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a b s t r a c t

The use of antibiotics in animal production raises great public safety concerns; therefore, there is an
urgent need for the development of substitutes for antibiotics. In recent decades, plant-derived feed
additives have been widely investigated as antibiotic alternatives for use in animal health and production
because they exert multiple biological functions and are less likely to induce resistance development.
This review summarizes the research history and classification of phytogenic feed additives and their
main functions, potential modes of action, influencing factors, and potential negative effects. Further, we
highlight the challenges in developing sustainable, safe, and affordable plant-derived antibiotic alter-
natives for use in livestock production.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

Antibiotics have long been used as growth promoters to increase
productivity in animal production (Hashemi and Davoodi, 2011).
Long-term antibiotic use can result in the accumulation of anti-
biotic residues in meat and meat products, which may lead to
antibiotic resistance in humans. In 2006, the European Union (Reg.
No. 1831/2003/EC) banned the use of antibiotics as growth pro-
moters in animals. Other countries have since developed policies to
reduce or ban antibiotic use in animal production. Announcement
No. 194 of the Ministry of Agriculture and Rural Affairs of the
People's Republic of China states that from January 1, 2020, all types
ngtao@baafs.net.cn (T. Feng).
iation of Animal Science and

vier on behalf of KeAi

y Elsevier B.V. on behalf of KeAi Co
of growth-promoting pharmaceutical feed additives except tradi-
tional Chinese medicines will be withdrawn from animal produc-
tion. Antibiotic-free animal products have improved market
opportunities and have grown exponentially in recent years (Gadde
et al., 2017). To achieve safe livestock and poultry production, new,
natural, and safe feed additives are needed.

Various antibiotic alternatives, including enzymes, probiotics,
prebiotics, inorganic acids, medicinal plants, immunostimulants,
and management practices, have been used to enhance animal
health and performance. Phytogenics are heterogeneous com-
pounds with different biological activities considered to have some
similar benefits as antibiotic growth promoters (Rossi et al., 2020;
Kuralkar and Kuralkar, 2021). Numerous herbal products have been
demonstrated to have beneficial effects and medicinal properties,
including antimicrobial, antioxidant, anti-inflammatory, and
immunomodulatory activities, without adversely affecting growth
and feed efficiency, and are therefore used as growth-promoting
feed additives in livestock production (Kumar et al., 2014; Lillehoj
et al., 2018; Kuralkar and Kuralkar, 2021). There is an increasing
preference for natural products because they are considered to
have less undesirable side effects than synthetic products (Laudato
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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and Capasso, 2013). The development of plant-based feed additives
has become a research hotspot and is significant for the healthy
development of animal husbandry and the improvement of animal
product quality.

Phytogenic feed additives are pharmacological plant compo-
nents that have various benefits for animals and animal production,
including improved growth performance, health, reproduction, and
product quality, and reduced emissions and toxicity. Herbal prod-
ucts are accessible, easy to prepare, and affordable. Moreover, they
generate less residues, are less toxic, and have less side effects in
animal product production, and are generally safe for humans.
However, plants contain numerous pharmacologically active in-
gredients in various amounts that can moreover vary from batch to
batch; therefore, the effectiveness and mechanisms of phytogenic
feed additives have not been fully elucidated. Known mechanisms
of action include antimicrobial, immunomodulatory, antioxidant,
and intestinal microbiota-regulatory activities. The integration of
metagenomics, transcriptomics, proteomics, and network phar-
macology tools may help elucidate the characteristics and mecha-
nisms of phytogenic feed additives and develop feasible and cost-
effective methods to use plant-derived additives as effective anti-
biotic alternatives in animal production.

In this review, we summarize the definition and research history
of phytogenic feed additives, as well as their classification and
composition. The functions of phytogenic feed additives in livestock
animals and their potential modes of action are systematically
discussed. Additionally, we report influencing factors and potential
negative effects of phytogenic feed additives. We aimed to provide
a comprehensive overview of the current state of research on the
effects of phytogenic feed additives in improving the health status
and growth performance of livestock animals and an overall view of
the usability of phytogenic feed additives as potential antibiotic
alternatives and as a nutritional strategy in animals.

2. Definition and research history

Phytogenic feed additives (also referred to as phytobiotics or
phytochemicals) are commonly defined as plant-derived natural
compounds, herbal formulas, plant extracts, or bioactive com-
pounds that have the capacity to ameliorate feed properties, pro-
mote animal production performance, and improve animal product
quality (Hashemi and Davoodi, 2011; Yang et al., 2015a). Other
terms commonly used to classify plant compounds in terms of their
source and processing are, for example, Chinese herbal feed addi-
tives and plant extract feed additives.

Traditional herbal medicines have been used for more than
3000 years owing to their beneficial effects on human health
(Huang et al., 2017). In livestock animals, they have been used for
more than 2000 years (Gong et al., 2014). Producers gradually
discovered the beneficial effects of phytogenic feed additives on
animal performance, including increased body weight, feed con-
version ratio, and meat quality. Later, researchers uncovered the
antimicrobial, antiviral, antifungal, antioxidant, and anti-
inflammatory properties of herbs that contributed to their benefi-
cial effects. Therefore, herbs have traditionally been used as com-
plementary or alternative antibiotics to improve health or cure
diseases. Recently, their multifunctionality in modulating nutri-
tional metabolism, immune responses, and the intestinal health of
livestock animals has been recognized, expanding our under-
standing and use of these agents. With the progress of extraction
techniques and the identification of active ingredients, research
efforts to use phytogenic extracts/compounds to substitute antibi-
otics in animal diets have increased. Herbs used in animal pro-
duction are generally nontoxic, economical, and ecofriendly,
indicating their broad application potential. At present, most
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animal feed manufacturers include phytogenic feed additives in
broiler, pig, and ruminant feed products.
3. Classification and composition

Traditional herbal medicines have various ingredients and exert
complex, low-specific pharmacological effects. A clear classification
standard and unified classification are lacking. Phytogenic feed
additives are classified according to the plant part used (whole
plant, root, stem, bark, leaf, flower, fruit, or seed), plant growth
habit (grasses, sedges, herbs, shrubs, climbers, or trees), plant
habitat (tropical, sub-tropical, or temperate), therapeutic action
(antibacterial, antifungal, anti-inflammatory, antiulcer, antioxidant,
antiviral, anticancer, or immunostimulatory), and administration
route (tincture, decoction, maceration, syrup, inhalation, or tisane)
(Hashemi and Davoodi, 2011). Additionally, they can be divided into
glucosides, acids, polyphenols, polysaccharides, terpenoids, flavo-
noids, and alkaloids based on their main active ingredients and into
vegetable oil, extract, powder, or lens based on the product form.
Phytogenic feed additives can also be classified into immune en-
hancers, hormone regulators, anti-stress agents, antimicrobial
agents, insect repellents, appetite stimulants, reproductive regu-
lators, fattening agents, lactation regulators, disease control agents,
and feed preservation agents based on their application
characteristics.

Traditional herbal products can be used as feed additives for
their specific physiological actions. They can be supplemented after
drying and crushing, or fed to animals freshly, particularly during
the plant growing season (Fig. 1). In addition, they can be extracted
as crude extract containing the main active herbal ingredients or
individual compounds to be supplemented in animal feeds (Fig. 1).
Further, multiple plant products or extracts can be combined in
formulas to exert multiple beneficial effects (Fig. 1). However, even
single herbs and formulas are complex products with multiple in-
gredients and multi-compound effects. They exert a unified effect
through synergistic activities among the various components
(Franz et al., 2010). Studies have emphasized that it is important to
look at blends of components rather than single bioactive com-
pounds (Rossi et al., 2020). However, the role of individual in-
gredients is also valued. Secondary plant metabolites as bioactive
compounds elicit physiological and pharmacological effects in
humans and animals (Gani et al., 2012). Major active secondary
metabolites include alkaloids, glycosides, flavonoids, phenolic
acids, saponins, tannins, terpenes, anthraquinones, and steroids.
With the development of extraction and purification technologies,
they can be separately extracted and used as additives for targeted
functions. In recent years, such purified monomers have been
found to exert specific physiological functions in animals by bind-
ing to specific receptors or activating specific signaling pathways.
4. Functions of phytogenic feed additives

The main aim of the livestock industry is to improve zootech-
nical performance. The use of phytogenic feed additives or herbal
plants for livestock nutrition can improve animal health and per-
formance (Rossi et al., 2020). Phytogenics can promote animal
growth, production, and reproduction performance, and improve
livestock product quality (Fig. 1). In addition, they have other
beneficial effects, including the reduction of methane and ammonia
emissions and of the toxicity of heavy metals, antibiotics, and
mycotoxins (Fig. 1). The functions of phytogenic feed additives and
potential modes of actions are summarized in Table 1. Accordingly,
phytogenic feed additives have gained substantial attention in
livestock production in recent years.



Fig. 1. Overview of phytogenic feed additives, including main classifications and functions.
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4.1. Promotion of growth performance and production performance

Antibiotics have long been used as growth promoters to
enhance productivity in animal production (Hashemi and Davoodi,
2011). Because of antimicrobial resistance development, the use of
antibiotics as growth promoters has been gradually banned and
therefore, alternative growth promoters have received increasing
attention. Numerous herbal products having multiple biological
functions are used as growth promoters to improve production
efficiency in the animal industry (Gong et al., 2014; Rossi et al.,
2020). Currently, phytogenic feed additives are widely used in
feeding programs for swine, poultry, and ruminants.

In swine, the effect of phytogenic feed additives has beenwidely
demonstrated. Yan et al. (2011a) investigated a mixture of herbal
extracts of buckwheat, thyme, curcuma, black pepper, and ginger as
a feed additive in growing pigs and suggested it as an antibiotic
alternative because it increased feed intake and growth perfor-
mance. A herbal feed additive consisting of benzoic acid and
essential oils of thymol, eugenol, and piperine promoted piglet
growth performance by improving average daily gain, average daily
feed intake, apparent total tract digestibility of nutrients, and en-
ergy (Silva Júnior et al., 2020). A blend of Cinnamomum zeylanicum
and Trachyspermum copticum essential oils and the blend plus plant
extracts of Mikania micrantha and Garcinia lanceifolia did not affect
growth performance when compared with no-additive and anti-
biotic controls; however, it did improve some lipid profiles, im-
mune responses, and intestinal microbial populations in piglets
(Samanta et al., 2021). Dietary supplementation of commercial
phytogenics in sows during gestation/lactation improved litter size
and live births as well as the composition and bioactivity of
colostrum and milk, which may benefit offspring health and per-
formance (Reyes-Camacho et al., 2020; Nowland et al., 2021).

The effects of plant extract feed additives on poultry growth
performance have been extensively studied, with relatively
consistent results. Numerous plant extract additives have been
demonstrated to improve growth performance, nutrient di-
gestibility, feed efficiency, and intestinal health in poultry (Abdelli
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et al., 2021; Seidavi et al., 2022). Dietary supplementation of
Digestarom Poultry, which comprises more than 30 essential oils
and phytogenic compounds, significantly increased body weight
gain, while lowering the feed-to-gain ratio in broiler chicks
(Murugesan et al., 2015). Along with positive effects on total-tract
digestibility, intestinal function, and beneficial microbial coloniza-
tion, this product has demonstrated efficacy as a substitute for
antibiotic growth promoter in poultry. Plant extracts have also
yielded positive results in other poultry species. Cinnamon (Cin-
namomum verum), garlic (Allium sativum), ginger (Zingiber offici-
nale), oregano (Origanum vulgare), and other plant extracts
significantly improved body weight gain and feed availability in
turkey and quail (Al-Shuwaili et al., 2015; Mehdipour and
Afsharmanesh, 2018; Gernat et al., 2021). Positive effects were
also observed in laying hens. The inclusion of peppermint (Mentha
piperita L.) leaves in a Hy-Line brown laying hen diet significantly
increased egg weight, egg production, and egg mass in a dose-
dependent manner (Abdel-Wareth and Lohakare, 2014).

While most studies on plant additives in ruminants focused on
the regulation of rumen fermentation and the prevention or
treatment of mastitis, some studies have demonstrated beneficial
effects on production performance. Dietary supplementation of a
blend of poplar (Populus deltoides) and eucalyptus (Eucalyptus cit-
riodora) leaves in Murrah buffaloes increased daily milk yield, 6%
fat-corrected milk yield, and fat-protein-corrected milk yield, as
well as the digestibility of dry matter, organic matter, and neutral
detergent fiber (Dey et al., 2021). Akbarian-Tefaghi et al. (2018)
investigated thyme, eucalyptus, and celery and a commercial
essential oil in calf starter; they found that these additives
improved starter intake, daily gain, and feed efficiency and
concluded that eucalyptus may be a superior alternative to mon-
ensin for improving post-weaning performance. The positive effect
of herbal feed additives on ruminant performance may be attrib-
uted to the modulation of ruminal fermentation and improvement
of nutrient utilization (Kholif et al., 2020).

Phytogenic feed additives can improve animal growth and
production performance via several mechanisms. First, they can



Table 1
Function of phytogenic feed additives and potential modes of actions (representative references).

Common name/species
name

Major components/
bioactive compounds

Animal species
involved

Summary of findings/intended
effect

Action and potential
mechanism

References

Promotion of growth performance and production performance
Essential oils from the

Fabaceae,
Laminaceae,
Schisandraceae, and
Zingiberaceae

Eucalyptol, p-cymene,
linalool, anethole and
thymol

Gestating and lactating
sows

Piglets born alive[; newborn
piglets BWY; colostrum protein and
milk fat content[; milk against
Bacillus subtilis and Staphylococcus
aureus[; CAT, SOD, GSH-Px[;
MUC2[; IDO[; PPARGC1-a, TNF-a,
TGF-b1, and IL-10[

Improve reproductive
performance and suckling
piglets gut heath attributed
to its antioxidant activity
and antimicrobial actions.

Reyes-Camacho et al.
(2020)

Digestarom Over 30 essential oils
and phytogenic
compounds

Broiler chickens BWG[; FCRY; villus height[; crypt
depthY; total tract digestibility of
DM, CP, EE[; total coliform countY;
coliformsY; anaerobic bacteriaY;
Lactobacillus spp.[; Clostridium spp.
Y

Stimulate growth
performance of broilers
through improving
digestive function and
modulating gut microbiota.

Murugesan et al. (2015)

Cinnamon
(Cinnamomum
verum)

Japanese quails Bodyweight gain[; feed conversion
ratio[; TBARSY; water holding
capacity[

Improve growth
performance and positively
influence meat quality,
perhaps, because of its
antioxidant properties.

Mehdipour and
Afsharmanesh (2018)

Peppermint (Mentha
piperita L.)

Menthol, menthone,
isomenthone, menthyl
acetate, cineol

Laying hens Egg weight[; egg production[; egg
mass[; feed intake[; FCRY;
eggshell percentage[; eggshell
thickness[; Haugh unit [; serum
cholesterolY; serum total proteins[

Improve performance of
laying hens probably owing
to its antimicrobial
properties, antioxidant
properties and enhance
appetite.

Abdel-Wareth and
Lohakare (2014)

Poplar (Populus
deltoides) and
eucalyptus
(Eucalyptus
citriodora) leaves

Total phenolics,
condensed tannins, and
other phytochemicals

Buffaloes (Bubalus
bubalis)

Daily milk yield, 6% FCM (fat
corrected milk), and FPCM (fat
eprotein corrected milk) yield[;
digestibility coefficient of dry
matter, organic matter and neutral
detergent fiber[; antibody titer
(log10) against Pasteurella
multocida vaccine[; skin
thickness[

Enhance milk production
and immunity of Murrah
buffaloes.

Dey et al. (2021)

Golden-and-silver
honeysuckle
(Lonicera japonica
Thunb), huangqi
(Astragalus
menbranaceus),
duzhong leaves
(Eucommia folium)
and dangshen
(Codonopsis pilosula)

Piglets Crypt depth of duodenumY; ratio of
villus height to crypt depth
(duodenum and jejunum)[; the
expression of nutrient transporters
in ileum (SLC6A9, SLC15A1, and
SLC5A1)[; activities of maltase in
ileumY; ratio of small intestinal
weight to BWY

Improve intestinal health
by modulating intestinal
morphology and increasing
the mRNA expression of
nutrients transporters.

Wang et al. (2020)

Carvacrol,
cinnamaldehyde,
capsicum

Broiler chickens Weight gain[; feed efficiency[;
carcass energy retention[; total
heat lossY; carcass protein
retention[; fat digestibility[; net
energy for production[

Improve growth
performance through
improving the metabolic
efficiency of converting
absorbed dietary energy
into tissue.

Bravo et al. (2014)

Essential oils of thymol
and cinnamaldehyde

Weaning pigs ADG[; fecal score[; DM and CP
digestibility[; lymphocyte
proliferation[; IGF-1 level[; serum
IL-6Y; serum TNF-a[; T-AOC[;
villus height to crypt depth ratio[;
E. coli (cecum, colon and rectum)Y;
Lactobacilli/E.coli ratio (colon)[;
total aerobe (rectum) Y

Improve growth
performance and reduce
the diarrhea probably by
improving immune status,
intestine ecology, and
nutrient digestibility.

Li et al. (2012a)

Health improvement
Oregano, anise and

citrus
Carvacrol, anethol and
limonene

Broilers Mucin composition[; villus
height:crypt depth ratio[;
duodenal mucus layer thickness[

Modulate intestinal mucin
composition and
morphology.

Tsirtsikos et al. (2012)

Brazilian red pepper
(Schinus
terebinthifolius
Raddi)

Weaning pigs Villi densityY; Lactobacillus
counts[; Enterobacteria countsY;
incidence of diarrheaY

Affect microbiota and
histology without affecting
performance and organ
weights.

Cairo et al. (2018)

Essential oils of
eugenol, thymol, and
piperine

Weaned piglets ADG, ADFI and ATTD[; normal feces
frequency[; goblet cells countY;
goblet cells countY; small intestine
and colon relative weightsY;
Escherichia-ShigellaY;
CampylobacterY

Improve growing
performance, diets
digestibility and gut health.

Silva Júnior et al. (2020)

(continued on next page)
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Table 1 (continued )

Common name/species
name

Major components/
bioactive compounds

Animal species
involved

Summary of findings/intended
effect

Action and potential
mechanism

References

YGF251 (Phlomis
umbrosa Turez,
Cynancum wilfordii
Hemsley, Zingiber
officinale Rosc and
Platycodi Radix)

Broiler chickens Abdominal fatY; femur length and
weight[; blood IgG counts[; IGF-1
concentrations[

Enhance immune-related
functions.

Begum et al. (2014)

Ashwagandha
(Withania somnifera)

Broiler chicks Feed intake and BW[; values of
hemoglobin, packed cell volume
and total leukocyte count[;
antibodies titers against IB and
IBD[

Improve feed intake, BW
gain, hematological profile
and immunological status.

Mushtaq et al. (2012)

Ashwagandha
(Withania somnifera)

Chicken embryo
fibroblast (CEF) cell

Virus titer (against IBD virus)Y Antiviral property Pant et al. (2012)

Eugenol and
cinnamaldehyde

Growing pigs Lymphocyte count[; fecal E. coli
concentrationY; NH3 and H2S
concentrationY

Exhibited lymphocyte-
enhancing activity, fecal
microbial shedding and
noxious gas emission.

Yan and Kim (2012)

Essential oils of thymol
and cinnamaldehyde

Weaned pigs Occurrence of diarrheaY; E. coli
countsY; lymphocyte
transformation[; leucocyte
phagocytosis rates[; IgA and IgM[;
C3 and C4[; ADG and FCR[

Improve performance,
immunity and gut
microflora.

Li et al. (2012b)

Promotion of livestock product quality
Oregano (Origanum

vulgare L.) essential
oil and sweet
chestnut (Castanea
sativa Mill.) wood
extract

Pigs GSH-Px and GR activities in the
Longissimus lumborum muscle[;
lipid oxidation; L* and H� valuesY,
and a* values[ in cooked meat;
cores for color, taste and overall
liking[

Increase the pig antioxidant
status, to prevent lipid
oxidation and increase
meat shelf-life. Higher taste
score and liking degree
after cooked.

Ranucci et al. (2014)

Commercial products
(AVHGP, SCP, BHGP,
AVSSL, SG)

Broiler chicks Slaughter weights[; breast
weights[; fat pad sizeY; L*Y; b*Y;
green herb flavor[; SOD2[; ERK1/
2[; JNK[

Improve meat quality of
broilers through
modulation of stress- and
antioxidant-related
pathways.

Orlowski et al. (2018)

Liquorice extract from
Glycyrrhiza uralensis

Flavonoids Tan sheep Total flavonoid[; VE and GSH
contents of meat[; DPPH and ABTS
free radical scavenging activity
(in vitro)[; ROS and TBARS level of
lambs meatY

Protect fresh meat against
lipid oxidation by
increasing non-enzymatic
antioxidant content to
scavenge free radical.

Zhang et al. (2015)

Greek Origanum vulgare
subsp. hirtum;
Sophora japonica L.

Oregano essential oil;
quercetin

Finishing pigs After 5 h transportation, BW lossY;
hot carcass weight[; dressing
percentage[; pH value and Opto-
star value[; drop valuesY; TBARSY;
ROSY; Gpx[; T-SOD[

Reduce transportation-
induced oxidative stress
and improving meat quality
by improving antioxidant
status.

Zou et al. (2016)

Huangqi (Astragali
Radix), Baizhu
(Rhizoma
Atractylodis
Macrocephalae), and
FangFeng
(Saposhnikoviae
Radix)

Black goats Palmitic acid, octadecanoic acid,
and arachidonic acid in the
longissimus dorsi muscle[; flavor
fatty acid[, SFA[ and PUFA
concentration[; PUFA/SFA[; PPARg
and CD36 expression[;
Ruminococcus[; Alistipes[

Improve the meat quality
and flavor through
regulating the fat
metabolism and beneficial
microbes.

Yang et al. (2021)

Yizhi extract (Alpiniae
oxyphyllae)

Ducks Serum LDL-C levelY; total amino
acids, essential amino acids,
branched-chain amino acids,
nonessential amino acid, and
umami taste amino acids
concentration in breast muscle[; Se
and Zn in breast muscleY; flavor
amino acid (Arg, Asp, Glu, His, Phe,
and Ser)[; unclassified Bacteroidales
and Ruminococcaceae abundance[

Increase meat nutrition
profile and flavor, maintain
intestine integrity and
modulate the microbial
composition.

Ji et al. (2022)

Plantain (Plantago
lanceolata L.) and/or
garlic leaf (Allium
sativum)

Sheep Mutton ether extractY; rib eye
area[; saturated fatty acidY;
polyunsaturated fatty acids[;
linoleic acid contents[; IgA, IgG1,
IgG2 and IgM concentrations of
serum[; level of TAC, SOD, GPx and
CAT[

Promote growth
performance and health
status as well as lean
mutton production and
mutton fatty acid profile.

Redoy et al. (2020)

Yucca schidigera extract Laying hens Egg number and egg mass[; shell
thickness[; albumin and IgG[;
SOD[; GSH[; MDAY; total
cholesterolY; lipid peroxidationY

Improve egg production
and egg quality as well as
immunity functions and
antioxidant status.

Alagawany et al. (2016)

J. Wang, L. Deng, M. Chen et al. Animal Nutrition 17 (2024) 244e264
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Table 1 (continued )

Common name/species
name

Major components/
bioactive compounds

Animal species
involved

Summary of findings/intended
effect

Action and potential
mechanism

References

70% pine needle and
30% Artemisia annua

Laying hens Lay rate[; egg-shell color and egg
yolk color[; cracked-egg rateY; egg
yolk cholesterolY; blood serum
cholesterol, triglyceride, LDL-C and
ALTY; blood serum HDL-C[

Improve egg production
and egg quality and
produce low cholesterol
and higher egg yolk
phospholipid eggs.

Li et al. (2016)

Menthol, levomenthol,
b-linaloolm, anethole,
hexadecanoic acid and
p-menthane

Lactating cows Milk production[; milk content of
total solids, protein, lactose and
fat[; ruminal pH, total volatile fatty
acids, propionate and acetate[;
serum total protein and antioxidant
capacity[; serum urea-N,
triglycerides, total lipids,
cholesterol and MDAY

Improve feed utilization,
ruminal fermentation and
milk production probably
through enhancing
antioxidant status.

Kholif et al. (2020)

Mustard and cumin
seeds

Goats Digestibility of DM, OM, non-
structural carbohydrates, and fiber
fractions[; milk yield[; energy
corrected milk[; milk contents of
total solids, solids not fat, fat,
lactose and ash[; milk SFAY; total
UFA[; total CLA contents[; ruminal
SCFA, molar proportion of
propionate[; serum total proteins,
globulin, glucose[; serum
cholesterolY

Improve nutrient
digestibility, ruminal
fermentation and milk
yield. Positively affect milk
FA profile as the relative
percentage of UFA and CLA
are increased.

Morsy et al. (2018)

Improvement of livestock reproduction
Aegle marmelos,

Murraya koenigii
Buffaloes heifers Estrus response[; serum calcium[;

ovulation rate[; conception rate[
Effective in fertility
improvement in delayed
pubertal buffalo heifers by
increasing ovulation and
conception rate.

Baitule et al. (2016)

Yucca schidigera
powder

Steroids, saponins,
Glycocomponents

Dairy goats Live BW[; conception rate[;
fertility rate[; oestrus
resumptionY; oestrus duration[;
blood concentration of cholesterol,
triglyceride and ureaY; glucose and
calcium levelY

Provide a positive
adjustment on BW, favor
high reproductive
performance and
contribute in regulating
metabolic disturbances, not
only through reinstituting
the homeostatic balance
but also affecting the
productive characteristics.

Khalifa et al. (2014)

Sheng Hua Tang
(consisting of Radix
Angelicae Sinensis,
Rhizome Ligustici,
Semen Persicae,
Rhizoma Zingiberis,
and Radix
Glycyrrhizae)

Dairy cows Placental retention proportionY;
calving-to-first-service intervalY;
calving-to-conception interval[;
service per conceptionY; first
artificial insemination conception
proportion[; pregnant within 180
days postpartum[

Reduce the incidence of
retained placenta and
improve subsequent
reproductive performance.
Provides a preventive
strategy for bovine
postpartum care.

Cui et al. (2014)

Moringa oleifera leaf
extract

Rabbit bucks Rectal temperatureY; serum
albumin[; total antioxidant
capacity[; testosterone[; seminal
plasma initial fructose[; sperm
concentration[; forward motility[;
live sperm[; normal sperm[;
sperm progressive motility[;
sperm viability[; sperm normal
morphology[; intact acrosome
sperm[; sperm with integrated cell
membrane[

Improve heat tolerance,
oxidative status and semen
quality during summer
season.

El-Desoky et al. (2017)

Albizia harveyi Myricetin, quercetin,
and kaempferol
glycosides

Bull semen Sperm motility, viability, and
membrane integrity[; percentage
of viable sperm cells[; percentages
of early apoptotic and apoptotic
sperm cellsY; damage in sperm
ultra-structureY; total antioxidant
capacity[; MDAY

Ameliorate the damaging
effects of the frozen-
thawing process in
cryopreserved bull semen
because of its antioxidant
activities.

Sobeh et al. (2017)

Murtilla (Ugni molinae
Turcz)

Gallic acid, catechin,
quercetin-3-b-D-
glucoside, myricetin,
quercetin, kaempferol

Boar semen Intracellular O2
�/peroxidesY; lipid

peroxidationY; sperm motility[;
sperm cells with fragmented DNAY;
membrane damageY; ROSY

Have antioxidant capacity,
improve sperm motility
decay and reduce
membrane damage.

Jofr�e et al. (2019)

Moringa oleifera seed Ascorbic acid,
flavonoids,
polyphenolics,
carotenes

Ram semen Antioxidant activity[; viability and
progressive motility[; sperm
membrane damageY

Improve the outcome of
semen cryopreservation
used as an antioxidant.

Carrera-Ch�avez et al.
(2020)

(continued on next page)
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Table 1 (continued )

Common name/species
name

Major components/
bioactive compounds

Animal species
involved

Summary of findings/intended
effect

Action and potential
mechanism

References

Emission reduction
Resveratrol In vitro fermentation

system
Methane emissionY;
Methanobrevibacter abundanceY

Reduce methane emission
through improving rumen
fermentation and
regulating prokaryotic
community.

Ma et al. (2020)

Oregano essential oil In vitro fermentation
system

Digestibility of DM, NDF, and ADF[;
ammonia nitrogen
concentrationsY; VFA
concentrationsY; total gas and
methane productionY; Prevotella
and Dialister abundance[

Modify ruminal
fermentation to alter VFA
concentrations and reduce
methane emissions by
extensively altering the
ruminal bacterial
community.

Zhou et al. (2020)

Mangosteen peel
powder

Tannins and saponins Swamp buffaloes Propionic acid[; acetic acid/
propionic acidY; methaneY; total
bacteria population[;
Ruminococcus flavefaciens and
methanogens populationY;
efficiency of microbial protein
synthesis[

Mitigate methane
production through
influencing rumen
methanogenic population.

Wanapat et al. (2014)

Oregano extract, green
tea extracts

Lactating cows Digestible fraction of the ingested
DM[; gas emissionY; CH4Y

Reduce methane emission
without affecting
performance.

Kolling et al. (2018)

Cablin patchouli herb,
Atractylodes
rhizome, Amur Cork-
tree

In vitro fermentation Total VFA concentrationY; acetate
molar proportionY; acetate to
propionate ratioY; gas andmethane
productionsY; hydrogen (H)
produced and consumedY;
methanogens and total fungi
populationsY; propionate molar
proportion[; R. flavefaciensY

Suppress methanogenesis,
probably mediated via
indirect mode by
channeling H2 utilized for
methanogenesis to
synthesis of propionate and
direct action against the
rumen microbes involved
in methane formation.

Ma et al. (2017)

Mulberry leaf Flavonoids Ewes Digestibility of N and NDF[; fecal
NY; urinary N output[; CH4

emissionsY; total VFA
concentrations[; methanogensY;
protozoansY; Fibrobacter
succinogenes[

Improve the digestibility of
organic matter and reduce
CH4 output by inhibiting
the populations of microbes
involved in
methanogenesis.

Wang et al. (2019)

Mootral (garlic and
citrus extracts)

In vitro fermentation Total VFA[; propionate[; acetateY;
methaneY; Prevotellaceae and
Veillonellaceae[; hydrogen-
producing bacteriaY;
MethanobacteriaceaeY;
Methanomassiliicoccaceae[

Reducemethane by altering
the ruminal microbial
community, produce more
propionate, and reduce
microbial groups associated
with methane production.

Ahmed et al. (2021)

Corymbia citriodora leaf
extract

Holstein calves Degradation of DM, CP, NDF and
ADFY; acetate and butyrateY;
propionate[; ruminal NH3-N
concentrationY; protozoan
populationY; methane
productionY; plasma antioxidant
enzymatic activities[; faecal
pathogenic bacterial countsY

Improve the health status
and manipulate rumen
fermentation in mitigating
methane production.

Hassan et al. (2020a)

Liquorice extract Isoflavonoids The rumen simulation
technique

Ammonia productionY; methaneY;
total VFA productionY; propionate
molar proportion[; protozoa
numbersY; diverse bacteria
populationY

Decrease ammonia
production through
changing the bacterial and
archaeal communities and
improve the efficiency of
the feed utilization.

Ramos-Morales et al.
(2018)

Yucca schidigera extract Saponin and resveratrol Sows Number of stillbirth pigletsY; weak
pigletsY; pre-weanling mortalityY;
diarrheaY; apparent digestibility of
DM[; catalase activity[; MDAY;
loss of total nitrogen, urea nitrogen,
and ammonia nitrogenY

Improve sow and litter
performance, nutrient
digestibility, and reduce
ammonia emission.

Chen et al. (2021)

Essential oils of
cinnamaldehyde,
thymol and carvacrol

In vitro model and
growing pigs

Nitrogen digestibility[; ammonia
productionY; activity of microbial
enzymesY; emission of ammoniaY;
total fecal nitrogenY; microbial
proteaseY; urease activitiesY;
indoleY; 3-methylindoleY; p-
cresolY

Increase nitrogen
utilization and reduce
waste emission and
odorous compounds.

Hsu et al. (2021)
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Table 1 (continued )

Common name/species
name

Major components/
bioactive compounds

Animal species
involved

Summary of findings/intended
effect

Action and potential
mechanism

References

Toxicity reduction
Garlic (Allium sativum) Broiler chickens Live weight[; carcass weight[;

eviscerated fresh carcass[; FCR[
Might play an active role to
antagonize lead toxicity.

Hossain et al. (2014)

Yucca schidigera extract Japanese quails Quail performance parameters[;
fertility and hatchability
percentages[; triglyceridesY,
cholesterolY; LDLY; catalase
activity[; superoxide dismutase
activity[; MDAY; total protein,
albumin, and globulin[;
triglycerides, cholesterol, and LDL
contentsY; HDL[;
immunoglobulins[; lead residuesY

Reverse the lead-induced
toxic impacts on the
productive and
reproductive performances
probably owing to
enhanced antioxidant
status and immune
function.

Alagawany et al. (2018)

Turmeric (Curcuma
longa)

Broiler chicks Cortex thickness of bursal tissue[;
medulla zoneY; lymphocytic
necrosisY; fibrosis of interstitiumY;
edema of medulla zoneY

Protect bursa of Fabricius
against toxicity induced by
salinomycin probably
through increasing
antioxidant potential and
immune function.

Sayrafi et al. (2017)

Astragali Radix Calycosin Rat cardiomyocyte line
H9c2 and Kunming
mice cell

H9c2 cell viability[; apoptosis
induced by doxorubicinY; reactive
oxygen speciesY; GSH-Px[, CAT
and SOD[; ASTY, LDHY; MDAY;
NLRP3 and TXNIP expressionY

Ameliorate doxorubicin-
induced toxicity by Sirt1
eNLRP3 pathway,
antioxidant activity and
immune modulate.

Zhai et al. (2020)

Licorice extract Broiler chickens FCR[; serum TP, TG, LDLY;
abdominal fatY; meat MDAY;
ALPY; serum albumin[; serum uric
acidY; liver pathological damagesY

Ameliorate the negative
effects of aflatoxin B1 on
broiler chicken probably
owing to its antioxidant
protection properties.

Rashidi et al. (2020)

CAT ¼ catalase; SOD ¼ superoxide dismutase; GSH-Px ¼ glutathione peroxidase; MUC2 ¼ mucin2; IDO ¼ indoleamine 2, 3- dioxygenase; PPARGC1-a ¼ peroxisome prolif-
erative activated receptor gamma coactivator 1 alpha; TGF ¼ transforming growth factor; IL ¼ interleukin; BWG ¼ body weight gain; FCR ¼ feed conversion rate; DM ¼ dry
matter; CP¼ crude protein; EE¼ ether extract; TBARS¼ thiobarbituric acid reactive substances; ADG¼ average daily gain; T-AOC¼ total antioxidant capacity; ADFI¼ average
daily feed intake; ATTD¼ apparent total tract digestibility; IGF-1¼ insulin-like growth factor 1; BW¼ body weight; IB¼ infectious bronchitis; IBD¼ infectious bursal disease;
GR ¼ glutathione reductase; ERK1/2 ¼ extracellular signal-regulated protein kinases1and 2; JNK ¼ c-Jun N-terminal kinase; VE ¼ vitamin E; DPPH ¼ a,a-diphenyl-b-pic-
rylhydrazyl; ABTS ¼ 2,20-azino-bis-3-ethyl-benzthiazoline-6-sulfonic acid; ROS ¼ reactive oxygen species; SFA ¼ saturated fatty acid; PUFA ¼ polyunsaturated fatty acid;
PPARg ¼ peroxisome proliferator-activated receptor g ; LDL-C ¼ low-density lipoprotein cholesterol; TAC ¼ total antioxidant capacity; MDA ¼ malondialdehyde;
ALT ¼ alanine aminotransferase; HDL-C ¼ high-density lipoprotein cholesterol; OM ¼ organic matter; UFA ¼ unsaturated fatty acids; CLA ¼ conjugated linoleic acid;
SCFA ¼ short-chain fatty acid; NDF ¼ neutral detergent fiber; ADF ¼ acid detergent fiber; VFA ¼ volatile fatty acid; LDL ¼ low density lipoprotein; HDL ¼ high density li-
poprotein; AST ¼ aspartate transaminase; NLRP3 ¼ NOD-like receptors family pyrin domain containing 3; TXNIP ¼ thioredoxin-interacting protein; TP ¼ total protein;
TG ¼ triglycerides; ALP ¼ alkaline phosphatase.
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improve palatability, thus increasing feed intake. Adding sensory
feed additives, such as Stevia rebaudiana, Citrus sinensis, saponin-
rich plants, and hot-flavored spice extracts to the diet of weaned
piglets significantly improved feed palatability, edibility, and intake
(Clouard and Val-Laillet, 2014). Second, plant extracts can improve
the secretion and activity of endogenous enzymes and the nutrient
utilization rate. Supplementation of Chinese herbal extract mix-
tures in piglet and beef cattle diets promoted digestive enzyme
secretion and activity in the gastrointestinal tract, increasing di-
gestibility and nutrient absorption (Wang et al., 2011; 2020). Third,
they can improve nutrient transformation and utilization for
growth. Plant extracts containing carvacrol, cinnamaldehyde, and
capsaicin added to a broiler diet significantly increased body
weight gain, feed utilization, and carcass energy retention, and
reduced heat loss (Bravo et al., 2014). This indicated that plant
extracts can improve the energy conversion efficiency in broiler
organs, i.e., they reduce the energy used for maintenance and in-
crease the net energy for production, thus improving overall per-
formance. Fourth, they can regulate the secretion of growth-related
hormones and thus promote animal performance. Insulin-like
growth factor (IGF) promotes intestinal development (Li et al.,
2012a). Adding thymol and cinnamaldehyde in the diet of
weaned piglets significantly increased plasma IGF-1 levels and
body weight gain, thus improving performance (Ariza-Nieto et al.,

2011).
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4.2. Health improvement

Herbs and herbal medicines are potential sources of nutrients
and therapeutics and can have significant health benefits in
humans and animals (Kuralkar and Kuralkar, 2021). Phytogenic
feed additives have been demonstrated to strengthen animal health
defense, mainly by improving the physiological status of the in-
testinal ecosystem and enhancing immune system functions.

Intestinal health is extremely important for overall animal
health. Herbs and extracts can exert beneficial effects on the
digestive tract, including stimulating digestive function, reducing
pathogenic stress, and promoting the establishment of a beneficial
intestinal microbiota. Intestinal crypts and villi are lined by
epithelial cells that play important roles in digestive function.
Herbal feed additives can increase the villus height-to-crypt depth
ratio in the ileum, jejunum, and duodenum, indicating their
beneficial effects in maintaining intestinal health and improving
nutrient digestion and absorption (Lin et al., 2020). The intestinal
mucus layer governs nutrient absorption and protects the under-
lying epithelium against enteric pathogens. A phytogenic feed ad-
ditive containing carvacrol, anethol, and limonene modulated
broiler intestinal mucin composition and mucosal morphometry
and increased duodenal mucus layer thickness (Tsirtsikos et al.,
2012). Dietary cinnamon stimulated the gene expression of mucin
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2, an important mucus layer component (Ali et al., 2021). Intestinal
microbiota abundance and composition are regulated by nutrients.
Phytogenic feed additives can exert health and growth-promoting
effects by maintaining intestinal microbiota equilibrium. Dietary
supplementation of an essential oil from Brazilian red pepper
increased intestinal Lactobacillus counts and lowered the incidence
of diarrhea in weaning pigs (Cairo et al., 2018). Diets containing
essential oils of eugenol, thymol, and piperine combined with
benzoic acid (Silva Júnior et al., 2020) reduced the numbers of
pathogenic bacteria Campylobacter and Escherichia-Shigella in the
intestines of weaned piglets, indicating their potential to improve
intestinal health in piglets soon after weaning.

Phytogenic feed additives exert positive effects on several serum
biochemical parameters, which are animal health indicators. Chi-
nese herbal feed additives positively influenced serum biochemical
parameters of protein synthesis and metabolism, liver synthetic
function, and pancreatic and renal health in swine, indicating their
potential in sustaining a healthy host environment, which con-
tributes to better growth performance (Lin et al., 2020). Addition-
ally, phytogenic feed additives can improve immune function as
reflected by certain serum biochemical parameters. Inclusion of
0.1% of a mixture of herbal extracts (YGF251) in a broiler diet
increased the serum immunoglobulin (Ig) G content (Begum et al.,
2014). Ashwagandha (Withania somnifera) administration in broiler
chickens improved hemoglobin, packed cell volume, total leuko-
cyte count, and antibody titers against viral diseases, such as in-
fectious bursal disease and bronchitis, suggesting an improved
hematological profile and immunological status (Mushtaq et al.,
2012; Pant et al., 2012). In growing pigs, eugenol and cinna-
maldehyde exhibited lymphocyte-enhancing activity, although
growth performance was not improved (Yan and Kim, 2012).
Essential oil products containing thymol and cinnamaldehyde
reduced inflammatory mediator and interleukin (IL)-6 levels and
increased the lymphocyte proliferation rate, phagocytic rate, and
IgA and IgM levels in the plasma of weaning pigs (Li et al., 2012a,b).

It has to be pointed out that animal health assessment is not
standardized. It is difficult to evaluate animal health status based
on a few simple indicators. The actual efficacy of phytogenic feed
additives in maintaining animal health and their potential to sub-
stitute and reduce the application of antibiotics have to be inves-
tigated under practical animal production conditions.

4.3. Promotion of livestock product quality

Phytogenic feed additives have been investigated for their ef-
fects in improving meat quality in pork, chicken, and lamb. Herbal
additives have been demonstrated to improve the flavor and health
effects of meats as well as egg and milk quality.

There has been a growing interest in supplementing animal
feeds with plant extracts or raw materials to boost the nutritional
value and health benefit of meat and meat products. Supplemen-
tation of Chinese herb feed additives in a pig diet improved meat
quality, including increased loin eye area, decreased drip loss, and
increased muscle protein and amino acid contents (Lin et al., 2020).
Oregano essential oil and sweet chestnut (Castanea sativa Mill.)
wood extract (Ranucci et al., 2014), fish wort (Houttuynia cordata)
and dandelion (Taraxacum officinale) extracts (Yan et al., 2011b),
and Coptis chinensis extract (Zhou et al., 2013a) had positive effects
on pig meat quality, which were attributed to the antioxidant
properties of these feed additives. Phytogenic feed additives can
improve the meat quality of broilers. Several commercial phyto-
biotics have been shown to increase slaughter weight and breast
weight and decrease fat pad size and L* (lightness) and b* (yel-
lowness) in broiler chickens, possibly via the modulation of stress-
and antioxidant-related pathways (Orlowski et al., 2018). In
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ruminants, thyme (Nieto et al., 2010), rosemary (Salvia rosmarinus)
leaves (Nieto et al., 2011), and licorice extract (Zhang et al., 2015)
decreased lipid oxidation and improved lamb meat quality pa-
rameters. Furthermore, herbs can alleviate the negative effects of
transport stress on meat quality. Dietary supplementation with
oregano essential oil or quercetin effectively reduced drip loss due
to transportation stress (Zou et al., 2017) and other meat traits,
including cold carcass weight, dressing percentage, pH, and color
(Zou et al., 2016).

Phytogenic feed additives have also been considered for
improving meat flavor and health effects. Orlowski et al. (2018)
evaluated the effects of several phytogenic supplements on the
flavor of broiler breast fillets. Most of them induced a “green herb
flavor” in breast meat as compared with a control diet. Supple-
mentation of fermented and unfermented Yupingfeng composed of
Huangqi (Radix Astragali), Baizhu (Rhizoma Atractylodis Macro-
cephalae), and FangFeng (Radix Saposhnikoviae) in a Qingyuan
black goat diet increased the concentrations of palmitic acid,
octadecanoic acid, and arachidonic acid in the meat, which are
related to meat flavor (Yang et al., 2021). Amino acids not only
provide key nutritional value, they also contribute tomeat taste and
flavor (Zhao et al., 2016). Yizhi (Alpiniae oxyphyllae) supplementa-
tion in a Jiaji duck diet improved the meat nutritional profile and
flavor by increasing total, essential, and flavor amino acid levels in
the breast muscle (Ji et al., 2022). Phytogenic feed additives may
modulate broiler muscle flavor and acceptability by altering the
intestinal microbiota composition or by modulating stress- and
antioxidant-related pathways (Shirzadegan and Falahpour, 2014;
Orlowski et al., 2018; Ji et al., 2022). Consumers pay increasing
attention to the fatty acid composition of meat because of its health
implications. There has been a continuing effort to manipulate the
fatty acid composition of meat through feed regimens. Plantain
(Plantago lanceolata L.) and/or garlic (A. sativum) leaf supplemen-
tation in a sheep diet lowered caul fat, pelvic fat, mutton ether
extract, and saturated fatty acid levels, while increasing poly-
unsaturated fatty acid levels, indicating their beneficial effects for
lean and healthy mutton meat production (Redoy et al., 2020).
Herbal additives can also affect the quality of processed meat. The
addition of herb and spice combinations in pork sausages during
processing improved their aroma, taste, and sensory qualities
(Huynh et al., 2020). Most authors mentioned that the taste
improvement was highly correlated with the antioxidant potential
of the plants used.

Phytogenic feed additives affect egg quality; however, research
results are variable. Supplementation of YGF251 dose-dependently
positively affected egg quality parameters, including egg strength,
eggshell thickness, and Haugh unit, likely by enhancing the IGF-1
levels in laying hens (Dang et al., 2021). Supplementation of a
yucca (Yucca schidigera) extract in a laying hen diet at 100 mg/kg
significantly improved egg number and egg mass, and shell thick-
ness increased quadratically with increasing extract amount
(Alagawany et al., 2016). Lonicera confusa and Radix Astragali
extract supplementation during the late laying period did not affect
egg production, egg weight, and the feed conversion ratio in laying
hens when compared with a basal diet, but it did improve yolk
color and sensory quality (Xie et al., 2019). Yucca supplementation
did not improve egg quality parameters in Hy-Line Brown laying
hens as compared to a basal diet and antibiotic control (Wang and
Kim, 2011). Dietary supplementation with Lavandula angustifolia
and/orMentha spicata essential oils had no beneficial effects on egg
weight, egg index, yolk index, Haugh unit, egg shell weight, and egg
shell thickness when compared with a basal diet (Torki et al., 2020).
The reasons for the differences in the effects on egg quality have to
be analyzed, and more studies on the specific effects of herbal
additives on egg quality characteristics are needed. Health-
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conscious consumers desire healthy eggs with lower cholesterol
levels and higher yolk phospholipid levels. Supplementation of a
1.0% Chinese herbal mixture composed of 70% pine needle and 30%
Artemisia annua in the layer diet may be a feasible means of pro-
ducing eggs with lower cholesterol and higher egg yolk phospho-
lipid contents (Li et al., 2016). Black cumin, garlic, and turmeric
lowered egg yolk cholesterol and triglyceride levels when supple-
mented in the diet of White Leghorn hens during the first phase of
the laying period (Singh et al., 2019).

Milk yield, composition, and fatty acid profiles can be altered
through phytogenic supplementation. Phytogenic feed additives
increased milk production and total solid, protein, lactose, and fat
contents in milk of lactating Friesian cows, probably via modulating
ruminal fermentation and enhancing feed utilization (Kholif et al.,
2020). The addition of shatavari (Asparagus racemosus) extract in
milk altered its functional properties and stability, including
decreased pH, rennet coagulation time, and L* value, and increased
acidity, viscosity, heat stability, and a* (redness) and b* values,
indicating the potential of herb-fortified functional dairy foods
(Veena et al., 2015). The demand for healthy dairy products,
including unsaturated fatty acids and conjugated linoleic acids,
which are considered to have a preventive effect on cardiovascular
diseases, is increasing. Supplementation of mustard and cumin
seeds or cumin seed extract in a goat diet lowered milk saturated
fatty acids and increased polyunsaturated fatty acid and total
conjugated linoleic acid contents (Miri et al., 2013; Morsy et al.,
2018). Cumin secondary metabolites may exert antimicrobial ef-
fects on biohydrogenating bacterial species in the rumen, resulting
in the accumulation of biohydrogenation intermediates and in-
creases in milk polyunsaturated fatty-acid and conjugated linoleic-
acid contents (Morsy et al., 2018).

4.4. Improvement of livestock reproduction

Reproductive efficiency is the major determinant of economic
animal production systems. Herbs have been used to treat human
reproductive diseases for centuries, and even today, phytogenic
herbal additives are used to effectively treat reproductive disorders
in livestock animals (Kuralkar and Kuralkar, 2021; Swelum et al.,
2021).

Reproductive disorders in female animals negatively affect their
production potential. Numerous herbs have remarkable medicinal
properties for the treatment of various reproductive disorders,
particularly in cattle (Kumar et al., 2018). Tripathi (2015) found that
several traditional phytogenic compounds exert beneficial effects
in inducing uterine contractions, restoring the oestrus cycle, pre-
venting postpartum infections, and synchronizing the release of
reproductive hormones in buffalo heifers.Murraya koenigii alone or
in combination with Aegle marmelos improved fertility in delayed
pubertal buffalo heifers by increasing the ovulation and conception
rates (Baitule et al., 2016). Yucca powder supplementation
increased the conception rate in Zaraibi dairy goats (Khalifa et al.,
2014). Tinospora cordifolia plus Cassia fistula bark and Artocarpus
heterophyllus L. leaves alleviated postpartum anestrus in cattle
(Talukdar et al., 2015). Herbal extracts have shown curative efficacy
in treating subclinical endometritis, a common cause of subfertility
and infertility in highly productive dairy cattle. Intrauterine
administration of a hydromethanolic extract of Achyranthes aspera
or Azadirachta indica showed good therapeutic efficacy in post-
partum cows and enhanced the first service conception rate
(Nikhade et al., 2019). Placental retention is a common problem
during the puerperium, mainly in dairy cattle and buffalo. Tradi-
tional herbs that stimulate uterine contraction and placenta
expulsion have been suggested for the treatment of placental
retention and to help reduce the incidence of animal reproductive
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disorders (Perumal et al., 2013; Saxena et al., 2019; Kuralkar and
Kuralkar, 2021). Sheng Hua Tang, a classical herbal formula con-
sisting of Radix Angelicae Sinensis, Rhizoma Ligustici, Semen Persicae,
Rhizoma Zingiberis, and Radix Glycyrrhizae, reduced the incidence of
retained placenta and improved reproductive performance in
Holstein dairy cows (Cui et al., 2014). Whether herbal extracts or
formulas can be developed as a general preventive approach in
postpartum cows is worth further investigation.

In male livestock animals, herbs and plants can improve semen
production, ejaculation, sperm count, semen volume, and sexual
health. A herbal extract of Eurycoma longifolia, Tribulus terrestris,
and Leuzea carthamoides improved sex libido and semen quality in
boars (Frydrychov�a et al., 2011). Oral administration of a Moringa
oleifera leaf extract in rams increased the semen volume and sperm
concentration, motility, viability, and membrane integrity (El-
Desoky et al., 2017). Supplementation of T. cordifolia in Muzza-
farnagari rams had no effect on physico-morphological and
biochemical semen attributes and serum testosterone concentra-
tions (Jayaganthan et al., 2013). However, cholesterol, superoxide
dismutase (SOD), and catalase (CAT) levels in seminal plasma were
increased, suggesting that T. cordifolia supplementation may pro-
tect spermatozoa during cryopreservation and thus may enhance
fertility in livestock animals. The positive effects of herbal extracts
on male reproductive functions may be owing to the suppression of
oxidative stress (Yun et al., 2016; El-Desoky et al., 2017).

Recent studies on the effects of herbs and plants on sperm
quality have mainly focused on semen preservation (e.g., through
refrigeration and cryopreservation). Semen preservation is a crucial
factor for the success of assisted reproductive technology in live-
stock. Ros-Santaella and Pintus (2021) systematically reviewed
studies on the use of extracts and active substances from 45 plant
species belonging to 28 families as alternative additives for sperm
preservation in 13 animal species. More than half of the studies
were in pigs, sheep, and cattle. They concluded that many plant
extracts can be used to effectively improve sperm viability and
motility and to avoid membrane damage, thus maintaining sperm
function during semen storage. The protective effect on sperm
preservation likely is mediated by their antioxidant activity and
through the enhancement of antioxidant enzyme activity (Carrera-
Ch�avez et al., 2020; Jofr�e et al., 2019; Sobeh et al., 2017). Moreover,
some natural compounds have antimicrobial properties that can be
exploited to prevent the deleterious effects of pathogens on the
liquid phase of refrigerated swine seminal doses (Elmi et al., 2019).
The use of plant extracts as preservatives for semen storage is
promising and is expected to develop into a natural and efficient
sperm preservation strategy.

4.5. Emission reduction

Ruminal and intestinal fermentation results in a waste of feed
energy and the production of methane and ammonia, which
contribute to the greenhouse effect and environmental pollution.
To improve energy use and address concerns about environmental
effects, ways to reduce methane and ammonia emissions are being
researched. Herbal products have great potential in this regard.
Certain plant extracts and active compounds can improve ruminal
and intestinal fermentation and function and suppress deamina-
tion and methanogenesis to reduce ammonia and methane pro-
duction (Groot et al., 2011; Sun et al., 2021).

Methane is a major greenhouse gas mainly produced by rumi-
nants during ruminal fermentation, which accounts for 8% to 14% of
the total feed energy consumption. Tannins, saponins, essential oils,
polyphenols, and resveratrol alter ruminal fermentation and sup-
press methanogenesis and thus, methane production, in vitro
(Belanche et al., 2016; Cieslak et al., 2016; Jafari et al., 2020; Ma
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et al., 2020; Zhou et al., 2020). The in vivo effects of plant com-
pounds and products such as tannins, mangosteen peel powder,
and green tea (Camellia sinensis) extract as feed additives on
methane emissions have been confirmed in different ruminants
(Bhatta et al., 2013; Kolling et al., 2018; Wanapat et al., 2014).
Phytogenic feed additives reduce methane emission via various
mechanisms. Methane production is highly associated with
methanogens, which convert primary fermentation products into
methane. Supplementation with ivy fruit saponins (Belanche et al.,
2016), condensed tannins (Jayanegara et al., 2015), a mixture of
patchouli (Pogostemon cablin), Atractylodes rhizome, Amur cork
tree, and Cypsum (Wang et al., 2019), and mulberry leaf flavonoids
(Ma et al., 2017) significantly decreased the amount and activity of
methanogens and methane production, suggesting that the
reduction effect of phytogenic compounds on methane production
can be partially attributed to a decrease in methanogen activity. A
commercial phytogenic feed additive, Mootral (garlic and citrus
extracts), significantly reduced the amount of Methanobacter-
iaceae, a major methane-producing family, thus reducing methane
production, in vitro (Ahmed et al., 2021). Another major emission-
reducing mechanism is the defaunation of ruminal protozoa. The
hydrogenosomes of rumen protozoa are associated with the pro-
duction of H2, which is converted to methane by methanogens via
the hydrogenotrophic pathway (Belanche et al., 2014). The positive
correlation between ruminal protozoa andmethane production has
been demonstrated (Hassan et al., 2020a). Corymbia citriodora leaf
extract (Hassan et al., 2020b), licorice extract (Ramos-Morales et al.,
2018), mulberry leaf flavonoids (Ma et al., 2017), and moringa seed
oil (Ebeid et al., 2020) reduce the number of ruminal protozoa as
well as methane production.

Long-term exposure to high concentrations of ammonia can
cause severe toxicity stress, especially in young animals. Addi-
tionally, ammonia is an atmospheric and environmental pollutant.
Thus, suppressing ammonia production is essential for improving
animal health and environmental quality. Yucca herb or extract
reduced fecal odor and ammonia emissions in porcine and poultry
farms (Chen et al., 2021; Saeed et al., 2018), likely by lowering the
activity of intestinal urease and urea cycle enzymes. Saponins are
the main active component of yucca that contributes to ammonia
emission reduction and are used in the feed industry to overcome
ammonia emission and odor (Saeed et al., 2018). Certain other
herbs and extracts are also effective in reducing ammonia emis-
sions. Supplementation of YGF251 in the diet of laying hens dose-
dependently decreased excreta ammonia emission, possibly by
improving feed protein utilization (Dang et al., 2021). In growing
pigs, dietary supplementation of YGF251 was not effective in
improving growth performance and nutrient digestibility nor in
decreasing fecal ammonia and hydrogen sulfide emissions (Lei
et al., 2019a). Dietary supplementation with essential oils from
cinnamaldehyde, thymol, and carvacrol in growing pigs decreased
the emissions of ammonia and total fecal nitrogen, likely by
inhibiting microbial protease and urease activities (Hsu et al.,
2021). Essential oils (including thymol, eugenol, and piperine)
interacted with proteases, improving total-tract nitrogen retention
and decreasing ammonia emission in growing broiler chicks (Park
and Kim, 2018). Ammonia and odor emissions negatively affect
animal production and farm workers; therefore, suppressing
ammonia production using plant products is important to maintain
and improve animal performance and animal and human health.

4.6. Toxicity reduction

Accumulated heavy metals, antibiotics, and mycotoxins can
cause toxicity, which is a critical health issue. Some herbal plants
and their extracts can decrease the deleterious effects of toxic
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substances in livestock animals, including heavy metal poisoning,
antibiotic toxicity, pesticide toxicity, and mycotoxin toxicity.

Exposure to lead (Pb) at high levels has a wide range of dele-
terious effects on multiple organs in animals, affecting feed con-
sumption and the growth rate (Taha et al., 2019). Garlic, bitter cola,
coriander, and yucca protected against Pb toxicity and improved
the reduction in growth performance and alterations in blood
parameter values caused by Pb toxicity (Alagawany et al., 2018;
Hossain et al., 2014; Osemwegie et al., 2017; T�ellez-L�opez et al.,
2017). The restorative properties of herbal plants on Pb toxicity
have been attributed to their antioxidant activities and/or chelating
efficacy, because the main mechanism of Pb poisoning is the in-
duction of oxidative stress (Abd El-Hack et al., 2019). Antibiotic and
pesticide toxicity can also be alleviated by certain plants and their
extracts. Turmeric protected the bursa of Fabricius against salino-
mycin toxicity in chickens (Sayrafi et al., 2017). Calycosin alleviated
cardiotoxicity induced by doxorubicin in vitro (H9c2 cells) and
in vivo (male Kunming mice) by reducing oxidative stress via the
sirtuin 1-NOD-like receptor protein 3 (NLRP3) pathway (Zhai et al.,
2020). Dietary inclusion of a Thymus vulgaris oil extract protected
catfish against thiamethoxam-induced toxicity, likely partially
owing to its anti-inflammatory, antioxidant, antiapoptotic, and
immune-stimulatory activities (El Euony et al., 2020).

Mycotoxins are common feed contaminants. Mycotoxin expo-
sure can affect animal health and performance, lower weight gain,
productivity, and immune responses, and even lead to death. Lic-
orice extract alleviated liver damage caused by aflatoxin B1 in
broiler chickens by decreasing alkaline phosphatase, aspartate
aminotransferase, and alanine transaminase activities as well as the
breast meat malondialdehyde (MDA) concentration (Rashidi et al.,
2020). Curcumin alleviated the adverse effects of aflatoxins, likely
by inhibiting cytochrome p450 isozymes, in chicken liver (Zhang
et al., 2016). Some other toxicities can also be mitigated by herbs.
For example, polysaccharide from Dendrobium nobile alleviated
ethanol-induced toxicity (Zhang et al., 2018), and andrographolide
alleviated CCl4-induced toxicity (Krithika et al., 2013). However,
these forms of toxicity are rarely observed in animals, and few
studies are available.

5. Modes of action of phytogenic feed additives

Exploring the potential action mechanisms of phytogenic
products is complicated by their complex composition. Different
active components have different functional properties andmay act
on different targets and play different roles via multiple pathways.
Phytogenic additives can exert beneficial effects by directly sup-
pressing the proliferation of pathogens, regulating intestinal mi-
crobial composition, enhancing immune functions, and alleviating
oxidative stress, thus improving phenotypic traits, such as growth
and production performance, and physical health (Fig. 2). Some
molecular mechanisms of phytogenic additives, such as epigenetic
regulation, transient receptor potential channel activation, and
quorum sensing disruption, have been gradually revealed by mo-
lecular biology and cell biology studies in recent years (Fig. 2).
However, the mechanisms of numerous plant-derived additives in
livestock animals are still being explored.

5.1. Antimicrobial activities

Herbs and plant extracts exhibit broad-spectrum antibacterial
activities against both gram-negative and gram-positive bacteria
(Mahfuz et al., 2021; O'Bryan et al., 2015). In vitro, condensed and
hydrolyzable tannin-rich extracts showed strong antimicrobial
activity against Campylobacter jejuni (Anderson et al., 2012), and
ethanolic cinnamon extract against Salmonella aureus (Bonilla and



Fig. 2. Potential modes of action of phytogenic feed additives.
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Sobral, 2017). Brachyspira intermedia, a poultry pathogen, and
Brachyspira hyodysenteriae, a swine pathogen, were highly sensitive
to cinnamaldehyde in vitro (Verlinden et al., 2013; Vande Maele
et al., 2016). Numerous studies have reported on the in vivo anti-
microbial effects of phytogenic additives in animal feeds, particu-
larly the inhibition of intestinal pathogens, and their health-
promoting effects. Salmonella infection is an ongoing issue in
poultry farming and causes extensive economic losses. Cinna-
maldehyde feed supplementation effectively reduced Salmonella
colonization, spread, and egg contamination in layer chickens and
broiler chickens (Upadhyaya et al., 2013, 2015). In vivo studies in
broilers have demonstrated the antimicrobial efficacy of quercetin
in inhibiting the growth of bacteria such as Salmonella enterica
serotype Typhimurium, Escherichia coli, Staphylococcus aureus, and
Pseudomonas aeruginosa in the intestine (Iqbal et al., 2020). E. coli
and Salmonella typhimurium are frequently isolated in pig farms
and cause intestinal diseases in piglets. Dietary resveratrol signifi-
cantly reduced fecal Salmonella and E. coli counts and reversed the
adverse effects of weaning stress in piglets challenged with these
two pathogens (Ahmed et al., 2013). As enteric diseases caused by
intestinal pathogen infection adversely affect animal growth and
production performance, phytogenic feed additives may play serve
as antibiotic alternatives to reduce the use of antimicrobials in
animal production.

Another implication of the antimicrobial action of phytogenic
feed additives lies in improving the microbial hygiene of animal
carcass and meat products (Friedman, 2017). Alali et al. (2013) re-
ported an essential oil blend (carvacrol, thymol, eucalyptol, and
lemon) that may control Salmonella Heidelberg contamination in
crops of broilers and reduce carcass cross-contamination. Supple-
mentation of quaternary benzo[c]phenanthridine alkaloids in an
herbal extract in finishing pigs reduced Salmonella shedding during
transportation and positively impacted pork safety (Artuso-Ponte
et al., 2015). However, data on the possible efficacy of certain
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phytogenic feed additives in improving carcass hygiene are too
limited to draw a definite conclusion.

Because of the variety of plants used in plant extracts and
phytogenic feed additives, they contain numerous active in-
gredients and thus, may have various antibacterial mechanisms.
Further, individual extract ingredients can have a single target or
multiple targets, rendering their antibacterial mechanisms more
comprehensive. Membrane perforation and membrane adhesion
are considered to be the primary antibacterial action modes for the
majority of herbal feed additives (Kumar et al., 2014). Plant extracts
and their active ingredients are generally hydrophobic and damage
the phospholipid bilayer structures of cell membranes and mito-
chondria, increasing membrane permeability, leading to the
leakage of ions and other substances, collapse of proton pumps, and
depletion of the ATP pool (O'Bryan et al., 2015; Rossi et al., 2020).
This leads to the disruption of cellular processes, resulting in the
loss of chemical osmotic control and bacterial death (O'Bryan et al.,
2015). Additionally, active compounds may increase bacterial nu-
clear envelope permeability and inhibit DNA topoisomerase or RNA
polymerase activities involved in DNA and RNA synthesis, leading
to cell damage (Mahfuz et al., 2021). Other possible mechanisms of
bacteriostasis are interference with membrane proteins and intra-
cellular targets, inhibition of nutrient absorption and enzyme ac-
tivity, and disruption of protein, lipid, and polysaccharide synthesis
(Rossi et al., 2020).

Besides antibacterial activity, some phytogenic feed additives
exhibit antiviral, antifungal, and antiprotozoal activities. Caesalpi-
nia sappan bioactive compounds inhibited porcine reproductive
and respiratory syndrome virus replication in a MARC-145 cell
monolayer and therefore have antiviral activity potential (Arjin
et al., 2021). Puerarin inhibited porcine epidemic diarrhea virus
replication and the expression of several cytokines in vitro and
in vivo and attenuated the growth performance reduction in
infected piglets (Wu et al., 2020). The antifungal activities of plant
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ingredients have also been demonstrated (Atiphasaworn et al.,
2017; Oubihi et al., 2020). Acetone and cold-water extracts of
Alchornea laxiflora, Ficus exasperata, Morinda lucida, Jatropha gos-
sypiifolia, Ocimum gratissimum, and Acalypha wilkesiana exhibited
different levels of antifungal activity, and A. laxiflora extract showed
good overall antifungal activity against all organisms tested, war-
ranting further study in an in vivo chicken feed trial (Olawuwo
et al., 2022). Some phytogenic feed additives act against coccidi-
osis (coccidian infection). Curcumin (diferuloylmethane) showed a
strong inhibitory effect on Eimeria tenella sporozoites in vitro by
inducing morphological changes and reducing sporozoite viability
and infectivity (Khalafalla et al., 2011). The inclusion of curcumin
(Yadav et al., 2020), cinnamaldehyde and Echinacea purpurea plant
extract (Orengo et al., 2012), or an herbal formula (Pop et al., 2019)
in broiler diet decreased gross coccidiosis lesion scores and reduced
Eimeria aceryulina oocyst infection, without negatively affecting
production parameters. However, extract from E. purpurea, betaine
(Betain), curcumin, and carvacrol failed to reduce coccidiosis lesion
scores and oocyst shedding in broilers (Peek et al., 2013).

5.2. Immunomodulatory activity

The immune response is a specific physiological response of the
body to maintain homeostasis by recognizing and eliminating
antigenic foreign bodies. Dietary immunomodulation is an impor-
tant strategy to enhance immune system integrity in farm animals
to ensure health and productivity in the absence of antibiotics
(Kumar et al., 2011). Traditional herbs and natural feed additives
have various immunomodulatory effects, including improving the
activity of lymphocytes, macrophages, and natural killer cells, thus
modulating cytokine secretion, histamine release, Ig secretion, class
switching, cellular co-receptor expression, lymphocyte expression,
phagocytosis, and interferon synthesis (Kiczorowska et al., 2017;
Mahima Rahal et al., 2012).

The immunomodulatory effects of many phytogenic feed addi-
tives and herbal ingredients have been evaluated in vitro. Extracts
of dandelion, mustard (Brassica juncea), safflower (Carthamus
tinctorius), thistle (Silybum marianum), turmeric (Curcuma longa),
reishi mushroom (Ganoderma lucidum), and shiitake mushroom
(Lentinus edodes) have been evaluated using chicken lymphocytes
and macrophages, and most extracts exhibited immune-activating
properties, including tumor cell growth inhibition and innate im-
munity stimulation (Lee et al., 2007, 2010). The commercial plant-
derived feed additive Digestarom DC significantly inhibited nu-
clear factor kappa beta (NF-kB) activation upon tumor necrosis
factor a (TNFa) treatment and significantly reduced the gene
expression of IL-6, IL-8, and C-C motif chemokine ligand 2, and the
release of IL-6 in porcine intestinal epithelial cells (Kaschubek et al.,
2018). Several active ingredients of traditional Chinese medicines,
including deoxyshikonin, isorhapontigenin, and calycosin (Wang
et al., 2021a), and phytochemicals such as cynaroside, sanguinar-
ine, and tamarixetin (Deng et al., 2018; Lyu et al., 2018) have been
found to induce endogenous host defense peptide expression and
synthesis in pigs and broilers and thus may contribute to immune
modulation in these animals.

In broilers, dietary supplementation of a phytogenic blend
consisting of carvacrol, cinnamaldehyde, and capsicum oleoresin
reduced inflammation levels under nonchallenging conditions as
demonstrated by downregulated interferon-g and IL-6 cytokine
levels (Pirgozliev et al., 2019). In broilers challenged by necrotic
enteritis or with lipopolysaccharide (LPS), a mixture of capsicum
oleoresin and turmeric oleoresin (Lee et al., 2013a) and Allium
hookeri (Lee et al., 2017) stimulated the immune system to fight
pathogen infection and prevent intestinal dysbiosis. Supplemen-
tation of A. annua (Song et al., 2018), thyme powder (Hassan and
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Awad, 2017) or oregano essential oil (Mohiti-Asli and
Ghanaatparast-Rashti, 2017) improved Ig levels in broilers.
Several phytogenic feed additives promote the immune-
stimulating response to some chicken virus vaccines, such as
Newcastle disease or infectious bursal disease vaccines (El-Shall
et al., 2020). The immune-regulatory effects of phytogenic feed
additives have also been reported in swine. Phytogenic feed addi-
tives rich in the alkaloid sanguinarine or polyphenols improved
production performance and had a regulatory effect on pro- and
anti-inflammatory activities in weaning piglets (Fiesel et al., 2014;
Kantas et al., 2015). In LPS-challenged weaning piglets, dietary
supplementation with cinnamon oil ameliorated LPS-induced
mucosal barrier dysfunction and mucosal damage in the small in-
testine by suppressing the inflammatory response (Wang et al.,
2015a). Supplementation of a ginger extract in a sow diet
enhanced the immune function of piglets (Lee et al., 2013b), likely
by enhancing Ig levels in the colostrum. This demonstrated the
beneficial immune effects of phytogenic feed additives on progeny
via mother-offspring transmission. In ruminants, phytogenic feed
additives rich in tannins, saponins, and essential oils positively
affected the immune status of buffalo calves as reflected by
decreased cortisol concentrations and enhanced cellular and hu-
moral immune responses (Lakhani et al., 2018). Murrah buffaloes
supplemented with a blend of poplar and eucalyptus leaves
exhibited enhanced cell-mediated and humoral immune responses
(Dey et al., 2021). In lactating Holstein cows, supplementation of a
fermented Chinese herbal medicine mixture enhanced immune
functions, including the blood lymphocyte apoptosis rate, serum
biochemical parameters, and gene expression in lymphocytes,
under heat stress (Shan et al., 2018). In sheep, plantain and/or garlic
leaf supplementation significantly increased serum IgA, IgG1, IgG2,
and IgM concentrations (Redoy et al., 2020).

Dietary immunomodulation is an important means to
strengthen the immune system and improve the productivity of
farm animals raised in the absence of antibiotics. Phytogenic feed
additives can modulate animal immune responses through
different pathways owing to their complex active ingredients,
mainly via enhancing the secretion of macrophages, T and B lym-
phocytes, and dendritic cells and regulating immune cytokine
production by binding with specific receptors on immune cell
membranes, thus enhancing the immune response and eliminating
inflammation. The modulation of cytokine expression is a key
mechanism by which phytogenic feed additives regulate adaptive
and innate immunity. Treatment of LPS-challenged porcine pe-
ripheral blood mononuclear cells with an Agrimonia procera extract
significantly decreased IL1B and TNFmRNA levels and TNFa release,
which may be due to the inhibition of transcription factor NF-kB
activity (Gr€aber et al., 2014). NF-kB is a master regulator of genes
involved in immune and inflammatory responses, particularly cy-
tokines. Yang et al. (2015a) reviewed numerous phytochemicals
that reduce or inhibit NF-kB activation, thus improving animal
immune function and health.

5.3. Antioxidant activity

In many herbs and spices used in animal nutrition, antioxidation
is the most important biological activity. Oxidative stress causes
numerous health problems and diseases in animals. Antioxidants
help relieve oxidative stress by reducing free-radical intermediates
and are therefore effective agents to prevent diseases. Certain
herbal additives have been suggested to be useful as antioxidants in
animal feeds to protect animals from oxidative stress at specific
physiological stages or in certain environments.

In animal nutrition, antioxidants are appreciated to act mainly
as health stabilizers. The administration of carvacrol or thymol
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enhanced the antioxidant capacity in broilers as observed by
increased antioxidant enzyme activity and reduced lipid oxidation
and MDA levels, improving production performance (average daily
gain and feed efficiency) (Hashemipour et al., 2013; Hoffman-
Pennesi and Wu, 2010). Thyme essential oil improved intestinal
function and epithelial integrity in broilers by decreasing the MDA
content in the duodenal mucosa via its antioxidant activity (Placha
et al., 2014). The antioxidant capacities of quercetin (Sohaib et al.,
2015), resveratrol (Sridhar et al., 2015), allicin (Wang et al., 2014),
and curcumin (Wang and Zhang, 2014) and their associated bene-
fits for body health and production in broilers have also been re-
ported. Comparedwith the number of studies in broilers, studies on
improving production and health through the use of plant additives
to enhance antioxidant capacity in pigs and ruminants are limited
in number. Resveratrol supplementation in piglets attenuated in-
testinal barrier dysfunction induced by oxidative stress by pro-
tecting intestinal mitochondrial functionality, decreasing reactive
oxygen species production, and increasing the mitochondrial DNA
content (Cao et al., 2019). Supplementation of a blend of phytogenic
additives improved the reproductive performance of sows and in-
testinal health in suckling piglets, which was partly attributed to its
antioxidant activity and antimicrobial action (Reyes-Camacho et al.,
2020). Supplementation of mulberry leaf flavonoids in Murrah
buffaloes improved the antioxidant capacity by decreasing MDA
concentrations and increasing serum heat shock protein, gluta-
thione peroxidase, catalase, and insulin concentrations, thus
enhancing lactation performance and alleviating heat-induced
oxidative stress during summer (Li et al., 2020a). The recently
developed phytogenic additive mixture Aromix improved feed
utilization, ruminal fermentation, and milk production in lactating
cows by improving their antioxidant status (Kholif et al., 2020). As
mentioned above, the antioxidant properties of plant herbal addi-
tives aremainly reflected in improvedmeat quality. The potential of
plant-based feed additives to improve the oxidative stability of
animal products has been widely demonstrated for pork, poultry,
and lamb meat (Cherian et al., 2013; Lin et al., 2020; Zhang et al.,
2015).

The antioxidant activity of plant additives is highly correlated
with their phenolic constituents, including phenolic acids, phenolic
diterpenes, flavonoids, and volatile oils, which contribute the most
to the antioxidant activity because they are able to donate hydro-
gens and electrons to free radicals to interrupt oxidative chain re-
actions in tissues. Generally, these plant extracts scavenge excess
oxygen free radicals and chelate metals, depending on the location
and number of hydroxyl groups and their capacity to donate hy-
drogens to metals to inhibit their pro-oxidant activity (Brewer,
2011; de Castilho et al., 2018; Manuelian et al., 2021). Further,
plant-derived antioxidants can bind to host cell-surface receptors
and enhance antioxidant enzyme secretion at the transcriptional
and translational levels, thus enhancing the antioxidant capacity of
the body and relieving oxidative stress. Pretreatment with resver-
atrol significantly increased cell viability and SOD, CAT, glutathione
peroxidase activities and decreased intracellular reactive oxygen
species levels and apoptosis in porcine IPEC-J2 cells under H2O2-
induced oxidative stress in vitro via PI3K/Akt-mediated Nrf2
signaling (Zhuang et al., 2019). In vivo, supplementation of picea-
tannol, puerarin, or Eucommia ulmoides flavones increased the
levels of SOD, glutathione peroxidase, CAT, heme oxygenase 1,
NAD(P)H:quinone oxidoreductase 1, and glutamate-cysteine ligase
catalytic subunit in the small intestinal mucosa, serum, and liver of
diquat-challenged piglets, also via Nrf2 signaling (Jia et al., 2020; Li
et al., 2020b; Xiao et al., 2019; Yuan et al., 2017). Although the
antioxidant activity of many phytogenic additives has been widely
demonstrated, it remains unclear whether newly developed phy-
togenic antioxidants can replace current antioxidants used in
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animal feeds (e.g., a-tocopherols), and their exact antioxidant
mechanisms and roles in animal health and production require
further investigation.

5.4. Intestinal microbiota regulation

Intestinal microbes modulate host physiological activities and
therefore, any change in the intestinal microbiota affects animal
physiology. Many plant ingredients are not absorbed directly by the
host, but are first transformed by the intestinal microbiota.
Increasing evidence indicates that plant-derived additives have a
regulatory effect on the intestinal microbiota composition, which
may contribute to the conversion of plant ingredients into active
metabolites (Lin et al., 2021). On the one hand, phytogenic additives
can directly affect microbial abundance and diversity, and on the
other hand, they can be converted by the intestinal microbiota into
bioavailable, bioactive, or even toxic metabolites that have various
biological roles. Both the regulated microbiota and transformed
metabolites may contribute to health maintenance and disease
suppression.

Herbal feed additives and their bioactive compounds
contribute to the development and maintenance of the intestinal
microbiota in livestock animals, thus exerting positive health ef-
fects. Supplementation of an extract from green tea leaves and
pomegranate (Punica granatum) rinds in a broiler diet strongly
promoted the relative abundance of lactic acid bacteria (Perricone
et al., 2020), which positively affect intestinal health and are
correlated with improved performance and health. Inclusion of a
phytogenic mixture (garlic, cinnamon, peppermint, green tea,
black cumin) (Rashid et al., 2020), polyphenol-rich products
(Viveros et al., 2011), or thymol and carvacrol (Yin et al., 2017) in a
broiler diet increased bacterial diversity and expanded the pop-
ulations of Lactobacillus, Enterococcus, and Clostridium, while
lowering the counts of Clostridium perfringens, Campylobacter, and
E. coli. In swine, dietary supplementation of enokitake mushrooms
(Flammulina velutipes) or resveratrol and essential oils from me-
dicinal plants increased the amounts of beneficial bacteria such as
Bifidobacterium and Lactobacillus in the intestines and reduced the
counts of pathogenic bacteria, including enterobacteria, Salmo-
nella, and E. coli (Ahmed et al., 2013; Tlabela et al., 2015). Bene-
ficial microbiota establishment in phytobiotics-fed piglets or
chickens was associated with reduced intestinal damage, diarrhea,
and necrotic enteritis (Cairo et al., 2018; Xu et al., 2021; Yin et al.,
2017). In addition to balancing beneficial and harmful bacteria in
the intestines, phytogenic feed additives play a beneficial role
through microbiota-transformed active metabolites. Supplemen-
tation of a feed additive containing carvacrol increased cecal
mucosa-associated levels of Clostridium clusters IV and XIVa
(Paraskeuas and Mountzouris, 2019), which as butyrate-producing
bacteria can produce butyrate (Lopetuso et al., 2013), thus
contributing to a reduction in the shedding of pathogenic bacteria
such as Salmonella spp. and E. coli (El-Saadony et al., 2022). Short-
chain fatty acids (SCFA) are important metabolites produced by
the intestinal microbiota. Supplementation of Gegen-Qinlian
decoction, a Chinese herbal formula, in diarrheal piglets signifi-
cantly increased the relative abundances of SCFA-producing bac-
teria, including Akkermansia, Bacteroides, Clostridium,
Ruminococcus, and Phascolarctobacterium, which helped attenuate
mucosal inflammation and diarrhea, through the production of
SCFA (Liu et al., 2019). Furthermore, phytogenic feed additives can
affect intestinal digestion and absorption by regulating bacteria
with digestive enzyme activity. Dietary supplementation of
oregano essential oil in laying hens increased Deinococcus, Bacil-
laceae, and Caulobacteriales in ileal digesta, which may have
increased digestive enzyme activity, leading to improved feed
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utilization (Feng et al., 2021). Additionally, the intestinal micro-
biota contributes to the host immune system, nutrition, and
metabolism (Shang et al., 2018). Therefore, the microbiota
composition regulated by phytogenic feed additives may benefit
immunity regulation, nutrient production, and host metabolism,
thus improving animal health status.

In ruminants, phytogenic feed additives have been shown to
modulate the ruminal microbiota and fermentation kinetics,
leading to enhanced animal production and reduced methane
and ammonia emissions. Supplementation of Murrah buffaloes
with a phytogenic mixture substantially altered the ruminal
bacteriome composition (i.e., it increased the abundances of Fir-
micutes, Proteobacteria, and Spirochaetes and decreased those of
Bacteroidetes and Prevotella), which was positively associated
with milk and fat yields (Hassan et al., 2020c). Supplementation
of the Chinese traditional herb medicine Yu-Ping-Feng in Qin-
gyuan black goats significantly increased the ruminal relative
abundances of Ruminococcus and Alistipes, which are related to
fiber degradation and SCFA production and likely contributed to
the improved fatty acid profile of supplemented goat meat (Yang
et al., 2021). Saponins, tannins, and essential oils have been
widely used to manipulate rumen fermentation dynamics to
mediate methane emissions from livestock, as comprehensively
reviewed by Hassan et al. (2020a). Mootral, a commercial mixture
of nine parts garlic powder to one part citrus powder, increased
the abundance of propionate-producing families such as Pre-
votellaceae and Veillonellaceae, reducing certain hydrogen-
producing bacteria and regulating the archaeal community by
decreasing Methanobacteriaceae and increasing Meth-
anomassiliicoccaceae, resulting in reduced methane production
(Ahmed et al., 2021). Essential oils-cobalt (Lei et al., 2019b) and a
traditional herbal medicine mixture (Wang et al., 2019) have
been reported to modulate ruminal fermentation and ruminal
bacterial and archaeal communities to lower methane and
ammonia emissions.

5.5. Epigenetic regulation

Epigenetics refers to heritable changes in gene expression from
causes other than genome sequence changes. It is the result of in-
teractions between environmental factors and the genetic material
and mainly involves histone acetylation, phosphorylation, ubiq-
uitination, DNAmethylation, andmicroRNA regulation (Katsnelson,
2010). Epigenetic modifications are essential in gene expression
regulation and involved in various cellular processes, including
differentiation, development, and tumorigenesis (Wilkinson and
Gozani, 2017). In recent years, significant developments have
been achieved in epigenomics studies of phytogenic medicines and
active compounds (Guo et al., 2021; Hsieh et al., 2013), which has
contributed to the unraveling of their mechanisms. Numerous
herbal drugs, compounds, and formulae, including ginsenoside
(Wang et al., 2021b), tanshinone (Li et al., 2019), curcumin (Wu
et al., 2013), Yisui Shengxue granules (Cheng et al., 2019), and Jie-
duquyuziyin (Li et al., 2018), have been found to modulate DNA
methylation levels. Astragaloside (Dou et al., 2021), curcumin
(Wang et al., 2015b), the flavone chrysin (Ganai et al., 2021), and
Acanthopanax senticosus (Wang et al., 2016) can act as histone
deacetylase inhibitors to modulate gene expression, thus affecting
cell proliferation, differentiation, metabolism, and programmed
death. Most studies focused on human diseases and mouse models,
and although researchers have recognized the importance of
epigenetic modifications in livestock animals (Ma and Diao, 2015),
epigenetic modulation of cellular bioprocesses by phytogenic
herbs, extracts, and compounds in livestock animals is
understudied.
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5.6. Activation of transient receptor potential (TRP) channels

TRP channels are expressed throughout the digestive tract and
play important physiological roles, including stimulus perception,
inflammatory molecule production and secretion, migration, and
phagocytosis, likely through the maintenance of intracellular cal-
cium homeostasis (Clement et al., 2020; Feske et al., 2015; Khalil
et al., 2018). Growing evidence suggests that herbal products can
affect the chemosensory system by activating TRP channels,
including TRPV1 (curcumin, allicin, capsaicin), TRPA1 (allicin,
thymol, cinnamaldehyde), and TRPV3 (thymol, carvacrol, vanillin)
(Rossi et al., 2020). The importance of TRP channel activation by
phytogenic products and natural compounds in livestock animals
has been reviewed by Rossi et al. (2020) and Firmino et al. (2021).
However, few studies have directly demonstrated the beneficial
effects of phytogenic active compounds via TRP channel activation
in animals. In zebrafish, TRP channel activation has been demon-
strated to modulate inflammatory processes through the activation
of TRPV4/Ca2þ/TAK1/NF-kB signaling (Galindo-Villegas et al., 2016).
In fish mucosal tissues, phytogenic bioactive compounds can acti-
vate TRP channels, leading to an intracellular Ca2þ increase and
TAK1/MAPK/NF-kB signaling pathway activation, modulating in-
flammatory processes in both immune and epithelial cells (Firmino
et al., 2021). This suggests that TRP channel-mediated cellular
activation may underlie the immunomodulatory effect of bioactive
compounds in animals.

5.7. Disruption of quorum sensing

Quorum sensing refers to bacterial cellecell communication
through chemical signals. It plays an important role in the regula-
tion of virulence factors in several enteric pathogens (Zhu et al.,
2011). Therefore, disrupting quorum sensing has been suggested
to be a promising tool for controlling enteric pathogens in food-
producing animals (Yang et al., 2015a). The use of small mole-
cules to disrupt quorum sensing-regulated virulence gene expres-
sion and limit the colonization of enteric pathogens has been
extensively investigated (Galloway et al., 2011). Various phytogenic
compounds have been shown to have anti-quorum sensing activity
in vitro (Koh and Tham, 2011; Salini and Pandian, 2015; Zhou et al.,
2013b). Nazzaro et al. (2013) reviewed 15 phytochemicals with
anti-quorum sensing activity. To date, quorum sensing suppression
has mostly been employed to control bacterial infections in aqua-
culture (Defoirdt et al., 2013). Pyrogallol derived from tea poly-
phenols show quorum sensing-inhibitory activity and protected
brine shrimp (Artemia franciscana) and giant river prawn (Macro-
brachium rosenbergii) larvae from Vibrio harveyi infection (Defoirdt
et al., 2013). Cinnamaldehyde and its derivatives reportedly are
effective against Vibrio spp. in Artemia shrimp and freshwater
prawn, likely by disrupting protein-DNA interaction of the quorum
sensing master regulator, LuxR (Brackman et al., 2008; Pande et al.,
2013). Thiophenes and indoles show strong quorum sensing-
disrupting activity and protected brine shrimp larvae against
V. harveyi (Yang et al., 2015b; Zhang et al., 2022). Studies on the use
of phytogenic compounds as quorum sensing inhibitors to control
bacterial infections in other food-producing animals are lacking.
However, a better understanding the potential of phytogenic
compounds to inhibit quorum sensing is significant for identifying
novel anti-quorum sensing agents to prevent bacterial infection in
livestock animals.

6. Influencing factors and potential negative effects

The effects of phytogenic feed additives on livestock animal
health and production range from neutral to beneficial for many
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different reasons. The composition and concentration of bioactive
substances are the most important factors influencing the effects of
plant-derived additives. For a single plant species, the plant parts
used (e.g., root, bark, stem, leaf, flower, pollen, fruit, seeds),
geographical location (altitude, soil), harvesting weather (sunlight,
rainfall), and environmental factors (temperature, humidity) can
lead to obvious differences in the derived products. Different ori-
gins and different sources may also affect the phytochemical profile
of a phytogenic product and thus, its effect on livestock animals,
even when using the same amount of plant material. Plant
extraction methods, including steam distillation, maceration, cold
pressing, and solvent extraction, also influence the composition
and ingredient concentrations of a plant product. Further, batch-to-
batch variability also influences the active component composition
of phytogenic products (Pan et al., 2020). As the potential benefits
of plant-derived feed additives can differ because of the large
variability in product composition, it is difficult to compare their
efficacy. Therefore, the truly active ingredient and its concentration
in plants and plant-derived products have to be considered when
using phytogenic products as antibiotic alternatives in animal
production. Moreover, some herbal products are rapidly degraded
in the stomach, which also affects their effectiveness. Appropriate
release techniques, such as encapsulation or other coating tech-
nologies, should be considered when using these compounds as
feed additives (El Asbahani et al., 2015; Sherry et al., 2013).
Furthermore, the efficacy of phytogenic feed additives depends on
the diet, growth stage, microbiota, and health status of an animal.
Animal management and rearing conditions (age, genetics, chal-
lenges, environmental conditions) may also contribute to the
inconsistency of results obtained with phytogenic feed additives
(Abdelli et al., 2021; Yang et al., 2015a). To ensure the effectiveness
of phytogenic feed additives in animals, several factors and condi-
tions need to be considered to determine which product to use and
how to use it.

Most phytogenic feed additives studies have shown positive
effects in livestock animals. Nevertheless, several negative effects
have been reported. Some herbs have drug-like actions that can
interact with other dietary components. Some herbs contain pro-
hibited substances such as salicylates, heroin, caffeine, and steroids
(Williams and Lamprecht, 2008). These may have side effects or
toxicities, ranging from mild to severe. The high doses of phyto-
genic feed additives generally cause more negative effects. To their
positive effects, tannins may have antinutritional effects; high
tannin levels in livestock animal feeds negatively affect appetite
and protein digestibility because of their binding effect (Gilani et al.,
2012; Faehnrich et al., 2016). In the context of sperm preservation,
high concentrations of oregano, splinter bean (Entada abyssinica),
rosemary, and pomegranate exerted negative effects on some
sperm parameters or were even detrimental to sperm function
(Ros-Santaella and Pintus, 2021). Therefore, attention has to be paid
to the safety of phytogenic products and the conditions in which
they exert biological effects when considering them as feed addi-
tives in livestock animals.

7. Conclusions and final remarks

This review focused on phytogenic feed additives as potential
antibiotic alternatives in livestock animal production. As natural
products, phytogenic products have several advantages over anti-
biotic agents, including cost-effectiveness and a lower likelihood of
resistance development. Therefore, they are perceived as ideal
substitutes for antibiotics, and research interest in and the appli-
cation of phytogenic products are increasing. Phytogenic feed ad-
ditives have well demonstrated beneficial effects on growth,
performance, health, production, reproduction, and emission
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reduction and toxicity reduction in both monogastric animals and
ruminants. While, given the process influence and batch-to-batch
variation, more research on effect comparison between purified
monomers and extracted products and evaluation of batch-to-
batch differences are recommended in the future. Moreover,
considering quality control, safety concerns, and inconsistent re-
sults, more in vitro and in vivo studies are required to elucidate
their quality, safety, and effectiveness. Phytogenic feed additives
belong to different chemical classes and generally are a mixture of
bioactive compounds; therefore, various mechanisms of action or
synergistic effects may underlie their beneficial effects. Several
potential mechanisms of action, including antimicrobial, immu-
nomodulatory, antioxidant, intestinal microbiota-regulatory activ-
ities, have been well established. The mechanisms of phytogenic
products in epigenetic regulation, TRP channel activation, and
quorum sensing are still in an early stage of investigation and
therefore, not yet fully understood. Future research will have to
explore more widely available, inexpensive, and effective phyto-
genic feed additives and comprehensively elucidate their biological
mechanisms. Another aspect that needs to be highlighted here is
the standardization of the evaluation systems for phytogenic feed
additives, which is difficult to achieve because of thewide variety in
extracts and formulas. However, standardization is essential for
more efficient and conclusive evaluation of phytogenic feed addi-
tives for use in livestock animals. In summary, phytogenic feed
additives have strong potential to replace antibiotics in animal
feeds, but more studies are needed to expand the understanding
and utilization of phytogenic feed additives to promote animal
health and production.
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