiellaceae, and Collinsella were significantly reduced, while
the abundance of Bacteroides and Lachnospiraceae NK4A136
group was increased. The microbial community transitioned to a
stable phase between weeks 7 and 10, and these microbial changes
were potentially correlated with growth performance and feed
conversion ratio in chickens (Liu et al. 2023). Overall, functional
lipids contribute to optimizing the composition of gut microbiota,
improving intestinal health in pigs and poultry, and promoting
animal growth.

Regulatory effect of functional lipids on the immune response

Functional lipids significantly regulate the immune system in
animals, exerting anti-inflammatory, antimicrobial, and immune-
boosting effects. Recent studies have shown that the addition of
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Figure 1. Mechanisms by which functional lipids improve intestinal health in pigs and poultry. Note: LCFAG, long-chain fatty acid glycerides; LCFA, long-chain fatty acids;
MCFAG, medium-chain fatty acid glycerides; MCFA, medium-chain fatty acids; SCFAG, short-chain fatty acid glycerides; SCFA, short-chain fatty acids; Tregs, regulatory T cells;
FABP, fatty acid-binding protein; TAG, triglycerides; LDs, lipid droplets; CM, chylomicrons; apoB48, apolipoprotein B48.

Table 1. Key findings on the use of functional lipids as feed additives

Additives Dose
Animal age and experimental
duration Key findings References

Tributyrin 0.2% 120 weaned piglets (28 ± 2
days), experimental period:
40 days

-Increased Oscillospira,
Oscillibacter, Mucispirillum,
and Butyrivibrio levels;
decreased Mogibacterium,
Collinsella, Peptococcus, and
Atopobium levels

Miragoli et al. (2021)

Tributyrin 0.2%
120 weaned piglets (28 ± 2
days), experimental period:
40 days

-Improved ADG, reduced FCR
Sotira et al. (2020)-No significant effects on the

populations of E. coli and
Enterobacteriaceae;
significantly reduced
Lactobacillus spp. and
bifidobacteria
-Increased serum albumin,
albumin/globulin (A/G) ratio,
glucose, and HDL; decreased
urea blood concentration;
increased serum insulin
concentration

(Continued)
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Table 1. (Continued.)

Additives Dose
Animal age and experimental
duration Key findings References

Tributyrin and anise mixture 0.075% and 0.150%
150 twenty-one-day-old
weaned pigs, experimental
period: 42 days

-Linearly improved body
weight, body weight gain,
average daily feed intake, and
feed efficiency

Dang et al. (2023)

-Increased Lactobacillus
reuteri, Lactobacillus
amylovorus, and Clostridium
butyricum levels; decreased
Prevotella copri level
-Reduce fecal ammonia
emission

Trihexanoin 0.5%
20 weaned piglets (21 ± 2
days), experimental period:
20 days

-Reduced diarrhea rate;
improved intestinal
morphologic structure

Wu et al. (2018)

-Increased the concentrations
of LDL, HDL, and total protein
in plasma; decreased
cholesterol concentrations
and glutamyl transpeptidase
activity in plasma
-Decreased
Enterobacteriaceae levels in
the ileum, colon, and cecum

Trilactic glyceride 0.5% 16 weaned piglets,
experimental period: 20 days

-Decreased diarrhea rate and
increased plasma D-xylose
concentration

Wu et al. (2020)

-Reduced plasma LDL and
cholesterol concentration,
increased HDL levels, altered
the expression of lipid
metabolism-related genes
-Increased Bifidobacterium
genus level and decreased
Enterobacteriaceae family
level in the ileum, colon, and
cecum

Tributyrin 0.23, 0.46, 0.92, and 1.84 g/kg 540 one-day-old broiler,
experimental period: 42 days

-Increased the ADG, gain/feed
ratio, and European broiler
index and improved the
intestinal morphology

Hu et al. (2021)

-Increased Bacillus and
Lactobacillus counts in ileal
and cecal, decreased Coliform
counts in cecal
-Increased content of certain
short-chain fatty acids

Tributyrin 250 mg/kg 360 one-day-old broilers,
experimental period: 63 days

-Increased final weight and
decreased FCR

Gong et al. (2021)-Increased creatine
concentration in plasma
-Increased Bacteroidetes
phylum and Eisenbergiella,
and decreased Firmicutes in
cecal contents;
Eisenbergiella was negatively
correlated with FCR

Mixture of glycerol
monolaurate and glycerol
monocaprylin

300 mg/kg
252 forty-week-old laying
hens, experimental period: 24
weeks

-Increased the laying rate and
decreased FCR

Liu et al. (2020)-Increased the eggshell
strength and thickness

(Continued)
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Table 1. (Continued.)

Additives Dose
Animal age and experimental
duration Key findings References

-Increased levels of serum
follicle-stimulating hormone,
luteinizing hormone,
estradiol, glucose, Ca, serum
total cholesterol, triglycerides,
and HDL-C
-Increased abundance of
some beneficial genera, such
as Lachnospiraceae_
NK4A136_group and
Romboutsia, and decreased
the abundances of
Proteobacteria,
Faecalibacterium, and
Alistipes in cecum

Free tributyrin (fTB) and lipid
microencapsulated tributyri
(mTB)

1750 mg/kg
108 twenty-eight-day-old
weaned pigs, experimental
period: 21 days

-No differences in growth
performance Tugnoli et al. (2020)
-Decreased number of goblet
cells; reduced expression of
occludin
-fTB upregulated the
expression of TNF-α and
IFN-γ; mTB downregulated
the expression of IFN-γ

Tributyrin and monolaurin
blend 5 kg/t

Trial 1: 168 weaned pigs,
experimental period: 4 weeks

-No difference in growth
performance compared to the
high ZnO levels, reduced FCR

Papadopoulos
et al. (2022)

-Thickening of intestinal
mucosaTrial 2: 244 weaned pigs,

experimental period: 6 weeks -Increased number of
Foxp3-positive regulatory T
cells and decreased number
of MPO-positive granulocytes

Monolaurin 100 mg/kg 32 twenty-one-day-old piglets,
experimental period: 11days

-Reduced diarrhea rate and
improved small intestine
morphology

Zhang et al. (2022)

-Decreased PEDV levels
-Reduced serum levels of IL-6
and IL-8

Monoglyceride blend
containing butyric, caprylic,
and capric acids

0.03% and 0.05%
210 one-day-old broiler
chickens, experimental
period: 42 days

-Weight increase at 21 days,
no difference at 42 days

Sacakli et al. (2023)-Increased intestinal goblet
cell count
-Dose-dependent
downregulation of intestinal
TNF-α
-No significant change in
cecal short-chain fatty acids

Monolaurin 500 and 1000 mg/kg 480 one-day-old broilers,
experimental period: 56 days

- Improved ADG
Lan et al. (2021)-Volatile fatty acids increased

at 28 days and decreased at
56 days
-Serum levels of IgM and IgY
increased

Medium-chain glycerides 3%
528 twenty-four-day-old
weaned piglets, experimental
period: 14 days

-From days 3 to 7, the weight
gain to feed ratio increased by
18.5%. After 14 days, the
weight gain to feed ratio
increased by 8.3%

Yen et al. (2015)

-Decreased the quantity of
coliform bacteria in the
contents of the colon and
rectum
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free tributyrin to the diets of weaned piglets can trigger inflamma-
tory responses in the small intestine, upregulating the expression
levels of TNF-α and IFN-γ. In contrast, microencapsulated trib-
utyrin can reduce IFN-γ expression in the distal colon (Tugnoli
et al. 2020). This may be because short-chain fatty acids need to
be fermented by gut microbiota in the hindgut for their produc-
tion. While free tributyrin is broken down into butyrate by lipases
in the small intestine, leading to abnormal accumulation and
subsequently triggering an inflammatory response. Conversely,
microencapsulated tributyrin avoids premature breakdown in the
small intestine, allowing for slow butyrate release in the hindgut,
thereby exerting its anti-inflammatory and antimicrobial activi-
ties. The combination of tributyrin and monolaurin in the diet
increases the number of Foxp3-positive regulatory T cells with
anti-inflammatory functions and decreases MPO-positive gran-
ulocytes, alleviating weaning-induced inflammatory responses
(Papadopoulos et al. 2022).Monolaurin alone can also increase the
number of eosinophils in the blood, modulating the immune sys-
tem (Wang et al. 2024). A mixture of MAGs containing butyrate,
caprylic acid, and capric acid can dose-dependently reduce IL-1β
and TNF-α gene expression in the intestines of broilers, affecting
intestinal metabolic function and integrity (Sacakli et al. 2023).
In the presence of pathogen infection, glycerides exhibit signif-
icant anti-inflammatory effects. Studies have found that mono-
laurin can reduce IL-6 and IL-8 levels in the serum of piglets
infected with porcine epidemic diarrhea virus (PEDV) (Zhang
et al. 2022). Furthermore, glycerides can influence the acquired
immune response. Research by Lan et al. shows that monolau-
rin can effectively increase immunoglobulin levels in the serum
of broilers, which can recognize and bind to pathogens, activating
innate immune effector cells to clear pathogens (Lan et al. 2021).
Additionally, it has been found that increased circulating antibod-
ies may be related to decreased pro-inflammatory cytokines at the
gene or protein level (Appleton et al. 2024). In summary, functional
lipids can not only regulate the innate immune response but also
enhance the acquired immune response, contributing to improved
animal performance and disease resistance.

Mechanisms of antibacterial and antiviral actions of functional
lipids

Functional lipids, particularly MAGs, exhibit significant antibac-
terial and antiviral activities. Phillips et al. conducted an animal
study in which piglets were fed a diet containing MAGs. The
feed was contaminated with ice blocks containing viable PEDV
to simulate natural infection. After 20 days of continuous infec-
tion, PEDV levels were detected in rectal swabs. Results indicated
that 54.8% of piglets in the control group tested positive for PEDV,
while all piglets in the group receiving 1.5 kg/t of the MAG mix-
ture tested negative, demonstrating a 100% prevention of PEDV
infection and transmission by the MAG mixture (Phillips et al.
2022). Monolaurin demonstrates strong inhibitory effects against
various enveloped viruses, including PEDV, African swine fever
virus, yellow fever virus, mumps virus, and Zika virus. Its antivi-
ral activity is attributed to its ability to disrupt the viral envelope.
However, the effectiveness of monolaurin can be influenced by
the maturity state of the viruses (Ackman et al. 2020; Welch et al.
2020; Zhang et al. 2022). Similarly, MAGs can disrupt bacterial
membranes, especially in Gram-positive bacteria. Mechanistically,
MAGs interact with phospholipidmembranes by formingmicelles,
compromising the membrane integrity and functionality. MAGs

are more biologically active than free fatty acids due to their abil-
ity to form micelles at lower concentrations. Lipid rafts, which are
specialized microdomains in cell membranes rich in cholesterol
and specific lipids, provide a stable environment for viral proteins
to cluster and interact with receptor proteins. Research has shown
that medium-chain and long-chain TAG can remodel or disrupt
lipid rafts, affecting their structure and function (Boisramé-Helms
et al. 2014). Viruses like porcine reproductive and respiratory syn-
drome virus and PEDV utilize lipid raft-mediated endocytosis to
enter cells, suggesting that functional lipids might prevent viral
entry by altering raft structures (Wei et al. 2020; Yang et al. 2015).
Additionally, the carbon chain length of fatty acids affects the
inhibitory activity of glycerides. For instance, capric (C10) and lau-
ric (C12) acids exhibited the highest potencies among fatty acids,
while corresponding MAGs with equivalent chain lengths were
typically even more potent (Ackman et al. 2020; Jackman et al.
2020; Valle-González et al. 2018). However, some studies, such as
one by Namkung et al., challenge this notion, showing that butyric
acid exhibited the strongest inhibitory effect against Salmonella
typhimurium and Clostridium perfringens, followed by monobu-
tyrin, while tributyrin showed the weakest antibacterial activity
in the absence of lipase (Namkung et al. 2011). Given that the
release of butyric acid from butyrin glycerides depends on the
assistance of lipase in the small intestine, Namkung et al. suggested
that the influence of lipase activity should be carefully considered
when applying butyrin glycerides for bacterial inhibition in vivo
(Namkung et al. 2011).

In addition to directly damaging membrane structures, mono-
laurin can lower intestinal pH by increasing the abundance of acid-
producing bacteria like Lachnospiraceae and Christensenellaceae,
thus inhibiting the growth of harmful microorganisms. The sup-
plementation of a mixture of tributyrin and monolaurin or MAG
lactate in diets can thicken themucosa of the jejunum and ileum in
piglets, promoting intestinal mucosal growth and thereby enhanc-
ing the intestinal barrier function to prevent pathogen invasion
(Hou et al. 2014; Li et al. 2023; Papadopoulos et al. 2022). More
importantly, pathogens rarely develop resistance to these glyc-
erides, making functional lipids a promising alternative to antibi-
otics with broad application prospects.

Research progress on functional lipid products:
applications and industrialization of short- and
medium-chain fatty acid glycerides

Given the numerous advantages of functional lipids, particularly
short- and medium-chain fatty acid glycerides, they are increas-
ingly recognized as key factors in promoting animal growth
and improving production efficiency. Researchers have conducted
extensive studies on their practical applications. For instance, Yen
et al. found that adding 3% MCT to the diet of weaned piglets
improved their weight gain-to-feed ratio by 18.5% from days 3
to 7, and by 8.3% after 14 days (Yen et al. 2015). Papadopoulos
et al. conducted trials in two pig farms with the same genetic
background but different management practices (weaning time,
antibiotic use). They found that adding mixtures of tributyrin
andmonolaurin significantly enhanced piglet growth performance
without significant differences compared to high zinc oxide groups
while notably reducing feed conversion rates (Papadopoulos et al.
2022). Another study by Sotira et al. showed that feeding 0.2% trib-
utyrin to 120 weaned piglets for 40 days significantly increased
average daily weight gain and reduced feed conversion rates (Sotira
et al. 2020). Dang et al. discovered that a mixture of tributyrin and
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fennel could dose-dependently improve weight gain, feed intake,
and feed conversion ratio in weaned piglets, positively impact-
ing the digestibility of dry matter, crude protein, and energy, and
linearly reducing ammonia emissions in feces (Dang et al. 2023).
These studies indicate that adding short- and medium-chain fatty
acid glycerides positively affects pig growth. However, the growth-
promoting effects of tributyrin in broilers remain controversial,
with varying results across different studies (Gong et al. 2021; Li
et al. 2015). Nevertheless, some researchers suggest that adding
butyrate products to low-protein and/or metabolizable energy
diets can improve weight gain and feed conversion in broilers (Hu
et al. 2021). In terms of layer hens, Liu et al. reported that feeding
300 mg/kg of medium-chain alpha-MAGs (containing monolau-
rin and mono-caprylic acid) to 40-week-old hens maintained egg
production rates above 90% at 56 weeks, compared to a decline
to 84.42% in the control group. Additionally, eggshell hardness
and thickness significantly increased (Liu et al. 2020). In sum-
mary, functional lipid products significantly benefit animal health
and growth, holding substantial application value in formulating
cost-saving and high-efficiency feed for livestock and poultry.

Conclusion

Functional lipids play a crucial role in gut health for swine and
poultry. They not only provide energy and nutrients to support
the normal functioning of intestinal mucosal cells but also exhibit
antimicrobial activity, reduce intestinal inflammatory responses,
and maintain gut immune balance. Additionally, functional lipids
can regulate gut microbiota composition and balance, stabilizing
gut microecology. Therefore, the rational use of functional lipids
can effectively improve gut health in swine and poultry, promoting
healthy growth.

Given the potential advantages of functional lipids, theywill sig-
nificantly advance the livestock industry through in-depth research
and development, along with their scientific and reasonable appli-
cation in livestock feed and production. Future explorations should
focus on:

(1) Utilizing advanced omics technologies to systematically ana-
lyze and identify novel functional lipid compounds, and inves-
tigating the impacts of FAHFAs and unsaturatedMAGs on gut
health in swine and poultry.

(2) Optimizing application strategies, including optimal dosages,
timing, and duration; improving the formulation and produc-
tion processes of functional lipids to enhance stability, solubil-
ity, and bioavailability (e.g., using nanoemulsion technologies
and carrier delivery systems); exploring synergistic effects of
various functional lipids or functional lipids with other nutri-
ents; and emphasizing fatty acid balance to maximize benefits
for gut health.

(3) Conducting long-term observational studies to comprehen-
sively evaluate the long-term effects and potential risks of func-
tional lipids on gut health in swine and poultry, ensuring that
their production and use align with sustainable development
requirements.
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