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ARTICLE INFO ABSTRACT

The use of antibiotics as antibiotic growth promoters (AGP) in the livestock industry has contributed significantly
to increasing livestock productivity. However, overuse and unregulated use have led to the development of
antimicrobial resistance (AMR), which is currently a concern to world health. AGP is restricted by laws in many
nations, which promotes the hunt for sustainable and efficient substitutes. Phytobiotics, which are derived from
plants and include essential oils, extracts, and pure active compounds such as flavonoids, alkaloids, terpenoids,
and tannins, have attracted attention due to their multifunctional properties. Phytobiotics work through a vari-
ety of mechanisms, such as immune system modulation, intestinal microbiota composition regulation, antimi-
crobial activity that stops the growth of pathogens, antioxidant effects that shield cells from oxidative damage,
and stimulation of the secretion of digestive enzymes. According to scientific data, adding phytobiotics to pig,
ruminant, and poultry feed can lower the prevalence of infectious illnesses while also increasing feed conver-
sion efficiency, animal product quality, and production performance. Its efficacy is affected by the kind of plant,
bioactive constituent content, extraction technique, formulation, and interactions with other feed ingredients.
Despite the promising potential of phytobiotics, issues include production costs, heterogeneity in composition
due to different plant sources, and standardization of raw material quality. Innovations in formulation, including
the application of nanotechnology or mixes with organic acids and probiotics, offer chances to improve efficacy
and stability. The livestock industry could use phytobiotics as a safe, sustainable, and eco-friendly antibiotic sub-
stitute in the post-AGP age if the right technology is applied and a scientific evidence-based strategy is taken.
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Introduction

Antibiotic use has been widespread in the livestock business for
many years in an attempt to enhance efficiency, growth, and the pre-
vention and treatment of livestock illnesses (Matheou et al., 2025). The
use of antibiotics as antibiotic growth promoters (AGP) helps to improve
intestinal health and nutritional absorption by lowering the number of
harmful microorganisms in the digestive tract (Miyakawa et al., 2024).
However, the widespread and unchecked use of antibiotics has led to
major issues, particularly with the rise in antimicrobial resistance (AMR)
(Ahmed et al., 2024a). This resistance reduces the ability of antibiotics to
treat diseases in animals and increases the possibility that it will spread
to people through the environment and food chain (Salam et al., 2023).

The World Health Organization (WHO) and other international health
agencies have acknowledged the occurrence of antibiotic resistance as
a global threat (World Health Organization, 2014). AMR increases in-
fection-related mortality, lengthens the duration of sickness, and raises
medical expenses, all of which worsens public health issues (Ferraz, 2024).
Antibiotic resistance in animal husbandry can have a detrimental effect
on food safety and impede sustainable production (Kaur et al, 2024).
As a result, numerous nations have passed laws restricting or outright
banning the use of AGP, including the European Union, which has done
so since 2006 (Millet and Maertens, 2011). Several other nations have
enacted comparable laws to lessen the effects of this resistance (Donley,
2019; Perera and Ravindran, 2025).

The livestock and research communities have started searching for
safe and efficient substitutes to preserve cattle health and productivity in
response to limitations on the use of antibiotics in feed (Ghimpeteanu et

al,, 2022). A viable substitute is the application of phytobiotics, which are
feed additives made from natural bioactive compounds or plant extracts
(Obianwuna et al., 2024). Phytobiotics are known to have various phar-
macological properties, such as antimicrobial, antioxidant, anti-inflamma-
tory, and immunomodulatory, which can help maintain the balance of
intestinal microbiota, strengthen the immune system, and improve the
digestive function of livestock (Pudota et al., 2025). Phytobiotics provide
a more natural and eco-friendlier alternative to synthetic antibiotics with-
out the significant risk of antimicrobial resistance (Rachwat and Gustaw,
2025).

Although studies on phytobiotics have yielded conflicting findings, in
general, phytobiotics can improve growth performance, feed conversion
efficiency, the quality of livestock products (e.g., meat, milk, and eggs),
and lower the prevalence of diseases, particularly those associated with
digestive tract disorders (Kikusato, 2021). Numerous phytobiotic active
ingredients, including alkaloids, flavonoids, terpenoids, tannins, and
saponins, function in a variety of ways, from preventing the growth of
harmful bacteria to boosting the action of digestive enzymes (Kumar et
al., 2023a). However, the effectiveness of phytobiotics is greatly influ-
enced by the plant source, extraction method, dosage, and interaction
with other feed components (lvanova et al.,, 2024).

The aim of this review article was to comprehensively review the po-
tential of phytobiotics as an alternative to antibiotics in livestock produc-
tion, including definitions, classifications, mechanisms of action, scientific
evidence for their application, as well as challenges and opportunities for
their development. It is envisaged that by comprehending the proper-
ties and advantages of phytobiotics, the livestock sector would be able
to adopt safe, sustainable, and efficient substitutes to lessen reliance
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on synthetic antibiotics and lower the risk of antibiotic resistance. The
explanation in this article provides a scientific basis for researchers and
practitioners to optimize the use of phytobiotics in modern livestock pro-
duction systems that are environmentally friendly and healthy.

Definition of phytobiotics

Phytobiotics, sometimes referred to as phytogenics or phytobiotics
in international literature, are a class of bioactive compounds that are
extracted from different plant parts, including leaves, roots, bark, seeds,
and flowers, and are added to feed to enhance the welfare, health, and
productivity of livestock (Obianwuna et al,, 2024). Phytobiotics are organ-
ic components that comprise secondary plant compounds with a variety
of biological activities, such as immunomodulatory, antioxidant, and an-
tibacterial properties, as well as beneficial effects on digestion (Rachwat
and Gustaw, 2025).

Phytobiotics are classified as complex mixtures of different classes
of bioactive compounds, including terpenoids (volatile components and
essential oils), alkaloids, glycosides, phenolics (flavonoids, phenolic ac-
ids, and tannins), and saponins (Abdelli et al., 2021). Each of these com-
pounds contributes to a particular mechanism of action in the livestock’s
body. These compounds can be extracted using contemporary chemical
techniques, such as water or organic solvents, or they can be steam-dis-
tilled to produce essential oils (Awad et al., 2021).

The use of phytobiotics in animal feed emerged in response to grow-
ing global concerns regarding the use of synthetic antibiotic growth
promoters (AGPs), which have been widely banned or restricted in many
countries due to the risk of developing antimicrobial resistance and neg-
ative impacts on human and animal health (Abd El-Ghany, 2020). A saf-
er and more sustainable natural alternative, phytobiotics work through
a variety of mechanisms, such as enhancing digestive enzymes, innate
and adaptive immune responses, and gut microbiota modulation, which
boosts probiotic bacterial populations and inhibits pathogen growth
(Wang et al., 2024).

From a physiological standpoint, phytobiotics are crucial for en-
hancing the gastrointestinal mucosa'’s integrity, boosting the release of
digesting enzymes, and decreasing intestinal inflammation through im-
munomodulatory and antioxidant properties (Kikusato, 2021). This com-
bined effect boosts resistance to infection and environmental stress in
addition to improving cattle production performance and nutrient use
efficiency (Gumowski et al., 2025).

From a conceptual standpoint, phytobiotics are a subset of a more
general natural feed additive. They are constantly being researched in a
number of scientific studies to determine their therapeutic potential, low
risk of adverse effects, and best use in a variety of livestock, including
pigs, ruminants, and poultry (Galamatis et al., 2025; Pandey et al., 2023;
Nastoh et al,, 2024). This strategy promotes the sustainable livestock par-
adigm, which focuses on lowering the usage of artificial chemicals while
enhancing the safety of food products and animal health.

Sources and forms of phytobiotics

Phytobiotics are bioactive compounds obtained from various parts
of plants such as leaves, roots, stems, seeds, flowers, and even bark (Riaz
et al, 2023). The bioactive potential of these phytobiotics is influenced
by the distinct secondary metabolite composition of each plant portion,
including phenolics, alkaloids, terpenoids, tannins, and saponins (Kaushik
et al, 2021). This variety of sources makes it possible to choose particular
phytobiotic types based on the intended use in the field of animal nutri-
tion and health.

Various techniques are utilized in the phytobiotic extraction pro-
cess, depending on the target compound'’s chemical characteristics and
the plant compound being used. The most popular method for isolat-
ing polar to semi-polar compounds is solvent extraction with ethanol,

methanol, or water (Plaskova and Micek, 2023). This method is effective
and somewhat easy to use for producing crude extracts that contain in-
tricate blends of bioactive compounds. Furthermore, more specialized
compound fractions can be separated through extraction using organic
solvents, allowing for the concentration of components with specific bio-
logical activity (Lee et al.,, 2024).

In addition to crude extracts, phytobiotics are also accessible in the
form of essential oils—volatile fractions derived through steam distilla-
tion or other specialized extraction procedures (Zhang et al,, 2023). The
volatile terpenoid and phenolic compounds found in essential oils have
potent antibacterial and antioxidant propertie (Masyita et al., 2022). How-
ever, encapsulation technology is frequently required for feed applica-
tions due to the volatile and lipophilic character of essential oils, which
necessitate specific consideration for stability and bioavailability (Fontana
et al, 2025).

Furthermore, the extraction and purification of pure bioactive com-
pounds such as alkaloids (e.g., berberine), flavonoids (quercetin), ter-
penoids (carvacrol and thymol), tannins, and saponins offers new pros-
pects for more quantitative and exact applications (El-Saadony et al,
2025). The efficiency of phytobiotics as a substitute for antibiotics and
immunomodulators in livestock production is increased by the use of
these pure compounds, which enable improved dose control and analysis
of particular mechanisms of action (Zaikina et al., 2022).

As a result, the range of phytobiotic sources and forms, bolstered
by suitable extraction techniques, offers versatility in the creation of safe
and efficient natural feed additive solutions to sustainably enhance ani-
mal productivity and health. Figure 1 shows the diverse plant sources of
phytobiotics, the bioactive compounds they contain, various extraction
methods (solvent extraction, organic solvent extraction, and steam dis-
tillation for essential oils), encapsulation technology for stabilization, and
the application of purified compounds as natural feed additives to en-
hance livestock nutrition and health.
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Figure 1. Phytobiotic sources, extraction methods, and applications in animal nutrition.

Classification of phytobiotics

A class of bioactive compounds called phytobiotics is made from
plants and is added to feed as a natural way to increase the productivity
and health of animals (Ilvanova et al,, 2024). To understand the charac-
teristics, working mechanisms, and potential applications systematical-
ly, phytobiotics can be classified based on two main aspects, namely
plant origin and the type of active compounds contained in them. Ta-
ble 1 shows the classification of phytobiotics based on two main aspects
that are important for understanding their application and mechanism
of action. Classification based on plant origin highlights the form of the
phytobiotic (essential oil, extract, and powder) and examples of source
plants, while classification based on the type of active compound groups
phytobiotics according to the main chemical components that contribute
to their biological activity. The combination of these two classifications
provides a comprehensive overview for the development and selection of
suitable phytobiotics in the animal feed industry.
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Classification based on plant origin

This classification groups phytobiotics based on the form and plant
source from which the bioactive compounds are obtained. Commonly
used forms of phytobiotics include:

Essential Oils: Plant volatile fractions that contain lipophilic and ar-
omatic compounds such volatile phenolics and terpenoids (Males et al.,
2022). Essential oils are potent antioxidants and antimicrobials (Bibow
and Oleszek, 2024). Examples of plants that yield essential oils are cin-
namon (Cinnamomum verum) (Shu et al., 2024), thyme (Thymus vulgaris)
(Pandur et al,, 2022), oregano (Origanum vulgare) (Nurzynska-Wierdak
and Walasek-Janusz, 2025), and rosemary (Rosmarinus officinalis) (Rah-
bardar and Hosseinzadeh, 2020).

Plant Extracts: Complex combinations of bioactive compounds can
be found in extracts made from plant parts using solvents like water or
ethanol (Plaskova and Micek, 2023). Examples include extracts from gin-
ger (Zingiber officinale) (Saldana-Olguin et al, 2024), neem bark (Aza-
dirachta indica) (Wylie and Merrell, 2022), and moringa leaves (Moringa
oleifera) (Gomes et al., 2025).

Plant Powder and Flour: Dried plant forms that are ground into pow-
der to be mixed directly into feed, such as garlic powder (Basuini et al.,
2024), turmeric (El-Saadony et al., 2023), and cinnamon (Kowalska et al.,
2021).

Classification based on the type of active compound

This classification is based on the main chemical components in phy-
tobiotics that determine their biological mechanisms:

Alkaloid: A nitrogen-containing heterocyclic molecule that has an-
tibacterial and nerve-stimulating pharmacological properties (Yan et al.,
2021). Examples: berberine from Berberis spp. (Neag et al, 2018) and
sanguinarine from Sanguinaria canadensis (Croaker et al., 2016).

Flavonoids: A class of polyphenols with immunomodulatory and
antioxidant properties (Ullah et al, 2020). Examples include quercetin,
kaempferol, and hesperidin which are found in berries (Pap et al.,, 2021),
green tea (Sun et al., 2022), and onions (Marefati et al., 2021).

Terpenoids: Essential oils contain a lot of isoprene-derived hydrocar-
bon compounds that have antibacterial and anti-inflammatory properties
(Camara et al., 2024). Examples: carvacrol (Agliassa and Maffei, 2018), thy-
mol (Meeran et al., 2017), and menthol (Bergman et al., 2019).

Tannins: Polyphenolic compounds that can bind proteins and heavy
metals, acting as antimicrobials and antioxidants (Huang et al., 2018). The
bark and leaves contain two different kinds of tannins: hydroxy tannins
and condensate tannins (Okuda and Ito, 2011).

Classification of Phytobiotics
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Figure 2. Classification of phytobiotics based on plant origin and active compound type.

Saponin: An amphiphilic glycoside molecule with antibacterial and
immunostimulating properties that produces foam (Timilsena et al.,
2023). Plants that produce saponins include fenugreek (Trigonella foe-
num-graecum) (Visuvanathan et al,, 2022) and Quillaja saponaria (Fleck et
al., 2019). Figure 2 illustrates the classification of phytobiotics according

to plant origin (essential oils, extracts, and powders) and the type of ac-
tive compound (alkaloids, flavonoids, terpenoids, tannins, and saponins),
providing a comprehensive overview of their sources and bioactive com-
ponents for applications in animal feed.

Mechanism of action of phytobiotics

Phytobiotics are natural feed additives with multifunctional mecha-
nisms of action that improve livestock health and productivity. The pri-
mary mechanisms of phytobiotic action include antimicrobial activity, an-
tioxidant effects, immunomodulation, stimulation of digestive processes,
and regulation of gut microbiota balance. A thorough understanding of
these mechanisms is essential for optimizing the use of phytobiotics as an
alternative to antibiotics in livestock production.

Antimicrobial activity

Antimicrobial activity is a fundamental mechanism of phytobiotics
that contributes significantly to the control of pathogens in the digestive
system of livestock (Obianwuna et al., 2024). The chemical characteristics
of phytobiotic bioactive compounds, such as flavonoids, terpenoids, alka-
loids, phenolic compounds, and essential oils, enable them to directly af-
fect the structure and function of pathogenic microorganisms, including
bacteria, fungus, and protozoa (Rachwat and Gustaw, 2025).

Lipophilic essential oil molecules can interact with the lipid bilayer to
molecularly incorporate into the cytoplasmic membrane of microorgan-
isms (Yammine et al., 2022). Microbial cell homeostasis is upset by this
integration because it increases membrane permeability, which leads to
the leakage of proteins, critical metabolites, and vital ions (such as K* and
H*) (Murinova and Dercova, 2014). The loss of electrochemical gradients
and a reduction in the membrane potential necessary for bioenergetic
processes are the ultimate outcomes of increased membrane permeabil-
ity, which also causes cell death (Zong et al., 2024).

Phenolic compounds and alkaloids are known to physically disrupt
membranes and to impede the action of important enzymes in micro-
bial metabolic pathways, such as those involved in protein and nucleic
acid production (Lobiuc et al,, 2023). Therefore, phytobiotics can inter-
fere with the microbial protein synthesis and DNA and RNA replication
activities, which are essential for the growth and survival of harmful
microbes (Rachwat and Gustaw, 2025). Furthermore, several phytobiot-
ic compounds also function as agents that disrupt quorum sensing, a
microbial cellular communication mechanism involved in the production
of biofilms (Samrot et al,, 2021). Biofilms provide protection to microbes
from environmental stress, including exposure to antibiotics and the host
immune system (Uruén et al.,, 2020). Phytobiotics make infections more
vulnerable to the body's defenses and therapies by preventing the pro-
duction of biofilms (Roy et al., 2018).

Studies conducted both in vitro and in vivo have demonstrated that
phytobiotics successfully inhibit a number of significant livestock patho-
gens, including Salmonella enterica (Iwinski et al., 2022), Clostridium per-
fringens (Hussein et al., 2020), Escherichia coli (Chodkowska et al., 2022),
and Campylobacter jejuni (Hamad et al., 2023), lowering the prevalence
of infectious diseases and enhancing gut health. This effectiveness often
depends on the concentration of the bioactive compound, the type of
target microorganism, and the microenvironmental conditions in the di-
gestive tract (Firmino et al., 2021).

Antioxidant effect

Phytobiotics include flavonoids, tannins, phenolic acids, carotenoids,
and vitamin C, among other bioactive compunds with strong antioxidant
potential (Pudota et al., 2025). These compounds are crucial in scaveng-
ing free radicals and reactive oxygen species (ROS) that are generated
either naturally or in reaction to environmental stress, infection, or animal
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metabolism (de Oliveira et al., 2025).

The oxidation reactions that free radicals and ROS can cause biomac-
romolecular compounds including lipids, proteins, and nucleic acids can
lead to genetic mutations, enzyme failure, damage to cell membranes,
and overall disruption of cellular function (Juan et al, 2021). Oxidative
stress is the term for this buildup of damage, which weakens immuni-
ty, reduces physiological function, and makes people more vulnerable to
metabolic and infectious diseases (Dash et al., 2025).

Antioxidant compounds in phytobiotics work through several main
molecular mechanisms. First, they operate as donors of electrons or hy-
drogen, which helps free radicals become less reactive molecules and halt
the harmful chain reaction of radicals (Phaniendra et al., 2015). Second,
phytobiotics can activate cellular signaling pathways, including the nu-
clear factor erythroid 2-related factor 2-Antioxidant Response Element
(Nrf2-ARE) pathway, which activates endogenous antioxidant enzymes
like glutathione peroxidase, catalase, and superoxide dismutase (SOD)
(Ngo and Duennwald, 2022). Protection against chronic oxidative stress
is strengthened when this pathway is activated since it raises the total
antioxidant defense capacity of the cell (Suraweera et al., 2020).

Furthermore, phytobiotics might lessen tissue damage linked to
chronic inflammation by blocking the activity of prooxidative enzymes
including cyclooxygenase and NADPH oxidase, which contribute to the
production of ROS and inflammatory mediators (Kumar et al., 2023b).
Particularly in intestinal epithelial tissue, which is vulnerable to oxidative
damage, this combination of effects not only preserves the integrity of
cell structure and function but also enhances the process of tissue regen-
eration and differentiation (Sahoo et al., 2023).

Physiologically, phytobiotic antioxidants can make animals more re-
silient to environmental stressors like heat, infections from pathogens,
and unfavorable feeding conditions (Mountzouris and Brouklogiannis,
2024). Phytobiotics also support healthy immunological responses and
effective metabolic processes by lowering oxidative stress, which enhanc-
es cattle production performance (Adetuniji et al., 2025).

Immunomodulation

As immunomodulators, phytobiotics have a significant role in in-
fluencing the overall response and operation of the livestock immune
system at both the innate and adaptive immunity levels (Yu et al., 2021).
Phytobiotics contain bioactive compounds such polyphenols, flavonoids,
alkaloids, saponins, and terpenoids that interact with different immune
system components through intricate molecular pathways to improve the
body's resistance to infection and control the balance of inflammation
(lvanova et al., 2024).

At the innate immune system, phytobiotics can increase the capacity
of phagocytes, especially neutrophils and macrophages, to identify, en-
gulf (phagocytose), and eliminate pathogens (Lim et al,, 2017). Addition-
ally, this stimulation of macrophages promotes the controlled produc-
tion of inflammatory mediators like chemokines and cytokines (including
interleukin-1B and tumor necrosis factor-alpha) that attract additional
immune cells to the infection site (Duque and Descoteaux, 2014). Fur-
thermore, phytobiotics have the ability to boost the activity of Natural
Killer (NK) cells, which use cytotoxic mechanisms to help eradicate tumor
or virus-infected cells (Rizzello et al.,, 2011).

Phytobiotics have an impact on T and B cell differentiation and pro-
liferation at the adaptive immunological level (Li et al, 2022). Bioactive
compounds can boost particular immune responses to antigens by in-
fluencing signaling pathways that control lymphocyte clonal growth and
differentiation (Mitra et al, 2022). Increased cytotoxic T lymphocytes
(CTL) improve the capacity to eliminate infected cells, whereas increased
T helper lymphocyte activity (Th1 and Th2) aids in B cell antibody genera-
tion and macrophage activation (Xie et al., 2023). Additionally, phytobiot-
ics have the ability to boost the synthesis of certain antibodies, which are
crucial for humoral immunity over the long term (Obianwuna et al., 2024).

Phytobiotic-induced immunomodulation also includes controlling
the ratio of pro-inflammatory to anti-inflammatory responses to avoid
tissue damage from excessive inflammation (Di Sotto et al., 2020). Certain
phytobiotic compounds have the ability to boost the synthesis of anti-in-
flammatory cytokines, like transforming growth factor-beta (TGF-B) and
interleukin-10, which inhibit the expression of inflammatory mediators
and preserve tissue homeostasis (Chan et al., 2024). This process is cru-
cial for avoiding persistent inflammation, which can impair cattle perfor-
mance and lead to health issues (Kikusato, 2021).

Additionally, phytobiotics have the ability to stimulate the expression
of critical surface molecules on immune cells, including toll-like recep-
tors (TLR) and major histocompatibility complex (MHC), which improve
antigen detection and immune response activation (Wlazlak et al., 2023).
Through these pathways, phytobiotics boost the development of particu-
lar adaptive immunity and immunological memory in addition to enhanc-
ing non-specific defenses (Al Mahmud et al., 2023).

Stimulation of the digestive process

Phytobiotics, which contain various bioactive compounds such as es-
sential oils, flavonoids, alkaloids, and saponins, play an important role in
improving the efficiency of digestion and nutrient absorption in livestock
through multifaceted mechanisms involving interactions with the gastro-
intestinal system (Pudota et al., 2025).

One of the primary processes is the stimulation of the release of
exocrine digestive enzymes, such as lipase, amylase, and protease, which
break down proteins, lipids, and carbohydrates into simpler molecules
that the intestinal mucosa can absorb (Yang et al.,, 2025). It is believed that
the bioactive compounds found in phytobiotics alter the activity of gas-
trointestinal mucosal glands and pancreatic secretory cells by activating
cellular receptors and signaling pathways, including the cyclic adenosine
monophosphate (cAMP) and protein kinase C (PKC) pathways (Zimmer-
mann and Wagner, 2021). The process of nutrient breakdown is directly
accelerated by this rise in enzyme production, which raises the amount of
substrates available for absorption (Salinas et al., 2021).

Furthermore, phytobiotics help to enhance the intestinal mucosa's
composition and functionality (Duarte and Kim, 2022). The intestinal bar-
rier is maintained by the trophic effects of some phytochemicals, which
also enhance intestinal epithelial integrity, promote enterocyte prolifera-
tion and differentiation, and boost the production of junctional proteins
like tight junctions (Peng et al., 2023). The absorptive surface area is in-
creased by this improvement in mucosal health, enabling more efficient
absorption of macro and micronutrients (Stojanovic et al., 2021).

Phytobiotics also affect intestinal motility by regulating enteric nerve
activity and stimulating the smooth muscle of the intestinal wall (Liu et al.,
2022). The process of digestion and absorption is optimized, food transit
is enhanced, and nutrient interaction with the intestinal epithelial surface
is increased due to this increase in motility (Zheng et al., 2022). Certain
phytobiotic compounds have the ability to control the release of gas-
trointestinal hormones, including cholecystokinin and gastrin, which are
involved in controlling enzyme secretion and motility (Basit et al., 2020).

From a microbiota perspective, phytobiotics can alter the gut mi-
crobiota’s makeup by promoting the development of advantageous mi-
crobes that aid in fiber fermentation and the synthesis of metabolites like
short-chain fatty acids (SCFA) (Meyers et al., 2022). These SCFAs support
intestinal mucosal growth and serve as a vital source of energy for epithe-
lial cells, enhancing the barrier's ability to absorb substances and absorb
them (Nireeksha et al., 2025).

Through this intricate process, digestion and nutrient absorption are
enhanced, improving growth performance, feed usage efficiency, and
overall animal health (Lian et al, 2024). The use of phytobiotics in feed
formulation by considering the right dosage and combination can signifi-
cantly increase animal productivity and welfare (Doski and Yaseen, 2023).
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Regulation of gut microbiota balance

The health and metabolism of animals are significantly influenced by
the diverse collection of bacteria known as the gut microbiota (Barathan
et al, 2024). The bioactive compounds found in phytobiotics, including
flavonoids, essential oils, tannins, and saponins, work as ecological mod-
ulators of the microbiota’s composition and activity, supporting livestock
systemic health and gastrointestinal homeostasis (Gumowski et al., 2025).

In terms of microbiology, phytobiotics have specific actions that re-
strict the growth of potentially harmful microbes including Salmonella
enterica, Escherichia coli, and Clostridium perfringens, which are known
to induce inflammation and intestinal dysbiosis (Rachwat and Gustaw,
2025). Pathogen growth is inhibited by phytobiotic substances in two
ways: directly, by destroying microbial cell membranes, and indirectly, by
competing with helpful microorganisms for nutrients and space (Fanai et
al,, 2024). As a result of the concurrent inhibition of pathogens, probiotic
bacteria like Lactobacillus sp. and Bifidobacterium sp. have an ecological
advantage in colonizing the gut mucosa (Rafique et al., 2023).

The production of significant secondary metabolites, particularly
SCFAs like acetate, propionate, and butyrate, is impacted by the growth
in the population of advantageous microorganisms (Deleu et al.,, 2021).
These SCFAs serve as the primary source of energy for enterocytes, pro-
mote intestinal epithelial cell growth and differentiation, and enhance the
function of the mucosal barrier by upregulating the expression of junc-
tional proteins, also known as tight junction proteins (Portincasa et al.,
2022). As a result, the intestinal epithelium’s permeability and integrity
are preserved, avoiding the spread of harmful bacteria and endotoxins
throughout the body, which can cause inflammation (Di Vincenzo et al.,
2024).

Additionally, SCFA metabolites have immunomodulatory effects lo-
cally. For instance, butyrate can stimulate the development of regula-
tory T cells (Tregs), which help to preserve gut immunological balance
by reducing excessive inflammatory reactions (Nireeksha et al, 2025).
Additionally, phytobiotics help goblet cells produce more mucus, which
strengthens the mucosa’s defenses against pathogen invasion (Obianwu-
na et al., 2024).

Phytobiotics lower the likelihood of dysbiosis, which is frequent-
ly linked to gastrointestinal issues, persistent inflammation, and poorer
output performance, by holistically modifying the gut microbiota (Marti-
nez et al, 2021). Overall, these benefits enhance gut health, promote an
adaptable and regulated immune response, and improve digestion and
nutrient absorption efficiency (Zhao et al., 2023).

According to recent molecular and metagenomic research, supple-
menting phytobiotics can change the microbiota’s composition in a way
that makes it more resilient and stable, allowing it to adjust to patho-
genic and environmental stress (Ren et al.,, 2019). This method lowers the
danger of antibiotic resistance and dependence on antibiotics, making it
a crucial tactic in sustainable animal health management. Figure 3 illus-
trates the multifunctional mechanisms of phytobiotics in livestock, cover-
ing antimicrobial activity, antioxidant effects, immunomodulation, stimu-
lation of digestive processes, and regulation of gut microbiota balance.
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Figure 3. Mechanisms of action of phytobiotics in livestock health and productivity.

Scientific evidence and applications of phytobiot-
ics in livestock production

The use of phytobiotics as a natural alternative to antibiotics in live-
stock production has been extensively researched through both in vivo
and in vitro studies. Numerous scientific evidence indicates that phyto-
biotics can improve the production performance and health of various
livestock species, including poultry, ruminants, and swine. Table 2 sum-
marizes the results of in vivo and in vitro studies evaluating the effective-
ness of various phytobiotics in poultry, ruminant, and swine production.
These studies provide empirical evidence of the benefits of phytobiotics
in improving production performance while maintaining animal health.

Application of phytobiotics in poultry

The application of phytobiotics as feed additives for poultry has
drawn a lot of interest in an attempt to sustainably increase animal health
and production efficiency (Wang et al, 2024). Numerous experiments
have demonstrated that adding phytobiotic supplements can raise the
Feed Conversion Ratio (FCR), a measure of improved nutrient utilization
efficiency that leads to a more optimal conversion of feed into animal
products, including meat and eggs (Aljumaah et al., 2020; Iwinski et al,
2023; Kikusato, 2021). This rise in FCR is associated with better gastro-
intestinal health, which is mediated by changes in the gut microbiota
(Zhang et al.,, 2021).

Phytobiotics function by inhibiting the growth of harmful bacteria,
including Escherichia coli, a common source of gastrointestinal illnesses
in chickens, and Clostridium perfringens, the causative agent of necrotic
enteritis (Sayed et al, 2023). The incidence of digestive disorders and
intestinal mucosal inflammation, which can obstruct nutrient absorption,
are both decreased when these microorganisms are reduced in quantity
(Abd El-Ghany, 2024). Simultaneously, phytobiotics support the growth
of probiotic bacteria such as Lactobacillus and Bifidobacterium which play
a role in maintaining the balance of the intestinal microbiota ecosystem
(Chandrasekaran et al., 2024). These helpful microorganisms improve the
local immunological response, boost the formation of short-chain fatty
acids that promote epithelial cell regeneration, and fortify the intestinal
mucosal barrier (Rehman et al., 2018).

Phytobiotics not only influence the microbiota but also directly en-
hance the quality of poultry products. It has been demonstrated that the
usage of aromatic plant extracts, such as thyme (Thymus vulgaris) and
oregano (Origanum vulgare), improves carcass metrics, such as meat
texture and a healthier lipid profile, and increases egg production and
eggshell quality (Migliorini et al., 2019; Yasin et al., 2025). The antibacterial
qualities of phytobiotics, which lessen the burden of infection, and the
stimulation of the release of digestive enzymes, such as lipases, amylases,
and proteases, which enhance digestion and nutrient absorption, are the
processes behind these effects (Oni and Oke, 2025). Furthermore, phyto-
biotics' antioxidants shield tissue cells from oxidative stress, promoting
healthy metabolic processes (Ebani et al,, 2019).

The use of phytobiotics in poultry not only boosts output by im-
proving gut health and feed efficiency, but it also enhances the quality of
the finished product. As a result, phytobiotics provide a sustainable and
efficient natural substitute for synthetic antibiotics in the poultry industry
(Bafundo et al., 2021).

Application of phytobiotics in ruminants

The potential of phytobiotics to enhance efficiency of rumen fermen-
tation and the general metabolic health of animals has led to a great deal
of research in ruminant nutrition (Ahmed et al, 2024b). A community
of symbiotic bacteria participates in the intricate biological process of
rumen fermentation, which breaks down high-fiber materials into meta-
bolic products like volatile fatty acids (VFA) that ruminants can consume
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(McCann et al,, 2014). Through the modulation of rumen microbiota com-
position, phytobiotic supplementation in rations can increase the effi-
ciency of fiber degradation and produce a more beneficial proportion
of VFA. For instance, it can increase the production of acetone acetate
and propionate, which are vital sources of energy for livestock (Baraz et
al, 2018).

Additionally, methane (CH4) emissions, a major greenhouse gas gen-
erated during methanogenic fermentation in the rumen, are decreased
by phytobiotics (Ugbogu et al., 2019). Methane causes a significant loss
of metabolic energy for cattle in addition to having a detrimental effect
on the environment (Liu et al,, 2023). Condensed tannins and essential
oils from acacia (Acacia spp.), lemongrass (Cymbopogon citratus), and
cinnamon (Cinnamomum verum) are among the bioactive compounds
found in phytobiotics that are known to inhibit methanogenic activity
while lowering the population of methane-producing bacteria without
interfering with other crucial fermentation-related microorganisms (Den-
ninger et al., 2020; Pinski et al., 2015; Vazquez-Carrillo et al., 2023).

Phytobiotics have important immunomodulatory and anti-inflamma-
tory functions in preserving the systemic health of ruminants, in addition
to their impact on gas emissions and rumen microbiota (Ahmed et al.,
2024b). Chronic inflammation and oxidative stress are major factors that
reduce reproductive performance, milk production, and livestock growth
(Sammad et al., 2020). Phytobiotics contain phenolic and flavonoid chem-
icals that act as antioxidants, reducing oxidative stress, neutralizing free
radicals, and suppressing the release of proinflammatory cytokines and
other inflammatory mediators (Singh et al,, 2018). Therefore, adding phy-
tobiotics to livestock can make them more resilient to diseases and envi-
ronmental stressors (Rachwat and Gustaw, 2025).

Regarding milk production, a number of studies have documented
higher milk output and quality in dairy cows fed phytobiotic supple-
ments, which has been linked to better animal health and digestive effi-
ciency (AlSuwaiegh et al.,, 2022; Hashemzadeh-Cigari et al, 2014; Wang
et al, 2024). Higher antioxidant content and a healthier lipid profile are
further indicators of higher-quality milk (Castro-Montoya et al., 2015).
This demonstrates how phytobiotics have the ability to improve livestock
products’ nutritional content in addition to boosting productivity (Khan
etal, 2019).

The multipurpose strategy of adding phytobiotics to ruminant feed
not only boosts production efficiency but also helps to improve animal
wellbeing and lessen environmental effects (Nastoh et al., 2024). Further
research is needed to determine the optimal dosage, combination of phy-
tobiotics, and the molecular mechanisms underlying these effects so that
commercial applications can be carried out effectively and sustainably.

Application of phytobiotics in pigs

Using phytobiotics instead of antibiotics to improve pig health and
productivity has gained significant attention, particularly during crucial
stages like post-weaning when diarrhea and digestive issues are common
(Liu et al,, 2024). Pigs are more vulnerable to infection by gastrointesti-
nal pathogens like Salmonella spp. and Escherichia coli during this time
because their immune systems and gut flora are still developing (Sung et
al.,, 2025). Phytobiotics play an important role in stabilizing the gut micro-
biota ecosystem by suppressing the proliferation of pathogenic bacteria
while supporting the growth of beneficial probiotic bacteria, such as Lac-
tobacillus and Bifidobacterium (Ji et al., 2023). These modifications to the
microbiota’s makeup help to improve nutrition absorption efficiency and
lower the prevalence of diarrhea (Huang et al., 2011).

Phytobiotics have important immunomodulatory effects in pigs in
addition to modifying the microbiota. It has been demonstrated that
bioactive compounds such saponins from quillaja bark extract (Quilla-
Ja saponaria) and allicin, which is produced from garlic (Allium sativum),
improve humoral and cellular immune responses (Abd El-Ghany, 2024;
Fleck et al.,, 2019). These processes, which together strengthen the body’s

defenses against infections, include phagocyte activity, the development
of certain antibodies, and the stimulation of the production of anti-in-
flammatory cytokines (Obianwuna et al., 2024). As a result, phytobiotics
not only lower the prevalence of infectious disorders but also lessen the
necessity for therapeutic antibiotic use, which increases the danger of
developing antibiotic resistance (Turner et al., 2002).

Additionally, phytobiotics promote intestinal health by lowering
mucosal inflammation and strengthening the intestinal epithelial barri-
er (Vancamelbeke and Vermeire, 2017). Phytobiotics contain antioxidant
chemicals that shield intestinal tissue from oxidative damage, which fre-
quently happens during times of environmental stress and feed transition
(Duarte and Kim, 2022). Kondisi ini berperan penting dalam mempertah-
ankan fungsi pencernaan optimal dan penyerapan nutrien yang efisien,
yang pada gilirannya berkontribusi pada peningkatan pertumbuhan dan
performa babi secara keseluruhan (Mukumbo et al., 2014).

Numerous in vivo investigations have demonstrated that supple-
menting post-weaning pigs with phytobiotics can enhance their average
daily gain (ADG), feed efficiency, and gastrointestinal health (Gheisar
and Kim, 2017; Holanda et al, 2021; Pandey et al, 2023). Furthermore,
changes in hematological and biochemical indicators that indicate a
better state of systemic health are linked to the usage of phytobiotics
(Madesh et al.,, 2025). This data supports the use of phytobiotics as a safe
and effective feed additive alternative to antibiotics, promoting sustain-
able livestock practices that minimize the need for synthetic antibiotics.
Figure 4 illustrates the application of phytobiotics as natural alternatives
to antibiotics in poultry, ruminants, and pigs, highlighting their roles in
improving gut health, enhancing nutrient utilization, reducing methane
emissions, strengthening immune responses, and ultimately contributing
to better animal productivity and product quality.
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Figure 4. Application of phytobiotics in livestock production.

Factors affecting the effectiveness of phytobiot-
ics

The effectiveness of phytobiotics as natural feed additives depends
heavily on various factors related to their chemical composition, formu-
lation, and usage conditions. A thorough understanding of these factors
is essential for phytobiotics to provide optimal benefits in improving live-
stock health and performance. The following is a detailed explanation of
the main factors influencing phytobiotic effectiveness.

Variation of active compound composition

The chemical composition of phytobiotics is a key factor that greatly
influences their effectiveness in livestock applications. Phytobiotics con-
tain bioactive substances such alkaloids, flavonoids, terpenoids, tannins,
and saponins that have a variety of biological characteristics and chemical
structures (Musa et al., 2023). These compounds have a wide range of ac-
tivities, from immunomodulatory to antioxidant and antibacterial. How-
ever, the composition and relative concentration of these compounds
are greatly influenced by various biotic and abiotic factors, including the
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plant species, the part of the plant used (roots, leaves, flowers, and bark),
the extraction technique applied, as well as environmental conditions
during plant growth such as temperature, humidity, light intensity, and
soil type (Riaz et al,, 2023).

The quality and quantity of active phytobiotic substances vary be-
cause plants develop different secondary metabolites in response to their
surroundings (Alem, 2024). For instance, plants that grow in environments
with high levels of biotic stress (such as pathogen attack) or abiotic stress
(such as drought and extremely high temperatures) typically create more
secondary defensive chemicals (Khan et al, 2025). The chemical profile
of the extract is also determined by the extraction technique, including
the solvent (oil, ethanol, methanol, and water) (Sultana et al.,, 2009). Hy-
drophilic and lipophilic substances will be extracted differently, which will
affect the bioactive potential that is discovered (Dominguez-Valencia et
al., 2023).

This variation makes it difficult to standardize phytobiotic products.
Phytobiotic products may exhibit inconsistent biological efficacy if the
active chemical content is not standardized, making field application out-
comes uncertain (Zaikina et al,, 2022). As a result, in order to guarantee
product quality, rigorous standardization procedures must be developed
in addition to conducting meticulous quantitative and qualitative analy-
ses of bioactive compounds employing contemporary chromatography
and spectroscopic techniques (Wang et al., 2023).

Moreover, depending on the species, age, physiological state, and
overall health of the animal, variations in the makeup of these active
chemicals may also result in distinct biological reactions in livestock (Te-
deschi et al, 2021). This necessitates modifying the phytobiotic formula
in accordance with the particular requirements of the livestock and the
intended usage, such as boosting immune, enhancing digestion, or man-
aging particular infections (Kikusato, 2021). Therefore, improving the use
of phytobiotics in contemporary livestock production systems requires a
thorough understanding of the differences in the composition of active
compounds and their bioactivity processes.

Dosage and dosage form

Phytobiotic dosage is a crucial parameter that directly influences
its biological effectiveness in livestock applications (Chodkowska et al.,
2022). The dose-response relationship must be considered when deter-
mining the ideal dosage since too-low dosages may result in subthera-
peutic effects, which would prevent the best possible antibacterial, immu-
nomodulatory, or digestive stimulating effects (Adepu and Ramakrishna,
2021). However, overdosing can result in toxicity, metabolic problems,
and even potentially harmful side effects for the health of cattle, like gas-
trointestinal mucosal irritation or shifts in the microbiota’s equilibrium (Tu
et al., 2020). Each phytobiotic must therefore undergo pharmacodynam-
ic and toxicological research in order to determine a safe and effective
dosage range and to guarantee that results can be replicated in the field
(Borgert et al., 2021).

The stability and bioavailability of the active ingredients in phytobiot-
ics are significantly influenced by the dosage form in addition to the dose
(Rachwat and Gustaw, 2025). There are several ways to offer phytobiotics,
including as a dry powder, liquid extract, essential oil, or pure chemical
(Magklaras et al.,, 2025). Each form has physicochemical properties that
influence the kinetics of active ingredient release in the animal digestive
system, solubility, and penetration of microbial cell membranes (Sokol et
al., 2025). For instance, lipophilic essential oils have better antibacterial
activity than hydrophilic solvent-based extracts because they can more
easily pass through microbial lipid membranes (Nazzaro et al, 2013).
Nevertheless, essential oils are also more prone to oxidation and volatil-
ity, necessitating specific formulation methods to preserve their stability
throughout feed processing and storage (Movahedi et al., 2024).

The type of cattle, age, physiological state, and application goal must
all be taken into consideration when choosing the right dosage form

(Malkawi et al.,, 2022). For instance, calibrated amounts of liquid extracts
may be safer and easier to absorb than dry preparations in young live-
stock with delicate digestive tracts (Hristov et al,, 2019). However, dry
powder or pellet form might be more cost-effective and feasible for long-
term use in adult livestock (Nath et al, 2023). Nanoencapsulation and
matrix carriers are two formulation technology advancements that are
beginning to be developed to improve the stability and controlled re-
lease of phytobiotic bioactive substances, maximizing their efficacy with-
out raising dosage (Pateiro et al., 2021).

The key elements in the effective use of phytobiotics as a substi-
tute for natural antibiotics are dosage management and the choice of the
right phytobiotic dosage form (Galamatis et al., 2025). Modern livestock
production requires a multidisciplinary strategy that integrates chemistry,
pharmacology, formulation technology, and animal nutrition research to
guarantee the efficacy, safety, and consistency of phytobiotics.

Interactions with other feeds or additives

The way phytobiotics interact with feed ingredients and other addi-
tives is a crucial factor that can have a big impact on how biologically suc-
cessful they are in livestock production systems (Ren et al.,, 2019). The di-
verse chemical properties of phytobiotic bioactive compounds, which are
often secondary plant metabolites like flavonoids, tannins, terpenoids,
and saponins, allow them to interact both chemically and physically with
different molecules in feed (Roy et al, 2022). These interactions can be
synergistic, antagonistic, or even neutral depending on the type of com-
pound and environmental conditions in the livestock's digestive tract.

Certain phytobiotic compounds, such tannins, can produce pro-
tein-tannin complexes that decrease the availability of vital proteins in
feed because of their high affinity for protein (Besharati et al,, 2022). This
can reduce the nutritional value of feed and have a negative impact on
livestock growth if not properly controlled. Moreover, tannins have the
ability to bind digestive enzymes, which lowers enzyme activity and di-
gestive effectiveness (Cosme et al.,, 2025). Therefore, the dosage and type
of phytobiotics containing tannins must be formulated carefully to mini-
mize this antagonistic effect (Ahmed et al., 2024b).

However, there may be a positive and reciprocal relationship between
phytobiotics and feed additives including probiotics, prebiotics, vitamins,
and digestive enzymes (Windisch et al., 2008). For example, phytobiot-
ics can increase the growth of probiotic microorganisms in the digestive
tract by providing substrates or creating a more conducive environment
through reducing pathogens (Ding et al., 2021). Similarly, combining phy-
tobiotics and feed enzymes can boost nutrient absorption and acceler-
ate the breakdown of complex feed constituents (Rafiq et al., 2022). The
stability and activity of phytobiotics can be diminished by temperature,
pH, and chemical interactions, thus it is important to take into account
the possibility of chemical degradation or alteration of active phytobiotic
substances when mixing with other additives (Selionova et al., 2025).

A comprehensive understanding of these interactions is necessary
for optimal feed composition in order to guarantee the stability and effi-
cacy of phytobiotics. The active phytobiotic components can be shielded
from deterioration and their controlled release in the digestive system
regulated by modern formulation methods like microencapsulation or
the use of certain carriers (Sun et al., 2023). As a result, the combination
of phytobiotics with other feed ingredients presents both a problem and
a chance to create synergy that will greatly enhance the performance and
health of livestock.

Stability during storage and processing of feed

The uniformity and efficacy of the finished product are significantly
influenced by the stability of the bioactive components in phytobiotics
during feed processing and storage (Sokol et al.,, 2025). Essential oils, fla-
vonoids, tannins, and saponins are examples of active chemicals that are
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highly vulnerable to environmental conditions such high temperatures,
light, oxygen, and humidity (Gutiérrez-Del-Rio et al., 2021). These circum-
stances can lead to oxidation, hydrolysis, and volatility processes, which
can degrade chemicals and reduce biological activity (Zhang et al., 2024).
For instance, during the feed pelletization process, essential oils that are
high in volatile compounds readily evaporate at high temperatures, but
during storage, flavonoids and tannins may deteriorate as a result of oxi-
dation accelerated by light and oxygen (Gharby et al., 2022).

The chemical structure of bioactive compounds may be harmed by
feed processing techniques that use high heat and pressure, such as dry-
ing, pelletization, and extrusion (Kour et al, 2021). Thermal processing
can alter chemical structure, denaturize active molecules, and lower the
concentration of substances that have antibacterial, antioxidant, or im-
munomodulatory properties (Miskec et al., 2025). Furthermore, lipids and
phenolic compounds can oxidize more quickly when exposed to oxygen
during mixing and storage, which drastically lowers their phytobiotic po-
tential (Geng et al., 2023). Therefore, controlling the processing parame-
ters is very important to minimize damage to active compounds.

Modern formulation and packaging solutions have been developed
to improve phytobiotic stability in order to solve these issues (Yao et al.,
2024). Microencapsulation methods that employ protective matrices like
proteins, lipids, or polysaccharides can restrict the direct exposure of
active substances to light and oxygen while also regulating the release
of bioactive compounds into the livestock’s digestive tract (Mehta et al.,
2022). The shelf life of phytobiotic products has also been successfully
increased by packing them in airtight and light-proof containers (Vasile
and Baican, 2021). Furthermore, stability can be added without producing
hazardous residues by using natural preservatives that are compatible
(Baptista et al., 2020).

In order for phytobiotics to offer the best possible benefits as a sub-
stitute for natural antibiotics, it is crucial to have a solid understanding of
the variables that affect their stability during processing and storage as
well as the use of suitable protection measures. This promotes the sus-
tainability of the livestock sector as well as the development of high-qual-
ity feed that is safe and effective for the health of animals. Figure 5 shows
the main factors determining the effectiveness of phytobiotics as natural
feed additives, including the variation of active compound composition,
dosage and dosage form, interactions with other feed ingredients or ad-
ditives, and stability during storage and feed processing, which collec-
tively affect their bioactivity, safety, and consistency in livestock produc-
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Figure 5. Key factors influencing the effectiveness of phytobiotics in livestock feed appli-
cations.

Challenges and opportunities for developing phy-
tobiotics as an alternative to antibiotics

The development of phytobiotics as alternatives to antibiotics in live-
stock production faces numerous challenges while offering significant
opportunities for innovation and the application of cutting-edge tech-
nologies. A thorough understanding of these aspects is crucial to acceler-
ating the widespread and sustainable adoption of phytobiotics.

Challenges of phytobiotic development

Variability in the quality of the natural raw materials employed is
one of the primary obstacles in the development of phytobiotics. Phy-
tobiotic-producing plants’ bioactive component composition is heavily
impacted by genetic factors, the growth environment, harvest timing,
and extraction technique (Riaz et al, 2023). These differences result in
inconsistent biological activity of the finished product, which might lower
clinical efficacy and user confidence. Therefore, standardization of raw
materials through rigorous quantitative and qualitative chemical analysis,
certification of raw material sources, and development of reproducible
extraction protocols are essential to ensure consistent quality and safety
of phytobiotic products (Wang et al., 2023).

Phytobiotic manufacturing costs continue to be a major obstacle,
particularly when considering industrial production. Advanced technol-
ogy and costly solvents are frequently needed for the extraction and
purification of active chemicals, and the cultivation of plants that pro-
duce phytobiotics is not necessarily agronomically ideal (Altemimi et al.,
2017). Furthermore, given the seasonality and varying environment, the
year-round supply of reliable raw materials is a challenge. It is imperative
to cut costs while boosting supply by implementing current agronom-
ic techniques, plant genetic engineering, and environmentally friendly,
cost-effective green extraction processes to increase production efficien-
cy (Usman et al., 2023).

Opportunities for phytobiotic development

Innovative opportunities in the development of phytobiotics lie in
utilizing synergism with other additives such as probiotics and organic
acids. This combination can provide a synergistic effect that improves di-
gestive tract health and livestock immune response more effectively than
single use (Ren et al.,, 2019). Pathogens can be suppressed by phytobiot-
ics, probiotics can boost the beneficial microbiota, and organic acids can
lower intestinal pH and foster the growth of helpful microorganisms (Ji
et al,, 2023). The development of multifunctional feed additive products
with a wide range of potential applications is made possible by research
into the best combination formulation and molecular interaction mecha-
nisms of this synergy (Perera and Ravindran, 2025).

Innovative opportunities in phytobiotic formulation are provided by
nanotechnology, such as the nanoencapsulation of bioactive substances,
which can enhance the stability, bioavailability, and regulation of phyto-
biotic release in the gastrointestinal tract (Guia-Garcia et al, 2022). The
formulation of phytobiotics can be revolutionized by nanotechnology.
For example, bioactive chemicals can be nanoencapsulated to enhance
the stability, bioavailability, and regulation of phytobiotic release in the
gastrointestinal system (Rachwat and Gustaw, 2025). Furthermore, the
controlled release formulation prolongs the effect and lessens the need
for recurrent administration by allowing the phytobiotics to be released
gradually based on the physiological parameters of the animals (Li et al.,
2023). Translating these breakthroughs into marketable goods requires
interdisciplinary research that integrates materials science, biotechnolo-
gy, and animal nutrition.

Conclusion

Phytobiotics show great potential as sustainable natural alternatives
to AGPs in livestock production. It has been demonstrated that a variety
of phytobiotic mechanisms of action, including as antioxidant, immuno-
modulatory, digestive stimulation, and antibacterial properties, greatly
enhance the health and productivity of livestock. Advances in formula-
tion and packaging technologies present chances to maximize the ef-
fectiveness of phytobiotics, despite issues with dose, stability of active
compounds, and uniformity of raw materials. Further research focused
on understanding molecular mechanisms, developing innovative formu-
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lations, and conducting large-scale field trials is highly recommended to
strengthen industrial applications. Phytobiotics can be a strategic option
to assist the production of livestock that is healthy, productive, and en-
vironmentally friendly when used in an integrative and evidence-based
manner.
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