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Abstract
Phytobiotics are plant-derived substances rich in bioactive compounds such as phenolics, organosulfur compounds, terpenes, and alde-
hydes. Phytobiotics can be classified based on their origin or chemical structure, with the main categories being essential oils, oleoresins, 
and herbs and spices. Phytobiotics have gained interest due to their positive effects on animal health, including anti-inflammatory, anti-
oxidant, and antimicrobial properties resulting in improved growth performance. This review explores the mode of action of phytobiotics 
based on their bioactive compounds and highlights their impacts on intestinal health and growth performance in pigs. The inclusion of 
phytobiotics in pig diets has shown promise in mitigating negative impacts caused by environmental and dietary challenges by reduc-
ing inflammatory and oxidative stress responses, enhancing intestinal barrier function, and exhibiting antimicrobial properties against 
pathogens like Escherichia coli. Collectively, phytobiotics showed a diverse biological activity through different mode of actions, resulting 
in improved growth performance and overall health in pigs, making phytobiotics a valuable feed additive in pig nutrition and production.
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Concerns about microbial resistance in human patho-
gens due to the continuous use of antibiotics as perfor-
mance enhancers in animals have led to restrictions on 
antimicrobial growth promoters, which have been exten-
sively used in animal agriculture over the past 50 years. 
This restriction has led to more infections by pathogens, 
creating a need for alternatives solutions. In this context, 
phytobiotics are gaining interest as viable alternatives to 
antibiotics as growth promoters (Park et al., 2016 a; Mo-
hammadi Gheisar and Kim, 2018; Ferdous et al., 2019).

Phytobiotics, also known as phytogenics, phytochem-
icals, or botanicals, are plant-derived specific biologi-
cally active compounds. These bioactive compounds in 
phytobiotics include phenolics, organosulfur compounds, 
terpenes, and aldehydes (Pandey et al., 2023). The con-
tent and properties of these compounds vary depending 
on different factors, including the part of the plant used 
(seeds, leaf, root, etc.), harvesting season, geographical 
origin, and the processing method (cold pressing, steam 
distillation, extraction with solvents, etc.) (Windisch et 
al., 2008). Research has shown that various phytobiot-
ics have positive effects on animal health, including anti-
inflammatory, antioxidant, and anti-bacterial properties 
(Rossi et al., 2020). Phytobiotics also improved growth 
performance (Hanczakowska and Swiatkiewicz, 2012; 
Ferdous et al., 2019; Pandey et al., 2023), enhanced meat 
quality (Buryakov et al., 2023 b; Juhász et al., 2023), and 
improved milk composition (Buryakov et al., 2023 a). 
Phytobiotics leave minimal residues, with no resistance 

concerns and minimal side effects (Yitbarek, 2015; Al-
ghirani et al., 2021; Iwiński et al., 2023). 

Incorporating phytobiotics into pig production could 
enhance pork quality by promoting pig health. Their anti-
inflammatory, antimicrobial, and antioxidant properties 
help to combat environmental stressors, toxin exposure, 
and enteric infections, which negatively influence both 
animal welfare and meat quality (Martínez-Miró et al., 
2016). Understanding the properties of phytobiotics is 
crucial for addressing these challenges (Sun and Kim, 
2017; Rossi et al., 2020). This review explores the classi-
fication, and bioactive compounds of phytobiotics, based 
on existing literature, and explores their potential ben-
efits as feed additives to enhance pig health and growth.

Classification of phytobiotics
Although there is not a definitive classification for 

phytobiotics, Windisch et al. (2008) suggest that phyto-
biotics can be classified based on their origin and trans-
formation, such as essential oils, oleoresins, herbs, and 
spices.

Essential oils are complex mixtures of secondary 
plant metabolites. They include aliphatic hydrocarbons 
(e.g., thymol, carvacrol, eugenol, and gaiacol), aromatic 
aldehydes (e.g., cinnamaldehyde, cuminal, and phellan-
dral), and terpenes (e.g., linalool, geraniol, thujanol, bor-
neol, menthol, citronnillol, and α-terpineol) (Bakkali et 
al., 2008; Brenes and Roura, 2010; Christaki et al., 2012). 
Oleoresins are natural mixtures of oils and resins extract-



1238 Y. Garavito-Duarte et al.

ed from various plants. They contain a wide range of es-
sential oil concentrations and consist mainly of complex 
blends of monoterpenes, sesquiterpenes and diterpenes 
(Dussault et al., 2014; Celedon and Bohlmann, 2019). 
Unlike essential oils, oleoresins contain natural antioxi-
dants from the corresponding spices, making them more 
stable (Shaikh et al., 2006). Spices and herbs, known for 
their intense smell or taste, are derived from flowering, 
nonwoody, and nonpersistent plants. The beneficial prop-
erties of spices and herbs are largely attributed to second-
ary metabolites such as cinnamaldehyde, piperine, and 
curcumin (Korošec et al., 2009; Tajodini et al., 2015). 
The compounds in phytobiotics can act as palatable and 
digestive stimulants, positively influencing physiological 
functions that support health, welfare, and growth perfor-
mance (Lin et al., 2020; Wang et al., 2022). 

Phytobiotics can also be classified based on their 
chemical structure, composition, solubility in organic 
solvents or water, and biosynthetic pathways. One clas-
sification method separates phytobiotics into key groups 
based on their biosynthetic pathway: phenolic compounds, 
terpenes, and aldehydes (Singh, 2017; González Mera et 
al., 2019). Phenolic compounds constitute the largest class 
of phytobiotics, characterized by aromatic rings that can 
react with peroxyl radicals (Rossi et al., 2020). These com-
pounds are commonly found in essential oils derived from 
plants such as basil (Ocimum basilicum), clove (Syzygium 
aromaticum), sage (Salvia officinalis), thyme (Thymus vul-
garis) (Li et al., 2023; Vlaicu et al., 2023). Terpenes are 
aromatic compounds with unsaponifiable lipids with vola-
tile properties (Houketchang and Kuietche, 2023). Com-
mon plant sources of terpenes include Japanese cinnamon 
(Cinnamomum tenuifolium), mint (Mentha sp.), Tasma-
nian bluegum (Eucalyptus globulus) (Karpiński, 2020; 
Guerrero et al., 2022; Reuben et al., 2022). Aldehydes are 
formyl compounds containing a carbonyl functional group 
and are known for their anti-inflammatory and antioxidant 
properties. Among the most common aldehydes are van-
illin and cinnamaldehyde which are derived from plants 
such as cinnamon (Cinnamomum) and vanilla (Vanilla 
planifolia) (Rossi et al., 2020; Khamtawee et al., 2021; 
Yeh et al., 2021).

Phytobiotics and their biological activities
Among all the bioactive compounds in phytobiotics, 

phenolics, aldehydes, and terpenes are fundamental com-
pounds. These compounds are known for their antioxidant, 
inflammatory, and antibacterial properties (Pannee et al., 
2014; Álvarez-Martínez et al., 2021; Kamelan Kafi et al., 
2022). The beneficial effects of these bioactive compounds 
in phytobiotics are further illustrated in Figure 1.

Phytobiotics are known for their antioxidant prop-
erties. These properties could protect feed lipids from 
oxidative damage, such as antioxidants used commonly 
in diets (e.g., alpha tocopherol) (Windisch et al., 2008). 
Certain bioactive compounds, such as phenolics and fla-
vonoids, possess structures that allow electron delocali-
zation. This enables them to interact with free radicals 

and prevent the propagation of free radical chain reac-
tions (Tsao and Deng, 2004). By neutralizing these radi-
cals, these compounds help to prevent oxidative stress. 
Phytobiotic compounds such as quercetin, sulforaphane, 
and resveratrol can help to neutralize reactive oxygen 
species (ROS) by indirectly stimulating antioxidant en-
zymes like catalase, and superoxide dismutase, which 
reduce ROS production (Martel et al., 2020).

Phytobiotics could exert anti-inflammatory effects by 
inhibiting the nuclear factor kappa-light-chain-enhancer 
of activated β cells (NF-κβ) pathway (Figure 2), a funda-
mental regulator of inflammatory and immune responses 
(Surh, 2008; Liu et al., 2012). According to Liu et al. 
(2012), phytobiotics such as carvacrol, cinnamaldehyde, 
eugenol, and garlic could inhibit proinflammatory cy-
tokine tumor necrosis factor-α (TNF-α) production, a 
proinflammatory cytokine induced by lipopolysaccha-
ride (LPS) in porcine alveolar macrophages, whereas 
also reducing interleukin 1β (IL-1β) secretion. Similarly, 
terpenes exhibit anti-inflammatory properties by inhib-
iting lipoxygenase and cyclooxygenase enzymes, which 
play a role in the arachidonic acid pathway. This pathway 
involves the metabolism of arachidonic acid, released 
from cell membrane phospholipids in response to inflam-
mation, leading to inflammatory mediators such as pros-
taglandins and leukotrienes production (Miguel, 2010). 
Thus, terpenoids potentially reduce the production of 
these inflammatory mediators (Frankič et al., 2009; Al-
Yasiry and Kiczorowska, 2016). Bioactive compounds in 
phytobiotics, such as chlorogenic acid, flavonoids, and 
astragalus polysaccharides, can inhibit inflammation by 
influencing intracellular signaling and reducing pro-in-
flammatory cytokines production. These anti-inflamma-
tory effects involve inhibiting toll-like receptor 4 (TLR4), 
a transmembrane receptor that detects pathogens and 
triggers inflammation after interaction with LPS in the 
cell membrane of enterocytes (Poltorak et al., 1998; Bha-
tia et al., 2022) Additionally, TLR4 affects nucleotide-
binding oligomerization domain (NODs) proteins (Dong 
et al., 2019; Kikusato, 2021; Shen et al., 2024), which 
recognize bacterial components and activate inflamma-
tory responses (Almeida-da-Silva et al., 2023).

The inclusion of cinnamaldehyde has been shown to 
enhance phagocytic activity and improve the cellular im-
mune response (Yang et al., 2019; Krauze et al., 2021). 
The enhancement of immune response occurs by stimula-
tion of complement receptor-mediated phagocytosis and 
increasing TNF-α and interferon-γ production (Al-Yasiry 
et al., 2018; El-Sheikh et al., 2019). The inclusion of cin-
namaldehyde stimulates interactions between lympho-
cytes and macrophages, thereby initiating and regulating 
the immune response (Brabb et al., 2012; Li et al., 2020; 
Morsi et al., 2022). Krauze et al. (2021) observed that 
cinnamon oil exerts immunomodulatory properties by 
stimulating nonspecific immunity, particularly through 
macrophages activation (Abd El-Hack et al., 2022). This 
activation enhances the phagocytic and bactericidal func-
tions of macrophages. 
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Phytobiotics such as carvacrol, geraniol, terpineol, 
eugenol, and citronella exhibit antimicrobial proper-
ties. These bioactive compounds reduce the negative 
charge of the cell surface of Escherichia coli (E. coli) 
and Staphylococcus aureus, inducing bacterial cellu-
lar damage (Lopez-Romero et al., 2015). Phytobiotics 

with nonpolar compounds, like α-amyrin, lupeol, and 
β-sitosterol, can induce ROS production, disrupting 
both the outer and inner cytoplasmic membrane struc-
tures (Han and Lee, 2022). The oxidative stress from 
ROS results in membrane depolarization, leading to 
various disruptions: membrane separation from the cell 

Figure 1. Mechanism of action of common compounds of phytobiotics. Phenolic compounds react with peroxyl (ROO) and lipid peroxyl (ROS) 
radicals; aldehyde compounds inhibit pro-inflammatory mediators; terpenes increase the membrane fluidity and increase permeability on bacterial 

cell wall in pathogens such as Bacillus subtilis, Escherichia coli and Staphylococcus aureus

Figure 2. Anti-inflammatory mechanism of phytobiotics. Phytobiotics inhibit the binding of pathogens cell walls LPS to TLR4 and TNF-α, alter-
ing the NF-κβ signaling, blocking the inflammation process, reducing the secretion of inflammatory cytokines
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wall, cell membrane lysis, leakage and polarization of 
cytoplasmic content, and cell distortion. These disrup-
tions compromise membrane integrity and exert anti-
microbial properties of phytobiotics (Famuyide et al., 
2020; Han and Lee, 2022; Abo-Elghiet et al., 2023). 
Dong et al. (2019) observed that astragalus polysac-
charides inhibit the binding of Salmonella typhimurium 
LPS to TLR4. Normally, TLR4 detects LPS and triggers 
a signaling cascade (Poltorak et al., 1998) that degrades 
the inhibitor of nuclear factor kappa β protein (Iκβ), al-
lowing NF-κβ to enter the nucleus and activate genes 
encoding pro-inflammatory cytokines (Diomede et al., 
2017). By blocking this pathway, astragalus polysac-
charides reduce the production of these inflammatory 
mediators (Dong et al., 2019). Overall, phytobiotics 
offer a multiple approach to enhancing animal health 
through their diverse biological activities, including an-
tioxidant, anti-inflammatory, and antimicrobial effects 
leading to an enhanced performance.

Impact on intestinal health and growth perfor-
mance in pigs

With the ban on antimicrobial growth promoters in 
pork production due to concerns over antibiotic resist-
ance and public health (Monger et al., 2021), there is 
an increasing need for alternatives like natural feed ad-
ditives such as phytobiotics (Kommera et al., 2006). 
Selected studies have demonstrated the positive effects 
of various phytobiotics on pig health and growth perfor-
mance. Summarized in Table 1, studies from 2015 show 
that the inclusion of phytobiotics in pig diets resulted in 
an average increase of 21% in ADG, 4% in ADFI, and 
17% in feed efficiency (Figure 3 A–C).

Pigs experience significant stress during the wean-
ing period, one of the most critical phases of produc-
tion (Lallès et al., 2004; Shen et al., 2012; Zheng et al., 
2021). Weaning stress often leads to intestinal and im-
mune dysfunctions, which could result in post wean-
ing diarrhea (PWD), dehydration, increased mortality, 
and reduced growth performance (Kick et al., 2012; 
Campbell et al., 2013; Duarte et al., 2023). The PWD 
is primarily linked to intestinal dysbiosis as pigs rap-
idly adapt to new environments and diets, and it is com-
monly associated with enterotoxigenic E. coli infection 
in weaned pigs (Castillo et al., 2007; Duarte et al., 2023; 
Jang et al., 2023). To mitigate these negative effects, 
dietary interventions during the weaning period are es-
sential. Phytobiotics, for example, have shown potential 
to improve pig health during nursery period by enhanc-
ing immune responses, balancing intestinal microbiota, 
and enhancing intestinal morphology, which collective-
ly support better growth performance (Fresno Rueda et 
al., 2021; Moita et al., 2021; Duarte and Kim, 2022). 
Pigs also face several stressors during different produc-
tion phases, such as transport and heat stress, which 
could negatively impact health and growth performance 
(Jócsák et al., 2020). Mycotoxins, commonly found in 
cereals grains and feedstuffs, can also compromise the 

immune response, elevate oxidative stress, and increase 
the production of inflammatory markers (Holanda et 
al., 2021). In response to these challenges, phytobiotics 
have been used for their potential benefits. For instance, 
the inclusion of 0.25% oregano essential oil in finish-
ing diets for growing pigs under transportation stress 
reduced the cortisol levels, a key stress marker, by 38% 
(Zhang et al., 2015). Similarly, under heat stress condi-
tions, the inclusion of 10% of betaine reduced the res-
piration rate by 18% and reduced colonic permeability 
by 33%. Additionally, 1.5% isoquinoline alkaloid from 
Macleaya cordata decreased colonic permeability by 
52% in growing pigs (Le et al., 2020).

Research has demonstrated that inclusion of phytobi-
otics can enhance the integrity of intestinal epithelium, 
supporting the barrier that controls nutrient and water 
absorption whereas also limiting the entry of pathogens 
(Williams et al., 2015). The integrity of the intestinal 
epithelium is maintained by tight junctions and adherens 
junctions, regulated by transmembrane proteins like oc-
cludin and claudins, facilitated by the zonula occludens 
(ZO) protein family (Hartsock and Nelson, 2008; Ra-
himi, 2017). For example, Zhao et al. (2023) demon-
strated that the inclusion of a blend of essential oils (5% 
cinnamaldehyde, 5% carvacrol and 0.8% thymol) to the 
diet of pigs weaned at 28 days improved intestinal bar-
rier function. The blend doubled the mRNA expression 
of genes related with intestinal epithelial integrity, such 
as zonula occludens-1 (ZO-1), claudin-1, and claudin-5, 
in both the duodenum and ileum of weaned pigs. Simi-
larly, Duarte and Kim (2022) observed that including 
0.05% of thymol and carvacrol extracted from orega-
no increased the expression of occludin in jejunal tis-
sue by 15%. Pigs challenged with F18+ E. coli and fed  
a diet containing 0.01% of microencapsulated blend of 
thymol and carvacrol improved claudin-1 expression 
in the ileal mucosa by 63% (Chang et al., 2022). Ad-
ditionally, feeding weaned pigs challenged with F18+  

E. coli a diet containing 0.04% of a phytobiotic pre-
mixture with over 10% flavonoids doubled claudin-1 
expression in the ileal mucosa (Chang et al., 2022). 
Studies have shown that phytobiotics promote cellular 
growth (Patra et al., 2019), and improve intestinal mor-
phology in pig models (Moita et al., 2021; Duarte and 
Kim, 2022; Moniruzzaman et al., 2023). The inclusion 
of essential oils from a blend of castor oil and cashew 
nutshell liquid enhances the intestinal morphology by 
increasing the villus height by 17%. A diet with 0.01% of  
a microencapsulated blend of thymol and carvacrol led  
to an 8% increase in villus height (Chang et al.,  
2022). In the same study conducted by Chang et al. 
(2022), the inclusion of 0.04% premixture of grape seed 
and grape marc extract, green tea, and hops contain-
ing more than 10% of flavonoids improved intestinal 
morphology by increasing villus height by 11%. These 
enhancements in intestinal morphology may lead to in-
creased feed efficiency, improving growth performance 
in pigs.
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Phytobiotics have also been shown to regulate both 
humoral immunity and cytokine expression in pigs, help-
ing to coordinate immune responses and manage inflam-
mation (Fossum, 1998; Choi et al., 2006). Herbs, such 
as garlic, echinacea, and liquorice, could improve the 
activity of lymphocytes, macrophages, and natural killer 
cells, and stimulate interferon synthesis (Frankič et al., 
2009). Phytobiotics derived from oregano, fenugreek, 
clove, thyme, nutmeg and cumin, have demonstrated 
immunostimulant properties by increasing the immuno-
globulin levels (Park et al., 2016 a; Alagbe et al., 2024). 
Similarly, the inclusion of 0.05% of thymol and carvacrol 
from oregano to weaned pigs reduced TNF-α concentra-
tion by 16%, reduced plasma protein carbonyl levels by 
30%, and increased villus height in the jejunum by 6% 
(Duarte and Kim, 2022). Additionally, a blend of thymol 
and carvacrol reduced TNF-α and IL-6 levels by 36% 
and 34%, respectively, and improved immune response 
by increasing IgA levels by 19% (Chang et al., 2022). 
The inclusion of essential oils from a blend of castor oil 
and cashew nutshell liquid decreases the concentration 
of protein carbonyl by 22% in nursery pigs (Moita et al., 
2021). Besides their immune-response properties, phyto-
biotics also help to reduce oxidative stress by mitigating 
the effects of ROS, which can damage proteins, lipids, 
or DNA and produce carbonyl groups such as aldehydes 
and ketones (Dalle-Donne et al., 2003). The antioxidant 
properties of phytobiotics depend on their specific com-
pounds. For instance, astilbin from Engelhardtia chrys-
olepis, has been shown to decrease lactate dehydrogenase 
and malondialdehyde levels, both markers of oxidative 
stress (Jovanovic et al., 2010; Khoubnasabjafari et al., 
2015; Xu et al., 2020). On the other hand, baicalin, ex-
tracted from Scutellaria baicalensis, has been found to 
alleviate oxidative stress in pigs by enhancing the activ-
ity of antioxidant enzymes such as superoxide dismutase 
and glutathione peroxidase, which protects cells from 
oxidative damage (Liao et al., 2020; Strycharz-Dudziak 
et al., 2020).

The phytobiotics have shown antibacterial effects, 
particularly when eugenol, cinnamaldehyde, thymol and 
carvacrol are combined, as observed against E. coli (Pei 
et al., 2009). Phytobiotics supplementation using a com-
bination of chicory, carob pulp extracts, and fenugreek, 
castor oil, and cashew nutshell liquid has been shown to 
reduce the potential pathogens like E. coli whereas in-
creasing beneficial bacteria such as Bifidobacterium and 
Lactobacillus (Moita et al., 2021; Juhász et al., 2023; 
Alagbe et al., 2024). This microbiota modulation could 
provide a favorable metabolic equilibrium between lac-
tate production and utilization, leading to a healthier in-
testinal environment. The inclusion of plant polyphenols 
in the diets of weaned pigs resulted in an increased rela-
tive abundance of Lactobacillus in the intestinal mucosa-
associated microbiota (Fresno Rueda et al., 2021). Lacto-
bacillus synthesizes lactic acid, which inhibits pathogens 
such as E. coli and Enterobacter (Hou et al., 2015; Moita 
et al., 2021). The inclusion of essential oils from a blend of 
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castor oil and cashew nutshell liquid reduced the relative 
abundance of Helicobacter sp. (Moita et al., 2021). The 
antibacterial activity of essential oils seems to be associ-
ated with their ability to disrupt bacteria cell membranes 
due to their hydrophobic nature (Burt, 2004). In the case 
of spices and herbs, piperine, the major active compound 
in black pepper, has been shown to cause the physical 
and morphological alterations in the cell wall and mem-
brane of E. coli in pigs (Srinivasan, 2007; Zhang et al., 

2016). Phytobiotics positively influence several aspects 
of pig health, including immune response, intestinal mi-
crobiota balance, and intestinal morphology. These ben-
efits collectively enhance overall growth performance. 
By mitigating the negative impacts of stressors, phyto-
biotics support the integrity of the intestinal epithelium, 
promote cellular growth, and improve metabolic health. 
This makes them promising components of pig nutri- 
tion.

Figure 3. Impacts of phytobiotics on (A) average daily gain (ADG), (B) average daily feed intake (ADFI), and (C) gain to feed ratio (G:F) of pigs 
compared with control treatments. Selected studies employed phytobiotics and reported outcomes related to growth performance. The selected 
studies were (1) Nowak et al. (2017), (2) Samolińska et al. (2020), (3) Moita et al. (2021), (4) Rabelo-Ruiz et al. (2021), (5) Samanta et al. (2021), 
(6) Duarte and Kim (2022), (7) Juhász et al. (2023), (8) Moniruzzaman et al. (2023), (9) Moniruzzaman et al. (2023), (10) Alagbe et al. (2024), 

(11) Alagbe et al. (2024), (12) Chang et al. (2022), (13) Zhao et al. (2023), (14) Duarte et al. (2024)
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Although phytobiotics offer diverse biological activi-
ties and potential benefits in pig production, their adoption 
as feed additives in practice faces several challenges. One 
major issue is the variability in the composition and ef-
ficacy of phytobiotic products. This variability can arise 
from differences in plant sources, extraction methods, and 
environmental conditions that affect bioactive compound 
concentrations (Windisch et al., 2008). Additionally, the 
lack of standardized formulations and dosages makes it 
difficult to ensure consistent results across different ani-
mal productions. Incorrect dosing, such as using excessive 
amounts of certain herbs, can lead to potential toxicity. 
Therefore, it is crucial to use safe and effective doses that 
maintain consistent levels of active compounds (Krauze, 
2021). Some phytobiotic compounds can generate un-
pleasant odors and flavors, reducing appetite (Kommera 
et al., 2006; Clouard and Val-Laillet, 2014; Christaki et al., 
2022). Moreover, the bioactive compounds of phytobiotics 
are sensitive to environmental factors such as light, heat, 
oxygen, and humidity. These factors can lead to oxidation 
and degradation (Choi et al., 2019; Christaki et al., 2022). 
Another important consideration is that phytobiotics ad-
ministered in their free form are often quickly absorbed 
and metabolized in the stomach. This rapid metabolism 
limits the amount that reaches the intestine (Van Noten et 
al., 2020), indicating a need for technology to help to miti-
gate this issue. 

Future prospective
Phytobiotics, which include a diverse range of bio-

active compounds such as phenolics, terpenes, and alde-
hydes, offer beneficial properties in pig production. Their 
antioxidant, anti-inflammatory, and antibacterial proper-
ties are particularly relevant in the context of weaning 
stress, PWD, environmental and nutritional challenges. 
Phytobiotics reduce inflammatory and oxidative stress 
responses, enhance intestinal barrier function, and ex-
hibit antimicrobial properties. However, to fully harness 
the potential of phytobiotics, certain challenges must be 
addressed. One important issue is the variability in their 
composition driven by differences in plant sources, extrac-
tion methods, and environmental factors. This variability 
complicates the development of consistent results. Stand-
ardized formulations and dosages are essential to ensure 
reliable and reproducible effects across different farming 
systems. Future research should focus on understanding 
the specific mechanisms of action, identifying optimal 
combinations of bioactive compounds, and determining 
appropriate dosages. Addressing these challenges will  
enable phytobiotics to become a successful alternative 
to future pig nutrition strategies, enhancing productiv-
ity whilst promoting animal welfare and environmental 
sustainability.
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